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Chapter 8

Summary and Future scope

8.1 Summary

In this thesis work, yrast and near-yrast states of 117Sb (Z = 51), 131,134Xe (Z = 54) and

130−134I (Z = 53) are investigated via high resolution γ-ray spectroscopy techniques. These

nuclei provide the opportunity to explore the different structural phenomenon around the Z =

50 magic shell closure as a function of the neutron number. The isotopes are also chosen in

such a way that the neutron number varies from the middle of the N = 50 − 82 shell to the

neutron-rich side near N = 82.

The rotational band structures as well as the low-lying single-particle excitations in 117Sb have

been studied using the reaction 115In (α, 2n) 117Sb at the beam energy of 28 MeV and the

VENUS setup. The existing level scheme of 117Sb is extended with the placement of 31 new

γ-ray transitions. The signature partner of the band, based on the πg7/2 configuration coupled

to the 2p-2h structure of the 116Sn core, has been established for the first time in 117Sb, from

the observation of the connecting M1 transitions and the firm assignment of the spin and parity

to the states in these bands. The spin-parity of most of the states are also assigned, based on

the measured DCO ratio, polarization asymmetry measurements. The rotational nature, and

thereby the deformed structure of bands B1 and B1(a), has been established above the 11/2+
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state by comparing with the rotational model. A πg7/2 configuration has been assigned to this

decoupled band having large signature splitting. The level energies and the signature splitting

have been well reproduced by the Particle Rotor Model (PRM) calculations and indicate a

low-Ω π1/2[431] Nilsson configuration for this band, which is consistent with its large signature

splitting. Several new non-yrast levels have been identified at the low and medium spin. The

low-lying positive-parity states have been interpreted in terms of the large scale shell model

calculations.

Excited states in 131Xe have been investigated by populating them using the reaction 130Te

(α,3n) 131Xe at 38 MeV of beam energy and with the INGA detectors. A much improved and

extended level scheme with several new band structures has been obtained with the observation

of 72 new γ rays in this work. Different varieties of yrast and non-yrast band structures have

been observed in this nucleus. The identification of these bands, based on different quasi-

particle configurations, reveals the existence of different structures in the N = 77 transitional

nucleus 131Xe. The new data on the signature splitting and the single-particle alignment of the

lowest negative-parity band (B1), having the νh11/2 character, indicate a triaxial shape with

the involvement of a high-Nilsson orbital. The lowest positive parity band [B6 - B6(a)] has also

been substantially extended. This band shows a signature inversion at moderate spin, which,

along with a large signature splitting after the inversion, indicates a change in the structure

at higher spins. Two new band structures, a 3 quasi-particle (qp) band having configuration

π(g7/2h11/2)⊗νf7/2 (B4) with large staggering and a 5-qp dipole band having configuration

π(g7/2d5/2)
3h11/2 ⊗ νh11/2 (B3), have been identified. The configurations of the different bands

have been assigned from the systematics of the neighbouring odd-A and even-even nuclei and

considering the available orbitals near the Fermi levels. Theoretical TRS calculations for the

1-qp and 3-qp configuration bands suggest interesting structural evolution, which corroborates

well with the experimental findings. Triaxial shape and γ-softness are obtained for the 3-qp

configurations. New sets of states have been identified, which have been found to decay to these

3-qp, negative- and positive-parity bands. This gives interesting prospects of the observation

of γ bands, which needs to be further investigated. Magnetic Rotational band is also identified

in this nucleus and discussed using the SPAC model calculations.

189



The prompt-delayed spectroscopy of the neutron-rich iodine isotopes 130134I have been carried

out after producing the nuclei in fusion-fission and transfer induced fission via reaction 9Be

(238U,f) at a beam energy of 6.2 MeV/u. The VAMOS++ spectrometer coupled with the

AGATA tracking array and the EXOGAM segmented clover detector array were used for mea-

surement. The prompt γ-ray transitions above the isomers in odd-odd 130,132I are identified

for the first time and a new isomer in 132I is also reported. The level structure of 134I is also

extended with the observation of a new transition. The high-spin level structures of 131,133I are

also extended with the placement of the new prompt transitions above the known isomers from

the prompt-delayed coincidence technique. The proposed level schemes are interpreted in terms

of systematics and the large scale shell model calculations using NuShellX code. It is found

that, the hole occupancy in the νh11/2 orbital plays a dominant role in generating the high-spin

negative parity states in these neutron-rich iodine isotopes. An additional feature, that the

hole occupation in the νh11/2 orbital varies strongly in certain iodine isotopes, could also be

observed. In even mass iodine isotopes, it is seen that only the πg7/2, πd5/2 and νh11/2 orbitals

are active in the spin generation. For the states above the 19/2− isomer, in odd mass iodine,

the same set of orbitals are again found to be responsible in the high spin generation. From the

shell model calculations, it is also observed that, for 132I, dominant contribution comes from

νh−111/2, which goes to νh−311/2 at higher spin. Similar scenario is also observed for 130I. In odd

mass 133I, the νh−111/2 configuration is found to be almost pure. But in 131I, the νh−111/2 config-

uration dominates only upto 25/2− spin, beyond that, proton excitation to the πh11/2 orbital

takes place.

The low lying excited levels of 134Xe have also been studied after populating from the β-decay

of 134I. This iodine isotope is produced by the α induced fission of Nat.U at the beam energy

of 32 MeV and then radio-chemically separated from other fission fragments. The 134Xe has

been studied with an offline setup of four clovers and 2 LEPS detectors. A total of 17 new

γ-ray transitions are observed and placed in the new proposed level scheme. Spin assignments

to the excited levels are carried out on the basis of the angular correlation measurements. The

observed levels are interpreted using the large scale shell model calculations using OXBASH

and it is found that the low lying states are highly fragmented.
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Nuclei, having atomic number near the 50 shell closure, both near the stability line and towards

the neutron-rich side, have been studied in the present thesis work. The new results, manifesting

various new structural phenomena in the nuclei around Z = 50, are reported for the first time.

The competition between the collective and single particle degrees of freedom is explored in

detail. Though, such competitions are expected in the mid-shell nuclei only (such as, in 117Sb),

the same is also observed in 131Xe isotope, which is nearer to the 132Sn shell closure. The

coupling natures of the valence orbital outside the Z = 50 with the core are also explored from

the observation of the strongly coupled g9/2 and weakly coupled g7/2 bands in 117Sb. It is also

observed from this thesis work that, for 131Xe, deformation is being induced by the high-j,

unique parity h11/2 orbital. This orbital plays the crucial role in generation of the high spins in

near spherical systems, as seen in 131Xe and in 130−134I. The involvement of the h11/2 orbital gives

rise exotic excitation modes, such as Magnetic Rotational (MR) bands as observed in 131Xe.

Towards the neutron rich side, around 132Sn, as in 130−134I, the single particle excitations are

found to dominate the states both below and above the high spin isomers. It is also found

that, the hole occupancy in the h11/2 orbital plays the dominant role in generating the high

spin negative parity states in these neutron rich iodine isotopes.

8.2 Future scope

The new and exciting results of these nuclei obtained in the present thesis work open up new

physics interests to look for in the neighbouring nuclei, both experimentally and theoretically.

In this work, the coupling nature of the g7/2 orbital with the underlying core is explored in

117Sb. But such coupling nature of this orbital with the core is not studied in neighbouring

lower odd mass Sb isotopes. It is also interesting to inspect the involvement of the Ω-component

of the g7/2 orbital in order to explain the staggering of such band in the lower mass Sb isotopes.

The present data indicates the presence of the γ vibrational band in 131Xe, which needs to

be investigated further. It is worth to mention that, γ band is reported in Xe isotopes in the

A < 130 region, but not in the heavier Xe isotopes. TRS calculations also support the presence
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of such bands. Thus, it becomes an open question to look for the existence of γ vibrational

band in 131Xe, as well as in the odd mass Xe isotopes beyond A = 130. Observation of MR

band in 131Xe also makes this mass region interesting to look for MR bands in the neighbouring

isotopes.

The nuclei near the N = 82 shell closure is known for the presence of low lying high spin

isomers, as found in the iodine isotopes. A new isomer is identified in 132I from the present

measurements. Thus, neighbouring even mass iodine isotopes must be investigated to search

for such isomers, having similar configurations. The prompt-delayed coincidence techniques, as

utilized in the present thesis, will be helpful while investigating these isomers.

All the isotopes, studied in the present thesis, have atomic number above the Z = 50 shell

closure. Thus, the effect of the orbitals, situated above the Z = 50 shell closure, are explored.

In the present study, the various coupling of the valence orbitals occupied by the proton particles

above Z = 50 have been investigated. It will be interesting to compare similar excitations in

the nuclei having same neutron number, as studied in present thesis, with proton holes in the

Z = 50 shell closure. Such nuclei would obviously be situated in the neutron-rich side of the

stability line and therefore would be challenging to investigate experimentally also.
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SUMMARY

The present thesis reports the single particle and collective excitations of nuclei, both near

stability as well as towards the neutron-rich side, having atomic number around the Z = 50

shell closure. Nuclei, having few proton particles above Z = 50, with few neutron holes in the

N = 82 shell provide valuable information about the effective nucleon-nucleon interactions and

various coupling schemes between the valance protons and neutrons. The presence of the unique

parity, high-j h11/2 orbital, in both Z,N = 50 − 82 shell, makes these nuclei more fascinating

in order to explore the shape driving effects of the h11/2 orbital over a chain of isotopes from

near stability to neutron-rich side of the nuclear chart. The h11/2 orbital results into deformed

bands in the neutron mid-shell nuclei, whereas, this orbital is responsible to generate the high

spin in near spherical nuclei in the mass 130 region. The contribution of this orbital in the high

spin generation mechanism is also one of the major interests of this thesis. The study of the

nuclei, having proton number near Z = 50, also helps to understand the competition between

the collective and the single particle excitations. On the contrary, if one moves towards N ≥ 82,

with Z ∼ 50, the exciting domain of neutron rich nuclei around 132Sn becomes accessible. The

present thesis also aims to explore the deformation driving behaviour of the νh11/2 orbital in

the neutron rich domain.

This thesis reports the results from the study of the excited level structures of 117Sb (Z = 51),

having single proton above Z = 50 and neutron in mid-shell of N = 50−82, and 131,134Xe (Z =

54), 130−134I (Z = 53) which have few neutron holes in the N = 82 shell closure. It, therefore,

helps to understand the evolution of the νh11/2 orbital over a mass region. In this work, different

reactions mechanisms, such as fusion evaporation, fission and β-decay have been employed to

populate the nuclei in its excited states. The measurements, related to the present thesis, are

carried out using four different high resolution HPGe detector arrays, namely, VECC Array for

Nuclear Spectroscopy (VENUS) at VECC, India, Indian National Gamma Array (INGA) at

VECC, India and Advanced Gamma Ray Tracking Array (AGATA), coupled with VAMOS++

magnetic spectrometer and segmented clover HPGe detectors (EXOGAM), at GANIL, France.
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The new results, obtained for the first time, manifest various new structural phenomena in the

nuclei of interest. The competition between the collective and single particle degrees of freedom

is explored in detail. Such competition is observed in both mid shell nucleus 117Sb (N = 66)

and near shell closure nucleus 131Xe (N = 77). The core polarizing effects, leading to the

deformation originating from the effect of the mid shell neutrons, are also explored from the

observation of strongly coupled g9/2 and weakly coupled g7/2 bands in the same nucleus 117Sb.

The weak coupling scheme of the g7/2 orbital with the core, due to the involvement of the low-Ω

component, is established, for the first time, from the observation of its signature partner band

and Particle Rotor Model (PRM) calculation. The deformation driving effect of the high-j

h11/2 orbital is also studied from the observation of rotational band based on this orbital in

131Xe. Triaxial nature of this band at higher spin is also observed. The involvement of this

orbital, both in proton and neutron valence space, gives rise to exotic excitation modes, such as

Magnetic Rotational (MR) band, as observed in 131Xe, in the present work. The γ-soft nature

of 131Xe at the higher spin is established from the observation of new 3 quasi-particle band and

several new states, along with Total Routhian Surface (TRS) calculation. The orbital h11/2 is

also found to be responsible for generation of high spin states in the near spherical neutron-rich

systems, 130−134I. Towards the neutron rich side, the single particle excitations are found to

dominate, as is seen in 130−134I, above the high spin isomers and in the low lying structures of

134Xe. It is found that, the hole occupancy in the νh11/2 orbital plays a crucial role in generating

the high spin negative parity states as a function of the increasing neutron number in these

neutron rich Iodine isotopes.
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Chapter 1

Introduction

Atomic nuclei are considered to be one of the fascinating quantal many body systems, the

complete microscopic behaviour of which is extremely difficult to understand. It should be

mentioned that the existence of the subatomic world was unknown until the discovery of electron

by J. J. Thomson in 1897 [1] and the discovery of the radioactivity by Henri Becquerel [2],

and Pierre and Marie Curie [3, 4]. It was Ernest Rutherford in 1911, who first proposed

the existence of nucleus inside an atom from his experiment of α scattering from a thin gold

foil [5]. The first description of the nucleus, which could explain Rutherford’s experiment,

was by Bohr [6]. Although, initially the atomic nucleus was conjectured as a spherical one,

but in 1924, Pauli suggested that a variety of shapes is possible for a nucleus, when it is

excited. Since then, the study of the nuclear shapes in its ground states as well as in its

excited states became one of the prime interest of nuclear physics. One of the ways to study

the shapes and structures of a nucleus is by exciting it to higher energy states and then by

detecting the de-exciting γ rays, as prescribed by Bohr and Fritz Kalckar [7]. The study of the

nuclear structures by determining the energies, multipolarities, electromagnetic properties and

transition probabilities of the decaying γ rays is known to be one of the front-line techniques

and commonly known as the high resolution γ-ray spectroscopy.

The first step towards the theoretical study of the nuclear structure starts with modelling of a

nucleus by probing its properties. Theoretically, the nuclear structure study starts with a simple
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model called Liquid Drop Model as proposed by Niels Bohr [8] in 1939 and then it evolved into

Nuclear Shell Model [9, 10] in 1949. Aage Bohr, Ben Mottelson, and James Rainwater also

proposed a model to describe the collective motion of a nucleus around 1950. According to this

theory, the collectivity of a nucleus actually results from the deformation of the core [11, 12, 13].

Interestingly, after almost 100 years of the discovery of the nucleus, new modes of structural

phenomenon, as a function of high excitation energy and angular momentum, are manifested

by the nucleus. And, thus, it becomes necessary to explore such new phenomena in the nucleus

in order to characterise it properly. It will not be an exaggeration to mention that such studies

of the nuclear shapes and its various decay modes can be efficiently carried out using the γ-ray

spectroscopic measurements.

The main focus of the contemporary experimental nuclear structure physics is to obtain the

structural information about the nucleus in its high excitation and angular momentum states.

There exist two modes of excitation in a nucleus, one is the single particle excitation and the

other one is called the collective excitation. In single particle excitation mode, the nucleons

inside a nucleus act independently and get excited to the higher lying nuclear levels. This kind

of excitation results into complex and irregular excitation pattern of the observed nuclear lev-

els. Usually nucleus, having few nucleons outside the magic core, exhibits such single particle

excitaions. Single particle excitations indicate spherical or near spherical shapes of the nucleus.

The other kind of nuclear excitation is the collective one, where all the nucleons behave collec-

tively or coherently as it gets excited. A regular sequence of excited levels is observed in this

case of the collective excitation. Observation of such excited level structure in a nucleus mani-

fests the well deformed shape of the nucleus. The deformed shapes are the usual characteristics

of the nuclei, which are away from the shell closure, specifically in the mid shell region. The

deformations, observed in an atomic nucleus, can also be classified in two categories, axial and

non axial (or triaxial). Apart from these, there exist many other nuclear shapes originating

from the interplay of single particle and collective degrees of freedom. This leads to various

exotic nuclear shapes such as super-deformation, magnetic rotation, chiral symmetry breaking,

wobbling motion etc., which can be observed at different angular momentum regime.
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The present thesis work is aimed to study the nuclear structures of the nuclei around the doubly

magic shell closure 132Sn having Z near 50. The study of these nuclei, having both proton and

neutron numbers in the vicinity of the respective magic shell closures, can provide valuable

information about the single particle level energies outside the magic core, effect of the valence

orbitals and the interactions of the doubly magic core with the available valance particles or

holes. The nuclei around the doubly magic shell closure 132Sn (Z = 50, N = 82) can provide

important information about the single particle levels and excitations towards the neutron rich

side, which in turn helps us to understand the underlying effective nucleon-nucleon shell model

interactions. The study of neutron rich nuclei is of contemporary interest because it provides

us interesting inputs about the shell structure near the neutron-rich magic core and also helps

us to characterize the available orbitals. It is also essential to note that, a competition may

arise between the collective and the single particle degrees of freedom, as one moves away

from neutron mid-shell to the N = 82 shell closure. Presence of the high-j h11/2 orbital and

the possible excitations in the same major shell (50 − 82) for both proton and neutron make

A = 130 region as a fertile ground to study the different shape driving effects of the orbital and

also the evolution of deformation. The present thesis work aims to explore such physics aspects

in the nuclei around Z = 50, both near stability and towards the neutron-rich side, by studying

their structures using the γ-ray spectroscopic techniques. This helps to understand the effect

of the variation of the neutron numbers on the nuclear shape having fixed proton number near

to the magic shell. The systematic study of different kinds of band structures in this mass

region has revealed the multi-quasi-particle (qp) excitation to the intruder h11/2 orbital as well

as particle alignments in this orbital. On the contrary, the low spin structures in this mass

region are dominantly contributed by the available g7/2, d5/2 and s1/2 orbitals with few proton

particles and neutron holes occupying these orbitals. Such excitations in the low spin regime

and involvement of the valence orbitals in spin generation help to examine the configurations

of the levels using the nuclear shell model. The spin generation mechanism in the neutron rich

sides is important to understand as it gives the insight of the contributions of the available

orbitals in microscopic level.
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The presence of the unique parity high-j h11/2 orbital in the both proton and neutron shell,

makes the mass 130 region more fascinating to researchers to identify the effect of this orbital

on the core polarization uniquely. Being an intruder one, this orbital possess a significant shape

driving effect on the expected structures of the nuclei. This shape driving effect of an orbital can

only be well studied if its contribution is understood over a long mass chain. This orbital may

also leads to deformed bands in the nuclei having neutron number near shell closure, instead

of the fact that the near shell closure nuclei possess less deformation. This is because near the

shell closure, only few valence nucleons outside the core are available to deform the core. It is

also interesting to note that this orbital is solely responsible to generate the high spin in the

near spherical systems in the mass 130 region. Neutron rich nuclei in the mass A ≈ 130 region

are also known for the presence of high spin isomers at the low excitation energies, which also

result from the involvement of the h11/2 orbital. Thus it becomes necessary to characterise the

h11/2 orbital to understand its effect in the nuclei having neutron number from the mid-shell to

the neutron rich side.

As discussed above, nucleus near the shell closures, as in case of the present thesis, where nuclei

are near to the Z = 50 proton shell closure, usually exhibits single particle structures, but the

presence of the deformation driving high-j orbital induces collectivity in the system. Collective

excitation, in form of rotation, in a nucleus is observed in the mid shell nuclei, because of the

dominant core polarizing effect of the valence nucleons. Thus the study of the nuclei having

nucleon number at the mid-shell to the near shell closure always provide us complementary

information about the involved orbitals. It is also worth to mention that the nuclei with proton

number near Z = 50 and neutron number in the mid-shell of N = 50 − 82 are interesting

candidates to study the competitive behavior of the single particle excitations and collective

behaviours [14, 15]. A good example of observation of such different kinds of excitations in

nuclei depending on the position of neutron Fermi surface can be Sn (Z = 50) isotope. A

regular collective level structure is obtained for 112Sn (Z = 50, N = 62) [16], where the neutron

number is in the middle of the N = 50 − 82 shell. On the other hand, complete irregular

structure is observed in the case of 131Sn [17], which has both its proton and neutron number

near to the shell closure. Study of the mid-shell nuclei and that near to the shell closure is,
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therefore, a fertile testing ground of various collective models and shell models, respectively.

The high spin generation mechanisms in these near spherical systems can also be understood

by studying these nuclei.

The nuclei near the mass region A ≈ 130 show various exotic phenomenon, although they

are near the doubly magic shell closure. Only conventional collective behaviours due to the

deformation driving high-j orbitals (g9/2, h11/2 etc.) can not account for the high spin generation

mechanism in this region. The availability of the πh11/2 and νh11/2 orbitals in the A ≈ 130 region

and their mutual interactions drive the nuclei towards triaxial deformation. The signature

of triaxility in nuclei is the chiral symmetry breaking or wobbling motion. Chiral symmetry

breaking has been observed in 132Cs [18, 19], whereas, 134Cs [20] has shown Magnetic Rotational

(MR) band. This is a manifestation of transition from non-planar to planar geometry of the

angular momentum blades as a function of the increasing neutron number. Magnetic Rotational

bands occur in the those nuclei, which has small deformation and high-j orbitals involved in

their structures. Therefore, it is evident that the position of the Fermi level plays an important

role in determining the structure of the nucleus in this region. Similarly, in this mass region,

triaxiality has also been manifested by wobbling motions [21]. Occurrence of MR band is also

seen in the nuclei having A ≤ 130, such as in 123Xe (mixed MR band). This band originates

from various multi-nucleon excitations involving the πh11/2 and νh11/2 orbitals. Thus, it is

evident that mass 130 region is always a suitable region to look for the exotic phenomenon.

The importance of this region also comes from its proximity to the 132Sn, which makes it a

fertile ground to search for the shell model inputs. Various works have been carried out to

understand the behaviours of the orbitals and the residual interactions between the nucleons

using the shell model [23, 23]. So, this region can always be investigated in order to increase the

understanding about the nuclear shell model interactions. Thus, the study of nuclei in these

mass regions are fruitful to get interesting results regarding nuclear structures.

The study of the excited states of the nucleus 117Sb (Z = 51, N = 66) can provide us the

required information about the behaviour of the available single particle orbitals around the

Z = 50 core and collective nature originating from the various angular momentum couplings

among the valence nucleons and the core. This nucleus is also the ideal candidate to explore
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the expected competition between the collectivity and single-particle yrast and near-yrast ex-

citations. Because of the proximity of neutron mid-shell, these Sb isotopes in mass ≈ 110-120

are known to exhibit various deformed band structures. A well established deformed 2p− 2h

band structure built on the 9/2+ state is systematically observed in the Sb mass chain [8, 25],

which manifests the deformation driving nature of the g9/2 orbital. Other than this, coupling

of the odd proton with the underlying core gives rise to the various deformed band structures.

Such bands, based on the h11/2, g7/2 and d5/2 orbitals, are experimentally observed and stud-

ied [26, 27, 28, 29] in these isotopes. So, in 117Sb, bands based on both g9/2 and g7/2 are seen

but in case of the g7/2 band, the nature of the particle coupling is unknown. The presence of

the signature partner of any deformed band and the characteristics of the same provide infor-

mation about the nature of the coupling of the valence particle with the underlying core. This

also helps to understand the involvement and effect of the Nilsson component of the available

orbital. The observed signature splitting of the partner bands depends on the Ω value of the

orbital. Therefore, the effect of the involved Ω-component of the Nilsson orbital can be under-

stood. Such signature partner bands are reported in the odd-A I (Z = 53) [13] and Cs (Z = 55)

isotopes [14], but similar investigations are yet to be carried out for odd-A Sb isotopes. It is

important to note that, Sb isotopes have just a single proton outside the Z = 50 core, thus,

the characteristics of the partner bands give the unique feature of the valence proton orbital

and the interaction of it with the core. The primary focus of the study of 117Sb is, therefore,

to look for such partner bands of the established rotational bands and to characterize them.

The results on this coupling scheme will also highlight the core polarizing effect of the valence

proton orbitals in the vicinity of Z = 50. Other than this, 117Sb is a good candidate to un-

derstand the single particle structures originating form the occupancy of the single proton in

various available orbitals. The low spin structures of this nucleus is dominated by such kind of

excitations as it has only one valence proton.

It is apparent from the structure of the 117Sb isotope, that the rotational band structures can

be seen in the mid shell nuclei. But, the presence of the deformation driving orbitals near the

doubly magic shell closure can also give rise to the collective rotational structures. In such

situation, again there exists competition between collective and single particle excitations. To
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understand such phenomenon, the exited states of 131Xe (Z = 54, N = 77) are studied under

the present thesis work. This nucleus has proton and neutron number near the Z = 50 and

N = 82 major shell closures, respectively. The transitional nuclei in the A ≈ 130 region,

are known to provide a rich variety of single-particle and collective structures and their co-

existences. Although, this region is known for its spherical structures, but, deformation can

arise with the inclusion of several number of neutron holes in the N = 82 shell. This is

because the structure of these transitional nuclei largely depends on the shape driving effect

of the involved orbitals. It is also seen that most of the even-even nuclei in this region depict

softness towards the γ deformation [32]. It is, therefore, interesting to look for the effect of

the addition of extra odd neutron holes on top of the even-even core. In this context, the

131Xe (Z = 54, N = 77) isotope, with four proton particles beyond the Z = 50 core and few

neutron holes in the N = 82 core, is suitable candidate to study the various interesting features

from its band structures. Other than deformed band structures, there is also a probability of

occurrence of Magnetic Rotational (MR) band due to its near spherical shape arising from its

proximity to the closed shell and involvement of the πh11/2 and πh11/2 high-j orbitals. Therefore,

in order to understand the systematic of the different multi-quasi-particle configurations in the

131Xe isotopes, it is necessary to have detailed spectroscopic information of the both yrast and

non-yrast states.

The study of the nuclei near the doubly magic shell closure enhances our knowledge about

the properties of the available single particle orbitals along with the various coupling schemes

between the valence nucleons. The nuclei with either odd-Z or odd-N near a major shell

closure are of contemporary interest to obtain the single particle level energies and the nucleon-

nucleon effective interaction. To explore such aspects of the neutron rich nuclei, the excited

states of 130−134I and 134Xe are studied in this thesis work. The nuclei with a few odd valence

protons outside the Z = 50 shell closure, like Iodine (Z = 53) and Xenon (Z = 54), can give

the required information about the proton single particle energies and also the multiplets of

various particle-hole configurations, with valence odd proton and odd neutron. The presence

of the high-j, unique parity h11/2 orbital in both the Z,N = 50− 82 shell plays a major role in

generating the high spin states for nuclei in the A = 130 region and in the neutron rich side.
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Configurations involving νh11/2 holes are found to be responsible for systematic occurrence of

isomers in the odd-A as well as in the odd-odd nuclei in this region [33, 34, 35]. It would be,

thus, interesting to investigate the level structure above these isomers and to understand the

relative contributions of protons and neutrons in generating those states. In this context, it

can be noted that, the involvement of the h11/2 orbital in
131Xe leads deformed band structures.

To study the effect of the unique parity h11/2 orbital in both proton and neutron space in this

mass region is one of the primary concerns of this work. The higher spin generation mechanism

in these nuclei is greatly affected by the high-j h11/2 orbital, which has a tendency to induce

deformation in near-spherical systems. It is also worth to mention that only the study of high

spin structures does not always provide the complete nuclear structure information. The low-

lying excitations are also important to have complementary information and to characterize a

nucleus completely. The non- and near-yrast states in a nucleus in this mass region also help

to understand the various coupling schemes responsible in generation of the excited states in

these nuclei in detail.

There exist various reaction mechanisms to excite a nucleus in the higher energy, such as, fu-

sion evaporation reaction, Coulomb excitation, transfer reaction, β-decay, fission etc.. Fusion-

evaporation and fission reactions are known to populate the nuclei at more high angular mo-

mentum states, whereas the spin population and excitation energy in case of the β-decay is

limited by the reaction Q-value. In a conventional fusion-evaporation reaction, the projectile

(heavy or light) fuses with the target and the compound nucleus gets excited to higher energy

and angular momentum. Depending upon the excitation energy, the compound nucleus evapo-

rates few particle until it comes below the particle threshold energy and after that no particle

evaporation is possible due to the energy constraint. Then the nucleus de-excites to its ground

state by decaying γ rays. In case of fission also, the fission products are populated in its higher

excited states and decays to the ground state via γ-ray emissions. In this process, one of the

fission partner is produced in the neutron rich side. In the process of the β-decay, the excited

states of the daughter nuclei are populated by the β-decay of the parent nuclei. But in this case,

the angular momentum population as well as the excitation energy of the daughter nuclei is

limited by the angular momentum of the decaying level and the reaction Q-value. As a matter
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of fact, in the process of the β-decay, usually low spin, non- or near-yrast levels are populated

and, thus, it is one of the efficient way to study the non-yrast states. This present thesis utilizes

fusion-evaporation, fission and β-decay followed by fission, in order to populate the nuclei in

its excited states of different excitation energy and angular momentum. As one of the primary

aim of the present work is to study the nuclei near 132Sn and towards the neutron-rich side, the

problem arises due to the unavailability of the stable target-projectile combinations to produce

those nuclei. Fission is known to be one of the way out to produce the nucleus in neutron rich

side. Other than this, light-ion induced fusion-evaporation reactions is also used in this thesis

work to produce the yrast and non-yrast states of the nuclei near 132Sn as well as, near the

stability line.

With the increase in interest in the nuclear structure physics, the requirement of more advanced

experimental tools also arises in order to probe the nucleus at its high excitation energy, high

angular momentum states. The combination of high resolution, high efficiency γ-ray multi-

detector array, coupled with various other ancillary detectors and the modern accelerators

facilities gives the essential boost to explore new exotic and often unexpected nuclear structure

phenomena. The theoretical predictions can only be verified by studying the nuclear structure

using this kind of state of art detector arrays. This thesis work uses the state of art γ-ray

detector arrays to detect the decaying γ rays. This is worth to mention that different kinds

of detector arrays in India, as well as new generation detectors at international laboratories

are utilized in the present thesis work. Measurements are carried out using arrays of Compton

suppressed Clover HPGe detectors, such as, Indian National Gamma Array (INGA), VECC

array for NUclear Structure (VENUS) and ADavance Gamma ray Tracking Array (AGATA)

coupled with the VAMOS++ magnetic spectrometer and the EXOGAM segmented Clover

detectors. An in-house offline set-up, consisting of Clover detectors and Low Energy Photon

Spectrometer (LEPS) detectors, is also used in the offline β-decay studies. It is also necessary

to determine the multipolarity and the electromagnetic nature of the decaying transitions in

order to uniquely characterize the states associated with it. The determination of the spin and

parity of the excited states are really important to explain the structure and the underlying

symmetry. A Compton suppressed Clover HPGe detector array is, therefore, not only necessary
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for such studies but becomes an inseparable part. Other than this, the arrangement (angular

orientation) of the detectors is equally important to obtain the information of the multipolarity

and polarization of the transitions.

Various nuclear shapes, structures and nuclear models are discussed in the second chapter of

this thesis. The theoretical model calculations, used in this work, are also discussed in the same

chapter. This work employs different kinds of reaction mechanisms, such as fusion evaporation,

fission, β-decay to populate the nuclei in its excited states. These are discussed in detail in

Chapter 3. Details about the different detector arrays connected with the present work are also

in the third chapter. It also includes various data reduction, sorting and analysis techniques,

which are used to analyze the recorded data. This thesis work reports the experimental study

of the level structures of eight nuclei, those are 117Sb, 131Xe, 130−134I and 134Xe using the γ-

ray spectroscopic techniques. This thesis work tries to integrate the results on the various

observable structural phenomenon arising from their different positions of the neutron Fermi

surface with few proton particles above the Z = 50 core. It reports the excited level structures

of 117Sb, which has neutron in the mid-shell of N = 50−82. Whereas, 131Xe, 130−134I and 134Xe

have only few neutron holes in the N = 82 shell closure. Thus the effect of the variation in the

neutron number from mid shell to the shell closure is studied under this work. Involvement and

contribution of various available orbitals in the high spin generation are also well understood

by using the shell model calculations. A detailed study of the aforesaid nuclei is carried out

following various experimental techniques and the results of these measurements give important

inputs for the single particle excitations and collective structures of nuclei near the stability as

well as neutron-rich nuclei around Z = 50. Experimental findings are also interpreted using

different theoretical models to have a better understanding of their structures.
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Chapter 2

Nuclear Models

The excited states of an atomic nucleus, made up of Z protons and N neutrons, can be charac-

terized by their excitation energies, angular momenta and parities. These nuclear energy states

can also be well described by their shapes. The positions of the proton and neutron Fermi

surfaces and the accessibility of various available nuclear orbitals by the valence nucleons, to-

gether determine the shape of a nucleus. In general, the shell closures lead to spherical shapes,

whereas the residual interactions between the valence nucleons try to deform it. Various nu-

clear models are developed in order to describe the different shapes of a nucleus as a function of

excitation energy and angular momentum. This chapter discusses the nuclear models relevant

to this thesis work.

2.1 The Liquid Drop Model

The liquid drop model [1] is a simplified description of the nuclei, where the atomic nucleus

is treated as a drop of an incompressible fluid. It is, historically the first model proposed

for a nucleus. The atomic nucleus can be compared with a liquid drop due to its saturation

property and the fact that nucleus has a very low compressibility. The observed Binding

Energy per nucleon of a nucleus for A ≥ 12 is almost constant with a value ∼ −8.5 MeV,
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which highlights its saturation property. The best known semi-empirical mass formula for the

Binding Energy (B(N,Z)) is given by Bethe-Weizsäcker [2, 3], and is written as,

B(N,Z ) = aV A + aS A
2

3 + aC
Z2

A
1

3

+ aI
(N − Z)2

A
+ δ(A) (2.1)

The first term of Eq. 2.1 is called the volume term because it is proportional to the mass number

(i.e, volume as the mass number of a nucleus is proportional to the r3 or volume) of the nucleus.

The second term in that expression is proportional to A
2

3 i.e, to the surface area of the nucleus

and therefore is called the surface term. This term originates from the surface tension of the

nuclear surface and thus reduces the total binding energy. The third term of Eq. 2.1 is called the

Coulomb term and it takes into account the Coulomb repulsion between the charged protons

inside a nucleus. The contribution of this term can be calculated approximately by assuming

the nucleus to be an uniformly charged sphere. The fourth term is called the symmetry term,

which balances the difference between the number of protons and neutrons inside a nucleus.

This term is therefore proportional to the relative difference between the neutron number and

proton number (N-Z). Contribution of this term becomes significant at higher mass region

where, this difference (N-Z) is reasonably higher. The δ(A) term is the pairing term, which

accounts for the pairing between the various nucleons. Contribution from this term makes the

even-even nuclei to be more bound than the odd-odd one. The coefficients of all the terms can

be obtained from fitting the experimental data points using this mass formula. The values for

those coefficients are obtained as [4] aV = -15.68 MeV; aS = 18.56 MeV; aC = 0.717 MeV and

aI = 28.1 MeV. The pairing term, δ(A) in Eq. 2.1 is given by,

δ(A) = 34. A−
3

4 MeV for even− even nuclei

= 0 MeV for even− odd nuclei

= − 34. A−
3

4MeV for odd− odd nuclei

This simple Liquid Drop Model is capable of explaining few nuclear properties, such as, its

binding energy curve, fission probability, saturation property etc.. But this model fails miser-
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ably to explain the two proton separation energies, magnetic moments, generation of the magic

numbers etc..

2.2 Shell Model

The necessity to develop the nuclear shell model, where the nucleons are treated as independent

particles, was the occurrences of so-called magic numbers (2, 8, 20, 28, 50, 82 and 126) in the

nuclear chart. Nuclei having magic numbers of proton and neutrons are found to be more

stable compared to its neighbours. They also have larger nucleon separation energies. Such

observations allowed to treat the nucleons as independent particles moving in a mean potential

field. The nuclear shell model was first proposed by Mayer [5] and Haxel, Jensen and Suess [6],

independently. This proposition is able to explain the first few magic numbers, magnetic

moments, spins and energies of the levels etc. [7, 8].

The shell model Hamiltonian of a nucleus, having A number of nucleons, consists of one body

kinetic energy term and a two body potential energy term and is represented as:

H = T + V =
A∑
i=1

− �
2

2mi
∇2

i +
1

2

A∑
i,j=1

Vi,j (2.2)

The first term of Eq. 2.2 is the kinetic energy term of each nucleon and the Vi,j is the two

body potential energy term originating from the nucleon-nucleon interactions. Since the exact

form of the nuclear potential energy inside a nucleus is unknown, we, therefore, introduce an

average one body potential, U(ri), which is experienced by all the (A) nucleons. Hence, the

Hamiltonian can be rewritten by adding and subtracting U(ri) as,

H =

A∑
i=1

[Ti + U(ri)] +

(
1

2

A∑
i,j=1

Vi,j −
A∑
i=1

U(ri)

)
= H0 +Hres =

A∑
i=1

h0(i) +Hres (2.3)

where, H0 is the one body part of the total Hamiltonian and Hres is the residual interaction,

which is the two body part of the Hamiltonian. The H0 describes the motion of all the nucleons
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in the mean field U(ri). Usually, H0 is chosen in such a way that the residual interaction part

becomes so small that it can be treated as a non-relativistic perturbation.

An analytic ’Woods-Saxon’ potential is used extensively as a mean field potential U(ri), which

is given by,

VWS(r) = − V0

1 + exp[(r − R)/a]
(2.4)

where, V0 is the depth of the potential (≈ 50 MeV), R is the nuclear radius given as

R ≈ 1.2A1/3 fm and ’a’ is the surface thickness (≈ 0.5 fm). In the above equation, the potential

V (r) depends only on ‘r’, thus the potential is radially or spherically symmetric. For simplicity,

we take the spherically symmetric Harmonic Oscillator potential as V (r), which also depends

only on the radius ‘r’ and is given by,

VHO(r) =
1

2
mω2

0(r
2 −R2

0) (2.5)

where, R0 is the mean radius of the nucleus, m is the mass of a nucleon, and ω0 is the oscillator

frequency of the nucleon.

The Schrodinger equation of the three dimensional spherically symmetric harmonic oscillator

potential is written as,

HΦnlm(r, θ, φ) =

[−�2

2m
∇2 + VHO(r)

]
Φnlm(r, θ, φ) = ENΦnlm(r, θ, φ) (2.6)

where, the wave function Φ(r, θ, φ) is divided in radial part Rnl(r) and spherical harmonics

Ylm(θ, φ). The EN s are the energy eigen-values corresponding to the major oscillator quantum

numbers ‘N ’. The solution of this equation is given by,

EN =

(
N +

3

2

)
�ω0 (2.7)

with,

N = 2(n− 1) + l, n = 1, 2, 3, ... and l = 0, 1, 2, .. (2.8)
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Figure 2.1: Energy states as obtained using Simple Harmonic Oscillator (S.H.O) (left column),

same as obtained after introducing l2 term (middle column). Right column is the same but

obtained from more realistic potential with another extra l.s term. Fig is taken from Ref. [9].
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Here, ‘N ’ is the principal quantum number and n, l, m are the radial, orbital and magnetic

quantum numbers, respectively. Each ‘N ’ shell contains a maximum number of (N+1)(N+2)

nucleons. The parity (π) of the levels for a particular shell is given by π = (−1)l = (−1)N .

With this Harmonic oscillator potential, existence of the magic numbers can be reproduced only

upto 20. For the higher magic numbers, this simple potential needs modification. The first

attempt to modify this mean potential was made by introducing a l2 term into this potential,

which makes this potential more attractive one. Though this slight modification makes this

potential more realistic, but still it is not able to reproduce all the magic numbers. For cor-

rect description of the observed magic numbers, Maria Geopart Mayer [5] and Haxel, Jensen,

Suess [6] introduces an extra spin-orbit coupling term in the form of f(r)
−→
l .−→s to the Hamil-

tonian. This f(r) is called the strength of the spin orbit coupling and ‘s’ (for single nucleon

s = 1/2) is the intrinsic spin angular momentum. Both the orbital and spin angular momentum

now coupled to generate the total angular momentum
−→
j as,

−→
j =

−→
l +−→s (2.9)

Inclusion of this
−→
l .−→s term splits the levels into two components corresponding to j = l ± 1

2
.

The j = l+1
2
states become lower in energy compared to the j = l -1

2
states. This lowering

in energy becomes more significant in high angular momentum states, where the j+1
2
levels

intrude in the lower major shell and the observed magic numbers are reproduced. Each single

particle states in shell model can contain (2j + 1) number of nucleons. Hence a state can

uniquely be characterized by its n, l and j values. The shell model is well capable to explain

the ground state properties of many nuclei. Fig. 6.16 shows the single particle energy states

using the S.H.O. potential and modified forms of it. It is also evident form the figure that only

after addition of the
−→
l .−→s term to the potential, the magic numbers are reproduced.

2.3 Nuclear shapes

Simple nuclear model, such as, shell model is able to explain the features of the nucleus near

shell closures. As one goes away from the shell closure, some regular band structures arise.
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Figure 2.2: Shapes of the multipoles as the perturbations of a sphere. From left to right: dipole

(λ = 1), quadrupole (λ = 2), octupole (λ = 3) and hexadecapole (λ = 4). Fig is taken from

Ref. [12].

These structures, in the mid shell regime, indicate that the nucleons act collectively to generate

angular momentum in that domain. Such collectivity in an atomic nucleus can occur if the

nucleons undergo collective rotation or vibration. These collective models are first described by

Bohr and Motelsson [11]. This model is based on the simple paramaterization of the nuclear

surface. In this formalism, the radius of the nucleus (R) is expressed as,

R(θ, φ) = R0

[
1 +

∞∑
λ=0

λ∑
μ=−λ

α∗λμYλμ(θ, φ)

]
(2.10)

Where, the α∗λμ term represents the shape parameter and λ term is the order of the multipole.

The Yλμ(θ, φ)s are the spherical harmonics where, the (θ, φ) are measured with respect to

the three axes of the spherical coordinate system. The λ = 0 term in the expression can be

ignored assuming the nucleus to be incompressible i.e., its volume is conserved. Similarly,

the λ = 1 (dipole) term can also be discarded by assuming the translational symmetry of

the nucleus. The λ = 2, 3, 4 terms correspond to the quadrupole, octupole and hexadecapole

deformations, respectively as shown in Fig. 2.2. The quadrupole term (λ = 2) describes nuclear

shapes of two kinds. One is oblate (which has two semi major axes equal) and the other is

prolate (which has two semi minor axes equal) ellipsoid.

The quadrupole (λ = 2) term involves five α2μ coefficients, among them three are simply Euler

angles describing the orientation of the nuclei in space. The α2μs are chosen such a way that it
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Figure 2.3: Various collective nuclear shapes described in the β − γ plane. (Lund convention).

The γ value for the prolate and oblate shapes are also indicated in the figure. This figure is

taken from Ref. [14].

satisfy α21 = α2−1 = 0 and α22 = α2−2. Now, two new shape parameters, called the Hill-Wheeler

coordinates [13], β and γ, are introduced to simplify these formulation. The remaining α20 and

α22 coefficients are converted to polar coordinates as,

α20 = β2 cosγ (2.11)

α22 =
1√
2
β2 sinγ (2.12)

Using these paramaterization, Eq. 2.10 can be written upto the quadrupole deformation as,

R(θ, φ) = R0

[
1 + β2

√
5

16π

(
cosγ(3cos2θ − 1) +

√
3sinγ sin2θ cos2φ

)]
(2.13)
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The parameter, β2, is called the quadrupole deformation parameter, whereas, γ is called the

triaxiality parameter. γ represents the deviation from the axial symmetric shape of the nucleus.

The different nuclear shapes depending on the different values of β2 and γ are shown in Fig. 2.3.

According to the Lund convention, the axially deformed nuclei can be catagorised in three

categories. One is prolate shape for which γ values are γ=0◦, 120◦, 240◦, and the second one is

oblate shape which has γ=60◦, 180◦, 300◦. Nuclei having γ values other than these are called

the triaxially deformed nuclei, in which three major axes are not equal. In general, the γ=30◦

value is recognized as maximum triaxially deformed one. Various shapes, as described using

the Lund convention, is illustrated in Fig 2.3.

2.4 Deformed Shell Model: Nilsson Model

In order to describe the experimentally observed levels in a deformed nucleus, introduction of

the deformed potential is needed where, the core is considered to be deformed and the valence

nucleons are moving in that deformed potential. This kind of deformity in the nuclear potential

can be explained considering the harmonic oscillator with anisotropy in it [15, 16, 17, 18]. The

anisotropic harmonic oscillator potential can be written as,

V (r) =
1

2
m
(
ω2
xx

2 + ω2
yy

2 + ω2
zz

2
)

(2.14)

where, ωx, ωy, and ωz are the three frequencies of the oscillators along the three mutually

perpendicular axes. For nuclei, which are axially symmetric about the z-axis, it is simplified as

ωx = ωy = ω⊥ and these are expressed in terms of the deformation parameter δ (or ε2) as

ω⊥ = ω0(δ)
√

1 + 2
3
δ

ωz = ω0(δ)
√

1− 4
3
δ, (2.15)

Now, as the volume of the nucleus is conserved, we get,

ω0(δ) = ω̃0

(
1 +

2

3
δ2
)
. (2.16)
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where, ω̃0 can be obtained from,

ωxωyωz = constant = ω̃3
0. (2.17)

The deformation parameter δ, as defined in this equation, is directly related to the deformation

term, β, which is defined in the collective model of the nuclear shape by,

δ ≈ 3

2

√
5

4π
β ≈ 0.95β. (2.18)

The Nilsson model Hamiltonian can be written as,

H = − �
2

2m
∇2 +

1

2
mω2

0r
2 − β0mω2

0r
2Y20(θ, φ)− κ�ω̃02
̂ · ŝ+ μ

(

̂2 − 〈
̂2〉N

)
(2.19)

where, κ and μ determine the strength of the spin-orbit and 
2 interaction terms, respectively.

The value of κ and μ are different for different nuclear shell [24] because they have different

interactions. The Nilsson levels are labeled by their asymptotic quantum numbers Ωπ[NnzΛ],

where, Ω (= Λ + Σ), N is the principle quantum number and nz is the projection of N on the

symmetry axis (nz = 0, 1, 2, . . , N). Λ, Σ and Ω are the projections of the orbital (
), the

spin (s) and the total angular momentum (j) of the odd nucleon on the symmetry axis of the

nucleus, respectively. In the Nilsson model, the 
 and j are no longer remain a good quantum

number, rather the quantum numbers N , π and Ω becomes the good quantum numbers. Also

asymptotically nz and Λ become good quantum numbers. Thus Ωπ[NnzΛ] can label the Nilsson

model states, uniquely. The energy levels (in unit of �ω0), calculated using the Eq. 2.19 as a

function of the deformation parameter ε2, are shown separately for the neutron (50 ≤ N ≤ 82)

and for the proton (50 ≤ N ≤ 82) in Fig. 2.4 and 2.5, respectively. From the definition, for ε2

> 0, the nucleus is said to be of prolate shape and for ε2 < 0, it is of oblate shape. In presence

of the deformation, each spherical level splits into (2j+1) doubly degenerate states, according

to the ±Ω degeneracy. The Nilsson model can successfully describe the deformed shape of the

nuclei.
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Figure 2.4: Nilsson diagram of single particle levels, calculated from equation 2.19 for neutrons

(50 ≤ N≤ 82) as a function of deformation. The solid lines correspond to positive parity orbitals

and the dashed lines correspond to negative parity orbitals. Figure is taken from Ref. [19].
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Figure 2.5: Nilsson diagram of single particle levels, calculated from equation 2.19 for protons

(50 ≤ Z ≤ 82) as a function of deformation. The solid lines correspond to positive parity orbitals

and the dashed lines correspond to negative parity orbitals. Figure is taken from Ref. [19].
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Figure 2.6: The nucleon has orbital angular momentum l and spin angular momentum s.

The total angular momentum is j so that j = l + s. The projection of the orbital angular

momentum(l) and spin angular momentum (s) on the symmetry axis is represented by Λ and

Σ respectively. Projection of a single valance particle total angular momenta j on the symmetry

axis of a deformed nucleus is represented by. Ω = Λ + Σ.

2.5 Cranking Model

For a rotating nuclei, the cranking model is used to describe the motion of the single particle.

This model deals with the effect of the rotating nucleus on the single particle behaviour. The

cranking model first formulated by Inglis [20, 21] and further developed by Bengtsson and

Frauendorf [22]. In this model, the rotation of the nucleus is described in terms of a body

fixed frame, which is assumed to rotate with constant angular velocity (ω) with respect to the

laboratory fixed frame. The rotation of the nucleus is treated classically and it is assumed that

the independent nucleons move in an average rotating potential.
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If the intrinsic coordinates in the body fixed frame rotate about an axis perpendicular to the

symmetry axis (say, x3) and the other intrinsic axis, x1, coincides with the laboratory fixed

axis x, then the total cranking Hamiltonian for N particle can be written as,

Hω = H0 − ωJx =

N∑
ν=1

h0
ν − ωjxν (2.20)

where, Hω is the total Hamiltonian in the body fixed frame (rotating frame), H0 is total Hamil-

tonian in the laboratory fixed frame and Jx is the projection of the total angular momentum

on the rotational axis. The hω
ν = h0

ν − ωjxν term is the single particle Hamiltonian in the

rotating frame, h0
ν is the single particle Hamiltonian in the laboratory fixed frame and jxν is

the projection of the single particle total angular momentum on the rotational axis. The −ωjxν
term consists of the centrifugal force and the Coriolis force, which align the angular momentum

of the nucleons along the rotational axis. The eigen-values of Hω are called the Routhians.

After solving this Hamiltonian in Eq. 2.20 in terms of eigen-functions | νω〉, the energy in the

laboratory frame (E) is given as,

E =

N∑
ν=1

eων + ω

N∑
ν=1

〈νω | jx | νω〉 (2.21)

where, eωμ is the single particle Routhians in the rotating frame. Using this cranking model,

one can calculate the projection of the total angular momentum (Ix) and the aligned angular

momentum (ix) by following the formula,

Ix =
N∑
ν=1

〈νω | jx | νω〉 (2.22)

The slope of the Routhian is related to the single particle alignment (ix) as,

ix = −deων
dω

(2.23)

Due to the presence of the Coriolis term (-ω jx), the time reversal symmetry in the nucleus

gets broken and as a result of that, the Nilsson quantum number (Ω) does not remain a good
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quantum number anymore. Only the parity (π), which describes the reflection symmetry, and

the signature quantum number (α) [23] remain the good quantum numbers. The symmetry

under a 180◦ rotation of the nucleus about the rotation axis is described by the signature

quantum number. So, these two quantum numbers can be utilized to define the nuclear states

uniquely. The rotation operator is defined as,

Rx = exp(−iπjx) (2.24)

with the eigen-values,

r = exp(−iπα) (2.25)

Nucleus, having even number of nucleons, have α = 0 or 1, while for odd number of nucleons,

α = ±1
2
. The signature quantum numbers of the favoured and unfavoured states are given by,

αf =
1

2
(−1)j−1/2 αuf =

1

2
(−1)j+1/2 (2.26)

j is the single particle angular momentum of the system. For a system having multi-valence

particle, the favoured signature is calculated by,

αf =
1

2

∑
i

(−1)ji−1/2 (2.27)

This model can predict the rotational effect of the nucleus on the single particle energy levels.

2.6 Various quantities related to rotational bands

The main characteristic of a deformed system is that, it can rotate about any axis perpendicular

to its symmetry axis, which leads to the observation of the rotational bands. The presence of

rotational bands are the experimental signatures of the deformation in a nucleus. The energy

states of a rotational band (Erot(I)) are represented by the following equation,

Erot(I) =
�
2

2J I(I + 1) (2.28)
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where, I is the rotational angular momentum (spin) of the state and J is the rigid moment

of inertia. The above expression is similar to the energy of a classical symmetric top. The

rotational energies for the first few states can be obtained as E2+ = 6�2/2J , E4+ = 20�2/2J ,

E6+ = 42�2/2J , which give E4+/E2+ = 1.33. This ratio is one of the best signature for the

rotation and deformation [25]. This expression also helps to determine the rigid moment of

inertia of a deformed nucleus. The level scheme of a deformed nucleus usually has several

rotational bands, based on different microscopic configurations.

The rigid moment of inertia needs not to be necessarily constant for a single rotational band.

If a band has a higher J at higher energy, the energy levels of that band at higher energy,

become yrast. Eventually, at higher spin, states of that excited band become yrast rather than

the states of the ground state band. This phenomenon is called band-crossing. Such crossing

of bands occurs when a pair of valence nucleon aligns to the direction of the rotation and thus

increases the moment of inertia. The change in the moment of inertia in a single band directly

indicates a change in the intrinsic structure.

The aligned angular momentum (ix) of a rotational band is defined as the single particle angular

momentum contribution to the total angular momentum (Ix). This ix can be determined using

the equation,

ix = Ix(I)− Irefx (I). (2.29)

where,

Irefx (I) = �0ω + ω3�1 (2.30)

is the angular momentum of the core and is calculated in terms of the Harris parameters [26].

�0 and �1 are the Harris parameters. These Harris parameters, can be determined from the

Ix vs ω plot for the even-even core.

Determination of the rotational frequency, moments of inertia (both kinematic and dynamic),

aligned angular momentum etc. are very essential part to characterize a rotational band of

a nucleus. The rotational frequency (�ω), for an axially symmetric deformed nucleus, which
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rotates about an axis (x) perpendicular to the symmetry axis is given by [27],

�ω(I) =
dE(I)

dIx
≈ E(I + 1)− E(I − 1)

Ix(I + 1)− Ix(I − 1)
, (2.31)

where, Ix is the projection of the total angular momentum on the rotation axis and is given by,

Ix(I) =
√
I(I + 1)−K2 ≈

√(
I +

1

2

)2

−K2. (2.32)

with, K is the projection of the total angular momentum on the symmetry axis, called the band

head.

The Kinematic moment of inertia of a rotational band of a rotating nucleus is defined as,

J (1) =
�Ix(I)

ω(I)
. (2.33)

and the Dynamic moment of inertia is defined as,

J (2) =
�dIx(I)

dω(I)
, (2.34)

This dynamic moment of inertia, J (2), is independent of spin, I.

2.7 Shell Model Calculations

In the present thesis work, the excited states of a near spherical nucleus (i.e. nucleus near

the shell closure) are characterized using the theoretical framework of the large scale Shell

Model (SM) calculations. Shell model calculations, for nuclei having large number of valence

nucleons, are carried out numerically using the well known SM calculation codes. With the

recent advancement in computational power, it is now feasible to carry out such SM calcula-

tions for nuclei having few valance nucleons outside the magic core around 132Sn. The aim of

such computationally intense calculations is to obtain a detailed understanding of the intrinsic

configurations of the observed levels of the concerned nucleus. There are number of SM codes

available, such as, OXBASH [28], NuShellX [29], Antoine [30, 31] to carry out such extensive

calculations. Using these codes, it is possible to obtain the complete basis states to solve the
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eigen-value equation, H|Φ >= E|Φ > by the matrix diagonalization method. The eigen-value

solutions of this equation give the required energy states and the resultant eigen-vectors can

be used to obtain other nuclear observables, such as, transition strengths, spectroscopic factors

etc..

Ideally, in order to obtain the exact energy eigen-values and eigen-vectors, the Schrödinger

equation must be solved using the exact nuclear potential assuming all the nucleons as free.

However, in reality, such calculations are computationally extensive and almost impossible.

Practically, these eigen-value equations are solved assuming an effective Hamiltonian H, in-

stead of the proper Hamiltonian H and a truncated model space |φ >, which is a subset of the

complete Hilbert space |Φ >. It is considered such a way that they satisfy the H|φ >= E|φ >

eigen-value equation. Hence, all the practical SM calculations utilize the effective Hamilto-

nian procedure. This effective Hamiltonian, which deals with the effective interactions, can

be obtained from the available experimental data and such interaction is called the empirical

interaction. Usually, such data are obtained from the binding energies and nucleon separation

energies. The schematic interactions are obtained from the least square fitting of the experi-

mental information where, a large number of nucleons are involved. In the mass 130 region,

empirical interactions are hard to get.

In the present thesis, the SM calculations have been carried out using the codes NuShellX [29]

and OXBASH [28]. The main advantage of NuShellX over OXBASH is that the former can

diagonalize about 100 times more dimensional matrix. NuShellX is written in J-scheme for-

malism, whereas OXBASH is in M-scheme. The basic procedure of these two codes are as

follows: (i) first identify the inert core of the nucleus, (ii) then the available valence orbitals are

identified, which will construct the model space, (iii) the two body matrix elements (TBME,

deduced from the effective interactions) involving the valence orbitals are then identified. The

model spaces and the interaction (matrix elements) are usually provided by the program. Avail-

able different model spaces include different orbitals and one particular model space may also

have different interactions. Finally the code is run with the inputs and the code diagonalizes

the matrix to obtain its eigen-values. The code gives the eigen-energies with the percentage

contributions of the configurations to the wave-functions of the eigen-states as its output.
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2.8 Particle Rotor Model (PRM) calculations

In this thesis, Particle Rotor Model (PRM) Calculations are carried out using the PRM

code [32]. The Particle Rotor Model [32] is widely used to describe the structure of odd-A

deformed nuclei. This model is built on the assumption that the core of the nucleus is axially

deformed and the unpaired valence quasi-particle (qp) is coupled with this core via the Coriolis

interaction. In this particle rotor model, the total Hamiltonian of the nucleus is taken as,

H = Hp +Hrot (2.35)

where, Hp is the single particle Hamiltonian and Hrot is the Hamiltonian arising due to the

rotation. This Hrot can be expressed as,

Hrot =
�
2

2J (I − j)2 =
�
2

2J [I2 + j2 − 2I3j3 − (I+j− + I−j+)] (2.36)

where, the components of I and j are written in the body fixed frame and the last term of this

expression is the Coriolis term. Here, the 3rd axis is taken as the symmetry axis and J is the

moment of inertia (MoI). Now, Eq. 2.35 can be rewritten as,

H = H0 +Hcor (2.37)

where,

H0 = Hp +
�
2

2J [I2 + j2 − 2I3j3] (2.38)

and,

Hcor = − �
2

2J [I+j− + I−j+] (2.39)

This formalism can be carried out using both constant MoI and variable MoI [33, 34]. In this

calculation, the shell model parameters, μ and κ, are adjusted to match the single particle

energies of the orbitals with no deformation [35]. This program also takes the pairing gap (Δ),

Fermi level (λ) and the MoI parameter as its input. These input parameters are determined

from the available data for the nearby isotopes. Finally, the Coriolis mixing parameter and

the deformation need to be tuned to get the best fitted match for the observed levels. These

mixing parameter and deformation give the measure of the interaction of the valence nucleon

with the core and the deformation of the core, respectively.
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2.9 Total Routhian Surface (TRS) calculations

In the present thesis, the Total Routhian Surface (TRS) calculations have been carried out to

describe the structure of nucleus and subsequently to obtain the deformation of the nucleus, as

described by Nazarewicz et.al. [36, 37]. The total Routhian Eω(Z,N ; β, γ) of a given nucleus

as a function of its deformation (β, γ) can be calculated from the sum of the (i) liquid-drop

energy Eω
LD(Z,N ; β, γ), (ii) the shell correction energy Eω

shell(Z,N ; β, γ) and (iii) the pairing

correction energy Eω
pair(Z,N ; β, γ) within the cranked Woods-Saxon, Bogolyubov, Strutinsky

model as:

Eω(Z,N ; β, γ) = Eω
LD(Z,N ; β, γ) + Eω

shell(Z,N ; β, γ) + Eω
pair(Z,N ; β, γ) (2.40)

The liquid drop model energy Eω
LD is expressed in terms of the nuclear surface energy Eω

surf ,

Coulomb energy Eω
Coul and the nuclear rotational energy Eω

rot,

Eω
LD(Z,N ; β, γ) = Eω

surf(Z,N ; β, γ) + Eω
Coul(Z,N ; β, γ) + Eω

rot(Z,N ; β, γ) (2.41)

Again, the nuclear rotational energy can be calculated from,

Eω
rot(Z,N ; β, γ) =

�
2I(I + 1)

2Jrig

(2.42)

where, Jrig is the rigid body moment of inertia at a given deformation. The shell correction

term in the expression is calculated using the Strutinsky shell corrections procedures within a

deformed Woods-Saxon potential. The Hartee-Fock-Bogoliubov code by Nazarewicz et al. [36,

37] has been used for the present TRS calculations. Each Routhian Surface has been calculated

in the (β2, γ, β4) deformation mesh points obtained from the minimization of the β4. The

minima of the TRS contours involving the available orbitals give the ground state deformation

of the given nucleus in terms of the β and γ. The details of the TRS calculation procedure is

described in the Refs. [38, 39].
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Figure 2.7: Schematic diagram showing the proton and neutron angular momenta vectors.

2.10 SPAC calculations and Magnetic Rotational band

Magnetic Rotation (MR) is a well known phenomenon in the weakly deformed systems which

generates the high spin (see Fig. 2.7). In such rotation, the angular momentum of the system is

generated by the gradual alignment of the high-j particle and hole angular momenta towards the

total angular momentum. This kind of closing of the proton and neutron angular momentum

can be compared with a closing of a shear and, thus, it is often called a Shears’ mechanism.

Magnetic rotational bands can be explained in terms of a semi classical description developed

by Clark and Macchiavelli [40]. This description is based on the coupling of the proton angular

momentum (�jπ) and neutron angular momentum (�jν). The angle (called Shear’s angle) between

these two angular momenta is thus given by the relation,

cosθ =
�jν ·�jπ
| �jν || �jπ |

=
Ishears(Ishears + 1)− jν(jν + 1)− jπ(jπ + 1)

2
√
jν(jν + 1)jπ(jπ + 1)

(2.43)
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where, Ishears is the total angular momentum generated due to the Shear’s mechanism. Ishears

can be obtained by subtracting the core contribution (R0) from the observed total angular

momentum (I) as,

�Ishears = �I − �R0,

According to this semi-classical model, the angular momentum vectors interact in the form of

V2P2(cosθ), where, V2 determines the interaction strength. Thus, the level energies of a MR

band with respect to the band head energy can be written as:

V (I(θ)) = E(I)−Eb = (3/2)V2 cos2θ (2.44)

where, E(I) is the level energy having spin I and Eb is the band head energy. The interaction

strength (V2) can be obtained by fitting the experimentally observed energy levels of the Shears’

band.

The MR band can also be well described in terms of the Shear’s mechanism with the Principal

Axis Cranking (SPAC) model. MR bands have been identified in the A ∼ 100, 140 and 200

mass regions [40] and explained within the framework of the Shear’s mechanism [41, 42]. The

SPAC model [43, 44, 45, 47, 46] is one of the successful models to explore and explain the

intrinsic character of a Shear’s sequence. In this model, the proton angular momentum (
−→
jπ )

and the neutron angular momentum (
−→
jν ) couples with the core angular momentum vector (

−→
R )

to generate the total angular momentum (I). Thus, the total energy E(I) of an excited level

is expressed as,

E(I) =
R2(I, θ1, θ2)

2J(I)
+ V2P2(cos(θ1 − θ2)) + constant (2.45)

where, the first and second term represent the collective and Shear’s contribution, respectively.

And the θ1 and θ2 are the angles of
−→
jπ and

−→
jν with respect to the rotational axis, respectively.

The J(I) and V2 represent the core moment of inertia and the total particle-hole interaction

energy, respectively. The I, θ1 and θ2 can be found from the energy minimization condition,

∂2E(I, θ1, θ2)

∂θ1∂θ2
= 0. (2.46)
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In normal aligned configuration [44], the
−→
jν is taken as directed along the rotational axis and

thus the condition reduces to,

∂E(I, θ1)

∂θ1
= 0 (2.47)

which is then used to obtain θ1 for the excited state (I).

The contribution of the angular momentum due to the core rotation in the Shear’s band can

be obtained from the parameter χ = J(I)
j2π/3V2

. Further details of the ’Magnetic Rotation’ can be

found in the articles [40, 53].
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Chapter 3

Experimental techniques and data

analysis procedures

Nuclear structure studies at various angular momenta and excitation energies are based on the

reaction mechanism used for the population of the nuclei at its excited states and the detection

system employed. Unique analysis techniques are also used to extract various parameters of the

decaying γ rays, such as energy, timing, intensity etc. from the experimental data to characterize

the observed excited states. This chapter of the thesis focuses on the reaction mechanisms,

detection systems and data analysis procedures used for γ-ray spectroscopic studies.

3.1 Reaction mechanisms to populate nuclei in excited

states

Population of the nuclei in excited states depends on the reaction mechanism by which it is

being populated. Various reactions, such as, fusion evaporation, fusion-fission, transfer induced

reaction, Coulomb excitation, β-decay etc. can be utilized for populating the nuclei at different

spin and excitation energy. Among these methods, fusion evaporation reaction, fission reaction

and β-decay are used in the present thesis work and discussed in this chapter.
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Figure 3.1: Schematic diagram of formation and decay of the compound nucleus in fusion-

evaporation reactions.

3.1.1 Fusion evaporation reaction

Fusion evaporation reaction is one of the most efficient reaction mechanisms, widely used to

populate the nuclei of interest. This method can populate the nuclei at low to high spin with

reasonable cross section depending on the projectile used in the reaction. In this method,

the projectile (or beam of particles) with sufficient energy to overcome the Coulomb barrier,

fuses with the fixed target to form the Compound Nucleus (CN). This fast rotating CN then

cools down by emitting statistical γ rays and evaporating particles, such as, alpha, protons and

neutrons, depending upon its excitation energy. The schematic diagram of a fusion-evaporation

reaction is shown in Fig. 3.1.

After losing substantial energy by the particle and statistical γ-ray emission, the residual nuclei

enter the yrast line. The yrast line is a virtual line corresponding to the nuclear states with

minimum excitation energy for a given spin. Here the residual nuclei do not posses much energy

for particle emission thus, it goes for only γ-ray emission. The residual nuclei go to the ground

state by only emitting γ rays along the yrast line. These γ rays are of discrete in nature. Other

than the yrast states of the nucleus, fusion evaporation reaction can also populate non-yrast

states. Non-yrast states are the states which are having less angular momentum but high

42



excitation energy. Mainly light ion induced (such as α) fusion-evaporation reactions can have

direct feeding to the non-yrast states. The nucleus then goes to the ground state via γ-ray

decay through many non-yrast states.

3.1.2 Nuclear Fission

Nuclear fission is the process by which a heavy nucleus splits into two lighter nuclei. This

process is generally accompanied by release of large amount of energy as the fission products

have higher values of binding energy per nucleon than that of the parent nucleus. The so

called activation energy for fission is the minimum energy required by the nucleus to enable its

fragments to just overcome the nuclear binding force. The requirement of the activation energy

for the fission process depends on the force exerted by the Coulomb repulsion to overcome

the nuclear binding force. Nuclear fission can either take place spontaneously or induced by

another reaction. Fusion fission is one example of the induced fission where the target heavy

nucleus is bombarded by a projectile and then these two nuclei fuse. The energy of this fused

nucleus usually become very large to make this an unstable one. Thus the nucleus breaks into

two parts as fission. Other than the fusion fission, transfer induced fission is another kind of

nuclear fission. In this process, before fission, transfer of nucleons takes place. Then the fission

products undergo particle emission, such as neutron, depending upon its excitation energy. The

final products then cool down to its ground state via discrete γ-ray emissions as discussed in

the case of fusion evaporation reaction. The nuclear fission mechanism is known to populate

the neutron rich nuclei which is not possible in the fusion evaporation reaction.

3.1.3 β-decay

Low lying states of a nucleus can be populated using β-decay. In this process, the ground state

or any excited state of the parent nuclei, with a certain half-life, are populated in a nuclear

reaction and then decay to the excited states of the daughter nuclei. These kind of studies are

very effective since, these studies can be carried out at an off-beam set up. In these studies,
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population of the excited states of the daughter nuclei via β-decay are guided by the spin

difference of the excited levels of the parent and daughter and the Q-value of the reaction.

Because of the selection rules, usually population of very high spin states is not possible in β-

decay studies. However, the low lying non-yrast states can be efficiently populated and studied

using this kind of decay study.

3.2 Detection of the γ-radiation

Detection of the decaying γ rays is an integral part of the γ-ray spectroscopic studies. The

information about the structure of nucleus can be understood by measuring the energies, tim-

ings, intensities and angular distributions of the decaying γ rays. For the detection of the γ

rays in a detector, the γ rays must interact and lose its energy in the detector medium. The γ

rays interact with the matter through the following three processes:

3.2.1 Photoelectric effect

A γ-ray may interact with a bound atomic electron in such a way that it loses all of its energy.

Some of its energy is used to overcome the electron binding energy and the remain part of the

energy is transferred to the emitted electron (called photo electron) as kinetic energy. This

process of interaction is known as Photoelectric effect. The kinetic energy (Eke) of the emitted

photo-electron is given by the expression:

Eke = Eγ − Eb (3.1)

where, Eγ is the incident γ-ray energy and Eb is the electron binding energy. The Photoelectric

effect cross-section is inversely proportional to the incident γ-ray energy as ∝ 1
E3.5

γ
and is

proportional to the atomic number Z of the detector material as ∝ ZN , where the value of N

varies between 4 to 5.
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3.2.2 Compton scattering

Compton scattering is the process, in which the incident γ-ray photon interacts with an almost

free electron and transfers a part of its energy to the electron. From the energy and momentum

conservation relations, the energy of the scattered photon (E
′

γ) is given by,

E
′

γ =
Eγ

1 + (1− cos θ)( Eγ

m0c2
)

(3.2)

where, θ is the scattering angle of the photon, Eγ is the incident photon energy and m0c
2 is the

rest mass energy of an electron. The kinetic energy of the emitted electron is thus given by,

Eke = Eγ − E
′

γ =
E2

γ(1− cos θ)

m0c2 + Eγ(1− cos θ)
(3.3)

The maximum energy transfer to the electron takes place when the scattering angle (θ) is 180◦.

That phenomenon is known as back scattering. It can be seen from the Eq. 3.3 that continuum

of energy can be transferred to the electron corresponding to various possible θ (0◦ to 180◦)

values. Hence a continuous Compton background can be observed in the energy spectrum, for

the Compton scattering processes for different θ values. The Compton scattering probability is

proportional to the atomic number Z and inversely to the photon energy Eγ and mass number

A of the detector material.

3.2.3 Pair production

The γ rays with energy greater than 1.022 MeV can create an electron-positron pair under

the influence of a strong electromagnetic field in the vicinity of a nucleus. This process is

called the pair production. In this interaction the γ-ray disappears completely and a pair

of electron and positron is created. If the γ-ray energy exceeds 1.022 MeV, then the excess

amount of energy is shared between the created electron and positron as their kinetic energies.

This positron is annihilated in the detector medium to produce two annihilation γ rays having

energy 0.511 MeV each. If the detector can detect both of these γ rays, then the full deposition
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of the total energy of the primary γ-ray takes place. When one (or both) of the annihilation γ

rays escapes from the detector medium, then it results into a single (or double) escape peak,

located at 0.511 MeV (or 1.022 MeV) less than the photopeak energy in the spectrum. The

probability of pair production process varies with the square of the atomic number Z of the

detector medium.

Among these three processes, photoelectric effect is the most necessary and preferable one for

the γ-ray detection in γ-ray spectroscopic experiments because of the full deposition of energy.

Choosing a good detector material for γ-ray spectroscopy is also a very crucial part. This

selection of detectors is mainly driven by the experimental measurements criteria, namely, high

energy resolution, detection efficiency etc.. The new generation state of art detectors are used

to detect the γ rays, in this present thesis. Next section discusses the variety of γ-ray detectors

in context of the present thesis work.

3.3 High-Purity Germanium (HPGe) detectors

High-purity Germanium (HPGe) semiconductor detectors are known for its high energy res-

olution and moderate detection efficiency. The HPGe detector is made up of highly pure

semiconductor material (Germanium) and operated in reverse bias to have maximum depletion

region. For a semiconductor, the depletion depth is given by,

d =
(2εV
eN

)1/2
(3.4)

where, V is the applied reverse bias voltage, N is the net impurity concentration, ε is the

dielectric constant of the material and e is the electronic charge. These HPGe detectors have

an excellent energy resolution (∼2 keV at 1 MeV) compared to the scintillator detectors. The

HPGe detectors should be operated at a liquid nitrogen (LN2) temperature (∼ 77 K) to reduce

the leakage current. Depending upon the experimental need of better efficiency, HPGe detectors

can be used in segmented versions. Current thesis includes the use of three kind of HPGe

detectors which are discussed below.
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3.3.1 Clover detectors

The Clover detector [1] is a composite detector of four coaxial HPGe crystals in a four-leaf

clover geometry connected to a single cryostat [2]. It consists of four n − type Ge crystals

of 50 mm diameter and 70 mm length. Usually radiation measurements require large volume

detectors but production of such large volume crystals is very difficult. Thus, Clover detector,

consisting of four smaller HPGe crystals, is a possible alternative. Picture of a Clover detector

is shown in Fig. 3.2.

Figure 3.2: Picture of a Clover detector used for the experiments in the present thesis.

In a Compton scattering event, a partial energy deposition of the γ-ray takes place in any one

of the crystals, and the remaining scattered energy can be absorbed by other neighbouring

crystal of a Clover detector. For a Clover detector, it is possible to get back the full energy of

the primary γ-ray by just adding the deposited energies in different crystals through Compton
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scattering for a particular event. Thus, we can get back the Compton scattered events to the

total photo peak area, which increases the total efficiency of the Clover detector. This process

is called the addback. The addback factor of the Clover detector is defined as the ratio between

the total photopeak counts of a particular energy obtained in addback mode and the total

algebraic sum counts of the four crystals for that particular energy. In order to get the proper

addback spectra, the data are stored in an event by event mode called LIST mode data and

then the addback is carried out offline. This addback factor is close to unity in lower energy

since low energy γ rays have less Compton scattering probabilities. Addback factor increases

with incident γ-ray energy and achieves a value ∼ 1.5 at an energy 1.4 MeV.

3.3.2 Low Energy Photon Spectrometer (LEPS)
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Figure 3.3: Comparison of efficiency of a LEPS detector and a Clover detector in addback

mode.

Low Energy Photon Spectrometer (LEPS) are the detectors which has a very good efficiency in

low energy regime. These kind of detectors are of planer configuration with a very thin Berilium
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window at the entry point. The advantage of having Berilium window over the Aluminum one

(used in Clover detectors) is that, it allows the low energy γ transitions to enter the detector

medium, without much attenuation. The comparatively higher energy γ rays are simply pass

through the detector medium without any interaction with the detector medium due to its

planer geometry. These two properties together maximizes the low energy detection efficiency

of the LEPS detectors.

The absolute efficiency in addback mode of a Clover detector is compared with that of a

LEPS detector in Fig. 3.3. It can be clearly seen from the figure that the LEPS detector

has comparatively higher efficiency in low energy and it falls rapidly with increasing energy in

comparison with the Clover detectors.

3.3.3 BGO detectors as anti-Compton shield

A scintillation material Bi4Ge3O12, also known as BGO, is used as an anti-Compton shield

(ACS) in the γ spectroscopic experiments. Due to the high density and large atomic number,

BGO is used, as it has better probability of photo-electric absorption. BGO is, therefore, chosen

as anti-Compton shield, where the high detection efficiency is necessary, not the resolution. The

BGO detector consists of the detector crystal, Photo Multiplier Tube (PMT) and 16 numbers

of such detectors are clubbed together in a hollow configuration while used as shield. In the

output part of this combinations of BGO detectors, there is only one logic OR signal, which is

further used for signal processing.

In the interaction process between the incident γ-ray and the HPGe detector, the γ-ray can

either deposit its full energy or it can be Compton scattered. In both the case, we get a signal

out from the HPGe detector. Now, in case of Compton scattering, the scattered photon may

escape the detector and can interact with the surrounded BGO detector acting as an ACS. And

in this case, we get a signal from the ACS also. In the associated electronics, anti-coincidence

condition is set (i.e., when there is a signal from the ACS, reject that event) between the detector

and ACS. In this process, the contributions coming from the Compton scattering is reduced
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(a) 

(b) 

(c)

Figure 3.4: (a) Schematic diagram of an AGATA crystal displaying central core contact and its

segments. The picture is taken form Ref. [28]. (b) The AGATA clusters are mounted in front

of the VAMOS++ spectrometer at GANIL, picture is taken from AGATA website. (c) The

AGATA 1π array, drawing made by STFC Daresbury.

and, thus, it is called the Compton suppression. Such electronic condition of anti-coincidence

reduce the background contribution almost by ∼ 40-50% compared to the unsuppressed data.

3.3.4 AGATA detectors

The knowledge of the γ-ray interaction point inside a detector medium is extremely necessary

in order to reduce its Compton background, Doppler broadening and to increase detection effi-
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Figure 3.5: Relative efficiency for a AGATA triple cluster obtained from its core signal (Sum

Core) and the same obtained after γ-ray tracking.

ciency. The Advanced GAmma Tracking Array (AGATA) is a new generation granular detector,

which employs the γ-ray tracking method to reconstruct the interaction points and hence the

energy of the incident γ-ray. This γ-ray tracking procedure requires accurate determination of

the interaction point along with its deposited energy and time of deposition. After knowing all

the interaction points of an incident γ-ray inside the detector, the path and the total energy of

the γ-ray is reconstructed in offline software, by Pulse Shape Analysis techniques. The detail

of this tracking algorithm can be found in the Ref [28]. The AGATA detectors are electrically

segmented coaxial n − type HPGe crystals. It has a triplet of crystals arranged in an triple

cryostat. Each of the triple cluster detector contains 36 fold segmented crystals. This high

granularity of a single crystal helps to identify the interaction points inside the detector very

precisely. The detailed geometry and other details about AGATA can be found in Ref. [28, 4, 5].

The schematic and real picture of AGATA detector used during the experiment are shown in

Fig. 3.4(a) and (b), respectively. Fig. 3.4(c) shows the 1π geometry of AGATA array.
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Comparison between the relative efficiency obtained from core signal (which is actually the sum

of all the segments) with the tracked one is shown in Fig. 3.5. It is found that the efficiency is

higher at higher energy when it is tracked. Which supports our claim that we gain in efficiency

after γ-ray tracking.

3.4 Experimental Setups

Present thesis reports the spectroscopic studies carried out using the VECC Array for NUclear

Spectroscopy (VENUS) array, Indian National Gamma Array (INGA) at Variable Energy Cy-

clotron Centre, India and using coupled setup of magnetic spectrometer VAMOS++, detector

arrays AGATA and EXOGAM at GANIL, France. Following subsections discuss about these

experimental set ups.

3.4.1 VECC Array for NUclear Spectroscopy (VENUS)

Light ion (like α) induced reactions can populate both yrast and non-yrast states. Such studies

of yrast and non-yrast structures of a nucleus have been carried out using the α beam delivered

from the K-130 cyclotron at Variable Energy Cyclotron Centre (VECC), Kolkata using an array

of HPGe Clover detectors. VECC array for NUclear Spectroscopy (VENUS) [6], is a modular

array at VECC for such studies. It consists of six Compton suppressed Clover detectors. These

detectors are placed in a median plane (φ = 0◦) around the target position at a distance of

26 cm from the target. In this set up, two detectors are placed at 90◦, two at backward 30◦

and one each at forward 45◦ and 55◦ with respect to the beam direction. This choice of the

detector orientation (i.e angles) is made, depending upon various experimental needs and to

extract various parameters relevant in the γ spectroscopic studies. The pulse processing and

the data acquisition of this array is based on the PIXIE-16, 250 MHz, 12-bit digitizer modules

from UGC-DAE CSR, Kolkata Centre [7]. Time stamped LIST mode data were acquired under

the event trigger condition multiplicity (Mγ), set either in singles (M γ ≥ 1) or in coincidence

(Mγ ≥ 2) mode.
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Figure 3.6: VENUS set up at channel 3 beam line at VECC.

3.4.2 Indian National Gamma Array (INGA)

Indian National Gamma Array (INGA) is a national collaborative research facility of an array of

Clover HPGe detectors. Indian National Gamma Array (INGA) consisting of seven Compton

suppressed Clover detectors has been set up at channel 3 beam line at VECC for various γ

spectroscopic studies. Four of those detectors are at 90◦ (at different φ angles), two of them are

at 125◦ and one detector is at 40◦ with respect to the incident beam direction. More number

of detectors are placed in 90◦ to ensure better statistics in the polarization measurements.

Detectors are kept at a distance of 25 cm from the target position. The current support

structure is made up to accommodate upto ten detectors. Both analogue and Digital data

acquisition system are available for the data recording. But the event by event LIST mode

data acquisition used for the experiment relevant to the current thesis is same as used in the

case of VENUS set up.
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Figure 3.7: INGA set up channel 3 beam line at VECC.

3.4.3 Set up consisting of VAMOS++, AGATA and EXOGAM

Fission fragment spectroscopy using magnetic spectrometer VAMOS++ coupled with γ-ray

tracking array AGATA and segmented HPGe detector EXOGAM is carried out at GANIL,

France. In that experimental set up, fission fragments are isotopically identified using the

VAMOS++ spectrometer [8, 9, 10, 11], which is placed at 20◦ relative to the beam axis.

VAMOS++ actually consists of two quadrupole and one dipole magnets. The focal plane

detectors of VAMOS++ consist of a Multi-Wire Proportional Counter (MWPC), two Drift

Chambers (DC) and one segmented Ionization Chamber (IC). The IC has been operated with

CF4 gas at 70 mbar. At the target position, a Dual Position-Sensitive MWPC (DPS MWPC)

is placed which provides the start signal for the time-of-flight measurements and the recoiling
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Figure 3.8: Schematic experimental setup of VAMOS++, AGATA and EXOGAM at GANIL.

The figure is taken from Ref. [13].

angles of the reaction products. The focal plane MWPC and drift chambers are operated with

isobutane gas at 6 mbar pressure.

The AGATA γ-ray tracking array [28] has been used to detect the prompt γ rays (γP ) emitted

at the target position by the recoiling fission products. In the present set up, 32 of such

AGATA crystals are used. The array is translated 10 cm towards the target compared to the

nominal configuration of distance 23.5 cm. Seven EXOGAM [29] segmented Clover detectors

are employed to detect the delayed γ-rays (γD) at the end of the focal plane. Each crystal of

the EXOGAM Clover detector has 4 segments resulting to higher position resolution compare
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to that of a standard Clover detector. A 2 mm thick Aluminum window between the ionization

chamber and the EXOGAM detectors is used to minimize the attenuation of the delayed γ rays.

The prompt trigger of the data acquisition is generated when both AGATA and VAMOS++

events are present within 300 ns. The delayed trigger for detecting the delayed γ rays is

generated within 200 μs after the prompt trigger. The details of experimental setup can be

found in the Ref. [13].

3.5 Offline Data Analysis

Offline data sorting and analysis has been carried out using the analysis packages LAMPS [14],

RADWARE [15] and IUCPIX [7]. In case of the Clover detectors, the data from each de-

tector are calibrated and gain matched and sorted event by event to form the symmetric two

dimensional Eγ − Eγ matrix and three dimensional Eγ − Eγ − Eγ cube. The coincidence rela-

tionships between various γ rays and intensities are then used to construct the level structures

of the nucleus. The Directional Correlation from Oriented states (DCO) ratio and Polarization

asymmetry measurements of the decaying γ rays have been carried out for the spin-parity (Jπ)

assignments to the levels. Different steps of the data analysis are discussed here.

3.5.1 Calibration

Calibration, i.e. converting the channel number to energy, is the first step of the data analysis

of any γ spectroscopic study. The channel numbers of the photopeak are approximately pro-

portional to the output voltage pulse of the detector. To determine the calibration parameters,

a radioactive source is needed, which emits known γ-ray energies. Then by noting the channel

numbers of the known detected γ rays in the spectrum and then fitting it, we can determine the

calibration parameters. Once these parameters are known, the energy of any unknown γ-ray

can easily be determined from the channel number of that unknown photopeak. Usually, these

energies are fitted with a quadratic equation given by, E = P2x
2 + P1x+ P0, where, E implies

the energy corresponding to the channel (x) and Pi (i = 0− 2) are the calibration parameters.
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3.5.2 Efficiency determination

In γ-ray spectroscopy, determination of the efficiency of individual detectors as well as, of the

array is needed for determining the relative intensities of various detected γ rays. Efficiency of a

detector determines how good a detector is to detect the particles falling on it i.e, output/input.

Efficiency of a detector is defined as following:

Efficiency =
No. of particles detected by the detector

No. of particles emitted by the source
(3.5)

To obtain the relative efficiency of the detectors, we have used the standard 152Eu and 133Ba

radioactive sources in the experiments. Relative efficiency of each of the Clover detectors have

been extracted in the addback mode. The experimental data points of efficiency as a function

of energy are fitted with the following equation,

ln(ε) = {(A+Bx+ Cx2)−G + (D + Ey + Fy2)−G}1/−G, (3.6)

where, ε is the efficiency, x = ln( Eγ

100
), y = ln( Eγ

1000
) and the γ-ray energy Eγ , is in keV.

3.5.3 Eγ-Eγ coincidence analysis

In γ-ray spectroscopic analysis, it is often necessary to identify the cascade of γ rays. This

cascade identification can be carried out by coincidence analysis, creating two or higher di-

mensional histograms. These two (three) dimensional histograms are normally called matrix

(cube). One Eγ-Eγ matrix consists addback data from all the employed Clover detectors sym-

metrically in its two axes. Higher order histograms are the same but with higher number of

axes. This matrix is then used for setting gates i.e., specifying energies in one of the axis and

then projecting the other one. This process helps to identify the γ rays which are in coincidence

with each other.

It is also necessary to correct the data for background contributions, which is underlying the

peaks in the gated spectrum. These background of a photopeak arises from Compton scattered

γ-ray events. There are two methods of eliminating the background, which are used in the
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present thesis. For gating from LAMPS software, we have selected the peak channels from

the gated axis and then we have subtracted the contribution of the background events by

subtracting the gated projection of the nearest backgrounds having same number of channels.

In RADWARE compatible Eγ-Eγ matrix format, background for a particular peak is subtracted

by eliminating a common background from the 2D matrix having all possible correlations.

3.5.4 Angular Correlations

In general, γ rays are emitted isotropically in space because of the random initial orientation

of the spin of the decaying nuclei. But, in an in-beam population, the spacial distribution

of intensity of a decaying γ-ray becomes non-isotropic. Analogy of such non-uniformity of

intensity distribution can also be achieved for a γ-ray cascade in off-beam measurements by

fixing the spin orientation of the first γ-ray in one direction by gating on it. Now, by choosing

the direction of the first γ-ray, the angular correlation function of the second γ-ray can be

expressed as,

W (θ) = A00(1 + a22P22(cosθ) + a44P44(cosθ)) (3.7)

where, θ is the angle between the γ rays in cascade. Pkk(k = 0, 2, 4)’s are the Legendre Polyno-

mial functions of kth order and akk (=Akk/A00)s are called the angular correlation coefficients.

Here, A00 is a normalization parameter. Again the values of the akk coefficients depend on

the spins of the initial, intermediate and final states and also on the multipolarities of the

transitions. Mathematically, this akk coefficients can be written as,

akk(jiλ1jλ1jf ) =
1

1 + δ2
[Fkk(jiλ1λ1j) + 2δFkk(jiλ1λ

′

1j) + δ2Fkk(jiλ
′

1λ
′

1j)]Fkk(jfλ2j) (3.8)

with the assumption that the first transition is pure (i.e. pure quadrupole or dipole) but, the

second one is of mixed multipole type. In this equation, ji, j and jf are the spins of the initial,

intermediate and final states, respectively. λi (i= 1,2) are the multipolarities and δ is the mixing

ratio of the second γ-ray [16]. Depending upon the multipolarity of the gating transition, these

akk coefficients take some specific values, which can be calculated using Eq. 3.8, by putting the
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relevant Fkk coefficients [16]. The values of this akk coefficients can also be extracted from the

experimental data by fitting the intensities of the γ-ray (after gating) at various angles with

Eq. 3.7. Then by comparing the experimental akk values with the corresponding theoretical

ones, the mixing ratio (δ) of the transition can be extracted. In order to compare these two

experimental and theoretically calculated values, usually the a22 vs a44 is plotted with varying

δ, for different possible spin sequences. Then the experimental akk values are compared to get

the mixing ratio.

3.5.5 DCO measurements

Mutipolarities of the γ-ray transitions have been determined from the procedure called Direc-

tional Correlation from the Oriented states (DCO) ratio, following the prescriptions of Krämer-

Flecken et al. [17]. For the DCO ratio analysis, one asymmetric angle dependent matrix have

been made having energy of the γ rays from the detectors at θ1 in one axis, and the γ rays

from the detectors at θ2 on the other axis. The DCO ratio of a γ-ray (γ1) gated by the γ-ray

of known multipolarity (γ2) is given by the ratio of intensities (Iγ1) of γ1 at two different angles

θ1 and θ2 following the equation,

RDCO =
Iγ1 at θ1, gated by γ2 at θ2
Iγ1 at θ2 gated by γ2 at θ1

(3.9)

By putting gates on the transitions of known multipolarity along the two axes of the above

matrix, the DCO ratios (RDCO) are obtained for the other unknown γ-ray. For stretched

transitions, the value of RDCO would be ∼ 1 for the same multipolarities of γ1 and γ2. But

when gated by known quadrupole (dipole) (γ2) transition, then the RDCO value comes out to

be ∼ 0.5 (2.0) for dipole (quadrupole) transition.

3.5.6 Polarization measurements

The close packed geometry of the Clover detectors can be utilized to measure the Polarization

Directional Correlation (PDCO) asymmetry parameter, as described in [18, 19]. The PDCO
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measurement gives the idea about the electromagnetic nature of the transitions (E/M). The

PDCO asymmetry parameters can be obtained using the relation,

ΔPDCO =
a(Eγ)N⊥ −N‖
a(Eγ)N⊥ +N‖

, (3.10)

where, N‖ and N⊥ are the counts of the Compton scattered γ rays in the planes parallel

and perpendicular to the reaction plane, respectively. Here, a(Eγ) =
N‖

N⊥
is the geometrical

asymmetry correction factor of the detector array. Ideally, this value should be close to unity.

A positive value of ΔPDCO indicates an electric transition, whereas a negative value indicates a

magnetic transition. To extract the ΔPDCO value two asymmetric matrices are made, containing

parallel scattering events and perpendicular scattering events of the 90◦ detectors in one axis

and the other axis contains the data from other detectors.
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Figure 3.9: Variation of the asymmetry parameter a(Eγ) as a function of incident γ-ray energy

(Eγ), as obtained for (a) VENUS and (b) INGA set up using standard unpolarized radioactive

sources. The linear fitting of a(Eγ) as a function of γ-ray energy (Eγ) is also shown.

The variations of the asymmetry parameter a(Eγ) as a function of γ-ray energy (Eγ), as ob-

tained for the VENUS (top) and the INGA (below) set up are shown in Fig. 3.9. This variation

is fitted with the equation a(Eγ) = a0 + a1Eγ . For the present setups, this asymmetry value is

deduced to be near unity.
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3.6 Analysis procedures using VAMOS++

VAMOS++ is a large acceptance magnetic spectrometer, which is used in the present work, for

complete isotopic (A, Z) identification of the fission fragments. A large number of nuclei are

produced in fission, which de-excite to their ground states by emitting γ rays simultaneously.

Thus it becomes extremely difficult and experimentally challenging to assign the γ transitions

to specific nucleus only from γ − γ coincidence techniques. Using VAMOS++ spectrometer,

direct tagging of the each fission fragments is possible with its A, Z & Q identification uniquely

and then look for the emitted γ rays in coincidence with particular fragment.

3.6.1 Trajectory reconstruction

The tracking of the total flight path of each fragment is reconstructed in the VAMOS++ spec-

trometer with the help of various parameters, determined from measurements using different

detectors. The length of the flight path of the fragment inside the spectrometer is determined by

measuring the position (X, Y) of the fragment at two different points, one is near the target (in

DPS MWPC) and one is inside the focal plane (in DC). The transverse positions along with the

recoiling angles are also determined using these detectors. These precise position information

during the flight, along with the magnetic rigidity parameter (Bρ), makes it possible to deter-

mine the whole flight trajectory of the fragment inside VAMOS++. Due to the non-uniform

magnetic field of the dipole and quadrupoles, the trajectory of the fragment becomes complex

and, thus, non-linear polynomials are used in the reconstruction algorithm. The Time of Flight

(TOF) of the fragments are also measured by the time difference between the time signals just

after the target position and at focal plane. The velocity vector (v) is, then, calculated using

the flight length (l) and ToF [9, 20].
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3.6.2 Identification of Z

The atomic number (Z) of the fragment is determined using the ΔE-E measurement. The

segmented ionization chambers placed at the focal plane of the VAMOS++ are used in this

purpose, which measures the energy loss (ΔE) of the fragment and also the total energy (E).

A two dimensional plot between ΔE and E will give parallel separated curves corresponding

to different Z in accordance to the Bethe-Bloch formula. This procedure is followed here to

identify the atomic number of each fragment.
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Figure 3.10: Flow chart of various steps required in isotopic fragment identification using

VAMOS++.

3.6.3 Identification of mass and charge state

The trajectory of the fragments inside the magnetic field can be expressed in terms of applied

magnetic field (B) and radius of curvature (ρ) as,

Bρ = γ
M.v

Q
(3.11)
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where γ is the Lorentz factor, B is the applied magnetic field of the dipole, M is the mass of the

fragment, Q is the charge state of the fragment and v is the velocity. The magnetic rigidity, Bρ,

is so set in this experiment that the isotopes in mass ∼ 130 has maximum transmission through

VAMOS++. The mass-over-charge ratio (M/Q) is now calculated using Bρ and measured

velocity (v) following Eq. 3.11. Again, the Mass of the fragment can be also estimated from

the velocity and the total energy (E) measured in ionization chamber using the equation,

M =
E

(γ − 1)c2
(3.12)

Thus, the mass (M) and mass over charge (M/Q) are measured independently. Therefore,

the two dimensional plot between M and M/Q can be utilized to identify the charge state

(Q). More accurate mass and charge state identification is obtained by iterating this process

a number of times. The schematic diagram of various steps in identification of each fragments

using VAMOS++ is shown in Fig. 3.10.
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Chapter 4

High spin spectroscopy of 117Sb:

Observation of signature partner bands

4.1 Introduction

The nuclei having proton number near Z = 50 but neutron number away from N = 82 shell

closure are known to exhibit single particle structures as well as collective bands based on

different angular momentum couplings between the valence particle with the deformed core.

Such kind of competitions between collective and single particle excitations can be studied in

Sb isotopes (Z = 51) of mass ∼ 110−120 region [1, 2]. The structure of Sb isotopes in this mass

region gives us the idea about the evolution of nuclei from the spherical Sn to the transitional

nuclei with Z≥ 52. Deformed structures in Sn nuclei originates from the proton two particle-two

hole (2p−2h) excitations across the shell closure Z = 50, for example, in 116Sn [3]. Coupling of

the valence proton with the spherical and deformed Sn core are systematically studied in odd-A

Sb isotopes in this mass region [4, 5, 6, 7]. The lower lying states of odd-A Sb isotopes are

understood as single-particle excitations. Also in all odd-A Sb nuclei, deformed bands based

on two-particle one-hole (2p− 1h) states, coming from a proton excitation beyond the Z = 50,

are observed in A∼ 110 − 120 region. Such kind of excitation of proton is possible since the
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up-sloping high-Ω Nilsson orbital of the g9/2 from below Z = 50 shell and the down-sloping

components of the g7/2 and d5/2 orbitals from above Z = 50 core come close with deformation.

The 9/2+ states are observed in all odd-A Sb isotopes and configured as deformed 2p−1h state

((πg7/2)
2 ⊗ (πg9/2)

−1) [8, 9]. Strongly coupled rotational band structure based on this 9/2+

state [6, 7, 10], thus, demonstrates the deformation driving effect of the g9/2 intruder orbital.

On the other hand, rotational band based on the πh11/2 orbital indicates rather more enhanced

deformation [11, 12].

The lowest states in the Sb isotopes are 5/2+ and 7/2+, having πd5/2 and πg7/2 configurations,

respectively. These states are situated very closeby and are expected to be of highly mixed

nature. With increasing neutron number, the relative positions of these orbitals alter at A ≥
123. These single particle orbitals can also couple with the deformed 2p− 2h states of Sn core

to form rotational band structures at low energies. These bands are expected to have ΔJ = 2

structure along with a signature partner, contrary to the strongly coupled g9/2 2p − 1h band.

These bands are also expected to possess large signature splitting due to the involvement of the

low-Ω Nilsson components of these orbitals. The observed signature splitting of these bands

helps us to understand the nature of the coupling of the odd particle to the core and hence

the contribution of the involved Nilsson configuration of the band. These bands are identified

and discussed in the odd-A Iodine (Z = 53) [13] and Cesium (Z = 55) isotopes [14] but are

not well investigated in the odd-A Sb isotopes. The investigation of the band structures built

on the πd5/2 and πg7/2 orbitals are thus important in the odd-A Sb isotopes to understand

the shape polarizing effect of these orbitals on the Z = 50 core. Though the indication of the

band-like structures based on πg7/2 has been identified in 117,119Sb isotopes [7], but no signature

partner bands has been observed. Thus detailed characterization of these bands still remain

unexplored.

Initial studies on 117Sb are from β-decay of 117Te [15]. In-beam investigations have also been

carried out using the α, deuteron and proton induced fusion evaporation reactions with only a

few Ge(Li) detectors [16, 17, 18, 19]. Shape coexistence in 117Sb is predicted from the presence

of an isomer at 23/2− level [20]. The high spin states of 117Sb have been investigated by (11B,
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4n) reaction with six Compton-suppressed HPGe detectors [7], but no polarization information

of the observed γ rays are available.

In the present thesis work, the study of the excited states in 117Sb using α-induced reaction

is reported. The primary motivation of the present work is to identify and characterize the

signature partner bands based on the g7/2 configuration in 117Sb, in order to investigate the

shape driving effect of the g7/2 orbital.

4.2 Experiment and Data Analysis

The high spin excited states of 117Sb have been populated using the reaction 115In (α, 2n) 117Sb

at a beam energy of 28 MeV delivered from the K-130 cyclotron at Variable Energy Cyclotron

Centre, Kolkata (India). A 4.1 mg/cm2 thick nat.In self-supporting foil with a 95.7% abundance

of 115In was used as target. The VEcc array for NUclear Spectroscopy (VENUS) [21, 22],

consisting of six Compton suppressed HPGe Clover detectors, were used for γ ray detection.

The PIXIE based digital data acquisition system [23] was used to record the list mode data.

The details of the experimental setup is given in chapter 3.

The data were sorted using the IUCPIX package [23], to construct the Eγ-Eγ matrices and the

Eγ-Eγ-Eγ cube, and analyzed using the RADWARE [25] and LAMPS [26] analysis packages.

Fig. 4.1 represents the total matrix projection of the data, as obtained in the present experiment.

The source of the 159 keV transition, present in Fig. 4.1, is the electron capture decay of the

117Sb nucleus with 99% probability (intensity) to the 159 keV level of the 117Sn daughter

nucleus and de-excitation therefrom. The half-life of 117Sb is 2.80 hours, sufficiently small to

facilitate an equilibrated population of 117Sb during the progress of the experiment and thus,

this acted as a source present during the experiment. The level structure of 117Sb is constructed

from various coincidence relationships between the observed γ-rays and their relative intensities.

The multipolarities of the γ rays are assigned from the measured RDCO [27] and Polarisation

asymmetry (ΔPDCO) [28, 29] values. In the present measurement, the typical value of RDCO

is obtained as ∼ 0.6 (1.8) for a pure stretched dipole (quadrupole) transition when gated by a
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Figure 4.1: Total projection of the Eγ-Eγ matrix, as obtained in the present experiment. All

the γ rays marked in the figure are from 117Sb. The spectrum is shown in two parts, (a) upto

680 keV and (b) beyond 680 keV. The newly observed transitions from the present work are

marked with ‘∗’. The insets show some of the new transitions in an expanded scale. The

159 keV, marked with ’#’, is from 117Sn which is populated from the decay of 117Sb.

stretched pure quadrupole (dipole) transition. The angular distribution for some of the γ rays in

117Sb are also obtained from the singles data (i.e., with event trigger set on Compton suppressed

Clover detector multiplicity ≥ 1). For the polarisation measurements, the coefficients of the

geometrical asymmetry factor are obtained as a0 = 1.01(1) and a1 = 1.37(4)× 10−5.

4.3 Results

The new level scheme of 117Sb, as obtained in the present work, is shown in Fig. 4.2. The

band structures are marked as B1, B1(a), B1(b), B2, B3, B4, B5(a), B5(b), B6, B6(a) and
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Figure 4.2: Proposed level scheme of 117Sb, as obtained from the present work. The new γ rays

observed from the present work are marked with ‘∗’ on the right side of the γ-ray energy label.
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B6(b) in the level scheme. 31 new γ rays are placed in the level scheme [29]. Band B1-B1(a)

are established as signature partner bands by observing the interconnecting transitions. Other

new non yrast states at the low and medium spin regime are also identified from the current

measurements. The observed γ ray energies, level energies, their intensities along with their

spin-parities are tabulated in Table 4.1. The γ rays having RDCO values in the range of 0.5

to 0.7 in a quadrupole gate and from 0.9 to 1.1 in a dipole gate with negative ΔPDCO values,

are considered as dominantly M1 with small E2 admixture and are assigned as M1(+E2).

The γ rays having RDCO values outside the abovesaid range and with negative ΔPDCO values

are considered to be of mixed nature and assigned as M1+E2. The RDCO vs. ΔPDCO plot

of the newly observed γ rays, observed in the present work, along with few of the known

γ rays are shown in Fig. 4.3. The reported nature of the known transitions (shown in red

colour in Fig. 4.3) are reproduced well from the present measurements of RDCO and ΔPDCO

values. This establishes that the assignments of the spin-parities to the newly observed levels

are correct. Fig. 4.4 shows the angular distribution of some of the stretched quadrupole and

dipole transitions, observed in the present measurement. Fig. 4.4(a), (c), (e) and (g) shows

the angular distribution of the 1160 (known), 817 (known), 843 (new) and 638 keV (new)

transitions, respectively. These transitions are assigned as the quadrupole ones. On the other

hand, Fig. 4.4(b), (d), (f) and (h) shows the angular distribution of the 527 (known), 163

(known), 394 (new) and 862 keV (new) transitions, respectively. These transitions are assigned

as the dipole ones.

The present work reports the observation of the bands B1 and B1(a) upto spin 31/2+ and

25/2+, respectively, with confirmed spin-parity assignments. These two bands are obtained as

positive parity E2 bands. The interconnecting transitions between B1 and B1(a) are observed

for the first time from the present work, which makes these two bands as the signature partners.

Band B1(a) is found to decay to the band B1 via 608, 535, 646 keV M1 transitions. On the

other hand, only one transition (399 keV) is found to decay from the 11/2+ level of the band B1

to the 9/2+ level of the band B1(a). Coincidence spectra corresponding to the gate of 817 and

1183 keV transitions of the band B1 are shown in Fig. 4.5(a) and (b), respectively. The insets

of this figures show the expanded part of the corresponding coincidence gates, which show the
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Figure 4.3: DCO ratio (RDCO) vs. ΔPDCO plot of various new (black) and known (red) transi-

tions observed in 117Sb obtained in the present work. The dotted lines at X-axis are to guide

the eye for the DCO ratios corresponding to the pure dipole and quadrupole transitions, re-

spectively. The dotted line at Y-axis is to guide the eye for ΔPDCO values corresponding to the

electric (+ve) and magnetic (-ve) nature of the transitions.

connecting M1 transitions between B1 and B1(a) clearly. Another new sequence of transitions

of energies 638, 448 and 462 keV is observed above the 2356 keV level and marked as B1(b)

in the level scheme (Fig. 4.2). The coincidence spectrum corresponding to the 1045 keV gate,

showing the γ rays of B1(a) and the new transitions of B1(b), is shown in Fig. 4.5(c).

The band B2 is observed up to spin 33/2(+) in the present work. The 995 and 1068 keV

transitions, which were reported [7] to be present in this band, could not be observed in the

present data. Fig. 4.6(a) represents the coincidence spectrum corresponding to the 877 keV

transition. The band, marked as B3 in the level scheme, is a negative parity band and is

observed upto spin 43/2−. The spin-parity assignments of the 7908 (43/2−), 6831 (39/2−)

and 5839 (35/2−) keV levels of the band B3 are confirmed from the present work, which were

reported as tentative in Ref. [7]. Fig. 4.6(b) shows the coincidence spectrum corresponding to

the 571 keV transition of band B3, showing the cascade γ rays of this band.
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Figure 4.4: Angular distributions of various transitions of 117Sb, observed in the present work.

The panels (a), (c), (e) and (g) represent the distribution for the quadrupole transitions and

the panels (b), (d), (f) and (h) represent distribution corresponding to the dipole transitions in

117Sb, as obtained in the present work.
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Figure 4.5: Coincidence spectra corresponding to the (a) 817 keV gate of the band B1, (b)

1183 keV gate of the band B1 and (c) 1045 keV gate of the band B1(a). The insets of (a)

and (b) show the expanded view of the coincidence spectra of the 817 and 1183 keV gates

respectively. The newly observed transitions are marked with ‘∗’.

A strongly coupled negative parity band, named as B4, is observed in the present work upto

(39/2−) level. This band is built above the reported 290 ns isomeric state [20]. The states

beyond 25/2− of this band were only tentatively assigned [7]. From the present RDCO and

ΔPDCO measurements, the spin-parity to these states have been firmly assigned. The ΔJ = 1

transitions of this band are found to be relatively stronger than the corresponding ΔJ = 2

crossovers. The double gates of 208 and 303 keV transitions of band B4, obtained from Eγ-
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Figure 4.6: Coincidence spectra corresponding to the gates of (a) 877 keV γ ray of band B2

and (b) 571 keV γ ray of band B3.

Eγ-Eγ cube is shown in Fig. 4.7(a). The transitions of band B4 can be clearly seen from this

figure.

The band B5(a) (see Fig. 4.2), is a strongly coupled positive parity band and is observed upto

27/2+ level. The spin-parities of the top two levels of the band B5(a) are confirmed as 25/2+

and 27/2+ from the present measurements. The dipole transitions of this band are found to

be of mixed (M1+E2) nature. Fig. 4.7(b) shows the double gated coincidence spectra of 1160

and 387 keV transitions of the band B5(a), showing the γ rays present in this band. The

159 keV γ-ray present in this coincidence spectrum is the decaying transition from the first

excited state of 117Sn, which has a strong EC decay feeding from 117Sb. The sequence, B5(b),

is connected to the band B5(a) at 23/2+ level and is observed upto (29/2+) in the present

work. Fig. 4.7(c) shows the coincidence spectrum corresponding to the double gates of 1001

and 202 keV transitions, showing the γ rays corresponding to the negative parity sequence (B6)
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Figure 4.7: The coincidence spectra corresponding to the double gates of (a) 208 & 303 keV γ

rays of B4, (b) 1160 & 387 keV γ rays of B5 and (c) 1001 & 202 keV γ rays of B6 from the

Eγ-Eγ-Eγ cube. The new transitions observed in the current work are marked with ‘∗’. The

159 keV, marked with ’#’ is from 117Sn.

in the level scheme. The current RDCO and ΔPDCO measurements of the 430 and 575 keV γ rays

confirm the spin-parity of the corresponding levels, which were previously assigned tentatively.
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Figure 4.8: Coincidence spectra corresponding to the gates of (a) 457 keV γ ray of B6(a), (b)

552 keV γ ray of B6(b) and (c) 426 keV γ ray of B2. The new γ rays observed in the present

work are marked with ‘∗’.

Band B6(a) and B6(b) are the newly observed short sequences built above the 2781 (19/2−) and

2876 keV (19/2−) levels, respectively. Two transitions of energy 394 and 452 keV are placed

in B6(a) and 620 and 862 keV transitions are placed in B6(b). Fig. 4.8(a) and Fig. 4.8(b)

represent the coincidence spectra corresponding to the gates of 457 keV of B6(a) and 552 keV

of B6(b), respectively, as obtained from the Eγ-Eγ matrix.
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Figure 4.9: Coincidence spectra corresponding to the gate of 1160 keV transition of the band

B5, (a) upto 625 keV; (b) above 625 keV. All the newly observed transitions are marked with

‘∗’.

Various non-yrast single particle positive parity states, as reported in Ref. [19, 7], are also

observed in the present work. Several interconnecting transitions between these states, such as,

221, 289, 383, 868, 1234 and 1472 keV, are placed in the level scheme of 117Sb. Fig. 4.8(c) shows

the coincidence spectra corresponding to the 426 keV gate, showing the new transitions observed

in this work. The nature of the observed γ rays are tabulated in the table 4.1. The two higher

energy γ rays of energy 1536 and 1762 keV were reported earlier from (p, nγ) reaction [19], but

not from the heavy ion induced reaction [7]. These transitions are also observed in the present

α induced reaction.
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Presence of a new set of transitions are observed in the present work, decaying to the various

levels of the band B5(a), extending the level structure horizontally. Fig. 4.9 represents the

coincidence spectrum corresponding to the 1160 keV gate. The newly observed γ-rays are

marked with ’∗’ along with other known transitions of the band B5(a) in that figure. The

1134 keV transition is present in coincidence with the 337, 375 and 1160 keV transitions, but

not with the transitions above the 1872 keV level. Thus it is placed above the 1872 keV level

in parallel to the 366 keV transition. The 1202 and 756 keV transitions are placed above the

2238 keV level. Another E2 transition of energy 989 keV is placed above the 2238 keV level.

Its E2 nature is established from the measured RDCO and ΔPDCO values. The γ rays of energy

549, 1072, 1106 and 1126 keV are placed above the 2626 keV level. Another sequence of two

γ rays of 847 and 293 keV is found to feed the 3059 keV level. The transitions of energy 673,

936 and 1015 keV are found in coincidence with the γ rays below 3059 keV level of band B5(a)

but not with each other. Therefore, these transitions are placed on top of the 3059 keV level.

Table 4.1: The energies (Eγ) and relative intensities (Iγ) of

the γ rays observed in 117Sb along with the spin and parity

of the initial (Jπ
i ) and the final (Jπ

f ) states and the energy

of the initial state (Ei). The measured values of RDCO and

ΔPDCO are also shown along with the multipolarity of the

γ rays.

Eγ (keV) Ei (keV) Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ΔPDCO(Err) Multipolarity

(12)
2

1323.1 11/2− → 9/2+ - - - (E1)

(16)
3

3230.9 23/2− → 19/2− - - - (E2)

155.2(1) 2780.8 19/2− → 17/2+ 0.27(2) 0.74(8)
4

- E1

163.0(1) 1323.1 11/2− → 9/2+ 0.18(2) 0.65(1)
4

- E1

181.1(1) 3174.9 − → 17/2+ 0.05(2) - - -

197.6(1) 3073.6 21/2− → 19/2− 6.83(47) 0.67(1)
4

-0.05(3) M1(+E2)

202.3(1) 2525.9 17/2− → 15/2− 11.24(78) 0.64(1)
4

-0.04(2) M1(+E2)

208.1(1) 3439.0 25/2− → 23/2− 12.80(64) 0.67(3)
4

- M1+E2
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Table 4.1: Continued...

Eγ (keV) Ei (keV) Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ΔPDCO(Err) Multipolarity

221.4(1) 1310.8 9/2+ → 7/2+ 2.48(8) 1.15(4)
5

- M1+E2

250.4(1) 2876.0 19/2− → 17/2+ 0.87(6) 0.71(1)
4

0.07(1) E1

254.9(1) 2780.8 19/2− → 17/2− 6.25(44) 0.83(1)
4

-0.09(1) M1+E2

279.8(1) 4031.2 (23/2+) → 21/2+ 0.10(8) 0.49(5)
4

- (M1+E2)

289.3(1) 1761.6 9/2+ → 9/2+ 1.27(5) - - (M1+E2)

292.8(1) 3073.6 21/2− → 19/2− 3.57(25) 0.82(1)
4

-0.07(1) M1+E2

293.3(1) 4199.3 (23/2+) → 21/2+ 0.09(4) 0.80(4)
4

- (M1+E2)

303.3(1) 3742.3 27/2− → 25/2− 1.99(8) 1.15(2)
5

-0.13(1) M1+E2

334.7(2) 4761.3 (27/2+) → 25/2+ 0.21(8) - - (M1+E2)

337.1(1) 1872.2 13/2+ → 11/2+ 23(2) 0.82(1)
4

-0.09(1) M1+E2

350.1(1) 2876.0 19/2− → 17/2− 5.69(40) 0.81(3)
4

-0.08(1) M1+E2

366.1(1) 2238.3 15/2+ → 13/2+ 17(1) 0.81(2)
4

-0.09(1) M1+E2

366.9(1) 4109.2 29/2− → 27/2− 1.16(5) 1.20(2)
5

-0.13(2) M1+E2

367.5(1) 2780.8 19/2− → 15/2− 1.64(12) 1.08(3)
4

0.09(2) E2

371.9(1) 3214.9 19/2− → 17/2− 0.88(16) - - (M1+E2)

374.7(1) 1535.1 11/2+ → 9/2+ 35(2) 0.88(1)
4

-0.09(1) M1+E2

382.9(1) 1472.3 9/2+ → 7/2+ 0.40(8) - - M1+E2

387.3(1) 2625.6 17/2+ → 15/2+ 12.27(85) 0.81(1)
4

-0.07(1) M1+E2

393.8(1) 3174.8 21/2+ → 19/2− 0.64(11) 0.53(2)
4

0.10(2) E1

399.3(1) 1710.1 11/2+ → 9/2+ 0.75(6) 0.47(5)
4

-0.06(4) M1+E2

402.9(1) 4512.1 31/2− → 29/2− 0.41(2) 1.12(3)
5

-0.18(4) M1+E2

413.9(2) 5175.2 (29/2+) → (27/2+) 0.16(2) 0.50(11)
4

-0.22(7) M1(+E2)

423.4(1) 4426.6 25/2+ → 23/2+ 0.19(4) 0.68(4)
4

-0.19(4) M1(+E2)

425.8(1) 2187.4 13/2+ → 9/2+ 0.75(3) 1.02(2)
4

0.08(2) E2

428.1(1) 4940.2 33/2− → 31/2− 0.17(2) 1.10(12)
5

-0.16(3) M1(+E2)

429.6(1) 3503.2 23/2− → 21/2− 0.76(6) 0.40(6)
4

-0.06(3) M1+E2

429.7(1) 2843.0 17/2− → 15/2− 0.66(6) - - (M1+E2)

433.1(1) 3058.8 19/2+ → 17/2+ 4.45(35) 0.81(1)
4

-0.06(1) M1+E2
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Table 4.1: Continued...

Eγ (keV) Ei (keV) Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ΔPDCO(Err) Multipolarity

433.5(1) 2846.8 19/2− → 15/2− 7.57(53) 0.99(1)
4

0.11(1) E2

434.1(1) 3214.9 19/2− → 19/2− 0.45(4) - - (M1+E2)
6

448.3(1) 3441.9 19/2+ → 17/2+ 0.21(7) 0.63(17)
4

-0.14(6) M1(+E2)

452.1(1) 3626.9 25/2+ → 21/2+ 0.21(8) 1.09(10)
4

0.13(4) E2

457.2(1) 2780.8 19/2− → 15/2− 4.03(28) 1.02(1)
4

0.10(1) E2

457.3(1) 5397.5 35/2− → 33/2− 0.08(1) 1.21(6)
5

-0.16(4) M1+E2

462.1(1) 3904.0 23/2+ → 19/2+ 0.12(3) 1.04(10)
4

0.03(1) E2

462.7(1) 2876.0 19/2− → 15/2− 1.17(8) 0.90(9)
4

0.02(1) (E2)

465.3(1) 3524.2 21/2+ → 19/2+ 2.74(19) 0.74(2)
4

-0.12(2) M1+E2

472.5(2) 5029.9 27/2+ → 25/2+ 0.19(5) 0.39(13)
4

-0.11(6) M1+E2

477.3(1) 2187.4 13/2+ → 11/2+ 0.59(3) 0.92(7)
5

-0.08(4) M1(+E2)

478.8(1) 4003.2 23/2+ → 21/2+ 0.94(7) 0.66(2)
4

-0.14(1) M1(+E2)

487.4(1) 2526.6 15/2+ → 11/2+ 0.74(13) 1.99(10)
5

0.04(3) E2

487.9(1) 5885.4 37/2− → 35/2− 0.05(2) 1.14(10)
5

-0.29(5) M1+E2

511.4(1) 3742.3 27/2− → 23/2− - - - (E2)

518.9(1) 6404.3 (39/2−) → 37/2− 0.04(2) - - (M1+E2)

519.4(1) 2843.0 17/2− → 15/2− 1.19(9) - - (M1+E2)
6

523.2(2) 2846.8 19/2− → 15/2− 0.69(5) 1.16(6)
4

0.20(6) E2

527.3(1) 527.3 7/2+ → 5/2+ 76(1) 0.58(1)
4

-0.03(1) M1(+E2)

534.9(1) 3061.5 17/2+ → 15/2+ 0.05(3) - - (M1+E2)

547.7(1) 3073.6 21/2− → 17/2− 0.54(4) 1.03(7)
4

0.05(5) E2

549.2(1) 3174.8 21/2+ → 17/2+ 0.56(4) 1.07(7)
4

0.14(11) E2

551.5(1) 2039.2 11/2+ → 9/2+ 6.11(25) 1.15(14)
5

-0.05(4) M1+E2

552.4(1) 2876.0 19/2− → 15/2− 7.17(50) 0.98(1)
4

0.07(3) E2

554.2(2) 4557.4 25/2+ → 23/2+ 0.36(12) 0.76(17)
4

- (M1+E2)

570.8(1) 3417.6 23/2− → 19/2− 4.15(29) 1.06(2)
4

0.12(6) E2

574.9(1) 4078.1 25/2− → 23/2− 0.25(3) 0.37(12)
4

-0.12(3) M1+E2

589.3(1) 3214.9 19/2− → 17/2+ 3.22(23) - - (E1)
6
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Table 4.1: Continued...

Eγ (keV) Ei (keV) Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ΔPDCO(Err) Multipolarity

591.5(1) 2778.9 17/2+ → 13/2+ 5.65(40) 0.99(3)
4

0.07(3) E2

604.7(1) 2843.0 17/2− → 15/2+ 2.34(17) - - (E1)
6

607.5(1) 3838.4 21/2+ → 19/2+ 0.06(4) - - (M1+E2)

608.2(1) 3389.0 − → 19/2− 0.70(6) - - -

619.8(1) 3495.8 21/2− → 19/2− 1.47(6) 0.46(15)
4

-0.02(1) M1+E2

632.8(1) 1160.4 9/2+ → 7/2+ 1.69(7) 1.12(3)
5

-0.05(2) M1+E2

637.5(1) 2993.6 17/2+ → 13/2+ 0.55(3) 1.09(8)
4

0.24(6) E2

646.0(1) 2356.1 13/2+ → 11/2+ 0.19(2) 0.41(6)
4

-0.19(5) M1+E2

670.2(1) 4109.2 29/2− → 25/2− 0.18(2) 1.72(6)
5

0.07(3) E2

672.2(1) 1761.6 9/2+ → 7/2+ 8.81(32) 1.12(2)
5

-0.02(2) M1+E2

672.6(2) 3731.4 21/2+ → 19/2+ 0.21(2) 0.77(12)
4

-0.14(8) M1+E2

699.7(1) 2187.4 13/2+ → 9/2+ 1.59(7) 0.90(7)
4

0.11(3) E2

700.2(1) 4117.8 27/2− → 23/2− 1.70(12) 1.02(2)
4

0.05(3) E2

703.2(1) 2238.3 15/2+ → 11/2+ 5.66(40) 1.04(1)
4

0.04(1) E2

704.3(1) 3230.9 19/2+ → 15/2+ 2.87(18) 1.10(3)
4

0.08(3) E2

705.4(1) 3061.5 17/2+ → 13/2+ 1.11(5) 1.15(5)
4

0.14(3) E2

707.5(1) 3486.4 21/2+ → 17/2+ 3.16(37) 1.05(7)
4

0.08(2) E2

711.8(1) 1872.2 13/2+ → 9/2+ 5.92(51) 1.01(1)
4

0.07(1) E2

753.4(1) 2625.6 17/2+ → 13/2+ 6.42(45) 0.95(2)
4

0.05(1) E2

755.5(1) 2993.8 17/2+ → 15/2+ 0.08(4) 0.73(5)
4

-0.06(5) M1+E2

769.8(1) 4512.1 31/2− → 27/2− 0.17(1) 1.74(6)
5

0.04(3) E2

776.9(1) 3838.4 21/2+ → 17/2+ 0.38(2) 0.91(8)
4

0.19(4) E2

783.5(1) 1310.8 9/2+ → 7/2+ 3.59(15) 1.03(2)
5

-0.02(1) M1(+E2)

795.8(1) 1323.1 11/2− → 7/2+ 22(1) 1.08(1)
4

-0.04(1) M2

800.6(1) 4031.5 23/2+ → 19/2+ 1.08(5) 1.01(5)
4

0.04(3) E2

801.6(1) 3214.9 19/2− → 15/2− 0.36(3) - - (E2)

811.1(1) 4297.5 25/2+ → 21/2+ 1.33(11) 1.22(12)
4

0.07(6) E2

813.1(1) 4930.9 31/2− → 27/2− 0.54(4) 0.96(4)
4

0.10(3) E2
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Table 4.1: Continued...

Eγ (keV) Ei (keV) Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ΔPDCO(Err) Multipolarity

816.5(1) 2526.6 15/2+ → 11/2+ 5.36(22) 1.02(2)
4

0.09(1) E2

820.5(1) 3058.8 19/2+ → 15/2+ 2.15(15) 1.06(3)
4

0.02(1) E2

831.0(1) 4940.2 33/2− → 29/2− 0.11(1) 1.08(19)
4

0.10(4) E2

842.9(2) 4681.3 25/2+ → 21/2+ 0.23(2) 0.91(12)
4

0.07(5) E2

847.2(1) 3906.0 21/2+ → 19/2+ 0.12(3) 0.66(4)
4

-0.11(6) M1(+E2)

862.0(1) 4357.8 23/2− → 21/2− 0.16(7) 0.47(8)
4

-0.10(6) M1+E2

868.4(1) 2356.1 13/2+ → 9/2+ 2.25(9) 0.92(14)
4

0.20(11) E2

871.4(1) 4902.9 27/2+ → 23/2+ 1.66(8) 1.07(9)
4

0.02(2) E2

876.6(1) 2187.4 13/2+ → 9/2+ 9.76(69) 1.06(2)
4

0.07(1) E2

885.4(1) 5397.5 35/2− → 31/2− 0.09(1) 1.05(13)
4

0.04(4) E2

886.0(1) 5183.5 29/2+ → 25/2+ 0.19(3) 0.96(5)
4

0.10(6) E2

891.3(1) 3214.9 19/2− → 15/2− 1.78(13) - - (E2)
6

898.4(1) 3524.2 21/2+ → 17/2+ 1.41(10) 0.97(4)
4

0.16(3) E2

902.4(1) 4426.6 25/2+ → 21/2+ 0.27(2) 1.00(11)
4

0.11(6) E2

907.8(1) 5838.7 35/2− → 31/2− 0.18(2) 1.05(13)
4

0.05(4) E2

917.6(1) 2228.4 11/2+ → 9/2+ 2.91(21) 0.51(2)
4

-0.05(3) M1(+E2)

921.9(1) 5824.8 31/2+ → 27/2+ 0.09(3) 1.13(26)
4

0.14(7) E2

935.8(1) 3994.6 23/2+ → 19/2+ 0.18(2) 0.99(16)
4

0.13(11) E2

939.1(1) 6122.6 33/2(+) → 29/2+ 0.05(1) 1.15(33)
4

- (E2)

944.4(1) 4003.2 23/2+ → 19/2+ 0.94(7) 1.23(12)
4

0.07(2) E2

945.2(1) 5885.4 37/2− → 33/2− 0.03(1) 1.93(20)
5

0.15(12) E2

960.4(1) 1487.7 9/2+ → 7/2+ 7.99(32) 0.89(2)
5

-0.02(1) M1+E2

989.4(1) 3227.7 19/2+ → 15/2+ 0.16(2) 0.90(18)
4

0.08(6) E2

992.2(2) 6830.9 39/2− → 35/2− 0.11(2) 0.96(19)
4

0.08(6) E2

1000.5(1) 2323.6 15/2− → 11/2− 41(3) 0.94(2)
4

0.03(1) E2

1006.8(1) 6404.3 (39/2−) → 35/2− 0.02(1) - - (E2)

1008.9(1) 1536.2 9/2+ → 7/2+ 2.48(10) 1.07(4)
5

-0.07(2) M1(+E2)

1014.7(1) 4073.5 21/2+ → 19/2+ 0.47(4) 0.63(5)
4

-0.05(3) M1(+E2)
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Table 4.1: Continued...

Eγ (keV) Ei (keV) Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ΔPDCO(Err) Multipolarity

1026.7(2) 5029.9 27/2+ → 23/2+ 0.12(4) 1.21(34)
4

0.26(14) E2

1033.2(1) 4557.4 25/2+ → 21/2+ 0.27(8) 0.90(24)
4

0.20(8) E2

1045.3(1) 2356.1 13/2+ → 9/2+ 6.14(44) 1.05(3)
4

0.05(2) E2

1061.9(1) 2772.0 15/2+ → 11/2+ 0.06(2) 0.92(5)
4

0.18(12) E2

1072.1(1) 3697.7 19/2− → 17/2+ 0.33(2) 0.59(8)
4

0.09(8) E1

1076.8(1) 7907.7 43/2− → 39/2− 0.11(3) 0.95(13)
4

0.23(6) E2

1089.4(1) 1089.4 7/2+ → 5/2+ 35(2) 0.30(2)
4

-0.06(2) M1+E2

1090.2(1) 2413.3 15/2− → 11/2− 11.20(78) 0.98(2)
4

0.04(1) E2

1106.2(1) 3731.8 19/2+ → 17/2+ 0.34(3) 0.64(9)
4

-0.10(5) M1(+E2)

1125.8(2) 3751.4 21/2+ → 17/2+ 0.18(2) 0.91(16)
4

0.18(11) E2

1133.5(2) 3005.7 15/2− → 13/2+ 0.19(2) 0.42(9)
4

0.26(7) E1

1160.4(1) 1160.4 9/2+ → 5/2+ 100(1) 1.02(1)
4

0.05(2) E2

1182.8(1) 1710.1 11/2+ → 7/2+ 9.90(40) 1.10(3)
4

0.02(1) E2

1201.9(1) 3440.2 17/2+ → 15/2+ 0.51(4) 0.64(10)
4

-0.15(9) M1(+E2)

1234.3(1) 1761.6 9/2+ → 7/2+ 1.42(6) 0.93(3)
5

-0.06(2) M1(+E2)

1310.8(1) 1310.8 9/2+ → 5/2+ 27.73(29) 0.96(2)
4

0.04(2) E2

1323.1(1) 1323.1 11/2− → 5/2+ 67.62(94) 1.19(1)
4

0.05(3) E3

1472.3(1) 1472.3 9/2+ → 5/2+ 5.89(11) 1.27(19)
4

0.11(6) E2

1511.9(2) 2039.2 11/2+ → 7/2+ 1.02(5) 1.11(9)
4

0.07(3) E2

1536.2(1) 1536.2 9/2+ → 5/2+ 0.47(4) - - (E2)

1761.6(1) 1761.6 9/2+ → 5/2+ 0.11(2) 1.26(22)
4

- (E2)

1Relative γ-ray intensities are estimated from the relevant coincidence gates of transitions feeding to the

ground state and then normalized to the intensity of 1160.4-keV γ-ray in prompt singles spectrum.
2Transition not observed in present work, adopted from Ref. [8].
3Transition not observed in present work, adopted from Ref. [20].
4From quadrupole gate.
5From dipole gate.
6Adopted from Ref. [20].
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Figure 4.10: Excitation energy (E(I)) as a function of level spin (I) for the bands of 117Sb.

4.4 Discussion

The nucleus 117Sb, with one proton above the Sn core (Z = 50) and neutrons at the middle of

the N = 50−82 shell, reveals various single particle structures as well as deformed bands. The

various low-lying states in 117Sb are mainly attributed as to arise due to the odd valence proton

occupying the available orbitals above Z = 50 shell (i.e. πg7/2, πd5/2, πh11/2). The ground

state (5/2+) and the first excited state (7/2+) of 117Sb result from the coupling of odd proton

in πd5/2 and πg7/2 orbital with the ground state of 116Sn. On the other hand, the observed

decoupled rotational band structures are interpreted as the coupling of the valence proton with

the 2p − 2h deformed structures in 116Sn. The present work mainly reports the observation

of signature partner bands (bands B1 and B1(a)) having the configuration involving πg7/2.

Moreover, a number of new non-yrast states have been reported in the low and medium spin

region. Other than these, a band-like sequence B1(b) on 13/2+ state and two short sequences

B6(a) and B6(b) on top of the 15/2− state, involving mainly πh11/2 contribution, have been

identified for the first time.
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Figure 4.11: Aligned angular momentum (ix) of (a) various band structures in 117Sb and (b) the

band B5(b) of 117Sb and same band of similar configurations in odd mass Sb isotopes as a

function of rotational frequency �ω. Harris reference parameters of J0 = 17 and J1 = 12 have

been taken from Ref. [11].

The E(I) (level energy) vs. I (level spin) of band B1 and B1(a) along with the other observed

band structures in 117Sb are plotted in Fig. 4.10, which shows their rotational character. All

the band structures are well fitted with the parabolic rotational model formula, E(I) = E0 +

(�2/2J ) ∗ I ∗ (I + 1), where, J is the moment of inertia of the band and E0 is a parameter

corresponding to the initial energy of the band. Different slopes of the parabolas of different

band structures correspond to the different moments of inertia of the bands. It can be seen

from the Fig. 4.10, that the lower spin members of the bands B1 and B1(a) do not follow the

same fitted parabola which indicate rotational nature of these bands develops from slightly

higher spins. The pure band like structure of the band B1 and B1(a) develops after the 11/2+

level which corresponds to the coupling of the πg7/2 orbital with the 2+ state of the even-even

116Sn core. This nature is also evident for the bands B2 and B3 which involve πd5/2 and

πh11/2 configurations, respectively. These two bands show band-like sequences beyond 13/2+

and 15/2− levels, respectively. It is also found that the bands B1, B2 and B5, involving single

protons in πg7/2, πd5/2 and πg9/2 orbitals, respectively, have similar and smaller Moment of

Inertia (MoI), as expected. On the other hand, the band B3 having single proton in πh11/2

orbital, show relatively higher MoI, indicating higher deformation and consequently, larger
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shape driving effect of the high-j πh11/2 orbital. The band B4 is built on the 23/2− isomer

with the configuration of [(πg7/2d5/2)
2 ⊗ (πg9/2)

−1] ⊗ ν7−, ν7− representing the (νh11/2d3/2)

configuration of the 7− state in 116Sn core [20].

The variation of the aligned angular momentum (ix) as a function of the rotational frequency

(�ω) of the bands B1 and B1(a) along with the other bands is shown in Fig. 4.11(a). The bands

B1 and B1(a) have similar aligned angular momentum (ix), which is expected for the signature

partner bands. The initial alignment of the band B5 is much less since it is based on a high-Ω

orbital, whereas, the initial alignment of band B3 has been found to be higher and similar to

that of the 5-qp band B5, as the band B3 is built on the low-Ω component of the high-j, πh11/2

orbital.

The aligned angular momentum of the band B5(b) of odd mass Sb isotopes, mass ranging from

113 to 119, is plotted in Fig. 4.11(b). It is found that 117Sb and 119Sb show identical bending

frequency (� ∼ 0.43 MeV) with similar alignment gain. But the lower mass isotopes show

bending at a little lower frequency compared to the 117,119Sb. The observed alignment gain in

117,119Sb of ∼ 7� in this band can be explained as neutron alignment in h11/2 orbital. Such kind

of alignment in this 2p− 1h band is already reported in Z = 53, 55 isotones.

The variation of the kinematic moments of inertia (ϑ(1)) as a function of the rotational frequency

(�ω) of the signature partner bands along with the other band structures in 117Sb are plotted

in Fig. 4.12. It can be seen from the Fig. 4.12 that the bands B1 and B1(a), involving πg7/2,

have similar ϑ(1), as expected for the signature partner bands. The ϑ(1) of bands B2 and B5

are also close to that of B1 and B1(a), except the fact that the particle alignment of band B5

is reflected at a frequency of �ω ∼ 0.45 MeV. The ϑ(1) of the bands B3 and B4 are found to

be higher compared to the other band structures, due to the involvement of the πh11/2 orbital

in B3 and five quasiparticle configuration of the band B4. The sharp decreasing trend of ϑ(1)

with frequency for the band B4 indicates that the dominant contribution to the total angular

momentum comes from the multi-quasiparticle alignment rather than collective rotation.

The new positive parity states observed below 2 MeV are mostly due to the single particle

excitations involving the odd proton above Z = 50 and its coupling to the corresponding
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Figure 4.12: Kinematic moment of inertia (ϑ(1)) of various band structures in 117Sb as a function

of rotational frequency �ω.

spherical single particle states in the 116Sn core. These states also connect to the lower spin

members of the decoupled bands B1 and B2 based on the πg7/2 and πd5/2 proton coupled to

the 2p − 2h structure of 116Sn, respectively. The connections between the states originating

from the single particle excitations and the states of the decoupled bands indicate mixing of

various configurations at low spin. The two short sequences B6(a) and B6(b) are developed

on the 15/2− state, involving mainly the πh11/2 contribution. The other set of levels at higher

excitation, reported in the present work, are the non-yrast excitations decaying to the band B5

by various parallel transitions. As the band B5 is known to have 2p−1h configuration involving

πg9/2 hole excitation [8] across the Z = 50 core, so the single particle states connecting to the

band B5 also expected to involve the πg9/2 hole excitation.
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Figure 4.13: Comparison of the experimental (a) energy levels and (b) the energy staggering of

the band B1 and B1(a) with that obtained from present PRM calculations. The energy levels

are plotted with respect to the 13/2+ state.

4.5 PRM calculations

In an attempt to understand the character of the bands B1 and B1(a) and to investigate the

observed signature splitting between these two partner bands, Particle Rotor Model (PRM)

calculations using PRM code [31], incorporating the Variable Moment of Inertia (VMI) formal-

ism, have been carried out. The theoretical study shows that the bands are based on the low-Ω

Nilsson orbital, dominated largely by the πg7/2 with deformation β2 ∼ 0.15. The parameters

μ and κ, have been suitably chosen [32], to obtain the best fit in this mass region. The Fermi

level has been chosen close to 1/2[431], a down-sloping (for prolate deformation) Nilsson orbital.

The obtained value of the elastic constant of the VMI model is 0.8 × 107 keV3, which signifies

that the nucleus is not particularly soft towards deformation.

The theoretically obtained levels have been compared with the experimental ones in Fig. 4.13(a).

The calculated level energies are plotted in Fig. 4.13(a) with a normalization in the 13/2+ state.

It can be seen that the theory overestimates the low-lying levels but it is extremely successful

to reproduce the experimental data above the 11/2+ state. This is also consistent with the

fact that the lower spin members of this bands, B1 and B1(a), have significant mixing of
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different configurations. The large signature splitting (i.e. staggering) between the signature

partner bands is also supported by the theoretical PRM calculations. It indicates strong Coriolis

interaction between the valence particle with the core. The energy staggering parameter, defined

by, S(I) = [E(I) − E(I − 1)]/2I, where, E(I) is the level energy of the state with spin I, is

plotted as a function of the spin (I) for the bands B1 and B1(a) in the Fig. 4.13(b). It can be

seen from the figure that an excellent agreement is obtained between the experimental results

and the calculated data, only except for the first few state. Therefore, it can be concluded that

the πg7/2 orbital induces axial deformation to the even-even Sn core.

4.6 Shell model calculations
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Figure 4.14: Comparison of the experimentally observed low-lying states with that of the Shell

Model calculation.
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Table 4.2: Experimental excitation energy (Ex), spin (Jπ) and their calculated configurations

with % contribution of the positive parity low lying states in 117Sb, as obtained from the shell

model calculations. Contributions above 10% of the configurations are only tabulated.

Spin (Jπ) Ex (Expt.) (in keV) Configuration Contribution

5/2+ 0 π(d5/2)
1 ⊗ ν[(d5/2)

6(s1/2)
2] 37%

π(d5/2)
1 ⊗ ν[(d5/2)

6(d3/2)
2] 36%

7/2+ 527 π(g7/2)
1 ⊗ ν[(d5/2)

6(s1/2)
2] 51%

π(g7/2)
1 ⊗ ν[(d5/2)

6(d3/2)
2] 27%

7/2+ 1089 π(d5/2)
1 ⊗ ν[(d5/2)

6(d3/2)
1(s1/2)

1] 69%

π(d5/2)
1 ⊗ ν[(d5/2)

5(d3/2)
2(s1/2)

1] 19%

9/2+ 1311 π(d5/2)
1 ⊗ ν[(d5/2)

6(d3/2)
1(s1/2)

1] 64%

π(d5/2)
1 ⊗ ν[(d5/2)

6(d3/2)
2] 16%

9/2+ 1472 π(g7/2)
1 ⊗ ν[(d5/2)

6(d3/2)
1(s1/2)

1] 78%

π(g7/2)
1 ⊗ ν[(d5/2)

5(d3/2)
2(s1/2)

1] 10%

9/2+ 1488 π(d5/2)
1 ⊗ ν[(d5/2)

6(d3/2)
2] 43%

π(g7/2)
1 ⊗ ν[(d5/2)

6(d3/2)
1(s1/2)

1] 20%

π(d5/2)
1 ⊗ ν[(d5/2)

6(d3/2)
1(s1/2)

1] 12%

9/2+ 1762 π(g7/2)
1 ⊗ ν[(d5/2)

6(d3/2)
1(s1/2)

1] 30%

π(g7/2)
1 ⊗ ν[(d5/2)

6(d3/2)
2] 20%

π(d5/2)
1 ⊗ ν[(d5/2)

6(d3/2)
2] 16%

π(g7/2)
1 ⊗ ν[(d5/2)

5(d3/2)
2(s1/2)

1] 10%

11/2+ 1710 π(g7/2)
1 ⊗ ν[(d5/2)

6(d3/2)
1(s1/2)

1] 66%

π(g7/2)
1 ⊗ ν[(d5/2)

6(d3/2)
2] 16%

11/2+ 2039 π(g7/2)
1 ⊗ ν[(d5/2)

6(d3/2)
2] 70%

π(g7/2)
1 ⊗ ν[(d5/2)

6(d3/2)
1(s1/2)

1] 15%

11/2+ 2228 π(d5/2)
1 ⊗ ν[(d5/2)

5(d3/2)
1(s1/2)

2] 67%

π(d5/2)
1 ⊗ ν[(d5/2)

5(d3/2)
3] 12%

13/2+ 2187 π(d5/2)
1 ⊗ ν[(d5/2)

5(d3/2)
1(s1/2)

2] 71%

π(d5/2)
1 ⊗ ν[(d5/2)

5(d3/2)
2(s1/2)

1] 10%

13/2+ 2356 π(g7/2)
1 ⊗ ν[(d5/2)

5(d3/2)
1(s1/2)

2] 72%

π(g7/2)
1 ⊗ ν[(d5/2)

5(d3/2)
2(s1/2)

1] 10%

15/2+ 2526 π(g7/2)
1 ⊗ ν[(d5/2)

5(d3/2)
1(s1/2)

2] 78%

π(g7/2)
1 ⊗ ν[(d5/2)

5(d3/2)
2(s1/2)

1] 11%
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The new positive parity states below 2 MeV, observed in this work, are dominantly generated

from the single particle excitations of the valence proton above the Z = 50 core and its coupling

to the spherical and deformed states of the 116Sn core. To understand the single particle config-

urations of this states, large basis shell model calculations are carried out using OXBASH [23].

The sn100pn effective interaction [24] with 100Sn as a core is used for current calculations. The

model space, used for this calculation, consists of the orbitals g7/2, d5/2, d3/2, s1/2 and h11/2

for both protons and neutrons. As the πg9/2 orbital, situated in the other shell, has not been

considered in the model space, the 9/2+ state in the band B5(a) can not be characterised in the

present calculation. The calculations have been carried out with no restriction in the proton

model space but the neutrons are restricted such that the νg7/2 orbital is always filled whereas

no particle excitation is considered in the νh11/2 orbital. This restriction in neutron space is

justified as the valence proton is expected to play the major role in generating the low spins.

Fig. 4.14 shows the comparison between the experimentally observed low spin positive parity

levels with those obtained from the present Shell Model (SM) calculations. It is evident from

Fig. 4.14 that the experimental positive parity states match quite well with the shell model

calculations, except the first 9/2+ and the first 11/2+ states. These states are under predicted

by ∼ 500 keV. It should be noted that, these two states are also part of the rotational bands

and discussed in terms of mixed configurations of spherical and deformed shapes in the previous

sections. The major contributions (above 10%) of the configurations for a particular state are

tabulated in Table 4.2. It is clear from the table that the ground state has a dominant πd15/2

proton configuration which couples with the spherical Sn core. The first excited state 7/2+

(527 keV) is found to have dominant contribution of πg7/2 orbital.

The other set of levels, decaying to the various states of the band B5(a), are not possible to

obtain in the present shell model calculations. The band B5(a) is known to have the 2p − 1h

configuration of [(πg7/2)
2 ⊗ (πg9/2)

−1)]. Thus, the new set of levels, connecting to the band B5,

are expected to involve the above 2p − 1h configuration. Such particle-hole excitation across

the Z = 50 shell is not within the scope of the present SM calculation.
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4.7 Summary

Excited states of 117Sb have been studied by populating it using α induced fusion evaporation

reaction. The existing level scheme is extended with the placement of 31 new transitions.

Several new non-yrast transitions are also identified. The spin-parities of the excited states are

determined. The signature partner of the band, having configuration πg7/2, is observed for the

first time. Particle Rotor Model (PRM) calculations have been carried out to explain the large

signature splitting of the observed signature partner bands. A weak coupling nature involving

the low-Ω component of the πg7/2 band is established from this work. The lower-spin levels are

interpreted on the basis of large-scale shell-model calculations using OXBASH.
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Chapter 5

Yrast and non-yrast band structures in

131Xe

5.1 Introduction

Nuclei in the mass 130 − 140 region are known to have variety of nuclear shapes and exhibit

different exotic modes of excitations. The transitional nuclei in A ∼ 130 region, having proton

number above the Z = 50 shell and neutron number below the N = 82 shell, provide rich

variety of single particle and collective structures and their coexistence [1, 2, 3]. Near the

N = 82 shell closure, vibrational bands are more prominent, signifying spherical structures

while addition of neutron holes induces deformation to the system and rotational bands are

observed. Transitional nature is seen for the nuclei having few numbers of neutron holes and

proton particles with respect to the 132Sn core. The structures of these transitional nuclei are

determined by the shape driving effect of the available orbitals. Most of the even-even nuclei

in this transitional region are known to depict γ softness [4]. It is, therefore, possible that

the addition of an extra nucleon drives the structure of an odd-A nucleus towards different

shapes, depending upon the shape driving effect of the valence orbital. In this context, it is

very interesting to study the various band structures of odd-A nuclei in the transitional A ∼ 130
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region, which will provide important information about the shape driving effects of different

orbitals. Such effects of some of the neutron orbitals have been reported in this region from

the observation of different rotational band structures [5, 6]. Moreover, the Fermi surfaces of

both proton and neutron of the nuclei in this mass region lie within the same major shell i.e.

Z, N = 50−82. Hence, proton particles and neutron holes can occupy different (e.g low-Ω and

high-Ω) components of the same, high-j, h11/2 orbital. Therefore, different polarizing effects

of these components should be manifested in the level structure of the same nucleus. The

unique-parity, high-j h11/2 orbital plays key role in generating the high spin states and is also

responsible for the presence of long lived isomers at low exciting energy, in these odd-A nuclei.

Various theoretical models have been employed to explain the different aspects of the level

structures of nuclei, such as, Strutinsky mean-field methods [7], Interacting Boson Model [8, 9],

Pair Truncated Shell Model [10], Large Scale Shell Model [11, 12] etc.

The Xe (Z = 54) isotopes, with four proton particles above the Z = 50 core and neutron

numbers just below the N = 82 core, are thus suitable candidates to study the various inter-

esting features of transitional nuclei in this region. Particularly, the odd-A Xe isotopes are

of interest to understand the coupling of the odd neutron to the rotational structure of the

corresponding even-even core and other possible multi-qp band structures. Rotational bands

with large quadrupole moments have been reported in 125Xe [13] at high spins and rotational

band on a three quasi-neutron isomer with a rotational alignment of a pair of neutron in the

h11/2 orbital have been observed in 127Xe [14, 15]. Also triaxial band structures were demon-

strated in 129Xe [16]. On the other hand, in 123Xe [17], a dipole band was proposed to have

Magnetic Rotational (MR) character and explained by tilted axis configuration πh1
11/2⊗νh−111/2.

Although, such MR bands are more probable as the neutron number approaches the N = 82

shell closure, but such bands could not be seen in 125,129Xe. This could be possible either if

the particular configuration for such MR band is not populated or because the shapes of these

nuclei are not near spherical. For heavier isotopes of Xe, close to the N = 82 shell closure,

near-spherical shapes are expected, which could result into MR bands, but the high spin spec-

troscopic information are very limited. Therefore, in order to investigate the various coupling

and to understand the systematics of the different multi-qp configurations of the odd-A 131Xe
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isotope, it is necessary to have detailed spectroscopic information of both yrast and non-yrast

states.

The population of 131Xe is difficult due to the unavailability of suitable stable target and

heavy-ion projectile combination. The structure of 131Xe was first studied using offline decay

spectroscopy technique [4, 19] and Coulomb excitation measurements [20]. Angular correlation

measurements were also carried out for a few states of 131Xe [21] to assign the spin and parity

to some of these states. The first in-beam measurements of the high spin states of 131Xe were

performed using (α, 3n) [22] and (α, n) [3] reactions with a few Ge(Li) detectors, where, one-

and three-qp states at low spins were identified. Detailed spectroscopic information about 131Xe

could not be obtained in these studies, mainly due to the limitation of the detection systems.

Recently, excited states in 131Xe at higher spins have been reported by Kaya et al. [12], using

multi-nucleon transfer reaction involving 136Xe beam and the 124Sn(11B, p3n) reaction. The

yrast negative parity band, built on the 11/2− long lived isomer, in 131Xe was extended up

to 4.9 MeV by Kaya et al., with the placement of three new γ transitions. No other band

structures could be identified by them. The spin and parity of few states were also assigned

tentatively in Ref. [12].

In the present thesis work, the yrast and non-yrast states of 131Xe have been populated via

α-induced fusion-evaporation reaction and are studied using Indian National Gamma Ar-

ray (INGA). The present study reports various new yrast and non-yrast band structures in

131Xe involving different single- and multi-qp configurations.

5.2 Experiment and Data Analysis

In the present work, 131Xe have been populated using the reaction 130Te (α, 3n) 131Xe at an

beam energy of 38 MeV delivered from the K-130 cyclotron at Variable Energy Cyclotron

Centre, Kolkata (India). An enriched 130Te target of thickness 2 mg/cm2, with a 600 μg/cm2

Mylar backing, was used. The Indian National Gamma Array (INGA) having seven Compton

suppressed Clover HPGe detector at VECC [23], Kolkata, was used for detecting the emitted γ
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rays from the produced nuclei. Time stamped list mode data were acquired using the PIXIE-16

250 MHz 12-bit digitizer modules [24] in both coincidence (Mγ ≥ 2) and singles (Mγ ≥ 1) mode.

Details of the setup and data acquisition can be found in Chapter 3 of this thesis. Standard

133Ba and 152Eu radioactive sources, were used for energy and efficiency calibration of the setup.

The data from all the detectors were gain matched to 0.5 keV/channel and then sorted using

the IUCPIX [24] data sorting package to construct the symmetric and angle dependent Eγ-Eγ

matrices and the Eγ-Eγ-Eγ cube. The RADWARE [25] and LAMPS [26] analysis packages were

then used to analyze these matrices and the cube to develop the new level scheme.

The spin-parities of the excited states of 131Xe have been assigned from the measured RDCO [27]

and ΔPDCO [28, 29] values. In this study, the typical RDCO value is found to be ∼ 1.9 (0.6)

for a stretched quadrupole (dipole) transition, when gated by a stretched dipole (quadrupole)

transition. One dimensional projection of the symmetric Eγ-Eγ matrix, as obtained in the

present work, is shown in Fig. 5.1. In this figure, the marked γ-rays are mostly from 131Xe,

which indicates the unique property of α-induced reaction that it produces mostly a particular

channel with large cross-section.

5.3 Results

The new level scheme of 131Xe, as obtained from the current measurements, is shown in Fig. 5.2.

The level structure is significantly extended, compared to the previous studies [22, 12], with

the observation and placement of 72 new γ rays in the level scheme of 131Xe [30]. It is evident

from Fig. 5.2 that the level scheme has been expanded above the 11/2− isomer (11.84 days)

at 164 keV excitation, as well as above the 3/2+ ground state. The various sequences in the

level scheme are marked with B1 to B7 for the convenience of describing them. The RDCO and

ΔPDCO values of the new transitions, identified from the present work, along with some of the

representative known transitions, are plotted as a function of the γ-ray energy and shown in the

Fig. 5.3(a) and 5.3(b), respectively. The γ-ray energies (Eγ) along with the corresponding level

energies (Ei), relative intensities (Iγ), RDCO, ΔPDCO values and the assigned multipolarities are
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Figure 5.1: Total projection of the symmetric Eγ-Eγ matrix. Energy of the observed γ-rays are

marked and the new transitions of 131Xe, are marked with ‘∗’. Energy upto 710 keV is shown

in (a) and above 710 keV is shown in (b). The transitions of neighbouring nuclei produced in

the same reaction are marked as ‘#’ and the γ rays marked with ‘c’ are the contaminant γ rays

coming from the reactions with Mylar backing and Al frame.

tabulated in Table 5.1. The γ rays having RDCO values in the range of 0.5 to 0.7, obtained in a

quadrupole gate and 0.9 to 1.1 in a dipole gate, with negative ΔPDCO values, are considered as

dominantly of M1 nature with possible small E2 admixture and are mentioned as M1(+E2). The

γ rays with RDCO other than the above values and with negative ΔPDCO values are considered

to be of mixed nature and mentioned as M1+E2 in Table 5.1.

Band B1 in the level scheme is the negative parity yrast band, which is observed upto 4945 keV

(35/2 �) in the present work. The top three transitions of this band have also been reported by

Kaya et al. [12], but the spin-parities of the 3815 and 4945 keV levels were assigned tentatively.

From the present work, these two states are assigned as 31/2− and 35/2− respectively, from the

deduced RDCO and ΔPDCO measurements. Fig. 5.4(a) shows the double gated spectrum of 642

and 902 keV transitions of the yrast band B1 from Eγ − Eγ − Eγ cube. Other than the main
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Figure 5.2: Proposed level scheme of 131Xe, as obtained from the present work. The new γ rays

observed in the present work are marked in red.
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Figure 5.3: (a) The DCO ratio (RDCO) and (b) the polarization asymmetry (ΔPDCO) of the

new γ rays (in red), and those of some of the known γ rays (in black), as obtained in the present

work, are plotted as a function of γ-ray energy. The dotted lines at Y-axis in (a) are to guide the

eye for the DCO ratio corresponding to pure dipole and quadrupole transitions respectively.

The dotted line at Y-axis in (b) is to guide the eye for ΔPDCO values corresponding to the

electric (+ve) and magnetic (-ve) nature of the transitions.

yrast band, presence of several new transitions in coincidence with the 642-902 cascade can be

seen from Fig. 5.4(a). A new band structure is identified, which decays to the main yrast band

by M1 transitions of energy 682, 574, 881 and 834 keV. This band is identified as the possible

signature partner band of the main yrast sequence and marked as B1(a) in the level scheme.

The presence of this band is evident from the Fig. 5.4(b) and (c), which show the coincidence
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Figure 5.4: Coincidence spectra corresponding to the double gates of (a) 642 & 902 keV, (b)

642 & 663 keV and (c) 642 & 682 keV transitions of band B1 from Eγ-Eγ-Eγ cube. The new

transitions observed in the present work are marked with ‘∗’.

spectra of the double gates of 642 & 663 keV and 642 & 682 keV transitions, respectively.

Other than the transitions of these two bands, various other new transitions can also be seen

from the Fig. 5.4(a)-(c). These transitions are placed in the level scheme depending on their

coincidence relationships.

In the present work, it is observed that, there are two parallel branches present above the

1806 keV (19/2+) level, which are marked as B3 and B4 in the level scheme (Fig. 5.2). One of

them is in coincidence with the 444 keV (M1) transition and the other is in coincidence with
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Figure 5.5: Coincidence spectra corresponding to the double gates of (a) 642 & 444 keV and

(b) 642 & 389 keV transitions from the Eγ-Eγ-Eγ cube. The new transitions observed in the

present work are marked with ‘∗’.

the 389 keV (E2) transition. The double gated coincidence spectra corresponding to the 642 &

444 keV and 642 & 389 keV are shown in Fig. 5.5(a) and (b), respectively. It is evident from

the figure, that two completely different set of γ rays are present in coincidence with the 444

and 389 keV transitions.

The sequence B3 is built above the 2249 keV (21/2+) level and is extended upto the 5172 keV

(33/2+) level. From the present measurements, 1105, 295, 503, 119, 311 and 592 keV transi-

tions are placed above the 2249 keV (21/2+) level, which are in coincidence with the 444 keV

transition as can be seen from Fig. 5.5(a). The ordering of these transitions are determined

on the basis of their relative intensities. The multipolarities of these transitions were obtained

from their RDCO values. Also the deduced negative ΔPDCO for these transitions make them

of M1 character. The polarization asymmetry (ΔPDCO) of the 119 keV low energy transition

could not be determined, since it has less Compton scattering probability. However, the dipole
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Figure 5.6: Coincidence spectra corresponding to the gates of (a) 993 and (b) 1021 keV transi-

tions of band B4 obtained from the Eγ-Eγ matrix. The new transitions observed in the present

work are marked with ‘∗’.

nature of this transition is confirmed from the deduced RDCO value 0.57(3) in the quadrupole

gate.

Table 5.1: The energies (Eγ) and relative intensities (Iγ) of

the γ rays observed in 131Xe along with the spin and parity

of the initial (Jπ
i ) and the final (Jπ

f ) states and the energy

of the initial state (Ei). The measured values of RDCO and

ΔPDCO are also shown along with the proposed multipolarity

of the γ rays.

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ΔPDCO(Err) Deduced

(in keV) (in keV) Multipolarity

118.5(1) 4270.0 29/2(+) → 27/2+ 0.37(3) 0.57(3)
2

- (M1+E2)

170.3(1) 1826.3 15/2(+) → 13/2+ 0.15(6) 0.59(9)
3

- (M1+E2)

177.1(1) 341.1 9/2− → 11/2− 3.36(17) 0.57(2)
4

- (M1+E2)
13
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Table 5.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ΔPDCO(Err) Deduced

(in keV) (in keV) Multipolarity

186.8(1) 1585.8 13/2+ → 11/2+ 0.11(2) - - (M1+E2)

188.9(1) 1805.5 19/2+ → 19/2− 31(2) 0.82(2)
5

0.11(3) E1

204.6(1) 1805.5 19/2+ → 17/2+ 3.24(16) 0.63(2)
5

-0.12(6) M1(+E2)

204.7(1) 2693.8 (19/2+) → 17/2+ - - - (M1+E2)

219.4(1) 2518.3 23/2− → 21/2− 0.86(5) 0.56(4)
5

-0.05(4) M1(+E2)

244.7(1) 2407.8 17/2+ → 15/2+ 0.22(8) 0.54(4)
6

-0.09(7) M1(+E2)

273.2(1) 637.9 7/2+ → 5/2+ 1.07(6) 0.86(9)
6

- M1+E2

286.2(1) 952.5 − → 7/2− 0.08(1) - - -

294.5(1) 3648.7 25/2+ → 23/2+ 1.09(9) 0.63(2)
2

-0.06(2) M1(+E2)

310.6(1) 4580.6 31/2(+) → 29/2(+) 0.22(2) 0.50(6)
2

-0.07(4) M1(+E2)

315.5(1) 1268.0 − → − 0.07(1) - - -

320.8(1) 3187.2 27/2+ → 25/2+ 0.08(1) 0.68(10)
7

- (M1+E2)

325.2(1) 666.3 7/2− → 9/2− 0.67(3) 1.21(5)
8

-0.03(2) M1+E2

334.2(1) 675.3 11/2(−) → 9/2− 0.55(3) 1.08(7)
8

- (M1+E2)

334.9(1) 972.8 9/2+ → 7/2+ 0.48(4) 0.55(3)
9

- (M1+E2)

337.1(1) 4463.4 31/2+ → 29/2+ 0.11(1) 0.67(4)
7

-0.17(6) M1(+E2)

342.6(1) 1998.6 15/2+ → 13/2+ 1.34(15) 0.76(5)
3

-0.18(9) M1+E2

364.7(1) 364.7 5/2+ → 3/2+ 7.30(91) 0.69(3)
6

-0.06(2) M1(+E2)

389.0(1) 2194.5 23/2+ → 19/2+ 24(1) 1.09(2)
5

0.08(2) E2

396.6(1) 2013.2 21/2− → 19/2− 0.88(4) 0.64(8)
5

-0.38(7) M1(+E2)

416.8(1) 3508.7 27/2− → 25/2− 1.35(8) 0.51(4)
5

-0.06(3) M1(+E2)

426.2(1) 1399.0 11/2+ → 9/2+ 0.71(6) - - (M1+E2)

436.9(1) 2686.3 25/2+ → 21/2+ 0.37(3) 0.93(19)
2

- (E2)

443.9(1) 2249.4 21/2+ → 19/2+ 12.42(62) 0.61(1)
5

-0.05(3) M1(+E2)

454.7(2) 5376.5 35/2− → 33/2− 0.52(4) 0.57(6)
10

-0.10(5) M1(+E2)

470.8(1) 3658.0 27/2+ → 27/2+ 0.08(1) 0.71(9)
7

-0.14(11) M1+E2

483.1(1) 2068.9 15/2+ → 13/2+ 1.66(14) 0.71(16)
3

-0.09(6) M1+E2

491.8(1) 2686.3 25/2+ → 23/2+ 0.19(3) 0.63(3)
7

-0.16(3) M1(+E2)
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Table 5.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ΔPDCO(Err) Deduced

(in keV) (in keV) Multipolarity

496.4(1) 2152.4 17/2(+) → 13/2+ 0.55(7) 1.01(13)
6

- (E2)

502.3(1) 666.3 7/2− → 11/2− 2.81(31) - - (E2)
14

502.8(1) 4151.5 27/2+ → 25/2+ 0.58(5) 1.09(17)
11

-0.15(4) M1(+E2)

503.2(1) 4966.6 33/2(+) → 31/2+ 0.19(1) 0.54(3)
7

-0.02(3) M1+E2

507.1(1) 2163.1 15/2+ → 13/2+ 0.32(4) 0.71(8)
6

-0.10(3) M1+E2

520.8(2) 2770.2 23/2+ → 21/2+ 2.23(18) 0.74(3)
2

-0.03(2) M1+E2

573.6(2) 3091.9 25/2− → 23/2− 0.77(13) 0.50(2)
5

-0.05(2) M1(+E2)

575.7(1) 2770.2 23/2+ → 23/2+ 0.27(3) 0.68(4)
7

-0.01(2) M1+E2

575.9(1) 4463.4 31/2+ → 29/2+ 0.10(2) 0.63(4)
12

-0.03(4) M1+E2

591.5(1) 5172.1 33/2(+) → 31/2(+) 0.22(2) 1.05(17)
11

- (M1+E2)

593.3(1) 2606.5 25/2(−) → 21/2− 0.48(10) 0.89(10)
5

- (E2)

599.6(1) 1998.6 15/2+ → 11/2+ 0.81(10) 0.96(8)
9

0.08(7) E2

601.7(1) 1268.0 − → 7/2− 0.42(8) - - -

608.1(1) 972.8 9/2+ → 5/2+ 4.32(22) 0.99(3)
6

0.10(7) E2

611.4(1) 952.5 − → 9/2− 0.34(3) - - -

613.0(1) 1585.8 13/2+ → 9/2+ 3.79(31) 1.11(5)
3

0.08(4) E2

615.1(1) 5078.5 33/2+ → 31/2+ 0.06(4) - - (M1+E2)

617.0(1) 2866.4 25/2+ → 21/2+ 1.09(9) 0.96(7)
2

0.21(4) E2

624.1(1) 4371.7 29/2+ → 27/2+ 0.07(2) 0.60(7)
7

-0.08(7) M1(+E2)

630.2(2) 2929.1 23/2− → 21/2− 1.83(11) 0.56(4)
5

-0.09(2) M1(+E2)

633.9(1) 3814.7 31/2− → 27/2− 6.46(33) 0.96(2)
5

0.11(4) E2

637.9(1) 637.9 7/2+ → 3/2+ 7.87(94) 1.01(2)
13

0.04(2) E2

642.2(1) 806.2 15/2− → 11/2− 100(6) 1.01(1)
2

0.08(1) E2

662.5(1) 3180.8 27/2− → 23/2− 11.69(58) 0.97(1)
5

0.12(2) E2

669.9(1) 2068.9 15/2+ → 11/2+ 0.56(9) 0.94(5)
9

0.11(2) E2

671.9(1) 2866.4 25/2+ → 23/2+ 1.62(8) 0.42(2)
7

-0.03(1) M1+E2

682.3(1) 2298.9 21/2− → 19/2− 8.61(43) 0.57(2)
5

-0.04(1) M1(+E2)

683.2(1) 1656.0 13/2+ → 9/2+ 3.51(21) 0.99(2)
3

0.05(2) E2
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Table 5.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ΔPDCO(Err) Deduced

(in keV) (in keV) Multipolarity

695.2(1) 2693.8 (19/2+) → 15/2+ 0.57(3) - - (E2)

700.3(1) 3887.5 29/2+ → 27/2+ 0.26(2) 0.51(2)
7

-0.06(3) M1(+E2)

700.5(1) 3792.4 27/2− → 25/2− 1.14(26) 0.69(4)
10

-0.21(5) M1(+E2)

704.6(1) 1045.7 13/2− → 9/2− 1.99(10) 1.89(5)
8

0.02(1) E2

737.2(1) 3431.0 (23/2+) → (19/2+) 0.38(8) 0.93(14)
9

0.08(6) E2

743.4(2) 3042.3 23/2+ → 21/2− 0.65(5) 0.47(7)
5

-0.13(3) M1+E2

761.1(1) 1399.0 11/2+ → 7/2+ 0.97(8) 0.99(2)
9

0.18(12) E2

768.0(1) 2167.0 15/2+ → 11/2+ 0.16(5) 1.04(4)
9

0.05(3) E2

780.2(1) 2436.2 17/2+ → 13/2+ 1.15(26) 1.06(6)
6

0.15(6) E2

793.0(1) 3091.9 25/2− → 21/2− 2.26(6) 1.09(15)
2

0.05(12) E2

794.7(1) 1600.9 17/2+ → 15/2− 12.56(21) 0.55(1)
5

0.03(1) E1

810.4(1) 1616.6 19/2− → 15/2− 81(4) 1.01(1)
5

0.10(2) E2

815.7(1) 1861.4 17/2(−) → 13/2− 1.04(5) 0.92(7)
4

0.03(6) (E2)

833.1(1) 2489.1 17/2+ → 13/2+ 0.95(21) 0.95(14)
3

0.17(8) E2

834.3(1) 4649.0 33/2− → 31/2− 0.21(8) 0.55(9)
5

-0.07(5) M1(+E2)

850.1(1) 1191.2 11/2− → 9/2− 0.20(2) 0.96(8)
8

-0.09(5) M1+E2

857.3(1) 1903.0 17/2− → 13/2− 0.31(2) 0.91(7)
4

0.28(6) E2

880.9(1) 4061.7 29/2− → 27/2− 2.69(14) 0.57(3)
5

-0.10(3) M1(+E2)

881.2(1) 3747.6 27/2+ → 25/2+ 0.24(2) 0.54(3)
7

-0.01(2) M1+E2

887.8(1) 3658.0 27/2+ → 23/2+ 0.28(2) 1.01(18)
2

0.15(10) E2

901.7(1) 2518.3 23/2− → 19/2− 21(1) 1.01(1)
5

0.10(1) E2

901.8(1) 3390.9 21/2(+) → 17/2+ 0.21(12) 0.98(17)
3

- (E2)

939.1(1) 4126.3 29/2+ → 27/2+ 0.26(2) 0.75(7)
7

-0.02(3) M1+E2

942.5(1) 3191.9 23/2+ → 21/2+ 1.23(10) 0.42(10)
2

-0.15(2) M1+E2

964.7(1) 2770.2 23/2+ → 19/2+ 1.11(11) 1.01(9)
5

0.04(3) E2

969.8(1) 4061.7 29/2− → 25/2− - - - (E2)

978.7(1) 3585.2 29/2(−) → 25/2(−) 0.37(4) 1.04(27)
5

0.05(15) (E2)

979.2(1) 2024.9 15/2(−) → 13/2− 0.29(2) 0.62(7)
4

- (M1+E2)
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Table 5.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

RDCO(Err) ΔPDCO(Err) Deduced

(in keV) (in keV) Multipolarity

986.2(1) 2791.7 23/2+ → 19/2+ 1.43(9) 0.96(15)
5

0.25(7) E2

990.4(1) 3508.7 27/2− → 23/2− 2.79(23) 0.94(3)
10

0.24(3) E2

992.7(1) 3187.2 27/2+ → 23/2+ 1.56(9) 1.04(2)
7

0.11(1) E2

997.4(1) 3191.9 23/2+ → 23/2+ 0.08(2) 1.14(15)
7

0.14(11) E2

1021.2(1) 3887.5 29/2+ → 25/2− 0.34(2) 1.09(4)
7

0.05(3) E2

1044.5(1) 2090.2 17/2(−) → 13/2− 0.09(1) 0.95(13)
4

- (E2)

1061.8(1) 4242.6 29/2− → 27/2− 1.72(11) 0.49(4)
10

-0.04(3) M1+E2

1104.8(1) 3354.2 23/2+ → 21/2+ 1.52(8) 1.04(15)
11

-0.03(2) M1(+E2)

1107.1(1) 4921.8 33/2− → 31/2− 0.27(11) 0.60(4)
10

-0.06(3) M1(+E2)

1130.6(1) 4945.3 35/2− → 31/2− 1.49(8) 0.94(6)
2

0.13(3) E2

1179.8(1) 3374.3 25/2+ → 23/2+ 0.42(2) 0.49(2)
7

-0.02(1) M1+E2

1191.0(1) 5078.5 33/2+ → 29/2+ 0.12(3) 0.96(21)
7

0.17(12) E2

1205.1(2) 3108.1 21/2(−) → 17/2− 0.26(3) 0.92(8)
4

0.05(7) (E2)

1276.2(1) 4463.4 31/2+ → 27/2+ - - - (E2)

1561.8(1) 5376.5 35/2− → 31/2− - - - (E2)

1Relative γ-ray intensities are normalized to 100 for the total intensity of 642.2-keV γ-ray.
2From 810.4 keV (E2) DCO gate;
3From 608.1 keV (E2) DCO gate;
4From 704.6 keV (E2) DCO gate;
5From 642.2 keV (E2) DCO gate;
6From 683.2 keV (E2) DCO gate;
7From 389.0 keV (E2) DCO gate;
8From 177.1 keV (M1) DCO gate;
9From 637.9 keV (E2) DCO gate;

10From 901.7 keV (E2) DCO gate;
11From 794.7 keV (E1) DCO gate;
12From 1021.1 keV (E2) DCO gate;
13From 761.1 keV (E2) DCO gate;
14adopted from Ref. [31];
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Figure 5.7: Coincidence spectra corresponding to the gate of 177 keV transition of sequence

B5 from the Eγ-Eγ matrix. The new transitions observed in the present work are marked with

‘∗’. The γ-ray marked with ‘#’ is the contaminant γ-ray coming from reactions with the Mylar

backing.

A new band, called band B4, is observed above the 2194 keV (23/2+) level. From the present

work, the band B4 has been established upto 5079 keV (33/2+) excitation energy. Few levels

are also found at 3374 (25/2+), 4126 (29/2+) and 4967 (33/2+) keV, which are connected to

the band B4 by ΔJ = 1 transitions. The coincidence spectra corresponding to the 993 and

1021 keV γ-ray gates are shown in Fig. 5.6(a) and (b), respectively. Transitions pertaining

to this band can be seen from this figure. Another two new levels are observed at 2770 and

3658 keV which decay to the band B4 by non-stretched transitions of energy 576 and 471 keV,

respectively.

Another sequence of levels, marked as B5, built above the 11/2− isomer is observed and placed

parallel to the yrast band B1 in the level scheme (Fig. 5.2). In the present work, seven new

transitions of energies 316, 334, 602, 857, 1045 and 1205 keV have been placed in that sequence.

The coincidence spectrum corresponding to the gate of 177 keV γ-ray is shown in Fig. 5.7. The

new transitions are clearly seen from this figure. The 316 and 602 keV γ rays are found to be

in coincidence with 177 keV, but not with the 705 keV and therefore placed accordingly. Three

new transitions of energies 857, 1045 and 1205 keV are seen in coincidence with both 177 keV
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Figure 5.8: Coincidence spectra corresponding to the added gates of 365 and 638 keV transitions

of band B6 obtained from the Eγ-Eγ matrix. The new transitions observed in the present work

are marked with ‘∗’.

and 705 keV transitions and thus are placed above the 1046 keV level. The spin-parities of the

341 and 666 keV levels are adopted from Ref. [31].

The positive parity level structure, marked as B6 in the level scheme (Fig. 5.2), is built on the

3/2+ ground state. This sequence has been extended upto an excitation energy of 3431 keV

(23/2+) by placing 16 new transitions. Fig. 5.8 shows the coincidence spectra of the added

gates of the two lowest transitions of energies 365 and 638 keV, where the new transitions are

clearly visible.

5.4 Discussion

The ground state spin parity of 131Xe is determined by the odd valence neutron occupying

available orbitals. The ground state (3/2+) and the 164 keV (11/2−) level of this nucleus are

originated from the odd neutron occupying the available d3/2 and h11/2 orbitals. The large spin

difference between these two states makes the 11/2− state to be a long lived isomer (11.8 days)

in 131Xe. Such long lived isomers having νh11/2 configuration can be seen systematically in

the neighbouring isotone and isotopes [2, 5, 6, 13, 14, 16]. The neutron Fermi level of the Xe
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Figure 5.9: Evolution of the low-lying 1-qp states in Xe isotopes.

isotopes in A ∼ 130 region is situated just below the N = 82 shell closure. The evolution of the

excitation energies of the single particle configurations in the Xe isotopic chain are shown in

Fig. 5.9. It can be clearly seen from the figure that the ground states of the lighter Xe isotopes

change at N = 77 (131Xe) from 1/2+ to 3/2+ and continues to be 3/2+ until N = 81. Moreover,

the 11/2− state, corresponding to the h11/2 orbital, shows a minimum for the N = 77 (131Xe)

isotope. This clearly shows the transitional nature of 131Xe. It is worth mentioning in this

context, that, the transitional nature of the neutron number N = 77 is also reported for Cs

(Z = 55) isotopes [32] as well. Therefore, N = 77 seems to play crucial role in determining the

high spin structure of nuclei in this A ∼ 130 region.

The band B1 in 131Xe is a rotational band based on the νh11/2 configuration. The total aligned

angular momenta (Ix) of B1 shows a pronounced backbending for the N = 77 isotope, whereas

lighter odd-A Xe isotopes show upbend [12] (see Fig. 5.10, where alignment gain ix of the

νh11/2 band is plotted for various Xe isotopes). It also suggests the transitional nature of the

Xe isotopes around N = 77. The band crossing in this band is due to the alignment of a pair of

proton in the πh11/2 orbital. In order to get an idea on the involved single particle orbitals, the

aligned single particle angular momenta ix are plotted for the νh11/2 band of the neighbouring
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Figure 5.10: Alignment plot of the νh11/2 band of Xe (Z = 54) isotopes. The Harris parameters

of J0 = 16 �
2/MeV and J1 = 7 �

4/MeV3 are used [15]. Filled and open circles are used for two

different signatures.

odd-A and even-even nuclei in Fig. 5.11. It is observed that both the N = 77 isotones have

similar initial single particle alignments, which are about 3 � more than that of the even-

even isotopes. This indicates the involvement of the Ω = 9/2 component of the νh11/2 orbital

(9/2[514] Nilsson configuration) for this band in the N = 77 isotones. This comparatively

higher Ω component would result a small or no signature splitting in this band. But, the 11/2−

bands in Xe isotopes and in the N = 77 isotones are observed with a reasonably large signature

splitting. This indicated a possible Ω mixing. In the case of 129Xe, it was reported to have

triaxial shape [16], giving the required Ω mixing and resulted in large signature splitting. In

the present work, a signature partner band above the 19/2− state has been identified (band

B1(a)) for the first time in 131Xe. This band also shows large signature splitting as in case of

129Xe. The staggering parameter, S(I), as defined in Ref. [16], as a function of 2I, is plotted in

Fig. 5.12(a) and 5.12(b) for 131Xe with its neighbouring isotopes and isotones. The excellent

agreement of the general trend and the amount of signature splitting is observed for the isotopes
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Figure 5.11: Alignment plot of the νh11/2 band of the N = 77 isotones and the ground state

band (g.s.b) of neighbouring even-even nuclei. The Harris parameters of J0 = 16 �
2/MeV and

J1 = 7 �
4/MeV3 are used [15]. Filled and open circles are used for two different signatures.

and isotones, which indicates that the structure of 131Xe is similar to that of its neighbouring

isotopes and isotones that is a triaxial or a gamma-soft shape. A set of states, marked as

B1(b), has also been identified in 131Xe in this work, which decays to the main band B1. These

states might correspond to the excitation of gamma phonons in 131Xe. However, the intra-band

transitions between the states in B1(b) could not be observed as they are of weak intensity.

The 21/2− state (2013 keV) has been observed for the first time in this work having a band

like structure B2 built above it. This band decays to the 19/2− state of the νh11/2 band. This

21/2− state was not observed in the neighbouring isotope 129Xe, but could be identified in

the N = 77 isotone 129Te [33] at an excitation energy of 1958 keV. Considering the similar

excitation energy and decay pattern of this state, this state has been assigned a configuration

of πg27/2 ⊗ νh11/2.
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Figure 5.12: Staggering of the 11/2− band in 131Xe are plotted as a function of spin, I, and

compared with the same band of other isotopes (a) and isotones (b). Filled and open circles

are used for two different signatures.

The 17/2+ and the 19/2+ states at 1.6 and 1.8 MeV excitation energies in the lower part of

the band B4 assigned a 3-qp configuration of πg7/2h11/2 ⊗ νh−111/2, similar to that of 129Xe. The

upper part of the band B3 decays to the lower part of it through a high energy (1105 keV)

transition. Also these states do not decay to the band B1 of configuration of πh2
11/2 ⊗ νh11/2.

In 130Xe, there is a 5+ state at ∼ 2.4 MeV of excitation energy, which has been assigned a two
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Figure 5.13: The staggering, S(I), plot as a function of spin, I, for the low-lying positive parity

band B6 of 131Xe along with the neighbouring isotopes and isotone. Filled and open circles are

used for two different signatures.

qp configuration of πd5/2g7/2 [34, 35]. Thus, the 27/2+ state of B3 might have formed by the

coupling of this 5+ state with the 3-qp configuration of the lower part of it. Therefore, a high-j,

configuration of π(d5/2g7/2)
3h11/2 ⊗ νh−111/2 is assigned to the upper part of B3.

A low lying 23/2+ state at an excitation energy of about 2.2 MeV was reported in 131Xe [12].

A new band structure, B4, has been identified built on this state in the present work having

a large signature splitting. This band is similar to the 3-qp band in 129Xe involving a defor-

mation driving low-Ω orbital. Therefore, the band B4 in 131Xe has been assigned with a 3-qp

configuration of π(g7/2h11/2)
2 ⊗ νf7/2. The [541]1/2− component of the νf7/2 orbital provides

the required large Coriolis force which generates the large signature splitting. The signature

spitting of this band is shown in Fig. 5.14. As it is already mentioned that a large signature

splitting may also corresponds to a triaxial or γ deformed shape, a non-axial deformation or

γ-softness can again be expected for the band B4. This kind of γ-soft shape should cause a
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Figure 5.14: The staggering, S(I), plot as a function of spin, I, for the band B4 of 131Xe along

with the similar bands in the neighbouring isotope and isotone. Filled and open circles are used

for two different signatures.

γ band. Another set of states, 23/2+, 25/2+, 29/2+, 33/2+, has been identified in this work

which decays to the band B4. This states may constitute the expected γ vibrational band of

B4. However, transitions between the states of this side band could not be identified in this

work.

Most of the low-lying non-yrast states above the 11/2− isomeric state were known [22]. The

band-like sequence B5 built on the 13/2− (1046 keV) state has been identified in the present

work. The possible configuration of this state is (2+)130Xe ⊗ νh11/2.

A low-lying positive parity band based on the 1/2+ or 3/2+ ground state, as the band B6 in

131Xe, has been identified systematically in the odd-A isotopes of Xe and Ba nuclei. In the

lighter mass isotopes, this band was described as a s1/2/d3/2 mixed configuration. In 131Xe, the

ground state becomes 3/2+ (Fig. 5.9) indicating a more pure d3/2 configuration for this state

and for the band B6 in 131Xe. The band B6 is extended upto 23/2 � from the present work.
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The signature splitting (Staggering parameter S(I)), for this band is compared with the other

isotopes and isotones in Fig. 5.13. It is found that the staggering in the Xe isotopes decreases

with increasing mass number indicating less contribution from low-Ω orbitals. The S(I) values

for the N = 77 isotones, 131Xe and 133Ba are found to be very similar. A signature inversion

at I = 15/2� has been observed in 131Xe analogous to that of 129Xe but in opposite phase. It

can be seen that, for 131Xe, after the inversion, the signature splitting increases rapidly. This

indicates a change in shape to an oblate or a triaxial deformation.

5.5 TRS calculations

Figure 5.15: Contour plots of total Routhian surfaces in the β2−γ deformation mesh calculated

for the lowest negative parity configuration corresponding to the νh11/2 band (band B1) in 131Xe

at the rotational frequencies (�ω) = 0.11 MeV (left) and 0.26 MeV (right).

In order to understand the different configurations of 131Xe, Total Routhian surface (TRS)

calculations have been performed using Strutinski shell correction method. The formalism of

Nazarewicz et al. [36, 37] has been used. The procedure as described in Ref.[38] has been

followed.

The TRSs for the h11/2 band (band B1) are shown in Fig. 5.15(left) and 5.15(right) for two

different rotational frequencies of �ω = 0.11 and 0.26 MeV, respectively. It is found that
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Figure 5.16: Plot of total Routhian surface energies (ETRS) as a function of the deformation

parameter, γ calculated for the 1-qp, negative parity configuration corresponding to the νh11/2

band in 131Xe at different values of rotational frequencies (�ω).

the minimum is spread over a region of γ around γ ∼ −75◦ that is, the nucleus displays γ-

softness close to the ground state for lower rotational frequencies. However, at a slightly higher

frequency of �ω ∼ 0.26 MeV, a triaxial shape emerges. This corresponds to the lower part

of the band B1. This prediction of triaxial shape for the νh11/2 band in 131Xe is analogous

to that of its neighbouring isotope 129Xe [16]. The variation of the total Routhian energies

(ETRS) as a function of the deformation parameter (γ) is shown in Fig.5.16 for h11/2 band for

different rotational frequencies (�ω). The β2 parameters were fixed around the minimum of the

TRS as obtained for each �ω. At low rotational frequencies (�ω = 0.11 and 0.16 MeV), ETRSs

show some γ-softness. At mid frequencies, (�ω = 0.21 and 0.26 MeV), the minima of ETRSs

shift to a triaxial deformation (γ ∼ −26◦). At higher frequencies (�ω = 0.31 and 0.36 MeV),

the minima appear at γ ∼ −12◦ and at γ ∼ −75◦. This indicates an interesting structural
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Figure 5.17: Same as Figure 5.15 but for the lowest positive parity configuration, corresponding

to the νd3/2 band (band B6) in 131Xe at rotational frequencies (�ω) = 0.16 MeV (a) and

0.36 MeV (b).

evolution, from gamma-soft to triaxial shape coexistence with increasing rotational frequency

for the h11/2 band.

The TRS plots for the positive parity νd3/2 configuration (band B6) are shown in Fig. 5.17

for two rotational frequencies (�ω = 0.16 MeV and 0.36 MeV). The calculations predict a near

prolate shape at lower rotational frequency and a triaxial shape with near oblate deformation

at higher rotational frequency. These results corroborate well with the observed increase in the

staggering parameter at higher spins for this band after the signature inversion (Fig. 5.13).

The TRSs for the 3-qp configuration band (B4) are shown in Fig. 5.18(a). The plots show a

minimum at an oblate deformation (β2 ∼ 0.15 and γ ∼ −60◦) and a large extent of gamma-

softness. The variation of the TRS energy (ETRS) around the minimum for this surface has

been plotted in Fig. 5.18(b) as a function of γ. The gamma-softness can be clearly visible in

this plot. The minimum value of ETRS remains within 100 keV for the variation of γ in the

range −86◦ ≤ γ ≤ −45◦. The observed large staggering and a possible gamma-band with B4

in 131Xe is thus in good agreement with the above prediction.
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Figure 5.18: (a) Same as Figure 5.15 but for the 3-qp configuration, corresponding to the band

B4 in 131Xe. (b) The TRS energies as a function of the deformation parameter γ for β2 value

around the minimum of the TRS.

5.6 SPAC and semi-empirical calculations of the Shears

band

The upper part of the band B3 above the 27/2+ (4152 keV) state in 131Xe has been described

in the framework of Shears mechanism with the Principal Axis Cranking (SPAC) [39]. This

dipole band has a small dynamical moment of inertia (J2 ≈ 4 - 5 �
2MeV−1) which indicates

a weakly deformed shape. Similar dipole bands in the A ∼ 100 region have been identified as

Magnetic Rotation (MR) bands [40] with the theoretical support within the framework of the

Shears mechanism [41, 42].

In the present work, the calculations have been performed with the configuration

π(g7/2d5/2)
3h11/2⊗ νh−111/2 for the band B3 assuming an oblate deformed shape. The angu-

lar momenta are taken as jπ = 12 �, jν = 5.5 � and the interaction strength as V2 = 1.90 MeV

for the calculation. Under these assumptions the energy level and the spins (I) for the dipole

band above the 27/2+ state were well reproduced as shown in Fig. 5.19(a). The spin dependence

of θ1 (angle between the proton angular momentum and the neutron angular momentum) and
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Figure 5.19: (a) Variation of the observed γ-ray energy with spin (I), which is compared with

the SPAC calculation (solid line). (b) Variation of θ1 and θI with spin (I) as obtained from the

present SPAC calculations. Inset shows the variation of core angular momentum contribution

(R) with spin.

θI (angle of the total angular momentum with the rotational axis) are shown in Fig. 5.19(b)

while the variation of R (core contribution) with spin is shown in the inset of Fig. 5.19(b).

Present SPAC calculations determines the parameter χ defined as χ = J(I)
j2π/3V2

to be +0.10.

This indicates that almost 91% of the total angular momentum is generated due to the shears

mechanism.

The semi-empirical description for the shears bands, prescribed by Clark and Machiavelli [42] is

also used to investigate the properties of the levels above the 27/2+ level of this band. According

to this model the shears angle between proton and neutron angular momenta blades can be

written as,

cos θ =
I(I + 1)− jπ(jπ + 1)− jν(jν + 1)

2
√
jπ(jπ + 1)jν(jν + 1)

(5.1)

According to this prescription [42], the proton and neutron angular momentum interacts with

the total angular momentum via a factor V2P2(Cosθ). The variation in the level energies of the

MR band is thus due to this angular momentum couplings and can be expressed as,
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Figure 5.20: Variation of V[I(θ)] as a function of the shears angle (θ) for the MR band in 131Xe.

The solid line is the fit to the data points from which the effective interaction (V2) between the

proton and neutron angular momentum vectors has been obtained.

V [I(θ)] = EI − EB = (3/2)V2cos
2θ (5.2)

where, EI and EB are the energies of the levels with spin I and band head, respectively. The θ is

called the shears angle and V2 is the interaction strength. The experimentally obtained V[I(θ)]

and the shears angle θ for each state from and above 27/2+ of B3 are plotted in Fig. 5.20.

These experimental data points are fitted using the Eq. 5.2 to extract the interaction strength

V2. A value of V2 = 1.60 MeV is obtained for this 5-qp MR band. This leads to the interaction

strength per pair is 0.4 MeV which is in very good agreement with the mass scaled interaction

strength in this A ∼ 130 region [49]. Thus, the present shears mechanism and SPAC model

calculations can describe successfully the angular momentum generation of the band B3 of

131Xe.
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5.7 Shell Model calculations
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Figure 5.21: Comparison of the calculated energy levels (red) using the shell model calculations

with the experimental levels (black) in 131Xe.

The levels in the non-yrast sequence, marked as B5 in the level scheme, are found to de-

cay via various non-stretched transitions, indicating these states to be of single particle ori-

gin. Shell Model calculations are carried out to characterize these states employing the code

NUSHELLX [50] in the gdsh model space with the jj55pna Hamiltonian, referred as SN100PN

interaction [51]. The available orbitals are consisting of g7/2, d5/2, d3/2, s1/2 and h11/2, for both

protons and neutrons in the shell N,Z = 50 − 82. The calculations are carried out without

any restriction in the proton and neutron model space. The comparison between the calculated

energy levels and the experimental levels of the sequence B5 is shown in Fig. 5.21. For this

purpose, the experimental levels with increasing order of excitation energy for a given spin are

compared with the corresponding states of the shell model calculations. A good agreement

between the experimental states and the shell model calculations for sequences B5 is obtained.
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5.8 Summary

The excited states in 131Xe are studied with the Compton suppressed clover detector setup

of INGA, coupled to digital data acquisition system. The level structure of 131Xe has been

significantly extended, compared to the previous studies, with the observation and placement

of 72 new γ-ray transitions. The yrast negative-parity band is seen up to 35/2− spin and the

signature partner of this band is identified for the first time. The positive-parity ground state

band, built on the 3/2+ ground state, is extended up to 23/2+ spin, with the observation of

a signature inversion, which signifies a pair of particle alignment around the spin of 15/2�.

A dipole band, consisting of M1 transitions, is identified and interpreted in terms of shears

mechanism, having a 5-qp configuration. A new band structure, built on the 3-qp 23/2+

state, is also observed with a large signature splitting. A comparison of the excited states in

the isotopic and isotonic chains reveals the transitional nature of the N = 77 nuclei. Total

Routhian Surface calculations predicts a γ-soft nature of this nucleus at higher spin.
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Chapter 6

Prompt-delayed spectroscopy of

neutron-rich Iodine nuclei near N = 82

6.1 Introduction

The nuclei having odd numbers of valence protons or neutrons near a major shell closure are

always of special interests, as their level structures carry an important link to the nucleon-

nucleon effective interactions [1, 2, 3] of that major shell. Thus, the single particle excitations,

particle-hole interactions and mixing of various single particle configurations in nuclei with

few valence particles/holes around the doubly magic nucleus 132Sn have been the subject of

contemporary interest, both experimentally [4, 5, 6, 7, 8] and theoretically [2, 9]. In particular,

nuclei with a few odd valence protons outside the Z = 50 shell closure provide important

information about the proton single particle energies and multiplets of various particle-hole

configurations. Also, these nuclei with few odd neutron holes in the N = 82 shell, provide

key inputs in understanding the effective proton-neutron interactions used for the large scale

shell model calculations. The presence of high-j, unique parity h11/2 orbital in the Z,N =

50 − 82 shell, for both protons and neutrons, plays the major role in generating the high spin

states for nuclei in A = 130 region. Configurations involving h11/2 neutron holes are also
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responsible for systematic occurrence of the isomers in odd-A as well as in odd-odd nuclei in

this region [10]. It would be, thus, interesting to investigate the level structures above these

isomers to understand the involvement of the h11/2 orbital and the relative contribution of

proton and neutron occupancies in this high-j orbital, in generating the high spin states above

the isomers.

The Iodine (Z = 53) isotopes with three protons outside the Z = 50 core and few neutron

holes/particles in vicinity of the N = 82 core have attracted attention of several recent stud-

ies [11, 12]. The importance of several structures based on the πg7/2, πd5/2 and νh11/2 orbitals

has been reported systematically in the odd-odd Iodine isotopes till N = 75 [13, 14, 11, 12].

In the odd-A Iodine isotopes, 127,129I, collective bands based on the πg7/2, πd5/2 and πh11/2

configurations have been reported. At higher spins, the states associated with a neutron pair

breaking, involving orbitals πg7/2 and νh11/2, have also been observed [15, 16]. Towards the

N = 82, isomeric states (19/2− and 23/2+) dominated by two neutron-hole configurations

coupled to the odd number of protons have been identified in 131,133I (N = 78, 80) [18].

The information on high spin states above the isomers of neutron-rich Iodine isotopes towards

theN = 82, is very limited. This is mainly because of the fact that these nuclei are at the limit of

population using the fusion evaporation reactions, which could be used to produce the isotopes

till 129I. On the other hand, for the heavier isotopes towards the neutron-rich side, either multi-

nucleon transfer reactions [18] or spontaneous fission of 252Cf [19] or 248Cm [20, 21, 22] were

used to study the high spin excitations. Studies of the spontaneous fission of Actinides utilize

the prompt high-fold γ-γ coincidence techniques to identify the high spin states. With this

technique, it is difficult to obtain the γ-γ correlations across a long lived isomer. Neutron-rich

Iodine nuclei, above the N = 82 shell closure, could be studied using spontaneous fission of 252Cf

and 248Cm [21, 22]. In contrast, for neutron-rich Iodine isotopes 130,132I, just below the N = 82,

almost no information on the high spin states is available. Low lying long lived high spin isomers

(6−, 8−) have been identified systematically in the odd-odd neutron-rich Iodine isotopes. Few

states above the (8−) isomer (T1/2 = 3.52 min) in 134I [19], have been identified, but no excited

states above the corresponding (8−) isomers (T1/2 = 1.38 hr in 132I and T1/2 = 315 ns in 130I)

were reported.
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In this work, the neutron-rich Iodine isotopes 130−134I were produced as fission fragments and

excited states have been characterized from the in-beam prompt-delayed γ-ray spectroscopy

after the isotopic identifications (A,Z). The high spin excitations above the (8−) isomer and

the corresponding γ-ray transitions in the odd-odd Iodine nuclei 130,132I have been observed for

the first time. A new isomer in 132I has been identified and the half-life has been measured

from the corresponding γ-ray decay. New prompt γ-ray transitions above the isomeric states,

19/2−, in 131,133I and (8−) in 134I have also been identified. The contribution of the neutron

hole occupancy of the νh11/2 orbital to the high spin negative parity states is analyzed using

the large scale shell model calculations.

6.2 Experiment and Data Analysis

The excited states of the neutron rich Iodine isotopes were populated via fusion-fission and

transfer induced fission reactions in inverse kinematics, using the 238U beam at the energy of

6.2 MeV/u, bombarding on two different 9Be targets of thicknesses 1.6 μm and 5 μm each at

Grand Accélérateur National d’Ions Lourds (GANIL), France. The isotopic identification (A,Z)

of the fission fragments was obtained using the large acceptance magnetic spectrometer VA-

MOS++, placed at an angle of 20◦ with respect to the beam axis [23, 24, 25, 26, 27]. The Z

identification was obtained by a ΔE −E measurement using the ionization chamber placed at

the focal plane of VAMOS++. Time of Flight of each fragment was measured using the Dual

Position-Sensitive multi-wire proportional counter (DPS-MWPC) [26], placed at the entrance

of the VAMOS++ and the MWPC placed at the focal plane. The focal plane detector system

also consisted of two drift chambers (DC) for tracking. The mass number (A), atomic num-

ber (Z), atomic charge (Q) and the velocity vector of the fission fragments were determined on

an event-by-event basis. The (M/Q) parameter was obtained from the reconstructed magnetic

rigidity (Bρ) and the velocity of the fragment. The isotopic identification for the Iodine iso-

topes obtained from the two-dimensional plot of Q and M/Q is shown in Fig. 6.1. The narrow

gates were applied to obtain the corresponding γ-ray spectra. The possible contaminations of

the γ-ray spectra by the nuclei associated with the neighboring Z, A, and Q were individually
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Figure 6.1: Charge state (Q) as a function of the mass over charge (M/Q) after the selection

of Iodine (Z = 53). The Iodine isotopes are obtained from various charge states and the

identification of A = 130 and 134 are marked for charge state Q = 40.

examined. The analysis of the corresponding γ-ray spectra allowed to evaluate any possible

small contamination and perform the suitable background subtraction case by case.

The prompt γ rays (γP ) emitted from the recoiling fission products at the target position were

detected using the γ-ray tracking array AGATA [28]. In the current experimental setup, the

AGATA consisted of 32 crystals and was placed at 13.5 cm away from the target. An array

of seven EXOGAM segmented Clover detectors [29] was also placed after the focal plane of

the VAMOS++ to detect the delayed γ rays (γD). Further details of the experimental setup

consisting VAMOS++, AGATA and EXOGAM can be found in Chapter 3 of this thesis.

Coincidence matrices were constructed between the prompt γ rays (γP -γP ), prompt-delayed

γ rays (γP -γD) and any two delayed γ rays (γD-γD) [27]. Also small corrections for isobaric

and isotopic contamination (if any) were taken into account for each of the Iodine isotopes in

both prompt and delayed spectra following the procedure described in Chapter 3. Intensity
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determination and corrections for the half-lives calculations have also been carried out, as

described in Ref. [27].

6.3 Results

6.3.1 130I

Prior to the present study, the spectroscopic information of 130I was limited only to low spin

excitations up to 1 MeV, investigated via (n, γ) and (d, p) reactions using two Ge(Li) detec-

tors [30]. Some of the γ-ray transitions reported in Ref. [30] were also previously identified in

(p, n) reaction [31]. Half-lives of four isomeric states at 39.95 keV (8.3 ± 1 min), 69.59 keV

(133± 7 ns), 82.39 keV (315± 15 ns) and 85.11 keV (254± 4 ns) were also reported in Ref. [30]

with probable spin-parity assignments as 2+, 6−, 8− and 6− respectively. The 82.39 keV level

was assigned as 8− in Ref. [30] from the observed coincidences. However, this 8− assignment

for the 82.39 keV level is not adopted in Ref. [32]. No high spin states above the (6−) or (8−)

isomers have been reported for 130I prior to the present work.

Fig. 6.2 shows the proposed level scheme of 130I, obtained using the prompt-delayed coincidence

in the present work [33]. All the transitions placed in the level scheme above the isomeric state

are observed for the first time and are marked in red. The relative placements of these γ-ray

transitions in the level scheme are done based on their mutual coincidence relationships and

relative intensities. The details of the γ rays of 130I with tentative spin and parity of the initial

(Jπ
i ) and the final (Jπ

f ) states are given in Table 6.1. Fig. 6.3(a) shows the prompt singles γ-ray

spectrum (γP ) after Doppler correction, in coincidence with the 130I fragments, detected at the

focal plane of the VAMOS++ spectrometer. A coincidence spectrum corresponding to the sum

of gates on 748, 922 and 971 keV transitions is shown in Fig. 6.3(b). The 748, 922, 135 and

971 keV γ rays are found to be in mutual coincidence, whereas, the 588 and 812 keV γ rays

are observed only in coincidence with the 748 keV. This is evident from the coincidence spectra

corresponding to 588 and 922 keV transitions shown in Fig. 6.3(c) and Fig. 6.3(d), respectively.
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971
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(14 ) 2518

315 ns

130I

Figure 6.2: Level scheme of 130I above the (8−) isomeric level, as obtained in the present work.

The newly observed γ rays are displayed in red. The thickness of the γ rays represents their

relative intensities.

Similarly, the 630 keV γ-ray is found to be in coincidence with the 748-922-135 keV cascade,

but not with the 971, 588 and 812 keV γ rays. A coincidence spectrum corresponding to the

630 keV γ-ray gate is also shown in Fig. 6.3(e), where the presence of the 748, 922 and 135 keV

γ rays is clearly visible. Other transitions, i.e., 397, 465, 607 keV γ rays are also observed

in prompt spectrum and are marked in Fig. 6.3(a), but no coincidence could be obtained

with other prompt γ rays in 130I, observed in the present work. These transitions were also

previously reported in Ref. [30], but the γ rays which were reported to be in coincidence with

these transitions in Ref. [30], are not observed in the present work. There are few more γ rays

of energies 340, 375, 444, 557, 738 and 1091 keV, which are identified as belonging to 130I and

marked in the total singles spectrum (Fig. 6.3(a)), but could not be placed in the level scheme

due to lack of coincidence information.
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Table 6.1: Energies (Eγ) and relative intensities (Iγ) of the γ rays observed in 130I along with

tentative spin and parity of the initial (Jπ
i ) and the final (Jπ

f ) states and the energy of the

initial state (Ei).

Eγ Ei Iγ Jπ
i → Jπ

f

(keV) (keV)

135.3(2) 1887.5 44(9) (13−)→ (12−)

588.1(1) 1418.5 45(10) (11−)→ (10−)

630.1(3) 2517.6 31(11) (14−)→ (13−)

748.4(2) 830.4 100 (10−)→ (8−)

812.5(1) 1642.9 12(7) (11−)→ (10−)

921.8(1) 1752.2 52(10) (12−)→ (10−)

970.9(1) 2858.4 21(6) (15−)→ (13−)

The isomers in 130I decay via low energy γ-ray transitions. The lower cutoff of the delayed γ-ray

spectra of the present setup was around 80-100 keV, and thus the low energy decay γ rays from

these low lying isomers could not be observed in the delayed spectrum obtained in the present

work. Therefore, the definite placement of the observed prompt transitions above particular

isomeric state is not possible. Following the systematics of neighboring even-A Iodine isotopes,

the observed prompt γ rays from the present work are tentatively placed above the existing

(8−) isomer.

6.3.2 131I

Low lying states of 131I were previously studied using β-decay of 131Te [34, 35, 36] and

(3He, d) [37] reaction. An isomeric level at 15/2− with half-life 5.9 ns was reported from

the β-decay studies [34]. The only in-beam spectroscopic study of 131I, prior to the present

work, was carried out using multi-nucleon transfer reaction [18], where new isomers at 19/2−
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Figure 6.3: (a) The prompt singles γ-ray spectrum (γP ) of 130I. (b) Prompt γ rays (γP ) in

coincidence with added gates of γP = 748+922+971 keV. (c) Prompt γ rays (γP ) in coincidence

with γP = 588 keV. (d) Prompt γ rays (γP ) in coincidence with γP = 922 keV. (e) Prompt γ

rays (γP ) in coincidence with γP = 630 keV. The new γ-transitions are marked with ‘∗’ in all

the cases.

(24 μs), 23/2+ (42 ns) and (31/2−, 33/2−) (25 ns) were identified along with their depopulating

transitions.

The proposed level scheme of 131I, as obtained from the present work [33], is shown in Fig. 6.4.

The details of the γ rays of 131I with tentative spin and parity of the initial (Jπ
i ) and the
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15/21880
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13/2

159515/2

1796 17/21886

19/21918
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(21/2 ) 2590

(27/2 ) 3895

(29/2 ) 4244

5.9 ns
24.6 s

42 ns

131I

Figure 6.4: Level scheme of 131I as obtained in the present work. The newly observed γ rays

are displayed in red. Isomeric state is indicated with a thick line and the half-life remeasured

in this work is underlined by a red line. The thickness of the γ rays represent their relative

intensities.

final (Jπ
f ) states are given in Table 6.2. The Doppler corrected prompt singles γ-ray spectrum

(γP ), in coincidence with the 131I fragments, is shown in Fig. 6.5(a). The newly observed γ-

ray transitions from the present measurement are marked with ’∗’. All the other identified γ

rays were previously reported in Ref. [18]. Fig.6.5(b) represents the added coincidence gates

of prompt γ rays of energies 773 and 782 keV. All the γ rays which are in prompt coincidence

with 773 and 782 keV are present in this spectrum. The expanded energy range of 300-400 keV

of this prompt coincidence spectrum is shown in the inset of Fig. 6.5(b). The presence of 325,

331, 352 and 358 keV prompt γ rays is clearly visible from the inset. The 358 keV γ-ray is the

new transition observed in the present work and placed in the level scheme (Fig. 6.4) between
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Table 6.2: Energies (Eγ) and relative intensities (Iγ) of the γ rays observed in 131I along with

tentative spin and parity of the initial (Jπ
i ) and the final (Jπ

f ) states and the energy of the

initial state (Ei). The top and bottom panels, separated by a line, are for the prompt and

delayed transitions, respectively. The low energy transitions which could not be detected with

the present setup are adopted from Ref.[18] and are put within parenthesis.

Eγ (keV) Ei (keV) Iγ Jπ
i → Jπ

f

201.1(1) 3039.8 10(1) (27/2+)→ (25/2+)

240.8(3) 1795.5 6(2) 15/2− → 15/2+

325.2(2) 1879.9 23(9) 15/2+ → 15/2+

330.9(2) 1885.6 6(2) 17/2− → 15/2+

348.6(2) 4243.7 11(3) (31/2−)→ (27/2−)

352.3(2) 2232.2 10(1) 19/2+ → 15/2+

358.2(3) 2590.4 14(2) (21/2+)→ 19/2+

490.5(1) 2838.7 35(1) (25/2+)→ 23/2+

563.6(1) 3603.4 27(2) (29/2+)→ (27/2+)

677.5(1) 2232.2 30(3) 19/2+ → 15/2+

691.6(1) 3039.8 46(2) (27/2+)→ 23/2+

773.1(1) 773.1 100 11/2+ → 7/2+

781.6(2) 1554.7 59(2) 15/2+ → 11/2+

822.3(1) 1595.4 12(2) 13/2+ → 11/2+

851.9(1) 851.9 28(2) 9/2+ → 7/2+

949.1(1) 2866.7 34(1) (23/2−)→ 19/2−

1028.4(1) 3895.1 15(2) (27/2−)→ (23/2−)

1106.8(3) 1879.9 8(1) 15/2+ → 11/2+

(32) 1917.6 - 19/2− → 17/2−

(116) 2348.2 - 23/2+ → 19/2+

122.1(1) 1917.6 34(5) 19/2− → 15/2−

199.9(2) 1795.5 14(4) 15/2− → 13/2+

743.7(1) 1595.6 15(2) 13/2+ → 9/2+
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Figure 6.5: (a) The prompt singles γ-ray spectrum of 131I. (b) Prompt γ rays (γP ) in coincidence

with added gates of γP = 773 + 782 keV. The inset shows the expanded energy range of 300-

400 keV. (c) Prompt γ rays (γP ) in coincidence with added gates of γP = 201 + 491 + 564 +

692 keV. The new γ-transitions are marked with ‘∗’.

the 2590 and 2232 keV levels. The other two new γ rays of energies 607 and 613 keV, observed

in the present work, could not be placed in the level scheme, as no coincidence of these γ rays
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Figure 6.6: (a) The delayed singles γ-ray (γD) spectrum of 131I for tDecay < 75 μs. The inset

shows the decay curve of γD = 122 + 331 keV delayed transitions with exponential fit. (b)

Delayed γ rays (γD) within the time window tDecay < 75 μs in coincidence with γP = 949 keV.

(c) Prompt γ rays (γP ) in coincidence with γD = 122 keV. The new γ-transitions are marked

with ‘∗’.

are found with other known transitions of 131I. It is also evident that though the 949, 1028 and

349 keV new γ rays are observed in prompt singles γ (γP ) spectrum (Fig. 6.5(a)), but are not
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present in prompt coincidence with 773 and 782 keV (fig. 6.5(b)). Prompt γ rays in coincidence

with the added gates of 692, 491, 201 and 564 keV γ rays, confirming the transitions placed

above the 23/2+ (42 ns) isomeric level, are shown in Fig. 6.5(c). Fig. 6.5(d) represents the

coincidence gate of the 1028 keV transition, which shows that the 949 and 349 keV γ rays are

in prompt coincidence with the 1028 keV. But these γ rays are not in prompt coincidence with

any other transitions placed in 131I.

Fig. 6.6(a) shows the delayed singles γ-ray (γD) spectrum obtained with the EXOGAM detectors

within the delayed time window of tDecay < 75 μs. All the delayed γ rays below the 1918 (19/2−)

isomeric level are seen in this spectrum. The decay curve corresponding to the 122 + 331 keV

delayed γ rays is shown in the inset of Fig. 6.6(a) within the same time window. An exponential

fit to the time decay corresponding to the gate of 122 and 331 keV γ rays yield a half-life of

T1/2 = 24.6(5.2) μs for the 1918 keV (19/2−) level from the present measurements. The

measured half-life of the 1918 keV (19/2−) level corroborates the reported value of 24(1) μs [18].

The delayed γ-ray (γD) spectrum for the time window of tDecay < 75 μs in coincidence with the

newly observed prompt transition of the 949 keV is shown in Fig. 6.6(b). The delayed γ rays

de-exciting the 19/2− isomeric level are seen in this spectrum. This confirms the placement

of the 949 keV prompt γ-ray above the 1918 keV (19/2−) isomeric level. Fig. 6.6(c) shows

the prompt γ-ray (γP ) spectrum corresponding to the gate on the delayed γ-ray 122 keV. The

presence of the 949 keV γ-ray in this coincidence spectrum and the mutual prompt coincidence

among the 949, 1028 and 349 keV γ rays (as shown in Fig. 6.5(d)) establishes the placement

of prompt γ-ray cascade of 949-1028-349 keV above the 1918 keV (19/2−) isomeric level.

6.3.3 132I

Low spin excited states of 132I were studied earlier using β-decay of 132Te, produced from the

α-induced fission [38]. The lifetime and magnetic moment measurements of low spin states

have been reported in various investigations [39, 40, 41]. The presence of an isomeric state

((8−), T1/2 = 83.6 ± 1.7 min) at 120 keV excitation was also reported in Ref. [38, 40], it was
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Figure 6.7: Level scheme of 132I above the (8−) isomeric level, as obtained in the present work.

The newly observed γ rays are displayed in red. Isomeric state is indicated with a thick line

and the newly measured half-life has been marked with a red box. The thickness of the γ rays

represents their relative intensities with respect to the 762 keV doublet.

populated in α-induced fission reaction. No information of the high spin states above this long

lived (8−) isomer was available.

The proposed level scheme of 132I, as obtained from the present work [33], is shown in Fig. 6.7.

All the γ rays, marked in the level scheme with red color, are observed for the first time. The

proposed level scheme (Fig. 6.7) from the present work is placed on top of the (8−) isomeric state.

Due to the very long lifetime of the (8−) isomer, prompt-delayed coincidence measurement

across this isomer is not possible in the present experiment. The details of the γ rays of

132I with tentative spin and parity of the initial (Jπ
i ) and the final (Jπ

f ) states are tabulated

in Table 6.3. A Doppler corrected prompt singles γ-ray (γP ) spectrum, obtained with the
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Table 6.3: Energies (Eγ) and relative intensities (Iγ) of the γ rays observed in 132I along with

probable spin and parity of the initial (Jπ
i ) and the final (Jπ

f ) states and the energy of the initial

state (Ei). The total intensity of the 762 keV doublet (d) is normalized to 100.

Eγ Ei Iγ Jπ
i → Jπ

f

(keV) (keV)

143.2(2) 1944.6 12(2) (12−)→ (11−)

296.9(1) 1941.3 12(1) (13−)→ (12−)

484.6(1) 1366.8 10(1) (11−)→ (10−)

605.4(1) 605+x 44(1) (12+)→ (11+)

703.0(1) 2644.3 11(2) (14−)→ (13−)

755.7(2) 1361+x 2(1) (13+)→ (12+)

762.2(4) 1644.4 (12−)→ (10−)

762.2(4) 882.2 100d (10−)→ (8−)

919.2(3) 1801.4 21(2) (11−)→ (10−)

1062.4(2) 1944.6 14(1) (12−)→ (10−)

1147.8(2) 1753+x 4(1) (14+)→ (12+)

1200.9(2) 2845.3 5(2) (13−)→ (12−)

AGATA, in coincidence with the 132I fragments is shown in Fig. 6.8(a). A prompt coincidence

spectrum corresponding to the gate of the 762 keV γ-ray is shown in Fig. 6.8(b). Presence of

a 762 keV transition in the 762 keV gate establishes 762 keV as a doublet transition. Other

than the 762 keV, the 143, 297, 485, 703, 919, 1062 and 1201 keV transitions are also found

to be in coincidence with the 762 keV γ-ray. The 762 keV doublet and the other transitions

observed in the 762 keV gate are placed in the level scheme of 132I (Fig. 6.7) according to

their relative intensities. Among the transitions observed in the 762 keV gate, the 297, 485,

919, 1062 and 1201 keV are not found to be in coincidence with each other. The 143 keV

transition is found to be in coincidence with the 762 keV and 919 keV transitions, but not

with the 1062 keV. Thus, the 919-143 keV cascade is placed in parallel with the 1062 keV from

coincidence relationship, intensities and energy sum. The observed intensity of the 762 keV in

the coincidence spectra of 297, 919, 1062 and 1201 keV gates is compared to understand the

relative placements of these transitions in the level scheme. The intensity of the 762 keV is

found to be more in the coincidence spectra of the 297 and 1201 keV gates than that in the
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Figure 6.8: (a) The prompt singles γ-ray spectrum of 132I. (b) Prompt γ rays (γP ) in coincidence

with γP = 762 keV. (c) Prompt γ rays (γP ) in coincidence with γP = 605 keV. The new γ-

transitions are marked with ‘∗’.

coincidence spectra of the 1062 and 919 keV gates, after appropriate intensity normalization of

the gating transitions. Thus, it is clear that the 1062 and 919 keV γ rays are in coincidence

with one of the transitions of the 762 keV doublet, whereas, the 297 and 1201 keV are in

coincidence with both the transitions of the 762 keV doublet. Also the 605, 756 and 1148 keV

γ rays are seen in the prompt singles (γP ) spectrum (Fig. 6.8(a)), but are not in coincidence
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Figure 6.9: (a) The delayed singles γ-ray (γD) spectrum of 132I in the time window tDecay < 3 μs.

The inset shows the decay pattern of delayed γ-ray 762 keV with exponential fitting. (b) Delayed

γ rays (γD) within the time window tDecay < 3 μs in coincidence with γP = 605 keV. (c) Delayed

γ rays (γD) within the time window tDecay < 3 μs in coincidence with γD = 762 keV. (d) Delayed

γ rays (γD) within the time window tDecay < 3 μs in coincidence with γD = 912 keV of 133I.

The new γ-transitions are marked with ‘∗’.

with the 762 keV (Fig. 6.8(b)). The 756 and 1148 keV transitions are found to be present in

the coincidence spectrum corresponding to the 605 keV gate as shown in Fig. 6.8(c). On the

other hand, no coincidence could be found between the 756 and 1148 keV transitions and hence
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these are placed in parallel with each other. The set of transitions of 605, 756 and 1148 keV

do not have any prompt coincidence with any other γ rays of the prompt sequence. The γ

rays of energies 246, 306, 690, 795 and 876 keV, observed in the prompt singles γ-ray spectrum

(Fig. 6.8(a)), could not be placed in the level scheme of 132I, as no coincidences are found of

these with any other γ rays of 132I.

The delayed singles γ-ray (γD) spectrum obtained with the EXOGAM detectors within the

delayed time window of tDecay < 3 μs is shown in Fig. 6.9(a). Only the 762 keV transition is

found to be in this delayed coincidence. The inset of Fig. 6.9(a) shows the fitting of the decay

curve of the 762 keV transition, from which the half-life is obtained as T1/2 = 342(12) ns. The

delayed γ rays (γD) within the same time window, in coincidence with the prompt transition

γP = 605 keV is shown in Fig. 6.9(b). Thus, the 605, 756 and 1148 keV transitions which

are in prompt coincidence with each other, must be placed as prompt transitions above this

isomer. Fig. 6.9(c) shows the delayed γ rays observed in coincidence with the delayed transition

γD = 762 keV. It is evident from this spectrum, that, the transitions of 762 keV doublet form

a cascade below the isomer. To verify the correctness of the γD-γD procedure, the gate is put

on the delayed γ-ray of 912 keV of 133I with a known cascade below the 478 ns, 23/2+, isomer

at the 2492 keV energy (see text in the next section also). From Fig. 6.9(d), the presence of

the known γ rays of this cascade is evident. The 59 keV γ-ray decaying from the isomer could

not be observed due to the low energy threshold. Since, in 132I, the 762 keV doublet, 297 and

703 keV transitions are in prompt coincidence (see Fig. 6.9(b)), neither of the corresponding

depopulated levels are isomeric. Therefore, the isomer is likely to be depopulated by a low

energy unobserved transition.

6.3.4 133I

Spectroscopic information of low spin states of 133I were first extracted from the β-decay mea-

surements [42, 43]. High spin spectroscopy of 133I was carried out via multi-nucleon transfer

reaction [18]. In these studies three isomers of half-lives 170 ns, 9 sec and 469 ns have been

reported at 1729.1 keV (15/2−), 1634.1 keV (19/2−) and 2493.7 keV (23/2+) respectively.
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Figure 6.10: Level scheme of 133I as obtained in the present work. The newly observed γ rays

are displayed in red. Isomeric state is indicated with a thick line and the half-life remeasured

in this work has been underlined by a red line. The thickness of the γ rays represents their

relative intensities.

The proposed level scheme of 133I, from the present work [33], is shown in Fig. 6.10. The details

of the γ rays of 133I with probable spin and parity of the initial (Jπ
i ) and the final (Jπ

f ) states

are tabulated in Table 6.4. Doppler corrected prompt singles γ-ray (γP ) spectrum, obtained

with the AGATA, in coincidence with the 133I fragments, after (A,Z) selection at the focal

plane of the VAMOS++ spectrometer is shown in Fig. 6.11(a). The new γ rays observed in

the present work are marked with ’∗’. The higher energy part of the prompt singles γ-ray

(γP ) spectrum is shown in an expanded scale in the inset of Fig. 6.11(a). The presence of the

1168 keV γ-ray, placed in the level scheme from previous measurements [18], is clear from this
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Table 6.4: Energies (Eγ) and relative intensities (Iγ) of the γ rays observed in 133I along with

probable spin and parity of the initial (Jπ
i ) and the final (Jπ

f ) states and the energy of the

initial state (Ei). The top and bottom panels, separated by a line, are for the prompt and

delayed transitions, respectively. The low energy transitions which could not be detected with

the present setup are adopted from Ref.[18] and are put within parenthesis.

Eγ (keV) Ei (keV) Iγ Jπ
i → Jπ

f

154.6(1) 4046.3 12(2) (27/2+)→ (25/2+)

226.2(1) 4675.3 18(1) (31/2+)→ (29/2+)

352.7(2) 2433.2 3(1) 19/2+ → 15/2+

378.5(1) 1937.6 12(1) (17/2−)→ 15/2+

436.2(2) 5111.5 10(1) (33/2+)→ (31/2+)

521.4(1) 2080.5 3(1) 15/2+ → 15/2+

535.6(2) 3854.2 25(3) (31/2−)→ (27/2−)

614.0(1) 3105.9 54(1) (25/2+)→ 23/2+

629.2(1) 4449.1 21(1) (29/2+)→ (27/2+)

647.0(1) 1559.1 41(2) 15/2+ → 11/2+

714.0(1) 3819.9 26(1) (27/2+)→ (25/2+)

729.2(1) 3318.6 26(2) (27/2−)→ (23/2−)

785.8(1) 3891.7 25(1) (25/2+)→ (25/2+)

862.7(1) 1774.8 18(2) 13/2+ → 11/2+

874.1(1) 2433.2 15(1) 19/2+ → 15/2+

912.1(1) 912.1 100 11/2+ → 7/2+

956.3(1) 2589.4 31(2) (23/2−)→ 19/2−

1168.4(1) 2080.5 3(1) 15/2+ → 11/2+

(59) 2491.9 - 23/2+ → 19/2+

(74) 1633.1 - 19/2− → 15/2+

(95) 1728.1 - 15/2− → 19/2−

(169) 1728.1 - 15/2− → 15/2+
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Figure 6.11: (a) The prompt singles γ-ray spectrum of 133I. The higher energy part of this

spectrum is shown in an expanded scale in the inset. (b) Prompt γ rays (γP ) in coincidence

with the added gate of γP = 912 + 647 + 874 keV. (c) Prompt γ rays (γP ) in coincidence with

added gate of γP = 614 + 714 + 629 keV. (d) Prompt γ rays (γP ) in coincidence with added

gate of γP = 956 + 729 + 536 keV. The new γ-transitions are marked with ‘∗’ in all the cases.

spectrum. Four of the new γ rays of energies 311, 1078, 1083 and 1179 keV, observed from the

present work (marked with ’∗’ in Fig. 6.11(a)), could not be placed in the level scheme due to

the low statistics in the corresponding coincidence spectra. However, their assignment to 133I is

confirmed as the prompt singles γ-ray (γP ) spectrum is obtained with (A,Z) gating condition.
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Figure 6.12: (a) Delayed γ-ray (γD) spectrum of 133I within time window tDecay < 3 μs. Inset

of the figure shows the decay pattern of delayed γ rays γD = 874 + 353 + 1168 keV with

exponential fitting. (b) Delayed γ rays (γD) in coincidence with the added prompt gate of

γP = 614 + 714 + 629 + 786 keV.

The prompt coincidence spectra corresponding to the added gates of 912, 647 and 874 keV γ

rays below the isomeric levels, is shown in Fig. 6.11(b). The 379 keV γ-ray is newly observed

from the present work and on the basis of the coincidence relations, it has been placed above

the 1559 keV level. In the present work, the high spin states of 133I above the 23/2+ isomer

are extended with addition of two new transitions of energies 629 and 436 keV. A prompt γ-γ

coincidence spectrum corresponding to the sum gates of 614, 714 and 629 keV, decaying to the

23/2+ isomeric level, is shown in Fig. 6.11(c). The new γ rays of energies 629 and 436 keV,

placed in the proposed level scheme above the 23/2+ isomer, are clearly seen in this coincidence

spectrum. The placement of the previously reported 226 keV transition has also been changed

on the basis of measured relative intensities in the present work. The other new γ rays, i.e.,

956, 729 and 536 keV, observed in the prompt singles spectrum (Fig. 6.11(a)), are found to

be in coincidence with each other, but not with any other known prompt γ-ray transitions of

133I. This is evident from the added coincidence gates of 956, 729 and 536 keV γ rays, shown
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in Fig. 6.11(d). However, the assignment of these γ rays to 133I could be confirmed, as these

are present in the prompt γ spectrum (Fig. 6.11(a)), obtained after isotopic (A,Z) selection of

the 133I fragments. It may be noted, that, a similar set of prompt γ rays have been observed in

the neighboring odd-A 131I, above the 19/2− isomer (24.6 μs). Thus, it is possible that the new

cascade of prompt transitions of 956-729-536 keV, observed in 133I may also decay to the 19/2−

(9 sec) isomeric state. As the upper limit (200 μs) of the delayed time window for the present

setup is much lower than the half-life of the 19/2− (9 sec) isomeric state in 133I, therefore, the

prompt-delayed correlation across the isomer could not be observed. Therefore, the cascade

of prompt transitions of 956-729-536 keV is placed above the 19/2− (9 sec) isomeric state at

1633 keV in 133I.

Fig. 6.12(a) shows the delayed singles γ-ray (γD) spectrum within the decay time range of

tDecay < 3 μs. All the known delayed γ rays of 133I, i.e., 912, 647, 874, 1168 and 353 keV, are

observed in this time gated delayed spectrum. The other known delayed low energy γ rays of

59, 74, 95, 169 keV could not be observed in this delayed spectrum, either due to their weak

intensities or due to the low energy threshold of the present setup to detect the delayed γ rays.

The time decay curve for the 874 + 353 + 1168 keV transitions, decaying out from the 23/2+

isomer is shown in the inset of Fig. 6.12(a). An exponential decay fit of this curve yields a

value of T1/2 = 478(17) ns, which matches well with the reported [18] value of 469(15) ns.

Fig. 6.12(b) shows the delayed γ rays observed in coincidence with the prompt transitions of

614, 714, 629 and 785 keV above the 23/2+ isomer. The known delayed transitions of energies

912, 647 and 874 keV below the isomer is clearly seen in this spectrum. The other γ rays of

353, 521 and 1168 keV could not be seen in this spectrum due to their weak intensities.

6.3.5 134I

Low lying excited states of 134I were previously studied from β-decay of 134Te [44, 45]. A high

spin isomer (8−) of T1/2 ∼ 3.8 min (adopted in NNDC as 3.52 min [46]) at an excitation energy

of 316 keV was also identified in Ref. [47]. High spin states above the (8−) isomer in 134I were
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Figure 6.13: Level scheme of 134I as obtained in the present work. The newly observed γ rays

are displayed in red. The thickness of the γ rays represents their relative intensity.

recently investigated using prompt spectroscopy of fission fragments [19], where five excited

states were identified.

The level scheme of 134I, as obtained from the present measurements [33], is shown in Fig. 6.13.

In the present work, the level scheme above the reported 8− isomer of 134I, as reported by [19],

is extended with the placement of one new γ-ray transition (17+)→ (14−) above the 3689 keV

level (see discussions Section 6.4.2). The assignment of the earlier known γ rays and the

newly observed γ-ray from the present work are confirmed after unambiguous isotopic (A,Z)
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Table 6.5: Energies (Eγ) and relative intensities (Iγ) of the γ rays observed in 134I along with

probable spin and parity of the initial (Jπ
i ) and the final (Jπ

f ) states and the energy of the initial

state (Ei).

Eγ Ei Iγ Jπ
i → Jπ

f

(keV) (keV)

243.5(1) 2150.9 68(1) (12−)→ (11−)

639.6(1) 1907.4 75(1) (11−)→ (10−)

752.0(1) 2902.9 29(2) (13−)→ (12−)

785.2(1) 3688.1 20(1) (14−)→ (13−)

951.8(1) 1267.8 100 (10−)→ (8−)

1955.1(1) 5643.2 3(1) (17+)→ (14−)
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Figure 6.14: (a) The prompt singles γ-ray spectrum of 134I. (b) Prompt γ rays (γP ) in coinci-

dence with added gate of γP = 962 + 640 + 244 + 752 + 785 keV. (c) Prompt γ rays (γP ) in

coincidence with γP = 952 keV. The new γ-transitions are marked with ‘∗’ in all the cases.
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identification of 134I. The details of the γ rays of 134I with probable spin and parity of the initial

(Jπ
i ) and the final (Jπ

f ) states are tabulated in Table 6.5. A Doppler corrected prompt singles γ-

ray spectrum (γP ), obtained with the AGATA, in coincidence with the 134I fragments detected

at the focal plane of the VAMOS++ spectrometer, is shown in Fig. 6.14(a). The previously

known γ-ray transitions of energies 244, 640, 752, 785 and 952 keV are marked along with one

new γ-ray of energy 1955 keV (marked with ’∗’), observed from the present work. The prompt

γ-γ coincidence spectrum corresponding to the added prompt gates on 952, 640, 244, 752 and

785 keV transitions is shown in Fig. 6.14(b). All the previously assigned transitions along with

the 1955 keV (marked with ’∗’) are seen in that figure. The presence of the 1955 keV γ-ray in

this added spectrum is clear from the inset of Fig. 6.14(b), where the higher energy part of the

coincidence spectrum is shown in an expanded energy scale. The new transition is placed in the

level scheme of 134I on the basis of its mutual coincidence relationship and intensity balance.

6.4 Discussion

6.4.1 Systematics

The systematics of the energy difference between low lying ΔI = 2 the states are plotted for

the isotopes of Sn (Z = 50), Sb (Z = 51), Te (Z = 52) and I (Z = 53) as a function of neutron

number in Fig. 6.15(a) for even-N and in Fig. 6.15(b) for odd-N . One can observe the change

in the energy differences as one, two and three protons are added to the corresponding Tin core

(SnN ). In Sb, the energy differences E(11/2+)−E(7/2+) and E(10−)−E(8−) follow closely the

corresponding E(2+)− E(0+) and E(15/2−)− E(11/2−) in Sn, respectively. This reflects the

fact that the energy difference results from the neutron excitation, i.e. 2+, in both Sn and Sb,

since there is no valence proton present in Sn (Z = 50) and only one present in Sb (Z = 51).

It can be also seen that in I the energy differences E(11/2+) − E(7/2+) and E(10−) − E(8−)

follow the corresponding E(2+) − E(0+) and E(15/2−) − E(11/2−) in Te, respectively. The

significant drop in the energy difference in Te and I, relative to that in Sn and Sb, results

from the strong mixing, between the proton and neutron excitations due to the neutron-proton
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Figure 6.15: Systematics of experimental energy differences for the lowest states with ΔI = 2

for: (a) even-N isotopes of Sn (E(2+)−E(0+)), Sb (E(11/2+)−E(7/2+)), Te (E(2+)−E(0+))

and I (E(11/2+)−E(7/2+)). (b) odd-N isotopes of Sn (E(15/2−)−E(11/2−)), Sb (E(10−)−
E(8−)), Te (E(15/2−) − E(11/2−)) and I (E(10−) − E(8−)). The new states observed in the

present measurements are shown by filled symbols.

interaction. The decrease of the energy differences in Te and I, towards the neutron mid-shell

can be seen from the figure. The systematic energy drop, i.e. (Z,Z +1), (Z +2, Z +3), ... with

Z = 50, related to the increase of the collectivity, and an energy inheritance, for odd-Z from

even-Z isotones, could be also observed for other isotopes from the known data while more

protons are added, towards the proton mid-shell.

6.4.2 Shell Model Calculations

To understand the basic configurations and contribution of various single particle orbitals to the

excited states of the Iodine isotopes in the mass region A = 130− 134, observed in the present

work, large scale shell model calculations have been performed using the code NUSHELLX [48].

The calculations are carried out using the model space involving 1g7/2, 2d5/2, 2d3/2, 3s1/2, 1h11/2

single particle orbitals, for both protons and neutrons. The calculations used the SN100PN

interaction [49]. The results of the shell model calculations are compared with the experimental
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levels, obtained in the present work, for even-A and odd-A Iodine isotopes in Fig. 6.16(a-c) and

Fig. 6.16(d-e), respectively. An overall good agreement is observed between the experimental

and calculated levels for all the Iodine isotopes.
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Figure 6.16: The comparison of experimental ((Exp) shown in black) and theoretical ((SM)

shown in red) level schemes for even-A 130,132,134I (a-c) and odd-A 131,133I (d-e) isotopes for both

positive and negative parities. The experimental and shell model states of the same spin-parity

have been joined with dotted lines to guide the eye.

In the present shell model calculation of the even mass isotopes 130I (N = 77) and 132I (N = 79),

the 8− level is predicted as the ground state, instead for the experimentally known ground states

of 5+ and 4+, respectively. But, the energy difference between the calculated and experimental
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Figure 6.17: The variation in average hole occupancy (for neutron) and particle occupancy (for

proton) in all the available orbitals for even mass 130,132,134I isotopes.

ground states are found to be within 120 keV for both the nuclei. In the case of 134I (N = 81),

the measured ground state is reproduced in the shell model calculation as 4+.

The higher spin negative parity states above the (8−) state in 130,132I, newly observed in the

present work, could be reproduced well in the shell model calculations, as can be seen from

Fig. 6.16(a) and (b), respectively. The spin assignments to the negative parity levels above the

8− isomeric state in both 130,132I are based on the comparison with the present shell model cal-

culation and the systematics of the even mass Iodine isotopes. The relative excitation energies
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Figure 6.18: The variation in average hole occupancy (for neutron) and particle occupancy (for

proton) in all the available orbitals for odd mass 131,133I isotopes.

and the sequence 8−-10−-11−-12− with respect to the 8− state in 130,132I follow a smooth pattern

and is very similar to the corresponding states in 128I (N = 75) and 134I (N = 81). Thus the

excited states at 830, 1419 and 1752 keV in 130I and the states at 882, 1367 and 1644 keV in

132I are assigned as (10−), (11−) and (12−) respectively. This relative energy spacing increases

for higher mass number towards the N = 82. The yrast sequence 12−-10−-8− in 130I and 132I

also closely follow the analogous sequence of 15/2+-11/2+-7/2+ in the odd-A neighbours 129I

and 131I, respectively.

158



The variation of occupancy of proton particle and neutron holes in the available orbitals for the

even mass and odd mass Iodine isotopes are shown in Fig. 6.17 and 6.18, respectively. For the

even mass 130,132,134I isotopes, it is found that only the πg7/2 and πd5/2 in the proton space and

the νd3/2, νs1/2 and νh11/2 in the neutron space are responsible in generating the experimentally

observed spins. All the other orbitals remain inactive in spin generation for the even mass Iodine

isotopes. On the other hand, it is observed that the πg7/2, πd5/2 and πd5/2 orbitals in the proton

space actively contribute in spin generation in the odd mass Iodine isotopes. The new 342 ns

isomeric state in 132I, reported in the present work, is tentatively assigned as (11+), following

the systematics of similar isomers observed in the even-A Sb isotopes [51]. The three new

excited states observed above the (11+) isomer in 132I are assigned as (12+), (13+) and (14+),

respectively, following the similar pattern of spin sequence above the (11+), 600 ns isomer, in

130Sb. The excitation energy of the (11+) isomer in 132I could not be determined experimentally.

Shell model calculation predicts the πg37/2νd
−1
3/2νh

−2
11/2 configuration as the main component of

those positive parity states with an admixture of πg37/2νs
−1
1/2νh

−2
11/2 configuration. The excitation

energy differences of the positive parity states, above the (11+) isomer are not well reproduced

by the shell model calculations (Fig. 6.16(b)).

In 134I, the yrast states, i.e. (8−) to (14−) were understood as built from the πg37/2νh
−1
11/2 and

πg27/2πd5/2νh
−1
11/2 configurations [19, 52]. In this work, the newly observed state at (5644) keV

decaying by the emission of the 1955 keV transition, is proposed as (17+), resulting from

the πg27/2πh
1
11/2νh

−1
11/2 configuration, based on the following considerations. In the neigh-

boring nucleus 135I, having the closed N = 82 shell, the low-lying positive parity states,

(7/2+, 11/2+, 15/2+, 17/2+), are mainly from the πg37/2 and πg27/2πd
1
5/2 configurations [53]. The

higher-lying yrast states, (19/2−, 21/2−, 23/2−), have a negative parity and are understood as

resulting from one proton excitation to the πh11/2 orbital, leading to a πg
2
7/2πh11/2 configuration.

The strongest decay of these states to the positive parity states is of E3 nature, corresponding

to the πh11/2 → πd5/2 stretched E3 transition. An analogous pattern can be also observed in

134Te [53, 20]. In 134I, the model calculations further under predict the excitation energy of the

13−, 14− and 17+ states (Fig. 6.16(c)).
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For the odd-A Iodine isotopes, 131,133I, the previously known positive parity states below the

23/2+, 19/2− and 15/2− isomers have been reproduced well in the present shell model calcula-

tions (Fig. 6.16(d-e)). The excited states above the 19/2− isomer, in both 131,133I, are reported

for the first time in the present work. The three levels above the 19/2− state are assigned as

(23/2−), (27/2−) and (29/2−) in 131I and as (23/2−), (25/2−) and (27/2−) in 133I, based on the

agreement of the experimental results with the shell model calculation. The level at 1938 keV

in 133I is newly observed in the current work and is connected to the 15/2+ level via 378 keV

transition. This state is assigned as (17/2−), following a similar assignment of a level, reported

earlier in 131I [18].

The present shell model calculations show that the proton particles in the πg7/2, πd5/2, πh11/2

and neutron holes in the νd3/2, νs1/2, νh11/2 have a leading contribution to the structure of

the negative parity excited states. All the other orbitals remain relatively inactive. This work

shows that the neutron hole occupancy in the νh11/2 orbital varies as a function of increasing

spin. But, all the states with the relevant spins in 134I are generated with only one neutron hole

in the νh11/2 [19, 52]. In left panel of Fig. 6.19(a) and right panel of 6.19(a), the probability

of neutron hole occupancy in νh11/2 orbital is shown as a function of the total spin (J) and

(2J) of the negative parity states, for 130,132I and 131,133I, respectively. It can be seen from the

figures that:

132I : (three neutron holes) the main contribution is from the νh−111/2, which slightly decreases

at higher spin in favor of the νh−311/2 configuration,

130I : (five neutron holes) there is a large contribution of νh−111/2 and νh−311/2 at lower spin, while

the νh−311/2 dominates at higher spin, the contribution of νh−511/2 is negligible,

133I : (two neutron holes) the νh−111/2 configuration is almost pure,

131I : (four neutron holes) the νh−111/2 configuration dominates until 25/2−, beyond which the

νh−211/2 takes over, implying the contribution of the proton πh11/2 excitation.

The average contribution of proton (2Jπ) and neutron (2Jν) to the total spin of the negative

parity states, for the configurations involving different occupancy of the νh11/2 orbital, are
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Figure 6.19: (Left) (a) Probability of neutron hole occupancy in νh11/2 orbital for 130,132I as

a function of the total spin (J) of the negative parity states, (b) Average spin contribution

of proton (2Jπ) and neutron (2Jν) to the total spin (J) of the negative parity states in 130I

for different number of hole occupancy in the νh11/2 orbital and (c) Same as (b), but for 132I.

(Right) (a) Probability of neutron hole occupancy in νh11/2 orbital for 131,133I as a function

of the total spin (2J) of the negative parity states, (b) Average spin contribution of proton

(2Jπ) and neutron (2Jν) to the total spin (2J) of the negative parity states in 131I for different

number of hole occupancy in the νh11/2 orbital and (c) Same as (b), but for 133I.

shown in Fig. 6.19(b) (left panel) for 130I and (c) (left panel) 132I and in Fig. 6.19(b) (right

panel) for 131I and (c) (right) for 133I. In 132I, at low spin, the average Jπ
π is 7/2+ and Jπ

ν is

11/2−. With increasing spin J , the average neutron spin remains almost constant, while the

proton spin gradually increases towards the full spin alignment (17/2+) of the three protons
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in the πg7/2 and πd5/2 orbitals, i.e.
∣∣∣(πg27/2; 6+)× (πd5/2; 5/2

+); 17/2+
〉
. A similar behavior

is also observed in 134I, where the spin contribution of the single neutron hole in νh11/2 is

11/2−. The average spin contributions for the dominant (νh−111/2) configuration and that for the

admixture (νh−311/2) closely follow each other. In 130I, the trends are similar for the admixture

(νh−111/2), which has only a negligible contribution to the 14− state. For the leading component

(ν h−311/2), the proton spin contribution is smaller, which is compensated by the corresponding

increase of the spin of the neutrons. In 133I, at low spin, the average Jπ
π is 7/2+ and Jπ

ν is

7−. The configuration of the Jπ
ν = 7− corresponds to the νd−13/2νh

−1
11/2. With the increase of

the final spin J , similarly to the 132I, the average neutron spin remains almost constant while

the proton spin gradually increases towards the full spin alignment. In 131I, the average spin

contribution of protons and neutrons, below 25/2− is similar to that observed for 133I. The

contributions from the dominant (νh−111/2) configuration and the admixture (ν h−311/2) follow each

other. The crossing between the average neutron and proton spin doesn’t occur. At 27/2−, the

configuration changes to νh−211/2 and one proton is promoted to the πh11/2 orbital. The average

spin of protons Jπ
π is 11/2− and that of neutrons Jπ

ν is 10+. The predicted, sudden change

of the configuration, involving the πh11/2 excitation could however occur at too low excitation

energy in the model, as already discussed earlier for 134I.

6.5 Summary

Excited states of the neutron-rich Iodine isotopes, 130−134I, are studied using prompt-delayed

coincidence technique across the isomer by direct identification of the neutron-rich fission frag-

ments at the focal plane of a magnetic spectrometer. The AGATA γ-ray tracking array was

used for prompt γ-ray measurements at the target position, the EXOGAM segmented clover

detectors were used to detect the delayed γ-rays after complete (A,Z) identification using

the large acceptance magnetic spectrometer VAMOS++. New prompt transitions are placed

above the high spin isomers, for the first time. A new isomer is identified in 132I from the

prompt-delayed coincidence. The new states are characterized using the large scale shell model

calculations. The new negative parity states of 130−134I are discussed in terms of their neu-
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tron and proton occupancies and spins using these calculations. The importance of the hole

occupancy of νh11/2 orbital in generation of the high spin negative parity states in these Iodine

isotopes is investigated.
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Chapter 7

Low lying level structure of 134Xe from

decay spectroscopy of fission fragments

7.1 Introduction

Nuclei around the doubly magic shell closure give the opportunity to understand the basic

natures of the single particle orbitals along with the interactions between the pair of nucleons

available in the valence nucleon space. The behaviour of the core coupled quasi-particles, can

also be explained by the study of these kind of near shell closure nuclei. In the region near

132Sn, the single particle excitations and the collective structure compete at low energy. In all

the even-even nuclei starting from mass 132 to 138 [1, 2, 3, 4, 5], the first excited 4+ state is at

twice in energy than the first 2+ state, which can be interpreted as vibrational excitations. But

in case of 134Xe, the presence of the γ-ray transition from the second 2+ state to the ground

state, as well as to the first 2+ state makes it of γ-soft nature. Thus, it becomes evident that

spherical shape and simple phonon vibrational model is not capable to explain completely the

low lying structure of this nucleus. Lower excitation is thus expected to have a coupling of

neutron holes with the vibrational core. Only a complete low lying spectroscopy can give light

on the actual structures of the nuclei in this region.
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Figure 7.1: Variation of E4+/E2+ with neutron number (N) for Te, Xe and Ba.

The Xe isotopes having four proton particles and few neutron holes with respect to the 132Sn

core, are known for their shape variations with increasing neutron number. In neutron deficient

Xe isotopes (A = 110 − 114), octupole deformation was predicted [6] and experimentally ad-

dressed [7], whereas, deformed rotational structures dominate in the neutron mid-shell nuclei

116,118,120Xe [8, 9]. A systematic study of the shapes across the Xe chain from A = 118 to

130 [10], indicates the change in shape from prolate to oblate. Fig. 7.1 shows the variation of

the E4+/E2+ with neutron number for Te (Z = 52), Xe (Z = 54) and Ba (Z = 56) isotopes.

It can be clearly seen from the figure that this ratio for Xenon isotopes is between 2 (pure

vibrational) and 3.33 (pure rotational). This implies only vibrational model is not enough to

describe the structure of Xenon. The nucleus of our interest, 134Xe, having four proton parti-

cles and two neutron holes about the 132Sn core has also shown deviation from the expected

vibrational model.

The first study of 134Xe from the β-decay of 134I was reported in Ref. [11]. More detailed γ-γ

coincidence analysis of this nuclei, populated from the β-decay of 134I, has been carried out using

only two NaI detectors [12], two Ge(Li) detectors [2], and one NaI and one Ge(Li) [13]. The spin
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assignments to the levels were done on the basis of the conversion coefficient measurement [12,

14], and angular correlation measurements [15]. But these studies are limited by their detector

resolution and efficiency. Availability of new generation detectors provides the scope to study

this nucleus in more detail. A detailed prompt spectroscopy of the high spin states above the 7−

isomeric state (290 ms) in 134Xe have been studied [16, 17], from fission fragment spectroscopy.

In the present work, the low lying excited states of 134Xe, produced from the β-decay of the

ground state, (4)+, of 134I, have been investigated by offline decay spectroscopy using high

resolution detectors. The lifetime of the ground state of 134I is 52.5 minutes, which makes it

possible to study its β-decay in offline setup. The shell model calculations are carried out to

characterize the levels at low spin.

7.2 Experiment and Data Analysis

Production of nuclei in the medium mass region (A = 130 − 136) around 132Sn is difficult

via widely used fusion evaporation reactions. Nuclear fission has significant cross section, in

producing these nuclei around the 132Sn region. In this present work, Xenon (Z = 54) isotopes

were produced from the β-decay of Iodine (Z = 53), whose ground state has a reasonable

half-life for offline study. The Iodine isotopes were produced by the α induced fission of nat.U,

using 32 MeV beam delivered from the K-130 cyclotron at VECC, Kolkata (India). A stack

of nat.U targets of thicknesses 1 mg/cm2, which is electro-deposited on the Aluminum foils and

separated by Aluminum catcher foils of thicknesses 50 μm, have been used for experiment.

There was also a catcher foil in front of the target stack, which was placed to collect the fission

fragments going to the backward direction. Also the irradiation of the target was restricted to

about 2 hour to optimize the activity of 134I, which has a ground state half-life about an hour.

After the fission reaction, the Al catcher foils, containing fission products, were removed from

the stack. Iodine isotopes were then radiochemically separated from all other fission products

by solvent extraction method using Iodine as carrier.
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Figure 7.2: Total projected spectrum from the γ-γ matrix as obtained in the present experi-

ment indicating various γ-transitions coming from the corresponding excited nuclei. γ rays for

different nuclei are indicated with different colour code.

The singles and coincidence measurements were carried out in an offline setup of four Clover

HPGe detectors and two Low Energy Photon Spectrometer (LEPS) detectors. The detectors

were placed at a distance 10.5 cm from the source position. Sixteen channel amplifiers and other

standard NIM electronics were used to collect the LIST mode data with a VME based data

acquisition system in LAMPS [18]. The singles data (Mγ ≥1) have been stored in files of each

10 minutes to follow the decay half-lives of observed γ transitions to confirm their identification

in the spectrum. The raw data were collected and sorted to generate the symmetric Eγ-Eγ

matrix and the coincidence relationships between various transitions were obtained using the
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analysis package RADWARE [19] and LAMPS [18]. The spin-parity assignments to the excited

states were carried out using the angular correlation technique.

7.3 Results

7.3.1 Identification

Fig. 7.2 represents the projection of the Eγ-Eγ matrix as obtained in the present experiment. It

can be clearly seen from Fig. 7.2 that the transitions present in the spectrum are coming from

various Xe isotopes having mass ranging from 132 to 135. It confirms that the radiochemically

separated sample contains only Iodine isotopes. The γ-rays coming from the β-decay branch

of the (8−) high spin isomer (1.39 hours) [20] in 132I have been observed, whereas, the decay

transitions from the same high spin isomer (3.52 min) in 134I could not be observed. Since the

half lives of other Iodine isotopes are much larger than the irradiation time of U foils, so their

production was negligible and the decay transition from those isotopes are not present in the

spectrum.

The ground state of the Iodine isotopes undergoes β-decay to the low lying excited states

in daughter Xenon isotopes. The β-decay half lives of I isotopes, having mass ranging from

A = 132 − 135, are from few minutes to few hours, which make it convenient to study these

isotopes offline. The ground state half lives of these I isotopes can be estimated by plotting

the variation in intensity of the decaying γ-rays as a function of time and then fitting that

data with the exponential decay curve. The decay patterns of various γ rays, observed in this

work, have been plotted in order to obtain their half lives and to suitably assign them to the

proper Xenon isotopes. Left panel of Fig. 7.3 represents the decay curve of various transitions,

which are present in the total projection. Presence of different nuclei produced in the present

experiment can be seen for this figure.

The property of having similar lifetimes of the decaying γ rays from the excited states of 134I,

has been utilized to confirm the presence of the new transitions observed in this work. The first
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Figure 7.3: (Left) Decay half-life plots of (a) 1131 keV of 135Xe (t1/2 = 398(6) min) (b) 847 keV

of 134Xe (t1/2 = 52.5(2) min) (c) 954 keV of 132Xe (t1/2 = 149(3) min) produced from ground

state decay of 132I and (d) 175 keV of 132Xe (t1/2 = 94(9) min) populated from isomeric decay of

132I. Their deduced half-lives are in good agreement with the reported values. (Right) Decay

plots of various newly observed γ-rays. Deduced half lives confirms them as decaying from 134I

to 134Xe.

indication of the new transitions, belonging to 134Xe, comes from their decay half-lives. New

transitions, which has half-lives near to the half-lives of the ground state of 134I (i.e. 52.5 min)

can be identified as a part of 134Xe decay scheme. Thus, the presence of the new transitions in

134Xe is confirmed using the method of decay plots also. Right panel of Fig. 7.3 represents the

decay plots of few new γ rays.

7.3.2 Coincidence Analysis

The level scheme of 134Xe is extended with the observation of 17 new γ-ray transitions. Fig. 7.4

represents the proposed new level scheme from this work. The presence and placement of the

new transitions are confirmed from the coincidence relationships as well as following their decay

half-lives [21].
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Figure 7.4: Proposed level scheme of 134Xe, as obtained from the present work. New transitions
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Figure 7.5: Coincidence spectra corresponding to the gate of 848 keV γ-ray of 134Xe. The newly

observed transitions in the present work are marked with ‘∗’. (a)low energy part, (b) higher

energy part.

Coincidence spectrum corresponding to the ground state transition of 848 keV of 134Xe is shown

in Fig. 7.5. Most of the newly observed transitions, marked with ”∗”, can be seen in Fig. 7.5.

Details of the γ rays, observed in this work, are tabulated in the Table 7.1. The ground state

cascade (4+ → 2+ → 0+) of 134Xe is of 884 and 848 keV, respectively. The γ rays having

energies 2313, 2159, 1894, 1868, 1505, 1414, 1087, 1059, 1052 and 1655 keV are seen only in

coincidence with the 848 keV γ-ray, not with the 884 keV. These transitions are placed above

the 848 keV level, in parallel with the 884 keV transition. On the other hand, 1429, 1408 and

1542 keV transitions are in coincidence with both 848 and 884 keV γ rays. These γ rays are

placed in the level scheme accordingly. From the coincidence spectrum corresponding to the

2313 keV γ-ray (shown in Fig. 7.6(a)), it can be seen that only 848 keV is present, not the
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884 keV. Presence of another new transition of energy 300 keV can also be seen in the gate of

the 2313 keV γ-ray. Another cascade of γ-rays 958-1655 keV is also placed above the 848 keV

level. The coincidence relationships between 958, 1655 and 848 keV can clearly be seen from

the gate of 1655 keV, as shown in Fig. 7.6(b). The relative placement of the 958 and 1655 keV

γ rays are carried out on the basis of their relative intensities. Fig. 7.6(c) shows the coincidence

spectrum corresponding to the gate of 1541 keV γ-ray, which is found to be in coincidence with

both the 848 and 884 keV transitions. Coincidences are also found between the 848 keV and

1052 keV γ rays, which confirms the presence of a new level at 1900 keV. Another new γ-ray

of energy 209 keV is found to be in coincidence with both the 1052 and 848 keV transitions.

Other new transitions of energies 2159, 1894, 1868, 1414 and 1087 keV are in coincidence with

only the 848 keV and thus they are placed in the level scheme as decaying from the 3007, 2741,

2716, 2262 and 1935 keV levels to the 848 keV level, respectively. The 1429 keV γ-ray is present

in the gate of both 848 and 884 keV transitions and thus placed above them. The 1505 and

1408 keV γ rays are seen in the coincidence with both the 884 and 848 keV γ rays.

In the previous work [2], the 1455 and 1073 keV transitions are placed as parallel transitions

in the level scheme, decaying to the same 848 keV level. But in the present study, these two

transitions are found to be in coincidence with each other (Fig. 7.7(a) and (b)). Thus, the

placement of these two transitions are modified from this work. The 1455 keV transition is

placed as decaying from the 3376 keV level to the 1921 keV level. And the 1073 keV transition

is placed as decaying from the 1921 keV level. The 406 and 217 keV transitions are found to

have coincidence with the 884-848 keV cascade and thus placed in the level scheme accordingly.

Table 7.1: The γ-ray energies (Eγ) observed in the decay of

134I to 134Xe and their relative intensities (Iγ) along with the

corresponding angular correlation coefficients (akk) and the

energy of the initial state (Ei). The new observed γ rays are

marked with ‘∗’.

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

a22(Err) a44(Err)

(in keV) (in keV)

135.6(1) 2273.5 5+ → 6+ 5.26(21) - -
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Table 7.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

a22(Err) a44(Err)

(in keV) (in keV)

139.2(1) 2549.0 4+,5+ → (5)+ 1.00(8) - -

188.5(1) 1920.7 3+ → 4+ 0.99(15) - -

202.9(1)* 2109.2 - → - 0.03(1) - -

209.2(1)* 2109.2 - → - 0.04(2) - -

216.9(1) 2137.6 - → 3+ 0.22(9) - -

235.7(1) 2590.1 (4)+ → (4)+ 1.94(20) - -

279.0(1) 2869.1 (4)+ → (4)+ 0.33(13) - -

300.2(1)* 3460.9 - → - – - -

320.1(1) 2869.1 (4)+ → 4+,5+ 0.39(9) - -

405.7(1) 2137.9 6+ → 4+ 6.72(46) 0.133(14) -0.048(16)
3

411.1(1) 2549.0 4+,5+ → 6+ 1.04(17) - -

433.7(1) 2354.4 (4)+ → 3+ 3.76(35) - -

459.3(1) 2869.1 (4)+ → (5)+ 1.15(24) - -

489.1(1) 2409.8 (5)+ → 2+ 1.27(16) - -

514.7(1) 2869.1 (4)+ → (4)+ 2.23(16) - -

541.2(1) 2273.4 5+ → 4+ 7.03(49) 0.090(9) -0.002(9)
2

570.7(1) 2303.1 (3, 4)+ → 4+ 0.33(9) - -

595.7(1) 2869.1 (4)+ → 5+ 10.07(77) - -

622.2(1) 2354.4 (4)+ → 4+ 10.56(56) 0.124(29) -0.04(3)
2

628.3(1) 2549.0 4+,5+ → 3+ 2.24(21) - -

677.6(1) 2409.8 (5)+ → 4+ 8.02(38) -0.282(11) -0.116(15)
2

707.8(1) 3361.7 (3, 4)+ → (3)+ 0.20(9) - -

740.6(1) 2354.4 (4)+ → (2)+ 0.41(7) - -

731.2(1) 2869.1 (4)+ → 6+ 1.63(14) - -

766.4(1) 1613.8 2+ → 2+ 4.37(27) 0.403(98) 0.041(87)
3

816.8(1) 2549.0 4+,5+ → 4+ 0.67(8) - -

847.8(2) 847.8 2+ → 0+ 100(4) - -

857.9(1) 2590.1 (4)+ → 4+ 7.33(42) 0.259(9) -0.079(9)
2

176



Table 7.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

a22(Err) a44(Err)

(in keV) (in keV)

884.3(2) 1732.2 4+ → 2+ 65(2) 0.078(4) -0.031(5)
3

921.7(1) 2653.9 3+ → 4+ 0.23(11) - -

948.4(1) 2869.1 (4)+ → 3+ 3.64(23) - -

957.8(1)* 3460.9 - →- 0.03(1) - -

966.2(1) 3376.0 (4, 5)+ → (5)+ 0.33(12) - -

976.3(1) 2590.3 (4)+ → 2+ 2.44(13) - -

1040.1(1) 2653.9 3+ → 2+ 1.18(13) - -

1052.2(1)* 1900.0 - → 2+ 0.04(1) - -

1058.5(1)* 1906.3 - → 2+ 0.19(7) - -

1072.9(1) 1920.7 3+ → 2+ 15.25(68) 0.149(30) -0.073(32)
3

1087.1(1)* 1934.9 - → 2+ 0.05(1) - -

1102.6(1) 3376.0 (4, 5)+ → 5+ 0.72(8) - -

1136.9(1) 2869.1 (4)+ → 4+ 9.66(49) - -

1159.2(1) 2773.0 (3, 4)+ → 2+ 0.29(5) - -

1163.6(1) 3084.3 (3, 4)+ → 3+ 0.32(6) - -

1190.1(1) 3493.2 (3, 4)+ → (3, 4)+ 0.39(19) - -

1238.1(1) 3376.0 (4, 5)+ → 6+ 0.30(10) - -

1269.4(1)* 2117.2 - → 2+ 0.04(2) - -

1336.2(1) 3256.9 (3, 4)+ → 3+ 0.19(11) - -

1352.1(1) 3084.3 (3, 4)+ → 4+ 0.44(9) - -

1395.2(1) 3315.9 (3, 4)+ → 3+ 0.06(1) - -

1407.6(1)* 3139.8 - → 4+ 0.13(9) - -

1414.3(1)* 2262.1 - → 2+ 0.15(7) - -

1428.5(1)* 3160.7 - → 4+ 0.08(2) - -

1455.3(2) 3376.0 - → 3+ 2.06(20) - -

1470.5(1) 3084.3 (3, 4)+ → 2+ 0.55(8) - -

1505.1(1)* 2352.9 - → 2+ 0.27(7) - -

1541.8(1)* 3274.0 - → 4+ 0.50(9) - -
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Table 7.1: Continued...

Eγ Ei Jπ
i → Jπ

f Iγ(Err)
1

a22(Err) a44(Err)

(in keV) (in keV)

1613.8(1) 1613.8 2+ → 0+ 2.28(7) - -

1629.5(1) 3361.7 (3, 4)+ → 4+ 0.13(11) - -

1643.8(1) 3376.0 (4, 5)+ → 4+ 0.41(6) - -

1655.3(1)* 2503.1 - → 2+ 0.16(6) - -

1742.3(2) 2590.1 (4)+ → 2+ 2.63(24) -0.097(147) -0.227(202)
3

1806.1(1) 2653.9 3+ → 2+ 5.36(28) -0.390(37) 0.057(47)
3

1868.1(1)* 2715.9 - → 2+ 0.05(1) - -

1893.6(1)* 2741.4 - → 2+ 0.08(4) - -

1925.2(2) 2773.0 (3, 4)+ → 2+ 0.17(5) - -

2021.3(1) 2869.1 (4)+ → 2+ 0.28(7) - -

2159.4(2)* 3007.2 - → 2+ 0.24(5) - -

2236.5(1) 3084.3 (3, 4)+ → 2+ 0.07(4) - -

2312.9(1)* 3160.7 - → 2+ 0.24(5) - -

2409.1(2) 3256.9 (3, 4)+ → 2+ 0.13(5) - -

2452.9(1) 3300.7 - → 2+ 0.08(3) - -

2468.1(1) 3315.9 (3, 4)+ → 2+ 0.08(3) - -

2513.9(1) 3361.7 (3, 4)+ → 2+ 0.05(1) - -

2629.9(2) 3477.7 - → 2+ 0.08(2) - -

7.3.3 Spin assignments

The spin assignments of the excited levels are carried out using the angular correlation analysis

technique [22]. Angular correlation plots for various γ rays, observed in this work, are shown

1Relative γ-ray intensities are calculated from raw spectra and normalized to 100 for the total intensity of

847.8-keV γ-ray.
2From 884.3 keV (E2) gate;
3From 847.8 keV (E2) gate;
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Figure 7.6: Coincidence spectra corresponding to the newly observed γ rays of energy (a)2313,

(b)1655 and (c)1542 keV.

in Fig. 7.8. The contour plots between the a22 and a44 coefficients with varying δ are shown in

Fig. 7.9. These contours are plotted for five possible spin sequences as indicated in the figure.

Experimentally obtained akk coefficients (as mentioned in Table 7.1) are also plotted in the

same plot in order to compare with the theoretical values. The 1614 keV level was previously

assigned with a tentative spin of (2+). The spin of the 1614 keV level is confirmed to be 2+ from

this work. The deduced akk coefficients of the 766 keV in the gate of 847 keV (E2) transition

confirms the spin of the 1614 keV level to be 2+. The 1732 keV level has the spin 4+ since the

decaying transition from this level, 884 keV, is of pure E2 nature. The nature of the 884 keV

transition corroborates with the angular correlation analysis result also. Angular correlation

result for the 1806 keV transition in the 848 keV (E2) gate shows that this transition is a
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Figure 7.7: Coincidence spectra corresponding to the γ rays of energies (a)1455 keV and

(b)1073 keV.

3+ → 2+ one, which is in good agreement with the previously reported result. The nature

of the 1073 keV transition is deduced as dipole with high mixing of quadrupole in it. The

multipolarity of the 1073 keV transition is obtained as dipole (3+ → 2+) from the angular

correlation measurement (in 848 keV, E2 gate) and hence the 1921 keV level is assigned as 3+.

The spin of the 2273 keV level is assigned as 4+ from the angular correlation measurement of

the 541 keV transition. The spin of the 2410 keV level is also confirmed as 5+ from the present

measurements, which was tentatively assigned earlier. From the angular correlation plot of the

622 keV γ-ray, which is decaying from the 2354 keV level, shows that this transition is of dipole

nature and decays as 5+ → 4+. This fixes the spin of the 2354 keV level as 5+.
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Figure 7.8: Variation of intensities of different transitions as a function of angle. These inten-

sities are fitted with angular correlation function.

7.4 Discussion

Fig. 7.10 shows the evolution of the low lying excited states as a function of neutron number for

Xenon (Z = 54) isotope. A smooth increase in energy for every state is observed upto 136Xe.

It is obvious that 136Xe will possess higher first excited state, 2+, as it has neutron number

N = 82. It can also be concluded that as one goes away from the shell closure, the state comes

down in excitation energy due to the effect of collectivity.

7.4.1 Shell Model Calculations

The configurations of the observed levels along with the previously reported levels in 134Xe are

interpreted using shell model calculations. The large basis shell model calculations are carried
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Figure 7.9: Comparison between experimental akk coefficients with the theoretical calculations.

The contours shown are plotted for varying δ values. (a) 1806, (a) 766, (a) 1073, (a) 817, (a)

622, (a) 678 and (a) 541 keV transitions are shown in the figure.

out using the code OXBASH [23]. The SN100PN effective interaction [24], is used to carry

out the calculations. This SN100PN is a realistic interaction which is widely used for the shell

model calculations of the nuclei near 132Sn. In this calculation, 100Sn is considered as core.

The two body matrix elements (TBME) used in this interaction was developed by using the

well known CD Bonn interaction [24]. This interaction is in n-p formalism, which has different

single particle energies for protons and neutrons. The calculations are carried out using the

complete available valence space without any restriction. The model space consists of orbitals

between the magic numbers 50 and 82 which are g7/2, d5/2, d3/2, s1/2 and h11/2 for both neutrons

and protons. Fig. 7.11 shows the comparison between theoretically calculated levels with the

experimentally observed levels in 134Xe for the low lying spin. A overall good agreement is

achieved between the experimentally observed levels and shell model calculations. Only the
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Figure 7.10: Evolution of the lower lying levels in Xe (Z = 54) isotonic chain.

odd spin states are calculated to have enhanced energy compared to that of experiment. The

calculated configurations of the lower lying states, whose contributions are≥ 10%, are tabulated

in Table 7.2.

The calculation shows a good agreement between the calculated level energies and the exper-

imental values for the lower excitation states. It is evident from the Table 7.2 that the yrast

0+, 2+, 4+ and 6+ states have the maximum contribution from the configuration πg47/2 ⊗ νd−23/2.

The intense connecting transitions between these yrast states also supports the fact that they

have same configurations. As these states are having same configurations, it can be stated that

they are of same vibrational multiplets. The ratio of the first 4+ state to the first 2+ state also

validates this claim. Still there is a scope for vibrational symmetry breaking, which is indicated

by the presence of transitions from second 2+ state to the first 2+ state. But for conclusive evi-

dence of the same, life time measurements of the observed states are needed, which is out of the

scope of the present experimental setup. It will obviously be a challenge to measure the level

life times in this mass region. But for the yrast odd spin, 3+ state, the calculated value comes
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Table 7.2: Configurations of various states as obtained from the present shell model calculations.

Contribution greater than 10 % is only mentioned.

Jπ Elevel (Exp) Elevel (Theory) Configuration %

(in keV) (in keV)

0+ 0 0 πg47/2 ⊗ νd−23/2 20

πg47/2 ⊗ νh−211/2 12

2+ 848 910 πg47/2 ⊗ νd−23/2 18

πg47/2 ⊗ νd−13/2s
−1
1/2 13

2+ 1614 1741 πg47/2 ⊗ νd−13/2s
−1
1/2 16

πg47/2 ⊗ νd−23/2 13

πg47/2 ⊗ νh−111/2 11

3+ 1921 2321 πg37/2d
1
5/2 ⊗ νd−23/2 25

πg37/2d
1
5/2 ⊗ νh−211/2 24

πg37/2d
1
5/2 ⊗ νs−21/2 10

4+ 1732 1789 πg47/2 ⊗ νd−23/2 23

πg47/2 ⊗ νh−211/2 14

5+ 2273 2174 πg37/2d
1
5/2 ⊗ νd−23/2 27

πg37/2d
1
5/2 ⊗ νh−211/2 21

πg37/2d
1
5/2 ⊗ νs−21/2 11

6+ 2138 1972 πg47/2 ⊗ νd−23/2 18

πg47/2 ⊗ νh−211/2 10

πg37/2d
1
5/2 ⊗ νh−211/2 10
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Figure 7.11: Comparison of the experimental results with the theoretical calculations for the

low lying spins only.

∼400 keV higher than the experimental result. This indicates that the configuration of the

3+ state is highly mixed. Similar mixed configuration is also obtained for the yrast 5+ states.

These odd-spin states are mainly consisting of configurations πg47/2 ⊗ νd−23/2 and πg47/2 ⊗ νh−211/2.

For the higher excited states observed in this work, the theoretical values are matching well.

The spin-parities of the new levels are also estimated using these theoretical predictions.

7.4.2 Summary

The low lying excited states of 134Xe are studied via offline β-decay spectroscopy, using an

offline setup consisting of Clover and LEPS detectors. The parent nucleus 134I was populated

in α-induced fission followed by radio-chemical separation. 17 new γ rays are placed to extend

the level scheme from the coincidence data. Angular correlation measurements are carried out

to assign spin to the excited levels. The low spin states are interpreted using the large scale

shell model calculation.
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Abstract 
 

The present thesis reports the single particle and collective excitations of nuclei, both near 

stability as well as towards the neutron-rich side, having atomic number around the Z = 50 shell closure. 

Nuclei, having few proton particles above Z = 50, with few neutron holes in the N = 82 shell provide 

valuable information about the effective nucleon-nucleon interactions and various coupling schemes 

between the valance protons and neutrons. The presence of the unique parity, high-j h11/2 orbital, in both 

Z, N = 50 − 82 shell, makes these nuclei more fascinating in order to explore the shape driving effects of 

the h11/2 orbital over a chain of isotopes from near stability to neutron-rich side of the nuclear chart. The 

contribution of the h11/2 orbital in the high spin generation mechanism is also one of the major interests of 

this thesis. The study of the nuclei, having proton number near Z = 50, also helps to understand the 

competition between the collective and the single particle excitations. On the contrary, if one moves 

towards N ≥ 82, with Z ∼ 50, the exciting domain of neutron rich nuclei around 
132

Sn becomes accessible. 

The present thesis also aims to explore the deformation driving behavior of the νh11/2 orbital in the neutron 

rich domain. 

This thesis reports the results from the study of the excited level structures of 
117

Sb (Z = 51), 

having single proton above Z = 50 and neutron in mid-shell of N = 50−82, and 
131,134

Xe (Z = 54), 
130−134

I 

(Z = 53) which have few neutron holes in the N = 82 shell closure. It, therefore, helps to understand the 

evolution of the νh11/2 orbital over a mass region. In this work, different reactions mechanisms, such as 

fusion evaporation, fission and β-decay have been employed to populate the nuclei in its excited states. 

The measurements, related to the present thesis, are carried out using different high resolution HPGe 

detector arrays, namely, VECC Array for Nuclear Spectroscopy (VENUS) at VECC, India, Indian 

National Gamma Array (INGA) at VECC, India and Advanced Gamma Ray Tracking Array (AGATA), 

coupled with VAMOS++ magnetic spectrometer and segmented clover HPGe detectors (EXOGAM), at 

GANIL, France.  

The new results, obtained for the first time, manifest various new structural phenomena in the 

nuclei of interest. The competition between the collective and single particle degrees of freedom is 

explored in detail. Such competition is observed in both mid shell nucleus 
117

Sb (N = 66) and near shell 

closure nucleus 
131

Xe (N = 77). The core polarizing effects, leading to the deformation originating from 

the effect of the mid shell neutrons are also explored from the observation of strongly coupled g9/2 and 

weakly coupled g7/2 bands in the same nucleus 
117

Sb. The weak coupling scheme of the g7/2 orbital with 

the core, due to the involvement of the low-component, is established, for the first time, from the 

observation of its signature partner band and Particle Rotor Model (PRM) calculation. The deformation 

driving effect of the high-j h11/2 orbital is also studied from the observation of rotational band based on 

this orbital in 
131

Xe. Triaxial nature of this band at higher spin is also observed. The involvement of this 

orbital, both in proton and neutron valence space, gives rise to exotic excitation modes, such as Magnetic 

Rotational (MR) band, as observed in 
131

Xe, in the present work. The γ-soft nature of 
131

Xe at the higher 

spin is established from the observation of new 3 quasi-particle band and several new states, along with 

Total Routhian Surface (TRS) calculation. The orbital h11/2 is also found to be responsible for generation 

of high spin states in the near spherical neutron-rich systems, 
130−134

I. Towards the neutron rich side, the 

single particle excitations are found to dominate, as is seen in 
130−134

I, above the high spin isomers and in 

the low lying structures of 
134

Xe. It is found that, the hole occupancy in the νh11/2 orbital plays a crucial 

role in generating the high spin negative parity states as a function of the increasing neutron number in 

these neutron rich Iodine isotopes. 
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The present thesis reports the single particle and collective structures of nuclei, both near stability and 

towards the neutron-rich side, near Z = 50. Nuclei, having few particles above Z = 50 and few neutron holes 

in the N = 82 shell provide valuable information about the effective nucleon-nucleon interactions near 
132Sn. The presence of the unique parity, high-j h11/2 orbital, makes these nuclei more fascinating in order to 

explore the shape driving nature of this orbital over a chain of isotopes. The contribution of this unique 

parity h11/2 orbital in the high spin generation is also one of the major interests of the present thesis. 

Both odd and even Z nuclei, 117Sb 

(Z=51), 130-134I (Z=53) and 131,134Xe 

(Z=54), are studied using γ-ray 

spectroscopic techniques. The 

measurements are carried out using 

different state-of-art high resolution 

HPGe detector arrays, namely, VECC 

Array for Nuclear Spectroscopy 

(VENUS) and Indian National 

Gamma Array (INGA) at VECC, India. 

Fission fragment spectroscopy 

followed by complete isotopic 

identification is also carried out 

using VAMOS++ magnetic 

spectrometer coupled with 

Advanced Gamma Ray Tracking 

Array (AGATA), and EXOGAM 

segmented clover HPGe detectors, 

at GANIL, France. Prompt as well as prompt-delayed coincidences are obtained to construct the new level 

schemes above the high spin isomers. 

The new results, obtained for the first time, manifest various new structural phenomena in the nuclei of 

interest. The competition between the collective and single particle degrees of freedom is explored in both 

mid shell nucleus 117Sb (N = 66) and near shell closure nucleus 131Xe (N = 77). The role of high-j unique parity 

h11/2 orbital in inducing deformation is also studied. This orbital is also found to be responsible for 

generation of high spin states in the near spherical neutron-rich systems, 130−134I and 134Xe. The involvement 

of this orbital, both in proton and neutron valence spaces, gives rise to exotic excitation modes, such as 

Magnetic Rotational band, as observed in 131Xe, in the present work. It is also found that, the variation of 

neutron hole occupancy in the νh11/2 orbital plays a crucial role in generating the high spin negative parity 

states as a function of the increasing neutron number in these neutron rich Iodine isotopes. 

Figure 1. 
117

Sb, 
130-134

I and 
131,134

Xe are studied using different detector arrays. 
New structural information, such as, signature partner bands, gamma 
softness, MR band and roll of high-j h11/2, orbital are shown. 
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