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Abstract

The region surrounding the Z = 82 major-shell closure has exhibited the
strongest known manifestation of shape coexistence, to date. Due to this, the
nuclides that inhabit this region have been subject to extensive decay- and
laser-spectroscopy studies. In this work, the results from two investigations
performed at the CERN, ISOLDE facility will be presented: the first, an a-decay
study of two states in !78Au, and the second, an in-source laser-spectroscopy
experiment performed on a long chain of At isotopes.

Two states, a low-spin ground state, and a high-spin isomer, were directly
identified in 1"8Au (Z = 79, N = 99) for the first time. Due to the highly selective
resonant laser-ionisation method, it was possible to produce isomerically pure
beams of the ground and isomeric states. These beams were then ustilised
in order to perform dedicated a-decay studies upon the two states. Success-
ful measurements were made for the half-lives, branching ratios, and decay
patterns of 1788 Au.

The first ever laser-spectroscopy measurements were performed on a long
chain of At isotopes, using the in-source resonant ionisation technique. The iso-
tope shifts and hyperfine structures of long-lived states in 19-211,217=219 At were
measured. From these, values for the corresponding changes in mean-squared
charge radius, and magnetic dipole moments were extracted. The charge-radii
of the neutron-deficient At isotopes display a strong onset of deformation, as
the neutron number approaches the N = 104 midshell. The observed onset
is more pronounced than the one seen in the Po isotopes, which is noted to
be exceptionally strong. Based on the extracted charge-radii and magnetic
moments, cases for shape coexistence were identified in 19197199A¢, In the case
of the neutron-rich At isotopes, an inversion of the normal odd-even-staggering

has given evidence for the presence of octupole collectivity.
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CHAPTER

1

Introduction

The shape of a nucleus is an important feature of its structure. It defines the
potential that binds its constituent nucleons, the states that can exist within such a
potential, as well as the half-lives and decay modes of those states. Although the nu-
clear Hamiltonian is rotationally invariant, the majority of nuclei are non-spherical
in their intrinsic frame-of-reference. Nuclei with a magic number of protons or neu-
trons are spherical, with rare exceptions such as the “island of inversion” surrounding
32Mg [1, 2, 3]. However, most nuclei are non-magic and are deformed spheroids of a
quadrupole nature, as shown in Fig. 1.1 [4]. Recently, more exotic shapes have been

discovered, with 224Ra observed to possess an octupole, or ‘pear-shaped’ nucleus [5].
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Figure 1.1: Ground-state quadrupole deformations for nuclei with NV < 200. The black
lines show the proton and neutron major-shell closures. Figure taken from [4].

14
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Another key phenomenon related to nuclear deformation is the ability for dif-
ferent states within a single atomic nucleus to exist at low energies, but possess
distinctly different shapes. This behaviour, known as shape coexistence, appears to
be unique to the atomic nucleus, with no other finite many-body quantum system
displaying such a phenomenon.

A pleasing analogy for these shape phenomena can be found in a ‘fruit basket’ of
nuclear shapes, as shown in Fig 1.2. The figure shows a section of the Segre chart in
the vicinity of the Z =82 and N =126 major-shell closures. The shapes of nuclei in the
different regions of the chart are expected to be similar to the fruits positioned above
them. The orange, positioned above the N = 126 shell closure, represents nuclei with
spherical shapes. The grape and the aptly-named squash represent the quadrupole-
deformed prolate and oblate geometries, respectively. The three, differently-shaped
tomatoes are representative of shape coexistence, which should be most prolific in
midshell regions. The pear, is of course the ‘pear-shaped’, octupole-deformed nuclei,
expected to be found in regions just above a double shell closure.

The first observation of shape coexistence was made over 60 years ago by Haru-
hiko Morinaga [6] in the doubly-magic nucleus '60. Here, the 0" ground state repre-
sents a doubly-closed shell configuration and has a spherical shape, on top of which
single-particle, single-hole (1p-1h) excitations are built (see Fig. 1.3). The first excited
state, also a 0* spin-parity state, has a different band structure built on top of it. The
states in this band are connected by strong E2 y-ray transitions, and the energy
spacings between the states have ratios similar to what would be expected from a
rigid-rotor system. This rotational band cannot be produced by a spherical nucleus;
a sphere cannot be rotated in the framework of quantum mechanics. Therefore the
states in this band must be the product of a deformed system.

Over the past 60 years, shape coexistence has developed from being seen as a
rarity that only occurs in a few nuclei, to a phenomenon expected to exist in select
islands of the nuclear landscape. Today, the accepted position is that shape coexis-
tence most likely occurs in all but the lightest of atomic nuclei [7]. Over this period
the theories that describe this behaviour have become ever more sophisticated, and

the wealth of experimental data has increased.
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Figure 1.3: Level scheme for '60. The arrows indicate E2-type y-ray transitions and
the numbers in the square boxes are the respective B(E2) transition strengths, in Weis-
skopf units. Image adapted from [8], which uses data from [9]. The structure shown
on the left is believed to be due to non-deformed, 1p-1h excitations. The structure
on the right is the rotational band built on top of the deformed 0; bandhead.

The work presented in this thesis represents part of a systematic study of nuclear
deformation, shape coexistence and decay studies in isotopes surrounding the Z =
82 shell closure. To date, this region has displayed the most prolific manifestation of
shape coexistence. The 1S534 experiment, performed at the ISOLDE facility, began
in 2012 and implements the decay-tagged in-source laser spectroscopy technique.
The aim of the experiment was to measure the hyperfine structures and the decay
properties of ground and isomeric states in the At and Au isotopic chains. This thesis
will present the results from the hyperfine structure measurements of At isotopes
that took place in 2014, and a dedicated decay study of the ground and isomeric

states in 1"®Au that was performed in 2015.
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1.1 Previous work for decay study of "®Au

=Alpha-decay studies have proven a useful tool for probing shape coexistence in
the lead region. Alpha decay is sensitive to the overlap between the wavefunctions
of initial and final states involved in the process. This results in strong, unhindered
decays between states of similar structure and same spin, whereas those between
dissimilar states are weak, or in the extreme, impossible. As well as the sensitivity
to the underlying structure, a decay has a strong Q-value dependence and often
populates low-lying and bandhead states that are often missed in in-beam studies
due to out-of-band y-ray transitions. Therefore, a-decay studies have proven a
useful, complementary method to in-beam investigations.

The isotope 78Au lies in an interesting region of evolving nuclear structure. Pre-
vious measurements have shown a significant jump in mean-squared charge radius
as the neutron number approaches the N = 104 midshell (see Fig. 1.4). This jump
is believed to be due to a reordering of states, with the ground-state configuration
changing from the normal spherical-shell 72dj3,, orbital, to that of a m1hg,, intruder
configuration. It is predicted that the mean-squared radii of the Au nuclei will return
to a spherical trend in the lighter Au isotopes. As shown in Fig. 1.4, 1"®Au lies where
this return to sphericity is predicted to occur.

Previous in-beam and a-decay studies have shown that the return to sphericity
could occur in !”Au, which has a I”” = (1/2%) ground state. This indicates a return
to a spherical 72ds,, or m3s;,» configuration. This is supported by results from the
IS534 experiment, which measured the charge radii for Au isotopes, and showed
that the 16177179 Ay nuclei return to a near-spherical shape. However, 1"8Au was
observed to display a second jump in mean-squared charge radius, suggesting that a
strong competition exists between deformed and spherical structures in this region.

The first investigation into the decay of !"®Au was made by Siivola et al. [11], in
which the 1Lu(1®0, xn)*1"*Au, 1%Tm(*°Ne, xn)!89~*Au and ®8Yb(1°F xn)'¥"~*Au
reactions were studied. A single a-decay line with an energy of 5920 keV was at-
tributed to the decay of "8Au. A second study was performed by Keller et al. in 1986
[12], which used thin targets of 89Y, 999297y and %Mo, upon which a %°Zr beam was
impinged. Here, three a decays of energies E, = 5850, 5920 and 5980 keV were as-
signed to belong to the a-decay fine structure of a single state. Both studies suffered
from contaminants in their singles a-decay spectra due to activity from the products
of other, stronger reaction channels.

The first suggestion of the presence of an isomeric state in !’Au came in 1999,
when a study of non-yrast states in light Pt isotopes populated by the  decay of Au

nuclei was conducted by Davidson et al. [13]. The results showed strong feeding
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Figure 1.4: Change in mean-squared charge radii of Au isotopes. The blue dot-dashed
line indicates the trend that would be taken by spherical, droplet-like nuclei. The
solid black line represents the measured radii as of 1999, and the dashed black line is
the expected behaviour for the light Au nuclei. The vertical red line indicates where
178 Ay lies. Figure adapted from [10].

from the § decay of the Au parent to I = 2 and 4 states in the Pt daughter nuclei
176,178,180,182p¢  1n addition, there was considerable side feeding to I = 8 states in
176,178p¢ (see Figs. 5 and 7 in Ref. [13]). These observations provided the first indi-
cation for the presence of two §-decaying states in 17%178Au, one with I = 2 and the
other with I = 8.

The results presented in Chapter 5 are the first instance of the identification and
decay study of the two a-decaying states in !“Au. The resonant laser ionisation
technique employed at the CERN-ISOLDE facility provides a highly-selective method
for producing ion beams. Due to this, it was possible to produce isomerically-pure
beams, allowing independent a-decay studies to be made on the ground and iso-

meric states of 178Au.

1.2 Previous work for charge-radii study of At isotopes

Laser spectroscopy is an effective method for performing systematic studies
of nuclear properties across the nuclear chart. Measurements of the hyperfine
structures and isotope/isomer shifts are made by varying the light from a laser across
arange of frequencies and observing the ionisation efficiency. From the results, one

can determine spins and nuclear moments of ground and isomeric states of nuclei
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belonging to an isotopic chain, and how the mean-squared charge radii of these
states differ between different isotopes and isomers.

Figure 1.5 gives an overview of in-source laser spectroscopy measurements of
the changes in mean-squared charge-radii, performed in the Z = 82 region, as of
2011. Decay-tagged in-source laser spectroscopy combines the high efficiency of
in-source laser ionisation with the high sensitivity of decay spectroscopy. This makes
it possible to perform measurements on short-lived nuclei far from stability. To date,
the highest sensitivity achieved was in the measurement of the hyperfine structure
and isotope shift of 191pg (£1/2 <93 ms), produced with a minute implantation rate of
0.01 ions/second [14].
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Figure 1.5: Change in mean-squared charge radii for chains of isotopes in the lead
region, measured by in-source laser spectroscopy as of 2011.

The famous staggering in the 181'183185Hg (7 = 80) isotopes provided some of the
first experimental evidence for the presence of shape coexistence in the lead region
[15, 16]. The behaviour was interpreted as two competing structures, one strongly

deformed, the other near spherical, coexisting at low energy. This competition results
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in the striking transition between the deformed and spherical ground states of the
odd- and even-neutron isotopes, respectively.

Between 2003 and 2011 the Windmill collaboration performed in-source laser
spectroscopy experiments on the Pb, Po and Tl isotopic chains. The Pb isotopes were
shown to remain spherical, even in the region of the N = 104 midshell [17, 18]. Above
the Z = 82 shell closure, a surprisingly rapid onset of deformation was observed in
the lightest Po (Z = 84) isotopes, when approaching the N = 104 midshell [14, 19, 20].
In the TI chain, the ground states were proven to remain spherical, whereas the
intruder isomers were seen to be deformed [21].

During the 2012-2017 period the collaboration completed experimental inves-
tigations into the changes in nuclear mean-squared charge radii in the Au, At, Hg
and Bi isotopes. Chapter 6 presents the first ever results for optical spectroscopy
measurements performed on a chain of At (Z = 85) isotopes. It is expected that the
At isotopes, which can be considered as a single proton coupled to a Po core, will
display a similar behaviour to that of the Po chain. The isotope shifts and hyperfine
structures will be presented, along with the extracted values of the change in mean-
squared charge radius across the chain, and the values for the nuclear magnetic

dipole moments.



CHAPTER

2

Theoretical considerations

2.1 Nuclear models

The atomic nucleus is a complex, many-body quantum system made up of pro-
tons and neutrons, collectively known as nucleons. Nucleons interact with each
other via all four of the fundamental forces of nature; namely the gravitational force,
electromagnetic force, the weak interaction and the nuclear strong force. It is hard
to overstate the complexity of the nucleus, especially when it comes to describing it
using a theoretical model. For example, ab-initio calculations require an intimate
knowledge of the interactions between the fundamental particles that make up the
nucleus. To date, only light- to medium-mass nuclei have been modelled using an
ab-initio approach [22, 23], with calculations taking months of computing time on
some of the world’s most powerful computers.

In order to avoid such complexities, many models of the nucleus employ effective
theories. These aim to describe the system and its properties by capturing only what
is relevant to the energy domain of the nucleus and involve generalised descriptions

of the nucleus.

2.1.1 The spherical liquid drop model

The liquid drop model (LDM) provides a macroscopic description of the nucleus.
It attempts to describe the saturation properties that nuclei exhibit with increasing
mass, for instance, the near-constant binding energy of ~ 8 MeV per nucleon, shown
in Fig. 2.1, or the near constant nucleon density of ~ 0.16 fm™3 within the interior of
the nucleus, as shown in Fig. 2.2.

The model treats the nucleus as a spherical drop of incompressible, dense nuclear

fluid with radius,
1
Isph = 1o A3, (2.1)

22
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Figure 2.1: Binding energy per nucleon as a function of mass number. The data
points represent experimentally-measured values, while the solid line shows the
results of the semi-empirical mass formula. Image taken from [24].

where A is the total number of nucleons and ry is a constant with a typical value of
1.2 fm.

The LDM led to the development of the Bethe-Weizsdcker formula in 1935. The
formula is comprised of five terms used to calculate the binding energy of a nucleus
with Z number of protons, N number of neutrons and a mass number, A (where A =
Z + N).

Z(Z-1 A-227)?
(Al/3 - asym% +6(A,2) (2.2)

The first term is the volume term which accounts for the increase in binding

Eg=a,A—- asAZ/3 —dc

energy due to the residual strong nuclear force, the attractive interaction between
nucleons which binds them together. The second is the surface effect term, a re-
duction in binding energy due to the nucleons at the nuclear surface not being in
contact with as many other nucleons as those in the interior of the nucleus. The

third is the Coulomb energy, which reduces the binding energy due to the repulsive
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Figure 2.2: Density distribution of nuclear matter as a function of radius. Image
taken from [25].

Coulomb interaction between protons within the nucleus. The fourth term is the
symmetry term, which represents the effect of the Pauli exclusion principle. As the
nucleus is a fermionic system, no two identical fermions can occupy the same state.
Thus, nuclei with a large asymmetry in proton and neutron numbers become less
energetically favourable. Therefore, this term acts as a correction factor, minimising
the energy of N = Z nuclei. The final part of the expression is the pairing term, which
represents the gain in binding energy when nucleons couple to pairs of particles
in time-reversed orbits. This component is often expressed as (4, Z) = apA_S/ 4
with a), being positive in even-even nuclei, negative in odd-odd systems and zero in
nuclei with odd A values.

The values of the parameters a,, as, a. and dy, are derived from fits of ex-
perimental data, which give a, = 15.85MeV, a; = 18.34MeV, a, = 0.71MeV, asypm =
23.21MeV and a, = 12MeV [26].
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The droplet model

The Droplet Model (DM) takes the LDM as a basis, and expands upon it. The
original formulation, performed by Myers and Swiatecki [27], was done in order to
model the diffuseness of the nuclear surface, which the LDM treats as a sharp cutoff.
It also defines proton- and neutron-density distributions separately, which allows for
a description of the neutron skins that are observed in some nuclei [28].

Of interest to this work is the systematics of charge radii, extracted from the
experimental measurement of isotope shifts (see Section 3.1), for which a new pa-
rameterisation of the DM was made specifically [29]. The inclusion of a deformation
term to the DM allows a simple comparison to be made between the model and
experimental data, from which an estimation of deformation of the nucleus can be
made. This provides an insight into the underlying structure that causes the observed
trends in the experimental data.

2.1.2 The spherical shell model

Nuclei exhibit a shell structure, similar to that found in atomic electron levels,
with shell closures occurring at ‘magic’ proton and neutron numbers of 2, 8, 20, 28,
50 and 82, and also 126 for neutrons. This shell-like behaviour can be seen in the
sharp reduction in the neutron (proton) separation energy, S, (Sp), in nuclei with
a single neutron (proton) outside a shell closure. This behaviour is analogous to
the low ionisation potentials of Group I elements, which possess a single electron
outside of a closed atomic shell. Similarly, the energies of the first excited states of
magic nuclei are notably larger than those with non-magic a neutron and/or proton
number.

The shell model aims to replicate these observed shell structures using a micro-
scopic approach, whilst still giving a good description of the saturation properties
discussed in Section 2.1.1. The shell model describes the nucleus as a many-body
fermionic system, bound by a spherically-symmetric, central potential. This poten-
tial is created by the motion of all the constituent nucleons, which move indepen-
dently of one another. The choice of potential used to model the nucleus is important,
as it will determine the ordering of states occupied by the nucleons, which in turn
defines the properties of the nucleus such as its spin and electromagnetic moments.
A good approximation of the nuclear potential is a Woods-Saxon potential, which

takes the form

— VO

Vel(r) = o
1+exp(”Ts’”h)

(2.3)
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where V¢ (r) is the magnitude of the central potential, V; is the depth of the well at
the centre of the nucleus with a typical value of 50 MeV, r is the distance from the
centre of the nucleus, I'sph is the radius of the nucleus as given by Equation 2.1, and
a is the thickness of the nuclear skin with typical value 0.67 fm.

Nucleons, being fermions, occupy states in accordance with the Pauli exclusion
principle; no two identical particles may occupy the same quantal state at any one
time. The states nucleons occupy are denoted by the quantum numbers, nl, where n
has integer value and is the order of a state with a specific orbital angular momentum,
I, which has integer values related to their spectroscopic notation (i.e. [ =0, 1, 2,
3... correspond to orbitals s, p, d, f... etc.). The energy eigenvalues of states with the
same n and ! quantum numbers are equal, and so levels exist with a degeneracy of
2(21+1).

The use of a realistic potential gives shell closures at 2, 8 and 20. However, the
higher magic numbers are not replicated. In order to reproduce all the observed
magic numbers, the inclusion of the spin-orbit interaction is required [30, 31]. This
term takes the form

1dV(r)
Vso(r):Vls(l's)rg; ar

where Vi, is the strength of the interaction with a typical value of 0.22 MeV, s is

(2.4)

the intrinsic spin of the nucleon equal to %, 1o is the same as in Equation 2.1 and

r is the distance from the centre of the potential. As the spin-orbit interaction is

dVv(r)
dr ’

proportional to the derivative, it only acts to modify the potential at the surface
of the nucleus.

The spin-orbit interaction causes a splitting of states with [/ > 0, into two states
labelled with the total spin quantum number j, where j = [ +s. States with j =
I + s have their energies reduced, relative to the unperturbed [ level, and vice versa
for j = | — s states. The magnitudes of the splitting between the j = [ + s states is
dependent on the value of /; states belonging to higher [ orbitals experience larger
shifts in energy. These shifts reorder the states, resulting in the reproduction of all
the observed shell closures at the correct magic numbers. The new states have a
degeneracy of 2j + 1, and are labelled with a new set of quantum numbers, n!j.
Figure 2.4 shows a comparison of results from calculations of single particle energy
levels using a Woods-Saxon and a Woods-Saxon plus spin orbit term.

For the total potential of the nucleus, a modification is needed to describe the

centrifugal force experienced by nucleons moving within orbits, which is defined as

I(l+1Dh

V. r)= )
cent( ) 2mr2

(2.5)
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and in the case of protons, an extra term is required to describe the Coulomb poten-

tial they experience, which can be approximated as

2
Zé? r
E(?’_(R_p) ), for r < rep,

Ze?
r )

Vcoutomp(r) = (2.6)

for r > repn,

where Rp is the proton radius, calculated using Z in the place of A in Equation 2.1.
Thus, the total potentials experienced by protons and neutrons can be defined

as:

Ve (r) + Vso (1) + Veens + Veoulomb,  for protons,
Vioral = so cent oulom p ©.7)
Ve(r) + Vso(r) + Veent, for neutrons.

The forms of these individual components, as well as the sum total potential, are

plotted in Fig. 2.3.

—— Woods-Saxon potential

Coulomb potential

Centrifugal term

Spin-orbit potential

Total potential

Potential (arb. units)

8
r [fm]

Figure 2.3: The forms of the Woods-Saxon (red), an attractive spin-orbit interaction
(green), Coulomb (blue) and centrifugal (pink) terms of Equation 2.1.2, and their
combined effects (black). The black horizontal line represents the when the potential
is equal to 0. The magnitudes of the potentials are not to scale.
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Figure 2.4: Single-particle state energy levels for neutrons in a 2°®Pb nucleus. The
states on the left are solutions for a pure Woods-Saxon potential, and are labelled
with the quantum numbers nl. The levels on the right are for a Woods-Saxon plus a
spin-orbit term, and are labelled with the n/j numbers. In the square brackets are
the degeneracies of each energy level are shown in square brackets, given by 2(2/+ 1)
for the Woods-Saxon, and 2j + 1 for the Woods-Saxon plus spin-orbit potentials. This
figure is adapted from [32].
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2.1.3 The deformed shell model

The spherical shell model provides an excellent description of closed-shell, magic
nuclei. However, as mentioned in the introduction, the majority of nuclides are non-
magic and possess some degree of deformation. The shell model fails to describe the
observed properties of these nuclei, such as the spins and masses, or their non-zero
electric quadrupole moments, which indicate a non-spherical distribution of charge
(i.e. protons) within the nucleus [4]. Many observations have been made of rotational
bands of excited states connected by strong E2 y-ray transitions, built on top of the
ground states in even-even nuclei. The energies of the states in these rotational band
structures are proportional to j(j + 1). Thus, the ratios in energy of the first 2* and
4% states is E(4%)/E(2*) = 3.33. This suggests many nuclei behave collectively like a
rigid ellipsoid rotating around a spin axis.

The most common form of deformation in nuclei is quadrupolar [4], with either
prolate or oblate geometries, as shown in Fig. 2.5. The metric for the magnitude of

the deformation is the quadrupole deformation parameter, 3, given by

; _4\/EAR 08
273V 5 rgn’ '

where AR is the difference in radius of the semi-major and semi-minor axes of the

ellipsoid and rgpp, is the radius of a spherical liquid drop nucleus, given by Equation
2.1. Prolate geometries have positive values of 2, oblate shapes negative, and both

retain an axis of rotational symmetry.

Oblate Spherical Prolate

<SS

B, i >
-ve 0 +ve

Figure 2.5: Schematic representation of spheroidal geometries as a a function of the
quadrupole deformation parameter, f.
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The deformed shell model, commonly known as the Nilsson model [33], has been
successful at describing properties of many deformed nuclei. It is a modification of
the spherical shell model that introduces a quadrupole deformation perturbation to
the nuclear potential. Unlike in spherical nuclei, an individual nucleon experiences
a different potential depending on its orientation relative to the deformed core.
Thus, the degeneracies of the spherical shell model states are split in the presence of
deformation, and form new Nilsson states. The degeneracies of these Nilsson states
change from 2j + 1 in spherical nucleij, to 2 in deformed systems.

These new Nilsson orbitals are labelled by a new set of quantum numbers,
Q"[Nn.;A]; Q is the the projection of j along the axis of symmetry; 7 is the par-
ity of the state; NN is the oscillator shell to which the state belongs; 7 is the number
of wavefunction nodes along the axis of symmetry; A is the projection of the angular
momentum along the axis of symmetry.

The direction and size of the shift in energy of a state is dependent on the spatial
orientation of an orbit relative to the deformed core of the nucleus. As the core
deforms, some orbits will have a greater overlap with it, giving rise to a stronger
interaction. Particles that occupy such orbitals become more tightly bound, which
leads to a reduction in their energy level. Conversely, particles that occupy states
with a smaller overlap with the core have a weaker interaction and are less tightly
bound. This is reflected in the raising of their energy levels.

Figures 2.6 and 2.7 show how the state energy levels are changed as a function of
deformation parameter, €5, for the region of the nuclear chart that At and Au isotopes
occupy. The e, parameter indicates the deformation of a rotational ellipsoid and has
roughly the same value as 3, for large deformations. For small deformations, €, and

B2 can be related by the approximation

€2 = 0.9466,(1-0.11260,). (2.9)
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2.2 Low-energy shape coexistence

Low-energy shape coexistence is the phenomenon by which different config-
urations of protons and neutrons form low-energy quantal states with distinctly
different shapes, within the same nucleus. Incidences of shape coexistence can be
found across the nuclear chart, with the most recent review of the field by Kris Heyde
and John Wood [7] concluding that it most likely exists in all but the lightest of nuclei.

An analogue to the competing shapes in nuclei can be found within the ground
state of the ammonia molecule, albeit on a completely different energy scale. (The
molecular potential energy surface in Fig. 2.8 ranges over a few meV, whereas the
nuclear potentials in Fig. 2.10 cover tens of MeV.) The ammonia molecule comprises
one nitrogen and three hydrogen atoms, arranged in a trigonal pyramid with the
nitrogen at the apex. The binding energy of the ammonia molecule as a function
of the nitrogen atoms position offset from the hydrogen plane is shown in Fig. 2.8
[35, 36]. Two energy minima exist, with the nitrogen atom either to the left (-ve) or
right (+ve) of the plane at ~ 37 pm. These two minima have the same energies and
represent two quantum states, of which neither one is preferred as the ground state.
They are both equally favourable with respect to minimising the energy of the system,

and so the nitrogen atom must “choose” an orientation.

'21 v 1 ¥ 1 v 1 v 1

NH; binding energy (meV)

-60 -40 -20 0 20 40 60
Position of the nitrogen atom (pm)

Figure 2.8: Binding energy of the ammonia molecule as a function of distance of the
nitrogen atom from the plane of the hydrogen atoms [35, 36].

In nuclei, energy minima of distinctly different geometries compete to become
the ground state. The dramatic shape staggering observed in Hg isotopes is a classic
example. Figure 2.9 shows the experimental measurements of the ground- (circles)

and isomeric-state (crosses) charge-radii by Ulm et al. [16]. The solid straight line
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indicates where the results would lie in the case of spherical nuclei. The difference
in ground-state charge radii becomes pronounced between neighbouring isotopes
with A < 186. Within this region, the ground states of the even-mass isotopes main-
tain a ‘normal’, weakly-deformed shape, relative to a strongly-deformed I = 1/2
ground-state configuration adopted by the odd-mass isotopes. This, along with the
observation that the I”” = 13/2" isomer in 185Hg adopts the normal deformation,
indicates the presence of shape coexistence; two configurations in the same nucleus,

with significantly different shapes, coexisting with one another at low energies.
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Figure 2.9: Change in mean-square charge radii of the Hg isotopic chain, relative to
198g, as a function of mass number, A. The solid, straight line indicates the trend
followed by spherical DM Hg isotopes follow. Figure taken from [16].

Modern theoretical calculations, like those in the AMEDEE database [37], aim
to describe such experimental observations. The results for the potential energy
surfaces of 18*Hg, 18Hg and '®%Hg as a function of f,, from the aforementioned
calculations, can be seen in Fig. 2.10. Two minima, an oblate configuration at 8, =
-0.17 and a prolate one at 8, = 0.3, are seen to compete with one another to become
the ground state. The two configurations have almost identical energies in 134Hg,
while the prolate configuration becomes the ground state in '°Hg, and the oblate
configuration has the lowest excitation in '®Hg. The large barrier in the potential
energy surface prevents the two minima from mixing. This results in two states, with

distinctly different geometries, as has been experimentally observed.
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2.2.1 Intruder states

One interpretation for the cause of shape coexistence can be found in the Nucleon-
Pair Shell Model (NPSM) [39, 40]. In this model, the occupation of so-called intruder
states by particle-hole excitations across a major shell gap gives rise to shape coex-
istence. The energies of intruder states are lower than would be predicted for their
configurations, by the spherical shell model. This reduction in energy is due to the
combination of three effects: the pairing correlation, AEpai;, the monopole shift,
AEy;, and the quadrupole interaction, AEg. The final energy of an intruder state is
given by summing these contributions with the energy of the unperturbed spherical
shell model state, such that

Eing =2(€j, —€1) — AEpair + AEp + AEg, (2.10)
where 2(¢ j, —€;1) is the energy required to excite a pair of protons across the shell
gap, to the unperturbed state. Figure 2.11 shows the individual contributions, as well
as the combined effect of these three terms for neutron-deficient nuclei around the
Z =82 shell closure.

The pairing correlation is the energy gain from coupling particles or holes to
J7=0" pairs, resulting in a gain in binding energy. The average gain in binding energy
due to pairing is constant across a nuclear shell, and is of the order of a couple of
MeV in the region surrounding the Z = 82 shell.

The monopole shift is the change in energy of the unperturbed single-particle
proton orbitals due to their interaction with the orbitals filled by the neutrons. The
strength of this interaction is dependent on the radial overlap of the proton and
neutron orbitals and can be either attractive or repulsive in nature.

The quadrupole interaction is the change in energy due to the proton-neutron
quadrupole-quadrupole interaction, an energy gain resulting from the strongly at-
tractive interaction between protons and neutrons. This effect breaks J"=0" pairs
of protons or neutrons into J*=2" pairs, and in doing so strongly polarizes the core,
driving quadrupole deformation. This effect is greatest when the number of pairs of
valence protons, Ny, and neutrons, INV,, is greatest and scales approximately with the
product of the two, Ny - N,,.

Within the framework of the Nilsson model (discussed in Section 2.1.3), the low-
energy intruder states of the NPSM arise naturally as a result of the deformed mean
field. The energies of Nilsson orbitals in the vicinity of major shell closures are seen
to change rapidly with increasing deformation. For example, when €, decreases
away from 0, the energy of the 9/27[505] in Fig. 2.6 is seen to rapidly decrease.
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Figure 2.11: A schematic drawing of the impacts of the individual terms upon the un-
perturbed energy of an intruder state (upper straight dashed line labelled 2(¢ j, —€1),)
for nuclei in the Pb region, as a function of neutron number. Individual contributions
can be seen for the pairing correlation (lower straight dashed line) AEj,,;,, monopole
shift (curved dashed line) AEy; and the quadrupole interaction (dot-dashed line)
AEq. The solid blue line is the sum of these effects [7].

As a result, the energy required to make the particle-hole excitation between the
corresponding 73sy/2 and 71hg,, states of the NPSM reduces [41]. Thus, by equating
the two approaches, shape coexistence can be explained within the simple NPSM

description of intruder states.
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2.3 Probing the structure of the nucleus

Knowledge of the structure of a nucleus may be gained by observing how it
decays, or by measuring properties such as the electromagnetic moments or the
charge radius. In order to extract information from such observations, it is important

to understand how they relate to the underlying structure of the nucleus.

2.3.1 Alphadecay

Alpha decay is the process by which a 3He nucleus, known as an « particle, is
emitted from a parent nucleus. Alpha particles are emitted with typically high kinetic
energies in the range of 5-10 MeV.

The process is a result of the repulsive Coulomb interaction between protons
within the nucleus. As the proton number of nuclei increases, so does the Coulomb
repulsion to the order of Z2. Eventually the repulsive Coulomb force becomes com-
parable to or greater than the attractive nuclear force that increases approximately
linearly with A, resulting in the emission of an « particle.

Due to the double-magicity of the ;He nucleus, it has a large binding energy of
28.3 MeV [26], making it energetically preferential for a number of nuclei to emit a
particles. Spontaneous a decay occurs predominantly in neutron-deficient nuclei
above the Z = 82 shell closure, with some cases found in light- and medium-mass
nuclei near the extremities of existence.

The mechanism for a decay is given by,

A A—4 1
7XN = 70Xyt

with the total energy released, known as the Q,-value, given by,

Qq = (my — myr — mg)c*
(2.11)
= Ea + EX’,

where my and my are the parent (X) and daughter (X’) atomic masses, respec-
tively, m, is the mass of the a particle, E, and Ex are the kinetic energies of the
a particle and recoiling daughter nucleus respectively. Alpha particles are emitted
spontaneously when Q, > 0. The energy released by the process is shared between

the a particle and recoiling nucleus, conserving the momentum of the system. The
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relationship between the Q, value and the a-particle kinetic energy is given by,

(2]

my
{57
TN A-4

where A is the mass number of the parent nucleus.

(2.12)

In addition to the requirement that Q, > 0, a decay obeys certain angular mo-
mentum and parity selection rules. The possible values of angular momentum
of an a particle, Ly, from an initial state I;, to a final state I, can range from
|I; = If| < Lg < I; + Iy. The gHe nucleus has a total spin of 0, and so the «a parti-
cle carries only orbital angular momentum in transitions between initial and final
states. Thus, the corresponding wavefunction of the a particle can be represented as
a spherical harmonic, Yj,,, with [ = L.

The change in parity associated with such transitions is (-1)L«. This leads to a
selection rule for a decay; transitions with even (odd) values of L, with the same
(different) parities between the initial and final states are possible and are called
"allowed" decays. The so-called a-decay fine structure, in which a decay populates
different states in the daughter nucleus, is a direct result of these spin-parity selection
rules. It is possible for a number of final states to be populated by an «a transition
from an initial state, provided the transition complies with the spin-parity selection
rule, and the requirement that Q, > 0.

Alpha decay is a quantum tunnelling process whereby the strong force is rep-
resented as a strongly attractive potential with a width equal to the nuclear radius,
R, inside of which exists a preformed a particle. Figure 2.12 shows a schematic of
this process with the nuclear potential represented by a finite square well. Beyond
the nuclear radius is a potential barrier which is the combination of a Coulomb
and a centrifugal term. As the a particle moves within the nucleus it will approach
the potential barrier with a frequency, v, and a non-zero probability of penetrating
through the barrier, P. These two factors are combined to give the decay constant,
Ag=v-P.
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Figure 2.12: A schematic of an a particle in a one-dimensional square well potential,
tunnelling through a potential barrier that is the sum of a Coulomb and centrifugal
term.

However, this approach does not include the probability that an a particle is
formed in the nucleus - known as the preformation factor - which is in turn de-
pendent on the structures of the parent and daughter nucleus. This structural in-
formation is contained in a value called the a particle “spectroscopic factor”, also
known as the reduced a-width, 6?1. This value is defined as the overlap integral of the
parent nucleus wavefunction with the product of daughter nucleus and an «a particle

wavefunctions:

62 =1y i(A) [y (A-4) - @a (@), (2.13)

where y;(A), ¥ r(A—4) and ¢(4) are the wavefunctions of the parent, daughter and
a particle respectively.

The value of 62 can be extracted from experimental measurements of the energy
Eg, intensity I, half-life #,,», and a-branching ratio by, of a decay [42]. These

measurements, in conjunction with calculations for the penetration probability P
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using the Rasmussen approach [43], can be used to calculate 62, such that

(2.14)
t1/2100P

where h is Planck’s constant.

Along with the reduced widths it is often useful to define and compare the so-
called hindrance factor (HF,) of a decay. The strongest component of the fine
structure of an a decay is classed as unhindered, and has HF, = 1. The HF, of

a component of the a decay fine-structure, a», is defined relative to that of the

unhindered decay, a;, such that

— Ioclpaz _ &
IaZPal 52

a2

HF,

(2.15)

The HF, of a decay is sensitive to changes in spin and/or parity between the initial
and final state. Large degrees of hindrance are an indication of differing structures
between the initial and final states of an a decay process, and therefore is a useful
metric when studying the evolving nuclear structures in areas of the nuclear chart

where a decay takes place, such as the Pb region.

2.3.2 Betadecay

Beta decay is the collective term for three different processes, namely f-minus
decay (87), B-plus decay (") and electron capture (€), the mechanisms for which are
shown below. These three processes allow either a proton or a neutron to transform

into the other via the weak interaction.

-. A A ! -
P zXN =z Xy te +Ve
+., A A ! +

b7 S XN— 5 Xy te +ve

. A -_A /
€. ZXN+€ _>Z—1XN+1+/V6

The B~ and B* processes involve the emission of a § particle in the form of an
electron (e”) or positron (e*), respectively. Unlike a decay, the energies of the parti-
cles emitted in f~ and B* decay are not quantised but have a continuous distribution.
This is due the fact that §~ and 8" decay are three-body processes, with the total
energy of the decay being shared amongst the daughter nucleus (X'), the g particle

(e~ or e*) and the electron neutrino (v, or v,).
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The electron capture process involves the capture of an atomic electron, usually
from one of the inner atomic orbitals, as these electrons have the greatest wavefunc-
tion overlap with that of the nucleus. An electron occupying a higher orbital will
de-excite to fill the vacancy left by the captured electron. In order to conserve the
energy of the system, an x ray is emitted with energy characteristic of the initial and
final states of the de-exciting electron. This x ray is labelled according to the shell the
captured electron originates from (i.e. K, L, M, etc.).

As with a decay, § decay obeys spin-parity selection rules:

Ii:If+Lﬁ+S’3

np=mp(=1)ks,

where Lg represents the change in spin due to the orbital angular momentum carried
away by the decay, and Sg is the coupled spin of the f particle-neutrino pair. As
both the f particle and neutrino are spin = 1/2 fermions, Sg can equal 0, or 1 for the
antiparallel and parallel coupling, respectively.

There are two classes of § decay: allowed and forbidden transitions. Allowed
transitions have no change in parity, and Lg = 0. There are two types of allowed
decays: Fermi (Sg = 0), and Gamow-Teller (Sg = 1).

Forbidden transitions span a number of orders, with first forbidden decays having
Lg =1, second forbidden with Lg = 2, third forbidden Lg = 3, and so on. As orbital
angular momentum is carried away by these transitions, there can also be changes in
parity between the initial and final states. Forbidden decays have significantly lower
transition probabilities compared to allowed decays. This is reflected in their long

partial half-lives, relative to those of allowed transitions.

2.3.3 Gamma decay

Gamma decay is the process by which a photon is emitted during the de-excitation
of a nucleus from an initial to a final state. Alpha and beta decay often populate
excited states in the daughter nucleus, and so are followed by y transitions. Typical
Y-ray energies range from tens of keV to a few MeV. The energy of the photon emitted

by a y decay, Ey, is defined as

E,=E;—E;—Tx, (2.16)

where E; and Ef are the energies of the initial and final states of the transition, and

Ty is the small amount of kinetic energy imparted to the nucleus in order to conserve
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the momentum of the system. This recoil energy is defined as

2 2 2
Px Py  E

Ty = = = ,
X 2myx 2myx 2mxc?

(2.17)

where px and py are the momenta of the recoiling nucleus and y photon, respectively,
my is the mass of the recoiling nucleus, and c is the speed of light. Due to the rest-
mass energies of nuclei being much greater than typical y-ray energies, Tx has a very
small value, and usually not included in Equation 2.16.

The photons emitted in y decays come in two classes, electric (E) and magnetic
(M), and have a multipole order of 2. The spin-parity selection rules associated with

Y decay are:

|Il'—If| SLSIZ'-I-If
n(EL) = (-D! | or, m(ML)=(-1)F,

where L is the angular momentum carried away by the y ray. Estimations of the
partial half-life for the emission a y ray due to the de-excitation of a single particle

are given by the Weisskopf estimates:

Table 2.1: Weisskopf estimates for the single-particle y-transition half-lives [34].

AL 11/2(E) [s] t172(M) [s]
) 6.76 x107% | 2.20x107°
3 42/3 3
E}A E3
) 9.52x10% | 3.10x 107
5 A4/3 5 22/3
EA ESA
3 2.04x 109 | 6.66x 101
7 A2 7 2413
EJA E]A
A 6.50 x 1031 | 2.12 x 1032
9 28/3 9 A2
EYA EyA

As well as the angular momenta and parities of initial and final states, the shape
of the nucleus also plays a role in the y decay process. A nucleus with a certain order
of deformation will have its protons, and thus its electric field, shaped accordingly.
E-type transitions of the same multipolarity more readily couple to the pre-existing
field created by the deformed nucleus, resulting in an increase in their transition
strengths.
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Internal Conversion

Internal conversion is an electromagnetic process by which the nucleus de-
excites via the emission of an atomic electron, and competes directly with y decay.
The probability of internal conversion occurring depends on the energy of the y-ray
transition with which it competes, increasing for lower energy and higher multipo-
larity transitions. This probability also increases with higher Z values of the nucleus
in which it occurs. There is a non-zero probability of internal conversion occurring
instead of any y transition, with the exception of nuclei of fully ionised atoms. Single
Y decay is impossible in cases where the spins of the initial and final states are equal
to zero. However, internal conversion may still occur, such transitions are known as
EO transitions.

Unlike electrons released in § decay, conversion electrons are monoenergetic,

and have a characteristic kinetic energy, T,, given by

Te(A) = Ey = Eg(N), (2.18)

where Ep the binding energy of the electron, and A denotes the shell from which it
originates (i.e. K, L, M, etc.). Therefore, internal conversion can only occur when
Ey > Ep. As with the electron capture process discussed in Section 2.3.2, and for the
same reasons discussed therein, the conversion electron typically originates from
an orbital in one of the inner electron shells, and is followed by a characteristic x ray.
The conversion electron is labelled with the atomic shell from which it originates.

By detecting the number of characteristic conversion electrons, or x rays, it is
possible to calculate the conversion coefficient, a, for electrons from a specific shell,
such that

Ice(N)

ac(A) = I
Y

(2.19)

where I, and I, are the intensities of the internal conversion process, and the y

transition, respectively. Thus, the total conversion coefficient, a. ;., is defined as

Qe ror = Ac(K) +ac(L) + ac(M) +... (2.20)

Other more exotic processes exist through which a nucleus can de-excite, such
as double y decay [44, 45] or the internal electron-positron pair production [46]
processes. However, these processes are not relevant to this work and so will not be

discussed further.
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Laser spectroscopy

Laser spectroscopy provides an excellent technique for making systematic stud-
ies across the nuclear chart. By performing such investigations, one can map the
evolving structures of ground and isomeric states across whole regions of the nuclear
landscape. Experimental investigations involve measuring the isotope shifts and the
atomic hyperfine structure (HFS) of nuclei along the isotopic chain of a particular
element [47]. By measuring the isotope shifts, the changes in nuclear mean-square
charge radius between isotopes can be observed. From measurements of the HFS it
is possible to extract properties of the nucleus such as its spin, magnetic dipole mo-
ment and spectroscopic electric quadrupole moment. All this can be done without
dependence on nuclear models for interpretation of the results — an advantage that

is unique to the laser spectroscopy method [48].

3.1 Isotope and isomer shifts

The energy required for a specific atomic transition is observed to shift between
different isotopes of the same element. These shifts, known as the isotope shift, are a
result of the change in mass and size between isotopes, A and A’. The isotope shift
can be measured by observing the difference in frequency of light from a laser used
to make the same atomic transition, in different isotopes. Thus, the isotope shift,
5VA’A,, is defined as [49]

syAA A A 3.1)

where v4 (v4) is the laser frequency required to make the transition in isotopes A’
(A), known as the central transition frequency.

Generally the isotope shift can be split into two components, the mass shift and

45
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the field shift, such that

AA o AA AA
ov —6VMS +5VFS . (3.2)

The mass shift, 6 vf\‘,}?’, is caused by the change of the total mass of the system,
when the number of nucleons is changed. It can be broken down into two parts, the
normal mass shift (NMS) and the specific mass shift (SMS). The former is a result of
the change in the reduced electron mass and the latter is caused by electron-electron
correlations within multi-electron systems. The total mass shift is a combination of
these two components and can be expressed as

ma —ma

syrA - TAT AN, 3.3
MS = (3.3)

where m, and my are the masses of isotopes A and A’, and M = MNMS | pfSMS
where MNMS and MSMS are the NMS and SMS, respectively. The SMS value must be
calculated using large-scale atomic calculations, or calibrated using experimental

results [50]. The NMS can be calculated exactly, using the expression

pvms 2 Y e (3.4)
mp
where v is the transition frequency, m,, is the mass of a proton, and m, the mass of
an electron.
The field shift, & v?’SA’, is caused by changes in the distribution of charge inside the
nucleus. This leads to differences in the spatial overlap between the nuclear volume
and the electron wavefunction. This means that it is sensitive to the changes in the

mean-squared charge radii between different nuclides. The field shift is defined as

SVl = Fs(ryA A, 3.5

where F contains the optical transition dependence, and (r2A4 is the change in
mean-squared charge radius between isotopes A and A’. As with M, F can either be
calculated using models, or calibrated from experimental data.

By combining these expressions for the mass and field shifts, an expression for
the total isotope shift can be constructed [51]:
ma

—m ’
MZAT A | psr2yAA (3.6)
mamegy

5VA'A, —

By using this expression, the change in mean-squared charge radius between
different isotopes can be extracted from experimental measurements of the isotope

shift. This can also be applied to isomer shifts, from which the change in mean-
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squared charge radius between different states within the same nucleus can be
extracted. To this end, laser spectroscopy can be used as an effective tool in the

search for shape coexistence.

3.2 The hyperfine structure

The hyperfine structure (HFS) is a result of the coupling of non-zero atomic spins,
J, and nuclear spins, I. This coupling results in a splitting of the atomic levels into

new hyperfine states, identified by a new quantum number, F, such that:

F=1+], (3.7)

where F is the total spin of the hyperfine level. Transitions between hyperfine states
are allowed if AF =0, +1, with the exception of transitions between two states with
F =0, which are forbidden.
The shift in energy of a hyperfine level, relative to the unperturbed atomic level,
is defined as
K 3K(K+1)-4I(I+1)J(J+1)

AE=a—+b , (3.8)
2 8I2I-1)J(2]-1)

where K is given by:

K=FF+1)-II+1)-J(J+1), (3.9)

and a and b factors are the so-called hyperfine parameters, which are related to the
magnetic dipole and electric quadrupole moments of the nucleus, respectively. The
factor a is defined as

KB

a = I—], (310)

where p is the nuclear magnetic dipole moment, and B, is the magnetic field pro-

duced by the electrons at the site of the nucleus. The b factor is defined as
6%V,
b:er<ﬁ>’ (311)

where Qj is the nuclear electric quadrupole moment and (§2V,/5z?) is the average

electric field gradient generated by the electrons at the site of the nucleus.



CHAPTER 3. LASER SPECTROSCOPY 48

3.2.1 Magnetic dipole moment

The magnetic dipole moment is a result of the motion of protons and neutrons
within the nuclear volume. Nucleons that couple to J*=0" pairs produce magnetic
dipole moments of equal magnitude but opposite sign, resulting in a zero net dipole
moment for an even-even nucleus. In odd-mass nuclides, the total dipole moment
results from the motion of the remaining unpaired valence nucleon, and so gives an
insight to the single-particle nature of the orbitals they occupy. For odd-odd nuclei,
both unpaired nucleons play a role, and so the evaluation of the total magnetic
moment of a nucleus is performed using the so-called additivity rule (See discussion
in Section 6.5.2).

3.2.2 Electric quadrupole

The electric quadrupole moment is sensitive to the distribution of charge within
the nucleus. It provides a metric for describing both the magnitude, and sign of the
quadrupole deformation (whether the nucleus is oblate or prolate).

The spectroscopic quadrupole moment, Q;, can be related to the intrinsic quadru-

pole moment, Qy, using the strong-coupling projection formula,

(3.12)

302-I(I+1)
Qo)

(I+1)(2I+3)

where () is the projection of the nuclear spin along the symmetry axis of the nucleus.

The intrinsic quadrupole moment can be used to calculate the deformation factor

(B2):

0 5Z(r®)spn
(1 R ———
AVASY

where (r?) sph 1s the mean-square charge radius of the same nucleus if it were spheri-

(B2)(1+0.36¢B2)), (3.13)

cal. This value can be calculated using the droplet model.
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Experimental method

The results discussed in this thesis are from experiments performed at the Iso-
tope Separator On-Line DEvice (ISOLDE) facility at CERN (Geneva, Switzerland).
The facility is located next to the Proton-Synchrotron Booster (PSB) at the CERN

accelerator facility, shown in Fig. 4.1.
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S5P5
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T2

A ISOLDI

East Area

LEIR

Figure 4.1: A schematic representation of the CERN accelerator complex, taken from
[52]. The ISOLDE facility is shown in green.
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4.1 ISOLDE facility

The ISOLDE facility at CERN began operation in 1967 and underwent major
upgrades in 1974 and in 1992. A layout of the current facility is shown in Fig. 4.2. It
employs the Isotope Separation On-Line (ISOL) technique [53] in order to produce
radioactive ion beams.

The facility is home to two mass separators which deliver high-purity beams to
anumber of permanent, or travelling experiments. To date, more than 20 different

target materials and ionisers are available for use, providing over 1300 different

isotopes of 73 different elements for experimental investigation [54].

Figure 4.2: A three-dimensional computer model of the ISOLDE facility, CERN [55].

The At and Au isotopes that are the focus of this work were produced by bom-
barding a thick UC, target with high-energy protons. The At and Au atoms were
then ionised using the laser ion source, extracted by an electrostatic potential and
then mass separated. The mass-separated beams were then delivered to either the
Windmill decay station or the ISOLTRAP MR-ToE The Windmill decay station was
used to perform decay studies and measurements of the HFS and isotope shifts
of short-lived a-decaying isotopes. The ISOLTRAP MR-ToF was used to make HFS
and isotope shift measurements on stable or long-lived nuclides, or in cases where
high levels of isobaric contamination was present. An overview of the entire beam
production and delivery process is shown in Fig. 4.3, and a more detailed discussion

of the different stages is given in the following sections.
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Figure 4.3: Schematic drawing of the in-source resonance ionisation spectroscopy
setup for the experiment on At beams [56]. The figure includes the proton beam
incident on the UC, target, the lasing light from RILIS and extraction of the At ions
from the ion source, the mass separation by a bending magnet and the delivery of the
ion beam to three different detection setups, namely the Faraday cup, the Windmill
system and the ISOLTRAP MR-ToE

4.2 Radioactive beam production

At ISOLDE a 1.4 GeV pulsed-proton beam is delivered to the facility by the PSB, in
order to produce a wide variety of nuclides for experimental investigation. The pulses
have a length of 2.4 us, a spacing of 1.2 s, and contain up to 3.1 x10'3 protons, giving
an average current of 2.1 pA [57]. The pulses are organised in a logical sequence
called a supercycle (SC) which typically consists of 35-40 proton pulses that are
distributed across CERN depending on the needs of the different facilities. During
an experiment, ISOLDE will typically receive 50% of the pulses within a SC.

During the At and Au experiments, 50 g/cm? UC, targets were used, upon which
the proton beam was impinged. These high-energy collisions induced spallation,
fission and fragmentation reactions within the target, details of which are given

below (see Fig. 4.4).
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* Fission-The target nucleus is excited above the fission barrier, allowing nuclear
fission to occur which produces two large daughter fragments, plus a number
of free neutrons. The A/Z ratio of the parent nucleus of a fission process is
greater than that of the stable isotopes of the daughter products. Thus, the
fission process allows experimental access to a large number of neutron-rich
isotopes, with A = 140-150.

» Fragmentation - This is the primary reaction mechanism used to produce the
lightest nuclei for study, such as the halo nucleus !'Li. These reactions result
in the production of two daughter nuclei; a light- and a heavy-mass nucleus,

with the latter having a similar mass to those of the isotope used for the target.

» Spallation — A two-stage process in which a relativistic particle collides with
a target nucleus. This collision excites multiple constituent protons and neu-
trons within the target nucleus, into high-energy states. What then follows
is called an intranuclear cascade in which the nucleus de-excites either by
evaporating off nucleons, or through the emission of y rays. Spallation reac-

tions produce neutron-deficient nuclei and are the primary mechanism for

the creation of At and Au isotopes studied in this work [58].

Figure 4.4: Schematic of the spallation, fragmentation and fission reactions used to
produce radioactive isotopes at the ISOLDE facility.
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Neutral reaction products, having low recoil energies, stop within the target
material. The products then diffuse through and effuse out of the target matrix, along
a transfer line, and into a hot-cavity ion source of 34 mm length and 3 mm diameter.
In order to reduce the release time of the products and adsorption losses, the target
and transfer line are kept at a temperature of = 2300 K. Once inside the hot-cavity of

the ion source, neutral atoms may be ionised.

4.2.1 RILIS

The Resonance Ionisation Laser Ion Source (RILIS) at ISOLDE is the most com-
monly used ion source at the ISOLDE facility, with over half of all experiments
performed at ISOLDE using it for beam production. It provides a highly selective
and efficient way to ionise reaction products created in the ISOLDE target. RILIS can
produce ion beams of 35 different chemical elements in 1* charge states [59] and
more recently has produced beams of Ba in a 2* charge state [60].

A multi-step resonant photo-ionisation process exploits the characteristic atomic
properties of elements of interest in order to produce an ion beam. Typically a
combination of three different tunable lasers is used, with 6 broadly tunable lasers
available that can produce wavelengths of light from the ultra violet to the near
infra-red range.

Two lasers are used to resonantly excite an atomic electron from the ground, to a
first, then to a second excited state. A third laser is then used for the final ionisation
step, removing the electron from the atom, leaving an ion in a 1* charge state. After
atoms of the element of interest are ionised, they are accelerated out of the cavity
by an electrostatic potential of 30-60 kV. The extracted ions are then mass separated
and delivered to an experimental setup at the end of one of ISOLDE’s beam lines.

On average an atom will remain within the hot cavity of the ion source for 0.1ms
before diffusing out. In order to maximise the ionisation efficiency of RILIS, the
repetition rate of the pulsed laser must be at least 10 kHz. This ensures that each
atom is exposed to at least one pulse of laser light, maximising the chance of an
interaction between the atom and a photon from the lasers.

Prior to the work performed on At, a significant effort had to be made to develop
an ionisation scheme [61]. Very little was known about the atomic structure of At due
to the absence of a stable isotope and only trace amounts found in nature (=70 mg
found in the outermost mile of the Earth’s land area [62]). Only two atomic lines were
documented and the ionisation potential was not known. The ionisation schemes
used to produce the ion beams during the Au and At experiments can be seen in Figs.

4.5 (a) and (b), respectively.
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Figure 4.5: The three-step resonant ionisation scheme used to produce (a) the Au
beam during the May 2015, IS534 run and (b) the At beam during the September
2014, IS534 run. The first and second step lasers were frequency scanned in the case
of the Au and At experiments, respectively.

Due to the hyperfine structure of the electronic energy levels, excitations can
only happen at discrete combinations of laser frequencies, where the energy of the
photon emitted by the laser matches the energy gap between the different hyperfine
levels. By scanning one of the lasers across a range of frequencies in a series of steps
and observing when ionisation occurs, the HES of the isotope can be measured and
from this properties of the nucleus can be extracted. During the Au experiment the
laser used to make the first step of the resonant ionisation scheme was frequency
scanned in order to perform the HFS measurements. In the case of the At experiment
the second-step laser was used to perform the scans. More details on the Au and At
HFS will be given in their respective chapters.

In addition to the laser-ionised At and Au isotopes, reaction products with low
ionisation potentials can be ionised upon contact with the surface of the hot cavity
of the ion source. These surface ions are then extracted along with the laser-ionised
element of interest, leading to the presence of beam contamination. The major-

ity of these surface-ionised beam contaminants are removed by the ISOLDE mass
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separators (discussed in following section). However, the mass separators do not
have a high enough resolving power to remove isobars of the isotope of study. This
results in the presence of isobaric contamination in the mass-separated beam. For
studies of nuclei in the vicinity of the Z = 82 shell closure, the main source of beam
contamination comes from Fr and Tl, having ionisation potentials of just 4.07 and
6.11 eV, respectively [63]. For the decay studies of 178 A1 presented in Chapter 5,
no appreciable levels of contamination were present due to the low production
cross-section of }78Tl, and there being no existing isobar of Fr.

Surface-ionised Fr was the main source of contamination during the experiments
on At isotopes discussed in Chapter 6. For 217 At and isotopes with A < 202, the isobars
of Fr are either proton unbound, have a low production cross section, or are too
short-lived to be extracted from the ion source, thus, did not pose a problem. For
2022187t the a-decay energy for the Fr isobars were easily separable by the Windmill
decay station (discussed in Section 4.3). As for 203-21L219A¢ the Multi Reflection
Time-of-Flight Mass Separator device (discussed in Section 4.4.1) was able to remove
any isobaric contamination, and so was used to measure the HFS and isotope shifts

for these isotopes.

4.2.2 Mass Separation

The ISOLDE facility has two on-line mass separators each with their own target;
the General Purpose Separator (GPS) and the High Resolution Separator (HRS). The
GPS consists of a single magnet with a resolving power of M/AM = 2400 [54, 57]. The
separator also has two pairs of movable electrostatic deflector plates, allowing for
selective production of three ion beams within a maximum acceptance of +15% of
a central mass. The lower- and higher-mass beams are transported to the ISOLDE
GLM and GHM beam lines, respectively, and the central-mass beam is transported
down the GPS beam line. This makes it possible to perform up to three experimental
studies at a time.

The HRS consists of two bending magnets, providing a mass resolution of M/AM >
5000. Unlike the GPS, the HRS possesses no deflector plates, only a single beam with
specific mass can be produced and is transported down the HRS beam line.

Both the GPS and HRS beam lines then feed into the central beam line via a
merging switchyard. This central beam line then feeds into the ISOLDE experimental
hall, from where it can be steered to one of a number of experimental stations where
a user’s setup can be installed. In the case of the IS534 experiments on Au and At, the
setups used included the Windmill, the ISOLTRAP MR-ToF and the Faraday Cup, as
shown in Fig. 4.3.
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4.3 The windmill decay station

In the case of this work, the laser-ionised and mass-separated beam was delivered
to the so-called Windmill (WM) decay station, shown in Fig. 4.6. The beam entered
the WM through a collimator, passed through the 6 mm central hole of an annular Si
detector and was implanted into one of ten carbon foils of 6 mm diameter and 20
pg/cm? thickness [64]. The foils were mounted upon a wheel that could be rotated
after a fixed number of SC, removing long-lived daughter radioactivity from the
implantation site to a decay site, and introducing a fresh foil for beam implantation.

Four silicon detectors were placed inside the WM chamber in order to detect
and measure the energies of conversion electrons, § and a particles. A 300 ym-
thick annular surface-barrier with a 6 mm central hole, named Sil, and a 500 ym
circular surface-barrier, named Si2, were positioned 10.5 mm upstream and 6.5 mm
downstream of the foil at the implantation site, respectively. The two detectors gave
a combined a-decay detection efficiency of 34%. A second pair of Passivated Im-
planted Planar Silicon (PIPS) detectors, named Si3 and Si4, were positioned at the

decay site to measure any long-lived a and S activity.

LEGe

LEGe

Pure 30-60 keV
beam from
ISOLDE + RILIS

Sil ‘ : Si2

Sil

Pure 30-60 keV
beam from
ISOLDE + RILIS

C foils
(20 pg/cm?)

Si4

Figure 4.6: Three-dimensional model of the detectors used in the Windmill decay
station. Left: positions of the four silicon (brown) and the Low-Energy germanium
(LEGe, light blue) detectors relative to the wheel (dark grey) of the Windmill, carbon
foils (light grey) and the beam (red). Right: zoomed in view of the detectors and foil
at the implantation site and the 3/ conversion electrons (blue), a particles (orange),
Y rays (green) and fission fragments (black) that are measured by the system.
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Two germanium detectors were positioned around the WM chamber in order
to detect y rays. The first, Gel, was a low-energy planar germanium detector and
was positioned directly behind Si2. The second was a single-crystal high-purity
germanium detector, Ge2, and was positioned 90° relative to the beam direction, to
the side of the WM chamber. A schematic displaying the positioning of the Si and Ge

detectors relative to each other and the carbon foils can be seen in Fig. 4.6.

4.3.1 Electronics and data acquisition

As mentioned in Section 4.3 the WM wheel was turned after a fixed number of SC
lengths. The number of SC per turn of the WM wheel was chosen by the user and
depends on the production rate and half life of the isotope being studied. As well
as removing long-lived decay products this also provided a logical point to retune
the laser frequency during the HFS measurement scans (discussed in the following
section).

Digital Gamma Finder (DGF), revision 4C, digital electronic modules from XIA
were used for the collection of data [65]. Each module had 4 input channels through
which they received and processed electronic signals, and internal clocks to record
the time of each signal received. Each “event”, whether it be the detection of radiation
inside one of the detectors or a signal from one of the clocks, was given a number of

stamps which were then used during the analysis of the data.

* Identification stamp - tells the system which channel and which module the
signal was received by allowing for the identification of what type of event was
received (i.e. a radiation detection event inside one of the Si or Ge detectors, or

a timing event from the pulser (see below) or clocks logic).

e Time stamp - taken from the internal clock of DGF modules and gives the time

a signal was received to the precision of 25 ns.

* Energy stamp - proportional to the magnitude of the electronic signal received

by the module, the larger the signal, the larger the energy of the event.

During the two experiments 8 modules were used. The energy signals from each
detector were first sent through preamplifiers before being sent to one of the modules
dedicated to that detector. Of the remaining two cards, one was dedicated to a pulser
set to run at 100 Hz. The pulser was used to monitor the total live time of each run as
well as the fractional dead time of the system throughout data acquisition. The final
card was used to record signals from the clock logic used to control and synchronise

the recording of data and the rotation of the WM wheel. The time of the start of a



CHAPTER 4. EXPERIMENTAL METHOD 58

measurement step within a HFS scan, any proton pulse sent to ISOLDE, the turning
of the WM wheel and the end of data recording by the DAQ were all recorded by this
card.

The modules were controlled remotely and their internal clocks were synchro-
nised by a dedicated data acquisition computer, using the IGOR software package by
wavemetrics [66]. The writing of data from the module buffers to the hard drive of
the PC was synchronised using a logic gate in order to minimise dead time from the

readouts, as well as to avoid missing any coincident events.

4.4 Scanning the hyperfine structure

In order to measure the HFS of the different isotopes, one transition of the
resonant-ionisation scheme is scanned using a laser that operates in a ‘high-resolution’
narrowband (NB) mode. In this mode, the linewidth of the NB laser is ~ 1 GHz [56],
matching the resolution limit set by the 1-1.5 GHz Doppler broadening of the atomic
transitions. The Doppler broadening is due to a velocity distribution of atoms within
the hot-cavity ion source. The other transitions of the photoionisation scheme are
performed by separate lasers that operate in a fixed-frequency broadband (BB) mode,
optimised such that they give the maximum ionisation efficiency. The BB lasers have
a linewidth of 10-20 GHz, covering the full widths of the HFS for all isotopes of a
given element. This ensures that all isotopes and isomers are ionised with the same
efficiency.

The frequency of the light produced by the NB laser is changed in a series of
discrete steps. At the beginning of a step the NB laser is tuned by the tilting two
etalons in order to select a fixed frequency [67]. Once frequency stabilised, the
implantation of beam to the Windmill decay station commences, and the recording of
data begins. During each step, the frequency of the NB laser light is monitored using
a precision wavemeter, and the measured average is taken as the laser frequency for
that step. After a fixed period of time, the acquisition of data stops and the lasers
are tuned to a new frequency. During this tuning time, the wheel of the windmill
is rotated in order to introduce a fresh foil to the implantation site. This process is
repeated until the full range of the HFS of the isotope of interest has been covered
by the scan. The start and end data recording during each step in the scan, and the
movement of the wheel before the next step are controlled by the signals from a
number of digital clocks that are combined with those from the CERN PSB in an
electronic logic system.

The range of frequencies the HFS covers is determined by preliminary measure-
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ments which scan an extended range of frequencies using large step sizes in order to
ensure no resonances are missed. It was during one of these extended measurements
that the HFS of the second isomer in !"8Au (presented in Chapter 5) was discovered,
at somewhat of a surprise to the experimentalists.

The Windmill setup was used to measure the HFS of short-lived a-decaying
isotopes and isomers of At. The number of a decays or y transitions were measured
per laser step, thus giving a measurement of ionisation efficiency at a certain setting
of laser frequency. The characteristic radiation, unique to a specific isomer, makes
decay-tagged laser-spectroscopy an extremely selective method for investigating the
HES of different states within the same nucleus. By gating on either the characteristic
a decays or y transitions measured by the Windmill decay station, it is possible to
extract the HFS of multiple isomers during a single laser scan. An example of such
a study is displayed in Fig. 4.7. The plot shows the number of counts of singles a
decays as a function of laser wavenumber setting, for a scan of 2°°At. The HFS of the
three different isomers present in 2°°At can be individually investigated due to the

ability to make clean gating conditions on their respective a decay energies.
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Figure 4.7: Surface plot of the a-decay energy measured in the Windmill system,
versus the laser wavenumber recorded at the time the a particle was detected for
200At. Three ridges can be seen, corresponding to three different a decays, from three
different states in 2°°At. The different structures of the three ridges are a direct result
of the difference in HFS, due to the different structures of the three nuclear isomers.
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4.4.1 The ISOLTRAP MR-ToF device

In cases where the nucleus of interest has no a decay, has a long lifetime, or there
are high levels of isobaric contamination present in the beam, the Multi-Reflection
Time-of-Flight Mass Spectrometer (MR-ToF MS) of ISOLTRAP was used. A brief over-
view of the principles of how the MR-ToF MS operates is given below. For further
details on the device we refer to Refs. [68, 69].

First, the mass-separated beam enters the Radio Frequency Quadrupole cooler-
buncher (RFQ), which slows and bunches the ions of the beam. The ions are then
injected into the 460-mm long cavity of the MR-ToF MS device. Two 160-mm long,
coaxial electrostatic mirrors are positioned at either end of the cavity, with central
apertures allowing the entrance of the mixed beam, and exit of the mass-separated
ion beam. The whole device has a length of = 0.8 m. Ions are reflected back and
forth thousands of times between these mirrors, effectively giving them a long flight
path. This produces a temporal separation of species due to differences in their
respective masses. The final result is a mass-resolving power of ~2x10°, with the
mass separating process taking ~30 ms. A schematic of the operation principles of

the device is shown in Fig. 4.8.
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Figure 4.8: Schematic of the operation of the MR-ToF MS device, taken from [69].

Once mass separated, a high-time resolution electrical deflector is used to select
the isotopes of interest. This deflector allows the desired species to exit through the
aperture of the exit mirror, and rejects contaminants by reflecting them back into the
MR-ToF cavity. Once the isotopes of interest have exited the cavity, a multichannel-

plate detector is used to count the number of ions.
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Decay studies of ! ’°Au

5.1 Identification and separation of different isomers

As mentioned in Section 1.1, previous decay studies of }"8Au identified just one
a-decaying state [11, 12, 70]. However, -decay feeding from "8Au to the states with
I =2 and 4, as well as to I = 8 states in !"8Pt was also observed, in the study of Ref.
[13]. This provided the first indication for the presence of two a-/f-decaying states
in 17Au, with possible spins of I = 2-4, and I = 7-8.

The first direct confirmation of these two states in !"®Au was made during the
IS534 experiment - a collaboration between the Windmill and ISOLTRAP groups.
This was achieved based on the HFS measurements made for the two states, shown
in Fig. 5.1. The large difference between the HFS of the ground and isomeric states
made possible the production of isomerically pure beams, allowing independent
studies to be made upon the two states. The ISOLTRAP Penning trap [71] was used
to perform mass measurements, which were used to identify which was the ground
state (1"®8Au), and which was the isomeric (18" Au) state.

Decay studies were performed upon 788" Au using the Windmill decay station
(see Section 4.3). Dedicated runs were made in order to measure the half-lives,
branching ratios and decay properties of the two states, the results of which will be
presented and discussed in this chapter. Throughout the decay studies, laser settings
of 12453.38 cm™!, and 12452.18 cm™! were used to produce isomerically pure beams
of the ground and isomeric states in ’8Au, respectively. The results of the mass
measurements showed 178 Au to have an excitation energy of 188(14) keV relative to
1788 Ai1. The details of the mass measurements will not be presented in this work, but

will be discussed in a forthcoming publication [72].

61
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Figure 5.1: The measured HFS of the ground (blue) and isomeric (red) states of 1"®Au.

5.2 Calibration of detectors

5.2.1 Silicon detectors

The silicon detectors were calibrated using the well-known a-decay energies of
178pt [73], the B-decay daughter of 78Au, and '%8At [74, 75, 76], the data for which
were taken during a neighbouring run. The results for the calibration of the silicon
detectors are shown in Fig. 5.2.

The evaluation of the a-electron (@-e) summing discussed in Section 5.3.2, due to
the simultaneous deposition of energy of the a particle and subsequent conversion
electrons within the Si detectors, requires the positions of the detectors to be well
known, relative to the implantation foil. These were determined by comparing the
fraction of a decays from a 50(1) Bq 241 Am source that were measured by Sil and Si2,
to their respective solid angle coverages at varying distances from the foil (shown in
Fig. 5.3). From this analysis, Sil and Si2 were found to be positioned 10.5(10) and

6.5(10) mm away from the implantation foil, respectively.
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Figure 5.2: Energy calibration for the Sil (red) and Si2 (blue) detectors, using the a
decays of 1"8Pt, E, =5291(4) and 5446(3) keV [73], and '%8At, E, = 6753(4) and 6854(4)

keV [74, 75, 76]. The data are fitted with linear functions.
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Figure 5.3: The solid angle coverage of Sil (red) and Si2 (blue) as a function of distance

from the implantation foil.
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5.2.2 Germanium detectors

The germanium detector was energy and efficiency calibrated using %°Co (0.716
kBq), 33Ba (6.686 kBq), °?Eu (7.953 kBq) and !37Cs (18.519 kBq) sources [34]. The
top panel of Fig. 5.5 shows the energy of a detected y ray as a function of the
channel number, fitted with a linear relationship. The bottom panel of Fig. 5.5
shows the absolute detection efficiency as a function of the energy of y rays from the
aforementioned calibration sources. The data are fitted with a crystal ball function -
a Gaussian plus tail function that will also be used for fitting the a-decay peaks in

the following sections (see Refs. [77, 78, 79] for more details).

5.2.3 Prompt timing gates

Before final analysis of the a-y coincidence data it was necessary to define a
prompt time gate between the detection time of an a particle in a silicon detector,
and a y ray measured in the germanium detector. The gate was set such that as
many time-random coincidences as possible were removed, whilst keeping the true
coincidence events within the data.

This was achieved by plotting the time distribution of the 5291(4)-158.6(1) keV
a -y coincidences belonging to the fine structure of 1”8Pt [80]. The results are shown
in Fig. 5.4, based on which a prompt timing condition of 20 ns < Af < 230 ns was

used for investigating the a-y coincidences in the following discussion.
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Figure 5.4: The difference between the time of detection for an « particle and a y ray
belonging to the 5291-158.6 keV fine-structure decay of !“8Pt.
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Figure 5.5: Calibration of the germanium detector. The top panel shows the energy
calibration, with the energy of the detected y ray as a function of the channel number,
fitted with a linear relationship. The bottom panel displays the absolute detection
efficiency of the LEGe detector as a function of energy, fitted with a crystal ball
function.
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5.3 Decay analysis

The decay data for the ground and isomeric states in }"8Au are shown in left- and
right-hand side panels of Fig. 5.6, respectively. In these figures, panels (a) and (b)
show the combined singles a-decay spectra measured in Sil and Si2 of the Windmill
station, and panels (c) and (d) display the a-y coincidence matrices. Panels (e) and
(f) are the projections upon the E, axes of the aforementioned coincidence matrices,
made for the E, regions between the dashed vertical red lines shown in panels (c)
and (d). The solid horizontal red lines in panels (c) and (d) point to groups of a-y
coincidences discussed in the following sections. Figures 5.7 and 5.10 show the
projections on the E, axis for the groups of a-y coincidences that belong to the
fine-structure decay of the ground and isomeric states in "8Au, respectively.

It is worth noting the cleanliness of the spectra displayed in Fig. 5.6, due to the
high purity of the beams of 1”®Au produced at ISOLDE. Only decays belonging to

178 Ay and its p-decay daughter, 178pt are seen in the plots.

5.3.1 Singles alpha decay

For 1788 Au, two high intensity peaks at 5843(10) and 5922(5) keV are evident in
Fig. 5.6 (a), along with a third low-intensity peak at 5750(15) keV. In comparison,
the spectrum for 1"®”At shown in Fig. 5.6 (b) displays three high-intensity peaks,
at 5839(10), 5925(7) and 5973(7) keV, with an additional two low-intensity peaks at
5521(10) and 5571(10) keV. The differences between these two spectra alone indicates
the presence of two different a-decaying states in ’8Au. The peaks at 5291(5) and
5446(5) keV in both spectra are due to the a decay of }78Pt, the daughter nucleus of
the B*/EC decay of 1’8Au. As will be shown in the following discussions, there are
additional fine-structure decays contributing to these observed peaks, which will be

identified by the analysis of the data for a-y coincidences.
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Results for the ground state

Several prominent groups of a-y coincidences can be seen in Figs. 5.6 (c) and (e):
5843(10)-83.0(3) keV, 5840(10)-90.4(3) keV, 5811(10)-116.0(3) keV and 5753(15)-175(1)
keV. Due to the large intensity of the 170 keV 2] —07 y-ray transition in 178pt, a small
number of time random coincidences at 5922-170 keV can be seen in Fig. 5.6 (c).

In addition to the main a-y coincidence groups, a number of other groups with
low statistics can be seen in Figs. 5.6 (e) and 5.7. A group at 5753(20)-83.0(3) keV is
visible in Fig. 5.7 (a), and two at 5740(20)-98.2(3) keV and 5810(20)-98.2(3) keV in Fig.
5.7 (c). The E, £20 keV uncertainties stem from the low number of counts in these
groups.

Should these a-y coincidences be components of the fine-structure decay of the
same state, then their total Q-values, Qg ;0r, should be in agreement with the Q, =
6058(5) keV of the 5922 keV a decay. The value of Qg ;o is defined as

Qa,tot: Qa+ ZEy(i)» (5.1)
i=1

where the last term represents the sum of the energies of all y rays belonging to a
cascade with 7 transitions, following an a decay.

The calculated Qg0 values of these coincidences are displayed in Table 5.1.
The 5811-116 keV and 5753-175 keV groups are in agreement with the Q, o, of the
5922keV a decay. Therefore, these a decays, followed by single-step y-ray transitions,

are assigned to the fine-structure decay of 8 Au, as shown in Fig. 5.8.

Table 5.1: Energies for a decays (E,) and y tranistions (Ey) in coincidence with one
another and the calculated total Q-values (Qq,;o¢), for 1788 Au.

Eq [keV] | Ey [keV] | Qq,ror [keV]

5922(5) 0 6058(5)
5811(10) | 116.0(3) 6061(10)
5753(15) | 175.0(10) 6060(15)
5843(10) | 83.0(3) 6060(10)
5840(10) | 90.4(3) 6065(10)
5753(20) | 83.0(3) 5968(20)
5810(20) | 98.2(3) 6042(20)
5740(20) | 98.2(3) 5970(20)

The Qg,10: values of the 5840-90.4 keV and 5843-83 keV groups are within error of
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Figure 5.7: Projections on the E, axis from the a-y coincidence matrix of 1788 Au
shown in Fig. 5.6, for the E, = (a) 83.0, (b) 90.4, (c) 98.2, (d) 116.0 and (e) 175.0 keV
groups. The vertical red lines represent a-decay energies for different components
of the '"®8Au fine-structure decay, shown in Fig. 5.8. Gating conditions of Ey + 1keV
were used to make these projections.
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one another, as well as that of the 5922 keV singles a decay. One possible explanation
for this is that both the 90.4 and 83 keV y-ray transitions originate from the same state
in 17Ir, populated by the same a decay of "8 Au. This would require the existence
of a 7 keV transition following the 83 keV decay to account for the difference in the
Qu,r0r Values, however, this is not observed in the data. An alternative explanation
could be that the two y transitions follow two a decays, with an energy difference of
a few keV. The energies of the two a decays would be so close that they cannot be
resolved within the resolution of the Windmill silicon detectors. The second of the
two scenarios is drawn in Fig. 5.8.

The 5810-98.2 keV group most likely has the same a decay as that of the 5811-
116 keV fine-structure decay. This means that there is 17.8 keV of energy missing
from the full-energy fine-structure decay, when comparing the y-ray energies of a
5811-98.2 keV and a 5811-116 keV group. Similarly, the a decays of the 5753-83 keV
and 5740-98.2 keV groups are most probably the same as that of the 5753-175 keV
fine-structure decay. This would lead to 92 keV of energy missing from the 5753-83
keV group, and 76.8 keV from a 5753-98.2 keV decay path.

The missing 92 keV of energy from the 5753-83 keV decay can be placed between
the 175 keV and 83 keV levels in 748Ir, as shown in Fig. 5.9. However, the placement
of the 98.2 keV transition is uncertain, as it is unclear whether the missing 17.8 keV of
energy precedes or follows it. This leads to two possible scenarios, labelled scenario
1 and scenario 2 in Fig. 5.9. In scenario 1, the 116 keV level in 1"4Ir decays via the
emission of a 98.2 keV y ray, followed by a 17.8 keV y-ray transition to the ground
state. In this scenario the 5753-98.2 keV group would result from a 59 keV transition
between the 175 keV and 116 keV levels in 17*Ir.

In scenario 2, the 98.2 keV transition is preceded by a 17.8 keV transition in a
y-ray cascade from the 116 keV level to the ground state in !74Ir. The 5753-98.2 keV
group can either results from feeding to the 116 keV level by a 59 keV y-ray from the
175 keV state, as in scenario 1, or by a 76.8 keV y-ray transition between the 175 keV
and a 98 keV level.

In the case of scenario 1, a 5753-116 keV a-y coincidence group would be ex-
pected in the data. There is only one count in Fig. 5.7 (d) that could be attributed
to such a group. On the other hand, scenario 2 does not require such a transition
and so may be the preferable option, however, the available statistics are too low to

choose either scenario with certainty.
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Figure 5.9: The two possible options for placing the 98.2 keV y-ray transition (see
text), scenario 1 (red), and scenario 2 (blue), in 741r

Results for the isomeric state

Seven groups of a-y coincidences were identified in Figs. 5.6 (d) and (f): 5740(15)-
56.8(3) keV, 5839(10)-91.2(3) keV, 5839(10)-67.6(3) keV, 5839(10)-56.8(3) keV, 5844(15)-
139.2(3) keV and 5925(7)-56.8(3) keV. The calculated Qs values for these groups
are shown in Table 5.2.

In addition to the above, the two low-intensity peaks at E, = 5521 and 5571 keV
seen in Fig. 5.6 (b), were observed in coincidence with y transitions with E, = 421.4(5)
and 472.1(5) keV, respectively. The spectra for the a decays in coincidence with these
two v rays are shown in Figs. 5.10 (e) and (f), but contain low statistics. In Fig. 5.10 (e)
The 421.4 keV transition is seen to be in coincidence with 4 counts at E, = 5571 keV,
and 2 counts at E, = 5521 keV. Four counts at E, = 5521 keV are seen in coincidence
with the 472.1 keV y-ray transition, in Fig. 5.10 (f).

In passing we mention that a follow-up experiment, JR121 [83], that was inspired
by the ISOLDE study, was performed on "8Au at the accelerator laboratory at the
University of Jyvéskyld (JYFL). The JYFL experiment used the JuroGam II [84] - RITU
[85] - GREAT [86] setups and employed the recoil-decay tagging method [87] in order
to study the y decay of excited states, and the subsequent a decay of }73Au. The
data from the JYFL experiment contains ~ 10 times the statistics of the ISOLDE study;,
and confirms the presence of the 5521-472.1 keV and 5571-421.4 keV a-y coincidence
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groups, each having ~40 a-y events. An a-y coincidence group at 5521-421.4 keV
was not observed in the JYFL data. Therefore, the 2 counts seen at E, =~ 5521 keV in
Fig. 5.10 (e) are attributed to coincidences with the low-energy tail events of the 5571
keV a decay, and the 5521-421.4 keV group excluded from the following analysis.

The 5925-56.8 keV group establishes a state at 185 keV (56.8 keV above the isomer
in 1741r), fed to by the 18" Au 5925 keV a decay, as shown in Fig. 5.8. In the following
discussion of the Qg ;s values belonging to the aforementioned a-y coincidence
groups, the different decay paths will be compared to that of Q4 ;o = 6118(7) keV
of the 5925-56.8 keV group. The reason for this is twofold; firstly, this is the most
intense a decay of /8 Au, and is followed by a single-step 56.8 keV y-ray transition
(see Fig. 5.8). Thus, the a-decay energy for this a-y group, taken from Fig. 5.10
(a), is not affected by a-e summing (see below); secondly, as will be shown in the
following discussion and Section 5.3.2, a significant component of the peak observed
at E, =5973 keV in Fig. 5.6 (b) is due to a-conversion electron (a-e) summing within
the Si detectors. This results in a large error estimate for the a-decay energy, as the
subtraction of the a-e summing results in a significant reduction in intensity, and a
shift in peak centroid to E, = 5977(15) keV (see details in Section 5.3.2). Therefore, it
is safer to compare Q,,;o; values of the different a-y coincidence groups to that of
the 5925-56.8 keV group.

The excitation energy of the isomeric state in "4Ir (174"Ir), E("*™Ir), was cal-
culated by comparing the excitation energy of 178" Au, the Qq ;o; = 6118 keV of the
178m Ay fine-structure decay, and the Qg ;o; = 6058 keV of the 5922 keV 1788 Ay, ground

state-to-ground state decay, such that

Ex("™™MI1) = Q100 (8 Au) + B (V8™ Au) — Qg 10: (178 Aus). (5.2)

This yielded a value of E,(1"*™Ir) = 128(17) keV, as shown in Fig. 5.8.

The Qg,:0r values of 6118(15) keV for the 5844-139.2 and 6118(7) keV for the 5925-
56.8 keV groups are in agreement with one another. This establishes an excited state
at 267 keV (139 keV above !74"1r, see Fig. 5.8).

The 5521-472.1 and 5571-421.4 keV groups both have Qg o, values of 6120(10) keV.
This is in good experimental agreement with the Qg ;o values belonging to the other
a-y coincidence groups, shown in Table 5.2. Thus, these two groups are assigned as
components of the fine-structure decay of 1’3" Au, and states with excitation energies
of 600 and 549 keV (472 and 421 keV above !74"Ir) are established in Fig. 5.8. We
note here that it is unusual to see such intense fine-structure components feeding to
states at such high excitation energies, relative to the strongest decay path. A further,

dedicated discussion of these two peaks is given in Section 5.6.
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Figure 5.10: Projections on the E, axis from the a-y coincidence matrix of 178" Au
shown in Fig. 5.6, for E, = (a) 56.8, (b) 91.2, (c) 67.6, (d) 139.2, (e) 421.4 and (f) 472.1
keV. The vertical red lines represent a-decay energies for different components of
the '"®”Au fine-structure decay, shown in Fig. 5.8. Gating conditions of E, + 1keV
were used to make these projections.
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If the 91.2 and 56.8 keV y rays belong to a two-transition cascade, the 5839-
91.2-56.8 keV a-y-y decay path would have a Q4 ;o; = 6121(10) keV, which is within
experimental uncertainty of the Qg o, values of the aforementioned groupsl. A
cascade involving the 91.2 keV y ray and the strongly converted 56.8 keV transition
would also explain the high-energy tail seen on the E,, = 5839 keV peak in Fig. 5.10 (b).
Therefore, we assign these decay paths to the fine-structure decay of the isomeric
state in 1"8Au.

The 5740-56.8 keV group requires the presence of a yet unobserved 189 keV y-ray
transition in order to match the Qg ;o = 6118 of the 5925-56.8 keV coincidence group.
The missing transition energy is indicated by the dashed arrow between the 374 keV
and 185 keV levels in Fig. 5.8.

The 5839-67.6 keV decay path is missing 80.4 keV of energy in order to match
the 91.2-56.8 keV y cascade. The missing energy is greater than that of the Ir K4 x
rays (Ex = 73-76 keV [34]), and the y-ray detection efficiency at this energy is greater
than at 67.6 keV. Thus, taking into account the number of counts for the 5839-67.6
keV group seen in Fig. 5.10 (c), a 5839-80.4 keV group should be visible in Fig. 5.6 (f).
However, no such transition is seen. The absence of an 80.4 keV y-ray transition in
the data could be due to it being strongly converted. This explanation is supported
by the large total conversion coefficients of a ;,;(80.4 keV) = 11.4(2), 11.6(2) and
122.3(2) calculated using Brlcc [88] for M1, E2 and M2 y-ray transitions, respectively.
The presence of a 67.7-80.4 keV y-ray cascade following the 5839 keV «a decay could
also explain the high-energy tail of the 5839 keV peak in Fig. 5.10 (c). However, it is
impossible to determine whether the missing 80.4 keV transition would come before,
or after the 67.6 keV y ray in such a cascade. Thus, this decay path is omitted from
Fig. 5.8.

A small number of a decays in coincidence with the 139.2 keV y ray are visible in
Fig. 5.10 (d), at E, = 5925 keV. However, these are believed to be due to time-random
background.

It was possible to determine the multipolarity of the 56.8 keV transition, due
to it being the sole y transition in coincidence with the 5925 keV a decay. This
was achieved by comparing the number of single @ decays measured in the E, =
5925 keV peak to the number of coincidence events in the 5925-56.8 keV a-y group,
corrected for the detection efficiency of the 56.8 keV y ray. From this analysis, the

total conversion coefficient, a,;os, was calculated based on the relation

Na 'EY
Naf’y

IThe statistics were too low to verify the 91.2-56.8 keV y-ray cascade with a y-y analysis.

1, (5.3)

e tor =
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Table 5.2: Energies for a decays (E,) and y tranistions (Ey) in coincidence with one
another and the calculated total Q values (Qg ;0;), for 18™Au.

Eq [keV] E; [keV] Qa,z0r [keV]
5977(15) 0 6114(15)
5925(7) 56.8(3) 6118(7)
5844(15) 139.2(3) 6118(15)
5839(10) 56.8(3) 6030(10)
5839(10) 91.2(3) 6064(10)
5839(10) | 91.2(3)+56.8(3) | 6121(10)
5839(12) 67.6(10) 6041(10)
5740(12) 56.8(3) 5929(12)
5571(10) 421.4(5) 6120(10)
5521(10) 472.1(5) 6120(10)

where N is the number of events measured in the singles 5925 keV a-decay peak in
Fig. 5.6 (b), €y is the detection efficiency of the germanium detector for a 56.8 keV y
ray, and Ny, is the total number of coincidence events measured in the 5925-56.8
keV a-y group in Figs. 5.6 (d). The analysis of the experimental data yielded a result
of ac ror =6.1(2).

Theoretical values of a . ;o; taken from the Brlcc conversion coefficient calcula-
tor [88], for 56.8 keV y rays of different multipolarities showed that the measured
value was closest to that of a ;,;(M1) = 5.60(8). Thus, based on the comparison
between the measured and calculated values, the 56.8 keV y ray was assigned an M1
multipolarity.

The large value of a ;. value for the 56.8 keV transition resulted in a significant
amount of a-e summing in the Si detectors. This is of particular importance as the
L-conversion electron for a 56.8 keV transition has an energy of ~43 keV [88], which,
when summed to the 5925 keV a decay, produces an a-e sum peak at ~5968 keV.
Thus, a significant component of the peak at 5973 keV in Fig. 5.6 (b) is due to a-e

summing, the effect of which is discussed in Section 5.3.2.

5.3.2 Alpha-decay intensities

The relative intensities of the fine structure a decays of the two states in !"®Au

were deduced by fitting the peaks in the singles a-decay spectra with crystal ball
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functions, where possible. The results of the fitting can be seen in Fig. 5.11. In
cases where this was not possible, the number of counts in the different a-y coinci-
dence groups, corrected for the the y-ray detection efficiency, were compared?. The
extracted intensities are shown in Fig. 5.8.

(a) 5446 keV 5922 keV, X% 2.9
10° 5840 keV
102 5291 keV o811 k ‘
5753 keV /,
10 b (‘ 7 ‘
> ’
V] ﬂ “ \" iyl
9 l“{
- ! . . . M 111l
5925 keV, 2.
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5 10° 5977 keV
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Figure 5.11: The 178 Ay (a) ground and (b) isomeric states singles a-decay spectra,
fitted with crystal ball functions. As well as the 1"®Pt 5291 and 5446 keV a-decay
peaks, the procedure includes the E, = 5753, 5811, 5840 and 5922 keV peaks and
the E, = 5521, 5571, 5839, 5925 and 5977 keV peaks for the fitting of the ground and
isomeric states singles spectra, respectively.

GEANT4 simulations for alpha-electron summing events

As mentioned previously, a significant component of the the 5973 keV a-decay
peak of the isomeric state is due to a-e summing. The effects of this summing were
investigated using GEANT4 simulations, the results of which are discussed in the
following section.

The contribution to the 5973 keV singles a peak in Fig. 5.6 (b), due to a-e sum-
ming from the 5925-56.8 keV fine structure decay was investigated using GEANT4
[89, 90]. The simulation included the detectors Sil and Si2, with the implantation
pattern approximated by generating particles over a two-dimensional Gaussian dis-
tribution (se Fig. 5.12). The full-width tenth maximum of the Gaussian was set to be
equal to the diameter of the carbon implantation foils (6 mm) of the Windmill decay

station.

2We note that no corrections for the conversion coefficients of these y-ray transitions were made
as their multipolarities are unknown. However, we do not expect this effect to be significant.
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Figure 5.12: Spatial distribution of 107 events initialised in the GEANT4 simulations.

An isotropic emission of a particles was simulated, with E, = 5925 keV. An elec-
tron was generated following the a particle, with energy, E.., and probability of
generation determined by the respective conversion coefficients for L-, M-, N-, O-
and P-conversion electrons. Values for E., and a. were taken from the Brlcc cal-
culator and are shown in Table 5.3. In the case of an L-electron, an L x ray was
also generated, with energies and intensities taken from Ref. [34]. The simulation
excluded K-shell electrons as their 76.1 keV binding energy [34] is greater than the
Y-transition energy, making K-conversion impossible.

Table 5.3: Average energies (E..) and conversion coefficients (a.) for conversion
electrons competing with a 56.8 keV, M1 y transition, calculated using Brlcc [88].

Shell, A | E¢ [keV] ac(N)
L 43.46 4.32(6)
M 53.66 0.995(14)
N 56.12 0.244(2)
(0] 56.71 0.0433(6)
P 56.79 0.00326(5)
Qe tot 5.60(8)
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Figure 5.13 (a) shows the raw data from the simulation. The line at 5925 keV is
due to full energy deposition of an «a particle inside a detector volume. The higher
energies lines represent summing events, in which an «a particle and a conversion
electron and/or and x ray deposited their full energies in the detector. The continuum
between these and the 5925 keV line is due to the full energy deposition of an
particle, plus the partial energy deposition of a conversion electron and/or an x ray.

In order to reproduce the experimentally measured spectra the raw data from
the simulation was broadened using a crystal ball function. Parameters for the
broadening were taken from fits of experimental data. Figure 5.13 (b) shows the
overlap between the experimental data, and the broadened simulated spectrum
scaled to match the height of the 5925 keV peak in the experimental results spectrum.

The difference between the experimental and the scaled simulated data is shown
in Fig. 5.13 (c). There is a significant reduction in intensity of the peak at E, = 5973
keV, as well as a shift in the peak centroid to E, = 5977(15) keV. From this it was
possible to extract the intensities of the 5840 and 5977 keV peaks, relative to that of
the 5925 keV a decay. The final results for the extracted intensities are shown in Fig.
5.8.

The simulation was run again using the extracted intensities for the 5839, 5925
and 5977 keV a decays, plus the effects of the a-e-x ray summing events with the 5925
keV peak. The results for the simulated data and experimental results are overlapped

in Fig. 5.14, and are in good agreement with one another.
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Figure 5.13: (a) the results of the GEANT4 simulations of a 5925 keV «a particle plus
a conversion electron and/or an L x ray, with energy and generation probability
determined by the Brlcc calculator. The peak at 5925 keV is due to the full energy of a
single a particle being deposited in the detector material. Counts at higher energies
are due to summing events involving full energy deposition by the «a particle, with
either the full (peaks) or partial (continuum) energy deposition of the electron and/or
L x rays, (b) an overlap of the experimental data (black) with the broadened results of
the GEANT4 simulations (red), (c) the difference between the two.
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Figure 5.14: The singles a spectrum of the experimental data (black) overlapped
with the results from the GEANT4 simulation of the three main a peaks plus @ and
electron summing events (red), by assuming the deduced intensities of the 5839,
5925 and 5977 keV a decays. The blue trace shows the difference between the two.

5.4 Decay branching ratios

The branching ratios for a decay, by, and  decay, bg, for the two states were
calculated by comparing the number of observed !“®Au and !"®Pt a decays, corrected
for the a-decay branching ratio of 18Pt (b, (}"8Pt) = 7.7(3)% [91]). Based on the
observed difference in the a-y decays matrices shown in Figs. 5.6 (c) and (d), we
conclude that there is no internal transition between the isomeric and ground state
in 1”8 Au. Were an internal transition decay branch to exist, the a-y coincidences
belonging to the ground-state decay would be visible in the spectra of the isomer.
This is not the case, thus, b, and bg should sum to unity for both the ground and
isomeric states, and the ratio of the two values can be defined as

ba,Au _ ba,Pt : Na,Au

, (5.4)
bﬁ,Au Na,Pt

where N, is the number of measured a decays.

This method assumes that all observed a decays of !"®Pt originate from the
decay of 17®Au, and that surface ionisation of Pt within the ion source is negligible.
This was confirmed by measurements made during runs with the lasers switched off.

Dedicated runs were made for these measurements, during which the wheel
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of the Windmill was not rotated to avoid removing any activity from “8Au and
178pt o decays. The results were b, = 16(1)%, bg = 84(1)% for the ground state, and
bq = 18(1)%, bg = 82(1)% for the isomer.

5.5 Half-lives

Half-life measurements of the two states were made using a grow-in/decay
method. A 13.2 s period of implantation was followed by a 6 s period of no im-
plantation, during which the decay curves of the a decays could be measured. This
sequence was repeated for a number of SCs, and the data taken during each SC
summed together in order to improve statistics.

Unfortunately, during these measurements the system suffered from a significant
dead time. This was due to high count rates in the germanium detectors which
caused the buffers of the DGF cards to fill quickly, requiring them to spill frequently.

This dead time issue was corrected using the pulser connected to the DAQ. The
ratio between the measured rate of the pulser, and the rate of 100 Hz to which
the pulser was set, gave the fractional live time of the system. This allowed the
measured a-decay rates to be dead time corrected accordingly. Panels (a) and (b) in
Fig. 5.15 show the measured a-decay rates before and after the dead time correction,
respectively.

Due to its longer half-life of t;/, = 21.1(6) s, 1Pt produced by the 8 decay of 1"8Au
survived to the decay position, after the Windmill wheel was moved at the end of
each SC. Therefore, it was possible to measure a pure !’®Pt & decay curve in Si3 and
Si4, without any contribution from the 8 decay of newly implanted !"®Au activity.
Fitting the decay curve measured at the decay site yielded t,,(1"®Pt) = 25(4) s, which,
with its relatively large uncertainty, is in experimental agreement with the tabulated
value. The large uncertainty stems from low statistics in the measured decay curves
of 178Pt, as well as the short measurement period of 36 s (defined by the length of
the SC) relative to t1,, = 21.1 s, further limiting the accuracy of the half-life extracted
from the fitting of the data.

The corrected data for the !788"Au decay curves measured by Sil and Si2, were
fitted using exponential functions (see Fig. 5.16) and the half-lives extracted. This
gave t/2 = 3.4(5) s for the ground state and ;2 = 2.7(5) s for the isomeric state.
Conservative error estimates are given to account for the dead time correction, as
well as the short time window in which the measurement of the decay curve was

taken, relative to the extracted values.
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Figure 5.15: Comparison of the data taken for half life measurements of 1788 Ay,
before (a), and after (b) the dead time correction.
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Figure 5.16: The extracted decay curves for 1788 (black), and 1"®"Au (blue), gating
on single a-decay events measured during the ‘decay’ period at the implantation
position. The data are fitted with exponential functions.
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5.5.1 Reduced widths and hindrance factors for alpha decays

The reduced a-decay widths were calculated using the Rasmussen approach [43],
assuming AL = 0 between the initial and final states. The results of these calculations

are displayed in Fig. 5.8.

5.6 The 5521 keV and 5571 keV alpha decays of the

isomeric state

The intensities of the 5521 and 5571 keV a decays were assessed using two meth-
ods; the first took the integral of the number of counts underneath the peaks in the
singles a-decay spectrum shown in Fig. 5.6 (b); the second method took the integral
of the 5521 and 5571 keV components derived from the crystal ball fitting procedure,
shown in Fig. 5.11 (b). The results are shown in Table 5.4, with the subscripts “integ”
and “CB” denoting the integral and crystal ball fitting methods, respectively, along
with their corresponding 62 and HF, values. The results from the two methods are in
agreement, and show that the 5521 and 5571 keV decays are unhindered, indicating
that the states they decay to in !”*Ir have a similar structure to the 56.8 keV level
populated by the 5925 keV a decay.

Table 5.4: Reduced a-decay widths for the main peaks seen in the singles spectrum;
intensities taken from integrating the number of counts underneath the 5521 and
5571 keV peaks (left), or from the integral of the individual components of the crystal
ball fits shown in Fig. 5.11 (right).

Eq [keV] || Iyinteg [%] | 6% [keV] | HF, Iocs | 62 [keV] | HF,
5521 1.0(4) 41200 | 1.3 || 1.07(3) | 45(12) | 1.2
5571 0.9(3) 22(9) | 25 || 0.77(2) 196) | 2.8
5839 4.5(1) 6.6(15) | 8.2 || 4.49(6) 7(1) 7.7
5925 86.5(4) 54(11) | 1.0 | 86.42(35) | 54(11) 1
5977 7.3(3) 2.86) | 19 | 7.252) | 2.8(6) | 19.3

However, in addition to the 421.4 and 472.4 keV y-ray transitions, the 5521 and
5571 keV a decays are seen in coincidence with large numbers of Ir x rays (see Fig.
5.6 (d)). There are two possible reasons for the presence of these x rays. The first is
that the 421.4 and 472.1 keV y-ray transitions are strongly converted. By comparing
the number of events in 5521-472.1 keV group to the integral of the 5521 keV peak
of the crystal ball fits in Fig. 5.11 (b), a value of a ;o = 2.4(12) for the 472.1 keV
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Table 5.5: Theoretical a, ;o; values for 421.4 and 471.2 keV y-ray transitions of varying
different in Ir, taken from [88].

E, [keV] 421.4 472.1
AL E M E M
1 0.0116(2) | 0.113(2) || 0.0090(1) | 0.84(1)
2 0.0366(6) | 0.368(6) || 0.0274(4) | 0.259(4)
3 0.131(2) | 1.03(2) 0.090(1) | 0.69(1)
4 0.497(7) | 2.98(5) 0.307(5) | 1.85(3)

Y-ray transition was extracted. By a similar analysis and in the extreme of taking all 7
counts in Fig. 5.10 (e) as belonging to the 5571-421.4 keV fine-structure decay, a value
of a; tor = 0.62(24) was calculated. The experimental results can then be compared
to the theoretical values of a, ;o; for 421.4 and 471.2 keV y-ray transitions of varying
multipolarities, belonging to an Ir nucleus are given in Table 5.5.

The experimentally extracted value for a 472.1 keV transition is in closest agree-
ment with the theoretical values of a ;,;(M4) = 1.85(3). As for the 421.4 keV y ray,
the calculated a. ;o value is consistent with the theoretical values for M2 and E4
transitions. However, the prompt nature of these transitions, observed in both the
ISOLDE and JYFL data, rules out high-multipolarity transitions, as these would have
single-particle transition half-lives in excess of hundreds of seconds [34].

An M2 transition would require the 421 keV level in the "4Ir isomer to have a
different parity to the states fed by the 5925-56.8 keV fine-structure decay. This would
introduce significant hindrance to the a-decay process, which is not reflected in the
results shown in Table 5.4. In addition to this, the low K-conversion coefficient a x
=0.291(4), calculated using Brlcc [88], for a 421.4 keV M2 y ray cannot explain the
large number of Ir K-x rays seen in coincidence with the 5571 keV a decay, shown in
Figs. 5.6 (d) and (f).

An alternative explanation could be that the two states populated by the 5521 and
5571 keV a decays have the same spin-parity quantum numbers as the one fed to by
the 5925 keV a decay, and de-excite via transitions involving strong E0 components.
In such a scenario, the 421.4 and 472.1 keV y-ray transitions would have mixed
E0/M1/E2 compositions. The electric monopole operator is directly related to the
nuclear mean-squared charge radius, with the strengths of E0 transitions between
mixed states of differing radii being enhanced [10, 92]. Thus, the presence of an
EO component of a transition is a strong signature for shape-coexistence. This

interpretation would mean that the a decay of the isomeric state in '"®Au would
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populate a triplet of states in 174Ir, with the same spin-parities but different shapes.

The origins of the unhindered 5521 and 5571 keV a decays are still under discus-
sion and remain a complex issue that goes beyond the scope of this work. The final
interpretation will be given in an upcoming publication, currently in preparation
[72].

The possible effect of a-E0 electron summing was investigated using GEANT4.
Simulations were made for a 5521 keV a particle and a 396 keV K-electron (in place
of a 472.1 keV y ray), with a. g values of 1.5, 2.0 and 2.5. The results for the a, =
2.0 simulation are shown in Fig. 5.17. The number of counts due to summing for
a. =2.0(5) was found to be 15.5(2)% of the number due to single a events, and so
the Ir x rays seen in coincidence with a decays between E, = 5500 and 5800 keV
can be explained in part by a-e summing from the 5521-472.1 and 5571-421.4 keV
fine structure decays. The counts in the peak at E, = 5920 keV in Fig. 5.17 would
contribute somewhat to the 5925 keV peak in Fig. 5.6 (b). However, number of
counts in the a-e sum peak would be negligible when comparing the experimental
spectrum to that of the simulation, when scaling to match the intensity of the 5521

keV a-decay peak.

10* =
10° =
o
S5 10?2 |
Q =
o =

10

5300 5400 5500 5600 5700 5800 5900 6000
Energy deposited [keV]

Figure 5.17: Spectrum for the results of GEANT4 simulations for a-e summing in the
silicon detectors, between a 5521 keV a particle and a 396 keV conversion electron,
With ac = 2.0.
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5.7 Spin assignments for 1738 Au

Spin assignments were made by identifying which states in the 1"8Pt daughter
nucleus were populated by the 8 decay of 178Au, by observing the S-delayed y-ray
transitions. Figures 5.18 (a) and (b) show the background-subtracted singles y-
ray spectra measured in Gel for the ground and isomeric states, respectively. The
background spectra were taken from measurements made with the lasers turned off.

The 257.4(3) keV and 170.4(3) keV peaks in Fig. 5.18 (a) correspond to the known
47 — 27 and the 2 — 0} E2 y-ray transitions of the !"®Pt yrast band. In contrast
to this, four peaks are seen in Fig. 5.18 (b) at E, = 413.6(3), 338.1(3). 257.4(3) and
170.4(3) keV. The additional two peaks at 413.6 and 338.1 keV correspond to the
8} — 67 and 6] — 4] E2 y transitions in the '8Pt yrast band, respectively.

Due to the feeding to I = 4 states, and assuming no high-order forbidden f decays
between the !"8Au and "®Pt nuclei, a spin of 3 or 4 was assigned to the ground state
in 18Au. A spin of 5 was excluded as no y transitions from states with a spin of 6
were recorded. Based on the feeding to the I = 8 state in !®Pt, a spin of 7 or 8 was
assigned to the isomeric state. An I =9 assignment was excluded as no feeding to
the I = 10 states in !"®Pt was observed. This confirms the observations made by
Davidson et al. [13], and their suggestion that the observer feeding was due to the
presence of both a low-spin and a high-spin $-decaying state in !"8Au. However,
thanks to the laser-ionisation method employed during the ISOLDE study, it was

possible to cleanly separate the two states for their respective studies.

(a) PtK,,xrays
——

T
1 1 1 1

(b) PtK,,xrays

Counts (10°) / 0.2 keV
o .M w s~ oo N O LN Wwhd oo N

o
I III|IIII|IIII|IIII|IIII|IIII|IIII|III I III|IIII|IIII|IIII|IIII|IIII|IIII|III

S —
4+ 2*
257.4 6"— 4+
338.1 8" 6"
o N 413.6
1 1 1 v 1
100 200 300 400 500
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Figure 5.18: Background subtracted singles y spectra for the ground (top panel) and
isomeric (bottom panel) states in !“8Au.
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5.8 Configuration assignments for the ground and

isomeric states in 1"?Au and 1"*Ir

The Nilsson diagram for single-particle orbitals in the vicinity of "8Au (Z = 79,
N =99) are shown in Fig. 5.19. Preliminary results from the laser spectroscopy
measurements show that both 1788 Au are deformed, yet the sign of the deforma-
tion is unknown. This, combined with the high density of states originating from
738172, m2ds/2 and m1hy /2 orbitals for protons, and the v1hg,, and v2f;/, orbitals for
neutrons, makes it difficult to interpret the underlying configurations of 1788 Au,
However, the known configurations of the low-lying states in the neighbouring odd-
A isotopes (see Fig. 5.8) can give some clue as to what may be expected. Further
constraints on the possible proton-neutron configurations can be made using the
Gallagher-Moszkowski (GM) rules [93] — a set of rules which give a guideline for the
coupling of the angular momenta of the odd proton and neutron in an odd-odd
nucleus. The GM rules state that the spins and angular momenta of the odd proton

and neutron couple to give the total spin of the nucleus, I, such that

1=0,+Q,, if Q,=A,+1/2 and Q,=A,+1/2
I1=1Q,-Q,, if Qp=A,+1/2 and Q,=A,F1/2,

where Q) and A represent the usual asymptotic quantum numbers of the Nilsson
model (see Section 2.1.3), the subscripts p and n represents protons and neutrons,
respectively, and the values of 1/2 represents the intrinsic spin of the nucleons.
These rules reflect the preference of the odd proton and neutron to couple with their
intrinsic spins aligned. It should be noted that these rules are not absolute (see Ref.
[93] for more details), but hold well in regions with 3 or more particles outside of a
closed shell. The Au nuclei, having three protons less than the Z = 82 shell closure,
lie on this limit of applicability. As such, the configuration assignments provided
using the GM rules in the following discussions are given tentatively.

The spin assignment in this work of I = (7, 8) for 17" Au cannot be made by
coupling of the n3s;,2 or m2d3/, to either the vlhg,, or v2f;,, orbitals. Thus, the
valence proton of the isomeric state in !“8Au is assigned to the unique-parity 71hy/»
orbital. This is consistent with the known 7 1h;;,» configuration of the high-spin state
in the neighbouring 177 Ay nucleus [81]. As for the valence neutron, the GM rules
would rule out a state originating from a v1hg,, orbital as it would not preferentially

couple to a m1h;;/2 proton. The possible combinations of coupled proton-neutron
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Nilsson states, origination from either a 71h;;/» or v2f;,, orbital and give I = 7 or
8, are shown in Table 5.6. At present it is not possible to distinguish which of these
configurations is correct or most likely. Thus, for the high-spin I = (7, 8) isomer in
178Au, a w11/27 (hyy/2)®Vv7/27 (f7/2), configuration is proposed, with a positive parity
assignment.

Assigning a configuration to the low-spin I = (3, 4) ground state of 1"Au is more
complicated, due to the possible mixing of the 73s,,, and 72d3,, states. Multiple so-
lutions can be found for configurations that give I = 3 or 4 by employing the GM rules
(see Table 5.6). However, as was the case with the isomeric state, it is not possible to
distinguish which of these configurations is correct with the current data. Therefore,
a negative parity is assigned to "8 Au, with either a 71/27% (s1,2)®Vv7/2” (hg)»), or a
7w1/2%(d3/2)®v7/2~ (f72) configuration.

The values of 6% extracted from the data (shown in Fig. 5.8) can give some
indication as to the structure of the daughter states in !”*Ir, populated by the a decay
of 1788 Ay, The unhindered, E, = 5922 keV decay from 788 Au to 1748Ir suggests that
17481r has the same configuration as "8 Au.

In comparison, the isomeric-to-isomeric state, E, = 5977 keV a decay is hin-
dered. The 56.8 keV M1 y-ray transition following the unhindered 5925 keV a decay
could suggest that the 56.8 keV level and 0 kev state in !"4"Ir are two states of the
same proton-neutron multiplet. In this scenario, the 5977 keV a decay would be
hindered by a spin difference between 4”Ir and the 56.8 keV level. Alternatively,
the configurations of 1" Au and "4”"Ir may differ, giving rise to the observed level
of hindrance.

The final analysis of the data from the laser spectroscopy measurements on Au
isotopes taken during the 1S534 experiment is ongoing. The results from these data
will include extracted values for the magnetic moments of the Au nuclei that were
studied. These will provide a better insight into the underlying proton and neutron
configurations in 1788 Aq,

Based on the analysis and results presented in this chapter, it was possible to pro-
duce the decay scheme shown in Fig. 5.8. The results from the mass measurements
of 1788M Ay are not presented here®, and so the energy labels given for the states in
1741r are the excitation energies relative to either the ground, or isomeric state to

which they decay.

3The mass measurements will be included in the forthcoming publication [72]
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Figure 5.19: Single-particle energies for neutron (top panel) and proton (bottom
panel) Nilsson orbitals, in the regions pertinent to 1"8Au (Z = 79, N = 99). The dashed
and solid lines represent negative, and positive parity states, repsectively. The red
and blue lines represent the '"®Au and !"Ir Fermi surfaces, respectively. Figure
adapted from [94].
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Table 5.6: The possible configurations for the odd proton and neutron states in

178g,

coupling rules, and their corresponding spherical shell model orbitals.

GM rule assignment | Spherical orbital
State b4 v b3 v
1/2[400] | 7/2[514] | 3sy/2 lhg/
Ground state 1/2[411] | 7/2[503] | 2d3/2 2f7/2
1/2[400] | 9/2[505] | 3sy/2 lhg/»
11/2[505] | 3/2[521] | 1hy1/2 217/
9/2[514] | 5/2[512] | 1hy;» 21772
Isomeric state 7/2[523] | 7/2[503] | 1hyys2 | 2f72
11/2[505] | 5/2[512] | 1h;;)2 2f7/2
9/2[514] | 7/2[503] | 1h;;/2 2f7/2

"Au, in accordance with the Gallagher-Moszkowski (GM) angular-momenta
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6

Laser spectroscopy studies of At

isotopes

This chapter presents the measured HFS data and isotope/isomer shift values, the
respective extracted changes in mean-square charge radii, and the nuclear magnetic
dipole moments for 19°97211:217.218.219 At The data were taken during the 1S534 experi-
ment conducted in September 2014. The results presented in this chapter represent
the collaborative efforts of the RILIS, ISOLTRAP, and Windmill decay station research
groups. The contribution to these efforts by the author was in leading experimental
work with the Windmill setup, performing online analysis during the September
2014 IS534 experimental run, as well as the final offline analysis of decay data and
extraction of the HFS spectra taken by the Windmill group, for 1957200:202217.218 ¢
Due to the systematic nature of the study, it does not make sense to exclude the
results taken by the ISOLTRAP group, and so the results are presented and discussed
as an entire set in the following chapter.

During the experiment, ionisation of the At atoms was achieved by a three-step
photoionisation process in order to excite atomic electrons resonantly using RILIS.
The first excitation step was performed by a 216.23 nm broadband (BB) dye laser,
the second excitation step was made using a 795.21 nm narrowband (NB) titanium-
sapphire laser, and the final ionisation step was made by a 532 nm EdgeWave Nd:YAG
laser. (For more information on the RILIS laser system see Ref. [59].) The HFS of the
different At isotopes were measured by scanning the second-step Ti:Sa lasing light
across a range of frequencies. The ionisation efficiency at a given laser frequency
is measured by either recording the number of ions produced using the ISOLTRAP
MR-ToF device, or the number of a decays or y transitions using the Windmill decay

station.

92



CHAPTER 6. LASER SPECTROSCOPY STUDIES OF AT ISOTOPES 93

6.1 Nuclear structure of At isotopes

As a first approximation, the At isotopes can be described by a valence proton
coupled to a Po core. As such, it is expected that the At chain should be similar to that
of the Po isotopes [14, 19]; nuclei in the vicinity of the V = 126 shell closure should
have a near-spherical shape, with an onset of deformation commencing at N = 114
and increasing as the neutron number decreases.

The excitation energies of the I =9/27,1/2*%,7/2” and 13/2* states in the odd- A
At isotopes are shown as a function of mass number in Fig. 6.1. These states are
associated with the m1hg/s, 7'[381_/12, n2f7/2 and mlij3/» configurations, respectively.
The data were taken from recent in-beam and a-decay studies (see [95, 96, 97, 98,
99, 100] and references therein) and shows that the ground states for even-N, A =
197 have a m1hg,, configuration, as is expected when considering the spherical shell
model.

In contrast, the ground-states of the lightest At isotopes are observed to possess a

-1
1/2

which becomes the ground state for A < 195. Nuclei in this state are presumed to

spin-parity of 1/2*. This is due to the lowering in energy of the 7357, intruder orbital
possess an oblate deformation.

The energies of the I =7/2 and 13/2 states are also seen to reduce significantly.
This lowering of energies is greatest in 93At, where the I” = 1/2%, 7/2™ and 13/27
states are almost degenerate, having respective excitation energies of 0, 5(10) and
39(7) keV. This systematic decrease in energy provides evidence that the lightest At
isotopes are more collective in their nature, and more deformed.

Another feature is the disappearance of the I =9/2~ state for the A < 195 isotopes.
This was explained by Kettunen et al. [96] as a change from the spherical nlhg /2
configuration, to an oblate nucleus in a 7/27 [514] Nilsson orbital, originating from
an admixture of the spherical m1hg,, and 72 f7/, states.

Similar phenomena are also expected to be observed in the even-A isotopes
of At. Shape coexistence is expected if the same intruder orbitals as in the odd-A
neighbours play a significant role in the low-lying structure of the even- A isotopes.

The heavy At isotopes with N = 132, are expected to possess octupole deforma-
tion. Octupole deformed nuclei are predicted in regions where pairs of spherical
single-particle levels with Al and Aj = 3 exist near the Fermi level [101]. Nuclei in
the region above the Z =82 and N = 126 shell closures are such an example; here,
the miy3/2-7 f7/2, and the v ji5/2-vgg,2 orbitals couple, increasing octupole collectivity.
The predictions were recently proven by measurements of electric octupole (E3)
transition strengths [5], which confirmed the presence of octupole deformation in
224Ra (Z = 88, N = 136) and the presence of octupole collectivity in ?>°Rn.
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Figure 6.1: Energies of the I =9/2 (black circles), 1/2 (red squares), 7/2 (blue triangles)
and 13/2 (pink downwards triangles) states in the odd-mass At isotopes, taken from
[95, 96, 97, 98, 99, 100] and references therein.

Expected HFS

The left-hand side of Fig. 6.2 shows the three-step photoionisation scheme used
during the experiment. The right-hand side presents a schematic view of the HFS
expected from the coupling of a 19%At, I =9/2 nucleus, to the two J = 3/2 atomic levels
involved in the 795.21 nm transition, that was scanned during the experiment. These
atomic levels are split into 4 hyperfine levels, with total atomic spins of F =3, 4, 5 and
6. The red arrows indicate allowed transitions between the different hyperfine levels.
The case depicted in Fig. 6.2 is representative of the most complex HFS measured
during the experiment where there are 10 transitions between different hyperfine
levels. This is the case for all nuclei with I = 2.

Simulations of what the measured HFS spectrum for '%9At, I = 9/2 should look
like are shown in Fig. 6.3. The blue trace is what would be expected from a collinear
method with a spectral resolution of =45 MHz, such as by the CRIS experiment [102],
and the red trace is what is expected using the in-source method with a Doppler
broadening of 850 MHz. The resolution for the in-source method as well as the a-

and b-hyperfine parameters are taken from fits of the experimental data, discussed
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Figure 6.2: The three-step photoionisation scheme (left) used to ionise At atoms
during the experiment, and the hyperfine splitting of the atomic levels due to the
coupling of the nuclear and atomic electron spins (right), for an I = 9/2 %At nucleus.
The red arrows indicate allowed transitions between initial and final states, after the
hyperfine splitting. The magnitude of the splitting is not to scale.

in the following sections. The strengths of transitions between hyperfine levels, Sg, ¢,
relative to the strength of the transition between the initial and final unperturbed

electronic states, Sy, j,, is given as

SFiFf Fi Fp 1
< =Q@F+DRFr+1) : 6.1)
s Jr Ji 1

where the subscripts i and f denote initial and final states, respectively, and {...} isa

Wigner 6- j symbol.
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Figure 6.3: Simulation of the expected HFS measured for the hyperfine splitting
shown in Fig. 6.2. The red trace is what would be expected from an in-source method
such as the one used during the 1S534, 2014 experiment, with a Doppler broadening
of 850 MHz. The blue trace is what would be expected from a typical collinear laser
spectroscopy method such as CRIS, with a Doppler broadening of 35 MHz. Both
simulations use a Lorentzian width of 20 MHz, resulting in a total linewidth of 860
and 47 MHz for the in-source and collinear methods, respectively. The a and b
factors used to produce the distribution of lines are taken from the fitting results of
the 99At HFS data, which is discussed further in the following sections. The intensity
of the transitions are calculated using Equation 6.1. The F; = 4 to Fy = 4 transition
(centroid at ~ 12571.9 cm™!) has a very low intensity, thus, only 9 transition peaks
are visible.

6.2 Extraction of hyperfine structure from windmill

data

The HFS of the At isotopes were measured by counting the number of @ decays
or y transitions measured by the Windmill setup, as a function of the laser frequency
used for a specific step in the scan. This was done by setting energy gates to select
the the decays of specific isomers.

For all but the 199At T = 1/2 state, the characteristic decays of different states
were used, the energies of which are summarised in Table 6.1. The spectra shown in
the left-hand panels of Fig. 6.4 are the singles a-decay spectra measured for each
isotope, recorded over an entire laser scan run. The vertical coloured lines in these
spectra represent the gating conditions used to select the a-decay energies listed
in Table 6.1. The panels on the right-hand side of Fig. 6.4 show the extracted HFS
plots, with the colours of the data points matching those of the lines of the gating
conditions used to produce them.

The gating conditions were chosen such that the contribution from the tails from
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peaks of similar energies were minimised. This includes the low-energy tails due
to the energy attenuation of a particles as they pass through the carbon foil and
the dead-layer of the Si detectors, and high-energy tails caused by a-e summing
events due to fine-structure a decays that are followed by converted transitions in the
daughter nucleus. In order to avoid contributions from these high- and low-energy
tails narrow gating conditions were used, with just the most intense part of the peak
selected. This is particularly evident in 2°°At where the a-decay peak of the I = 3*
state is sandwiched closely between those of the I = 7* and 10~ states. In the case
of the I = 1/27 state in '%°At, it was possible to improve statistics by widening the
gate in order to include the a decay of the I = 1/2* states in the !9'Bi daughter, which
has E, =6870(3) keV, and #;,2 = 121(8) ms [95].

Table 6.1: The a-decay energies that were gated on to select specific states of the At
isotopes investigated using the Windmill setup. The spin assignment for 218At from
the analysis of the decay data taken during this run, the results of which are currently
unpublished.

A| IT Eq [keV] Ref.
(1/2%) 6953(3) [95]
195
(7/27) 7075(4), 7221(4) [95]
196 | (3%) 7049(3) [75, 103, 104]
9/27) 6959(3) [76, 103, 105]
197
(1/2%) 6705(4) [76, 105, 106]
3% 6753(4) 74, 75, 76]
198
(107) 6854(4) [74, 76, 103]
199 | (9/27) 6643(3) [103, 107, 108]
34 6464.5(18) 73]
200 | (7% 6412.0(18) 73]
(107) 6536(4) (73]
34 6227.7(14) [73]
202
7 6134.6(12) (73]
217 | 9/2° 7066.9(16) (73]
218 | (27) | 6653(5), 6693(3), 6756(5) [73]
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Figure 6.4: The panels on the left-hand side show the Windmill data for the singles
a-decay spectra. The peaks are labelled with their decay energies in keV, and the
respective gating conditions used to extract the HFS are indicated by the vertical
lines, with colours matching that of the energy labels. The panels on the right-hand
side show the data for the extracted HFS as a function of the measured wavenumber,
with the colours of the data points matching those of the respective a-decay energy
gates used to produce them.
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In the case of the I = 1/2 isomer in %9At, the a branching ratio b, = 1.0 % [109]
was too low to observe the 6480 keV a decay. Instead, the 103(2)-141.0(1) keV, E3-M1
y-ray cascade by which the I = 1/2 state decays to the I = 9/2 ground state [99] was
used for the HFS extraction. The 103-keV E3 transition is strongly converted (&, (E3)
=180(15)) and was not visible in the singles y-ray spectrum. However a peak at 141
keV was observed (Fig. 6.5 - top panel). This peak was present in the spectra for runs
with the lasers switched on, but not during those with the lasers switched off. Thus,
it was identified as the aforementioned transition associated with the I = 1/2 state in
199

The HFS of the I = 1/2 state in %At was extracted by gating on the 141-keV
peak using two methods. The first approach employed a background subtraction
technique in which three energy gates of equal width were used, shown by the vertical
coloured lines in top panel of Fig. 6.5. One was placed upon the 141-keV peak (green
lines), and two background gates were placed either side (blue and red lines). The
number of counts from the two background gates were averaged and then subtracted
from the integral of the peak gating condition. The second method plotted a singles
Y-ray spectrum for each laser step and fitted the 141-keV peak with a Gaussian plus
quadratic function, the latter used to account for the background the peak sat upon.
The Integral of the Gaussian component was taken to be the number of counts in the
peak.

The central panel of Fig. 6.5 shows the number of counts between the gates of the
background subtraction method, as a function of laser wavenumber. The plots for
the two background regions are in good agreement with one another. However, there
is a clear excess in the number of counts from condition that gated upon the peak
at certain laser frequencies, in comparison to those of the background conditions.
The fact that there is not a constant excess of counts at all laser frequencies is further
evidence that this transition does belong to 19At, and not to some beam contaminant
or background source.

The final results for the background subtraction method are plotted as the black
data points in the bottom panel of Fig. 6.5. The red data points are the results from
the peak fitting method. The two methods are in excellent agreement with one

another, with the fitting method having slightly higher statistics and smaller errors.

6.3 Fitting of HFS data

After extraction of the HFS, a chi-squared minimisation routine was used to fit

the data in order to extract values for central frequency of the HFS, from which the
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Figure 6.5: Top panel: the singles y-ray spectrum measured during the laser scan
of 199At. Central panel: HFS spectra from gating on the 141 keV peak (green) and
the background regions either side (blue and red). Bottom panel: comparison of the
background subtraction (black) and fitting (red) method results.

isotope/isomer shifts are determined, and the a and b hyperfine parameters. A
code was developed by the author of this work, henceforth referred to as the York
code, which fitted the number of possible transitions between hyperfine levels with
Voigt profiles [110] — a convolution of a Gaussian and a Lorentzian distribution.
The intensity of each transition was determined by the theoretical strength using
Equation 6.1, and the widths of each profile kept constant for each transition. The
transition centroids were determined by the a and b hyperfine parameters, the values
of which were used as parameters for the routine to minimise on when fitting the
experimental data.

The results of the fitting of the I = 1/2 (top panel) and I = 9/2 (bottom panel)
states in !97At are displayed in Fig. 6.6. Only 9 blue lines are seen in the plot for the
I =9/2 state instead of the expected 10, this is due to the F; =4 — Fy = 4 transition
having an intensity 4x10° lower than the strongest, F; =6 — F r = 6 transition.

The code developed at York does not account for saturation and polarization
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Figure 6.6: Fitting of HFS spectra for the 197At I = 1/2 (top panel) and I = 9/2 (bottom
panel) states using the York routine. The fits are shown by the red lines and the
central frequency of the HFS by the vertical pink line. The vertical blue lines indicate
the centroid positions for the different hyperfine transitions.

effects, or nonuniform population of the hyperfine levels by the laser used in the first
resonant-excitation step. Accounting for such effects is not trivial, and so, a more
sophisticated fitting procedure was developed by collaborators Maxim Seliverstov
and Anatoly Barzakh from The Petersburg Nuclear Physics Institute, Gatchina. Table
6.3 gives a comparison of the results given by the two procedures, although in good
agreement for the a and b factors for the I =9/2 state, there is significant difference in
the a factor for the I = 1/2 state and a large discrepancy between the isomer shift, v,
between the two states. As such, the final results presented in the following sections

are taken from the fits made using the Seliverstov-Barzakh routine.

Table 6.2: Comparison of the York and the Seliverstov-Barazakh fitting routines for
the a and b hyperfine parameters of, and the isomer shift, v, between the I =1/2
and 9/2 states in 97At.

Routine a(1/2) [MHz] | a(9/2) [MHz] | b(9/2) [MHz] | v [MHz]

York -1224(15) -334(6) -753(67) 1698(113)
Seliverstov-Barazakh -1235(10) -342(4) -690(50) 1868(106)
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6.4 Changes in charge-radii and deformation across

the At isotopic chain

The results for the isotope shifts relative to 211 At (N = 126), taken from the fitting of
the HFS data, are given in Table 6.3. These are accompanied by the extracted values
of the change in mean-squared charge radius relative to 2!'At, §(r?), calculated
using Equation 3.6. The atomic factors M and F were calculated using large-scale
atomic calculations [111], giving values of M35 = -580(100) GHz amu, and Frg5nm
=-11470(570) MHz fm 2.

The magnitudes of the quadrupole deformation parameters, (,62)1/ 2

, correspond-
ing to the 6 (r?) when compared to the droplet model [29, 112] are also given. These
values were normalised such that the deformation of 2°?At was set to be equal to that
of the neighbouring isotope 208pg_ The latter was assessed using Grodzin’s rule [113],

from which a relationship between E(2]) and f, can be expressed as

466 +41

AJE@D

where the uncertainty of + 41 stems from the error in the fitting of the relationship

B2 = (6.2)

to measured data [114]. A value of E(21+) = 685 keV in 2%8pg gave a quadrupole
deformation of 8, = 0.086(8).

The results for the extracted values of § (r2) are plotted in Fig. 6.7 as a function
of neutron number, along with the predictions of the DM (black-dashed lines) for
nuclei of constant deformation. The error bars in the Fig 6.7 represent the statistical
errors taken from the fits of the spectra, the majority of which are smaller than their

respective data points.



CHAPTER 6. LASER SPECTROSCOPY STUDIES OF AT ISOTOPES

103

Table 6.3: Tabulated data for the measured isotope shifts, 6v 4211 and calculated
values for 6 (r2) A,211 with statistical errors given in round brackets and the systematic

errors in curly braces. The respective (f,

2
>1/2

parameters, extracted within the

framework of the droplet model. The extracted (f,%)!/? for both the Berdichevsky &
Tondeur (BT) [29], and Myers & Schmidt (MS) [112] parameterisations of the droplet
model are given.

A | N | I |6vapnMHzZ] | 6¢r¥)a2n [fm?] | (6252 BT) | (B2 (MS)
195 | 110 | (1/2) | 6368(125) -0.542(11){27} 0.22+0:01 0.18*0:01

(7/2) | 5569(125) -0.473(11){24} 0.24%99] 0.19%0-01
196 | 111 | (3) 7404(156) -0.634(13){32} 0.1970:01 0.14+0:92
197 | 112 | (/2| 5916(125) -0.505(11){25} 0.20%09 0.167001

(9/2) |  7784(125) -0.668(11){33} 0.1670-01 0.11+3:92
198 | 113 | (19 7993(125) -0.687(11){34} 0.1475-02 0.0870-93

3) 8262(125) -0.710(11){35} 0.1370:02 0.0670-93
199 | 114 | (/2| 5230(156) -0.447(13){22} 0.19%9%1 0.15+0:01

(9/2) | 7417(125) -0.637(11){32} 0.1470-92 0.0870-03

(10) 7321(141) -0.630(12){31} 0.12%392 0.05+0-01
200 | 115 | (3) | 7726(125) | -0.665(11){33} | 0.10%092 0.00+0.06

(7) 7540(125) -0.649(11){32} 0.11%3%2 0.02+095
201 | 116 | (9/2) | 6617(125) -0.569(11){28} 0.11%3%2 0.05+0-03
s02 | 1171 @ 6648(156) -0.573(13){29} 0.08*9:02 0.00*0-05

3) 6967(156) -0.600(13){30} 0.07+9:93 0.00*0-02
203 | 118 | 9/2 | 5650(125) | -0.486(11){24} | 0.1070-07 0.03*0:03
204 | 119 | 7 5575(125) -0.481(11){24} 0.0670-93 0.0070-93
205 | 120 | 9/2 4318(100) -0.372(9){19} 0.09%9:%2 0.05+00
206 | 121 | (6) 4201(125) -0.362(11){18} 0.06*0-92 0.00*0-08
207 | 122 | 9/2 | 2984(125) | -0.257(11){13} | 0.0870-07 0.0670:05
208 (123 | 6 2517(125) -0.217(1D{11} 0.07+002 0.051003
209 | 124 | 9/2 | 1530(125) -0.137(11){7} 0.08%00 0.07905
210 | 125 | (5) 891(125) -0.077(11){5} 0.08*9:%2 0.07+0-02
211 | 126 | 9/2 0(0) 0.000(0){0} 0.09*:91 0.09%9:01
217 | 132 | 9/2 | -9479(125) 0.822(11){41} 0217901 0.22+001
218 | 133 | (2) | -11363(164) | 0.985(14){49} 0.23+00! 0.247001
219 | 134 | (9/2) | -11769(156) | 1.020(13){51} 0.22*9%1 0.24+0:01




CHAPTER 6. LASER SPECTROSCOPY STUDIES OF AT ISOTOPES 104

Mass number

12195 197 199 201 203 205 207 209 211 213 215 217 219
/// /’//4
1.0 .7 /// °
- ~ /
-7 _< / P
Phd - /-
0.8f /6/ ,’/ ////
By -7 5
PR -7 -7 -7
06' //_Lx - - // -
' P \ .7 - ’ Phd
-7 //’fQ -7 // -7 ///
& 0.4} I <57 e S
- PG - o <0 _-
= W S T 28
g 0.2} AP A
Y - P //\ //,\'6 r - /1\,\
Z . e - Q- A\
% -7 -7 .7 ’1\@1/ //4 -7
(\IL _00_ e PR - ///$ //A -
e // P e P - A
e /// /// ////A////
-0.2f e e e ~Tal
e g e //:‘ Py
_04_//’ 7 //// _al -A///// ® Ground states measured by WM
' v ///V /// .7 ///// .
. v - //A . v Isomeric states measured by WM
0.6F 27 A e
-7 .. /‘~/ 7 - A Ground states measured by MR-ToF
-08fF .-~ AT - - - Ground state trend
I/ L I/ /I/ L 1 L 1 L 1 L 1 L 1 N 1 N 1 N 1 N 1 N 1
110 112 114 116 118 120 122 124 126 128 130 132 134

Neutron number

Figure 6.7: Change in mean-square charge radii for the At isotopic chain relative
to 211At (IV = 126), as a function of neutron number. The data for ground states
measured using the Windmill (black circles), the MR-ToF (pink, upward triangles),
and the isomeric states measured by the Windmill (red, downward pointing triangles)
are plotted. To guide the eye, the dashed red line connects the data points belonging
to the ground states. The dashed black lines show the change in mean-square charge
radius for At isotopes with fixed quadrupole deformation parameter, calculated using
the droplet model [29, 112].
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6.4.1 The ground states of the neutron-deficient (/V < 126) At

isotopes

The data plotted in Fig. 6.7 show that the ground-state charge radii of the neutron
deficient At isotopes follow a spherical trend between ?!'At and 2°8At (N = 126 to N =
123). Beyond this point a gradual onset of mean-squared deformation is observed
as neutron number decreases down to %At (IV = 113), from where an even stronger
deviation from sphericity is observed. This trend is reflected in the values of the
deformation parameters, plotted in Fig. 6.8, which shows a rapid increase in defor-

mation with decreasing neutron number. The departure of the ground states from

Mass number
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Figure 6.8: Ground (black) and isomeric (red) state quadrupole deformation parame-
ters as a function of neutron number for the light At isotopes, taken from comparing
the measured §(r?) values with predictions using the droplet model.

spherical shapes is highlighted further when comparing the results for the At isotopes
to those of the Po and Pb isotopic chains, as shown in Fig. 6.9. The comparisons for
the odd- and even- N isotopes are made separately in order to remove the effects
of the odd-even staggering (OES), whereby odd- N isotopes have a smaller charge
radius than the mean of their even- N neighbours. The plot shows the measured
5(r?) ~,126 for the three chains, normalised such that 6 (r?) N,126/0 (r?) 124,122, in order
to remove uncertainty in the respective electronic factors. The data for the Pb and Po
chains are taken from Refs. [17, 115, 116, 117], and [14, 19], respectively.
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The At isotopes in the vicinity of the NV = 126 shell closure are seen to follow the
same trend as the Pb isotopes, indicating that they are spherical. As the neutron
number decreases a deviation from this spherical trend is observed. This deviation
is due to an onset of deformation similar to the one seen in the Po isotopes. The
departure from sphericity is stronger in the At isotopes, than in the Po chain and

appears more dramatic for the even- N isotopes.

e Atground state

s Po ground state
E = Pb ground state

2 2
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Figure 6.9: Comparison of the change in mean-squared charge radii relative to that
of the N =126 isotopes, for the At (red), Po (blue) and Pb (black) isotopic chains.

6.4.2 Cases for shape coexistence in the light At isotopes

As for the isomeric states, the difference in value of §(r2) and (ﬁz)“ 2 for the
even- N isotopes indicates the presence of shape coexistence. This is particularly
clear for 197199At (N = 112, 114); in both cases a nearly spherical I = 9/2 ground state
is accompanied with a deformed I = 1/2 isomer. The magnitude of the difference in
deformation between the two states reduces with neutron number. This trend can be
extended to 19°At, where the I = 7/2 isomer has a greater deformation than the I =1/2
ground state. The values of (82)!/2 for the two states in '%>At are not distinguishable
within the limits of their errors stemming mainly from the systematic uncertainty of
the atomic Fygs,,, factor. However, their respective (5 r2) values are clearly separable,

indicating that this too is a case of shape coexistence.
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As for the odd-N isotopes, no appreciable difference is seen in the values of
5(r?y or (,62)1/ 2 for the 98At and 2%9At ground and isomeric states. Extraction of
the quadrupole moments is required to truly understand whether or not there is
any difference in shape of the ground and isomeric states. However, the extracted
magnetic-dipole moments (discussed in Section 6.5) suggest that the states measured

in the odd- N nuclei do not present cases of shape coexistence.

6.4.3 Odd-even staggering

The OES is a regular behaviour observed in nearly all isotopic chains. The phe-
nomenon is understood to be due to the effect of pairing, which gives rise to enlarged
zero-point vibration amplitudes in even-N nuclei, resulting in a wider potential
well than that of neighbouring odd- N nuclei. The introduction of an odd neutron
effectively blocks these vibrations and in doing so creates a sharper nuclear surface,
resulting in a smaller charge radius relative to the neighbouring even- N nuclei.

The OES parameter, y, provides a metric for the magnitude of the staggering

between isotopes, and is defined as

y= §A<2r2>A_LA , 6.3)
(re) a-1,A+1

where A(r?) 414 = (r?) o — (r?) o_1. For odd- N nuclei with mass number A, values
of y < 1 are expected. This is due to the blocking effect of unpaired neutrons, which
reduces the size of the nuclear charge radius of odd- N isotopes, relative to the even-
N neighbours. Values of y < 1 are classed as “normal OES”, whereas those of y > 1 are
classed as “inverse OES”. Inverse OES has been observed in regions of the nuclear
chart where octupole deformation is expected (see discussion in Section 6.4.3). As
the degree of staggering is due to the ability of pairs to scatter into orbitals near the
Fermi surface, it is expected that the value of y should tend to 1 as the available
valence space in a shell reduces.

The values of y for odd- N isotopes of At, Pb and Po are plotted as a function of
neutron number in Fig. 6.10, the dashed horizontal line represents y = 1. The dashed
vertical lines indicate neutron subshell closures for the spherical shell model.

The plot shows that near the N = 126 shell closure, the value of y is approximately
1 for all three chains, as expected. The magnitude of the staggering is observed to
increase with decreasing neutron number more rapidly in the At, than in the Pb and
Po isotopes. However, in contrast to the At and Pb data, the Po data are seen to depart
from this trend with no obvious systematic for the N =115, 117 and 119 isotopes.

As well as this general trend in staggering strength, large jumps in the values of y
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Figure 6.10: Comparison of values of the odd-even staggering parameter, y, for the
odd- N isotopes of the At (red circles), Po (blue triangles) and Pb (black squares)
chains. Data points for 22°Fr (green downwards triangle) and >2!Ra (pink diamond)
are also included.

are observed when boundaries between neutron subshells are crossed. This provides
evidence that the At isotopes in the vicinity of the N = 126 closure can still be well
described as spherical-shell model nuclei.

For neutron numbers less than N = 115, the value of y drastically changes, due
to the strong onset of deformation. This also indicates an abrupt change in the At
nuclei in the N < 115 region, going from being well described by the spherical shell
model, to having a predominantly collective behaviour.

Cases for octupole deformation in the heavy At isotopes (/N > 126)

An inversion of the normal OES has been observed in regions where octupole
deformation is predicted, such as in the Fr [118, 119, 120], Rn [121] and Ra [51, 122]

isotopes, and the 153~15%Ey |

123] where octupole deformation is also predicted due
to the coupling of the mh;;/2-1ds5/2, and the vij3/2-v f7/2 orbitals. To date there has
been no satisfactory quantitative description as to why octupole degrees of freedom
have this effect on the OES of nuclear charge radii, it has just been observed that this
phenomenon manifests where octupole collectivity is expected. This behaviour was
qualitatively explained in [122] as a result of Nilsson orbitals of same Q but differ-
ent parity crossing at certain degrees of quadrupole deformation. This introduces
an octupole interaction, which lowers the energy of the system with increasingly
reflection-assymetric, or octupole geometries. Calculations have shown that the

unpaired neutron in odd- N systems polarizes the quadrupole-octupole potential
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energy surface, making octupole shapes more stable than in the even- N neighbours.
This additional polarisation in odd- N nuclei increases their mean-squared radii,
resulting in the observed inversion of the OES.

Nuclei possessing degrees of octupole deformation are not only of interest to the
field of nuclear structure physics, but are important for research of physics beyond
the standard model. These so-called “pear-shaped” nuclei play a key role in the
search for permanent atomic electric-dipole moments (EDM). The existence of an
EDM would indicate a violation of either time-reversal or charge-parity symmetry to
a level that cannot be currently described by the Standard Model. Nuclear octupole
deformation is expected to increase the experimental signal for the presence of an
atomic EDM by a factor of 102 to 10% [124]. As such, identification of nuclei with
non-zero f33 values is of importance to this area of research.

The heavy At isotopes display an inversion of the normal OES, with the odd
neutron 2!8At (N = 133) nucleus having a larger charge radius than the average of
its two even neutron neighbours, 2!At and ?!%At. In the case of 218At, y = 1.45(9),
which can be compared to the y values of its isotones y(>!"Po) = 0.90(8), y(**°Fr) =
1.02(6), y(**'Ra) = 1.121(2). For 217Po the y value is less than one, as is expected for
odd-N isotopes. In contrast the value of y for 2!8At is greater than 1, indicating a
clear inversion and evidence for the presence of octupole collectivity in the heavy At
isotopes.

Compared to the N = 133 Fr and Ra isotones the magnitude of the inverse OES in
Atis much greater. This could suggest that the degree of polarisation of the heavy At
nuclei due to octupole collectivity is greater than in the Ra and Fr chains. However, at
present there are not enough data available to ascertain whether or not there is a link

between the magnitude of the inverted OES and the degree of octupole deformation.

6.5 Magnetic dipole moments

In the framework of the spherical shell model the magnetic moment, y, of a
nucleus is defined by the unpaired nucleons. Thus, the spherical shell model predicts
u = 0 for even-even nuclei. For odd- A nuclei, this single-particle picture defines p of
the nucleus to be equal to that of the unpaired nucleon. The Schmidt values, pg, give

the predicted value s of i for a single-particle nucleus [125, 126], such that

KN, (6.4)

. 8s— 8
= +
s ](gl_21+1
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where uy is the nuclear magneton, and g; = 1(0) is the orbital g-factor, and g; =
5.59(-3.83) is the spin g-factor for a free proton (neutron). The values of ug give the
extreme limits to what the value of p of a nucleus can be.

Abetter agreement between calculated and experimental values of u can be found
by using effective spin g-factors, approximated as g = 0.6gs. This quenching of
the spin g-factors accounts for the fact that the proton and neutrons are not free
particles when bound within a nucleus. By substituting g.rr for g in Equation
6.5, the magnetic moments of the quenched system, p, can be calculated. When
pertinent to the following discussions, the values ugs and u, will be compared to the
values of u extracted from the fits of the HFS.

In odd-odd nuclei, the magnetic moment of the two unpaired nucleons couple.
The total magnetic moment of the nucleus can be calculated using the additivity rule
[127], such that

I Jaln+ 1) = jv(v+1)
e , 6.5
H > 8n+8gv+(8n—8v) <1 (6.5)
where g is the g-factor, related to the magnetic moment of the nucleus by
H
== 6.6
8§=7 (6.6)

From these relationships, the magnetic moments for spherical shell model nuclei
can be predicted by using the g-factors from neighbouring odd- A nuclei for the
values of g, and g;. The predicted values can then be compared to those extracted
from the experimental data in order to give an insight as to whether the nucleus has
a single-particle nature, or a more collective one.

The magnetic moments calculated from the hyperfine parameters, a, taken from
fits of the HFS data, are presented in Table 6.4 and plotted as a function of neutron

number in Fig. 6.11. The values of u were evaluated by using the expression

IAaA
=po——I[1+A], 6.7
Ha HOIO do[ | (6.7)

where A and 0 denote the isotope of interest and a reference isotope, respectively. The
symbol A represents the hyperfine anomaly, a correction that is typically <1% [47];
the systematic errors for p in Table 6.4 include a conservative 2% error to account for
A. The value of py used was taken from [128], which measured the magnetic g-factor
g =0.917(16) for 21 At, giving po = 4.13(7) pn.
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Table 6.4: The hyperfine parameters a, extracted from fitting the HFS, and the
respective magnetic moments for the At nuclei.

A N I a [MHz] K [uN]

(1/2) | -1287(35) | 1.61(6)
195 | 110

(7/2) | -424(11) | 3.71(13)
196 | 111 | (3) -498(15) | 3.74(14)

(1/2) | -1235(25) | 1.55(5)
197 | 112

(9/2) | -342(8) | 3.85(13)

(10) -102(3) | 2.55(10)
198 | 113

(3) -538(12) | 4.04(13)

(1/2) | -1275(45) | 1.60(7)
199 | 114

(9/2) | -351(8) | 3.96(12)

(10) -108(3) | 2.69(10)
200 | 115 | (3) -570(13) | 4.28(14)

(7) -271(7) | 4.74(17)
201 | 116 | (9/2) | -357(8) | 4.03(13)

(7) -259(9) | 4.54(19)
202 | 117

(3) -554(16) | 4.16(15)
203 | 118 | 9/2 -357(8) | 4.02(13)
204 | 119 7 -276(7) | 4.84(17)
205 | 120 | 9/2 -365(7) | 4.11(13)
206 | 121 | (6) -295(9) | 4.43(17)
207 | 122 | 9/2 -368(8) | 4.15(13)
208 | 123 6 -298(10) | 4.48(18)
209 | 124 | 9/2 -368(8) | 4.14(13)
210 | 125 | (5) -379(10) | 4.74(16)
211 | 126 | 9/2 -367(8) 4.14(0)
217 | 132 | 9/2 -329(8) | 3.70(12)
218 | 133 | (2) -239(13) | 1.20(7)
219 | 134 | (9/2) | -311(8) | 3.50(12)
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Figure 6.11: The magnetic moments of the different states in the At isotopes, as a
function of neutron number.

6.5.1 Even-N isotopes

Figure 6.12 displays the values for u for the I =9/2 states in the even- N At isotopes,
as a function of neutron number, along with those of the I = 9/2 states in the Bi
isotopic chain. The solid red line represents the value for u(2°°Bi) = 4.0810(4) py,
taken from a measurement of the g-factor of the I = 9/2 ground state in 20984 [129].
The ground state in 2*Bi is a single proton in a 71 kg, orbital, coupled to a doubly-
magic 2°8Pb core. Therefore, u(*°?Bi) can be used as a reference value for other nuclei
with an unpaired proton occupying a 1 hg,» orbit.

The value of u(**Bi) differs from that of s = 2.62 uy, and p, = 3.54 uy fora
proton in a hg,, orbital. In fact, this is the largest observed difference between a
measured value of y and ug, for a nucleus with a single particle outside of a doubly-
magic core. Arima and Horie explained this discrepancy as an effect of first-order
core polarisation [126, 130], a result of mixing between the 0" ground state, and the

M1 giant resonance state (GRS) of the 2°8Pb core. The GRS is made of two states;
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-1
13/2

excitations are highly collective and involve all the protons in the 71,2, and all the

mlhg,r ® Jrlhl‘lll2 proton, and v1ij;,, ® v1i neutron state. These 1p-1h spin-flip
neutrons in the v1i;3,, orbitals. This means that although the admixture between the
GRS and ground state of the 2°8Pb core is small (admixture of GRS = 0.1), a significant
modification is made to the values of p.

The data plotted in Fig. 6.12 shows that the magnetic moments of the At isotopes
are in good agreement with those of the Bi nuclei. This indicates that as in the Bi
isotopes, there is a strong presence of core polarisation in the I = 9/2 ground states
of the At isotopes with N < 126. In these At isotopes, the occupancy of the v1i;3/»
orbital reduces with neutron number, thus, the number of neutrons involved in the
excitation of the core is reduced. This results in the lowering in value u as neutron
number decreases, with a trend away from ,u(zogBi) and towards ps(mrlhg)y) = 2.62

pun (g(mlhy 2) = 3.54 up).

o At 1=9/2

[ s Bi,1=9/2
I U Y =

:i 1

0 112 114 116 118 120 122 124 126 128 130 132 134
Neutron number

Figure 6.12: The values of u for the I = 9/2 states in the At (red circles), and Bi (blue
triangles) [129, 131, 132] isotopic chains. The red horizontal line represents the
magnetic moment of 299Bi.

The I =7/2 state in '%°At, which possesses a mixed 71hg;2/72 f7/2 configuration,
has p =3.71(13) uy. This value follows the trend of lowering values of p with decreas-
ing neutron number, in the I = 9/2 states of the even- N At isotopes, which possess
pure m1hg/, configurations. The experimental result is compatible with a theoretical
value of u =3.2 uy, for a deformed 7/27[514] Nilsson orbital with §, =-0.2 [133].

As in the neutron deficient At nuclei, the I = 9/2 states in the neutron-rich At
isotopes display a departure from p(?°?Bi). This divergence is also related to a reduc-
tion in the polarisation of the core. However in this case, it is due to the filling of the
v1iyy /. Filling of the v1iy;/, orbital means there are fewer holes available in to take

part in 1p-1h excitations, and so the degree of core polarisation is reduced.
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The magnetic moments for the I = 1/2 states in 19>197199A¢ are plotted as a
function of neutron number in Fig. 6.13, together with the magnetic moments of the
I =1/2 states in the T]1 and Bi isotopes. These are the T1 7(0p-1h) spherical ground
states and possess a 1351/, configuration. In the Biisotopes the I = 1/2 states are due
to 7(2p-1h) 7357}, ® ﬂlhg/z
agreement with the Tl and Bi data sets, indicating that these too are n3s

intruder configurations. The At data points are in good

-1

112 intruder

configurations due to a 7 (1p-1h) excitations across the Z = 82 shell gap.
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Figure 6.13: Comparison of the magnetic-dipole moment for the I = 1/2 states in At
(red circles), Tl [21, 134, 135, 136, 137] (black squares), and Bi [132] (blue triangles)
isotopic chains.

6.5.2 0Odd-N isotopes

The magnetic moments for the odd- N At nuclei are plotted along with those of
the Fr and Bi isotopes for the I = 3, 6, 7 and 10 states in Fig. 6.14 (a), (b), (c) and (d),
respectively. The dashed lines in the figures represent the estimates for the magnetic
moments calculated using the additivity rule, y,q4. Calculations of u,4;4 were made
for a mhy,, proton, coupled to a v3ps;2, vV3p1/2, V2 [5/2, V2 f5,2 and v1iy3/,, for the I =
3,5, 6,7 and 10 states in At, respectively. The values of g; and g, used for the p,44
calculations were taken from measurements on neighbouring odd- A nuclei, with
known proton and neutron configurations, such that for Aty, g, = g(Aty+1) and g, =
g(Poy).

The data show that the magnetic moments of the At states are in acceptable
agreement with those of the same spin in the Fr and Bi isotopes, and the pgq4
calculations, indicating that these states have well defined configurations. The I =5

state in 21%At has p = 4.74(16) uy, consistent with p,gq(w1hg/» ® v3p1/2) = 4.75 pn.
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From the above, it was possible to assign the states with the configurations shown in
Table 6.5.

3.0 =
aa (a) L e AI=10 . (b)
- l 20 =~ - 1 (AD (Th,, @ vi, )
42 + 7 | l ogt| ® Bil=10
_ 40 d { L _, gt A Fnl=10
3.z + ; i :LZ
3 = 2.6}
S 38 l = } e
36 I e ALI=3 25¢ -_1- %
3.4 - uadd(At) (mhy, ® \)p3/2) 2.4¢ T -
' n Bi, 1 =3 2.3F t 4
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Figure 6.14: Magnetic moments for the (a) / =3, (b) I =10, (c) I =6 and (d) I =7 states
in the odd- N At nuclei (red circles) along with their Bi (black squares) and Fr (blue
triangles) isotones.

Table 6.5: Configuration assignments for the I = 3, 6, 7 and 10 states in the odd- N At
isotopes.

Configuration

7lhg/ ® V3ps32
lhg, ® V3p1/2

mlhg/ ® V2 f52

N o a0 W~

mlhg2 ® V2 f5/2

10 7'[1]’19/2 ®V1i13/2
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As for the I = 2 state in 218At, a value of u = 1.20(7) uy was extracted from the
HES fits. Estimates made with the additivity rule using theoretical us and u, values,
combined with p(*'%At) are shown in Table 6.6, none of which are in agreement with
the experimental value. The closest is that of a 71 /9,2 ® v3p; /2 configuration, how-
ever, such a state has not been observed in neighbouring nuclei. The disagreement
between the extracted and calculated values of p(*'8At) so far remains unexplained.
However, this could be another indication for the presence of octupole collectivity in

this region of the nuclear chart.

Table 6.6: Possible configurations for I = 2 sate in 2!8At.

Configuration ts [un] | tg [un]
mlhg P At)®v2ge, | 0.35 0.52
mlhg PP A ®vliy e | 0.19 -0.15
mlhg R At ®v3py | 0.07 1.60
nlhg PP At)®v3ds;n | 4.13 3.62

None of the magnetic moments for the states in the odd-N At isotopes are
in agreement with additivity estimates involving a 71331_/12 intruder configurations.
Therefore, the valence proton is assigned to a mhg,, orbital for all states in the odd- N
At isotopes. Due to this, it would be expected that the shapes of the odd- N At nuclei
in these states would be similar. The small differences observed in the data (see Figs.
6.7 and 6.8) are due to differing levels of core polarisation from the valence neutron
for different orbitals. Thus, based on the extracted values of u and §(r?), the ground
and isomeric states of the odd- N At isotopes measured in this work do not present

cases for shape coexistence.
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Conclusion

This thesis presents the results from studies of the 1”8Au nucleus and of the At
isotopic chain, performed using the Windmill decay station at the ISOLDE facility.

By combining the ISOL method with the in-source laser ionisation technique,
isomerically pure beams of two states in 1”8 Au were achievable. Due to this, it was
possible to perform a-decay studies upon the two states, independently of one
another.

The results from these studies identified the presence of a low-spin ground, and
a high-spin isomeric state. The half-lives and fine-structure a decay of the two states
were investigated, and a number of excited states and y transitions were identified in
the 1"*Ir daughter nucleus. Based on the results from the ISOLDE decay study and
the known structures of neighbouring isotopes, tentative configuration assignments
were given for 1788 Au.

The presence of two unhindered a decays from the high-spin isomer, followed by
highly-converted y rays, was observed. A tentative explanation for this would be the
presence of a triplet of states with different shapes in !“Ir. However, further work
and analysis is required to understand these fine-structure decays fully.

The HFS of 195-211.217-219 At were measured for the first time and their respective
isotope shifts, mean-square charge radii and magnetic moments extracted. The
results display a strong onset of deformation as the neutron number decreases away
from the N = 126 shell closure towards the N = 104 midshell. Clear cases for shape
coexistence were identified in 19197199t
radius of the I = 1/2 and I = 9/2 (I = 7/2 in the case of !9°At) states in these isotopes.
In addition, an inversion of the normal OES was observed in the heavy At isotopes

with a significant difference in charge

above the N =126 shell closure, providing an indication for the presence of octupole
collectivity in the heavy At isotopes.
The magnetic moments of the I = 9/2 states in the even- N isotopes have a single-

particle like nature, consistent with a n1hg/» configuration. The I = 1/2 states in
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195,197,199 At have magnetic moments consistent with those of the I = 1/2 states in the

-1
1/2

these intruder states that are responsible for the cases of shape coexistence observed

Tl and Bi chains, indicating that they possess 73s;, intruder configurations. It is
in these nuclei.

The magnetic moments of the odd- N isotopes, excepting the I = 2 state in 2!8At,
are consistent with those of the same spin in the Bi and Fr isotopic chains. The
assigned configurations are all consistent with a 71hg,» proton, with no evidence for
am3s;}

1/2
absence of intruder-state configurations there is no notable difference between the

intruder configuration observed in any of the investigated states. Due to this

shapes of the isomers in the odd- N At isotopes.
As for the I = 2 state in 2!8At, no coupled proton-neutron configuration could

explain the experimentally measured magnetic moment.

7.1 Future work

The final analysis of the decay data for the two states in 1"8Au is ongoing, in
particular the two 5521-472.1 and 5571-421.4 keV fine-structure decays. An expla-
nation for these two anomalous decay paths has proven difficult and is still under
discussion, the final interpretation will be presented in a forthcoming publication
[72]. However, preliminary results from the JR121 experiment conducted at JYFL [83]
have confirmed the presence of these fine-structure decays. The level of statistics in
this data set is much higher than in the ISOLDE data, and so further analysis of the
JYFL data may shed more light on the nature of these decays.

A recent a-decay study of '2T1 by Van Beveren et al. [138] identified a number
of new a decays, as well as a number of low-lying states in the a-decay daughter
nucleus, 1"8Au. However, the a decay of 18271 §g complex, and only partial a-decay
schemes could be drawn from the results. With the new structural information of
178g,m Ay available from the ISOLDE study, it may be possible to revisit 2Tl and
draw some more conclusions from the data. At present, there are no future plans to
perform any further dedicated decay studies on "®Au.

As for the laser-spectroscopy studies on the At isotopic chain, it would be inter-
esting to observe whether or not the trend in change of deformation for the different
states in the light, even- N At isotopes persists. This would require the measurement
of the HFS of I = 1/2 and I = 7/2 states in '93At, which possess half-lives of #;,, = 28(5)
and 21(5) ms respectively, comparable to that of 191Po (#;,, = 22(1) ms) which was
measured using the same technique. In addition to this, %At has a low-lying 71i;3/»

intruder state with a ¢/, = 27(4) ms, which is comparable to those of the other two
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states. Assuming the production cross section of the I = 13/2 state is similar to that
of the I =1/2 and 7/2 states, then it too should be accessible. It would be of interest
to see by how much the charge radius of this state would differ to those with 71hg,»
and 7357,
Such a measurement would require either extended run times, which pose a

configurations.

challenge for the stability of the laser system, or significant ion source development
in order to reduce the release times of reaction products from the target matrix. There
is an upgrade to the CERN accelerator facility that is planned for 2020, which will
raise the energy of the primary proton beam delivered to ISOLDE from 1.4 GeV to
2 GeV, and increase in the proton beam intensity by a factor 2 to 3 [54]. The higher
energy alone will increase the cross section of the fragmentation and spallation
reactions by a factor between 2 and 10 of the current facility. These upgrades will
improve the production yields of more exotic nuclides, making them experimentally
accessible at ISOLDE.

Measurements of the HFS of 2127216At and those with A > 220 would be of interest
for the purpose of seeing at what point the inverse OES begins, for how long it persists,
and how large its magnitude is. This would also provide further information on the
“kink” phenomenon, the observation that the average rate of change in mean-squared
charge radius doubles when crossing the N =126 shell closure. Coulex studies made
in these isotopes could verify whether or not there is any relationship between
inverse staggering and the expected/experimentally measured values of the octupole
deformation parameter, (3. This investigation could be expanded into a systematic
study of the Z > 82, N > 126 region, using the complimentary laser spectroscopy-
Coulex techniques. However, it is impossible to perform laser-spectroscopy studies
upon these isotopes within the foreseeable future, due to their nano- to microsecond
half-lives.

For the At chain, evaluation of the spectroscopic quadrupole moments is ongoing,
but any values extracted would have significant errors due to the low resolution of
the in-source laser spectroscopy method. An increase in resolution can be achieved
by using the Perpendicularly Illuminated Laser Ion Source Trap (PI-LIST) [139], or a
collinear laser-spectroscopy method such as those used by the COLLAPS and CRIS
collaborations. The PI-LIST [20] is an upgrade to the Laser Ion Source Trap (LIST) that
reduces the resolution of transition lines to 100 MHz. However, there is a sacrifice in

the ionisation efficiency by a factor of 100-300.
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