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“Only those who will risk going too far can possibly find out how far one can go.”

T. S. Eliot



Abstract

Despite the extensive experimental and theoretical studies that have been conducted on
the low-lying positive-parity 0; , 2;, and 4; states in the transitional deformed nuclei,
their microscopic identity remains unclear. It is still one of the major challenges in
nuclear structure physics to properly understand the nature of these states. To give
more insight on the underlying nature of such states, the excited bands in *9Os and
159Gd nuclei were investigated at iThemba laboratory for accelerator based sciences
(iThemba LABS) using the 86W(%He, 4n)'¥60s and '°°Sm(*He, 4n)'*°Gd reactions.
The AFRODITE ~-ray spectrometer was used for detection of ~-ray energies emitted
during the experiments.

The decay scheme of ®6Os has been improved. In particular, a total of 21 new y-ray
transitions have been added to the level scheme of ¥60Os. Most importantly, bands
built on the excited 0;, 27 and 4?{ states have not only been confirmed but extended
up to spins of 127, 157, and 8, respectively. In addition, a number of new linking
transitions were identified. Angular distribution and linear polarization measurements
were employed to accurately assign spins and parities to the known and new levels in
186(0s. The properties of the excited states in ¥Os, such as level energies and branch-
ing ratios, are interpreted in the context of the systematics of neighboring even-even
182-192()g isotopes. Furthermore, the validity of the K-selection rule which emanates
from a description based on an axially symmetric nuclear shape is examined. The ob-
served decays between the rotational bands support a description where K is conserved.
However, some K-forbidden decays were also identified, thus suggesting that a model
allowing for small K admixtures is probably required.

The excited bands in this nucleus are compared with the five-dimensional collective
Hamiltonian calculations based on covariant density functional theory (5DCH-CDFT),
calculations within the quasiparticle triaxial-rotor (QTR) model and predictions by a
simple rotational-vibrational model. The 5DCH-CDFT calculations predict that the
collective structures are associated with different nuclear shapes, varying in quadrupole
deformation, triaxiality and ~y-softness.

The decay scheme of 1°°Gd has been considerably extended. The data did not provide
new information on the low-spin states, which was the initial aim of this experiment,
however, 31 new transitions were identified at high spins. The present study for these
transitions was confined to 7-coincidence analysis. The results for 1°°Gd are presented

in the appendix section.
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Chapter 1

Introduction and scientific

motivation

1.1 Introduction

One of the fundamental aims of nuclear structure physics is to understand the shapes of
different atomic nuclei across the nuclear chart and the structure of the excited states
that correspond to each shape. The nuclear shape is often described by the nuclear
density distributions with respect to the three principal nuclear axes (z,y,z). The
nuclear shape can vary from spherical to ellipsoidal depending on the quadrupole and
triaxial deformation parameters (3, 7). The most important nuclear shapes are spherical,
deformed with axial symmetry, and deformed without axial symmetry. Nuclei with
spherical shapes have equal principal axes (r = y = z). One of the most important
features of spherical nuclei is that they have zero quadrupole moment. When a nucleus
breaks spherical symmetry, it becomes deformed. For a deformed axially symmetric
shape, one of the nuclear axes becomes longer (or shorter) than the other two axes
(x =y # z). Nuclei with such unequal principal axes are not spherical, and they have
a non-zero quadrupole moment. The deformed axially symmetric nuclear shapes are

prolate and oblate shapes, see Fig. 1.1.

When a nucleus breaks the axial symmetry, it becomes axially asymmetric (or triaxially
deformed). The three principal axes of the nuclear density distributions become unequal
(x # y # z). The principal axes that describe the triaxial shape are the short, interme-
diate, and long axes. The moment of inertia with respect to the intermediate axis is the

largest and thus low energy is required to rotate a nucleus around this axis.
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Electric Quadrupole Moment, () ;
describes shape of nucleus

Sphere Oblate Spheroid Prolate Spheroid
Qr=0 Qr <0 Qr >0

FIGURE 1.1: Electric quadrupole moment describing the nuclear shapes.

Triaxially deformed nuclei can be v-soft or ~-rigid. When a nucleus is in the ~-soft
mode, it oscillates easily around an average triaxial deformation, moving freely in the ~
direction. A triaxial nucleus in a 7-rigid mode, does not undergo shape oscillations, as

the lengths of the nuclear axes remain fixed.

1.2 Scientific motivation

Experimentally, nuclear shapes are determined through the detailed study of the nuclear
properties of the excited states of the nuclei such as level energies, spins and parities.
Considerable progress has been made in identifying and explaining the experimentally
observed levels in many nuclei, including spherical and deformed nuclei. However, under-
standing and explaining in detail the properties of the excited non-yrast states remains
a major challenge in nuclear structure physics for most nuclei.

The present study focuses on identifying and understanding the structure of deformed
even-even nuclei, particularly those that lie in the transitional region — the region where
nuclear shape changes rapidly from spherical to a well deformed shape. The nuclei in
the transitional region are often moderately deformed, and consequently undergo col-
lective motions such as rotations and vibrations. Thus, such nuclei can have excited
levels that are formed as a result of nuclear rotation or vibration. Typical rotational
and vibrational bands are shown in Fig. 1.2.

The nucleus of interest, ¥60s, has 76 protons and 110 neutrons, and is one of the nuclei
that is located in the transitional region. Understanding the collective structures in the
Os isotopes that are located towards the end of the N = 82 — 126 shell is currently a

subject of great interest in nuclear structure physics [1-4]. In the even-even '8271920g
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isotopes, the 2; and 43“ states have been interpreted in various different ways. Interest-
ingly, these isotopes have 2; ~v bands at very low energy and their excitation energies
decrease with neutron number, see Fig. 1.3. In effect, the excitation energy of the 2;
band head in '?20Os has the lowest excitation energy in the entire nuclear chart. This
shows that the nuclear shapes are strongly affected by the triaxial degree of freedom.
However, whether the shape corresponds to a rigid triaxial shape, or is axially symmetric

on average, but affected by ~ vibrations, remains a controversial topic.

The various investigations of the observed rotational bands at low spins, including the
22+ and 4; bands in the Osmium even-even isotopes have been a subject of great in-
terest in the nuclear structure community because their features may shed light on the
corresponding nuclear shapes. The observed 4; bands have been interpreted in several
alternative ways, e.g. (i) as due to two-phonon ~ vibrations [1], or (ii) involving proton
excitations and hexadecapole deformation [5], or (iii) as possibly due to the rotation
of an axially asymmetric shape. The 4;; band heads in the Os isotopes are positioned
at almost exactly twice the excitation energy of the 2;“ band heads, making them the
most ideal candidates for two-phonon excitations [1] . However, these band heads are
strongly populated in stripping and pick-up reactions as well as in elastic scattering
[3, 5-7]. This suggests that they have an important proton contribution in their wave
functions. Bands based on particle-hole excitations can have strong M1 transitions be-
tween even- and odd-spin members of the band while a hexadecapole shape will allow

E4 excitations to populate the 47 band head directly from the ground state.

The Coulomb excitation data of Wu et al. [1] have been reanalyzed by Allmond et al. [2]
using their triaxial model which corresponds to a rotation of rigid triaxial nucleus and
does not involve phonon excitations. They find that triaxiality improves the agreement
with experiment for the 25 bands but not for the 4] bands. In a phonon model E at / E22+
= 2, whereas in a rigid triaxial model this ratio depends on the v deformation, it is

approximately 4 for v = 30°.

It should be noted that the available information on the 4; bands in these Os nuclei is
scarce, see Fig. 1.3, particularly for the lighter isotopes where the experimental data is
limited to the first two states only. Thus, to give more insight into the underlying micro-
scopic identity of the low-lying bands in the Os isotopes, we performed an experiment on
18605, and compared the results with those of the neighboring Os isotopes. The features
of the linking transitions between the low-energy bands were also re-examined. The 4;
band was extended up to higher spins. These findings are discussed in terms of a com-
parison with the corresponding expectations from a simple vibrational-rotational model
and from a triaxial rotor model. In addition new results from the five-dimensional collec-

tive Hamiltonian coupled with the covariant density functional theory (5DCH-CDFT)
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8, 9] for the 47 band are presented. Similar calculations have been used to reproduce
the experimental observations for the low-lying OQL and 2; bands in the A ~ 160 mass

region [10] and for a systematic study of the nuclei in the Er to Pt region [11].
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Nuclear structure theory

Ever since the discovery of the atomic nucleus, a number of models to describe the
nuclear behaviour have been developed [8, 12-19]. Some of the most popular, successful,
and widely used models to explain and predict nuclear behavior are liquid-drop and shell
models and also rotational and vibrational models. The liquid-drop and the shell models
describe a nucleus as if it was behaving like something else by analogy. The liquid-drop
model describes a nucleus as if it was behaving like a drop of liquid, and the shell model
describes the nucleons in a nucleus as if they were moving independently in a common

potential, like the electrons in an atom. These models are discussed below.

2.1 Liquid-drop model

The Liquid-drop model [20-22] is one of the models that was able to account for promi-
nent aspects of nuclear properties and behaviour. The basic assumption of this model
is that each nucleon in a nucleus interacts only with its neighbors like a molecule in a
liquid. The analogy with a drop of liquid is extremely useful in understanding certain
aspects of nuclear behaviour. A picture of a nucleus as a drop of liquid permits the
correlation of many facts about the nuclear masses and binding energies, and it is useful
in explaining nuclear fission. Despite the success of the model in explaining some im-
portant features of the nuclei, there are other features that cannot be described by the
model. For instance the high stability of nuclei with magic numbers of nucleons and the

concept of pairing cannot be explained using this model.
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2.2 Spherical nuclear shell model

The nuclear shell model [23-25] requires that each nucleon in a nucleus interacts mainly
with an averaged nuclear potential produced by all other nucleons. The nucleons in a
nucleus are described as moving independently in this potential, like the electrons move
in the Coulomb potential inside an atom. The description follows quantum mechanics
rules, so specific quantum states are permitted and no more than two nucleons (of the
same type) can occupy each state. The electrons in an atom occupy states that are
grouped in shells and are described by four quantum numbers: n,l,m;, and ms. The
degree of occupancy of the outermost shell determines important aspects of the behaviour
of an atom. For instance, atoms that have all their electron shells completely filled have
high binding energies and are highly stable. The same kind of effect is observed with
respect to nuclei. Nuclei that have 2, 8, 20, 28, 50, and 82 protons or neutrons or 126
neutrons are more stable than other nuclei of similar mass numbers [26]. Such nuclei are
known as magic nuclei and have zero quadrupole moments (the measure of how much

the nuclear charge distributions depart from sphericity), and hence have spherical shape.

The spherical shell model, uses a modified harmonic oscillator potential with ¢ and
spin-orbit (£.s) terms added to the standard harmonic oscillator potential. It has the
same radial dependence along all three nuclear axes and is often applied to describe
the nuclear phenomena. The nucleon states are characterized by the following quantum
numbers: principal (n), orbital angular momentum (¢), and total angular momentum
(j)- The total angular momentum j is obtained by coupling the intrinsic spin momentum
s and the orbital angular momentum ¢. One of the successes of the nuclear shell model
is its ability to predict the properties of the ground and excited states in many spherical
nuclei. All protons and neutrons in even-even nuclei are paired off, and their angular
momenta cancel out to give a ground-state spin of zero. The ground-state spin in odd-
mass nuclei is determined by the half-integer angular momentum of the unpaired nucleon
occupying the closest to the Fermi level shell-model state. In the odd-odd nuclei the
ground-state spin is obtained by combining the half-integer angular momenta of the
two unpaired nucleons. Excited states are generated by promoting an odd nucleon to a

higher-energy shell-model state.

The spherical nuclear shell model is successful in describing spherical nuclei near magic
numbers, however, it fails to describe the structure of nuclei that have many valence
nucleons outside closed shells. The model cannot explain the properties of nuclei with
large deformation. Thus, a model that can account for the effect of deformation in nuclei

had to be developed.
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2.3 Deformed shell model

In the early 1950s, Sven Gosta Nilsson developed a model for deformed nuclei by modi-
fying the spherical harmonic oscillator potential [13]. The deformed harmonic oscillator
potential has a radial dependence and includes the spin-orbit (£.s), and the ¢? terms.
The model was developed for nuclei with considerable quadrupole deformation and axial
symmetry. The presence of quadrupole deformation splits the degenerate energy levels
of the spherical shell model. In the spherical shell model, all the states with the same
total angular momentum j have the same energy. However, in the deformed shell model
their energies depend on the projection 2 of the total angular momentum j along the
symmetry axis (z-axis). The larger the deformation ey, the larger the energy difference

between the states emanating from the same j sub-shell having different projections €.

The Nilson diagrams for neutrons and protons are shown in Figs 2.1 and 2.2. Each
state within the Nilsson model is characterized by [N, n., A]Q™ quantum numbers, and
the parity of each state is defined as 7 = (—1)’. N is the number of the oscillator shell
(principal quantum number), n, is the number of the oscillator quanta along the z-axis,
A is the projection of the orbital angular momentum ¢ of the nucleon along the z-axis,
Q) is the projection of the total angular momentum j of the nucleon on the symmetry
axis, Q= A £ ¥ = A £ 1/2 where ¥ is the projection of the spin angular momentum s
of the nucleon along the z-axis.

The prolate and oblate nuclear deformations are represented by positive and negative
values of €9, respectively. The orbitals with low () have the lowest energy among the
orbitals emanating from the same j sub-shell for prolate, and highest energy among these
orbitals for oblate shape, respectively. There are some instances where the protons and
the neutrons favour different shapes. In such cases, the nucleus may become triaxially

deformed.

One interesting feature that many deformed nuclei exhibit is shape coexistence. It is
observed when the total energy of the nucleus is similar for two or more different shapes.
Thus the nucleus can exist in any of these shapes. The ¥Pb nucleus is one of the cases
where shape coexistence was reported [27]. Three different shapes were observed in
186pY, where the ground state corresponds to spherical shape, while two excited 07

states correspond to prolate and oblate shapes, respectively.

The Nilsson model has been successful in accounting for most of the experimentally
observed features of single-particle levels in a number of deformed nuclei. One of the
important properties of the deformed shell model is that the total angular momentum
4 of a nucleon is not a good quantum number but the projection {2 is a good quantum

number. A schematic illustration of the coupling of angular momenta for a deformed
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F1GURE 2.1: Nilsson diagram showing the single-particle proton energies as a function
of quadrupole deformation 5. The orbitals are described by the [Nn, A]JQ™ quantum
numbers. The solid lines represent the states with positive parity # = 41, and the

dashed lines represent those with negative parity @ = —1.

nucleus is illustrated in Fig. 2.3, showing the projections A, 3, and € of the single

particle angular momenta l_; 8, and f, respectively.
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quantum numbers. The solid lines represent the states with positive parity 7 = +1,
and the dashed lines represent those with negative parity = = —1.

2.4 The Collective Model

The nuclear collective model of A. Bohr and B. Mottelson [28] describes the collective
behaviour of nuclei. The model takes into account the effect of a non-spherically sym-
metric potential, which leads to a large deformation in many nuclei and consequently

large electric quadrupole moments. In the collective model, many nucleons contribute
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Rotation axis

rotational

FIGURE 2.3: Schematic of coupling of angular momenta for a collective rotation of an

axially deformed nucleus. €2 is the projection of the total angular momentum j of the

nucleon on the symmetry axis. A is the projection of the orbital angular momentum ¢

of the nucleon along the z-axis. X is the projection of the spin angular momentum s of
the nucleon along the z-axis, Q= A+ X =A +1/2.

cooperatively to the nuclear properties. The kind of collective motions that the deformed

nuclei may exhibit include rotations and vibrations.

2.4.1 Rotational motion

A nucleus whose nucleon density distributions are spherically symmetric cannot have
rotational excitations. Rotational excitations can only be observed in nuclei with non-
spherical or deformed shape. According to the laws of quantum mechanics nuclei cannot
rotate around an axis of symmetry since there are no observable changes. Therefore,
spherical nuclei cannot rotate because all their axes are axes of symmetry. A deformed
axially symmetric nucleus can only rotate around an axis perpendicular to the symmetry
axis. Triaxially deformed nucleus can rotate around any of its axes. Figure 2.4 shows
the rotation of an axially deformed nucleus around the axis (a) perpendicular to the axis

of symmetry (c).
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b

FIGURE 2.4: A deformed nucleus with axial symmetry rotating around the axis (a) that
is perpendicular to the nuclear symmetry axis (c). I is the total angular momentum
and K is the projection of I onto the symmetry axis (c).

The excited levels of a rotating nucleus have different energies which depend on the
number of nucleons in a nucleus. A nucleus with even numbers of both protons and

neutrons, generates excited rotational levels (Egy) with energies of

I(I+1)h?

o (2.1)

ERot =
where [ is the rotational angular momentum, and Z is the moment of inertia of the
nucleus. Only even values of I are allowed for even-even nuclei. The rotational levels

corresponding to strong coupling in odd-mass nuclei are defined as,

(I(I +1) — K?)n?

= , (2.2)

ERot =

where K is projection of I on the symmetry axis. Here I can take the values K, K + 1,
K + 2, K + 3 etc. More details about different rotational coupling are described in sec.
2.5.2
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2.4.2 Vibrational motion (nuclear shape oscillation)

A mode of oscillation of the nuclear shape can be described in terms of spherical har-
monics Y),(0,¢), as a function of position (6,¢) on the nuclear surface. A distance
(R) from the center of the nucleus to all points on its surface gives an indication on
whether the surface is spherical or non-spherical. For instance, if the distance from all
surface points to the center is the same then a nuclear surface is spherical and R does
not depend on (6, ¢). The distance R becomes dependent on (6, ¢) if the nuclear surface

is non-spherical and can be represented in the basis of the spherical harmonics [29, 30]:

2
R(t) = Rav + Y Y ana(t)Yau(0,9), (2.3)

A>1 p=—p

where R, is an average radius and a,\u(t) is a time dependent expansion coefficient.
The agp coefficient represents changes in the radius and the ay, coefficient represents
translation of the nucleus. To keep the volume of a nucleus constant, agg =0 and to

work with stationary nuclei, ai,=0.

The nuclear shape with the lowest A is quadrupole with A = 2, see for example Fig. 2.6.
The vibration of the quadrupole shape can be divided into two modes — the v and (8
vibrations. A nucleus in a «y vibrational mode (fluctuations in the v parameter) oscillates
around an average triaxial deformation between a prolate and an oblate shape. For small
magnitude vibrations around an axially symmetric shape, the v phonon carries 2A of
angular momentum that is aligned along the symmetry axis [31]. Thus the projection
of the total angular momentum along the symmetry axis is conserved and K=2. The ~

vibration is a result of v softness of the nuclear shape.

The nucleons in a S vibrational mode move coherently, representing oscillations between
a less and more deformed shape (fluctuations in the quadrupole parameter), see Fig. 2.5.
The p-vibrational phonon carries zero angular momentum, hence the projection of the
total angular momentum along the symmetry axis is zero (K=0) [32]. Experimentally,
these modes of vibrations are manifested through a series of levels built on the first
excited 05 (K=0) and 25 (K=2) states.

The A = 3 term describes octupole shapes, Fig. 2.6. A nucleus in a octupole vibrational
mode is oscillating around a pear shape, as illustrated in Fig. 2.5. The experimentally
observed bands associated with this mode of vibration are built on the 37, and 1~
states. The A = 4 term describes hexadecapole shapes, see Fig. 2.6. The oscillation of
the hexadecapole shape is experimentally manifested as bands built on a K = 4T state,

decaying via E4 transitions to the ground-state band.
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F1cURE 2.5: The quadrupole and octupole modes of vibrations viewed along the sym-
metry axis.

A=4

FiGURE 2.6: Examples showing axially symmetric nuclear shapes with quadrupole
(A =2), octupole (A = 3), and hexadecapole (A = 4) deformation.

2.5 Even-even nuclei

All nuclei with even numbers of both protons and neutrons have 0% ground state. The
first excited state in most nuclei is a 2% state. The collective properties of these nuclei
vary smoothly and gradually with nucleon number. Figure 2.7 shows some of the im-
portant properties of such nuclei that reveal collective behaviour. It can be seen in this
figure that the level spacing between the 0T and 27 states decreases smoothly with the
increase in nucleon number. That is, the energy of the 27 state decreases as one moves
away from the closed-shell region. The ratio (Ry+/9+) of the energy of the 4T and 2+
states is roughly 2 for spherical vibrator nuclei, and roughly 3.3 for deformed nuclei in
the mid-shell region. Most spherical vibrator nuclei are located in the A < 150 mass
region, and they have small electric quadrupole moments. Well deformed nuclei with the
~ 3.3 ratio are mostly found in the 150 < A < 190 and A > 230 mass regions [33]. In
these mass regions, the energies of the 2% states are exceptionally small and the electric

quadrupole moments are quite large.
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Evolution of nuclear structure
(as a function of nucleon number)
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FIGURE 2.7: Evolution of nuclear structure as a function of nucleon number.

2.5.1 Modes of excitations of spherical and deformed nuclei

It is known that the more deformed the nucleus is, the larger its moment of inertia,
and therefore the smaller the energies of its states for the same angular momentum.
Thus a well deformed nucleus requires a lower excitation energy for the same angular
momentum as compared to the excitation energy needed to promote a nucleon in spher-
ical nuclei. The spherical and deformed nuclei have different modes of excitations. The
experimentally characteristic features of these two modes of excitations are illustrated
in Fig. 2.8. The single particle excitations produce a very irregular structure, while the

rotational states follow a very regular pattern.

2.5.2 Particle-core coupling

Many nuclear properties can be understood by studying rotational bands in deformed
nuclei formed as a result of particle excitations or coupling of an odd particle to the
deformed core. The angular momentum of the odd-particle can couple strongly or weakly
to the rotational axis. The experimentally observed properties of these two couplings

are illustrated in Fig. 2.9.
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FIGURE 2.8: Modes of excitations of spherical and deformed even-even nuclei.

In the strong coupling limit, the aligned angular momentum of the odd-particle is small
and the total projection K = € is large. The band head for such coupling has spin K and
the bands show both odd- and even-spin levels linked by AT = 1 decays, see Fig. 2.9 (b).
When the Coriolis force becomes large, the strong coupling breaks down. In the weak
coupling limit, high-j orbitals with low-{) projections are involved. The rotation of the
deformed core is coupled to the angular momentum of the odd-particle, and the bands
built on such systems have energy spacings that are similar to those of the ground-state

bands in even-even neighbouring nuclei, see Fig. 2.9 (a).

2.6 Rotational bands

2.6.1 Alignments and band crossings

Generally, two nuclear states with the same angular momentum and parity which lie close
in energy can mix and interchange nuclear properties. This is normally caused by pair

breaking with consequent alignment of the angular momenta of the two nucleons with the
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FIGURE 2.9: Decay schemes and descriptions of weak (b) and strong (a) coupling of
an odd-particle to a deformed nuclear core.

rotational axis. Band mixing has been experimentally observed in a number of deformed
nuclei. The plot of aligned angular momentum, i,, as a function of the rotational
frequency multiplied by A has been one of the methods that nuclear physicists use to
identify cases where pairs break and the associated single particle angular momenta

align along the rotational axis. The aligned angular momentum [34] is defined as
by = Iy — Iy, (2.4)

where I, is the angular momentum along the rotation axis and I, is given by,

Ly = (Jo + Jiw?)w. (2.5)
In this equation, Jy and .J; are Harris parameters [35] and w is the rotational frequency.

The experimental data can be compared with the cranked-shell model calculations by
transforming the measured level energies and spins to the energies (€¢’) in the rotating
frame. The calculated quasi-neutron energies in the rotating frame are related to the
aligned angular momentum 4,. That is, the single-particle alignment is the negative of
the slope of the corresponding Routhian, i, = —de’/dw. Band crossing can also easily
be identified when one plots the experimental energies in a rotating frame (Routhian)

as a function of Aw.
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2.6.2 Transition rates and probabilities

One of the techniques used in nuclear structure physics to understand the properties of
the observed excited bands is the measurement of B(E2) reduced transition probabilities.
These measurements are instrumental in determining whether a nuclear state is collective
or non-collective. The branching ratios for electric quadrupole and magnetic dipole

transitions, depopulating the same state can be calculated using,

B(Ml:I—>I—1)70697[E7(I—>I—2)]5 11
BE2:1->1-2) [E,(I->1-1) (52+1)X’[e2b2]

(2.6)

where FE., is the v-ray energy, ¢ is the mixing ratio parameter, which gives information
about the £2/M1 admixture in the I — [ —1 transition and % is a ratio of the measured

~-ray intensities for the I — I — 1 and I — I — 2 transitions.
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Experimental methods

The experiment was carried out at iThemba LABS. The excited states of 860s were
populated by a fusion evaporation reaction. The accelerated ions of the beam were
delivered by the Separated-Sector Cyclotron (SSC) [36, 37]. The v radiation emitted
from the reaction products were detected by the AFRODITE ~-ray spectrometer [38].
Data sorting and analysis were carried out using Midas MTsort [39] and RadWare [40, 41]
software packages. The techniques used to collect and analyse the data are discussed in

greater details in the following subsections.

3.1 Acceleration of charged particle beams in a cyclotron

Atoms need to undergo ionization, a removal of one or more electrons from atoms,
before they can be accelerated. During the fusion-evaporation experiment, beams of
accelerated charged particles are used to bombard the target nuclei to form a highly
excited compound nucleus that decays by emitting particles and radiation. At iThemba
LABS, the solid-pole injector cyclotron (SPC) pre-accelerates beams of ions before an
injection into a separated-sector cyclotron, shown in Fig. 3.1 [42], for final acceleration.
Due to the presence of electric and magnetic fields in a cyclotron, the charged particles
are successively accelerated resulting in energy gain, and experience a force perpendicular
to its direction of motion which causes the charged particles to move in a circular path.
The particles are accelerated until they reach a desired energy where they are deflected
out of the cyclotron, and transported into the AFRODITE vault where they impinge on
a target which is placed at the center of the AFRODITE array.

18
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F1GURE 3.1: The iThemba LABS Separated Sector Cyclotron used to accelerate beam
of projectiles towards the target nuclei during the experiment.

3.2 PACEA4 calculations

Beams of particles with high energies are capable of overcoming the repulsive electric
force (Coulomb barrier) between their own positively charged protons and those of the
target nuclei and cause a nuclear reaction. In order for a fusion reaction to occur
the energy of the projectile nucleus has to be high enough to overcome the Coulomb
barrier. Before the experiment is carried out, the Coulomb barrier is calculated. Then
a simulation to estimate the optimal beam energy is performed. In the present study,
the Projected Angular Momentum Coupled Evaporation (PACE4) code [43] was used
to estimate optimal beam energies for the *6W(*He, 4n)'80Os reaction. The Coulomb

barrier [44] was calculated using

B 1,442, Z,
116(A) + AYS 4 2)

Ve (3.1)

where Z;(A1) and Z3(Asg) are the atomic (mass) numbers of the beam and target nuclei,

respectively. The calculated Coulomb barrier for the W (*He, 4n)'®6Qs reaction was
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Vi = 19.8 MeV.

The PACE4 calculations performed before the 86W(*He, 4n)'®6Os experiment are pre-
sented in Fig. 3.2. The figure shows yield percentages of the isotopes of Os that were
populated during the experiment, plotted as a function of beam energy. It can be seen
from this figure that the yield percentage at 48 MeV is about 90% for the nucleus of
interest (1¥60s), and less than 10% for other isotopes. It should be noted that in Fig.
3.2 the beam energy at 48 MeV is slightly above the maximum yield percentage of 186Os.
The reason for this is that the beam adjustment was made in order to take into account

the energy loss in the target.

PACE4 Excitation functions for
186W(4He,xn)190-x0Os

120
= 100
=
= =0
=)
-
@ 60
'.:
= 40
=
& 20
,[‘_‘| \.v——-....__-_.
25 275 30 325 35 37.5 40 425 45 475 50 525 55
Beam Energy (MeV)
18805 =l=1870s ==1860s 1850s=

FIGURE 3.2: PACEA4 calculations performed for the isotopes of Os.

3.3 Reaction used

As mentioned earlier, the reaction used to populate the excited states of the nucleus of

interest is the fusion reaction. This reaction is one of the reactions that impart large
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angular momentum into the nucleus [45]. It is a widely used reaction to study high-
spin states in nuclear structure physics. In the present work the W (*He, 4n)'860s

reactions was used to investigate the excited states of 1%6QOs.

In a fusion-evaporation-reaction experiment, a projectile nucleus is accelerated by a
cyclotron and used to bombard a target nucleus, placed at the centre of the v-ray
spectrometer inside a target chamber. A projectile nucleus transfers all of its energy
and momentum into a target nucleus, resulting in the formation of a compound nucleus
which is highly excited and unstable, rotating at a very high frequency. A compound
nucleus de-excites by emitting particles such as «, protons and neutrons, and then
proceeds by emitting electromagnetic radiation such as vy-rays and X-rays. The emission
of these particles and radiation take away a large amount of excitation energy and some
angular momentum from the nucleus, which causes the nucleus to decay to lower excited
states and eventually to its ground state. A schematic diagram displaying how the fusion
evaporation reaction proceeds is shown in Fig. 3.3 [46]. Figure 3.4 [44] illustrates typical

~-ray de-excitation paths following the production of a compound nucleus.

o
Target d
Nucleus Fast -
‘ ' Fission
Beam %
Nucleus
Compound
Formation

<

CL &'\
Groundstate
10 sec 10-15 sec 10! sec

I,
S, o
/ n

FIGURE 3.3: Schematic diagram showing how fusion evaporation proceeds.



Chapter 3. Ezperiment setup 22
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FIGURE 3.4: A diagram showing typical y-ray de-excitation paths following the pro-
duction of a compound nucleus in a fusion evaporation reaction.

3.4 Interaction of matter with gamma radiation

Unstable excited nuclei release energy in a form of particle emission or emission of
electromagnetic radiation in order to regain stability. There are several processes that
take place when the released nuclear energy comes into contact with matter. Here we
discuss three major processes that occur when ~ radiation interacts with matter. Such
processes are the photoelectric effect, Compton effect, and pair production, see Fig. 3.5
[47]. In the photoelectric effect, an electron is ejected from an atom when a photon with
sufficient energy shines on the matter. This phenomenon is dominant at low ~-photon
energies. In the Compton effect, the incident v photon gives some of its energy to an
electron causing both the photon and the electron to scatter at different angles. This
effect is usually observed at energies between those of the photoelectric effect and those
of the pair production. The Compton effect leads to a large background in the ~-ray
spectrum, which significantly affects the signal-to-noise performance of the detectors.
The last phenomenon is pair production which only occurs at energies greater than
1022 keV. When a photon with sufficient energy comes in the vicinity of an atom, an

electron-positron pair may be created. When a pair of electron and positron come into
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contact they annihilate, and result in the creation of a ~ radiation - transforming matter
into energy. The annihilation produces two v photons with energy of 511 keV each that

travel in opposite directions.

photon

2 27 &

-

NG //.

!
incident b scatterad
photon phatan

(a) (b) (c)

FIGURE 3.5: Three processes that occur when v radiation interact with matter (a)
photoelectric effect, (b) Compton effect, and (a) pair production. The e~ and e*
symbols represent electron and positron, respectively.

3.4.1 Detection of gamma radiation

A number of different detectors are employed for detection of nuclear radiation. Such
detectors are developed to detect different kinds of radiation. In our experiment, the
~ radiation emitted from the reaction products were detected by the semi-conductor
detectors of the AFRODITE array [38], which were placed around the target chamber
as shown in Fig. 3.6. The semi-conductor detectors used in the experiment consisted
of Compton-suppressed high-purity germanium (HPGe) clover detectors and low energy
photons spectrometers commonly known as LEPS detectors. Each clover detector con-
sists of four HPGe crystals arranged in a clover-leaf configuration. The four crystals of
a clover detector mounted in the Bismuth Germanate Oxide (BGO) shield is illustrated
in Fig. 3.7 [48].

During the experiment the *He beam was used to bombard a stack of four '86W targets
with a thickness of 100 ug/cm? each, making a total thickness of 400 pg/cm?. A total
of 11 clover detectors were used to detect the v rays emitted by the reaction products,
seven clovers were positioned at an angle of 90° and four at 135° with respect to the

beam direction.



Chapter 3. Ezperiment setup 24

FIGURE 3.6: The iThemba LABS AFRODITE ~-ray spectrometer showing how the
clover detectors were arranged in the experiment.

e

F1cURE 3.7: A diagram displaying the four-segmented clover detector mounted in the
BGO shield.
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3.4.2 Add-back and suppression of the Compton background

The four crystals of a clover detector are packed in a cryostat very close to each other.
Thus, there is high probability that the + ray may hit a crystal and Compton scatter
to one of its adjacent crystals, depositing its energy in both crystals. Using a technique
called add-back, an energy deposited in the first crystal can be added to the energy
deposited in the second crystal to recover the full energy of the « ray. In some instances
the v ray may deposit part of its energy in the clover, and then escape outside of the
detector. Thus, only part of the energy is detected. It therefore creates a count in
the low-energy region of the spectrum instead of in the photopeak. This causes a large
background in the spectrum, which makes it difficult to identify weak peaks. To avoid
this, the clover detectors are normally used together with the Bismuth Germanate Oxide
(BGO) detectors such that the v-ray energy that is detected in both detectors within a
defined short period of time is not considered as useful data. The inclusion of the BGO
detectors significantly suppresses the Compton background and consequently improves
the resolving power of the clover detectors. Figure 3.8 [44] shows how the inclusion of

the BGO detectors reduces the background in the germanium detector spectra .

Background from
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FIGURE 3.8: Spectra from a %°Co source showing how the inclusion of BGO detectors

reduces Compton background.
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3.5 Data analysis method

The data analysis in this work is carried out using the Midas MTsort [39] and RadWare
[40, 41] software packages. The data from the %?Eu source collected before and after
the experiment is respectively used to determine the energy and efficiency calibrations
of the detectors. During the "?Eu-data collection, the 52Eu source is placed at the
center of the AFRODITE array such that all the detectors can detect the emitted
rays. The analysis of the data is carried out using gf3 program. During analysis of the
152Fy source spectrum, the gf3.sto file containing the stored centroids and areas of the
fitted peaks is created and used as input to generate a file (.sin) that is used by ENCAL
and EFFIT programs for energy and efficiency calibrations, respectively. The (.sin) file
is generated by running the SOURCE program. It takes the gf3.sto and "?Eu.sou files

as input. The ?Eu.sou file contains the energies and relative intensities of the source

v rays.

3.5.1 Energy calibration

The Radware ENCAL program does a polynomial fit to deduce the energy calibration,
taking input data from the (.sin) file which is generated by running a SOURCE program.
The order of the polynomial may be chosen from one to five. In the present study, an
order of one was used. Thus, the program fits an energy calibration to each detector in

the form

E =ap+ ax, (3.2)

where z is a channel number, a is the intercept on the energy axis and gives information
about the amount of offset present in the data channel and a; gives information about
the rate of change of energy with the change in channel number called gain. The channels
are mapped to calibration of £ = 0.5z, 2’ in this equation represents new channels as
shown in Fig. 3.9. The ENCAL program stores the parameters in a (.aca) file, which is
used as input file for the ESCL8TOR program. The ESCL8TOR is a RadWare program

that is used to construct a decay scheme.
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FIGURE 3.9: A diagram showing how the energy calibration is performed.

3.5.2 Efficiency calibration

The EFFIT program is used to fit the germanium detector efficiency curves. The pro-

gram fits the efficiency calibration to each detector in the form
2)(=G) 2)(=G)1(1/G)

where x = In(EG/FE1), and y = In(EG/E2). The fitted parameters A, B, and C:
In(Eff) = A+ BIn(EG/E1) + Clog(EG/E1)? describe the efficiency at low energies,
and the parameters D, E, and F: In(Eff) = D+ EIn(EG/E2)+ F In(EG/E2)? describe
the efficiency at high energies. In these equations, EG represents the v-ray energy in
keV, E1 and E2 are constants and have the values 100 keV and 1000 keV, respectively.
The parameter G describes the interaction between the two regions. This parameter
determines the efficiency in the turnover region; the larger G is, the sharper the turnover.
The efficiency curve obtained by running the EFFIT program is shown in Fig. 3.10. One
can see from this figure that the efficiency of the clover detectors is high at low energies,

and decreases smoothly as the energy increases.
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F1GURE 3.10: The efficiency curve of the clover detectors.
3.5.3 Gain drift correction

During the experiment, the temperature variation in the germanium clover detectors of
the AFRODITE spectrometer may lead to gain drift [46]. This drift causes the shifts in
the values of the gain and offset parameters, producing drifts in the measured spectrum.
Thus, it is essential to correct the gain drifts before the analysis can be carried out.
To correct the gain drift, we adjust the energy of the spectrum by applying a linear

transformation to the position of each peak centroid. The transformation applied is:

Enew = AEold + B7 (34)

where Fye, and Eyq are the new and old v-ray energies, respectively, A = (PH —
PL)/(CH — CL) and B = [PL(CH — PH) — PH(CL — PL)]/(CH — CL). In these
equations, PL and PH represent reference peaks at low and high energy region of a
spectrum, respectively, and CL and CP are the extracted centroids of the peaks, at low
and high energies, from the spectra of each crystal. The gain and offset of the spectrum

will be adjusted so that if there had been peaks with the centroids CL and CP, those
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peaks will now be shifted to new positions PL and PH, respectively. It should be noted
from the above equations that if PH = CH and PL = CL, A and B in Eq.3.4 become

1 and 0, respectively, and therefore no adjustment will be made to the spectrum.

3.5.4 ~-v matrices

After gain drift correction is completed, the data is then sorted into FE.-E, matrices
using MTsort program [39]. In order for the matrices to be able to be analysed with
Radware software [40, 41], they are converted into a (.m4b) format using the eg2rad
program. A E,-E, matrix is a two dimensional energy histogram with the energy of
one v ray on one axis and the energy of the coincident v ray on the other axis. Events
of coincident v rays are recorded if detection of two or more v rays occurs within a
specified short period of time which is called coincidence window. The ~-ray energies
detected within this window belong to the same decay path. The E,-E. matrices are
used to construct the level scheme. In the present work a coincidence window of 200 ns

is used.

3.5.5 Nuclear state transition intensities

The intensity of a v ray decaying from one state to another can be measured. It depends
on the area under the ~y-ray peak (A) and the efficiency of the detector (¢). Mathemat-
ically it is given by,

A
I, =—. 3.5
=1 (35)
The total decay intensity is calculated using the expression,
Itor = 1,(1 4+ o), (3.6)

where « is the internal conversion coefficient, which is a measure of the importance
of the internal conversion compared to the ~-ray emission. It is calculated using the

expression,

a=—, (3.7)

where A\, and A\, are respectively the probabilities of the internal conversion and the

v-ray emission.
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3.6 Selection rules

As discussed earlier, the emission of « radiation de-excites a nucleus into a lower energy
state. Such emission occurs when there are changes in the electric and magnetic fields of
the nucleus, caused by oscillating charges or currents. The types of v radiation a nucleus
emits depend on the distribution of charges. Charge distributions can be classified as
dipole, quadrupole, octupole, etc. A nucleus emits radiation that is associated with
multipole moments. Radiation carries angular momentum which can be determined by
selection rule. The selection rules, for a 7 transition between states of initial spin /7 and

final spin I7%, are that the decay can proceed by a photon of multipole order L where,

‘Ii—ff‘SLSIZ'—I—If. (3.8)

The general rule is that the lowest multipole order L dominates the decays. The electric
and magnetic nature of the v transitions is decided by the parity conservation law, which

is given by,

Ty = L. (3.9)

The parity of an electric transition of multipole order L is given by (—1)* , implying
that the parity is positive for even multipole order L and negative for odd multipole
order L. On the other hand, the parity of a magnetic transition of multipole order L is
given by (—1)E+1. Unlike the electric transition, the parity for a magnetic transition is
positive for odd values of L and negative for even values of L. Figure 3.11 shows how

the vy-ray selection rule works.
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F1GURE 3.11: Schematic level scheme showing the allowed multipolarities for the decay

transitions. The allowed higher-order multipolarities are shown in brackets. Usually

they are negligible except in some cases where mixed M1+E2 transitions are observed
and where the E2 component can be significant.

3.7 Angular distribution ratios and linear polarization mea-

surements

An excited nucleus can decay into its lower state by releasing energy in a form of elec-
tromagnetic y radiation. Such excited nucleus decays by a transition of multipole order
L, which could be either electric or magnetic. The «-ray transitions can be classified
by their multipolarities, electric dipole (E1), magnetic dipole (M 1), electric quadrupole
(E2), etc. These transitions could be stretched or unstretched. The v ray for a stretched
transition carries away angular momentum that is exactly equal to the difference be-
tween the spins of the initial and final nuclear levels (L=|I; — I¢|). Such transitions
do not change nuclear spin orientation, they only reduce the angular momentum. In
contrast, the v ray for an unstretched transition carries away L > [I; — If| angular
momentum, and slightly changes the spin orientation of a nucleus. Experimentally, the
multipolarities of the ~-ray transitions can be determined by measuring angular distri-
bution ratios and linear polarization asymmetries. These two techniques of determining

spins and parities of excited nuclear levels are described below.
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3.7.1 Angular distribution ratios

In order to determine whether the v-ray transition is a stretched dipole or quadrupole,
one needs to measure the angular distribution ratios (R4p). For R4p measurements, the
coincidence data were sorted into two asymmetric matrices whose one axis corresponded
to y-ray energies deposited in the clover detectors positioned at 90° and 135%, while the
~-ray energies deposited in all detectors were placed on the second axis. The Rap were

measured using

J135° (GatedA”)
Rap = 1 2 3.10
AD 1290 (Gated,‘?zll) ) ( )

where I,f‘r’o (Gatedﬁjl) represents the coincidence intensity of v; detected at 135°, gated
with 7o deposited in all detectors. Similarly, I?/?O (Gated%”) denotes the coincidence
intensity of v1 detected at 90°, gated with o registered in all detectors. When a gate
was made on a quadrupole transition, values of Rap ~ 0.8 and ~ 1.2 were found for

stretched dipole and quadrupole, respectively.

3.7.2 Linear polarization

The R 4p measurements can only give information about the transition multipole order.
In other words, the information given by R 4p is necessary but not sufficient for accurate
determination of the transition’s electromagnetic nature. Thus, the linear polarization
measurements were performed to distinguish the possible electric and magnetic nature
of the ~-ray transition. We perform linear polarization measurements using the clover
detectors as Compton polarimeters. An angular distribution of a linearly polarized ~y
rays depend on their outgoing direction with respect to beam axis, and also on their
electric-field direction with respect to the reaction plane, which is defined by an outgoing

v ray and the beam axis, see Fig. 3.12 [49].

For such measurements, two polarization matrices were constructed from the data cor-
responding to the energy detected in any detector on one axis, while the other axis
corresponded to the energy of a Compton scattered « ray in a perpendicular or parallel
direction inside a clover detector with respect to the beam direction. The polarization

asymmetries (Ap) were calculated using

aNV —NH
Ap= ——— 3.11
P CLNV‘FNH’ ( )
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where Ny and Ny are the number of v rays scattered between the crystals of a clover
detector at 90° perpendicular and parallel to the beam direction, respectively, and a is
the relative efficiency parameter, given by Ny /Ny for the 7 rays of the 1°?Eu source. For
pure stretched transitions, positive and negative Ap values indicate electric and magnetic

transitions, respectively. It is opposite for the pure unstretched dipole transitions.
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FicUure 3.12: A diagram showing an example of a Compton polarimeter with one
scatterer and two absorbers at adjacent angles.
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Experimental results

The decay scheme of '¥0QOs established in the present work is shown in Fig.4.1. We
confirm the placements of the ~-ray transitions observed in the previous studies [50, 51]
and report 21 new transitions. The newly observed transitions are shown in red in the
decay scheme. Most of the new transitions belong to the positive-parity bands, partic-
ularly the bands built on the low-lying 0;“, 24, and 4; states. New transitions linking
the positive- and negative-parity bands were also identified.

A total of about 5 x 10? v-y coincident events were recorded during the experiment. The
ungated spectrum showing all the prominent ~-ray energies of '*6Os is shown in Fig.
4.2. The ungated spectrum is the total projection of the y-y matrix that is formed by
the projection of all the counts onto one energy axis which results in a one-dimensional
~v-ray spectrum. When a gate is made on a particular peak seen in the total projection, a
coincidence spectrum comprised of all the « rays in coincidence with it is observed. Ob-
served coincidence spectra obtained by placing gates on the known and new transitions

in 1860s are discussed below.

The band heads of Bands 7 and 8 are isomeric states with half-lives of 8.36(24) and
5.7(4) ns, respectively [52]. In our experiment thin target was used, thus the residual
nuclei recoiled out of the target. While prompt transitions are emitted at the center of
the array, transitions that are positioned below an isomeric state are emitted when the
nuclei have recoiled out of the target. The detector efficiency for such delayed transitions
is affected by the shading of their collimators. We observed a mismatch between the
measured feeding and depopulating intensities for the two isomeric levels and also for
some levels that are strongly populated by isomeric decays, such as the 5~ level at 1628.6
keV and the 47 level at 1351.9 keV. To avoid possible impact on the measured Rp
ratios and Ap asymmetry for transitions at low spins, gates that bypass the isomeric

feeding were selected.

34
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FIGURE 4.1: Decay scheme of 1%60s deduced from the present work. The previously
known transitions are shown in black and the new ones are in red. The arrow widths

are proportional to the intensity of the ~-ray transitions. The energies are given in keV.

Tentative y-ray transitions are shown in parenthesis.
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The spins and parities of the previously and newly reported levels were assigned using
angular distribution and linear polarization measurements. Measured angular distribu-
tion ratios (R4p) plotted as a function of y-ray energy are illustrated in Fig. 4.3. As
can be seen in this figure, the majority of the measured R4p lie at about 1.2 indicating
a stretched quadrupole character. The «-ray transitions with Rap values of ~ 0.8 seen
in the figure indicate a stretched dipole character. Linear polarization measurements for
a number of transitions in '®6Os could not be performed due to low statistics. Experi-
mental details of the observed bands in ®%Os are presented in Tabs. 4.1, 4.2, 4.3, 4.4,
4.5 and 4.6.
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FIGURE 4.2: Ungated spectrum showing the y-ray transitions in '®¢Os emitted during
the experiment.
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FIGURE 4.3: The measured angular distribution ratios Rap plotted as function of ~-
ray energy.

4.1 Band 1 (0 band)

Band 1 is the band built on the first excited 02+ state. It has been reported in previous
studies [50, 51, 53] . The first excited 0" level at 1061 keV was first identified in the
transfer 18 0s(p, t)'¥90s reaction experiment [53] carried out in the 1970s. R. Spanhoff
et al., confirmed the existence of this K = 0 band and extended it up to spin I = 6"
in an experiment studying the decay of the 5.8-h ¥Ir 5% isomeric state [51]. The levels
at 2258 (8¥) and 2788 (10%) keV were observed in the fusion evaporation "0Yb(14C,
4n)'86Qs reaction experiment [50], and their spins and parities could not be measured
due to weak population of the band. The present study observed this band up to spin
I = 127, extending it by one level at 3397 keV as shown in Fig. 4.4 and established the
spins and parities of all of its levels. In addition, two more y-ray transitions depopulating
the 8 and 10T levels have been observed for the first time in this work. These levels
decay via the 837- and 720-keV ~ rays to the 8" and 10" levels of the ground-state band,
respectively. Two gated spectra showing these new transitions are displayed in Fig. 4.5.
As in the previous studies [50, 51], the intra-band transition linking the 2 and 0" states
could not be observed in this work. Thus, the level at 1061 keV is tentatively associated
with Band 1. The R 4p ratios measured for the observed intra-band transitions of Band

1 suggest stretched quadrupole nature. The R4p ratios for the inter-band transitions
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are consistent with the stretched quadrupole (Al = 2) or unstretched dipole (Al = 0)

nature, see Tab. 4.1.

K=0
Band 1 Band 3

12+ 3396.6
608.9 776.7
10"y 27877 12+ 2781.0
529.6 \
719.7 713.1
8+ 2257.7
10+ 2067.9

647.3

351.6
4+ 8+

1420.6

0" \ 551.9

433.9

137.0
0.0

FIGURE 4.4: Partial decay scheme of '8Os. The previously and newly observed tran-
sitions are respectively shown in black and red. The arrow widths are proportional to
the intensity of the ~-ray transitions. The energies are given in keV.
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F1GURE 4.5: Gated spectra showing the transitions of Band 1, obtained by placing gates
on the (a) 530- and (b) 609-keV transitions. The transitions in blue are coincidence
members of Bands 1 and 2. The ones in black belong to the 2% + band. The new
transitions are marked with an asterisk. The insets show the high-energy parts of these
gated spectra.
4.2 Band 2

We observe Band 2 up to spin I = 22%. All the observed transitions for this band have
been reported previously [50], and were assigned as members of a K=10 tilted-axis-
cranking band associated with the 1/@'%3 /2 configuration. In the present study, Band 2 is
divided into Bands 2a, 2b, and 2c, as shown in Fig. 4.6, based on the observation that
this band seems to be changing its nature around spin I = 14*. The states above this
spin (Bands 2b and 2c¢) are most probably associated with vi3 /2 nature, a band resulting
from rotation alignments of a pair of 713/ neutrons. The states below I = 14% show the
characteristic features of a high-K band. These states are linked by strong intra-band
dipole transitions, and the 10" state decays strongly toward the K = 9 band and very
weakly towards the ground-state band. It is worth noting that the decay pattern changes
at I = 14, decaying strongly towards the ground-state band. It should also be noted that

the odd- and even-spin sequences, above this spin, show a significant energy staggering
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TABLE 4.1: The y-ray energies (E,) and the corresponding ~y-ray intensities (I),
angular distribution ratios (Rap), and linear polarization asymmetries (Ap) for the
transitions of Band 1, shown in Fig. 4.4. The energies of the initial states (E; ) and
the band where the transitions feed into (Band#), as well as the spin assignment for
the initial (I]7) and final (I7) states are also listed. The measured y-ray energies have
uncertainties of 0.3 keV and up to 0.5 keV for the weaker and doublet transitions.
Information that could not be obtained is indicated with a dash symbol.

Band 1
Ei EJ7 I7 Izr — [}T RAD Ap Band#
1208.2 1071.2 0.41(15) 2T — 2T - - 3
1460.7 252.5 0.08(4) 4T — 2t - - 1
1460.7  1026.7 0.5(2) At a4t 1.4(3) - 3
1460.7 13238 0.4(1) at 5 of 1.6(7) - 3
1812.5 351.6 0.8(1) 6t — 4t 1.2(2) - 1
1812.5 943.8 0.7(1) 6t — 6+ 1.0(2) - 3
1812.5 1378.8 0.3(1) 6T — 4T 1.1(3) - 3
2257.7  445.2 1.6(2) 8t — 6+ 1.3(2) - 1
2257.7 8374 0.3(1) 8+ — 8+ - - 3
2787.7 529.6 1.4(2) 10T — 8F 1.3(2) - 1
2787.7 719.7 0.3(1) 10" — 10" - - 3
3396.6  608.9 0.8(2) 127 > 107 1.4(2) : 1

and undetected intra-band dipole transitions, which is not expected for a high-K band.
Based on these considerations, we propose that Bands 2b and 2c are most probably
associated with vij3/o nature with low K, where the viy3/, are approximately aligned
along the rotational axis , while the low-spin part of the band, Band 2a, corresponds to

the K = 10 viy3/5 configuration, as previously proposed [50].
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FIGURE 4.6: Partial decay scheme of '8Os. The arrow widths are proportional to the

intensity of the y-ray transitions. The energies are given in keV.

4.3 Band 3 (ground-state band)

The transitions of Band 3 (ground-state band) have been reported previously in many
studies [1, 50, 51, 53]. This band has been observed up to spin of I = 14". The
present study also observed all the previously reported states and confirm the spin-
parity assignment that have been previously made. The measured angular distribution
ratios for this band, indicating a stretched quadrupole nature, are listed in Tab. 4.3.
It should be noted that the states of this band are yrast band members (lowest energy
per given spin) up to spin I = 12%. Thus, nuclear properties interchange occur around
the I = 127 — 14" spins, and the spin members of Band 2c¢ become the yrast band
from the I = 147 to I = 22* states. A coincidence spectrum obtained by placing a
gate on 713-keV transition of Band 3 is displayed in Fig. 4.7, illustrating the observed

coincidence y-ray energies.
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TABLE 4.2: The y-ray energies (E,) and the corresponding ~-ray intensities (I),
angular distribution ratios (Rap), and linear polarization asymmetries (Ap) for the
transitions of Band 2, shown in Fig. 4.6. The energies of the initial states (E; ) and
the band where the transitions feed into (Band#), as well as the spin assignment for
the initial (I]7) and final (I7) states are also listed. The measured y-ray energies have
uncertainties of 0.3 keV and up to 0.5 keV for the weaker and doublet transitions.
Information that could not be obtained is indicated with a dash symbol.

E; E, I, IT — I}r Rap Ap Band#
Band 2a
2562.8 397.2 14.5(5) 107 — 9~ 0.84(5) 0.05(2) 8
2562.8 1141.9 0. 3()( ) 10T — 8T - 3
2805.8 243.0 9.4(3) 117 — 10T 0.58(6) 2a
3038.6 232.9 2.9(3) 127 — 11F 0.63(9) - 2a
3038.6 257.6 0.6(1) 12T — 12F - - 3
3038.6 476.0 0.7(1) 12T — 10" 1.22(13) - 2a
3038.6 970.7 1.0(1) 12T — 10T - - 3
3293.4 254.8 2.6(2) 13T — 12F 0.68(9) - 2a
3293.4 487.7 1.7(2) 137 — 11F 1.31(9) 0.03(3) 2a
Band 2b
3816.2 258.5 0.4(1) 15T — 14T - - 3
3816.2 376.4 0.9(1) 15T — 14T - - 2¢
3816.2 522.9 2.0(2) 15T — 137 1.32(9) - 2a
4413.4 597.2 2.5(5) 17T — 15T - - 2b
5105.9 692.5 2.0(5) 19T — 17+ - - 2b
Band 2C
3439.6 146.0 0.05(4) 14T — 13% - - 2a
3439.6 401.0 1.1(2) 14T — 127 - - 2a
3439.6 658.7 9.1(8) 14T — 12F 1.21(6) 0.04(2) 3
3934.4 118.3 0.4(1) 16T — 15T - - 2b
3934.4 494.8 8.1(5) 16T — 14T 1.24(7) 0.07(3) 2¢
4504.1 569.7 3.4(5) 18T — 16T 1.05(16) - 2¢c
5166.9 662.8 1.7(4) 20t — 18T 1.25(14) - 2¢
5914.3 747.4 0.5(2) 22T — 20t 1.3(7) - 2c

4.4 Band 4 (2]~ band)

The previous work [50] observed the even- and odd-spin sequences of the 2; band up to
spins of 10" and 137, respectively. The current work confirms the placements of these
states, and extends the band by two new levels at 3971.5 and 4318.2 keV, as shown in
Fig. 4.8. Five new linking transitions of Band 4 decaying out of spins 7+, 87, 97, 107,
and 117 to the states of Band 3 have been identified. The new transitions are shown
in the coincidence spectra of 4.9 and 4.10, obtained by placing gates on the previously
and newly observed 671 and 677-keV transitions, respectively. Transitions linking the
odd- and even-spin members of Band 4 could not be observed in this current work. The
three previously reported ones, namely 143 keV (37 — 27), 161 keV (47 — 3T), and
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FIGURE 4.7: Gated spectrum showing the transitions of the ground-state band (Band
3) shown in blue. Transitions in black belong to other bands in ¥0Os.

TABLE 4.3: The ~-ray energies (E,) and the corresponding ~-ray intensities (I),

angular distribution ratios (Rap), and linear polarization asymmetries (Ap) for the

transitions of Band 3. The energies of the initial states (E; ) and the band where the

transitions feed into (Band#), as well as the spin assignment for the initial (I7) and

final (I}r) states are also listed. The measured 7-ray energies have uncertainties of 0.3

keV and up to 0.5 keV for the weaker and doublet transitions. Information that could
not be obtained is indicated with a dash symbol.

E; E, L, 17— I7 Rap Ap Band#
Band 3
137.0 137.0 62(3) 2t — 0t 1.10(6) - 3
433.9 296.9 100(3) 4t — 2t 1.17(4) 0.05(2) 3
868.7 434.8 70(3) 6+ — 4t 1.17(5) 0.03(2) 3
1420.6 551.9 37(2) 8t — 67 1.19(6) 0.07(3) 3
2067.9 647.3 26(1) 10T — 8+ 1.22(6) 0.04(2) 3
2781.0 713.1 18(1) 127 — 10 1.23(6) 0.04(2) 3
3557.7 776.7 2.9(2) 14T — 12* 1.16(8) 0.06(4) 3

216 keV (67 — 5T) have the y-ray branching intensities of 3.3, 1.0 and 3.2, respectively
[52]. Our data suggest that if these transitions exist their branchings are less than 1%.

The measured Rp ratios for the intra-band E2 transitions of Band 4 are consistent
with stretched quadrupole nature, see Tab. 4.4. The measured R4p ratios for the inter-

band Al = 0, 1 and 2 transitions are consistent with the present spin assignments. The
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previously observed Al = 1 transitions decaying from the v band to the ground-state
band were assigned almost pure (more than 99%) unstretched E2 nature [52]. The
values, measured in this work, of Rap of ~ 0.8 for these transitions and for the newly
observed AI = 1 transitions are in agreement with both, (i) almost pure unstretched E2
nature, and (ii) almost pure M1 multipolarity. Our linear polarization results, where
available, did not have the needed precision to distinguish between these two options.
It can be noted that the measured Rap values of 0.8(3) for the 67 — 67 and 4T — 47
transitions linking the + and the ground-state bands, are too low for pure unstretched
dipole nature and suggest considerable £2 admixture, in line with previous results where

dominating E2 components were assigned [52].
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43182 15+
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39715 s
14+ 38577 6765 36267y 137
3295.0 k e o
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FIGURE 4.8: Partial decay scheme of #60Os. The previously and newly observed tran-
sitions are respectively shown in black and red. The arrow widths are proportional to
the intensity of the ~-ray transitions. The energies are given in keV.
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TABLE 4.4: The y-ray energies (E,) and the corresponding ~-ray intensities (I),
angular distribution ratios (Rap), and linear polarization asymmetries (Ap) for the
transitions of Band 4, shown in Fig. 4.8. The energies of the initial states (E; ) and
the band where the transitions feed into (Band#), as well as the spin assignment for
the initial (I]7) and final (I]) states are also listed. The measured y-ray energies have
uncertainties of 0.3 keV and up to 0.5 keV for the weaker and doublet transitions.
Information that could not be obtained is indicated with a dash symbol.

E; E, I, IT — ]}r Rap Ap Band#
Band 4
767.5 630.4 15(1) 2T — 2T 1.5(6) - 3
767.5 767.6 17(1) 2T — 0T 1.5(6) - 3
910.3 476.3 1.9(2) 3T — 4t - - 3
910.3 773.3 17(1) 3t — 2t 0.73(15) - 3
1070.3 302.7 2.2(4) 4T — 2t - - 4
1070.3 636.4 14.2(5) 4T — 4t 0.8(3) - 3
1070.3 933.4 11.9(6) 4T — 21 1.2(3) - 3
1275.4 365.1 2.4(2) 5T — 3% - - 4
1275.4 406.9 1.4(2) 5T — 6T - - 3
1275.4 841.5 10.6(4) 5T — 47T 1.0(2) - 3
1491.1 420.8 4.3(2) 67 — 47T 1.2(2) - 4
1491.1 622.4 4.3(3) 6T — 6T 0.8(3) - 3
1491.1 1057.1 3.9(3) 6T — 4T 1.0(2) - 3
1750.5 (329.9) 0.3(1) 7T — 8* - - 3
1750.5 475.1 2.7(2) 7t — 5t - - 4
1750.5 881.6 2.8(2) 7Tt — 6T 0.75(14) -0.08(6) 3
2014.8 523.7 3.3(2) 8T — 6T 1.3(3) 0.05(3) 4
2014.8 (594.1) - 8T — 8T - - 3
2014.8 1146.1 0.4(1) 8t — 6T 1.3(5) - 3
2316.9 566.5 3.5(2) 9t — 7t 1.3(3) - 4
2316.9 896.2 1.3(2) 9t — 8+ 0.84(14) -0.14(8) 3
2624.0 609.2 2.4(2) 10T — 8* 1.3(2) - 4
2624.0 1203.8 0.24(7) 10T — 8F 1.4(6) - 3
2954.9 638.0 2.6(2) 117 — 9% - - 4
2954.9 887.2 0.41(6) 11T — 10T 0.8(2) - 3
3295.0 671.0 1.24(9) 12T — 10" - - 4
3626.7 671.8 0.98(8) 137 — 11F - - 4
3971.5 676.5 0.51(5) 141t — 12F 1.2(2) - 4
4318.2 691.5 0.50(5) 15T — 13T 1.3(3) - 4
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FIGURE 4.9: A coincidence spectrum showing the transitions of Band 4, obtained

by placing a gate on the 671-keV transition. The transitions in blue are coincidence

members of Bands 3 and 4. The new transitions are marked with an asterisk. The
insets show the high-energy parts of this gated spectrum.

4.5 Band 5 (45~ band)

Previously [50], two levels of Band 5 were known. The current study has extended this
band by three new levels at 1783.7, 2014.5, and 2301.5 keV, and nine new intra-band
and inter-band transitions, see Fig. 4.11. As seen in this figure, Band 5 decays strongly
to Band 4. Seven out of the ten observed inter-band transitions of Band 5 decay to Band
4, the 2; band. The other three transitions which have weak intensities decay toward
the ground-state band. Contrary to the 2; ~ band the intra-band Al = 1 transitions
are relatively strong with relative intensity of ~ 30% of the corresponding intra-band
E2 transitions. Shown in Fig. 4.12 are gated spectra illustrating the transitions of Band
5. The spectra were obtained by placing gates on the two previously reported v rays of
208 and 585 keV, and on the newly observed 518-keV ~ ray. A spectrum gated on the
842-keV transition of Band 4 is shown in Fig. 4.13, also illustrating the new members of
Band 5. The R4p values for the intra-band 432-, 455- and 518-keV transitions suggest

quadrupole nature, see Tab. 4.5.
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FIGURE 4.10: Gated spectrum showing the ~ rays in coincidence with the newly ob-
served 677-keV transition. The transitions in blue are coincidence members of Bands
3 and 4, and those in black are other transitions in '®Os not associated with Band 4.
The new transitions are marked with an asterisk. The inset show the high-energy part

of this gated spectrum.
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FIGURE 4.11: Partial decay scheme of '®Qs showing Band 5 and its decays. The

previously and newly observed transitions are respectively shown in black and red. The

arrow widths are proportional to the intensity of the «-ray transitions. The energies
are given in keV. Tentative v-ray energies are given in parenthesis.
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4.6 Bands 6, 7, and 8 (Negative-parity bands)

Bands 6, 7, and 8 are negative-parity bands built on the K =57, K =7, and K =9~
isomeric states. They have been previously reported [50, 51]. The present study observes

bands 6, 7 and 8 up to spins of 177, 187, and 17—, respectively, and report two new
linking transitions, as shown in Fig. 4.14. The two linking 212- and 1195-keV transitions
decay out of the 6~ state of Band 6 to the 57 of Band 5, and from the 5~ state of
Band 6 to the 47 state of Band 3, respectively. The previous work [50] made the
comparisons of the alignment curves of these negative-parity bands and those of bands
observed in the odd-A neighboring nucleus, #0s, and found that the alignment curves
for Bands 6, 7, and 8 are similar to those of the 11/2% band in ¥50s, suggesting that
the same i;3/9 neutron is involved. Based on this, the bands bulit on the K = 57,
K =7, and K = 9~ states were respectively assigned the v{11/27[615], —1/27[510]},
v{11/2%[615],3/27[512]}, and v{11/27[615],7/27[503]} configurations, resulting from
the 2-quasineutron coupling. It should be noted that a number of transitions (marked

with asterisks) linking the excited bands in Fig. 4.14 are not allowed by the K-selection

rule. Thus, the validity of the K-selection rule will be examined in the discussion section.
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FIGURE 4.13: Coincidence spectrum showing the v rays in coincidence with 842 keV.

The transitions in blue are coincidence members of Bands 3, 4, and 5. The transitions

in black are other transitions in '®¢Os not associated with Band 5. The new transitions

are marked with an asterisk. The inset shows the 450-560 keV energy part of this gated
spectrum.
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TABLE 4.5: The y-ray energies (E,) and the corresponding ~y-ray intensities (I),
angular distribution ratios (Rap), and linear polarization asymmetries (Ap) for the
transitions of Band 5, shown in Fig. 4.11. The energies of the initial states (F; ) and
the band where the transitions feed into (Band#), as well as the spin assignment for
the initial (/]7) and final (I7) states are also listed. The measured 7y-ray energies have
uncertainties of 0.3 keV and up to 0.5 keV for the weaker and doublet transitions.
Information that could not be obtained is indicated with a dash symbol.

E; E, L, 1T — I}r Rap Ap Band#
Band 5
1351.9 281.5 3.5(8) 4T 5 47* - - 4
1351.9 441.6 10.8(4) 4T — 3t 0.9(2) - 4
1351.9 584.5 24.8(8) 4t — 271 1.1(1) - 4
1351.9 917.9 0.5(1) 4T - 47t - - 3
1351.9 1214.9 0.8(1) 4t — 21 - - 3
1559.5 207.8 1.7(2) 5T — 47T 1.3(2) - 5
1559.5 489.0 2.5(2) 5T — 41 - - 4
1559.5 649.2 2.9(2) 5T — 3T - - 4
1559.5 1125.6 0.4(1) 5T — 47 - - 3
1783.7 224.2 0.9(2) 6T — 5T - - 5
1783.7 432.0 2.7(2) 6T — 4t 1.1(2) - 5
1783.7 508.3 0.6(3) 6T — 5T - - 4
1783.7 713.4 0.7(4) 6T — 4t - - 4
2014.5 (231.8) 1.3(6) 7T = 6T - - )
2014.5 455.0 2.8(2) 7t = 5T 1.3(4) - )
2301.5 (287.0) 1.22(10) 8T — 7T - - 5
2301.5 517.8 2.1(2) 8T — 6T 1.1(4) - 5
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The transitions marked with blue asterisks are forbidden

FIGURE 4.14: Partial decay scheme of '86QOs established in the present work. Transi-
transitions, and the energies are given in keV.

tions shown in red are new.
by the K-selection rule. The arrow widths are proportional to the intensity of the ~-ray
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TABLE 4.6: The y-ray energies (E,) and the corresponding ~-ray intensities (I),
angular distribution ratios (Rap), and linear polarization asymmetries (Ap) for the
transitions of Bands 6, 7, and 8, shown in Fig. 4.14. The energies of the initial
states (E; ) and the band where the transitions feed into (Band#), as well as the spin
assignment for the initial (I]") and final (I7) states are also listed. The measured y-ray
energies have uncertainties of 0.3 keV and up to 0.5 keV for the weaker and doublet
transitions. Information that could not be obtained is indicated with a dash symbol.
Ei E7 I7 I;T — [}r RAD AP Band#

Bandé6
1628.6 276.7 43.5(13) 57 — 4T 0.88(8) - )
1628.6 353.2 7.4(3) 57 — 5T 1.08(9) - 4
1628.6 558.3 11.7(4) 5 — 4t - - 4
1628.6 759.8 12.3(4) 57 — 6T 0.9(1) - 3
1628.6 1194.7 0.16(7) 5~ — 4t - - 3
1771.6 143.0 9.7(3) 6~ — 5~ 0.7(1) - 6
1771.6 212.0 0.9(2) 6= — 5" - - )
1771.6 903.0 1.3(2) 6= — 67 - - 3
1938.8 167.2 4.41(17) T =67 - - 6
1938.8 310.2 4.02(17) T — 5" - - 6
2133.6 194.8 8.9(3) 8 = T~ - - 6
2133.6 362.0 6.33(24) 8 — 6~ - - 6
2349.6 216.0 2.38(11) 9 — 8~ - - 6
2349.6 410.8 5.13(19) 9" - 77 - - 6
2587.3 237.7 1.79(9) 100 — 9~ - - 6
2587.3 453.7 3.55(15) 100 — 8~ - - 6
2851.7 264.4 1.21(9) 117 — 10~ - - 6
2851.7 502.1 2.73(12) 117 — 9— - - 6
3122.8 535.5 1.42(9) 127 — 10~ - - 6
3424.8 573.1 2.01(10) 137 = 11~ - - 6
3759.6 638.8 0.48(8) 147 — 127 - - 6
4061.2 636.4 0.54(8) 157 = 137 - - 6
4759.0 697.8 0.89(5) 177 — 15 - - 6
Band 7
1774.6 146.0 27.4(9) 7T =5 0.86(1) - 6
1774.6 906.1 0.5(1) 77— 6" - - 3
1968.3 193.7 35.6(11) 8 — 7~ 0.71(1) - 7
2187.9 219.6 7.9(3) 97 — 87 0.57(2) - 7
2187.9 413.3 5.32(20) 97 - 77 1.11(2) - 7
2435.1 247.2 4.04(15) 100 = 9~ 0.54(5) - 7
2435.1 269.5 6.99(24) 100 — 9~ - - 8
2435.1 466.8 3.33(14) 100 — 8~ 1.11(7) - 7
2698.4 263.3 2.25(11) 117 — 10— - - 7
2698.4 510.5 7.1(3) 117 - 9~ 1.17(2) - 7
2977.1 278.7 5.06(21) 127 —» 11~ - - 7
2977.1 542.0 2.36(11) 127 — 10~ 1.28(10) - 7
2977.1 545.9 3.00(13) 127 = 10~ - - 8
3288.7 311.6 1.36(9) 137 — 127 - - 7
3288.7 590.3 2.69(12) 137 = 11~ - - 7
3557.3 268.6 1.35(9) 147 — 137 - - 7
3557.3 580.2 3.68(14) 147 — 127 1.39(14) - 7
3940.9 652.2 1.28(8) 157 — 137 0.81(14) - 7
4169.4 612.1 1.38(9) 160 — 14~ - - 7
4637.5 691.7 0.90(6) 177 — 15 - - 8
4637.5 696.6 1.07(6) 177 — 157 - - 7
4818.3 648.9 1.35(8) 187 — 16~ - - 7
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E; E, I, IT — I}r Rap Ap Band+#
Band8
2165.6 197.3 23.6(7) 9~ —» &8~ 1.12(1) - 7
2431.2 243.3 1.3(6) 100 — 9~ 0.56(11) - 7
2431.2 265.5 7.5(3) 100 — 9~ 0.60(2) - 8
2431.2 462.8 4.3(3) 107 — 8~ 1.41(8) - 7
2714.5 279.4 6.60(24) 117 — 10~ - - 7
2714.5 283.3 3.58(14) 117 — 10~ 0.64(6) - 8
2714.5 548.9 1.97(11) 117 — 19~ - - 8
3006.6 292.1 5.25(18) 127 — 11~ 0.74(10) - 8
3006.6 571.5 2.09(11) 127 — 10~ - - 7
3006.6 575.4 2.61(12) 127 — 10~ 1.23(10) - 8
3308.9 302.3 2.74(12) 137 — 127 - - 8
3308.9 594.4 3.14(14) 137 —» 11~ - - 8
3623.4 314.5 1.89(9) 14— — 13~ 1.14(10) - 8
3623.4 616.8 1.74(10) 14— — 12~ - - 8
3945.8 322.4 0.87(7) 157 — 14~ - - 8
3945.8 636.9 1.27(11) 157 — 13~ - - 8
4282.3 336.5 0.53(6) 16— — 15~ - - 8
4282.3 658.9 2.24(10) 16— — 14~ 1.34(3) - 8
4624.3 342.0 1.10(7) 177 — 16~ - - 8
4624.3 678.5 0.72(5) 177 — 15~ - - 8
4624.3 683.4 0.51(4) 177 — 15~ - - 7
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Discussion

In this section, the experimental characteristic features of the observed excited bands
in 1860s are presented. The focus is mainly on the collective structures built on the
Of, 0;, 2; and 4; states. Experimental information on these bands is discussed in the
context of a systematic comparison with the neighboring even-even 2719205 isotopes
and in terms of v vibrations around an axially symmetric shape, rigid triaxial rotation,
and within the framework of the 5SDCH-CDFT model. The 5DCH-CDFT calculations
were successfully applied in the A=160 mass region, [3, 10, 54-66] and for the nuclei in
the Er - Pt region [11].

5.1 Excitation energies, Routhians, and alignments of the

low-energy positive-parity bands in '¥Os

Plots of excitation energy minus the energy of a rigid rotor, Routhians, and alignments,
for the observed bands in '¥Os are presented in Figs 5.1 and 5.2 to show the character-
istic features of the bands. A trend that is normally observed when the level energies of
the excited bands are plotted as a function of spin is that the v bands appear to have
similar slope to that of their intrinsic configuration [67]. Similar slopes imply similar
moments of inertia. Thus, the v bands are expected to have moments of inertia that are
similar to those of their ground-state bands. From the plots of excitation energy minus a
rigid rotor shown in Fig.5.1, one can see that the observed 27 v band (Band 4) appears
to have a similar (although a bit smaller) slope to that of the ground-state band (Band
3). The observed 47 v band (Band 5) appears to have nearly the same slope to that of
the 22+ band. This suggests that Bands 3, 4, and 5 of 1®60s have similar moments of

inertia.

55
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It should be noted that the band built on the 03 state (Band 1) has a clearly different
moment of inertia compared to the moments of inertia of Bands 3, 4, and 5. The band
head of Band 1 lies at a relatively high excitation energy. Its slope is less steep at low

spins and becomes steeper towards high spins, and this behaviour causes it to cross Band
5.

Figures 5.2 (a) and (b) show the Routhians (energies in a rotating frame) and alignments
for the observed bands in '®60Os. For Band 1 and yrast bands the K value of 0 is used,
and for Bands 4, 5, 6, 7 and 8 the K values of 2, 4, 5, 7, and 9 are used, respectively.
Harris parameters of Jy = 22.1h% MeV~! and J; = 67h* MeV =3 are used (obtained
from Ref. [50]). These plots are helpful when studying band crossings that normally
occur in many deformed nuclei as a result of an alignment of the angular momenta of
the particles along the rotational axis. The band crossing that is typically observed in
a number of deformed nuclei in this mass region is that of the ground-state band and
the S-band. It usually occurs at around spins 10 - 14". This is where these bands
interchange their nuclear properties, members of the S-band becoming the yrast states.
The plots are also quite useful in assigning the configurations for the excited bands. For

instance, bands involving the same j-orbital tend to have similar alignments.

The band crossing in 8Os is observed. From Figs. 5.2 (a) and (b), it can be seen
that the band crossing takes place at ~ 310 keV, illustrated by the backbends in Fig.
5.2. This backbend is most probably due to rotation alignment involving a pair of i3/,

neutrons.
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FIGURE 5.1: Plots of excitation energy minus the energy of a rigid rotor for the observed
positive-parity bands in '86Qs.
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5.2 Systematic comparison of the positive-parity bands in

the 132-192Qg nuclei

Focusing on the positive-parity bands built on the Of, 0; , 2;, and 4; states in ¥60s, we
compare our results with those of the neighboring even-even 82:184,188,190,192(9g jsotopes.
In the A ~ 160 mass region, the first excited O; and 2; bands have been extensively
investigated. The experimental properties of these structures such as level energies
and branching ratios have been interpreted using the 5DCH-CDFT calculations [8]. In
the present work, the available experimental data in the 8271920s isotopes are also
interpreted using the 5DCH-CDFT calculations to see if the model would be successful
in reproducing the experimental properties of the 0; , 23“, and 4; structures and reveal

the underlying nature of these bands.
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FIGURE 5.2: Experimental (a) Routhian and (b) alignment plots for the observed
bands in '86Os.
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5.3 Excitation energies and alignments of the low-energy

positive-parity bands in #?71920s

Comprehensive systematic studies [3, 10, 57, 59, 64-66, 68-71] of the 2§ bands showed
that the 2; bands in the A ~ 160 mass region track the ground-state band up to high
spin, suggesting similar moment of inertia. The studies also showed that, in some nuclei,
the O;r bands mix with the even-spin members of the 2; ~ band, resulting in a large

energy staggering between the odd- and even-spin sequences of the 25 v bands.

In the present work, systematic comparisons are performed for the Of, O;, 2;, and 4;{
bands in the even-even 82719205 isotopes. Experimental level energies for these bands
are presented in Fig. 5.3. From this figure, it can be seen that the 2; bands appear
to track the ground-state bands up to high spin in all the ¥271920s isotopes. The 4?{
bands appear to have similar slopes to those of the 2;“ bands, implying similar moments
of inertia. From Fig. 5.3, it is worth noting that the experimental information on 4?{
bands in the Os nuclei is scarce. The new data in %9Os is the largest extension of this

band in these even-even Os isotopes.

There is also scarce experimental information for the O;r band in these nuclei, see Fig.
5.3. It is not known in the ¥20s and ®80s nuclei, and little known in ¥4Os, 1°Os and
1920s, This band was established in 841860Qs, and was extended in '®9Os in the present

study.

The slopes of the excitation energy plots for the 0; bands in 186:190:1920g are smaller
than those of the other bands, indicating that their moments of inertia are somewhat
higher, see Fig. 5.3(c), (e), and (f). The band-head energies of the 0 bands in the
even-even Os isotopes appear at excitation energy of ~ 900 keV, thus they lie higher
than the band heads of the 2; bands.

Figure 5.4 shows the experimental alignments i,, plotted as a function of the rotational
frequency (hw). They are calculated assuming K = 0 for the Of and 0; bands; K = 2
for the 2; ~v bands and K = 4 for the 4; bands. The alignment plots show that these
bands have vanishing quasiparticle alignments. There is a little alignment gains for most
bands particularly at low rotational frequency. In the region of hw ~ 200—350 keV, (I ~
10), backbends develop for the ground-state bands of all even-even '82-1920s isotopes.

They were interpreted as due to the rotation alignments of a pair of i3/, neutrons.
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F1GURE 5.3: Experimental level energies minus the energy of a rigid rotor, plotted as a
function of spin for the ground-state, 0, 23 and 41 bands in the even-even ¥2-1920s
isotopes.

5.4 Linking transitions between the bands of '¥Os

Based on the observation that the deformed even-even '827192Qs isotopes have 21 4
bands at low excitation energies, these nuclei have been considered as one of the best re-
gions where the v degree of freedom plays a significant role generating low-lying positive-
parity bands. A simple description based on a coupling of rotational and vibrational
motions considers a deformed axially symmetric nucleus that can simultaneously rotate
and vibrate. The vibrations are described by small harmonic oscillations with respect to
the quadrupole deformation £ and the triaxiality parameter v. Within the adiabatic ap-
proach the rotational and vibrational degrees of freedom can be regarded as independent

and the nuclear states have excitation energy of

E(ng,ny, K, 1) = A[I(I +1) — K*| + (ng + 1/2)Es 4 (ny + 1/2)E,, (5.1)

where ng and n, are the number of excited 3 and ~ vibrational phonons, A is the
rotational parameter inversely proportional to the moment of inertia, K is the projection
of the total angular momentum along the symmetry axis, and Eg(F,) are excitation

energies carried by one 8 () phonon.
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FIGURE 5.4: Experimental alignments i, for the ground-state, 05, 25 and 43 bands
in the even-even 82719205 isotopes.

In this interpretation the 2; v band is produced when one « phonon, n, = 1, couples
with the rotation of the deformed nucleus. The 4; ~ band is produced by a coupling
of two ~y-vibrational phonons, n, = 2, with the rotation of the nucleus. The energy of
the 4; ~v band head is twice the energy of the 2; ~ band head. Each ~ phonon carries
angular momentum of 2/ that is aligned along the symmetry axis. Thus the projection
of the total angular momentum along the symmetry axis is conserved and K = 2. The
22+ and the 4; ~ bands correspond to K = 2 and K = 4, respectively. For more details
on this description, see Ref. [31] section 2.4.4.

This description implies several specific features of the rotational bands. For instance:
(a) The ~ bands consist of even- and odd-spin sequences, and all Al =1 and Al = 2
intra-band transitions in both the 23 and the 47 bands have strong B(E2) reduced
transition probabilities of similar magnitude to the B(FE2) probabilities of the intra-
band transitions in the ground-state band.

(b) As K is conserved, the decays between different bands would follow the K-selection
rule, that is they would be with multipole order of L > AK. That implies that the AK
= 2 decays between the 2; ~v band and the ground-state band and between the 4;{ and
the 2; ~ bands can proceed through transitions with multipole order L > 2. Therefore,
the I — I and the I — I — 1 linking transitions would be of pure unstretched £E2 nature
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(without M1 component). In addition the AK = 4 decays from the 47 to the ground-
state bands would be forbidden. Moreover the decays between the two-quasiparticle

negative-parity bands and the two v bands should obey the same rule, L > AK.

In the present study, we examine the features of the decay scheme of '®60Os shown in
Fig. 4.14 with respect to these expectations. The intra-band transitions in the 2;’ vy
band are in general weak. In particular, the intra-band Al = 1 transitions could not
be observed in the present study. The branching intensities of the previously reported
143-, 161- and 216-keV transitions are restricted to below 1% [52]. Despite their very
low intensity if these transitions have dominant E2 nature, the corresponding B(E2)
strength could still be of the same order of magnitude as the B(E2) reduced transitions

probabilities of the Al = 2 intra-band transitions in this band.

Generally, the observed decays out of the excited bands suggest that the K-selection
rule is obeyed. For instance the previously measured mixing ratios of the Al = 1
and Al = 0 transitions linking the 2; v band towards the ground-state band (e.g.
the 476-, 773-, 636-, 407-, 842-, and 622-keV transitions) correspond to almost pure
unstretched E'2 nature with an E2 component of more than 99% [52]. Our data revealed
several new linking transitions at higher spins. The angular distribution ratio and linear
polarization measurements for the I — I — 1 linking transitions support the assigned
spins and parities, and are consistent with both almost pure stretched M1 or almost
pure unstretched E2 multipolarities. Similarly the previously measured mixing ratios
for the AI = 1 and Al = 0 transitions linking the 4;' and the 2; bands of 282-, 442-,
489-keV support almost pure (> 99%) unstretched E2 multipolarity [52]. The mixing
ratios for the new higher-spin linking transitions could not be determined in this work

due to low number of detectors and detection angles that were used in the experiment.

The almost pure E2 multipolarity for the linking transitions suggests that the K-
selection rule is generally obeyed. However, some decays that are not allowed by the
K-selection rule are also present. For instance (i) the decays from the 4 band head
towards the ground-state band corresponding to AK = 4; (ii) the AK = 10 decay from
the 105 band head of Band 2a toward the ground-state band. (iii) the AK = 3 and AK
= b decays from the 5] and 6] states of Band 6 toward the 22+ ~ and the ground-state
bands; (iv) the AK = 7 decay from the 7; band head of Band 7 to the ground-state
band. These K-forbidden decays are marked with blue asterisks in the decay scheme of
Fig. 4.14.

While the K-forbidden transitions are observed, their intensity is considerably reduced.
For instance:

(i) The forbidden AK = 4 decays from the 45 band head are very weak. The B(FE2)
reduced transition probability measured in the present study for the AK = 4 1215-keV
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transition is 8.79 x10~% times weaker than the B(E2) probability for the allowed AK
= 2 584-keV transition.

(i) Among the 57 — 47 decays out of the K = 5 two-quasiparticle band, the re-
duced B(E1) transition probability is largest for the decay to the 47 level with K
= 4, which corresponds to AK = 1 decay. The two other 5] — 47 decays are for-
bidden by the K-selection rule and their observed intensity is strongly reduced, with
B(E1,558)/B(FE1,277) = 3.6 x 1072 for the AK = 3 decay to the 25 ~ band, and with
B(FE1,1195)/B(E1,277) = 4.6 x 107° for the AK = 5 decay to the ground-state band.
(iii) The decays from the high-K bands, e.g. K > 5, toward the ground-state band
are also generally weak. For instance the ~-ray intensities of the 903-, 906-, and 1142-
keV transitions are approximately 18%, 2% and 3% of the intensities of the strongest

transitions depopulating their corresponding initial levels.

To summarise, the observed features of the rotational bands provide evidence which
support a description in terms of conservation of K, although it seems that allowing for

some (small) K-admixtures will also be appropriate.

Nuclear states with the same spins and parities and with similar excitation energies
can mix. If such states correspond to different K-values, where K is conserved, the
mixing would generate admixtures in the corresponding K values. This mechanism
can cause mixing in states from bands with the same parities, but it seems unclear
whether it can explain all observed forbidden decays, particularly those involving states
with different parities. For instance consider the 102+ — ST 1142-keV decay from the
K = 10 two-quasiparticle band to the K = 0 ground-state band. In order to explain
this AK = 10 E2 forbidden decay one would assume that the 10" states from these
two bands mix with each other. However the excitation energy gap between these two
states is approximately 500 keV which seems quite large for such mixing. An alternative
mechanism that generates K-admixtures can occur if the nuclear shape has non-axial
deformation. Triaxial nuclei rotate and produce excited bands, for which K is only
approximately conserved. Calculations in terms of triaxial rotor model (TRM) and
Triaxial Project Shell Model (TPSM) have been carried out previously for the Os isotopes
[2, 4]. In the following subsection we present our triaxial-rotor model calculations for
18605 in order to illustrate the approximate conservation of the K-values within this

model.
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5.5 Triaxial-rotor model for ¥6Qs

The experimental results in 8Os are interpreted using triaxial rotor model (TRM)
[14, 72]. The TRM model describes the rotation of a triaxial nucleus and calculates
excitation energies and wavefunctions for the states of its rotational bands. In our
calculations, a nucleus was assumed to have a triaxial shape with quadrupole deformation
€2 = 0.21 and triaxiality v = 27°. The moments of inertia followed an irrotational-flow
trend as a function of the v deformation, while their spin dependence was described
using Harris parameters of Jy = 18.5 h2MeV ™! and J; = 200 h*MeV =3,

In Fig. 5.5 we compare the experimental excitation energies for the ground-state and
the 2; and 4; excited bands with the TRM calculations. There are two important dis-
agreements with the experimental data, e.g., the calculated relative excitation energies
of the bands increase as a function of the spin, and the calculated 2; ~ band shows a
large energy staggering. Both of these predictions reflect general features of the triaxial
rotor model. The former follows the model assumption that all rotational bands have
the same moments of inertia, but the observed decrease in the experimental relative
excitation energies (see Fig. 5.5 (a)) suggests that this assumption is not a good match
for the %60s. A model that adopts slightly larger moments of inertia for the excited
bands would be more suitable. The energy staggering in the 2§ v band is discussed in

more detail in a following section.

The model describes nuclear states that correspond to approximate conservation of K
where some mixture of K values is allowed. In general the triaxial rotor model interprets
the rotational bands as a precession of the intermediate nuclear axis, in a similar way
as a rotating top precesses around the vertical direction. The ground-state band cor-
responds to precession with smallest tilt with respect to the intermediate axis, because
the projection of the rotational angular momentum is almost entirely along the inter-
mediate axis, and the projection along the orthogonal axes ( short or long axis) is K =
0, see Fig. 5.5 (c¢). The 2; and 4; ~ bands correspond to gradual increase of the tilt of
the precessing rotational angular momentum, labelled as Rx—o and Rx—4, respectively.

These bands correspond to projections of K = 2 and K = 4 on the orthogonal axes.

This schematic description of the 3D rotation of a triaxial nucleus is valid near the band
heads of these bands, where K is approximately conserved, while at higher spins the
mixing becomes important. To show this mixing we have examined the wave functions

of the states of the three bands, see Fig. 5.6.
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momentum R precessing around the intermediate nuclear axis, as illustrated in panel
(c). The favoured rotation is around the intermediate axis, unfavored rotations around
an orthogonal axis (long and short nuclear axes) generates a tilt of the total rotational

2

angular momentum, i.e Rx_o, Rx—4.

The calculated wave functions of the states from the ground-state band are shown in Fig.

5.6(a). For each state with spin I the contributions of components with different values

of K (where the rotational angular momentum is projected along the long axis) are

represented by columns with different colors. For instance the wave function of the 2}

state indicates that it is almost exclusively (more than 80%) associated with a component
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with K = 0, (see the blue column). Therefore the rotation is almost fully aligned along
the intermediate axis. This component is dominant for the states of the ground-state
band at low spins, supporting the approximate description of the ground-state states at
low spins as K = 0 states. Similarly, the wave functions of the low-spin states of the
27 4 band correspond to dominant K = 2 contributions (the brown columns) in Fig.
5.6(b) and thus the precession around the intermediate axis with larger tilt than that for
the ground-state band, (see the sketch in Fig. 5.5). Note the staggering pattern of this
contribution for even- and odd-spin states, where the odd-spin members correspond to
wave functions with larger K = 2 and K = 4 components, while the even-spin members
have largest contributions with K = 0 and K = 4. This different nature is probably
responsible for the predicted energy staggering. Similarly, the calculated low-spin states
from the 43 band are associated with dominant K = 4 contributions (the grey columns)
in Fig. 5.6(c) and thus correspond to precession around the intermediate axis at a larger

angle, see Fig. 5.5.

Contrary to these well-defined dominant types of precession with K = 0, 2 and 4 for the
ground-state, 2; and 4§L bands, respectively, the high-spins states in these bands have

large contributions from components with various K values.

This behaviour highlights an important difference between the interpretations of these
bands in terms of (i) small vibrations around an axially symmetric shape, which preserves
K, and assigns K = 0, K = 2, and K = 4 to the ground-state, 2; and 4; ~ bands,
respectively, and (ii) triaxial rotor, where K is approximately good near the band-heads
and becomes strongly mixed at higher spins. Therefore within the former description
the transitions linking bands with AK = 2, (such as the 2; ~ band and the ground-
state band, or the 4;{ and 23 bands) should correspond to L > AK (therefore pure E2
character) both near the band heads and at high spins as K is conserved. In contrast to
that the latter description allows for this requirement to be somewhat weaker near the
band heads, due to the approximate nature of the K conservation at low spins, while at
high spins, where the states correspond to a mixture of various K values, the K-selection
rule might not be obeyed. Therefore it is interesting to study the experimental data and
test whether the linking transitions between the positive-parity bands correspond to
pure E2 nature including up to high spins, in line with a description within « vibrations
around an axially symmetric shape, or whether the linking transitions at high spins show
a mixed M1+ E2 mulitpolarity, which would indicate that K is not well conserved and
the nuclear shape might acquire some rigid triaxiality. Our measurements could not
provide precise measurements of the mixing ratios of the linking transitions, but such
study can be carried out in the future with the upgraded AFRODITE array at iThemba
LABS. In the following section results from the 5SDCH-CDFT calculations are discussed.
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5.6 Comparison with the 5DCH-CDFT calculations

The Os isotopes lie in a transitional region where the nuclear shape changes from spher-

ical to a well deformed shape. Thus, a model that has the potential to consider both
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~ vibrations and rigid triaxial rotations would be most interesting for these isotopes.
Recently, systematic calculations within the framework of the 5DCH-CDFT model were
published for the nuclei in the Er - Pt region [11]. The 5DCH-CDFT model [8, 9] is
a modern form of Bohr Hamiltonian, which has been extended to allow large magni-
tude vibrations both in terms of 5 and - in combination with a rotation of a nucleus
with a deformed shape. Therefore the model can simultaneously treat the vibrational
and the rotational excitations of a triaxial or axially symmetric nucleus. The low-lying
excitations of deformed nuclei can be described using a collective Hamiltonian with
deformation-dependent parameters - (3, 7, and three Euler angles = (¢, 0,1)) defining
the orientation of the intrinsic principal axes in the laboratory frame. The collective

Hamiltonian is defined as follows:

I;[coll (/87 ’7) = Tvib(ﬁ7 ’Y) + TT‘Ot(/Ba v Q) + ‘/coll (/67 fy)a (52)

where Ty (83,7) is the vibrational kinetic energy, Tmt(ﬁ,’y, Q) is the rotational kinetic
energy and V. (f3,7) is the collective potential. The diagonalization of this collective
Hamiltonian produces the properties of the low-lying states in deformed nuclei. More

details of the three terms of the equation can be found in Ref. [8, 9].

The collective parameters are self-consistently determined by the microscopic CDFT
calculations. In these calculations, the relativistic point-coupling energy functional PC-
PK1 and the separable pairing force are respectively adopted in the particle-hole particle-
particle channels. Solving the Dirac equation is achieved by expanding the Dirac spinor
in terms of the three-dimensional harmonic oscillator basis with 16 major shells. The
triaxial mean-field states with deformation parameters 8 € [0.0,0.8] and v € [0°,60°]
and steps 5 = 0.05, v = 6° are generated by imposing the parity D2 symmetry and time-
reversal invariance in the quadrupole deformation constrained relativistic mean-field plus

BCS calculation.

5.6.1 Potential energy surfaces

Potential energy surfaces (PESs), calculated using the 5DCH-CDFT, of the even-even
182=192()5 isotopes in the (8, ¥) plane are shown in Fig. 5.7. The PESs are plotted
for quadrupole, 3, and v deformation parameters. In this figure, nuclei have the lowest
energy in the bluest part of the plots, global minima being indicated by red dots. From
these plots one can see that the global minima for the ground states of the '82184186(g
isotopes are located at 5 ~ 0.3 and v ~ 0°. The 821840s isotopes have axially symmetric

shapes, with a very small softness with respect to v deformation. The PES minimum
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for 1860s corresponds to a less-deformed prolate symmetric shape, consistent with the
experimentally observed decrease of the moment of inertia of the ground state rotational
band. The '®80s isotope has an axially symmetric shape, with larger softness with
respect to 7. The global minima for the %1920s isotopes are at 8 ~ 0.2 and v ~ 25°.
Thus, the calculations predict that the ground states of the Os isotopes are evolving

towards triaxiality as the neutron number increases.

o b~ o

N

=

00 02 04 06 00 02 04

FIGURE 5.7: Potential energy surfaces (PESs) of the even-even 82-1920s isotopes in
the (8, 7) plane. Minima are marked with red circles. The energy difference between
neighboring contours is 0.5 MeV.

5.6.2 Probability density distributions

One of the advantages of the 5DCH-CDFT model is that it can calculate the probability
density distribution for each state of the positive-parity bands. Thus, the PES were
used to calculate the wave functions for the Of, 02+ and 2; states, and the states of
the 4;‘ band in '80s. The calculations shown in Fig. 5.8 for the 0], 05 and 27 states
indicate that the Of and O; states correspond to an axially symmetric shape, but the
Of state exhibits a larger softness with respect to 8 and . The band-head of the O;r
band is associated with a very narrow distribution, which seems not compatible with
B vibrations. It is worth noting that the predicted quadrupole deformation for this
band head is slightly larger than the deformation for the ground state. This suggests
that the excited 0; band is probably due to a shape co-existence. The predicted larger
deformation is supported by the experimental data showing that the 05 band has a larger

moment of inertia than the ground-state band, see Fig. 5.1. While the calculations favor
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axially-symmetric shape for the ground-state and the 0; bands, the prediction for the

22+ band indicates a well-pronounced triaxiality with v ~15°.

Calculations carried out for the 47, 53, 61, and 7; states of the 4; band are presented
in Fig. 5.9. The wave functions of the 55 and 75 states predict a well-defined triaxial
maximum at v ~ 25°. The distributions indicate moderate softness with respect to
B and . This softness is smaller than the predicted softness of the ground state.
The probability distributions for the 4; and 6?{ states correspond to a maximum at
near axially symmetric prolate shape, however the wave functions suggest considerable
softness with respect to the v degree of freedom. These predictions suggest that the

even- and odd-spin members of the 4; band have different nature.

The predicted nature of the 4;{ state is, in particular, very similar to the ~y-unstable
Wilets-Jean model, where the potential is almost independent of + and oscillations
between prolate and oblate deformation occur. The even-spin states, therefore, can be
associated with large-magnitude ~y-vibrations coupled to rotation, while the odd-spin
states, associated with well-defined triaxial shape seem more likely to exhibit a three-

dimensional rigid rotation.

60
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FIGURE 5.8: Probability density distributions calculated in the (3,~) plane for the 0,
05, and 27 states of ¥60s.
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FIGURE 5.9: Probability density distributions in the (3,7v) plane for the 47, 55, 63,
and 75 states of the 43 band in 18¢Os.

5.6.3 Level energies

Figure 5.10 shows the experimental level energies for the Of, 02+, 22+ and excited 4;{
bands in the even-even ¥271920s isotopes in comparison with the 5DCH-CDFT calcu-
lations. There is in general an agreement between the calculations and the experimental
data. In particular the relative excitation energies of the 23 v band heads are very well
reproduced. The general behavior of the OIL, 2;, and 4?{ bands observed in the A ~ 160
mass region was well reproduced by the 5DCH-CDFT model. The excitation energies
of the O; and the 4; band heads in the Os isotopes are a bit overestimated. However,
the model correctly predicts that the band-head energies of the O;r bands lie higher than
the band-head energies of the 2; bands. Generally, there is a good agreement between
the calculations and the experimental data particularly at low spins. At high spins it

seems the calculated energies overestimate the experimental data.
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FIGURE 5.10: Experimental level energies for the ground-state, 0;‘, 2; and 43' bands
in the even-even '82-192(Qs isotopes, compared with the predictions by 5DCH-CDFT.

5.6.4 Energy staggering

Energy staggering 5SDCH-CDFT calculations were carried out for the 2; ~ bands in the
even-even 182719205 isotopes. The experimental and calculated staggering parameters

S(I) for the 25 ~ bands are shown in Fig. 5.11. The model predicts the energy staggering
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182,184,190()g isotopes, see Figs. 5.11 (a, b, e) but overestimates

well, particularly for the
the staggering in 186:1880s. The staggering for the 22+ and 4;{ bands in ®6Os is discussed

in more detail in a following section.
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FIGURE 5.11: Experimental staggering parameter S(I), plotted as a function of spin for
the v bands in the even-even 3271920s isotopes, in comparison with the 5SDCH-CDFT
calculations.

5.6.5 Band-head energies and R4+ /+ ratios

A systematic comparison of the energy ratios of the first excited 4] and 2] states,
and the band-head energies of the O;, 2; and 43“ bands in the ¥271920s isotopes were
carried out. The calculated and experimental energy ratios Ry+ o+ = E (4)/E2)),
plotted as a function of spin, are presented in Fig. 5.12 (a). From this figure one can
see that both the experimental data and the 5DCH-CDFT calculations indicate that
the ratios Ry+ 5+ decrease for the 184-192(g isotopes. Decreasing energy ratios suggest
that the quadrupole deformation is decreasing. The PES calculations discussed above
also predict that the deformation decreases with increasing mass. It should be noted
that the 5DCH-CFDT calculations overestimate the energy ratio for the lighter isotope
(A=182), and underestimate it for the heavier ones (A=188, 190, and 192).

Figure 5.12 (b) shows the experimental data and the calculated band-head energies of

the 0;, 2;” and 4; bands in the even-even ¥271920s isotopes. The experimental data
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FIGURE 5.12: Shows the (a) experimental energy ratios (solid line) of the first excited

41 and 2] states and the (b) band-head energies (solid lines) of the 0F , 23 and

4; bands in the even-even '¥271920s isotopes, in comparison with the 5DCH-CDFT
calculations (dotted line).

shows that the excitation energies for the 2; and 4;{ states decrease gradually with
increasing mass number, while those of the 03 state are almost constant. The 5DCH-
CDFT model gives a good description for the 2; band-heads energies. The 0; and 4;

band-head energies are overestimated by the model.
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5.6.6 B(E2) reduced transition probability

Figures 5.13, 5.14, and 5.15 show a systematic comparison between the experimental and
calculated B(FE2) reduced transition probability ratios for the first excited 05 and 23
bands in the even-even 82719205 isotopes. The experimental B(E?2) ratios for the out-
of-band (decaying to the ground-state bands) to the in-band transitions are compared
with the 5DCH-CDFT calculations.

It can be seen in Fig. 5.13 that the B(E2 : Iog — 1)/ B(E2 : Io; — (I - 2)0;) ratios
have only been measured for three Os isotopes, see Figs. 5.13 (b), (c¢), and (e). An
impressive agreement between the experiment and theory is observed in the ¥¢Os and
19005 isotopes. In ¥%0s, the experimental ratio at spin 6% does not agree well with the

calculations.

In Fig. 5.14, the theory underestimates the B(E2 : I, — I;)/B(E2 : I, — (I — 2),)
branching ratios for the even-spin members of the 2; bands in some Os isotopes, see
Figs. 5.14 (c), (e), and (d). It is worth noting that in Fig. 5.14 (e) the measured ratios
decrease with the increase in spin, as predicted by the 5DCH-CDFT.

The B(E2: 1, — (I-2),)/B(E2: I, — (I—2),) branching ratios for both the even- and
odd-spin members of the 2; bands in the even-even 82719205 isotopes are presented in
Fig. 5.15. It is seen that in Fig. 5.15 (¢) both the experimental and theoretical branching
ratios for the odd-spin members of the 2§ band are higher than those of the even-spin
members of the 2; band. In other isotopes presented in Fig. 5.15, the theory agrees

well with the experimental data.

Generally, the agreement between the experimental data and calculated B(E2) ratios in

the even-even 18271920s isotopes is good.
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FIGURE 5.13: Experimental branching ratios for out-of-band to in-band transitions
B(E2 : Iy — I,)/B(E2 : Iy — (I — 2)0;), for the first excited 0 bands in the

even-even '8271920s isotopes, in comparison with the 5SDCH-CDFT calculations.

5.6.7 Energy staggering for the 27 and 4; 7 bands in '*¢Os

Energy staggering S(I) is considered as one of the important quantities that provides
information on the nature of the bands [73, 74]. In an attempt to better understand the
nature of the observed 23 and 43+ bands in ¥60s, we examine the energy staggering and
compare the results with the predictions by ~ vibration, v unstable, 5DCH-CDFT, and
triaxial rotor models. The energy staggering S([I) is defined as

stny = O -EU_)_JB0 -1 B3] 653

where E(I), E(I — 1), and E(I — 2) represent the energies of the states at spins I, — 1,
and I — 2, respectively, and E(2]) is the energy of the first excited 2* state.

In Fig. 5.16, the experimental levels for the ground-state and 2; bands in ¥60s, and
the energy staggering S(I) for the 22+ band are presented. The experimental levels are
compared with some simple theoretical calculations shown in Fig. 5.17 [74], and with
5DCH-CDFT. The experimental energy staggering compared with different calculations
is shown in Fig. 5.18.
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FIGURE 5.14: Experimental branching ratios for out-of-band to in-band transitions
B(E2:1I,— 1,)/B(E2: I, — (I —2),), for the even-spin members of the 25 bands in
the even-even ¥2-192(g isotopes, in comparison with the SDCH-CDFT calculations.

The staggering S(I) has different behaviour and different magnitude depending on the
nature of the v band. For instance a v band described as large-magnitude v vibrations
within the «y-unstable model of Wilets-Jean exhibits large staggering that increases with
spin for both the 22+ and 4; bands, see Fig. 5.18. The magnitudes of the staggering

calculated within this model well exceed the experimental observations.

The triaxial rotor model also produces a 2; ~v band with large and increasing stag-
gering, in disagreement with the magnitude and phase of the experimental data. On
the other hand the staggering predicted by the TRM model for the 4; band is in very
good agreement with the experimental data. The 5DCH-CDFT model reproduces the
phase of the staggering in the 2; band, although the magnitude is overestimated. The
staggering predicted by this model for the 4; band is too large. The magnitude of the
experimentally observed staggering in both bands is, in fact, best reproduced by a sim-
ple vibrational-rotational model, where the 2; and 4; bands are caused by one and two

~-vibrational phonons coupled to the rotation of an axially symmetric nucleus.

Generally, the vibrational description looks quite promising, because in addition to suc-
cessfully describing the staggering S(I), it necessitates a stringent K-selection rule,
which (based on the available data), is generally obeyed. However, this simple model

is not able to describe all features of the 2; and 4?{ bands. In fact the observation
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of a number of K-forbidden transitions implies that a mechanism that generates K-
admixtures (for instance triaxiality of the nuclear shape) is very probable. Furthermore,
the 5DCH-CDFT model predicted well-defined triaxiality for the 2; band and for the
odd-spin members of the 4; band, and ~v-softness for the even-spin members of this
band. In addition, the 4; band is probably not entirely due to a collective excitation
but involves significant single-particle contributions, as suggested by experiments on
transfer reactions [6, 7]. Further experimental and theoretical studies in the Os nuclei
are needed to reveal more details on the nature of the low-spin positive-parity bands. It
seems that examining further the K-selection rule through precise measurements of the

mixing ratios of transitions related to the 2; and 4; bands can shed more light on the
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FIGURE 5.15: Experimental branching ratios for out-of-band to in-band transitions

BE2:1, - (I—-2),)/B(E2: 1, - (I —2),), for both the even- and odd-spin

members of the 2; bands in the even-even 82719205 isotopes, in comparison with the
5DCH-CDFT calculations.

nature of these bands.
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Chapter 6

Conclusion

The excited bands in '®6Os have been investigated at iThemba LABS through the
186\ (4He, 4n)'®0Os reaction. A decay scheme of this nucleus has been improved by
adding 21 new v-ray transitions. New experimental information on the 0;, 2; and 4;
structures was obtained. In particular, the 0;, 2;’ and 4; bands have been extended
up to spins of 127, 157, and 8%, and several new linking transitions were identified.
Spin-parity assignments were made on the new levels based on angular distribution and
linear polarization measurements. The collective bands in '%6Os were interpreted in the
context of a systematic comparison with the neighboring even-even '#2-1920s isotopes
and in terms of small harmonic v vibrations around axially symmetric shape, three-
dimensional rotation of a triaxial nucleus, and within the 5DCH-CDFT model. The
validity of the K-selection rule was examined and it was found that the features of the
observed bands support a compliance with the rule, although some K-forbidden decays
were also observed implying small K admixtures. The 5DCH-CDFT calculations pro-
vide a detailed description of the positive-parity bands in ®6Os, in agreement with the
experimental data. The calculations assign a variety of different shapes to these bands,
including axially symmetric to the Of and O; bands, and triaxial to the 2; and 4;{
bands.

One of the main objectives of this research work was to try to understand the underly-
ing nature of the collective 2; and 4?{ bands in the Os isotopes, that is, distinguishing
between the possible rigid-triaxial shape and ~ vibration. However, the present work
could not distinguish between these possible interpretations. Further investigations car-
ried out with a larger detector array allowing for more measuring angles and better
linear polarization sensitivity would be very useful. In particular, mixing ratios of the
transitions decaying out of the collective 2; and 4; bands can reveal information on

their underlying nature. In the present study mixing ratios could not be determined
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due to the low number of detectors (11) and detection angles (2) of the AFRODITE
array. However, with the upgraded AFRODITE array which now has 17 detectors and

7 detection angles, precise measurements of the mixing ratios can be determined.



Appendix A

Structures in °YGd

A.1 Background and motivation

While the investigations of the collective structures in '%¢Os were the prime focus of this
work a brief v spectroscopy study of °Gd was also carried out. The *°Gd nucleus has
64 protons and 86 neutrons. The neutron number represents only four neutrons above
the N = 82 shell gap and this significantly affects the structure of the excited states in
150Gd. While the N = 82 and N = 84 Gd isotopes of 46:148Gd have spherical shape [75]
and exhibit low-spin excitations with dominant single-particle nature, and the N > 88
Gd isotopes are deformed and exhibit rotational bands, the N= 86 °Gd is a transitional
nucleus, where the observed low-spin states have a complex nature [76]. The low-spin
states in the N = 86 — 90 Gd isotopes are shown in Fig. A.1. The ground-state bands
in the heavier Gd isotopes represent typical rotation of a deformed nuclear shape, see
Fig. A.1 (c¢) while the negative parity band for these nuclei is understood as a coupling
of an octupole phonon with the rotation of the deformed nucleus, see Fig. A.1 (d). In
addition the 0 and 2§ bands are observed, see Fig. A.1 (b) and (a), respectively. They
can be interpreted as possible - and ~y-vibrational bands, or alternatively they might be
caused by shape coexistence and or triaxial deformation. Contrary to this the positive-
parity sequence of states in the spherical 46:148Gd nuclei, see Fig. A.1 (c), represent
single-particle excitations within the f;/,; sub-shell. They exhibit the typical for such
excitations decrease in the ~v-ray energy as a function of spin. The interpretation of
the negative-parity states in Fig. A.1 (d) as coupling of an octupole phonon with the
positive-parity states is confirmed by the observation of several collective F3 transitions

with B(E2) ~ 60 W.u. linking the negative- and positive-parity states [75-77].
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FIGURE A.1: The low-spin states in the even-even #6=156Gd isotopes.

The interpretation of 1°°Gd is the most challenging because it represents a transition
between spherical and deformed nuclear shapes. It shows irregular y-ray energies link-
ing the positive-parity states, see Fig. A.1l (c), but they are neither with constantly
increasing 7-ray energy (as in a deformed nucleus) nor with a consistently decreasing
~-ray energy (as in spherical nucleus with single-particle excitations). The experimental
information on the normal deformed states in '*°Gd is in general limited, as no studies

have been carried out since 1985. A level scheme of the known states is shown in Fig.
A2

To understand the observed states several different theoretical approaches were pro-
posed. For instance the observed states can be considered as caused by single-particle
excitations. In this case the states are associated typically with single-particle excita-
tions in the neutron f7/5, hg/y and ij3/5 shells, while the negative-parity states result
from an additional coupling with an octupole phonon as shown in Fig. A.2. Alterna-
tively, the low-spin states can be generated by excitations of quadrupole and octupole
phonons. For instance Fig. A.3 (a) shows calculations where the positive-parity states
are associated with excitations of quadrupole phonons [77]. A general feature of this
interpretation is that the first 2% state corresponds to one-phonon vibration, while there
is a triplet of states with spins of 2;, O; and 41“ at very similar excitation energies
associated with an excitation of two quadrupole phonons. This interpretation requires

specific quantization in the excitation energies and B(E2) transition probabilities for
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FIGURE A.2: A level scheme of the known states in 1°°Gd within a simple-particle
approach. States that correspond to single-particle excitations within the (f; /2)2 or
(fr /2)4 shell are marked with the hash symbol (#). The states shown with percentage
sign (%) are coupling of an octupole phonon with the (f7/2)2 or (f7/2)4 single-particle
excitations of the positive-parity states. The single-particle excitations of (hg/2f7/2)
or (hgsafr /23) type are shown with asperands (@). The single-particle excitations of
(hg/2i13/2) type are marked with ampersands (&). The coupling of an octupole excita-
tion with single-particle excitations of (hg /s f7 /23) states are indicated with the dollar
sign $ [75].
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instance the excitation energy of the triplet of states should be about twice the energy

of the 21+ state.
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FIGURE A.3: Calculations for the positive-parity states in *°Gd assuming that they
are caused by (a) excitations of quadrupole phonons and (b) by nuclear rotations,
generating quasi-ground-state band, 02+ B band, and 2; ~ band [77].

In an alternative approach the low-spin states in °Gd were associated with quasi-
rotational behaviour. Within this interpretation the ground-state band would represent
Excited 8 and v bands are also
Such

calculations for 1°Gd are shown in Fig. A.3 (b). These three theoretical interpretations

the rotation of a nucleus with small deformation.

expected resulting from the coupling of the rotation with S and - vibrations.

are based on very different assumptions about the underlying excitation mechanism. In
order to evaluate the nature of the low-spin excited states in "°Gd more experimental
information is needed. For instance a rotational behaviour can be confirmed by a clear
observation of the excited 8 and « bands, while the vibrational scenario can be proven
by an observation of its characteristic quantization resulting from the excitation of a

number of vibrational phonons with the same nature.

A.2 Experimental details

In order to study the low- and moderate-spin states in '°°Gd we carried out an experi-
ment at iThemba LABS using the %9Sm(*He, 4n)!°°Gd reaction. The 48 MeV beam of
“He ions, delivered by the Separated-Sector Cyclotron (SSC) [37], was used to bombard
a 2.2 mg/cm? target of 1°°Sm. The emitted v rays were detected using the AFRODITE
~-ray spectrometer [38], comprised of 9 HPGe clover detectors in BGO shields. Data
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sorting and analysis were carried out using Midas MTsort [39] and RadWare [40] software

packages, as described in section 3.

A.3 Experimental results for '°°Gd from 7-coincidence anal-

ysis

The experimental information on the spectroscopy of °Gd has been improved. The
decay scheme of this nucleus has been extended by about 31 new ~-ray transitions,
as shown in Fig. A.4. The transitions do not form rotational bands, but they were
tentatively grouped together in sequences. The majority of the new ~ rays depopulate
high-spin states. In this work only y-coincidence analysis was carried out. The observed
structures and coincidence spectra are presented below. The coincidence spectra were

obtained by placing gates on the total projection spectrum shown in Fig. A.5.
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given in keV. The previously reported levels that could not be observed in the current
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FIGURE A.5: The ungated spectrum from the total projection of the ~-y matrix,

showing the prominent y-ray peaks of **°Gd.

A.3.1 Previously reported sequences

Sequences 3, 4, 6, and 7 (S3, S4, S6, and S7) have been previously reported [76]. They
were also observed in the current study. The present study observes S3 from spin of 67 up
to spin 16™. The 67 level decays predominantly towards S4 via the 828-keV transition.
States above 67 decay strongly toward the negative parity levels of S6 through E1
transitions. It should be noted that the 127 level is the only state of S3 that does not
decay to S6. This state instead decays to the newly observed level at 3590 keV via the
515-keV ~-ray transition. This new level also decays to the 10 level of S3 through the
302-keV 7-ray. In addition, a new 860-keV transition populating the 8T state of S3 was
identified, see Fig. A.4.

Sequence 4 is the ground-state structure of "°Gd which is known up to the 8T state. A
gate made on a member of this structure is shown in Fig. A.6.

Sequence 5 has been previously reported [76]. It develops on top of a 19~ state, and in
the current study we observe it up to spin 237.

The previously reported S6 is observed up to the 17~ level in the present study. It
was interpreted as a structure associated with octupole vibration [77]. The intense
transitions of S6 decay strongly towards the ground-state structure. A new transition
of 801 keV, feeding the 13~ state of S6, was identified in this work. This new transition
is illustrated in the spectrum of Fig. A.7, obtained by placing a gate on the 765-keV
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transition of S6.

Two new transitions belonging to the previously observed S7 were discovered [76]. This
structure is extended by one level at 4933 keV, and by one new 821-keV transition linking
this sequence with S6. Figure A.8 shows a spectrum gated on the 967-keV transition of
S7, illustrating the newly observed 745-keV transition.
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FIGURE A.6: Spectrum showing the ~-ray transitions in coincidence with 638 keV.
Members of the ground-state structure are shown in black.

A.3.2 Sequences built on the known states

Sequences 1, 2, 8, and 11 (S1, S2, S8, and S11) are new structures that are built on
previously reported states [76, 77]. S1 is a structure built on the known 23 state. It has
only two levels, and three y-ray transitions. Two of the three transitions were previously
reported. They decay out of the 27 state of S1 to the 27 state of S4 and to the 3~ state
of S6. The level at 1824 keV is reported for the first time in this work. It decays via the
306 keV to the 27 level.

Two new levels of S2 built on the known level at 2906 keV were identified. This structure
is linked to S3 through the 790-keV transition, see Fig. A.4. Sequence 8 is built on the
previously observed 7% level at 2392 keV [76]. This level decays via the three transitions
to the 67, 6 and 7~ states of sequences 3, 4, and 6, respectively. Two new levels at
3176 and 4069 keV built on this 7" known state were identified in the current work.
Sequence 11 is built on the known 127 level at 4420 keV which decays via the 232-keV
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FIGURE A.8: Spectrum showing the -ray transitions in coincidence with 967 keV of
S7.

transition to the 127 state of S7. A new member of S11 that decays to S7 was also
identified, see A.4. The known 127 level of S11 is fed by three new ~-ray transitions. A
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gated spectrum illustrating these new 7-ray transitions is shown in Fig. A.11.
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A.3.3 Sequences built on the new levels

Sequences 9, 10, and 12 (S9, S10, and S12) are reported for the first time in this work.
We report two new levels grouped as sequence 9. It decays via the 853-keV transition
to S6. A gate on this transition is shown in Fig. A.10. Structure 10 is new, comprises
two levels and decays via the 902-keV transition to the previously observed level at 4420
keV. Two levels built above this level were observed up to excitation energy of 5252
keV. This last level is fed by a new 105-keV transition, as shown in the Fig. A.4. New
members of this structures are shown in the spectra of Figs. A.8 and A.9.

Sequence 12 was identified for the first time. It is connected to S6 through the 937-keV
transition. A spectrum gated on this linking transition is displayed in Fig. A.11. Several

new states mainly decaying towards S6 were identified in this research work.
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A.4 Summary

The excited states in *°Gd have been studied at iThemba LABS through the 9Sm(*He,
4n)'%0Gd reaction. The AFRODITE array was used for detection of the y-rays emitted
in the experiment. A number of new 7-ray transitions and new levels at high excitation
energy were identified in the present work. The decay scheme of '°Gd has been con-
siderably extended. The data analysis did not produce new information on the low-spin
states. For instance the previously observed transitions depopulating the excited O;
and 2; states at 1207 and 1430 keV could not be observed in our data. We could also
not confirm the presence of the 1062-keV E3 transition previously reported to connect
the 57 and 4f states. A collective F3 transition is a strong evidence for the presence
of an octupole phonon excitation. While the data did not provide new information on
the low-spin states, which was the initial aim of this experiment, many new transitions
were identified at high spins. The present study for these transitions was confined to
~v-coincidence analysis. The spin and parity assignments for the new states and the

possible mode of excitation that generates them will be studied in a follow-up work.
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