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SYNOPSIS

The atomic nucleus consists of protons and neutrons which are bound together

by the nuclear force. This force is strong enough to form a stable nucleus despite

the coulomb repulsion among its constituent protons. Thus, the nucleus is a many

body quantum mechanical system with finite number of particles. But this particle

number is large enough to produce collective correlations such as the rotation and

vibration. However, these correlations are at best marginally stable. The addition

or removal of a single valence shell nucleon can completely alter the correlations.

This distinctive feature of a nucleus makes its spectroscopy both rich and varied. To

determine the energetics of a nucleus, one should calculate the Hamiltonian of the

ground and excited states by taking into account all the 2-body, 3-body and any other

effective interactions which are suitable. This method is referred to as the “ab-initio"

method. This method has a very limited success as the number of computations as a

function of the nucleon number increases very rapidly that it becomes insoluble very

quickly. With such calculations being insoluble, various assumptions have to be made

to make such a computation tractable and this is the basis of utilizing a model.

The spherical shell model was the first model which heralded considerable

success in accounting for various regularities in nuclear properties. This model

considers a nucleon as moving independently in an averaged potential. For a particular

nucleon, this potential represents its interaction with all other nucleons in the nucleus.

In particular, it has been possible by choosing an appropriate field, containing rather

strong spin-orbit coupling, to obtain a succession of single particle states which

reproduce the experimentally observed discontinuities associated with the so-called

magic numbers. This spin-orbit interaction is analogous to the precursive concept of

the spin-orbit interaction within electron orbits in atomic physics. The shell model
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assumes that protons and neutrons occupy separate, degenerate orbits and that the

energy, spin and parity of the nucleus depends entirely on the occupations of these

orbits. Various models have since developed from this, notably the axially deformed

shell model of Nilsson, where the nucleus is assumed to be non-spherical and the

energy levels of the orbits become non degenerate, however, the occupation of these

orbits still determines the energy, spin and parity of the nucleus. The assumption of

a deformed nucleus was necessary due to the observation of large non-zero electric

quadrupole moments in many nuclei throughout the periodic table which indicated

non-spherical electric charge distributions in these nuclei. The angular momentum

in these nuclei are predominantly generated by the collective rotation and several

models have been developed to describe this mode of excitation.

In the particle-rotor model, the rotational angular momentum of the core (rotor)

is coupled with the angular momentum of one or two of the valence nucleons to

generate the total angular momentum. It is a phenomenological model, and gives an

approximate description of low-lying bands in odd-A or odd-odd nuclei. In 1954, the

cranking model was developed by Inglis to describe magnetic moments of rotating

molecules. In the cranking model, the nucleons are assumed to move independently

in a deformed mean-field generated by the nucleons themselves. This field along

with a pairing field, is forced to rotate uniformly about an axis perpendicular to the

symmetry axis. The model applies particularly well to regions of middle and high

angular momentum, and has been the most widely used model for comparing with

experimental high spin data.

In a nearly spherical nucleus with a substantial number (four or more) of

valence nucleons, the total angular momentum is almost fully generated by the valence

nucleons. A very special situation arises near certain shell closures where the neutrons

(protons) just above a shell closure (particles) have their angular momentum along
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the rotational axis (jp) while for the protons (neutrons) just below the closure (holes)

the angular momentum is along the symmetry axis (jh). Thus, the resultant angular

momentum is tilted with respect to both the symmetry and rotational axes. This

description of shears model was first proposed by S. Frandrof. The situation can also

be described classically by the geometric shears model by Clark and Macchiavelli,

where the band head spin is generated by the perpendicular coupling of the angular

momentum vectors of particle and holes, jp and jh, respectively. The high angular

momentum states are generated by the gradual closure of the two angular momentum

vectors and the highest angular momentum state that can be generated is jp + jh .

Thus, the only important degree of freedom in this model is the angle between these

two vectors (blades of the shear), namely, the Shears angle (θ). This shears structure

of particle and holes leads to a large magnetic dipole moment (µ) which precesses

around I and leads to a large M1 transition rates (B(M1)) for the shears band as it

is proportional to µ⊥2 . However, as the shear closes (θ decreases), µ⊥ decreases and

the B(M1) rates also decrease with increasing angular momentum. A large number of

such bands with sequences of M1 transitions have been found in A∼200, A∼140 and

A∼100 mass regions. These bands are known as M1 or Shears band where the B(M1)

rates exhibit the characteristic fall. In few cases band crossing in Shears band have

been found and the observed features have also been well described by the Shears

model.

An interesting consequence of the shear structure has been pointed out by S.

Frauendorf. It is possible to have a symmetric double shears structure (See Fig. 1

for schematic illustration), where each hole in the time reversed orbit, combines with

the particles whose angular momentum vector is along the rotational axis. Thus,

the angle between the two hole vectors is 2θ . The higher angular momentum states

in this scenario, will be generated by simultaneous closing of the two shears and is

represented by I = jp + 2jhcosθ . The symmetry of this shears structure implies
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Figure 1: Schematic diagram of Anti-magnetic rotation.

that the perpendicular components of the magnetic moment cancel each other. For

this reason the magnetic dipole transition rate vanishes. This cancellation of the

magnetic moment has induced the name Anti-magnetic Rotation (AMR) due to its

similarity with anti-ferromagnetism where the dipole moment of one sub-lattice is in

opposite direction to the other half leading to the absence of the net magnetic moment.

However, as the Rz(π) symmetry is retained, the rotational structure decays by weak

electric quadrupole (E2) transitions. This transition rate is given by

B(E2) =
15

32π
(eQ)2effsin

4θ (1)

where Qeff is the effective quadrupole moment of the core (rotor). Thus, the B(E2)

rates are expected to drop with increasing angular momentum for AMR. Recently,

the interplay of collective and anti-magnetic rotations has been identified by S. Roy

et al. in the generation of angular momentum in 110Cd.

In the last decade, a number of nearly degenerate pairs of rotational bands

with same parity have been reported in nuclei of mass A∼130 and A∼100 regions.

This observation of the doublet bands indicates a different mode for the generation of

angular momentum. It has been proposed that a possible reason for the occurrence
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of these doublet bands is spontaneous breaking of chiral symmetry in triaxial nuclei

due to the presence of three orthogonal angular momenta of the valence protons,

valence neutrons and the core. However, for the two bands to be chiral partners, the

near degeneracy in level energy and spin is a necessary but not a sufficient condition.

In addition, these bands should exhibit nearly similar moment of inertia (MOI),

quasi-particle alignment, signature staggering behavior and, more importantly, the

transition probabilities. This situation is best realized only in 128Cs and 135Nd and

not in any other case. Thus, there may be alternate reasons for the occurrence of the

doublet bands.

All these different angular momentum generation mechanisms manifest them-

selves in the high spin level structures of the deformed nuclei and also influence the

electromagnetic transition rates. The high spin levels of a nucleus can be populated

through the fusion evaporation reactions using the heavy ion beam from the Indian

Pellletron accelerators. The properties of these levels can be studied via discrete

gamma ray spectroscopy by employing large gamma detection arrays like Indian

National Gamma Array (INGA).

The present thesis presents the results from the data collected at the Pelletron

accelerator at TIFR with the INGA array which consisted of 20 Compton suppressed

Clover detectors. These data collected with the backed targets, were also utilized

to measure the sub-pico second life times of the high spin levels by the use of

DSAM technique. These measurements made it possible to identify different angular

momentum generation modes in 104,105Pd and 106Ag.

The thesis is composed of seven chapters and these are as follows:

Chapter 1. Introduction :
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In this chapter the general framework of the nuclear structure studies will be

presented. The motivation for the thesis work will also be discussed.

Chapter 2. Mechanisms for high angular momentum generation :

This will describe the different mechanisms to generate the high angular

momentum in atomic nucleus and the prerequisites for a given mechanism in

order to manifest itself in a given nucleus.

Chapter 3. Experimental Techniques :

This chapter will describe the different experimental techniques which have

been used during the course of this thesis. Special emphasis will be given to the

technique of DSAM which has been used extensively.

Chapter 4. Anti-magnetic rotations in 104Pd :

The high-spin states of 104Pd were populated using a 63-MeV 13C beam delivered

by the 14-UD Pelletron at the Tata Institute of Fundamental Research (TIFR).

A 1 mg/cm2 enriched 96Zr target with 206Pb backing of 9 mg/cm2 thickness

was used as target. The de-exciting γ rays were detected by using the Indian

National Gamma Array (INGA), which consisted of 20 Compton-suppressed

clover detectors. The spin and the parity of the various excited states were

assigned by the DCO and the PDCO measurements. In order to study the

mode of excitation mechanism which generated the high spin states, the level

life times were measured using the DSAM technique. The B(E2) rates which

followed from these measurements showed a falling trend as a function of spin, a

characteristic feature of AMR. In this way, the AMR as an excitation mechanism

was for the first time established in any nucleus other than the Cd isotopes by

the present work.

Chapter 5. High spin level structure in 105Pd :

The high spin states of 105Pd were also populated by the above mentioned
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reaction. It was the second dominant evaporation channel after 104Pd.

Previously only the low spin levels were known. In this work the level scheme

was extended upto a spin of about 55/2h̄. Spin and parity was determined for

all the levels. The DSAM was used to determine the level life times for the

three high spin bands in 105Pd. The estimated B(E2) rates have a falling trend

with respect to spin for the two positive parity bands, while these rates remain

constant for the third negative parity band. These results conclusively establish

the co-existence of collective and anti-magnetic rotation in 105Pd.

Chapter 6. Angular momentum generation mechanism in 106Ag :

The 68 MeV 14N beam from the 14-UD Pelletron at TIFR was used to populate

the excited states of 106Ag through 96Zr(14N, 4n) reaction. A detailed level

scheme of 106Ag was established from the data of this experiment. The

origin of the different bands have been explored by comparing with theoretical

calculations based on different collective models. The unique behaviour of the

doublet bands of 106Ag has been published in Physical Review Letters.

Chapter 7. Summary :

The summary of the thesis is presented in this chapter along with the prospects

of high spin structure studies in the A∼100 region.
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Chapter 1

Introduction

The constituents of a nucleus, the protons and neutrons collectively called

“nucleons”, interact primarily through the strong interaction (the nuclear force) which

holds them together to form a stable nucleus. The relatively weak Coulomb force

between the constituent protons determines the relative number of protons and

neutrons inside it. The Weak force is responsible for the β-decay. By the collective

contribution of these forces, a distribution of the nucleons is determined, leading to

the charge distribution which defines the shape of the nucleus. Thus, apart from the

intrinsic motion of the individual nucleons, there is a possibility of collective degrees

of freedom for a deformed nucleus i,e the coherent motion of all the nucleons which

includes the shape vibration and the collective rotation.

The nuclear structure studies aim to quantitatively relate the nuclear force to

the properties of the nuclei. The microscopic ab initio approach aims to determine

the nuclear force from the properties of the two, three and four nucleon interactions

with the fundamental assumption that these interactions are the consequence of

the interchange of mesons (π, ρ,ω etc) among the nucleons. This approach is
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Chapter. Introduction

mathematically complex and numerically intensive. This approach leads to an

approximate description of a real nucleus.

The other approach is derived from the discovery that the various nuclear

modes of motion can be identified with the breaking of different symmetries, quantum

numbers and selection rules. In the nuclear structure physics, one common example

of spontaneous symmetry breaking is the existence of the rotational bands due to the

loss of the spherical symmetry. These rotational bands can have different structure

due to discrete symmetries like the π-rotation symmetry. Recently, two novel types

of bands have been observed experimentally, they are called magnetic and chiral

bands. The magnetic bands are the result of spherical symmetry breaking by a

large dipole moment, which, in turn, is produced by highly asymmetric current

distributions. The chiral bands, on the other hand, have been attributed to the spin

chiral symmetry breaking in a triaxial odd-odd nucleus. The macroscopic models

based on such symmetries lead to the exact solution of an ideal nucleus. However,

these models depend on a number of free parameters whose values are determined from

the comparisons with the experimental results. If these parameters vary smoothly over

a sizable number of nuclei across the periodic table, then the model is considered to

be good. However, such a macroscopic description of finite fermion system seems to

be improbable. The success of this approach is due to two facts.

1. It is possible to construct a mean field generated by all the nucleons and the

motion of nucleons in this mean field is found to reproduce the observed nuclear

properties. The success of the shell model to reproduce the “magic numbers” is

the best example of the correctness of such an assumption.

2. The ground state spin of all the even-even nuclei is known to be zero. This

shows that the pairing interaction between protons (neutrons) is strong.
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Thus, a nucleus can be simply imagined to consist of an even-even core which

is responsible for the generation of the mean-field and the valence nucleons which

in general dictates the properties of the nucleus. If this core is deformed, it leads to

additional collective degrees of freedom for the nucleus namely, rotation and vibration.

This macroscopic description and the associated models are best tested when

the nuclei are subjected to extreme conditions such as the large excitation energy, high

angular momentum, large values of isospin and considerable amount of deformation.

The high resolution γ-spectroscopy is one of the most powerful tools used to inves-

tigate the nuclear structure under these conditions in particular to the situation of

nuclei at high angular momentum. The study of the nuclear properties like quadrupole

moments, excitation energy, angular momentum and transition probabilities of the

excited discrete levels help in exploring the validity of the macroscopic models.

The fusion-evaporation reactions are the best way to produce a nucleus at

high angular momentum. In this technique, two stable nuclei are brought together

at an energy above the Coulomb barrier. The procedure normally involves the

bombardment of a heavy projectile accelerated by an accelerator on a fixed target

to form a compound nucleus with high excitation energy and angular momentum.

The excitation energy of the compound nucleus gets dissipated through particle

evaporation and the statistical γ-ray emission thus leaving the residual nuclei at

high angular momentum. In order to return to the ground state, these nuclei shed

their angular momentum through the emission of a cascade of discrete γ-rays which

carry the information about the structure of the nuclei at high angular momentum.

This process is schematically shown in figure 1.1. The detection and the study of the

properties of these gamma rays constitutes the field of high spin nuclear structure

studies which is the topic of the present thesis.

The early experiments in this field have established two distinct angular
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Chapter. Introduction

Figure 1.1: The schematic diagram of the fusion-evaporation reaction.

generation mechanisms in atomic nuclei, namely, single particle excitations in

spherical nucleus and collective excitations in deformed nucleus. Subsequently the

interplay between these two modes was established through the observation of back

bending [1] which was found to happen when the Coriolis force due to the rotation

becomes strong enough to break the pairing between two nucleons. This leads to the

observation of sudden increase in the angular momentum as a function of excitation

energy.

In last two decades, due to the sufficiently improved gamma detection tech-

niques, a number of exotic angular momentum generation mechanisms have been

established namely magnetic rotation [2], anti-magnetic rotation [3], rotation of a

hexadecapole shape [4], nuclear wobbling [5], spin chirality [6] etc. Each of these
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modes exhibit a characteristic variation of gamma transition rates as a function of

angular momentum. Therefore, the level lifetime measurements are crucial to pin

point the existence of one mechanism and not the other. These lifetimes are in

the picoseconds domain and are measured by the Doppler-shift Attenuation Method

(DSAM).

The present work aims to study the different conventional and exotic angular

momentum generation mechanisms in the nuclei of mass-100 region and to explore

the possibilities of the interplay or the co-existence of these modes.

The nuclei of mass-100 region have proton holes in g9/2 orbital and are separated

from the other single particle orbitals by the A = 50 shell gap. Thus, the configuration

space available for the protons is small which is helpful for the different macroscopic

models used during the course of this thesis. On the other hand, the neutron

configuration space consists of d5/2, g7/2 and h11/2 orbitals and out of these h11/2

is the unique negative parity orbital. Thus, the observation of a negative parity state

uniquely identifies the occupation of the odd number of neutrons in h11/2 orbital and

it is relatively simple to identify the different single particle configurations of a nucleus

in mass-100 region.

Besides the regular rotational bands [7] found in this region, the phenomenon

of shears mechanism [8] and spin chirality [9] which is a consequence of triaxiality,

are also observed. An interplay between the shears mechanism and the collective

rotation has also been established in this mass region. The possibility of band crossing

in magnetic bands is also studied [10]. Thus, the nuclear structure studies around

mass-100 offer a scope to study a rich variety of complex phenomenon at high angular

momentum.

I have studied three nuclei of this mass region namely, 104,105Pd and 106Ag
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and have identified the different angular momentum generation mechanisms through

the measurement of magnetic dipole and electric quadrupole transition rates using

the technique of Doppler-shift Attenuation Method. The experimental data have

been compared with the numerical values from different macroscopic and geometrical

models.

The high spin states of 104,105Pd and 106Ag were populated in two experiments.

In order to populate the high-spin states of 104,105Pd, the 63-MeV 13C beam delivered

by the 14-UD Pelletron at the Tata Institute of Fundamental Research (TIFR) was

used to bombard a 1 mg/cm2 enriched 96Zr target with 206Pb backing of 9 mg/cm2

thickness. The high spin states of 106Ag were populated with the same target and

14N beam at 68 MeV. The de-exciting γ rays were detected by using the Indian

National Gamma Array (INGA) [11], which consists of 20 Compton-suppressed clover

detectors. The two-and higher fold coincidence data were recorded by a fast digital

data acquisition system based on Pixie-16 modules [12]. The partial level schemes

were built up to a spin of ∼25 h̄. The detailed spectroscopic analysis were done to

establish the spin and parity of each new excited state. The DSAM technique was

used to estimate the level lifetimes of the high spin states in each case. The results

from these measurements are discussed in subsequent chapters.

The different nuclear structure models that have been used to understand the

results from the above mentioned experiments are discussed in the next chapter.
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Chapter 2

Mechanisms for High Angular

Momentum Generation

2.1 Introduction

The mechanisms of generating the high angular momentum in atomic nuclei

has long been a topical question in nuclear-structure physics. A nucleus can generate

the high angular momentum states either through single-particle excitations or as a

result of collective phenomena and in most cases, due to an interplay of these two

contributions. Classically, a deformed nucleus can rotate ever more faster to produce

a collective spin. Microscopically, however, quantal effects of the large, yet finite,

ensemble of strongly interacting fermions need to be considered. The nucleus is a

unique many body quantum system in nature which can neither be treated from the

first principle calculations as they become intractable [1] as the mass number, A,

increases nor by the principles of statistical mechanics. The finite number of nucleons

(A ∼ 200) is small enough to make the statistical fluctuations prevail over the results
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Chapter. Mechanisms for High Angular Momentum Generation

predicted by the statistical mechanics techniques. Thus, a unique approach is essential

to understand the evolution of nuclear structure with angular momentum. Various

assumptions have been made to make the computations tractable and this forms the

basis of constructing the various phenomenological models that can reproduce not

just the excited energy levels, but also their spins, multipolarities and transitions

rates etc.

2.2 The Shell Model

From the microscopic perspective, the nucleons are strongly interacting and

densely packed inside a nucleus, thus, it is expected that each nucleon must be

suffering continuous collisions inside a nucleus. Therefore, dense-gas models of nuclei

with multiple collisions between particles were built. However, these models did not fit

the observed data, and remarkable patterns like the “magic numbers” in the stability

of nuclei suggested the ‘seemingly improbable’ shell structure, similar to that of the

electron shell model for atom which leads to extra stability of the noble gases. As a

consequence, spherical shell model was developed [2, 3]. This model was considerably

successful in accounting for various other nuclear properties. The main assumption of

this model is that the nucleons are moving independently inside a nucleus under the

influence of an effective potential well created by the forces of all the other nucleons.

This leads to the energy quantization in a manner similar to the ‘square well’ and

‘harmonic oscillator’ potentials. Since the nature of this potential determines the

single particle energies, much effort has gone into the construction of the potential

wells for the modeling of the observed nuclear energy levels. A realistic shape of such
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2.2. The Shell Model

a nuclear potential is described by a Woods-Saxon function [4]

VWS(r) =
V0�

1 + e(
r−r0

a )
� (2.1)

with depth V0 , radius r0 and diffuseness a of the effective potential.

Figure 2.1: A figure highlighting the transition from the ‘scattered’ levels resulting
from Woods-Saxon potential without spin-orbit coupling to the shell structure with
both Woods-Saxon and spin-orbit coupling. The Fig. can be found in [5].

In addition to the dependence on the details of the potential well and the orbital

quantum number, there is a sizable spin-orbit interaction which splits the levels by an

amount which increases with orbital quantum number. This leads to the overlapping

levels across the shells as shown in Fig. 2.1. The subscripts on the spectroscopic
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Chapter. Mechanisms for High Angular Momentum Generation

symbols (s, p, d, ...) indicate the values of the total angular momentum j, given by

l±s where l and s are the orbital and the spin angular momenta, respectively and the

degeneracy of the state is (2j+1). The proton single particle energies are somewhat

different from that of the neutrons because of the coulomb repulsion, but it makes

little difference in the relative spacing of the energy levels. The parity of a level is

given by (-1)l.

With this set of identified single particle states, we can predict the net nuclear

spin of a nucleus in its ground state and describe it’s excited states based on the

identification of the levels of the unpaired nucleons in the order of states shown above.

The parity of the state can also be predicted. Thus, the single particle shell model

has significant predictability in characterizing the ground and the excited levels of a

nucleus.

A large number of nuclei across the periodic table have properties consistent

with the predictions of the shell model which assumes a spherical shape of the

charge distribution. However, it has been found that nuclei with proton and neutron

numbers very different from those corresponding to the closed shells, exhibit nuclear

deformation which is evident from the observation of large quadrupole moments.

In addition, the rotational band structures were discovered in 1951 [6] which was

another indicator of the nuclear deformation. This deformation of the nuclear field

have a great influence on the properties of a nucleus.

It is generally believed that in the presence of many valence nucleons outside

the closed shells, the residual proton-neutron interaction can drive the nucleus to an

energetically favorable deformed state. In the alternative description of the Nilsson

model [7] the nucleons move independently in a non-spherical potential, generating

a deformed macroscopic shape. This model describes the single-particle states of

deformed nuclei. It generalizes the shell model, which describes the spherical nuclei.
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An important foundation for the theoretical framework of the Nilsson model is the

definition and classification of nuclear deformation. Nilsson’s original model dealt

with only quadrupole deformations (prolate or oblate). It was cast in the form of

a modified harmonic oscillator potential with a spin orbit coupling term. Later

developments of the Nilsson model also allowed for generalization to higher-order

nuclear deformations, which in turn depends on the single particle configuration.

The introduction of a non-spherical binding field by Nilsson implies that the

nuclear shape and orientation must be considered as the dynamical variables. These

variables are associated with the various types of nuclear motion which accompany

variations in the binding field. The interplay between these collective modes of motion

and the individual-particle motion forms the basis of many nuclear models. The

nuclear properties that result from this interplay are found to depend essentially on

the magnitude of deformation. Fig. 2.2 shows a symmetrically deformed nucleus

as proposed by Nilsson, where z axis is the symmetry axis. The various quantum

numbers are also shown. For a spherical nucleus, no preferential direction exists

and all (2j+1) sub-states for a given j are degenerate in energy. In an axially

deformed nucleus, one can define the symmetry axis and the m-components will be

split according to the projection on the symmetry axis, Ω. Hence the degeneracy of

the 2j+1 sub-levels is lifted. Only the time-reversed orbits +Ω and -Ω are degenerate.

Intuitively this can be understood as follows: if the core’s matter distribution is not

uniform, the energy of a nucleon orbiting the deformed core will depend on the overlap

or on the orientation of the single-particle orbit with respect to the core. The states

with different Ω will thus have a different energy.

The Nilsson diagram describes the evolution of the single-particle energies as

a function of the deformation parameter. They are calculated using a deformation
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Figure 2.2: Pictorial representation of a symmetrically deformed nucleus proposed by
Nilsson and the relevant quantum numbers.

dependent Hamiltonian of the form

VWS(r, θ,φ) =
−V0�

1 + e(
r−R(θ,φ)
a(θ,φ) )

� (2.2)

where R(θ,φ) represents a radius vector from the origin to the surface of a deformed

nucleus and a(θ,φ) is the diffuseness of nuclear surface corresponding to the co-

ordinates (θ,φ). Fig. 2.3 show the example of energy diagram obtained for the

Nilsson model.

The asymptotic quantum numbers are often used to describe the Nilsson orbitals

with the following form:

Ωπ[NnzΛ] (2.3)
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2.2. The Shell Model

Figure 2.3: The example of a Nilsson diagram for N or Z ≤ 50. The parameter �2 is
related to the deformation parameter β2.

where Ω is the projection of the single particle total angular momentum along the axis

of symmetry, N the principle quantum number, nz the oscillator quanta projected

along the z-axis, π the parity of the state and Λ the projection of the orbital angular
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momentum along the z-axis. With Ω being the sum of Λ and Σ, where Σ is the

intrinsic single particle spin along the z-axis, we can define Ω as

Ω = Λ± 1

2
(2.4)

as Σ can take values ±1
2
. We can determine the parity of a state, π, from the principle

quantum number N using the relation

π = (−1)N (2.5)

The principal quantum number N also allows the constraint of Λ to discrete values.

If N is odd (even) then nz + Λ must also be odd (even). From the plots for Nilsson

orbitals shown in Fig. 2.3, it can be seen at � = 0 the orbitals are 2j+1 degenerate

and the shell model states are recovered. This degeneracy is lifted with the onset of

deformation. It is observed from this plot that for a nucleus with prolate deformation,

the low Ω orbits will have lower energies and the high Ω orbits will have higher

energies. The converse being true for oblate nuclei. With the projection of the total

nuclear angular momentum along the axis of symmetry being K, which is equal to

Ω for a nucleus with a single valence nucleon, we can denote the angle between the

orbital plane and the axis of symmetry to be

θ = sin−1

�
K

j

�
(2.6)

For high K values, θ changes greatly leading to rapid changes in energy as deformation

increases. This can lead to two orbits with the same quantum numbers approaching

each other. The Pauli exclusion principle ensures that no two Nilsson levels with the

same value of Ω and π can cross. As orbits with the same values of Ω and π are

driven closer together, due to the onset of deformation, the Pauli exclusion principle
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2.2. The Shell Model

cause the orbits to repel. At the inflection point wave functions interact and leads to

a mixing of the Nilsson levels.

Based on the spherical shell model, a nucleus can generate the high angular

momentum through single particle excitations only. The transition rates of such

excitatons depend entirely on the single particle configuration of each level and don’t

generally follow any pattern. The deformed Nilsson model on the other hand has

spherical symmetry broken and will generate a band with a regular level spacing

characteristic of a quantum rotor which depends on the angular momentum (I) as:

E ∼ I(I + 1). Thus, a band is generated due to the rotation of a deformed nucleus

with a specific single particle configuration. The corresponding de-exciting gammas

are predominantly E2 in nature signifying a large quadrupole deformation. These

two contrasting mechanisms of generating the high angular momentum in a nucleus

are schematically shown in Fig. 2.4.

Figure 2.4: A schematic representation of high angular momentum generation from
collective rotation (left) and single particle excitations (right).
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In order to describe the rotation and vibration of a nucleus, the nuclear

deformation is discussed in the next section where the Lund convention has been

used.

2.3 Deformation

The general shape of a nucleus can be expressed in terms of spherical harmonics

according to the equation

R(θ,φ) = c(βλ)R0

�
1 +

λ=∞�

λ=1

µ=λ�

µ=−λ

αλµYλµ(θ,φ)

�
(2.7)

where R(θ,φ) represents a radius vector from the origin to the surface, R0 is the radius

of a sphere which has equal volume of the deformed nucleus. The factor c(βλ) ensures

the volume conservation, αλµ is the deformation parameter and Yλµ(θ,φ) a spherical

harmonic of order λ, with λ classifying the multipole order. λ= 1 corresponds to a

dipole which represents the motion of the centre of mass of the nucleus. But as we are

considering the motion in the centre of mass frame, therefore, this term vanishes. λ=

2 corresponds to a quadrupole and λ= 3 corresponds to an octupole. For quadrupole

deformation Eqn. 2.7 becomes

R(θ,φ) = c(βλ)R0

�
1 +

µ=2�

µ=−2

α2µY2µ(θ,φ)

�
(2.8)

When the principle axes are made to coincide with the nuclear axes the five coefficients

reduce to two as a22 = a2−2 and a21 = a2−1 = 0. The standard parameters to describe

quadrupole deformation are thus

a20 = β cosγ and a22 =
1√
2
β sinγ
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2.3. Deformation

Figure 2.5: The Lund convention showing the deformation parameters β and γ for
oblate and prolate deformations.

where β is a measure of the deviation from the surface of a sphere and γ is a measure

of the deviation from axial symmetry. A common convention to describe the range of

shapes for λ = 2 in terms of the β and γ variables is the Lund convention [8]. Fig.2.5

shows the various shapes that result from quadrupole deformation and places them

in the (β − γ) plane. From this convention it can be stated that if γ = 0, then R1 =

R2 . If R3 is then less than R0 the nucleus will be oblate. If R3 is greater than R0 the

nucleus will be prolate. For γ = 30◦, the nucleus has a triaxial shape i.e there is no

preferred axis of symmetry and the rotation is allowed around any of the three axis.
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2.3.1 Rotation

For a deformed nucleus, collective rotation is a possible degree of freedom. From

quantum mechanical perspective, this is not possible with a spherical nucleus since it

is not possible to observe the change in orientation of a spherical system. To a first

approximation the energy associated with rotational excitation of a nucleus can be

calculated classically. The classical formula for the energy of a rotating rigid body is

E =
1

2
J ω2 (2.9)

where J is the moment of inertia and ω the rotational frequency. With the rotational

frequency being related to the moment of inertia by the formula

ω =
I

J (2.10)

where I is the total angular momentum, consisting of the rotational angular

momentum, IR of the nucleons about the axis of symmetry and the individual intrinsic

angular momentum of valance nucleons, J such that

I = �IR + �J (2.11)

Then, Eqn. 2.9 becomes

E =
I2

2J (2.12)

Now, for a quantum mechanical rotor the moment of inertia is given by I 2 = h̄2I(I+1),

where I= 1,2,3, etc. such that the Eqn. 2.12 becomes

E =
h̄2

2J I(I + 1) (2.13)
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2.3. Deformation

Due to the reflection symmetry of the prolate or oblate shape, the odd-I values are

not allowed. This gives the characteristic pattern to the energy levels and a useful

experimental signature for rotational bands being that the ratio of the E4/E2 ≈ 3.33.

For a spherical rigid body the classical moment of inertia is defined as

Jrig =
2

5
MR2 (2.14)

where R is the radius and M is the mass of the rigid sphere. For a nucleus, the radius

is related to the atomic mass through R = R0A
1
3 . The rigid moment of inertia for a

spherical nucleus is therefore

Jrig =
2

5
A

5
3mnR

2
0 (2.15)

where R0 ≈ 1.2 fm, A is the atomic number and mn is the mass of the nucleon. For

an ellipsoidal shape the moment of inertia can be expressed as

Jrig(�) ≈
�
1 +

3�

4

�
J (sphere) (2.16)

where � is the eccentricity of the ellipsoid. The moment of inertia defined in the

above equations is a static moment of inertia where the nucleus is assumed to be a

rigid body. However, the true values for the moment of inertia are often considerably

less than the rigid body value [9]. This is due to the pairing correlation between the

multiple configurations arising due to the scattering of a pair of protons (neutrons)

to different single particle levels near the Fermi level.

The nucleus is usually imagined as a rigid core surrounded by valence nucleons.

In this description, two moments of inertia must be defined to fully describe the

rotation of the nucleus. When one assumes maximum alignment on the x-axis so that
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Ix ≈ I, the kinematic moment of inertia can be defined as

J (1) =

�
dE

dIx

�−1

h̄2 = h̄
Ix
ω

(2.17)

and the dynamic moment of inertia as

J (2) =

�
d2E

dI2x

�−1

h̄2 = h̄
dIx
dω

(2.18)

with the kinematic moment of inertia being due to the motion of the system and

the dynamic moment of inertia a response of the system to an external force. The

transition energy in a rotational band can be related to the kinematic moment of

inertia through Eqn. 2.13,

Eγ =
h̄2

2J (2)
(4I − 2) (2.19)

and the dynamic moment of inertia related to the difference in consecutive γ rays

through the equation

ΔEγ =
4h̄2

J (2)
(2.20)

2.3.2 Vibration

A nucleus can oscillate in numerous modes, the basis of which are described

by the deformation in Eqn. 2.7. The dipole vibrations (λ=1) are the displacement

of the center of mass of the nucleus and cannot generate angular momentum. The

quadrupole vibrations (λ=2) add two units of angular momentum and even parity.

There are two possible modes of quadrupole vibration defined by the direction in

which they are aligned. β vibrations are aligned along the symmetry axis and cause
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2.4. Principal Axis Cranking

fluctuations on the β deformation parameter, as described by the Lund convention.

γ vibrations correspond to oscillations of the γ deformation parameter and cause the

axial symmetry to be instantaneously broken. The octupole vibrations (λ=3) carry

three units of angular momentum and negative parity.

These vibrations are quantized in units of phonons with the excitation energy

for the nth phonon of a vibration with frequency ω given by

En = h̄ω

�
n+

N

2

�
(2.21)

where N is the number of dimensions in the harmonic oscillator for the vibrational

mode. For a quadrupole vibration there are three spatial dimensions and two possible

vibrational modes (β and γ) thereby giving N = 5.

2.4 Principal Axis Cranking

An atomic nucleus is not an ideal quantum rotor as the valence nucleons have

a significant role in generating the the high angular momentum states. The model

which describes the effect of rotation of the deformed nucleus on the motion on these

valence nucleons to generate the angular momentum is the principal axis cranking

(PAC). This model assumes the motion of the symmetrically deformed nucleus about

an axis perpendicular to the symmetry axis. The main aspects of this model are

described below.

The cranking Hamiltonian in the intrinsic frame of reference [10], given by

hPAC = h0 − ωIx =
�

hω +Δ(P+ + P )− λN (2.22)
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where h0 is the sum of all the single-particle static Hamiltonians, ω is the rotational

frequency, Ix is the projection of the total angular momentum onto the rotation axis.

Hpair = Δ(P+ + P ) − λN in the Hamiltonian is the two body monopole pairing

interaction. The single-particle Hamiltonians are given by

hω = h0 − ωix (2.23)

The -ωix term is analogous to the classical Coriolis and centrifugal forces.

The term Hpair corresponds to the pairing interactions can be broadly classified

into two categories. One is the short range correlation among the identical nucleons

the other component is long range in nature and generally known as pairing

correlation. The short range pairing interaction operates on the nucleons that are

in time reversed states. Due to this interaction, the zero angular momentum state for

a pair of such nucleons are lower in energy than other angular momentum states. This

effect is experimentally observed in the even-even nuclei where the lowest observed

state is always coupled to zero angular momentum. The energy required to separate

this pair is higher than nearest odd-mass nuclei. As a consequence the first excited

state of a even-even nuclei is always higher than the nearest odd-mass nuclei.

In rapidly rotating nuclei, the Coriolis force (proportional to ω) may become

stronger than the pairing energy of the two nucleons in time reversed orbits. As a

result, the pair breaks and one of the constituent nucleon of that pair is lifted to

next higher unoccupied orbital. This phenomenon results in the sudden gain in the

angular momentum and is observed in the ix(ω) plot and is known as back-bending,

due to large gain in the angular momentum of the nuclei, with decreasing frequency.

An example of this phenomena is demonstrated in Fig. 2.6.

The long range pairing interaction (Pairing correlation) is important for the
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Figure 2.6: The standard backbending plot for 158Er while it is blocked in odd-odd
174Hf

nucleons near the Fermi surface. This correlation couples the pair of nucleons in a

state i with the another state j.

At I = 0, each Nilsson orbital is doubly degenerate, with pairs of nucleons

occupying symmetrical time-reversed orbits. Under rotation, time-reversal symmetry

is broken and orbitals are split into partners with opposite values of the signature

exponent quantum number α. This quantum number originates from the eigenvalue of

the rotation operator Rx(π), which represents a rotation of the particle wave function

by 180◦ around the rotation axis, or

Rx(π)ψ = e−iπIxψ = rψ (2.24)
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where r is the signature quantum number and is related to α by

r = e−iπα (2.25)

For single-particle orbitals, r has a phase factor of ±i, and so α = ± 1
2

.

As the nucleus is rotated, the energies of opposite-signature orbitals are affected

differently and a further rearranging of orbitals together with the appearance of new

shell gaps may be observed. This indicates that the nuclear shape can evolve with

the angular momentum and that the deformed shapes that are not stable at low spins

can become more stable as the spin is increased.

It is evident that the signature of a single-particle state can have values ±1/2.

For odd mass systems, α can be +1/2 or -1/2 and for even-even or odd-odd system α

can have values 0 or 1. The value of α is related to I through the relation I = 2|α|.

The energy difference between these two signature bands is known as the signature

splitting. The definition of the favored signature (αf ) is given as [11].

αf =
1

2

�
(−1)jp−

1
2 + (−1)jn−

1
2

�
(2.26)

Thus, from a single Nilsson configuration two rotational bands having different

signatures can be obtained. The Fig. 2.7, shows such an example where two signature

partners in 163Dy, are built on the 5/2+[642]i13/2 neutron configuration.

Since the only good quantum numbers remaining are the parity and signature

(π,α), the basis state for a deformed rotating nucleus can be completely described in

terms of |π,α� . The energy eigen-value (eωµ) is given as,

eωµ = �µ|hω|µ�
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Figure 2.7: Two signature partner band in 163Dy [12]. According to the definition
of favored signature, (αf = 1

2

�
(−1)13/2−1/2

�
= 1

2
), the favored sequence of angular

momentum are 1/2, 5/2, 9/2, 13/2, ... which is in accordance with the observed level
scheme.

= �µ|h0|µ� − ω�µ|ix|µ� (2.27)

The above equation implies that the expectation value of the angular momentum

operator ix , is equal to the negative gradient of the single particle routhian,

deωµ
dω

= −�µ|ix|µ� (2.28)
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Thus, in the cranking model, the four possible configurations are, π = (+,−) ⊗

α = (1/2,−1/2). The Fig. 2.8 shows the routhian plot for N=60. The spins and

signatures in this figure are represented in the following way: (+,+1/2) by solid lines;

(+,-1/2) by dotted line; (-,+1/2) by dot-dashed line and (-,-1/2) by dashed line.

The nomenclature of the levels is given in the following table. In case of a nucleus

Table 2.1: Notation for routhian identification.

π,α label π,α label
-,-1/2 E,G,... +,-1/2 B,D,...
-,+1/2 F,H,... +,+1/2 A,C,...

containing N number of nucleons, the total routhian (Eω) and the total angular

momentum projection along the rotational axis (Ix) can be calculated using eqn.

2.27 and 2.28. Thus, the total routhian for the yrast configuration is

Eω =
N�

µ=1

�µ|Hω|µ� =
N�

µ=1

eωµ (2.29)

where µ runs over all the occupied states and for yrast configurations, the lowest N

routhians are considered. The total energy E in the laboratory coordinate system

can be calculated as

E =
N�

µ=1

�µ|H0|µ� = Eω + ωIx (2.30)

and the total angular momentum projection along the rotational axis is

Ix =
N�

µ=1

�µ|ix|µ� (2.31)

It is to be remembered that Ix is a measure of the aligned quasi-particle angular

momentum in the body fixed frame.

In the Fig. 2.8, the Fermi surface for N=60, is shown by the solid horizontal
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Figure 2.8: Quasi-particle routhian for 60 neutrons. The parameters for the
calculation are β2=0.15, β4=0.0 and γ = 0◦. The pairing strength Δν = 1.08 MeV.
In case of 61 neutrons, one neutron is placed at E (shown by dot)

line. For the reference configuration all the levels below this line are filled and it

corresponds to the ground stand band. In the Fig. 2.8 the highest filled levels are

-E and -F. According to this quasi-particle routhian, the first crossing is predicted

h̄ω ∼ 0.37 MeV where the quasi-particle move from the hole levels (-E and -F) to

particle levels (E and F). This is illustrated in the fig. 2.8 by tracing their course

and marking the hole states by red color. Their crossing is known as EF crossing.

The effect of such crossing on the aligned angular momentum ix also calculated from

change in the slopes of the filled routhians and the ix versus h̄ω plot in Fig. 2.9 shows

the characteristic increases in ix (∼ 10h̄) at ω=0.37 MeV/h̄. It should be noted that

the observed gain in the aligned angular momentum, is a measure of the interaction

strength between the interacting routhians. This interaction strength, V , depends on

the gap between the two routhians at crossing frequency. If the interaction strength,
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V , is weak, then the gap between the two routhians, 2V , is small. This leads to large

alignment gain ix whereas the strong interaction results in relatively lower gain in

ix. However, such a crossing of routhians is allowed only when one of the interacting

levels is occupied and the other one is empty.

Figure 2.9: The alignment angular momentum plot extracted from the Fig. 2.8. The
figure shows that the approximate gain in ix ∼ 10h̄.

For two decades, it was believed that these are the only two ways (single particle

excitation and collective rotation) to generate the high angular momentum states in

atomic nuclei. However, in early 1990’s regular band structures were observed in near

spherical Pb nuclei [13, 14, 15, 16] where the intra band transitions are predominantly
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M1 in nature as shown in Fig. 2.17. Later this type of structures were found in other

mass regions [17, 18, 19, 20]. The other features associated with these bands are:

1. Large B(M1)/B(E2) ratios with values ∼10-100 (µN/eb)
2. For a normal

deformed band these values are about 1 (µN/eb)
2.

2. These bands show a falling trend in B(M1) rates with increasing rotational

frequency.

3. The J 2 values for these bands ∼10-25 h̄2MeV −1 which is smaller than the

normal deformed bands. Since the crossover E2 transitions are either weak or

absent, the ratio of J /B(E2) become larger than 100 h̄2MeV −1(eb)−2.

These properties establish the fact that the bands don’t arise from the collective

rotation. On the other hand, the presence of regular band structure rules out the

single particle excitations. A satisfactory explanation to these bands was given by

Frauendrof [21, 22] by introducing the concept of tilted axis cranking (TAC). It was

pointed out that in these nuclei, some of the valence nucleons are aligned along the

symmetry axis while the others are aligned perpendicular to the symmetry axis. A

geometrical picture of this configuration is shown in Fig. 2.11 where a shears-like

system is formed by the valence nucleons and the high angular momentum states are

generated by the simultaneous closing of the two blades of the shear. In this situation,

the total angular momentum becomes tilted with respect to the rotational axis. Thus,

the π -rotational symmetry is broken and the signature is no longer a good quantum

number. So, the staggering in the magnetic transition rates (B(M1)) , observed in

cases of Principal Axis Rotation (PAR), are absent in Tilted Axis Rotation (TAR). In

this case instead, the B(M1) transition rates show a steady decrease with increasing

angular momentum. This happens because the B(M1) rates are proportional to the

perpendicular component of the magnetic moment vector (µ⊥) which decreases as the
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Figure 2.10: Typical example of a shears band observed in 199Pb.

two blades of the shear close. The Tilted Axis Cranking (TAC) used to model this

angular momentum generation mode is discussed below.
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Figure 2.11: Depiction of the coupling of angular momentum vectors due to the
rotation of current loops of proton particles and neutron holes in Magnetic Rotation.

2.5 Tilted Axis Cranking (TAC)

In this mode the axis of rotation of the nucleus does not coincide with any of

the Principal axis of the nucleus. However, the E(I) can be expressed as a function

of I and exhibits I(I+1) dependency. The presence of small deformation implies

that the E vs. I behavior has a origin different from regular rotation. It was later

demonstrated that this phenomenon is a manifestation of the an-isotropic current

distribution of a few nucleon near the Fermi surface [11-13]. New symmetries results

from the combination of spatial symmetries of the density distribution with the vector

of the angular momentum. Due to the participation of limited number of particles

contributing to the angular momentum, the band terminates early unlike in the case
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of regular rotation. The general TAC routhian can be written as,

h�
TAC = h0 −Δ(P+ + P )− λN − ω(j1 sin θ cosφ+ j2 sin θ sinφ+ j3 cos θ) (2.32)

where h0 is the single particle Hamiltonian of a deformed potential. We denote

the intrinsic frame (body fixed axes) by 1, 2, 3 and the laboratory frame by x, y, z.

The angles θ and φ denote the orientation angles of the total angular momentum J

(z-axis) with respect to the intrinsic frame of reference and so there are the Euler’s

angles (Fig. 2.12). The choice of φ = 0 corresponds to the planer tilt where J lies

in one of the principal planes (1-3 plane). When, both φ= 0 and θ = 0, the TAC

routhian reduces to the PAC. In this section we shall restrict our discussion to φ = 0

case i.e planer TAC solution.

In TAC, the spherical part of the single particle energies can be calculated from

the spherical Woods-Saxon potential and combined with the deformed part of the

an-isotropic harmonic oscillator potential. In this modified version the TAC solution

can be rewritten as,

h�
TAC = hsph + Vdef (�2, γ, �4)−Δ(P+ + P )− λN − ω(j1 sin θ + j3 cos θ) (2.33)

where the hsph represents the spherical part which also includes the l.s interaction and

Vdef which is the deformed part of the Nilsson single particle Hamiltonian [14]. This

routhian provides quasi-particle energies and quasi-particle states which is, in turn,

used to construct the many-body configuration |ω, �2, γ, �4, θ� representing the band

of interest. For a given configuration and frequency ω, the routhian is minimized with

respect to the deformation parameters �2, γ, �4, θ.

e�(ω, �2, γ, �4, θ) = �ω, �2, γ, �4, θ|h�|ω, �2, γ, �4, θ� (2.34)
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2.5. Tilted Axis Cranking (TAC)

Figure 2.12: The Euler angles describing the orientation of the reflection symmetric
deformed shape.

At the equilibrium angle θ, the cranking axis is parallel to the direction of J. That is

tan θ =
ω1

ω3

=
J1
J3

(2.35)

Once the parameters are fixed through the energy minimization, the corresponding

routhian is expressed by |ω, �2, γ, �4, θ�. The electromagnetic transitional rates can be

calculated using the expression [13, 15].

�(I − 2)(I − 2)|M−2(E2)|II� = �M−2(E2)� =
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�
5

4π

�
eZ

A

���
3

8
�Q�

0� sin2 θ +
1

4
�Q�

2 +Q�
−2�(1 + cos θ)2

�
(2.36)

where, Q�
ν are the intrinsic quadrupole moments and calculated with respect to the

principal axes (1, 2, 3). The reduced E2 transition probability becomes

B(E2, I → I − 2) = �M−2(E2)�2 (2.37)

The intra-band M1 transition matrix element is

�(I − 1)(I − 1)|M−1(M1)|II� = �M−1(M1)� =

�
3

8π
[µ3 sin θ − µ1 cos θ] (2.38)

Hence, the reduced M1 transition probability becomes

B(M1, I → I − 1) = �M−1(M1)�2 (2.39)

The components of the magnetic moments with respect to the principal axes is

calculated using the expressions

µi = µN(Ji,p + (η5.58− 1)Si,p − η3.82Si,n) (2.40)

where the components of J and spin S(= �s�) are calculated using the TAC

configuration |ω, �2, γ, �4, θ� and η is the attenuation factor to the free spin magnetic

moments. The components of the electromagnetic transition operator Mν refer to

the lab system where as �Mν� is calculated for the TAC configuration |ω, �2, γ, �4, θ�.

These theoretically obtained transition probabilities can be compared with the
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2.5. Tilted Axis Cranking (TAC)

experimentally observed values and are the most crucial signatures of tilted axis

rotation. As mentioned before, this model successfully describes the origin of the M1

bands and it also predicts the possibility of alternative angular momentum generation

mechanisms such as the Anti-magnetic rotation.

The development from the spherical shell model to the tilted axis cranking can

be summarized as follows: The spherical shell model results from the single-particle

mean field Hamiltonian, which gives the single-particle energies of nuclear orbits in

a spherical potential. Fig. 2.13 illustrates the case of the g9/2 level. When the

potential is deformed the g9/2 level splits according to the projection of the single-

particle angular momenta, Ω, on the symmetry axis. In this case Ω is a good quantum

number. For a rotating deformed potential about the symmetry axis, Ω is no longer a

good quantum number and the signature becomes the new constant of motion. The

single particle levels split linearly as ωΩ if the pairing interaction is not considered.

Finally when the the rotation is tilted with respect to the principal axis, then the

splitting is non-linear as shown in the last column of the figure and the signature is

no longer a good quantum number.
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Figure 2.13: The effect on a spherical shell model single-particle orbital (in this case
a g9/2 level, as shown in the first panel) as the nuclear potential is deformed (second
panel, labeled Nilsson), undergoes rotation around the symmetry axis (third panel,
labeled PAC rotation around the symmetry axis), rotates about a tilted axis (fourth
panel, labeled TAC).

2.6 Semi-Classical-Shears Model (SCSM)

Tilted Axis Cranking (TAC) was introduced to explain the occurrence of the

magnetic bands initially found in Pb region. However, these calculations indicate

that most of the angular momentum was generated by the single particle motion.

Thus, Clark and Macchiavelli proposed the semi-classical model [23] for TAR where

the angular momentum of the quasi-particles are represented as vectors aligned to

either rotation or deformation axis. The magnitude of the vector is set equal to

maximum aligned value of their nuclear state. The angular momentum in this model

46



2.6. Semi-Classical-Shears Model (SCSM)

is generated through the reorientation of the two vectors.

The only degree of freedom in the Shears scheme is the angle θ between the

two vectors, known as the Shears angle. The total angular momentum is given by

I =
�

j2π + j2ν + 2jπjνcos θ (as shown in Fig. 2.14). At the band head the neutrons

Figure 2.14: Schematic drawing of the angular momentum coupling of neutrons and
protons in an M1 band.

(protons) are approximately parallel to the rotation axis and protons (neutrons) are

parallel to the symmetry axis. Thus, the minimum and maximum value of I are given

as I =
�

j2π + j2ν and I =
√
jπ + jν , respectively. Therefore, the number of possible

integral values of I is approximately I = jπ + jν −
�

j2π + j2ν . The excitation energy

E(I) along the Shears band is given by the change in the potential energy caused by

47



Chapter. Mechanisms for High Angular Momentum Generation

re-coupling of the angular momenta of the blades,

E(I) = V2P2(θ) (2.41)

where the sign of V2 describes the attractive particle-particle (negative) or the

repulsive particle-hole (positive) interactions. The parabolic behavior of the E(θ) vs.

I is plotted in the Fig. 2.15. It is apparent that the resulting rotational like properties

can be characterized by an effective moment of inertia given by, J = jπjν/3V2 .

In order to study the competition between the shears mechanism and the

rotation of the core, the rotational energy is introduced by hand, such that the energy

E(I) is given by

E(I) =
R2

2J + V2P2(θ) (2.42)

where the rotational angular momentum, R is equal to I − jπ − jν and J is

the rotational momentum of inertia. The above equation is solved through energy

minimization w.r.t θ. For an accurate comparison with the experimental data the

angular frequency ω plays an important role and is given as,

ω =
dE

dI
=

dE

dθ
× dθ

dI
= 3V2 ×

I

jπjν
× cosθ (2.43)

The fit to the experimental I(ω) values fixes the value of the shears potential.

The microscopic origin of the P2(θ)-type of force between the protons and the

neutrons is attributed to the particle-vibrational coupling of the valance quasi-particle

to the core. To understand this aspect, the two body potential can be expanded in
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2.6. Semi-Classical-Shears Model (SCSM)

Figure 2.15: Particle-particle/hole potential as a function of angular momentum and θ
for an interaction of the form V2P2(cosθ). The dashed lines corresponds to a rotational
approximation. The energy is given as EEb = V2P2(cosθ), where Eb is the band head
energy. Generally only particle-hole interaction (repulsive) is observed experimentally.

terms of even multipoles as,

Vπν(θ) = V0 + V2P2(θ) + ... (2.44)

The P2 term may be positive or negative depending on particle-hole or particle(hole)-

particle(hole) combination respectively. At this point one may be tempted to consider

a spin dependent force term like jπ.jν or a delta type force. A spin dependent force

naturally gives rise to a rotational spectra. However, this term favors 0◦ or 180◦
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coupling depending on the sign and it’s contribution to the band head (perpendicular

coupling) configuration is small. On the other hand the delta type force does not give

rise to a rotational spectrum. Thus, to explain this phenomena, particle-vibration

picture is invoked. The interaction Hamiltonian between a particle and a phonon of

order λ arises from the variation in the single-particle potential δV included by the

collective vibration. In a spherical nucleus it is given by

Hint = δV = −kλ
�

µ

Y ∗
λµ(θ,φ)αλµ (2.45)

where kλ = R0(∂V/∂r) is the particle form factor and αλµ is the phonon amplitude

and r, θ,φ are the particle polar coordinates. The significance of this coupling is as

follows.

The first order coupling gives rise to scattering effects of a particle in state j1

to a state j2 through a phonon of order 1. Similarly in the second order interaction

the scattering is between a particle and hole in state j1 and j2 , respectively. The

representative Feynman diagram of these two types of couplings are shown in Fig.

2.16 The interaction between particle-hole case is given by,

Vλ =
2λ+ 1

4πCλ

kλ(r1)kλ(r2)Pλ(θ12) (2.46)

where θ12 is the angle between the position vectors of particles 1 and 2. The effective

interaction is of a Pλ type and it’s magnitude depends on the particle form factor kλ

and restoring force parameter Cλ. The restoring force parameter is in turn directly

proportional to the amplitude and energy of the phonon,

Cλ =
(2λ+ 1)h̄ωλ

|�1|αλ|0�|2
(2.47)
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Figure 2.16: Representation of particle-vibration coupling in (a) first and (b) second
order coupling.

To compare the above result with the experiment the expectation value of the

interaction potential in the angular momentum coupled state |j1j2I� is calculated.

For large values of j the we have,

�j1j2I|V2|j1j2I� =
1

4

5

4πC
�k1(1)��k2(1)�P2(θ) (2.48)

For C2 = 500 MeV and �k1� = �k2�= 50 MeV we obtain V2 ∼ 500 keV, which is near

to the value of experimental V2 in the mass ∼ 200 region.

Since the B(M1) rates are proportional to the square of the perpendicular

component of the magnetic moment, they should show a characteristic drop as the

shears close (θ ≈ 90◦ → 0◦). From the simple geometry specified in Fig. 2.14, this

51



Chapter. Mechanisms for High Angular Momentum Generation

dependence is given by [23]

B(M1, I → I − 1) =
3

8π
�µ2
⊥ =

3

8π
g2effj

2
π sin

2 θπ
�
µ2
N

�
(2.49)

Thus, SCSM provides a convenient theoretical tool to calculate the energy for

a given angular momentum state for a given configuration and the corresponding

B(M1) rates in the observed magnetic bands.

This theoretical description of the observation of these shears or magnetic bands

as a result of TAR led to the prediction of an alternate configuration possible in even-

even nuclei (Fig. 2.17), where a double symmetric shears structure can be formed

where the high-j deformation aligned proton-holes in time reverse orbit are coupled

with rotation aligned neutron particles or vice-versa. In this picture, two shears like

structures will be formed whose magnetic moments are anti aligned. Hence, the net

magnetic moment is zero resulting in the absence of dipole transitions between the

levels of the band. Thus, the geometry is identified as Anti-magnetic Rotation (AMR).

But, as this geometry retains the Rz(π) symmetry, the rotational structure is expected

to decays by weak E2 transitions with a falling B(E2) rates with increasing spin. The

higher angular momentum states, in this scenario, will be generated by simultaneous

closing of the two shears and is represented by I = jp+2jhcosθ. This behavior can be

described by the Semi Classical Particle-Rotor Model for AMR which incorporates

the interplay between the collective rotation and the anti-magnetic rotation. This

model is described below.
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2.6. Semi-Classical-Shears Model (SCSM)

2.6.1 SEMI CLASSICAL PARTICLE-ROTOR MODEL

(SCPRM)

In this model the energy E(I) is given by [24],

E(I) =
(I − jπ − jν)

2

2J +
Vπν

2
(
3cos2 θ − 1

2
) +

Vπν

2
(
3cos2(−θ)− 1

2
)− Vππ

n
(
3cos2(2θ)− 3

2
)

(2.50)

where the first term is the rotational contribution and the rest of the terms are the

shear contributions, Vπν = 1.2 MeV and Vππ = 0.2 MeV. ‘n’ is the scaling factor

between Vπν and Vππ and is determined by the actual number of particle-hole pairs

for a given single-particle configuration.

The corresponding total angular momentum can be evaluated by imposing the

energy minimization condition as a function of θ and is given by,

I = aj + 2j cos θ +
1.5J Vπν cos θ

j
− 6J Vππ cos 2θ cos θ

nj
(2.51)

The first two terms represents the contribution from shears mechanism (Ish).

At the band head (θ = 90◦), I = jν = aj, which corresponds to the aligned angular

momentum of the neutrons due to core rotation. This implies that there is a band

head frequency which corresponds to the alignment frequency of the neutrons which

is essential for the formation of the shear structure. The higher momentum states are

formed by gradual closing of the shears angle and the maximum angular momentum

(Ishmax) that can be generated through AMR due to complete alignment of the two

proton holes (θ = 0◦). For example when the protons occupy the g9/2 orbital (A ∼ 100

mass region)

Ish
max = jν +

9

2
+

7

2
(2.52)
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The significance of the third and fourth terms of Eq. 2.51 becomes apparent if

we determine the expression for the frequency associated with the shears mechanism

(ωsh). This can be computed through
�
dEsh

dθ

�
/
�
dIsh
dθ

�
and is given by,

ωsh = (1.5Vπν/j) cos θ − (6Vππ/nj) cos 2θ cos θ (2.53)

Thus, the third and fourth terms of the Eq. 2.51 are equal to the product of rotational

moment of inertia J and shears frequency (ωsh). They represent the interplay between

collective and shears mechanism and Eq. 2.51 can be re-written as

I = Ish + J ωsh (2.54)

It is to be noted that the magnitude of J determines the extent of the interplay

in generation of angular momentum in AMR+rotation model. This value can be

estimated from Eq. 2.54

J ωsh|(θ=0◦)= Imax − Ish
max (2.55)

where, Imax is the highest observed angular momentum state, Ishmax is given by

Eq. 2.52 and

ωsh|θ=0◦=

�
1.5Vπν

j

�
−

�
6Vππ

nj

�
(2.56)

In case of the SCPRM model, the rotational frequency (ω) is given by

ω = ωrot − ωsh (2.57)

where ωrot =
1

2Jrot
(2I + 1) is the core rotational frequency and Jrot is the core
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moment of inertia, whose value can be estimated from the slope of the I(ω) plot for

the ground state band (before the neutron alignment). The relative negative sign in

Eq. 2.56 indicates that a given angular momentum state for AMR+rotation will be

formed at a lower frequency as compared to that due to pure rotation.

In this model, the electric quadrupole transition rate B(E2) in the units of (eb)2

is given by [23]

B(E2) =
15

32π
(eQeff )

2 sin4 θ (2.58)

Since the electric quadrupole transition rate B(E2) is proportional to sin4 θ. There-

fore, as the two shears close symmetrically, the B(E2) rates will show a characteristic

drop with increasing angular momentum, which will distinguish an AMR band from a

band arising due to collective rotation. Apart from the falling trends in B(E2) values,

AMR can also be characterized by large J (2)/B(E2) ratio [∼100 MeV−1(eb)−2] which

for a well-deformed nucleus is ∼10 MeV1(eb)2. Thus, the characteristic features of

AMR can be summarized as follows:

1. Rotational bands with ΔI = 2.

2. Near spherical nuclei; weak E2 transitions.

3. No M1 transitions present.

4. B(E2) rates fall as a function of spin.

5. The J 2/B(E2) ratios are large ∼100 h̄2MeV−1(eb)−2.

This mode of generating the high angular momentum has been experimentally

reported to occur in various Cd isotopes [25, 26]. The present thesis has established

this mode to be present in 104Pd [27].
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Figure 2.17: The coupling of angular momentum vectors in Anti-magnetic Rotation.

2.7 Particle Rotor Model

In this section we shall discuss the Particle Rotor Model (PRM). There is a

definite advantage of using this phenomenological model over the Cranking model.

The PRM describes the nucleus in the lab frame, hence, the total angular momentum

�I is a good quantum number and the experimental values can be directly compared

with the PRM predictions. However, the main disadvantage of this model is that it

becomes computationally extremely involved to describe the multi-particle (valence

particles three or more) configurations.

This model is used to study the ground state band structures in odd or odd-odd

nucleus. The valence nucleon(s) is(are) coupled to the even-even core and the total

angular momentum is the vector addition of the rotational angular momentum �R
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and the intrinsic angular momentum �j. This coupling scheme is the same as the one

shown in Fig. 2.2. Thus, the PRM Hamiltonian is expressed as

H = Hint + Trot (2.59)

where Hint is the deformed Nilsson potential. If the rotation is considered along the

z axis and the Trot assumed to be for an axially symmetric system then

Trot =
h̄2

2J [(I2 − I2z ) + (j2 − j2z − I+j− + I−j+)] (2.60)

The first term represents the core contribution. The second term is the

contribution of the intrinsic motion of the valence nucleon and the last term is

responsible for the particle-rotation coupling which is the equivalent Coriolis term.

In this model, the total wave function is written as

ΨI,M,K =

�
2I + 1

16π2
ΦK(q)DI

MK(φ, θ,ψ) + (−1)I−jΦ−K(q)DI
M−K(φ, θ,ψ) (2.61)

where the single particle wave function ΦK is calculated from the Nilsson model and

can be expressed as

φ−K =
�

j

(−1)j+KCjK |j −K� (2.62)

where CjK are the mixing amplitudes calculated from the Nilsson model. The

Hamiltonian is diagonal without the Coriolis term and the energy eigenvalue is given

by

EI,K =
h̄2

2J [I(I + 1)−K2] + Esp(K) (2.63)
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where the total single particle energy (contribution of ΦK) E_sp(K) incorporates the

effects of j2 and j2z . The effect of the Coriolis term can be treated as the perturbation

and there can be two limiting situations: (a) the strong coupling limit (DAL) where

the valence particles are aligned along the deformation axis (low j and high Ω) (b) the

decoupled limit (RAL) where the valence particles are aligned along the rotational

axis. The angular momentum coupling scheme are shown in Fig. 2.18. The rotational

bands arising from DAL have a small signature splitting with the level sequence as

Figure 2.18: The angular momentum coupling schemes for DAL (strong coupling)
and RAL (weak coupling).

I = K,K + 1, K + 2, ... while in the case of RAL the effect of Coriolis interaction

is significant and the coupling between the nucleon and the core is minimal. The

inclusion of Coriolis interaction mixes the states having the same I and the K values
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differing by one unit. The lowest order change in the energy because of the Coriolis

term is

ΔE(I,K) =
h̄2

2J �ΨI,M,K |(I+j− + I−j+)|ΨI,M,K� (2.64)

Since j± has no diagonal element in K, Coriolis interaction contributes through second

order but for the K= 1
2

value, it has the first order effect. The, the expression for

ΔE(I,K) for K = 1
2

can be written as

ΔE(I,K) = −2
h̄2

2J (−1)I+
1
2 �DI

M 1
2
|I−|DI

M− 1
2
�(−1)−j− 1

2 �φ 1
2
|j+|φ− 1

2
�

= (−1)1+
1
2

�
I +

1

2

�
a (2.65)

where a is known as the decoupling parameter and is responsible for the staggering

in level energies known as the signature splitting in the rotational bands.

2.8 Triaxial Particle Rotor Model (TPRM)

In this model we assume that the unpaired neutron and proton are coupled to

an triaxial core. The total Hamiltonian is given as [28, 29]

Ĥ = Ĥcore + Ĥs.p + Ĥpair (2.66)

In the case of triaxial deformation, the Hamiltonian of the even-even core is given as,

Ĥcore =
3�

i=1

h̄2R2
i

2Ji

=
3�

i=1

h̄2(Ii − ji)
2

2Ji

(2.67)
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where R, I and j are the angular momentum of the core, the nucleus and the single

particle, respectively. For the triaxial shape, the rotation is possible around any of

the three axes. The corresponding three rotational moments of inertia are assumed

to be connected by a relation of hydro-dynamical type

Jκ =
4

3
J0(I) sin

2

�
γ +

2π

3
κ

�
(2.68)

where J0(I) = J0

�
1 + bI(I + 1) is the variable moment of inertia [30] of the core.

The value of b = 0.013 can be fixed from that in Ref. [31].

Ĥs.p describes the Hamiltonian of the unpaired single particle. In the triaxial

deformed field of the even-even core, Ĥs.p. is given by

(2.69)
Ĥs.p = − h̄2

2m
∇2 +

1

2
mω2

0{1− 2β[Y20 cos γ +
1√
2
(Y22 + Y2−2) sin γ]}

− κh̄ω0{2l.s+ µ(l2 − �lN�2)}

where κ and µ are Nilsson parameters, Y2q, is the rank-2 spherical harmonic function.

Ĥ pair is the Hamiltonian to represent the pairing correlation which can be treated

in the Bardeen-Cooper-Schrieffer (BCS) formalism. The single-particle wave function

can be expressed as,

|ν� =
�

NljΩ

C
(ν)
NljΩ|NljΩ� (2.70)

where ν is the sequence number of the single-particle orbitals, |NljΩ� represents

the corresponding Nilsson state, C (ν)
NljΩ is the coefficient to identify the configuration

mixing. Diagonalizing the single-particle Hamiltonian in the basis |NljΩ� , we can

obtain the C
(ν)
NljΩ and the single-particle eigenvalue �ν . The corresponding quasi-

particle energy can then be determined by Eν =
�

(�ν − λ)2 +Δ2, with λ and Δ
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being the Fermi energy and the energy gap, respectively. The total Hamiltonian in

Eq. 2.66 can be diagonalized in the symmetrically strong coupling basis

|IKMν� =
�

2I + 1

16π2

�
DI

MKα†
ν
|0̃�+ (−1)I−KDI

M−Kα†
ν̄
|0̃�

�
(2.71)

where α†
ν is creation operator of the single nucleon in the orbital |ν� , DI

MK is the

rotational matrix. This model has been successfully used in A ∼100 region to describe

the experimental routhians and transition rates in 110Ag [32].

2.9 The Doublet Bands

Recently, a series of bands have been observed experimentally that form doublets

as they lie very close in energy. Fig. 2.19 shows a typical example of such doublet

bands as observed in 128Cs. It has been suggested that the vanishing energy splitting

between these bands arises due to the possible existence of chiral symmetry breaking

of the nucleus. The chiral bands are observed mainly in well-deformed nuclei,

in which there are valence particles and valence holes in orbitals of high angular

momentum. The former drives the nucleus towards elongated shapes, while the latter

towards oblate ones. The interplay of these opposite tendencies may result in a

shape resembling a triaxial ellipsoid. In the triaxially deformed nucleus, the particle

and hole align their angular momenta along the short and long axes of the density

distribution, respectively (Fig. 2.20). Moreover, the moment of inertia with respect to

the medium axis is the largest, which favors the collective rotation around that axis.

Thus, the total angular momentum vector has non-zero components on all the three

axes, and these vectors can form either a left-handed or a right-handed system. Such

doublet bands are expected to have similar moments of inertia, alignment behavior

and transition rates, besides the similar routhians.
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Figure 2.19: An example of the chiral bands as observed in 128Cs. (Figure taken from
[33])

Thus, the spin chirality is an interesting phenomenon in high spin physics.

The tilted axis cranking calculations also support the occurrence of the chiral bands.

To the date, many experiments have reported the observation of the possible chiral

doublets in mass regions of A ∼100 and A ∼130. However, in most of the cases

the transition rates were found to be different in the two bands. This rules out

the interpretation based on spin charility for these doublet bands. However, the

doublet bands in 128Cs exhibit all the requisite properties of a chiral doublet. The

triaxial projected shell model (TPSM) calculations have been have been successful

in describing the behavior of 128Cs and does not assume the spin charility as a pre-

requisite. This model was also used to understand the doublet bands of 106Ag studied
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Figure 2.20: A schematic diagram of two chiral configurations of an odd-odd triaxial
nucleus where the angular momenta of the valence proton, the valence neutron and
the core are mutually perpendicular.

during the present work. The salient aspects of this model are discussed below.
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2.10 Triaxial Projected Shell Model (TPSM)

The basic philosophy in the TPSM approach is similar to that of spherical

shell model with the only exception that deformed basis is employed rather than the

spherical one. This allows to investigate heavier deformed nuclei with a small number

of basis states. The basis space of the TPSM approach for odd-odd nuclei is composed

of one-neutron and one-proton quasiparticle configurations:

|φκ� = a†νa
†
π|0� (2.72)

The above basis space is adequate to describe the chiral bands in odd-odd nuclei,

which are based on one-proton and one-neutron quasiparticle configurations. The

triaxial quasi-particle (qp)-vacuum |0� in Eq. (2.72) is determined by diagonalization

of the deformed Nilsson Hamiltonian and a subsequent BCS calculations. The number

of basis configurations depend on the number of levels near the respective Fermi levels

of protons and neutrons [34].

The states |φκ� obtained from the deformed Nilsson calculations don’t con-

serve rotational symmetry. To restore this symmetry, three-dimensional angular-

momentum projection technique is applied. From each intrinsic state, , in (2.72) a

band is generated through projection technique. The interaction between different

bands with a given spin is taken into account by diagonalizing the shell model

Hamiltonian in the projected basis. The TPSM wave function is written in the form

of

|IM� =
�

K,κ

f I
K,κP

I
M,K |κ� (2.73)
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2.10. Triaxial Projected Shell Model (TPSM)

where, P I
IM is the angular momentum- projection operator,

P I
MK =

2I + 1

8π2

�
dΩDI

MK(Ω)R(Ω) (2.74)

The rotational band energies together with wave functions can be obtained by solving

the eigenvalue-equation,

�

K,κ

f I
K,κ(�κ�|HP I

K�K |κ� − EI�κ�|P I
K�K |κ�) = 0 (2.75)

The Hamiltonian is written as,

H = H0 −
1

2
χ
�

µ

Q̂+
µ Q̂µ −GM P̂+P̂ −GQ

�

µ

P̂+
µ P̂µ (2.76)

where, the first term is the spherical Nilsson hamiltonian, the second term denotes

multipole-multipole interactions, the third and fourth terms stand for the monopole

and quadrupole pairings, respectively. The operators P̂ and Q̂ are defined as

Q̂µ =
�

α,β

Qµαβc
†
αcβ (2.77)

P̂ † =
1

2

�

α

c†c
†
ᾱ (2.78)

P̂ †
µ =

1

2

�

αβ

Qµαβc
†
αc

†
β̄

(2.79)

where the quadrupole matrix elements are given by

Qµαα� = δNN ��Njm|Qµ|N �j�m�� (2.80)
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Chapter. Mechanisms for High Angular Momentum Generation

Also, α = {Njm} while ᾱ represents the time reversed states of α. The details of this

model can be found in Ref. [34].

In this chapter, I have described in brief, the theoretical frameworks which have

been employed to describe the observed features of 104,105Pd and 106Ag. The next

chapter is devoted to the different experimental and analysis methods which were

used to establish the high spin behaviors of these nuclei.
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Chapter 3

Experimental Techniques and The

Data Analysis

3.1 Fusion Evaporation Reactions

A nucleus does not naturally exist in high-spin states, it has to be excited

or prepared in these states. The fusion-evaporation reaction is the best experimental

technique to produce high spin states with large cross-sections. In such a reaction, the

kinetic energy of the collision in the center of mass frame is converted into excitation

energy of the compound system.

Depending on the energy of the incident nucleus, various reaction mechanisms

can occur. These range from Coulomb excitation to fragmentation of the incident/-

target nucleus. A schematic diagram of various reactions at near Coulomb barrier

energies, is shown in Figure 3.1.

The fusion-evaporation technique has many other advantages such as to either
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Chapter. Experimental Techniques and The Data Analysis

Figure 3.1: Various types of heavy-ion collisions as a function of impact parameter.

specifically populate certain energy levels, achieve an exotic configuration of protons

or neutrons, transfer a certain amount of angular momentum or a combination

of all the above. This in turn enables us to study various structural phenomena

associated with the nucleus according to our interest. The linear momentum of the

Figure 3.2: The Coulomb and Woods-Saxons potentials that contribute to the
effective potential between two nucleons.

projectile, mv, increases with the projectile mass and beam energy. For a given
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3.1. Fusion Evaporation Reactions

impact parameter, the angular momentum imparted is proportional to mv. However,

this quantity (angular momentum) is limited by competition with fission such that

the maximum angular momentum increases with beam energy up to a critical value

[1]. This critical value, in its turn, reaches a maximum of around 77 h̄ at A ∼ 140 [2]

(for higher masses, Coulomb repulsion makes fission more favorable and the critical

angular momentum is lowered).

For a nuclear-fusion reaction to occur the projectile nuclei must collide with the

target nuclei with sufficient energy to overcome the fusion barrier and come into the

range of the nuclear force. The fusion barrier can be approximated to the Coulomb

barrier which is the energy required for the incident nuclei to overcome their mutual

electrostatic repulsion. Fig. 3.2 shows the repulsive Coulomb potential and attractive

Wood-Saxon potential for nucleons. In sufficiently heavy systems the combination of

nuclear and Coulomb forces is still repulsive within the range of the nuclear force and

additional energy is required for fusion to occur [3].

When fusion occurs, it takes about 10−20 s for the compound nucleus to

reach thermodynamic equilibrium, after which its formation history has no influence

on its behavior. This is followed by particle evaporation effectively ‘cooling’ the

nucleus, until a low enough excitation energy is reached for γ-ray emission to become

energetically more favorable. Initially a sequence of competing quadrupole and dipole

γ rays are emitted from a quasi-continuum of high-energy states [4]. These γ rays have

a continuous range of energies and therefore cannot be resolved experimentally and

they appear as a continuous background. Eventually, the quasi-continuum transitions

start to populate the discrete yrast (lowest energy for a given spin) or near-yrast states

as shown in Fig. 3.3. As stated by the Bohr assumption, the following decays will

provide information about the nuclear structure of the compound nuclei which is

independent of the initial nuclei [5] that collided.
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The production cross-section calculations for the different residues can be

performed using the fusion-evaporation simulation program PACE [6]. These

calculations served as a guide to choose an appropriate beam energy for the reaction.

In the present thesis the reactions were chosen such that mostly only two nuclei with

comparable reaction cross-section were populated which accounted for ∼ 85% of the

fusion cross-section.

Figure 3.3: A schematic representation of the formation of high-spin residual nuclei
from compound nucleus decay.

3.2 Target

The target used in the two experiments was 1 mg/cm2 96Zr with 206Pb backing

of 9 mg/cm2 thickness. The backed target was used to stop the recoiling nuclei.

An advantage of using the backed target is that the transitions occurring between

high-spin states are emitted before the recoiling nuclei stop in the backing material
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and are, therefore, Doppler broadened. This Doppler broadening is used as a tool

to estimate the level lifetimes of these high spin states. The choice of Pb as backing

was mainly due to two reasons viz. It is a high Z material which would, therefore,

facilitate an efficient stopping of the recoil and thus enable a subpicosecond lifetime

measurements. Pb also has a higher Coulomb barrier than the target material which

would prevent the fusion-evaporation reaction between the Pb and the beam nuclei.

The currents of 13C and 14N beams used in the experiments were of the order of 8-10

nano-amps.

3.3 Excitation Energy and Maximum Angular Mo-

mentum.

By conservation of energy, the compound nucleus will be formed at an excitation

energy which depends on the center of mass kinetic energy of the collision and the

Q-value (Qfus) for compound nucleus formation such that

Eex = Ecm +Qfus (3.1)

Where the Qfus of the reaction is given by

Qfus = [MP +MT −MCN ]c
2 (3.2)

and the energy of the nucleus in the centre of mass frame, Ecm, is given by

Ecm =
MT

MP +MT

Eb (3.3)
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where Eb is the beam energy and MP,T,CN are the masses of the projectile, target and

the compound nucleus, respectively.

As the excitation of the compound nucleus is higher than the particle emission

energy threshold, it will undergo particle evaporation to cool down and remove

excitation energy from the compound system.

The maximum angular momentum, lmax, of the fusion-evaporation can be given

by [1]

l2max =
2µR2

h̄2 (Ecm − Vc) (3.4)

Where µ is the reduced mass of the system, given by

µ =
MPMT

MT +MP

(3.5)

R is the maximum distance at which the collision leads to any contact. An empirical

relation for R, derived from [7], is given by:

R = 1.36(A
1/3
1 + A

1/3
2 ) + 0.5fm (3.6)

Vc , in units of MeV, is the Coulomb barrier between the target and projectile in the

centre of mass frame, which can be estimated using the expression [1]:

Vc ≈ 1.44
ZTZP

R
(3.7)

It is clear from Eqn. 3.4 that those collisions which maximize the value of the reduced

mass (i, e. symmetric reactions) will have the largest input angular momentum for a

given center of mass energy. Thus, the symmetric target-projectile combination is the

most favorable to produce the high angular momentum states in the residual nuclei.
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3.4. Gamma-ray detection

3.4 Gamma-ray detection

After preparing a nucleus of interest at high angular momentum utilizing a

suitable fusion-evaporation reaction, an efficient γ-ray detection system is essential

to detect the discrete γ-rays. In the present work, this was achieved by using the

Indian National Gamma Array (INGA) (photograph shown in Fig. 3.4). It is a

spherical array of Compton-suppressed, high-purity germanium (HPGe) detectors

[8] with clover geometry. The INGA can accommodate up to 24 detectors with solid

Figure 3.4: Photograph of the INGA detector array. It consisted of 20 Compton
suppressed clover detectors spread over a solid angle of 4π.

angle coverage of 25% of 4π. The ‘Compton suppression’ is the reduction of unwanted

background events resulting from a γ ray Compton scattering out of the Ge detector,

thereby failing to deposit its full energy. Each clover detector is surrounded by
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bismuth germinate (BGO) scintillation detectors (Fig. 3.5) that detect the Compton

scattered γ rays out of the clover detector. A γ ray recorded simultaneously in the Ge

detector and in the BGO shield can be assumed not to have deposited its full energy

and is excluded from the recorded data. This substantially improves the peak-to-

background ratio of resulting spectra [9].

Figure 3.5: Schematic diagram of a single HPGe detector module, adapted from [11]

A total of 20 Compton suppressed clover detectors were in use during the present

thesis work. The two- and higher-fold coincidence data were recorded in the fast

digital data acquisition system based on Pixie-16 modules [10]. The time-stamped

data were sorted in a γ-γ-γ cube and seven angle-dependent γ-γ matrices with a time

window of 150 ns using the multiparameter time-stamped based coincidence search

(MARCOS) program, developed at TIFR. The working principle and functioning of

a HPGe clover detector is briefly discussed below.
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3.4. Gamma-ray detection

3.4.1 Advantages of using HPGe detectors.

In order to resolve the large number of γ-rays from a fusion evaporation reaction,

the gamma detector should have an excellent energy resolution. This implies that

it should be a semi-conductor detector. Fig. 3.6 shows the mean free path of a

photon in Silicon and Germanium. It is obvious that a depletion depth of at least

Figure 3.6: Photon mean free paths in Si and Ge.

several cm is required. Due to its higher atomic number, Ge has a much lager linear

attenuation coefficient, which leads to a shorter mean free path. Thus, Ge is preferred

for high gamma-ray detection (∼ 1 MeV) to achieve higher detection efficiency. For

a semiconductor detector, the depletion depth d is given by

d ≈
�
2εV0

eN

�1/2

(3.8)

where, V0 is the reverse bias voltage and N represents the net impurity concentration

in the initial semiconductor material. If Silicon or Germanium of normal semiconduc-
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tor purity is employed, the maximum achievable depletion depth is a few mm even at

bias voltages close to the breakdown level. Thus, the impurity concentration should

be reduced down to 1010 atoms/cm3 in order to realize intended depletion depths of

cm order. At this impurity concentration, a reverse bias voltage of 1 kV can produce

a depletion depth of 1 cm. However, the required impurity concentration corresponds

to levels less than 1 part in 1012, which is quite challenging.

One way to further improve the net impurity concentration is to compensate

the residual impurities with an opposite type impurity material. However, the semo-

conductor detectors develped by this method are not very stable with temperature

and are thus now obsolete.

The other way to improve the net impurity concentration is to add additional

refining processes so that the intended purity of the crystal can be met. Techniques

have been developed to achieve high purity Ge crystals in this approach and such high-

purity Ge (HPGe) detectors are now commercially available. However, no equivalent

technique is available for Si yet. As already mentioned, the HPGe detectors were

used in our experiments.

3.4.2 HPGe Detector Configuration

An HPGe detector normally comes in planer or co-axial geometry. However,

from the photon mean free path in germanium, a detector thickness of the order of

5 cm is required for efficient detection of MeV photons. The maximum depletion

depth for the planar detectors is limited to less than 1 or 2 cm. To produce a

detector with a thicker depletion depth, a different electrode configuration must be

employed. The HPGe detectors dedicated for the detection of MeV photons are,

therefore, constructed in coaxial geometry. In this configuration, one electrode is
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fabricated at the outer surface of a cylindrical crystal and the other electrode is

located at the inner surface of the central hole. In this way, much larger active

volumes can be achieved. A close-ended configuration is one in which only part of the

central core is removed and the outer electrode is extended over one flat side surface.

This configuration is the most common type of commercial HPGe detector.

The electric field in HPGe detectors governs the charge carrier collection process.

The signal pulse shape and the timing behavior are consequently dependent on the

variation of the electric field strength. The governing equation in a semi-conductor

detector is the Poisson’s equation:

∇2V = −ρ

ε
(3.9)

The charge density ρ is given as ρ = -eNA for p-type crystals and as ρ = eND for n-

type crystals. Assuming p-type crystals and true coaxial geometry, Poisson’s equation

becomes

d2V

dr2
+

1

r

dV

dr
= −ρ

ε
=

eNA

ε
(3.10)

It is complicated to solve this equation for partial depletion conditions, so the bias

voltage is assumed to be larger than the depletion voltage. Then the boundary

conditions can be set as

V (r2)− V (r1) = V0 (3.11)

where r1 and r2 represent inner and outer radii. This leads to the following solution

for the magnitude of the electric field

E(r) =
eNA

2ε
r +

V0 − (eNA/4ε)(r
2
2 − r21)

rln(r2/r1)
(3.12)
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the depletion voltage Vd can be calculated from the condition E(r1) = 0, and is given

by

Vd =
eNA

2ε

�
r22 − r21

2
− r21ln(r2/r1)

�
(3.13)

Fig. 3.7 shows the variation of the electric field for an ideal coaxial HPGe detector.

The capacitance per unit length of a fully depleted ideal coaxial detector is

C =
2πε

ln(r2/r1)
(3.14)

To make the capacitance as low as possible, the radius of the center core r1 is kept

to a minimum.

Figure 3.7: Electric field variation of a true coaxial detector. This Fig. is taken from
Ref. [12].

For the practical closed-ended coaxial detectors, the Poisson’s equation is hard

to solve analytically and therefore a numerical method must be employed. An example
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of the potential variation and the electric field direction is shown in Fig. 3.8.

Figure 3.8: Potential and electric field distribution of a close-ended coaxial detector
[13].

3.4.3 Mechanism of radiation detection by HPGe detector

In a semiconductor detector, the energy of a γ photon is measured by the

number of charge carriers set free in the detector material (here HPGe crystal). The

number of electron-hole pairs is proportional to the energy of photon. This happens

when the γ photon interacts with the material of the detector through three distinct

processes. The relative importance and efficiency of each of these processes is strongly

dependent upon the energy of the photon and upon the density and atomic number

of the absorbing (detector) medium. These processes are briefly discussed below.

1. Photoelectric Absorption: The most probable fate of a photon having energy

slightly higher than the binding energy of atomic electrons is photoelectric
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absorption. In this process, the photon transfers all of its energy to the electron.

The electron will escape its orbit with a kinetic energy equal to the difference

between the photon energy and its own binding energy. The electron is absorbed

through the ionization process.

2. Compton Scattering: The Compton effect is usually the predominant type

of interaction for the γ energy between 300 keV to 3 MeV. In this process

the photon scatters with an atomic electron and eject it from orbit. The

photon retains a portion of its original energy and continues moving in a

different direction. Thus, the Compton effect has an absorption component

and scattering component. The amount of energy lost by the photon can be

related to the angle at which the scattered photon travels relative to the original

direction of travel.

The scattered photon will interact again, but since its energy has decreased, it

becomes more probable that it will enter into a photoelectric interaction. The

free electron produced by the Compton process may be quite energetic and

behave like a beta particle of similar energy, producing secondary ionization

and excitation before coming to rest.

As with ionization produced by any process, secondary radiation are initiated,

in this case, by the photo-electron which may have sufficient energy to produce

additional ionization and excitation of orbital electrons. Also, filling of the

electron vacancy left by the photo-electron results in characteristic X-rays.

3. Pair Production: The photons with energy greater than 1.02 MeV, under the

influence of the electromagnetic field of a nucleus, may be converted into an

electron and a positron. The threshold of 1.02 MeV is equivalent to the rest

mass of the electron and positron which is 0.51 MeV each. The Pair production

is not a dominant energy loss mechanism for the usual domain of descrete
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gamma spectroscopy. The probability of pair production increases with Z of

the absorber and with the photon energy.

3.5 Clover detector

The usefulness of a gamma spectrometer is characterized by its energy

resolution, efficiency of detection and ability to discriminate gamma rays of interest

against the background radiations. In heavy ion induced compound nucleus reactions,

the energy resolution is affected by Doppler broadening. So, besides having large

efficiency, the gamma detectors should have small opening angle to reduce this

broadening. A concept of Clover detectors , consisting of an assembly of four

crystals in a common cryostat, have been designed to overcome this problem and yet

preserve the high efficiency for the gamma energies in MeV domain. The electrical

segmentation of the individual crystals of the Clover detector, a technique reported

in Ref. [14, 15], lowers the opening angle and thereby improves the performance of

these detectors further.

3.5.1 Clover detector geometry

The Clover detector (from Eurisys Mesures) consists of four closely-packed N-

type hyper-pure germanium crystals. The geometry of the crystals inside the vacuum

chamber is shown in Fig. 3.9. Each crystal has a quasi-square front face with round

edges obtained by tapering the two adjacent faces with an angle of 7◦ starting at about

half of length, and by cutting the two other faces, parallel to the crystal axis, along

the whole length. The starting dimensions of the Germanium crystals are 51 mm

diameter and 71 mm length. The active volume of the Clover detector is about 470
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cm3 ; which is nearly ∼89% of the original crystal volume. The detector is inserted

in a BGO Compton suppressor. These crystals are cooled through a common cold

finger. Each crystal has separate outputs for energy and timing.

Figure 3.9: Schematic view of the geometrical arrangement of the four individual
HPGe crystals inside a clover detector.

Advantages of the clover detector

1. In a clover detector, the four crystals are electrically isolated and there is no

physical medium where a gamma ray can lose energy when it is scattered from

one crystal to the other. So, a gamma ray may deposit its full energy in a single

crystal or a fraction of its energy may be Compton scattered out of the detector

or into another crystal of the detector. Thus, by calibrating and adding these

energy depositions, it is possible to estimate the total energy of the Compton
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scattered gamma ray. The total “full energy peak” efficiency of the Clover

detector with the four crystals can be determined by summing the individual

contributions in two different ways. There is a finite probability that by adding

two simultaneous counts in the background, it is possible to generate a count in

the photo-peak. This method of time correlated addition is referred to as the

addback mode and the corresponding spectrum is called the Addback spectrum.

On the other hand, if the spectra from the four crystals are added with out any

time correlation, then the resultant spectrum is called the sum spectrum. This

corresponds to a situation where there are four independent HPGe crystals as

there is no photo-peak recovery possible in this case. A typical sum and Addback

spectrum are shown in Fig. 3.10. It is clear from the figure that in case of the

Addback spectrum, the general background spectrum is lowered and the photo-

peak counts are increased with respect to the sum spectrum. This indicates the

power of the Addback concept and the utility of a clover detector.

2. In the Clover detector, each crystal is small. So the timing characteristics are

much better than that of a single large HPGe crystal of equivalent volume ∼440

cc.

3. The background in the Addback spectrum at higher energies will be less than that

recorded by a single large volume detector. This is due to the fact a large HPGe

detector will detect the higher energy gamma rays as well as the background

with same efficiencies while in the Clover detector the background at higher

energy is detected with lower efficiency but the photo-peak is reproduced by

adding the smaller energies detected at larger efficiency.

4. Since the Clover detector consists of four individual crystals housed in a single

cryostat, each of the individual crystals can be considered as a scatterer and

the two adjacent crystals as absorbers. This makes Clover detectors sensitive
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Figure 3.10: The gamma ray spectra (both in addback and direct sum modes)
obtained after the irradiation of a sample of natural Cr with 55 MeV 16O beam. The
energies of the gamma rays from 66Ga decay are indicated. The relative intensities of
these gamma rays are also shown in parentheses. (taken from Ref. [17])

to the polarization of the gamma transitions. Thus, a clover detector can act as

a polarimeter, distinguishing the electric or the magnetic nature of the incident

photons [16].

In order to further demonstrate the advantages of the addback mode over the direct

sum, the relative full energy peak efficiencies for the sum and addback modes have

been studied. Fig. 3.11 shows the plots for the two cases. Although these two modes
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show more or less similar efficiencies for gamma rays of energies below ∼500 keV; for

higher energies, the addback mode shows considerable increase in the efficiency at

higher energies due to Compton compensation.

Figure 3.11: Variation of relative efficiency with energy in direct sum and addback
modes. (taken from Ref. [17])

The addback factor F , defined as the ratio of the full efficiency in add-back

mode over the efficiency in sum mode, is also plotted in Fig. 3.12. The factor at low

energies starts from ∼1.0 indicating that the direct and total modes do not differ at

low gamma ray energies (≤300 keV) since most of these gamma rays deposit their

full energy in one of the crystals only. The factor then increases sharply till ∼2 MeV;

where the add-back mode contribution becomes appreciable. The rate of increase is

less for higher energy gamma rays although the factor continues to increase steadily
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for energies up to 5 MeV.

Figure 3.12: Variation of addback factor with energy. (taken from Ref. [17])

3.6 γ ray Spectroscopic Techniques

The HPGe clover detectors of the INGA array generate raw data from the

detection of γ rays emitted by the de-exciting nuclei populated during the fusion-

evaporation reaction. The various analysis techniques are used to process this raw

data in order to generate meaningful spectra and to extract the various spectroscopic

information required to understand the nuclear structure of the intended nucleus.

These include the initial precise calibrations of the data needed for the addback
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procedure and the processes used to create multidimensional data histograms from

which spectra are produced and level schemes are built. There are methods to

determine the spin and the parity of the excited levels and to measure their lifetimes

which are crucial to any physical interpretation. All these techniques were used during

the course of this thesis and are discussed below.

3.6.1 Level Scheme Building

The various detectors used in an experiment are first “gain matched”, “energy

calibrated” and “efficiency corrected” in order to generate useful spectra. As the

data recorded are time-stamped, different time windows can be used to define a

coincident event and a time correlated data set is generated. This data is stored in

matrices or cubes in order to construct the level scheme of the nucleus populated in

the experiment. In a 2-dimensional γγ matrix, the two gamma energy bins are defined

along the x and y-axis (typically 0.5 keV per ADC channel), and is incremented by

the number of counts at the energy coordinates for coincident γ-ray pairs. However,

in case of backed targets (as in our experiments) where the high spin γ transitions are

usually Doppler-broadened and a special matrix is formed by placing an Eγ detected

by detectors at 90◦ along one axis and the other co-incident Eγ from any other detector

along the other axis. Then the 90◦ spectrum obtained with a gate on the all-detector

axis, enables us to detect and place these transitions in a level scheme. Fig. 3.13

shows two γ-gated spectra for 90◦-vs-all and all-vs-all coincidence. From this figure

one can easily appreciate the above argument. This matrix is also used to find the

true intensities of the gamma rays which are Doppler shifted.

A 3-dimensional γγγ cube contains an additional Eγ axis. For a bin in the cube

to be incremented three γ rays must be detected in coincidence. In this case , the
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Figure 3.13: Gated spectra for all-vs-all and 90-vs-all (“all” means any detector of the
array) detectors are shown. The lines with line-shapes are identifiable only for the
90◦ projected spectrum (a) from 90-vs-all matrix. Lines with asterisk marks are the
lines with line-shapes. The gates are placed at 230.5 keV and 258.6 keV in each case
which belong to Band 3 of 106Ag (chapter 6).

gamma gates can be set on the two axes of a cube (a double gate) to project a spectrum

containing only those γ-ray transitions in coincidence with the both of the γ rays. This

multiple gating condition removes the contamination from the gamma-rays coming

from the other residual nuclei. In the present thesis work, the 2-dimensional matrices

are analyzed using the softwares such as DAMM which is a part of the UPAK software

suite [18] while the RadWare [19] was mostly used for the analysis of the cubes. This

software allows double gates to be set to study three-fold coincidences. The continuum

background is subtracted within the RadWare program using algorithms based on

92



3.6. γ ray Spectroscopic Techniques

subtracting multiple background gates in the region of the Compton background [20].

3.6.2 Spin Assignment

The fusion-evaporation reaction makes it possible to measure the angular

distribution of the de-exciting γ ray transitions since the angular momentum vector

(l = r×p) of a compound nucleus is in a direction perpendicular to the reaction plane.

Thus, angular distribution can be measured with respect to this quantization axis.

However, as the particles evaporate from the compound nucleus, this alignment is

perturbed resulting in a Gaussian distribution of the m substate population, centered

at m = 0 [21]. In the case of an orientated substate population, the probability of a

γ ray being emitted at an angle, θ relative to the beam direction is given by [1, 22]

W (θ) =
�

k

akPk(cosθ) (3.15)

where W (θ) is the gamma-ray intensity measured at angle θ to the beam direction.

Here k takes even values less than 2l where l is the angular momentum taken away by

the emitted photon, Pk(cosθ) are the standard Legendre polynomials. ak is called the

angular distribution coefficient. This value depends on the substate or m-population

distribution and the values of the initial and final state spins [22]. The ak values can

be used to experimentally distinguish between transitions of different multipolarities

[22, 23]. In discrete gamma ray spectroscopy, the transition multipolarities are mostly

restricted to angular momentum values of 2 or less (mostly E2, M1 or E1 decays are

observed). Thus, in this case the Eq. 3.15 takes the form

W (θ) = a0 (1 + a2P2(cos θ) + a4P4(cos θ)) (3.16)
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where a4 = 0 for a pure dipole transition. By measuring the intensity of a gamma-ray

transition as a function of detector angle about the beam direction, a full angular

distribution can be obtained from which the values of a2 and a4 can be obtained by

fitting the distribution to Eqn. 3.16. Similarly, fitting the experimentally observed a2

and a4 coefficients for transitions of known multipolarity gives a measure of the degree

of substate alignment for that spin. However, the fixed (and often limited) angular

granularity of modern gamma-ray arrays coupled to the complexity of the singles

spectra, a full angular distribution analysis may not be always possible. Therefore,

several techniques have been devised over time to exploit the difference between the

dipole and the quadrupole angular distributions so as to assign the spin to the discrete

levels of a given nucleus.

Figure 3.14: Geometry of the γ rays used in DCO ratios.

1. DCO Ratios: The Directional Correlations from Oriented states (DCO) is a

method that is used to infer the spin differences between states observed by the

measurement of the gamma-decay between them [24]. The angular correlation

between the two coincident γ rays is shown in the Fig. 3.14 which illustrates
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the emission of two coincident γ rays at different angles, θ1 and θ2 relative to

the beam direction. The angle φ is the angle between the two planes defined by

θ1 and θ2 and the beam axis. The DCO ratio is calculated from experimental

data by

RDCO =
Iγ2θ1 (gate

γ1
θ2)

Iγ1θ2 (gate
γ2
θ1)

(3.17)

where Iγ2θ1 (gate
γ1
θ2) is the intensity of the coincident gamma (γ2) measured at

angle θ1, when a gate is placed on the gating transition (γ1) at an angle θ2

and vice-versa. A detail discussion of DCO ratio is given in Ref. [25]. In this

thesis work, the detectors of the INGA at 90◦ and 23◦ rings have been used for

DCO measurements. This method for the spin assignment was extensively used

during my studies barring certain weak lower level transitions of 106Ag where

gated angular distribution method was used which is discussed later.

2. Anisotropies: In order to differentiate between the transitions of ΔI=±1 and

ΔI=2 type, measuring the difference between anisotropies is another commonly

employed method. The anisotropy A for our detector geometry can be defined

by

A = 2

�
W (157◦)−W (90◦)

W (157◦) +W (90◦)

�
(3.18)

where the angles correspond to detector positions. Fig. 3.15 illustrates

the theoretically expected value for this anistropy for the three possible

multipolarities. Note that the different values of anisotropy (A) for ΔI=±1

decays depends on the value of the E2/M1 mixing ratio (δ).

3. γ gated angular distribution: In the case of the INGA array, the γ ray

detectors are positioned at various angles with respect to the beam direction,
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and thus, the full angular distribution measurements are also possible. But the

distribution from the singles data where no coincidence criteria is considered

can be obtained only for a few strong transitions. It is not possible to measure

directly the angular distributions for the relatively weak γ-ray transitions due

to the high density of photopeaks and inadequate single to background ratio in

singles spectra. In order to isolate the photopeaks of interest γ ray coincidence

gates are used [26]. In this method the angle-dependent matrices were formed

by placing gammas detected at a given angle on one axis and the corresponding

coincident gamma detected at any other angle on the other axis. This method

may be used for the spin assignment of very weak transitions as it employs many

detectors than used for RDCO measurements (two angles only). The details of

this analysis method as we used it are as follows.

The background subtracted gamma-gated spectra were extracted from the seven

angle-dependent matrices. The peak areas were normalized by the number

of detectors and efficiencies at each angle. These distributions (w(θ)) were

fitted to the angular distribution function given by Eq. 3.16 as shown in Fig.

3.16. In order to establish the validity of this technique for the present INGA

geometry, we have determined the angular distribution coefficients from the

singles spectra for the lowest strong transitions in 105,106Ag. The results from

the two methods were found to agree within ±1σ. Thus, we established the

gamma gated angular distribution technique as a valid analysis method for the

present INGA geometry. However, it may be noted that this method is not

suitable for gamma transitions which exhibit line-shapes.

Fig. 3.16 shows the gated angular distribution of 506, 932 and 1170 keV

transitions of 106Ag. It may be noted that no specific bias on the angular

distribution has been introduced due to the gamma gating. This is due to the

fact that the gating transition is detected in twenty detectors at seven angles

96



3.6. γ ray Spectroscopic Techniques

which are evenly spaced over 23◦, 40◦, 65◦, 90◦, 115◦, 140◦ and 157◦ angles.

Thus, any angular correlation effect is washed away.
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Figure 3.15: Possible theoretical values of the gamma-ray anisotropy as a function of
mixing ratio between dipole and quadrupole (δ) for various transitions as indicate in
the figure.
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Figure 3.16: Gamma gated angular distribution for the three transitions of 106Ag.

3.6.3 Parity Assignment

The parity of a level can be determined if the polarization of the gamma ray

which de-excites that level can be measured and the parity of the final state is

known. It has been stated in section 3.5.1 that the HPGe clover detector can be

used as a polarimeter [27]. The large total efficiency of the INGA array allows one

to carry out coincidence measurements between the 90◦ CLOVER detectors and the

remaining detectors. This method of the Polarizational-Directional Correlation from

Oriented nuclei (PDCO) has been described in ref. [28]. This type of analysis uses

the fact that the direction of Compton scattering is different for electric and magnetic

type transitions. Thus, by comparing the efficiency corrected photo-peak intensities

from the ‘added-back’ spectra for the horizontal and the vertical combinations of

the four crystals, the electric or magnetic (or mixed) nature of the transition can be

determined. The polarization (P ) of a gamma radiation depends on the polarization

sensitivity (Q) and the polarization asymmetry (A) through the relation, P = A/Q.

The polarization asymmetry of a Compton scattered photon has been defined as
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[29, 30]

A =
a(Eγ)N⊥ −N�
a(Eγ)N⊥ +N�

(3.19)

where N⊥ and N� denote the number of events scattered in perpendicular and parallel

directions to the reaction plane, respectively. The asymmetry correction factor a(Eγ)

indicates the geometrical asymmetry in the detection system and in our case was

determined by

a(Eγ) =
N�
N⊥

(3.20)

using gamma-ray transitions from an unpolarized radioactive source. The asymmetry

correction factor a(Eγ) as a function of energy has been measured for the INGA

geometry using the radioactive 152Eu and 133Ba sources. The factor was observed to

remain at an almost constant value of 0.98 over an energy range from 300 to 1400

keV as shown in Fig. 3.17.

The experimental asymmetry, A, for the transitions of interest, is evaluated

from the two Eγ - Eγ matrices. One matrix contains events in which one of the

gamma rays was scattered inside the clover detector between crystals placed at 90◦

with respect to the beam axis while a coincident gamma ray are registered in any

clover placed at the other angles. The other matrix is almost similar, except for the

fact that the gamma rays which are scattered inside the clover between crystals in

the direction parallel to the beam axis, are considered.

The polarization detection efficiency Q is determined at each transition energy

by using the measured asymmetries A and the theoretically calculated values Pcal. In

our analysis we calculated the theoretical values of polarization (Pcal) from the Eqn.
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Figure 3.17: The asymmetry correction factor a(Eγ) for the clover detector placed at
90◦ with respect to the beam direction. The solid line shows a linear fit of the data
points.

[30]

Pcal = ±3A22H2 − 7.5A44H4

2− A22 + 0.75A44

(3.21)

where ± is taken for a transition without (with) a parity change . For a dipole-

quadrupole mixed transition, the functions Hλ are given explicitly by

H2 =
F2(11)− 1.5δF2(12) + δ2F2(22)

F2(11) + 2δF2(12) + δ2F2(22)
(3.22)
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and

H4 = −1

6
(3.23)

The values of the coefficients Fλ are tabulated in the Ref. [31].

The polarization sensitivity Q which was obtained for the present INGA array

is plotted as a function of photon energy in Fig. 3.18.
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Figure 3.18: The polarization sensitivity as a function of energy for detectors which
acted as porimeters in our experiments.
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The fit to the experimental values are obtained by using [30]

Q(Eγ) = Q0(a+ b× Eγ) (3.24)

where Q0 is called the polarization sensitivity for the ideal Compton polarimeter and

is defined as

Q0 =
1 + α

1 + α + α2
(3.25)

where

α =
Eγ(keV)

511

The least-squares fitting of experimental polarization sensitivity Q(Eγ) gave a =

2.0(9) and b = −1.3 × 10−3 in keV−1. A positive value of linear polarization (P ) is

indicative of electric character whereas a negative value indicates magnetic character

of the transitions. The linear polarization for a mixed transition is expected to be

close to zero.

In a situation where there is an ambiguity between whether a given dipole

transition is actually ΔI=+1 or ΔI=−1, the results from angular distribution and

polarization can be used simultaneously to resolve this issue. Such a situation

occurred during the spin assignment of an excited level in 106Ag. The band head

spin for Band 3 (chapter 6) was assigned by plotting theoretical values for A2 from

the gated angular distribution and polarization for the possible spin values and

were compared with the experimental values. This leads to an unambiguous spin

assignment to the band head. This case has been discussed in detail in chapter 6.
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3.7 Nuclear Lifetime measurements: Doppler-Shift

Attenuation Method

The measurement of the lifetimes of the excited levels populated during the

fusion-evaporation reaction are often very crucial for nuclear structure studies. This

is because there are only a few observables available that can experimentally be

determined in a model-independent way which include the energies of the excited

nuclear levels, the gyro-magnetic ratios and the level lifetimes. Various techniques

have been developed to measure the level lifetimes ranging from 10−14 to 10−7 sec.

Each method is suitable for a specific time scale. The two common methods used for

de-exciting recoiling reaction products include “Recoil Distance Method” and “Doppler

Shift Attenuation Method” (DSAM). The DSAM method is useful if the level lifetimes

are ∼ 10−14 − 10−12 sec and has been extensively used during this thesis. Thus, this

method is discussed in detail.

Principle: The Doppler Shift Attenuation Method exploits the stopping time

of the energetic recoiling ions in the high-Z solid backing as a clock for the γ-

emitting de-exciting nuclear states. Ideally, we have an ensemble of nuclei excited

at t=0 to a state with a sub-picosecond lifetime entering the backing with an initial

velocity v0/c ∼ 10−4− 10−1. As the recoil velocity gradually decreases with time as a

result of electronic and atomic collisions in the backing material, the emitted γ-ray is

Doppler-shifted covering an energy range from E0 to E0+ΔEγ. The resulting Doppler-

broadened line profile thus reflects the correlation between the decay processes and

the velocity attenuation of the recoiling ions in the backing. Thus, knowing the

stopping power dE/dx = −M1(dv/dt), one can estimate the nuclear lifetime from the

line-shape profile. The simulation of this stopping power is a crucial input to DSAM

analysis and should be modeled as realistic as possible since this is identified as one
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of the principal sources of uncertainty on the measured level lifetimes.

The Doppler-shifted energy Es of a γ ray emitted by a recoiling nucleus at

velocity v as observed by a detector at an angle θ with respect to the recoil velocity

is given by

Es ≈ E0

�
1 +

v

c
cosθ

�
(3.26)

where E0 is the energy of the γ ray in the inertial frame of the recoil. The gamma-

ray photo-peak thus has a line-shape depending on the velocity (between v0 and

zero) of the recoil. Measuring the centroid of the total line-shape gives a measure of

the average velocity at which the gamma-ray was emitted. The centroid results are

usually expressed in terms of a Doppler Shift Attenuation Factor F(τ), where

F (τ) =
vav
v0

=
1

v0τ

� ∞

0

v(t)exp

�
− t

τ

�
dt (3.27)

where v0 is the initial recoil velocity and vav is the average recoil velocity when the

gamma-ray is emitted.

The slowing down of the recoil as a function of time (v(t)) is usually taken from

tables of stopping powers such as those by Northcliffe and Schilling or Ziegler [32].

The stopping power is usually separated into two components, electronic and

nuclear stopping. In electronic stopping, the recoil slows down due to interactions

with atomic electrons in the stopping material. Since the mass of the recoil is much

larger than the mass of the electrons, many collisions are required to stop the recoil.

In the nuclear stopping process, the recoils lose energy in a small number of

discrete steps due to nuclear collisions. These can cause the nucleus to scatter and

alter its direction, which must be accounted for (since a change in direction will alter
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the measured, Doppler shifted energy). This is usually modeled by using Monte Carlo

simulations of the recoil velocity profiles [33, 34].

In practice, however, it’s not just one level but a cascade of excited levels

whose lifetime is measured simultaneously by the technique. This introduces lot

more complexity to the process of actual measurement. Besides knowing the details

of stopping mechanisms that a recoiling nucleus undergoes in the backing, side-feeding

intensity at various levels and side-feeding times have to be considered as well. Each

of these steps are crucial for an accurate lifetime measurement and are discussed

below.

(1) Stopping Power Mechanism: As mentioned above, the recoil looses

energy by interactions in the backing which can be classified in two processes. Out

of the two processes, electronic and nuclear stopping, which will dominate the total

energy loss per unit path length (the stopping-power), depends on the moving ion’s

velocity relative to the medium and thus on its kinetic energy. For high velocities,

the electronic stopping dominates the energy loss. The nuclear stopping becomes

significant below the Bohr velocity, v0 = αc ≈ c/137.

For the interaction with electrons, the charge state of the ion is important,

which in turn depends on its velocity in the medium. For velocities v ≈ v0, it can be

excepted that the ion is completely ionized (fully stripped) and thus has no bound

electrons. In this case, the description of the system as the motion of a point charge

in an infinite free electron gas is appropriate. The estimation of the stopping-power

in this regime can be done with the use of dielectric functions proposed by Lindhard

[35, 36] or Mermin [37]. For very low ion velocities, the projectile is not ionized and

the energy loss mainly takes place by collisions with weakly bound electrons of the

medium. For the calculation of the stopping-power in this regime, an effective density

of free electrons is usually assumed.
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For velocities between these two extremes, the ion will pick up electrons from

the medium and will loose electrons to it in a continuous interplay. Expressions for

the stopping-power in this regime have, inter alia, been derived by Lindhard and

Scharff [38].

For the nuclear stopping-power, there are also theoretical considerations

describing the average behavior of the ions. In combination with the electronic

stopping, the Lindhard-Schar∅ff-Schitt (LSS) theory [39] has been discussed here.

This description is usually formulated in scaled, dimensionless variables.

� =
6.49× 1012afA1

Z1Z2(A1 + A2)
E (3.28)

ρ =
4πa2fA1A2

(A1 + A2)2
Nx (3.29)

where af = 0.8853ab , with ab = 0.529×10−10m being the Bohr radius, N denotes

the number of atoms per cm3 in the stopper material, A1(2) and Z1(2) denote the charge

and mass number of the projectile (the target material), respectively, and x is the

traveled path. The dimension of x is cm and the dimension of E is MeV. The total

stopping-power is given by the sum of electronic and nuclear stopping-power. In the

limit of low velocities v < 2Z1v0 , the LSS theory can be approximated by

d�

dρ
=

�
d�

dρ

�

e

+

�
d�

dρ

�

n

= feκ�
1/2 +

fn�
1/2

0.67φn + 2.07�
(3.30)

here, κ is the Lindhard stopping coefficient, fn , fe and φn are fit parameters used to

match the LSS theory with experimental findings. Fig. 3.19 shows the evolution of

the stopping-power according to equ. 3.30. The empirically determined parameters fn

, fe and φn for various target-projectile combinations are tabulated and are provided

106



3.7. Nuclear Lifetime measurements: Doppler-Shift Attenuation Method

Figure 3.19: Stopping-power of 114Cd in 28Si in dimensionless units of LSS-theory
(compare eqs. 3.28, 3.29). The solid lines display the values for the electronic stopping
from the Ziegler-Biersack parametrization and from LSS-theory, the dashed line shows
the contribution of the nuclear stopping as described by the LSS-theory. The graph
with the label “fe = 1.07 ± 0.07” shows experimental findings for the scaling factor
fe . The figure is taken from [40].

in form of different stopping-power parametrizations, such as those by Northcliff and

Schilling in [41] Ziegler and Biersack (SRIM-Codes) [42].

On the other hand, the single collisions of nuclear stopping power induce

significant changes in the motion of the ion and the treatment as a continuous

processes is a poor approximation. In this case the results are obtained by considering

these “hard” collisions as statistical processes with theoretical distributions of energy

loss and lateral deflection (“staggering”). An effective treatment of these processes

can be achieved with a Monte-Carlo simulation. Detailed description of the models

treating the stopping of the ions in matter are given by [43, 44, 40]. An extensive
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description of a Monte-Carlo simulation of the stopping processes can be found in the

GEANT4 Physics Reference Manual [45]. In the present work, the LINESHAPE code

by Wells and Johnson [46] has been employed which uses the Monte-Carlo simulation.

(2) Feeding from Higher Levels: When a given level of interest is populated

directly without being fed by any other level with comparable lifetime, the rate of

decay of the population is given by [47]

dN

dt
= −(N0/τ)e

−t/τ (3.31)

where N0 is the number of nuclei in this state at time t = 0 and τ is it’s decay

lifetime. However, if the state of interest is partially populated in a reaction, then it

is not possible to distinguish between γ-decays due to direct population and due to

the feed from higher levels. If the lifetimes of the higher levels are comparable or if

the higher-lying states are formed with significantly different initial recoil velocities,

then the shape of the Doppler-broadened line-shape will be modified for the level of

interest.

Fig. 3.20 shows a generalized feeding scheme to a level of interest with lifetime

τ1. The fraction of nuclei that decay per unit time from this level, is

f1(t) =
1

τ1

�
f1e

−t/τ1 +
�

i

2nf 0
i

τ1
τi − τ1

(e−t/τi − e−t/τ1)

�
(3.32)

where f 0
1 = N0

1/N0 is the fraction of nuclei directly populated in the observed

state and f 0
i = N0

i /N0 for i = 2 to n are the fractions that populate the observed

state by a single decay from higher-lying levels with lifetimes τi. Thus, the calculation

of a Doppler-broadened γ-ray line-shape requires a modification of Eq. 3.31 to take

account of the feeds coming from other levels.
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Figure 3.20: A decay scheme to illustrate feeding from higher levels as well as direct
feeding of a nuclear level.

The generalized form of eq. 3.27 is

F (τ1, τ2, ..., τn) =

� ∞

0

�
f 0
1 e

−t/τ1v(t) +
n�

i=2

e−t/τi − e−t/τ1

τi − τ1
v(t)

�
dt

v(0)τ1

= f 0
1F (τ1) +

n�

i=2

τiF (τi)− τ1F (τ1)

τi − τ1
f 0
i (3.33)

where

F (τi) =

� ∞

0

v(t)

v0τi
e−t/τidt

f1 +
n�

i=2

fi = 1
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The lifetimes of the state of interest can be determined provided the lifetimes τi and

the branching fractions f 0
i for all levels involved are known. It is assumed that the

angular distributions and initial recoil velocities are the same whether the level is fed

directly or from another level.

(3) Side feeding, Fit to Qt and Error estimation: For an excited level of a

band, the unobserved intensity (difference of the intensity at the level of interest and

at the immediate higher level) is assumed to originate from a band with an average

transition quadrupole moment Qsf . Energies in the side-feeding bands are calculated

from the following equation.

J (2) = I

�
d2E

dI2

�−1

=
dI

dω
= J (1) + ω

dJ (1)

dω
(3.34)

≈ 4

Eγ(I + 2 −→ I)− Eγ(I −→ I − 2)

where J (2) is the Kinematic moment of inertia and is assumed to be the same as the

band of interest. The trial value of the transition quadrupole moment (Qt) for the

level of interest together with the input information on the transition energies and

relative intensities within the band are used to calculate τ for each state using the

following equation.

τ = Br
821.0565

Q2
tE

5
γ�IK20|I − 2K�2 (3.35)

where τ is in femtoseconds, Br is the branching ratio of the level, �IK20|I2K� is the

Clebsch-Gordan coefficient for the transition with a value of roughly (3/8)1/2, for high

spin levels Qt is in electron-barns and Eγ is in MeV. To simulate decay times in an

individual nucleus, the side-feeding band is chosen to generate a random decay time
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3.7. Nuclear Lifetime measurements: Doppler-Shift Attenuation Method

for each consecutive state based on its average lifetime τ . In this way, the program is

able to calculate an average F(τ) curve for a large set of nuclei with realistic formation

and decay properties for the initial trial values of Qt. This is done for each level of the

band concerned. When the calculation is complete, the χ2 for the trial parameters is

Figure 3.21: Typical experimental line-shapes and the respective fits using the
LINESHAPE code by Wells and Johnson. The Red color represents the backgroung,
blue is the fit to the line-shape, green to the contaminant peak(s) and the brown is
the fit to the total experimental data.

calculated for the experimental and simulated F(τ). The calculation is then repeated

with different set of parameter values while a χ2 minimization algorithm attempts to

find the best fit for Qt and Qsf values. Both the SIMPLEX and MIGRAD algorithms

from the MINUIT statistical analysis package [48] are used for this purpose.

Fig. 3.21 shows the results of a typical line-shape analysis for a 1152 keV

transition. The left, middle and the right panels show the line-shapes at backward

(157◦), 90◦ and forward 40◦ angles, respectively. The solid line is the best fit to the

observed line-shape. These fits are carried out simultaneously so as to minimize the

error on the estimated Qt
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Once the best-fit parameters have been obtained, their uncertainties are

estimated. The uncertainties in the lifetime measurements are derived from the

behavior of the χ2 in the vicinity of the minimum (second column in Table 3.1).

The second source of uncertainty in this measurement are due to the uncertainty in

the side-feeding intensity which originate from the uncertainties in the intensities of

the top-feeding and the feedout γ-transitions for the level of interest (third column).

This is estimated by finding the level lifetimes for the extremum values of side-

feeding intensities. The third source is the estimation of the side-feeding time (fourth

column). This uncertainty has been estimated by varying the side-feeding time by

±20%. The total statistical uncertainty (fifth column) is calculated by adding the

uncertainties due to line-shape fitting, side-feeding intensity and the side-feeding

lifetime in quadrature. However, it should be noted that this uncertainity does not

include the systematic uncertainty which arises due to the choice of the stopping

powers used for the present target-backing combination. This uncertainty varies

between 1% to 15% depending on the extant of line-shape that a given gamma photon

experiences. These error contributions in a typical quadrupole band of 105Pd studied

during this work is tabulated in the table below.

Table 3.1: The contribution to error from various sources which include level lifetime,
side-feeding quadrupole moment, intensity and from the choice of stopping-power for
105Pd. For a magnetic band, the contribution to statistical error also comes from the
mixing ratio between E2 and M1 contributions to a ΔI = 1 transition.

Iπ τ(%error) Iγ(%error) Qsf (% error) stas. (% error) sys. (% error)
33/2+ 2.4 1.0 1.4 3.0 1.3
37/2+ 4.2 1.3 1.0 4.3 2.3
41/2+ 5.6 1.5 6.3 8.4 4.7
45/2+ 6.2 2.9 9.6 11.7 6.8
49/2+ 7.2 9.3 8.7 14.6 9.7
53/2+ 8.0 13.3 11.3 19.2 14.3

It is to be noted that if a line-shape can be extracted from a top gate, then

the uncertainties due to the side-feed vanishes. Thus, this leads to more accurate
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3.7. Nuclear Lifetime measurements: Doppler-Shift Attenuation Method

estimation of level lifetime. However, in most of the cases this extraction for the high

spin levels is limited by statistics.

The following three chapters report the experimental results on 104,105Pd and

106Ag which have been obtained by the techniques described in this chapter.
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Chapter 4

Anti-magnetic Rotations in 104Pd

4.1 Introduction

The even-even 104Pd has 46 protons and 58 neutrons. Thus, the valence protons

are in g9/2 orbital and the neutrons are in g7/2, d5/2 and h11/2 orbitals if we assume

90Zr as the core.

The ground state (GS) band of this nucleus is a 0-qp positive parity band

but at higher spins, the neutron and proton alignments are expected. But these

alignments will not change the parity of the GS band. However, the two quasi-

neutron bands of 104Pd can have negative parity as they might arise from h1
11/2 ×

(d5/2, g7/2)
1 configuration. It may be noted that 104Pd is the isotone of 106Cd where the

antimagnetic rotation was identified for the first time [1] and was later also established

as a mode of excitation in 108,110Cd [2, 3]. In all the three cases, the yrast states above

Iπ = 16+ originate due to AMR. For this mode of excitation, two magnetic subsystems

are formed by πg−2
9/2×ν[h2

11/2, g
2
7/2] configuration and the transverse magnetic moments

of the two subsystems are anti-aligned. This same configuration can lead to the high
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spin states in the positive parity yrast band of 104Pd. Thus, this is the best case

to search for AMR in a nucleus other than Cadmium. In previous searches, the

indications of AMR bands have been found in 100Pd [4], 101Pd [5] and 144Dy [6]. But

due to the absence of the lifetime measurements, the bands in these nuclei could not

be identified with AMR.

In a recent publication, D. Sohler et. al. [7] have reported the detailed high

spin level structure of 104Pd. The positive parity yrast band was established up to

Iπ = 26+. In addition, four more high spin negative parity bands were also reported.

However, none of the level lifetimes were measured.

This chapter reports the lifetime measurements of the high spin levels of

104Pd. These measurements are essential to understand the mechanisms of angular

momentum generation in these bands.

4.2 Experiment

In order to populate the high spin states of 104Pd, the 63 MeV 13C beam

delivered by 14-UD Pelletron at Tata Institute of Fundamental Research (TIFR), was

bombarded onto a 1 mg/cm2 enriched 96Zr target with 206Pb backing of 9 mg/cm2

thickness. The de-exciting γ rays were detected using the Indian National Gamma

Array (INGA) [8] which consisted of 18 Compton suppressed clover detectors. The

two and higher fold coincidence data were recorded by fast digital data acquisition

system based on Pixie-16 modules [9]. The corresponding time stamped data were

sorted in a γ-γ-γ cube and the various types of γ-γ matrices as discussed in the chapter

3. The count rate of the INGA array was about 850 Hz. The peak-to-Compton ratio

with BGO was measured to be about 0.41.
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4.3 Experimental Methods

The γ − γ − γ cube was used to established the low lying levels of 104Pd with

the help of the RADWARE program LEVIT8R [10]. It was also used to determine

their relative intensities. The two samples of double gamma gated spectra are shown

in Fig. 4.1. However, the γ − γ − γ data were not useful to establish high spin
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Figure 4.1: Double gated spectra from cube. The gates lists used are denoted by x,y
and z such that x = 768 keV, y = 1168 keV and z = 739 keV + 651 keV for each
spectrum. The high spin transitions for the bands D, E and F can be identified from
spectrum (a), while for bands C, D and E from spectrum (b). A x/y gating condition
demands a triple coincidence of a gamma with the gammas in the list x and in the
list y.

states which de-excite through γ-rays which exhibit Doppler-shifted line-shapes. An

asymmetric 90◦-vs-all γ-γ matrix was constructed by placing the γ-energy detected

121



Chapter. Anti-magnetic Rotations in 104Pd

at 90◦ along one axis and the coincident γ-energy detected at any other angle along

the other axis. The 90◦ projections of different γ-gates on this matrix were used to

extend the level scheme to higher spins and to measure the corresponding relative

intensities. Fig. 4.2 shows three typical gated spectra from this matrix and a number

of high energy transitions are identified.
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Figure 4.2: The 90◦ projected gamma gated spectra for Band 1, Band 2 and Band 3
(Fig. 4.5).

The intensities, DCO and polarization values of the different transitions are

given in Table 4.2. The details of these analysis techniques have been discussed in

chapter 3. A plot of the measured DCO and PDCO values as a function of the gamma

energies are shown in Fig. 4.3 and 4.4, respectively. The partial level scheme of 104Pd

is shown in Fig. 4.5 where the widths of the transitions are proportional to their
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Figure 4.3: The DCO ratio values as a function of the gamma energy as measured
for the various transitions of 104Pd. The red color corresponds to transitions with
quadrupole nature while the black color corresponds to the transitions with dipole
nature.
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Figure 4.4: The PDCO values as a function of the gamma energy for the various
transitions of 104Pd. The red color corresponds to transitions with electric nature
while the black color corresponds to the transitions with magnetic nature.

relative intensities. The present level scheme is in a good agreement with the earlier

report [7].

123



Chapter. Anti-magnetic Rotations in 104Pd

Figure 4.5: The partial level scheme of 104Pd established by the present work. The γ
transitions are in keV.

The MARCOS (referred in chapter 3) was also used to construct two more angle-

dependent γ-γ asymmetric matrices for the 40◦ and 157◦ angles. These two matrices

were used to extract the line-shapes for Band 2, Band 3 and Band 4. These line-

shapes of different high spin states of 104Pd were fitted by the theoretical line-shapes

generated using the LINESHAPE analysis code developed by Wells and Johnson [11].

The procedure of this technique involves the simulation of the stopping power of the
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various recoils in the backing, handling the side-feed to each level concerned and

the side-feeding Qt’s. The procedure adopted in the present case and the associated

uncertainties have been discussed in detail in chapter 3.

Figure 4.6: Examples of the line-shape fits for 1193 (20+ → 18+) keV, 1256 (22+ →
20+) keV and 1365 (24+ → 22+) keV transitions of Band B at 40◦, 90◦ and 157◦ with
respect to the beam direction. The fitted Doppler broadened line-shapes are drawn
in solid lines while the contaminant peaks are shown in dashed lines. The result of
the fit to the experimental data is shown in dot-dashed lines.

For Band B the topmost transition of 1468 (26+ → 24+) keV was assumed to

have 100% side-feed. The other parameters were allowed to vary until the minimum

χ2 value was reached. This led to the estimation of the effective lifetime for the 26+

level. For the 24+ level decaying through 1365 keV transition, the effective lifetime of

the 26+ level and the side-feeding lifetime were considered as the input parameters.
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In this way, each lower level was added one by one and fitted until all of the observed

line-shapes of the yrast cascade of 104Pd were included into a global fit where only

the in-band and the side-feeding lifetimes were allowed to vary. This procedure of

global fit was carried out simultaneously for the forward and the backward angles.

The uncertainties in the lifetime measurements were derived from the behavior of the

χ2 in the vicinity of the minimum for the simultaneous fit at the two angles. The

other source of error in the level lifetime measurement was due to the uncertainty in

the side-feeding intensity which originated from the uncertainties in the intensities

of the top-feeding and the feed-out γ-transitions for the level of interest. This was

estimated by finding the level lifetimes for the minimum and maximum values of

side-feeding intensities. The final statistical uncertainty was calculated by adding the

uncertainties due to line-shape fitting and side-feeding intensity in quadrature.

In the present analysis, all the line-shapes for Band B were extracted from the

803 keV γ-gated spectrum. In this gate the line-shape of 927 (16+ → 14+) keV

transition was strongly contaminated by 926 (6+ → 4+) keV transition. However,

it was found from the data that the γ-transitions below 10+ state did not exhibit

line-shapes. Thus, the 926 keV transition could be treated as a contaminant peak.

The intensity of this stopped peak was estimated from the efficiency corrected areas

of 556 (2+ → 0+), 768 (4+ → 2+) and 971 (8+ → 6+) keV transitions in the 803 keV

γ-gate. These areas were found to be equal within ±1%. So a stopped peak at 926

keV with this averaged area was used to determine the true line-shape of 927 keV

transition. The examples of the line-shape fits for the three top transitions for Band

B in 104Pd are shown in Fig. 4.6. The level lifetime values and the corresponding

statistical and systematic uncertainties are given in table. 4.1.

The line-shapes for the Band C and Band D were extracted from the sum gate

of 680 keV and 379 keV and the sum gate of 618 keV and 251 keV, respectively. The
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line-shape fits for 1160 keV and 1141 keV transitions belonging to Band C and Band

D respectively, are shown in Fig. 4.7.

Figure 4.7: Examples of the line-shape fits for (a)1160 (17− → 15−) keV (Band C),
(b)1141 (16− → 14−) keV (Band D) and transitions at 157◦, 90◦ and 40◦ with respect
to the beam direction. The fitted Doppler broadened line-shapes are drawn along
with the contaminant peaks.

The B(E2) transition rates were extracted from the measured level lifetimes

using the formula

B(E2) =
0.0816

E5
γ × τ

(4.1)

where Eγ is the energy in MeV of a pure E2 transition, τ is the level lifetime in pico-
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seconds and B(E2) is in the units of (eb)2. The extracted B(E2) values are tabulated

in Table 4.1.

4.4 RESULTS

4.4.1 Level Scheme

Band A: It is the positive parity GS band which was extended upto the

value of 14+ by placing an additional level to the previously known one [7]. The

deduced multipolarity of its de-exciting 1266 keV gamma is such that it was assigned

a stretched E2 character.

Band B: This band was also extended by placing an additional transition to

the known value of Ref. [7]. The DCO and the PDCO measurements confirm the

previous spin and the parity assignments. The gamma de-exciting the Iπ = 28+ level

was assigned to be an E2 transition based on the same assumption that it continues

to be the part of the existing rotational sequence. This band originates from the GS

band and gets connected through 803 keV transition.

Band C: Like the Band A and Band B, the spin-parity assignments from

our analysis were in agreement with the Ref. [7]. However, the levels Iπ = 21−

and Iπ = 23− were found to de-excite by gamma energies 1311 keV and 1434 keV,

respectively which were reported to be 1313 keV and 1386 keV in Ref. [7]. The 1434

keV transition was attributed a stretched E2 based on its PDCO value of 0.37(18)

which is consistent with it’s electric nature. The DCO measurement for this transition

was not possible because of the considerable line-shape.

Bands D, E and F: These three non-yrast negative parity bands were reported
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earlier. These bands were confirmed from the present data. They could not be

extended further from the present analysis.

Bands G and H: These bands were also established in the previous study and

have been confirmed by us. The multipolarity assignments are also in agreement with

our measurements.

Table 4.1: The measured lifetimes for the levels of 104Pd for band C, band D and band
E. It should be noted that the quoted errors are the statistical and the systematic
respectively. The statistical error on each level is obtained by adding in quadrature
the errors on intensity, intrinsic quadrupole moment of the level and the corresponding
side-feeding quadrupole moment.
Iπi Eγ τ ± stat.± syst. B(E2)±stat.± syst. J (2)/B(E2)
(h̄) (keV) (ps) (eb)2 h̄2MeV −1(eb)−1

Band B
16− 927 0.452±.04± .03 0.259±.02± .02 112(9)
18− 1064 0.271±.02± .02 0.222±.02± .02 141(13)
20− 1193 0.178±.02± .02 0.193±.02± .02 334(35)
22− 1256 0.203±.02± .03 0.131±.02± .02 283(22)
24− 1365 0.241±.03± .04 0.072±.01± .01 554(80)
26− 1468 0.661 0.021

Band C
13− 916 0.473±.05± .03 0.268±.03± .02 104.5(12)
15− 1058 0.210±.01± .01 0.292±.02± .02 133.6(9)
17− 1160 0.142±.01± .01 0.274±.02± .03 259.1(19)
19− 1217 0.112±.01± .01 0.272±.02± .03 156.9(12)
21− 1311 0.057±.01± .02 0.376±.02± .04 85.1(5)
23− 1434 0.043 0.313

Band D
12− 879 0.576±.01± .01 0.269±.03± .02 96.6(11)
14− 1033 0.292±.02± .01 0.237±.02± .02 156.1(13)
16− 1141 0.176±.01± .02 0.239±.02± .03 238.5(20)
18− 1211 0.136±.01± .02 0.230±.02± .03 130.4(11)
20− 1344 0.052±.01± .03 0.356±.02± .04 95.5(5)
22− 1462 0.038 0.321
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4.5 Discussions

4.5.1 Band A

This is the GS band of the even-even 104Pd. However, from the alignment plot

(Fig. 4.8) it seems that the lower five levels probably arise due to the quadrupole

vibrations. The GS collective band (0-qp) consists of 1019 keV, 1148 keV and 1266

keV transitions and the quasi-particle alignment is nearly zero since all the nucleons

are paired. However, since this band becomes non-yrast after Iπ = 8+, it cannot be

extended beyond 14+.

4.5.2 Band B

It is observed from the alignment plot (Fig. 4.8) that this band corresponds

to ix ∼ 8h̄. This is the characteristic quasi-particle alignment of two h11/2 neutrons

in this mass region. At higher spins the ix values seem to remain constant with a

slow increase around h̄ω=0.5 MeV. In addition, the J (2)/B(E2) values for Band B

are considerably higher than those for bands C and D and is found to increase with

spin (table 4.1). This is expected for an AMR band as the B(E2) values are small

and decrease with spin while the J (2) remains nearly constant [1]. Thus, the high

spin levels of Band B of 104Pd seem to originate due to anti-magnetic rotation.

This possibility has been further investigated in the framework of SCPRM.

For these calculations, the configuration for Band B was assumed to be πg−2
9/2 ⊗

ν[h2
11/2, (g7/2/d5/2)

2] which is the same as for the AMR band of its isotone, namely

106Cd. For this configuration, the symmetric shears is formed between jh
(1) = jh

(2)

= jπ = 9/2 and jp = jν = 16. There are eight possible particle - hole and one hole -

130



4.5. Discussions

0 0.5 1 1.5 2
Frequency (MeV)

-2

0

2

4

6

8

10

A
lig

ne
d 

i x (h
)

Band A
Band B
Band C
Band D
Band E
Band F

Figure 4.8: Alignment plots for the various bands of 104Pd as indicated. The Harris
parameters used for the calculation are J (1) = 14h̄ and J (2) = 15h̄.

hole pairs which imply that n = 8. Thus, the shears parameters used in the present

calculation were j = 4.5 h̄, a = 3.55, Vπν = 1.2 MeV and Vππ = 0.2 MeV. For 104Pd,

Imax
sh = jν + 9/2 + 7/2 = 24 h̄ and from the experiment Imax= 26 h̄. Using these

values in Eq. (8), J was estimated to be 5 MeV−1h̄2. Jrot was found to be 17 MeV−1h̄2

from the slope of the ground state band of 104Pd before the neutron alignment. With

these fixed set of parameters, the numerical values of I(ω) were calculated and have
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Figure 4.9: The observed B(E2) rates (a) and the I(ω) plot (b) in 104Pd. The lines
represent the numerical values obtained from the semi-classical particle rotor model
for the parameter set as given in the text. The error bars given in (a) correspond to
statistical error only.

been shown by the solid line in Fig. 4.9(b) while the experimental values are shown

as filled squares. The calculated values were shifted by the experimental bandhead

frequency of 0.46 MeV. The comparison plot shows that the numerical values obtained

from semi-classical particle rotor model are in good agreement with the experimental

values. It is worth noting that in the present model, the shears angle (θ) is the

only variable and every angular momentum state corresponds to a unique θ which

is determined from 2.50. However, from the Eq. Ish = jp + 2jh cos θ, the complete

closure of the two proton blades (θ = 0◦) leads to an angular momentum gain of 9 h̄

(corresponding to I = 27 h̄) which is inconsistent with Pauli exclusion principle. A
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4.5. Discussions

pictorial representation of the evolution of the shears structure in 104Pd as a function

angular momentum is shown in Fig. 4.10 where the highest observed level of I = 26

h̄ corresponds to θ = 25◦ as calculated from Eq. 2.50.

Figure 4.10: A pictorial representation of the symmetric shears structure in 104Pd.
The higher spin states are generated by the gradual closing of the shears angle.

These θ values were used to calculate the B(E2) transition rates from Eq. 2.58.

The eQeff for 104Pd was found to be 1.3 eb from the single particle quadrupole

moments of the Nilsson states with Woods-Saxon potential at β2 = 0.15 [7]. This

prescription has been described in detail in Ref. [2]. The experimental and calculated

values have been shown in Fig. 4.9(a). The good agreement provided the essential

consistency check for the numerical calculations since both the I(ω) and the B(E2)

values for the observed AMR band of 104Pd were well reproduced for same set of

values for the shears angle. It is worth noting that though these calculations involved

a number of parameters but none of them was left free to obtain the good agreement
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Chapter. Anti-magnetic Rotations in 104Pd

between the experimental and calculated values. Thus, AMR has been conclusively

established in a nucleus other than Cadmium for the first time which extends the

domain of AMR in A ∼100 region. This result has induced further experimental

investigation in neighboring 105Pd which is reported in the next chapter.

4.5.3 Band C and D

The measured B(E2) values for the high spin levels of Band C and Band D

are plotted in Fig. 4.11. It may be observed from the figures that the B(E2) are

constant in each band and the average values are similar. This average value of

0.26±0.06 corresponds to a β value of 0.20. Thus, both the bands originate due to

collective rotation of a prolate shape with β ∼0.20. In Fig. 4.12, the energy staggering

between Bands C and D, using equation S(I) = E(I) − E(I − 1), has been plotted.

This shows a characteristic energy splitting of two signature partner bands. This

observation is consistent with the quasi-neutron configuration of h1
11/2 ⊗ (d5/2, g7/2)

1

where the h11/2 neutron is expected to occupy the low Ω orbitals thereby leading to

signature splitting. It may also be noted that this configuration is also consistent

with the quasi-particle alignment value of ∼ 5h̄ (Fig. 4.8).

4.5.4 Bands E and F

These are the other set of negative parity partner bands. They are more non-

yrast as compared to Band C and Band D and thus, are populated with substantially

lower intensity. For this reason it was not possible to measure the lifetimes of the high

spin levels of these two bands. In order to investigate further, the energy staggering

between these bands is plotted in Fig. 4.12. It may be noted that the energy splitting

pattern is very similar to that of bands C and D and in both cases, the odd spins are
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4.5. Discussions

Figure 4.11: The B(E2) rates for the Band C (a) and Band D (b) as a function of
spin.

the favored signature. Thus, it seems plausible that these are signature partners with

the same quasi-neutron configuration of h1
11/2 × (d5/2/g7/2)

1.
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Chapter. Anti-magnetic Rotations in 104Pd

Figure 4.12: The energy staggering plots for the two pairs of bands, bands C and D
and bands E and F.

Figure 4.13: A plot for the experimentally observed odd-even spin energy staggering
for the bands G and H.
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4.5.5 Bands G and H

These are the two positive parity γ-soft bands built on the 2+ level. The

distinction between a γ-soft and a γ-rigid energy sequence is expressed in terms of

the odd-even spin energy staggering function [12]

S(I) =
E(I) + E(I − 2)− 2E(I − 1)

E(2+g )
(4.2)

such that for a rigid triaxial rotor this staggering function gives positive values for

the even spins and the negative values for the odd spins. However, the sign between

the even and the odd spins is reversed for the γ soft rotor. This staggering plot for

the Bands G and H is shown in Fig 4.13 which seems to establish the γ softness of

this sequence.

Thus, the present data seems to indicate that the high spin states of 104Pd are

generated by the principal axis rotation (Bands C, D, E and F) as well as antimagnetic

rotation (Band B). This is a novel observation of co-existence of collective and

antimagnetic rotation which has been established through the measurement of electric

quadrupole transition rates of the high spin states of 104Pd.

Table 4.2: Energies, relative intensities, DCO ratios, linear polarizations and the
deduced multi-polarities of transitions assigned to the 104Pd in the present work.

Ii
π → If

π(h̄) Eγ(KeV ) Iγ RDCO P Mult.
4− → 3− 116 0.5(1) 0.64(22) D
8− → 7− 163 3.9(2) 0.43(6) D
5− → 4− 194 2.1(3) 0.66(10) D
8− → 6− 193 0.4(1) 0.98(16) Q
8+ → 8+ 201 1.2(2) 1.04(12) D
4− → 4+ 215 1.5(2) 1.08(14) D
9− → 8− 216 1.6(1)
6− → 5− 233 0.3(1) 0.57(13) D
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Table 4.2 – Continued from previous page
Ii

π → If
π(h̄) Eγ(KeV ) Iγ RDCO P Mult.

6+ → 5+ 233 0.4(2) 0.66(9) D
8− → 6− 251 7.5(7) 1.09(9) 0.27(7) E2
5− → 3− 310 1.0(3) 0.94(7) Q
7− → 5− 321 1.2(5) 1.2(4) 0.67(8) E2
8− → 8− 350 1.3(4) 0.99(5) D
5+ → 4+ 362 0.7(5) 0.54(4) D
8+ → 8+ 372 0.2(2) 0.95(7) D
9− → 7− 379 21.6(14) 1.1(4) 0.65(7) E2
10− → 9− 402 1.2(3) 0.49(4) -0.37(8) M1
5− → 4+ 409 0.3(2) 0.63(6)
6− → 5− 409 6.6(5) 0.62(7) D
6+ → 6+ 428 0.8(4) 1.12(9) D
10− → 9− 463 0.4(3) 0.56(7) -0.78(7) M1
6− → 5− 467 2.4(4) 0.71(6) -0.77(8) M1
14+ → 13− 469 0.4(3) 0.51(3) D
4− → 3+ 477 1.1(3)
3+ → 2+ 479 0.6(4)
7− → 5− 497 1.9(5) 1.02(4) 0.59(8) E2
8− → 7− 513 0.6(2) 1.12(3) 0.10(2) E2
12− → 11− 535 0.7(2) 0.51(4)
8− → 6− 543 0.2(2)
2+ → 0+ 556 100 1.18(1) 0.35(6) E2
12+ → 11− 588 1.2(3) 0.56(6) 0.63(7) E1
9− → 8− 588 1.8(4) 1.56(4) -0.98(7) M1
7+ → 6+ 591 0.9(3)
22+ → 22+ 595 0.3(3)
6+ → 4+ 595 1.7(3)
12− → 11− 601 1.2(2) 0.56(7) D
10+ → 8+ 602 2.6(5) 1.07(7) 0.28(6) E2
6− → 4− 603 3.8(1) 1.03(5) 0.43(9) E2
12+ → 10+ 612 17.9(6) 1.05(10) 0.8(5) E2
10− → 8− 618 8.3(4) 1.06(7) 0.47(6) E2
5+ → 3+ 624 1.2(2) 0.99(4) Q
6− → 6+ 651 2.8(4) 0.98(5) D
10+ → 9− 656 0.7(4) 0.67(5) 0.59(8) E1
9+ → 8+ 666 0.4(2) 0.61(4) D
11− → 9− 680 14.9(5) 1.04(5) 0.51(6) E2
10− → 8− 701 1.4(3) 1.03(4) 0.87(6) E2
14− → 13− 718 0.2(2) 0.64(2) D
7− → 6+ 739 32.2(4) 0.54(5) 0.39(8) E1
4+ → 2+ 741 1.5(2) 0.98(3) Q
9− → 7− 751 1.0(1) 1.09(5) 0.83(9) E2
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Table 4.2 – Continued from previous page
Ii

π → If
π(h̄) Eγ(KeV ) Iγ RDCO P Mult.

4+ → 4+ 759 0.9(4) 1.00(4) D
11− → 10− 762 1.2(2)
4+ → 2+ 768 92.1(23) 1.01(3) 0.62(6) E2
2+ → 2+ 786 1.3(2)
11− → 9− 792 1.7(2)
14+ → 12+ 797 12.7(7) 1.04(9) 0.77(4) E2
10+ → 8+ 803 22.0(6) 0.93(4) 0.66(8) E2
7+ → 5+ 824 0.4(3) 0.97(8) Q
3− → 4+ 858 2.4(3) 0.63(4) D
12− → 10− 864 1.2(3) 0.95(3) Q
12− → 10− 879 6.1(3) 1.16(3) 0.58(2) E2
8+ → 6+ 915 1.2(2) 0.93(6) Q
13− → 11− 916 10.5(2) 0.92(3) 0.50(7) E2
6+ → 4+ 926 74.2(1) 1.09(3) 0.60(9) E2
16+ → 14+ 927 8.8(2) 1.16(8) 0.77(3) E2
13− → 11− 956 0.9(4)
14− → 12− 957 1.5(2)
8+ → 6+ 971 27.6(9)
4− → 4+ 974 1.6(3) 1.03(5) D
9+ → 7+ 990 0.4(2) 1.01(4) Q
10+ → 8+ 1019 1.5(2) 1.01(4) 0.22(4) E2
17− → 15− 1022 0.6(2)
10+ → 8+ 1026 0.6(2) 0.94(6) Q
14− → 12− 1033 3.6(3) 1.07(5) 0.53(3) E2
15− → 13− 1040 0.7(2)
15− → 13− 1058 7.0(3) 0.81(5) E2
18+ → 16+ 1064 6.4(3) 0.64(6) E2
16− → 14− 1066 0.6(2)
18− → 16− 1076 0.4(2)
16− → 14− 1141 2.2(2) 0.66(8) E2
12+ → 10+ 1148 0.5(3)
17− → 15− 1160 3.3(2) 0.57(9) E2
5− → 4+ 1168 13.8(5) 0.59(4) 0.47(5) E1
8+ → 6+ 1172 4.5(4) 0.96(8) 0.67(8) E2
20+ → 18+ 1193 3.4(3) E2
18− → 16− 1211 1.0(2) 0.98(9) E2
19− → 17− 1217 1.3(3) E2
22+ → 20+ 1256 1.6(2) E2
3+ → 2+ 1265 2.2(2) 0.67(5) -0.45(6) M1
21− → 19− 1311 0.6(2) E2
2+ → 0+ 1342 0.4(1) 1.01(5) 0.78(9) E2
20− → 18− 1344 0.2(1) E2
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Table 4.2 – Continued from previous page
Ii

π → If
π(h̄) Eγ(KeV ) Iγ RDCO P Mult.

5− → 4+ 1344 2.8(3) 0.56(8) 0.71(8) E1
6+ → 4+ 1354 1.1(2) 0.94(4) 0.67(9) E2
24+ → 22+ 1366 0.3(2) Q
23− → 21− 1434 0.2(1) 0.37(18)
26+ → 24+ 1468 0.2(1)
4+ → 2+ 1527 1.6(4) 0.96(8) 1.34(7) E2
28+ → 26+ 1579 0.6(3) E2
3− → 2+ 1626 0.8(2)
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Chapter 5

High Spin Level Structure in 105Pd

5.1 Introduction

The first observation of the AMR outside the Cd-isotopes in 104Pd induced the

similar search in 105Pd. The isotone of this nucleus, 107Cd, has two positive parity

AMR bands [1]. Such a partner of AMR bands is expected in odd mass nuclei due

to the presence of the odd neutron in (d5/2, g7/2) orbitals. In addition, it was also

interesting to explore the possibility of the co-existence of antimagnetic and collective

rotations in 105Pd.

5.2 Experiment

The high spin states of 105Pd were populated by 96Zr (13C, 4n) reaction using

the 63 MeV 13C beam from the 14-UD Pelletron at TIFR. The target was made

of 1 mg/cm2 85% enriched 96Zr on 9 mg/cm2 206Pb backing. The beam current was

about 9 nA. The γ rays were detected in the upgraded Indian National Gamma Array
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Chapter. High Spin Level Structure in 105Pd

(INGA) [2] which consisted of 20 Compton suppressed clover detectors arranged in six

rings with three at 23◦, two at 40◦, two at 60◦, four at 90◦, three at 120◦, three at 140◦

and three at 157◦ with respect to the beam direction. Two or higher fold coincidences

were collected by a fast data acquisition system based on Pixie-16 modules of XIA

LLS [3]. A total of 5× 108 γ − γ − γ coincidences were collected. The time stamped

data were sorted using the data sorting routine, MARCOS, developed at TIFR with

a time window of 200 ns to construct γ − γ matrices and γ − γ − γ cube.

5.3 Analysis Method

A number of matrices were formed by unfolding each of the three fold events in

order to analyze the data. The various matrices created are:

(1) The symmetrized γ− γ matrix: This matrix was used to create various

gates in order to build the level scheme upto spin values whose gamma transitions

did not exhibit any Doppler broadened line-shape. In addition, the γ − γ − γ cube

was used to establish the relatively weak transitions in this spin regime.

(2) 90◦-vs-All matrix: A special matrix is formed by placing an Eγ fired by

detectors at 90◦ along one axis and the other co-incident Eγ from any other detector

along the other axis. Then projecting the 90◦ spectrum with a gate on the all-

detector axis enables us to place all the high spin transitions in the level scheme that

are otherwise Doppler Shifted. This matrix was also used for the relative intensity

measurements.

(3) The angular correlation matrix: This matrix was formed by placing

the gamma energies detected at 90◦ and 157◦ along the two axes respectively. This

matrix was used to determine the DCO ratio. A plot of the measured DCO values as
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5.3. Analysis Method

a function of energy for 105Pd is shown in Fig. 5.1. The values are also tabulated in

table 4.2 and were used to determine the spins of the excited levels.

0 0.25 0.5 0.75 1 1.25 1.5
 Eγ (MeV)

0.4

0.6

0.8

1

1.2

R DC
O

Figure 5.1: The measured DCO ratios vs energy for 105Pd. The DCO values for
the dipole and the quadrupole transitions are clearly separated. The red color
corresponds to transitions with quadrupole nature while the black color corresponds
to the transitions with dipole nature.

(4) The PDCO matrix: Two asymmetric matrices were formed to determine

the electromagnetic nature (electric or magnetic) of the observed gamma transition by

the method of PDCO [4]. The measured PDCO values for 105Pd have been plotted in

Fig. 5.2. It can be observed from the figure that the electric and magnetic transitions

are well separated in terms of their PDCO ratios. These values are given in table 5.2

and are essential to fix the parities of the observed bands of 105Pd.

(5) The asymmetric Doppler-Shift attenuation method (DSAM)

matrices: Three asymmetric DSAM matrices were constructed to perform the line-

shape analysis. These matrices were constructed by placing events recorded at a
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Figure 5.2: The measured PDCO ratios vs energy for 105Pd. The electric and the
magnetic transitions can be easily identified. The red color corresponds to transitions
with electric nature while the black color corresponds to the transitions with magnetic
nature.

specific angle (23◦, 157◦, and 90◦) on x axis while events recorded at all other angles

were placed on y axis. The line-shapes were observed for high spin states at both

forward, backward and 90◦ angles by putting gates on the y axis and projecting the

spectra on the x axis. The lifetimes of different states of 105Pd were measured by

fitting these experimental line-shapes with the LINESHAPE analysis code developed

by Wells and Johnson [5].
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5.4 RESULTS

5.4.1 Level Scheme

The partial level scheme of 105Pd (shown in Fig. 5.3) has been established using

(a) coincidence information of the γ rays. (b) the DCO ratios and (c) the PDCO

ratios. The present work confirms the low spin level scheme established in the earlier

work [6]. The DCO and PDCO values for 306 keV transition were extracted from

706 keV gate. The intensities of different γ -transitions have been obtained from the

gated spectra at 90◦ and normalized with the intensity of 481 keV γ ray which has

been assumed to be 100%. These relative intensities have been tabulated in table

I. The true intensities of 183 keV and 306 keV transitions could not be established

due to the isomeric 11/2− level which has a long lifetime of about 35 µsec. However,

the relative observed intensities of all the other γ rays de-exciting the low spin levels

match with the reported values [6] within ±1σ. The DCO and PDCO ratios of

different γ-transitions have also been tabulated in table I.

Band 1: It is a positive parity band with bandhead at Iπ = 7/2+ which

decays to the ground state 5/2+ through 319 keV γ-transition. This band is built

on ν(g7/2, d5/2)
1 configuration which shows a sharp alignment with a large gain of

8h̄ (Fig. 5.7). This is consistent with the two h11/2 neutron alignment in this mass

region and thus the high spin states beyond 27/2+ level has a neutron configuration

of ν[(g7/2, d5/2)
1 × h2

11/2]. It should be noted that AMR band in 107Cd has been

reproduced with similar neutron configuration with two proton holes in g9/2 [1]. Thus,

it was interesting to investigate whether 105Pd can exhibit AMR with four proton holes

in g9/2. This band has been extended to I = 55/2h̄ through the placement of six new

E2 transitions. All these transitions exhibit appreciable line-shapes at forward and

backward angles. The gated 90◦ spectrum is shown in Fig 5.4 (b) where these six
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Figure 5.3: The partial level scheme of 105Pd established by the present work. The γ
transitions are in keV.
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Figure 5.4: The 90◦ projected gamma gated spectra for Band 1 (b), Band 2 (a) and
Band 3 (c). The corresponding γ gates have been indicated in the figure.

new E2 transitions can be observed. The corresponding gates are indicated in the

figure. The low spin levels were established with the help of cube. A typical gated

spectrum from cube for this band is shown in Fig. 5.5 (c). The various transitions

which belong to this band can be clearly identified from this spectrum.

Band 2: It is a positive parity non yrast band which predominantly decays to

the ground state by Band 1 and Band 2. This band has been extended up to Iπ =

53/2+ . The newly placed transitions are shown in Fig. 5.4 (a) which is a gated 90◦

spectrum. Fig. 5.5 (a) shows a γ gated spectrum from the cube where the other γ

rays belonging to this band can be identified. The Band 2 exhibits a band crossing

around h̄ω ∼ 0.4 MeV and the behavior is identical to Band 1. Thus, both the bands

are expected to have the same configuration and are the signature partners of each

other. Thus, in the nomenclature of CSM, Band 1 and Band 2 have AEF and BEF

configurations, respectively. Both the two bands at higher spins may exhibit AMR
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Figure 5.5: Examples of background subtracted coincidence spectra obtained from
cube. These spectra show the placement of Band 1 (c), Band 2 (a) and Bands 6 and
7 (b). The γ gates have been indicated in the figure.

which can only be established through lifetime measurements.

Band 3: It is a negative parity band built on Iπ = 11/2− level. This is an

isomeric level of about 35 µsec which decays to a 7/2+ level through a 183 keV M2

transition. This band was known up to I = 31/2 and has been extended up to I

= 55/2. The gated 90◦ spectrum (Fig. 5.4 (c)) shows the newly placed high energy

E2 transitions. The negative parity Band 3 is built on νh1
11/2 configuration and it

exhibits a delayed crossing at ω ∼ 0.5 MeV as compared to Band 1 as shown in Fig.

5.7. The observed alignment gain of 6h̄ is lower than Band 1 and Band 2. This

gain, however, is higher than the observed alignment gain of 4h̄ which corresponds to

neutron AB crossing in this mass region. Thus, this alignment has been associated

with the FG crossing.

Bands 4 and 5: These two non-yrast bands are of negative parity and have
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been established for the first time. Due to the small relative intensities, they could

not be extended to higher spins. These bands decay to Band 2 through M1 or E2

transitions. The inter and intra transitions of these bands have been shown in the

double γ-gated spectra in Fig. 5.6.

Figure 5.6: Example of γ gated spectrum from cube which established the Bands 4
and 5. The gates used are 991 keV + 603 keV and 481 keV.

Bands 6 and 7: These bands consist of low spin cascades built on the ground

state. These levels have been established in the previous work [6]. The γ gated

spectrum from the cube was used to identify the levels of these two bands as shown

in Fig. 5.5 (b). In the present work the missing crossover E2 transitions could be

identified. It is interesting to note that although the excited levels of this band lie

quite close to those of the yrast band (Band 1), it could not be extended further.

All the transitions which are consistent with the earlier work [6] or the newly

established ones, are placed in the level scheme of 105Pd as shown in the Fig. 5.3.

The low lying levels were placed using the γ − γ − γ cube. The cube analysis was
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necessary for low spin levels in order to suppress the contaminant γ rays from the

other evaporation channels.
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Figure 5.7: The alignment plots for the various bands of 105Pd as shown in Fig. 5.3.

5.5 DSAM Analysis

The line-shapes were extracted from the projected γ-spectrum at forward (23◦),

backward (157◦) and 90◦ angles by putting gates on the three asymmetric DSAM

matrices. For bands Band 1, Band 2 and Band 3, the gamma gates were 539 keV,

the sum gates of 727 and 455 keV and 772 keV, respectively and the line-shapes were

observed from Iπ = 31/2+, 29/2+ and 19/2− levels. As mentioned before, the level
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lifetimes of the excited states of the three bands were measured using LINESHAPE

analysis codes of Wells and Johnson. These codes were used to generate the velocity

profiles of the recoiling nuclei using the Monte Carlo technique with a time step

of 0.001 ps for 5000 histories. These profiles were generated at 23◦, 90◦ and 157◦

angles. The electronic stopping power given by Northcliff and Shilling [7] with shell

corrections were used for calculating energy loss of the recoiling 105Pd nuclei.

The energies of the γ-transitions and the side feeding intensities were extracted

from the γ-gated 90◦ spectra. These values have been as input parameters for the line-

shape analysis. The side feeding intensity of each level and the feeding to the top most

level of each band have been modeled as a cascade of five transitions with a moment of

inertia which is comparable to that of the band of interest. The quadrupole moments

of the side-feeding sequences were allowed to vary which when combined with the

moment of inertia gave an effective side feeding lifetime for each level. For each

observed line-shape, in-band and side-feeding lifetimes, background shape parameters

and the intensities of the contaminant peaks (if present), were allowed to vary. The

energy of the contaminant peaks were fixed from γ-gated 90◦ spectra. For each set

of parameters the simulated line-shapes were fitted to experimental spectra using

χ2-minimization routine of MINUIT [8].

For each of the three bands, the lifetime of the topmost transition was found

by assuming 100% side-feed. The other parameters were allowed to vary until the

minimum χ2 was reached. Thus the line-shape analysis for the topmost transition

led to the estimation of the effective lifetime for the topmost level. For the next

lower level, the effective lifetime of the topmost level and the side-feeding lifetime

were considered as input parameters. In this way, each lower level was added one

by one and fitted, until all the observed line-shapes of the band were included into

a global fit where only the in-band and side-feeding lifetimes were allowed to vary.
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This procedure of global fit was done for the three angles simultaneously.

Figure 5.8: Examples of line-shape fits observed by the forward, backward and 90◦

detectors for 105Pd. Here magenta color represents the fit to the Doppler-broadened
line-shapes, green is the fit to the contaminant peak(s), and red is the fit to the total
experimantal data.

The error bar on the lifetime values includes the fitting error, error in the side-

feeding intensity and the side feeding lifetimes added in quadrature to constitute

the net statistical error. However, there is also a systematic error contribution from

the choice of stopping power used to simulate the energy loss of the recoil. The

contribution of this error for 105Pd is tabulated in table 5.1. The examples of the
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line-shape fits are shown in Fig. 5.8. The fitted line-shapes are drawn in magenta

color while the contaminant peaks are shown in green. The 90◦ spectra have been

shown as references in order to identify the line-shapes at the forward and backward

angles. The level lifetimes and the corresponding B(E2) transition rates have been

listed in table 5.1.

Table 5.1: The measured lifetimes for the levels of 105Pd for band 1, band 2 and band
3. It should be noted that the quoted errors are the statistical and the systematic
respectively. The statistical error on each level is obtained by adding in quadrature
the errors on intensity, intrinsic quadrupole moment of the level and the corresponding
side-feeding quadrupole moment.

Iπi Eγ Iγ τ ± stat.± syst. B(E2)±stat.± syst. J (2)/B(E2)±stat.

(h̄) (keV) (ps) (eb)2 h̄2MeV −1(eb)−2

Band 1
35/2+ 1014 25.3(4) 0.37±.01± .01 0.20±.01± .01 123±6

39/2+ 1176 16.7(4) 0.18±.01± .01 0.20±.01± .01 224±11

43/2+ 1266 9.3(3) 0.13±.01± .01 0.19±.02± .01 495±52

47/2+ 1309 4.8(2) 0.13±.01± .01 0.16±.02± .01 207±26

51/2+ 1429 2.4(1) 0.15±.02± .02 0.09±.01± .01 443±49

55/2+ 1530 1.2(1) 0.13 0.05
Band 2

33/2+ 1001 9.1(2) 0.43±.02± .01 0.19±.01± .01 145±8

37/2+ 1146 7.2(2) 0.22±.01± .01 0.19±.01± .01 214±11

41/2+ 1245 4.3(2) 0.15±.01± .01 0.18±.02± .01 299±33

45/2+ 1318 1.9(1) 0.13±.01± .01 0.16±.01± .01 234±15

49/2+ 1426 1.0(1) 0.18±.02± .02 0.08±.01± .01 617±77

53/2+ 1505 0.14 0.04
Band 3

23/2− 958 100.0 0.58±.01± .01 0.17±.01± .01 166±10

27/2− 1100 35.3(6) 0.27±.01± .01 0.19±.01± .01 406±21

31/2− 1152 20.0(6) 0.22±.01± .01 0.18±.01± .01 654±36

43/2− 1215 9.8(5) 0.13±.01± .01 0.24±.01± .01 161±7

47/2− 1319 5.0(3) 0.09±.01± .01 0.23±.02± .02 283±25

51/2− 1381 2.6(1) 0.07±.01± .01 0.23±.03± .03 218±28

55/2− 1460 1.2(1) 0.07 0.18

In Band 3, the line-shapes of 1119 keV and 1120 keV transitions overlap.

Thus, it was not possible to estimate the lifetimes of Iπ = 35/2− and 39/2− levels.
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The lifetimes of the lower levels (31/2−, 27/2− and 23/2−) have been estimated by

assuming feeding lifetime which was estimated by fitting the collective line-shapes of

1119 and 1120 transitions with 100% side-feed. Thus, for Band 3, the fitting procedure

described above has been used in two segments, one for 1381, 1319 and 1215 keV

transitions where the top feeding lifetime is the effective lifetime corresponding to

1460 keV transition and the other for 1152, 1100 and 958 keV transition where the

top feeding lifetime corresponds to the effective lifetime estimated from the collective

line-shapes of 1119 and 1120 keV transitions.

5.6 Discussions

5.6.1 Band 1

The positive parity Band 1 is built on the single particle configuration

ν[(g7/2, d5/2)
1 ⊗ h2

11/2] after the neutron h11/2 alignment. The table 5.1 shows that

the B(E2) values fall steadily with increasing spin. The B(E2) rates were deduced

from the measured level lifetimes using the equation

B(E2) =
0.0816

E5
γ × τ

(5.1)

where Eγ is the energy in MeV of a pure E2 transition, τ is the level lifetime in

picoseconds, and B(E2) is in units of (eb)2 . These extracted B(E2) values are

tabulated in Table 5.1 and have been plotted as a function of angular momentum in

Fig. 5.9. In addition, the J (2)/B(E2) values of Table 5.1 are found to be an order

of magnitude larger than those for a well-deformed collective rotor [∼ 102MeV 1(eb)2]

and increases with spin. This is expected for an antimagnetic rotation (AMR) band

as the B(E2) values are small and decrease with spin while J (2) remains nearly
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constant [9]. In order to explore this possibility further, model calculations were

done using SCPRM discussed in chapter 2. In this calculation for Band 1 with the

above configuration j
(1)
h = j

(2)
h = jπ = 9/2 and jp = jν = 31/2. Thus, the shears

parameters used in the present calculation were j = 4.5h̄ , a = 3.444, Vπν = 1.2 MeV,

and Vππ = 0.15 MeV. It may be noted that the Vπν and Vππ values have been taken

to be the same as in Cd isotopes [10] of the same mass region.

The good agreement of experimental and calculated I(ω) values in Fig. 5.9(b)

indicates that the high spin states above 35/2 may originate due to AMR. This

possibility can further be explored by calculating the B(E2) transition rates for these

states which are characterized by the unique shears angle (θ) values. In the present

calculation eQeff was taken as 1.3 eb which corresponds to β=0.13 which can be

estimated from

Q0 =
3√
5π

zR2
0β(1 + 0.16β) (5.2)

The SCPRM calculations agree well with the observed B(E2) values and reproduces

the falling trend. This simultaneous agreement for I(ω) and B(E2) values establishes

that the high spin states of Band 1 originate from AMR.

5.6.2 Band 2

The I(ω) and B(E2) behaviors of Band 2 are similar to those for Band 1. The

SCPRM calculations are again in good agreement with the experimental values as

shown in Fig. 5.10. Thus, the high spin states beyond I = 33/2 of Band 2 also

originate due to AMR.
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Figure 5.9: The observed (a)B(E2) rates and the (b)I(ω) plot for Band 1 in 105Pd.
The dotted curves represent the numerical values obtained from the semi-classical
particle rotor model for the parameter set as given in the text. The error bars
correspond to statistical error only.

5.6.3 Band 3

It is obvious from the Fig. 5.12 that the variation of B(E2) transition rate

as a function of spin is completely different for this band from Band 1 and Band 2.

The observed B(E2) rates for this band remain nearly constant before and after the

alignment of two h11/2 neutrons (EFG configuration) which is the characteristic of
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Figure 5.10: The observed B(E2) rates and the I(ω) plot for Band 2 in 105Pd. The
lines represent the numerical values obtained from the semi-classical particle rotor
model for the parameter set as given in the text. The error bars correspond to
statistical error only.

collective rotation with a specific single particle configuration. The shape parameters

corresponding to this collective rotation for this band can be estimated from the

consistency of Qt and J (1) values in the spin interval of 16h̄ - 24h̄, where

Qt(β, γ) =
3�
(5π)

ZeR2
0β cos(30 + γ)

cos 30
(5.3)
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Figure 5.11: The observed B(E2) rates for Band 3 in 105Pd.

and,

J (1)(β, γ) =
2

5
AR2

0

�
1−

�
5

4π
β cos(120 + γ)

�
(5.4)

The calculated values as a function of β and γ are shown in Fig. 5.12. The

simultaneous consistency of the two values indicates an equilibrium deformation of

β = 0.19(3) and γ = 6(4) for this band. Therefore, the high spin states of Band 3

between 16h̄ to 24h̄ seem to originate due to the collective rotation of a prolate shape

with β ∼0.2.

In summary, the structures of all the three bands of 105Pd are quite similar

and at intermediate spin, the two neutrons in h11/2 orbital align with the rotational

axis in all the bands. Thus, the neutron configuration for the Band 1 and Band 2

are AEF and BEF, respectively while Band 3 has EFG configuration. However, the
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Figure 5.12: Plot of the shape parameters for the Band 3 of 105Pd.

deduced electric quadrupole transition rates are significantly different for the levels of

Band 1(2) and Band 3 beyond the neutron alignment. The measured B(E2) values

were found to decrease with the increase of angular momentum in Band 1 and 2

while they remain constant for Band 3. This experimental observation establishes

the co-existence of two distinct angular momentum generation mechanisms in 105Pd.

In the SCPRM model, the falling trend of B(E2) is due to the simultaneous

closing of the double shear which occurs due to the gradual alignment of the two

proton holes along the rotational axis. The falling trend of the B(E2) rates has

also been explained within the framework of tilted axis cranking based on covariant

density functional theory if the polarizaion effects are taken into account [11]. These

calculations indicate the substantial increase in proton aligned angular momentum

for the high spin states. Thus, the AMR phenomenon can be associated with the

slow alignment of protons in the high Ω levels of a high-j orbital.
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Thus, the reason of the co-existence can be can be associated with the alignment

of proton holes (AB crossing) in Band 1 and Band 2 while for the Band 3, the proton

AB crossing does not seem to take place. This difference in behavior, in turn, can

be traced to tha fact that the estimated deformation for Band 3 is ∼0.19 while that

for Band 1 and Band 2 is ∼0.13. This substantially large deformation may induce

mixing for g9/2 and d5/2 proton orbitals for Band 3 which will delay the onset of proton

alignment. However, these assumptions need to be tested within a model framework

like Projected Shell Model (PSM) calculations.

Table 5.2: Energies, relative intensities, DCO ratios, linear polarizations and the
deduced multi-polarities of transitions assigned to the 105Pd in the present work.

Ii
π → If

π(h̄) Eγ(KeV ) Iγ RDCO P Mult.

11/2− → 7/2+ 183 ...
17/2− →
15/2−

198 1.3(3)

19/2+ →
17/2+

204 1.0(2)

11/2+ → 9/2+ 230 230 0.7(3)
15/2+ →
13/2+

231 0.5(3) 0.60(3) D

25/2+ →
23/2+

233 0.6(3)

31/2− →
31/2−

252 0.6(2)

19/2+ →
17/2+

255 6.5(2) 0.52(4) D

21/2+ →
19/2+

266 0.5(2)

7/2+ → 5/2+ 306 ... 0.64(1) -0.04(3) M1
21/2+ →
19/2+

313 4.8(2) 0.49(4) D

21/2+ →
19/2+

317 0.3(2) 0.59(3) -0.27(3) M1

5/2+ → 5/2+ 319 ...
9/2+ → 7/2+ 340 7.1(2) 0.54(4) -0.13(2) M1
23/2+ →
21/2+

349 3.6(2) 0.49(3) D
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Table 5.2 – Continued from previous page
Ii

π → If
π(h̄) Eγ(KeV ) Iγ RDCO P Mult.

21/2+ →
19/2+

364 0.7(3)

27/2− →
27/2−

359 1.1(2)

17/2+ →
15/2+

368 0.6(2)

21/2+ →
23/2−

373 0.8(3)

23/2− →
21/2−

378 1.2(2)

29/2+ →
27/2+

381 0.4(3)

19/2− →
17/2−

384 0.6(2)

13/2+ →
11/2+

400 4.4(3) 0.51(3) -0.08(3) M1

21/2− →
19/2−

431 0.3(3)

7/2+ → 5/2+ 442 ... 0.49(3) -0.09(3) M1
23/2− →
23/2−

453 1.9(2)

29/2+ →
27/2−

455 0.7(3) 0.57(5) 0.12(3) E1

25/2+ →
21/2+

455 8.1(1) 1.12(3) 0.10(2) E2

9/2+ → 7/2+ 459 1.2(2) 0.51(4) -0.05(2) M1
27/2− →
25/2−

465 0.2(2)

15/2− →
11/2−

481 100 1.18(1) 0.15(2) E2

11/2+ → 9/2+ 489 3.2(2) 0.57(5) 0.07(2) M1
21/2+ →
17/2+

508 7.7(3) 0.98(3) 0.13(3) E2

21/2+ →
17/2+

521 1.1(2) 1.16(4) 0.06(4) E2

23/2+ →
19/2+

539 14.0(1) 1.04(1) 0.16(3) E2

25/2− →
23/2−

541 0.7(3)

21/2+ →
17/2+

568 0.7(3)
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Table 5.2 – Continued from previous page
Ii

π → If
π(h̄) Eγ(KeV ) Iγ RDCO P Mult.

27/2+ →
23/2+

579 12.5(2) 1.04(1) 0.15(3) E2

9/2+ → 5/2+ 582 1.8(2) 0.94(3) 0.08(3) E2
19/2− →
15/2−

582 3.2(1)

9/2+ → 7/2+ 595 4.4(2) 0.54(1) -0.08(5) M1
23/2+ →
23/2−

595 1.6(2)

19/2− →
19/2−

603 3.2(2) 0.99(1) 0.09(3) E2

17/2+ →
15/2+

650 0.7(2)

23/2+ →
19/2+

662 1.4(2)

17/2+ →
15/2+

663 0.7(2)

27/2+ →
25/2+

678 0.4(2) 0.56(5) -0.06(2) M1

11/2+ → 7/2+ 706 24.4(1) 1.04(1) 0.11(2) E2
29/2+ →
25/2+

727 6.6(1) 1.03(1) 0.17(3) E2

13/2+ →
11/2+

737 0.9(2) 0.54(2) -0.07(2) M1

27/2+ →
23/2+

737 2.2(2)

19/2− →
15/2−

772 71.8(1) 0.98(1) 0.07(1) E2

31/2+ →
29/2+

777 0.5(3) 0.54(3) -0.04(2) M1

9/2+ → 5/2+ 782 8.0(1) 1.09(2) 0.08(2) E2
15/2− →
15/2−

793 3.7(1)

31/2+ →
27/2+

795 11.6(1) 0.95(1) 0.17(3) E2

23/2− →
19/2−

809 2.1(2) 1.01(3) 0.22(6) E2

21/2− →
17/2−

814 2.3(2)

17/2+ →
13/2+

816 1.7(2) 1.02(1) 0.08(6) E2
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Table 5.2 – Continued from previous page
Ii

π → If
π(h̄) Eγ(KeV ) Iγ RDCO P Mult.

31/2+ →
27/2+

826 2.1(2)

25/2+ →
23/2−

828 2.3(1) 0.64(3) 0.17(4) E1

11/2+ → 7/2+ 829 6.0(1)
35/2+ →
33/2+

830 0.4(3)

13/2+ → 9/2+ 848 4.4(1) 0.93(4) 0.12(2) E2
19/2+ →
15/2+

854 15.7(2) 0.95(1) 0.13(2) E2

17/2+ →
13/2+

881 6.1(2) 1.16(3) 0.08(2) E2

13/2+ → 9/2+ 889 10.2(1)
15/2+ →
11/2+

890 17.5(2) 0.92(3) 0.10(2) E2

17/2+ →
13/2+

894 5.1(1) 1.09(3) 0.10(2) E2

19/2+ →
15/2+

905 0.8(2) 1.16(8) 0.07(3) E2

25/2− →
21/2−

918 1.3(2) 0.95(5) 0.14(3) E2

15/2+ →
11/2+

926 2.8(2)

15/2+ →
15/2+

932 1.1(2)

23/2− →
19/2−

958 41.9(3) 1.03(1) 0.08(2) E2

13/2+ → 9/2+ 967 1.0(2)
17/2− →
15/2−

991 5.7(2) 1.11(4) -0.16(3) Mx*

25/2− →
23/2−

994 3.1(2) 1.01(4) -0.12(4) Mx

33/2+ →
29/2+

1001 3.8(2) 0.83(4) 0.05(3) E2

27/2− →
23/2−

1006 1.7(2) 0.94(6) 0.11(3) E2

35/2+ →
31/2+

1014 10.6(1) 0.87(5) 0.13(3) E2

19/2+ →
13/2+

1015 2.1(2) 0.55(3)
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Table 5.2 – Continued from previous page
Ii

π → If
π(h̄) Eγ(KeV ) Iγ RDCO P Mult.

21/2− →
19/2−

1034 5.3(1) 1.00(3) -0.08(5) Mx

31/2− →
27/2−

1046 0.4(3)

35/2+ →
31/2+

1054 1.6(2)

29/2− →
25/2−

1089 0.6(2) 1.03(6) 0.06(4) E2

27/2− →
23/2−

1100 14.8(1) 0.98(3) 0.07(1) E2

35/2− →
31/2−

1101 0.3(2)

35/2− →
31/2−

1120 9.8(2) 0.79(4) 0.04(2) E2

37/2+ →
33/2+

1146 2.7(2)

31/2− →
27/2−

1152 8.4(2) 0.94(3) 0.03(2) E2

33/2− →
29/2−

1164 0.4(2) 0.99(5) 0.05(3) E2

39/2+ →
35/2+

1176 7.3(2)

43/2− →
39/2−

1215 3.0(3)

41/2+ →
37/2+

1245 1.7(2)

43/2+ →
39/2+

1266 4.6(2)

15/2− →
11/2−

1274 2.5(2)

47/2+ →
43/2+

1309 2.5(3)

45/2+ →
41/2+

1318 1.0(2)

47/2− →
43/2−

1319 1.9(2)

21/2+ →
19/2−

1331 5.7(2) 0.54(2) 0.07(3) E1

21/2+ →
13/2+

1378 1.3(3)
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Table 5.2 – Continued from previous page
Ii

π → If
π(h̄) Eγ(KeV ) Iγ RDCO P Mult.

51/2− →
47/2−

1381 0.9(2)

49/2+ →
45/2+

1426 0.6(2)

51/2+ →
47/2+

1429 1.3(2)

55/2− →
51/2−

1460 0.5(3)

53/2+ →
49/2+

1505 0.3(2)

55/2+ →
51/2+

1530 0.6(2)
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Chapter 6

Angular Momentum Generation

Mechanism in 106Ag

6.1 Introduction

In this chapter, the high spin level structure of 106Ag has been discussed which

is the odd-odd neighbor of 104,105Pd. Since this nucleus is the isotone of 105Pd, it will

be interesting to explore the effect of the odd proton in g9/2 orbital.

It has already been established that the observed signature splitting in 109,110Ag

can only be accounted by assuming triaxial deformation in these nuclei [1]. In

addition, all the Ag isotopes have doublet bands and in most of the cases their

moments of inertia are different. But in none of these bands, the transition rates

have been measured. It may also be noted that the ground state band of 104Ag

was found to originate due to Shears mechanism [2] while the same band in 110Ag

originates due to collective rotation of a triaxial core [1]. So it is also interesting to

measure the transition rates in the ground state band of 106Ag in order to ascertain
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whether it originates due to the Shears mechanism or due to the collective rotation.

With these motivations, the high spin states of 106Ag were populated through

96Zr(14N, 4n) reaction using the 68 MeV 14N beam from the 14-UD Pelletron at TIFR.

The count rate in this experimrnt was about 760 Hz and the peak-to-Compton ratio

for this experiment was similar to that for the previous experiment. The experimental

details to establish its level scheme has already been discussed in chapter 3 in detail.

The partial level scheme of 106Ag shown in Fig. 6.1, was built by analyzing the

information from the different double γ gated spectra obtained from the γ − γ − γ

cube. The intensities of the γ rays de-exciting the high spin states were estimated

from the 90◦-vs-all matrix. The gated spectra at 90◦ corresponding to the Band 1

and Band 2 are shown in Fig. 6.2, while Fig. 6.3 shows such 90◦ projected spectra

for the Band 3 and Band 4. It may be noted from the insets of these figures that the

discrete γ transitions with energies up to 1500 keV are clearly visible in these gates.

The partial level scheme established from the present analysis has four high

spin bands of which the positive parity ground state band has been established up to

Iπ=26+ while the three negative parity bands have been established up to Iπ=19−

(Band 1), 22− (Band 2) and 24− (Band 3).

The intensities, multipolarities and the parities of the γ transitions determined

from the present work are tabulated in Table 6.4. There is a high degree of correlation

among the different excited levels of the four bands as each band de-excites to the

low spin levels through multiple transitions and for all the high spin states, the cross

over E2 transition corresponds to a pair of M1 transitions. Thus, the present partial

level scheme has been well established.

In order to investigate the origin of these four bands, the lifetimes of all the
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Figure 6.1: The partial level scheme of 106Ag that was established from the present
analysis.

excited levels have been measured through the DSAM technique. This technique of

measuring the level lifetimes through line-shape fitting has been discussed in detail

in chapter 3.
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Figure 6.2: The 90◦ projected gamma gated spectra for Band 1 and Band 2 are shown
in (a) and (b) respectively. The γ gates used are (a) 376 keV and (b) 270 keV. The
high energy sectors of the spectra are shown in the insets.
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Figure 6.3: The 90◦ projected gamma gated spectra for Band 3 (a) and Band 4 (b).
The γ gates used are (a) 252 keV + 266 keV and (b) 230 keV + 258 keV. The high
energy sectors of the spectra are shown in the insets.
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Chapter. Angular Momentum Generation Mechanism in 106Ag

6.2 Band 1 and Band 2

Bands 1 and 2 are two well studied bands in recent times [3, 4, 5]. The present

work confirms the placement of the γ-rays in these two bands along with their spin

and parity assignments. Band 2 has been extended to Iπ=22− by adding two more

M1 transitions of energy 772.9 and 658.9 keV, respectively. The corresponding cross-

over E2 of energy 1431.8 keV has also been observed. These two bands form a doublet

due to the near degeneracy in the level energy and the spin. The Band 1 is yrast at

low spin and has been considered as the main band while the Band 2 is its partner.

The band structures of the doublet have been depicted in Fig. 6.4 through the

E(I) plot where the solid line is for the eye guidance. It is observed from the figure

that the moments of inertia of the two bands are different as they cross diabetically

around I = 14h̄. This crossing is an unique feature of 106Ag among all the doublet

bands reported in the A∼100 [3, 6, 7, 8] region.

For two bands to be the chiral partners (spin chirality has been discussed in

detail in chapter 2), these bands should exhibit nearly similar moment of inertia,

quasi-particle alignment, signature staggering behavior and, more importantly, the

transition probabilities. Indeed the nuclei of 134Pr [9, 10] and 104Rh [11] show the

closest degeneracy in energy in the observed doublet bands over a wide angular

momentum domain. However, in both cases the quasi-particle alignment behavior

has been found to be different which indicates different shapes associated with the

two bands. This has been supported by dissimilar behavior of the measured B(E2)

rates in the two bands of 134Pr [12] which rules out the possibility of static chirality.

The experimental transition rates could, however, be reproduced within an interacting

boson-fermion-fermion model (IBFFM) framework by assuming a triaxial equilibrium

deformation with fluctuation in shape around this value. Such a model would imply
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6.2. Band 1 and Band 2

Figure 6.4: The experimental routhian plots for the doublet of 106Ag (Bands 1 and
2). The solid lines connecting the points are for the eye guidance.

that the nuclear system will fluctuate between chiral and achiral configurations [12].

An alternate view on the origin of doublet bands has emerged based on the

framework of the tilted axis cranking (TAC) model complemented by the random

phase approximation (RPA) and its success in describing the experimental data in

135,136Nd [13, 14]. In this model, the doublet bands correspond to zero RPA phonon

and the one RPA phonon configurations, respectively. The lowest RPA phonon

energy accounts for the energy difference between the two bands near the band head

and originates due to fluctuation in the orientation of shape perpendicular to the

plane of neutron and proton angular momenta. Such chiral vibrations decrease with

increasing angular momentum which results in the decrease of energy spacing between

the doublet bands. This situation has been realized in 128Cs [15] and 135Nd [13] which
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Chapter. Angular Momentum Generation Mechanism in 106Ag

may indicate the onset of chiral rotation at high spins. In both these nuclei, the

transition rates for the doublet have been measured to be very similar and thus, are

considered as the best candidates for chiral partner bands.

This picture opens up the possibility of a shape transformation in a γ-soft

nucleus due to the chiral vibrations. In this case, the shape corresponding to the

main band can be quite different from its partner band (one phonon configuration).

The experimental data on the doublet bands in 106Ag has been interpreted in this

way where the possible deformation parameters for the main and the partner bands

were found to be (β, γ) = (0.12, 280) and (0.20, 00), respectively, from Total

Routhian Surface (TRS) calculations [3]. This picture gives an intuitive explanation

for the existence of doublet bands with different moments of inertia and quasi-particle

alignment behavior.

In a recent publication [16], Ma et al. have proposed that the doublet bands in

106Ag may originate due to two different quasi-particle structures, namely π(g9/2)
1 ⊗

ν(h11/2)
1 for the main and π(g9/2)

1⊗ν(h11/2)
3 for the partner band. However, the band

crossing at I = 18 h̄ predicted by the Cranked Nilsson Strutinsky (CNS) calculations

is substantially higher than the observed crossing at 14 h̄. In addition, a preliminary

B(E2) transition rates measurement [17] has been cited by Ma et al.. These reported

B(E2) values for partner band have large uncertainty of � 50%. This measurement

is consistent with both CNS prediction with fixed “K” value of 6 as well as with the

previous interpretation [3] of triaxial and axial prolate shapes for the doublets. In

addition, no B(M1) value has been reported which is essential to determine the quasi-

particle structure of the doublet bands. Thus, the previous investigations [3, 16] on

the origin of the doublet bands of 106Ag have indicated two contrasting possibilities,

namely, distinct shapes or distinct quasi-particle structures. In order to resolve this

issue, the accurate measurement of transition rates in the doublet bands of the A∼100
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6.2. Band 1 and Band 2

region in 106Ag was necessary.

For the main band, the effective lifetimes for the 18− and 19− levels were found

by fitting the line-shapes for 1309 (19− → 17−) and 1300 (18− → 16−) keV γ-

transitions by assuming 100% side-feed. The top feed lifetime for 17− level was

assumed to be the intensity weighted average of the lifetimes for 18− and 19− levels

since this level was fed by both 674 (18− → 17−) and 1309 keV γ rays. The side

feeding intensity at this level was fixed to reproduce the observed intensity pattern

at 90◦ with respect to the beam direction. In this way each lower level was added

one by one and fitted until all the observed line-shapes for 1206 (16− → 14−), 1146

(15− → 13−), 1042 (14− → 12−) and 979 (13− → 11−) keV γ rays were included into

a global fit where only the in-band and feeding lifetimes were allowed to vary. The

uncertainties in the measured lifetimes were derived from the behavior of χ2 in the

vicinity of the minimum for the simultaneous fit at the two angles. The lifetime for

the 12− level was measured by fitting the line-shape of 833 (12− → 10−) keV γ ray

extracted from the top gate of 490 keV. This was done to avoid the large feed to this

level from other non-yrast states. In this case, the observed line-shape was fitted by

taking into account the complete top cascade but no side feeding at 12− level was

considered. In order to cross-check the consistency of the level lifetime measurements

from the top and the bottom gates in 106Ag, the line-shape of 979 (13− → 11−) keV

transition was extracted from the 552 (14− → 13−) keV gate and was fitted. The

results from the top and the bottom gates were found to agree within ± 1 σ.

All these levels decay by ΔI=1 transitions also and their line-shapes were fitted

following the same prescription except for 490 (13− → 12−) and 489 (12− → 11−) keV

γ rays since their line-shapes overlapped. Thus, for most of the levels, the final values

for the lifetimes were determined from the average of the values obtained from the

independent fits to the two de-exciting transitions. The corresponding uncertainty
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Chapter. Angular Momentum Generation Mechanism in 106Ag

on a level lifetime has been calculated as the average of the uncertainties for the

independent lifetime measurements for that level added in quadrature. However, it

should be noted that the quoted errors do not include the systematic errors on the

stopping power values which may be as large as 20%.

In an earlier work by Volkov et al. the lifetimes of the low spin levels from 8−h̄ to

13−h̄ of the main band of 106Ag were measured using the Recoil-distance Doppler-shift

Method (RDM) [18]. The reported value of lifetime for the 12− level was 0.32(11)

ps which has been the same as obtained in the present work. However, the reported

value of 0.39(14) ps for the 13− level was probably the effective lifetime and thus did

not match with the present work.

The same method of line-shape analysis was followed for the levels of the partner

band. The 14− level lifetime was extracted from 326 keV ΔI=1 transition since the

corresponding line-shape of cross-over E2 transition of 597 keV could be contaminated

due to the presence of Ge(n, n�γ) reaction. The intensity ratio of the inter-band to

the intra-band ΔI=1 transition for the 14− level of the partner band was found to be

0.31(2). For the other levels whose lifetimes have been measured, the intensities of

the inter-band ΔI=1 transitions could not be determined due to inadequate statistics

in the 90◦ matrix. Examples of the line-shape fits in 106Ag are shown in Fig. 6.5.

In order to deduce the B(M1) rates from the measured level lifetimes, it was

essential to estimate the mixing ratios (δ) for the ΔI = 1 transitions. For the present

fusion evaporation reaction, the width of the sub-state population σ/j was estimated

to be 0.3 from the DCO ratios of electric dipole and quadrupole transitions of 106Ag.

The mixing ratio for the ΔI=1 transitions were, then, estimated from the measured

DCO values using σ/j = 0.3. These calculations were performed using the program

ANGCOR [19]. It could be estimated that a 15% variation of σ/j value leads to a

10% systematic error on the mixing ratios. The values of the mixing ratio, along
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6.2. Band 1 and Band 2

Figure 6.5: Examples of the line-shape fits for 1284 (19− → 17−) keV and 519 (17− →
16−) keV transitions at 400 and 1570 with respect to the beam direction. The Doppler
broadened line-shapes are drawn in solid lines while the contaminant peaks are shown
in dotted lines. The result of the fit to the experimental data is shown in dashed lines.

with the level lifetime and the branching ratio for each level of the main and the

partner bands have been tabulated in table 6.1. The uncertainties of the mixing ratios

have been estimated by considering the extremum values of the uncertainties in the

corresponding DCO values. It was found that the value of the mixing ratio doubles

around the band crossing spin of I = 14h̄. The B(M1) and B(E2, I → I − 1) values

of each level have been extracted from the corresponding level lifetime, branching

and mixing ratios. The uncertainties on the deduced rates were calculated from

the quadrature addition of the individual uncertainties on the rates due to these
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three factors. For the three levels of the main band whose mixing ratios were not

estimated, the maximum possible value for B(M1) rates corresponded to δ = 0 while

the minimum possible value was estimated by assuming the maximum observed value

for δ = 0.25(6). On the other hand, the maximum and the minimum limits for the

B(E2, I → I − 1) values were found for δ = 0.25(6) and δ = 0, respectively.

Table 6.1: The measured lifetimes for the levels of the doublet bands, the
corresponding mixing ratios and the branching ratios of 106Ag. The branching ratios
are quoted for the ΔI=1 transitions. It should be noted that the quoted errors in
the level lifetimes do not include the systematic errors in the stopping power values
which may be as large as 20%.

Spin Lifetime Mixing ratio Bran. ratio B(M1)

I (h̄) (ps) (δ) Iγ(ΔI=1)

Iγ(total)
µN

Main Band

12− 0.32 (2) 0.84 (7) 1.22 (1)
13− 0.20 (2) 0.12 (5) 0.76 (6) 1.70 (2)
14− 0.23 (2) 0.23 (5) 0.61 (5) 0.80 (6)
15− 0.22 (2) 0.25 (6) 0.40 (4) 0.45 (7)
16− 0.17 (1) 0.47 (7) 0.67 (7)
17− 0.10 (1) 0.57 (7) 1.12 (12)

Partner Band
14− 1.77 (10) 0.09 (4) 0.58 (5) 0.68 (4)
15− 0.31 (3) 0.21 (5) 0.87 (7) 2.02 (12)
16− 0.40 (3) 0.24 (3) 0.57 (6) 0.49 (3)
17− 0.27 (2) 0.11 (4) 0.45 (5) 0.69 (6)
18− 0.10 (1) 0.14 (7) 0.70 (9) 1.42 (16)
19− 0.11 (1) 0.18 (6) 0.36 (5) 0.79 (9)

The deduced transition rates have been plotted in Fig. 6.6. It is observed from

this figure that within the experimental uncertainties, all the three transition rates

for the two bands are essentially the same except at I=15h̄ which probably originates

due to the band crossing around this spin. The observation that the B(E2, I → I−2)

are similar, does not support the two different quasi-particle picture of Ref. [20] since

in that case the rates in the partner band are expected to be two times stronger

than that of the main band. However, the explanation based on two different shapes
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6.2. Band 1 and Band 2

cannot be ruled out since the measured B(E2, I → I − 2) values for the main and

the partner band can be reproduced by different sets of (β, γ) values.

Figure 6.6: The deduced B(E2, I → I − 1), B(M1, I → I − 1) and B(E2, I → I − 2)
rates for the doublet bands of 106Ag. The dashed lines represent the calculated values
from TPSM.

The observed experimental band structure and transition rates of the doublet

have been compared with the numerical results obtained using the TPSM approach.

This model has been discussed in chapter 2. This model has been successful in

describing the chiral band structure and transition rates in 128Cs [21] and the level

structure and branching ratios of the doublet bands in 108Ag [7]. In the case of

106Ag the same prescription had been followed where one neutron and one proton

quasi-particle states were generated by the solving the triaxial Nilsson and pairing

(monopole and quadrupole terms) Hamiltonian in the BCS approximation. The

Nilsson potential with the deformation parameters � = 0.15 and γ = 300 have been

used for 106Ag which are consistent with the previous TRS calculation [3] and observed
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Chapter. Angular Momentum Generation Mechanism in 106Ag

systematic of Ag-isotopes [22]. In addition, it may be noted from Fig. 6.7 that the

experimental routhians for the doublet can only be well reproduced by the numerical

calculations based on TPSM corresponding to γ = 30◦. In the present TPSM

calculation, the configuration space consisted of N= 3, 4, 5 major shells for neutrons

and N= 2, 3, 4 for protons. The lowest 28 K-bands were obtained through angular

momentum projection within the energy window of 2.5 MeV. The projected bands

(basis states) were employed to diagonalise the shell model Hamiltonian consisting of

pairing and quadrupole-quadrupole interaction terms. The interaction strengths used

in the present calculations were the same as those used in the previous studies [23, 21].

The energies for the doublet bands after the diagonalization are shown in Fig.6.8 (a).

It is quite evident from the figure that calculated values are in good agreement with

the experimental data and the band crossing spin is also well reproduced.

The calculated amplitude probabilities of the basis states (a2ik) for the main and

the partner bands are plotted in Fig. 6.8(b) and (c) as a function of spin. It is observed

from the figure that at low spins, the main band predominantly originates from K =

4 (quasi-particle energy=1.76 MeV) configuration while the partner band originates

from K = 2 (2.12 MeV) configuration. However, beyond the observed band crossing

spin of 14h̄, both the bands exhibit large K-mixing but the dominant amplitudes are

now quite opposite to those before the crossing. Thus, the doublet bands in 106Ag

originate from the two quasi-particle states with different intrinsic configuration and

cross each other at 14h̄.

The consistency of these calculations were performed by calculating the

transition probabilities which are very sensitive to the eigen-vectors of the different

angular momentum states. The transition probabilities for the present case had

been calculated using free values of gl while the gs free values were attenuated by

a 0.85 factor, i.e., gπl = 1, gνl = 0, gπs = 5.59 × 0.85 and gνs = −3.83 × 0.85. The
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Figure 6.7: The comparison of theoretical and experimental routhians as a function
of the γ parameter from TPSM calculations.

effective charges for the protons and the neutrons were assumed to be 1.5e and

0.5e, respectively. Comparison of the experimental and the calculated transition

probabilities for 106Ag is shown in Fig. 6.6. It is observed from this figure that the

numerical results obtained from TPSM with the present parameter set, are in good

agreement with all the features of the experimental transition rates.

185



Chapter. Angular Momentum Generation Mechanism in 106Ag

Figure 6.8: (a) Comparison of the measured energy levels of negative parity doublet
bands of 106Ag with those from TPSM calculation. The energies are relative to the
band head E0 taken to be the energy of Iπ = 10− h̄ level of the main band. The
calculated wavefunction amplitude probabilities from TPSM as a function of spin for
the main and the partner bands are shown in (b) and (c), respectively. The numbers
quoted in the parenthesis in the box of Fig. 6.8(b) are the quasi-particle energies in
MeV.

It may be noted that similar precise level lifetime measurements in nearly

degenerate doublet bands had only been performed in the A∼130 region for 128Cs [7],

135,136Nd [24, 25] and 134Pr [21]. The MOI and transition rates were found to be very

similar in 128Cs and 135Nd which established the doublet bands are chiral partners. On

the other hand, the doublet bands of 134Pr and 136Nd exhibit the band crossing similar
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to that observed in 106Ag. In both the cases, the transition rates were found to be

different and were interpreted within the frameworks of interacting boson-fermion-

fermion model (IBFFM) and the tilted axis cranking (TAC) model complemented

by the random phase approximation (RPA). These calculations indicated that the

dissimilar transition rates in the doublet bands of 136Nd and 134Pr may originate

due to chiral vibration [25] and chiral fluctuation [21], respectively. However, in

the present work, similar transition rates have been observed in the doublet bands

of 106Ag. This novel feature of different MOI but similar transition rates can be

reproduced by the calculation based on the TPSM. The success of this model in

describing the doublet bands of mass-100 region seems to indicate that these bands

are the consequence of triaxial deformation.

6.3 Band 3

Band 3 was completely revised by Leider et. al. [4] with respect to the previously

reported work [26]. The present work, in general agrees with the γ-ray sequence in

band 3 as published in Ref. [4], however, our work does not agree with their spin

assignment. The band head spin was found to be Iπ=12− contradicting the 10−

assignment as reported in Ref.[4]. Band 3 feeds the band 1 through three ΔI = 1

transitions of energies 932.0, 1170.1 and 1440.4 keV and two ΔI = 2 transitions of

1422.3 and 1660.4 keV energy. Unlike band 1 and 2, this band interacts with the

positive parity states and decays to the two 12+ levels through weak E1 transitions

of energies 407.1 and 506.1 keV. The detailed angular distribution and polarization

analysis were performed on the 506.1, 932.0 and 1170.1 keV transitions to assign the

band head spin of band 3. The a2 and a4 coefficients extracted were -0.32 ± 0.03 and

0.01 ± 0.03 for 506.1 keV, -0.41 ± 0.04 and -0.03 ± 0.03 for 932.1 keV and -0.38 ± 0.03
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and -0.01 ± 0.02 for 1170.1 keV transition. The linear polarization measurements of

these gamma transitions were found to be 0.15 ± 0.11, -0.27 ± 0.11 and -0.23 ± 0.12

for 506.1 keV, 932.1 keV and 1170.1 keV, respectively. These measurements indicate

that 506 keV gamma ray is an E1 transition. Thus, this transition was used to fix

the spin parity of band 3 since the M2 mixing is expected to be negligible.

Figure 6.9: The contour plots for a2 vs polarization for the two different spin
assignments which are mentioned in the box.

The theoretical a2 and P values have been plotted in Fig. 6.9 as a function of

mixing ratio for two possible spin assignment schemes along with the experimental

values. The boxes denote the simultaneous uncertainties in the values of a2 and P .

The dashed and the solid line correspond to the loci of the possible values of a2

and P for the published in Ref. [4] and the proposed spin assignments, respectively.

It is evident from the figure that the theoretical estimates are consistent with the

experimental values for the spin assignment of 13− to 12+ for 506 keV transition and

not with the previous assignment of 11− to 12+. It may also be noted from the figure

188



6.3. Band 3

that the present spin assignment is consistent for 1170.1 keV (13− to 12−) and 932.1

keV (14− to 13−) transitions. This new spin-parity assignment is shown in Fig. 6.1

while the previously reported values are given in brackets. The corresponding mixing

ratios are -0.05 ± 0.02, -0.14 ± 0.02 and -0.12 ± 0.03. Thus, the band head spin has

been assigned to be 12− for this band.

The lifetimes for the high spin levels of this band have been measured and are

tabulated in table 6.2 The mixing ratios for each level have also been estimated in the

Table 6.2: The measured lifetimes, the corresponding mixing ratios and the branching
ratios for the high spin levels of the Band 3 of 106Ag. The branching ratios are quoted
for the ΔI=1 transitions. It should be noted that the quoted errors in the level
lifetimes include both the systematic and the statistical errors.

Spin Lifetime Mixing ratio Bran. ratio B(M1)

I (h̄) (ps) (δ) Iγ(ΔI=1)

Iγ(total)
µN

Band 3
17− 0.41 (2) 0.13 (5) 0.92 (4) 2.42(8)
18− 0.37 (3) 0.19 (5) 0.84 (7) 1.74(5)
19− 0.33 (4) 0.21 (6) 0.78 (9) 0.97(7)
20− 0.16 (5) 0.18 (5) 0.77 (10) 2.06(14)
21− 0.14 (4) 0.23 (6) 0.74 (11) 1.17(13)
22− 0.21 (4) 0.19 (6) 0.57 (11) 0.74(10)

same way as described for Bands 1 and 2. Thus, The B(M1) rates could be deduced

and have also been tabulated as a function of spin in table 6.3. It is apparent from the

table that the B(M1) rates exhibit a characteristic fall of a shears band till I = 19h̄

and beyond this value there is a sharp increase followed by another characteristic fall.

Such a behavior has been reported in 108Cd [27] and was identified with the band

crossing phenomena in a shears band. The band crossing in the shears band is similar

to that found in the case of the collective rotation. But the two similar phenomena

need to be described in two different ways. In the case of collective rotation, the

band crossing is associated with the alignment of the pair of quasi-particles to the

rotational axis. In contrast, the band crossing in shears band happens due to new
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single particle configuration which can reproduce the same angular momentum at

large shears angles (at lower energies). This happens because the magnitude of the

angular momentum vectors increases due to the participation of two more particles

or holes in forming the new shears structure.

This observed behavior of the B(M1) rates have prompted a numerical

calculation based on the SPAC model [28] for the shears mechanism. It is similar

to SCSM model which has been described in chapter 3. The basic difference between

the two models is in geometrical picturization of the shears closing. In SCSM model,

the shears blades are assumed to close around the total angular momentum (I) and

thus, the tilt angle of I with respect to the symmetry axis remains constant. In

SPAC model, the shears blade along the rotational axis remains fixed while the other

blade closes towards the rotational axis. Thus, the tilt angle in this case does not

remain constant. This modification is needed for those shears bands which have

an appreciable collective contribution. For such bands it is natural to assume that

the angular momentum of the rotationally aligned particles will not misalign with

increasing angular momentum.

The aligned angular momentum for the quasi-particles in Bands 1, 2 and 3 have

been shown in Fig. 6.10. It is apparent from the figure that the Band 3 has higher

aligned angular momentum than the two-qp bands and thus originates from a four

quasi-particle structure. A number of four quasi-particle structures are possible based

on the πg−1
9/2 ⊗ νh1

11/2 configuration and the SPAC calculations were performed for all

the configurations. The best agreement between the experimental and theoretical

routhians was obtained for πg−3
9/2 ⊗ νh1

11/2 configuration before the band crossing and

πg−3
9/2 ⊗ νh3

11/2 after the band crossing.

For the πg−3
9/2 ⊗ νh1

11/2 configuration, the rotational aligned angular momentum

vector (j⊥) is 5.5 h̄ and the magnitude of the other vector (j||) is assumed to be 9.5
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Figure 6.10: Experimental quasiparticle alignment ix as function of rotational
frequency for Bands 1, 2 and 3 in 106Ag. The Harris parameters used are J0=
8.9h̄2/MeV and J1= 15.7h̄4/MeV3.

h̄ in order to reproduce the band head spin of 12 h̄. For these calculations, a prolate

deformation for this band has been assumed and the best values for the core moment

of inertia (J ) and the particle-hole interaction (Vπν) were found to be 8.3 h̄MeV−1

and 1.15 MeV, respectively. The comparison plot for the routhians is shown in Fig.

6.11, where the level energies have been normalized with respect to the band head

energy of 12−. In these calculations the band crossing has been assumed to occur at

I=19 h̄. It can be concluded from this figure that there is a good agreement between

the experimental and the calculated routhians. However, the definitive cross-check for

this configuration assignment can be obtained by comparing the experimental B(M1)

values with those obtained from the theoretical calculations using the equation

B(M1, I → I − 1) =
3

8π
�µ2
⊥ =

3

8π
g2effj

2
π sin

2 θπ
�
µ2
N

�
(6.1)
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Chapter. Angular Momentum Generation Mechanism in 106Ag

Figure 6.11: Comparison of the experimental routhian with the SPAC model
calculations for the Band 3 in 106Ag. The energies are normalized with respect to
the 12− state of the band.

where the shears angle (θπ) corresponding to each level is the same which reproduces

to the level energy. This comparison is shown in Fig. 6.12, where the single particle

g-factor for the g9/2 proton, the g7/2 neutron and the h11/2 neutron were taken to

be 1.27, -0.21 and 0.21 respectively [2]. The good agreement of the numerical values

confirms the configuration of Band 3 to be πg−3
9/2⊗νh1

11/2 before the band crossing and

πg−3
9/2 ⊗ νh3

11/2 after the band crossing with a collective contribution from the prolate

core.

It is very interesting to note that in order to describe all the high spin

characteristics of the three negative parity bands, we need to assume a triaxial

deformation for Bands 1 and 2 and a prolate deformation for Band 3. This co-

existence of shapes due to a broad TRS minimum has already been pointed out by

Joshi et al. [3]. This TRS plot is shown in Fig. 6.13. The conclusion drawn from the

192



6.3. Band 3

Figure 6.12: Comparison of the experimental B(M1) values with the results obtained
from the SPAC model calculations for the Band 3 of 106Ag. The dotted red line is
obtained from the calculations with πg−3

9/2 ⊗ νh1
11/2 configuration below the crossing.

After the I=19 spin, the solid black line corresponds to the SPAC calculation using
the configuration πg−3

9/2 ⊗ νh1
11/2.

present work on the co-existence of triaxial (γ = 30◦) and axial (γ = 0◦) deformations

is consistent with this TRS picture for shape co-existence.
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Chapter. Angular Momentum Generation Mechanism in 106Ag

Figure 6.13: TRS plot for the yrast negative-parity configuration in 106Ag at a
rotational frequency of 0.40 MeV. The contour separation in this plot is 350 keV.
This figure is taken from Ref. [3].

6.4 Band 4

The positive parity levels of 106Ag were established by D. Jerrestam at. al [26]

and the present level scheme (Fig. 6.1) agrees well with this report in the low spin

domain. The band head spin of the high spin positive parity band was reported

as 11+. But the DCO and PDCO values obtained for 1145 keV from the present

analysis are 1.11(15) and 0.35(11), respectively. Thus, the 1145 keV transition is

an E2 transition which changes the band head spin to 12+. The next higher level

decays by 243 keV transition to the band head and by 1495 keV transition to 11−

level of Band 3. The DCO and PDCO values for the 1495 keV transition have been

determined to be 0.48(17) and 0.21(13), respectively which indicates that it is an E1

transition. Thus, the second level of the band also has Iπ=12+. The assignment of γ
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rays to high spin members of this band from the two works agree till the previously

reported 19+ level. Only the gamma transition energy between 19+ → 18+ has been

changed from 586.3 to 588 keV. This band has been extended to Iπ=25+ in the present

work (6.1). For all the levels, The M1 and the crossover E2 transitions have been

identified. The DCO ratios for all the M1 transitions de-exciting the high spin levels

of this band have been measured and tabulated in Table 6.4.

Table 6.3: The measured lifetimes, the corresponding mixing ratios and the branching
ratios for the high spin levels of the Band 4 of 106Ag. The branching ratios are quoted
for the ΔI=1 transitions. It should be noted that the quoted errors in the level
lifetimes include both the systematic and the statistical errors.

Spin Lifetime Mixing ratio Bran. ratio B(M1)

I (h̄) (ps) (δ) Iγ(ΔI=1)

Iγ(total)
µN

Band 4
17+ 0.33 (3) 0.15 (4) 0.87 (5) 2.20(16)
18+ 0.21 (3) 0.18 (5) 0.76 (7) 1.98(17)
19+ 0.17 (3) 0.19 (6) 0.70 (7) 1.77(15)
20+ 0.12 (2) 0.24 (7) 0.69 (6) 1.52(18)
21+ 0.14 (3) 0.21 (7) 0.59 (6) 1.15(16)
22+ 0.17 (4) 0.18 (7) 0.67 (8) 0.69

The line-shapes could be observed for the γ transitions beyond Iπ=16+ and the

lifetimes of levels from 16+ to 22+ have been measured. These values are tabulated

in Table 6.3. It can be observed that the extracted B(M1) rates decrease steadily

with the increase of angular momentum.

This observation indicates that this band may also originates due to the shears

mechanism. In order to explore this possibility further, the numerical calculations

based on SPAC were carried out with πg−1
9/2 ⊗ ν[(d5/2,g7/2)

1, h2
11/2] configuration. For

this configuration j|| = 4.5 h̄ and j⊥ = 10.5 h̄ for a bandhead spin of 12 h̄. The values

for Vπν=1.2 MeV and J=10.0 MeV−1 was assumed which were similar to those used

for Band 3. Fig. 6.14 shows the experimental and the calculated routhians for Band

4. The agreement between values is reasonable upto I=25 h̄.
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Figure 6.14: Comparison of the experimental routhian with the SPAC model
calculations for the Band 4 in 106Ag.

The B(M1) transition rates were also calculated and compared with the

experimental values. This comparison is shown in Fig. 6.15. It is apparent that

both the B(M1) rates and the routhians are well produced by the SPAC calculations.

Thus, it may be inferred that the positive parity band of 106Ag originates due to an

interplay between shears mechanism and the collective rotation.

In summery, the partial level scheme of 106Ag established in the present work

has four high spin bands out of which three have negative parity while the fourth has

positive parity. Bands 1 and 2 form a doublet and comparison with TPSM calculations
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Figure 6.15: Comparison of the experimental B(M1) values with the results obtained
from the SPAC model calculations for the Band 4 of 106Ag. The theoretical curve is
obtained from the calculations with πg−1

9/2 ⊗ ν[(d5/2, g7/2)
1, h2

11/2] configuration.

seem to indicate that these 2-qp bands arise due to a triaxial deformed core. The

comparison with the numerical results of SPAC indicate that Band 3 originates due

to an interplay of shears mechanism and the collective rotation. This band exhibits

a band crossing at I=19 h̄ which is also reproduced by SPAC calculations. The

positive parity Band 4 also originates from this interplay but does not exhibit any

band crossing till the observed spin 26 h̄. For the SPAC calculations, a prolate core

was assumed for both Band 3 and Band 4 which gives the collective contribution to
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Chapter. Angular Momentum Generation Mechanism in 106Ag

the angular momentum generation in these bands.

Table 6.4: Energies of the γ rays, The Spin, Parity and the relative intensities of
transitions assigned to the 106Ag in the present work.

Eγ

(keV)
Ii

π → If
π(h̄) Iγ A2/A0 A4/A0 δ RDCO PDCO

45 8− → 7−

64 7− → 6−

169 9− → 8− 100 0.48(7) 1.1(4) -
0.33(11)

170 11− → 10− 8.9(4)
219 12− → 11− 33.6(9) 0.34(6) 0.91(9) -

0.27(16)
220 13− → 12− 5.8(4)
230 13+ → 12+ 12.8(5)
243 7+ → 6+ 51.8(1.4)
243 12+ → 12+ 3.2(3)
252 14− → 13− 8.4(4)
258 14+ → 13+ 16.3(5)
266 15− → 14− 14.5(5)
267 10− → 9− 4.3(3)
270 13− → 12− 31.8(6) 0.19(7) 0.73(9)
293 7+ → 7+ 10.7(4)
295 15+ → 14+ 13.7(3) 0.64(9) -

0.15(10)
322 16− → 15− 11.5(4) 0.11(3) 0.64(5) -0.13(8)
326 14− → 13− 28.4(7) 0.09(4) 0.61(7) -0.17(9)
330 10+ → 9+ 3.2(3)
343 11− → 10− 78.3(2.6) 0.15(3) 0.68(3) -0.21(6)
347 16+ → 15+ 12.5(4) 0.12(4) 0.63(5) -0.09(5)
353 8+ → 7+ 8.1(3) 0.62(6) -0.19(9)
373 17− → 16− 11.1(4) 0.13(5) 0.71(6) -0.14(6)
376 10− → 9− 92.1(3.2) -0.31(3) -0.05(4) -

0.08(3)
0.69(2) -0.31(5)

388 12− → 10− 3.7(5)
397 10− → 10− 1.5(2)
405 17+ → 16+ 10.4(3) 0.15(4) 0.66(6) -0.23(7)
407 13− → 12+ 1.2(2)
408 11− → 10− 3.2(3)
415 18− → 17− 9.6(3) 0.19(5) 0.62(6) -0.28(9)
430 15− → 14− 24.8(7) 0.21(5) 0.76(7) -0.33(9)
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Table 6.4 – Continued from previous page
Eγ

(keV)
Ii

π → If
π(h̄) Iγ A2/A0 A4/A0 δ RDCO PDCO

454 10− → 10− 1.4(5)
466 18+ → 17+ 7.8(4) 0.18(5) 0.71(6) -0.18(9)
470 13+ → 12+ 2.4(3)
489 14+ → 12+ 3.7(8) 0.96(8) 0.25(7)
489 13− → 11− 5.3(5)
490 12− → 11− 52.1(1.3)
489 13− → 12− 26.7(1.2) 0.12(5) 0.65(8) -

0.23(14)
496 7− → 7+ 21.8(8)
503 19+ → 18+ 4.6(3) 0.19(6) 0.71(7) -

0.17(10)
505 20− → 19− 4.0(4) 0.18(5) 0.74(8) -

0.21(11)
506 13− → 12+ 2.3(3) -0.32(3) 0.01(3) -

0.05(2)
0.15(11)

508 10− → 11− 3.1(4)
509 19− → 18− 7.2(6) 0.21(6) 0.71(7) -

0.22(10)
518 15− → 13− 2.8(5) 0.97(7) 0.29(9)
519 17− → 16− 8.5(7) 0.11(4) 0.61(6) -

0.24(10)
536 7+ → 6+ 3.3(3)
536 16− → 15− 12.9(1.2) 0.24(3) 0.67(5) -0.15(9)
542 8− → 7+ 23.4(9) 0.56(5) 0.13(6)
546 10− → 8− 5.4(6) 1.07(11) 0.39(8)
552 14− → 13− 16.3(1.5) 0.23(5) 0.80(7) -0.33(9)
553 15+ → 13+ .5(5) 0.97(8) 0.46(12)
585 21+ → 20+ 1.9(4) 0.21(7) 0.73(9) -

0.19(10)
586 22− → 21− 1.7(3) 0.19(6) 0.74(9)
588 16− → 14− 3.2(3) 0.98(8) 0.47(8)
588 20+ → 19+ 3.2(4) 0.24(7) 0.77(9)
593 9+ → 8+ 2.1(3)
594 15− → 14− 9.7(1.4) 0.25(6) 0.83(9) -

0.17(11)
596 14− → 12− 20.6(2.2)
612 16− → 15− 9.2(9)
613 19− → 18− 2.7(5) 0.18(6) 0.71(6)
626 17− → 16− 5.4(8)
625 21− → 20− 2.3(4) 0.23(6) 0.70(9)
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Table 6.4 – Continued from previous page
Eγ

(keV)
Ii

π → If
π(h̄) Iγ A2/A0 A4/A0 δ RDCO PDCO

629 8+ → 7+ 5.0(7) 0.83(7) -
0.16(11)

642 16+ → 14+ 1.2(3) 0.95(9) 0.37(12)
657 22− → 21− 0.1(2)
660 12+ → 11+ 2.5(5)
673 18− → 17− 6.3(7) 0.14(7) 0.65(9)
674 18− → 17− 2.3(9)
676 6− → 6+ 71.4(2.3)
695 17− → 15− 1.0(3)
680 22+ → 21+ 1.6(4) 0.18(7) 0.69(9)
682 23+ → 22+ 0.8(3)
688 12+ → 11+ 2.8(4)
720 11− → 9− 16.7(1.1) 0.93(8) 0.45(9)
727 10+ → 9+ 2.6(5) 0.61(9) -

0.26(10)
732 20− → 19− 1.8(4)
739 7− → 6+ 6.3(6)
742 24+ → 23+ 0.4(3)
752 17+ → 15+ 1.6(3) 1.06(9) 0.29(12)
756 15− → 13− 3.7(4)
770 21− → 20− 0.9(5)
788 18− → 16− 1.8(4)
796 25+ → 24+ 0.2(2)
833 12− → 10− 9.9(7) 1.13(10) 0.36(10)
851 10− → 10− 1.1(3)
871 18+ → 16+ 2.5(3)
872 8+ → 6+ 3.3(5)
890 13+ → 11+ 2.4(3)
923 10+ → 8+ 4.2(7) 1.07(10) 0.19(8)
924 19− → 17− 2.0(3)
932 14− → 13− 2.1(3) -0.41(4) -0.03(3) -

0.12(3)
-
0.27(11)

946 9+ → 7+ 3.0(6) 0.95(8) 0.15(9)
960 10− → 10− 4.0(9)
967 16− → 14− 9.7(5)
969 19+ → 17+ 2.0(4)
979 13− → 11− 8.4(5) 0.89(11) 0.33(9)
989 10− → 9− 7.2(6) 0.57(5) 0.41(13)
1002 14− → 12− 3.2(4) 0.94(8)
1014 20− → 18− 1.2(2)
1015 12+ → 10+ 1.2(3) 0.92(13)
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Table 6.4 – Continued from previous page
Eγ

(keV)
Ii

π → If
π(h̄) Iγ A2/A0 A4/A0 δ RDCO PDCO

1021 11− → 10− 17.5(1.4) -0.43(30 -0.06(3) -
0.16(4)

0.64(8) -0.33(8)

1042 14− → 12− 10.4(5) 1.17(12) 0.49(13)
1054 9+ → 7+ 7.1(6) 1.06(11) 0.41(12)
1056 17− → 15− 10.4(7)
1091 20+ → 18+ 1.4(2)
1115 12+ → 10+ 5.1(7) 1.07(9)
1130 21− → 19− 0.8(2)
1145 12+ → 10+ 5.2(5) 1.11(15) 0.35(11)
1146 15− → 13− 14.5(1.1) 0.95(12) 0.22(7)
1153 10+ → 8+ 1.8(4) 0.93(10)
1167 13− → 11− 2.6(8)
1170 13− → 12− 3.7(4) -0.38(3) -0.01(2) -

0.14(2)
-
0.23(12)

1174 21+ → 19+ 1.3(2)
1184 11+ → 9+ 5.5(7) 1.09(11)
1192 18− → 16− 2.7(3)
1206 16− → 14− 10.4(8)
1211 22− → 20− 1.3(2)
1212 11+ → 9+ 2.3(4) 0.92(14)
1228 10− → 9− 3.2(5) 0.58(9) -0.09(8)
1237 17− → 15− 4.1(3)
1240 12− → 10− 0.7(2) 1.02(12)
1254 23− → 21− 0.5(4)
1266 22+ → 20+ 0.8(2)
1284 19− → 17− 4.8(7)
1300 18− → 16− 1.2(4)
1309 19− → 17− 0.7(4)
1345 20− → 18− 1.0(5)
1362 23+ → 21+ 0.4(5)
1397 11− → 9− 5.7(5) 0.25(4) 0.04(5) -

0.02(4)
1.09(13)

1422 14− → 12− 1.7(4)
1424 24+ → 22+ 0.4(4)
1426 22− → 20− 0.5(4)
1440 12− → 11− 1.2(3)
1495 12+ → 11− 6.1(6) 0.48(17) 0.21(13))
1502 21− → 19− 0.7(5)
1499 25+ → 23+ 0.2(3)
1538 25+ → 23+ 0.1(1)
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Chapter 7

Summary

The present thesis reports the angular momentum generation mechanisms

in three nuclei of A ∼100 region, namely, 104,105Pd and 106Ag. The high spin

states of 104Pd and 105Pd were populated in one experiment through the reactions

96Zr(13C, 5nγ)104Pd and 96Zr(13C, 4nγ)105Pd using the 13C beam at 63 MeV from the

14-UD Pelletron at TIFR. In another experiment, also carried out at TIFR, the 106Ag

was populated through 96Zr(14N, 4nγ)106Ag reaction using the 14N beam at 68 MeV.

The de-exciting γ rays were detected using the Indian National Gamma Array

(INGA) which comprised 20 Compton suppressed Clover detectors. The time stamped

data from this array was sorted into various γ − γ matrices and the γ − γ − γ

cube. The coincidence criteria was used to built the level schemes pertaining to

these nuclei. The advantages of using Clover detector in addback mode and its use as

a polarimeter have been discussed in detail in Chapter 3. The present INGA geometry

also allowed the γ gated angular distribution measurements of the various relatively

weak low lying γ transitions. The detectors at the forward and 90◦ rings were used

for the DCO measurements of the γ photons de-exciting the various excited levels
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that were populated during the fusion-evaporation reactions. These measurements

were necessary for the spin assignment of each level. The parity assignments were

performed by determining the electromagnetic character of the gamma transitions

through PDCO measurements. These analysis techniques have been discussed in

detail in Chapter 3. The procedure of the lifetime measurement using the DSAM

technique and the corresponding error estimation is also discussed in this chapter.

The nuclei of this mass region exhibit single particle excitations and vibrations

at low spins and collective rotation at high spins. Besides these well established

angular momentum generation modes, they are also known to display a rich variety

of exotic modes like the correlated single particle behavior, namely, the magnetic and

the anti-magnetic rotation. These two phenomena are known to manifest in nuclei

of low deformation, as no other favorable modes of excitations are present. However,

the co-existence of the collective rotation and the anti-magnetic rotation was never

observed. The co-existence of these two modes was observed in both these isotopes of

Pd, namely, 104,105Pd during the course of this work. Thus, these are the first instances

when such a high spin behavior is reported. It may be noted that the only way that

these two mechanisms can be distinguished is through the lifetime measurement.

The behavior of the AMR bands in 104,105Pd have been well described by

the numerical calculations based on the framework of SCPRM model. It may be

interesting to note that in both the cases a prolate deformation of β ∼0.13 has

been necessary to describe the transition rates. The co-existent collective bands also

correspond to prolate shapes with β ∼0.19. Thus, the two Pd isotopes were found to

have prolate deformation at higher spins.

In the neighboring odd-odd isotope of 106Ag, a pair of doublet bands was already

known and the moments of inertia (MOI) of these two bands were found to be

different. During the course of the present work, the precise lifetime measurements
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for the levels of the doublet bands have been performed. These measurements led to

a unique observation regarding these doublet bands that though the MOI of the two

bands are different, their transition rates are very similar. This novel observation has

been reproduced by numerical calculations based on TPSM. This fact indicates that

the doublet bands in 106Ag originate due to the triaxial deformation. On the other

hand, its other two bands originate due to an interplay between the shears mechanism

and the collective rotation. Their high spin behavior can be understood within the

framework of SPAC model which in turn assumes a prolate shape for the collective

rotation. Thus, 106Ag exhibits the co-existence of triaxial and axial shapes which is

also supported by the TRS calculation.

Thus, the present experimental investigation and comparison with the various

macroscopic models indicates a rich varity of angular momentum generation modes

in these three nuclei which are:

(1) Interplay between AMR and collective rotation in one band of 104Pd and

two bands of 105Pd.

(2) Collective rotation of a prolate shape for two bands of 104Pd and one band in

105Pd. These rotational bands are also associated with signature quantum numbers.

(3) Co-existence of AMR and collective rotation in 104,105Pd.

(4) The doublet bands of 106Ag arising due to the triaxially deformed core.

(5) The other two bands of 106Ag arise due to an interplay between shears

mechanism and collective rotation of a prolate core.

(6) co-existence of triaxial and axial deformation in 106Ag.

The future direction of investigations which can be drawn from this thesis work
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are as follows:

The present work has established the existence of anti-magnetic rotation outside

Cd for the first time and further investigation in this mass region is necessary.

The other mass regions of the nuclear chart must also be studied in this context

to check whether AMR can be established as an alternative mechanism for the

generation of high angular momentum across the periodic table. Besides, the various

theoretical models should be explored to further understand this novel mechanism.

The Projected Shell Model (PSM) may be particularly interesting for such a study.

The study of the doublet bands as a consequence of spontaneous chiral

symmetry breaking is pursued very widely these days. However, the explanation

of the experimental results for the doublet bands of 106Ag in this work by the TPSM

calculations indicates that invoking the complicated concept of spin chirality may not

be necessary to understand the occurrence of doublet bands in nuclei. Further, the

concept of chirality predicts that the transition rates of the doublet bands should be

similar as a function of spin besides the moment of inertia (MOI) and routhians. Thus,

the lifetime measurements of these bands whose MOI and routhians are similar are

very critical and should be carried out. On the theoretical front, it should be studied

whether the various doublet bands, which do not necessarily have all the properties

(such as transition rates, MOI, routhian) similar, can be simply understood to be a

manifestation of triaxiality. The TPSM may be the best choice for such a study.
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