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Abstract

Low- and medium-spin bands of ®7Os have been studied using the AFRODITE ar-
ray, following the ®6W(*He,3n)!87Os reaction at a beam energy of 37 MeV. The mea-
surements of v — v coincidences, angular distribution ratios (Rap), polarization and
~-intensities were performed using eleven High Purity Germanium (HPGe) clover de-
tectors. In the current work, all the previously known bands have been significantly
extended and five new bands have been added to the level scheme. The observed
bands are interpreted within the cranked shell model (CSM), cranked Nilsson-Strutinsky-
Bogoliubov (CNSB) formalism and Quasiparticle-plus-Triaxial-Rotor (QTR) model. Sys-
tematic comparison of bands with the neighbouring isotopes has also been made. Com-
parison of the models with experimental data shows good agreement. The configurations
of some of the previously observed bands have been modified. Most importantly, the
coupling of 27 54 band to the 11/2%[615] neutron configuration is observed for the first

time.
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Chapter 1

Background study and scientific

motivation

The shape of a nucleus is one of its most fundamental properties, and its exploration
across the nuclear landscape provides insight into the mechanisms underlying how pro-
tons and neutrons are organized. The structural interpretation of nuclei between spheri-
cal (closed-shell) and deformed (open-shell) regions, has been strongly influenced by the
Bohr model [16-18].

In effect, the shapes of most nuclei are not necessarily spherical, they may deviate away
from spherical symmetry and develop permanent quadrupole deformation and triaxiality.
Deformed nuclei can be characterised by the observation of many rotational bands. Over
the past years, extensive investigations have been carried out on the spectroscopy of low-
lying bands of these deformed nuclei, specifically in the deformed even-even nuclei ([19]

and references therein).

Deformed axially-symmetric nuclei can generate angular momentum by collective rota-
tion around an axis perpendicular to their symmetry axis. Such simple rotation in an
even-even nucleus forms its ground-state rotational band. Nuclei with triaxial defor-
mation (the three nuclear axes have different length) can rotate around all their three
axes. Such simultaneous rotation in three dimensions (3D rotation) is more complex
and in addition to the ground-state band generates some excited bands. To illustrate
the nature of these bands, let us consider the rotational energy of a triaxial even-even

nucleus,

o, o, o,
FE = 2%1}31 + 2%2}22 + 2%3}23, (1.1)
1
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Chapter 1. Background 2

where R, Rs, and R3 are the rotational angular momenta along the three nuclear axes
and &, S9, and &3 are the corresponding moments of inertia. The rotation about
the axis with largest moment of inertia is favoured, because it needs least energy for a
given angular momentum. The dependence of the moments of inertia on the triaxial
deformation =, is usually described using the empirically supported [20] irrotational-flow
model,

27

S = Sosin?(y — k‘?), (1.2)

where k labels the three nuclear axes. The moment of inertia about the intermediate

axis is largest.

The 3D rotation of triaxial even-even nuclei can be described schematically as follows,
see Fig. 1.1. The ground-state band, which is the lowest-energy band, corresponds
(approximately) to favoured rotations, where the rotational angular momentum increases
along the intermediate axis. The 2% v band, corresponds to dominant favoured rotation
around the intermediate axis too, but also involves a unit of unfavoured rotation of
approximately 2 A in the plane defined by the short and long nuclear axes, as shown
in Fig. 1.1. Therefore, while the rotational angular momentum is still increasing along
the intermediate axis the total rotational angular momentum R is tilted away from it.
The unfavoured rotation may have different projections on the short and long nuclear
axes, the total rotational angular momentum R precesses around the intermediate axis,
as illustrated in the bottom part of Fig. 1.1. Unfavoured rotation of approximately
2 h and 4 h generates the 2+ and 4% ~ bands, respectively. The excitation energy of
the v band strongly depends on the triaxial deformation ~y, for nuclei with increasing

triaxiality, the excitation energy of the v bands decreases.

While v bands can be understood as generated by the precession of a deformed triaxial
nucleus, they may also result from dynamical fluctuations, where the nuclear shape is
axially symmetric on average, but vibrates with small amplitude with respect to the ~y
parameter. One-phonon v vibration produces a 27 ~ band, while 2-phonon + vibration
generates a 47 v band. Gamma bands have been observed in many deformed nuclei and
there is often a debate on whether these bands result from the rotation of a nucleus with
rigid triaxial shape, or from the vibrations of a y-soft nuclear shape. While some of the
critical characteristics pertaining to the microscopic structure of v bands remain elusive,
it is worth noting that in the transitional rare-earth region [21-28] their excitation energy,
runs parallel to that of their intrinsic configuration (the ground-state band in even-even

nuclei), as a function of spin.

The stable even-even osmium (Os) nuclei show 2% ~ bands at low excitation energy,
suggesting that for these isotopes the 7 degree of freedom is important [1-6]. The
observed v bands together with the 0; bands in the Os isotopes with N = 106 — 116
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FicUure 1.1: Sketch illustrating the precession of the rotational angular momentum

R around the intermediate axis of a triaxially-deformed nucleus. For the ground-state

band the total rotational angular momentum R is approximately aligned along the

intermediate axis, however it is tilted away from this axis and precesses around it for

the v bands, because these bands involve unfavoured rotation in the plane defined by
the short and long nuclear axes.

are illustrated in Fig. 1.2. From Fig. 1.2, one can note that as the neutron number
N increases both the quadrupole deformation and the excitation energies of the v band
decrease steadily. The 27 state in 1920s has the lowest excitation energy observed in the
entire nuclear chart. In contrast the excitation energies of the excited O; band remain
almost constant for these isotopes varying in the range of E.;. = 1096- to 912-keV, see
Fig. 1.2. In addition candidate two-phonon v bands built on 4T states are also observed
in these nuclei. These bands show a similar trend to the v bands of decreasing excitation
energy. The nature of these collective excitations has been a controversial subject for

several decades and is still a matter of debate.

The odd-N nucleus can be a suitable candidate to study the nature of these collective
excitations. It enables the collective structures in the core to be characterised by the
manner in which the odd-N couples to the core excitations. In the osmium isotopes, the
heaviest odd-N nucleus that can be reached by the use of the fusion-evaporation reaction

is 1870s.
In the last three decades, no detailed y-ray spectroscopy has been carried out on the

1870s nucleus [7] and its level scheme has not been well established, see Fig. 1.3. To date,

known spectroscopic information about this nucleus is mainly available from the electron

http://etd.uwc.ac.za/



Chapter 1. Background 4

>
()
4 13+ 3601
14+ 3563 13*
P 12+ 3370
(=X (124 3212
[} 12+ 2857 11t 2933 " (10+) 2914
c 10+ 2656 (10 2772
(NN 100 o171 92279 (10) 2357 10t_2419 o9 2154
c 2 8 1996 (&9 20 2090(& 1856 B 2158 o) 1068
9 7+ 1685 8+ 1666 ) 18 8+ 1708 () 1713 (64 1645
T 8" 1515 4. 1405 5° 1516 (6%) 1474 (5%) 1446 6" 14655, a6,
4 1280
50 1182 . 5* 1204 4+ 1163| . -
5 o a1 4" 966 6+ 105021115 T 6 1080 (2) 1128 51144 4 170
6 3t 756 3+ 690
ﬁ w a3 & 3 4+ 548 2+ 558 4+ 580 o0
2t 155 2+ 187 2+ 206
)+ 0+ 0 O+ 0
0 or— 1880g 1900g 1920g
<
&) 4 :
> 14+ 3559 (134 3629
— 14+ 3258 (12%) 3296
>
(11%) 2957
o 14258k 12+ 2781 (10) 2788
() 12+ 2545 (10%) 2625
Llc_] 12+ 2346 (87 225890 2318
10+ 2068 89 2016
c 2t 10+ 1812 7°_ 1854 |10* 1869 6* 1878 2 B &GS (7J—+ il
6" 1589 6° 1612 T 115t
2 5% 1400 4 1502 5+ 1407 | g+ 14214% 1461 6" 1492 % iggg
T 8 1278 4o 1q91 | 8" 1273 3+ 1304 47 1204 2t 1907 35 1276 ==
+— 3¥ 1040 01042 3% 103?0 0F 1061 gi lgﬁ
o — iy 2 94. +
g 6~ 794 2891 |5 773 6" 869 ¥ U
LL 4 401 4+ 383 4+ 434
2+ 127 2+ 119 2+ 137
ol o=—x ¥0s == 1840g |G 186()g

FIGURE 1.2: Summary of collective excitations in the even-even stable osmium isotopes
showing the ground state and the excited 0;‘, 2% and 4% rotational bands [1-6].

conversion,  decay, and transfer reaction studies [29-33]. Furthermore, there are also
a few cases where this nucleus has been investigated through in-beam spectroscopy [7].
All these studies have made different contributions in the establishment of its decay
scheme. In spite of this, rotational structures built on these low-lying excitations are yet
to be fully established. More importantly, accurate determinations of multipolarities of
the transitions are still needed in order to confidently determine the spins and parities
of the excited states, which could subsequently allow one to understand the microscopic
nature of the low-spin states and parities of rotational structures reported in the previous
studies [7, 29-35].

The Nilsson diagram shown in Fig. 1.4, which represents the single-particle excitations as
a function of the nuclear quadrupole deformation, was used to identify the approximate
Fermi surface for ¥7Os. The single-particle orbitals that lie close to the Fermi level are

labelled in different colours, as indicated in Fig. 1.4. The quadrupole deformation e
for 1870s is 0.21 [7].

The main objective of this work is to study the spectroscopy of 187Os in order to get an

insight into the general behavior and microscopic nature of the low-lying single-particle
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FIGURE 1.3: Decay scheme of 1#7Os established by the previous in-beam work [7].

structures and expand on the experimental data reported in previous studies [7, 29-36].
Most importantly, we intend to investigate the coupling of the odd-nucleon in '¥70s to
the collective excitations (particularly the 4 band) of the '8Qs core. As shown in Fig.
1.2, the lowest collective excitations of the core that lie within the pairing gap (~ 2
MeV) are the 4 bands. Therefore, we would expect to observe bands which are due
to the coupling of the 7 bands in the neighboring even-even cores with some valence

nucleons.

The nature of the v band in the Os isotopes is not fully understood, thus to shed some
light on their structure we have to rely on nuclear models. There are different models
that produce v bands, based on different assumptions. There is a v band which is caused
by the rotation of a triaxial nucleus, like the one that is predicted by the triaxal rotor
model [37]. There is also a 7 band which comes from the assumption that the nucleus
is v soft and its shape oscillates between prolate and oblate deformation with equal
probability throughout the whole range of the v degree of freedom (model of Wilets
and Jean) [38]. We also have the v band that comes from the Bohr Hamiltonian [39).
This v band is associated with a v phonon vibration which means that the nuclear shape
oscillates around an axially-symmetric deformation. In an odd-mass nucleus the v band,

(with whatever nature it has) would couple to the odd nucleon.

In an axially symmetric nucleus a single-particle orbital with angular momentum j can
couple to the one-phonon quadrupole vibrations of the core, either with its angular
momentum j parallel to the vibrational angular momentum to produce K-~ = (2+j), or

it can be anti-parallel to give a rotational band with K. = |2 — j|. In the transitional

http://etd.uwc.ac.za/



Chapter 1. Background

s

172[750)
1/2[631]

(72[404]
524021

Ay
172(640]

Jermo

0.6

FIGURE 1.4: Nilsson diagram for neutrons (82 < N < 126) showing the single-particle
energies as a function of the deformation parameter (e2). Orbitals that lie close to the
Fermi surface are shown in different colours, modified from Ref. [8].
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region there are few examples where both K- and K. couplings have been reported
[40, 41]. On the other hand, if the v band involves a large single-particle component
from the orbital j a blocking effect can occur. For instance the blocking observed in
155Gd for the coupling of the hq; /2 neutron and the 02+ state of the core, suggested that
this core state corresponds to a wavefunction with a considerable vhy;/y contribution
[42].
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Chapter 2

Nuclear structure description

using theoretical models

2.1 Introduction

The structural behavior of each atomic nucleus depends on the manner in which the nu-
cleons interact within the nuclear medium. One of the challenges that nuclear physicists
face, is to find a simple way to deduce the basic structure of a nuclear system directly
from individual interactions of nucleons within the nucleus. It is still impossible to do
that because the underlying interactions of neutrons and protons in the nuclear medium
are still not entirely understood [43]. In a long search to address such limitations, nuclear
physicists have persistently relied on the adoption of theoretical models. These models
basically originate from mathematical formulations that have been used to describe well
known physical systems, which share some intrinsic similarities with those of nuclei. A
model that can predict most of the features that the nucleus exhibit can be regarded as
a good nuclear model. However, up to date there is no single nuclear model that can
fully describe the majority of features that nuclei exhibit. The reason being that every
nuclear model was designed to meet some certain goals and has its own limitations.
For instance the spherical shell model is a suitable model one can use to account for
majority of features found in magic nuclei or nuclei near closed shell (shell gaps). While
other models, such as the Nilsson model can be relevant to predict features observed for
nuclei located far away from shell gaps. To date there are a varieties of nuclear models
that one can use, but the use of any nuclear model depends on how it is related to the

properties the nucleus of interest [44]. In the current chapter nuclear models such as
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the Nilsson model, the cranked shell model (CSM), and the Quasiparticle-plus-Triaxial-
Rotor model (QTR) will be reviewed. We will also briefly describe terminology relevant

to our experimental results.

2.2 The liquid drop model

The liquid drop model was presented by Bohr in 1939 [45]. In this model he correlates
the properties and the shape of the nucleus with that of the liquid drop. By doing so, he
was successful in developing the first nuclear model which became instrumental in laying
a foundation on the description of some of the fundamental nuclear phenomena such as
nuclear fission, binding energy, the compound nucleus description of reactions, etc. Over
the years, owing to the advancement of experimental techniques and apparatus, there are
numerous experimental features that have been observed which could not be explained
within the frame work of the liquid drop model. For example, the deviations in the
experimental binding energies as a function of mass (due to shell effects) could not be

accounted for. This led to the introduction of the shell model in nuclear physics.

2.3 The nuclear shell model

The nuclear shell model is a microscopic model which describes the motion of the indi-
vidual nucleons. This model can be regarded as a tool used to explore some basic nuclear
observables for the nuclei near the closed shells. The model describes the motions of the
nucleons through single-particle excitations. This model forms the basis of other more
complex nuclear models. The nuclear shell model was initially designed to account for
some of the nuclear properties which were beyond the liquid drop model. This includes
the discontinuous behaviour in the separation energies at specific values of neutrons and
protons. These magic numbers of protons and neutrons are also known as shell gaps
[46]. Experimentally, these discontinuities were observed to occur for the same proton
(Z) and neutron (N) numbers namely, 2, 8, 20, 28, 50, 82, and N = 126.

For any shell theory to be regarded as a success it must be able to reproduce the shell
closures at those occupation numbers. In an attempt to reproduce those shell closures the
nuclear physicists developed a nuclear shell model with a harmonic oscillator potential.
This model produces shell gaps with magic numbers of 2, 8, 20, 40, 70 and 112 [47].
While the first three magic numbers were in agreement with the experimental data, the
consecutive higher ones were not. The Woods-Saxon and square-well potentials were

also used to address this issue, but there was no success. To address this problem,
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adjustments had to be made and [? and spin-orbit terms were added to the Spherical
Harmonic Oscillator (SHO), see Fig. 2.1. This correction was introduced in 1949 by
Mayer [48] following a suggestion by Fermi, and independently by Haxel, Jensen and
Suess [49].

It is worth mentioning that the shell model is one of the most successful models in nuclear
physics. It remains the standard of comparison for all other models and provides the
justification and microscopic basis for the macroscopic collective models. This model
was very successful in accounting for the observed nuclear properties such as spin-parity

assignment of the states.

2.4 Nuclear surface deformations

The nuclear surface deformation can be described in the geometrical collective model
first proposed by Bohr and Mottelson [18, 39] and detailed by Faessler and Greiner
[50-55]. The nuclear surface can be described by a radius vector R which points from
the origin to the surface. While different shapes are given by an expansion in spherical
harmonics Y (6, ¢),

'9) A
R=R(0,¢)=Ro|1+> > anY(0,9)], (2.1)

A=0 p=—XA

where R(6, ¢) represents the nuclear radius in the direction (6, ¢), Ro is the radius of a

spherical nucleus and Y (6, ¢) are the spherical harmonics [37, 56].

The symbol A represents the multipolarity of the shape, which also describes the dy-
namical properties of the nucleus. This parameter also describes the parity carried by
the mode through the 7 = (—1)* relation. The parameter u is an integer taking its
values from —A\ to +A. The ay, parameter describes the changes of the nuclear volume
with respect to the multiple order A. For instance, A = 0, 1, 2, 3 and 4 correspond to
monopole, dipole, quadrupole, octupole and hexadecupole deformations respectively, see
Fig. 2.2. The terms of interest are those with A = 2 (quadrupole), and A = 3 (octupole),
respectively. Most of the models discussed in this work are based on quadrupole nuclear
deformation. It is therefore in the author’s best interest to discuss aspects related to
this topic at relative length. The quadrupole deformations, have five coefficients for ay,.
However, not all of them describe the shape of the nucleus. Three of them determine
only the orientation of the nucleus in space and they correspond to the three Euler

angles. These coefficients can be transformed to the body fixed system which coincides
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FIGURE 2.1: Schematic representation of energy levels in a modified oscillator potential.

The levels that belong to the harmonic oscillator potential are on the left side of this

diagram. These levels are split by the [? term to produce the second set of levels. The

third set of levels which represent experimental observed shells shown on the right of
this diagram are due to the spin-orbit (I.5) term [8].
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FIGURE 2.2: Schematic representation of dipole (A = 1), quadrupole (A = 2), octupole
(A = 3) and hexadecupole (A = 4) deformations [8].

with the major axes of the nucleus by applying a suitable rotation. Then the five coeffi-
cients of a, reduce to two real independent variables agg and a2 = aa_2. Since ag; =
ag_1 = 0, which together with the three Euler angles 2 = (21, Qg, 23) give a complete
description of the system. The coefficients asy and asgo are related to the Hill-Wheeler

[57] coordinates B, v (8 > 0) through the following equations:

Qg = B2 COS 7, (2.2)
1 .
Qg = ﬁﬁg sin . (2.3)

The factor % was chosen such that

Z |z, |? = ady + 203, = 53, (2.4)

o
The parameters 52 and v can be used to determine the nuclear shape. The parameter
is a measure of deviation from axial asymmetry called the triaxiality parameter and (5o
represents the extent of quadrupole deformation. The increments of the three semi-axes

in the body-fixed frame as a function of 82 and  are given by

SRi(6,6) = \/Eﬁz cos(y — %”k), (2.5)

where k refers to the three principal axes of the nucleus [37, 44]. Further, when v =
0 rad, the x = y while z is stretched that is z > x = y. This results into a nuclear
deformation known as the prolate shape, which is axially symmetric. This shape is
obtained when 5 > 0, v = 0°. If v is increased, the axial symmetry is lost because the
x axis is elongated and y < x < z. At this step, the three axes are unequal and the
surface shape is called triaxial. When ~ reaches %, the x axis is equal to the z axis such

that another axial symmetry occurs where y < x = z, and this results into the oblate
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FIGURE 2.3: Schematic representation of the nuclear shape in 8 and ~ plane with A =
2 (quadrupole shapes). Figure taken from [9].

shape, see Fig 2.3. The latter has an hamburger shape and corresponds to 8 > 0, v =

60° condition.

The B2 and v parameterization is suitable when the nuclear potential is of Wood-Saxon
type. This parameterization is used in Cranked Shell Model (CSM) and the Total
Routhian Surface (TRS) calculations. Another parameterization is expressed in terms
of the quadrupole deformation parameters €5 and -, which is often referred to as Nilsson

parameterization [12].

2.5 Nilsson model

Over the past decades, the spherical shell model has been used as a tool to describe
nuclear properties across the nuclear chart. However with the growing amount of nuclear

data experimental results showed that not all nuclei are spherical. Many nuclei that have
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neutron and proton numbers far from shell closures are deformed. Obviously, in that
case the assumption of a spherically symmetric potential fails. Instead of discarding the
spherical shell model, a deformed potential was introduced, giving rise to a variety of
deformed models. The most commonly used model of this kind is the Nilsson model,
named after S.G. Nilsson, its principal designer [58]. The Nilsson model is one of the
most successful nuclear models ever developed. It accounts for most of the observed
features of single-particle levels in many deformed nuclei. To date, the Nilsson model
is often the first model to be relied upon when one seeks to explain newly established

experimental findings.

This model can be understood in terms of a deformation dependent Hamiltonian, com-
monly known as Nilsson Hamiltonian:
h? 4

= - 1 s =
— e is? 2.2 I e, L > 7
H = —QMV + 2Mwo r° — Muwo“r 623\/;}/20(0,@ + Cl.5+ DI=, (2.6)

where wy represents the oscillator frequency, 12 = x? 4+ y? + 22, Yoq(0, ¢) is a spherical
harmonic corresponding to a quadrupole deformed nucleus, [.5 is the spin-orbit interac-
tion term of the spherical shell model and 12 is a term meant to bring down the orbitals
with large [. The constants of proportionality C' and D can be determined by the ad-
justment to the experimental results. The details about the derivation of these terms
are well described by R.F. Casten [47].

2.5.1 Nilsson diagrams

The Nilsson diagrams as shown in Figs. 2.4 and 2.5, describe the single-particle energy
levels for a deformed nucleus. These diagrams can be easily understood when viewed in
the light of two basic concepts. The first concept being the effect of the energy levels
splitting and the second one is an interaction between two energy levels, called mixing.
The splitting of the energy levels depends on the total angular momentum j and the
nuclear deformation. This splitting is caused by the loss of sphericity of the nucleus,
which results in the removal of the degeneracy of the magnetic substates. These states
have identical single-particle angular momentum, j, but different projections on the
symmetry axis. In fact individual angular momenta (ji, j2,J3...) are typically denoted
with projections (€1, 22, Q3...) and the total angular momentum projection (2 +Q2+...)
is denoted by K. The energy levels are altered by the mixing of two levels with the same
quantum numbers K and parity m. The crossing of such levels are forbidden by the
Pauli exclusion principle. As they approach each other in energy they mix strongly, and

the states repel. This repulsion refers to the apparent bending of states observed in the
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Nilsson diagrams. This energy level description accounts for the ground state and the
first few excited states in the nuclei, where the effects of the nuclear rotation on the
states are negligible. In the case of fast rotation of the core, the effects of the nuclear
rotation on the states are no longer negligible and the Nilsson single-particle energies
need correction [8]. These diagrams are very relevant to the present work, as they are
used for the assignment of configurations to the low-energy single-particle states in 87Os

nucleus.

2.6 Cranked shell model

The cranked shell model can be considered as a version of the Nilsson model but applied
to rotating nuclei. The model was first proposed by Inglis in 1954-1956 [59, 60], and was
further developed by Bengtsson and Frauendorf in 1979 [61, 62]. This model consists
of a Nilsson potential in a rotating frame of reference. In other words we take the
single-particle energies as described by the Nilsson model, rotate the whole nucleus and
subsequently observe how the energies of each one of these single-particle levels changes
as a function of the rotational frequency. The difference between the stationary Nilsson
potential and the rotating one is the Coriolis term that acts in addition to the nuclear
force. The Coriolis term is proportional to the rotational frequency and to the projection
of the total angular momentum on the rotational axis. This model is the most successful
model when additional rotational forces influence the motion of the the nucleons. In
essence, in this model, the time-dependant Schrédinger equation (see equation 2.7) is
transformed from the space-fixed coordinate axes to the axes fixed with the rotating
body,

Oap
ot

where hy,, and ;4 represent the single-particle Hamiltonian and the wavefunction of

ih

= RiabPiabs (2.7)

the system in the laboratory frame, respectively.

In this model, high-spin states in nuclei are generated by the Hamiltonian in the intrinsic,
rotating system:
hY = hjgp — hwiy, (2.8)

where hyyp is the nuclear Hamiltonian in the laboratory system, the second term hwi,
classically accounts for the nuclear rotational effects, such as the Coriolis and centrifugal
forces in the rotating system. The energy eigenvalues of equation 2.8 are called Routhi-

ans. A Lagrange multiplier that is normally interpreted as the rotational frequency is
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FIGURE 2.4: Nilsson diagram for protons (50 < Z < 82) as a function of €5 in a prolate

(e2 > 0) and oblate (¢2 < 0) nucleus. The quantum numbers Q[Nn,A] label the states

and N is a major harmonic oscillator shell quantum number, n, is the number of nodes

in the wavefunction in the z direction and A is the component of angular momentum

along the symmetry axis or z - axis. The projection of j = [+ s onto the z-axis is given

by © = A+ X. Solid and dashed lines indicate the states with positive and negative
parity, respectively [10, 11].
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and negative parity, respectively [10, 11].
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given by w. Further, i, represents the projection of the single-particle angular momen-
tum onto the rotational axis. In addition, if all of the independent single-particles in

the system are taken into account, the cranking Hamiltonian takes the following form:

HY = Hlab - hw[x (29)

The first term Hj,p, represents the sum of all single-particle Hamiltonians in the labo-
ratory frame, while I, denotes the total aligned angular momentum over all occupied

orbitals. The details about this model are well derived and explained in Refs. [61-63].

2.6.1 Alignments

From theoretical point of view, the alignment represents the slope of the Routhian when
it is plotted as a function of the rotational frequency. Each Routhain has a different
slope which implies that it corresponds to a different single-particle alignment. The
experimental data does not tell us directly what is the alignment, in other words what is
the projection of the single-particle angular momentum along the rotational axis. The
question then is how to extract the information about alignment of the valence nucleons
from the experimental data. First of all we have to look at the rotational band and use

equation 2.10 to assign rotational frequency for each level,

E(I+1)—EI-1)
LI+1)—L(I-1)

hw(I) = (2.10)
where Aw(I) is the rotational frequency based on the excitation energy of the states
with spins I + 1 and I — 1, respectively. I, denotes the projection of the total angular

momentum along the rotational axis, see equation 2.11,

I =+/(I+1/2)2 - K2, (2.11)

where K denotes the projection of the angular momentum onto the symmetry axis. It
may be obtained from the band-head spin, if K is conserved or it may also be taken
from the Nilsson quantum numbers Q[Nn_A] of the quasiparticle configuration assigned
to the band. [ is the total angular momentum of the state and it has an intrinsic single-
particle and rotational angular momenta components. In order to find out how much
is the single particle component, i.e. the alignment, we have to subtract the angular

momentum which is due to rotation (I,) from the aligned angular momentum I, [62].
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2.6.2 Routhians

Routhians are single-particle energies in a rotating frame and they depend on the rota-
tional frequency. At zero rotational frequency these Routhians correspond to the single-
particle orbitals calculated by the Nilsson model. If the rotational frequency increases
these single-particle orbitals get modified. For the single-particle angular momentum
in the same direction as the rotation the Coriolis term becomes large and because this
term comes with negative sign, it reduces the energy. For the Routhians that appear
flat as a function of the rotational frequency, the single-particle angular momentum is

actually perpendicular to the rotation and the Coriolis term is approximately zero.

The experimental data delivers the energy F(I) of the states of the band as a function
of the angular momentum [. The experimental data should be transformed into the

rotating frame as:
B = %[E(I o ey ey s T el (2.12)

For comparison purpose, it is advisable to first calculate the experimental energies £

and the aligned angular momentum I, relative to a reference rotational band as:

=1 — ;"Tef, (2.13)
¢ = EY— B2, (2.14)

In order to determine the functions e¥ and ¢“ an appropriate choice of reference is
required. The choice of reference plays a key role in the analysis of the rotational
spectra. The ground-state rotational band or the first excited band are often used as a

reference.

2.7 Cranked Nilsson-Strutinsky-Bogoliubov (CNSB) model

The cranked shell model has proved to be a successful tool to describe the rotational
bands in most axially symmetric nuclei [62]. However, experimental results have shown
that some nuclei appear to have triaxial ground-state deformations as concluded by
the analysis of nuclear masses [64]. For a triaxial nucleus, the possibility of rotation

around any of the three principal axes is high. But before considering simultaneous
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rotation around all three nuclear axes, it is useful to examine the features of single-
axis rotation for a nucleus with triaxial shape. The general features of the rotating
nuclei can be understood in the Nilsson-Strutinsky model. In this model the rotating
nucleus is described as a rotating liquid drop where shell effects are also included [65].
The modified version of this model that includes pairing correlations is known as the

Cranked Nilsson-Strutinsky-Bogoliubov model.

The CNSB model approach is based on the ultimate Cranker formalism [66]. This
model includes the pairing, unlike in the Cranked Nilsson-Strutinsky (CNS) formalism
where the pairing is neglected. Usually at high spin where pairing is negligible, nuclear
rotational bands will have a moment of inertia which is close to that of a rigid body [67].
Therefore, a large moment of inertia indicates a large deformation, which means that it
becomes energetically cheaper to increase the spin by rotation. The fact that pairing is
negligible in the CNS approach makes it possible to specify configurations in a detailed
way, based on the occupation of orbitals which have their main amplitudes in specific j-
shells or groups of j-shells. However, with the CNSB model it is very difficult to specify
configurations in a detailed manner. The only good quantum numbers in the CNSB
formalism are parity m and signature « for protons and neutrons. The total energy for
the correct number of particles with pairing included (particle number projections) is
minimized not only in the deformation space but also in a mesh in the pairing parameters,
Fermi energy A and pairing gap A. More details about this model are given in Refs.

[68, 69]. This model was used to interpret the results for '87Os.

2.8 Collective motions

A very interesting method to describe nuclear collective motion starts from a multipole
expansion of the fluctuations in the nuclear density distribution around a spherical or
deformed equilibrium shape. The collective motions are divided into two main categories:
rotational, which gives rise to characteristic band structures and vibrational, which
consist of small oscillations around a spherical or deformed shape. These collective

motions will be discussed in the current chapter.

2.8.1 Collective rotations
Nuclei can deviate from spherical symmetry and develop permanent deformation. Such

nuclei are known as deformed nuclei. Deformed nuclei can exhibit collective rotations

about an axis perpendicular to the nuclear symmetry axis [70]. The shape of the rotating
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nucleus is determined by the nucleons, which are in rapid internal motion within the
nuclear potential. Nuclear rotation can generate excited states with excitation energies

that are predicted via equation 2.15,

2

ERot(J J(J+ 1)}7 (215)

)= 55l
where & is the moment of inertia of the deformed nucleus. By adding rotational energy
to the system, thus increasing the quantum number J, excited states are generated
and form a sequence known as a rotational band [46]. All states belonging to the same
rotational band maintain the same value for K. The energies of these excited states show
that the energy ratio for a symmetric top rotor would be approximated by E4IL / E21+ =
3.33. This ratio is significantly different for a vibrating spherical nucleus [46], and has
become one of the characteristics of identifying deformed nuclei. When nuclear rotational
motion is superimposed on an intrinsic excitation, characterized by the projection K,
the total angular momentum can take on values J = K, K+1, K+2, ..., except when
K = 0, in which cases with only even spins, J are allowed. Thus, for the rotational

energies, relative to the base energy of the intrinsic excitation, equation 2.15 becomes

2

:ﬁ[

Erot(J) J(J+1)—- K(K+1)]. (2.16)

The energy expressions, equations 2.15 and 2.16, are quite accurate to validate the

rotational concept for low spin states in deformed nuclei.

2.9 Collective vibrations

Collective motion of the nucleons can cause deformed nuclei to vibrate while rotating
and thus generate angular momentum. The modes of vibrations that we will discuss in
this chapter are the quadrupole vibrations. The quadrupole vibrations carry two units
of angular momentum, and can be classified as K = 0 and K = 2. The former are
known as (8 vibrations, and correspond to K = 0. The latter, with K = 2, are called
vibrations and represent a time dependent variation along the axial symmetry [46, 47].
These names come from the fact that the 8 vibration corresponds to fluctuations in the
quadrupole deformation [, while the ~ vibration corresponds to oscillations in ~ [47].
These two vibrational modes appear in essentially all deformed nuclei, usually around 1
MeV for A > 100 [47]. In the transitional region, 5 and  bands are usually observed
between 500-1500 keV [22, 23].
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b

FIGURE 2.6: A prolate deformed nucleus with axial symmetry showing the rotation
axis (a), the nuclear symmetry axis (c), the total angular momentum 1, and projection
K onto c.

The nature of the first-excited K™ = 0% states in even-even nuclei has been studied
extensively over the last few decades [71-82]. However, despite this the microscopic
identity of these states remains difficult to describe, more especially for nuclei located
in the transitional rare-earth region. There are three ways of which the K™ = 0" bands
can be generated. The first one is shape coexistence, the second is the pairing isomers

and the third is § vibration.

The v vibration is more difficult to visualize. It may be viewed as an alternate ”squash-
ing” of an American football in two directions 90° to the symmetry axis or alternating
along (a) and (b) axes (see Fig. 2.6), and hence this mode carries angular momentum
that is aligned with the symmetry axis, K= 2. This mode corresponds to a rotational
band with I™ = 2%, 37, 4% ... . There are two other (often used) descriptions of the
~ band, related to 7y soft and ~ rigid nuclear shape. If we say that the nucleus is
soft we mean that it vibrates in the « direction. In terms of the Wilets-Jean model [38]
the shape of such nucleus oscillates between prolate and oblate deformation keeping the
same quadrupole deformation. Alternatively the « band can result from the rotation of

a nucleus with rigid triaxial shape.

2.10 Quasiparticle-plus-Triaxial-Rotor model

The QTR model which uses a modified oscillator potential was used to perform the cal-
culations for the bands in '87Os. In these calculations we used the GAMPN, ASYRMO
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and PROBMO codes of P. B. Semmes and I. Ragnarsson [83]. These programs were ran
one after the other in the sequence as listed above. The GAMPN program is used to
calculate the single-particle energies and wavefunctions for the odd nucleon, in our case
the odd neutron. The parameters used in the current work are the nuclear deformation
parameters: quadrupole deformation €2 = 0.21, hexadecopole deformation €4 = 0, the
triaxiality deformation v = 20°, mass number A = 187 and atomic number Z = 76, also
the Nilsson strength parameters given in Ref. [84]. For asymmetric nuclear shapes the
single-particle state is made up of a mixture of Nilsson states with same parity and dif-
ferent occupation probabilities whereas for axially symmetric nuclear shapes and large
deformation the single-particle state is a pure Nilsson state. From the single-particle
states generated by the GAMPN code a set of 7 positive-parity orbitals lying close to
the Fermi level were selected and later used for the construction of the particle-plus-rotor
states. The output of the single-particle states with positive parity near the Fermi level

and generated by the GAMPN program in the current work are listed in the Table 5.1.

The ASYMO code couples the single-particle states generated by the GAMPN code
with the rotating triaxial core and calculates excitation energies and wavefunctions for
the states of the rotational bands. The PROBMO code calculates the electromagnetic
matrix elements, both diagonal and off-diagonal, from the eigenvectors of the particle-
plus-rotor Hamiltonian generated by ASYMO code. The diagonal matrix elements are
shown as the static moments (electric quadrupole moment (s and the magnetic dipole
moment p), in units of e-barn (eb) and nuclear magnetons (uy) respectively. The electric
quadrupole moment @) is the spectroscopic moment, which can be directly observed in
the experiments, while the intrinsic moment @)y rejects the nuclear deformation. The
off-diagonal matrix elements are displayed as B(E2)s and B(M1)s (in units of e?b? and
p3; respectively), and as y-ray partial transition rates T'(E2) and T'(M1). Furthermore,
= :,:C((ﬁzl)) is listed.
However our experimental setup did not have the geometry to determine precisely these

the mixed F'2/M1 transitions can be calculated and the mixing ratio 6

mixing ratios. The detailed interpretation of the current results using these calculations

are given in chapter 5.
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Chapter 3

Experimental methods

In this work, the ¥W(*He, 3n)'®7Os reaction, at a beam energy of 37 MeV, was used
to study the nuclear structure of 7Os nucleus. A stack of four '86W targets mounted
on thin carbon foils with a total thickness of 400 pg/cm? was used in this experiment.
The *He beam was delivered to the stationary target by the K = 200 separated sec-
tor cyclotron at iThemba LABS. The AFRican Omnipurpose Detector for Innovative
Techniques and Experiments (AFRODITE) 7-ray spectrometer array [85] was employed
to detect resulting -y coincidences from the excited states of ¥70Os. The array con-
sisted of 11 High-Purity Germanium (HPGe) clover detectors in bismuth germanate
(BiyGe3Oq2), abbreviated as BGO shields, 4 Low Energy Photon Spectrometer (LEPS)

and 8 Lanthanum Bromide (LaBrs) detectors.

3.1 Nuclear reaction selection

The success of a particular nuclear structure experiment depends on various parameters
such as selecting a reaction which gives highest yield for the nucleus of interest and
smaller yield for contaminants. The selection of the nuclear reaction depends on the type
of physics one intends to study. If it is the study of high spins, one will use the heavy-ion
beam such as 2°Ne, because it brings in a large amount of angular momentum. However,
for the study of low spins states a reaction with a lighter beam, such as *He, which brings
in less angular momentum will be more appropriate. For a given target and projectile
the beam energy (that will give an optimal yield and grazing angular momentum) was
determined using the Projected Angular Momentum Coupled Evaporation (PACE4)
[86, 87] simulation code. This code uses a Monte Carlo simulation to predict cross-
section and angular momentum distribution for the reaction of interest. Fig. 3.1 shows

the PACE4 calculations performed in the current work. As shown in Fig. 3.1, the

24
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FIGURE 3.1: PACE4 output for the '87Os experiment: beam energy vs cross-section.

beam energy of 37 MeV is predicted to produce the highest yield for the nucleus of
interest which is '87Os. For a fusion evaporation reaction to occur the energy of the
beam has to be large enough to overcome the Coulomb barrier. However, increasing the
beam energy too much has an undesired side effect of increasing the excitation energy of
the compound nucleus, which causes more particles to be evaporated resulting in more

contaminants.

3.1.1 Heavy-ion fusion evaporation reaction

In the study of high-spin states one searches for reactions which transfer to the compound
nucleus the highest possible angular momentum at the largest possible cross-section. It
was found that heavy-ion fusion evaporation reactions [88, 89] provide the most efficient
way to achieve this. Certain conditions have to be taken into account to make sure
that the desired nucleus is produced. These include the target-beam combination and
the energy of the incoming beam projectile. In the current work, the ¥6W target is
bombarded by a “He beam which has sufficient energy to overcome the Coulomb barrier,

and resulted in the formation of unstable excited °Os compound nucleus, see Fig. 3.2.
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The Coulomb barrier that must be overcome in order for the strong nuclear interaction

to take place is given by:

1 ZbZt€2

Ves(R) = dteg R

(3.1)

where Z; and Z; represent the beam and target atomic numbers, respectively, R is the
distance between the beam and target nuclei, e is the charge of an electron and ¢ is
the permittivity of free space. For the rare-earth region the interaction radius is best
represented by [90]:
. 1/3 1/3
R=1[136(4,"+A,")+0.5]fm, (3.2)

where A, and A; refer to a beam and a target mass number, respectively. The excited
compound nucleus releases its excess energy and gain stability through particle emission.
At this stage the neutron evaporation dominates the early decaying process of the 1°Os
compound nucleus. Three neutrons were emitted from '°Os compound nucleus and
resulted in the residual nucleus '*7Os. The emitted neutrons lower the excitation energy
by each taking away 8-10 MeV, plus kinetic energy between 1-2 MeV. In spite of this,
they carry away little angular momentum. The nucleus continues to cool off by the
emission of statistical y-rays which are dipoles in nature. These v-rays carry off little
angular momentum and remove excitation energy. Through these series of emissions
the yrast line is eventually reached. The levels near the yrast line are connected to
each other mainly by stretched E2 transitions which take 2 % of angular momentum and

eventually lead to the nuclear ground state.

3.1.2 Detecting vy radiation

A ~-ray can be classified as a form of electromagnetic radiation (each quantum of which is
called a photon), that carry very high energy. Gamma-rays are highly penetrative across
various kinds of materials. Their wavelengths are very short such that they can pass
through the detection media without interacting with any of its material particles. The
interaction of this type of radiation with the detector material depends on the electron
density of the material. In semiconductor detectors information is extracted from the
electron-hole pairs formed when the radiation interacts with the detector material. The
electron-hole pairs are known as charge carriers. The detection signal is formed by

collecting these charge carriers.

There are three key processes by which a y-ray can interact with matter, namely, the

photoelectric effect, Compton scattering, and pair production. For a germanium (Ge)
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FiGURE 3.2: The fusion evaporation reaction schematic diagram illustrating how the
compound nucleus de-excites to the ground state.

material, the photoelectric process is dominant at energies less than 0.1 MeV, as shown
in Fig. 3.3. The probability of the photoelectric effect increases as the atomic number Z
increases and decreases rapidly with increasing ~-ray energy. After 0.1 MeV, Compton
scattering is the dominant process, see Fig. 3.3. The Compton scattering is almost
independent of the atomic number, but it depends strongly on the electron density of
the material [91]. This process affects the quality of the spectra obtained. The Compton
scattered events usually contribute to an unwanted background in the detector spectra,
known as a Compton Continuum, due to scattered photons not losing their energy in
the detector. As can be seen in Fig. 3.4, the Compton continuum negatively affects
the quality of the v-rays spectrum. The background can be reduced by surrounding
the detector with Compton suppression shields that are made of materials with good
scintillation properties and a high atomic number Z such as BGO. The (Bismuth Ger-
manate) suppression shield is then run in anti-coincidence with the central detector.
As the BGO material has a very high density of electrons, it can be made less bulky
than lighter scintillators to achieve a useful degree of escape suppression. This enables
a larger number of HPGe detectors and shields to be located near a target. The third
process through which photons can interact with matter is pair production. A ~v-ray
with an energy that exceeds twice the rest mass energy of the electron (greater than
1.02 MeV), may be directly converted into an electron-positron pair. This process takes

place in the Coulomb field of the nucleus whereby a y-ray creates an electron-positron
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FiGure 3.3: Ilustration of the energy dependence of the various ~-ray interaction
processes in a germanium crystal [8].

pair. This process is dominant for y-ray energies greater than 5 MeV. The probability
for pair production largely depends on the energy of the incident «-ray and varies as
the square of the atomic number Z. The underlying theory of these processes is well

established and has been fully discussed in references [46, 92].

3.1.3 High-purity germanium (HPGe) detectors
A nucleus may emit radiation in the form of «-rays when it de-excites. The emitted

~-rays contain information about the structure of the nucleus. In order to obtain this

information we have to use detectors to detect those 7-rays. The best detectors for
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FicURE 3.4: This figure illustrates the impact of the Compton continuum on the

energy spectra. The red colored spectrum indicates a huge background caused by the

Compton scattered events and the blue colored spectrum shows a case where Compton

background has been significantly suppressed with the aid of a Compton suppression

shield. The insert shows the spectrum at high number of counts where the top part of
the photo-peaks are visible [8].

v-ray spectroscopy are high-purity germanium (HPGe) detectors. The HPGe detectors
are made of semiconductor material which has a superior energy resolution when cooled
to liquid nitrogen temperature. This superior energy resolution is possible because a
comparatively low energy, 3 eV, is needed to create an electron-hole charge pair [92].
These detectors are made of four coaxial n-type Ge crystals arranged in a form of a
clover leaf, hence the name clover detectors. Clover and LEPS detectors are examples
of HPGe detectors. Clover detectors are very efficient in measuring the high energy
v-rays above 100 keV. These detectors have a large peak to total (P/T) ratio. The large
P/T ratio is achieved by surrounding the detector with a BGO shield which reduces the
background from the Compton scattering of the high energy ~-rays. The specification
for the energy resolution for each crystal for high energy ~-rays of 1.33 MeV is less than
2.1 keV and for low energy -rays of 122 keV, the resolution is less than 1.1 keV at full
width at half maximum (FWHM). These features make the clover detector an essential
and effective tool for v-ray spectroscopy. The low energy photon spectrometer (LEPS)
detectors are made of a single germanium crystal about 10 mm thick. In the AFRODITE
spectrometer the LEPS crystals are electrically segmented into four quadrants. These

detectors are effective to detect v-rays below 200 keV as well as X-rays.
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F1GURE 3.5: Photo showing HPGe clover detectors in BGO shields in the AFRODITE
array together with LEPS detectors at the forward angles.

3.1.4 The AFRODITE array

The AFRODITE array was used to detect y-rays emitted from the residual nuclei pro-
duced in the heavy ion fusion reaction explained in section 3.1.1. The array normally
consists of two types of germanium detectors namely, clover and low energy photon spec-
trometer (LEPS) detectors. The AFRODITE-array can accommodate a maximum of 16
germanium detectors. The germanium detectors are mounted in a rhombicuboctahedron
frame which is composed of 18 square facets positioned at 0, 45°, 90°, 135° and 180°
with respect to the beam direction. The target is mounted at the centre of the array
while the 0° and 180° angles are used for the beam line. The germanium detectors are
maintained at liquid nitrogen temperature in their own cryostats. The liquid nitrogen
dewars are filled every 24 hours by an automatic filling system. Fig. 3.5 is a photograph
showing the array in the current work. The array consisted of 11 HPGe clover detectors
in BGO shields, 4 LEPS and 8 LaBr detectors.
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Ficure 3.6: A DDAS window displaying a set of parameters used for the optimization
of the system for better energy resolution of an individual detector.

3.1.5 Basic ideas on the electronics used in this experiment

In order to collect nuclear spectroscopy data an appropriate data acquisition system
is required. At iThemba LABS, Digital Data Acquisition System (DDAS) is used for
AFRODITE experiments including the current experiment (PR296). The DDAS com-
prises two distinct processes, the first process is the front-end system which consists of
XTA crate and Pixie-16 modules connected to a server PC. The server PC hosts and runs
the acquisition for data collection. The second process is the control part on the server
PC running the merge, filter, event-building, on-line sorting, storage and graphic unit
interface. Data are read from the merger and output to tape server. The tape server
receives and stores data locally, either on a USB, tape, disc, network, etc. The stored
data can be sorted with the MTsort [93-96]. A DDAS window that shows an example
for a set of input parameters used to optimize the system for better energy resolution

for an individual Ge crystal of a clover detector is shown in Fig. 3.6.
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3.2 Data analysis

This section explains the techniques and methods used to analyse the data obtained
from the current work. The data was collected over 9 shifts. The large amount of
data collected was copied to external hard drive at the end of the experiment for offline
analysis. Midas [93] and MTSort were used to sort our data into a matrix form. The
RadWare [97] software packages were used to examine the matrix effectively determine

the coincidence relationships of the observed v events.

3.2.1 Gain-matching

In general, the gain of all data acquisition channels is different, thus the correspondence
between the energy and the channel number is different. Therefore, before combining
the data from different detectors for data analysis all clover detectors have to be gain
matched to avoid mismatching in the spectra. During the experiment, there were changes
in the gain-matching coefficients of the clover crystals, also called gain drifts which were
probably caused by temperature variations during the run of the experiment. These
drifts disrupt the energy calibration, and result in the peaks in the clover spectra being
misaligned. The shifts were corrected by using an accurately calibrated spectrum from
the beginning of the experiment. The shifted spectra were fitted in GF3, their centroids
extracted, and the correct gain-matching coefficients were obtained. The AG command
was used to test whether the drifts can be corrected by applying a linear transformation

to the position of each channel as shown in equation 3.3,
' =a+ bz, (3.3)

where z’ is the new channel number, z is the old (shifted) channel number, b =
(OLDCH2-OLDCH1)/(NEWCH2-NEWCH1) and a = OLDCH2 - b*NEWCH2. After
confirming that the drifts were linear the measured shifted centroids of two reference
peaks were measured for each run and gain drift correction was introduced. It is im-
portant to be consistent with the choice of the peaks used for gain-matching. Once the
gain-matching process has been completed, the data has to be sorted again to make sure

that all the peak centroids from all the clover detectors and in all runs are aligned.

3.2.2 Energy calibration

In order to properly identify the various y-ray peaks in the spectra of the detectors, the

detectors must be calibrated. From the detectors we collect the charge signal for which
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the amount of charge corresponds to the detected ~-ray energy. The data acquisition
system transforms the energy information into channel number. In order to identify
peaks, we have to do energy calibration to convert back from the channel number to
energy. One reason to do energy calibration for each experiment is because the detectors
may perform differently from one experiment to the next. A radioactive ~y-ray source
such as %2Eu, 133Ba, %°Co is commonly used to supply peaks of known energies in the
spectrum. This is done because the raw data stored on the hard disk is in the form of
channels and the correspondence between the channels and the energies is not the same
for any two crystals. This correspondence between the energies and the channels for each
crystal is determined with the help of data from a source of known v-ray energies. In the
current work we used '%2Eu source which has -ray energies that are not very different
from those to be measured in the 7Os spectrum. This source has a y-ray spectrum with
the energies ranging from 40 to 1408 keV and also the relative intensities for these «-rays
are well known [98]. The energy calibration was done before the start of the experiment,
where the '52Eu source was placed on the target ladder inside the target chamber and the
data were recorded in event mode. In the current work we used the RadWare software
package [108] to determine the centroid of each photo-peak and to fit the spectra for
152Fu source. This software has a built-in functions for energy calibration functions
such as "ca”, "ca3” and "ca4”. However in this work we used the "ca” command to
automatically fit the entire spectrum and calculate the energy calibration coefficients.
The ”ca” command requires the source file (.sou) which contains v-ray energies and
intensities of all the individual radioactive sources. The relations between the data
acquisition channel x and the 7-ray energy for the clover detectors was parametrized

using the quadratic equation:

E=la+%g + e, (3.4)

where a, b and c are energy calibration coefficients for an individual crystal of all the
clover detectors and x is the channel number. These coefficients are used in the sorting

code to gain match the collected data during the experiment and offline.

3.2.3 Addback

The clover detectors of the AFRODITE ~-ray spectrometer are made up of four crystal
elements. This configuration is important because it enhances the peak-to-total ratio
P/T by applying an add-back procedure. Therefore, y-rays can be fully absorbed in
a single crystal or can be Compton scattered first in one crystal and then in another

crystal. The energy deposited in the first crystal can be added to the energy deposited
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in the second crystal to recover the total energy of the y-ray. This technique is called

addback and is very important in increasing the photo peak efficiency for high energy

y-rays.

3.2.4 Efficiency calibration

Efficiency of a detector can be defined as a ratio between the number of y-rays detected
over the number of y-rays emitted by the source. For instance, if we have a source
that emits 100 ~-rays, and the detector detects all 100 ~-rays, it means the detector has
100% efficiency. If it detects 50 out of 100, it has 50% efficiency. After the experiment
the efficiency calibration was done to accurately determine the intensity of the ~-rays
measured during the experiment. Unlike for the energy calibration discussed in section
3.2.2, when we collect data for the efficiency calibration the source must be exactly
placed at the target position to reflect the efficiency relevant to the collected data. In
the present work a ®?Eu source was used to perform efficiency calibration. The data
were recorded in singles mode and later sorted offline using the MTsort program [94] and
the output spectra were converted into RadWare [97] readable format using the eg2rad
command. The RadWare GF3 program was then used to find the peak areas and the
centroids for peaks in the source spectrum. The RadWare EFFIT program was used
to fit the data points obtained from the '%?Eu source. The program EFFIT reads the
data from the input file .sin and fits an efficiency curve for the data using the following

expression:

u ix ot
ey = elATBHCe®) "+ (D By RFy) 79 | (3.5)
where G denotes the interaction parameter between the low and high energy regions.
Parameters A, B and C' describe the efficiency at low energies and D, E and F' describe

the efficiency at high energies. The parameters x and y are given by:

v =1n [f&)] , (3.6)
y=in [1580} ' (3.7)

The relative efficiency curve shown in Fig. 3.7 was obtained using the RadWare EFFIT
program [97]. As shown in Fig. 3.7, the efficiency is energy dependent and its maximum
for clover detectors occurs at ~122 keV. At low energy the efficiency of the detector de-

creases steeply as the absorption by the cryostat end-cap increases. At higher energies
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FI1GURE 3.7: Relative efficiency curve for all 11 AFRODITE clover detectors measured
with a ®2Eu source.

there is a higher probability that the ~-rays will not interact with the crystals. The
probability to detect high energy ~-rays is much smaller compared to those with energy
~200 keV, which are stopped and easily detected. This decrease in efficiency is caused
by the decrease in cross section of both the photoelectric effect and Compton scattering

as a function of the energy of the v-rays, see Fig. 3.3.
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FicURE 3.8: A plot of the time spectrum showing the difference in the times of two
coincident y-rays. The prompt events occurred in the range 988-1008 ns.

3.2.5 Time gate condition

In order to minimize the randoms in our data, the sorting code was edited and different
time gates were chosen, for an example the 200 ns gate shown in Fig. 3.8. This time
gate was chosen to maximize the events from the nucleus of interest to be sorted and
the unwanted events, such as, randoms and background to be vetoed. A shorter time
gate results in fewer randoms and the longer time gate results in more randoms. The
random coincidences cannot be completely avoided, but they can at least be minimized
[12]. However, a too short coincidence window can cause a loss of efficiency to detect
low energy transitions which demand slightly longer time for charge collection. For this
reason three sorts, each with a different time-gate, were performed, the first with a true
gate of 10 channels (100 ns), the second with 20 channels (200 ns), and lastly with 31
channels (310 ns). The 200 ns time gate was found to be the perfect time gate in this

work. Therefore this gate used for the construction of the present level scheme.
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3.2.6 Coincidence matrices

After the clover data have been gain matched, it was sorted into five Rad Ware-compatible
[97] -y matrices. The first one was used to build the level scheme of the 87Os nucleus.
It is a symmetric matrix (equal counts on both = and y axes). Two asymmetric matrices
were used to measure angular distribution ratios. In these matrices the «-ray energies
on the x-axis were detected by all detectors while the ones on the y-axis were detected
by the detectors at 90°, or 135°. These are the 90° vs all matrix and 135° vs all matrix,
respectively. The other two asymmetric matrices were used in the polarization analysis,
for the purpose of parity assignments. The v-ray energies on the x-axis were also de-
tected at all angles and the ones on the y-axis were detected by the detectors positioned
at 90° with respect to the beam direction, taking only the events that correspond to per-
pendicular and parallel Compton scattering events only. The RadWare code ESCL8R
was used to examine the -y matrix and study the y-v coincidence relationships. This
code enables the user to set individual gates on transition energies on one axis and
project them onto the other axis. The resulting spectrum displays transition energies
that have been detected in coincidence with a ~-ray energy that is gated upon. This
mechanism can be easily understood in terms of the demonstration shown in Fig. 3.9
(i) which presents a -y matrix. A series of gated ~-rays spectra, which demonstrate
how the coincident ~-rays appear in the gated spectra are also shown in the figure. The
analysis of such gated spectra helps to discover the coincidence relationships and build

the level scheme of the nucleus, as discussed below.

3.2.7 The -y coincidence

The decay process of an excited nucleus usually produces many ~-rays that are emitted
in quick succession. When these ~v-rays hit the detectors, for each of them, the data
acquisition records the 7 energy, detector number and the arrival time. When the data
are sorted, for every coincident event recorded, the time difference between any pairs of
the detectors is calculated and checked if it is within the coincidence window. In the
current experiment, a coincidence time window of 200 ns was set and any pairs of y-rays
that arrived within that time were considered a ~y- coincidence event and the ~y-rays
were regarded as belonging to one decay path. However, tracking down numerous decay
paths that are formed following a fusion evaporation reaction is usually a challenge.
This is mainly because the resulting v decays are a consequence of a countless number
of nuclear levels, which span over a broad range of excitation energies, starting from

zero to about tens of MeV.
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FIGURE 3.9: This figure demonstrates how to set a gate on the -y matrix and also
how to observe the -rays that are in the same decaying path. For example, when a
gate is set on 400 keV (E,, axis) and projected on (E., axis), the resulting spectrum
(see section (d) of this figure) displays «-rays, which share the same decay path with it
(i.e., 200-, 600-, 800- and 900-keV). After careful consideration of all decay paths, the
information can be used to build a level scheme such as the one shown (ii). The labels
(a), (b), (c), (d), and (e) represent gated spectra and the blue shade denotes the gate

on each spectrum [8].

3.2.8 Construction of the level scheme

The ESCLS8R is an interactive program for graphics-based analysis of -y coincidence

data for the construction of level schemes.

It allows to edit, built-up level scheme

continually as the analysis proceeds. Energies and intensities of the ~-ray transitions

in the level scheme can be fitted using the -y matrix. Shown in Figure 3.10 is the

background-subtracted total projection spectrum of the current work. Level scheme

building process starts with known transitions, known levels and known cascades and it

can be expanded as the investigation of spectra that are gated below or above of those
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FiGure 3.10: Background-subtracted total projection spectrum. The v rays denoted

by violet and labelled by a (@) symbol belong to 8°0s. The 7 rays that belong to

1860g are labelled in green and a hash (#) symbol. The v rays labelled in red and

asterisk (*) symbol belong to the *¥7Os nucleus. The v rays denoted by maroon and
labelled by a ($) symbol belong to the 8Os nucleus.

known ~-ray transitions are investigated. If we take a gate on the lowest ground-state
transition, we see hundreds of transitions in the spectrum and it is hard to determine
how to place them in the right position in the level scheme. If we take a gate on a
known transition that is positioned at a higher energy in the level scheme, we see only
the transitions that feed the initial level of the gating transition or decay below the final
level of the gating transition. Such gated spectra contain fewer peaks and it is usually

easier to identify the placement of the observed new transitions.

3.2.9 Measurement of y-rays relative intensities

The v-ray intensities are important for calculating the angular distribution ratios, transi-
tion probabilities and branching ratios. They are also useful for the coincidence analysis
and the level scheme construction. These v-ray intensities can indicate the ordering
of the transitions in rotational bands. The ~-ray intensity is deduced from the gated
spectra, which are fitted to obtain the areas of the peaks of interest and their correspond-
ing uncertainties. In general the ~-rays intensity can be calculated using the following

relation:
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L =22 (3.8)

where A, is the area of the peak and e, is the efficiency of the array for the energy of
the ~v-ray of interest. However in this work ”xmesc” program was used to measure the
intensities of the y-rays of the '87Os nucleus. This program uses the command ”Fit”
to fit the intensities of the y-rays added in the decay scheme of the '¥7Os nucleus. The

measured intensities for the y-rays of interest are listed in Table 4.1.

3.2.10 Spin and parity measurements

The spin and parity measurements of the energy levels were performed upon building
the decay scheme. It was done by analyzing the angular distribution ratios and the

linear polarizations of the emitted ~-rays.

3.2.10.1 Spin measurement

For fusion evaporation reactions the intensity of the y-rays emitted in different directions

in space obeys an angular distribution which is given by [12, 99]:

W(9)= Z OékAk(Ji,Ll,LQ,Jf)Pk(COSQ), (3.9)

k=even
where Pi(cosf) is Legendre polynomial and depends on 6 only, Aj are the angular
distribution coefficients which are theoretically calculated. The Ay depend on the initial
and final spins J; and J; respectively, on the multiple order of the radiation L; and if the
transition is mixed on Lo = L1 + 1, and the mixing ratio . The attenuation coefficients
ay have values between 0 and 1 and are expressed as a function of the distribution
parameter (0/J), where o is the Gaussian parameter of the alignment of the nuclear

state and J is its spin [12, 99].

In the current work, the AFRODITE array consisted of 4 clovers at 135° and 7 clovers
at 90°. The angular distribution ratios were deduced from data collected using detectors
at 90° and 135° and the measured ratios were used to assign spins to the excited nucleus

states. The angular distribution ratios in this work are given by:

135° Il
L[> (Gateds,))

= O—a7 (3;10)
I?{? (Gated,yél)

Rap
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Fi1GURE 3.11: Compton scattering in clover detector for stretched electric and magnetic
transition, modified from [12].

where the numerator of equation 3.10 denotes the coincidence intensity of the y-ray of
interest, 1 detected at an angle of 135°, gated on o detected in all detectors. The
denominator of equation 3.10 denotes the coincidence intensity of -; detected at an
angle of 90°, gated on 7o detected in all detectors. The measured R4p ratios gives a

value ~0.43 for pure stretched dipoles and a value of ~0.87 for a stretched quadrupoles.

3.2.10.2 Parity measurement

Linear polarization measurements were performed to determine whether the ~-ray is
electric or magnetic in nature. In linear polarization measurements we are mostly in-
terested in a fraction of the y-rays that hit a crystal of a clover detector and Compton
scatter into another crystal where they are absorbed. As these ~-rays have larger prob-
ability to scatter perpendicular to their electric field vector E, one can determine an
electric or magnetic nature of the transition by knowing the Pointing vector P which
is a directional vector of the electromagnetic energy and measuring the direction of E
from the number of double hit events scattered vertically and horizontally, see Fig. 3.11.

The polarization anisotropy Ap is expressed as:

Ap = Z‘m (3.11)
where Ny and Np are the number of y-rays scattered between the crystals of the clover
detectors at 90° perpendicular and parallel to the beam direction, respectively. The
relative efficiency parameter « = N /Ny, is determined using unpolarized ~-rays as «

= 1.07.
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Chapter 4

Experimental results

This chapter presents results on the '87Os level-scheme that were obtained in the cur-
rent work. The AFRODITE ~-ray spectrometer array [85] was used to detect v — ~y
coincidences events produced from the 86W(*He,3n)!870Os reaction at 37.0 MeV. The
experimental set up for this work is discussed in chapter 3. The data from the 11 HPGe
clover detectors in BGO shields were analyzed and the results are presented in this chap-
ter. Approximately 3.7x10° events were unfolded from the data in the offline analysis
and replayed into a v — vy RadWare [97] matrix through which the level scheme for the

187()g nucleus was created.

4.1 Rotational bands in *"Os

The nuclear structure of ¥"Os was previously investigated in Refs. [7, 29-36, 100]. In
their work, the band heads and some low-energy levels of the rotational bands of 87Os
were observed but not fully established. The current work is aimed at searching for new
collective structures and extending the known rotational bands of 7Os. In this present
work we have not only managed to reproduce and confirm the validity of the findings by
the previous in-beam work [7] but have also established numerous additional rotational
structures, see Figs. 4.1, 4.12 and 4.18. New transitions deduced in the present work
are labelled in red, while transitions from previous in-beam work are labelled in black.
Angular distribution and polarization measurements have been performed to identify the
spins and parities of newly established structures and to confirm the assignments made
by the previous works. Measured properties of y-rays and rotational levels observed in

this work are listed in Table 4.1.

42
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TABLE 4.1: The angular distribution ratios, Rsp, the y-ray intensities and the po-
larization asymmetries, Ap, measured for the v-ray transitions with energies of E,,
together with the assigned multipolarities (y Mult.). E; (') and Ef (If) are the en-
ergy (spins) for the initial and final levels, respectively. The star (*) symbols indicate
the new transitions that have been established in the current work. The dash sign (-)
refers to information that could not be obtained. The uncertainties on the ~-ray ener-
gies are typically of 0.3-keV for strong transitions and up to 0.5-keV for weak transitions
and doublets.

Band 1
E; (keV) E; (keV) E, (keV) I, IT I}r Rap Ap ~v Mult.
74.4 0.0 74.4 - 3/2~ 1/2=  0.46 (9) - M1/E2
329.9 74.4 255.5* 55.3(9) 7/2” 3/27 0.86 (1) 0.22 (18) E2
731.7 329.9 401.8* 36.1(12)  11/2~ 7/2=  0.87 (1) 0.21 (11) E2
1259.7 731.7 528.0* 24.8(8) 15/2= 11/2= 0.96 (2) - E2
1883.9 1259.7 624.2* 15.9(5) 19/2=  15/27 0.94 (2) - E2
2558.6 1883.9 674.7* 8.5(3) 23/2=  19/2= 0.97 (2) - E2
3237.1 2558.6 678.5* 2.40(12)  27/2-  23/2~ 0.94 (2) - E2
Band 2
187.2 0.0 187.2 5.9(3) 5o/ 1/2=  0.80 (3) - E2
187.2 9.8 177.4 8.9(6) 5/27 3/2=  0.73 (2) - M1/E2
508.1 187.2 320.9 20.7(10) 9/2~ 5/2-  0.84 (2) - E2
508.1 190.5 317.6* 5.3(3) 9/2- 7/2=  0.88 (7) - M1/E2
951.2 508.1 443.1* 15.1(6) 13/2~ 9/2= 0.72 (3) - E2
951.2 511.3 439.9* 3.9(3) 13/2=  11/2= 0.47 (2) - M1/E2
1494.8 951.2 543.6* 9.6(4) 17/2=  13/2= 0.97 (3) - E2
2110.6 1494.8 615.8* 6.6(3) 21/2=  17/2= 0.93 (4) - E2
2762.0 2110.6 651.4* 2.15(14)  25/2—  21/2~ 0.77 (8) - E2
Band 3
190.5 9.8 180.7 21.4(6) /27 3/2=  0.84 (1) - E2
511.3 190.5 320.8 SO LAS BD 7/2-  0.88 (1) 0.11 (19) E2
956.6 511.3 445.3* 31.1(10) 15/2= 11/2= 0.86 (2) 0.05 (18) E2
1492.1 956.6 535.4* 5.9(6) 19/2= 15/27 0.88 (4) - E2
1492.1 935.0 557.1* 21.1(7) 19/2= 15/2= 0.98 (2) - E2
1492.1 1209.6 282.4* 6.9(3) 19/2— 17/27 0.44 (4) - M1/E2
2102.1 1492.1 610.0* 24.9(8) 23/2=  19/2= 1.03 (4) - E2
2729.5 2102.1 627.4* 10.7(4) 27/2—  23/27 1.05 (3) - E2

All the R4p ratios in Table 4.1 were obtained by setting a gate on pure stretched
quadrupole transitions. The experimentally measured R 4p ratios as a function of energy
is shown in Fig. 4.2. For polarization measurements, the Ap values yield Ap < 0 and

Ap > 0 for pure stretched magnetic and electric transitions, respectively, see Fig. 4.3
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4.1.1 Negative-parity bands

This section presents the results for the negative-parity bands of '87Os deduced in this
work. We report eight negative-parity bands in the current '7Os level scheme. Bands 1,
6, 7 and 1A are entirely new, while bands 2, 3, 4 and 5 have been significantly extended,
see Fig. 4.1.

4.1.1.1 Bands 1 and 2

Band 1 is a new rotational sequence built on the known 74.4-keV energy level. This level
was assigned the -1/2 signature of the 1/27[510] Nilsson configuration [7]. In the present
work, 6 in-band transitions have been added to band 1. The angular distribution mea-
surements carried out for all in-band transitions are consistent with stretched quadrupole
(Al = 2) nature. Band 1 decays to the 0 keV level via the 74.4-keV transition. Fig. 4.4

shows a spectrum with transitions associated with band 1.

Band 2 has been previously observed up to I™ = 9/2~ by Ref. [7]. In the present work
this band has been extended significantly up to I™ = 25/27. The R 4p values extracted
for the in-band transitions, which include the four new transitions (443.1-, 543.6-, 615.8-
and 651.4-keV), are consistent with stretched quadrupole (Al = 2) nature. This band
decays to band 3 through the 439.9-, 317.6- and 177.4-keV transitions. While the latter
(i.e 177.4-keV transition) is known from the previous study [7], the former transitions are
new. According to Ref. [7], the multipolarity of the 177.4-keV transition is consistent
with mixed M1/E2 nature. The Rap values for the 177.4- and 317.6-keV transitions
measured in our work also suggest that these linking transitions have mixed M1+4E2
nature. The R p value for the 439.9-keV transition however shows that this transition
is a stretched dipole. Therefore bands 2 and 3 have the same parity and are linked
by I — (I — 1) transitions. This is in agreement with the previous spin and parity
assignments for the low-energy levels of these bands. Fig. 4.5 shows a coincidence

spectrum which confirms the presence of the new transitions of band 2.

4.1.1.2 Band 1A

As shown in Figs. 4.1 and 4.6, a series of new levels that decay to band 1 have been
observed and are identified as Band 1A. This band decays to band 1 via 406.1-, 533.3-
and 633.2-keV transitions. The R p values for the 406.1- and 633.2-keV transitions
were found to be 0.59(2) and 0.46(3), respectively, suggesting that these transitions
have stretched dipole (Al = 1) character. The R4p value for the 533.3-keV transition

http://etd.uwc.ac.za/



Chapter 4. Ezxperimental results 45

could not be obtained due to insufficient statistics. The polarization asymmetries A,

for the transitions in these bands could also not be obtained due to low statistics.

4.1.1.3 Band 3

Band 3 was previously known up to I™ = 11/27 and only had two in-band transitions,
namely 180.7- and 320.8-keV transitions which were reported by Ref. [7]. In the current
work this band has been extended up to I™ = 27/27 by four in-band transitions (see
Figs. 4.1 and 4.7). The R4p and polarization measurements deduced for the in-band
transitions are consistent with them being stretched E2. Band 3 decays to bands 4 and
5 through the 557.1- and 282.4-keV transitions, respectively. The R 4p values for these
transitions are consistent with stretched quadrupole (Al = 2), and stretched dipole (AT

= 1) nature, respectively.

4.1.1.4 Bands 4 and 5

Bands 4 and 5 are signature partner bands built on the isomeric state at 100.5-keV
with half-life of 112 ns. In the previous in-beam work [7], these bands were observed
up to I™ = 15/27 and I™ = 17/27, respectively. The current work has extended these
bands up to I™ = 27/2~ and I™ = 29/2~, respectively, (see Figs 4.1, 4.8, 4.9 and Table
4.1). Band 4 decays to band 5 through 196.1-, 250.3-, 301.7-, 331.4 and 351.5-keV
transitions. The 196.1- and 250.3-keV transitions were previously reported in Ref. [7],
but their multipolarities were not measured. In the current work, the Rp values for
these transitions were measured and found to be 0.40(3) and 0.56(4), respectively, thus
suggesting stretched dipole (Al = 1) nature. Band 5 also decays to band 4 through the
162.6-, 225.3-, 274.8-, 302.3- and 325.3-keV transitions. The first three transitions are
known from the previous in-beam work [7] but their multipolarities were not deduced. In
the current work, the R4p measurements performed for these transitions are suggestive

of a stretched dipole (Al = 1) nature.

4.1.1.5 Bands 6 and 7

Bands 6 and 7 are new bands built on the known 444.9-keV and 687.4-keV energy levels,
respectively [7]. The current work has established these bands up to I™ = 21/27 and
I™ = 23/27, respectively, (see Fig. 4.1, and Table 4.1). These bands decay to both
bands 4 and 5. Band 6 decays to band 4 through the 488.2- and 344.4-keV transitions.
It also decays to both bands 5 and 7 through the 181.9- and 260.6-keV transitions,
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respectively. The R 4p values for the 488.2-, 344.4-, and 260.6-keV transitions were found
to be 0.48(4), 0.37(2) and 0.24(10), respectively. Thus suggesting these transitions have
stretched dipole (Al = 1) character. Band 7 decays to both bands 5 and 6 through the
547.7-, 424.1-, 283.9- and 242.2-keV transitions, respectively. The Rap values for the
424.1-, 283.9- and 242.2-keV transitions were found to be 0.57(5), 0.46(2) and 0.32(2),
respectively, suggesting stretched dipole (Al = 1) nature. Band 7 also decays to band
4 through the 586.9-keV transition. The Rap value of this transition is consistent
with stretched quadrupole (Al = 2) nature. The Rap values extracted for the in-band
transitions, for both bands 6 and 7 are consistent with stretched quadrupole (Al = 2)
nature. The polarization asymmetries A, could not be obtained for the transitions in
these bands due to low statistics. Figs. 4.10 and 4.11 show spectra illustrating the

transitions associated with bands 6 and 7.

4.1.2 Positive-parity bands

Fig. 4.12 shows partial level scheme of ¥7Os deduced in this work. The rotational
structures established from this work are labeled in red while known bands deduced

from previous in-beam work [7] are labeled in black.

4.1.2.1 Bands 8 and 9

Bands 8 and 9 are signature partner bands built on an isomeric state at 257.1-keV with
a half-life of 231 us [7]. This isomeric state was first observed by Conlon [101], who
deduced that a 156.7-keV M2 transition with Ty, =231 us is present in 1870s, but
was not able to place it in the decay scheme. The 156.7-keV M2 transition was then
placed in the '®7Os decay scheme by Malmskog et al. [30], who then concluded that
this transition directly feeds the 100.5-keV level and that led to the establishment of
the 257.1-keV isomeric level. Bands 8 and 9 have been previously observed up to I™ =
19/2% and 17/27%, respectively.

The present work has extensively extended bands 8 and 9 up to I™ = 35/2" and 41/27F,
respectively, see Figs 4.12. To illustrate the transitions in bands 8 and 9, gated spectra
are shown in Figs. 4.13 and 4.14. The combined effects of the Rap and polarization
measurements, performed for the interlinking transitions between these bands, are con-
sistent with them being stretched dipole in character. The Rap were also obtained
for some of the in-band members of both bands 8 and 9 where possible, and they are

consistent with them being stretched E2 character, see Table 4.1.
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4.1.2.2 Bands 10 and 11

Bands 10 and 11 are new bands built on the 894.2-keV level. The transitions were
grouped together to form rotational bands. The grouping of these transitions follow the
coincidence relationships in the gated spectra. At higher excitation energies the ~-ray
energies increase while the intensities decrease. The measured angular distribution ratios
of these rotational bands support the placement of these transitions in the proposed
rotational bands. The R4p ratios suggest that the in-band transitions are consistent
with E2 nature. These rotational structures decay predominantly to bands 8 and 9.
Figs. 4.15 and 4.16 present spectra which show transitions associated with bands 10
and 11. The spin and parity of the new 894.2-keV level, the band head of band 10, are
established by the measured stretched dipole and stretched quadrupole nature of the
475.2- and 637.1-keV transitions, respectively, see Table 4.1. The spin assignment of
this band is further confirmed by the measured dipole nature of all linking transitions.
The R 4p measurements have also been measured for some of the in-band member where
possible and they are consistent with them being stretched E2s. Similarly for band 11,
the spin of the 1126.5-keV level is assigned based on the angular distribution values
of the 508.5- and 707.5-keV transitions as well as spin and parity selection rules. The
spin and parity assignment for the remaining levels of this band were further confirmed

through R4p measurements of the interlinking transitions decaying out of these levels.

4.1.2.3 Bands 12 and 13

Only the band heads of bands 12 and 13 were known with I™ = 9/27 and I™ = 11/27,
established by the previous in-beam work [7]. The previous in-beam work assigned
these bands to the 9/27[624] configuration. In the present work these bands are weakly
populated and only two new levels were added. Fig. 4.17 shows spectra illustrating the

transitions associated with these bands.

4.1.3 Other bands

Additional new states that decay to bands 8, 9, 10 and 11 are observed in this work as
shown in Fig. 4.18. However, due to low statistics, these states were not assigned to

any particular configurations.
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4.1.4 Residual nuclei populated due to exit channels

In fusion evaporation reaction experiments there are many sources of contaminants.
However, the most predominant ones are the residual nuclei produced in other reaction
channels. The PACE4 results obtained in the current work indicated that the reaction
used for our experiment is very clean. However, a reasonable relative yield of the 18°Os,
1860s, and '¥80s nuclei were predicted in the PACE4 calculations, see Fig 3.1. The
decay schemes of these nuclei observed in our data, were constructed. The main reason
for building the decay schemes of these isotopes, was to avoid the confusion between
the new transitions of the nucleus of interest 87Os, and these contaminants. The decay
schemes of these residual nuclei are shown in Figs 4.19, 4.20, and 4.21. In this work, no

new ~-ray energies were observed in these nuclei.
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Table 1. (Continued)
Band 4
E; (keV) E; (keV) E, (keV) I, IT I}r Rap Ap, v Mult.
459.3 100.5 358.8 30.6(15) 11/2- 7/2=  0.81 (2) - E2
459.3 263.1 196.1 100(4) 11/2~ 9/2=  0.56 (4) - M1/E21
935.0 459.3 475.7 49.0(17) 15/2~ 11/2=  0.82 (2) - E2
935.0 684.4 250.3 22.5(8) 15/2~ 13/2=  0.40 (3) - M1/E2
1511.6 935.0 576.6* 5.9(6) 19/2~ 15/2=  0.96 (9) - E2
1511.6 956.6 554.9* 11.2(4) 19/2~ 15/2=  0.79 (2) - E2
1511.6 1209.6 301.7* 8.3(4) 19/2~ 17/2= 0.24 (11) - M1/E2
2145.4 1511.6 633.8* 16.3(6) 23/2~ 19/2=  0.94 (6) - E2
2145.4 1813.7 331.4* 2.47(18) 23/2~ 21/2=  0.34 (2) - M1/E2
2822.1 2145.4 676.7* 6.3(3) 27/2° 23/2=  0.89 (6) - E2
2822.1 2470.3 (351.5%)  1.61(17) 27/2~ 25/27  0.45 (9) - M1/E2
Band 5
263.1 100.5 162.6 80.8(6) 9/2= 7/2= 045 (1) - M1/E2
684.4 263.1 421.2 35.1(13) 13/2~ 9/2=  0.94 (2) - E2
684.4 459.3 225.3 37.7(13) 13/2~ 11/2=  0.41 (2) - M1/E2
1209.6 684.4 525.2 32.2(11) 17/2~ 13/2= 0.90 (1) - E2
1209.6 935.0 274.8 19.0(7) 17/2~ 15/2=  0.58 (3) - M1/E2
1813.7 1209.6 604.1% 25.8(9) 2/ 2 17/2= 0.93 (3) - E2
1813.7 1511.6 302.3* 5.9(6) 21/2= 19/2= 0.42 (8) - M1/E2
2470.3 1813.7 656.6* 9.6(4) 25/27 21/2=  0.94 (3) - E2
2470.3 2145.4 325.3* 2.89(21) 25/27 23/2~ - - M1/E2
3136.0 2470.3 665.7* 3.64(20) 29/2~ 25/27  0.90 (3) - E2
Band 6
444.9 100.5 344.4 15(4) 9/2- 7/2= 0.37 (2) - M1/E2
444.9 263.1 181.9* 5.5(14) 9/2~ 9/2~ - - M1/E2
947.7 444.9 503.0* 9.7(5) 132+ 9/2=  0.82 (3) - E2
947.7 459.3 488.2* 10.4(6) 13/2~ 11/27  0.48 (4) - M1/E2
947.7 687.4 260.6* 4.1(3) 13 /% 11/2= 0.24 (10) - M1/E2
1532.0 947.7 584.3* 12.0(6) 157 25 13/2=  0.75 (2) - E2
2176.7 1532.0 644.7* 4.4(3) 21/2~ 17/2=  0.89 (8) - E2
Band 7
687.4 100.5 586.9* 6.0(6) 11/2~ 7/2=  0.75 (2) - E2
687.4 263.1 424.1* 8.5(7) 11/2— 9/2=  0.57 (5) - M1/E2
687.4 444.9 242.2* 7.7(5) 11/2- 9/2=  0.32 (2) - M1/E2
1231.9 687.4 544.5* 13.4(6) 15/2~ 11/2=  0.87 (2) - E2
1231.9 947.7 283.9* 6.6(4) 15/2~ 13/2=  0.46 (2) - M1/E2
1231.9 684.4 547.7* 3.3(3) 15/2~ 13/2~ - - M1/E2
1852.6 1231.9 620.7* 7.0(4) 19/2~ 15/2= 1.07 (10) - E2
2512.1 1852.6 659.5* 2.23(18) 23/2- 19/2=  0.77 (8) - E2
Band 1A
735.5 329.9 406.1* 9.5(5) 11/2— 9/2=  0.59 (2) - M1/E2
1264.4 735.5 528.9* 3.5(22) 15/2~ 11/2= 0.76 (10) - E2
1264.4 731.7 533.3* 4.5(22) 15/2~ 13/2~ - - E2
1892.0 1259.7 633.2* 3.9(21) 19/2~ 17/2=  0.46 (3) - M1/E2
1892.0 1264.4 627.6* 5.4(3) 19/2~ 15/2= 0.87 (14) - M1/E2
2570.0 1892.0 678.0* 2.1(15) 23/2~ 19/2~ - - E2
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Table 1. (Continued)

Band 8

E; (keV) Ey (keV) E, (keV) - IT I}r Rap Ap ~ Mult.
617.8 257.1 360.7 42.3(2) 15/2%  11/2% 0.71 (4) 0.04 (9) E2
617.8 419.0 199.0 100.0(3)  15/2T  13/2T 0.41 (4) - M1/E2
1084.2 617.8 466.5 52.8(2) 19/27  15/2T 0.82 (3) 0.01 (8) E2
1084.2 818.4 2659  20.7(2)  19/2F  17/2F 0.41 (7) - M1/E2
1647.3 1084.2 563.0* 27.7(2) 23/2T  19/2% 0.83 (2) 0.03 (12) E2
1647.3 1287.0 360.5* 7.3(1) 23 Dl il Briemd 0. 33 (7) - M1/E2
2301.4 1647.3 654.1% 7.8(1) 27/2  23/2% 091 (2) - E2
2301.4 18258  4755*  2.9(2)  27/2%  25/2% 0.59 (8) - M1/E?2
3032.3 2301.4 730.9* 2.8(2) 31/2%  27/2%  0.93 (3) - E2
3814.5 3032.3 782.2* 0.9(1) 35/2T  31/2% 0.77 (6) - E2

Band 9

419.0 257.1 161.9 131(20) 13/2+ 11/2Jr 0.45 (1) - M1/E2
818.4 419.0 399.4 51.5(2) 17/2F  13/2% 0.89 (2) 0.20 (14) E2
818.4 617.8 200.3  44.02) 17/2 15/2% 0.45 (1) - M1/E?2
1287.0 818.4 468.6* 42.8(2) 21/2  17/2% 0.89 (1) 0.08 (11) E2
1287.0 10842  202.6*  7.7(1)  21/2F 19/2t 0.38 (3) - M1/E?2
1825.8 1287.0 538.8* 18.0(2) 25/2T  21/2% 0.94 (2) 0.02 (18) E2
1825.8 ~ 1647.3  1784*  24(1) ~ 25/2+ 23/2% 0.37 (2) - M1/E?2
24429 18258  617.1*  9.9(1)  29/2F  25/2F 0.92(2) 0.06 (20) E2
3129.3  2442.9  686.4*  3.4(2)  33/2t 29/2t 0.98 (2) - E2
3854.1 3129.3 724.7* 1.2(2) 37/2+ 33/2+ 0.83 (7) - E2
4575.9 3854.1 721.8* 0.5(1) 41/2%  37/2%  0.73 (7) - E2
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Table 1. (Continued)
Band 10

E; (keV) E; (keV) E, (keV) I, IT I? Rap Ap, v Mult
894.2 257.1 637.1% 47.5(20) 15/27F 11/2%  0.74 (2) - E2
894.2 419.0 475.2* 31.3(11) 15/2+ 13/2% 038 (2) - M1/E2
1381.3 894.2 487.1* 7.2(3) 19/2% 15/2F  0.77 (2) - E2
1381.3 818.4 562.7* 19.4(7) 19/2+ 17/2% 040 (2) - M1/E2
1381.3 1126.5 254.8* 7.6(3) 19/2% 17/2% 054 (2) - M1/E2
1954.8 1381.3 573.5* 6.7(2) 23/2F 19/2%  0.73 (2) - E2
1954.8 1287.0 667.6* 4.0(2) O Y 21/2% 027 (4) - MI1/E2
2592.8 1954.8 638.0* 2.2(2) o nim 23/2%  0.76 (2) - E2
2592.8 1825.8 767.0* 1.8(2) 27/2+ 25/2% 041 (3) - M1/E2
3293.6 2592.8 700.8* 1.9(8) 31/2% 27/2F 092 (2) - E2
3293.6 2442.9 850.6* 1.2(2) REWE, L3 29/2+ - - MI1/E2

Band 11
1126.5 419.0 707.5* 20.6(7) 17/2% 13/2T  0.86 (2) - E2
1126.5 617.8 508.5* 44.8(14) 17/27F 15/2%  0.26 (2) - M1/E2
1126.5 894.2 232.2* 10.3(3) 17/2% 15/2F 034 (2) - M1/E2
1126.5 818.4 308.1* 5.1(2) 132" 17/2%  0.37(2) - MI1/E2
1646.5 818.4 828.2* 2.9(2) lefnll 17/2%  0.77 (2) - E2
1646.5 1126.5 520.0* 8.0(3) oy 17/2%  0.71 (4) - E2
1646.5 1287.0 (359.5)* 3.0(2) 21/2% 21/2% - - MI1/E2
1646.5 1381.3 265.4* 5.4(2) R1/2T 19/2t  035(3) - M1/E2
2241.3 1646.5 594.8* 8.1(3) X /20 21/2%  0.74 (2) - E2
2241.3 1287.0 954.1* 1.0 (2) 25,/27% 21/2% 093 (9) - E2
2936.8 2241.3 695.5* 3.0(2) 29/2% 25/2%  0.72 (5) - E2
2936.8 1825.8 (1110.8)*  0.6(1) 29/2+ 25/2F - - E2
3672.8 2936.8 (736.0)* 0.6(1) (33/27) 29/2% - - E2
Bands 12 & 13

556.9 100.5 456.5 0.7(9) (9/27) /2~ - - -
556.9 257.1 299.7 1.7(3) (9/27%) 11/2% - - M1
910.0 556.9 353.1% 1.4(12) (13/27) (9/271) - - -
727.4 419.0 308.4 6.1(5) (11/2%) 13/2% - - -
727.4 556.9 171.0 1.0(10) (11/27) (9/27) - - -
1146.9 727.4 419.5* 1.2(11) (15/2%) (11/2%) - - -
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FIGURE 4.1: Partial level scheme of 87Os deduced from the current work showing

the negative-parity bands. New transitions are labelled in red while previously known

transitions are labelled in black. Proposed configurations for each band structure are

above the bands.
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FI1GURE 4.2: Angular distribution ratios as a function of energy deduced from the cur-
rent work. The angular distribution ratio gives a value of ~0.87 for stretched quadrupole

and ~0.43 for stretched dipole.
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FI1GURE 4.3: Plot for polarization anisotropy measurements as a function of energy

deduced from the current work.
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F1cURE 4.4: Coincidence spectrum obtained by setting a gate on the 255.5-keV tran-

sition of band 1. New transitions are shown in red and denoted by asterisk (*), while

contaminants and other transitions of ¥7Os not associated with the band of interest,
are shown in green and labelled by a hash (#) symbol.

http://etd.uwc.ac.za/



Chapter 4. Ezperimental results

95

5000 | T T | T T | T | T
I o Band 2 .
S 543.6 Gate
4000 |- *, —
I 3 |
> 5,
A2 3000 |- e 3 . n
e ® N R
Q I~ g * $ % T
A < N 2 7o)
£ N = ©
5 2000 |- = <
@, % § ' \
3 2 :
1000 i/ %
(5
o i
200 300 400 500 600

Energy (keV)

FIGURE 4.5: Coincidence spectrum obtained by setting a gate on the 543.6-keV tran-

sition of band 2. New transitions are shown in red and denoted by asterisk (*), while

contaminants and other transitions of '87Os not associated with the band of interest, are

shown in green and labelled by a hash (#) symbol. The known transitions associated
with the band of interest are shown in black.
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FIGURE 4.6: Coincidence spectrum obtained by setting a gate on the 528.9-keV tran-

sition of band 1A. New transitions are shown in red and denoted by asterisk (*), while

contaminants and other transitions of ¥7Os not associated with the band of interest,

are shown in green and labelled by a hash (#) symbol. The inset shows a spectrum
gated on the 533.3-keV transition to validate the existence of this band.
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F1cURE 4.7: Coincidence spectrum obtained by setting a gate on the 535.4- keV tran-

sition of band 3. New transitions are shown in red and denoted by asterisk (*), while

contaminants and other transitions of '87Os not associated with the band of interest, are

shown in green and labelled by a hash (#) symbol. The known transitions associated
with the band of interest are shown in black.
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F1GURE 4.8: Coincidence spectrum obtained by setting a gate on the 576.6-keV tran-

sition of band 4. New transitions are shown in red and denoted by asterisk (*), while

contaminants and other transitions of ¥7Os not associated with the band of interest,

are shown in green and labelled by a hash (#) symbol. The known transitions associ-

ated with the band of interest are shown in black. The inset shows a spectrum gated
on the 250.3-keV transition to illustrate the new 576.6-keV ~-ray.
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F1cUre 4.9: Coincidence spectrum obtained by setting a gate on the 421.2-keV tran-

sition of band 5. New transitions are shown in red and denoted by asterisk (*), while

contaminants and other transitions of ¥7Os not associated with the band of interest,

are shown in green and labelled by a hash (#) symbol. The known transitions associ-

ated with the band of interest are shown in black. The inset shows a spectrum gated
on the 665.7-keV transition to illustrate the new 604.1- and 656.6-keV ~-ray.
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FIGURE 4.10: Coincidence spectrum obtained by setting a gate on the 344.5-keV

transition of band 6. New transitions are shown in red and denoted by asterisk (*),

while contaminants and other transitions of ¥7Os not associated with the band of
interest, are shown in green and labelled by a hash (#) symbol.
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FIGURE 4.11: Coincidence spectrum obtained by setting a gate on the 544.5-keV
transition of band 7. New transitions are shown in red and denoted by asterisk (*),
while contaminants and other transitions of ¥7Os not associated with the band of
interest, are shown in green and labelled by a hash (#) symbol. The known transitions
associated with the band of interest are shown in black. The inset shows a spectrum
gated on the 620.7-keV transition to illustrate the new 544.5- and 283.9-keV ~-rays.
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FIGURE 4.12: Partial level scheme of '¥7Os deduced from the current work showing
the positive-parity bands. New transitions are labelled in red and asterisk (*) symbol

while previously known transitions are labelled in black.
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FI1GURE 4.13: Coincidence spectrum obtained by setting a gate on the 654.1-keV tran-

sition of band 8. New transitions are labelled in red and asterisk (*), while contaminants

and other transitions of 187Os not associated with the band of interest are denoted by

green and labelled by a hash (#) symbol. The known transitions associated with the

band of interest are labelled in black. The spectrum gated on 782.2-keV is inserted to
show the 475.5- and 654.1-keV transitions.
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FIGURE 4.14: Coincidence spectrum obtained by setting a gate on the 686.4-keV tran-

sition of band 9. New transitions are labelled in red and asterisk (*), while contaminants

and other transitions of '87Os not associated with the band of interest are denoted by

green and labelled by a hash (#) symbol. The known transitions associated with the

band of interest are labelled in black. The spectrum gated on 724.7-keV is inserted to
show the 399.4- and 686.4-keV transitions.
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FIGURE 4.15: Coincidence spectrum obtained by setting a gate on the 573.5-keV transi-

tion of band 10. New transitions are labelled in red and asterisk (*), while contaminants

and other transitions of '87Os not associated with the band of interest are denoted by

green and labelled by a hash (#) symbol. The spectrum gated on 487.1-keV is inserted
to show the 573.5-keV transition.
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F1GURE 4.16: Coincidence spectrum obtained by setting a gate on the 520.0-keV transi-

tion of band 11. New transitions are labelled in red and asterisk (*), while contaminants

and other transitions of '87Os not associated with the band of interest are denoted by

green and labelled by a hash (#) symbol. The spectrum gated on 695.5-keV is inserted
to show the 487.1-, 520.0-, 736.0-, 828.2- and 954.1-keV transitions.
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FiGURE 4.17: Coincidence spectrum obtained by setting a gate on the 299.7-keV
transition of band 12. New transitions are shown in red and denoted by asterisk (*),
while contaminants and other transitions of '¥7Os not associated with the band of
interest, are shown in green and labelled by a hash (#) symbol. The known transitions
associated with the band of interest are shown in black. The inset shows a spectrum
gated on the 171.0-keV transition to illustrate the known 299.7- and 456.6-keV ~-rays.
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Chapter 5

Discussion

In order to understand the structure of the newly observed rotational bands in 7 Os, four
different approaches were used, which are: systematic comparison with the neighboring
odd-N isotopes, cranked shell model (CSM), Cranked Nilsson-Strutinsky-Bogoliubov
(CNSB) formalism, and quasiparticle-plus-triaxial-rotor model. This chapter seeks to
give an insight on how these models were used to explain the microscopic structures of

band structures observed in the current work.

5.1 Negative-parity bands in ¥7Os

5.1.1 Configurations

Band 1 has been reported in numerous studies of 187Os [7, 29-36, 100] and has been
assigned to the ground state configuration while band 3 is built on the well-known 74.4
keV level, [7]. The excitation energy of the negative-parity bands in ¥3Os and '870Os
with respect to a rigid rotor are shown in Fig. 5.1. The quasiparticle alignments and
Routhians calculated for these bands with Harris parameter of Jo = 21h> MeV~! and
J1 = 65h* MeV~3 for 1870s and Jy = 24h> MeV~! and J; = 66h* MeV 3 for 18°0s [13]
are shown in Figs. 5.2 and 5.3. In these figures, band 1 seems to track band 2 over the
observed frequency range. This is consistent with these bands being signature partners
built on the same configuration. For instance, the excitation energies for these bands
shown in Fig. 5.1 show very similar trends, the measured alignment of 0.22A for the
bands in !870s is similar to the alignment of 0.23A for the bands in ¥ 0s (see Fig. 5.2)
and the Routhians for these bands shown in Fig. 5.3 look very similar as well. Therefore,
bands 1 and 2 are most likely associated with the negative and positive signatures of

the 3/2[512] Nilsson configuration, respectively.
72
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The excitation energy, the alignment, and the Routhian for band 3 in 187Os are plotted in
Figs. 5.1(a), 5.2(a), and 5.3(a). They look very similar to those of the 1/2[510](—,—1/2)
band in ¥50s, see Figs. 5.1(b), 5.2(b), and 5.3(b). For instance, the excitation energy
follows a similar trend for both nuclei, an alignment of about 1/ is measured for both
bands (see Fig. 5.2), and the Routhians for these bands look similar and lie at low-
est energy with respect to the other bands (see Fig. 5.3). We also compare this band
with the one predicted by the cranked shell model (more details are given in section
5.1.1 and see Fig. 5.4) and a good agreement is obtained. Therefore we suggest that
this band is assigned to the 1/2[510](—,—1/2) Nilsson configuration. It should be noted
that in the previous works band 2 was assigned to the ground-state configuration and
thus to the 1/2[510](—,—1/2) configuration [7, 29-36, 100], while band 3 was assigned
to the 3/2[512](—,—1/2) configuration [7, 29-36, 100]. It is likely that the previous
works could not evaluate the behaviour of the bands at medium spins because of the
limited experimental data available. They could not distinguish between the possible
1/2[510](—,—1/2) and 3/2[512](—,—1/2) configurations for these bands. The new exper-
imental data at higher spins presented in this work allow a comparison with the bands
in the neighboring '#50s isotope (see Figs. 5.1, 5.2, and 5.3) and suggest that bands 2
and 3 have 3/2[512](—,—1/2) and 1/2[510](—,—1/2) natures, respectively.

The low-spin states of bands 4 and 5 were first observed by Harmatz et al. [29] who
assigned them to a K = 1/2 band. A modification of these bands was done by Ewbank
[100], who pointed out that the 100-keV level has been shown to have a half-life of 112
ns and thus it cannot be the 7/27 member of the K = 1/2 band, and is probably a
7/27[503] state. The existence of this band has been confirmed in [7, 29-36, 100]. The
band head energies of both bands 4 and 5 at 100 keV and 263 keV, respectively, have
been reported also from the previous in-beam work [7]. These bands were considered as
signature partners associated with the 7/27[503] neutron orbital. As mentioned earlier,
the sequence of levels added in the present work, which allowed us to observe these bands
to higher spins, show that these bands share the same moment of inertia throughout,
as a function of spin, see Fig. 5.1 (a). This feature is also displayed in the alignment
and Routhian plots shown in Figs. 5.2 (a) and 5.3 (a), respectively. The fact that
these bands are connected by interlinking M1 transitions and track each other over the
observed frequency range is evidence that these bands are signature partners built on
the same configuration. In the current study these bands were compared with the ones
observed in the 8Os nucleus and a good agreement was achieved, see Figs. 5.1 (b), 5.2
(b) and 5.3 (b). The assignment of these bands to the 7/2[503] Nilsson configuration is
also consistent with the prediction made by the cranked shell model, see Fig. 5.4. It is

interesting to note that the band crossing of band 3 with bands 4 and 5 as observed in
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FIGURE 5.1: The experimental excitation energies with respect to rigid rotor energies

for the negative-parity bands in 70s and '8°Os nuclei [13, 14]. The signature part-

ner bands are labelled in the same colour, open symbols denote negative signature,

closed symbols represent positive signature and (-, -1/2) or (-, +1/2) represent (parity,
signature), respectively.

18705 was also found in '8°Os, see Fig. 5.1. This highlights further the similar behavior

of these bands in the two neighboring nuclei.

The band-head levels of bands 6 and 7 were first observed by Sodan et al., [7], who
assigned them to a K = 9/2 band. The sequence of levels added in the current work,
which allowed us to observe these bands to higher spins, show that these bands share
the same moment of inertia throughout, as a function of spin, see Fig. 5.1 (a). This
feature is also displayed in the alignment and Routhian plots, shown in Figs. 5.2 (a)
and 5.3 (a), respectively. The bands show no signature splitting (see Fig. 5.1 (a)),
which is consistent with a band associated with a neutron configuration with large €.
This behavior is consistent with the similar bands observed in the A = 160 mass region
[26]. Therefore, these bands are assigned as signature partners and associated with the
9/2[505] Nilsson configuration.
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Jo = 21R% MeV~! and J; = 65h* MeV 3 for 1870s and Jy, = 2442 MeV~! and J; =
66h* MeV 2 for 1¥0s [13].

5.1.2 Cranked Shell Model

We further compare these bands with those predicted by the cranked shell model in
Fig. 5.4. The calculations in Fig. 5.4 were carried out with the parameters for 1%¢Os
as given in Ref. [62] of e = 0.198, €4 = 0.054, A= 0.094, A = 6.837, Z = 76, and N
= 110. The cranked shell calculations suggest that the negative-parity Routhian with
the lowest energy is associated with the 1/27[510] Nilsson configuration, the second
lowest with the 7/27[503] configuration, the third with the 3/27[512] configuration, and
the highest energy one with the 9/27[505] configuration, which is in exact agreement
with the relative energy of the experimental Routhians of the bands in '*°Os and '87Os,
shown in Fig. 5.3. The calculations predict small signature splitting for the 7/27[503]
and 3/27[512] Routhians with the negative and positive signatures being favored for
these configurations, respectively. This is also in good agreement with the experimental
observations. The calculated lack of signature splitting for the 9/27[505] orbital is also in
agreement with the plotted experimental Routhians of bands 6 and 7 in Fig. 5.3(a). The
excellent agreement of the CSM calculations with the experimental data lends further

support for the proposed configuration assignments.
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FIGURE 5.3: The experimental Routhians for the bands in '%7Os and ' 0s. The Harris
parameters for '87Os are: Jy = 21h% MeV~! and J; = 65h* MeV 3 and for '®50s are:
Jo = 24h%* MeV~! and J; = 66h* MeV 2 [13]. The signature partner bands are labelled
in the same colour, open symbols denote negative signature, closed symbols represent
positive signature and (-, -1/2) or (-, +1/2) represent (parity, signature), respectively.

5.1.3 Cranked Nilsson-Strutinsky-Bogoliubov Formalism

Further calculations have been carried out for 187Os, using the CNSB (Cranked Nilsson-
Strutinsky-Bogoliubov) formalism as detailed in Refs. [66, 68, 69]. Standard parameters
[84] have been used in the calculations. The quantum numbers which are preserved in
the CNSB approach are parity and signature, thus, for the odd-mass Os isotopes the
neutrons configurations are specified as (m,«). Representative CNSB potential energy
surfaces (PES) for the yrast (+,1/2) configuration is presented in Fig. 5.10. These plots
represent the potential energy minimum as a function of the spin and of the nuclear
deformation of 870Os. The calculated single-particle energies suggest that the negative-
parity low-j orbitals in the shell N = 5, 1/2[510], 9/2[505], 3/2[512], 7/2[503], are lying
near the Fermi level for N = 110. Therefore, one expects that the negative-parity bands
n 870s are associated with these orbitals. In the CNSB calculations the low-j orbitals
are not easily distinguishable, and therefore the labelling of the negative-parity bands in
1870s uses the (—,%/2), notation, where n = 1 denotes the lowest-energy configuration
with (—,£1/2), while n = 2 labels the second lowest-energy configuration, etc., see for

instance, Fig. 5.5(a). The calculations suggest that the negative-parity bands have
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lines represent quasiparticle trajectories with negative parity and signature o« = 1/2 and

dashed lines are used for quasiparticle trajectories with negative parity and signature
a=-1/2.

similar but not the same moments of inertia, see Fig. 5.5(a), in agreement with the
experimental data (see Fig. 5.1(a)). The calculations predict very small alignments
for all three negative-parity bands (see Fig. 5.5(b)), which is also in good agreement
with the experimental data (see Fig. 5.2(a)). The calculations predict an alignment of
a nucleon pair at a rotational frequency of 0.30-0.35 MeV, which is also in line with
the observed onset of alignment for the experimentally observed bands in Fig. 5.2(a).
Therefore, the CNSB calculations are generally in good agreement with the proposed

nucleon configurations.
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the four lowest-energy (-,41/2), bands of 1870s calculated with the CNSB model.

The index n denotes the relative energy of the bands, n = 1 corresponds to the yrast

negative-parity band, n = 2 to the first excited negative-parity band, etc. (b) The

alignment of the calculated negative-parity bands in '87Os as a function of rotational
frequency. The Harris parameters are the same as in Fig. 5.2.
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5.2 Positive-parity bands in ¥"Os

As mentioned earlier bands 8 and 9 have been previously observed up to spin-parity of
19/2% and 17/27 respectively, and their configuration was assigned by the previous in-
beam work [7]. In the current work bands 8 and 9 were extended and two new positive-
parity bands, bands 10 and 11, were identified. Bands 8 and 9 have been previously
assigned as signature partner bands where the odd neutron occupies the nearest i3/,

orbital to the Fermi level [7].

The question is, what is the underlying nature of bands 10 and 11?7 To answer this
question, we first examine the positive parity single-particle orbitals in the Nilsson dia-
gram, that lie near the Fermi surface. As shown in Fig. 1.2, all such orbitals (e.g. the
11/2[615] and 9/2[624]) that can be associated with these bands are already occupied.
The second option is to check the possibility of exciting three quasiparticles. This option
fails, because the band-head level of band 8 has an excitation energy of 894.2 keV which

is too low for a 3-quasiparticle configuration.

Therefore in a quest to identify the microscopic nature of bands 10 and 11, we consider
the possible couplings of the odd i;3/, neutron with the excited collective states of the
core. As illustrated in Fig. 1.2, the lowest collective excitation in the even-even Os
isotopes is the 7 band. The excitation energies of the ground-state and the + bands
in the even-even '8271880s isotopes with respect to a rigid rotor reference are shown
in Fig. 5.6. As mentioned earlier the excitation energies of the v band decrease for
the heavier isotopes, this trend is observed in these even-even nuclei. We therefore
plotted the excitation energies of the positive-parity bands in *7Os in comparison with
the excitation energies of the corresponding bands in ¥31850s, to check if we can still
observe the same trend as observed in the even-even isotopes. As shown in Fig. 5.7 the
same trend is also observed in the odd-N nuclei. This gives us confidence, to propose

that we are dealing with structures associated with coupling with the v band.

The Fermi level for neutrons for these Os isotopes lies at the upper part of the i3/,
sub-shell near the 9/2[624] and 11/2[615] Nilsson orbitals. The lowest-energy positive-
parity band in '830s is built above a 9/2% state and was associated with the 9/2[624]
Nilsson orbital [15]. In ¥°Qs positive-parity bands associated with both the 9/2[624]
and 11/2[615] Nilsson orbitals were observed with the latter lying at lower energy [13].
In '870s the yrast positive-parity band is based on a 11/27 level and thus the band was
associated with the 11/2[615] Nilsson orbital. The change can be explained as due to the
raising of the Fermi level within the i3/, sub-shell for the heavier Os isotopes. These
assignments assume that the nuclear shape is axially symmetric, and thus the projection

of the total angular momentum, K, and the single-particle angular momentum {2, on the
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FicUure 5.6: Compilation of the experimental excitation energies with respect to a

rigid rotor reference for the ground state bands and the 4 bands of ¥20s [1], ¥1Os [2],

1860 [3] and 1880s [4]. The even- and odd-spin sequences of the v bands are labelled
with open and closed symbols, respectively, and the same colours.

long axis are conserved, and K = (2. The distinct resemblance of the excited positive-
parity bands in ¥31¥50s with the v bands in ¥21840s were interpreted as a coupling
of the i;9/5 yrast band with the v band of the core, [13, 15]. For nuclei with axially
symmetric shape the v band corresponds to a K = 2% v vibration, thus the coupling
with a Nilsson state with projection {2 can produce excited bands with K~ = 2 + 2
and K. = 2 - 2. The excited positive-parity bands in '#31850s were interpreted as a
coupling with the core to give K~ [13, 15]. The new bands in '¥7Os, bands 10 and 11,
follow a similar trend of the excitation energies, see Fig. 5.7, as the corresponding bands
in 1831850, thus we propose that they result from a coupling with the v band. Such
assignment is further supported by the observed trend of decreasing excitation energy
of the excited positive-parity bands for the heavier Os isotopes, which is very similar to
the decreasing energy trend observed for the v bands in the corresponding cores, see Fig.
5.6. In addition bands 10 and 11 decay only to the levels of bands 8 and 9, which also
supports the proposed interpretation. Fig. 5.8 shows the experimental alignments and
Routhians for the positive-parity bands in ®7Os in comparison with the corresponding
bands in the neighbouring 183:1850s isotopes. They are calculated assuming K = 9/2
and K = 13/2 for the yrast (shown with circles) and the excited (shown with triangles)
bands in !830s, respectively, while K = 11/2 and K = 15/2 were used for these bands
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5.7: Experimental excitation energies relative to a rigid rotor reference for the

parity bands in ¥7Os in comparison with the corresponding bands in 1830s [15]

and '8°0s [13]. The signature partner bands are labelled in the same colours. Open
symbols denote positive signature and closed symbols represent negative signature.

The plots highlight the similarities of the bands in the three Os isotopes.

coupling with the v band of the even-even core.

The yrast positive-parity band, (bands 8 and 9 in Fig. 4.12), shows a large signature

splitting. In principle a single-particle configuration with a large projection {2 on the

symmetry axis, such as 2 = 11/2, is not expected to show signature splitting. Similar

splitting was observed in the ¥31850s neighbours, but was not discussed. It should also

be noted that while the splitting is present for the yrast bands in '#3:18%:187Qg it is absent

for the excited bands, see Fig. 5.7. To study the signature splitting CSM calculations

are shown in Fig. 5.9. The same parameters as used for 1%6QOs [62] were employed, with
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FIGURE 5.8: Alignment and Routhian plots of the bands in ®7Os in comparison with
those in the '#30s and '®Os isotopes. Harris parameters used here are: J, = 24 h?
MeV~! and J; = 66 h* MeV~3 [13]. The yrast positive-parity bands are labelled by
the band-head spin, while the excited bands are labelled as a coupling with the v band.
The signature partner bands are labelled in the same colours, open symbols denote the
positive signature and closed symbols represent the negative signature sequences.

quadrupole deformation €5 = 0.198, hexadecapole deformation €, = 0.054, pairing gap A
= (0.647 MeV, v = 0°, while the Fermi level was increased to A = 53.4 MeV to account
for the additional neutron. As expected, the Routhians corresponding to the high-{2
configurations such as 11/2[615] and 9/2[624] do not show signature splitting. However
the down-sloping Routhian originating from the 1/2[651] orbital from the gg,5 sub-
shell interacts strongly with the positive-signature Routhians and pushes them down,
creating signature splitting. Therefore signature splitting where the o = 4+1/2 Routhian
becomes favoured is predicted by the calculations in agreement with the experimentally
observed phase of the signature splitting. On the other hand, the experimental data
show signature splitting throughout the whole spin range of the yrast band, while the
CSM calculations suggest splitting for rotational frequency above 0.35 MeV (for the
lowest-energy Routhian). This indicates that the origin of the signature splitting is
most probably of different nature, for instance it can be caused by triaxiality of the

nuclear shape.

In the neighbouring Os nuclei the nuclear shape was assumed to be axially symmetric.

An assumption of near axially symmetric shape might be suitable for ¥7Os as well,
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FIGURE 5.9: Cranked shell model positive-parity Routhians for '¥¢Os with N = 110 as

a function of the rotational frequency, hw. In this figure, solid lines represent quasipar-

ticle trajectories with signature o = 4+1/2 and dashed lines are used for quasiparticle
trajectories with signature o = -1/2.

however the decreasing trend of the excitation energy of the v bands with mass, see Fig.
1.2, indicates a more significant role for the v degree of freedom, where triaxial rigidity
might occur. Calculations within the CNSB model, as mentioned earlier, were carried
out using standard parameters [84] for the Nilsson potential. The potential energy
surface (PES) for the yrast (4+,41/2) configuration is shown in Fig. 5.10. At the ground
state I = 0.5, the lowest energy minimum corresponds to a well-developed prolate shape
at €9 &~ 0.2. At higher spin, I &~ 6.5, the potential energy minimum remains at similar
quadrupole deformation but shifts to a triaxial shape with v =~ -8°. At spins of I =
12.5, the nucleus becomes more triaxial and there is a competition between a rotation
around its intermediate axis (the minimum at v = -17°) and a rotation around its long
axis (the minimum at v & -105°), with the later minimum being the yrast one. The
observed rotational bands in 87Os are collective, thus, the calculations were carried out
using a limitation on the deformation mesh to restrict the states to rotation around the

intermediate axis.
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the CNSB formalism for increasing spin I. The contour line separation is 0.2 MeV. The
absolute minima are indicated by a black asterisk in each of the Figs.

To study further the features of the rotational bands for a deformed triaxial shape we
carried out QTR model calculations. The main idea of these calculations is to have
a clear understanding of how the excited states of the positive-parity bands in 87Os
were generated. The QTR model uses a modified oscillator potential with standard
parameters [84] and standard pairing interaction [58]. The deformation parameters
were quadrupole deformation of £9 = 0.21, hexadecapole deformation of ¢4 = 0, and
triaxial deformation of v = 21°, while the v dependence of the moments of inertia was
described by the irrotational-flow model. The spin dependence of the moments of inertia
were described by Harris parameter of J; = 18.5 2 MeV~—! and Jy = 62.5 h* MeV 3.
The seven positive-parity orbitals (#25 to #31) that were found near the neutron Fermi
level and included in the calculations are listed in Table 5.1. As shown in the Table 5.1,
most of these orbitals correspond to major contribution from the i3/, sub-shell. Since
the shape is triaxial the orbitals may have contributions from basis wavefunctions with

different values of (2. Orbital #27 was found closest to the Fermi level.

The model couples single-particle and rotational degrees of freedom and calculates the
excitation energies and wavefunctions for the states of the predicted rotational bands.
Fig. 5.11 shows a comparison of the calculated excitation energies of the two lowest-
energy positive-parity bands with the experimental data. The excitation energies for
both bands are reproduced well by the model. It is noticeable that while the QTR
model predicts signature splitting for the yrast band with the same phase as in the

experimental data, it has smaller amplitude.

To understand better the nature of the QTR bands the calculated wavefunctions were
examined. In general the rotational bands predicted by the QTR model involve two types

of excitations, single-particle, (where the wavefunction comprises a major component
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FIGURE 5.12: Sketch illustrating the nature of the collective excitation in QTR model.
Both bands illustrated in the middle panel are based on the same single-particle con-
figuration with projection of the angular momentum along the long axis of {2, = 11/2.
The angular momenta coupling for the yrast and excited bands are shown in the left
and right panels, respectively. The angular momentum in the yrast band increases
due to favourite rotation around the intermediate axis, and the projection of the total
angular momentum along the long axis is K, = (% = 11/2. The angular momentum
in the excited band includes one unit, 2A, of unfavoured rotation around the long axis,
while the remaining rotation is around the intermediate axis, thus K, = 2 + 2 = 15/2.

The bands are labelled according to [£2¢, K].
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from another single-particle orbital), and collective (where the wavefunction comprises
different rotational components). The bands calculated within the QTR represent a
precession of the total angular momentum about a given axis. Thus such bands have
been called tilted precession (TiP) bands [102].

Fig. 5.12 illustrates schematically the nature of the collective excitations at low ro-
tational frequency assuming that the single-particle component of the wavefunctions
remains unchanged and has a dominant contribution from the orbital with projection
0y = 11/2. A triaxial nucleus with irrotational-flow moments of inertia prefers to ro-
tate around its intermediate axis because this moment of inertia is largest, thus the
rotation has lowest energy for given rotational angular momentum. The yrast band,
shown in blue in Fig. 5.12, corresponds to such favoured rotation, where the nucleus ro-
tates mainly around its intermediate axis, while the single-particle angular momentum
remains aligned along the long nuclear axis. The excited band, shown in red in Fig.
5.12, corresponds to the same coupling, however, it also involves one unit of unfavoured
rotation, which is approximately 2A along the long axis. The two bands were labelled
by the [£2, K] as [11/2, 11/2] and [11/2, 15/2], respectively. One should keep in mind
that the sketch shown in Fig. 5.12 is simplified.

The wavefunctions for the yrast (TiP1) and excited (TiP2) bands in 87Os combine
different single-particle and collective contributions and are illustrated in Figs. 5.13 and
5.14. The 11/2 state from the yrast band, see Fig. 5.13, has about 56% contribution
from a coupling of orbital #27 with rotation producing Ky = 9/2, see the column in sky
blue. As listed in Table 5.1, orbital #27 is dominated by {2 = 9/2. Therefore the largest
component of the wavefunction is from 2 = K, = 9/2, of the type [9/2, 9/2]. There
are also two significant contributions from orbitals #28 and #29 and with K, = 11/2,
shown as orange columns, which correspond to a [11/2, 11/2] component. The purple

column corresponds to orbital #26 and K = 7/2, therefore to a [7/2, 7/2] component.

The 13/2 state of the yrast, TiP1, band has largest, about 50%, contribution from
the [9/2, 9/2] component (column shown in sky blue) and smaller contributions from
[11/2, 11/2] (the two columns in orange) and [7/2, 7/2] (the column shown in purple)
components. As we approach higher-spin states of this band the contributions associated
with orbitals #27, #28 and #29 decrease steadily, while those associated with orbital
#26 increase. Such a trend suggests changes in the single-particle component favouring
contributions with smaller projections on the long axis. Such a change is understood as
induced by Coriolis re-alignment of the angular momentum of the odd neutron away from
the long axis and towards the intermediate axis, which is the axis with largest moment of
inertia. Therefore the yrast band in '®7Os is associated with a major contribution from

the [£2¢, K] = [9/2, 9/2] component at low spin, but at high spins Coriolis re-alignment
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FIGURE 5.14: The same as Fig. 5.13, but for TiP2 band.

of the single-particle angular momentum is also observed. It should be noted that the
calculations find the head of this band at I = 11/2 and not I = 9/2, although the
largest single-particle configuration is with 2, = 9/2. For an axially symmetric nucleus
the band head spin of a strongly coupled band has I = K = (2. This, however, does not
necessarily hold true for triaxial shape. In the present case, the QTR model found the
lowest-energy 9/27 state at 121.7 keV above the yrast 11/2% state. The wavefunctions
for the states from the excited band, TiP2, are illustrated in Fig. 5.14.

There is a major contribution from a coupling of orbital #27 with K, = 13/2. This [9/2,
13/2] component suggests that there is 2 rotation along the long axis, as illustrated
in Fig. 5.12 for the excited band (shown in red). The 15/2 state has almost 53%
contribution from this [9/2, 13/2] component, as shown by the column in navy blue. The

contributions from orbitals #28 and #29, shown in brown, correspond to components
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with [11/2, 15/2], while the column in orange represents a [7/2, 11/2] component. Note
the similarity in the single-particle component of this state with the wavefunction of the
11/2 state of TiP1 and the added rotational angular momentum of 2h along the long

axis.

At higher spins the states of TiP2 still have their largest contribution from the [9/2, 13 /2]
component, but represent a complex mixture of contributions with different nature, in
particular there is an increase in the contributions associated with orbital #26 which

represents Coriolis re-alignment of the odd neutron away from the long axis.

The QTR calculations successfully describe the observed bands in ®7Os. This does not
prove that the nuclear shape has stable triaxial deformation. However, one can study
the possible rigidity or softness of the nuclear shape if more detailed experimental data
become available. For instance, the projection of the total angular momentum on the
symmetry axis is a good quantum number for a nucleus with an axially symmetric shape
with small vibrations. The yrast and the v bands in such even-even nuclei correspond
to K = 0 and K = 2. Similarly in odd-mass nuclei the excited and the yrast bands
correspond to AK = 2. Therefore, the transitions linking the excited and the yrast bands
should carry angular momentum of at least 2hA. This indicates that the AT =1 and Al =
0 linking transitions should be pure quadrupoles. This is different from the results from
the QTR model, where K is not conserved, thus the linking transitions have typically
mixed M1+ E2 nature. Our data did not have sufficient statistics to measure linear
polarization or enough angles to determine precisely the mixing ratios for the linking
transitions. Such measurements can be carried out with the upgraded AFRODITE array
comprising 17 clover detectors arranged at 7 different measuring angles. The upgrade

was completed and is available for experiments.
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TABLE 5.1: Composition of the 7 positive-parity orbitals near the neutron Fermi

surface which were found to contribute to the levels of the calculated positive-parity

bands of 87Os. The orbitals are described as a superposition of spherical shell-model

wavefunction, labelled by the corresponding spherical sub-shell, e.g. i;3/2, and the

projection of the single-particle angular momentum on the long axis, ;. The basis

wavefunctions with contributions larger than 5%, are listed for each orbital included in
the calculations.

Orbital Contributions by spherical shell-model basis functions

#25 73%(i13/2+ 5/2), 10%(i15/2, 1/2), 6%(gg,2, 5/2)

#26 88%(i13/2+ 7/2)

#27 94%(i13/2, 9/2)

#28 33%(i13/2, 11/2), 28%(99/2, 1/2), 14%(d5/2, 1/2), 8%(i13/2,1/2),
6%(g9/2: 3/2)

#29 63%(i13/2, 11/2), 15%(g9/2, 1/2), 8%(ds5/2, 1/2)

#30 31%(99/25 3/2), 17%(i11/2, 1/2), 10%(g7/2, 1/2), 9%(i11/2, 3/2),
8%(i13/2, 3/2), 8%(ds5/2, 3/2)

#31 97%(i 1972, 13/2)
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Conclusion

The negative- and positive-parity states in *7Os have been investigated using the
AFRODITE array. Our work has extended all bands observed by the previous in-beam
work up to high spins. In addition five new bands have been added in the decay scheme
of 1870s. The Rap and polarization measurements have been used to assign spin and
parity to the observed rotational bands. In order to meaningfully describe the quan-
tum behavior of the newly established structures, the CSM, CNSB and QTR models
have been used as well as a systematic comparison with the rotational bands of 1*°Os.
The negative-parity bands have been assigned to the 1/2[510], 3/2[512], 7/2[503] and
9/2[505] neutron configurations. In particular, the new bands 6 and 7 are based on the
9/2[505] configuration. The negative-parity bands that have been previously assigned
to 1/2[510](-,-1/2) and 3/2[512](-,-1/2) Nilsson configurations are reviewed based on the
new experimental data and their configurations are swapped. Bands 4 and 5 are as-
sociated with the 7/2[503] configuration. The good agreement between the theoretical
models and the experimental data supports the proposed nucleon configurations of the
negative-parity bands in ¥70Os. Our work has also extended the positive-parity bands
8 and 9 and established two new positive-parity bands decaying to them, namely bands
10 and 11. Based on a comparison with the neighboring isotopes, it was concluded that
these new bands (bands 10 and 11) are a result of a coupling of the 2* ~ band with the
11/2[615] orbital. Indeed, the QTR calculations provide a very good agreement with
the experimental data and interprets the newly identified structure as resulting from
the three-dimensional rotation of a triaxially deformed nucleus. In spite of this, a de-
scription based on the vibrations of a v soft nuclear shape should also be investigated
in order to firmly establish the nature of this excited positive-parity band. In order to
distinguish between the possible interpretations based on a stable triaxial shape and
on small v vibrations of an axially symmetric shape, measurements of the mixing ra-

tios of the transitions decaying out of the excited band are needed. Our experimental

90
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setup did not have the geometry neither did the data have sufficient statistics to deter-
mine precisely these mixing ratios, however such measurements will be possible with the

upgraded AFRODITE array in the near future.
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