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SYNOPSIS

The aim of science is to understand the world around us through simple laws of nature.
In this endeavour, the microscopic and macroscopic properties of matter are investigated
as a function of length, time and energy scale. At the microscopic level, all matter is
made up of atoms. Each atom consists of a central nucleus surrounded by a cloud of
electrons. The nuclei have neutrons and protons as their constituents, which in turn, are
made up of quarks. All these constituents are spin half particles called fermions, while
all the mediators of their interactions are integer spin particles named bosons. Hence,
all matter can be modelled as a system of interacting fermions. However, such Ab Initio
models are enormously complex and numerically intensive and these calculations lead to
approximate solutions of the real matter. The more common approach is to perform the
exact calculations of an ideal system, which has a close resemblance to the real matter [1].
This approach has been followed to understand the microscopic structure of a nucleus,
which is a finite fermionic system whose constituents (protons and neutrons) interact

through strong, electromagnetic and weak interactions.

Our national accelerators produce beams with 3-10 MeV/nucleon and in this energy
domain, we can probe the macroscopic structure of the nucleus but not the individual
nucleon-nucleon interactions. The first significant structural information was found in the
1930s when nuclei with specific nucleon numbers were found to exhibit increased sta-
bility i.e. higher binding energy compared to others. These numbers - 2, 8, 20, 28, 50,
82 and 126 - became known as the magic numbers. This information led to the devel-
opment of the "Nuclear Shell Model" by Jensen and Mayer in 1949 and were awarded
the Nobel Prize in 1963. This framework depicts the independent motion of a nucleon
in a mean-field potential generated by the other nucleons. The shell model calculations
using a harmonic oscillator potential could reproduce the spin and parity of the low spin
levels of the nuclei, whose nucleon numbers are close or equal to the magic numbers up
to 20. However, to reproduce the higher magic numbers, the inclusion of the spin-orbit
interaction term was necessary, which lifts the degeneracy of total angular momentum
by an energy difference between the aligned and the anti-aligned state. The next cru-
cial observation was the large enhancement of electric quadrupole (E2) rates for certain
transitional (i.e. away from the magic numbers) nuclei, which the spherical mean field

potential of the shell model could not predict. In order to reproduce these results, Nils-



son developed the deformed shell model in 1953, where the radius term of the harmonic
oscillator potential (later replaced by the more realistic Woods-Saxon potential) was ex-
pressed through an expansion in the spherical harmonics. This deformed mean field led to
the visualization of permanent and transient deformed shapes like oblate (orange-shaped)
or prolate (rugby ball-shaped) nuclei, instead of perfect spheres. The permanent defor-
mation supports collective rotation as the nucleus changes its orientation under rotation,
while the transient shape represents collective vibrations around the spherical shape. Sub-
sequently, Bohr, Mottelson and Rainwater developed the unified theory of the structure of
the atomic nucleus by incorporating the connection between the particle motion and the

collective excitations. They were awarded the Nobel prize in 1975.

The non-spherical shape of a nucleus can be realized by representing
R(0,$) = Roll + ) ctinYin]
Im

where R(6, ¢) is the deformed radius, Ry is the radius of the spherical nucleus of the same
volume and Y, and «;, are the normalized spherical harmonics and the corresponding
expansion coeflicients. Here, Y, term i.e. the dipole term, represents the translation of
the centre of mass of nuclei and does not contribute to the shape of the nuclei. For the
case of axially symmetric deformation (rugby ball for quadrupole deformation and pear
shape for both quadrupole and octupole deformation), the m # O coefficients are absent.
Thus, for axially symmetric nuclei, the two lowest non-zero coefficients are @,y and a3,
which can be associated with deformation parameters 3, and 33, respectively. Their values
can be estimated from the measured electric quadrupole and octupole transition moments,
which arise due to the non-spherical charge distribution. For finite values of 5, and B3,
the Yo and Y3 leads to the mixing of the Al = 2 and Al = 3 orbitals, respectively. The
effects of these two types of deformation are different in terms of parity. Parity is the
characteristic property of a wave function in quantum mechanics, which is defined by the
change in the sign of the corresponding wave function after the sign reversal of the spatial
coordinates of the system. The parity of a nucleon orbital is given by (-1), which implies
that the 83 term mixes orbitals with different parities and the intrinsic configuration of
an octupole nucleus does not have a definite parity. For the case of reflection symmetric
nuclei where only Y,, term is involved, the levels of the same parity are mixed and hence

the parity remains a good quantum number. On the other hand, the incorporation of the



term Y5, leads to the triaxial nuclei, which are axially asymmetric.

The collective rotation of a deformed nucleus manifests in the characteristic angular mo-
mentum (I) dependence of the excited energy levels (E) given by E o I(I+1), where the
proportionality constant is the inverse of the moment of inertia (MOI). It is generated by
the motion of the constituent nucleons. At low angular momentum (analogously called
‘spin’), the MOI of an even-even nucleus is considerably smaller than the rigid body value
due to long-range pairing correlations between the nucleons. This correlation originates
due to the scattering of a pair of nucleons between the nucleon orbitals near the Fermi
surface. As the nucleus starts to rotate faster, the motions of the nucleons in the intrinsic
frame are strongly influenced by the Coriolis force, which breaks the nucleon pairs in
the time-reversed orbitals and starts to align them along the rotation axis. This way the
angular momentum gets generated by the contributions from both the collective rotation
and the orbital angular momenta of the aligning nucleons. Thus, in general, the effective
MOI increases with increasing angular momentum due to the Coriolis force and the nu-
cleus behaves as a soft rotor. Only in rare cases, the moment of inertia can become the
constant of motion over an angular momentum interval if the Coriolis force fails to affect
the orbital occupancies of the nucleons due to the Pauli blocking. In this domain, the
nucleus can be assumed to be rigid as the angular momentum gets generated only through

the nuclear rotation.

The nuclear structure studies involve the synthesis of a specific nucleus of interest, ex-
citing it to high angular momentum, detecting the decay gamma-rays and building the
discrete level structure of the nucleus. The excited levels originating from different mech-
anisms for angular momentum generation have characteristic electromagnetic decay prop-
erties. The enhancement in the E2 or E3 transition rates is the marker for the rotation of a
quadrupole or octupole shape, respectively. On the other hand, the magnetic dipole (M1)
transitions depend on the intrinsic nucleonic currents and thus, are a good identifier for
the occupancy of the nuclear orbitals. These transition rates can be estimated through the
measurement of the lifetime of the decaying state. Thus, the level lifetime is an important

spectroscopic information needed for nuclear structure studies.

For the neutron-rich isotopes in mass 100, the level energies of the intruder negative par-
ity hyy, orbital of the neutron sector become significantly lower for 8, ~ 0.2. Thus, the

shears mechanism becomes a dominant mechanism for the angular momentum generation



in these nuclei, where the neutrons occupy the lower levels of the h;,,, orbital, while the
protons occupy the higher levels of the (ds;»/g7/2) orbitals [10} 11, 12, [13]]. On the other
hand, the occupancy of the h;;,, orbital induces nuclear deformation through the polar-
ization of the core and leads to the emergence of several exotic shapes in this mass region.
For example, *Zr (N = 56) shows an enhanced electric octupole transition rate B(E3)
for the low-lying 3 state, which is the experimental evidence of octupole instability [7].
This observation indicates that reflection asymmetric characteristics can be present in this
mass region. Another recent work on '%Pd reported a transverse wobbling band, which
is a signature of a triaxially deformed nucleus [14]]. Thus, the search and study of exotic
shapes in A = 100 region through discrete y-ray spectroscopy, is the primary goal for this

thesis work.

The thesis will report high spin spectroscopy of **Mo, '"Ru, ''Ru and !°Pd. The high
spin levels of these nuclei were populated in three separate experiments. The first nucleus
of interest in the thesis, '°’Ru, was populated in a fusion-evaporation reaction with a high
cross-section (= 1 b) due to the availability of a suitable target-projectile combination.
A 2.5 mg/cm? Mo was bombarded with a stable @ beam of 50 MeV from the K-130
cyclotron at VECC. In the second experiment, the same target projectile combination
was used but this time, a target of thickness 10 mg/cm? along with a beam energy of 45
MeV was chosen so that two evaporation channels other than '°°Ru, '"'Ru(~ 600 mb) and
%Mo (~ 150 mb), were also populated. In addition, the thick target data were utilized to
measure the sub-picosecond lifetimes for the excited levels of !°°Ru and '°'Ru using the
Doppler Shift Attenuation Method (DSAM). The high-spin states of '®>Pd were populated
by a 63-MeV *C beam from the 14-UD Pelletron at the Tata Institute of Fundamental Re-
search (TIFR) [8]. The target was 1 mg/cm? of enriched *Zr with a backing of 2°Pb of
thickness 9 mg/cm?. The gamma rays deexciting the high spin states were detected by the
Compton-suppressed Clover detectors of the Indian National Gamma Array (INGA). The
spins of different excited states were determined through Directional COrrelation (DCO)
measurements. The clover detectors can also act as a Compton polarimeter. Hence, po-
larisation direction correlation (PDCO) measurements were also performed to determine

the electromagnetic character of the de-exciting y-rays.

In '“Ru (N = 56, Z = 44), seven interleaved E1 transitions have been observed between

the two alternating parity bands whose moments of inertia are nearly identical. The



B(E1),../B(E2);, values for these transitions are nearly constant for both I* — (I-1)" and
(I-1)"— (I-2)*. There is also a sudden enhancement in this transition rate ratio above
spin I = 164. It is interesting to note that the parity splitting also vanishes in this spin
range. The rates along with the vanishing parity splitting indicate a possible emergence
of stable octupole deformation in '’Ru in high spins based on a rotationally aligned con-
figuration. From the second experiment with the thick target, the level lifetimes of these
bands were estimated. The comparison of the measured B(E1) rates with the calculated
values from the Triaxial Projected Shell Model (TPSM), establishes the presence of oc-
tupole collectivity at high spins in '°’Ru. This is the only nucleus outside the Lanthanide
and Actinide regions, where this effect has been observed. In addition to that, there are
two negative parity bands which are inter-connected by strong M1 transitions and also
have similar quadrupole moments as estimated from the DSAM analysis. Thus, these
two bands are the signature partners based on v[{ds;»/g7/2} ® hj2] configuration and
originate due to the reflection of a symmetric shape. This implies that '’ Ru exhibits the

coexistence of reflection symmetrical and asymmetrical shapes.

Another N = 56 nucleus of A ~ 100, Mo has been studied in the present thesis. The
spins and multipolarity of the excited levels [9]] were established from the present data and
few additional transitions were identified. However, due to inadequate statistics, the weak
interleaving E1 transitions were not observed. On the other hand, the identification of two
alternating parity bands along with two newly placed electric octupole (E3) transitions
indicates the possibility of octupole collectivity in **Mo. Systematic studies like parity
staggering and moment of inertia (MOI) plots, enhance the prospect of establishing this

nucleus as another reflection asymmetric shape in the mass = 100 region.

These two nuclei namely **Mo and '’Ru, are axially symmetric and the axis of rotation
is perpendicular to the symmetry axis. A triaxial nucleus, on the other hand, can rotate
about any of the three principal axes. This generalized rotation opens up the possibility
of nuclear wobbling. In the case of transverse wobbling in an odd mass nucleus, the odd
nucleon aligns along the short axis, while the nucleus rotates predominantly perpendicular
to the medium axis with the largest MOI. The current experimental investigation of 'Pd
has revealed, for the first time, the existence of two wobbling bands both having one
phonon configuration and originating from the coupling of the wobbling phonon to the

ground state band and to its signature partner. The doublet one-phonon wobbling bands



are, in turn, found to be the signature partner bands. These observations have been drawn
from the measured ratios of the inter-band and intra-band gamma transition rates. The
numerical calculations based on the triaxial projected shell model (TPSM) approach have
been performed and the obtained results are found to be in good agreement with the
experimental observations. These calculations provide an insight into the nature of the
observed structures at a microscopic level and establish that the new band originates due

to the combined particle-wobbling excitation. This is the first observation of this interplay.

In '°'Ru, two new bands have been established and the level lifetimes have been mea-
sured using DSAM from the present data. These two bands represent the signature and
wobbling partners of the yrast band and have one quasineutron configuration (h;;2). At
higher spins, the wobbled band exhibits large mixing with the three-quasiparticle con-
figuration of vhj, , X) g5 ,. This is the first observation of the smooth evolution from
collective rotation (7y-band) at high spin (I > 31/2#) to the interplay of collective rotation
and wobbling in the intermediate spin (31/2% < I < 27/2h) to pure wobbling in the low
spin domain (I < 27/2h).

In summary, the present thesis reports the existence of exotic shapes in A =~ 100 mass
region. The experimental observations and comparison with the TPSM calculations, es-
tablish the reflection asymmetric shape for '’ Ru and the non-axial shapes for '®>Pd and

19TRu. The experimental data on **Mo indicate the possibility of octupole collectivity.

The thesis will be organized in the following way. After a brief introduction chapter,
the second chapter of the thesis will outline the distinct mechanisms for the generation
of high angular momentum states and the basics of the Triaxial Projected Shell Model
(TPSM), which has been used extensively during the present thesis work. The details of
the experimental methods and analysis tools will be discussed in Chapter 3. The experi-
mental findings and the interpretation of the results on '“’Ru, **Mo, '“Pd and '°'Ru will
be discussed in Chapters 4, 5, 6 and 7, respectively. The summary of the present thesis
work will be presented in Chapter 8 along with a future direction for further experimental

investigations.
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Summary

The present thesis reports the existence of exotic shapes in A =~ 100 mass region, namely,
%Mo, 'Ry, °'Ru and !'Pd. The thesis is organized in the following way. After a brief
introduction, the thesis outlines the distinct mechanisms for the generation of high angular
momentum states and the basics of the Triaxial Projected Shell Model (TPSM), which has

been used extensively during the present thesis work.

The details of the experimental methods and necessary analysis tools is also discussed.
The high spin levels of the nuclei discussed in this thesis were populated in three sep-
arate experiments at Variable Energy Cyclotron Centre (VECC) and Tata Institute of
Fundamental Research (TIFR). The gamma rays deexciting the high spin states were de-
tected by the Compton-suppressed Clover detectors of the Indian National Gamma Array
(INGA). The spins of different excited states were determined through Directional COrre-
lation (DCO) measurements. The clover detectors can also act as a Compton polarimeter.
Hence, polarisation direction correlation (PDCO) measurements were also performed to

determine the electromagnetic character of the de-exciting y-rays.

The experimental results, combined with TPSM calculations, confirmed the reflection-
asymmetric shape for '"Ru and axial asymmetric-shapes for 'Pd and '°'Ru. The data
also suggest the possibility of octupole collectivity in **Mo. The summary of the present
thesis work is presented along with a future direction for further experimental investiga-

tions.



Chapter 1

Introduction

The atomic nucleus is a finite, quantal system of interacting fermions. The research in
nuclear physics primarily focuses on comprehending various properties of this complex
system through the nucleon-nucleon interaction. The advancements in modern accel-
erators and detection methodologies facilitate detailed investigations of this interaction.
These include exploring nuclear fusion dynamics and nuclear reaction mechanisms span-
ning a wide energy spectrum and studying nuclear structure at high angular momenta
while maintaining low excitation energies. The study of high angular momentum (anal-
ogously called ‘spin’) states of atomic nuclei has emerged as a particularly significant
area of interest as the radiative transitions between these excited states provide clear evi-
dence of perturbations over the average mean field potential. The multipole nature of this

perturbation is the origin of various excitation modes of atomic nuclei [[1]].

The presence of symmetry in nature is associated with a conservation law. In nuclear
physics, there are three fundamental symmetries, namely charge, mass and current dis-
tribution. For example, the charge symmetry of nuclear force essentially means that the
strong forces between proton-proton, neutron-neutron and neutron-proton are approxi-
mately the same. However, the multipole nature of the perturbative Hamiltonian leads to

the spontaneous symmetry-breaking phenomena [2]. A notable example is the formation
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of rotational bands when the spherical symmetry is lost. These bands exhibit specific level
structures corresponding to different symmetries linked to the shape of the nucleus like
m-rotation symmetry [2]. Recent experimental findings have revealed two new categories:
magnetic and chiral bands [3} 4} 5]. The magnetic bands possess significant dipole mo-
ment, originating from highly uneven current distributions. On the other hand, the chiral
bands are linked to the breakdown of spin chiral symmetry in axially asymmetric odd-odd
nuclei. The macroscopic models based on such symmetries offer precise solutions for an
ideal nucleus. However, these models rely on multiple free parameters, adjusted through
comparison with experimental data. The credibility of a model is strengthened if these
parameters show consistent variation across a wide range of nuclei in the periodic table.
The effectiveness of this approach can be attributed to two key factors:

1) The creation of a mean-field by all nucleons, wherein the nucleon motion accurately
reproduces the observed nuclear traits. The success of the shell model in reproducing
"magic numbers" validates this concept.

2) The consistent observation of zero ground state spin in even-even nuclei highlights the
strong pairing interaction between protons and neutrons.

Thus, a nucleus may be envisioned as an even-even core responsible for generating the
mean field, along with valence nucleons primarily influencing nuclear properties. The de-
formation of the core introduces additional collective degrees of freedom for the nucleus
notably, rotation and vibration [6]. These macroscopic descriptions and associated mod-
els undergo rigorous testing under extreme conditions of very high angular momentum,

significant isospin values, and notable deformation.

High-resolution y-spectroscopy emerges as a valuable tool for these tests [/]. Investi-
gations into nuclear properties, such as quadrupole moments, excitation energy, angular
momentum, and transition probabilities of discrete excited states, help in evaluating the

validity of the macroscopic models.

The excitation modes depend on the occupation of nuclear orbitals near the Fermi surface

10
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by valence particles, leading to different band structures for different nuclear shapes. For
example, at shell closure, a nucleus is spherical in nature and hence a change in orienta-
tion can not be defined due to a lack of an axis of reference. As a result, no rotational
band can be observed in a spherical nucleus. Thus, in this case, the coupling of the an-
gular momenta of the valence nucleons gives rise to higher spin states, which leads to the
observation of randomly spaced energy-level structures. On the other hand, Aage Bohr’s
seminal work in 1951 [8]] provided insights into the rotational spectra of nuclei and their
relationship to stable nuclear deformations. The deformed nuclei, characterized by asym-
metric mass distributions, exhibit a variety of shapes, including prolate, oblate, and triax-
ial forms. Most deformed nuclei exhibit axial and reflection-symmetric spheroidal shapes,
which can be deduced from the experimentally observed properties of their band struc-
tures. These symmetric shapes, being invariant under space inversion, yield rotational
bands with unique parity. However, reflection-asymmetric shapes can arise from the oc-
tupole term of the interaction potential, albeit less stable than the well-known quadrupole
deformations. This mode of excitation originates from the interactions between the or-
bitals of opposite parity with Al = Aj = 3 near the Fermi surface. Consequently, it leads
to a separation between the nucleus’s centre of mass and centre of charge, resulting in the

observation of alternating parity bands connected by enhanced E1 transitions [9]].

Thus, the various angular momentum generation mechanisms are reflected in the high-
spin level structures of deformed nuclei, which also affect the electromagnetic transition
rates. In the mass A ~ 100 region, the close proximity of the positive parity ds;,, and
negative parity h;;,, neutron orbitals near the Fermi surface enhances the possibility to

observe strong octupole correlations, leading to 83 deformations.

It may be noted that an axially asymmetric nucleus can exhibit three-dimensional rotation
1.e. it can rotate about any one of the principal axes. Uniform rotation around the medium
axis with the largest Moment of Inertia (Mol) represents the lowest energy state for a

given angular momentum. The precession of the total angular momentum around any

11
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of the three axes leads to the phenomenon of nuclear wobbling [10]]. The occupation of
quasineutrons in the low- Q hy,, orbitals establishes nuclei of A = 100 mass region as
potential candidates for observing the wobbling phenomenon. The primary aim of the
present thesis is to explore the possibility of the existence of these exotic reflection and

axially asymmetric shapes in this mass region.

To achieve this goal, experimental investigations were conducted employing in-beam -
ray spectroscopy. The thesis work presents spectroscopic studies of two N = 56 isotones
10Ru and *®*Mo, as well as 'Pd (N = 59) and '°'Ru (N = 57), which were populated
via fusion-evaporation reactions with different target projectile combinations. The emit-
ted y-rays were detected utilizing the Indian National Gamma Array (INGA), comprising
a Compton-suppressed Clover detector array. All the experimental procedures are dis-
cussed in detail in Chapter 3. The next chapter delves into the emergence of octupole
collectivity in the high spin domain of the alternate parity band in '’Ru. This is a rare
observation in the Segre Chart and the first such identification in this mass region. Chap-
ter 5 establishes **Mo as another potential candidate for the observation of permanent
octupole deformation in the A =~ 100 mass region. On the other hand, Chapter 6 describes
a unique observation of a band built from combined particle-wobbling excitation in '®Pd.
Finally, Chapter 7 elucidates the newly observed wobbling band in '°'Ru and the gradual
evolution from pure collective rotation at high spins to wobbling at low spin levels. The
thesis will also include a summary chapter which will discuss some future prospects of

structure studies in this mass region using stable target-beam combinations.
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Chapter 2

Angular Momentum Generation

Mechanisms

Nuclear shape and structure studies at high angular momentum provide insights into the
mechanisms that generate angular momentum. No ab initio theory has been developed
to describe these processes accurately. However, advances have been and continue to be
made using phenomenological models, which give a fair description of the fundamental
physics of this intrinsically complicated problem. In nuclear physics, the discovery of
the magic numbers resulted in the development of the Shell model [1} 2]. However, the
progress of the shell model suggested that even in the ground state, extra configuration
mixing can result from the accumulation of p-n interaction strength. This results in an
asymmetry in the mass distribution of the nuclei, which causes a permanent deformed
shape. For the axially symmetric prolate or oblate nuclei, the collective rotation can be
observed around an axis perpendicular to the symmetry axis. Regular level sequences
connected by intraband electric quadrupole (E2) transitions have been found in the mid-
shell nuclei, which experience the highest concentration of the p-n interaction strength
(3,4, 5]. A more generalized rotation is possible for an axially asymmetric mass dis-

tribution (triaxial shape), which can rotate along any of the three - the short, long, and
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intermediate axes [6]. The moment of inertia, defined by the deformation parameters 3
and vy, determines the rotational energy (discussed in section 2.2.1). For y = 30°, the rota-
tional energy around the shortest primary axis becomes advantageous for nuclei in mass
areas A ~ 60, 100, 140, and 160 [7, 8,9, [10]. As shown recently in ’Kr [11]] and '**Nd
[12], the rotation around the intermediate axis may become energetically beneficial when

pairing correlations are taken into account [13].
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Figure 2.1: The Shell model states for a basic harmonic oscillator potential, a sim-
ple harmonic potential with 12, and spin-orbit interaction terms are illustrated (Bottom)
Schematic diagram of the two shell model potentials: the S. H. O. potential and the mod-
ified harmonic oscillator, which approximates the influence of the 1> term. The figure is
adapted from Ref [14].

This chapter will focus on several exotic excitation mechanisms that manifest due to the

various nuclear shapes.

2.1 Nuclei at shell closure

The nuclear shell structure can be described by obtaining the wave functions and eigen-
values corresponding to single-particle motion in the nuclear mean field potential. The

short-range character of the nucleonic forces suggests that the potential can be considered
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a square well potential as a first approximation since it roughly resembles the density
distribution. There is widespread use of a harmonic oscillator potential with similar spec-
ifications. Fig. [2.1|shows that the primary shell closures occur at nucleon numbers 2, 8,
20, 40, 70, 112, and 168 [14] if the nuclear potential resembles that of a harmonic oscilla-
tor. The observed magic numbers are consistent with the first three members of the series,

but not with the higher ones.

The elaborate orbital sequence is slightly altered by the selection of a more realistic radial
dependence. The primary step is the elimination of the harmonic oscillator degeneracy,
which results in a depressed orbit for higher orbital angular momentum (1) relative to
lower 1 orbits. The inclusion of strong spin-orbit interaction in the nucleonic motion —
which provided a logical explanation for the magic numbers was the crucial turning point
in developing the nuclear shell model [15, 16, 17]. The levels with j =1 + 1/2, which are
degenerate in a spin-independent potential, are split by this coupling, and the observed
magic numbers are reproduced if the sign is selected to lower the levels with j =1+ 1/2.
The lowest states of an odd-A nucleus can be qualitatively described in terms of the orbits
that the unpaired odd nucleon can occupy. Assuming that the other nucleons stay paired
with I" = 0%, the degrees of freedom of these nucleons are discarded in this approximation.
This assumption covers the majority of the features of the lower levels in odd and odd-
odd spherical nuclei. One may anticipate a somewhat complex pattern of levels for nuclei
containing several particles outside of closed shells, related to the various ways in which
these particles’ angular momenta are coupled. However, the presence of non-yrast levels
in the low-energy spectra, rotational bands, and large quadrupole moments in many nuclei
highlight the shortcomings of this straightforward explanation and indicate the possibility

of broken symmetries.
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2.2 Deformation and Nilsson Model

The spontaneous symmetry breaking is a fundamental phenomenon in physics, wherein
a system selects a symmetry-violating state while attempting to achieve the lowest en-
ergy. The nature of the interactions that govern the system dictates which symmetries are
broken and under what circumstances. Thus, the study of symmetry-violating states is

essential for understanding the interactions.

In nuclear structure physics, the existence of deformed nuclei is the most common ex-
ample of a spontaneous symmetry breaking. Similar to molecules, breaking the spherical
symmetry in nuclei leads to the appearance of rotational excitation, which is observed as

specific sequences of levels called the rotational bands.

Collective Prolaic

Collective Oblate
Prolate

Figure 2.2: The deformation parameters 8 and y for various nuclear shapes are displayed
according to the Lund convention [14]].
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2.2.1 Shape parameterisation

The rotational degrees of freedom in a nucleus are connected to the mass anisotropy in
the nuclear equilibrium shape. As a result, a deformed potential must be adopted instead

of the spherical potential [[14].

The non-spherical potential can be realized by replacing the radius term of the Harmonic

Oscillator or Woods-Saxon potential by

R(0,9) = Ro[1 + ) i Yin(0, §)] 2.1)
im

where R(6, ¢) is the deformed radius, R is the radius of the spherical nucleus of the same
volume and Y, and «;, are the normalized spherical harmonics and the corresponding
expansion coeflicients, respectively. The dipole term, or Y, term, in this case, denotes
the translation of the centre of mass of nuclei and has no impact on the nuclei’s shape.
The quadrupole deformation is represented by A = 2, while an octupole deformation is

represented by A = 3. For quadrupole deformation, Eq. (2.1) takes the form:

m=2
R(0,$) = Roll + > a2 Yon(6, )] (2.2)
m==2
The five coefficients of Y5, reduce to two parameters (@ = as—, and ay; = @, = 0)

when the principal axes (X, y, z) are aligned with the nuclear axes (1, 2, 3). Thus, the

independent and conventional parameters for characterizing quadrupole deformation are:

1
ayy = Pcosy and @y = —fBsiny

V2

where y represents the deviation from axial symmetry and S represents the deviation
from the spherical surface. The Lund convention [14] is a widely used convention to
characterize the range of shapes for 4 = 2 in terms of the § and y variables. The shapes

resulting from quadrupole deformation are depicted in Fig. [2.2] using the (8 - y) plane. It
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is clear from this convention that R; = R, = Ry if v = 0 (axial symmetry). For an oblate
nucleus, R; > Ry, while for prolate, R; < Ry. The nucleus has a triaxial structure for y =
30° (R; > R, > R3 ), meaning that rotation around any of the three axes is permitted and
there is no preferred axis of symmetry.

A
X

Figure 2.3: Pictorial representation of an axially symmetric deformed nucleus and the
relevant quantum numbers proposed by Nilsson.

2.2.2 Nilsson Model

The definition and classification of nuclear deformation serve as a central concept for the
theoretical construction of the Nilsson model [18]. According to Nilson’s proposal of a
non-spherical mean field, the nuclear shape and orientation have to be taken into account
as the dynamical variables. These variables correspond to the different kinds of nuclear
motion that reflect changes in the binding energy. Nilsson’s first framework only ad-
dressed prolate or oblate quadrupole deformations (Y5(). With a spin-orbit coupling term,
it was modelled as a modified harmonic oscillator potential [18]. The Nilsson model’s
subsequent developments also made it possible to generalize it to higher-order nuclear
deformations, which are dependent on the configuration of a single particle. However, it
is important to note that, unlike the shell model, the Nilsson model considers the motion

of a single nucleon which moves in a deformed mean field generated by the interactions
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Figure 2.4: The effect of the deformed nuclear potential and rotation on the h;;/, shell
model state. The deformation € is related to the 8, deformation as € = 0.94683,; in the limit
of small deformation.

of all the other nucleons. Thus, the Nilsson orbitals are often referred to as single-particle
(SP) orbitals. Nilsson’s proposed model of a symmetrically deformed nucleus, with the
z-axis as the symmetry axis, is depicted in Fig. [2.3] Nilsson orbitals are commonly de-

scribed by the asymptotic quantum numbers (also shown in Fig. [2.4) as follows:

Q"[Nn.A] (2.3)

where N is the principle quantum number, A and € are the projections of orbital (1) and
total (j) angular momentum along the z-axis and II is the parity. There is no favoured
direction for a spherical nucleus, and the energy of all (2j+1) sub-states for a given j is
degenerate. On the other hand, the symmetry axis in an axially deformed nucleus can be
identified, and the 2j+1 degeneracy of sub-levels is lifted. The only degenerate orbits are
+Q and -Q, which are time-reversed. It makes intuitive sense that the energy of a nucleon

orbiting a deformed core will depend on the overlap or the direction of the single-particle
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Figure 2.5: The excited states generated via collective rotation in deformed nuclei *®Er,
(left panel) and non-collective single-particle excitation in nearly-spherical nuclei '*°Gd
(right panel) 19,

orbit with respect to the core if the matter distribution within the core is not uniform. As

a result, the energy of the states will only differ depending on Q.

2.3 Angular Momentum Generation

The angular momentum in the atomic nucleus is generated by single particle or collective
excitations or through their interplay. In the following sections, the different angular

momentum generation mechanisms are discussed.

2.3.1 Non Collective or single particle excitation

Nuclei that are spherical or nearly spherical are typically found near the closed shells.

These nuclei generate angular momentum by rearranging their valence nucleons. Fig. [2.5]
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(right panel) shows an example of such an excitation. The total angular momentum is the
sum of the individual angular momentum of the valence nucleons that are not coupled to
spin-zero. The majority of the nucleons form the rest of the nuclear matter i.e. the core

and do not contribute to the generation of angular momentum.

The pairing interaction forms pairs of particles that are coupled to a total magnetic sub-
state of M = 0, where M is the projection of total angular momentum along the symmetry
axis. Therefore, when the pairing interaction is strong near closed shells, it inhibits the

tendency to deform.

The breaking of a nucleon pair leaves a hole in the occupied level and creates a particle in
an excited level. Thus, it is convenient to represent the energy required for single particle
and hole excitations by the quasi-particle energy. This leads to the replacement of particles
and holes with quasi-particles that represent partially filled levels. This transformation
from particles to quasi-particles greatly simplifies the shell model calculations as only the

quasi-particle excitations relative to the Fermi surface are considered.

Magnetic Rotation

In the early 1990s, scientists identified rotational-like patterns of y rays in '*3=2°°Pb nuclei
that were determined to be magnetic dipole (M1) transitions, indicating that the states
in these bands had identical parity but varied by just one unit of angular momentum
[21), 22], 23]]. Such a band structure for '*’Pb is shown in Fig. Subsequent electron
conversion and y-ray polarization experiments provided further evidence supporting the
M1 characters of these transitions. The absent or weak stretched E2 transitions indicate a

small quadrupole deformation.

These bands have the following unique characteristics:
(1) Despite their low quadrupole collectivity, they form regular band structures across the

observed spin range for I > 107. Indeed, neighbouring nuclei with similar deformation do
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Figure 2.6: Experimental observations showing a regular band-like structure of M1 tran-
sitions and the gated spectrum for **Pb [20} 21]]

not exhibit any bands of comparable regularity.

(i1) The ratio of their MOI to the B(E2) value is approximately 10 times greater than

that of typical well-deformed nuclei. At first, these bands were proposed to originate

PROTON
PARTICLES

HOLES

Figure 2.7: Illustration of the spin-coupling scheme for the shears mechanism. Figure
courtesy: Ref. [24]

from proton configurations that involved hg,, and 1,3/, orbitals with the angular momenta
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aligned with the symmetry axis, which leads to non-collective rotation. However, the
observation of the uniform band structures over a wide spin range suggested that these
bands originate from a novel method for generating angular momentum in atomic nuclei.
Frauendorf gave the first theoretical explanation for these Al = 1 rotational bands, known
as Magnetic Rotational (MR) bands, using the framework of tilted axis cranking (TAC)
[25]. Macchiavelli et al. [26] have later proposed a more phenomenological approach of
the shears mechanism, which explains the interaction between the current loops (shown in
Fig.[2.7) using the concept of exchange of quadrupole phonons. Their prescription ofters
a logical explanation of the observed energies, B(M1) and B(E2) values. It relies on just
a few parameters, namely the particle-phonon coupling strength, effective charges, and g
factors. The proton hole (particle) and neutron particle (hole) angular momenta align per-
pendicular to one another in weakly deformed nuclei, as shown by the vectors j_,; and j_;
in Figure The minimal spatial overlap between the two loops is ensured by this per-
pendicular alignment, which is favoured by the repulsive potential between the particles
and the holes. The gradual alignment of ]TT and j? produces the higher angular momentum
states of the band. The shear mechanism is so named due to its similarity to the closing
of a sheep’s shear with the spring representing the repulsive interaction. The shears bands
are often called the magnetic dipole (M1) bands. The behaviour of the M1 transition rates
(B(M1)) transition probabilities as a function of spin has provided the definitive test of
this theory. The B(M1) values in these bands decrease with increasing spin [21} 22, 23] as
seen in Fig.[2.8] Furthermore, these bands have large K values (projection of total angular
momentum on the symmetry axis) for the band heads, implying multi-quasiparticle con-
figurations, and smaller dynamical moments of inertia than those of typically deformed

nuclei [27].
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Figure 2.8: The M1 transition probabilities, B(M1), for intraband transitions in isotopes
193-199pb, are presented as a function of the spin of the initial state. The figure is taken
from Ref. [28]].

Anti-Magnetic Rotation

The strong electric quadrupole E2 transitions which build up the rotational bands in
atomic nuclei are understood to represent the coherent collective rotation of many nu-
cleons about an axis perpendicular to the symmetry axis [[1,29]]. One of the important ex-
perimental features of these bands is the observation of the almost constant and enhanced
electric quadrupole transition rates [B(E2)] for the levels of the band. Remarkably, a
few weakly deformed nuclei near shell closure have also shown regular E2 transition se-
quences, but the B(E2) values were found to decrease with spin. Zhu et al. [30] originally
described this kind of excitation from their spectroscopic study of the '°°Pd nucleus. The
observed characteristic of the decreasing tendency of B(E2) values (as shown in Fig. [2.9)
[31] of these sequences has also been understood within the framework of a shear mech-

anism.

In this case, the angular momentum is produced by the valence particles and holes ar-
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Figure 2.9: The left panel shows the decreasing trend of experimental B(E2) values as a
function spin I along with the I vs. w plot in '»Pd. The lines represent the numerical
values obtained from the theoretical calculations. The right panel shows how the gradual
closing of the shears angle generates the spin states [31].

ranged in a double shears structure, which has  rotational symmetry along the axis of the
total angular momentum. The high spin states are generated by the simultaneous clos-
ing of the two blades of the conjugate shears. The transverse magnetic dipole moments
(1. ) generated by the two shears are oriented in opposite directions and so cancel each
other. This scenario bears similarities to that of an antiferromagnetic material, in which
half of the atomic dipole moments are aligned on one sublattice within the crystalline
structure, while the other half are aligned in the opposite direction. Due to this similarity,

the phenomenon is called antimagnetic rotation [6, 30,31} 32].

It is important to note that these above-mentioned mechanisms are purely single-particle

excitations and no collectivity of the core is involved.

2.3.2 Collective modes of excitation

The atomic nucleus exhibits both collective vibration and rotation. The vibration mode
can be interpreted as dynamic deformation, which involves shape oscillations. A small

departure from the nuclear potential energy minimum (shown in Fig. [2.10(a)) causes the
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shape oscillation around the spherical shape (8, = 0).

(a) |V b) V

0 0 B,

Figure 2.10: The nuclear potential for (a) dynamic (vibration) and (b) stable deformation.
Here the minima of the potential V represents the deformation for which the shape is
stable.

The coefficients a;, in Eq. [2.1] can be used to describe the magnitude of this vibration.
Fig. 2.11] shows the different low-order vibrational excitation modes (1 = 0, 1, 2). The
quanta of vibration are known as phonons, and the vibrational energy for the multipole
A is represented by 7iw,. Every phonon is a boson with parity 7 = (-1)! and angular
momentum A7%. The present thesis work aims to explore exotic shapes with permanent
deformation (as represented in Fig.[2.10{(b)). Thus, the features of collective rotation have

been described in detail, in the following sections.

The collective rotation leads to the characteristic angular momentum (I) dependence of
the excited energy levels (E) given by E « 1/2 I(I+1). The proportionality constant is the
inverse of the moment of inertia (MOI) and is generated by the motions of the constituent
nucleons. At low spins, the MOI of an even-even nucleus is considerably smaller than

that of a rigid rotor having the same mass because of the long-range pairing correlations
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Figure 2.11: A pictorial representation of the various nuclear vibration modes observed
in nuclear structure studies [[14]].

between the nucleons. These correlations originate due to the scattering of a pair of
nucleons between the nucleon orbitals near the Fermi surface. As the nucleus starts to
rotate faster, the Coriolis interaction breaks the nucleon pairs in the time-reversed orbitals.
Thus, in general, the MOI increases with spin. In principle, rigid nuclear rotation can be
observed at high angular momentum when the pairing correlations are quenched as a

result of the rotational alignment of the nucleons.

The Coriolis force aligns the angular momenta of the quasi-particles parallel or perpendic-
ular to either the symmetry or rotational axis, depending on the shape of the core (whether
it is prolate or oblate) and the nature of the quasi-particle (whether it is a hole or a par-
ticle). This maximizes the overlap of the quasi-particle with the mass distribution of the
core, as depicted in Fig. [2.12] Thus, it is important to note that the high spin levels are

generated both from the collective rotation of nuclei and single particle contributions.

Description of Collective Rotation

The valence nucleon(s) of an odd (odd-odd) nucleus can couple to the rotating deformed

core at two extreme limits. Fig.[2.13|shows the limits of the two coupling schemes. These
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Figure 2.12: Alignment of the quasi-particle angular momentum for the nucleus’s (a) pro-
late and (b) oblate core shapes, respectively. The projection of the quasi-particle angular

momentum along the symmetry axis (Z) is represented by Q.

schemes do not consider the effects of a short-range pairing force and instead assume that

the valence nucleon’s motion is solely influenced by the Coriolis force and the deformed

nuclear field. As seen in Fig.[2.13](a), nucleonic motion and core deformation are coupled

when the projection of the particle angular momentum along the symmetry axis is large.

This is known as the strong coupling limit. At high spins, the Coriolis force aligns the

particle rotation axis as shown in Fig. [2.13|b). This is the weak coupling or decoupling

limit.
(a) Decoupled Band (b) Strongly Coupled Band

Rotational Axis Rotational Axis

j

Symmetry Axis Symmetry Axis

Figure 2.13: The orientation of the particle angular momentum with respect to the core in

the (a) weak and (b) strong coupling limits.
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Particle Rotor Model

This rotational dynamics of these nuclei can be well described by the Particle Rotor Model

(PRM), where the particle-core coupling is described as
I=R+7T (2.4)

where R is the rotational angular momentum of the core which is perpendicular to the
symmetry axis and J'is the sum of all intrinsic particle angular momentum (3 fn+fp)
coupled to the core. For this system, the Hamiltonian may be expressed as considering

both collective and intrinsic Hamiltonian as [33]]:
Htot = Hc()l + Hint (25)

where H,, is the nucleon Hamiltonian in the absence of collective rotation. For two

particles coupled to the rotor, H;, takes the form

(p) (n)

Hiw = ) Eahaq + ) EoBfa (2.6)
Q Q

where E, is the Bardeen-Cooper-Schriefer (BCS) quasiparticle energies [34]. H,,, can be

expressed as follows using Eq. (2.4)):

H —h—z(f— Jy? 2.7
col — Zj .

In the limit of no particle-core coupling (I_).f = 0), the expectation value of the H,,; be-
comes
2

h
<Hcol> = EC()I(I) = E(I(I + 1) - Kz) (28)

where the MOI () remains constant. In PRM, the Coriolis force originates due to the
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particle-core coupling and corresponds to

Iy (2.9)

This force strongly affects the high-j and low-w orbitals leading to the origin of signature
partner bands. The signature quantum number has been discussed in detail in the next
section. The PRM has been successful in describing a wide range of observations at low

and indeterminate spins for deformed odd or odd-odd nuclei.

However, in this model, which is described in the laboratory frame, the intrinsic particle
angular momentum Jis the sum of the individual angular momentum of all the valence
nucleons (3] ﬁ) outside the core. As aresult, the dimensionality of the calculation diverges
and also becomes complicated when the number of valence nucleons becomes three or
more. To overcome this problem, a rotating deformed nucleus may be described in the
body-fixed frame by the variation of the energy of the single particle (Nilsson) orbitals in

a rotating mean field.

Cranking Model

In this microscopic model, the total angular momentum (I) is not a good quantum number
and the whole formalism is described in terms of rotational frequency (w), which is not
observable for quantum rotation. The single particle Cranking Hamiltonian can be written
as

he = By — W, (2.10)

where J’ stands for the x component of the total angular momentum on the rotational axis,
h,, is the Hamiltonian in the rotating frame, and h;,, is the intrinsic Hamiltonian in the

body-fixed frame given by the Nilsson Hamiltonian.

It is observed from Eqn. (2.10) that because of the "-wj." term, which is analogous to

the classical Coriolis force, the cranked Hamiltonian breaks the time-reversal symmetry
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[4,15]. Hence, Q is no longer a good quantum number. Only parity invariance remains,
which characterizes the symmetry under space inversion. The second symmetry concerns
invariance of H,, under a 180° rotation about the axis perpendicular to the symmetry axis

and the associated operator can be expressed as follows:

Rlna) = ™ |na) (2.11)

As we are dealing with a system of fermions, a rotation of 27 gives a negative sign to the
wavefunction. Hence,

e—i27ra/ - _1= eiiﬂ (212)

so, @ = =1/2. Hence, given the operation described in Eqn. 2.11] @ is conserved and is
called the signature quantum number [[13]]. This separates the bands depending on the
direction of rotation. The band which comes down in energy is known as the favoured
signature band and @ = +1/2 corresponds to I = 1/2, 5/2, ... while @ = —1/2 corresponds
to the states I = 3/2, 7/2, ... for odd mass nuclei. For odd-odd nuclei, @ = 0 denotes the
states I = 0, 2, 4,... and @ = 1 corresponds to the states with I = 1, 3, 5... . The nuclear

spin and @ are connected through the relation:

I = a mod?2 (2.13)

Thus, the parity 7 and the signature « serve to characterize the rotation of the SP orbitals
as shown in Fig. 2.4] The expectation values to the operators in Eq. 2.10] correspond to
the variation of the SP energy levels (routhians) and I, as a function of w. A typical
routhian plot for N = 56 is shown in Fig.[2.14] The solid horizontal line defines the Fermi
surface. The configuration is defined as the one for which all the levels below the Fermi
surface are filled. Thus, the reference configuration corresponds to the ground state band
for an even-even nucleus. However, at higher frequencies, the intrinsic SP configurations

change where the positive and negative energy levels cross. The predictions from this
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body-fixed model can not be compared with experimental data as in the lab frame, where
the level energies are measured as a function of angular momentum I. Thus, the rotational

frequency is obtained as a function of angular momentum (I) as follows

1
E'(w) = 5[E1+1 + Ei] = oI () (2.14)
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Figure 2.14: The quasiparticle energies (routhians) 56 neutrons of '’Ru considering 8, =
0.2 and y = 0.0 plotted as a function of rotational frequency. The spins and signatures of
the routhians are indicated following the prescription: (-, +1/2): red dashed, (-, -1/2): red
dot-dashed, (+, +1/2): green solid, (+, -1/2): green dots.

where I, and w follow the expressions:

W= Ep — Ep-
LA+ 1)-L({I+1)

(2.15)

I, = +VII+1)-K? (2.16)
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To compare the experimental routhian with the theoretical single particle routhian, the
core contribution has to be removed from the total energy. After the transformation from

variable I to w, the routhian energy is defined as
¢ (w) = E'(w) — E™(w) (2.17)

For this purpose, reference energy E™*/(w) as a function of rotational frequency using two
parameters is obtained from the fully paired ground state band of the neighbouring even-
even nucleus [35]. These quantities, also known as Harris Parameters, are based on the
assumption that at low spins, the reference MOI of a nuclei is approximately proportional

to w? and can be written as:
T (W) = Jo + T’ (2.18)
Thus, the reference-aligned angular momentum takes the form:
I (w) = (Jo + T10w (2.19)
and the quasi-particle aligned angular momentum can be defined as
i(w) = I(w) - [ (w) (2.20)
Finally, the reference energy can be calculated using the following relation:

E™(w) = -h f N (w)dw (2.21)

Thus, it is possible to compare experimental level schemes with theoretical routhians. It
is also instructive to study the change of slope of the routhians as a function of w. The

kinematic moment of inertia ! is the first order derivative and can be identified with
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experimental level energies as follows:

dE\™! I 20— 1
Op=(EZ) Ropapr—— 2.22
T (d[x) w Erq—Er ( )

Additionally, the dynamic moment of inertia () is the second-order derivative which

is given by:

2F -1 I 4
d ) K = hd SN (2.23)

o = 2= =h— =
T (d])% dw (Ep> — Ep) — (E; - Ep-)

This quantity is independent of the absolute spin of the levels and solely depends on the

energy difference between transitions between two successive decays as follows.

41>
VAREY o for AI =2 band (2.24)

Y

As aresult, it is a useful variable when band head spin is not known, and the level spins are
not precisely determined. Thus, crucial information regarding the structural alterations
occurring inside a rotating band can be obtained from the variation of the moment of
inertia with rotational frequency. This imparts a distinctive configuration to the energy

levels and serves as a valuable experimental indicator for rotational bands.

As demonstrated above, the experimental data needs to be suitably adopted to compare
with Cranking Shell Model (CSM) predictions. This remains the major shortcoming of
this body fixed model, although it gives a satisfactory description of the high spin physics
involving rotational alignments. The other shortcoming is the absence of interaction be-
tween the multi-quasiparticle configurations. These issues can be better addressed in the
models based on angular momentum projections from intrinsic configurations followed
by band mixing calculations. In the present thesis, the Triaxial Projected Shell Model
(TPSM) calculations [36, 137] have been used to describe the experimental observations

in 110'Ry and '5Pd. .
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Triaxial Projected Shell Model

In this model, the single particle configurations and corresponding energies are evaluated
in the body-fixed frame. After that, the rotational bands based on each single particle
configuration are projected to obtain the good I basis. This is followed by the band mixing
calculations. The generalized scheme followed by TPSM is described in brief for the

completeness of this discussion. The details of this model can be found in Ref. [36].

The one-neutron and one-proton quasiparticle configurations make up the basis space of

the TPSM method for odd-odd nuclei:
k) = alaj|0) (2.25)

The diagonalization of the deformed Nilsson Hamiltonian and subsequent BCS compu-
tations yield the triaxial quasi-particle (qp)-vacuum |0) in Eq. (2.25)) [36]. The number
of levels close to the corresponding Fermi levels of protons and neutrons determines the

number of basis configurations.

The states |¢,) from deformed Nilsson computations lack rotational symmetry. To restore
this symmetry, three-dimensional angular momentum projection is used. Using the pro-
jection technique, a band is formed from each intrinsic state in Eq. (2.25)). The interaction
between bands with certain spin is accounted for by diagonalizing the Hamiltonian shell

model in the projected basis. The TPSM wave function has the form of
M) = KZ FiuPaa k) (2.26)

where, the angular momentum- -projection operator wa’ « 18 defined as,
Pk = = f D}, (QR(Q)dQ (2.27)

The following eigenvalue equation can be solved to get rotational band energies and cor-
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responding wave functions:
D Lk IHPY k) = E'k Py i) = 0 (2.28)
K.k

where the Hamiltonian H contains four terms as follows:
1 A A A
H = Hy~ 2x Z 010, - GuP'P -Gy Z PP, (2.29)
% u

The Nilsson Hamiltonian is denoted by the first term, while the second term represents
multipole-multipole interactions. The third and fourth terms account for monopole and
quadrupole pairings, respectively. In the calculations for '’Ru, the Hamiltonian also
included the octupole-octupole interaction term (used as a perturbation), with the mean-
field having well-defined parity. In this manner, the octupole correlations have currently
been incorporated. However, the octupole mean field can be defined in the Nilsson state
by explicitly breaking the reflection symmetry and the parity projection formalism can be
employed to restore this broken symmetry [37]. This development of TPSM is in progress

[38].

2.4 The origin of exotic shapes

As discussed in previous sections, the most commonly observed shapes in the Segre chart
are prolate and oblate, which are both axially and reflection symmetric. The exotic shapes
with triaxial (axially asymmetric) or octupole (reflection asymmetric) deformations have
been observed in a few nuclei, which are concentrated in specific mass regions. The

rotational characteristics of these shapes have been discussed in the next sections.
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2.4.1 Reflection Asymmetry

The octupole deformation, which results from the spontaneous breaking of intrinsic re-
flection symmetry in nuclei with pear-like shapes, is due to the Y3, term of Eq.[2.1] The
octupole coupling between the regular parity subshell (1 - 3, j - 3) and the intruder or-
bital (1, j) close to the Fermi energy surface gives rise to the reflection asymmetric bands.
"Octupole correlation", a dynamical interaction between these orbitals, can result in re-
flection symmetry-breaking bands connected by enhanced electric dipole (E1) transitions
[39]. The origin of the band structure of a rotating pear-shaped nucleus can be understood
from the variation of the nuclear potential energy of this reflection-asymmetric shape as a
function of the octupole deformation parameter [40, 41,42]]. The potential energy has two
degenerate minima at +p45"" separated by a finite barrier at 83 = 0 (shown in Fig. .
Reflection-symmetric nuclei exhibit the rotational invariance under parity (P) operation
and rotation (7r) about an axis perpendicular to the symmetry axis (R). The rotation of a
reflection-asymmetric nucleus is invariant only under the product of these two operations
(RP), giving rise to the simplex quantum number (s) [39]. Two minima correspond to the

s = =i values and give rise to a pair of alternate parity bands.

Thus, for stable octupole deformation, the MOI for simplex partners at high spins are
expected to be identical. However, as the barrier height is finite at low spins, tunnelling
is possible between the two minima, which leads to parity splitting among the simplex

partners in the laboratory frame.

The presence of low-lying quantum states in several nuclei with an even number of pro-
tons and neutrons, characterized by a total angular momentum (spin) and parity of I" =
37, suggests that these nuclei are exhibiting octupole collectivity. Two such level schemes
are shown in Fig. For octupole vibration (dynamic octupole deformation), fast E1
transitions will be present only from the negative parity partner to the positive parity
partner. However, for a stable octupole deformation (pear-shaped nuclei), interleaved E1

transitions are expected between the alternate parity bands as shown in Fig.

38



CHAPTER 2. ANGULAR MOMENTUM GENERATION MECHANISMS

Increasing barrier height

-B, (I, B, .
(a) (b) (c)

Decreasing pairing correlation

Figure 2.15: The pictorial representation of the nuclear potential energy as a function of
octupole deformation. The figure demonstrates how the barrier height between the two
minima increases with the decrease of pairing interactions.
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Figure 2.16: Experimental level schemes of dynamic octupole deformed nucleus showing
only unidirectional E1 transitions decaying from negative to positive parity partner [43]].

The alternate bands have been observed in a few nuclei of the Actinide and Lanthanide

mass regions. In these mass regions, B(E1) values vary from 107 to 1072 w. u. (single
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Figure 2.17: The level schemes for a stable octupole deformed nuclei ?2*Th, showing the
interleaving of the E1 transitions [44].

particle unit). Usually, retardation in B(E1) values is more than 10® w.u. An increased E1
transition strength between the opposing parity levels is a signature of an intrinsic electric
dipole moment [44, 45]]. It arises due to the separation between the centre of mass and the
centre of charge as the concentration of protons is higher in the region of higher curvature,
which is the narrower end of the pear [46]]. For a system that is axially deformed, (x) =
(y) = 0 and the z-axis possesses the inherent dipole moment. There is a straightforward
correlation between the inherent dipole moment Dy of state I and the reduced transition

probability B(E1), assuming the axial shape of the nuclei [43]:

3
B(E1;IK — I'K) = 4—1)3(11(10|1’K>2 (2.30)
T

Although it may not always be possible to determine the B(E1) value experimentally, the

Dy value can usually be obtained from the B(E1)/B(E2) branching ratios, where B(E2) is
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given by:

5
B(E2;IK — I'K) = FQ(2)<11<20|1'1<>2 (2.31)
T

where Qy, the intrinsic quadrupole moment, can be found from the B(E2) rates for the 2*
— 0" or 37 — 17 as the value is assumed to be constant across the two alternating parity

bands.

The rotational behaviour of reflection-asymmetric nuclear shapes can be explored more
quantitatively by plotting the spin-dependent signature splitting index (S(I)) proposed by

Zamfir and Casten [47]]. The quantity is defined by

sy = ED-EU- 1)~ (G-~ Ed -2) 03
2

For lower spin levels, the negative parity partner is shifted to higher energies with respect
to the positive parity partner. The critical angular momentum at which S(J) ~ 0 is denoted
by the critical spin (I.) (shown in Fig. [2.18)) which signifies the onset of strong octupole

correlations.

Alternatively, the ratio of the rotational frequencies of the positive and negative parity

partners are defined as follows:

w-(I") 2E(I + 1) —EUI-1)
w.(I") "EI+2)*-E(I-2)*

(2.33)

For stable octupole deformation, this frequency ratio should approach one as shown in
Fig. [2.18] This is a rare phenomenon in even-even nuclei and the static octupole defor-
mation has only been observed in a few even Radium and Thorium isotopes of A ~ 220

(for example 22#??6Th, 2*6Ra), for which this limiting value has been observed [48]].
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Figure 2.18: Parity splitting (keV), S(J) and the ratio of rotational frequency plotted as a
function of spin (I) for 22Th. AtI = 15#, also denoted at I, S(J) as well as parity splitting
nearly becomes zero, which signifies the onset of strong octupole correlations.

2.4.2 Axial asymmetry

The inclusion of the Y,, term in Eq. breaks the axial symmetry in a quadrupole-
deformed nucleus, which leads to the triaxial shape. The experimental signatures of tri-
axiality are based on the observation of two phenomena, namely.

1) Wobbling mode of excitation

i1) Breaking of the chiral symmetry

Nuclear wobbling

The wobbling motion of a triaxial nucleus was first discussed by Bohr and Mottelson [1].
There are three unequal moments of inertia in the triaxial nucleus along the three principal

axes: medium, long, and short. To minimize its rotational energy, a triaxial nucleus
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Figure 2.19: Pictorial representation of a simple wobbler where 1, m, and s correspond
to the long, medium, and short axes. I is the total angular momentum of nuclei, which
processes about the medium axis.

attempts to rotate about the medium axis, which has the maximum moment of inertia. A
precession of the body-fixed total angular momentum with respect to the medium axis
can be reproduced by the non-zero values of the other two moments of inertia along, that
is, along the short and long axes. This is termed a “simple” wobbler (Fig. 2.19). It is

possible to express the energy levels in the wobbling band as

E=E,,+ (n,+1/2)hw,. (2.34)

where n,, represents the wobbling quanta, E,,, is the rotational energy resulting from the
rotation around the medium axis, and 7w, is the wobbling frequency with wobbling
energy E, ., = hw,,,. However, no such "simple" wobbling motion with zero quasi-

particle configuration has been observed for even-even nuclei.

The wobbling motion is only seen in a few odd-A nuclei and is considered one of the
experimental signatures of triaxiality in odd-mass nuclei. This motion can be classified
into two types based on the coupling of the angular momenta of the triaxial core and the

odd particle [49]:
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I. Transverse wobbling (TW)

II. Longitudinal wobbling (LW)

The angular momentum of the valence particle aligns along the medium axis in the case
of LW motion and either with the short or long axes in the case of TW motion (Fig.[2.20).
For LW, it has been noted that the measured wobbling frequency increases with angular
momentum, [. On the other hand, for all TW that have been detected so far, the wobbling
frequency has been found to decrease with I. The energy differences between the n,, = 0
yrast band and the n,, = 1 wobbling partner band can be used to estimate the experimental

wobbling frequency w,,;, as follows:

El+1,n,=0+EUI-1,n,=0
E.. = lwny = Edn, = 1) - 24+ 110 =0) 2( o = 0) (2.35)

where the level energy with angular momentum I is denoted by E(I). The experimental

A A

m m

Figure 2.20: Pictorial representation of a longitudinal (left) and a transverse (right) wob-
bler. j, R and I are the odd particle, rotor and total angular momenta, respectively.

indicators of the wobbling motion in nuclei are as follows:

e The wobbling motion is represented by a series of rotational bands on top of the

vibrational states corresponding to the wobbling quanta n,,.
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e The primary rotational band is connected to the wobbling bands via Al = 1 transi-
tions whose M1+E2 mixing ratio is significantly larger and are predominantly E2

in nature.

o The ratio of the reduced transitions strengths of the intraband to interband E2 tran-

sitions, i.e., B(E2),,,/B(E2),,, is large.

Left - handed Right - handed

Figure 2.21: Schematic representation of left and right handed chiral systems for a triaxial
odd-odd nucleus. R, j,, j, and J are the rotor, neutron, proton and total angular momentum,
respectively.

Spin chirality

Frauendorf and Meng made the first prediction on spin chirality in nuclei in 1997 [51]].
This phenomenon arises in triaxially deformed nuclei containing high-j valence holes and
particles. Given the torus-like density distribution of the valence particles, j,, which max-
imizes overlap with the triaxial core, the angular momentum contribution from them is
aligned along the short axis. The maximum overlap of the dumbbell shape density distri-
bution with the triaxial core causes the high-j hole angular momentum jj, to align along
the long axis. The largest moment of inertia results from the core angular momentum

vector R tending to align along the intermediate axis. Depending on the direction of the
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core angular momenta R, these three mutually perpendicular angular momenta in the lab
frame can produce two systems of opposite-handedness, right-handed and left-handed, as
shown in Fig.[2.21] The total angular momentum, J does not lie in any plane formed by
the three angular momentum vectors, j,, j,, and R. A pair of degenerate doublet dipole
Al = 1 bands of the same parity are obtained by restoring the chiral symmetry in the
laboratory frame. The first experimental observation of nuclear chiral doublet bands was

observed in '**Pr [52] and later was interpreted as spin chirality.
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Figure 2.22: Partial level schemes showing chiral doublet bands in N = 73 isotones [S0]].

Spin chirality has several experimental fingerprints:

1. Using the same single-particle arrangement, observation of an almost degenerate dipole
band with similar spin and parity (For example, see Fig.[2.22)). The planer solution admix-
tures cause a higher energy separation between the doublet bands close to the band-head.
2. Because there is no Coriolis interaction between perpendicularly aligned core and
particle-hole angular momenta, the quantity S(I) [defined as S(I) = [E(I) - E(I - 1)]/21 ]
should be independent of spin in the chiral region and the chiral doublet bands should
display smooth variation in energy.

3. For these bands, all the physical observables including quasiparticle alignment, the
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moment of inertia, and electromagnetic transition rates should be similar. These observa-

tions validate the identical configurations for the chiral partner bands.

I{h)

2 2

B(E2)e™b™

I(f)

Figure 2.23: The measured I(w) plot (shown in (a)) and B(E2) rates (shown in (b)) in
110Cd. The calculated B(E2) values for AMR + rotation and pure AMR are shown in
panel (b) by the solid and dotted lines, respectively [S3].

2.4.3 Interplay between single-particle and collective contributions

In many nuclei, the high spin level structures exhibit the interplay or coexistence be-
tween the two different mechanisms discussed in this section. For example, in '“Ag, the
signature bands show the falling trend of B(M1)/B(E2) rates [27/] thereby, showing the
coexistence of shears mechanism and collective rotation. In '%Ag, the reported negative
parity band was found to originate due to the interplay between the shears mechanism
and collective rotation of the core [54]. The work in Ref. [55] demonstrated for the first
time that the generation of high angular momentum states (beyond 18%) in the '°Cd yrast
band is caused by the interaction between antimagnetic and core rotation. The measured
B(E2) rates, which exhibit a more gradual fall (shown in Fig.[2.23)) in comparison to the

pure AMR bands in '%!1%Cd, provide strong evidence for this effect.
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Figure 2.24: The partial level scheme of *Ba illustrating both symmetric and reflection
asymmetric band structures. Figure taken from Ref. [S6].

An already established transverse wobbler '*Pr [57] demonstrates chiral band-like struc-
tures also. The angular distributions have been precisely measured to demonstrate the pre-
dominant magnetic dipole character of the Al = 1 transitions between the chiral-doublet
bands. This observation has established the triaxial nature of nuclear shapes on a more
solid foundation than ever, as both signatures of triaxiality in nuclei — chirality and wob-
bling—have been observed in the same nucleus [58]]. On the other hand, in the neutron-
rich '*Ba, an octupole band structure with a reflection asymmetric shape and a non-yrast
quadrupole band structure with a reflection symmetric shape have been identified. This re-

sult demonstrates the coexistence of symmetric and asymmetric reflection shapes (shown
in Fig.[2.24) [56].

This chapter briefly discussed the theoretical frameworks and the symmetry arguments,
which have been used to explain observed properties of '°*!°'Ru, **Mo and '®Pd. Next,
I discuss the experimental and analysis approaches employed to study the high spin char-

acteristics of these nuclei.
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Chapter 3

Experimental Techniques

This chapter covers the various experimental aspects related to the in-beam experiments,
data acquisition, and offline analysis used in the thesis. The technique of discrete y-
spectroscopy follows the scheme:

1. Populating the high spin states of the nucleus of interest through the fusion-evaporation
reaction involving the appropriate choice of the target and the accelerated projectile nu-
cleus.

2. Use of an array of gamma detectors with very high resolution and adequate solid angle
coverage.

3. Use of a digital data acquisition system for the collection of time-stamped data from
which y-y coincidence events can be reconstructed offline.

4. Offline data sampling techniques are used to prepare the data samples for the measure-
ments of the various properties of the gamma rays, which originate from the decay of the
excited levels.

5. Obtain the spectroscopy information of the nuclear levels through these measurements.

In this chapter, I shall give a short description of each of the above-mentioned steps.
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3.1 Fusion-evaporation reaction

In a fusion-evaporation reaction, two atomic nuclei merge to form a compound nucleus
as shown pictorially in Fig. [3.1] The fusion process requires accelerated projectile nuclei,
whose energy is adequate to overcome the repulsive Coulomb force between the posi-
tively charged protons within the target and projectile nuclei. The compound nucleus is
formed at high excitation energy. In order to stabilize, it emits multiple particles, such
as neutrons, protons or « particles, through the process known as evaporation. When the
excitation energy falls below the threshold of particle emission, discrete y-rays are emit-
ted and the different residual nuclei reach their ground state as shown in Fig.[3.2] These
gamma decays predominantly follow the “yrast line”, which refers to the sequence of nu-
clear states with the lowest possible energy for a given value of angular momentum. The
fusion-evaporation method offers several benefits, including the ability to synthesize a nu-
cleus with specific numbers of protons or neutrons, transfer a desired amount of angular
momentum, and combine these features. These capabilities allow researchers to inves-
tigate various structural phenomena associated with the nucleus, based on their specific

areas of interest.

3.2 Interactions of y-ray with matter

The emitted y-rays are detected through their interactions with the detector materials [[1]].
The three interactions are 1) Photoelectric Absorption, ii) Compton Scattering and iii) Pair

Production.

Photoelectric Absorption : During the photoelectric process, a photon interacts with the
absorber atom’s electron, which is knocked out of one of the atom’s shells and deposits
all of its energy. For a typical y - ray, the photoelectron is most likely to come out of the

K shell, whose binding energy typically ranges from a few keV for low-atomic-number
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Figure 3.1: Schematic diagram depicting the mechanism of fusion evaporation reaction.

. Projectile

(Z) materials to tens of keV for high - Z materials. The incident photon energy (hv), the
electron’s binding energy in its initial shell ¢, and the electron’s kinetic energy are related
by:

E, =hw—- ¢, (3.1)

The term ¢, is also referred to as the work function of the material.

The photoelectric process is the dominant interaction mode for gamma rays (or X-rays)
with lower energy, and its cross-section increases when the absorber material has a higher

atomic number Z.

Compton Scattering: Compton scattering is a primary mechanism for the interaction
between incident y - ray photons and electrons in the absorbing material. The incoming
photon is deflected at an angle 6 with respect to its initial direction during Compton scat-

tering. The recoil electron receives a fraction of the energy from the photon. The energy
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Figure 3.2: The decay scheme of a compound nucleus.

delivered to the electron can vary from zero to a substantial fraction of the incident y-ray’s
energy E, since scattering can happen at any angle. These scattered electron, in turn, gets
absorbed in the detector and produces a continuous energy spectrum, if the scattered y-
ray escapes the volume of the detector. These events produce the unwanted Compton
background and can be suppressed by using an anti-compton shield. On the other hand, if
the y-ray deposits its full energy through multiple scattering and photoelectric absorption,

then the photopeak is generated.

The energy E7 is carried by the scattered photon and can be determined by the following

equation:
’ E*}/
E, = . (3.2)
+ —25(1 —cos )

The probability of Compton scattering per absorber atom is determined by electron num-
bers present as potential scattering targets, and hence, exhibits a linear increase with the

atomic number (Z) of the absorber [1]].

Pair Production: An electron-positron (e~ - ") pair can be created by a y - ray interacting
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with detector material, provided that the initial y - ray energy is greater than twice the
electron’s rest mass energy (1.02 MeV). The extra energy beyond the 1.02 MeV gets
shared as the kinetic energies of the positron and electron. Within a few millimetres of
travel, the generated e™ - e* pair will get absorbed by the detector material. Because of
its extremely short lifetime, the e annihilates with an electron of the medium to produce
two y - rays of 511 keV, which in turn experience the Compton scattering in the detector
volume. There is no straightforward formula for the probability of pair production per
nucleus, but it is roughly proportional to the square of the atomic number of the absorber.
The three above-mentioned processes are shown pictorially in Fig.[3.3|

Ce-

Photo electron

BOROR

Rec011 electron

Qe Yo e+

Figure 3.3: The three mechanisms through which a y-ray interacts with matter are illus-
trated as follows: (a) Photoelectric Effect; (b) Compton Scattering; and (c) Pair Produc-
tion.

3.3 Experimental set-up

The experimental setup entirely depends on the nuclei that need to be populated and in
turn on the choice of target, projectile and energy of the beam. In the present thesis work,

three experiments were conducted, two of them with @ beam from K-130 cyclotron at
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Variable Energy Cyclotron Centre (VECC), Kolkata; another one with '>C beam from
Pelletron at TIFR, Mumbai with currents in the range of pico-amperes to nano-amperes.
Using light-ion projectiles has several advantages over heavier counterparts. One major
advantage is the large production cross-section of nuclei of interest with minimal contam-
ination from neighbouring channels. Light-ion beams also facilitate the study of non-yrast
bands leading to the horizontal spectroscopy and identification of exotic excitation modes
at low spins. However, heavier ions can populate higher angular momentum states, and
thus, are very useful in the investigation of nuclear structures at high spins. Thus, the

choice of beam is crucial for the problem one wants to address.

To ensure high statistics and distinguish between y-rays that are close in energy, a y-ray
detector requires both high efficiency and high resolution. However, different types of
detectors have trade-offs between these properties. For instance, High-Purity Germanium
(HPGe) semiconductor detectors have excellent energy resolution but low detection effi-
ciency. On the other hand, scintillation detectors made of Sodium Iodide (Nal) or Bismuth
Germanate (Bi;Ge;O,) (BGO) have high efficiency but poor energy resolution. In order
to achieve better results, a combination of both semiconductor and scintillation detectors

is commonly used in spectroscopic studies.

3.3.1 Clover Detectors

The effectiveness of a gamma spectrometer is determined by its ability to provide high
energy resolution, photo-peak detection efficiency at higher energies, and identification
of photo peaks from the background. In y-spectroscopy, semiconductor detectors are
preferred due to their superior resolution. In a semiconductor detector, a reverse bias
is applied across the p-n junction diode, and radiation incident on the depletion region
produces electron-hole pairs that move toward the respective collector ends under the
influence of the applied electric field, producing a corresponding electric current. To

achieve a good energy resolution, the work function, which is the average energy required
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to create an electron-hole pair in HPGe detectors, needs to be low. However, with a value
of about 3 €V, it is not possible to operate the HPGe detectors at room temperature due
to the large dark current. Therefore, the detectors are cooled down to 77 K using liquid
nitrogen to reduce thermal excitation across the valence-conduction band gap. A higher
resolution is achieved with a greater depletion width, which is inversely proportional to
the doping (impurity) concentration, leading to the ‘high-purity’ Ge detectors [1]. In
reactions induced by heavy ions, the energy resolution is affected by Doppler broadening.
Therefore, in addition to having high detection efficiency, gamma detectors with a narrow

opening angle are necessary to minimize this broadening.

To address these issues, Clover detectors have been developed, which consist of an ar-
rangement of four ‘high-purity’ Ge crystals housed in a single cryostat like a clover leaf
as seen in Fig. [3.4] Each crystal is typically 50 mm in diameter and 70 mm in length.
The crystals are closely packed with an average Ge-Ge distance of about 0.2 mm. The
active volume of commercially available clover detectors is = 475 cm?, which is about
89% of the geometric volume. This design overcomes the Doppler broadening problem
while maintaining high detection efficiency for gamma energies in the MeV range in the

’add-back’ mode (discussed later in section 1.4.1).

3.3.2 Detector Geometry at INGA

The Indian National Gamma Array (INGA) is a collaboration between the Saha Insti-
tute of Nuclear Physics (SINP), Tata Institute of Fundamental Research (TIFR), Bhabha
Atomic Research Centre (BARC), Variable Energy Cyclotron Centre (VECC), UGC DAE
Consortium for Scientific Research, Inter University Accelerator Center (IUAC), and sev-
eral universities across India. INGA is a multi-detector array consisting of Compton-
suppressed Clover detectors. The anti-compton shield consists of sixteen Bismuth Ger-
manate (BGO) scintillators, which surround the Clover crystals entirely. The Compton

events are suppressed by recording the events where only the Clover detector has fired.

60



CHAPTER 3. EXPERIMENTAL TECHNIQUES

Figure 3.4: Schematic diagram of a typical clover detector. The four crystals have been
depicted in distinct colours.

At TIFR, the detector mounting stand accommodates 24 Compton-suppressed Clover de-
tectors, strategically positioned at six different angles: three detectors each at 23°, 40°,
65°, 115°, 140° and 157°, and six detectors positioned at 90° relative to the beam axis
[2]. Similarly, at VECC, the stand supports 12 clover detectors arranged at three different
angles: three detectors each at 40° and 125° and six detectors positioned at 90° with re-
spect to the beam direction [3]. The experimental set-up of VECC and TIFR are shown
in the left and right panels of Fig. [3.5] respectively. The IUAC stand likewise accom-
modates 24 clover detectors positioned at five distinct angles: four detectors at 32°, 57°,
1237, and 148°, and eight detectors at 90° with regard to the direction of the beam. The
actual number of detectors utilized during experiments varied based on availability. In
the context of this thesis, in-beam time-stamped data were collected from experiments
conducted at TIFR and VECC utilizing INGA as the detection system, comprising of 18
and 11 Compton-suppressed clover detectors, respectively. The arrays at TIFR and VECC

have photopeak efficiency of 5% and 4.2% around 1 MeV, respectively.
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2080218 15:13

Figure 3.5: Experimental setup of VECC - INGA (left panel) and TIFR - INGA (right
panel).

A fast data acquisition system is essential to record energy and timing information (time-
stamped events) from all the crystals and to store the in-beam time-stamped data as single
or multi-fold events. The detectors positioned at different angles are employed to study
the angular distribution, polarization asymmetry, and lifetime of excited nuclear states

utilizing the Doppler Shift Attenuation Method (DSAM).

3.3.3 Target

In the first experiment at VECC, a 98% pure self-supporting 2 mg/cm? of Mo was uti-
lized as the target (shown in Fig.[3.6). In the second experiment, the same target material
was used but with an increased thickness of 10 mg/cm?. For the experiment at TIFR, a
1 mg/cm? layer of *°Zr target was used, which was backed by a 9 mg/cm? layer of nat-
ural Pb. The target was positioned approximately 25 cm from the centre of the array.

The thick targets in the second and third experiments, respectively, were employed to

62



CHAPTER 3. EXPERIMENTAL TECHNIQUES

stop the recoiling nuclei in the targets. The energies of y-rays emitted by the residual
nuclei during the stopping process exhibit continuous line shapes due to Doppler shift
instead of a sharp peak. These line shapes can be utilized to measure the lifetimes in the
sub-picosecond range. The selection of lead (Pb) as the backing material was primarily
motivated by two factors: its high atomic number, which ensures a smaller stopping time,
and its higher Coulomb barrier compared to the target material, which prevents fusion-
evaporation reactions between the thick backing and the incident beam nuclei. However,
no backing heavy material could be used for the 45 MeV « beam as the beam energy was
above the coulomb barrier for any backing material. Thus, a thick 10 mg/cm? target was

employed.

Figure 3.6: The mounting of the self - supporting '’Mo target used in the first experiment
at VECC
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3.3.4 Data Acquisition

In nuclear spectroscopy, the introduction of digitizer-based pulse processing and data
acquisition systems (DAQ) brought a new era of fast and effective experimental setups
for massive detector arrays. These facilities collect time-stamped list mode data that is
subjected to standard data reduction techniques and analysis. They are also capable of
managing increasing event rates, which are frequently found in such arrays at the modern
heavy-ion accelerators. It is well known that the events recorded would primarily consist
of a single y-ray transition recorded in a detector without considering time coincidence
with any other emission detected in a different detector if there was no need for coinci-
dence on the data acquisition. These events take up sufficiently large storage space and are
frequently removed during data reduction. However, a condition of recording data only
when two or more detectors have fired simultaneously (within a very small time window)
is often implemented to obtain 2-fold or higher order multiplicity events. These data are
usually obtained in list mode format, which is an event-by-event log of the detectors firing
1.e. detecting and the corresponding energy and timing of the detected pulses. An event is
defined by the user-defined (master) trigger condition. In modern spectroscopic studies,
this trigger condition is usually based on a predetermined multiplicity of detectors firing
simultaneously (within a time frame of approximately 100 ns). Four 32-bit words are
recorded in the data for each channel (one crystal of the Clover detector) in the current
digitizer system that has detected a pulse in an event. These words include the requisite
information utilised in the following reduction and analysis. The first is the identifica-
tion of the detector (channel) that triggered; this information is taken from the data’s Slot
ID and Channel Number. The timing of the detected pulse, which is determined from
the 48-bit time stamp and the Constant Fraction Discriminator (CFD) value, is the next
quantity of interest. A validated pulse’s time stamp is latching at the point of threshold
crossing on the leading edge of the corresponding fast filter output, measured in relation

to a global clock that is initialized at the start of a new run (typically a length of 1800
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s). The time stamp on the 250 MHz board is measured in 125 MHz clock ticks, which
implies that there should be a minimum of 8 ns between two consecutive time stamps.
The energy of the detected pulse, stored as the ADC address, is the final set of informa-
tion. After sorting the data with a small coincidence window ( = 100 ns), the events are
transformed into matrices of two or three dimensions. The two-dimensional E,-E, matrix,
with three coordinates, is created from the two-fold coincidence data, where the x- and
y-axes represent the two ADC channels corresponding to the 2-fold coincidence and the
z-axis records the counts. By slicing a single gate on one axis, the gated spectrum is pro-
jected onto the other axis. Both symmetric and asymmetric matrices can be formed using
"IUCPIX" [4], a package developed by UGC-DAE CSR, Kolkata and ’BINDAS’ [3], a
package developed by VECC, Kolkata. The three-dimensional matrices, called cubes, are
formed from the 3-fold coincidences. The spectra are one-dimensional, and they, along
with the matrices and cubes, can be analyzed using the software packages RADWARE

(6], INGASORT [7] and BINDAS [35].

3.4 Data Analysis

3.4.1 Calibration
Gain Matching

One of the significant benefits of the Clover detector is the recovery of the photopeak
from a Compton scattered event. In a Clover detector, after a portion of the energy is
deposited in one crystal, the scattered gamma-ray can travel to the neighbouring crystals
and may deposit the remaining energy. When the ADC channels corresponding to these
Compton-scattered energies are added in a time-correlated manner for an "event," a count
in the photopeak energy can be regenerated in the spectrum. This improves the photopeak

efficiency and the peak-to-background ratio. This technique is known as "add back." For
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a perfect add-back to happen, the crystals must have identical correspondence between
the energy and the ADC channel. Generally, a polynomial fit as shown below is used to

achieve the gain matching. The effect of gain matching and energy calibration is shown

in Fig.

n

E = Z a,x" = ap + 21X + ayX° (3.3)

k=0
The quadratic term is implemented to account for the slight non-linearity for large pulse
heights. The term x> can be utilised to a better fit for energies above 1.5 MeV whereas,
a term /x may be added to the polynomial can get the correct energy below 200 keV.

However, in most of the analysis processes, fitting energy with a 2"¢ order polynomial is

sufficient.
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Figure 3.7: On panel (a): before gain matching and energy calibration, On panel (b): after
the said processes. The data were acquired for the '>>Eu radioactive source during the
VECC-INGA campaign 2020.
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Energy Calibration

The primary expectation from a gamma-ray spectrometer is to determine precisely the
energy of the incident irradiation. For this purpose, it is very important to know the
exact energy corresponding to the ADC channel number of an observed spectrum [8]. In
general, known 7y rays from the '3?Eu and '3*Ba sources are used at target positions for

the energy calibration.

Efficiency Calibration

The knowledge about detector efficiency is required for the determination of the absolute
gamma-ray emission rate. Estimating the efficiencies of germanium detectors using pub-
lished measurements or calculations for similarly sized detectors may only yield results
with an accuracy of around 10-20%. This is due to several challenges, such as the lack of
standardization in the dimensions of these detectors, which makes it difficult to determine
their active volume accurately. Additionally, changes in the charge collection efficiency
and/or window thickness over an extended period can result in fluctuations in the de-
tector’s efficiency. For these reasons, people normally carry out the periodic efficiency
calibrations of their germanium detectors using calibrated sources. Any error in assumed
detector dimensions will then apply both to the calibration and actual measurements and
will not affect the accuracy of activity measurements. The source-detector distance still
must be accurately measured and reproduced to avoid errors in the relative solid angle.
Based on the area under the peak and the quoted relative intensities for the known vy rays
from the source, the relative photopeak efficiencies of the respective y rays are calculated
and plotted as a function of y ray energy. '>’Eu is quite a popular choice because of its
long half-life of 13 years as well as the presence of a wide range of gamma-ray energies in

its decay spectrum. The Radware subroutine "Effit" is used for this purpose [9]]. Typically,
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the following equation is used for the relative efficiency calibration::

In(eff) = [(A + Bx + Cx*)™° + (D + Ey + Fy*) 61716 (3.4)

Here, the parameters A, B, and C control the lower-energy portion of the efficiency curve,
while D, E, and F govern the higher-energy region. The parameter G specifically influ-
ences the shape of the curve in the low-energy turnover region. C and F parameters are
usually set to zero and G determines the turnover region of the efficiency curve. In the
above equation, x = In(E,/100) and y = In(E,/1000), where E, is the energy in keV for

which the efficiency is being calculated. A typical example is shown in Fig.[3.§]
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Figure 3.8: The relative efficiency of clover detectors in the VECC-INGA as a function
of y-ray energy as obtained using the radioactive source '>?Eu.

3.4.2 Coincidence technique between the y transitions

A nuclear level scheme is a visual representation of its excited states, which are identified
by energy, angular momentum and parity. The information obtained from various gated
spectra is very similar to a jigsaw puzzle, which can have only one consistent solution.

The first step is to establish the level scheme, which satisfies all the gating conditions. To
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extend the level scheme to higher excitation energies, the spin and parity of the ground
state of the nuclei must be known. Fig. [3.9]illustrates the basic concept of the coincidence
method. For instance, setting a single gate on E2 produces coincidence spectrum transi-
tions E1, E3 and E4 through direct feed; whereas, E8, and E9 through E5 decay. But E6
will not be seen when a gate is placed on E2. Similarly, if a double gate is set on E1 and
E7 lines, the coincidence spectrum will only show gamma lines E6, E8, and E9, but E5

will not be visible as it is parallel to E7.

E4 E9
E8
E3
ES5
= E7
E2 E6
E1

Figure 3.9: Example of a typical level scheme constructed using coincidence method.

3.4.3 Identification of Spin and Parity of the excited states

Angular Distribution Method

In a fusion evaporation reaction, the projectile transfers orbital angular momentum to the
compound nucleus. The spin alignment of the residual nucleus alters slightly with the
emission of y-ray transitions or nucleons. The angular distribution is based on this prin-
ciple. The usual geometry for this study is shown in Fig.[3.10] In a fusion-evaporation re-
action, the residual nuclei are produced with their spin aligned perpendicular to the beam

axis. The y-rays emitted from these aligned states exhibit an angular distribution. This
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angular distribution, as expressed in Eqn. [3.5] depends on the mixing ratio, multipolarity,

and their associated spins:

l
W[(@) = Z AZkPZk(COS 9) =Ap+ Asz(COS 9) + A4P4(COS 9) + .-+ Az[le(COS 9) (35)
k=0

where Py;’s and A,;’s represent the Legendre polynomials and corresponding coefficients,

Detector at 91

Beamline

W\ /

V4
Detector at 92

Figure 3.10: Geometry of angular correlation where angles 6, and 6, represent respective
angles of the two detectors with beam axis. ¢ represents the angle between the two planes
containing the detectors.

respectively. In the fusion evaporation reactions, the nuclei are mainly populated in states
near the yrast line, leading to predominantly dipole (Al = 1) and quadrupole (Al = 2)
transitions. Therefore, higher-order terms beyond k = 2 have a negligible effect on the

angular distribution of the y-rays, allowing us to express the angular distribution as:

W) = Ay + Ay Py(cos 8) + A4P4(cos 8) = Ap[1 + arP»(cos 8) + asP4(cos 6)] 3.6)
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The angular distribution coefficients A, A,, and A4 (or ay, a,, and a4) can be determined
by measuring the intensity of the y-rays at different angles 6 with respect to the beam axis.
The values of the coefficients provide information about the multipolarities of the y-rays.
For a pure dipole (E1 or M1) transition, the values of a, and a, are approximately -0.50
and 0, respectively, while for a pure quadrupole (E2 or M2) transition, the values become
approximately +0.30 and -0.10, respectively. These are termed ’stretched values’ which
correspond to the m = O substrate population. In the case of mixed y-ray transitions,
the values of the angular distribution coeflicients deviate from those of pure transitions.
Fig. 3.11] shows the angular distribution and associated coefficients for pure dipole, pure

quadrupole, and mixed y-ray transitions.

Mixing Ratio Calculation

To better understand the residual nuclei’s de-excitation mechanism, both the multipole
order of the transition and the dipole-quadrupole mixing ratio must be determined. Once
the width of the sub-state population is specified, it is utilized to calculate the electric and

magnetic mixing ratio (mostly M1+E2 mixing) for the mixed type of transition.

The conventional method to estimate the mixing ratio is from the fitting of experimentally
observed angular distribution coefficients. This method could be implemented in our data
from TIFR as four distinct angles were available in this array. The spin alignment of
a residual nucleus, populated in a nuclear reaction, undergoes slight changes due to the
emission of particles or y-rays. The A,k coeflicients reach their maximum values for y-

rays emitted from completely aligned states. In such cases, Eqn. [3.5|can be expressed as:

W(O) = > AL Py(cos 6) 3.7)
k

However, in the case of partial alignment, the angular distribution equation is modified by
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Figure 3.11: Theoretical angular distributions of y-rays with different multipolarities and
mixing ratios.

the presence of attenuation coeflicients as follows:
W(O) = > anAyPy(cos 6) (3.8)
k
The coeflicients AT are defined as,
AL Ly Jy) = ﬁ[fzk(JleLl‘]i) + 20 fu(JrLi Lo Jy) + 6° (Lol J)] - (3.9)

where ¢ is the mixing ratio. The sign of this mixing ratio determines the nature of the
theoretical angular distribution. As shown in Fig.[3.12] the nature of theoretical plots are
opposite for positive and negative values of d, shown in green and blue lines, respectively.
The red line gives the fitting of the obtained experimental data points (shown in the green
circle) and matches quite well with the theoretical plot with positive 6. Thus, by accurately
fitting the experimental data points, the coefficients as well as the sign of the mixing ratio

can be determined.
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The y-y Correlation Technique

The angular distribution is measured from the singles data and thus, can only be carried
out for the strong y-transitions which do not have contamination from any other residual
channels. These criteria are satisfied by only a few observed transitions. Additionally, in
the present INGA set-up at VECC, detectors have only been placed at three angular posi-
tions, which limits the ability to determine the multipolarities through angular distribution
measurements. However, the quantization axis can be established by detecting one of the
coincident y-rays in a specific direction. In this case, the other y-ray will exhibit angular
anisotropy. As discussed earlier, angular correlation can be considered a special case of
angular distribution, where a particular orientation is fixed by observing one transition in
a specific direction as illustrated in Fig[3.10] The angular correlation of the coincident y
transitions depends on the multipolarities of both transitions. This approach is known as
Directional Correlation from the Oriented states (DCO)-ratio, as prescribed by Kriamer-
Flecken et al. [10]. The DCO ratio is then defined as the ratio of the probability of the

two angular distributions with an exchange in their detection angles.

_ W(GZ’ 01 ’ ¢)

=277 3.10
Wb, 6., ¢) (5.10)

DCO

where 0, and 6, denote the detectors’ angular positions with respect to the beam axis. ¢ is
the relative azimuthal angle formed by two planes each for the detector and the beam. In
the data sorting, asymmetric matrices are created by recording the energies of gamma rays
detected by two detectors placed at different angles 8, and 6,, respectively. The DCO-ratio
for a gamma ray with intensity I,; detected at 8, and coincident with another gamma ray

with intensity I,, detected at 6, can be calculated from Eqn.[3.11]

_ 171 (81) (Gated by Y2 at 92)
PO L (6,) (Gated by 1y, at 6)

(3.11)
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Figure 3.12: Angular distribution fit of 991 keV 7y-ray in '®Pd from the dataset of TIFR-
INGA. Here, the angle is plotted up to 90° as the plot is symmetric around 6 = 90°.

To replicate the experimentally obtained DCO-ratio, the ANGCOR code [11] is employed
by fixing o and adjusting the mixing ratio (9). The DCO and polarization values for the
parity changing transitions can be calculated with this code assuming no mixing i.e. pure
El. In this case, multiple contour plots can be obtained for different combinations of the
spins and parities of the initial and final levels. This helps in the unambiguous assignment
of the electromagnetic character of a transition. Such an estimation is crucial for the
determination of the spin-parity of an excited band. An example of 888 keV El transition
(6~ — 6%) is shown in Fig. which helped to identify an even spin and negative parity

band in '“Ru.

In the current experimental configuration of VECC, the DCO matrix was prepared with
the y-rays detected at 90° and 40°. For a stretched transition with a gate on the transition
of the same multipolarity, the ratio is 1. The DCO ratio value is around 0.5 and 2 for a
dipole transition with quadrupole gating and vice versa for the extreme forward and 90°

combination. The Ry value obtained for a pure dipole transition gated by a quadrupole
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Figure 3.13: The contour plots for different combinations of initial and final levels as a
function of mixing ratio () with Rpco in one axis and polarization in another. The black
point indicates the experimental value for the 888 keV transition in '°Ru which matches
with the contour for 6~ — 6" transition.

transition was about 0.65, whereas, for the reversed scenario, the Rpco value is around
1.55. For the TIFR setup, the same angles of 90° and 40° have been considered and thus

the DCO ratios have similar values for pure dipole and quadrupole transitions.

Width of sub-states

The spins of the initial and the final levels, multipolarities, mixing ratios of v transitions,
and the m-substate population distribution of the initial state all impact the angular cor-
relation of y rays emitted from oriented states. To produce a compound nucleus, a target
nucleus is bombarded with a projectile. Since the emission of neutrons and y-rays occurs
in random directions, the alignment of spin does not change significantly. Thus, a Gaus-
sian distribution centred at m = 0 with a half width of a for a given spin can be used to

describe the m-substate population. This quantity (%) remains relatively constant over a
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Figure 3.14: A schematic representation of the angles and planes relevant to the linear
polarization measurement of a y-ray [12].

broad spin range, with a deviation from this empirical fact only occurring in the low-spin
region I < 6. To determine this width, several pure electric dipole (E1) transitions of the
nuclei populated in the same reaction have been chosen. The DCO ratios for these E1l
transitions have been calculated using a stretched E2 as the gating transition. The DCO
ratios are then compared to theoretical R pco values calculated using ANGCOR [11], with
the spin alignment < being adjusted as a parameter to determine the best compliance. This
value has been estimated to be around 0.3 in the present thesis work. Ideally, no change

in alignment is expected if the decaying transitions are stretched in nature.

Linear Polarization measurement

The determination of the spin and parity of any level depends on the multipolarity and
electromagnetic nature of the y-transitions involved. While the method for determining
the multipolarity has already been discussed, this section focuses on the estimation of
the polarization of y-transitions using the Clover detector and how their electromagnetic
character has been determined. In addition to the detector angle with respect to the beam

axis, the direction of the electric vector is also a crucial factor for linearly polarized y-
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rays. When performing polarization measurements using a clover detector, it is important

to consider the three planes and four angles (refer to Fig. [3.14) as follows:

Reaction Plane: The angle between the ion-beam and the emitted y-transition is denoted

by 6 and lies in the plane formed by them.

Electric field Plane: The plane that includes the electric vector of the emitted y-transition
and the emitted y-transition is defined as the electric field plane. The angle between the
electric vector and the reaction plane is denoted by €, while the angle between the electric

vector and the plane perpendicular to the reaction plane is represented by ¢.

Scattering Planes: The polarization measurement using the clover detector involves the
consideration of two scattering planes. These planes are formed by the incident y-ray
upon the detector and the corresponding scattered y-rays. They are perpendicular and

parallel to the reaction plane, and the angle between them is denoted by &.

The add-back events of a clover detector are utilized to estimate the linear polarization
of v transitions from excited nuclear states. The differential cross-section of an incident
y-rays with energy E, and Compton-scattered energy Ey’ is given by the Klein-Nishina
formula:

E

E
L+ X _2sin*&cos? (3.12)
E, E,

r

d 2 E’ 2
Tolé @) = é(ﬁ 0 =7 (E—V)
Y

Here, the angles are of the same notation as discussed before. 1y is the classical electron
radius, equal to e*/(m.c?), with m, being the mass of the electron and c being the speed
of light. The energy of the scattered y-ray (E}), which depends on ¢, can be obtained
from the well-known Compton scattering formula. Eqn. [3.12] shows that the differential
Compton scattering cross-section becomes maximum when ¢ is 90°, i.e., in the direction

perpendicular to the electric field vector E of the incident y-ray transition.

The clover detectors used in the present experiments serve as Compton polarimeters. Each
crystal of a clover detector functions as a scatterer, while two adjacent crystals serve as the

analyzers. The linear polarization measurements were carried out using clover detectors
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Figure 3.15: The values of the geometrical asymmetry correction factor a(E,) for various
energies of '>>Eu source. The data points are fitted with a linear function, represented by
the solid line

at a 90° angle since the degree of linear polarization reaches its maximum at this angle.
The reference plane of each y-ray is defined by the beam axis and the direction of y-ray
emission. In the list mode data sorting process, Compton scattered events in neighbouring
pairs of Ge crystals of the clover detectors have been identified from the add-back events
which lead to the photo peak. Two matrices, one for horizontally scattered y-rays and the
other for vertically scattered y-rays were created with E, - E, on one axis and coincident

y-rays from all detectors on another.

The observed polarization asymmetry can be calculated using the following:

_ a(Ey)N, — N,

= m (3.13)

The equation has the term a(E,), which is the geometrical asymmetry correction and is
expressed as:
a(E)) = My (3.14)
7N

1
The values of N}y and N, represent the photopeak counts in the parallel and perpendicular

directions to the reference plane, respectively. The geometrical asymmetry correction
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factor is used to correct the effects of detector geometry on polarization measurement.
Its value depends on the energy of the gamma-ray, E,. The determination of a(E,) as
a function of energy is based on the condition that the asymmetry A , measured with a
radioactive source without spin alignment, should be zero. Typically, the value of a is

found to be very close to 1.

1400 500 — . — T
1200 . i .
1000 (- - 40

8 L _

= 800 -

2 600l 7 30

Q L _

200 L
[N IR IO RN PR T
540 545 550 555 560 565 480 490 500
Energy (keV)

Figure 3.16: A typical gated spectrum for an electric type (left panel) and a magnetic type
(right panel) transition.

This correction term has been determined by using the '>’Eu radioactive source located at
the target position. The energy dependence of the parameter a(E,) can be obtained by the
following expression: a(E,) = a + bxE,. The fitting of the data, as shown in Fig. [3.15]
gives the coefficients a = 1.035(38) and b ~ 1077 for the VECC-INGA experiment. The
y-transitions can be classified into electric, magnetic, and mixed types based on the polar-
ization asymmetries values which are positive, negative, and near-zero, respectively. The
polarization measurement has been determined to have a lower energy cut-off of around
200 keV as the number of Compton scattered events leading to a photopeak becomes neg-
ligible for smaller y energies. Fig. [3.16|shows that the parallel component (red solid line)
is more for 488 keV (right panel), which is an established Magnetic M1 type of transition,
whereas, for 552 keV (left panel), the perpendicular component (black solid line) is more,

thus establishing it as an Electric E1 type of transition in '“°Ru.
The polarization sensitivity Q(&, E,) is a characterization parameter for a Compton po-
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Figure 3.17: The energy-dependent polarization sensitivity of the Clover detectors used
in the experiments.

larimeter that is dependent on both the incident y-ray energy E, and the Compton-scattering
angle & [13]]. For a given incident y-ray energy, it is known that the sensitivity is optimised
close to ¢ = 90°. For this reason, the scatterer and the analyzer are ideally positioned per-
pendicular to the direction of the incident y-ray. However, a realistic Compton polarime-
ter subtends a finite solid angle, which leads to the polarization sensitivity. This has been
estimated using a parameterized function that is linearly dependent on the energy of the
incident y-ray as Q = Qy(po X E, + p;) where Qy = m and Ey is in keV [13]].
Here, Q) represents the sensitivity for a point-like absorber, and E|, is in units of MeV. The
extended solid angle of the polarimeter (i.e. the segmented clover detector) is taken into
account by two parameters py and p;. These parameters and the sensitivity Q are exper-
imentally determined using y lines with known polarization values. For the experiment
performed at VECC, p; = 0.22(3) and py = 1.5(6) x 10~* keV~! have been estimated as
shown in Fig. Therefore, by knowing the sensitivity Q as a function of the incident
y-energy, the linear polarization can be obtained from the measured asymmetry (A) values

using the relation:
A

P=
O(Ey)

(3.15)
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3.4.4 Level Lifetime Measurements

The determination of lifetimes for excited levels following fusion-evaporation reactions
holds significant importance due to the limited availability of the observables for excited
nuclear levels. Various techniques have been employed to measure level lifetimes across
a wide range, of 107!* to 1077 seconds. In terms of their applicability for the longer to the
shorter lifetimes, these techniques are:: the delayed coincidence (1077 to 1078 seconds),
the fast coincidence (1078 to 10~!" seconds), the Recoil Distance Method (107! to 10712

seconds) and the Doppler Shift Attenuation Method (DSAM) (10~!2 to 10~'# seconds).

In DSAM, the sub-picosecond level lifetimes are measured by analysing the history of
the slowing down process of the recoiling nuclei inside the target-backing medium. This
leads to the observation of a continuous line shape at a particular angle (6) for a y-ray due

to Doppler shift. The pictorial representation of the process is shown in Fig.[3.1§]

900 Detector

Backward Detector Forward Detector

Backing

Projectile Nuclei

(@) (b) (c)

Eo(1- B cos 0) E, Eo(1+ B cos 0)

Figure 3.18: The experimental lineshapes of a y transition depopulating from a state with
a sub-picosecond lifetime are schematically represented in (a) the shape at the backward
angle (-0) detector, (b) the unshifted peak of energy E, at the 90° detector, and (c) the
shape at the forward angle (+6) detector, as the recoil velocity (8) decreases continuously
to zero.

By fitting these line shapes with the LINESHAPE analysis code, the level lifetimes of the
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states can be derived. It is made up of three separate programmes: Lineshape, Histaver,
and Dechist. Using the Monte Carlo method, Dechist models the velocity histories of
the recoiling nuclei across the backing medium and target. Using Monte Carlo methods
with a time step of 0.001 ps, the slowing down history of 10,000 recoil nuclei traversing
the target and supporting medium has been simulated. These computations have been
performed using SRIM [14]. These are merited with lesser uncertainties (= 5%) [15]]
relative to the stopping powers represented by either the Northcliffe-Schilling or Ziegler

algorithms [16] in the original framework of LINESHAPE.
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Figure 3.19: Typical experimental line-shapes and the corresponding fits produced us-
ing Wells and Johnson’s LINESHAPE algorithm. The background is represented by the
colour magenta, the contamination peak(s) by green, the line shape fit by blue, and the
overall experimental data fit by red.

E,-E, asymmetric matrices were used to generate background-subtracted gated spectra
for the extraction of the line shapes. These matrices record coincidence events of all de-
tectors on one axis and events detected by other detectors at particular angles (forward,
backwards, and 90°) along the other. To derive level lifetimes, the line shapes at different
angles were fitted simultaneously. The spectra at 90° are crucial to locate the contaminant
peaks. The outcomes of the line-shape fits for transitions of 1001, 1036 and 986 keV are

displayed in Fig.[3.19] The line shapes at forward (40°), 90°, and backward (157°) angles

82



CHAPTER 3. EXPERIMENTAL TECHNIQUES

are displayed in the left, middle, and right panels, respectively. The solid line represents
the best fit to the line shape. To reduce the inaccuracy of the estimated level lifetime, these
fits are performed concurrently. The behaviour of the y? at the minimum is used to derive
the uncertainties in the lifetime measurements. The uncertainty in the side-feeding inten-
sity, which originates from the uncertainties in the top-feeding and feed-out y-transition
intensities at the level of interest, constitutes the second source of error in this measure-
ment. The level lifetimes for the extreme values of side feeding intensities are found in
order to estimate this. The estimation of the side-feeding time is the third source. The
side-feeding lifetime has been varied by +10% to assess this uncertainty. The quadra-
ture sum of the uncertainties resulting from side-feeding intensity, side-shape fitting, and
side-feeding lifetime yields the total statistical uncertainty. It should be stated that this
uncertainty does not include the systematic uncertainty coming from the estimation of the
stopping powers, which can be around 5%. It is important to note that the uncertainties
resulting from the side-feeding can be avoided if a line shape can be obtained from a
top gate. As a result, the level lifetime is estimated more precisely. But most often, the

statistics in the observed line shapes for high spin states are poor in the top gate.

3.4.5 Transition probability

The excited nuclear levels originate due to various angular momentum generation mech-
anisms and each of them leaves a specific signature on the y-transition rates from these
levels. The transition rates are estimated from the measured level lifetime using the fol-

lowing relation::

In2 Sn(L+1) (E,\*"!
T(aL) = v~ AL[(2L + D)2 (;—TZ) B(AL : I; = Iy) (3.16)
T1/2 13

where symbols have their standard meaning. The reduced transition probability for the

electric and magnetic type of transitions, B(EL) and B(ML), respectively, are given in
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terms of Weisskoff units as follows:

~ (In2)L([2L + 1)!']*h * BR re\ L+ 3\
BUMD) = o 2Pk + DacE P Ti7 (1 + ), (fm)2] (E_y) ( 3 ) W]
(3.17)
and
— (In2)L([2L + 1)!11?h * BR (@)”“(Lw)z Wl G1S)
T (L22L(L + DALAT(L + a)leX(fmPH \ E, 3 '”' '

Thus, given knowledge of the branching ratio and lifetime, one can estimate the reduced
transition probability [[17]. However, in cases where the statistics are poor, the lifetime
measurement may prove to be difficult. In such cases, the ratios of B(M1)/B(E2) and
B(E1)/B(E2) become a useful tool for the determination of the single particle configu-
ration of a band structure. The aforementioned ratios can be estimated from the energy
expressed in MeV (E), intensity (I,), and mixing ratio (6) of the inter-band dipole and the

intra-band electric quadrupole y-transitions as follows:

BM1,,;1 > 1-1 E3(E2) 1 LMl 2
Mloi I = 1=1) _ ) 667 E2(E2) ML (’ﬂ) (3.19)
B(E2;,;1 — 1 -2) E3(M1) 1 + 62 I(E2) eb
B(E2,;1 > 1-1)  E3E2) & L(E2u) (3.20)
B(E2i;1 > 1-2)  EN(E2,,) 1+ L(E2;) '
and
5
B(Elyy;I —1-1) 1 EYE2) L(EY) -2 (3.21)

B(E2u 1 —1-2)  13x 108 EXEN)L,(E2)

In the following chapters, 1 shall discuss the spectroscopy measurements carried out in

100R Y, ®*Mo, '%Pd and '""'Ru using the techniques described in this chapter.
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Chapter 4

Spectroscopic Studies in °°Ru

4.1 Introduction

Nuclei possess octupole deformation due to the long-range octupole - octupole correla-
tions among the nucleon orbitals close to the Fermi surface, whose total (J) and orbital
(L) angular momenta differ by 37. A reflection asymmetric pear shape of a nucleus can be
realised by superimposing octupole deformation (characterized by ;) on a prolate shape
(characterized by f3,). Its rotation for an even-even nucleus is characterized by a unique
band structure, where the levels of two alternating parity bands are connected by relatively
fast electric dipole (E1) transitions. The presence of these transitions is the signature of
an intrinsic dipole moment, which arises due to the separation between the centre of mass
and the centre of charge as the concentration of protons is higher in the region of higher

curvature, which is the narrower end of the pear [1]].

Such a band structure was first reported in >'8Ra [2] and since then, stable octupole de-
formation has been reported in a number of even-even isotopes of Ra — Th (Z ~ 88 and
N ~ 134) [3, 4, 15, 16]] and Sm — Ba (Z =~ 56 and N ~ 88) nuclei [7, 18, 9, [10]. There ex-
ist other nucleon numbers, namely 34 and 56, where the octupole shape can be favoured

(11411213, 14]. However, a recent theoretical study concluded that the nuclei in the A =
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100 regions are unlikely to possess stable octupole deformation [15]]. This has been found
to be true as no well-defined rotational band structures have been found in the two N =
56 isotones, namely *°Zr (Z = 40) [16] and **Mo (Z = 42) [17]], although they exhibit the
existence of the octupole degree of freedom. In '"Pd (Z = 46), however, a parity doublet
structure is observed but the bands become interspaced for I > 167, where the TRS cal-
culations predict the emergence of the octupole deformation [18]. But, the interleaved E1
transitions were not observed in this spin domain. On the other hand, 'Ru (Z = 44) has
two interspaced opposite parity bands beyond I = 117 [19, 20]. This led us to search for
the E1 transitions between these alternating parity bands, whose presence would indicate

a novel excited octupole band in '"Ru.

4.2 Experimental details

The previous experiment on '“Ru [19] was focused on studying band termination and
thus, the high spin states were populated using the heavy ion **S beam on "°Ge target.
The y rays were detected in EUROGRAM-2 spectrometer [21]]. However, only about 3%
of the 6x10% 4-fold coincidence events corresponded to '"’Ru as a large number of resid-
ual nuclei were produced in this fusion-evaporation reaction. In the present experiment,
excited levels of '"Ru were populated through the fusion-evaporation reaction involving
a 98% pure 2-mg/cm? thick Mo target and a 50 MeV alpha beam from the K-130 cy-
clotron at VECC, India. The reaction and the beam energy were chosen such that the yield
of '%Ru was nearly 90% of the total fusion cross-section. About 5 x 10 2-fold y-y coin-
cidence data were recorded by the PIXIE-16 digitizer-based data acquisition system [22]
and these time-stamped data were sorted into y-y matrices with a coincidence window of
200 ns using the IUCPIX package [22]]. The light alpha beam populated intermediate spin
levels (I ~ 167), where we planned to search for the elusive E1 transitions by collecting a

large data sample.
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Figure 4.1: The partial level scheme of '"Ru established from the present work. Seven
inter-leaved transitions between Band2 and Band3 have been observed in the present

work. The level and transition energies are expressed in keV. Gamma-ray energies have
been rounded off to their closest integer. The thicknesses of the arrows are proportional to

the relative intensities of the de-exciting y-rays. The transitions marked in red are newly
observed in the present data set. The high spin levels beyond I = 207 were reported in

Ref. [19] but not observed in the present experiment.
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4.3 Results

The symmetric matrix was analyzed using the RADWARE program ESCL8R [23] to
build the partial level scheme of 'Ru, which is shown in Fig. There are three pairs
of bands:

1. Band2 and Band3 form an alternate parity structure with interleaved E1 transitions.

2. Band4 and Band5 are negative parity bands interconnected by M1 transitions.

3. Band6 and Band7 are positive parity bands interconnected by M1 transitions.

Two new E3 transitions from 5~ and 7~ states to the levels of the ground state band were
observed in the present data. It may be noted that this is a rare occurrence and points
towards the presence of octupole collectivity at low spins in '“’Ru. These transitions
are shown in the inset of the 552 keV gated spectrum (marked in red) of Fig. It
is observed from this figure that the 1036 keV transition is more intense than the 1004
keV transition. Thus, their placements were interchanged with respect to Ref. [19]. In
Fig. these two transitions have been labelled in green. The intensities of the y rays
in different gated spectra have been obtained by fitting the observed photo peaks to the
Gaussian function using the INGASORT software [24]. The intensities of the weak inter-
leaved E1 transitions between Band2 and Band3 were estimated from the y-gated spectra

at 90° using the following prescription:
245 keV (13~ — 12%): from the two top y-gates of 1036 and 1004 ke V.

551 keV (14* — 137): from the two top y-gates of 1001 and 1111 keV. This peak is well

resolved from the 552 keV transition.

485 keV (15~ — 147): from the immediate top and bottom y-gates of 1004 and 795 keV,

respectively.

515 keV (16* — 157): from the immediate top y-gate of 1111 keV. In this gate, the con-
tamination due to 516 keV transition (9, ,,— 8") was found to be negligible. To validate

this observation, the branching ratio for the 14* level was also evaluated in the 444 keV
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gate, which is not in coincidence with the 516 keV transition.
488 keV (17~ — 16): from the two immediate bottom y-gates of 1001 and 795 keV.

623 keV (18" — 177): from the two bottom y-gates of 552 and 727 keV since the higher

gamma gates of Band3 are contaminated by the 624 keV transition (95, ,,— 7" ). These

two gating transitions are not in coincidence with the 624 keV transition.

LI LR | T T T T T L L L T T T T T T

> 800 T 1 T I T 1 T I T T T I T 1 7T I T 1 7T
552 gate 2
= 0o

),

w
Lol SN .
SR = S
% 200
& ]
~
@

= 0= L Tl LI
g 1500 1600 1700 1800 1900 2000 |
Q

(0.5 keV) (10
I 540
932

. Energy (keV)

= *
E ®© E & c\gﬁc ®OX ES
= [l v | (& 8 2 =3 = C - & T
U0 )LA | I AJMJ[LV\A IUI 1}\ LAer\JL |

600 700 800 900 1000 1100 1200 1300 1400
Energy (keV)

Figure 4.2: The y-ray spectrum in coincidence with the 552- keV (9~ — 77) transition.
The gamma energies have been rounded off to the nearest integer. The higher energy
section of the gated spectrum is shown in the inset. The y rays marked with * are from
other excited levels of '°’Ru [25]], which are not part of the partial level scheme shown in

Fig. .1}

In the estimation of the E1/E2 branching ratios, the enhancement of the intensities of E1
transitions observed at 90° has to be corrected. The correction factor was determined
by measuring the branching ratios for (444 and 552 keV), (516 and 624 keV) and (876
and 424 keV) y-rays at 90° and at 125° (at this angle the angular distribution effects are
negligible). The weighted mean of the ratio of the branching ratios was found to be 1.58
+ 0.06. Thus, the E1/E2 branching ratios determined at 90° have been divided by this
number to correct for the angular distribution effects. The energies and intensities of the

observed transitions of 'Ru are listed in Table (.11
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Table 4.1: The energy (E,) and the relative intensity (I,) of the y rays of '“Ru along
with the spin and parity of the initial (J\) and the nal (Jfr') states, measured values of
Rpco, Aippco and the energy of the initial state (E;) are shown. Rpco values are obtained
with gates on pure quadrupole transitions except as noted. The quoted uncertainties in
the intensities include statistical and fitting errors only. The systematic error due to the
efficiency determination has been estimated to be around 3%.

E: (keV) E,(keV) J.—J/ L Rbco Aippco Type
539.5(2)  539.5(2) 2*— 0"  100.03) 1.00(1)  0.11(1) E2
1226.4(1)  686.9(1) 4*—2*  932(4)  0.99(1)  0.09(1) E2
2075.7(1) 849.2(2) 6*—4*  76.1(3)  1.02(1)  0.08(1) E2
2167.0(3) 1627.54) 3 —2*  1.42(3) - - El*
2167.03) 3 -0  0.46(7) - - E3*
2527.4(3) 3604(5) 5 -3 0.739)  1.03(5) - E2*
1300.93) 5 —4"  9.022) 0.703)  0.05(1) El
1987.93) 5 -2  0.12(3) - - E3*
2951.9(2) 424.3(5) T -5 42044) 0.9922)  0.07(2) E2
876.0(2) 7 — 6% 23.1922) 0.65(1)  0.09(1) El
17252(4) 7" >4 0.24(7) - - E3*
2591.9(2) 1365.4(4) 4 —4*  1.01(1) - - El*
4249(4) 4 >3 04805 - - M1+E2*
2963.8(1) 371.9(5) 6 —4  1.66(17)  1.02(4) - E2*
888.12) 6 —6'  4773) 0.78(2)  -0.12(8) El
436.4(3) 6 —>5  271(2)  0.84(3) - M1+E2
3060.1(2) 984.4(2) 8" — 6"  3848(24) 0.99(1)  0.08(1) E2
3139.5(4) 187.6(3) 7 —7 1.94(20) - -
1063.62) 7 —6°  0.758)  0.62(4) - El*
611.9(6) 7 -5  336(5) 1.034) - E2*
3503.6(2) 364.3(3) 9 -7 4.13(39)  1.02(3) - E2*
4435(3) 9 — 8" 51331) 0.66(1)  0.08(1) El
551.94) 9 —> 7" 57834 0974  0.10(3) E2

92



CHAPTER 4. SPECTROSCOPIC STUDIES IN “RU

3354.7(1)

3575.6(2)

3992.2(3)

4083.4(1)
4230.7(1)

4235.6(4)

4315.8(3)

4798.2(2)

4917.8(2)

148.9(3)
390.9(3)
294.6(5)
403.0(3)
215.4(3)
623.9(4)
515.5(3)
436.3(3)
220.9(4)
637.5(2)
416.6(3)
488.6(4)
1023.3(2)
727.1(2)
655.1(1)
238.5(3)
1175.8(2)
152.2(3)
732.0(2)
660.0(4)
740.2(3)
323.6(3)
812.2(3)
806.0(3)
482.4(3)
567.5(4)
682.2(2)
687.1(4)

9" — 8§
8§ —= 6~
8 — 8"
8§ =7
8§ =17
97— 17
9" — 8*
97— 7"
9" — &
10— 8~
10— 9~
100> 9~
10" — 8*
11— 9
11m—> 9"
17— 10~
10" — 8*
10" — 10*
10" — 9~
10" — 9~
11"—> 9"
11— 10~
11— 9~
12— 10~
127> 11~
127> 11~
12— 10"

12t — 11°

1.87(2)
7.13(3)
0.54(6)
4.10(3)
0.44(4)

10.51(50)
0.92(4)
0.52(6)
0.08(1)
9.35(3)
0.23(7)
2.20(8)
13.5(2)
6.57(4)
0.76(2)
1.07(4)
3.11(13)
0.28(5)
0.21(7)
0.05(1)
7.33(60)
0.09(2)
0.34(3)
6.07(4)
0.35(4)
1.20(3)
1.41(2)
0.34(8)
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0.71(8)
1.00(2)

0.71(4)
1.01(3)
0.69(4)
1.05(6)
0.98(3)
0.74(5)
0.74(1)
0.99(1)
1.00(3)
1.02(2)
0.73(7)
1.03(2)

1.08(4)
0.60(7)
1.07(5)
0.99(4)
0.72(5)
0.77(2)
1.05(3)

- M1+E2*

- E2*

- E1*

- M1+E2*

- D*
0.08(3) E2
0.08(4) El

- E2
0.06(4) E2
-0.04(5) MI+E2”
-0.05(2) MI+E2

0.09(1) E2
0.07(2) E2
0.06(4) E2*

- M1+E2*
0.13(3) E2*
0.11(4) E2

-0.22(16) MI+E2*
- Q*
0.07(5) E2

-0.09(6) MI1+E2*

-0.06(4) MI1+E2*
0.09(4) E2*

- E1**
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834.4(5) 12— 10" 7.65(10)  0.98(2) 0.05(3) E2
5162.6(3) 931.9(2) 13 =117 6.19(4) 1.00(1) 0.08(1) E2
2448(4) 13 =12 0.0174)  0.67(7) - El*
846.8(4) 13— 117 2.86(13)  1.06(1) 0.05(4) E2*
5275.77(2) 959.94) 137 =117 2.52(7) 1.00(4) 0.07(4) E2
477.5(5) 137—= 127 0.27(3) 0.746)  0.04(11) MI+E2*
5713.1(1) 795.3(3) 14*—=12* 3.91(Q2) 0.99(1) 0.13(2) E2
550.54) 14*— 13~  0.15(4) - - E1**
5784.04) 985.8(3) 14— 127 3.03(4) 1.03(6) 0.04(3) E2
50834) 14 =137 0.11(2) 0.55(6) -0.21(13) MI+E2*
6198.3(2) 1035.7(3) 15~ =137 2.39(2) 1.01(3) 0.02(1) E2
485.2(4) 15— 14 0.037(8)  0.65(9) - El*
6282.4(6) 1006.7(5) 15— 137 0.85(6) 0.97(7) 0.05(3) E2*
498.4(4) 15— 14~ 0.09(2) 0.58(6) -0.37(23) MI+E2"
6713.6(1) 1000.5(3) 16— 14" 2.31(2) 1.00(1) 0.21(2) E2
5153(3) 16— 15"  0.04(1) 1.06(10)! - El*
6883.0(5) 1099.2(4) 16— 14~ 1.44(20) 0.96(4) 0.15(3) E2
7201.8(2) 1003.54) 17"— 15" 1.24(2) 0.99(3) 0.05(4) E2
488.2(5) 17-— 16"  0.03(1) - - E1**
7391.4(6) 1109.1(5) 17-— 15~ 0.5120) 1.01(5) 0.12(8) E2*
7825.1(2) 1111.44) 18— 16* 1.13(1) 1.03(3) 0.04(3) E2
623.3(4) 18"—= 17" 0.06(2) - - E1**
8016.0(5) 1133.0(4) 18 =16 0.32(3) 0.96(6) 0.06(4) E2
8455.5(5) 1253.7(5) 197 =17 0.28(2) 1.02(4) 0.11(8) E2*
9055.2(3) 1229.5(5) 20— 18"  0.81(3) 1.01(3) 0.09(3) E2

e *: New measurement from current data.

e #: The M2 mixing has been assumed to be negligible following the discussions

given in the text.
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e !: Gate on dipole transition (444 keV 9~ — 8%).

A similar prescription was used to determine the intensities of the transitions of Band4 and
Band5 and the interleaved M1 transitions which are listed in Table The placement of
two low spin bands namely 6 and 7, were confirmed [25] from the present high statistics
data. These positive parity bands are also partners connected by M1 transitions.

Table 4.2: E1 and E2 branching ratios and the estimated values of B(E1)/B(E2) for the
low spin levels of '’Ru. The gamma energies were expressed in MeV for calculating the
B(E1)/B(E2) ratios.

E’(ké\[f)ﬂ] (kE(/) y-gates | I(E1)/I(E2) %]SEQ/ES_?))
2527 [57] 1336001 (%Ezl)) 552 | 1234+ 1.51 | 2.61+0.32
2964 [67] 232 Egg 391 | 2.87+0.30 | 2.25+0.24
2952 [77] i;i EE; 552 | 5.52+0.57 | 8.63+0.90
3355 [87] 329915 (((%12)) 638 | 0.08+0.01 | 2.08+0.25
3504 [97] ggj Eg; 727 | 124 +0.14 | 6.94 +0.76
3576 [97] 2;2 Eg; 740 | 0.09 +0.01 | 4.63 +0.29

In order to measure the y -ray multipolarities by the Ratio of Directional Correlations from
Oriented states (Rpco) method [26], an angle-dependent matrix was constructed with the
y-ray energy detected at 90° along one axis and the coincident y-ray energy at 125° on
the other axis. The linear polarization measurements were also performed to extract the
electromagnetic character of the de-exciting y rays using the integrated Polarization from
the Directional Correlation of Oriented states method (iPDCO) [27]. The analysis was
performed for all the E2 transitions of the alternate parity bands except for the top-most
transition (1337 keV) of Band3, as the data were insufficient. The measured iPDCO and
Rpco values have been plotted in Fig. 4.3l The E1 character of the 444 and 876 keV
transitions is evident from the figure. This establishes the negative parity assignment for

Band3. It may be noted that iPDCO values for the weak E1 transitions were not obtained
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from the present data set. However, DCO measurements for the 245 (13- — 12%), 485
(15— 14%) and 515 (16" — 157) keV transitions were performed. The Rpco values for
the 245 and 485 keV transitions were 0.67 + 0.07 and 0.65 + 0.09, when gated on the
Al = 2 transitions of 834 and 795 keV, respectively. This value was 1.06 = 0.10 for 515
keV when gated on the Al = 1 transition of 444 keV. All these values match with the
calculated Rpco value for a pure Al = 1 transition for the given detector geometry. Thus,
the dipole transitions between the positive parity Band2 and negative parity Band3 have
been assigned as E1 since the M2 mixing is negligible. The measured Rpco and iPDCO
values are tabulated in Table 4.1] The present results are in agreement with previous
measurements [[19, 25]].

Table 4.3: E1 and E2 branching ratios and the estimated values of B(E1)/B(E2) for the
levels of the alternate parity band. The gamma energies were expressed in MeV for cal-
culating the B(E1)/B(E2) ratios. The evaluated branching ratio is the weighted average of
the values obtained from the two independent gates.

Eiever [77] E, Y- I(E1)/I(E2) | B(E1)/B(E2)

(keV) (keV) gates (1072) (1078 fm™2)
4918[127] 668827 ((%12)) 793and 687 | 5451 4537 | 847+ 188
5163[137] gg Eg; 1036and 1004 | 57 005 | 9.84 + 1.93
5713[14*] gg; g; HHTand 10011593 104 | 588+ 1.55
6198[157] 1‘(‘)256 ((](Eéé) 1004.and 795 1 54 1 035 | 1256 + 2.83
6714[16*] 1501051(251512)) HITand 434 1 25 041 | 975 +235
7202[177] 140%84((EE12)) 1001 and 7951 5 53, 080 | 17.07 + 5.41
7825[18] 1612131(212)) 727and 552 1 s 17 4 156 | 27.92 + 8.40

The B(E1)/B(E2) rates were determined from the following relation.

BELL—-T-1)] 1 IEVHENE2)
= m
B(E2,I;—> I;-2)|  1.3x 10°I(E2) EXEl)

where the energies of the y-rays (E,) are expressed in MeV and I(E1)/I(E2) is the mea-
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sured branching ratio. The B(E1)/B(E2) ratios for low spin levels of '“’Ru are listed in
Table. 4.2l The El and E2 branching ratios for each level of the alternate parity bands
were estimated from two different y-gated spectra. The values listed in Table. 3] are the
weighted average of the two values obtained from the two independent y-gates. These

gated spectra are shown in Fig. [4.4]

T T T T T T T T T T T

oof |1 o 2
7951
O - 1004—] 11111
@ 0 1036-+4
-
A 439@%568
-0.1F -

-0.2F M1 M2 -

L | | L | L | L L | L
05 06 07 08 09 1 LI
RDCO

Figure 4.3: The measured values of Ratio of Directional Correlations from Oriented states
(Rpco) and integrated Polarization from the Directional Correlation of Oriented states
(iPDCO) for different y transitions of '“’Ru. The vertical lines represent the calculated
Rpco values of 0.65 and 1.0 for pure AI = 1 and Al = 2 transitions, respectively, in a
stretched E2 gate.

The B(M1)/B(E2) ratio have been estimated following the relation

B(Ml,]l—) Ii_ l)l _
B(E2,[,>1,-2)]

M1y EXE2) , )

697
0-697x 775 EXM1)"™

where the quantities have the usual meaning. These values for Bands4 - Band5 and Band6

- Band7 are given in Table 4.4 and Table d.5] respectively.
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Table 4.4: M1 and E2 branching ratios and the estimated values of B(M1)/B(E2) for the

spin levels of Band4 and 5 of '“"Ru. The gamma energies were expressed in MeV to
calculate the B(M1)/B(E2) ratios.

E’(kel\[fl)”] (li(,) I(M1)/I(E2) (1072) B%l/)(/e ]2()]23)2 )
4798 [127] ‘;%26 ((1\E/121)) 5.76 + 0.66 0.12 + 0.02
5276 [137] ‘;76% ((1\E/121)) 10.71 + 1.23 0.56 + 0.06
5784 [147] 59%86 ((I\E/[;)) 3.63 + 0.66 0.18 + 0.03
6282 [157] 1%9087((1\(/52)) 10.59 + 2.47 0.61 +0.14

Table 4.5: M1 and E2 branching ratios and the estimated values of B(M1)/B(E2) for the
spin levels of Band6 and 7 of '“"Ru. The gamma energies were expressed in MeV to
calculate the B(M1)/B(E2) ratios.

E’(ké\[f)] (li(,) I(M1)/I(E2) B%v 1/)(5)()13)2 )
2577 [57] 56194; ((hélzl)) 0.32 +0.06 | 0.27 £0.05
3447 [7%] Z;;B((l\élzl)) 0.58 +0.07 | 0.49 +0.06
4343 [97] ;gé E?ég 0.29 £ 0.08 | 0.23 +£0.06

4.4 Discussion

4.4.1 Octupole and strongly couple bands

In Fig. Bandl is the ground state band of '°°Ru, which corresponds to the vacuum
configuration for this even-even nucleus. Band2 has been proposed to originate from the
rotational alignment (RAL) of a pair of neutrons in the h;;, orbitals [19]. This is ob-
served as a sharp discontinuity in the band structure of the ground state Band1 at I = 107,
beyond which Band2 (s-band of Bandl) becomes favoured in energy. This phenomenon
[28] happens when the Coriolis interaction decouples a pair of nucleons and aligns their

angular momentum vectors along the rotational axis.
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Figure 4.4: Coincident y spectra observed with the detectors of the 90° ring. The El
transitions connecting Band2 and Band3 are marked by the dotted line. Each E1 transition
is shown in two gamma-gated spectra. The numbers in the rectangular box represent the
y-ray energy of the gating transitions. The gamma energies have been rounded off to their
closest integer.

The lowest observed negative parity level in '°°Ru is 37. The hindrance factor for E1 tran-
sition estimated from the lifetime measurement for this level is 1.0x107> [20]. A similar
retardation factor of 1.2x107> has been estimated for the 5~ level using the observed in-
tensity ratio of the E1 and E2 transitions from this level and assuming Q, ~ 200 efm? for
100Ry following the systematics of the B(E2, 2* — 0") transition rate [29]. This hindrance
is similar to the 1-2x10~> factor observed for the single neutron transitions in odd Cd
isotopes [[18], which indicates that there is no permanent octupole deformation in '“Ru
at low spins. Thus, the presence of the E3 transitions from the low spin negative parity
levels indicates that these levels originate due to the collective octupole vibration around

a reflection symmetric shape.

At higher spins, three negative parity bands are seen in Fig. @.1] Interleaved M1 transi-
tions have been observed till I" = 15~ between Band4 and BandS while these transitions
with Band3 are observed only up to I = 11~ although Band3 is the negative parity yrast
sequence. This observation indicates that Band4 and BandS5 are signature partners while

the presence of M1 transitions between Band3 and Band5 is probably due to the mixing
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of 97 and 11~ levels of Band3 and Band4 as they lie very close in energy (= 100 keV).
This assumption is supported by the large B(E2),,,/B(E2);, value (0.74(4)) observed for
the 137 level of Band3 evaluated from the observed intensities of the 847 (between 5162.6
and 4315.8 keV levels) and 932 keV (between 5162.6 and 4230.7 keV levels) transitions.
In the two previous experiments and from the present data set, no unfavoured signature
partner of Band3 could be identified. However, its absence may also indicate that this

band is shifted to higher energies due to the large signature splitting.

In order to explore the presence of the octupole correlations in '“Ru, the ratio of the
inter-band E1 and intra-band E2 transition rates, B(E1),,,/B(E2);,, have been plotted in
Fig. These values for the 6 (E, =2963.8 keV) and 8~ (E, = 3354.7 keV) levels have
been extracted by assuming a pure E1 character for the 6~ — 6" and 8~ — 8™ transitions
and were found to be similar to that for the 5~ level (E, = 2527.4 keV). For the 7~ (E,
= 29519 keV), 9;,,.,; (Ex = 3503.6 keV) and 9, ., (E; = 3575.6 keV) levels, the ob-
served retardation factor lies between 4—7x 107> assuming Qy = 200 efm?. This apparent
increase can be understood from the calculations of E1 rates by Hamamoto and Sagawa
[30] between the two quasi-neutron band (v = 2) and ground state band (v = 0), which
predict B(E1) values as large as 10~* e?fm? for Av = 2 E1 transitions without incorporat-
ing octupole deformation. The calculations were also performed for Av = 0 transitions
and the rates were found to be considerably smaller than the Ay = 2 transitions. However,
these calculated values underestimated the observed B(E1) values by one to three orders
of magnitude in the odd-A rare-earth nuclei, which are stable against octupole deforma-
tion. It has been proposed [31] that such large enhancement in the E1 rates may arise due
to the particle octupole vibrational coupling and the observed rates can be reproduced by
tuning the amplitude of an additional term in the E1 transition operator, which accounts
for the octupole vibrations in quadrupole-deformed nuclei. However, in all these cases,
the two opposite parity bands are not interspaced and their moments of inertia are dif-
ferent. In the mass 100 regions, interspaced opposite parity bands have been reported in

104pd [32]], '9Pd [33] and '®Ru [34] following the neutron hy, , alignment. But in these
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Figure 4.5: Ratios of the inter-band E1 and the intra-band E2 transition rates from the
excited levels of '’Ru as a function of spin, I. The lower value of the ratio for the 9~ level
corresponds to Band4. The values for I < 9% corresponds to Ay =2 E1 transitions between
Band3 and Bandl, while for the higher spins, Av = 0 E1 transitions between Band3 and
Band4 are considered.

cases also the moments of inertia (MOI) of the two bands are significantly different. This
difference indicates that the negative and the positive parity bands in these nuclei origi-
nate from v[{ds»/g7,2} ® hj;,2] and vh%1 ” configurations, respectively. In addition, the
interleaved transitions have not been reported between the alternate parity bands. Thus,
100R is the first nucleus in the A ~ 100 region for which seven inter-leaved E1 transitions
have been observed and the moments of inertia of the two alternate parity bands are found
to be nearly identical for I > 167 (as seen from Fig. 4.6(e)). These observations can be
simultaneously accounted for by considering the alignment to occur in the mixed parity
orbitals of [{ds;2/g7,2}/h11,2] in the intrinsic frame and the parity partners originate due
to the parity projection in the laboratory frame. Such a configuration in !°°Ru is possible
due to the proximity of the octupole driving orbitals of h;;,, — ds, states for N = 56 [35].
It may be noted that the emergence of stable octupole deformation above the first band

crossing has already been reported in even - even Lanthanide nuclei 136} 37, 38]].

The level energies and B(E1) transition probabilities for N = 88 isotones have been
calculated by Garrote ef. al. [39] within the framework of the Cranked Hartree-Fock-
Bogoliubov approximation with the parity breaking Gogny-interaction. The comparison
with the observed energy splitting between the alternate parity levels and the B(E1)/B(E2)

rates shows a good agreement. These calculations indicate a phase transition from an oc-
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tupole vibration to an octupole deformation at a higher spin (I * 10%) in N = 88 isotones,
which is characterized by the vanishing of the parity splitting and the enhancement of the
B(E1)/B(E2) rates. It is interesting to note that the B(E1)/B(E2) rates for the alternate
parity bands at low spins (I < 167) of '%Ru are similar to that observed from the octupole
vibrational level of 7 (E, = 2951.9 keV) (as seen from Fig. . On the other hand,
the rates increase significantly and also the parity splitting vanishes beyond I = 167 (as
seen from Fig. [4.6(f)). Thus, from the perspective of Ref. [39]], 'Ru seems to exhibit the

octupole vibration to octupole deformation phase transition at I = 167 [40].
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Figure 4.6: Moment of inertia J) and parity splitting index S(I) for the positive (black
dots) and the negative parity (red diamonds) partner bands of >*Ra, '**Ba and '®’Ru are
plotted on the left and right panels as a function of rotational frequency (w) and angular
momentum I, respectively.

However, it is important to note that the weighted average value of B(E1)/B(E2) beyond I
= 167 is 2.0(5) x 1077 fm~2, which is an order of magnitude smaller than those observed
in the Lanthanide and Actinide regions [38, 41]. This indicates that the electric dipole
transitions are less enhanced in '"’Ru and thus, the octupole deformation is lower. On the
other hand, the vh%1 n and v[ds;»/g7/2}/h11)2] assignments for Band2 and Band3 respec-
tively, can not be ruled out. Thus, to establish the stable octupole deformation in 'Ru, it
is essential to measure the level lifetimes for the alternate parity bands and compare the
measured B(E1) values with the calculated rates for the two separate configurations for

Band2 and Band3.
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With this goal in mind, a second experiment was performed with the same target projec-
tile combination. But this time, the alpha beam of energy 45 MeV was bombarded on a
foil of 10 mg/cm? thick '®Mo foil. A total of 4 x 10° y-y coincidence events were sorted
within a time window of 100 ns by using the sorting program BINDAS [42]]. About 58%
events were found to belong to the '"’Ru channel. The data were sorted to form three
angle-dependent asymmetric matrices. The lineshapes are extracted using 1023 keV (10"
— 8") for Band2, 727 keV (11~ — 97) for Band3, 624 keV (9~ — 77) for Band4 and 638
keV (10~ — 87) for Band5. The lineshape analysis was carried out using the LINESHAPE
package [43] along with the development reported in Ref. [44]]. The velocity profiles for
the '%°Ru residues at the three angles of 40°, 90° and 125° were simulated using the stop-
ping powers calculated by SRIM. These profiles were calculated in time steps of 0.001
ps for 10000 trajectories while considering their origins distributed across the expanse of
the thick self-supporting target. It may be noted that only an insignificant (~ 4%) propor-
tion of trajectories remain unfinished within the target, that do not impact the subsequent
analysis. The y-ray energies and intensities were treated as the inputs to the line shape fit.
The side-feeding intensities at each level were calculated from the measured intensities
tabulated in Table The detailed procedure for lineshape fitting has been described in
Chapter 3.

The global fit for each band was carried out simultaneously at 40°, 90° and 125°. Line-
shape fits for four y transitions namely 1111 keV (18" — 16" for Band2), 1004 keV (17~
— 157 for Band3), 1007 keV (15~ — 13~ for Band4) and 986 keV (14~ — 12~ for Band5)
are presented in Fig. The measured level lifetimes and the evaluated transition rates
are listed in Table. 4.6/ and .7 The weighted average of the quadrupole moment (Qo)
are 279(14), 261(9), 202(10) and 215(9) (efm?) for Band2, Band3, Band4 and Band5 re-
spectively. The Qo values corresponding to Bands (2,3) and (4,5) are shown in Fig. 4.§|
and Fig. [4.9] respectively. As seen in these figures, the Qy value is nearly the same for
the alternate parity bands (Band2 and Band3) while the value for the signature partner

bands (Band4 and Band5) is marginally smaller. In this regard, it may be noted that the
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Figure 4.7: The line-shape fits for 1001 keV of Band2, 1036 keV of Band3 and 986 keV
of Band5 at 40°, 90° and 157° to the beam direction. The fitted Doppler broadened line
shapes are drawn in blue lines while the contaminant peaks are shown in green lines. The
result of the fit to the experimental data is shown in red lines.

B(M1) values exhibit the characteristic staggering of inter-band transitions between the
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two signature partners [45]].

Table 4.6: The measured lifetimes of electric quadrupole transitions of the '’Ru levels for
Band2, Band3, Band4 and Band5. The uncertainties in the lifetime measurements were
derived from the behaviour of the y? in the vicinity of the minimum for the simultaneous

fit at the three angles.

1960 1970 1980
Energy (0.5 keV/Ch)

0 N N T
1960 1970 1980

E; E, J;—Jj: T B(E2) (e*fm*) Qo (efm?)
(keV) (keV) (ps) Expt. TPSM  Expt. TPSM

Band2

5713.1(1) 795.3(3) 14"™—=12" 1.01(9) 2444(220) 2557 269(24) 275

6713.6(1) 1000.5(3) 16*—14* 0.31(2) 2573(180) 2573 277(19) 277

7825.1(2) 1111.4(4) 18"—16" 0.15(1) 2975(241) 2522 292(24) 269

9055.2(3) 1229.5(5) 20"™—18" 0.14“ 2128 2081 248 245
Band3

5162.6(3) 931.9(2) 13™—11~ 0.49(3) 1628(97) 2338 224(13) 268
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6198.3(2) 1035.7(3) 15 =13~ 0.30(2) 2272(114) 2188 260(14) 255
7201.8(2) 1003.5(4) 17—15- 0.23(1) 3454(162) 1718 316(15) 223
8455.5(5) 1253.7(5) 19—17- 0.12¢ 2202 1156 252 183

Band4

5275.77(2) 959.9(4) 137—11~ 0.70(5) 1291(89) 1259 199(14) 197
6282.4(6) 1006.7(5) 15—13" 0.56(4) 1302(93) 676  197(14) 142
7391.4(6) 1109.1(5) 17—15" 041" 1172 589 183 130

Band5

4798.2(2) 806.0(3) 127—10~ 1.30(6) 1469(68) 2110 212(10) 254
5784.0(4) 985.8(3) 14—12~ 0.503) 1670(120) 2319 223(16) 263
6883.0(5) 1099.2(4) 16—14~ 0.40" 1273! 2393 195 267

"m'Band2 (Expy = T " ]
320 — Band2 (TPSM) % _
= Band 3 (Expt)
r — Band 3 (TPSM)

280~

Q, (efm’)

240

200

L 1 L 1 L 1 L 1 L 1 L L L L
127 13 14 15 16 17 18 19 20 21
Spin

Figure 4.8: Intrinsic quadrupole moment (Q,) values as a function of spin for Band2 and
Band3. The solid line represents the values from TPSM calculations.

The B(E1) rate of 1.8(4) x 107° e*fm” has been estimated for 10* [h?, 1= 97 [hiip X
(g7,2/ds2)] transition in the neighbouring '°Cd [46]]. It may be observed from Table.
that the measured B(E1) rates in !°°Ru are two orders of magnitude enhanced compared to
that observed for ''°Cd. This is a clear indication of the presence of octupole collectivity
in '“Ru. However, it may be noted that E1 transition rates can be dominated by single
particle effects, which may be different for !'°Cd and '“Ru. Thus, it is necessary to
estimate these rates for '°°Ru. These numerical calculations have been carried out in the

TPSM framework.
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Figure 4.9: Intrinsic quadrupole moment (Q) values as a function of spin for Band4 and
Band5. The solid line represents the values from the TPSM calculations.

In TPSM calculations, the valence particles were allowed to occupy two major oscillator
shells (N =4 and N = 5) [47]. This allowed the construction of the negative parity states
with two quasiparticle configurations in '°’Ru. From the various projected bands, positive
and negative yrast cascades were considered as Band2 and Band3, respectively. In these
TPSM calculations, the Hamiltonian consisted of pairing and quadrupole-quadrupole in-
teraction terms, which are parity-conserving. However, the observed enhanced E1 tran-
sition rates between the alternate parity bands indicated the presence of octupole corre-
lations. As a first step to consider the octupole correlations in the TPSM approach, the
Hamiltonian was augmented by including the octupole-octupole interaction terms among
neutrons, protons and also between neutrons and protons. The coupling constant of the
octupole interaction term was adopted to be ten times smaller than the quadrupole cou-
pling constant, which follows from the hydrodynamical estimate [4]. The Hamiltonian
was diagonalized with the angular-momentum projected wavefunction having parity as a
good quantum number and, therefore, in the present work, octupole interaction has been
considered as a perturbation [47]]. The deformation parameters were chosen such that the
in-band B(E2) rates are reasonably well reproduced at low spins as tabulated in Table. 4.6
The evaluated Q values for Bands 2, 3, 4 and 5 are compared with the calculated values
obtained from the TPSM calculations in Fig. 4.8 and Fig. #.9] The experimental routhians
were well described by the TPSM calculations as shown in Fig.
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Figure 4.10: Level energies minus rotor contribution values and angular momentum as a
function of spin (I) and rotational frequency (w), respectively for positive parity Band1
and Band?2 (black circles) and negative parity Band3 (red diamond). The solid line repre-
sents the values from TPSM calculations.

Using these TPSM wavefunctions, the B(E1) rates for the interleaved transitions between
Band2 and Band3 were calculated with and without considering octupole-octupole pertur-
bation as tabulated in Table.[4.7] As seen from Fig.[4.11] the TPSM values were enhanced
by a factor of ~ 1.5 after the incorporation of the perturbation term. However, the calcu-
lated values are still an order of magnitude lower at high spins (I > 16%) compared to the
experimental observations. This indicates clearly that the high spin levels of Band2 and
Band3 originate due to octupole collectivity, while the lower spins may originate due to

the octupole correlations.
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Figure 4.11: B(E1) values vs spin for Band2 and Band3. The solid line represents theo-
retical calculations using the TPSM framework.

107



CHAPTER 4. SPECTROSCOPIC STUDIES IN “RU

Table 4.7: The measured lifetimes of dipole transitions of the '“Ru levels for Band2
and Band3 along with the values from the two TPSM calculations; one considering only
quadrupole-quadrupole and pairing term and the other one additionally considering oc-
tupole perturbation. The uncertainties in the lifetime measurements were derived from
the behaviour of the x? in the vicinity of the minimum for the simultaneous fit at the three
angles.

E T B(E1) (10~* e*fm?) B(E1) (10~ w.u.)

Y

(keV)  (ps) Expt. TPSM TPSM,, ©Expt. TPSM TPSM,,

Band2

550.5(4) 1.01(9) 1.44(40) 0.67 0.72 1.04(29)  0.49 0.52
5153(3) 0.31(2) 2.49(63) 0.58 0.69 1.80(46)  0.42 0.50
623.3(4) 0.15(1) 8.29(258) 0.14 0.23 6.00(187)  0.10 0.17

Band3

244.8(4) 0.49(3) 1.59(28)  0.20 0.31 1.15(6) 0.15 0.22
485.2(4) 0.30(2) 2.85(66)  0.27 0.54 2.06(9) 0.20 0.39
488.2(5) 0.23(1) 5.88(187) 0.31 0.73 4.26(17) 0.22 0.53

It may be noted that the dynamic octupole deformation (i.e vibration) in '®’Ru can be
ruled out following the two arguments:

1. For a band built on a rotationally aligned octupole phonon, the negative parity sequence
is always shifted up in energy [31, 48] and thus, the two opposite parity bands are not
interspaced and their moments of inertia are different.

2. Only the transitions I" — (I — 1)* are allowed [48]. Thus, the interleaved E1 transitions

will not be present.

These arguments establish that the high spin states of Band2 and Band3 originate due to
the rotation of a stable octupole shape. To further explore the rotational characteristics
of the two alternate parity bands of '“’Ru, the moments of inertia of the parity partner
bands of two well-known pear-shaped nuclei, namely ??°Ra [3] and #*Ba [7]], have been

compared with those of '"’Ru on the left panel of Fig. On the right panel, the values
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of parity splitting indices, S(I*) and S(I") have been plotted, where S(I) is defined as the
difference of the energy difference of the I, (I — 1) and (I — 2) levels [49].

For 2*6Ra, the value of both the parity indices becomes zero at I. = 127, which indicates
the onset of strong octupole correlations [49]. At the corresponding frequency (fiw = 0.18
MeV), the MOI values of both the bands become similar as shown in Fig. .6(a). This
marks the onset of stable octupole deformation in ?°Ra [[14] and beyond I., the negative
parity levels become favoured in energy. This phenomenon of parity inversion in the nu-
clei of the Actinide region has been explored by Jolos et.al [S0] within the framework of
the particle-rotor coupling model. These calculations indicate that the intrinsic configu-
ration for the alternating parity bands changes from a fully paired configuration (K = 0,
where K is the projection of I along the symmetry axis of the nucleus) before the parity
inversion to one with rotationally aligned nucleons (K # 0) after the inversion. Thus, the
rotational alignment leads to the stabilization of octupole deformation as the pairing cor-
relations become weaker [41]. With increasing spin, the potential barrier height at 53 = 0
increases and the parity splitting due to the tunnelling between the two minima vanishes

beyond the I = 23 7 in 2*°Ra, as seen in Fig. [4.6(b).

The nature of the S(I) plot for '**Ba is very similar to that of 2°Ra as seen from (Fig[4.6(d)).
The parity inversion happens around I = 107 [38], where the first band crossing takes place
and beyond I = 207, the parity splitting vanishes. However, the MOI of the alternate parity
bands continue to be significantly different till the highest observed frequencies as seen

from Fig[4.6(c) and in this respect, the behaviour is different from 2*°Ra.

The MOI and S(I) plots for '°°Ru are distinct from the above two cases as seen in Fig.
It is observed from Fig. [4.6[e) that the MOI values of the two parity bands are similar
over the entire range of observed spins. This is the consequence of the RAL configuration
for the alternate parity bands of '“’Ru, as the pairing correlation becomes substantially
weaker. It may be noted that the MOI values of the pear-shaped odd-mass nuclei, for

example, >*Th [51]] and 2>>Th [52], also exhibit a similar weak dependence on rotational

109



CHAPTER 4. SPECTROSCOPIC STUDIES IN “RU

frequency due to the presence of the odd nucleon, which lowers the pairing correlations

due to Pauli blocking.

At lower spins, 12/ < I < 167, the difference in the MOI values is probably due to the
strong octupole correlations as indicated by the TPSM calculations. Beyond I = 167, the
MOI values for the alternate parity bands become nearly identical and the parity splitting
vanishes as seen from Fig. {.6(e) and (f), respectively. This observation, along with the
observed increase in the B(E1) rates (as seen from Fig. [4.T1]), seems to indicate the onset

of stable octupole deformation in 'Ru beyond I = 167.

To summarize, the seven interleaved E1 transitions have been observed between the two
alternate parity bands of '"Ru, whose moments of inertia are nearly identical. The en-
hancement of the B(E1)/B(E2) rates and the vanishing of the parity splitting beyond I
= 167 indicate the emergence of stable octupole deformation in !’Ru based on a RAL

configuration.

It is possible to estimate the liquid drop contribution to the intrinsic dipole moment from
the droplet model [53] following the prescription by Dorso et. al. [54]. In this formalism,
Dg“ is expressed as the difference between two terms, namely the redistribution term,
which originates from the ’lightning rod’ effect and the neutron skin’ term. The different
parameters of the droplet model have been chosen by Butler and Nazarewich [55]]. This
numerical calculation has been carried out for '’Ru with 8, = 0.23 and 8, = 0.03. The 3,
values have been evaluated from the weighted average value of Q, for Band2 and Band3

[listed in Table. 4.6]]. The Dy value of 0.03 efm is found for 85 ~ 0.1.

4.4.2 Band4 and BandS - the signature partner bands

These two bands are connected by pure M1 transitions. The measured B(M1) rates have
been given in Tabled.8] The characteristic staggering of the transition energies (Fig. #.12)

and transition rates establish them to be signature partners. These strongly-coupled neg-
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Table 4.8: The measured lifetimes of dipole transitions of the '°’Ru levels for Band4 and
Band5. The uncertainties in the lifetime measurements were derived from the behaviour
of the y? in the vicinity of the minimum for the simultaneous fit at the three angles.

E; keV) E, (keV) Jf,—>J,{ T(ps) BMI) (u?)
Band4

4315.8(3) 323.6(3) 11™—10~ 2.77(14)  0.007(2)

5275.7(2) 477.5(5) 13™—>127 0.70(5) 0.072(8)

6282.4(6) 498.4(4) 15—14- 0.56(4) 0.079(23)
Band5

4798.2(2) 482.43) 12—>117 1.30(6) 0.018(3)

5784.0(4) 508.3(4) 1413~ 0.50(3) 0.030(6)

ative parity sequences can only arise due to v[h; ), ® ds;»/g72] configuration as hy is

the only negative parity intruder orbital present in this mass region.

B Staggering in odd even (-)ve parity
A—A Staggering in y-band

Staggering S(J)

Spin (I)

Figure 4.12: Energy staggering S(I) for the negative parity partners (black square) and
the positive parity y (red diamonds) partner bands of '“’Ru are plotted as a function of

angular momentum .

4.4.3 Band6 and Band?7 - the vy - soft bands

The two y-soft bands with positive parity are based on the 2" level. The odd-even spin

energy staggering function is used to explain the difference between a y-soft and a y-rigid

energy sequence [S6].
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The staggering function is defined as

_ED+EI-2)-2EI-1)
S() = £2)) 4.1)

which yields positive values for even spins and negative values for odd spins in the case
of a 7y rigid rotation. For the y soft rotor, on the other hand, the sign between the odd
and even spins is inverted. The S(I) plot for '°°Ru shown in Figure (in red), clearly
establishes '°’Ru as a y-soft rotor also. It is interesting to note that the phase of staggering

is opposite for the strongly coupled bands (Band4 and Band5).

Thus, '°Ru has been established as a unique nucleus of the A ~ 100 mass region. On
one hand, it exhibits collective rotation of a reflection asymmetric shape leading to the
two inter-spaced opposite parity bands (Band2 and Band3), while on the other, it has a
pair of strongly coupled bands leading to signature partner bands (Band4 and Band5). In
addition to this co-existence of reflection symmetric and asymmetric shapes, '’Ru has

also been found to be y-soft at low spins.
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Chapter 5

Spectroscopic Studies in “*Mo

The previous chapter reports the presence of permanent octupole deformation in '’Ru for
the configuration with two rotationally aligned h;,,, quasi-neutrons. In order to establish
this novel phenomenon, it is essential to study its neighbouring N = 56 nucleus namely,
%Mo. The previous work on *Mo hinted at an octupole collectivity due to the presence of
a 3" state and observation of an E3 transition decaying from this 3~ state [1]. However, the
alternate parity bands in **Mo have not been established. In the present chapter, I report
the extension of the level scheme and the spin-parity assignment of all the observed levels
of ®*Mo thereby establishing the alternate parity band structure. However, the present data

volume was found to be inadequate for the observation of the interleaved E1 transitions.

5.1 Experimental details

The excited levels of **Mo were populated through the “Mo(*He,ar 2n)**Mo fusion-
evaporation reaction using a beam of energy 45 MeV and enriched 10 mg/cm? thick target.
A total of 4 x 10° y-y coincidence events were sorted with a time window of 100 ns by
using the sorting program BINDAS [2]]. Only about 15% events were found to belong to

the channel of interest.
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Figure 5.1: The partial level scheme of **Mo established from the present work. The
level and transition energies are expressed in keV. The thicknesses of the arrows are pro-
portional to the relative intensities of the de-exciting y-rays. The transitions marked in
red are newly observed in the present data set.

5.2 Results

Fig. [5.1] shows the partial level scheme established from the present data. Two new E3
transitions, namely 1833.2 keV and 1585.8 keV could be established. Bands 1 and 2
could be extended to spin 16* and 17~ spin levels through the placement of 996.2 keV
and 1042.6 keV transitions, respectively. Fig.[5.2] shows the coincidence spectrum gated
with 787.2 keV (ground state 2" — 07) transition, where the four newly placed transitions
are identified with red. However, in the previous work on **Mo [1]], the spin and parity of
levels above I = 671 were unassigned. Hence, to establish the bands as an alternating parity

sequence, it was necessary to determine the electromagnetic characters and multipolarities
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of the transitions decaying from these levels. To achieve this, Rpco and polarisation

measurements have been carried out in this thesis.
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Figure 5.2: Gated spectrum of **Mo using 787.2 keV gate. The transitions marked in
red are newly placed from the present experiment. However, those marked in green, are
transitions from **Mo but not part of the partial level scheme. Transition energies are
rounded off to the nearest integer value.

The measured DCO values for the previously reported pure El transitions of 1430 and
1206 keV between the positive and negative parity yrast band of ''Ru [3], which was
a major channel in our experiment, were fitted to estimate the attenuation coefficient for
alignment. Calculation of Rpcp needs at least one strong transition whose multipolarity
is already established. For this purpose, values for most of the transitions were estimated
using the lowest 787.2 keV transition, which is established as a stretched Al =2 (2" — 0%)
transition. However, this is a strong transition and was found to contain significant coinci-
dent Compton events, leading to a high background in the y-gated coincidence spectrum.
Thus, it is not suitable to measure weaker transitions in this gate. Hence, different gates of
different multipolarities have been used, which will be discussed in detail. The polarisa-
tion asymmetry value for an electric type of transition is positive and thus, the photopeak
counts for the gated addback events in the perpendicular direction are more than that of
parallel. The vice versa is true for a magnetic type of transition. The values, unlike DCO
calculations, do not depend on the nature of gating transitions. Hence, any strong y-ray

can be used as a gate for sufficient counts in the photopeaks.

In order to establish the spin-parity of a band, it is crucial to determine the spin and parity
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Figure 5.3: Spectrum for calculating Rpco values showing four possible combinations of
multipolarity of gating and observed transition. Panel (a), (b), (c) and (d) represent dipole
transition (D) gated with the quadrupole transition (Q) gate, D in D gate, Q in Q gate and
Q in D gate, respectively. The red and black lines represent the counts corresponding to
125° and 90°, respectively.

of the band head. In the case of Band 1, the first two levels were already assigned by
Lalkovski et. al. 787.2 and 722.4 keV transitions were used as gates to assign the spin
and parity of in-band transitions decaying from the higher energy levels. Unambiguous
determination was possible up to I = 127. For example, as the counts of the 833.4 keV
transition in both 90° angle and 125°should are approximately equal (Fig.[5.3|c)), it can be
concluded to have the same multipolarity as the gate (787.2 keV E2) used. For the DCO
and polarisation measurements of 877.6 keV (14" — 127) transition decaying from the
5923.5 keV level, the only usable gate was 877.3 keV (10" — 8*) transition. However, the
statistics were too low to determine the Rpco value with reasonable uncertainty. From the
Rpco measurements of other transitions, Band 1 was established as an even spin positive

parity band.

For Band 2, the 3~ state was already established [1]]. To proceed further, DCO and polar-

ization measurements of the 1110.8 keV transition were performed using the 787.2 keV
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gate (Table [5.1)). Fig.[5.3((a) shows 1110.8 keV transition having more photopeak counts
in 90° angle than in 125° which is expected when a Al = 1 transition is observed in a Al
= 2 gate due to effects of angular distributions. The A;ppco value was found to be positive
(refer to Table[5.I). Thus, this transition was found to be a pure electric dipole (E1) and
the 2620.4 keV level was established as 57 level. A similar prescription was followed for
Ey =752.4 keV to establish the next level as a 7~ state. For all the in-band transitions of
Band 2 up to spin [ = 157, DCO measurements were performed using the 787.2 keV gate
and were found to be close to 1. The polarisation asymmetry values of all these transitions
except 560.3 keV (due to fewer statistics) were positive. These values are tabulated in Ta-
ble 5.1} This indicates that the in-band transitions are stretched electric quadrupole (E2)
in nature. In the case of 560.3 keV, the transition was assumed to be E2 as it was already
established as a Al = 2 transition (as seen from Table. and a strong M2 transition is

ruled out. Thus, Band 2 could be established as an odd spin negative parity band up to

spin [ = 157.
200————— —
- (a) 431 keV 4 400 (b) 752 keV — perp
150 = i — para 1
Z 300
S 100
O 200
@)
50 100
1 | 1 O 1 | 1 |
420 430 440 750 760
Energy (keV) Energy (keV)

Figure 5.4: Typical polarisation spectrum for one magnetic type (left panel) and one
electric type (right panel) transition of **Mo.

The 9~ state of Band 3 (E,,,.; = 3767.5 keV) was established using the 752.4 keV gate. As
per the angular distribution effects, Al = 2 transition shows more counts in 125° compared
to that of 90° when gated on a Al = 1 transition. This is seen experimentally for the case
of 672.1 keV when the 752.4 keV (E1) transition is used as shown in panel (d) of Fig.

In addition, the A;ppco value is positive. This establishes the 672.1 keV transition is an
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E2 transition. Thus, Band 3 is an odd spin negative parity band.

The spin-parity of Band 4 could be unambiguously determined through the 430.6 keV
transition using the 787.2 keV E2 gate. The projections from the DCO and polarization
matrices are shown in Fig. [5.3|b) and Fig. [5.4(a), respectively. The extracted values for
Poco and A;ppco are given in Table 5.1 which establishes the 430.6 keV transition as a
magnetic dipole (M1) transition. The E2 nature of 662.8 keV (E;,., = 4188.9 keV) and
789.3(Ejer = 3256.1 keV) could also be established. Thus, Band 4 is identified as an even

spin negative parity band.
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Figure 5.5: Contour plots of polarisation vs Rpcp as a function of varying mixing ratio

for four different transitions.

Fig. [5.5] shows contour plots of DCO and polarisation value (P) of 4 transitions (393.8
keV, 928.2 keV, 1110.8 keV and 430.6 keV) as a function of mixing ratio 6. In all the
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cases, the values of the mixing ratio were found to be negligible.
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Table 5.1: The energy (E,) and the relative intensity (I,) of the y rays of Band2 and
Band3 of *®Mo along with the spin and parity of the initial (J1) and the nal (Jﬁ) states,
measured values of Rpco, Aippco and the energy of the initial state (E;) are shown. Rpco
values are obtained with gates on pure quadrupole transition except as noted. The quoted
uncertainties in the intensities include statistical and fitting errors only. A systematic error
due to the efficiency determination has been estimated to be around 4%.

E: (keV) E, (keV) JioJ) L Rpco Awpco  Type
787.2(3) 787.2(3)  2*—0*  100.030) 1.02(5) 0.08(3)  E2*
1509.6(2) 722.4(2)  4*-2*  84.9(24) 0984) 0.102)  E2*
2017.3(2) 1230.1(2) 37—2*  6.46(31) 0.729) 0.06(5)  EI*
2017.3(3) 30"  2.03(75) E3
2343.1(4) 833.4(4) 6'—4*  545(11)  1.03(6) 0.093)  E2*
2620.4(3) 603.1(2) 53 8.94(45) 096(12) 0.05(4)  E2*
1110.8(3) 5 —4* 10.33(55) 0.69(8) 0.09(4)  EI*
1833.3(5) 5—2t  0.24(9) E3*
2736.8(3) 393.8(4) 6 —6'  537(38) 0.79(11) 0.08(5) Mixed"
3095.4(4) 475.12) 75 9.89(25) 1.02(10) 0.094)  E2*
7524(3) 76"  8.52(40) 0.65(6) 0.07(4)  EI*
1585.8(6) 7 —4*  0.74(16) E3*
3271.2(3) 9282(3) 8'—6* 16.90(53) 0.97(8) 0.08(3)  E2*
3526.1(5) 789.3(5) 8 —6~  531(44) 1.07(21) 0.03(5)  E2*
430.6(5) 8 —>7 1.66(41) 1.06(17)* -0.09(7) MI+E2*
3655.7(4) 802.3(3)  9°—8"  554(58) 0.73(13) 0.06(5)  EI*
560.3(3) 97" 4.17(42)  1.04(19) Q
384.5(3) 9 —8"  3.62(29) 0.69(10) D
3767.5(4) 672.1(4) 9—>7"  62524) 095(13) 0.07(5)  E2
4148.5(4) 877.3(4) 10"—>8"  7.56(24) 0.99(13) 0.07(4)  E2*
1295.13) 10"—8*  3.12(41)
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4188.93) 662.8(3) 10—8~  4.06(37) 0.95(19) 0.08(6) E2*
44229(7) 767.2(7) 11™-9  11.48(66) 0.99(14) 0.12(5) E2*
4536.6(5) 769.1(5) 11™-9~  3.51(34) 1.04(19) 0.22(12) E2*
4992.0(5) 803.1(5) 127—10" 2.07(53) - -

50459(33) 897.4(5) 12*—=10" 3.87(27) 0.99(34) 0.02(6) E2*
5313.8(3) 890.9(3) 137—11 3.62(46) 1.05(22) 0.02(6) E2*
6132.3(5) 818.5(5) 15 =13 2.41(43) 1.03(26) 0.14(9) E2*

e *: New measurement from current data.

e *: Gate on dipole transition.

5.3 Discussion

The level schemes of **Mo and !°Ru show a number of common features:

1. There are four high spin bands out of which three have negative parity.

2. There is a pair of bands with interspaced levels of opposite parity, which are observed
beyond 6 and 8* for ®*Mo and 'Ru, respectively.

3. The two negative parity bands with interspaced levels of even and odd spins.

4. Three E3 transitions have been observed from the 37, 5~ and 7~ levels. In all the cases,
the associated E1 transitions have been observed from these levels. The energy of the 3~
level in *®Mo is lower in energy by 150 keV.

5. Beyond the 7~ level the odd spin negative parity sequence bifurcates in two bands.
Such detailed similarities between these two level structures imply similar mechanisms

for the angular momentum generation for the two cases.

This comparison can be extended to the transition rates of the low spin states of the neg-
ative parity sequence, which in !°Ru have been established to originate due to octupole
vibrations [4]. In the present data with a thick target, the sub-picosecond level lifetimes

can be measured through DSAM. But the lifetimes of these low spin levels are expected
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Table 5.2: The E3 and E2 branching ratios and the estimated values of B(E3)/B(E2) for
the low spin levels of ®*Mo and 'Ru.

Eve(keV) 071 | E, (keV) | B(E3)/B(E2) (fm?) | B(E3) X 10° (¢*fm®)
. 2620.4 [57] 1680333_‘13 (%523)) 66.05 + 27.01 108(44)
e 3095.4 [77] f7855_ '18 (%:‘23)) 153.81 + 33.31 250(54)
o 2527.4[57] 139685 f (%523)) 17.39 + 4.84 28(8)
- 2951.9 [77] 27225 ‘32 (%523)) 36.97 + 11.45 60(19)

to be an order of magnitude larger. In the absence of direct measurement, we have com-
pared the B(E3)/B(E2) rates in Table [5.2] It is evident that The B(E3)/B(E2) values of
%Mo are 4 times stronger than those in '’ Ru. The moments of inertia and its variation
with spin were found to be very similar in both cases (beyond I" = 57) for the negative
parity band of the parity doublet as shown in Fig.[5.6] Thus, it is reasonable to assume a
similar B(E2) value (~ 2000 e*fm*) for ®*Mo as measured for the negative parity band of

1Ru [Chapter [4]]. Using this value, the estimated B(E3) values are tabulated in Table

The octupole deformation (B3) parameters for the 7~ levels of **Mo and '“’Ru can be

evaluated following equation [3]]::

B(E3) = %(Z6R3)2,8§

The large 3 values of 0.12(6) and 0.06(2) for **Mo and '“’Ru respectively, indicate the

presence of substantial octupole collectivity.

In order to explore the possibility of stable octupole deformation at low spins in **Mo, the
B(E1)/B(E2) ratio has been plotted in Fig. and listed in Table [5.3] This ratio should
be enhanced in case of permanent octupole deformation due to the lighting-rod effect
[6]. It is observed from the figure that the values of the ratio are very similar for **Mo

and '“Ru. These values correspond to a hindrance factor ~ 1.0 x 107>, which is very
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Figure 5.6: The moment of inertia J) as a function of rotational frequency (w) for the
negative parity partner of the alternate parity bands in®*Mo (black diamonds) and 'Ru

(red diamonds).

similar to those observed for the single neutron transitions in odd Cd isotopes [/]. Thus,
there is no permanent octupole deformation in **Mo at low spins and the presence of the
three E3 transitions from the low spin negative parity levels indicates that these levels

originate due to the collective octupole vibration around a reflection symmetric shape and
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the magnitude of the shape oscillation has been found to be large (85 = 0.12).

Table 5.3: The E1 and E2 branching ratios and the estimated values of B(E1)/B(E2) for

the low spin levels

Eeve(keV) I7] | E, (keV) | 1331)/1(152) | B(E1)/B(E2) (10~* fm™)

Ru

2527.4[57] 133600949 (%321)) 12.34 £ 1.51 2.61 +0.32

2951.9 [77] 2;61:(3) Egg 5.52+0.57 8.63 +0.90

3504 [97] ‘5“5“2‘ Egg 0.89 + 0.06 39.97 + 2.69
98MO

2620.4 [57] 161013(?'18 (%321)) 1.16 £ 0.08 5.17 +0.38

3095.4 [77] 471%41‘ Egg 0.86 + 0.05 3.76 + 0.21

3655.7 [97] iggé Egg 0.87 +0.11 64.52 + 8.30

It may be interesting to note that the 5~ level of ®*Mo does not follow the rotational

sequence unlike in the case of '“Ru as seen from Fig. Thus, this state may have a
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substantial contribution from E2-E3 two-phonon state. The possible origin of the 5~ level
in A ~ 100 mass region has been proposed by Pignanelli et. al. within the framework of

the IBM model [8]].
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Figure 5.7: The ratio of the inter-band E1 and the intra-band E2 transition rates from the
low spin excited levels of ®*Mo and '°’Ru as a function of spin, I.

There is an order of magnitude enhancement in the B(E1)/B(E2) value at I" = 97 as
observed in Fig. This is a clear indication of the onset of strong octupole correlation
at this level for Mo, which is similar to '°’Ru. This fact is also supported by the observed
inversion (marked by I.) in the S(I) plot as shown in Fig. [5.8(a), which is the signature
of the onset of strong octupole correlation [9]. In this figure, the S(I) plot for " Ru and
144Ba has been shown for the comparison of the behaviour of the observed alternate parity
bands of ®*Mo with increasing spin. It is interesting to note that the behaviour in all three
cases is similar except that the vanishing of the parity splitting has not been observed for

98M0

Thus, the high spin levels (I > 9 7) of Bands 1 and 2 in **Mo may originate due to the
rotation of a permanent octupole shape. This can only be established through the obser-
vation of the interleaved E1 transitions between the levels of the two bands. However,
these very weak transitions were not observed. This is due to inadequate data, which was

an order of magnitude lower than that collected for '®’Ru.
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Figure 5.8: The parity splitting index S(I) as a function of angular momentum for the
positive (black dots) and negative parity (red diamonds) partner bands of **Mo, 'Ru,
and '“Ba.

In summary, four high spin bands have been established in ®*Mo. These band structures
have been found to be similar to those observed in "’Ru. The low spin negative parity
levels were found to originate due to the octupole vibration. A large enhancement of
octupole correlation has been observed at I" = 9. The S(I) plots for **Mo, '"’Ru and '**Ba
are very similar thereby indicating the possibility of permanent octupole deformation in

%Mo at high spins.
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Chapter 6

Spectroscopic Studies in 105pq

The existence of triaxial deformed nuclei has been predicted by numerous mean-field
studies (see e.g. Ref. [1]). A special feature of triaxial nuclei is that they can exhibit the
wobbling motion near the yrast line which was predicted by Bohr and Mottelson in 1975
[2]. However, this special high-spin mode for an even-even nucleus has not been observed
yet. Instead, the first observation of wobbling was reported in 2001 for the odd-mass '*Lu
[3]. The authors interpreted their data in the framework of the particle + triaxial rotor
(PTR) model (see e.g. Ref. [2]). Two bands, labelled as TSD1 and TSD2, were identified,
which were associated with the triaxial strongly deformed (TSD) minimum with odd-
proton occupying the 1,3/, configuration as obtained in the ultimate cranking calculations
[4]. The lower TSD1 band corresponds to n = 0 and the excited TSD2 band to the n =
1 wobbling excitation. Using the Particle + Triaxial Rotor (PTR) model, Frauendorf
and Donau [3]] classified the collective mode into longitudinal wobbling (LW) when the
angular momentum vector precesses about the medium axis of the triaxial nuclear shape
and transverse wobbling (TW) when it precesses around an axis transverse to the medium
axis. For increasing angular momentum, the excitation energy of the wobbling quanta
increases for LW, and decreases for TW up to a critical value /., above which the TW

changes into the LW regime. The wobbling mode represents a periodic motion of the three
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principal axes of the triaxial charge distribution, which generates strong E2 radiation. This
is observed as collectively enhanced Al = 1 E2 transitions from the levels of band with
n wobbling quanta to the band with n-1 wobbling quanta. Recently, TW mode has been

reported in several odd-A nuclei [3]- [19].

The TW regime appears when the angular momentum j of the odd particle aligns with the
short axis of the nucleus which is transverse to the medium axis. Of course, the particle
alignment is not rigid and there are excitations which correspond to the reorientation of
the odd particle’s angular momentum j, such that it precesses about the short axis with the
projection j — 1. The bands based on this configuration have been referred to as signature
partner (SP) bands [6] because it is their traditional nomenclature in high-spin physics,
where the rotational bands group into A/ = 2 signature sequences connected by strong
intra-band E2 transitions. (The signature of the band is defined by @ = I + even number.)
In contrast to the TW bands, SP bands are connected by Al = 1 M1 transitions to the
n = 0 band. In all the reported cases [3]- [19], the SP band has been observed. Both the
TW and signature partner bands have the signature, —«, that is opposite to the signature «
of the n=0 band. The appearance of the collective TW band, in addition to the signature

partner band, represents stringent evidence for triaxial deformation.

If the two distinct modes keep their dominant character, the next bands with signature
a are expected to be the double TW band (n = 2), the TW based on the SP band and
the particle excitation, where j precesses about the short axis with the projection j — 2.
The authors of Ref. [16] discussed the small amplitude limit of the particle triaxial rotor
system, where the TW and SP modes appear as normal vibrational modes, which combine

in an additive way.

In the case of '¥Pr the odd particle is an hy1/, proton and accordingly, the n = 0 yrast
band has @ = —1/2. The TW and SP bands with & = 1/2 were identified in Ref. [[6]]. The
authors of Ref. [17] demonstrated that a fourth band with @ = —1/2 has the characteristics

of the double TW excitation. The present case study of 'Pd has a structure that is
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analogous to '*°Pr with the odd proton replaced by the odd k1, neutron. The authors of
Ref. [19] identified the @ = —1/2 yrast band (Band 1) and the @ = 1/2 TW (Band 3) and
SP (Band 2) bands depicted in Fig. [6.I] This work also observed, at a somewhat larger
energy, an @ = —1/2 band [20] and the authors speculated that it might be the double
TW band by analogy to '*Pr. However, they left the nature of the band an open problem
because their data did not allow them to establish such an assignment. In the present
thesis, the mixing ratios of all the inter-band transitions of '“Pd have been measured.
As will be elucidated below, the second @ = 1/2 band is not the double TW band as

speculated, but is the first known example of a TW-on-SP band.
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Figure 6.1: The partial level scheme of '%’Pd established from the present work. The level
and transition energies are expressed in keV and have been rounded off to their nearest
integer. The levels and transitions marked in Black were reported in [19] while those
marked in Blue were reported [20] by the same group. Our data confirms all these levels
and transitions and we have added three more transitions, which are marked in red. The
spin and parities of Band 2 have been adapted from Ref. [19]
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The authors of Ref. [21] questioned the interpretation of band 3 as TW. They studied
the nucleus in the framework of the interacting boson-fermion model. The calculated
energies of band 3 relative to band 1 increase with I in contrast to the observed decrease.
As seen in Fig. 7(h) of Ref. [21], the calculated small mixing ratios disagree with the ones
from Ref. [19] and the present study. A well-founded comparison with the data from Ref.
[22] is not possible because the first two points do not indicate the uncertainties, which
are large (see discussion below). Thus, in my view the authors of Ref. [21] have not

substantiated their claim.
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Figure 6.2: The gamma spectra in coincidence with (a) 1046 keV (31/27 — 27/27) keV
and (b) 1006 (27/27 — 23/27) keV transitions of Band 4. The newly placed gamma
transitions from Band 4 to Band 2 have been marked in red. The transitions marked in
green belong to '?Ru. This contamination is due to the presence of 1047 keV (15~ —
137) and 1005 keV (14~ — 127) transitions in '*’Ru.

6.1 Experimental Results

The partial level scheme of '®>Pd has been shown in Fig. where the widths of the
transitions are proportional to their relative intensities. The newly placed 254 keV (23/2~
— 21/27) and 300 keV (27/2~ — 25/27) transitions between Band 4 and Band 2 are shown
in the coincidence spectrum with their respective top transitions, in Fig. The rela-

tive intensities of the gamma transitions obtained from the present data agree well with
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the evaluated intensities from Ref. [22]. However, the intensities of the newly observed

gamma transitions in Ref. [19] and [20] were not reported. These have been evaluated in

this thesis and tabulated in Table

Table 6.1: Energies, relative intensities, DCO ratios using the detectors at 40° and 157°
ring along with the detectors at 90° ring, linear polarizations, mixing ratios and deduced
multipolarities of transitions of '>>Pd shown in Fig.

E, L, (rel.) Rpco Rpco P 1) Mult.
(keV) (40°) (157°)
198  0.42(11) 0.60(24) - - 0.02) Ml
254 0.22(7) 0.91(34) 0.97(41) - 0.3*03  Mixed
300 0.12(5)  0.89(38) 0.85(47) - 03703  Mixed
378  1.04(23) 0.61(23) - - 0.1(1) Ml
384  0.84(21) 0.66(18) - - 0.1(1) Ml
387 0.24(9) - - - - Mixed
406  0.50(19) - - - - M1
430 0.28(6)  0.65(17) - - 0.1(1) Ml
453 1.19(25) 0.84(20) 0.83(23) - -0.670>  Mixed
481 65.9(3) 1.01(2) 0.57(3) 0.0(3) E2
540  0.66(24) 0.65(26) - - 0.1(1) Ml
582 1.38(37) 1.06(21) - - 0.1(1) E2
603  1.93(31) 0.84(16) 0.78(19) -0.31(97) -0.670% Mixed
604  0.64(11) 0.97(21) - - 0.1(1) E2
772 47.93(22) 1.04(3) - 0.64(8) 0.1(4) E2
793 2.48(28) - - - - Mixed
808  4.81(39) 0.96(10) - - -0.1(1)  E2
814  1.98(27) 0.98(14) - - 0.0(5) E2
868  0.42(11) - - - - Mixed
918  2.18(29) 1.00(15) - - 0.0(1) E2
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939

958

959

991

994

1006
1034
1046
1084
1089
1097
1100
1152
1158
1159
1262
1274
1375
1411
1459

1.01(10)
29.51(29)
1.29(34)
4.75(16)
2.16(15)
2.90(48)
3.11(16)
1.93(37)
0.48(16)
1.38(32)
1.25(33)
15.48(47)
8.96(91)
1.08(17)
0.43(17)
0.18(9)
1.37(35)
0.51(34)
0.51(32)
0.60(35)

0.96(12)
0.98(2)
1.20(8)
1.08(10)
1.05(19)
1.12(9)
1.03(20)
1.03(37)
1.05(28)
0.99(6)
1.00(12)

1.09(37)
0.98(38)
0.98(32)

1.27(12)
1.23(14)

1.15(14)

0.65(26)

0.46(14)

-0.43(97)
0.35(108)

-0.33(99)

0.30(23)
0.25(22)

0.02)
0.0(1)

1.9704

2.4f8:§
0.1(7)
2.2f8:i
0.1(6)
0.1(1)

0.1(8)

0.1(4)
0.0(5)

0.1(1)
0.0(1)
0.02)

E2
E2

Mixed
Mixed
E2
Mixed
E2
E2
E2

E2
E2
M1

E2
E2
E2
E2

The y - ray multipolarities were determined from the Ratio of Directional Correlations
from Oriented states (Rpco) method [23]]. For this measurement, an asymmetric matrix
was constructed with the y -ray energy detected at 90° along one axis while the coincident
v -ray energy at 40° and 140° on the other axis. For the mixed transitions, the measured
Rpco values have been validated by re-measuring the value using the “157°” and “90°”
matrix. For the Rpcp measurements, the stretched E2 gating transitions were used. The

value for the attenuation coeflicient of complete alignment (o/J) of 0.31(3) was estimated
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Figure 6.3: A typical polarisation spectrum for an electric (left) and a mixed (right) tran-
sition.

from the measured Rpco values for 1100 keV E2 and 1331 keV El transitions, which
were assumed to be pure stretched transitions. The Rpco values for 40° (157°) were cal-
culated using the computer code ANGCOR [24]] (for o/J = 0.31(3)) and were found to be
1.0 and 0.58 (1.0 and 0.51) for pure Al = 2 and Al = 1 transitions, respectively. The linear
polarization (P) measurements were also performed to extract the electromagnetic charac-
ter of the de-exciting y rays. A typical spectrum for calculating polarisation asymmetry is
shown in Fig.[6.3] The left panel shows a previously established electric transition and has
more counts in the perpendicular combination of crystals in 90° detectors than in parallel
combination. It can be observed from the figure that the present dataset was inadequate
for the P measurements for the weak crossover transitions, like 603 keV. The electromag-
netic characters could only be determined uniquely (considering the uncertainty) only for
the lower transitions of the yrast band, for example, 958 keV. Thus, the present analysis
relies mostly on the Rpco values. The results obtained from the present measurements
are tabulated in Table and the Rpco values are found to be consistent with previously
known spin and parity assignments [19, 20]. It may be observed from Table. [6.1] that the
experimental Rpco values show a significant departure from the calculated values for the
Al =1 transitions between Band 3 — Band 1 and Band 4 — Band 2 and also for the Al
= 0 transitions between Band 4 — Band 1. Only these transitions (labelled as mixed in
Table.[6.1)) have substantial M1/E2 mixing. The mixing ratios (6) of 991 (E, = 1961 keV),
603 (E, = 2345 keV), 1034 (E, = 2775 keV) and 994 (E, = 3694 keV) keV transitions
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have been unambiguously determined through the combined measurement of Rpco and P.
The mixing ratios for the 991, 1034 and 994 keV transitions between the wobbling bands
were reported to be 1.8(5), 2.3(3) and 2.7(6), respectively [[19]. The calculated values of
the mixing ratio from polarization and Rpco contour plots using the current experimental
data for 991 keV and 1034 keV are shown in Fig.[6.4] It may be observed from the figure
that the large error bars on polarisation values do not allow the unique determination of
the electromagnetic characters. However, the correlation between the P and Rpco values
in the contour plot can be used to obtain the lowest minimum from the )(2 minimization,
thereby leading to the most probable value. This analysis has been shown in Fig. [6.5]
where the minimum corresponding to the higher value of the mixing ratio for 991 keV,
1034 keV and 994 keV transitions is the lowest. The values obtained from the y? variation
near the minimum are 1.9*34, 2.4*0% and 2.2*03 which are consistent with the previously

-0.5°

reported values [19].
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Figure 6.4: Values of the DCO ratios (Rpcp) and linear polarization (P) of the Al =1
transitions that decay from the negative parity wobbling band to the positive parity ground
state band, computed (solid line) and experimental (symbol) for various mixing ratios (o).

Alternately, the mixing ratio can be estimated by comparing the experimental Rpco value
with the corresponding calculated values for the different values of ¢ using o7/J = 0.31(3).
These plots for the 991 and 1034 keV transitions are shown in Fig. [6.6] (a) and (b), re-
spectively. The higher values of the mixing ratio obtained from this method were 1.8(4)
and 2.2(5), respectively, which match with the values obtained from the previous method
within +10. Thus, this method has been followed to obtain the mixing ratios for the low

energy transitions of 254, 453 (E, = 3153 keV) and 300 keV (E, =4159 keV), where the P
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measurements were not possible due to inadequate statistics. The results for 300 and 254
keV transitions are shown in Fig. [6.6] (c) and (d), respectively. Due to low statistics, the
Rpco values of 254 and 300 keV transitions have larger error bars and give two different
values for the mixing ratio. The higher ¢ values of Fig. [6.6(c) and (d) were found to be
unrealistic as they predict a much stronger (about 15 times) B(E2),,, rate in the [ - -1
transitions than the B(E2),, rate in the I — I-2 transitions. For the two Al = O transitions
of 453 and 603 keV from Band 4 to Band 3, the 6 values were found to be ~ -0.6(6) and
-0.6(5), respectively. These values were reported as 0.0(7) and 0.0(5) by Rickey et. al.
[22]. It is not possible to compare the two measurements as the reported uncertainties are
very large in Ref. [22] and we may only conclude that the values match within + 1o. The
DCO ratios for all the observed Al = 1 transitions between Band 3 and 4 agree well with
the calculated value for a pure dipole transition. This was also found to be true for the
1158 keV transition from Band 2 ( E, = 2900 keV ) to Band 1. Thus, for these transitions,
the E2 mixing has been found to be negligible (E2 fraction < 0.1%). It is worth mention-
ing that the 17/27, 21/27 and 25/27 levels of Band 3 decay by two Al = 1 transitions to
Band 1 and Band 4. For the three transitions to Band 1, the E2 fraction (%) is = 85%,
while for the transitions to Band 4, the E2 fraction is < 0.1% as obtained from Table
It may also be noted that the E2 fraction is = 10% for the 254 and 300 keV transitions
from Band 4 to Band 2, but the lower transition energies lead to large electric quadrupole

transition rates (B(E2)) for these Al = 1 transitions.

The ratios of the inter-band to intra-band transition rates have been plotted in Fig.
which show two distinct classes of inter-band Al = 1 transitions. In one case, the B(E2)
values for these transitions are of the same order as the intra-band B(E2) rates. Thus,
these Al = 1 transitions from Band 3 to Band 1 and Band 4 to Band 2 (Fig. [6.7(a) and
Fig.[6.7(b)) have substantial collective enhancement in the B(E2) rates. On the other hand,
the Al = 1 transitions for Band 3 — Band 4 and Band 2 — Band 1 are predominantly M1
in nature. The B(M1),,,/B(E2);, values for the Al = 1 transitions are plotted in Fig.[6.7(d),

(e) and (f). The ratios for the out-band and in-band transition rates for Band 2 to Band 3
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Figure 6.5: The y? minimization plots for (a) 991 keV (b) 1034 keV (c) 994 keV and (d)
603 keV. The horizontal lines correspond to the +1 of the minima value for determining
the uncertainties. For the first three transitions, the lower minima correspond to the higher
o values. However, for 603 keV, the lower delta value is more preferable.
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Figure 6.6: Variation of the calculated Rpco as a function of mixing ratio (6) for the Al =
1 transitions from Band 3 to Band 1 ((a) 991, (b) 1034 keV) and from Band 4 to Band 2
((c) 300, (b) 254 keV). The horizontal lines correspond to the Rpco values at 40° along
with their uncertainties.

and Band 4 to Band 1 have been plotted in Fig.[6.8] which shows an increasing trend in the

B(M1),../B(E2),, values for the Al = O transitions from Band 4 to Band 1 as a function of
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spin (Fig.[6.8(b)). This analysis establishes that the inter-band Al = 1 transitions for Band
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Figure 6.7: The ratio of the rates of the out-band Al = 1 transitions and the in-band E2
transitions of '%Pd are plotted as a function of spin, I. The E2 and M1 rates for the Al = 1
transitions have been estimated using the evaluated values of the mixing ratios (Table[6.1]
and are shown on the left and right panels, respectively. The values for the Band 3 —
Band 1 transitions are shown in (a) and (d), the values for Band 4 — Band 2 transitions
in (b) and (e), and the values for the Band 3 — 4 transition in (c) and (f). Fig. [6.7(f) also
includes the value for the Band 2 — Band 1 transition (shown in green), assuming the E2
mixing to be negligible. In Fig.[6.7|c), the upper bounds correspond to the upper limit of
the uncertainties of the mixing ratio values given in Table [6.1] The dotted line on each
panel represents the calculated values from TPSM.

2 — Band 1 and Band 4 «— Band 3 are predominantly M1, while the Al = 1 transitions

for Band 3 — Band 1 and Band 4 — Band 2 shows large enhancement in B(E2) rates.

6.2 Discussion

To provide an insight into the nature of the band structures observed in '“Pd, triaxial
projected shell model (TPSM) [25]] calculations have been performed. This model has
been shown to provide a unified description of the interplay between collective and single-
particle degrees of freedom in deformed odd-mass nuclei [9, 26] - [28]. In the present
study of '®Pd, the deformed basis states have been obtained by solving the triaxial Nilsson

potential with € = 0.26 and €’ = 0.11 [19]. The monopole pairing interaction is employed
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Figure 6.8: The ratio of the rates of the out-band Al = 0 and Al = 2 transitions from Band
4 to Band 1, Band 2 to Band 3 and the in-band E2 transition of Band 4 as a function of
spin, I. The M1 and E2 rates have been estimated using the evaluated values of the mixing
ratios (Table. and plotted in (a) and (b), respectively. The dotted line on each panel
represents the calculated values from TPSM.

by solving standard Bardeen-Cooper-Schriefer (BCS) equations and the resulting Nilsson
+ BCS states are then projected onto good angular-momentum states [29]. For odd-
neutron nuclei, the basis states are composed of one-neutron and one-neutron coupled to
two-proton states, which are sufficient for the discussion of the observed low-lying band
structures in 'Pd. We have also evaluated the transition probabilities with the effective

charges of 1.6e for protons and 0.6e for neutrons [30, 31, 32].

The experimental energies E(/) and the derived rotational frequencies Zw([) are compared
with the TPSM values in Fig.[6.9] The calculations reproduce the experimental values for
all four bands quite well. The levelling of Band 1 at iw = 0.58 MeV (“upbend” of the
function /(w)) reflects the rotational alignment of an additional pair of /;,,, quasineutrons,
which is seen in Fig.[6.10]as the bands originating from the three-quasineutron configura-
tion at4.17 MeV become yrast. A similar levelling is found in the TPSM results for Bands
2, 3, and 4 and reflects the crossing of the three-quasineutron configurations. The TPSM
levelling is seen in the experimental frequencies of Bands 3 and 4 as well. However, the

two experimental frequency points of Band 2 do not confirm the TPSM prediction.

The TPSM wavefunctions have been used to calculate the M1 and E2 transition proba-

bilities between the excited levels of 'Pd, which are listed in Table Figs. and
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Table 6.2: Transition rates of different bands from TPSM Calculations used for the com-
parison plots with experimental values.

Band 2
Spin  B(E2);, B(E2) o BM1),,, Decay to
(h)  (e’b?) (e’b?) (1)
10.5 0.54 0.008 0.13 Band 1
0.11 Band 3
12.5 0.82 0.008 0.18 Band 1
0.15 Band 3
14.5 0.89 0.001 0.19 Band 1
0.09 Band 3
Band 3
Spin  B(E2),, B(E2),.: B(M1),,, Decay to
(h)  (e’b?) (e’b?) (1)
8.5 0.72 0.33 0.14 Band 1
0.01 0.41 Band 4
10.5 0.80 0.32 0.12 Band 1
0.01 0.46 Band 4
12.5 0.72 0.23 0.11 Band 1
0.001 0.46 Band 4
14.5 0.70 0.18 0.11 Band 1
Band 4

Spin B(E2),, B(E2),,, BM1),, Decay to
(h) () (b)) (1)

7.5 0.63 0.02 0.51 Band 3
0.23 0.08 Band 1 (Al = 0)
0.02 - Band 1 (Al = 2)
9.5 0.69 0.01 0.42 Band 3
0.53 0.35 Band 2
0.20 0.17 Band 1 (Al =0)
0.02 - Band 1 (Al =2)
1.5 0.72 0.01 0.38 Band 3
0.60 0.37 Band 2
0.28 0.79 Band 1 (Al =0)
0.01 - Band 1 (Al =2)
135 0.74 0.004 0.35 Band 3
0.55 0.38 Band 2
0.27 0.65 Band 1 (Al = 0)
0.01 - Band 1 (Al =2)

[0.8] compare the pertaining ratios with the observed inter-band to intra-band ratios of the

transition rates. For all the transitions, the agreement was found to be quite well, which
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Figure 6.9: Experimental and calculated values from TPSM for the rotational frequency
(upper panel) and the level energies minus the rotor contribution (lower panel) as func-
tions of the spin I for Bands 1, 2, 3 and 4.

substantiates the suggested interpretation.

The E2 probability for Band 3 — Band 1 is enhanced, as expected for collective transition
connecting the n = 1 TW state with the n = 0 yrast state. The transitions Band 2 —
Band 1 are weak, expected for the SP band, which has a different orientation of the A;;,»
quasineutron than the yrast band. The transitions Band 4 — Band 2 are enhanced, as
speculated for the collective E2 transition connecting the n = 1 TW excitation on top of
the SP states with the SP states. The transitions Band 4 — Band 3 are small because the
orientation of the £, quasineutron differs in the two bands. For the same reason, the

transitions Band 4 — Band 1 are weak.

In order to further investigate the structure of the observed bands in '%°Pd, Fig. shows
the energies of the bands projected from the quasiparticle configurations before the TPSM

Hamiltonian is diagonalized. It is important to point out that the short principal axis is
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Figure 6.10: Energies of the projected K configurations, where the short axis is chosen
as the quantization axis 3 to which K refers. The curves are labelled by three quantities:
quasiparticle character, K quantum number and energy of the quasiparticle state. For
instance, [1,1/2,1.31] designates the one quasineutron state with K= 1/2 having intrinsic
energy of 1.31 MeV.

chosen as the 3-axis of quantization, and “K” denotes the angular moment projection on
the short axis. This is different from the TPSM calculations published so far where the
long principal axis is chosen as the 3-axis. This choice simplifies the interpretation be-
cause, in the TW regime, the odd quasineutron tends to align its angular momentum with
the short axis. This has the consequence that the final states are much less mixed with
respect to K. Of course, such a change of the quantization axis leaves the observables
invariant. Technically, it is achieved by changing the triaxiality parameter y to an equiva-
lent value in another sector. The TPSM parameters € = 0.26 and € = 0.11 correspond to
€ = gcosy and € = ¢ siny with ¢ = 0.28 and y = 23° and the 3-axis being long prin-
cipal axis. Changing v — —120° —y = —143° leaves the results invariant but moves the
3-axis to the short principal axis and the TPSM calculations were performed for € = 0.22

and ¢ = -0.17.

Fig.[6.11]displays the diagonal components of the K-distribution of the wavefunctions for

various angular momentum states for the four observed bands. The lowest sequences of
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basis states in Fig. [6.10]are projections from the one-quasineutron configuration at 1.307
MeV onto different values of K. As seen in Fig. [6.11] for the states I = 11/2, 15/2 19/2,
.. of Band 1 the largest components are the K = 11/2 states. Decomposing these basis
states into their quasineutron factors and collective factors (defined as the projections from
the quasiparticle vacuum) shows that the main quasineutron component is /,;,, with the
projection of the triaxial Nilsson state along the s-axis, k = 11/2. For the I = 13/2, 17/2,
21/2, ... states of Band 3 band, the same K = 11/2 basis states appear with the largest
probability. The higher energies of the I = 13/2, 17/2, 21/2, ... states compared to the I =
11/2, 15/2 19/2, as seen in Fig.[6.10] are due to a larger fraction of the collective angular
momentum. This is the expected structure for the TW mode with the angular momentum

of the A/, quasineutron being aligned with the s-axis.

For I = 17/2, 21/2, .... of band Band 2, the dominating basis state is K = 7/2 and de-
composing it into the quasineutron and collective factors shows that the most probable
component is &/, with the k = 7/2 projection. It has the characteristic signature partner
structure, with the angular momentum of the quasineutron being tilted away from the s-
axis. The reorientation of the quasineutron’s angular momentum suppresses the collective
E2 transitions Band 2 — Band 1 and Band 2 — Band 3, and the transitions acquire the
M1 character. For the I = 15/2, 19/2, 23/2, ... of Band 4, the largest component is K =
7/2. The energies of the states are larger as compared to the 13/2, 17/2, 21/2, ..., because
of the additional collective angular momentum of the wobbling motion. The similar ori-
entation of the quasineutron’s angular momentum allows enhanced E2 Band 4 — Band 2
transitions. For Band 4 — Band 3 transitions, the change of the quasineutron’s angular
momentum alignment with the s-axis suppresses the collective E2 radiation and generates

the M1 part.

The above interpretation in terms of the leading basis states loses relevance with increas-
ing I because of the mixing of different K states projected from the quasineutron con-

figuration at 1.307 MeV as well from the configurations at 1.074 MeV and 1.792 MeV.
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Figure 6.11: Probabilities of various projected K configurations in the orthonormal basis
shown in Fig. [6.10l The curves are labelled by three quantities: quasiparticle character,
K quantum number and energy of the quasiparticle state. For instance, [1,1/2,1.31] des-
ignates one quasineutron state with K= 1/2 having an intrinsic energy of 1.31 MeV. The
symbols and line types agree with Fig.

This is reflected by the decrease in the probability of the configuration at 1.307 MeV with

increasing /.

The nucleus '°°Pd has a structure that is analogous to '3°Pr, where the odd /1, quasineu-
tron replaces the odd quasiproton. The latter has been studied in Refs. [S} 6} [17] using
the TPSM and the PTR model. Both approaches predict that the second band with the
signature 11/2, 15/2, 19/2, ... has the character of the n = 2 double TW excitation mode,
which is in agreement with the strong E2 transition to the n = 1 single TW band observed
in *°Pr [17]. As shown in the present work, this band has a different nature in !Pd. The
TPSM accounts for the different nature of these bands in '°>Pd and '*°Pr. At variance, the
PTR model predicts a n = 2 double TW excitations for Band 4 in '®Pd as well [33]]. The
PTR model predicts the SP band in both nuclei at twice the energy above the yrast band
than observed [19} [17], while the TPSM approach reproduces the experimental energy
difference quite well. The TPSM takes the anti-symmetrization between the odd nucleon
and the nucleons of the collective rotor core into account, while the PTR model neglects

it. This could be the reason for the discrepancy between the two models.
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In summary, the multipolarities and the electromagnetic characters of the gamma tran-
sitions from the excited levels of Band 4 have been determined through the Rpco and
polarization measurements. The transitions connecting it with the previously known sin-
gle transverse wobbling band (Band 3) are dominated by the M1 component with only
weak E2 admixtures. This excludes the interpretation as a double transverse wobbling
excitation, which has been suggested for the analogue band in '*°Pr. Instead, the band has
been interpreted as a transverse wobbling excitation built on the signature partner band
(Band 2). Accordingly, the inter-band Al = 1 transitions show a large enhancement in the
B(E2) rates. The TPSM calculations account well for the observed energies and ratios of
the transition probabilities. Analyzing the calculated eigenstates, the doublet wobbling

nature of the bands observed in !°°Pd has been demonstrated.

In general, the collective excitations in a triaxial nucleus are expected to appear not only
based on the yrast band but also on quasiparticle excitations. The present work identified
the first example of the transverse wobbling mode of a quasineutron, which is not aligned

with the s-axis i.e. the wobbling partner of a SP band.
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Chapter 7

Spectroscopic Studies in !°!Ru

The wobbling motion has been reported only in '’Pd among the nuclei of A ~ 100 mass
region. This has been discussed in the previous chapter. In order to establish nuclear
wobbling as an alternate mechanism for the generation of low spin states of nuclei of
this mass region, it is essential to explore other neighbouring isotopes. In the present
thesis, '°'Ru was selected for this search as Yamamoto et. al. had concluded that the
observed band crossing frequencies were consistent with a significant triaxial rigidity,
which persists into the medium-spin regime [[1]. In their study, only the negative parity
yrast cascade was established and thus, the primary focus of the present experiment was

to search for the wobbling and SP partner bands for this negative parity band.

7.1 Experimental details and results

With this motivation the excited levels of "' Ru were populated through the fusion-evaporation
reaction '’Mo(*He,3n)!°'Ru. The 45 MeV “He was delivered by the K-130 cyclotron at
Variable Energy Cyclotron Centre, Kolkata and the enriched '’Mo target was 10 mg/cm?
thick. The y - rays were detected by an array of 11 Compton-suppressed Clover detectors

of the Indian National Gamma Array (INGA) at VECC. About 35% events of acquired
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Figure 7.1: The partial level scheme of ''Ru established from the present work. The
level and transition energies are expressed in keV. The thicknesses of the arrows are pro-
portional to the relative intensities of the de-exciting y-rays. The transitions and levels
marked in red are newly observed in the present data set. The high spin levels beyond

0.0

39/2 were reported in Ref. [1]] but not observed in the present experiment.

data [2] were found to belong to the '°'Ru channel [3]. The present level scheme built
from the coincidence spectra is shown in Fig. where the newly placed transitions
have been marked in red. Bands 1, 2 and 3 were reported by Yamamoto et. al. [[1] and

the placement of vy transitions in the level scheme has been found to be consistent with
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Figure 7.2: y - vy coincidence spectra with 663.6, 815.4 and 858.7 keV gates in !°'Ru. The
transitions marked in black, green and blue belong to Bands 1, 2 and 3 respectively, while
those marked in magenta are from the other bands of '°'Ru, which are not shown in the
current level scheme. It may be noted that the 858.7 keV gate has contamination from
the strong 861 keV transition (15/2* — 11/2%) in positive parity sequence of '*'Ru. The
transitions marked in red are contamination from **Mo.

the present data. The two new bands namely 4 and 5, are shown in Fig.[7.1] The gated
spectrum with 664 keV v transition is shown in Fig.[7.2(a), where the presence of an 815
keV transition can be identified. This transition was also reported in the previous work by
Yamamoto et. al. [[1]. The coincidence spectrum with the 815 keV gate revealed the pres-
ence of a cascade of 858.7, 1055.1 and 1100.2 keV transition as shown in Fig. b). The
transitions belonging to the negative parity non-yrast band were in turn, identified from
the 858.7 keV gate (Fig.[7.2(c)). The transitions belonging to Band 3, 4 and 5 are marked
in black, green and blue respectively, in this figure. It may be noted that the energies of
the excited levels of Band 4 and 5 are well fixed because of the presence of the interband
transitions from these bands to Band 3. Four new interband transitions namely 972.6 and
758.2 keV from Band 1 and 662.0 and 776.7 keV from Band 2, have been observed. The
newly placed E1 transitions from Band 1 to Band 3 have been shown in the y gated spec-
tra of 923.8 and 1138.2 keV in Fig. No E1 transitions could be observed beyond I" =
33/2*. This is probably due to two factors: (a) the intensity beyond I = 16 7 falls sharply

for the fusion-evaporation reactions involving the alpha beam and (b) the E1 branching for
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the next I" = 35/27 level will be 18 times smaller due to the E,(/ — (I - 2))5/E7(I —-(-1)
dependence. The intensities of the y-rays were estimated from the y-gated spectra at 90°
following the prescription described in Ref. [4].
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Figure 7.3: v - ¥ coincidence spectra with (a) 923.8 and (b) 1138.2 keV gates in '"'Ru.
The transitions marked in red are newly placed from the present experiment. The tran-
sitions marked in green represent previously placed transitions used for confirmation of
placements of new transitions.

The spins and parities of the levels of Band 4 were unambiguously assigned through the
simultaneous measurement of directional correlation from oriented states (DCO) and lin-
ear polarisation (P) of the interconnecting transitions between Bands 3 and 4. For the
DCO analysis, we have used stretched E2 transitions and the attenuation coefficient for
alignment was estimated by fitting the measured DCO values for the previously known
pure E1 transitions of 1430 and 1206 keV between Band 1 and 3. The current measure-
ments were validated by estimating the DCO ratio and P value for previously assigned [1]]
E2 (851 keV) and M1 (307 keV) transitions as shown in the two top panels of Fig. @
The lower four panels show the measurements for the new interconnecting transitions. In
all the cases, uncertainties in the P values did not allow the unique identification of their
electromagnetic characters. However, the simultaneous measurements of the DCO ratio
and P values for the 1042.8, 815.4, 671.5 and 588.1 keV indicate the Al = 1 M1+E2 mul-
tipolarity with the mixing ratio (6) = 2.4%3, 2.5*33, 0.5%, and 0.4*)3, respectively. The
corresponding y? analysis (discussed in detail in Chapter E[) is shown in Fig. Thus,
the E2 mixing for 1042.8 and 815.4 is as large as 85% while the mixing is about 19%
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for 671.5 and 588.1 transitions. The P measurement for the 473.7 keV transition was not
possible due to inadequate statistics and the mixing ratio was estimated by comparing the
experimental DCO ratio with the corresponding calculated values (using ANGCOR [3]])
for different values of 6. This plot is shown in the top panel of Fig. The small value of
¢ indicates the predominant M1 character for the 473.7 keV transition which is in contrast

to the observed values for the other inter-band transitions.
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Figure 7.4: Experimental (symbol) and calculated (solid line) values of DCO ratios and
linear polarization (P) for varying mixing ratios ¢ for transitions decaying from Band 4 to
Band 3. In the top two panels, previously established magnetic dipole (M1) and electric
quadrupole (E2) transitions are shown in order to validate the present measurements.

A similar small value was also obtained for the 1022.5 keV transition between Bands
2 and 1, which established I = 25/27 for the 3497.0 keV level (refer to Fig. [7.1). The
parity of the level could be established because of the observed lineshapes for the 1023
keV transition at 40° and 125° degrees. The fitting of those lineshapes (discussed in the
following paragraph) leads to an effective lifetime of 0.87(17) ps for the = 25/27 level.
Assuming the E1 character for this 1023 keV transition and the observed retardation factor
of 0.3 x 1075 or more [6]], the level lifetime is expected to be 141 ps or more. This large
discrepancy establishes the M1 character of the 1023 keV transition. Thus, Band 5 is also
a negative parity band which decays to Band 3 through M1 transitions. It may be noted

that these measurements establish Band 5 as the signature partner (SP) band for Band 3
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and Band 4 as its wobbling band. All the measured properties for the observed y-rays

have been tabulated in Table. [7.11
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Figure 7.5: The y? analysis to establish the true minima of the mixing ratio values for
the transitions from Band 4 to Band 3. The horizontal lines correspond to the +1 of the
minima value for determining the uncertainties.
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Figure 7.6: Variation of the calculated Rpco as a function of mixing ratio (0) for the Al
= 1 transitions from Band 4 to Band 3 (i.e. 473.7 keV) and from Band 5 to Band 3 (i.e.
1022.5 keV). The horizontal lines correspond to the Rpco values at 125° along with their
uncertainties.

In the present data with 10 mg/cm? thick '®Mo target, distinct lineshapes were observed
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at 40° and 125° degrees for the y-rays deexciting the levels above 29/2 for Band 1, 27/2

for Band 2 and Band 3 and 25/2 for Band 4. The lineshape analysis was carried out using

the LINESHAPE package [/] along with the development reported in Ref. [8]. The details

of the lineshape fitting procedure have been described in Chapter [3|(Ref. [9] [10]).

Table 7.1: Energies, relative intensities, DCO ratios using the detectors at 125° ring and
the detectors at 90° rings, linear polarization, mixing ratios and deduced multipolarities
of transitions of the five reported bands of '°'Ru. The quoted uncertainties in the inten-
sities include statistical and fitting errors only. The systematic error due to the efficiency
determination has been estimated to be around 4%.

Elevel E, L, (rel.) Rpco P o Type
(keV) (keV) (125°)
306.5 306.5(2) 186(3) 0.81(4) -0.45(18) MI1+E2
527.4  220.9(4) 100(1) 0.95(7) M2
719.8  719.8(2) 34.2(17) 1.014) E2
413.3(2) 3.72(12) 0.67(4) -0.17(9) M1 + E2
1000.8 694.3(2) 35.023) 0.99(4) 0.14(3) E2
281.02) 281(22) 0.71(4) ] M1 + E2
9579 431.1(2) 102.6(10) 1.01(2) 0.64(7) 0.0(1) E2
15004  780.62) 22.5(17)  1.02(5) E2
499.6(3) 2.37(25) 0.69(5) -0.22(20) M1 + E2
1621.8 663.6(3) 77.921) 0.99(2) 0.56(10) 0.0(1) E2
1862.1 861.3(2) 13.3(15) 0.99(4) E2
361.7(3) 1.31(11)  0.72(7) -0.23(27) M1 + E2
2179.1 1220.6(5) 0.10(2) - - - -
237777 877.33) 18.2(14) 0.98(6) E2
515.6(3) 1.01(17)  0.70(7) - M1 + E2
24732  851.1(3) 38.04(45) 1.04(3) 0.62(26) 0.1(1) E2
2664.6 1042.8(4) 0.95(11) 1.02(11) -0.36(71) 2.4:1):3 MI1+E2
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2714.8
2823.5

3051.2

3288.6

3441.3

3476.1
3679.4

3495.7

4138.1

4147.3

44227

4448.7

4614.3
4964.6

485.5(6)
1093.0(5)
961.4(2)
445.8(3)
673.5(2)
1429.4(3)
815.4(3)
624.0(5)
617.8(2)
390.1(3)
776.7(4)
968.5(3)
1002.6(3)
628.2(2)
1206.2(4)
780.9(4)
1022.5(4)
696.8(4)
458.7(3)
662.0(5)
671.5(3)
858.7(4)
927.0(5)
946.6(6)
769.3(3)
972.6(4)
1137.9(4)
826.5(4)

0.021(5)
0.55(8)
6.7(7)
0.62(9)
11.2(9)
2.97(24)
2.48(21)
0.61(16)
3.97(44)
1.8(6)
0.7(2)
1.13)
17.86(34)
7.3(6)
1.3(3)
0.54(14)
0.15(4)
2.2(3)
1.7(5)
0.23(8)
1.54(17)
1.52(37)
0.14(4)
0.17(4)
4.8(4)
0.27(12)
7.23(18)
1.3(2)

1.01(25)
0.76(16)
1.02(6)
0.62(11)
1.03(10)
0.67(7)
1.02(9)
0.96(28)
0.99(8)
0.78(8)

1.02(4)
0.99(5)
0.70(11)
1.07(21)
0.81(19)
1.00(11)
0.77(10)

1.01(15)
1.05(28)

1.02(7)
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The topmost transition with adequate statistics in the lineshape namely 1214.6 keV for
Band 3 and 1055.1 keV for Band 4, respectively, were assumed to have 100% side feed.
This led to the estimation of the effective lifetimes for the 39/2~ and 33/2" levels of Bands
1 and 3, respectively. For the following levels, these effective lifetimes were considered
as the input parameters. In this way, further lower levels were added one by one and fitted
until all the line shapes for Bands 1 (three) and 3 (two) were included in the global fits
where only the in-band and side feeding lifetimes were allowed to vary. This global fit
for each band was simultaneously carried out for all three angles. A similar prescription
was employed for the estimation of the level lifetimes of Band 1, where line shapes were

observed for I > 29/2*. For this band, the effective lifetime was estimated for I" = 6465.9

keV level by fitting line shape for 1093.4 keV transition.
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The uncertainties in the lifetime measurements were estimated from the y? behaviour
in the vicinity of the minimum for this simultaneous fit. The other source of error is
due to uncertainty in the estimation of the side feeding, which in turn originates due to
the uncertainties in the estimation of the intensities of the top feeding and the feed out
v transitions for the level under consideration. In the present analysis, this error was
estimated by finding the level lifetime for the minimum and maximum allowed values of
side feeding intensity at that level. Thus, the final uncertainty on the level lifetime was
calculated by adding in quadrature the uncertainties due to the fitting and side feeding
intensity. The estimated values of the level lifetimes and the extracted transition rates are

tabulated in Table

Fig. shows the experimental lineshapes observed in the 663.6 keV y-gate at the three
different angles for two in-band transitions of Band 3 (1137.9 keV and 1214.6 keV) and
two inter-band transitions from Band 4 (815.4 keV and 671.5 keV) along with the cor-
responding fits from DSAM. The estimated level lifetime values are given in Table.

Note that, for Band 5, only the effective lifetime for the I = 25/27 level could be esti-
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Table 7.2: The measured lifetimes of the levels of Bands 1, 3, 4 and 5 of ''Ru and the
derived transition rates.

Elevel Tlevel B(Ez)in B(Ez)out B(Ml)out (MZN ) B(El)in
(e’b?) (e?b?) (12) x 107* (e*fm?)
(keV) (ps) (Expt)  (Theo) (Expt) (Theo) (Expt) (Theo) (Expt) (Theo)
Band 1
4448.7(3) 1.07(36) 0.29(10) - - - - - 0.37 £0.17 -
5829.3(2) 0.6(2)  0.22(7) - - - - - 3.13+£1.38 -
6465.9(5) 0.27* 0.19/ - - - -
Band 3
3476.8(2) 0.38(9) 0.20(5)  0.20 - - - - - -
4614.7(3) 0.18(5) 0.24(6) 0.24 - - - - - -
5829.3(2) 0.154) 0.22(6)  0.18 - - - - - -
7094.14)  0.18* 0.14! 0.18 - - -
Band 5
3497.03)  0.87" 025 023 - - 002" 0.19 - -
Band 4

3289.6(4) 0.86(12) 0.20(5 022 0.18(5) 023 00144) 0.14 - -
4148.3(4) 0.40(11) 0.22(6) 024 0.144) 021  0.195) 0.17 - -
5202.8(5)  0.28" 0.15 022 017" 0.11 0.30/ 0.22 - -

mated. The corresponding B(E2) values for the Al = 2 transitions and the B(E2) and
B(M1) values for the Al = 1 transitions have been extracted from these measured level
lifetime values and tabulated in Table.[7.2] This is only the second instance [11]] where the
large interband B(E2) rates from a wobbled band have been extracted from the measured
level lifetimes. However, it may be noted that the lifetimes were not measured for all the
levels and thus, the ratios of the inter-band to intra-band transition rates have been plotted
in Fig.

For the low spin levels of 21/2™ and 25/27, the B(E2),,,, and B(E2),, values are nearly equal
while the B(M1),,,/B(E2),, values are small (= 0.1 %). This is the common feature for
all the observed wobbled bands. However, beyond this spin, the B(M1),,,,/B(E2);, values
increases sharply and B(E2),,,/B(E2);, remains =~ 1.0 till I = 33/2% and drops suddenly to
0.33(21) for I = 37/2% level. These features of the wobbled band of '*'Ru are distinct from
all the other reported wobbled bands of the Segre Chart. In this regard, it may be noted

that there is a band crossing in ''Ru around 7w ~ 0.55 MeV as shown by the aligned
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Figure 7.8: Experimental transitional rate ratios of Al = 1 transitions decaying from Band
5 (plotted in black) and Band 4 (plotted in red) to Band 3. The ratio for the 29/2~ level
for Band 5 has been extracted assuming pure M1 character for the 946.6 keV transition.
The solid and dashed lines represent calculated values using the Triaxial Projected Shell
Model (TPSM) approach.

angular momentum plot (i,) for '°'Ru in Fig. [7.9(a). This band crossing around I = 33/2
1 also leads to the vanishing of the wobbling energy (Fig.[7.9(b)) and causes a signature
inversion between the levels of Bands 3 and 4 (Fig.[7.9(c)).

7.2 Discussion of the Results

In order to shed light on the unique wobbling behaviour of '°!Ru, theoretical calculations
using the TPSM approach have been carried out. In the present study of '°'Ru, the single-
particle deformed basis states were obtained by solving the triaxial Nilsson potential with
€ = 0.26 and € = 0.12. This choice of the deformation parameters has been validated by
comparing the calculated B(E2);, rates with the observed values. The calculated values
are tabulated in the sixth column of Table. and show a good agreement. The general

procedure to perform the TPSM calculations can be found in refs. [12, [13}14].

The experimental and calculated energies for the three observed bands of '°'Ru are com-
pared in Fig. It is noted that the TPSM approach reproduces the experimental en-
ergies quite well. The alignment (i,) as a function of the rotational frequency is depicted
in Fig. [7.9(a) and it is noted that the observed band-crossing, occurring about fiw ~ 0.55

MeV in Bands 1 and 2, is well reproduced by the TPSM calculations. This band crossing
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Figure 7.9: The variation of the three derived parameters with increasing spin from
Bands 3 and 4 of '°'Ru namely, aligned angular momentum (panel (a)), wobbling energy
(panel (b)) and signature spitting (panel (c)). « is the favoured signature and the arrow
in Fig. c) marks the signature inversion point in '°'Ru. The calculated values from
TPSM, shown as solid lines in the figures, show good agreement with the experimental
values.

is associated with the rotational alignment of a pair of gy, quasi protons, as is evident
from Fig. In this figure, the projected energies are displayed for each configuration
as a function of angular momentum before the diagonalization is performed. These un-
mixed band structures can cross each other and therefore provide information regarding
the band crossing. It is interesting to note that the 3-qp particle band (vh1, X) ngs )
becomes nearly degenerate in energy with the one quasineutron ground-state band around
I =29/2 7 and eventually becoming yrast beyond I = 33/2 7. This earlier alignment for the
quasi-protons in '“'Ru (Z = 44) compared to 'Pd (Z = 46) is expected as the proton-pair
occupy low go/, Q orbitals in '°'Ru. The proximity of the 1-qp and 3-gp configurations is

observed in Fig. [7.11]for a considerable range of spin states and mixing of the two con-
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Figure 7.10: Experimental and calculated values from TPSM for the rotational frequency
(upper panel) and the level energies minus the rotor contribution (lower panel) as func-
tions of the spin I for Bands 1, 2 and 3

figurations will affect the calculated M1 and E2 transition rates for these spin states. The
electric transition probabilities have been evaluated with the effective charges of 1.6 e and
0.6 e for protons and neutrons, respectively. In the calculations of the B(M1) values, the
spin factors g{ and g” were assumed to be 0.6 times the free nucleon values while g/ =
1.0, g/ = 0.0, and gg = Z/A were used. The calculated rates are tabulated in Table. [7.2]
and show a good agreement with the observed values extracted from the level lifetime
measurements. The calculated ratios of the transition rates are shown by the continuous
lines in Fig.[7.8] The observed variations in the B(M1),,,/B(E2);, and B(E2),,,/B(E2),, as

a function of spin for all the three bands are well reproduced by the TPSM calculation.

To further probe the nature of the band structures, the quantisation axis has been chosen

as the short principal axis, following the prescription given in Ref. [15]. As the wob-
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Figure 7.11: Energies of the projected K configurations for the negative parity levels,
where the short axis is chosen as the quantization axis, to which the “K” refers. The curves
are labelled by three quantities: quasiparticle character, K quantum number and energy
of the quasiparticle state. For instance, [1,1/2,1.01] designates the one quasineutron state
with K= 1/2 having intrinsic energy 1.01 MeV.

bling motion is expected to have a transverse character, the wavefunctions should have a
dominant component along this axis. In Fig. the probabilities of different projected
K-configurations in the orthonormal basis are plotted for the three observed bands. It is
noted from the figure that the low-spin levels of Bands 3 and 5 have K = 11/2 and 7/2 as
the largest components, respectively. Decomposing these deformed basis states in terms
of spherical components, the most dominant component is 1h;; ;. It is evident from the
figure that in Band 3, the odd-neutron is aligned towards the s-axis and Band 5 has the
characteristic structure for the signature partner band where the quasiparticle angular mo-
mentum is tilted away from the short axis. The low spin levels of Band 4 are also found to
originate predominantly from the angular momentum projected, K = 11/2 state. This sim-

ilar orientation of the quasineutron leads to the enhancement of the B(E2) rates between
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Figure 7.12: Probabilities of various projected K configurations for the negative parity
levels in the orthonormal basis shown in Fig. The curves are labelled by three
quantities: quasiparticle character, K quantum number and energy of the quasiparticle
state for the negative levels. For instance, [1,1/2,1.01] designates one quasineutron state
with K= 1/2 having an intrinsic energy of 1.01 MeV. The symbols and line types agree

with Fig[7.T1}

Band 4 and 3 due to the collective contribution from the intrinsic quadrupole moment.
However, after the quasiproton alignment, the high spin levels of Bands are found to orig-
inate predominantly from the angular momentum of the three-quasiparticle, which has a

K = 13/2 configuration. It may be noted from Fig. that the amplitude for the K =

168



CHAPTER 7. SPECTROSCOPIC STUDIES IN “'RU

11/2 configuration for Band 3 falls sharply after the band crossing. This results in the loss
in the E2 collectivity and the B(E2)—-) for the 37/2" level falls sharply, which leads
to the predominant M1 character for the 473.7 keV transition from Band 4. Thus beyond
the band crossing, the wobbling motion ceases and the high-spin states are generated by
quasiparticle angular momentum and principal axis rotation. This inference has also been
supported by the observation that the wobbling energy vanishes at the band crossing as
seen from Fig. [7.9(b). It is interesting to note that the change in the K-component from
11/2 to 13/2 for Band 2 due to the quasi-particle alignment also reverses the favoured
signature from @ = -1/2 to +1/2 as the 3-qp band becomes yrast. This inversion has been
observed experimentally (Fig.[7.9(c)). The calculated values from TPSM, shown as solid

lines in the figures, show good agreement with the experimental values.
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Figure 7.13: Ratios of the interband E1 and the intraband E2 transition rates from the
excited levels of '°’Ru (red circles) and '°'Ru (black diamonds) as a function of spin, L.

An interesting possibility to explore is the shape of '°'Ru at high spins, where the nucleus
exhibits the principal axis rotation. It may be noted that the '°’Ru core exhibits permanent
octupole deformation after the rotational alignment of two h;;,, neutrons, as established
in Chapter In order to explore the possibility of octupole deformation in '°'Ru, the
values of B(E1),,, /B(E2),, ratio for the four levels of Band 1 and two levels of Band 2
have been plotted in Fig. along with the observed rates of '’Ru [4]]. It is interesting

to note the variation of the ratio as a function of spin is very similar in both cases, which
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exhibit an order of magnitude increase at high spins. The B(E1) rate extracted from the
lifetime measurement for the 33/2* level has been found to be 3.1(14) x 10™* e’fm? (as
given in Table. [7.2)), which is two orders of magnitude higher than the B(E1) rate of 1.8(4)
x 107® e*fm? estimated for the 10* [hfl/z] — 97 [hy1/2 X)(g7/2/ds)2)] transition in ''°Cd
[16]. This large enhancement compared to the measured single particle rate establishes

the presence of octupole collectivity in ''Ru beyond I = 29/2.
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Figure 7.14: Variation of the parity splitting between the simplex partners as a function of
the spin I. The wobbling energy has been subtracted from the corresponding level energies
of Band 4.

It is interesting to note that in this spin domain after the h;,,, neutron alignment, Bands
1 and 3 have been found to constitute the simplex (s) = +i sequence, while Bands 2
and 4 correspond to s = -i. In Fig. the AE (= EI") — E(I")) values for s = +i has
been plotted as a function of spin. The figure shows a significant parity splitting at low
spins, which smoothly vanishes with increasing spin. This observation is typical for all
the reported odd-A reflection asymmetric nuclei [17, 18, [19]. The s = +i corresponds
to the rotations of the two mirror shapes in the two degenerate minima at the + 87"
separated by a finite barrier at 83 = 0 (discussed in Chapter [2). At low spins, the barrier
height is small and tunnelling between the two minima is possible, which leads to the
observed parity splitting in the laboratory frame. With the increase in rotational frequency

the barrier height increases due to the lowering of the pairing correlations [18]]. This

170



CHAPTER 7. SPECTROSCOPIC STUDIES IN “'RU

leads to the eventual vanishing of the parity splitting. It is worth noting that at low spins
(below I < 25/2), the levels of Band 4 exhibit the primary feature of wobbling motion
i.e large E2 transition rates in inter-band Al = 1 transitions while the B(M1) values are
small. Subsequently, as the spin increases the simplex structure develops in '°'Ru and the
B(M1) rates for the inter-band transitions between Band 4 and 3 were found to increase
smoothly (refer to Fig.[7.8(a)) thereby indicating an admixture of principal axis rotation
of a reflection asymmetric case. Beyond I = 33/2, the parity splitting among the simplex
partners nearly vanishes and the 473.7 keV transition (37/27 — 35/27) exhibits nearly pure
MI character as seen from Fig. Thus, in this high spin domain, the wobbling motion
stops and we observe only the principal axis rotation of a reflection asymmetric triaxial

shape.
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Chapter 8

Summary

This thesis reports a comprehensive experimental investigation of four nuclei in A = 100
region, namely, '°*!19"Ru, %Mo and !°Pd. The high-spin states of '°*!'Ru and **Mo
were populated through the reactions '“’Mo(*He, 4ny)!“’Ru, '"°Mo(*He, 3ny)!°'Ru and
100Mo(*He, a2ny)*® Mo using the @ beam of 50 MeV and 45 MeV from K - 130 cyclotron
at VECC. In another experiment at TIFR, the high spin levels of '®Pd were populated
through the reaction Zr(!3C, 4ny)!®Pd using the *C beam of 63 MeV from 14-UD

BARC-TIFR Pelletron.

These four nuclei exhibit a wide range of angular momentum-generation mechanisms
(discussed in detail in Chapter 2), as shown by the current experimental study and com-
parison with the Triaxial Projected Shell Model (TPSM) calculations. The necessary tools
for carrying out the data analysis are discussed in Chapter 3. The experimental observa-
tions include:

1. The two alternate parity bands of similar moments of inertia and vanishing parity split-
ting for I > 167, connected by seven inter-leaved E1 transitions with enhanced B(E1) rates
establishes '“°Ru (N = 56 nucleus) as the first stable octupole deformed nucleus in A ~
100 mass region.

2. The spin and parity determination of the previously unassigned levels **Mo (another N
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= 56 nucleus) establishes two opposite parity partners. The similarity between the level
structures of **Mo and '’Ru establishes **Mo as another prospective nucleus for exhibit-
ing stable octupole deformation in A = 100 mass region.

3. In '%Pd, the existence of two wobbling bands both having one phonon configuration
and originating from the coupling of the wobbling phonon to the ground state band and
its signature partner have been observed. The doublet one-phonon wobbling bands are, in
turn, found to be the signature partner bands. These observations have been drawn from
the measured ratios of the inter-band and intra-band gamma transition rates. This is the
first observation of the wobbling mode of a quasineutron excitation.

4. Two new bands were identified in '°!Ru which are the wobbling and signature partner
to the yrast negative parity band, which establishes the wobbling mode in '°'Ru. The
wobbling motion has been found to evolve smoothly to a one-dimensional rotation of
a triaxial shape at high spins. The simplex symmetry at high spins in '°'Ru seems to

indicate a reflection asymmetric triaxial shape. This is a novel observation.

Based on this thesis work, the following future directions of research may be pursued:

1. To establish *®Mo as a stable octupole deformed nuclei, an order of magnitude larger
dataset is essential in order to extend the level scheme to higher spins and observe the
elusive weak E1 transitions between the energy levels of the opposite parity partners.
This data set can be collected using the same reaction but with a larger array of 30 Clover

detectors and a beam time spanning over 10 days.

2. The first evidence of stable octupole deformation outside of the Lanthanide and Ac-
tinide regions has been established in the current work. However, additional study in the
mass ~ 100 region is required. Another nucleus worth studying is '%?Pd, which also has

two pairs of alternate parity bands and the same neutron number as **Mo and '“’Ru.

3. Two nuclei in this mass region, namely '"'Ru (N = 57) and '®Pd (N = 59) have been
found to exhibit the wobbling motion. The other odd mass isotopes of these nuclei i.e.

13Ru (N = 59) and '*Pd (N = 57) can be investigated in order to establish this mass
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region as another island for wobbling excitations.

4. The search for the interleaved E1 transitions at high spin levels in ''Ru and '%*Pd
may be carried out in order to establish the reflection asymmetric shape for these triaxial
nuclei. Thus, they may be the first candidates to observe the rotation of heart-shaped

nuclei of the Segre Chart.

5. In the present thesis, multiple E3 transitions have been identified in *Mo and '®Ru. It
will be interesting to measure these level lifetimes through the method of fast coincidence

and explore the evolution of octupole collectivity at low spins in A ~ 100 mass region.

This thesis work reports the first evidences of exotic shapes in A ~ 100 mass region due
to the presence of the hy;,, intruder orbital. Further experimental investigations using a
larger INGA array are necessary to explore the shapes of the neutron-rich isotopes of this

mass region.
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