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Abstract

Quantum technology has revolutionised academia and industry by potentially solving many
problems that are not feasible and accessible for conventional technology. Quantum materi-
als like colour centres in diamonds are a promising quantum technology platform in research
and industry. Herein, the development of the room-temperature diamond maser as a quantum
device for oscillators and low noise amplifiers is presented. This thesis investigates both ex-
perimental and analytical research in characterising diamonds, mainly Nitrogen-Vacancy (NV)
centres, for masing and maser devices, as well as theoretical and simulation work in design-
ing masers and threshold conditions. Besides the research specifically into the maser, optical
characterisation of these quantum materials is conducted. This thesis primarily focuses on the
maser, but the defect centres characterised have wider use in quantum technology. To push
forward the analytical methods for diamond optical characterisation, this thesis employs mul-
tiple algorithms in fluorescence lifetime imaging that improve the performance of conventional
methods. Furthermore, a hybrid quantum algorithm is employed to aid the analysis of optical
data, which utilises unconventional quantum properties of quantum circuits and simulators to

analyse quantum materials for developing quantum devices.
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Chapter 1

Introduction

1.1 Motivation and objectives

Quantum mechanics is an extraordinary theory that studies quantum phenomena, such as
atomic theory and quantised electromagnetic radiation, that are not able to be solved using
classical mechanics. After years of theoretical studies and scientific exploration in quantum
mechanics, quantum technologies that utilise quantum phenomena are becoming useful tools

in every aspect of society.

Microwave amplification by stimulated emission of radiation (Maser) is the microwave counter-
part of the laser. The underlying principle is based on a quantum theory of radiation. The maser
has greatly impacted pure science and the industry since its invention. However, in comparison
with lasers, masers have a lesser impact and attraction than the laser due to the difficulty in
building an efficient and compact maser at room temperature or at atmospheric pressure. Typ-
ical masers will require cryogenic temperature and vacuum conditions for operation and only
find niche markets in space communication and radio astronomy. A route to realise a stable
room temperature maser is to extend the spin-lattice relaxation time and the spin decoherence
time of spin defects in solid materials. One of the candidates is the nitrogen-vacancy (NV)
centre, which is a point defect in diamonds consisting of a substitutional nitrogen atom adja-
cent to a vacancy. The negatively charged NV~ centres have many extraordinary properties
such as long spin coherent time at room temperature [4], energy levels that are sensitive to the

environment, optical readout of spin states, which have been proposed to be used as qubits in



quantum computers [5]|, quantum sensors [6, 7|. In addition, the NV~ centre can be used as

the gain medium for masers, which has been proposed and demonstrated [8, 9, 2|.

A recent study on the maser has paved the way to a more reliable solid-state maser that works
at room temperature and at ambient pressure, [10, 2|. However, there are still improvements

needed to build a more reliable and efficient maser.

This thesis aims to develop a model to simulate the spin dynamics of NV centres interacting
with an optical excitation, external magnetic field and microwave excitation, as well as various
parameters, including the number of defects, the optical pump rate and the decoherence of
the defects. This will help design a diamond-based cavity maser by finding the threshold
conditions. Secondly, the thesis aims to design different cavities for a diamond-based maser for
a small electromagnet, a small Halbach array and a large commercial electron paramagnetic
resonance (EPR) magnet. In particular, the cavity designed for the small electromagnet is a
crucial component in miniaturising diamond masers. A Halbach array is one of the solutions for
further miniaturisation after the small electromagnet. Thus, it is critical to model, simulate and
optimise the Halbach array, in order to achieve a high field and high homogeneity, specifically

for a diamond maser.

Thirdly, the optical characterisation of diamond samples is conducted. This can identify the
characteristics and intrinsic parameters, and links to the performance of the diamond-based
masers. Thus, it can tell what the intrinsic parameters of the diamond sample are good for
masing, such as the spin relaxation time. Combining the modelling, experiment and the multi-
dimensional optical characterisation of NV centre in diamond as a maser gain material, this
thesis hopes to unravel the mystery of building a more efficient and powerful diamond-based

maser.

Lastly, in optical characterisation, especially the lifetime fitting of multiple lifetime components.
The traditional least-square method used is biased and can be computationally expensive for
high-resolution images. The aim is to develop a new method, using higher harmonics and
classical-quantum hybrid algorithms in phasor analysis and deep neural networks, for diamond-
based fluorescence lifetime characterisation. These resolve the bias problem due to the lack of
information about the samples and the time-consuming fitting process. The thesis introduces

a classical-quantum hybrid algorithm to aid the analysis of optical characterisation.



1.2 Overview

This thesis focuses on the optical characterisation and spin properties of NV centres in dia-
monds, and the realisation of masers based on NV centres and the performance of the diamonds
as the gain media of masers. This thesis is organised into seven chapters. The first chapter
gives an introduction, an overview and a statement of the originality of the thesis. The sec-
ond chapter describes the background theory and a short literature review about the maser.
There follows a background for both the dielectric resonator and microwave antenna, microwave

characterisation and background of diamond and the optical and spin properties of NV centres.

The third chapter describes the experimental technique, setup and apparatus for characterising
the optical and spin properties of NV centres, such as the confocal microscope, fluorescence
lifetime imaging, ODMR and T, imaging. The other half of this chapter describes the design
of the dielectric resonator and the cavities used, as well as the magnetic field homogeneity

characterisation of the electromagnet and the setup of the diamond maser.

The fourth chapter presents the results of the optical characterisation: fluorescence lifetime
imaging of diamond, which contains two sections about the novel analytical methods, the
spin-lattice relaxation time imaging of the diamond samples and the ODMR of the diamond

samples.

The fifth chapter discusses the modelling techniques and simulation methods and results. These
include the extended-7 level rate equations for spin dynamics, optically detected magnetic

resonance (ODMR) and the determination of the masing threshold.

The sixth chapter presents the masing results of the diamond-based maser, and the results
are divided into the EPR-based system, which uses a large electromagnet from a Bruker EPR
system, and the GMW-based system, which uses a small dipole electromagnet from GMW

Associates. It verifies the simulation and modeling in the previous chapter.

The seventh chapter concludes the work and proposes future works based on the current results.
In the appendix, there is a detailed section about hybrid quantum transfer learning on diamond,
more optical data for each sample and the algorithm for swarm intelligent optimisation, which
solves complex optimisation with the collective behaviour of many individuals that have a

correlative behaviour with others, inspired by biological systems, of Halbach array.



1.3 Statement of originality

e The thesis shows a 7-level extended rate equation that is based on semi-classical Maxwell-
Bloch equations to predict the threshold conditions of diamond masers with various pa-
rameters, such as the Q factor, mode volume, and pump power. It defines no-masing,
incipient masing and masing action regimes, as well as the linear and saturation masing
regimes that is verified by the experimental results. These results formed the basis of a

publication [11].

e The thesis demonstrates the modelling of optimised Halbach arrays for diamond-based
masers. The Halbach array design simulation implements a particle swarm optimisation
algorithm (PSO), which relies on swarm intelligence, for automatically optimising the
structure and the field homogeneity. The algorithm is based on analytical and vectorised
calculation with a demagnetisation meshing technique. Furthermore, the algorithm im-
plements optimisation on each individual magnet, such as the position and the rotation
angle to find the optimal placement of each magnet. The algorithm can discover new

structures that differ from the conventional structure with high field inhomogeneity.

e The thesis discusses new cavity designs and simulations that are specifically designed
for the Bruker electromagnet and a small cavity for the GMW electromagnet, which
can fit inside the poles of the magnet and optimise the dimension for a high Q factor.
Furthermore, various dielectric materials are simulated at around 9.5 GHz for masing

applications.

e The thesis presents the linear and saturation regimes in both the masers using the Bruker
electromagnet and the GMW electromagnet, and the extended rate equations simulate a

similar saturation regime at a similar excitation power.

e The thesis presents the corresponding optical characterisation of the diamonds that are
used for masing, such as spin-lattice relaxation time mapping and fluorescent lifetime

mapping at various excitation wavelengths.

e The thesis presents a novel fluorescent lifetime analysis technique based on phasor analysis
in the study of diamonds, which is the blind-determination method with a random search
technique that uses high harmonics to estimate the lifetime of a sample, as well as an

angled-resolved histogram.



e A deep learning method, based on high-dimension convolutional and residual networks,
is introduced into diamond-based fluorescent lifetime mapping that is trained on various
fluorescent defects in diamonds, so it provides an efficient way to extract the lifetimes and
the proportions of each pixel from the map and help distinguish the number of lifetime
components. Another benefit is to avoid the use of initial guesses and the models to be
used for fitting and trained with more variety of defects which would reduce the bias when

doing a fitting. It outperforms the traditional least square method.

e T relaxation mapping is implemented on the diamond samples to visualise the distribu-
tion of region of high and low T, relaxation time that is essential for a maser. This thesis
shows the relation between the T; time and the masing threshold experimentally as well

as theoretically.



Chapter 2

Background Theory

2.1 Maser

Microwave radiation is electromagnetic radiation with frequencies ranging from 300 MHz to
300 GHz. Microwave and its related technologies have revolutionised many fields across indus-
try, academia and everyday lives, such as wireless communications, astronomy, medical and
military applications [12]. A maser, which is the acronym for microwave amplification by stim-
ulated emission of radiation, generates coherent microwave radiation similar to a laser that
generates optical radiation from stimulated emission. Masers can act as microwave oscillators,
high-resolution spectrometers and low noise amplifiers in the microwave spectrum [13|. The
fundamental quantum theory of radiation behind masers was developed by Einstein in 1917
[14]. Although the maser was invented before the laser, the development of the maser lagged
behind the laser. The primary reason is that the operation condition of the maser is very
restricted as it typically requires vacuum and cryogenic temperature, usually at liquid helium
temperature and only a few at liquid nitrogen temperature [15]. Although the maser requires
cryogenic and vacuum systems, it is still employed in deep space communication, such as the
Goldstone Deep Space Communications Complex which uses cryogenic ruby masers [16]. It
also finds uses in astronomy and atomic clock. Passive hydrogen masers are used on Galileo
satellites and active hydrogen masers on Beidou satellites. Radar systems use masers due to
exceptional performance in low noise amplification compared with other conventional amplifiers

such as vacuum tubes, travelling wave tube amplifiers (TWT), field effect transistors (FET)
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and high-electron-mobility transistors (HEMTs) which exhibit electronic shot noise and thermal
noise [13, 2|. The key difference is that masers lie in the quantum regime, which uses stimulated
emission arising from the light-matter interaction to amplify MW signals as microwave photons,
whereas conventional amplifiers use electron beams or currents in semiconductors relying on

charge which has intrinsic noise.

For example, ultra-low noise Indium phosphide (InP) HEMTs have a gain of 27 dB and a noise
temperature of about 31 K at room temperature and 1.4 K when it is cooled down to 15 K

between 4 GHz and 8 GHz [17]. A room-temperature pentacene maser has a noise temperature

of well below 30 K [10].

Masers can operate at various MW frequencies depending on the available energy levels in the
gain materials, but at low frequencies, the performance might not be optimal for many reasons,
such as the cross-relaxation; thus the low noise amplification performance below 1 GHz might
be worse than other competitors [15]. Beyond the Earth, cosmic masers, such as methanol
masers at 6.6 GHz [18] and water masers at 22.21 GHz [19], exist at a large scale and they are
closely related to comets, stellar atmosphere and molecular clouds. The interstellar medium

has an extremely low density, and non-equilibrium states and permits population inversion [20].

Another benefit of masers is the linearity of amplification, which does not suffer from inter-

modulation from interference of strong signals with weak signals.

2.1.1 Gaseous maser

The first maser, using a beam of ammonia molecules at 78 K in a vacuum chamber, at a
frequency of 23.87 GHz, was built 7 years before the first laser [21], by Charles Townes, James
Gordon and Herbert Zeiger in 1954 [22]. The ammonia maser relied on a directional molecular
beam source and a non-uniform electrostatic field, via a 30,000 DC voltage [15], to focus the
molecules that are excited into a resonant cavity at 23.87 GHz where the excited molecules
release the energy via photons and return to the ground state by an electric field of an external
MW source at the resonant frequency. Since the excited state and the ground state ammonia
molecules have different charge distributions, the nonuniform electrostatic field can divert or
focus the ground state and the excited state molecules respectively. The power output of the

maser oscillator was estimated to be about 5- 1070 W [23].
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The energy levels of ammonia masers are intrinsic vibrations and rotation of the molecules. The
linewidth is sharp and stable and is used for frequency standards. The linewidth is proportional
to the velocity of the molecules, which is about 200 Hz [24]. The frequency deviation of the
oscillator is inversely proportional to the power. This limits the ammonia maser to a narrow-

band amplifier in amplifier operation.

Later, the atomic hydrogen maser, masing at 1.42 GHz, was built which had a longer lifetime
than the ammonia [25|. In contrast, the atomic hydrogen maser relies on the magnetic dipole
interaction which is inherently weak. The atomic hydrogen maser consists of a Woods’s dis-
charge source, which produces a beam of atomic hydrogen, an inhomogeneous magnetic field
from a six-pole magnet to select the atoms in the two hyperfine levels, (F = 1, m = 0) and (F
=1, m = 1) and a resonant cavity at 1.42 GHz [26]. The maser operation is triggered by the
spontaneous emission. The maximum power is about 1072 W, and the linewidth is about 1

Hz, considerably narrower than the ammonia maser [26] [27].

Apart from the hydrogen atom, hydrogen cyanide (HCN) is another type of gas maser material.
HCN molecules have a large electric dipole moment and the ability to be separated by the
excited and the ground states using a nonuniform electric field. The masing transition is at
88.6 GHz. The HCN maser relies on the rotational energy of the HCN molecules. The HCN
maser consists of a multichannel nozzle as the molecule source, an eight-rod electric focuser and
a cavity with loaded Q of 6300 cooled by liquid nitrogen and in a vacuum of about 10~¢ mm
Hg. The N nuclear electric quadruple interacts with the electric field gradient of the molecule
and produces three hyperfine sub-levels at 88.630 GHz, 88.631 GHz and 88.633 GHz [28]. The

maximum transmission coefficient is about -8 dB [28|.

The gas masers tend to have a narrow linewidth due to the intrinsic property of the atom and
molecule, the quality is limited by collision and the frequency is untunable. The "Electric"
maser such as the ammonia and HCN relies on the electric dipole moment of the molecules
to be selected by the focuser and mase, and the transition frequency is much higher than the
hydrogen maser. Masers can also be realised using free electrons that generate stimulated
cyclotron radiation. The benefit is that the structure of the cyclotron maser is not directly

linked to the wavelength of the microwave radiation.



2.1.2 Solid-state maser

Solid state maser materials contain paramagnetic ions or atoms that have a permanent mag-
netic dipole moment from unpaired electrons doped in a crystal that is diamagnetic and not
interacting with the ions, such as ruby and rutile [29]. With an external magnetic field, such
a paramagnetic system can achieve population inversion. Transition metal ions tend to have
magnetic dipole moments such as chromium ions, Cr*", doped in ruby, as well as Gd*" in
gadolinium ethyl sulfate and nickel fluorosilicate that amplified at 9 GHz [30]. The chromium-
doped ruby at cryogenic temperature was proposed as a maser gain material, which laid the
foundation for robust solid-state systems as opposed to the gaseous masers introduced earlier
[31]. Solid-state masers are robust and do not need high vacuum and molecule sources. The
ruby masers have been constructed and used at Deep Space Network since 1960. The masers
are based on either a cavity system or a travelling-wave system, operating at 4.5 K. The gain is
between 20 to 50 dB, the bandwidth is between 0.75 up to 300 MHz, and the noise temperature
ranges from 1.9 K up to 30 K [16]. The cavity used for these type of maser oscillator is often the
superconducting cavity, and the maser oscillator is referred to ’superconducting cavity maser

oscillator’ (SCMO) [32], which is a sapphire cylindrical resonator coated with lead [33].

The transition frequency of the paramagnetic impurities is tunable via the Zeeman effect. The
Zeeman effect occurs when an external magnetic field interacts with a magnetic dipole. The
energy is given by F = —M ;g;upB, where M is the total angular moment quantum number,
gy is the Lande g factor, up is the Bohr magneton and B is the magnetic field. However, the
linewidth is broader than the gas maser due to the effect of the magnetic environment of the

lattice and the external magnetic field.

Cryogenic temperatures are essential for a sufficiently long spin-lattice relaxation time, Ty,
which is the time that the spins take to relax back to thermal equilibrium, and the spin-spin
relaxation time, T, to keep the population inversion of the spin states [31]. In particular, the
T, relaxation time plays an important role in maser operation. The longer T allows the spin
population inversion to maintain for a sufficient amount of time without re-polarising the mate-
rial. Another reason is that the Boltzmann distribution is temperature dependent, proportional
to ef/k8T the distribution between the spin states at room temperature is nearly the same due
to the small energy difference, the factor E/kgT is very small. Thus, the populations between

the ground and the excited states are very similar at thermal equilibrium. The masing requires



a highly non-equilibrium state.

Seeking a long T; at room temperature is a main interest in building a room temperature
solid-state maser. Phonon scattering is the dominant effect causing the short Ty time at room
temperature [15]. Materials with weak spin-orbit coupling, such as carbon-based materials like
diamond and organic materials, show weak phonon scattering and long T time [8]. Another
approach is to increase the pump power so that the population inversion increases and thus
the masing power [13], or increases the concentration of the spin active impurities. But higher
concentration will lead to a reduction of Ty time, as there is a dephasing interaction between

the spins and impurities.

2.1.3 Room temperature maser

The search for room-temperature masers has been active since the discovery of the first maser.
The advance in organic materials and semiconductors accelerated the discovery of new maser
materials and microwave materials. The dissolved Cgy and porphyrin molecules in the organic
nematic liquid crystal under a strong DC magnetic field and optical excitation have been realised
as gain materials for microwave amplification at room temperature [34]. The Cgy molecules in
nematic liquid crystals have a complex permeability over a 27 MHz bandwidth at 253 K, the
imaginary part of the permeability can be either positive or negative, which corresponds to
emission and absorption [34|. Bouregeois et al. demonstrated a sapphire maser, at 12.038 GHz,
based on the EPR resonance of the Fe3* ion doped in the sapphire with a concentration of a few

ppb [35]. This maser oscillates without a DC magnetic field and with a microwave excitation

at 31.34 GHz.

In 2012, a pulsed room temperature maser operating in the Earth’s magnetic field was built
using pentacene-doped p-terphenyl as the gain material [10]. The maser output was found to

be -10 dBm. The optical threshold pump power was 230 W from a 585 nm pulsed laser.

Population inversion and stimulated emission from negatively charged V; defects, which are
optically pumped, in silicon carbide (SiC), both 4H-SiC and 6H-SiC, at room temperature are
reported [36, 37]. The V; defect is an atomic spin defect that is a missing silicon in the silicon
carbide lattice. The V; defect has a weak spin-orbit interaction, and the T; relaxation time is

very long, which is about a few milliseconds [38].
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Masing at room temperature using NV~ centres in diamond was proposed in 2015 [8, 39]. Sim-
ilar to SiC, NV~ centres are atomic defects in diamond lattices that consist of a substitutional
nitrogen atom and a vacancy replacing a missing carbon. Three years later, a continuous-
wave maser at room temperature was built using NV~ centres in diamond [2|. The output
power was about -90 dBm, and the threshold pump power was 180 mW [2]|. The organic
maser gain media relies on the spin active molecules doped in inactive solid materials such
as pentacene in p-terphenyl, phenazine/1,2,4,5-tetracyanobenzene, with Q-boosting, [40] and
1,3,5-tri(naphthyl)benzene [41]. Different combinations of spin-active molecules and host solids
have been studied, such as different derivatives of nitrogen-substituted tetracene are studied
[42]. Recently, 6,13-diazapentacene-doped para-terphenyl has been demonstrated as a maser

gain medium, having an output power of -10 dBm at 1478 MHz [43].

2.1.4 Working principle

The maser can operate in either an oscillator mode or an amplifier mode. Microwave oscil-
lators and microwave amplifiers are key components used in communication and metrology.
Amplifiers amplify small signals that are hard to detect to a strong signal that can be used
in communication systems. Oscillators are used as local oscillators and frequency standards in

many systems.

In the early 20" century, vacuum tube technology dominated the field of microwave oscillators
and amplifiers, such as travelling-wave tubes, klystrons and cavity magnetrons. For example,
klystrons are a widely used microwave oscillator and amplifier that use an electron beam in
a resonant cavity interacting with a microwave signal and subsequently converts its kinetic
energy to amplify the microwave signal at the second resonant cavity that outputs the signal.
When the output signal is feedback into the system, it works as an oscillator. The advantages
are the high power, over a MW, and high gain, which can go up to 60 dB. However, vacuum
tube technology suffers from low efficiency, bulky size, non-linearity and high noise. In the late
1970s, semiconductor oscillators became dominant due to their compact size. Maser technology

on the other hand has a very low noise and high linearity.

In the amplifier mode, the maser amplifies small microwave signals within the bandwidth of the

maser resonant frequency. The maser frequency bandwidth is very narrow and it is typically
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50 Hz and with a gain of 20 dB for a high Q cavity maser. The benefit of the maser amplifier is
it has a very low added noise, unlike conventional electronic amplifiers, such as HEMTs, which
have electronic noise, flicker noise and thermal noise. Bipolar transistors, operational amplifiers
and field effect transistors are used to amplify signals. Due to impurities and phonon scattering,
the thermal noise is high. Thus, HEMTs often rely on the 2D electron gas in a heterostructure

interface.

The maser amplifier uses the stimulated emission and with special cavity design to select a
specific mode. The primary noise source is the spontaneous emission and thermal photons.
Thus, a maser amplifier can achieve a lower noise figure at room temperature than HEMTs.
To achieve low noise performance, the input matching network with the maser optimised input
impedance has to be used, and it is used as a first stage of amplification and followed by other
amplifiers that improve the cumulative gain. The bandwidth can be improved using successive

amplifiers that amplify different spectral part of the signal.

The working principle is based on the quantum theory of radiation. This relies on the interaction
between the electromagnetic field and a quantised system such as a spin system. The quantised
system has many discrete energy levels. For example, in an atom, the electron can transit
between two different energy levels by emitting or absorbing a quanta of electromagnetic field
energy such as a photon. The amount of energy matches the energy difference between the
energy levels. For lasers, the energy corresponds to the electronic transition between the energy
levels in atoms. For masers, the energy is much lower than the electronic transition in atoms.
The energy of the hyperfine transition in atoms is low enough for microwave photons. For
example, the hydrogen atom has four distinct spectral lines in the visible, corresponding to the
electronic transition between the n = 2 and n = 3, 4, 5 energy levels [44]; a distinct microwave
spectral line at 1.42 GHz, corresponding to the hyperfine energy levels of the 1s orbit. The

hyperfine interaction relies on the magnetic dipole of the electrons [44].

Suppose that in an atomic or molecular system, there are three energy levels with E3 > E,
> E;. Each energy level has certain populations, N3, Ny and N;. The Boltzmann distribu-
tion determines the population ratio between two of the energy levels at thermal equilibrium,
e(B1=E2)/kT and Ey — Ey = hfs, where h is the Planck constant and fo; is the frequency
difference between the two energy levels. The population preferentially occupies lower energy

levels, thus, N; > Ny > N3. The population can transfer between levels via the absorption or
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emission of quantised energy that matches the energy difference between the levels, such as a
photon. There is spontaneous emission, stimulated emission and stimulated absorption. The
spontaneous emission process is when an electron at a higher energy level moves to a lower en-
ergy level and emits a photon corresponding to the energy difference spontaneously. The phase
and the direction of the emission is random. On the other hand, in the stimulated emission
process, an electron in a higher energy level interacts with a photon that matches the energy
difference and moves to the lower energy level by emitting a photon with the same energy,
phase and direction. The probability of the stimulated emission process is determined by the
energy density and the linewidth of the incoming photons and the transition property of the
emitter which is determined by the Einstein By coefficients. Stimulated absorption happens
when an electron in a lower energy level absorbs a photon corresponding to the energy differ-
ence and moves to the higher energy level. The absorption rate is determined by the energy
density and the linewidth of the incoming photons and the Einstein By coefficients. The spon-
taneous emission can be thought of as an emission stimulated by vacuum fluctuation of the
electromagnetic field. The probability of the spontaneous emission process is determined by
the electromagnetic environment and the transition property of the emitter. The spontaneous
emission rate is different when the emitter is in free space and a cavity. Focusing on two of the
levels from the systems, the rate of change of the population is modelled using rate equations.
The population from the lower state can absorb pumping photons to move to the higher state.
However, the population will relax back to the thermal equilibrium via spin-lattice relaxation.
The spins are not isolated, they couple to the crystal lattice. The energy can transfer to the
lattice as a phonon. The harder the pumping, the more the population will be in the higher
state, until it reaches saturation when the populations are equal in the lower and the higher

states.

dNy

o A1 Ny + Boy Nop(w) — BiaNip(w) + ka1 Ny — k12 Ny (2.1)
dN:
d_t2 = —A21N2 — Bglng(W) + BlgNlp(W) — k)leQ + klZNl (22)
dAN
7 = 2A21NQ - 2BQlANp(W) -+ <k21 - k12)N - (l{f12 + le)AN (23)

where A, is the Einstein A coefficient that gives the probability of spontaneous emission from

Ny to Ny, By is the Einstein B coefficient that gives the probability of stimulated emission,
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By gives the probability of stimulated absorption and p(w) is the energy density of the electro-

magnetic field. ko and ko are the spin-lattice relaxation rate from level 1 to level 2 and from

level 2 to level 1, respectively. AN = N; — Ns is the population inversion and N = Ny + Ns

is the total number of population. From the equations above, the decay rate of the population

inversion is determined by the spin-lattice relaxation term, k9; + k12. The spin-lattice relax-
1

ation time is lem. The ratio of the upward and the downward spin-lattice relaxation
21 12

hfar

rate is determined by eksT | where hfa is the energy difference between the two states. For
simplicity, the subscript of the frequency between the two states is dropped. It is about 1
at room temperature for microwave frequency. The Einstein B coefficient is derived from the

stimulated transition rate, W, from [15].

1

SO g )| ilE - )5) (2.4

w
h

where pp is the Bohr magneton, g(f) is the lineshape function, which can be assumed to be

Lorentzian for simplicity. The normalised Lorentzian lineshape function can be expressed as

below [15].

2T
1+ 2 T2)*(f = fo)?

9(f) = (2.5)

where T5 is the spin relaxation time and fj is the resonant frequency. At resonance (f=fy), the
lineshape function is g(f) = 275 and the linewidth is inversely proportional to the T; relaxation

time.

|(|i|H*-S|7)|? is the transition matrix element of the magnetic dipole interaction between states
i and j. The transition matrix element can be further simplified, as the H* is not a quantum
mechanical operator, leaving the term (|S|) = o0;; that determines the transition. After some

algebra [15], the stimulated transition rate can be expressed:

1 2mguopsH
W= - (FTHET 20 )2 (2.6)
4 h
H* . * H
where 02 = ﬁ, for a linearly polarised microwave field and a triplet spin system, the

maximum o2 is 0.5. Provided that the magnetic field energy density is H? = nhfuy/V,,, where
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V. is the mode volume and n is the number of photons in the mode and W = Bn, the Einstein

B coefficient at resonant is given:

1 2mgpp o poT2hfn
B=- 2.7
1 (2.7)
where 7 is the filling factor.
T
B~ 6.4544 - 10—18$ (2.8)

m

Assuming that n—1, V,,— 0.1 cm™3, Tho—4 pus and f— 9.22 GHz, the B coefficient is approxi-
mately 2.38:107% s7!. The spontaneous rate is given by [15]:

A = 8o S (gpp)?
3hc?

(2.9)

At 9.22 GHz, the spontaneous rate is about 1.57-107'2 s~!, which is much slower than the
stimulated transition rate and the spin relaxation rate. From the 2-level model, the maximum
population inversion is near where the two populations are equalised under strong pumping.
To achieve population inversion, the minimum number of levels required is 3. The extra level

will act as an auxiliary level.

The maser can operate as an amplifier or an oscillator. In the amplifier mode, an input signal
photon stimulates the population inverted system and triggers the stimulated emission, resulting
in more photons that are the same as the input photon. Usually, the number of spins is large, so
the amplification is smooth and coherent. If the number of spins or the number of input photons
is small, the situation is different, as the stimulated emission is a probabilistic process. The
phase of the output signal might become a problem [15]. In the oscillator mode, the thermal
photons and the spontaneous emission act as the input, and the power gain is large enough to

overcome all the losses in the cavity.

In order to make a maser, an excitation source is required to bring the electrons into the excited
state; stimuli photons are required to trigger the stimulated emission; A sufficient amount of

population inversion so that the stimulated emission is the dominant emission type.

The threshold pump rate, thus, the threshold optical pump power is inversely proportional to
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the Tl [2]

(6]
S — 2.1
W= o (2.10)
A
P, — W, A (2.11)
g

where W, is the threshold pump rate, P, is the threshold pump power, A is the spot size of
the laser, h is the reduced Planck constant, w is the frequency of the laser, o is the one-photon
absorption cross-section, C=4¢g?N/(kk.) is the cooperativity, where r, is the spin decay rate
and k. is the cavity decay rate, and the « is the scaling factor related to the number of photons
required to change the population inversion by one [2]. The output power of the maser is
proportional to the cavity decay rate, k. = w./@) where the frequency of the cavity is defined

as w. and the number of microwave photons.

Increasing the cooperativity can reduce the threshold pump power for masing. The coopera-
tivity is proportional to the number of active gain molecules. Increasing the density of the gain
material can reduce the threshold pump power. However, there is more interaction between
the molecules that reduces the spin relaxation time. The cooperativity is proportional to the
square of the coupling strength, g, between the spin and the cavity field. At resonance, the

coupling strength, g, is expressed below.

/{s,uohwc
= — 2.12
9=7 \/ 2V (ks + Kec) (2.12)

where V= [, |[H|*/|Hpaz|*dV is the mode volume. The coupling strength can be improved by
decreasing the mode volume of the cavity. Suitable gain materials should have energy levels
within the microwave spectrum, and a magnetic matrix element between the levels making it

feasible to establish population inversion.

A microwave resonator is used to select the desired frequency. For constructing a cavity maser,
there are two configurations: one-port maser and two-port maser. In a one-port maser, there is
only one port for the input signal and output signal, the measurement is reflection. A circulator
is used at the port to direct the input signal in and the output signals out from the coupling

port. In a two-port maser, there is an input port and an output port, the measurement is
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transmissive. However, about half of the output signal will reflect back to the input port,
which leads to a reduction in gain-bandwidth product by a factor of 2. For this thesis, the

one-port masers are constructed and the gain media used is NV diamond.

Spin Relaxation

Spin relaxation is a phenomenon in which spins interact with different spins or interact with the
lattice, known as spin-spin relaxation and spin-lattice relaxation, respectively. The relaxation
leads to the return of the thermal equilibrium after any perturbations. The relaxation caused
by the spin-lattice interaction is determined by the time constant T; relaxation time. The
relaxation caused by the spin-spin interaction is determined by the time constant Ty relaxation

time.

Spin relaxation times are very important, as they limit the coherence for quantum control and
quantum sensing by restoring the thermal equilibrium from the desired states. This process

can be described by the Bloch model.

dM, M,
=~.BM, — 2.1
dt Te2 Ny T, (2.13)
dM, M
=~.BM, — —£ 2.14
e’ T (2.14)
sz MzO - Mz
= 2.15
dt T ( )
(2.16)

where the M; is the macroscopic magnetisation along the i axis, which i = x, y, z, M, is
the initial magnetisation along the z axis, 7. is the geyomagnetic ratio of an electron, B is the

magnetic field, 77 and T5 is the spin-lattice relaxation time and the spin-spin relaxation time.

This process is determined by the energy transfer between the spin system and the environment
such as the lattice. At room temperature, the spin-lattice relaxation time is dominantly limited
by the phonons [45]. The cross relaxation time is the relaxation time to reach thermal equilib-
rium between two spin systems that have a similar transition frequency and are close in space.

If the spin-lattice relaxations are different between the two spin systems, the cross-relaxation
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process can alter the spin-lattice relaxations, as the spin system with the longer spin-lattice

relaxation time will relax via the cross-relaxation process to the other spin system [15].

To measure the T} of NV centres, a laser is used to initialise the NV centres to the m = 0 state,
then readout using the laser after a period of free evolution 7. After the initialisation, the NV
centres will relax back to the thermal equilibrium, which is roughly the same population in the

m = 0 and the m = 41 states at room temperature.

As the period of free evolution increases, the photoluminescent intensity exponentially decreases
as the population in the m = 0 state decreases as a longer period of free evolution will allow
more spins to relax. The 77 is the time it takes to decay to 1/e of its intensity. The inverse pulse
method can also be used to measure the T7. After the initialisation, an MW inversion pulse (7
pulse) pumps all the population to the m = +1 states from the m = 0 state. The population
will take some time to relax back to the thermal equilibrium. The 7T} can be estimated by

fitting the exponential decay data over the period of free evolution.

When a MW 7 pulse is applied, the spins rotate 90°, perpendicular to the external magnetic
field, which is along the Z direction. After the pulse, the magnetisation of the spins is in the XY
plane, denoted as M,,. The M,, will gradually decrease to zero. Due to the interactions between
the spins, the phase of each spin will gradually move out of phase with each other, and the M,,
will decrease more rapidly. The relaxation time is characterised by the spin-spin relaxation time,
T,. In reality, the magnetic field is inhomogeneous, which leads to inhomogeneous dephasing,
the M,, relaxation time is determined by the dephasing time, T3, the profile rapidly decreased
because each spin experiences a different field. The 75 can be measured by applying the Hahn
echo sequence, 7/2 — 7 — m — 7 — echo. Hahn echo sequence removes the dephasing effect by
applying a 7 pulse that flips all the spins. The spins with faster rates will have an extra distance
to rotate, whereas the spins with slower rates have a shorter distance to rotate and catch up
to the faster spins which leads to the cancellation of the dephasing. By comparing the initial

intensity, the time and the echo intensity, the 75 can be obtained.

In an inhomogeneous magnetic field environment, each spin interacts with the field differently,
this causes the dephasing effect. The lifetime of the coherence is characterised by the dephasing
time, 7. There are a few methods to measure the 7: Ramsey sequence, 7/2—7—m/2, is similar
to the Hahn sequence, but without the 7 pulse for removing the dephasing; To extrapolate the

linear fit of the resonant linewidth and the MW power down to zero power, since the linewidth
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is inversely proportional to the dephasing time and it is power broadened by the MW pulse
[2] [46]. The T, and T3 are limited by the concentration of the spin defects. The higher the

concentration, the more interactions between the defects.

Zeeman Effect

Some atoms, ions and spin defects have magnetic dipole moments. The magnetic dipole moment
arises from the unpaired electrons that have orbital and spin angular momentum. The orbital
magnetic dipole moment is y;, and the spin magnetic dipole moment is ys and can be combined

to form the total magnetic dipole moment g .

py = —gupJ (2.17)

where g is the Lande g factor and up is the Bohr magneton. When the g factor is 2.0023 for a
single free electron, the magnetic dipole moment is mainly spin, whereas the magnetic dipole
moment is mainly orbital when it is near one. In an external magnetic field parallel to the axis

of the magnetic dipole, with a strength B. The energy of the magnetic dipole is:

where m is the total spin quantum number that has a value of 2J + 1. For a S = 1 spin defect,
the Zeeman shift in frequency is f = 2ugB/h or simply f/B = 28 GHz/T, the energy levels are
split into m; = +1, 0, -1 levels. Similarly, a nucleus possesses magnetic dipole moment if it
has an odd number of protons and an even number of neutrons or an odd number of neutrons
and an even number of protons or both that will leave an unpaired proton or neutron. For
example, the Zeeman shift in frequency of N is f/B = 3.1 MHz/T, which is much smaller

than the electron Zeeman shift and it is often neglected.

2.2 Dielectric resonator

Electromagnetic resonators are important devices for confining and storing electromagnetic

fields at specific frequencies. A dielectric resonator is often made of dielectric ceramics that
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have low dielectric loss and a high dielectric constant that will confine electromagnetic energy in
a small volume for a long period of time. The main difference between the dielectric resonator
and the metallic cavity is that there is radiation leakage at the edges of the resonator, due
to the air/dielectric boundary. The solution is to use a larger copper cavity to enclose the
dielectric resonator. The proposal of such a dielectric resonator can be dated back to 1939 [47].
The realisation of dielectric resonators that exhibit a microwave resonance was in the 1960s,
the first dielectric resonators were made of single-crystal rutile (TiO2)[48]|[49]. However, the
temperature stability is very poor and it was not used in practice. The dielectric materials
that construct the resonator can be single crystal or polycrystalline [50], or even a composite

of different dielectric materials [51].

The thermal coefficient, which is determined by the temperature coefficient of the relative
permittivity, is an important factor to be considered. The resonator will be heated up if a
pump laser is illuminated through the resonator, and this results in a frequency shift. For
rutile, the coefficient for permittivity is 760 ppmK~! and 1200 ppmK~!, for the components
perpendicular and parallel to the c-axis, respectively [52]. Sapphire is a single crystal form of
alumina, Al,Os, which has a dielectric constant of 9.3 perpendicular to the C-axis and 11.5
parallel to the C-axis at 10° Hz, a dielectric loss of 3 - 10~° and temperature coefficient of the
resonant frequency is -60 ppm/K at room temperature. Rutile has a dielectric constant of 170,
parallel to the c-axis, a dielectric loss of 107* and a temperature coefficient of ca 500 ppm/K at
room temperature [53], the resonant spectrum is in the range of radio waves and microwaves.
Barium Titanate [54|, Lanthanum aluminate [55], Barium Magnesium Titanate (BMO) [56],
Barium Zinc Titanate (BZT) [57], BaTi;O9, (BTO) and Strontium Titanate, SrTiO3, (STO)
are microwaves dielectrics with perovskite structures, the dielectric constants are 38 and 300,
respectively, the TCF is 14 ppm/K and the thermal expansion is 40 ppm/K. Furthermore, a
composite of materials with different signs of the thermal coefficient might be used to cancel

the expansion or reduction. These are the potential dielectric materials for maser applications.

The resonant frequencies are determined by the dielectric constant, €, ranging from 3 to 300,
of the commonly used dielectric materials, which is proportional to y/e. The change in the
dielectric constant at the interface between the air and the dielectric material allows the elec-

tromagnetic fields to be confined within the materials.

The Q factor is pre-dominantly determined by the Q dielectric loss. The dielectric loss in
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crystal might be due to extrinsic loss, such as the defects, doping 58], porosity, grain size [59]
and the intrinsic loss such as the anharmonic phonon interaction with the crystal with the
electromagnetic field [60][61]. Sapphire, which is the single crystal form of aluminum oxide,
is a low loss dielectric material commonly used in dielectric resonators. Sapphire exhibits
temperature and frequency-dependent dielectric loss, which is 1078 at liquid helium temperature

[61]. The dielectric loss is still very low at room temperature, tand = 1076 [62].

In this thesis, the dielectric resonators and the posts that support the resonators are made
of sapphire. The Q factor is the ratio of the maximum energy stored, F, in one cycle to the

average energy dissipated in one cycle, P. The higher the Q factor, the less dissipation in the

cavity.
20
Q= WT (2.19)
W, = 60267“ / |E[2dV (2.20)
\4
W, = “02“’“/ \H[2dV (2.21)
Vv

The W, is the electric energy stored in the resonator with a volume, V', and W}, is the magnetic

energy stored in the resonator with a volume, V.

The unloaded Q factor encompasses the dielectric, the conductor, and the radiation losses,
while the loaded Q factor takes into account the external Q factor, which is determined by the

coupling to the external systems, in addition to the unloaded Q.

The loaded Q factor measured using a VNA is inversely proportional to the bandwidth, Aw,
in an approximation, Q=w/Aw, where w is the resonant frequency [63|. The relation between

the loaded Q factor, (), and the unloaded Q factor, (Jy, is expressed below.

1 1 1

QL:@_FQext
1 1 1 1
@—@4‘@4‘@ (2.23)

(2.22)

where Q.. is the external () factor that accounts for the external loss, (). is the conductive Q

factor, which accounts for the conductor loss and (), is the dielectric Q factor, which accounts
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for the loss due to the dielectric and @), is the radiation Q factor, which accounts for the loss

due to radiation.

P = ,/”f’““’l/ |H|2dV (2.24)
o 2 )y

where f is the frequency, o is the conductivity of the conductor.

A material with low loss at the resonant frequency allows the electromagnetic fields to be
confined for a longer time, thus, realising a high Q factor. In contrast, metallic resonators
are lossy at microwave frequency. The common problem encountered when using a dielectric
resonator is the sensitivity to the temperature [64]|. Dielectric has a complex-valued dielectric
constant and a finite conductivity which both induce losses in the MW field. The conductivity
loss results in heating of the dielectric materials. The imaginary part of the dielectric constant
induces loss which is due to the polarisation damping of the electric and magnetic dipoles which

respond to the MW field. The loss tangent is defined by these two contributions [63].

7

g €
tand = — + — 2.25
an we' € ( )
/
p, — wiande / |E|2dV (2.26)
2 1%
w
= 2.27
(a Watand ( )

where ¢’ and €¢” are the real and the imaginary part of the dielectric constant, ¢ is the conduc-
tivity and w is the frequency of the field. The dielectric Q factor is Q4 = (tand)~!. Typically,
the higher the frequency the lower the Q4 as the ¢’ will increase, the dominant term in the loss
tangent, tand is €’/€, [63]. The power dissipation due to the dielectric is P; and the Q4 can
be expressed in terms of the loss tangent, total stored energy and the stored energy within the

dielectric materials.
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In addition, the resonant frequency and the performance are determined by the geometrical
shape and the size of the resonator. The usual parameters for modelling and designing a
resonator are the geometry, the size and the materials with a certain dielectric constant and

loss tangent which determine the dielectric loss.

Let us consider a cylindrical dielectric resonator, it can be considered as a two-open-end waveg-
uide with a length of L along the z-axis. The field propagates along the axis, while the field is
evanescently decaying outside the resonator, which leads to a radiation loss. The mode used
in this thesis is the TEy s mode, where the magnetic field, H,, is along the cavity z-axis at
the centre and radially outward at the interfaces and the electric field, EFy, is encircling the
z-axis forming concentric circles [63]. This mode is dominant if the length, L<\/2, is much
shorter than the wavelength of the resonant mode, A\. The field components of the TE mode

are expressed below.

H, = HyJy(kr)e' (2.28)

B, = “"ZO“ O Jt(kr)etd (2.29)
H, = -0 Zo“o Tt (kr) e’ (2.30)
(2.31)

where Hj is the magnetic field amplitude, g = \/ekgi—lc? is the propagation constant, k is the
wave-number in the resonator, Jy is the zero order Bessel function and Jj is the derivatives
of the zero order Bessel function. Figure 2.1 shows the magnetic field and the electric field
configuration of the TEMg;s mode in a cylindrical resonator. At the open-ends, z—==+1/2, the
Ey and the H, are continuous in the dielectric region and the air region. By substituting the
equations above, the equations can be rearranged to a transcendental equation below that the

resonant frequency is determined by the ko [12].

L.k — k2
tan(%) = TO (2.32)

The resonant frequency of the TEqs is expressed as

!
1 Top

r= g

P+ (1) (2.33)

r
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B field: E field

Figure 2.1: The E and B fields of the TEj;5 mode in a cylindrical dielectric resonator.

where r is the radius of the resonator, L is the length of the resonator, z{, is the first zero of
the derivative of the zeroth order Bessel function of the first kind [63]. From the equation, the

resonant frequency is inversely proportional to the square root of the dielectric constant.

In order to put any samples inside the resonator, the centre region along the axis is empty
space. Since the electric field is not strong along the centre axis, this hollow region will not
affect the TEps mode much. The hollow region will increase the frequency separation between
the TEps and the TMg1s modes, as the electric field is tightly focused along the axis in the
TMy15s mode, which is the opposite of the TEq5 mode [63].

To prevent radiation loss, the dielectric resonator is placed inside a copper cavity made of
oxygen-free copper. The metal cavity will perturb the fields and shift the resonant frequency.
The shift in frequency depends on the stored energy type. If it is electric, the frequency will
shift to the lower part of the spectrum. If it is magnetic, the frequency will shift to the higher
part of the spectrum [63]. There is a moveable top plate, which is a copper plate attached to

a M6 screw, placed in the copper cavity to tune the cavity resonant frequency.

The copper cavity and the dielectric resonators are simulated using the eigenmode frequency
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domain simulation in CST microwave studio, results shown in Chapter 3. The inner diameter

of the cavity is optimised to produce the highest Q factor using the CST.

The dielectric resonator is made of sapphire, ;= 11.5 parallel to the C-axis and €;=9.3 per-
pendicular to the C-axis, in the microwave spectrum. Sapphire is used as it has a relatively

low dielectric loss at room temperature.

2.3 Microwave system charaterisation

Scattering parameters (S parameters) are important parameters that characterise linear mi-
crowave systems such as the dielectric resonators and the microstrip antenna used in this thesis.
At high frequencies such as microwave frequencies, the measurements of voltage and current
become more difficult compared to low frequencies. In addition, the short-circuit and open-
circuit termination will introduce unwanted inductance and capacitance during characterisation
of the microwave systems. Therefore, the conventional Z-parameters and ABCD-parameters
methods for low frequencies are not generally employed in microwaves systems. In S parameters
measurements, the microwave power at a port is measured with respect to another port. For
example, in a two-port network, there are two input ports, a; and as; and two output ports, by

and by by assuming that the ports are all terminated with the reference impedance [65].

R (2.34)
V% '
b=
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where V) is the incoming wave in the forward and backward direction and Z; is the port

impedance. The S parameters are defined as:

S = & 2.35
11 a, ( )
b
Sip = —
a2
b
S = =2
a1
b
Spp = —
a2

S11 and Soo are the reflection coefficients for port 1 and port 2, whereas Si» and So; are the
transmission coefficients from port 1 to port 2 and from port 2 to port 1. In general, the S
parameters are complex and contain the phase response of the systems. The phase response is
more important in communication systems and not in this thesis. The insertion loss of a system
can be extracted from the transmission coefficients and the reflection coefficients are related to
the input impedance. The reference impedance is usually 50 €). For an arbitrary impedance

terminated system, the input and output impedance, I'; and I, of a system is defined as [66]:

S12521 a9
r,==5 _— 2.36
n by — Saay ( )
512521Fs
Ty =Sp+ -
2 TS0,

where I', is the source impedance. In the impedance-matched condition, the insertion loss is

defined as:

1L = —QOZOQlo(Sgl) (237)

It is important to note that when the impedance of the source and the impedance of the load
are matched, the reflection is minimised or complex conjugate matched that the power delivered

to the load is maximised.
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2.4 Microstrip antenna

Microstrip antennas consist of metallic patches on a grounded dielectric substrate, which is fab-
ricated using printed circuit technology. The idea was proposed in the 1950s [67]|68]. Microstrip
antennas are extensively used in the microwave industry due to the small form factor, cheap
of fabrication, and ease of integration to microwave integrated circuits. These features allow
more customisability and variants to be developed for different applications. In this thesis,
custom-designed microstrip antennas are used for providing the modulating electromagnetic
field interacting with defects. The antennas are designed to support a broad-band microwave
frequency centred at 2.87 GHz that correpond to the zero-field splitting of the NV~ centre.
The broad-band feature is required as it accounts for any frequency shift by a small external
magnetic field which is a few hundred MHz, around 10%, as well as manufacturing errors.
Microstrip antennas can be modeled analytically using a cavity model with magnetic walls,
an open-ended transmission line model or with a dyadic Green’s function method [69] [70]|71].
Generally, the permittivity of the substrate is small, as the bandwidth will decrease with a
higher permittivity, and the thickness of the substrate is positively correlated to the bandwidth
[70]. Provided that the substrate is not too thin, <0.01 A, surface wave excitation is usually
considered the primary loss factor for microstrip antennas [72]. When the substrate are getting
thicker, the energy will couple to those modes instead of the radiation modes. This will lead to
a decrease in radiation efficiency. The upper limit of the thickness is defined as 0.11\, which
is about 11.5 mm for 2.87 GHz, as the input might become inductive entirely. The feeding
method used is a tapered microstrip line that is impedance matched. Proximity feeding is
another popular feeding method that allows a wider bandwidth and reduced spurious emission

and reduced inductive effect, but it is difficult to fabricate and align, and it is excluded.

The antenna design is based on a circular patch [73]. The dimensions and the design of the
antenna are found by using the electromagnetic simulations in CST Microwave Studio. The
details of the simulation is discussed in Chapter 3. The microstrip antenna consists of only
the conducting patches made of copper, the FR-4 substrate and the copper ground plane. The
microstrip antenna supports hybrid fields consisting of TE and TM modes [12]. The resonant

frequency of TM,,,, modes of a circular patch antenna is given as [74]:

 Apnce
B 2mr\/€,
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where A,,, is the roots of the eigenmode, r is the radius of the circular patch and the ¢, is
the dielectric constant of the substrate. The small hole introduces an inductance and the slot

introduces capacitance. The feed line is impedance matched to 50 €.

The characterisation methods are the S-parameters, the voltage standing wave ratio, the field
profiles and the line impedance at the port interface. The S-parameter, S;;, measures the
reflected signal from the stimulated signal from port 1 at the same port. The signal from the
port transmits through the coplanar waveguide and is reflected back to the port. The Sq; is
expressed as the power of the reflected signal and the frequency. In order to maximise the field
strength, most of the signal should not reflect back to the port. The reflection coefficient of
the interface is determined by the ratio of the impedance of the port, which is 50 €2, and the

impedance of the coplanar waveguide.

 Z,— 7,

— =0 2.39
Zs+ Zy (2:39)

where Z, is the impedance of the port and the Z, is the impedance of the antenna. The
reflection coefficient is minimised as the impedance of the port equals the impedance of the
system, assuming that the source is real. The impedance is matched by adjusting the w, S and

the geometry of the tracks.

For the microstrip antenna, the track is tapered to match the impedance at the port and the
resonant frequency design of the antenna. The antenna consists of a small hole acting as an
inductor and a narrow gap acting as a capacitor. The sample is placed in the hole. The sizes
of the hole and the gap are adjusted to fit the resonant frequency at 2.87 GHz. The thickness
of the ground plane and the top copper layer is 0.018 mm. The thickness of the substrate is
1.6 mm. The radius of the circular antenna is R = 20 mm. The radius of the small hole is
r = 2.05 mm. The width of the gap is g = 0.3 mm and the length is 1 = 6.25 mm. Another
parameter, s = I-R is introduced, it is the distance between the centre of the antenna to the
centre of the hole. The antenna can be modelled as an LC circuit, where the resonant frequency
is determined by all the parameters, the inductance L & r is determined by the small hole, the
capacitance C o 1/g is determined by the size of the gap and the resistance R o 1/(R-s-r) |73].

R
The resonant frequency of the antenna is f = and the bandwidth is § f = 7 [73].

1
2my/ LC
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2.5 Diamond

Diamonds are important materials that have excellent mechanical and optical properties. The
properties of diamonds depend on their lattice structure and structural defects. Ideally, di-
amonds are made of purely carbon atoms, which form a diamond cubic structure, which is
face-centred, the schematic diagram of the unit cell of a diamond is shown in Figure 2.2. The
covalent bonding between the carbon atoms is the sp? hybridised bonds provided by the 4 outer

unpaired electrons of a carbon atom.

The pure diamond is colourless and transparent over the visible spectrum. In natural diamonds,
many impurities are present in diamonds such as nitrogen and silicon. These impurities impact
the colour. Thus, it is important to investigate the absorption and luminescent properties of the
defects. Moreover, defects have charges and spins that provide a way to study the interaction
with electromagnetic fields and quantum phenomena. Furthermore, the defects in diamonds

provide a place to study the theoretical works on point defects, symmetry and quantum physics.

Nitrogen is the most dominant impurity present, as it is rich in the environment and similar
in size to carbon. Based on the amount of impurities in the diamond, there are four classes
of diamond: type Ia, type Ib, type Ila and type IIb. The type I diamond, which is the most
common type, consists of a substantial amount of nitrogen impurity that the nitrogen can
be detected in IR spectroscopy. The nitrogen concentration is about 0.1 %. About 98 % of
diamonds are type la, and the nitrogen concentration is up to 0.3 % [75]. It can be subdivided
into type IaA and type IaB. The type IaA diamond consists of A-centres, which is a pair of
nitrogen atoms and does not affect the colour of the diamonds, while the type IaB diamonds
consist of aggregates of nitrogen atoms such as the B-centres, which is a vacancy surrounded
by four nitrogen atoms [76]. Type Ib diamonds are much rarer than type Ia in nature, about
0.1 % of natural diamonds, consist of C-centres, which is a substitutional nitrogen atom. The
nitrogen concentration is up to 500 ppm. The Type II diamonds contain only a trace amount
of nitrogen, which is less than 1000 ppb. Usually, the nitrogen content is not measurable. Type
[Ta diamonds are the purest type of diamond with almost no impurities. They are colourless.
The type IIb diamond consists of boron impurities. The boron atoms have one fewer outer
electron than the carbon atoms. The presence of boron atoms, about 1000 ppb, causes the

diamond to become a p-type semiconductor [75].
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2.5.1 Defects in diamond

The impurities take the forms of the substitutional defect and the interstitial defect. If a carbon
atom in the lattice is replaced by other types of atoms or a vacancy, where a carbon atom is
missing, the replaced site is called a substitutional defect. If the impurity atom is added to the

lattice without replacing the original atom, the site is called an interstitial defect.

The impurity atoms might be different in size; they have a different number of outer electrons,
resulting in additional optical and electronic properties. Furthermore, different impurity atoms
possess different defect symmetries, for example, the NV centre has a ('3, symmetry, whereas
the SiV centre has a D3, symmetry, resulting in changes in the physical properties of the original
crystal such as the energy levels and local strain. For example, the type Ila diamonds do not
have one-phonon absorption, at 7-13 um, due to the crystal’s inversion symmetry. The other

types of diamonds break the local symmetry and result in one-phonon absorption [77].

The most common point defect is the nitrogen defect, where nitrogen atoms replace carbon
atoms, the nitrogen defects consist of up to 1% of the total mass [78]. If there is a substitutional
nitrogen atom replacing a carbon atom, the defect is called a C-centre. The natural form of the
C-centre is neutral. High-pressure high-temperature synthesis diamonds contain a substantial
amount of C-centres. The extra electron from the nitrogen acts as a donor electron and forms
an energy level within the 5.47 eV band gap of the diamond that can be excited by 2.2 eV
photons.

The NV centre consists of a nitrogen atom replacing a carbon atom in a diamond lattice, and
a vacancy adjacent to the nitrogen. The NV~ was first reported in 1965 by Du Preez, who
studied the spectral properties of nitrogen-rich diamond|79]. The electronic properties and the

structural properties are investigated later [80] [81].

There are two charged states of the NV spin centre, NV and NV~. The zero phonon line of
the NV is at 575 nm, and the lifetime is 1942 ns. The zero phonon line of the NV~ is at 637

nm, and both centres have an extensive phonon sideband.

In this thesis, only the negatively charged NV~ is primarily considered as only the negatively
charged state contributes to masing, so the NV centres refer to the NV~ centres in the rest of

the text and the NV° will be stated specifically. However, the presence of NV is significant,
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(a) Diamond lattice. (b) Diamond lattice with NV centre.

Figure 2.2: (a) The diamond lattice unit cell. The carbon atoms are represented by the black
sphere. (b)The NV centre in a diamond lattice unit cell. The carbon atoms are represented by
the black spheres, the vacancy is in purple and the nitrogen atom is in cyan.

thus, it is useful for characterising the diamonds and the NV centres as a whole.

Figure 2.2 shows the diamond lattice structure and the NV centres lattice structure. Silicon

vacancies (SiV) consist of a substitutional silicon atom that replaces two carbon atoms and two
adjacent vacancies shown in Figure 2.3. Similar to the NV centre, the SiV centre also has two
charged states, SiV™ and SiV°. Figure 2.4 depicts the conduction band, the valance band and

the energy levels of NV~ and NV centres and the photoconversion between the two.

The zero-phonon line is at 737 nm and a phonon sideband at 760 nm and the lifetime is 1.28
+ 0.06 ns [82]. The zero-phonon line of the SiV® is at 946 nm and a phonon sideband at 976
nm and the lifetime is 1.8 ns [83]. One of the most prominent features is that the Debye-
Waller factors, 0.7 [84], is much higher than the NV centre, which is 0.04 [85], resulting in
more emission from the zero-phonon line, and a narrow linewidth of 1 nm, the inhomogenous
broadening is much less than the NV centres [86]. The SiV centre is a D34 point group, which
results in an inversion symmetry and no permanent electric dipole. This will allow the SiV
centre to be immune to an inhomogeneous lattice field that results in Stark shift to the first
order. The SiV centre is referred to as the SiV™ centre in the rest of this thesis. The SiV centre
has a spin 1/2. The ground and the excited states are double due to the spin-orbit interaction.

The silicon atom can be implanted into the diamond via ion implantation.

[86] The germanium-vacancy centre is another optically active defect centre similar to the SiV
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Figure 2.3: The SiV centre in a diamond lattice unit cell. The carbon atoms are represented
by the black spheres, the vacancy is in purple and the silicon atom is in brown.

centre. It has a narrow zero-phonon line at 602 nm, and the lifetime is 1.4-5.5 ns [87]. Apart
from GeV, there are other centres that have a similarer D3; symmetry as the SiV such as the

lead-vacancy and nickel-vacancy.

2.5.2 Diamond synthesis process

There are two main methods to synthesise bulk diamonds: the chemical vapour deposition
(CVD) method and the high-pressure high-temperature (HPHT) method. The HPHT method
mimics the natural environment for diamond formation in the Earth’s mantle. This provides a
thermodynamically favoured environment for diamond formation rather than graphite forma-
tion. It was first shown in 1955 [88]. The diamond is grown on a seed diamond in a chamber
where graphite is used as the carbon source and metallic catalysts, such as Iron and Nickel, are
used to transport the carbon atoms to the seed from the graphite. The temperature reaches
1400°C, the pressure reaches 5 GPa [89]. The CVD method involves growing diamond layers,
where the carbon atoms are from a gas mixed with carbon and hydrogen, usually methane, on
a diamond substrate. The gas is heated via filament or microwave to form plasma above the
substrate, and the carbon atoms deposit on the substrate in the form of radicals. The role of
the hydrogen radicals is to prevent the formation of the graphite bonding, sp? hybridisation
[90]. In this case, no high temperature and high pressure are required. The internal strain
is larger than the HPHT diamond due to the delocalisation during the growing process. The

diamond formation is favoured as the chemically kinetic condition is favoured.
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HPHT diamonds are nitrogen-rich, and the concentration is usually above 100 ppm [91].
Whereas, CVD diamonds have only a few ppm or down to 1 ppb nitrogen concentration [92].
The nitrogen is incorporated into the diamond from many sources during the process such as

residual air.

The composites of NV centres are vacancies and nitrogen centres. The amount of nitrogen
centres can be controlled during the diamond synthesis process and nitrogen ion implantation.
Ion implantation is a more controllable way to control the nitrogen concentration than the
synthesis process. However, the ion implantation will damage the diamond lattice and cause a
detrimental effect on the coherence time [93]. The vacancies are created via high-energy particle
irradiation. High energy electrons are favoured as the electrons are light and less destructive
to the diamond lattice compared to other heavier particles such as neutrons and protons [94].
The electrons are also easy to control. After the creation of the vacancies, the next process is
annealing, which drifts the vacancies in the lattice. The annealing temperature is about 600°C.
Higher temperature will result in over-annealing and the conversion to graphite [77]. An NV
centre will form when the vacancy is captured by a nitrogen centre, and an additional electron
is required to form an NV~ centre. The additional electrons are usually provided by adjacent

charge donors [92].

The formation of NV centres is complicated as it involves estimating the formation energy
and the energy levels of the charge transition of different possible defects. Diamonds are good
insulators with a large bandgap, so it is difficult to use deep-level transient spectroscopy to

determine their energy levels [91].

Early studies investigated the spectrum of natural and synthetic diamonds and deduced the
properties of the vacancy such as charged states and the substitutional nitrogen atom in
radiation-damaged diamonds by high energy electrons or neutron irradiation [95, 96, 97| as
well as electron spin resonance studies and hyperfine interactions between *N and '3C in dia-

monds [98].

2.5.3 NV centre properties

In this thesis, only the room-temperature electronic structure of the NV centre is considered.

An NV centre has six electrons, five of them are from the carbon dangling bands and one of
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them is from a nearby donor. It has a Cs, symmetry. For simplicity, in the electronic structure,
two holes are considered instead of six electrons. The two holes form singlet, ' A; and 'E, and

a triplet spin states, such as the ground triplet state 3A, and the excited triplet state E.

The NV centre has S = 1 electronic spin, which corresponds to a triplet state, mg= +1, 0, -1.
The energy of these three states is lifted due to the spin-spin interaction between the unpaired
electrons. The splitting is called the zero-field splitting. This arises in non-cubic symmetric
systems with S greater than 1/2. Both spin-spin interactions and spin-orbital interaction will
contribute. The zero-field splitting of the ground triplet state is 2.87 GHz, which breaks the
degeneracy of the triplet state into my = 0 and m, = +1. The m = 41 degeneracy can be
split by temperature, strain and magnetic field. When an external magnetic field is applied,
the spin states will shift by the amount of f/B = 28 GHz/T. Thus, the mg = -1 states will go

lower than the mg = 0 state when the external magnetic field is at 102.5 mT.

The excited triplet state has a zero-field splitting of 1.42 GHz at room temperature. At low
temperatures, the excited triplet states are split into orbital doublet due to the non-axial strain,
at room temperature, the averaging of the doublet decouples the spin and the orbit [99]. The
fine structure of the excited triplet state dependent on strain and temperature is more than the

ground triplet state at low-temperature [100][99][101].

The energy gap between the ground triplet state and the excited triplet state is 637 nm corre-
sponding to the zero-phonon line. The transitions that involve phonons are known as phonon
sideband transitions. The zero phonon line is sharp and it does not involve phonons, the lifetime
of the excited state determines the linewidth of the zero-phonon line, and crystal strains will
broaden the linewidth. At room temperature, the phonon sideband is the preferred emission

band.

The excited electrons decay back to the ground states and emit light into the zero phonon line
or the phonon side band, or undergo intersystem crossing that converts the triplet state to the
singlet state, then decay back to the triplet ground state with an equal probability to m, =
0 and ms = 4+ 1. The intersystem crossing is primarily due to the spin-orbit coupling states,
resulting from the magnetic field from the orbiting electrons and the spins. When the spin-orbit
coupling is weak, the spin-spin interaction of the electrons and hyperfine interaction between
the electrons and the nucleus will contribute to the intersystem crossing [102]. The m = +1

states are more likely to undergo intersystem crossing. Thus, after a few optical excitation
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Figure 2.4: The energy levels of the NV centre. NV™: The triplet states are on the left, showing
the 532 nm excitation and the 637 nm zero-phonon line. The spin-conserving intersystem
crossing to the singlet states on the right, shown in the dotted lines. NV®: The doublet ground
state, the excited state and the metastable state.

cycles, the NV is polarised to the mg, = 0 state.

The triplet excited states have a lifetime of approximately 10 ns [103] while the singlet excited
state has a lifetime of approximately equal or less than 1 ns [104] and the singlet ground state

has a metastable state lifetime of 150 ns.

At room temperature, the excited vibrational state has a lifetime of approximately 1 ps [105].
The optical transitions between energy levels are spin-preserved, as the NV centres only have a
weak spin-orbit interaction. Due to the interaction with *C nuclear spins, the zero-phonon line
is shifted by 2.1 meV. Importantly, the spin-orbit interaction can be neglected due to thermal
averaging [103]. However, the Frank-Condon effect and the wide absorption band make the 532

nm laser a suitable light source for excitation. In another report, it is shown that the optimal
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excitation ranges from 510 nm to 540 nm [106]. The energy gap between the two singlet levels

1s 1042 nm.

Similarly, the nitrogen nuclear spin, N, has a triplet ground state as the electron has both
|0),, and |£1), that are split by 4.95 MHz due to the nuclear quadruple coupling [107]. It is
important to note that the interaction between the electronic spin and the spin bath affects the
dephasing of the nitrogen nuclear spin. For a m = 0 electronic state, dephasing is primarily
due to the nuclear magnetic dipole-dipole interaction of the surrounding spin bath, whereas,
dephasing of the m = +1 electronic state is due to the electron-induced gradient magnetic field

on the spin bath [108].

The emission intensity of NV centres with a magnetic field along the < 111 > axis is temperature
dependent and it becomes stress-dependent at low temperature [103]. The Hamiltonian of an

NV centre is expressed in the following equation [109]:

2 )
H = hD(S? - g) + B -S+g.E.(S? - §> + Guy{ Eo(S2Sy + S,S.) + B, (52 + Sj)} (2.40)

where the z-axis is the < 111 > axis, B is the magnetic field, F,, . are the electric field
components along x, y and z directions, g, ,, are coupling constants along and perpendicular
to the z axis, D is the zero-field splitting, S, is the spin operator projected on the z-axis and
«y is the electron gyromagnetic ratio, v = 2rx 28 GHz/T. The Zeeman interaction breaks the
degeneracy of the my = £1 states. Hyperfine interactions split the my; = 0 and my; = +1
states further into sublevels, separating by a few MHz. In addition, the hyperfine coupling

Hamiltonian is expressed as follows:
H=QS, +w;l,+ AS.I,+ BS.I, (2.41)

where [ is the spin of the nucleus, and the first term is contributed from the microwave Rabi
field. A is the hyperfine constant, A = 60 MHz for N in the excited state [110]. It is important
to note that the I, component exchange between two nuclei occurs when the magnetic field
is applied along the z-axis, which will lead to spin dephasing [111]. In general, the hyperfine

interaction has an isotropic part due to the Fermi contact and an anisotropic part.
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A typical diamond contains more than 98.9% of spin-free 2C nuclei and a decoherence time
of NV centres more than 1.8 ms at room temperature [111]. Decoherence time is limited by
the spin-spin dipolar interaction for dense NV centres. The main source of decoherence is the
nuclear spin bath due to !3C nuclei. The stable fluorescence property of the NV centre is

observed [112].

As mentioned earlier, the NV° can play a role in characterising the diamonds and the NV
centres as a whole. The electronic structures and their characteristics are introduced. In a
simple picture, NV has only 5 electrons and it is modeled as a S = 1/2 ground state, ?E, an
S = 3/2 excited state, 2A;, and a metastable state, A, [113]. In contrast to NV~ the NV
does not have a magnetic resonance signal from its ground state due to strain broadening [114],
however, it exhibits an EPR signal from the ground state if a CW optical excitation is applied
[115].

37



Chapter 3

Experimental Methods and Apparatus

3.1 Optical characterisation methods

One of the aims of this thesis is to characterise point defects in diamonds, primarily NV~ and
NV?Y spin defects in diamonds. These spin defects all have a magnetic moment that is suitable
for magnetic resonance experiments and fluorescence emission when they are excited by light,
NV~ defects in particular are suitable to be optically read and polarise the spin state. The
defects have many important parameters such as the lattice relaxation time, 77, the coherence
time, 75, the spin dephasing time, 77, fluorescence lifetime imaging and the polarisation spin
state down to a small region or even a single point defect which reveals the local environment

around the spin defects and the crystalline structure.

To achieve this aim, a multi-functional fluorescence microscope that is capable of measuring
spectral, fluorescence lifetime, and spin relaxation time information, was built. The fluores-
cence microscope is integrated with a microwave antenna and magnets to perform optically
detected magnetic resonance (ODMR) experiments. The fluorescence microscope is based on
a confocal scanning laser microscope. The spectral information is measured by a spectrometer
connected to the microscope. A filter wheel is used to switch between filters for both spectral
measurements. The laser and the microwave are modulated using a Pulse Streamer 8/2 from

Swabian instruments.
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3.1.1 Scanning laser confocal microscope

In a conventional fluorescence microscope, a wide field illumination excites a large volume of the
sample, the fluorescent light from the sample through a filter that only allows the fluorescent
light to pass to the camera and filter out the excitation light. The camera will pick up the
fluorescence from the focal plane and a lot of background fluorescence, which contributes to

Poisson noise and degrades the signal-to-noise ratio.

The idea of a confocal scanning laser microscope is to use a focused laser spot with a pinhole
to only excite a small spot on the focal plane without exciting other parts of the sample. The
advantage of using a laser is that it is monochromatic and it is well focused. Even though the
laser spot is small, it still excites samples above and below the focal planes. The light from
the focused spot is collected using a pinhole at the image point in front of a photodetector to
block the majority of the out-of-focus fluorescence from above or below the focal plane while
passing the in-focus light from the focal plane. As a result, the image quality and the resolution
increase, as the pinhole will collect the central part of the Airy disk and less intensity from the
side rings [116]|. The size of the focused spot is diffraction limited, the image is known as the
Airy disk, which is the point spread function of a point source. The size of the Airy disk is 1
Airy unit (AU). If the size of the pinhole is the same as the size of the in-focus spot, which
equals 1 AU, the effect of blocking the out-of-focus fluorescence is maximised [117|. The larger
the pinhole size, the more out-of-focused fluorescence is collected. However, if the pinhole size is
smaller, the fluorescence intensity reduces. The actual optimal size of the pinhole is determined
by the magnification of the objective, the typical size is between 0.6 AU to 0.8 AU [118]. The

diameter of the focused spot in the image plane is expressed, according to the Rayleigh criterion:

D=2""""M 1
NA (3.1)

where A is the optical wavelength, N A is the numerical aperture and M is the magnification.
When the magnification is one, the diameter of the spot in the image plane is the same as the

spot in the focal plane.

The signal is collected using a photomultiplier tube (PMT), which is a high gain, fast response,
single-photon avalanche photodiode or Charge-coupled device (CCD) camera.
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The full image of the sample is built by scanning over the sample plane similar to an analogue
television. Kither the laser excitation light or the sample stage can be moved. In the first case,
a set of oscillating galvanometer mirrors is used to scan across the field of view. Usually, one
of the mirrors is the fast mirror that scans across a row horizontally, and the other mirror is

the slow mirror that moves vertically after the fast mirror scans across one row.

In this thesis, the moving part is the sample stage, this is beneficial for reducing the off-axis
aberrations of the objective [118]. However, the total acquisition time might be longer, and it
requires a high precision stage. The total acquisition time is limited by the minimum dwell

time of the camera.

When the thickness of the sample is very thin, there is no particular need for the confocal
setup, which is time-consuming. In this thesis, the thickness of the samples varies around 500
pm which is well above the optical section, z, of the microscope which is estimated to be about
17 pm if the NA is 0.4, the wavelength is 532 nm and the magnification is 10. The diameter

of the focused spot under the same condition is about 1.6 p m.

nA
N A?

where n is the refractive index of the sample.

The larger the size of the pinhole the higher the light transmission and lower the resolution. At
1 AU, 85% of light is going through the pinhole, at 0.5 AU, only 60% light goes through [119].

A laser is used as the light source, as it can provide a monochromatic and collimated excitation
to the defects. The excitation light passes through a set of two steering mirrors that can move
the light along both the X and Y directions on the sample plane. The excitation light is
focused to a spot on the sample plane by an achromatic microscope objective. An achromatic
microscope objective is corrected for axial chromatic aberration, which occurs when light with
different wavelengths is focused on different focal planes. Another benefit of achromatic lenses
is that they are also corrected for spherical aberration. Spherical aberration occurs when the
rays incident at the edge of the lens are refracted more and focused on a focal plane that is
close to the lens than the rays incident at the lens close to the centre. They are usually made of
a doublet consisting of two pieces of material with different dispersions such as a concave flint

glass, which has a high dispersion, and a convex crown glass, which has a low dispersion. An
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Figure 3.1: This diagram shows the confocal microscope setup.

achromatic doublet corrects for only two wavelengths, which means that only two wavelengths

are brought to a single focal plane.

The fluorescent light from a focal spot is collimated by the same objective and passes through
a dichroic mirror that separates the excitation light and the fluorescent light. Then, the flu-
orescent light is focused by a tube lens onto a detector sensitive to the light intensity. PMT
is a type of high gain, high dynamic range and responsive photon single point detector. It
consists of a photocathode which converts an incoming photon to an electron and multiple
dynodes accelerating and multiplying the electron. The electrons are attracted to the anode
which collects most of the electrons and turns the electrons into a current. The sensitivity can
be controlled by the driving voltage. However, the quantum efficiency is low, the quantum
efficiency is usually peaks at 25 %, and the quantum efficiency is higher in the blue and the
green spectrum. The quantum efficiency is low at the red and the infrared part of the spectrum

as the photon energy decreases.

Figure 3.1 shows a simplified setup of a fluorescence confocal microscope. The dichroic mirror

reflects the excitation and transmits the fluorescence. A pinhole is used to select the in-focus
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light.

3.1.2 Fluorescence lifetime imaging

The fluorescence lifetime is the time an excited electron stays in the excited state before it
emits a photon and returns to the ground state. The transition only happens between either
triplet excited state to triplet ground state or singlet excited state to singlet ground state. The
time scale is generally in nanoseconds. In contrast, phosphorescence takes a much longer time
to decay, as this occurs at the forbidden transitions between different spin multiplicities, such

as from triplet to singlet states or vice versa.

In reality, the electron is affected by the environment and undergoes non-radiative decay, such as
intersystem crossing between singlet and triplet states, turning into heat, and the fluorescence
lifetime is not the same as the natural fluorescence lifetime when it is not affected. The ratio of
the fluorescence lifetime to the natural fluorescence lifetime determines the quantum efficiency.
The fluorescence intensity decays exponentially. It takes lifetime, 7, to decay to 1/e of its initial

intensity.

The excitation source is a pulsed laser with a short pulse duration. During the data acquisition,
the fluorescence lifetime measurements are recorded across the sample to form a lifetime image.
It is important that the convolution effect is taken into account. The intensity profile is the
convolution of the instrument response function (IRF), which determines how the instrument
responds to a delta signal, with the optical signal. Ideally, the IRF is an infinitely narrow
sharp peak. There are many factors causing the broadening of the IRF. The detector response
function and the excitation source, which set the timing reference, can broaden the IRF. The
uncertainty in timing during the conversion from the photon pulse to the electrical signal is
a dominant broadening factor. Furthermore, the jitter of the TCSPC causes broadening of
the IRF. The total IRF broadening is the root-mean-square of the uncertainties from each
component. Thus, the components with the highest uncertainty dominate the IRF broadening.
It is necessary to measure the IRF before or after a measurement. This can be conducted by
placing a non-emissive scattering sample at the sample plane. The IRF is a decaying curve
with a certain decay rate. The fluorescent lifetime measurement is meaningful if the lifetime is

much longer than the IRF. However, a deconvolution with the IRF can be used to improve the
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experimental results.

Time correlated single photon counter (TCSPC) is used for counting the photons in the time
domain. The TSCPC has two inputs from the excitation source and the single photon detector.
The time starts when the laser excitation pulse is applied as a reference. The detector records
the arrival time of a single photon with respect to the start time. The laser is applied multiple
times to record a sufficient amount of photons. The result is a histogram of photons arrival

times. It is important that only a single photon is recorded.

Photon detectors have a parameter called dead time when the detector does not respond to
the following photon arrival event after detecting a photon. In the case of high count rates,
the detector only records the first arrival photon and does not respond to the following photon
during its dead time. This will result in an incorrect histogram. This effect can be reduced by

decreasing the count rate.

Apart from the dead time, photon detectors have other errors, such as the time delay between
the photon incident and outputting an electrical signal and the quantum efficiency, which
determines the efficiency of detecting a photon. PMTs are normally used as the single photon
detector due to its fast respond time. The PMT has a high count rate ranging from a few to
a few million counts per second. The timing resolution and the electron transit time spread,
which determine the IRF, is also low enough to resolve the fluorescent decay. Other detectors
like single photon avalanche diode and superconducting nanowire, are also capable of counting

photons at low counting errors.

There is an electronic discriminator used for further reducing the noise by rejecting pulses with

low power levels.

There are two types of measurement: frequency domain and time domain. The time domain
measurement requires a pulsed excitation source, a single photon detector and a TCSPC that
records the photon arrival time at each pixel. The resulting intensity profile will be a multi-
exponential decay that is characterised by the fluorescence lifetime. In the frequency domain,
the excitation source is modulated, usually sinusoidal. The fluorescence response will be phase
shifted as the time delay is present between the excitation and the fluorescent emission. The
amplitude of the fluorescence response is smaller than the amplitude of the excitation mod-

ulation. The phase shift and the decrease in amplitude are characterised by the fluorescent
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lifetime. The shorter the lifetime the smaller the phase shift. The time delay between the
excitation and the fluorescent emission causes demodulation, which is characterised by the de-
modulation lifetime. The detector is modulated at the same frequency as the excitation source,
and collects the fluorescent emission. The detector modulation is phase shift by a small step
to measure the fluorescent emission at a different phase with respect to the excitation source.

Multi-exponential decay lifetime can be measured using different modulation frequencies.

A Time Tagger Ultra from Swabian instruments, which has a dead time of 2 ns and a RMS
jitter of 8 ps, is used for the TSCPC. The time tagger assigns a stamp for each event detected

from the single photon detector.

3.1.3 ODMR

Optically detected magnetic resonance (ODMR) is a powerful magnetic resonance technique
used for fluorescent defects such as NV centres in diamonds. ODMR combines photofluorescence
technique and magnetic resonance techniques that detect the fluorescence intensity and sweep

the microwave to find the resonances [120].

The spins in the ground singlet state of the NV centre can be excited using a green laser to the

excited singlet state.

By illuminating the NV centres, the population of the m = 0 state increases. A MW pump at
the zero-field splitting at 2.87 GHz pumps the spins to the m = +1 state from the m = 0 state,
which results in a reduction of fluorescent light intensity. An external magnetic field parallel
to the NV axis splits the m = +1 state into m = -1 and m = +1 states by g.upB, where
ge is the g-factor of the electron, up is the Bohr magneton and B is the external magnetic
field. Any transverse magnetic field causes the spin states to be mixed. The reduction of the
fluorescent light intensity occurs at the two separate resonant frequencies. ODMR can be either
continuous wave (CW) or pulsed. In a CW ODMR setup, the laser and the MW are applied
continuously to initialise and pump the defects simultaneously; and readout the fluorescence
intensity throughout the measurement. In a pulsed ODMR, the laser is applied at the beginning
to initialise the spins and at the end to readout spins, the MW is applied for a period that flips
the spins after the laser initialisation. It was introduced in studying NV centres in 2011 [121].

The linewidth at the resonance frequency of the fluorescence spectrum is power-bordered in the
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CW ODMR induced by the MW. It is a trade of getting more power to pump the spins and

the narrow linewidth to resolve subtle features.

3.1.4 Spin lattice relaxation time imaging

Spin lattice relaxation time imaging is a useful tool to map the relaxation time of a sample and
determine the distribution of the inhomogeneity in the relaxation time. The relaxation time
is an important factor in determining the masing threshold. The spin-lattice relaxation time
of NV centres can be measured using all-optical methods that is using an excitation pulse to
initialise the NV centres and an optical readout pulse after a time period 7, where 7 is a range

from microseconds to milliseconds in a step of microseconds.

3.2 Optical characterisation setup

The optical characterisation uses a multi-dimensional scanning laser confocal microscope which
is able to examine a sample with various optical methods such as ODMR, pulse sequences and
fluorescence lifetime. The optical setup can be divided into three sections: CW laser section,

supercontinuum laser section and sample stage section.

The optical characterisation setup consists of three laser sources, CW 532 nm laser, laser
quantum Ventus 532, which is used as the excitation source for the ODMR and the fluorescent

microscope.

A 457 nm blue CW laser, MLL-U-457nm-100mW from CNI Laser, is used as the excitation
source for the Raman spectroscopy. The maximum output power is 126.5 mW. The diameter
of the beam is 0.58 x 0.768 mm, and an NKT FIU-15 supercontinuum laser, which has a total
power of 5.5 W and and visible power of 1.5 W. The repetition rate is from 0.15 MHz to 78
MHz. The total output spectrum can range from 400 nm to 2400 nm. In this thesis, only the
visible spectrum is used. The output of the supercontinuum laser is fibre coupled to an IR
filter that cuts off the IR spectrum. The beam size varies with the wavelength. It is roughly
1 mm at 532 nm. A 5x beam expander is used to expand the beam. For simplicity, the setup
is divided into two parts, where the first part is associated with the 532 nm laser and the 457

nm laser, while the second part is associated with the supercontinuum laser.
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Figure 3.2: A schematic diagram of the optical confocal microscope with MW, pulse control
using the pulse streamer and the time tagger for counting signal from the detectors.

46



Figure 3.2 shows the schematic diagram of the confocal microscope for the optical character-
isation. The red box on the upper left corner is the supercontinuum laser source, and there
are a 532 nm laser and a 457 nm laser on the right. The purple light shows the light path of
the supercontinuum laser and the green and the blue light show the light path for the 532 nm
laser and the 457 nm laser. All light paths meet at the "Optical junction" that consists of two
fibre ports for the 532 nm laser and the 457 nm laser and the corresponding dichroic mirrors.
There is a flip mirror that selects either the supercontinuum path or the 532/457 nm path. The
red path shows the fluorescence path from the sample to either the single photon avalanche
diode (SPAD) or the spectrogram consisting of a CCD and a PMT. At the bottom, there is
a MW generator and a pulse streamer that is used to generate MW signal to the sample and
the pulse sequences to the sample, the AOM driver to modulate the laser and the SPAD for
time-gated measurement. The time tagger at the centre of the diagram collects all the signal
from the SPAD, PMT and the supercontinuum laser synchronised trigger to generate data for

the optical characterisation.

3.2.1 CW-laser section

Starting from the 532 nm laser, the excitation beam first goes through a polarising beam splitter
(PBS) cube, which splits the incoming beam into two by their orthogonal polarisation. The
incoming excitation beam is polarised to perpendicular to the direction of the traveling beam
and the beam with a polarisation horizontal to the plane of the table fully passes through the
PBS. The vertically polarised light will be reflected to a beam block. After passing the PBS
cube, the beam is focused down to an acousto-optic modulator (AOM) by a 100 mm lens. The
AOM is made of a crystal attached to a Piezo-electric transducer that generates an acoustic
wave in the crystal to diffract the incoming light beam from an RF signal from the driver.
The AOM used is ISOMET M1250-T200L-0.5, which consists of a tellurium dioxide (TeO,)
as the interaction medium. The AOM driver is custom-built according to [122|, which mainly
consists of a Voltage-controlled oscillator, an RF switch, and a variable voltage attenuator to
generate a 200 MHz RF signal with an external RF amplifier that drives the AOM. The AOM
can be treated as a diffraction grating in a good approximation, but, if the beam size is large,
any changes in the form of acoustic waves take time to travel across the beam waist. This

is determined by the optical rise time or the modulation speed ¢, = 0.65d/v, where d is the
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diameter of the beam and v is the acoustic velocity which is 4.21 mm/us for TeOo [123]|. The
modulation bandwidth of the AOM is BW4on = 0.7/t,. The intensity of the diffracted light
beam is determined by the intensity of the sound wave. The deflection efficiency is defined
as the ratio of the intensity of the first-order deflected light to the zero-order light. The
deflection efficiency of the AOM at 633 nm is above 80%. The light beam after the double
passing configuration will have above 64% of its original intensity. The deflection efficiency
is maximised if the incoming beam is at the Bragg angle. The optimal RF drive power is
Py = kheA/(2LM), where k is the transducer conversion loss, h, is the height of the electrode,
[ is the length of the electrode and M is the figure of merit. The diffraction angle between the
first and the zeroth order beams, § = \f./v, is determined by the modulation frequency, where
fe 1s the centre frequency and v is the acoustic velocity [124]. The Bragg angle, 0, is 5 = 0/2.
The beam size is crucial in AOM. The smaller the beam size, the faster the modulation speed
and the broader the modulation bandwidth. However, if the beam is focused down to a small
spot, the rays from the beam will have a range of incident angles, and not all the rays meet
the Bragg angle condition. The overall deflection efficiency is decreased. In this setup, a lens

is used to focus down the beam for a higher modulation speed.

The AOM can either be turned on constantly to allow the excitation beam to pass continuously
or can be modulated using the pulse streamer, Swabian instruments, allowing the excitation
to be pulsed. The light beam will then be collimated by another 100 mm lens before passing
through an iris that only allows the first order to pass, a quarter wave plate and is reflected
by a mirror back to the lens and the AOM. After the second pass of the AOM, the beam is
reflected by the PBS cube, as it has a different polarisation than the first pass. The benefit of
the double-pass AOM configuration is that it deflects the first-pass beam back to the optical
path with a 90° shift of polarisation, thus it follows the same path as the first-pass beam and
is reflected by the PBS. A set of beam expanders, 75 mm and 35 mm lenses, expands the beam
by a factor of 2.14 before being coupled into a single-mode optical fibre. The fibre joins a
fibre junction at the centre of the optical table, where all the fibres meet and the beams are
collimated and directed to the sample stage. There are two fibre collimator for the 532 nm
beam and the 457 nm beam. A dichroic mirror is used at the 457 nm port to reflect the 457 nm
beam while transmitting the 532 nm beam. At the end of the junction, there is a flip mirror
that can either reflect the 532 nm beam and the 457 nm beam to the sample stage or transmit

the supercontinuum laser beam to the sample stage while blocking the 532 nm beam and the
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Figure 3.3: This diagram shows the experimental setup with the 532 nm laser in operation.

457 nm beam.

The confocal microscope is designed using computer-aided design (CAD) software. All the
components are placed at the precise location and the optical ray tracing can be done from
the laser source through multiple mirrors, lenses and other components. This is a helpful way
to design complicated optical systems that require accuracy. The construction of the confocal
microscope follows the CAD design and achieves a high level of accuracy. The final design of

the optical setup is rendered in Figure 3.3 and Figure 3.4.
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Figure 3.4: This diagram shows the experimental setup with the supercontinuum laser in
operation.
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3.2.2 Supercontinuum laser section

The second part consists of a supercontinuum laser and a prism-based monochromator. The
output of the supercontinuum laser is fibre-coupled and is connected to an IR filter that only
allows the visible wavelength from 400 nm up to 700 nm to transmit. The beam then travels
in free space after the IR filter. A set of steering mirrors is used to direct the beam to the first
prism, which is made of BK4. The beam is diffracted by the prisms and dispersed to a range
of wavelengths, which is collimated by a 400 mm lens. A motorised slit is used to select the
wavelength. The selected beam is collimated by another 400 mm lens and dispersed by the

second prism. Another set of mirrors is used to direct the beam to the flip mirror.

3.2.3 Sample stage and detection section

The third part consists of a Zaber dichroic wheel, the sample stage and the detection system.
After the flip mirror, the beam goes through the Zaber dichroic wheel, which consists of different
dichroic filters. The beam is then reflected upward by a mirror to the objective that focuses the
beam on the sample. The fluorescence travels back from the sample through the objective to the
Zaber dichroic filters and to the detection system. The detection system consists of two parts.
The beam can either go to the SPAD or the Andor monochromator, which has an EMCCD and
a hybrid PMT installed. The beam that goes to the SPAD is reflected by a right-angle prism
mirror. When the mirror is removed, the beam will go to the Andor monochromator, which
has an internal mirror to select either the EMCCD or the hybrid PMT to detect the signal. On
the sample stage, there is the Pior motorised stage which controls the x and y movements. The
objective is installed on a linear motor that can move along the z-axis. The sample can either
be stuck on the bottom side of a glass slice or a MW PCB that contains a MW antenna. In this
thesis, the MW PCB has a resonance at 2.87 GHz and a wide bandwidth of around 300 MHz,
which acts as the MW excitation for ODMR experiments. The rendered image of the sample
stage is shown in Figure 3.5. The motors, consisting of a linear motor and two rotary motor,
above the sample are used to control the position of the permanent magnet. The black curves
and arrows indicate the movement of the motors. The white structures holding the motors and
the magnet are designed using CAD and 3D printed using PLA materials. The magnet holder

in the figure is for a single magnet, the two-magnet holder is designed that hold a stack of two
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Figure 3.5: This diagram shows the ODMR experimental setup with a cylindrical permanent
magnet container and three motorised stages. A magnet can be loaded on or off to do ODMR
with or without a magnetic field. The black curves with arrows on both ends indicate the
motion of the motors. The motorised states provide movements so that the magnet can align
to the sample with the desired angles and radial distance.
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Figure 3.6: The spectral information of the output beam is obtained using the Andor Kymera
3281 spectrometer.

magnets and can easily replace the magnet holder for a single magnet.

Figure 3.6 shows the internal structure of the Andor Kymera 328i spectrometer. There is a
grating turret that diffracts the incoming beam to the detectors. There are two detector ports,
which are currently occupied by an EM-CCD and a PMT. This home-built confocal microscope
demonstrates robustness and it is modular, which can be easily extended or modified such as
replacing the laser sources or adding more laser sources, or replacing filters or detectors for

experiments using a different wavelength.
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3.2.4 Apparatus specifications

Camera and Calibrations

CCD and complementary metal-oxide-semiconductor (CMOS) cameras are used for imaging in
this thesis. Pixels on CCD are arranged in an array. Each pixel is made of a MOS capacitor that
consists of a gate, a SiOy oxide layer and a doped silicon, usually p-type on a p™* substrate.
A depletion region is formed when a positive biased voltage is applied at the gate. In this
region, photons might convert to an electron-hole pair and the electron is separated and stored
in the capacitor. After the exposure time, the charges are transported to the vertical shift
register at the end of each line via controlled sequences of voltage, which is controlled by shift
register clock control circuits, applied at the gate of each pixel so that the charges are shifted
to the neighbouring pixel. The charges stored in the vertical shift registers then transferred
the charges to a horizontal shift register where the charges are sent into processing units. The
processing units will amplify the charges and converts to digital signals for further process. It

is very similar to how memory works in PC.

The well depth, or the maximum number of electron can be stored in the capacitor, of CCDs
are on the order of 10°. It is important to note that overflow might occur if the capacitor is
saturated, and causing blooming effect. So, an overflow drain channel is built in each pixel to

prevent blooming in modern CCDs.

EMCCD stands for electron multiplying CCD. It has an additional step to multiply the charges
before read out the data, which could increase the signal without increasing much read noise.
The electrons are multiplied via impact ionisation, similar to an avalanche photo diode, in mul-
tiplication register after the horizontal shift register. EMCCD is only necessary in weak signal
scenario. If the signal is strong, the additional electron multiplication process will introduce

more noise than the conventional CCDs.

The conventional architecture of CCD is full-frame. It has two phases. In the first phase, all
of the pixels are exposed to light and collecting signals. In the second phase, a shutter is used
to block the light, the sensors are allowed to transfer the charged to the registers. This similar

to the dead time in TSCPC, and this limits the efficiency and response.

There are other two more efficient architectures used in recent CCDs, which are frame-transfer
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and interline. In the frame-transfer architecture, half of the sensor is active region for collecting
data and the other half is a inactive region where the sensor stops collecting data to store and
transfer the data. The interline architecture separates the imaging area into active columns
for collecting data and an inactive columns next to it for storage and readout. In this case,
the shifting time between the active and inactive region is much reduced compared to the

frame-transfer architecture, but the fill factor is halved.

CMOS cameras also use semiconductor technologies. The sensors are arranged in an array.
A typical unit cell contains a photo diode and three metal-oxide-semiconductor field effect
transistors (MOSFETS), one for reset, one for amplification and the last one for selecting the
address. Most of CMOS cameras work in the rolling-shutter mode, where the signals are read
from the top row to the bottom row. This mode allows rapid acquisition but fast moving

objects will distort the image vertically.

Data collected in both CCD and CMOS cameras have read noise and dark noise due to the
readout process, such as the analogue to digital converter, and electronic noise from some ran-
dom events that emits electrons, such as thermal fluctuation and surface states where electrons
are trapped and released at some distributions, in each pixel. The thermal fluctuation might
promote electrons formation via thermal energy. The lower the temperature, the lower the dark

noise.

There are also artifacts from the optical system such as vignetting, which causes reduction of
illumination at the edges of the image. The read noise can be quantified using the bias field
calibration technique. This requires a dark field and zero exposure time to minimised the dark
noise. The images taken under this condition are dominated by read noise. The intensity will
be fluctuating around a mean value. The fluctuation is quantified as the standard deviation. If
the exposure time increases, the dark noise will become dominant. The exposure time should
be set to be the same as the experiment. The vignetting can be reduced via the flat field
technique. The camera takes images of a uniformly illuminated flat plane. The quality of the
final image can be improved using an algorithm to reduce the noise using the bias field, dark

field and the flat field images.
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Photomultiplier tube

A conventional PMT is a vacuum tube consisting of a photocathode that converts an incom-
ing photon to an electron and multiple dynodes accelerating and multiplying the electrons via
secondary emission. The materials used for dynodes are usually BeO and MgO. The mate-
rials used for photocathode can be Alkali metal, such as Bialkali, Multialkali and Sb-Cs, or
semiconductor-based, such as GaAs. The Bialkali photocathode has a relatively high quantum
efficiency at above 20% in the blue and green spectrum, whereas, the multialkali has a spectrum
in the red, but with a lower quantum efficiency [125]. The electrons are attracted to the anode
which collects most of the electrons and turns the electrons into a current signal. Typically,
the photocathode is at a large negative potential, at each dynode, a positive potential is added,
and the potential of the anode is about zero. The sensitivity can be controlled by the driving
voltage. The photocathode has an efficiency of converting photons into electrons, the efficiency
is defined as the ratio of the number of electrons generated to the number of incident photons,
QFE = Neetron/Nphoton- 1t 1s the so-called quantum efficiency. However, the quantum efficiency
is low, usually peaking at 25 %, and the quantum efficiency is higher in the blue and the green
spectrum. The quantum efficiency is low at the red and the infrared part of the spectrum
as the photon energy decreases. There is another type of PMTs called microchannel PMTs.
The microchannel PMTs replace the conventional dynodes with a continuous channel acting as
dynodes. This modification will reduce the transit time of the electrons and increase the overall

timing resolution [126].

In this thesis, a hybrid PMT is used. Hybrid PMTs combine the PMT and avalanche diode to
detect the photos and amplify the signals. The incident photons are converted to electrons at
the photocathode. A strong electric field is applied to accelerate the electrons until the electrons
reach a silicon-based avalanche diode, the electrons generated in the diode are accelerated under
a large reverse bias, which has enough energy to ionise other bound electrons in the diode. The
electrons are multiplying by the diode. Unlike, the conventional PMTs, hybrid PMTs can
use a strong electric field to accelerate the electrons to the diode instead of using a series of
dynodes. This will reduce any errors and noise during the transit [126], and avoid losses when

the electrons interact with the dynodes [127].
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Time-correlated single-photon counting

Time-correlated single-photon counting (TCSPC) is a technique that measures a single photon
at a time with respect to a reference signal such as a sync signal from a laser. It is used
for fluorescent lifetime experiments, where repetitive laser pulses excite the sample and the
fluorescent photon and the arrival time is recorded. The TCSPC consists of constant fraction
discriminators (CFD), a time-to-amplitude converter (TAC), analogue to a digital converter
(ADC). The input signals from the detector will be amplified by a preamplifier before the CFD.
The optimal timing resolution is achieved when the rise time of the preamplifier is similar to
the rise time of the detector. The CFD is a timing technique that reduces the jitters and the
amplitude walk of the signal pulses from the detector and increases the timing resolution. It
is considered to provide a higher timing resolution than the leading-edge discriminator, which
uses a voltage comparator to only count the signals with an amplitude higher than a threshold.
The jitter, which is the random fluctuation of the amplitude, will introduce an uncertainty
in timing. The amplitude walk occurs when two pulses have the same shape but different
amplitudes will cross the threshold at different times. The CFD will make a bipolar signal by
preparing two identical signals, one is attenuated and the other is delayed and inverted. Then,
the signals are added, the CFD counts at the zero-crossing time and generates a logic pulse for
further process. The TAC converts the time to the amplitude by triggering a growing ramp
signal when the time starts and terminates the growing signal when there is a single photon
recorded. The ADC measures the height of the signal after the TAC output is amplified. The
final data are quantised into time bins, forming the histogram. The maximum range of the
time bins is determined by the bit depth of the ADC. The number of bins should be above
the Nyquist frequency, which states that the sample rate should be at least twice the highest
frequency in the analogue signal. During this counting process, the TCSPC is unable to count
another photon before it finishes the process and resets the count. This period is known as dead
time. If the photon detection rate is considerably higher, when the instrument is not able to
count the photons, an error, known as pile up, will occur and increase the lifetime curve, as the
instrument can only count the early photon, while missing the late photons. So, it is important

to leave a relatively long time, such that, only 5% of the cycles have a photon detected.

The minimum lifetime that can be measured is limited by the signal jitter and the linewidth

of the light source and the detector response function. The maximum lifetime is limited by
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the dark noise from the detector and the excitation rate. If the excitation rate is high, there
is a background fluorescence that reduces the dynamics range. If the repetition is too fast, a

background signal will be present.

Spectrometer

A spectrometer is an instrument that separates incoming light into its spectral components.

There are many types of spectrometers, such as prism-based and grating-based spectrometers.

A typical spectrometer consists of prisms or diffraction gratings and some mirrors to direct
the light inside a box, where the incoming light travels through a slit. Cameras or other

photodetectors are used to image the spectrum at the output port of the spectrometer.

The spectrometer used in this thesis is based on Czerny-Turner. The incoming light from the slit
is collimated and directed to a diffraction grating by a concave mirror. If a light beam incident

at an angle 6; on the grating, the diffraction angle 6,,, can be estimated as the expression below.

sin(bp,) = n% + sin(0;) (3.3)

where n is the number an integer, n = 1,2, ..., that represents the diffraction order, A is the

wavelength and d is the separation of the splits in the grating.

Another concave mirror is used to focus the diffracted light onto a PMT or a camera. The

concave mirrors are typically made nonspherical to reduce spherical aberration and astigmatism.
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Microwave Apparatus

The MW signal is generated using an RF signal generator, Tektronix TSG 4106A. An external
40 dB MW amplifier is connected to the output of the signal generator, which can amplify the
power by 34 dB. The signal generator can generate a signal with a power of up to -5 dBm

before the amplifier.

All the modulated signals, for the AOM, the SPAD and the MW signal, are generated and
controlled using a pulse streamer, Swabian instruments. The pulse streamer has two types of
outputs: digital and analogue. The digital output has a 1 GSa/s sampling rate, and it generates
either 1, high, or 0, low, voltage levels that are useful for square waves. At a high state, the
voltage is about 3 V. The analog output has a 125 MSa/s sampling rate, and it generates any
numbers between 0 and 1 that are useful to construct any analogue signals. The pulse streamer
can generate a sine wave at a frequency as high as 62.5 MHz from the analogue output with
an amplitude of 1 V. The digital outputs are capable of generating a 100 MHz square wave.
Whereas, the signal generator can only generate a square wave at 50 kHz, which is a 10 us
squared pulse, but the frequency of the sine wave is above 2 GHz. The amplitude of the sine

wave generated is about 0.5 V.

The pulse streamer is connected to the laboratory network via an Ethernet cable and it is
controlled via a custom MATLAB programme. Aside from the MW modulation, the programme
also controls the optical modulation and the detection modulation that uses the other ports of
the pulse streamer. The pulses from the pulse streamer are used to modulate the MW signal
via a MW switch. The pulse shape is limited to a square pulse, using the digital output from
the pulse streamer. The rise and fall time measure using an InfiniiVision MSO-X 3104 A mixed

signal oscilloscope from the digital output is about 2.5 ns.

The type of MW antenna used is a microstrip antenna that consists of a metallic ground plate, a
dielectric substrate and a metallic top plate. The signal is fed into the top plate via a feed-taped
line. The input end of the feed line is impedance matched to 50 €2. The metallic top plate is
the main part of the antenna. The top plate forms patches that act as a feed-line, a capacitor
and an impedance. The design is based on [73] and it is redesigned and optimised to better fit
the purpose of the experiments conducted in this thesis. The thickness of the substrate, FR-4,
is 1.6 mm. At 2.87 GHz, the skin depth is estimated to be 1.2 ym. The thickness of the copper
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layer is kept above 6 um to avoid additional resistive loss. In PCB fabrication, the standard 1

oz finished copper is used, which corresponds to 34.8 pum of thickness.

CST microwave studio is used for the simulations. Multiple simulations with slightly different
parameters of the antenna are simulated until it finds the optimal design that resonates at 2.87
GHz and has a broad bandwidth, ideally a few hundred MHz. The parameters are the radius
of the large circular patch, R, the width of the gap, g, the deviation of the small hole from the
centre of the large circular patch, s and the radius of the small hole, r. The S;; parameters are
simulated and shown in Figure 3.7, which is suitable for the application. The antenna has a

broad resonance at around 2.87 GHz. The bandwidth is about 200 MHz.

The H field profile of the antenna is shown in Figure 3.8, which demonstrates a high field
concentrates slightly above the hole, where the sample is placed. Figure 3.9 shows a vector
field plot where the H field is pointing vertically. The sample will be experiencing a field
normal to the <100> plane. The field quickly deviates to the horizontal direction moving
toward the far edge of the circular patch, whereas the field remains in the normal direction
moving along the gap. The final design of the antenna is rendered in Figure 3.10 (a) and the

photo of the antenna for this thesis is shown in (b).
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Figure 3.7: The Sy; of the microstrip antenna, where R = 7 mm, g = 0.1 mm, s = 3.9 mm and
r = 0.5 mm.

The first batch of designs was sent to JLCPCB for manufacture. The microstrip antennas are
about 100 MHz lower than the designed frequency, and the bandwidth is about 100 MHz. It
is suspected that the designs are limited by the manufacturing tolerance and the limits. The
manufacturing error in the diameter of the hole is +0.13 mm and -0.09 mm. The limit of the
width of the gap is 0.127 mm. The design is pushing the limit of the manufacturing process.
Additionally, in the PCB design, the trace-pad connection is not smooth, as the trace has

a rounded end whereas the pad has a flat end, and the resolution of the antenna, which is
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(a) Field profile

(b) Cross-sectional field profile

Figure 3.8: (a)The tangential H field of the microstrip antenna at 2.87 GHz, where R = 7 mm,
g =0.1mm, g = 3.9 mm and r = 0.5 mm. (b)The cross-sectional view of the tangential H field
of the microstrip antenna at 2.87 GHz, where R = 7 mm, g= 0.1 mm, g = 3.9 mm and r = 0.5
mm. The colour scale indicates the strength of the magnetic field.

Figure 3.9: The cross-sectional view of the tangential H field of the microstrip antenna at 2.87
GHz, where R = 7 mm, g = 0.1 mm, g = 3.9 mm and r = 0.5 mm.

imported from a bitmap as a pad, is limited by the dpi.

To solve this issue, a matrix approach is used. This involves varying a parameter while keeping
the other parameters constant in the form of a matrix. For example, the size of the small hole
can be either increased or decreased, while the others fixed. By manufacturing a number of
these, there is a better chance of finding an antenna that best matches the simulation and can

be used in the experiment.

By decreasing the size of the antenna, R, the resonant frequency increases. Let’s suppose s is

3.9 mm, r is 0.5 mm and g is 0.01 mm, if R is 6.75 mm, the frequency is 2.95 GHz and the
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Figure 3.10: (a)The microstrip antenna has a resonant frequency of 2.87 GHz. The diameter
of the circular antenna is R = 7 mm. The diameter, r, of the small hole, is 0.5 mm. The width
of the gap, g, is 0.2 mm and the length, s, is 3.9 mm. (b)The manufactured microstrip antenna

used in this thesis.
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bandwidth is 241.9 MHz, of R is 7 mm, the frequency is 2.89 GHz the bandwidth is 221.3 MHz
if R is 7.25 mm, the frequency is 2.82 GHz the bandwidth is 215.9 MHz. If R is kept constant,
the larger the s, the lower the frequency and the narrower the bandwidth. If s decreases, the
frequency increases and the bandwidth decreases. The radius of the hole, r, is kept constant in
the designs, as the dimension is very small, the manufacturing error might shift the frequency
alot. For R = 7mm, s = 3.9 mm, g = 0.1 mm, the frequency will be 2.89 GHz when r = 0.5
mm, 3.02 GHz when r = 0.4 mm and 2.77 GHz when r = 0.6 mm. The width of the gap plays
an important role. Increasing the gap width, g, the frequency increases and the bandwidth

increases.

The matrix of designs covers a range from 2.69 GHz to 3.09 GHz, the bandwidth covers from
200 MHz to 338 MHz.
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3.3 Maser

3.3.1 Dielectric resonator and cavity

The cavity designed for the small GMW electromagnet, which is the smaller electromagnet, has
an inner radius of the copper cavity of 13 mm, and an outer radius of 15 mm. The dimension
of the sapphire resonator has an inner radius of 2.5 mm and an outer radius of 5 mm. The
resonant frequency estimated using CST is 9.74 GHz, and the unloaded Q factor is 49,623. The
mode volume is 0.2857 cm?® and the filling factor is 0.0137.

The characterisation of the cavity involves measuring the loaded and unloaded () factor and the
resonant frequency with the use of a vector network analyzer (VNA). VNA is a type of network
analyzer that measures both the phase and the amplitude of high frequency signals at the same
time. It is used to characterise the S parameters of microwave systems in a range of frequencies.
The VNA used is a 2-port M5180 VNA, Copper Mountain Technologies. The loaded Q factor
is simply calculated by measuring the 3 dB width of So; and the resonant frequency, using the
resonant frequency divided by the -3 dB bandwidth. The unloaded Q is estimated using both
the insertion loss method and the coupling coefficient method. The VNA is first calibrated
using the ACM 2520 auto calibration kit, to reduce some systematic errors and errors related
to the environment such as cables. The calibration process is essentially measuring the known
impedance of the kit terminating the ports with short-circuits, open-circuits, through lines and
matched loads and evaluates the error paths and error models to minimise the errors at a wide

frequency range [128|.

The insertion loss method is based on the insertion loss equation and only requires transmission

measurements, such as Sg; and S;5. The parameters are the loaded Q factor, ), and the

insertion loss, IL, at resonance measured using the VNA. The two coupling loops are both

under-coupled to obtain a high Q factor. The relationship between @ and @y is gien by [62].
Qr

Qu = 1 _ 101L/20 (3.4)

Knowing that the unloaded Q factor, @)y is about 35,000, and the insertion loss is -20.8 dB. The

unloaded Q factor is about 38,512. This implies that the coupling is weak since the coupling

loops are very small and placed near the wall of the copper cavity and the small insertion loss.
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The loaded Q factor is only slightly lower than the unloaded Q factor. The other method
requires the S;; and Sgy parameters to estimate how much the coupling loops couple to the

cavity at resonance [62].

_1-5,

b= St + S (3.5)
11— 5

br = St + S92 (3.6)

Qu = Qr(1+ B + B2) (3.7)

where (5 and (5 are the input and output coupling coefficients. Knowing all of the S parameters,
the unloaded Q is estimated to be 39,313. This implies that the system is only weakly coupled.
The loaded Q factor is very similar to the unloaded Q) factor, the unloaded Q factor is about
1.27 times higher than the loaded Q. Whereas, the unloaded Q factor predicted in CST is
about 49,000. It is concluded that apart from the losses during the measurement, a lossy post,
tarnished copper cavity and any other errors introduced during machining, the conductivity of
the copper might be lower than the default value in CST, which is 5.87- 107 S/m. To estimate
the actual conductivity, an equation is derived by assuming that the conducting loss is dominant
over the dielectric loss.

_ QA
7= 2uwV?

(3.8)

where A is the surface area of the cavity, V' is the volume of the cavity, p is the permeability
inside the cavity and w is the frequency. The conductivity is estimated to be 2.66 - 107 S/m.
To double-check with CST, the actual conductivity is used in the CST simulation, and the

simulation gives an unloaded Q of 38,772.

Figure 3.11 shows the image captured from the VNA measurement of the S5 of the maser
resonator inside a cavity. The VNA software estimates the loaded Q factor to be around
35,576 at 9.57 GHz. The insertion loss is estimated to be -26.8 dB. Using the insertion loss,
and assuming the two ports are equally coupled. The coupling coefficient is about 0.024 and
suggests the resonator is under-coupled. This gives a very rough estimate of the coupling of

this setup. Using equation (3.4), the unloaded Q factor is about 37,280.
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Figure 3.11: The S12 of the design cavity and resonator, the results are averaged based on 128
measurements. The loaded Q is above 35,576.

Cavity simulations

The cavity design for the GMW magnet is based on the previous parameters in Chapter 3.3.1.

The copper cavity and the dielectric resonators are simulated using the eigenmode frequency

domain simulation in CST microwave studio. The mode considered is the TEqs.

The dielectric resonator is made of sapphire, ¢4 = 11.5 parallel to the C-axis and ¢; = 9.3
perpendicular to the C-axis, in the microwave spectrum. Sapphire is used as it has a relatively

low dielectric loss at room temperature.

The simulation of the resonator is calculated using the Frequency domain eigenmode solver.
This solver finds the eigenmodes within a metal-enclosed space. In the simulation the model
consists of a quartz post, outer radius is 3 mm, inner radius is 1 mm, height is 3.15 mm,
dielectric constant is 3.75 and the dielectric loss 0 = 0.0004; a sapphire resonator, outer radius
is 7.2 mm, inner radius 2.55 mm, height of 2 mm, the dielectric loss § = 8.6-107%. The bottom
part of the cavity has an outer radius of 13 mm and a thickness of 4 mm. The top plate has
an outer radius of 12 mm and a thickness of 1 mm. The body has an outer radius of 12 mm
and an inner radius of 11 mm and a height of 25 mm. The movable top plate is at a height of

10.3 mm.

Figure 3.12 shows the rendered view of the TEMg5 3D field configuration inside the cavity.
Figure 3.13 shows the heatmap of the TEMg;5 mode of the resonator. The H field is concentrated

at the center whereas the E field is inside the resonator, shown as the bottom subfigure and the

66



top subfigure respectively. In the top and the middle subfigures of Figure 3.14, the relationship
between the () factor and the inner radius of the resonator and the mode volume and the inner
radius of the resonator is shown. The smaller the inner radius of the resonator, the Q factor
approaches to a maximum Q factor and the smaller the mode volume. Figure 3.14 shows the
relation between the Q factor, the mode volume and the inner diameter of the copper cavity.
It is found that the Q factor is optimal when the inner diameter is at 31 mm. Figure 3.15 is
the version 2 resonator which is used in the Bruker electromagnet-based maser. Figure 3.16 is

the version 3 resonator which is used in the GMW maser.

Given that the sapphire resonator is fixed in size, which is 10 mm in outer diameter and 5 mm
in inner diameter, the optimal inner diameter of the copper cavity is found using CST. There
is an optimal inner diameter that gives the highest ) factor, which is about 31 mm. If the
cavity is smaller, the Q) factor will drop as the cavity wall introduces excess conduction loss. If
the cavity is larger, the Q factor will reduce as the radiation loss is dominant, shown in Figure

3.14.

The effect of varying the inner diameter of the resonator while keeping everything else constant
is also interesting. The smaller the inner diameter of the resonator, the better the Q factor and
the smaller the mode volume. In this thesis, the inner diameter is designed to be 5 mm so that

samples can be fixed and rotated inside.
The cavity consists of a bottom plate, a cylindrical body and a movable top plate.

In the first design, the bottom plate is separated from the body and the top plate. The bottom
plate has to be screwed onto the body. There are two holes on the wall for laser excitation and
the coupling loops. The design is not very convenient as it is impossible to freely move the
resonator and the coupling loops at the same time, and the coupling loops have to be removed

every time the cavity is open.

The second design is similar to a "Coffee cup", where the body and the bottom plate are fixed,
and the top plate is separated and can be screwed onto the body, which is like a lid for a
cup. The position of the resonator and the coupling loops can be easily adjusted when the
top plate is not on. The cavity based on this design is made of oxygen-free copper, and it is
used for the diamond maser with the Bruker EPR electromagnet. A third cavity for the GMW

electromagnet is made, which is similar to the EPR cavity design, but the outer diameter of
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Figure 3.12: The 3D H field the E field of the TEy s mode, which is computed using the
eigenmode method in CST, in a sapphire cylindrical dielectric resonator, inner diameter of 5
mm, outer diameter of 10 mm, height of 6 mm, on a quartz post in a copper cavity, inner
diameter of 31 mm.

the cavity is reduced to 29 mm to fit in the space between the pole of the GMW electromagnet.
The inner diameter is 23 mm. The Bruker EPR electromagnet has a much wider space between

the two poles, 62 mm, and the inner diameter can be 31 mm to research the optimal size.
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Figure 3.13: Top: The E field. Bottom: the H field of the TE(;5 mode, which is computed using
the eigenmode method in CST, in a sapphire cylindrical dielectric resonator, inner diameter of
5 mm, outer diameter of 10 mm, height of 6 mm, on a quartz post in a copper cavity, inner
diameter of 31 mm.
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Figure 3.14: These figures show the relation of the inner radius of the sapphire resonator and
the Q factor and the mode volume. The last subfigure shows the plot of the inner diameter of
the copper cavity against the unloaded Q factor. It is shown that at 31 mm, the Q factor is
optimised, provided that the outer diameter of the sapphire resonator is 10 mm.
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Figure 3.16: The drawings for the GMW cavity design. This is designed for diamond maser
using the GMW electromagnet.

71



Figure 3.17 shows the magnetic field and the electric field profile of the TEMg5 mode of the
sapphire resonator at 9.54 GHz on the logarithm scale. The magnetic field profile is relevant
in the maser application. Ideally, the centre of the resonator should have the maximum and
uniform magnetic field. From Figure 3.17, the magnetic field is uniform across the centre, where

the maximum points are on the edge of the resonator.

On the other hand, the electric field is mostly confined to the resonator wall. The logarithm
scale shows the detailed field profile far away from the resonator. This gives information about
the field profile near the wall. From Figure 3.17 (b), the magnetic field has six dark spots,
which represent a weak magnetic field at the centre of the top cavity wall, the bottom of the
cavity wall and the top corner and the bottom corner of the cavity. There is a bright spot

around the equator of the cavity wall, where the coupling loops are placed.

Figure 3.18 (a) shows the magnetic field profile of the rutile resonator at 9.26 GHz. The
dimension of the resonator is reduced to an outer radius of 2.55 mm and an inner radius of 2.1
mm, the wall thickness is 0.45 mm, and a height of 3 mm to resonate at a similar frequency
as the sapphire resonator. It is clear that the maximum field is located on the inner edge
of the resonator, while the field at the center is not as uniform and strong. This might be
the reason for the thin wall of the resonator. Similarly, in Figure 3.18 (b), the magnetic field
profile of the BMT at 9.54 GHz has relatively less uniformity and field magnitude at the centre
than the sapphire resonator but more than the rutile resonator. However, the dimension of the
resonator of the outer radius is 3.6mm, the wall thickness is 1.1 mm, the inner radius is 2.55
mm and the height is 5 mm. Figure 3.18 (d) shows the magnetic field profile of the BZT at
9.36 GHz. To further investigate the impact of the wall thickness, the same rutile resonator
is simulated but with a smaller inner radius, 1.5 mm, thus the wall thickness increases to 1.05
mm, almost double, as shown in Figure 3.18 (¢). The resonant frequency is dropped to 6.99
GHz, however, the mode volume is reduced to 0.019 cm™ due to the smaller inner radius, and
the cooperativity is 8.5, which is higher than the thin wall resonator. The centre region of the
resonant has a higher uniformity and field strength as expected for a thicker wall. Overall,
the smaller inner radius can help increase the cooperativity, but the space for the sample is
reduced. This requires a more careful fit. In addition, the resonant frequency will be reduced.
If the same frequency has to be kept, the outer radius has to be reduced with the inner radius.

The thinner the wall, the more the field gradient from the inner edge of the wall to the centre.
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Furthermore, in the thin resonators, the electric field maximum is located in the wall, but there
is a significant amount of electric field penetrating out the wall and overlapping the magnetic
field maximum. The electric field will cause unwanted off-resonance absorption that might
reduce the energy stored in the cavity and degrade the efficiency of the maser. Table 3.1 shows
the dielectric properties of the different dielectric materials and Table 3.2 shows the calculated

frequency, Q factor, mode volume and the cooperativity.
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Figure 3.17: (a) The electric field profile of the TEMy5 of the sapphire resonator shown in
logarithmic scale. (b) The magnetic field profile of the TEMy;4 of the sapphire resonator shown
in logarithmic scale.
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Figure 3.18: The magnetic field profile of the TEMy5 of the (a) Rutile (b) BMT (c) Rutile
with a thicker wall (d) BZT.
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Dielectric parameters at room temperature (10 GHz)

Dielectric Dielectric Dielectric loss
name constant

Sapphire 9.4 1.2-107°
(Al,03)

Lanthanum 19.6 4.3-107°
aluminate

(LaAlOg,)

Barium Mag- || 24 4.5-107°
nesium Tan-

talate

Barium 30 5.55-107°
Zirconate

Titanate

Rutile (TiO,) || 86 1.8-1074

Table 3.1: A list of dielectric constant and dielectric loss of various dielectric materials.

Dielectric resonators

Dielectric Outer radius | Frequency Q factor (Un- | Mode Volume | Cooperativity
name (mm) (GHz) loaded) (cm?)

Sapphire 5 9.54 50,832 0.290 13.3
(Al,O3)

Lanthanum 3.7 9.15 20,839 0.137 7.5
aluminate

(LaAlOg)

Barium Mag- || 3.6 9.45 22,908 0.09 12.8
nesium Tan-

talate

Barium 3.4 9.36 19,116 0.08 11.1
Zirconate

Titanate

Rutile (TiO3) || 2.55 9.26 6,220 0.023 6.6

Table 3.2: A summary of the performance of different dielectric resonators.
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Cavity pulling

Cavity pulling is an important effect that shifts the masing frequency due to the interaction
between the spin defects and the cavity due to a mismatch of resonant frequency between the

cavity and the spins. The masing frequency, i, is [25]:

QC(,UC — ,UO)

o (3.9)

Hom = Hho +

where p. is the cavity frequency, 1 is the frequency of the NV centre, Q). is the Q factor of the
cavity and @ is the Q factor of the NV centre transition, po/Ap, where Ay is the linewidth
of the NV centre transition [129].
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3.3.2 DC magnetic field characterisations

The magnetic field plays an important role in this thesis. Especially in the maser, the magnetic
field is used to tune the frequency of the NV~ via the Zeeman effect. More importantly, a
sufficiently large magnetic field, 102.5 mT, can shift one of the triplet ground states, m = -1,
lower than the m = 0 ground state, which leads to population inversion. There are two types
of magnets used in this thesis for masing: A Bruker electromagnetic paramagnetic resonance
(EPR) electromagnet and a GMW electromagnet. A commercial Halbach array is discussed in
the conclusion of this chapter. The detailed field characterisation is shown in the Appendix

A.4. The GMW electromagnet is characterised but not the Bruker electromagnet.

The GMW 3480 electromagnet is capable of generating a magnetic field above 2 T. The gap
between the edge of the poles, which is the narrowest part, used in this thesis is 29 mm. There

is a water cooling system used for this electromagnet.

The magnetic field is characterised by scanning the field at the centre using a Group3 DTM 151
digital teslameter with two Zaber X-LSM100A linear motorised stages, scanning in the vertical
and the horizontal plane, namely X and Y. There is another manual stage that can scan the
7, axis. The control software is custom-built in LabView and Python. The teslameter has a
reading uncertainty of £1 pT. The minimum step size of the stage is 0.0476 pm. The region
of interest is 2 x 2 mm. In principle, the smaller the step, the more accurate the mapping will
be. However, the total sampling time will be very long. In addition, any perturbation of the
environment such as the mechanical instability of the teslameter will affect the measurements
during the scanning. As the teslameter’s probe is long and heavy, gravity has a tendency to
pull it down. The probe is fixed on a 3D-printed polylactide (PLA) holder screwed onto the X
stage. Multiple layers of packaging tape are wrapped around the holder and the probe. The
teslameter scans across a small square at the centre, the size is 2 x 2 mm. The step size is 10
pm. The proof is first moved to the top left, and starts scanning across x, then returns to the
x = 0 position before it steps down one step in z. At each step, the teslameter reads 5 times
and takes the average. The sampling frequency is 10 Hz. There is a delay introduced after
each step to ensure the probe will have time to the time it responds to the field at the latest

position and measure 5 measurements. The total acquisition time is over 5 hours.

Figure 3.19 shows the teslameter reading at a stationary position in a 3D-printed Halbach array,
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Figure 3.19: The field reading of the teslameter at a stationary point in a magnetic field.

which is shown in the Appendix A.4. to estimate the stability of the setup. It is shown that the
maximum change in field reading is about 0.05 mT for a period of 12000 seconds. Overall, the
field reading is stable. Figure 3.20 shows the magnetic mapping of the GMW electromagnet.
The field is uniform, as the reading varies within a range of 0.02 mT, which is comparable to

the reading error and the reading instability of the teslameter.

Conclusion

A three-axe motorised stage with a teslameter is constructed to characterise the 3D magnetic
field of the commercial Halbach array and the GMW electromagnet. The commercial Halbach
array has a central field of about 345 mT, which does not reach the desired field for an X-
band maser. It might be useful for a maser at a lower frequency, at 6.79 GHz, which might
be beneficial for qubits control and readout. However, the homogeneity is also poor, which
is about 896.6 ppm. The number of emitters is reduced by a factor of 40 due to the field

inhomogeneity and leads to no maser regime. A new Halbach design with a higher field and
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Figure 3.20: The magnetic field map of the GMW electromagnet, the field difference is too
small to be detected by the teslameter.

higher field homogeneity is required to construct a maser using permanent magnets. The
optimal and adaptive design of Halbach arrays with significant high field and high homogeneity
are simulated in the later chapter. On the other hand, the GMW electromagnet has a very high
field homogeneity, such that the variations in the field profile are comparable to the reading
fluctuation of the teslameter. Therefore, a lower limit of the homogeneity is estimated to be

46.3 ppm when the field is operating at 431.7 mT.

79



3.3.3 Diamond maser

The excitation laser is a laser Finesses Pure 532 nm 10 W laser from Laser Quantum. The
beam diameter is 2.25 mm. A laser diode at 520 nm is an alternative excitation source that

has a Peltier cooling instead of water cooling, is smaller in size and is a cheaper option.

The diamond is placed inside a cylindrical sapphire resonator. The resonator is placed in a
copper cavity that shields the resonator and reduces the radiation loss. The resonator is placed
on top of a sapphire post to separate the resonator from the copper cavity. The laser beam
illuminates the sample from the top or from the side through the hole on the wall, where it
can be steered by a set of mirrors and through the hole of the top plate of the cavity that
has a 3 mm hole. There is a coupling loop inserted in the cavity from the side to out-couple
the MW output. The MW output is measured by a real-time spectrum analyser, ThinkRF
R5550, and a vector signal analyser (VNA), Copper Mountain Technologies M5180. A switch
is used to select if VNA or the spectrum analyser is in operation. In addition, the VNA is used
for checking the resonances of the resonator, by finding the reflection dips and the wiggle of
the dips when the magnetic field scan passes. The MW output can also be measured using a
real-time spectrum analyzer. A PC is used to display the spectrum of the MW output. There
are two configurations for the static magnetic field. The static magnetic field is generated by
the Buker electromagnet. Or, the static magnetic field is generated by an electromagnet, GMW
3480 dipole electromagnet, which is controlled by a programmable DC power supply, Sorensen
DLM 80-37e. The benefit of the GMW electromagnet is that it is much smaller and more
compact than the Bruker electromagnet, on the other hand, the GMW electromagnet has a

poorer homogeneity than the Bruker electromagnet.

For GMW setup, a pair of modulation coils, which is controlled by a Kepco power supply, is
used to fine-tune the magnetic field to match the maser transition. The GMW electromagnet
only provides a rough field control. Figure 3.21 shows the schematic diagram of the GMW

maser setup, and Figure 3.22 shows the rendered image of the setup.
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Figure 3.21: A schematic diagram of the diamond maser with the GMW electromagnet. The
diamond inside a dielectric resonator and a copper cavity are fitted inside the pole pieces of the
electromagnet. The output signal is detected by the spectrum analyser and the VNA, which
can be used to check the resonance of the resonator before masing. The switch is used to select
which detector to be used.
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Figure 3.22: A schematic diagram of the diamond maser with the GMW electromagnet. The
diamond inside a dielectric resonator and a copper cavity are fitted inside the pole pieces of the
electromagnet. The output signal is detected by the spectrum analyser and the VNA, which
can be used to check the resonance of the resonator before masing. The switch is used to select
which detector to be used.
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Chapter 4

Optical Characterisation Results

This chapter presents the three different methods, the least square method, the phasor method,
including the global binning method and the random search method, and the deep learning
method, and the results of the optical characterisation. Ground truth evaluation is introduced
and the three methods are compared. The deep learning method demonstrated exceptional
accuracy and precision within the training intervals and outperformed the others. By comparing
the deep learning method results with the others and the ground truth, the lifetime results are
validated. Based on the three methods, the ratio of the lifetime components varying with the
excitation wavelength. The longer the wavelength, the more fluorescence from NV~ relative
to NVO. The lifetime values tau; and 7 is lower when the excitation wavelength is at 492 nm
and 502 nm compared with the lifetime values above 532 nm. The distribution of the lifetime
values is similar to a normal distribution on D09, 10BA and 10BB. The D09 sample has the
narrowest distribution. The NIDg, shows a bimodal distribution on tau;. This is suspected to
be the influence of the singlet transition that splits the lifetime of different spins, m, = 0 or my
= =+ 1. The lifetime amplitudes result indicates that the NV~ /NV? ratio is the highest for the
D09 sample and the lowest for NIDg,.

4.1 Samples

The diamond samples are all from Element Six, which are all made using the CVD method. The

first diamond is labeled D09, it is an isotopically high purity diamond that consists of 99.999%
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H Sample  Dimension (mm) NV concentration (ppb) H

NIDgs 2.5 x2.5 x 2 1350
D09  2.89 x2.83 x 0.504 4500
10BB 2.8 x2.8 x 0.32 369
10BA 2.8 x2.8 x 0.449 429

Table 4.1: A table of the four-diamond samples used in this thesis. The [NV~| concentration is
not rigorously determined in this thesis, the concentration of the NIDy, and D09 are quantified
by EPR measurements, not included in this thesis.

12C, with zero spin S = 0, to reduce any undesirable effect from the 3C, S = 1/2, which occurs
naturally at 1.1%. The nitrogen concentration is 16000 ppb, and the NV concentration is 4500
ppb The size is 2.83 x 2.89 mm and the thickness is 504 pm, shown in Figure 4.1 (a). The second
diamond sample is labelled 10BA, the carbon is natural abundance, which means the 2C is
about 98.9%. The NV concentration is 429 ppb, the size is 2.8 x 2.8 mm and the thickness
is 449 pm, as shown in Figure 4.1 (b). The third diamond sample is labelled 10BB, it has
natural abundance carbons, the NV concentration is 369 ppb, the size is 2.8 x 2.8 mm and the
thickness is 320 pm, shown in Figure 4.1 (c). It is the thinnest and the least NV concentrated
diamond sample. The images of each diamond sample are taken by a mobile phone through
a WF10X/20 eyepiece and a 0.5X Barlow lens on an Amscope stereo microscope. There is
an additional sample labeled NIDgy,, which is a cubic CVD diamond. The dimension is 2.5
mm x 2.5 mm x 2.0 mm, as shown in Figure 4.1 (d). The concentration of NV centres is
1350 ppb, with an NV~ concentration of 620 ppb, quantified by EPR measurement [130]. The
dimensions and the NV concentration are listed in Table 4.1. The four edges of the three thin
samples, 10BB, 10BA and D09, were black. The Q factor measured with the samples was very
poor on the order of a few hundred instead of around 30000. It was believed that the black
sustain was graphitic carbon residual after laser cutting. The samples were then treated by
Element Six with chemicals. The samples were immersed in boiling sulfuric acid, nitric acid
and perchloric acid mixture that selectively etched any graphitic carbon from the surface of
the samples. However, the ) factor was still poor. It was believed that graphitic carbon may
be included within the crystal. A further treatment was carried out by Element Six using the

"Scaife polishing", which removed the black edges and the Q factor no longer dropped.
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(a) D09 (b) 10BA

(c) 10BB (d) NIDgs

Figure 4.1: The image of the samples (a) D09 (b) 10BA (c¢) 10BB (d) NIDy,.
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4.2 Fluorescence lifetime imaging of diamond samples for

maser

Fluorescence lifetime is a method to characterise fluorescent defects in diamonds. NV~ NV©,
and SiV™ are defects that exhibit fluorescence. It is a robust method to identify defects, as it is
associated with the lifetime of an excited state of a particular defect. It is also robust against

crosstalk of different spectral components.

Mapping a diamond sample using fluorescence lifetime can in principle map the distribution of
different fluorescent defects and it is useful for checking the homogeneity of NV centres in a

diamond sample.

A supercontinuum laser is used to provide a variable excitation wavelength from 400 nm up to
700 nm. A set of filters in the Zaber wheel and the Andor spectrometer is used as a long-pass
filter to block the excitation wavelength. The fluorescence light is collected using a hybrid PMT.
A time tagger is used to count the arrival of a fluorescence photon after the laser excitation, by
setting the start channel as the laser-synchronised signal and the trigger channel as the PMT.
The time tagger, which is a TCSPC instrument, constructs a histogram of the delay of the
arrival time of single-photon counts from the excitation laser after a long acquisition period
to record a sufficient amount of photon counts. The typical exposure time for this setup is
between 3 to 15 seconds. A shorter exposure time means fewer averaging so that the noise is
more significant. On the other hand, a longer exposure time requires a long time to complete
the experiment. The time bins of the histogram are evenly spaced with a small bin width,
of 100 ps, that can sample the decay profile. The number of data points is 1150. In total,
there is a 115 ns long period to capture the lifetime decay profile. This setup has a very small
instrument response function (IRF) which is estimated to be about 30 ps, which is smaller than
the binwidth. The time scale of the decay of NV centres is much greater than the IRF. The IRF
is ignored during the analysis. In order to map the sample, this process is repeated for every
pixel. The data collected is a 2-dimensional map where each pixel contains a time-resolved
histogram. There are three methods employed to estimate the fluorescence lifetime across the
sample. The first method is a standard method used in lifetime estimation. The other two
methods are proposed as novel methods that have less human bias on the initial guesses and

act as references to validate the results. The second method uses a graphical analysis of the
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lifetime components. The third method is introduced to reduce human bias and efficiently

analyse complicated lifetime decay such as multi-lifetime decay.

Least square method The first method uses the nonlinear least-square method to fit the
histogram with a bi-exponential function with initial guesses. This method minimises the sum of
squares of the difference between the data and the fitting. The Levenberg-Marquardt algorithm
is used to optimise the fitting, which is ideal for nonlinear fitting problems with constraints
and bounds. The goodness of the fitting is determined by the reduced chi-square, which is the
chi-square per degree of freedom. Usually, the smaller the reduced chi-square the better the
fit. However, a more complicated model will lead to overfitting and unphysical issues. The bi-
exponential function is used as it improves the chi-square and it is reasonable as the two-lifetime
components might be associated with the NV~ around 11 ns, and NV°, around 19 ns [115].
The lifetime values vary between NV centres in bulk diamonds and nanodiamonds. The fitting
is performed pixel-wise, an alternative approach is to average all the pixels and perform one
fit, which is the global binning method. This approach assumes that the lifetime components
are the same across the sample. The benefit is the speed of this method, the downside is to
sacrifice the spatial information. This can be used to get a rough estimation of the sample.

This shows the nonlinear least-square equation:
min 3 (f - y)? (4.1)

where f is the predicted data from the fit and y is the measured data. However, the initial
guesses are important as they will determine the lifetime and might be biased. The fitting
process is long for a 2-dimensional map as the calculation iterations increase. The formula for

the reduced chi-square is.
I, — I;)?
==l (4.2)
IT(” - p)

where I, is the raw intensity, Iy is the fitted intensity, p is the free parameters and n is the
number of data. For simplicity, chi-square refers to reduced chi-square. The multi-exponential

function F(x) is shown:
t

Fit)=Y Awe 7 (4.3)
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Figure 4.2: The fluorescence lifetime decay profile using the least square method to analyse the
sample D09 at 532 nm excitation. The dots are the data and the red curve is the fit.

where A; is the amplitude of the i*" exponential component, 7; is the lifetimes of the i*" ex-
ponential component. For bi exponential, the sum is over i = 1, 2. Figure 4.2 shows the
exponential decay of a single point on the upper surface of the D09 sample, exited with 532
nm. The points are the experimental data and the red line is the fitted line. The exposure time

is 7 s and the resolution is 75 pm.

Figures 4.3, Figure 4.4, Figure 4.5 and Figure 4.6 show, starting from the top left, the map
of the fluorescence intensity as the integral of the decay profile, the top right, the map of the
decay time of the first-lifetime component, the middle left, the map of the decay time of the
second-lifetime component, the middle right, the map of the x2, the bottom left, the map of the
amplitude of the first-lifetime component, the bottom right, the amplitude of the second-lifetime
component, shows the results of excitation of 532 nm, 502 nm, 592 nm and 402 nm. Each plot
is the average of 100 fittings with random initial guesses. The integrated decay intensity reveals

some patches of high intensity, on the right edge and the bottom edge of the sample. In the
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Figure 4.3: The fluorescence lifetime map using the least square method to analyse the sample
D09 at 532 nm excitation. The subfigures show the integrated decay intensity which is the
fluorescence mapping. The first and the second-lifetime components, 71 and 75, and the reduced
x? mapping and the amplitude, A; and As, of the first and the second components respectively.
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Figure 4.4: The fluorescence lifetime map using the least square method to analyse the sample
D09 at 502 nm excitation. The subfigures show the integrated decay intensity which is the
fluorescence mapping. The first and the second-lifetime components, 71 and 75, and the reduced
x? mapping and the amplitude, A; and As, of the first and the second components respectively.
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Figure 4.5: The fluorescence lifetime map using the least square method to analyse the sample
D09 at 592 nm excitation. The subfigures show the integrated decay intensity which is the
fluorescence mapping. The first and the second lifetime components, 71 and 75, and the reduced
x? mapping and the amplitude, A; and As, of the first and the second components respectively.
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Figure 4.6: The fluorescence lifetime map using the least square method to analyse the sample
D09 at 402 nm excitation. The subfigures show the integrated decay intensity which is the
fluorescence mapping. The first and the second-lifetime components, 71 and 75, and the reduced
x? mapping and the amplitude, A; and As, of the first and the second components respectively.
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Figure 4.7: The image shows the pixel where NV~ is dominant over NV under (a) 532 nm,
(b) 502 nm and (c) 592 nm excitation.
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excitation wavelengths.
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lifetime fitting maps, the patches disappear, suggesting the lifetime is not correlated with the
fluorescence intensity. However, the A; and A; have a similar pattern at those locations, but
the bright regions of A; and A, do not coexist exactly at the same location. The bright patches
might have different origins. The higher A; values in the pattern indicate a potentially high
concentration region from the NV~ in the high-intensity patches in the integrated intensity
map. The lifetime maps are more uniform, the high fluorescent patches have no impact on the
fluorescence lifetime. For the following analysis, the mean is the mean of all the pixels from
the 100 images of different fittings with random initial guesses. The standard deviation is the
standard deviation of all the pixel values from 100 images. For example, the pixel values could
be 7y, and the image size could be 40 by 40, so the total number of pixels is 160000. The mean
and the standard deviation are estimated based on the 160000 pixels. To further study the
statistical features and significance of the results, the standard deviation of each pixel, which
is the standard deviation of the mean of each pixel across all the images, and the standard
deviation of each image, which is the standard deviation of the mean of each image across all
the images, is used. They are referred to as pixel level and global level respectively. These will

give valuable information about the fittings, initial guesses, pixels, and the image as a whole.

The mean values of the fitting are 7 is 9.44 ns, 7 is 16.65 ns, A; is 1414.27 and A, is 1539.02.
The mean reduced chi-square is 1.12 4+ 0.06. The standard deviation of 7 is 0.89 ns, 75 is 0.95
ns, A; is 362.61 and A, is 359.34. The large standard deviation of the amplitudes, 19.8% and
20.1% indicates the distribution of the amplitudes across the pixel is not uniform. The standard
deviation of at the global level, is 0.023 ns and 0.037 ns for 71 and 75 and 10.18 and 10.24 for
A; and Ay. The difference between different initial guesses is insignificant to the distribution
of the fluorescence and the defects, which concluded that the fitting is stable and convergent.
The pixel level standard deviation of the amplitude is 267.33 and 268.69 and the pixel level
standard deviation of the lifetime is 0.59 ns and 1 ns. There is statistical significance in the
map, except for 75, which has a comparable standard deviation in the mean of individual pixels

as the standard deviation as a whole.

To show the effect of excitation wavelength, the same sample and mapping are conducted at

592 nm and 502 nm, with an exposure time of 7 s and a resolution of 75 um.

Figure 4.7 shows the ratio of A; to Ay under a different excitation wavelength. The results

agree that the ratio is correlated to the length. The longer the excitation wavelength, the
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higher the ratio and more pixels have a higher ratio. When the excitation is at 502 nm, the
mean values of the fitting are 7 is 9.49 + 1.22 ns, 75 is 18.17 £ 1.17 ns, A; is 362.80 4+ 104.28
and Aj is 552.22 4+ 112.68. The uncertainty is the standard deviation across the pixels. The
mean reduced chi-square is 1.14 4+ 0.06. The integrated intensity was reduced by a factor of
2.8. The standard deviation of the amplitudes across all the pixels increases to 28.7% and
20.4%. It shows that the NV~ is more inhomogeneous across the sample. The Ay/A; ratio is
more uniform across the sample. The amplitudes standard deviation of the fittings are 2.08
and 2.10, which shows the fittings using random initial guesses that agree with each other.
The lifetime standard deviation at the global level is 0.021 ns and 0.024 ns. When looking
at the standard deviation of each pixel across the 100 fittings, the standard deviation of the
amplitudes is 63.97 and 64.66 and the standard deviation of the lifetime is 0.659 ns and 0.767
ns. The results suggest that the amplitudes and the lifetime variations across the samples are
statistically significant, as the standard deviation of the whole map is significantly greater than

the standard deviation of the mean of individual pixels.

When the excitation is at 592 nm. The mean values of the fitting are 7 is 10.32 ns, 7 is
15.59 ns, A; is 2628.37 and A, is 1008.99. The mean reduced chi-square is 1.15. The standard
deviation of 71 is 0.39 ns, 75 is 0.74 ns, A; is 393.8 and A, is 311.16. The standard deviation of
the amplitude at a global level is 14.22 and 14.27, and 0.012 ns and 0.062 ns for the lifetimes.
The lifetime standard deviation of the mean of the individual pixel is 0.344 ns and 1.695 ns
and the amplitude standard deviation of the mean of the individual pixel is 405.2 and 406.4.
Further investigation of the histogram of the lifetimes and the amplitude shows that there are
two peaks instead of one peak in the lower wavelength. For the histogram of 75, the distribution
is cut off by the lower bound at 14 ns. This suggests the presence of the fluorescence from the
NV? is minuscule. It is concluded that the NV? is not sufficiently pumped due to the long

wavelength. The fluorescence collected is mostly from NV ™.

To investigate the fluorescence lifetime under a short wavelength, 402 nm is used to excite the
sample. At this wavelength, the fluorescence intensity is very weak and noisy. To increase the
intensity, the exposure time is set up to 60 seconds. However, the reduced chi-square of the
fitting is 1.42, which indicates the fitting is not optimal. The mean values of the fitting are 7
is 10.15 ns, 75 is 19.29 ns, A; is 1.73 and A, is 23.4. The standard deviation of 71 is 0.79 ns,
75 is 0.66 ns, A; is 1.88 and A, is 3.04. The fluorescence light of the NV is dominant in this
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case. The standard deviation of the fittings for the amplitude at a global level is 0.0658 and
0.062 and 0.073 ns and 0.038 ns. The amplitude standard deviation of the pixels is 1.736 and
1.650 and the standard deviation of the lifetimes is 2.065 ns and 0.984 ns. From the results, the
fluorescence is mostly from NV, This can be the result of photoionisation from NV~ to NV,
Notice that there is a bright band in both the integrated intensity map and the As map. The
band is believed to be NV° abundant region. This band is only induced by short-wavelength
excitation. It is believed to be a strong photoionisation region, where photorecombination back
to NV~ is prohibited. From the integrated decay intensity map, there is a wide rectangular
patch across the sample, which is not present in a longer wavelength. This feature might
be associated with NVY. The least-square method shows that at the pixel level, the fitting
parameters significantly impact the results, as the results show large variability with different
initial guesses. However, at the global level, which averages all the pixels, the influence from

the initial guesses is minimised.

The results show that at 532 nm excitation, the proportion of NV~ and NV is similar. At
a longer excitation wavelength, the NV~ will have a higher proportion, whereas, at a short
excitation wavelength, the NVY will be dominant. At 592 nm excitation, the energy is less
than the zero phonon line of the NV°. In principle, there might be no NV? centres excited.
From the results, the 7, is the lowest and it is way below the expected lifetime of NVY and the
chi-squared is higher. This suggests that the presence of NV? is low. Figure 4.8 shows the pixel
distribution and the mean of the lifetime 7, and 75 under various excitation wavelengths. The
71 exhibits lower values between 492 nm and 532 nm and exhibits higher values above 572 nm.
The 7, is anticorrelated to the excitation wavelength. Figure 4.9 shows the pixel distribution
and mean of the lifetime 7 and 7, of the four samples under a 532 nm excitation. The D09
sample has the lowest 7, and 7. Whereas, NIDg; has the highest 7, and 7. These values are

related to the amplitudes, as a lower taus is related to a lower A,.

For the sake of brevity, the detailed results of the sample 10BA, 10BB and NIDg, are shown in
Appendix A.2. The summary of the results is shown in Table 4.2. The global level standard
deviation is used as the uncertainty in Table 4.2. Table 4.3 shows the mean difference and the

95% confidence interval (CI) of the upper and the lower bound and the P value.

In conclusion, the A; and A, contributions are similar for D09 under a 532 nm excitation. As

the means of different fittings are within the standard deviation. The fluorescence intensity
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Figure 4.9: The plots show the mean and the dispersion of 7, and 75 of the four samples. From
the upper plot, there is a positive correlation with the concentration and the 71 among the thin
samples.
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H Sample Ay A,y 71(ns) To(ns) H

D09 1414 £ 267 1539 £+ 269 9.44 £ 0.02 16.65 £ 0.04
10BA 314.08 £ 79 02192 £80 9.64 £0.93 18.50 £ 0.99
10BB 14197 +43.23 151.62 £ 43.76 9.82 £ 1.13 17.77 £ 1.69
NIDgy  58.65 £ 26.58 208.57 £ 26.82 9.81 £ 1.65 18.94 £ 0.80

Table 4.2: A summary of lifetime measurement at 532 nm based on the least square method.

H Sample 1 Sample 2 Mean difference Lower bound Upper bound P value H

D09 10BA -0.2124 -0.2033 -0.1942 0
D09 10BB -0.3508 -0.3417 -0.3326 0
D09 NIDgs -0.3544 -0.3453 -0.3362 0
10BA 10BB -0.1476 -0.1385 -0.1294 0
10BA NIDgs -0.1511 -0.1420 -0.1330 0
10BB NIDgo -0.0127 -0.0036 -0.0055 0.7437

Table 4.3: A Tukey’s Honestly Significant Difference test of the four samples. It shows the
difference in mean between any two samples and the upper bound and lower bound of the 95%
CI and the P value. It shows that there is statistical significance of the 7 values between the
samples except for the 10BB and NIDg,. It confirms that there is a positive correlation among
the thin sample.

is the most intense. Similarly, the 10BB sample shows a similar amount of A; and As, but
the fluorescence intensity is much lower due to the lower concentration of NV centres. In the
10BA sample, it is clear that the average Ay over the sample is higher than A;, which is not
an optimal condition as the NV~ /NVY ratio is smaller than one. NIDg, has a high A, and a
low A;. However, the volume of the NID, is much larger than 10BA, and the filling factor and
the number of spins are much higher than 10BA. It is predicted to be more likely to mase than
10BA. The four samples have similar 7 lifetime, but the 7 values vary among the samples.
The tau; lifetimeseems to have a positive correlation with the NV concentration in the thin
samples. The D09 is the most concentrated sample and has the shortest 71, whereas the 10BB
sample is the least concentrated sample and has the longest 7. The NIDg, is a cubic sample
that has a moderate concentration. Both the 7, and 7 is long compare to the thin samples.

By doing the T-test, there is a statistical significance of 7, of d09 to the 10BB and 10BA.

In a shorter excitation wavelength such as 402 nm, the fluorescence is significantly reduced and
the noise increases. This may be caused by the low intensity in the blue end of the laser and
lower quantum efficiency of the detector. However, the lifetime component is dominated by

NV, In a longer excitation wavelength, the NV~ dominates the exponential fitting.
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4.2.1 Random search for lifetime components and phasor method for

diamond

The least square method provides a way of estimating the lifetime and the amplitude of each
component. However, the lifetime model used in the least square method has to be defined.
Usually, the more exponential terms, the better the fit. This will lead to an unphysical model.
The phasor method is one of the methods that help find the number of lifetime components
[131]. This method is introduced as a graphical method that will distinguish the number of
exponential terms presented in the histogram. The histogram is phasor transformed and the

result is a point on a complex plane with a coordinate of (G, S) [131].

For a mono-exponential decay, the transformed points are on the perimeter of an upper half of
a circle, centre at (0,0.5) with a radius of 0.5. For a bi-exponential decay, the points are on the
chord that links two mono-exponential decay points on the perimeter. For a tri-exponential de-
cay, the points are located within a triangle that the vertices are on the perimeter of the circle
corresponding to three mono-exponential decays. Similarly, more exponential decay compo-
nents will contribute and form a polygon with vertices attached to the circle, where the phasor

transformed points are inside.

The following diagrams show the phasor diagram for mono-exponential, bi-exponential, tri-
exponential, and tetra-exponential lifetime components.

G- Jy (t)cos(wt)dt (4.4)

Ji @yt

5 o (t)sin(wt)dt (45)

INGLE

where I(t) is the data and w is the frequency of the measurement. The lifetime, 7, is estimated

using the following equation that applies to the (G, S) coordinate of a component on the
perimeter of the circle. For a multi-exponential decay, the lifetime components are traced out
from the data and then the lifetime is estimated using the same method. The relative distance

from the data to the components can be worked out and find the relative contribution from
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Figure 4.10: The plots show the phasor-transformed data point as a green dot and the red
dots show the corresponding lifetime components on the circle. (a) Mono-exponential. (b)
Bi-exponential (c) Tri-exponential. (d) Tetra-exponential.
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The larger the G value (x-axis), the shorter the lifetime of the component, whereas the smaller
the G value, the longer the lifetime of the component. For a multi-exponential component, the
relative position of the data point indicates the relative contribution from the components. For
example, if the data point is on the midpoint of a chord linking two lifetime components, the
data point has an equal contribution from both lifetime components. On the other hand, the
closer the data point is to a point, the higher the contribution from that point. Until it is at

that point, where other components are negligible, and become a mono-exponential decay.

For a simple estimation of the averaged lifetime of the samples. It is assumed that all the
data points across the sample have the same bi-exponential components, namely the NV~ and
the NV, Tt is expected that the points should lie along the chord connecting the two lifetime

components.

However, this method can only find an averaged lifetime. In order to find the lifetime of each

pixel. The full harmonics analysis is adapted with a custom optimisation algorithm [132].
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The optimisation employed here is the random search which is a lightweight optimisation and
does not require the computation of gradient and might be more efficient for this algorithm.
A classifier can be used to classify lifetime data into various lifetime components. This will
eliminate the need for estimating the lifetime time for various lifetime models and comparing
them to select the best model. Appendix A.1 demonstrates the details of a hybrid classical-

quantum classifier to classify the data for the samples.

The first method is to phasor transform all the pixels to the phasor space and then linearly fit
the data points, assuming it is bi-exponential. The fitted line intersects at two points on the
circle, which is used to estimate the two-lifetime components. The situations for all one, two,
three and four components are illustrated in Figure 4.10 (a), (b), (c) and (d) respectively. It is
assumed that the distribution of the NV centres is uniform, the pixels after phasor-transformed
will be binned and it is expected to lie along the chord connecting 7, and 75. To show the
variance and the geometrical shape of the distribution of the data in the phasor space, shown
in Figure 4.11 (a), (c¢) and (d) for different excitation wavelengths, a histogram of the data
at angles from 0° to 360° at the middle of the data points is shown in Figure 4.11 (b), (d)
and (f). This method is effective in estimating the number of lifetime components as a bi-
exponential decay will give two peaks in the histogram, and a tri-exponential decay will give
three peaks. From the phasor plot in Figure 4.11 (a), the pixels are distributed along a line with
a small deviation from the line, which suggests it can be modeled by the bi-exponential model.
Knowing the coordinates of the interception points, the midpoint of the fitted line is estimated,
and the relative proportion, A;/As, of the two-lifetime components is found to be 20.2 %. This
indicates that the longer lifetime component is dominant. This method agrees that the A, is
dominant, but the least square estimates the ratio to be 47.6 %. The black curve in the figure
is the circle that bounds the phasor plot. From the angular histogram, in Figure 4.11 (b), most
of the pixels are along the 155 ° and the 310 ° directions. The two lifetimes extracted from the
fitting are 9.065 £ 0.119 ns 19.785 £ 0.146 ns. The errors are estimated by propagating the
errors of the linear fit with the standard deviation of the residuals of the fitting. Compared
to the least square method, the long lifetime component is longer, whereas the shorter lifetime
component is much shorter. This discrepancy might arise from global binning, which suggests

that global binning might introduce some errors.

At 502 nm, the two lifetimes extracted are 11.645 4+ 0.282 ns and 21.107 + 0.347 ns. The
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Figure 4.11: The phasor diagram of the 10BA sample, (a) for 532 nm, (c) for 502 nm, (e) for

562 nm and the angular histograms of the 10BA sample (b) for the 532 nm, (d) for the 502 nm
and (f) for the 562 nm.
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results of the phasor plot and the histogram. In the phasor plot, there is a side branch, which
has a horizontal distribution with a large variance, and it is believed to be noise. The lifetimes
are extracted by removing the horizontal distribution. If the horizontal distribution is fitted
with a line, it will have lifetimes of 17.54 ns and 83.172 ns, which has no fluorescence defects

that match the lifetime.

The relative proportion of the two lifetime components is 13.0%. The longer lifetime component
becomes even more dominant at 502 nm. This can be seen in the histogram plot, where the
two peaks at 141° and 330° are the main branch and the small peak at 0° is believed to be
noise. Notice that the separation between the two peaks is smaller compared to the 532 nm
peaks. At 562 nm, the two lifetimes extracted are 10.740 4+ 0.197 ns and 24.259 + 0.268 ns.
The relative proportion is 46.2 %, meaning that the long lifetime component and the short
lifetime component have a similar contribution but the longer lifetime component is slightly

more dominant. The detailed results of the other samples are shown in Appendix A.3.

Figure 4.12 (a) shows the phasor plot of multiple excitation wavelengths of the fluorescence
lifetime data of the D09 sample. It implies that the longer the excitation wavelength, the
greater the contribution from the shorter lifetime component, as the clusters approach the
lower right along a line. The shape of the phasor points becomes more concentrated at a point
instead of along the chord as the excitation wavelength increases. This suggests the proportion

of the amplitudes at various pixels is more similar.

In Figure 4.12 (b), the clusters are all excited with 532 nm with the sample D09 but with a
different depth, meaning the data is from a different focal plane within the sample from the
top. The clusters all overlay each other, suggesting the depth information is very similar and
no difference in lifetime components. Table 4.4 shows the summary of the lifetime components
using the phasor method. The larger uncertainty of NIDgs is due to the wider spread of the
points in the phasor plot.

The global binning technique provides a fast and robust method for estimating the lifetime
components. However, it can not determine the lifetime component of each pixel. For 10BB
and 10BA, the shorter lifetime component deviates from the literature values. The relative
proportion shows that the D09 sample has more NV~ than NV°, and 10BB has slightly fewer
NV~ but the overall NV concentration in 10BB is much less than the D09 sample. On the
other hand, NIDg, has relatively fewer NV~ and 10BA has the least amount of NV~. The
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Figure 4.12: (a) The plots show the phasor-transformed data point from sample D09, with an
excitation of a range of excitation wavelengths. (b) The plots show the phasor-transformed
data point from sample D09, with an excitation of a range of depths from the top surface from
6.57 mm at 532 nm excitation.

H Sample T1(ns) Ta(ns) H

D09  10.289 £ 0.151 20.366 + 0.186
10BA  9.065 £ 0.119 19.785 + 0.146
10BB  10.707 £ 0.210 19.892 + 0.254
NIDgy 14.335 £ 0.350 22.063 £ 0.421

Table 4.4: A summary of lifetime measurement at 532 nm based on the phasor method using
global binning.

global binning might average the error from each pixel, and give one estimation and error. A
pixel-wise method might be more accurate, as each pixel is examined separately. Here, the
blind determination method is adapted to estimate the lifetime component of diamonds, and a
random search method is applied to extract the lifetime component from each pixel. The ran-
dom search method developed is significantly faster than the least square method. The original
blind determination can be found from [133|, which was used to estimate the lifetime compo-
nents in live cells. The main idea is to use the higher harmonics in the phasor transform. In the
previous global binning techniques, only the first harmonics are used. The bi-exponential blind
determination required only the first and the second harmonics. For more lifetime components,
higher harmonics are needed. For example, the tri-exponential blind determination requires
the first, the second and the third harmonics are required. However, the blind determination
lacks the ability to learn the number of fluorescence lifetime components beforehand. Thus,

similar to the conventional method, the results from all mono, bi, tri, or even more components
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models have to be used and compare the results and the fitting errors to decide which model
fits the best. In Appendix A.1, a new algorithm is introduced to classify the number of lifetime
components in the phasor plots. This is vital as it determines whether the bi-exponential or the
tri-exponential blind determination should be used and eases the need for the computation of
different lifetime components. In addition, the classified model is based on a quantum-classical
hybrid transfer learning architecture, which showcases the capability of quantum computing in
classification and the research of the optical characterisation of diamonds. In this thesis, the
diamond samples are limited to uniform and high concentrations of NV for maser application.
Thus, the lifetime components are limited to NV~ and NV, only the bi-exponential blind

determination is used.

The working principle of the random search blind determination for the bi-exponential model
is to randomly select two lifetime components, which are two points on the circle. Draw a
line between the points, with a constraint that the line must pass through the data point.
This step ensures that the data point results from the two lifetime components. Calculate
the second harmonics of the two lifetime components and obtain another set of points on the
circle and draw a line connecting them. Calculate the second harmonics of the data and obtain
the distance between it and the line joining the two second harmonics points on the circle.
If the distance is 0, the two second harmonics lifetime components are the exact solution. A
random search algorithm is designed to search for the two lifetime components that minimise
the distance with a random step that improves the result. Figure 4.13 shows the first and the
second harmonics and the corresponding lines and data points, where d is the distance between

the second harmonics data point to the line.

By performing the random search on each pixel for every sample, D09, NIDg,, 10BA, 10BB, at
532 nm, the results are shown in Figures 4.14 to 4.17. Within each figure, there are four sub-
plots, starting from the top left is the amplitude of the normalised shorter lifetime component,
Ay, and on the right is the normalised amplitude of the longer lifetime component, A,. Starting
from the bottom left is the lifetime of the shorter lifetime component, t; and on the right is
the lifetime of the longer lifetime component, to. The figure of merit, which is the residual
distance, is defined as the minimum distance between the data and the line. The mean 77 cross
all the pixels for D09 is 11.04 ns. The mean 73 is estimated to be 22.31 ns. The amplitude of

the shorter lifetime component, Ay, is 64.15 %, and 35.85% for the longer lifetime component,
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Figure 4.13: The plots show the blind determination in phasor space data point as a green
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A,. The mean residual distance is 0.0044.

The mean 7 cross all the pixel for NIDgs is 11.02 ns. The mean 7 is estimated to be 20.02 ns.
The amplitude of the shorter lifetime component, Aq, is 19.88 %, and 80.12% for the longer

lifetime component, A;. The mean residual distance is 0.0025.

The mean 7y cross all the pixels for 10BA is 11.03 ns. The mean 7 is estimated to be 21.60 ns.
The amplitude of the shorter lifetime component, Ay, is 41.42 %, and 58.58% for the longer

lifetime component, A;. The mean residual distance is 0.0051.

The mean 7, cross all the pixels for 10BB is 10.98 ns. The mean 75 is estimated to be 21.88 ns.
The amplitude of the shorter lifetime component, A;, is 50.80 %, and 50.02% for the longer

lifetime component, A;. The mean residual distance is 0.0047.

In the 71 distribution plot, it is clear that there are two modes, one is around 12 ns and one
is around 7 ns. This can be the result of a lifetime from the my; = 0 and m, — £ 1 the exited

levels [134].

[ Sample () 7(ns) A, Ay |

D09  10.9937 £ 0.7838 24.0707 £ 8.2397 0.6326 £ 0.1351  0.3719 £ 0.1547
10BA  10.9936 4+ 0.7829 21.4834 + 2.0332 0.4151 + 0.2215 0.5849 + + 0.2215
10BB  10.9844 + 0.7848 20.2467 £+ 1.3453 0.5174 £ 0.0779  0.4826 £+ 0.0779
NIDge 10.9928 £ 0.7879 19.9872 £ 0.4724 0.1963 £ 0.0474  0.8037 £ 0.0474

Table 4.5: A summary of lifetime measurement at 532 nm based on the random search method.

The standard deviation of pixels across the 100 fittings is similar to the standard deviation of
the mean of the fittings. This suggests a more robust pixel-level fitting than the least square
method and is potentially more useful in looking at individual pixels. Figure 4.18 shows the
distribution and the mean of the lifetimes 7 and 75 of the fittings of 7 different excitation
wavelengths. (a) is the distribution of the pixel level and (b) is the values averaged every
900 pixels to reduce the noise. Figure 4.19 shows the distribution and the mean for the four
samples. Table 4.5 shows the mean values and the standard deviation of the lifetimes and the

amplitudes.
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Figure 4.14: The plots show the lifetime component imaging of the D09 sample using the
random search method.
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Figure 4.15: The plots show the lifetime component imaging of the NIDgy, sample using the

random search method.
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Conclusion

In conclusion, based on the global binning and the blind determination technique the NV~ and
NV contribution, A; and A,, in every sample is roughly similar to the least square method.
The global binning method can only estimate an overall lifetime, which is not ideal for studying
the distribution of the lifetime components. The pixel-wise lifetime data is analysed using the

random search blind determination method. The random search method

For the previous least square method, the short lifetime component, ; appears to be dominant
at longer excitation wavelengths and it is the opposite for the long lifetime component. The
uniform distributions of the lifetime correspond to the case that it is not dominant and the
calculation is not accurate. When the component is more dominant, the distribution changes
from a uniform distribution to a bimodal distribution. A possible case is that the sample has
two distinct regions, showing a minority of pixels shift their lifetime above from the majority
when the excitation is above 552 nm for 77 and it is the opposite for 7, when the wavelength is
below 512 nm. It might be the case of the environmental changes due to the photo-conversion
that a change in the NV~ and NV? ratio changes the charge and spin environment. The effect

is more significant on NV~ above 552 nm excitation wavelengths.
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In general, the longer the excitation wavelength the more A, contribution, the shorter the ex-
citation wavelength the more A; contribution. It might be favourable to excite the diamond
sample using a longer wavelength. The results partially agree with the NV centre ionisation
and recombination measurement from [106], which reports having more fluorescence from NV?
at blue excitation light caused by the one-photon ionisation and reduced fluorescence at red
excitation light caused by the dark state, and theoretical calculations of two-photon photoion-
isation [135]|, where the NV~ fluorescence peaks at around 590 nm. The recombination rate
peaks at 575 nm. The NV~ population states at a high level between 480 nm to 570 nm. Part
of the reason for the disagreement is that the NV° has a zero-phonon line at 575 nm, and
the excitation wavelength longer than that might not efficiently excite the NV centre. The
ionisation rate and the recombination rate are also power dependent, the power used in this

thesis is different from the paper [106] [136].
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4.2.2 Deep learning for defects in diamonds

Machine learning has been widely used for data analysis in many areas including both industry
and academia. It can discover hidden data structures by learning from a large set of data and
optimise the data processing process. A convolutional neural network is a popular method
for imaging processing, such as image segmentation, image classification and regression. In
particular, the use of machine learning in fluorescence lifetime is an emerging method that
can perform better in the computational time it uses per image analysis and accuracy than its
counterpart. It introduces a new fitting strategy as opposed to the traditional model-fit that
optimises the fitting parameters for a predefined model and phasor analysis that optimise the
phasor parameters for the barycenter of the lifetime components in the phasor space. There are
numerous reports on using machine learning in fluorescence lifetime analysis [137] [138][139], as
well as in optical readout [140]. This data-driven approach with an appropriate physical model,

can thus, reduce the level of human bias while obtaining a fast speed of lifetime imaging.

For fluorescence lifetime mapping, the data is a 3-dimensional cube consisting of a 2D map and
a decay in time, as the z-axis. A combination of convolutional neural networks and residual
networks is adapted to the model. The model is trained using synthetic data from a tri-
exponential function, corresponding to NV—, NV° and SiV. This model can be extended to
learn more fluorescent defects in diamonds and become a robust model for diamond fluorescence

lifetime mapping in a multiple fluorescent defects situation.

The advantages of using neural networks are the speed of lifetime estimation and free of initial
guesses, such as the lifetime, amplitude, and the number of lifetime components, which have a
large impact on the fitting. For multi-exponential decays, which involve more dimensions, as
well as a large number of pixels, the nonlinear least square method, which adopted the Hessian
matrix method, might become inefficient and expansive. Furthermore, the performance of the
least square method can be poor in low light conditions[141]. Another problem of fluorescence
lifetime mapping is that the number of lifetime components is usually assumed and biased. The
phasor analysis performed well when there are a few components, as the number of lifetime
components increases it becomes harder to extract the number of components and their lifetime.
The neural network on the other hand can provide an ensemble estimation, using multiple
networks of different numbers of lifetime components and give statistical measurements of the

number of lifetime components. This provides a way to decrease the bias in selecting the
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number of lifetime components.

The results from the neural networks can be processed further with other methods such as the
least square to achieve accurate results. The model used for fluorescence lifetime mapping for
multi-defects in diamond is based on the 3D convolutions neural network and residual network
used in [137]. The deep neural network proposed has also been adapted for various tasks in
fluorescence lifetime such as in low dimensional deep learning for biomedical imaging [142].
Therefore, it is an important task to construct a deep learning method for diamond optical
characterisation. The training data is generated by a tri-exponential function based on the

fluorescent defects in diamonds. The model consists of 74 layers and 865,935 parameters.

A total 150,000 number of trainable data are trained with a batch size of 32. The training data
is generated in MATLAB by defining a tri-exponential model, where the parameters are set so
that the generated data is similar to the exponential data. The dataset contains three lifetime
components, where the lifetimes are from 0.5 ns to 4.5 ns, 73, 8.5 ns to 12.5 ns, 77, and 17 ns to
21 ns, 1. The amplitudes are normalised to 1. Poisson noise is added to the training data to
consider the photon noise. The level of noise is added so that the training data is very similar
to the experimental data. The validation set is 20% of the total data, which is 30,000. The

actual number of training data is 120,000.

The performance of the model is presented as percentage errors between the predicted values

from the model and the data generated for the test which are similar to the training data.

Firstly, the model is tested with a bi-exponential function. The non-existent third is found to
be at 0.78 %. The null hypothesis, giving a p-value smaller than 0.05, suggests that the third
component is not present. The tri-exponential nature of the deep learning model works in a

bi-exponential situation.

The trained model is used to predict and reconstruct the fluorescence lifetime imaging with
lifetime components such as the amplitudes and the lifetimes. By comparing the fluorescence
lifetime imaging of the NIDgy; sample, the deep learning techniques developed have a clear
outline of the sample in all the amplitudes and lifetime components. The background is mostly
zero. The contrast of the fluorescence lifetime imaging is high. The model effectively learns to
distinguish the samples and the background. Whereas the outline of the sample is not clear or

vanishes, giving irrelevant values, the background has very close values to the samples in both
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the least square method and the random search method, making the imaging hard to analyse.

The deep learning model developed has drastically improved the fitting processes for fluores-
cence lifetime imaging in diamonds. It does not require any fitting reduces human bias, and
produces very high-contrast images that can not be achieved using the least square method
and the random search method. Later in this section, ground truth evaluations are performed

and provide a benchmark for the three methods used in this thesis.

Figure 4.20 shows the architecture of the neural network and the flowchart of the training and
inference process. The architecture of the model is divided into a main branch and side branches
for each parameter. The convolutional layers are the building blocks of this model. The test
results are shown in Figure 4.21. In Figure 4.21, the model reconstructs the third component
of a bi-exponential synthetic image, in which the non-existent third component represents the
noise. Figure 4.21 (b) is the histogram of the non-existent third component. The error is about
1%. If the third component is much higher than 1% in future optical imaging data, it indicates
the presence of the third component. On the other hand, if the third component is about 1%,
the third component is unlikely to be present as it is below the p-value threshold. From Figure
4.22 to 4.25, the reconstructed images of D09, NIDgy, 10BA and 10BB are shown. In the 10BA
data, the mean value of A; is (45.44 £+ 3.7)%, the mean value of t; is 9.9507 £ 0.3413 ns and
the mean value of ty is 19.8365 + 0.2092 ns. In the 10BB data, the mean value of A; is (55.09
+ 4.81)%, the mean value of t; is 10.1054 + 0.5218 ns and the mean value of t, is 18.6982 +
0.4266 ns. The detailed results for the four samples are listed in Table 4.6. The distribution
plots of the lifetimes and the amplitudes at 532 nm excitation but with four different samples

and D09 under various excitation powers are shown in Figures 4.26 and 4.27.

[Sample (m9) 72(ns) A Ay |

D09  10.3367 4+ 0.1828 19.9663 £ 0.2252 0.6955 £ 0.0220  0.3011 £ 0.0251
10BA 99507 £+ 0.3413  19.8365 + 0.2092  0.4544 £ 0.037 0.5394 + + 0.0361
10BB  10.1054 £ 0.5218 18.6983 + 0.4266 0.5509 £ 0.0481  0.4481 £ 0.0493
NIDg, 10.0821 £ 0.8461 19.1072 £+ 0.3910 0.2205 £+ 0.0547  0.7866 + 0.0660

Table 4.6: A summary of lifetime measurement at 532 nm based on the deep learning method.

To better compare the performance of the deep learning method against the least square method
and the random search method, as well as finding the range of 7; that the deep learning is

optimal. Ground truth (GT) images are generated so that the predictions from each method
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Figure 4.20: The image shows the flow chart of training and inferring the fluorescence lifetime
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Figure 4.22: The images show the lifetime components of the trained model for D09 sample at
592 nm.
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Figure 4.23: The images show the lifetime components predicted and reconstructed using the
trained model for NIDg, sample at 532 nm.
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Figure 4.24: The images show the lifetime components predicted and reconstructed using the
trained model for 10BA sample at 532 nm.
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Figure 4.25: The images show the lifetime components predicted and reconstructed using the
trained model for 10BB sample at 532 nm.
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Ay, of the four samples using the deep learning method.
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Figure 4.27: The distribution of the lifetimes and the amplitudes: (a) 7, and 75 and (b) A; and
Ay, of the d09 sample excited with 7 difference excitation wavelengths using the deep learning
method.
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Figure 4.28: GT1. The image shows the predicted values of 7 and 7 (a), A; and A, (c),
using four different analyses and the ground truth value as a black line and the shaded area
represents the standard deviation. The pixel difference between the predicted values and the

ground truth values,(b)m and 75 (d) Ay and As.
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Figure 4.29: GT2. The image shows the predicted values of 7, and 7 (a), A; and A, (c),
using four different analyses and the ground truth value as a black line and the shaded area
represents the standard deviation. The pixel difference between the predicted values and the
ground truth values,(b)m and 75 (d) Ay and As.
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can be directly compared with the ground truth images. Mean square error (MSE) is used to

show the goodness of fit of each method.

The GT images have a size of 28 by 28 and a mean intensity of 300, a mean 71 is 11 ns and 7

is 19 ns and a 73 at 1.5 ns.

The first GT, named GT1, the image has an amplitude of 0.4975, 0.4975 and 0.005. This

represents a bi-exponential model. The results from GT1 are shown in Figure 4.28.

The next GT, named GT2, has amplitudes of 0.25, 0.5 and 0.25. These GT images can test
both the bi-exponential model, which gives the level of deviation from the GD, and the tri-
exponential model of the least square method. The results from F'T2 are shown in Figure 4.29.
In the results, the deep learning model gives a 7 mean of 19.9932 ns and the GD mean is
19.9966 ns, whereas the bi-exponential least square, averaging over 100 runs, gives 18.846 ns,
which has a 1.1506 ns deviation. If the tri-exponential least square, averaging over 100 runs, is
used, the 7 mean is 18.666 ns. The MSE of the deep learning model is 0.3343 for 7, whereas
it is 4.4041 for the tri-exponential least square and is 25.0958 and 0.9974 for the bi-exponential
least square and the random search method. The MSE of the deep learning model is 0.4625
for 15, whereas it is 2.2830 for the tri-exponential least square and is 5.8489 and 2475.8 for the
bi-exponential least square and the random search method. The third component deviates the
bi-exponential model to a lower 77 and causes a significant error. The MSE of A; and A, are
0.1954 and 0.1598 for the deep learning model, 0.2872 and 0.3131 for the tri-exponential model,
0.2791 and 0.3010 for the bi-exponential model and 147.6426 and 149.1719 for the random
search method. From the MSE values, the deep learning method has a significantly smaller
MSE than the others. The tri-exponential least square comes second, the bi-exponential is

worse. The MSE of the random search is small for 7y and it is very large for 7.

The following GT image is generated by changing the 7; to various values such as 9 ns and
13 ns while keeping the other parameter unchanged to find the optimal 7 range of the deep
learning model. The summary of the performance of both GT1 and GT2 are shown in Table

4.7 and Table 4.8.
For the bi-exponential model, the amplitude of the third lifetime is set to zero.

If the GT has an unseen parameter, such as 8 ns, the training set contains only 8.5 ns to 12.5

ns. The accuracy of the deep learning model is reduced. The distribution of the predicted
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Method

71(ns)

T3(ns)

T3(ns)

GT1

Deep learning

10.7261 £ 0.7505

19.0137 £ 0.9381

2.4238 £ 0.3810

Tri-exponential least square

10.8610 £ 1.1198

19.1780 £ 1.6079

3.3249 £ 1.0333

Bi-exponential least square

9.4491 + 2.2034

18.512 £ 2.3672

0

Random search

10.6644 £ 0.9398

17.3025 £ 11.2737

0

GT2

Deep learning

10.7288 £ 0.4108

19.9932 £+ 0.6117

1.3084 £ 0.4930

Tri-exponential least square

10.344 £+ 2.3918

18.669 £ 2.0747

2.2748 £ 1.5088

Bi-exponential least square

6.4968 + 2.5452

18.817 £ 2.5584

0

Random search

10.8064 £ 1.3432 20.2311 £ 477.7955

0

Table 4.7: A summary of lifetime measurement at 532 nm based on the phasor method.

Method

Ay

As

As

GT1

Deep learning

0.4766 £+ 0.2776

0.4741 £ 0.2805

0.0492 £ 0.0311

Tri-exponential least square

0.4830 £ 0.3229

0.5170 £ 0.3229

0.0317 £ 0.0405

Bi-exponential least square

0.4271 £ 0.3015

0.5729 £ 0.3015

0

Random search

0.3644 + 35.4531

1.2891+ 35.4570

0

GT2

Deep learning

0.2304 £ 0.1987

0.4607 £ 0.2510

0.3089 £ 0.2112

Tri-exponential least square

0.2265 £ 0.2388

0.5895 £ 0.2807

0.1841+ 0.1753

Bi-exponential least square

0.3334% 0.2388

0.6666 £+ 0.2807

0

Random search 0.2434 £ 0.0795 1.1767 £ 118.8622 0

Table 4.8: A summary of lifetime measurement at 532 nm based on the phasor method.

values exhibits bimodal distribution, showing a lower peak at 8.7 ns and a higher peak at 10.5
ns. The lowest 5% will reach below 8 ns. The MSE of the deep learning model is 2.2914, the
MSE of the tri-exponential model is 1.8585 and the bi-exponential model is 0.6096. Whereas,
the random search model gives an MSE of 8.5253.

If the GT is at 9 ns. The MSE is 0.8913 ns, 0.9247 ns, 0.9039 ns and 3.6891 ns for the deep
learning, tri-exponential, bi-exponential and random search models. If the GT is at 12 ns, the
MSE is 0.7237 ns, 0.9272 ns, 2.8533 ns and 3.4616 ns. At 13 ns, the MSE is 2.9672 ns, 2.7159
ns, 5.2930 ns and 5.0001 ns for the deep learning, tri-exponential, bi-exponential and random
search models. Below 9 ns, both the tri-exponential and the bi-exponential least square method
outperform the deep learning model and the random search model by MSE. The deep learning

model performs the best between 9 ns to 13 ns. This results from the training data being
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between 9 ns to 13 ns.

Due to the limitation of the training data and the model, the performance of the deep learning
model is reduced below 9 ns, The results of the least square method can be used to check if
the lifetime is out of the range. If the lifetime is lower than 9 ns or higher than 13 ns, the
least square method is used, otherwise, the deep learning model provides an exceptionally good

accuracy than the others. The current performance is satisfactory as it is sufficient for NV~

By observing the distribution plots of the predicted values from the four methods and compare,
it is possible to map the experimental data to GT data that has certainty. In conclusion, the high
dimensional convolutional neural network reconstructs the fluorescence lifetime imaging for all
the diamond samples. The model infers the parameters such as the lifetime and the amplitude
for each lifetime component without any fitting and initial guess. The model confirms that
the bi-exponential model is sufficient. From the deep learning method, it is concluded that
the D09 sample has the highest 71 and 75, 10BA has the lowest 71, 10BB has the lowest 7.
By comparing with the GT1 and the least square method used, the least square gives a 7 of
9.449 ns, which is lower than the GT1, whereas the deep learning method gives a much closer
prediction. It is concluded that deep learning is the most accurate method to analysis lifetime
images. The isotopically-enriched samples have a statistical significance in both the lifetimes
71 and 7, compare with the other three. The lifetimes of the NIDyy sample is very similar to

the 10BB.
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Figure 4.30: The plots show the T, lifetime imaging of NIDy, sample. The step size is 50 pm.

4.3 Spin-lattice relaxation time imaging of diamond sam-

ples

Spin-lattice relaxation time or T; time is one of the critical parameters in the maser threshold
calculation. The T; time determines the threshold condition by limiting the time for main-
taining population inversion. The figure shows the T; mapping of the NIDg, sample, with a
step size of 50 pm. The mean T; from the 10BA map is 1.4306 ms and it is 1.6895 ms for
the NIDgy. The standard deviation is 0.0241 ms. Whereas the standard deviation is 0.0613 ms
for the 10BA sample. The 10BB samples have more inhomogeneity in spin-lattice relaxation,
which might hint at the lattice structure and the local environment might not be as uniform

as the NIDg, sample.

The images show that the mean T; of the NIDgs is much higher than the T; in sample 10BA.
This result shows a positive correlation, that states that the higher T; the easier to breach the
masing threshold, between the T} and the maser threshold. The T; map of the NIDg, is shown
in Figure 4.30, and the T; map of the 10BA is shown in Figure 4.31.

From the mapping, the 10BA samples have a lower T time compared to the NIDgs,
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Figure 4.31: The plots show the T; lifetime imaging of 10BA sample. The X and Y are the
steps. The step size is 100 pm.
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Figure 4.32: The plots show the CW-ODMR of the sample 10BB at 532 nm excitation and
with various optical power.

4.4 ODMR

ODMR experiments are conducted for each diamond sample to study the fine structure interac-
tion between the transverse spins that are related to local stresses and strains [143] [144]. For a
zero-field ODMR of NV~ centre in a diamond, there should be a dip at 2.87 GHZ, correspond-
ing to the zero-field splitting due to the resonant absorption. The zero-field ODMR results
shown all exhibit two dips split around 2.87 GHZ. This might be caused by the local strain.
In the 10BB and 10BA samples, the peaks are separated by about 2.95 MHz and 4.32 MHz
respectively. This suggests that the 10BB sample has lower interaction. Figure 4.32 shows the
CW-ODMR spectrum of various optical pump powers on sample 10BB. The contrast of the
dips depends on the pump power, but the linewidth does not change significantly. A higher
optical pump power leads to a lower contrast of the resonant dips. By inspecting the shape of
the dip, there are two sub-dips that can just be resolved. According to the NV~ Hamiltonian,

these sub-dips might be due to the nuclear hyperfine interaction of I=1 nuclear, such as N4,

Figure 4.33 shows the CW-ODMR with a magnetic field aligned to the <111> axis, where
there are four dips with a 1:3:3:1 intensity ratio at 4 mW. Figure 4.34 demonstrates the pulsed-
ODMR spectrum of 10BB at 4 mW, it is clear that the linewidth is much narrower than the
CW-ODMR as expected.
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Figure 4.33: The plots show the CW-ODMR of the sample 10BB at 532 nm excitation and
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Figure 4.34: The plots show the pulsed-ODMR of the sample 10BA at 532 nm excitation.
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4.5 Conclusion

Using various techniques and analytical methods for the optical characterisation of the diamond
samples and combining the maser results, the conclusion is that two samples that can mase:
the D09 diamond has a high NV concentration, as well as a high proportion of NV~ which is
more than the NV°. Furthermore, the D09 sample is isotopically pure, thus the Ty decoherence
time is minimised. This is the key for it to mase. The NIDgyy can also mase, owing to a large

volume, despite the low NV~ proportion.

The main feature here is that the diamond sample is a cube, so it has more NV centre inside
the volume that is optically excited. In addition, the T; measurements are longer than the
counterpart. The key parameters are the filling factor and the total number of NV centre. On
the other hand, both 10BB and 10BA fail to mase. The key issues are the NV concentration
and the size. The two samples are similar in shape and size to the D09 sample but the NV
concentration is much lower. Needless to say, the coherence time should be much lower than
D09, and the NV~ proportion is also lower than D09. The thesis predicts that the optimal
diamond sample will take advantage of both the isotopically pure and high NV concentration

and high NV~ proportion in D09, and the large cubic shape of the NIDs.

The thesis demonstrates the blind determination of lifetime components in diamonds, based
on a random search method and phasor transformation. The method extracts the lifetime
components that are similar to the least-square method for each pixel. This method can be

used with the least-square method to ensure the results.

Applying deep learning to reconstruct fluorescence imaging of diamonds have been demon-
strated as a fitless method that produces high-contrast images that show the relative proportion
and the distribution of defects in diamonds without the need for a model and the predefined
number of lifetime components. Each reconstruction and inference is fast compared to the
least-square and the blind determination methods. In addition, this will lower the difficulty
and human bias, as it is trained using a large amount of data containing various defects to
discover the data pattern without a human predefined fitting model, such as the bi-exponential
used in the least-square method. More importantly, the deep learning method has a higher

accuracy and more reliable than the other methods.
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Chapter 5

Modelling Methods and Simulations

This chapter presents the modelling of threshold conditions of room-temperature diamond
masers, as well as ODMR and the spin dynamics of NV~ using 7-level extended rate equations.

The results agree with recent experimental results.

5.1 Extended rate equations simulation of spin dynamics

and ODMR of NV~

The results of this chapter formed the basis of an article published in the Journal of Applied
Physics [3]. The populations of the electronic energy levels of the NV~ can be described by
a 7-level model. The spin dynamics of different states under an optical pumping and a MW
pumping on NV spin defects are described by the rate equations based on the 7-level model
and the semi-classical optical Bloch equations describing the spin dynamics of the 7-level model

interacting with the laser and the MW fields [145].

A laser pumps the population from level 1, level 2, and level 3 to level 4, level 5, and level
6 with the same rate, ;. Level 1 corresponds to the m = 0 state, and level 2 and level 3
correspond to the m = -1 and m = +1 respectively. The population then decays back to the
corresponding levels with decay rates, k41, k52, and kg3. The population in the excited levels
also decays to the singlet state, level 7 with a rate, k47, K57, and kg7. The population of level

5 and level 6 is much more likely to cross to the singlet state, level 7. Figure 5.1 shows the
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energy level diagram. The population in level 7 decays back to level 1 with a rate, k7;, and
to level 2 and level 3 with a rate, k79 and kr3. Furthermore, the population in level 1, level
2, and level 3 are roughly equal at room temperature in thermal equilibrium, due to the small
energy differences between each level. Any polarisation will be depolarised at the longitudinal
relaxation rate, ko;. The MW pumping is determined by the MW Rabi frequency (2,,. The

rate equations are expressed in terms of density matrices.

p=Mp

P1
P2
P3
P4
Ps
Pe
P
P12
P="1pa
P13
P31
P14
P41
P25
P52
Pe3

P36

1\/Ill 1\/112
M21 M22

where Mj; is the sub-matrix of M. The Mj; is the 7x7 population sub-matrix, describing the
spin dynamics of the 7-level model. The M5 and My, are the population-coupling, 7x10 and
10x7, sub-matrices that describe the coupling of the laser field and the MW field with the 7-

level model. The My, is the coherence sub-matrix that describes the coherence of the coupled
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fields.
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The Mao can be further split into A and B.
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where p is the time derivatives of the level matrix p and its elements p; represents the population

in level i. M is the rate matrix.
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Figure 5.1: This diagram shows the energy levels, decay rate and pumping rate of the 7-level
model.

The assumption is that the coherences and the Rabi frequencies are all real. The rates are:

kg1 = 65.9 MHz, k50 = 65.9 MHz, kg3 = 65.9 MHz, k57 = 53.3 MHz, kg7 = 53.3 MHz, k47 =
7.9 MHz, k71 = 0.98 MHz, k72 = 0.73 MHz, k73 = 0.73 MHz, k91 = 0.17 kHz [1], ~,, is the
dephasing of the MW coupled spin states, 7; is the decoherence of the laser coupled states,
A_,, =w_1 — wy, is the detuning of the MW pump from the m=-1 state, Aym = w1 — w,, is

the detuning of the MW pump from the m=+1 state and A, is the detuning of the laser.

From Figure 5.2, the spin in the m=0 is preferably polarised under a laser excitation. It
saturates at around 71%. The higher the pumping rate the quicker the saturation is reached.
The saturation level is reduced as more population is pumped into the singlet state. Figure 5.2

(b) shows the spin dynamics and saturation at different pump powers.

MW pulse at 2.87 GHz can drive the population oscillation between the m=0 m==+1 states,
shown in Figure 5.3. A 7 pulse pumps all the population from the polarised m=0 state to the
m==+1 state. The duration of the 7 pulse is 7/€2,,. The intensity of fluorescence is r41p4 +
ks2p5+Ke3ps. The CW-ODMR spectrum is simulated under continuous MW and laser pumping,
as shown in Figure 5.4 (a). The higher the MW power the broader the linewidth, shown in
Figure 5.4 (b). On the other hand, high high-powered laser will reduce the linewidth, as shown
in Figure 5.4 (c). The spectral profile of the CW-ODMR is predominantly Lorentzian. The

laser-narrowed profile, Figure 5.4 (c), has the least narrow linewidth at around 1.22 MHz and it
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Figure 5.2: (a) Optical pumping of the 7-level system.
This diagram showing that under a optical pumping at ;=1 MHz, the m=0 is polarised to
about 71% of the total population after 30 us of laser excitation. (b) This diagram shows
the optical polarisation under various laser rates. The higher the laser rate, the quicker the
saturation is reached, and the long-lived singlet state is more populated.

is Lorenzian. In contrast, the inhomogeneous broadening spectral dip, which is the combination
of 5 sub-species experiencing a range of different magnetic fields, is more Gaussian-like. When a
magnetic field is applied, there are two dips observed. Figure 5.4 (d) shows the inhomogeneous
broadening of the CW-ODMR spectrum. Figure 5.5 (a) shows the CW-ODMR under a static
magnetic field. In Figure 5.5 (b), the MW power increases so that the spectrum is broadened.
In pulsed ODMR, shown in Figure 5.5 (¢) and 5.5 (d), a laser pulse is applied to polarise the
m=0, then an MW = pulse pumps the population to the m = +1 states and a final optical
readout by a short laser pulse. The pulsed ODMR almost eliminates the MW power-broadening
effect. The linewidth, which is 3.06 MHz, is narrower than the CW-ODMR, which is 6.39 MHz.
The oscillatory feature in the fluorescence intensity is due to the Rabi oscillation of the detuned

MW pumping pulse.
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Figure 5.3: This diagram showing the population oscillates between the m=0 and m==1 states

when the €2,,,=4 MHz and the dephasing ~,, is zero. The 7 pulse has a duration, 7., of 786 ns
which agrees with 7, = 7/Q,,.
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Figure 5.4: (a) This diagram showing the CW-ODMR spectrum when the ,,=4 MHz, ;=1
MHz without any magnetic field. The spectrum is fitted using a Voigt function. The spectrum
is almost a Lorentzian. The linewidth is about 6.39 MHz. (b) This diagram shows the MW
power broadening of the CW-ODMR spectrum when the €2,,=12 MHz, ;=1 MHz without any
magnetic field. The spectrum is fitted using a Voigt function. The broadened spectrum is more
Gaussian. (c) This diagram showing the CW-ODMR spectrum when the ,,=4 MHz, ;=4
MHz without any magnetic field. The spectrum is fitted using a Voigt function. The linewidth
is narrower and the Lorentzian is more significant. (d) This diagram shows the inhomogeneous
broadening of the power broadened CW-ODMR spectrum when the ,,=12 MHz, ;=1 MHz.
The spectrum is the combination of five NV centres sub-species that experience a slightly
different magnetic field. The spectrum is fitted using a Voigt function. The broadened spectrum
is more Gaussian.
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Figure 5.5: (a) This diagram showing the CW-ODMR spectrum when the Q,,—4 MHz, ;=1
MHz. The magnetic field is 0.5 mT. The spectrum is fitted using two Voigt functions. (b) This
diagram shows the MW power broadening of the CW-ODMR spectrum when the €2,,=12 MHz,
;=1 MHz. The magnetic field is 0.5 mT. The spectrum is fitted using two Voigt functions. (c)
This diagram showing the pulsed ODMR spectrum when the system is polaried by €2,=1 MHz
laser for 100 us, then a m pulse, €2,,,=4 MHz, for 0.786 us, without any magnetic field, and a
final readout by a €2;=1 MHz laser for 10 us. The spectrum is fitted using a Voigt function.
The spectrum is almost a Lorentzian. The linewidth is about 3.06 MHz. (d) This diagram
shows the pulsed ODMR spectrum when the system is polarised by €2;=1 MHz laser for 100
us, then a w pulse, §2,,=4 MHz, for 0.786 us, with a 0.5 mT magnetic field, and a final readout
by a ;=1 MHz laser for 10 us. The spectrum is fitted using a Voigt function. The spectrum
is almost a Lorentzian. The linewidth is about 3.06 MHz.
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5.2 Exploring the Spin Dynamics of a Room-Temperature

Diamond Maser using an Extended Rate Equation Model

This section was the basis of a recent publication [11].

5.2.1 Introduction

Due to their long spin relaxation times, negatively-charged nitrogen-vacancy defect centres
(NV7) in diamonds [146, 115] have been widely used as a room-temperature material for quan-
tum metrology [147, 148, 149|, communications [150| and quantum information processing
[151, 152, 153]. Recently, their use has been extended to the microwave analogue of lasers,
known as masers, by placing NV-enriched diamonds into dielectric resonators and enclosing
the system in a copper cavity[2]. Although masers are unmatched for low-noise microwave
amplification, their use has historically been limited to niche applications in deep space com-
munications and radio astronomy due to the need for high vacuum and cryogenic temperatures
required to allow them to operate. The demonstration of room-temperature masers based on
organic [10, 154, 42| and inorganic [8, 2, 155, 156, 157| gain media thus opens up a path to the
widespread use of masers as ultra-low noise microwave amplifiers, which in addition to existing
applications in radio astronomy and communications technology are of increasing interest for
the low-power microwave signal processing essential to many quantum technologies [158]. In
this latter regard, masers may offer an advantage over Josephson parametric amplifiers, which

have a limited dynamic range and are easily saturated compared to masers [159].

The NV~ defect is a S = 1 spin centre that can be described using a 7-level Hamiltonian
consisting of a ground-state triplet, an excited-state triplet and an intermediate singlet state.
NV~ defects can be photoexcited to the excited state triplet using laser pulses with wavelengths
at or below 637 nm, from which they may relax either through a spin-conserving radiative decay
or through a spin-selective non-radiative decay whose net effect is to preferentially transfer
electrons from the excited m, = +1 states to the my = 0 ground state via the intermediate
singlet state, as seen in Fig. 5.6. These spin-selective transitions mean that NV~ centres can
be optically controlled and read out. The NV~ defect exhibits a long T} spin-lattice relaxation

time (up to 6 ms [160]) and 75 spin-spin relaxation time (0.6 ms for diamonds that with a
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Figure 5.6: This NV~ energy level diagram indicating pumping and decay rates of the 7-level
model with excited phonon bands shown by the grey area in levels [4), |5) and |6). Here, the
green dashed line represents the energy of the excitation wavelength (532 nm, 2.33 V) promot-
ing population to the phonon bands, whereas the green solid line is the transition represented
by the pump strength ;. Decay rates are indicated by x;; (the values for these rates used to
generate our results are provided in Table 1) for the decay from the initial electronic state i to
the new state j, yhB is the Zeeman splitting, W, and Wy, is the stimulated emission rate and
the spontaneous emission rate. Non-radiative decays are also shown to, and from, |7) where
the bold line denotes the faster decay rate. Reproduced from AIP Publishing [3].
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Table 5.1: Transition rates used to describe the time evolution of the ensemble of NV~ centres in
a cavity to produce the results presented in Figures 3-8. The values are based on experimental
results from Ref. [1].

Parameters ~ Values (MHz)

Ry41=—K52 —Kg3 65.9

R57—HKg7 53.3

Rq7 7.9

K71 0.98

K79 —R73 0.73
K91 —K23 4.4)(10_4

natural abundance of *C and an NV concentration of 3 x 10'* ecm~2, though this may be
extended to 1.8 ms in isotopically purified *C diamond at lower NV concentrations [111][161])
at room temperature. It is these properties that allow an ensemble of NV~ defects placed in a
dielectric resonator cavity in an applied magnetic field to be used as a gain medium for a room-
temperature maser, as well as for lasers [162|. The threshold laser power with which an NV
ensemble must be pumped to allow steady-state masing is proportional to (77 (C'—1))~!, so that
it depends on the spin-lattice relaxation time and a figure of merit known as the cooperativity
C, defined as [2]:

C = 4¢°N/(Kcks) (5.1)

where ¢ is the spin-photon coupling strength between each active NV~ spin and the cavity
field, N is the number of NV~ spins for which the masing transition between the m, = 0 and
ms = —1 ground state sub-levels is resonant with the cavity (for a field aligned with one of the
four possible directions of the NV axis, this corresponds to 1 in 12 NV spins, since in general
only one of the three N hyperfine transitions will be resonant with the cavity), k. = w/Q
is cavity loss rate, w is the resonant frequency of the cavity, QQ is the quality factor of the
resonator, Kk, is the dephasing rate of the spins [2]|. The cooperativity measures the ratio of the
coupling effect of NV spins and the combined decoherence rates and by inspecting the expression
for the threshold laser pump power, it can be seen that masing requires the cooperativity to be
larger than one. To achieve this, we can either increase the coupling by having a smaller mode
volume or more NV~ spins or a higher ) factor to reduce the decoherence rate. The copper
cavity in which the diamond and resonator are enclosed acts as a shield that reduces radiation

losses, increasing the quality factor () and hence the cooperativity.

146



Despite impressive experimental demonstrations and characterisation of room-temperature di-
amond masers |2, 156, 157|, certain challenges for the widespread adoption of diamond masers
have been identified spanning materials challenges such as making diamond gain medium with
sufficient amount of photostable NV~ centres under optical excitation as well as engineering
challenges such as applying a highly homogeneous external magnetic field in alignment with
NV~ axes [149] and improving the cavity Q factor. This has led to efforts to better understand
the material and device parameter space which diamond masers inhabit, typically through mod-
elling of spin dynamics with semiclassical rate equations. Here we use rate equation simulations
to investigate how maser performance depends on the properties of the diamond gain medium

and the dielectric resonator.

The model is extended beyond the standard first-order rate equations sometimes used to model
the photophysics of NV~ centres [155, 145] to a system of coupled equations that incorporate
the number of photons in the cavity through second-order terms. The extended second-order
rate equations incorporate the number of photons in the cavity and allow the time-evolution
of the populations of NV~ centres in different energy states and the photon number to be
simulated explicitly. The rate equations are employed to model the spin-dependent electronic
population dynamics of the NV~ centres under optical pumping at a wavelength of 532 nm.
The results show masing dynamics with various parameters such as the Q factor of the cavity
and the mode volume of the resonator. Throughout this section, “Q factor” will be taken to
refer to the loaded Q factor of the combined resonator-cavity system. As well as aiding the
design of room-temperature diamond masers, the extended rate equations presented will be
useful for describing microwave mode-cooling devices [163] and quantum heat engines based on

NV~ centres in diamond [1].

5.2.2 Theoretical model

The population dynamics of the electronic energy levels of the NV~ are described using the
7-level model in Fig. 5.6, where levels |1) and |4) correspond to the mg = 0 states, and levels
|2}, |5) and |3}, |6) correspond to the my = —1 and mg = +1 respectively. The spin dynamics of
different states under an optical excitation on NV~ spin defects are described by rate equations
based on a 7-level model and an extended Bloch equation formalism [145, 164]. We model the

excitation of NVs with a laser to create a population inversion in diamond masers as an optical
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pump from the ground-state sublevels |1), |2) and |3) respectively to the excited-state sublevels
|4), |5) and |6) the rate at which N'Vs are excited by the laser is parametrised by the optical
pump rate, defined as

O, = EDy;/h (5.2)

where £ is the electric field of the laser and Dj; is the dipole moment of the induced transition
between level |i) and level |j), such as the ground triplet states and the excited triplets. In
general, the transition dipole moment for the NV~ centres is sensitive to local strain in the
diamond lattice and is, therefore, sample dependent. In this section, we use a dipole moment of
1.73 x 107*° C-m, estimated from a fluorescence lifetime of 13 ns [165]. A shorter fluorescence
lifetime will have a higher dipole moment. The electric field amplitude is determined by the laser
pump power available at the NV~ centres with respect to the absorption dipole direction, laser
polarisation and laser spot size. In diamond masers demonstrated to date, a laser of wavelength
532 nm is used to excite the NV~ spin defects from the ground state sub-levels (|1), |2) and
|3)) to an excited phonon band shown as a grey band in Figure 5.6. They subsequently relax
nonradiatively to the excited sub-levels |4), |5) and |6). Since the phonon relaxation is generally
fast compared to the optical pump rate, the off-resonant pumping is modelled using a common
pump rate determined by the optical pump strength €2y for these transitions. From the excited
states, the NV~ centres can either decay radiatively through spin-conserving fluorescence at a
wavelength of 637 nm (indicated by red lines with respective decay rates) or non-radiatively
via spin-selective intersystem crossing, passing through the spin singlet |7). The decays from

excited states to lower energy states |i) — |j) have corresponding rates r;;.

Since k57, Ker > ka7, NVs in the |5) and |6) states are much more likely to decay to the
intermediate singlet state |7) than those excited to the |[4) state and the net result of optically
pumping the system is to preferentially fill level |1). In a magnetic field applied along an NV axis
whose magnitude exceeds the ground-state level anticrossing point at 102.5 mT, the m; = —1
sub-level (|2)) is shifted below |1) so that filling |1) entails a population inversion, as required
for masing. For such a population inversion to be maintained the optical pumping must fill the
|1) state faster than the longitudinal relaxation rate, ko1, with which the NV ensemble tends
towards thermal equilibrium (for which at room temperature the populations of levels |1), |2)

and |3) are roughly equal).

The rate equations used to generate the results can be derived by taking the matrix elements
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of the Hamiltonian and the density matrix and using them to form von Neumann equations
of motion, which give the unitary evolution of the 7-level system. The decay rates between
the levels are phenomenologically added in diagonal terms [164], representing the populations,
whereas the dephasing terms are added in the non-diagonal terms, representing the coherences.
The photon number is treated as a second-order rate equation that depends on the number of
thermal photons, and the spontaneous and stimulated transition rates. The operating frequency
of the maser is the same as the resonant frequency of the cavity. The rate equations thus form
equations of motion for density matrix elements expressed with respect to a 7-level Hamiltonian

of the form

7

H=> Eiliy(i|+hQ Y (|i){i+ 3]+ |i + 3) (i) (5.3)

i=1 i=1,2,3
where E; is the energy of the ith level, h is the Planck constant, |i) denotes the ith state of
the NV~ centres (as in Fig. 5.6). Photons are treated phenomenologically by the addition of
a photon term included in the rate equations (see Appendix for further details). Using rates
reported in Ref.[1], the equations of motion were solved numerically using an implicit Runge-
Kutta method with a backward differentiation method [166, 167] to simulate the time evolution

of a diamond maser.

5.2.3 Maser simulation

The 7-level rate equations can be used to predict masing operation when a magnetic field shifts
the my, = —1 state (|2)) below the m, = 0 state (|1)). When optical pumping is employed to
create a population inversion between states (|1)) and (|2)), the NVs will transition between
these states to restore thermal equilibrium via spin-lattice relaxation (at a rate k1) and via the
absorption and spontaneous and stimulated emission of MW photons. For microwave-frequency
transitions, the spin-lattice relaxation rate, on the order of 10* Hz, is much higher than the
spontaneous emission rate in free space, which is on the order of 107!* Hz [168]. Hence the
spins preferentially relax by transferring energy to the lattice. The spontaneous emission rate
is described using Einstein coefficients A and B, which phenomenologically describe the rate
of the spontaneous and stimulated emission processes and can be boosted through the Purcell

effect depending on the cavity Q-factor.
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The transition rate from one state i to another state j is determined[169| by the magnetic
dipole matrix element of the corresponding two states, Dy; = (j|H - S|i), where H is the MW

magnetic field and S is the spin vector, and the density of states of the electromagnetic field,
Dj;[°p(w)
h

the matrix element is replaced by o;;, which denotes a matrix element for the spin transition, so

p(w) as W . The magnetic field is approximated as a classical perturbation so that
its square-modulus is proportional to a transition probability, and the dipole matrix element is
(H(j|S|i))? = (Ho;;)?. When the NV ensemble is placed in a cavity, the density of microwave
photon states at the masing frequency is altered with respect to its free-space value, causing a
proportionate shift in the spontaneous and stimulated emission rates for the maser transition.
. . . 3¢ .
This change in these rates is equal to the Purcell factor, F = ———————, where c is the speed
2nw3nd, Vi,
of light, w is the cavity resonance frequency, V,, is the mode volume and n,. is the refractive

index in the cavity[168]. To enhance the spontaneous emission rate for a given frequency, a

high Q factor and a small mode volume are thus required.

In the masing simulation, the initial photon number in the cavity is determined by the thermal
photon number at thermal equilibrium, ny, = (¢"/¥27 — 1)~!. There is no external microwave
input. At 9.22 GHz and room temperature, ny, ~ 635 and these initial MW photons are able

to be absorbed or trigger stimulated emission.

The stimulated emission rate per intracavity photon is given at resonance by [15, 163|:

m(gps)? poTywn
_ A4
Wee ="t v, (54)

where the filling factor  and the mode volume V,,, are respectively defined by
T] — fSamPle |H’2dv (5 5)
Jstode HIPAV
| H[2dV
vV, = M (5.6)
|HMaz|

The higher the filling factor, the more strongly the sample interacts with the cavity mode. The
numerator of the mode volume is integrated over the entire copper cavity volume, including
the dielectric resonator.

For the results presented in the following section, the parameters from Table 5.1 and Table
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Table 5.2: Variable parameters used in the rate equations to describe the time evolution of
the ensemble of NV~ centres in a cavity. The number of available NV~ the maser frequency,
w, the dephasing time, T3 and the @ factor is from [2|. The V}, and n are obtained in a CST
MICROWAVE STUDIO simulation. The A; is the detuning in frequency between the 532 nm
excitation laser and the zero phonon line at 637 nm and €2 is the estimated pump strength at
400 mW of excitation power.

Parameters Values
N 4x 1013
w 2% 9.22 GHz
T 0.5 s
Vin 0.25 cm?
Q 30,000
n 0.05
B 432 mT
A 92.89 THz
Qr 1150.7 MHz

5.2 are used. The finite-element software CST MICROWAVE STUDIO is used to estimate the
mode volume and the filling factor, using equations (5) and (6). In the CST MICROWAVE
STUDIO simulation, we model a system similar to that used to demonstrate masing from an
NV-enriched diamond sample with a resonant frequency of 9.22 GHz, employing a sapphire
resonator with an inner diameter of 5 mm, an outer diameter of 10 mm and a height of 6 mm
on a sapphire post of 12 mm high and enclosed in a copper cavity with an inner diameter of
31 mm and a height of 30 mm. The dielectric constant of the sapphire was set to 9.4, the
loss tangent to 8 x 107¢ [62]. The dielectric constant e determines the size of the resonator
and the mode volume (with V,, o 1/€/2 while the loss tangent affects the Q factor. Dielectric
materials with a high dielectric constant and a small loss tangent are favorable, as this increases
the Purcell factor. The energy density of the magnetic field of the TEy;5; mode of the cavity is
shown in Figure 5.7. The Wy, is approximately 1.98x107% s7!. The spontaneous rate is given

by [15]:

3 2
_ How (91B)
W = o — (5.7)

At 9.22 GHz, the spontaneous emission rate is about 1.57 x 107!2 s7!, which is much slower

than the stimulated transition rate and the spin relaxation rate.

The optical pumping strength, €27, is 1150.7 MHz, which corresponds to 400 mW of optical

power. The initial populations of the NV energy levels are set by the Boltzmann distribution,
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Figure 5.7: The energy density of the magnetic field of the TEj;s mode of a cylindrical copper
cavity simulated using CST MICROWAVE STUDIO. The solid white outlines show the bound-
aries of a sapphire resonator and post and the dashed white outlines the inner boundaries. The
walls of the copper cavity are shown as the enclosure that bounds the image. Reproduced from

AIP Publishing [3].
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Figure 5.8: The steady-state number of photons as a function of the cavity Q factor. The
photon number shows threshold behaviour with respect to the () factor, with the onset of
masing at around ) = 29000 for the parameters listed in Table 5.1. The inset shows the onset
on a logarithmic scale. Reproduced from AIP Publishing (3]

~Ei/ksT where kp is the Boltzmann

with each state filled with a population proportional to e
constant, T is the temperature and E; the energy of the |i) state. The initial number of MW
photons is (/%37 — 1)~! with w is the frequency of the cavity field and maser output, equal

to the frequency of the transition between |1) and |2).

Looking at the intracavity photon number as a function of the cavity Q-factor (Figure 5.8),
with other parameters fixed, it is possible to identify a masing threshold as the point where the
number of photons in the cavity is an order of magnitude greater than the thermal population.
The maser output power, in Watts, can be estimated using nhw?/Q,,, where w is the operating
maser frequency, n is the intracavity photon number (of order 105 when the maser is just
above threshold) and @,, = 1/(1/Q; — 1/Q.), where @Q; and @, are the loaded and unloaded
Q factors, is the contribution of the diamond to the loaded Q factor. For realistic values of
@; = 30,000 and @, = 50,000 the maser output is thus around 0.5 pW, or -93 dBm. By

incorporating the loaded and unloaded Q factors, the output coupling efficiency of the system
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Figure 5.9: The steady-state number of photons as a function of the optical pump power. For
the parameters listed in Table 5.1, the threshold pump power is about 370 mW. Reproduced
from AIP Publishing [3].
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Figure 5.11: The steady-state microwave photon number as a function of the optical pump
strength and the loaded cavity Q factor. It is possible to identify a masing action regime, a
no masing regime and an intermediate “incipient masing” regime in which stimulated emission
dominates spontaneous emission, but the maser cannot achieve self-sustaining oscillations. At
all pump strengths, the photon number increases monotonically with the Q-factor as expected.
Reproduced from AIP Publishing [3]
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Figure 5.12: The log gradient map of Figure 5.11 shows the incipient masing regime, where the
increase of number of photons with respect to the change in Q factor and the pump power is
significant, on the order of 1 or more, the number of photons is moderate. In the no masing
regime on the bottom and left, both the number of photons and the log gradient is low. In the
masing regime on the top right, the number of photons is high but the log gradient is low.
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H No masing Incipient masing Masing action H

Logarithm gradient Low High Low
Number of photons Low Moderate High

Table 5.3: Definition of the three masing regimes using the number of photons and the logarithm
gradient.

is already taken into account so this can be directly compared to data from [2], which measured
an output power of -90 dBm. With a lower Q factor, the number of photons will be closer
to the thermal photon number, suppressing any maser action. As the Q factor increases, the
number of cavity photons also increases until at a certain threshold Q factor, the number of
photons increases significantly. Beyond this point, the photon emission rate is higher than the
cavity decay rate, thus, the number of photons in the cavity is stable at a level significantly
higher than the thermal photon background and will not decay away since in this case emission
is predominantly stimulated and balanced by absorption at the same rate. In Figure 5.9, the
performance of the maser at different optical pump powers is studied at a fixed @ factor of
30,000. For the parameters employed, the maser starts to operate above a threshold pump
power of 370 mW. Despite using different diamond material parameters, the threshold Q factor
and the threshold pump power are similar to those from recent experimental results reported

in [157].

The threshold behaviour with respect to the mode volume, which is inversely proportional to
the Purcell factor and the cooperativity, is shown in Figure 5.10. As expected, smaller mode
volumes increase the number of masing photons in the cavity. For the parameters in Tables 1

and 2, the threshold is roughly at 0.27 cm?, and for larger mode volumes masing cannot occur.

Figure 5.11 shows the contour map of the number of photons as a function of the optical pump
power and the Q) factor. The dark blue region shows that the masing effect does not occur due
to the high losses and low pump power. The second region, in dark green, shows the “incipient
masing” region, where stimulated emission starts to build up and the number of photons is
higher than the number of thermal photons. In addition, the logarithm gradient is large, more
than 1. In this region, an external MW signal fed into the maser would be amplified but the
maser cannot be run as an oscillator. The maser is in operation in the light green region, where

stimulated emission is maintained and the device can undergo self-sustaining maser oscillations.
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Figure 5.12 shows the same map but shows the log gradient of the number of photons with
respect to both the change in the Q factor and the pump power. It maps out the region that
the number of photons change dramatically with respect to the change in both the Q factor and
the pump power in the phase diagram. It outlines the masing threshold, which is defined as a
significant increase in a number of photons, and the width of the region represents the incipient
masing regime. In both the no masing and masing regime, the log gradient is small, but the
number of photons is negligible in the no masing regime and is maintained at a high level in
the masing regime. In the incipient masing regime, the increase is more significant towards
the high pump power low  factor end, whereas, the increase in photon is much smoother and
smaller in the high Q factor low pump power end. This might suggest that a low Q factor

maser with high enough pump power is beneficial for a maser amplifier.

The number of intracavity photons is shown as a function of the gain medium filling factor,
defined in equation (5.5), in Figure 5.13, again displaying a clear threshold for masing. The
results show that the threshold is about 0.03, beyond which the number of photons maintained
in the cavity significantly increases beyond the thermal population. The number of cavity

photons increases monotonically as the filling factor approaches unity.

It is assumed that the number of NV~ centres is constant during masing. This is reasonable
for pump powers around the masing thresholds observed since these are low enough that the
ionisation and recombination of NV centres due to laser excitation is expected to be weak
[170, 162|. Similarly, all the rates are assumed to be constant, neglecting any heating which
will lead to a reduction in 7} time [157] as well as the T» time [171]. Both of these spin lifetimes
vary with temperature as 7°, though the Ty lifetime caused by the field inhomogeneity is
only very weakly dependent on temperature [171|. The zero-field splitting is also temperature
dependent [172], but since this effect is weak (cooling from room temperature to 4 K, causes
a change of less than 1% in the zero-field splitting) it is ignored in this model. All these
temperature effects will tend to broaden the maser linewidth. Recent work has shown that
the high power rate will significantly increase the temperature, especially the T} time, which
makes maser action impossible [157] by affecting the ability of the gain medium to maintain a
population inversion. It would be interesting to develop the rate equation approach presented
here to include such effects, though they are expected to lead only to small changes in the

predicted thresholds.
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A further interesting extension to this rate equation model would be to explicitly model the
effect of NV concentration on the spin lifetimes. To first order, changes in the NV~ concen-
tration do not affect the cooperativity since the spin decay rate kg is proportional to the NV~
concentration|[173| so that the factor of N/k, in the cooperativity is constant. However, the
concentration of NV~ in diamond samples depends not just on the concentration of nitrogen im-
purities but on the efficiency with which such impurities can be converted to nitrogen-vacancy
centres. The relative populations of the two possible charge states (NV~ and NV?), each of
which can have an independent effect on the spin decay rate, implies the cooperativity is not
independent of the [NV~] for real systems. The ratio of NV: NV~ is typically|2] around 14:1,
but a ratio of 6.95:1 has been reported for an optimised system|174]. It is also important to note
that the diamond sample can have spatially varying concentrations. Finally, we expect a higher
concentration to lead to increased self-absorption [175], which is not taken into account in this
model but will again tend to increase the threshold pump power by increasing the effective

cavity decay rate.

Since the uniformity of applied magnetic fields is a key barrier to the miniaturisation of diamond
masers, an important question is how field inhomogeneity affects the masing thresholds. The
homogeneous linewidth of the NV~ resonance is about 1 MHz [176] and in these simulations,
it is assumed that the spatial inhomogeneity of the applied magnetic field over the volume
of the diamond is small enough that the resulting Zeeman shifts are within the homogeneous
linewidths of the NV~ centres. For an intrinsic linewidth of 1 MHz, this means the field
inhomogeneity should be < 0.03 mT. For experimental systems, smaller field inhomogeneity
increases the number of NV spins in resonance with the cavity, increasing the cooperativity and

reducing the pumping threshold.

5.2.4 Conclusion

Rate equations extended to second-order to incorporate the intracavity photon number and
coherences between different NV energy states have been used to simulate the spin dynamics
of an ensemble of NV~ centres in a diamond-based maser. The model predicts the behaviour
of the maser as a function of material parameters of the gain medium and resonator in good

agreement with recent experimental results [157].
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Cooperativity (and the related Purcell factor) are identified as key quantities which, if increased,
will reduce the threshold pump power for masing. On the one hand, this requires a high Q
factor and a small mode volume, but intrinsic material parameters of the diamond gain media
such as the concentration of NV~ and T3 play a significant role, where a long 75 and more
excited spins, which are determined by the filling factor and the concentration of the sample,
are favourable. Ever higher pump powers will eventually reduce the number of maser photons,
as the populations end up in the singlet state and the population inversion is reduced due to
a kinetic bottleneck leading to the accumulation of NV~ centres in the |7) state, so optimising
the cooperativity to lower the threshold pump power will be important for developing scalable
diamond masers. Alternatively, increasing the transition rate from the |7) state through Purcell
enhancement of a 1042 nm transition between two sub-levels of |7) could thus be a pathway to
higher maser power outputs, though this is beyond the scope of this model. Attention to these

considerations will aid the design of diamond-based masers suitable for mass production.

Additionally, suggested further improvements in the modelling of NV~ ensembles for maser
applications have been suggested. If the NV~ to NV? charge conversion and the effects of
temperature and NV~ concentration on the spin lifetimes are considered, the trade-offs between
maximising the coherence times and increasing output power and cooperativity by maximising
the number of NV~ centres and the pump power will become clearer. Such improvements will
require further experimental input, particularly on the relationship between charge-state ratios

and spin lifetimes.

The method presented here, which computes the time evolution of the maser output explicitly,
will be of particular use for describing the “incipient masing” regime where the stimulated
emission is dominant over the spontaneous emission, but insufficient for self-sustaining maser
oscillation and thus less amenable to solutions based on steady-state considerations. The full
time-dependent response of diamond masers will also be useful for technological applications

where masers are used to amplify arbitrary time-dependent microwave signals.

More broadly, it is anticipated that the model presented in this section will be of use for
improved modelling of other quantum technologies based on ensembles of spin defects, such as
diamond magnetometers [147] and room-temperature masers based on alternative gain media

such as silicon-vacancy defects in SiC [36, 37, 177|.
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Chapter 6

Maser Results

This chapter presents the maser performance using the D09 sample and the NIDy, sample on
the Bruker EPR electromagnet and the D09 sample on the small GMW electromagnet. The
results show promising performance on the small GMW electromagnet, which demonstrates the

miniaturisation of room-temperature diamond maser.

6.1 Diamond based maser

6.1.1 Bruker magnet-based system

The author would like to thank Wern and Daan who helped set up the equipment and the data
taken. The procedure of operating a diamond maser will be placing the diamond samples on
a wedge, with an angle of 45 °, in the resonator and rotating it to meet the alignment along
the <111> axis. The VNA is used to check the resonant frequency of the resonator. The
alignment can be confirmed with EPR measurement, where the high-field and low-field of the
NV centres, which correspond to the parallel components, of the Am, = 41 are separated
maximally about twice the zero-field splitting. These EPR signals can be detected in the VNA
as a wiggle at different magnetic fields when the scanning the magnet field. The *N hyperfine
peaks can be resolved using the VNA. Be aware that the laser excitation will heat up and
the resonance will shift according to the excitation power. This will take 30 to 60 minutes

from ambient temperature to warm up. Once, everything is ready, the output of the maser
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cavity is connected to the spectral analyzer for the observation of the maser signals. Another
important point of the laser is the reflection and transmission of the diamond sample and the
sapphire post. In the experiment, the laser enters from the side so that the angle of incidence
is assumed to be 54.75° which matches the angle of the <111> axis. The refractive index of
the diamond is 2.42 and the refractive index of the sapphire is 1.76. Using Fresnel equations,
an unpolarised light has a transmission of 0.804. Nearly 20% of the power is reflected off the
diamond. For the P-polarised light, the transmission is 0.962 and for the S-poloarised light, the
transmission is 0.645. By using P polarisation, the optical excitation efficiency can be improved.
However, in the experiment, the diamond is roughly rotated to around 45°. In this case, the
transmission is 0.818, which is slightly more transmissive. On the diamond /sapphire interface,
the transmission of the unpolarised light is 0.974, suggesting that most of the excitation power
will travel through the sapphire post. The secondary reflections of the 0.026 reflective power
will be total internal reflections. For 45°  the transmission is 0.976. upon exiting the post to
the air, the transmission is 0.911. The back-reflection transmission to the diamond is about
0.968, which will contribute to the subsequent reflection in the sample. The cavity is made of

copper which has a low reflectance of 532 nm and will scatter almost half of the light.

To enhance the refractive light at the interface, a dielectric material with a lower reflective
index might be used. For example, a quartz post will reflect 0.05 of the power which is double
the reflectance of the sapphire, but the dielectric loss might be higher than sapphire. Overall,
sapphire is preferred for masing action. The transmitted light may reflect at the copper cavity
back to the sample which will contribute again to the masing process. On the other hand, if
the optical excitation comes from the top, the transmission will be 0.825 for unpolarised light
which might bring more light in the sample than the side excitation. The secondary reflection

from the diamond /sapphire interface will be similar to the side excitation.

The maser is demonstrated in the custom design cavity in the Bruker electromagnet. The
system operates at undercoupled due to the small coupling loops. In this thesis, only the NIDg,
sample and the D09 sample managed to mase. Firstly, the NIDgy, sample is used. At 350 mW,
no masing occurred. At 380 mW, masing starts to occur. The accumulated traced over 10 s is
shown in Figure 6.1 (a). The mean power is -95.44 £+ 2.12 dBm and the frequency is 9296.09 +
0.001 MHz. The mean 3 dB width is 0.89 + 0.33 kHz. The 3 dB width is calculated by setting

a threshold that is 3 dB less than the maximum power. Since the signal contains spikes and
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noise that fluctuate more than 3 dB, the calculation of the width is estimating the difference
in frequency between the first time it reaches the threshold and the last time it falls below the

threshold.

Autocorrelation is used to reveal the stability and periodicity of the signal in both the frequency
and the amplitude. Figure 6.1 (b) shows that the amplitude autocorrelation decays rapidly with
noise, while the frequency autocorrelation decays more slowly with a periodic oscillation, where

the period is about 2400 ms.

At 800 mW optical power, the maximum of the middle peak signal is -90.5212 + 0.6598 dBm.
The three hyperfine peaks are clearly shown in the trace, where the separation is about 10
kHz, shown in Figure 6.1 (c). The 3 dB width is wider than the signal at 380 mW. From the
Smith chart, the resonant frequency read from the Sq; is 9.2863 GHz and the FWHM is about
30 kHz, the Q loaded Q factor estimated is about 15200. Figure 6.1 (d) shows the S;; taken
from the VNA. Figure 6.2 shows the distribution plots of the maximum power, 3dB width
and the frequency under various optical pump powers. Figure 6.2 (a) shows a linear relation
of the optical pump power and the maser power up to 800 mW. Maser power is saturated at
about -90 dBm for 800 mW, 1000 mW and 1200 mW. In addition, the saturated power has a
smaller variance than the maser power in the linear regime, or under 800 mW. This behaviour
is predicted by the extended rate equations in the previous chapter. Although the threshold
power is between 350 mW and 380 mW, it takes about 800 mW to achieve a high and stable
performance. The power and the stability will not increase when more excitation power is used.
It is also noticeable that the 3 dB width is considerably wider in the saturation regime, and
the width is very narrow at 380 mW and 400 mW. The masing frequency reduces as the optical
pump power increases. There is a 15 MHz shift in frequency from 1200 mW to 380 mW. The

results of Figure 6.2 are presented in mean values and standard deviations in Table 6.1.

H Optical power (mW) Maximum power (dBm) Frequency (MHz) 3 dB width (kHz) H

380 -95.4442 £+ 2.1151 9296.094 £ 0.001 0.89 = 0.33
400 -92.9702 £+ 2.7024 9295.924 £ 0.001 0.89 = 0.30
600 -91.1732 £+ 0.210 9290.711 £ 0.002 3.5 £28
800 -90.5212 4+ 0.6598 9286.776 £ 0.006 18.2 + 6.0
1000 -91.1109 £ 1.3983 9283.444 £ 0.003 7.3 £ 3.8
1200 -89.9938 + 0.6071 9279.922 +£ 0.008 23.7£6.0

Table 6.1: A summary of maser performance of NIDg, sample in the Bruker electromagnet.
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The D09 sample replaced the NID(2 in the Bruker electromagnet. The sample is excited at 1000
mW. The left peak trace is captured for 10 s and shows 191 traces, Figure 6.3 (a). The mean
maximum power of the three hyperfine peaks are -83.81 + 0.79 dBm,-83.42 4+ 0.51 dBm and
-83.37 £+ 0.74 dBm and the mean frequency is 9657.48 £+ 0.01 MHz, 9657.57 + 0.03 MHz and
9657.64 + 0.01 MHz. The three peaks are separated by about 80 kHz. This is slightly larger
than the expected hyperfine splitting as in [2] due to the large amount of frequency jittering
during the measurement that obscures the frequency spectrum’s precious measurement. The
3 dB width of the signal is about 7.9 4+ 3.2 kHz, which is similar to the 2 dB width of the
NIDgy maser. The higher masing frequency is the result of the smaller cavity used. Figure 6.3
(b) shows the 3D histogram in the frequency-maximum power space. It is shown that there
are two peaks exist in the left peak traces that overlap and are separated by about 20 kHz
it is believed to be the hyperfine splitting of the nitrogen atom similar to [2]. From Figure
6.3 (c), the frequency autocorrelation decays slowly and smoothly, indicating a steady signal
in the frequency domain and small jittering. The frequency of the signal remains correlated
for an extended period of time. On the other hand, amplitude autocorrelation decays rapidly
with noisy fluctuations. Figure 6.3 (d) shows the frequency-maximum power distribution that
illustrates the two peaks that are about 20 kHz apart. The higher frequency peak has a slightly
higher power. At 1000 mW, the D09 diamond maser has higher masing power than the NIDg,
in the Bruker electromagnet. The D09 has almost 4 times the concentration of NV centre, and
the NIDgs, is about three times larger in volume and has a higher filling factor. The D09 sample
is isotopically pure and has a high Ty*.
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6.1.2 GMW based system

The author would like to thank Wern who had constructed and tuned the GMW magnet.
The GMW electromagnet has a much smaller form factor than the Bruker electromagnet.
By comparison, the GMW electromagnet has a weight of about 30 kg, whereas the Bruker
electromagnet has a weight of about 1500 kg. Furthermore, the compact size of the GMW
electromagnet allows it to be fixed on a breadboard no larger than 29 x 20 x 21 c¢m [178|. This
significantly reduces the size and weight of the diamond-based maser. To fit the cavity in the
GMW electromagnet, the size of the copper cavity is reduced from the Bruker cavity, 31 mm
to 29 mm in diameter. The laser source is changed to a smaller 520 nm diode laser, which can
provide up to 1.2 W at 5.0 V. In this section, the laser power is represented in Volt provided
by the USB power port. The diode laser is assumed to be working at a linear regime of the

power-voltage curve.

The smaller cavity will introduce more losses due to the cavity wall, and the small GMW
electromagnet is less stable than the Bruker electromagnet. This led to a jittering signal,
shown in Figure 6.4. The signal is captured at a fixed magnetic field as in the Bruker system.
However, the maser signal jitters during the data acquisition that is shown in Figure 6.4 (a)
which accumulates 329 acquisitions over 10 s, at 4.0 V excitation. The amplitude versus
frequency of the maser signals gives information about the maximum amplitude variation and
the frequency jitter among the signals captured. It shows that, at 4.0 V| there is a bandwidth
of the accumulated traces of about 320 kHz, where the maser signal exists, and the maser signal
quickly drops to the background level at -110 dBm outside the bandwidth. It is believed that
the 330 kHz bandwidth is comparable to the bandwidth of the resonator at a () factor of around
27000. The mean amplitude of the maser signal is -73.6 dBm and the standard deviation of
2.05 dBm. The low-frequency part of the maser is cut off by the resonator. Looking at the
histogram of the maximum power, the distribution is asymmetric with a skewness of -1.79. The
mean frequency is 9637.034 MHz and the standard deviation is 0.042 MHz and a skewness of
1.67. The magnitude of the skewness of the histogram of the amplitude and the frequency is
similar, showing a non-Gaussian distribution. The sign difference indicates the shape of the
distribution is opposite. The middle signals are at the centre of the resonance of the resonator,
without any cutoff, so that the frequency jittering can be estimated to be 210 kHz. The right
peaks have a mean of -73.8 dBm and a standard deviation of 1.97. The skewness is -1.74. The
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mean frequency is 9637.280 MHz and the standard deviation is 0.030 MHz and a skewness
of -0.53. The middle peaks have a mean of -73.075 dBm and a standard deviation of 1.457.
The skewness is -1.38. Focusing on the middle peak, the autocorrelation of the maximum
power and the frequency is estimated. The maximum power autocorrelation quickly drops to
0, and randomly fluctuates between + 0.1 and - 0.1. The amplitude is gradually reduced to
0, and the amplitude is close to zero after 9 s. Whereas, in the frequency autocorrelation,
the autocorrelation drops to 0 quickly and exhibits a periodic oscillation at a period of 2.1 s.
Although the autocorrelation decreases the periodic oscillation is visible even at around 10 s.
There are 4 oscillations that have an amplitude of no less than 0.05, suggesting a significant
correlation. The mean frequency is 9637.219 MHz and the standard deviation is 0.043 MHz

and a skewness of -0.45. The accumulated maser trace is shown in Figure 6.4 and 6.5.

Still, the maser signals jitter and shift constantly to other hyperfine peaks, where the span is
130 kHz, which is more than the span of the hyperfine maser signals in the Bruker system.
It is unable to settle down into one of the hyperfine peaks, as the field is constantly jittering.

However, the maser signal has a higher power at -72 dBm.

At 1.5 V, where the optical power is estimated to be 375 mW. The maser power is reduced to
-77.216 + 1.975 dBm. Further, by reducing the power down to 1.2 V, the spikes related to the
chaotic behaviour disappear and the maser power is down to -85.057 4+ 2.772 dBm. Figure 6.4
(d) shows the maser signal even at 1.2 V. Figure 6.6 shows the autocorrelation at three different
optical excitation power. The autocorrelation is the most uncorrelated, whereas the other two
have a slowly decaying frequency autocorrelation. Compared to the Bruker electromagnet, the
maser on the GMW electromagnet is less stable in frequency. Comparing the frequency and
amplitude instability, the amplitude seems more random and has more variance. Figure 6.7
shows the distribution of the traces in terms of (a) maximum power, (b) 3 dB width and (c)
the frequency under various optical excitation powers. Similarly, it exhibits a linear regime
and a saturated regime at about 2.0 V, which corresponds to about 480 mW. The 3 dB widths
are similar under various excitation power and they are narrow compared to the maser using
the Bruker electromagnet. The mean values and the standard deviations are shown in Table
6.2. The threshold pump power is between 1.1 V and 1.2 V, which is estimated to be 270
mW. The reduction in the threshold pump power is thought to be the high T% due to the

isotopically-enriched sample.
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Figure 6.4: The accumulated maser signals were collected for 10 seconds, containing 325 traces,
on a GMW electromagnet at 4.0 V laser power. (a) the left peak, (b) the middle peak, (c) the
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H Optical power (V) Maximum power (dBm) Frequency (MHz) 3 dB width (kHz) H

1.2 -85.0567 £ 2.7721 9652.563 £ 0.1904 1.4 £0.77
1.5 -77.2159 £+ 1.9748 9650.939 £ 0.072 1.6 £ 1.5
2.0 -76.9404 £ 2.7128 9643.960 £ 0.102 1.7+ 1.1
4.0 -73.0751 £ 1.4568 9637.215 £ 0.071 1.7 £ 2.0
4.8 -73.4077+ 1.4499 9632.050 = 0.069 14 +£1.1

Table 6.2: A summary of maser performance of NIDg, sample in the Bruker electromagnet.
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6.2 Conclusion

This chapter presents the maser results on both the Bruker system and the GMW system. A
quantitative comparison is performed on the D09 sample on the two systems and the Bruker
system using the D09 sample and the NIDg; sample. The expectation is that the Bruker system
will be more stable than the GMW system due to the higher stability of the electromagnet, the
lower cavity loss and the slightly longer excitation wavelength at 532 nm. The result is that at
520 nm, the charge conversion rate from NV~ to NV° might be higher [106], in addition, the
N+ dopant will assist the charge conversion at a shorter wavelength, like 520 nm and 532 nm
[136]. From the experimental results, the jitters are more in the GMW system as expected, but
the maser signal is higher in the GMW system. The maser optical power threshold is below
1.2 V, and the maser chaotic threshold is at about 1.5 V.

Interestingly, by observing the jitter and the frequency shift, the temporal magnetic field sta-
bility can be estimated to be 5 p'T which corresponds to a 140 kHz shift. This result provides
an important hint on the field homogeneity requirement, as the teslameter is limited to around
20uT during the field characterisation. This gives a hint about the homogeneity requirement
of a maser. Further experiments, such as reducing the homogeneity of the electromagnet by
applying a gradient field, might need to be conducted to find the threshold homogeneity. The
standard deviation of the frequency of the maser signal is below 10 kHz in the Bruker electro-
magnet, whereas it is around 100 kHz in the GMW electromagnet. The standard deviation in
the maximum power of the maser signal is comparable, but the Bruker electromagnet is slightly
lower than the GMW electromagnet. The standard deviation in the maximum power is smaller
at higher optical excitation. Despite the fact that the GMW electromagnet is less stable, the
D09 sample has a higher masing power in the GMW electromagnet than the Bruker electro-
magnet. There are a few reasons. The 520 nm laser might be better than the 532 nm under
the same power. The alignment and the coupling of the Bruker electromagnet are difference,
as the width of the maser peak is broader than the GMW electromagnet [178| and the coupling
is in favour of higher power in the GMW electromagnet. It is believed that the maser is best
to operate at the start of the saturation regime so that there is not much gain in masing power
and energy waste when getting a higher power. Furthermore, the maximum power is more
stable at the saturation regime. The linear and saturation regime is also shown in the maser

simulations in Chapter 5, Figure 5.9 which shows a saturation above 800 mW.
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Chapter 7

Conclusion

7.1 Summary of Thesis Achievements

The main goal of this work is to characterise diamond samples for masing and test the per-
formance of the maser based on the diamond samples. This thesis applied various optical
characterisation techniques, using a home-built confocal microscope, to study the samples, in-
cluding fluorescence lifetime, spin-lattice relaxation, and spin-spin relaxation time map of the
diamond samples to reveal the features of the diamonds. CW and Pulsed ODMR are con-
structed to study the spin dynamics and the internal stress of the diamonds. The confocal
microscope is equipped with a continuous wavelength excitation source and detectors. With

this powerful microscope, the important features of the diamonds for maser are identified.

The fluorescence lifetime imaging was applied to the diamond samples that identify the fluo-
rescent defects to be NV~ and NV°. The relative proportion of the defects is quantified and
it is comparable to the EPR method. There are four methods are applied to the fluorescence
lifetime imaging data. The least-square method is used as a conventional method. There
are two methods based on the phasor transform, the first one is the global binning method,
where all pixels follow the same distribution, this method shows some discrepancy with the
least-square method. The second method is the random search method based on the blind
determination. The blind determination method has a different model for a different number

of lifetime components.
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Lastly, this thesis introduces a deep learning model for fluorescence lifetime imaging of dia-
monds. To the best knowledge of the author, this is the first time to implement deep learning
in fluorescence lifetime imaging in diamond and with multiple defects. This method success-
fully reconstructs fluorescence lifetime imaging of the samples that have a higher contrast than
the other method. In addition, this method does not require any fitting and predetermined
assumptions or models. As the deep learning model is trained with many defects and can
determine which defect might be present. Spin-lattice relaxation time imaging of the diamond
samples shows the T, relaxation time and its distribution. This shows that the NIDy, used for
masing has a longer relaxation time than the 10BB sample, which failed to mase. The ODMR
provides a more complimentary picture of the optical characterisation, by showing the split

between the two dips, which gives information about the lattice strain.

An extended rate-equation model is simulated and predicts the threshold of the maser which
is verified by experiments. The model predicts the threshold Q factor, the threshold optical
excitation power, the threshold filling factor and the threshold mode volume. In addition, the
model also plots the map of the Q factor and the optical excitation power to show the region
of no-masing, incipient-masing and the masing regimes. This extended rate-equation model is
specifically used for NV centre maser, but the level and the rates can be redesigned for different

defects that might achieve masing, such as the SiV defects in SiC.

Masers were built and tested using different magnetic field sources, from an EPR electromagnet
to a small bench-top electromagnet, and different samples. The results show that only the NIDg,
and the D09 samples mase, the 10BB and the 10BA do not mase. The thesis also shows that
both the EPR electromagnet and the GMW electromagnet can support the magnetic field for
a maser. However, the GMW electromagnet has a higher threshold, which can be the result of

low field homogeneity and stability.

Magnetic field mapping is performed to characterise the magnetic field of the GMW electro-
magnet, the commercial Halbach array and the in-house-built Halbach array. The mappings
show that the GMW electromagnet has the highest homogeneity, having a teslameter-limited
homogeneity of 46 ppm. As the field difference is similar to the field reading fluctuation in zero-
field and stationary. The commercial Halbach array has a field of 345 mT and a homogeneity
of 870 ppm. The DIY Halhbach, which is only to verify the simulation, has the lowest field at

around 97.4 mT and homogeneity at 7187 ppm. To design a high-performance Halbach array
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that satisfies the high field and high homogeneity, this thesis develops a PSO-based algorithm
to simulate the 3D field profile of Halbach arrays. The algorithm finds a new optimised and
adaptive structure that has a higher homogeneity than the conventional Halbach arrays and

the teslameter-limited homogeneity.

If a Halbach array with a constant field is used and no temporal instability, the spatial field
inhomogeneity should be smaller than 23 T so that the change in the Zeeman shift is within
the linewidth of the resonator. The corresponding field homogeneity is 53 ppm. It is known

that the teslameter-limited homogeneity of the GMW electromagnet of 46 ppm can mase.

The major issue is the construction of such a Halbach array, as it might suffer from mechanical
tolerance and more optimisations are required to assist in building the optimal designs in reality.
The application of such a Halbach array is not limited to masers but can be used in magnetic

resonance imaging and silicon-based quantum computing.

7.2 Future Work

Modelling chaotic masers and extended rate equations

For the simulations work, the author plans to add in more temperature-dependent effects,
such as temperature-dependent T4, from literature or experimental results. The extended rate
equation model will be used as an amplifier instead of oscillator in this thesis. The extended
rate equations can be modified and applied to different defects such as the silicon vacancies in

SiC, which is a potential masing gain medium.

The chaotic dynamics are another interesting and crucial part of Maser. Future work will
explore the theory and simulation of the chaotic dynamics, using chaotic models such as the
Lorenz model, Vallis model, Chua’s model, Rossler model and Rikitaki model [179] [180], that
might agree with the experimental results. The model can be applied to a simple 2-level or

3-level maser model before extent it to multiple levels to represent the full NV centre.
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Permanent magnet-based diamond masers

Future work will include validation of new optimised Halbach array, such as using different

strength, different geometrical shapes and different structures with the aid of the optimisation.

Apart from the experiments with the Halbach system, there will be further work in the coding
architecture, as the current code, utilises the vector extension support on CPUs in the magnetic
field codes. Further improvement will be to ultilises GPUs parallel architecture, such as the
tensor architecture and CUDA, to improve the efficiency of the codes. The demagnetisation
method is grid meshing, which is not resource-efficient, adaptive meshing will be developed to

ease the high memeory usage.

Diamond masers based on various dielectric resonantors

For the maser, future work will be on designing and operating the maser at a different frequency
such as around 5 GHz for quantum computing applications. Furthermore, the discovery of
alternative dielectric materials, such as BMT, for the resonator will be carried on. A high
dielectric constant can decrease the size of the resonator and the mode volume, which might
be beneficial to maser application. From the CST calculation, the LaAlO3, BMT, and BZT all
have similar cooperativity as sapphire, rutile has only half of the cooperativity at 5.8, which

might be unfavourable at masing.

Noise characterisation of diamond masers

Noise figure characteristics of masers are a critical feature that determines the performance
of masers and it is a critical step to do so that the maser systems are well-understood before
being applied to communication and other practical applications. When a maser is used as
an amplifier, it will not only amplify the signal but also add extra noise. The noise figure
is defined as the ratio of the signal-to-noise ratio at the input to the sign-to-noise ratio at
the output, where the input noise is assumed to be at 290 K [181][182]. In the context of a
low noise amplifier, the noise temperature is used. The noise temperature is defined as the
temperature at which an ideal device will generate an equivalent noise power. For two-port

masers, the noise characteristics can be modeled using four noise parameters, namely the mean
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square fluctuations of the noisy voltage, the noisy current and the complex correlation between
the noisy voltage and the noisy current and the corresponding minimum noise figure, F},;,, and

the optimised reflection coefficient, I',,[183] [184].

Further work will focus on the noise figure measurement of masers based on different dielectric
resonators. For example, the Y-factor technique, which is a conventional method for measur-
ing the noise temperature for amplifiers [185]. This technique requires two noise powers at
different temperatures known as the cold source and the hot source, generated by commercial
noise sources, such as avalanche diodes [186]. Normally, the cold source corresponds to room
temperature and the hot source corresponds to additional noise added to it. An additional
noise calibration step is performed to estimate the noise figure of the maser. Other noise chara-
terisation methods such as the cold-source method and CW-signal-generator method can also

be applied [187] [188].

In addition to noise, distortion from non-linear effects is another important parameter that
determines the performance of a maser. An example of distortion is higher harmonics gener-
ation at a multiple of the fundamental frequencies. Harmonics generation is more prominent
at high input power. The power of the harmonics might exceed the fundamental harmonics
at some high input powers, this effect is known as second-order intercept for the second har-
monics. In some situations, the harmonics might get saturated and never reach the intercept.
Intermodulation is another example of non-linear distortion in microwave systems, formed by
the sum and the difference of different frequency components. This is potentially more im-
portant, as the resultant intermodulation might end up close to the fundamental harmonics.
The third-order intermodulation is the interesting effect that might affect the maser perfor-
mance, as the frequency might be similar to the fundamental harmonics. To characterise the
third-order intermodulation, the third-order intercept point can be estimated for the diamond
maser system. This can be done by measuring the output power and the input power of the
signal of interest. In oscillator mode, the phase noise is an important factor that determines
the stability of the oscillatory signal. This can be measured using a phase noise measurement
device or using a spectrum analyzer that measures the power at deviated frequencies from the
masing signal. Leeson model can used to characterise the phase noise of the maser oscillator
[189]. Based on the model, the performance of the maser oscillator can be optimised. Lastly,

the Allen deviation or modified Allen deviation is a key parameter that estimates the frequency
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stability in masers over a period of time.

Diamond maser amplifiers

Amplifier stability analysis will be performed to study the stability of the maser operating as
an amplifier or an oscillator such as the mu stability factor. In a maser system, spontaneous
emission may get amplified and reflect between the maser and the input or output matching

circuit, resulting in instability.

Application-wise, the masers can be wired up to amplify a test signal that carries digital
information and compare the performance with conventional amplifiers. One of the applications
of maser amplifiers is in Radio astronomy and transmon qubit readout, which is typically at
5 GHz, in superconducting quantum computers. The transmon readout usually consists of
JPA, which is beside the quantum processor, and HEMTs at different temperatures. Maser
amplifiers can be used to replace HEMTs at low temperatures or even at room temperature to
test the overall performance. However, the current design requires high laser power to breach
the threshold, the optical energy will generate heat in the dielectric resonator and the diamond,

which will impact the efficiency of the dilution refrigerator and lower temperature stages.

Travelling wave diamond maser

Traveling wave (TW) maser is another maser architecture that has a significantly higher band-
width than the cavity maser reported in this thesis. In order to construct a room-temperature
diamond TW maser, an efficient slow-wave structure, such as metamaterials and spoof plas-
monic structure [190], is employed that has a high microwave index and low loss. Diamond
gain media are placed in the slow-wave structure to interact with the microwave and amplify

the signal.

Silicon Carbide maser

Apart from diamond, masing using homotypic Silicon vacancies (V;) in 6H and 4H SiC will be
investigated, as well as the optical characterisation of the V; [36] [37][191]. SiC is a common

semiconductor used in the industry, and it is cheaper to make on a large scale. It is shown that
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the ground state of Vg has S=3/2. The zero-field splitting is found to have a range between
tens of MHz to over 1 GHz, which is smaller than the NV centres. This potentially requires

less magnetic field to achieve population inversion.

Optically excitation, readout at room temperature and EPR are realised [192]. In particular,
the negatively charged V2 defects in 4H SiC, which has a zero-filed splitting at 70 MHz, are a
potential maser gain medium. Similar to NV centre, it can be optically polarised and with a
sufficient magnetic field a population inversion is created between the -3/2 and the -1/2 sub-
levels. The zero-phonon line is around 917 nm. Thus, the optical setup has to be extended and

optimised for Near IR.

Optical characterisation setup and methods

In the optical setup, there are more ports that allow more laser to be integrated into the system.
One of the additional lasers is the 457 nm laser for Raman imaging. Raman imaging provides
vital information of the lattice structure of diamonds. The shift of the first-order Raman peak
will provide information about the compressive and tensile force along the diamond lattice and
local lattice orientation [193| [194]. This can work together with ODMR mapping and the T,
mapping to understand the lattice structure and its interaction with NV centres that might

impact the masers.

At last, the neural network model will be further extended to more defects and optimised
for diamond and SiC by improving the hyperparameters and architecture of the model. A
transformer based architecture can be used instead of the current model. The use of the
quantum neural network architecture for the phasor analysis can also be improved by tuning
the parameters and improving the architecture. The network can be implemented on the
histogram and compared to the cluster classifier in this thesis. Further benchmarking and

comparison with classical codes and quantum hardware implementation can be conducted.

184



Appendix A

Appendix

Al

Hybrid quantum transfer learning for phasor analysis

From the previous section, the random search method is applied which is a robust way to find
the lifetime components. However, the set of equations that the random search method has
to find the solution is different for different numbers of lifetime components. Therefore, one
has make an assumption of how many lifetime components should there be, or apply different
blind determinations, with different lifetime components, and choose the one that has the least
error, as from [133]. For example, given a fluorescence lifetime image, the bi-exponential, the
tri-exponential, and so on, are used to find the solutions and select the one with the least error.
This method has to solve the models with different lifetime components every time. Thus,
this approach is time-consuming in determining the number of lifetime components. A new
approach that will release the effort in solving multiple models for selecting the number of

lifetime components is introduced in this chapter.

This assumption is also applied in the global binning methods, as a bi-exponential lifetime
function can use linear regression to extract the lifetime components and other fitting methods
for different numbers of lifetime components. The determination of the number of lifetime

components becomes a critical part of lifetime analysis.

Here, in the phasor space, the points are arranged to a certain geometry distribution that
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correlates to the number of lifetime components, such as linear with bi-exponential distribution
and triangular with tri-exponent distribution. One of the solutions to this task is to adopt
novel image classification algorithms in computer vision for phasor analysis. The task is to
train a classifier with distributions from different numbers of lifetime components with noise.

The classifier can predict the number of lifetimes from the collected phasor plots.

One of the most important advantages of using this method is to predict unseen data, which
might have a different amount of noise or lifetimes that result in changing shape and rotation

of the points in the phasor space.

The training data is generated from a bi-exponential and a tri-exponential function, with Pois-
son noise, which mimics the experimental data and transformed to the phasor space. The model
is constructed and trained using Pytorch 2.1 and with the Resnet18 architecture. The model is
retrained for the purpose of phasor analysis. The author introduces quantum layers as the last
layers of the classifier. This classical-quantum classifier takes advantage of the parallel archi-
tecture of quantum circuits [195]. The classifier can be trained on a quantum simulator or on
quantum hardware. This method demonstrates the novel application of quantum algorithms in
data analysis for fluorescence lifetime imaging and the field of diamond research. The quantum
layers used are Hadamard layers for singlet qubits, RY layers for single qubits and entangling
layers that apply a Hadamard gate to every two qubits. Figure A.1 shows the architecture of
this hybrid classifier. Lifetime data with various decay times and components are transformed
into the phasor data. A generic classical network is used to learn the data structure of the
phasor diagrams. A specific network that consists of a trainable quantum layer is tuned to

predict the results from diamond defects such as NV centres.

Below, the classifier successfully predicts the class of the experimental data of the D09 sample
at 532 nm excitation. Even the trained data has more noise that looks more spread and shorter
along the line, and the orientation is different. In Figure A.2, the four subplots are randomly
selected images of the phasor data, which is labeled by either bi or tri for two exponential
components or three exponential components, from the training set. Figure A.3 shows the

predicted result of the experimental data from the NIDg,, D09, 10BA and 10BB samples.

In conclusion, hybrid quantum transfer learning has been correctly predicting classes from two
lifetime components and three lifetime components in the test and validation dataset. The

accuracy of the test is 99.62 %. The classifier predicts the class for the diamond samples that
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Figure A.1: The architecture of the hybrid classical-quantum classifier for phasor analysis.
The knowledge of the generic phasor network can be transferred to a diamond defect network
containing a trainable quantum layer at the end to predict the results. The generic phasor
network has the knowledge of various lifetime components, whereas the diamond defects network
only have the knowledge of the lifetime components specific to the diamond.

[bil [tri]

[tri] [bi]

Figure A.2: The image shows the generated data from bi-exponential and tri-exponential func-
tions with labels.
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Predicted class: bi Predicted class: bi

(a) NIDo2 (b) D09

Predicted class: bi
Predicted class: bi

(c) 10BA (d) 10BB

Figure A.3: (a) The image shows the predicted class for the NIDgy diamond sample under 532
nm excitation. (b) The image shows the predicted class for the D09 diamond sample under 532
nm excitation. (c) The image shows the predicted class for the 10BA diamond sample under
532 nm excitation. (d) The image shows the predicted class for the 10BB diamond sample
under 532 nm excitation.
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agrees with the global binning and the random search results.

A.2

Fluorescence lifetime results

The figure has six subplots that show the integrated decay intensity that represents the total
fluorescence intensity, the lifetime of the components, 71 and 7, the chi-square, x2, and the

amplitudes of the two components, A; and A,.

The set of results investigates the fluorescence mapping of the 10BA sample, shown in Figure
A4, Figure A.5 and Figure A.6. The resolution is 50 pum and the exposure time is 9 s. The
excitation wavelengths are 532 nm, 502 nm and 562 nm. At 532 nm, the mean values of the
fitting are 7 is 9.69 + 0.02 ns, 75 is 18.50 £ 0.02 ns, A; is 314.08 + 1.94 and A, is 521.92
4+ 1.95. The mean reduced chi-square is 1.17. The standard deviation of 7 is 1.12 ns, 7 is
0.83 ns, A; is 72.66 and A, is 82.89. The noticeable difference is that the 10BA has a lower
fluorescence intensity, even with a slightly longer exposure time, which is due to the lower NV
concentration. The pixel level standard deviations of the lifetimes and the amplitudes are 0.93

ns, 0.99 ns, 79 and 80.

At 502 nm, the mean values of the fitting are 7 is 9.78 + 0.03 ns, 75 is 19.07 £ 0.02 ns, A;
is 76.2 £+ 0.69 and A, is 222.8 + 0.69 ns. The mean reduced chi-square is 1.07. The standard
deviation of 7 is 1.29 ns, 75 is 0.55 ns, A; is 18.27 and A, is 25.14. The pixel level standard
deviations of the lifetimes and the amplitudes are 1.64 ns, 0.93 ns, 32.01 and 32.45.

At 562 nm, the mean values of the fitting are 7 is 9.83 4+ 0.02 ns, 75 is 17.37 £ 0.04 ns, A; is
445.47 + 2.38 and A, is 321.83 + 2.40 ns. The mean reduced chi-square is 1.17. The standard
deviation of 7 is 0.91 ns, 75 is 1.09 ns, A; is 86.89 and A, is 91.48. The pixel level standard
deviations of the lifetimes and the amplitudes are 0.80 ns, 1.75 ns, 105.08 and 105.81.

Similarly, the results of the sample 10BB are shown in Figure A.7, Figure A.8, Figure A.9, with
excitation wavelengths of 532 nm, 482 nm and 592 nm. At 532 nm, the mean values of the
fitting are 7y is 9.82 £ 0.01 ns, 7 is 17.77 £ 0.03 ns, A; is 141.97 4+ 0.56 and A, is 151.62 £+
0.56. The mean reduced chi-square is 0.97. The standard deviation of 7y is 1.45 ns, 75 is 1.71
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Figure A.4: The fluorescence lifetime mapping using the least square method to analyse the
sample 10BA at 532 nm excitation. The subfigures show the integrated decay intensity which
is the fluorescence mapping. The first and the second lifetime components, 71 and 75, and the
reduced y? mapping and the amplitude, A; and Ay, of the first and the second components
respectively.
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Figure A.5: The fluorescence lifetime mapping using the least square method to analyse the
sample 10BA at 502 nm excitation. The subfigures show the integrated decay intensity which
is the fluorescence mapping. The first and the second lifetime components, 71 and 75, and the
reduced x? mapping and the amplitude, A; and Ay, of the first and the second components
respectively.
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Figure A.6: The fluorescence lifetime mapping using the least square method to analyse the
sample 10BA at 562 nm excitation. The subfigures show the integrated decay intensity which
is the fluorescence mapping. The first and the second lifetime components, 71 and 75, and the
reduced y? mapping and the amplitude, A; and Ay, of the first and the second components
respectively.
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Figure A.7: The fluorescence lifetime mapping using the least square method to analyse the
sample 10BB at 532 nm excitation. The subfigures show the integrated decay intensity which
is the fluorescence mapping. The first and the second lifetime components, 71 and 75, and the
reduced y? mapping and the amplitude, A; and Ay, of the first and the second components
respectively.

193



Int(c)egrated decay intensity x10*

g :
S 1000 6
2
o 4
> 2000
0 1000 2000
X Position (um)
7, parameter
0 22
€
=
= 20
k] 1000
@ 18
o
> 2000 i
0 1000 2000
X Position (um)
A1 parameter
. 0
S
= 600
S 1000
= 400
o
o
> 200

2000
0 1000 2000
X Position (um)

T parameter

0 14
€
3
= 12
5 1000
K3 10
o
> 2000 8
0 1000 2000
X Position (um)
x2 parameter
= 1.2
= 1.1
S 1000 |
2
S 0.9
> 2000 0.8
0 1000 2000
X Position (zm)
A2 parameter

O N T 400
E . | n
el 300
S 1000 200
D
8 100
>_

0 1000 2000
X Position (zm)

Figure A.8: The fluorescence lifetime mapping using the least square method to analyse the
sample 10BB at 592 nm excitation. The subfigures show the integrated decay intensity which
is the fluorescence mapping. The first and the second lifetime components, 71 and 75, and the
reduced y? mapping and the amplitude, A; and Ay, of the first and the second components
respectively.
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Figure A.9: The fluorescence lifetime mapping using the least square method to analyse the
sample 10BB at 482 nm excitation. The subfigures show the integrated decay intensity which
is the fluorescence mapping. The first and the second lifetime components, 71 and 75, and the
reduced x? mapping and the amplitude, A; and Ay, of the first and the second components
respectively.
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ns, A; is 46.21 and A, is 48.16. The pixel level standard deviations of the lifetimes and the
amplitudes are 1.13 ns, 1.69 ns, 43.23 and 43.76.

At 592 nm, the mean values of the fitting are 71 is 10.67 + 0.012 ns, 75 is 16.62 £ 0.076 ns, A;
is 459.44 £ 2.27 and A, is 158.77 £ 2.28. The mean reduced chi-square is 0.98. The standard
deviation of 7 is 0.87 ns, 75 is 2.15 ns, A; is 110.54 and A, is 110.71. The pixel level standard
deviations of the lifetimes and the amplitudes are 0.31 ns, 1.86 ns, 59.9 and 60.21.

At 482 nm, the mean values of the fitting are 7 is 9.99 + 0.05 ns, 7 is 18.80 & 0.04 ns, A;
is 12.78 + 0.20 and A, is 43.01 4+ 0.19. The mean reduced chi-square is 0.95. The standard
deviation of 7 is 1.48 ns, 75 is 0.87 ns, A; is 5.50 and A, is 5.42. The pixel level standard
deviations of the lifetimes and the amplitudes are 2.04 ns, 1.14 ns, 6.86 and 6.72. The 10BB
sample has more NV~ contribution at a longer wavelength and more NV° contribution at a

shorter wavelength relative to 532 nm.

For the NIDg, sample, the results are shown in Figure A.10, Figure A.11 and Figure A.12. At
532 nm, the mean values of the fitting are 7 is 9.81 £ 0.04 ns, 75 is 18.94 £ 0.02 ns, A; is 58.65
+ 0.63 and A, is 208.57 £ 0.63 The mean reduced chi-square is 1.03. The standard deviation
of 71 is 1.58 ns, 75 is 0.57 ns, A; is 21.45 and A, is 42.23. The pixel level standard deviations
of the lifetimes and the amplitudes are 1.65 ns, 0.80 ns, 26.58 and 26.82.

At 562 nm, the mean values of the fitting are 7 is 9.82 + 0.030 ns, 75 is 18.10 4+ 0.049 ns, A,
is 112.6 4+ 0.99 and A, is 143.99 + 0.99. The mean reduced chi-square is 0.98. The standard
deviation of 7 is 1.47 ns, 75 is 1.35 ns, A; is 39.17 and A, is 43.12. The pixel level standard
deviations of the lifetimes and the amplitudes are 1.27 ns, 1.58 ns, 37.25 and 37.76. At 502 nm,
the mean values of the fitting are 71 is 9.56 + 0.038 ns, 75 is 19.17 ns + 0.012, A; is 11.99 +
0.138 and A, is 104.31 4+ 0.135. The mean reduced chi-square is 1.00. The standard deviation
of 7 is 0.58 ns, 7 is 1.77 ns, A; is 8.82 and A, is 20.62. The pixel level standard deviations of
the lifetimes and the amplitudes are 1.96 ns, 0.46 ns, 6.22 and 6.24.
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Figure A.10: The fluorescence lifetime mapping using the least square method to analyse the
sample NIDg, at 532 nm excitation. The subfigures show the integrated decay intensity which
is the fluorescence mapping. The first and the second lifetime components, 71 and 75, and the
reduced y? mapping and the amplitude, A; and Ay, of the first and the second components
respectively.
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Figure A.11: The fluorescence lifetime mapping using the least square method to analyse the
sample NIDg, at 562 nm excitation. The subfigures show the integrated decay intensity which
is the fluorescence mapping. The first and the second lifetime components, 71 and 75, and the
reduced y? mapping and the amplitude, A; and Ay, of the first and the second components
respectively.
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Figure A.12: The fluorescence lifetime mapping using the least square method to analyse the
sample NIDgy at 502 nm excitation. The subfigures show the integrated decay intensity which
is the fluorescence mapping. The first and the second lifetime components, 7; and 75, and the
reduced x? mapping and the amplitude, A; and A, of the first and the second components
respectively.
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A.3

Phasor analysis

Figure A.13 (a) and (b) show the phasor plot and the angular histogram of the sample 10BB
using a 532 nm excitation. The results are similar to the 10BA as expected. The shorter lifetime
is about 10.80 ns and the longer lifetime is 19.72 ns. The square of the residual is 0.0014. The

relative proportion is about 44.9 %.

At the 482 nm excitation, Figure A.13 (c) and (d) display the phasor plot and the angular
histogram. The shorter lifetime measures about 10.84 ns, while the longer one is 21.12 ns. The

residual’s square is 0.0039, and the relative proportion is approximately 24.1%.

At the 572 nm excitation, Figure A.13 (e) and (f) display the phasor plot and the angular
histogram. The shorter lifetime measures about 10.84 ns, while the longer one is 19.66 ns. The

residual’s square is 0.0011, and the relative proportion is approximately 77.8%.

Figure A.14 (a) and (b) show the phasor plot and the angular histogram of the sample D09
using a 532 nm excitation. The shorter lifetime is about 10.35 ns and the longer lifetime is

20.42 ns. The square of the residual is 0.0009. The relative proportion is about 55.0 %.

At the 502 nm excitation, Figure A.14 (c) and (d) display the phasor plot and the angular
histogram. The shorter lifetime measures about 9.86 ns, while the longer one is 19.53 ns. The

residual’s square is 0.0009, and the relative proportion is approximately 33.5%.

At the 562 nm excitation, Figure A.14 (e) and (f) display the phasor plot and the angular
histogram. The shorter lifetime measures about 10.84 ns, while the longer one is 19.66 ns. The

residual’s square is 0.0003, and the relative proportion is approximately 69.2%.

Figure A.15 (a) and (b) show the phasor plot and the angular histogram of the sample NIDg;
using a 532 nm excitation. The shorter lifetime is about 12.96 ns and the longer lifetime is

20.62 ns. The square of the residual is 0.0015. The relative proportion is about 30.8 %.

At the 502 nm excitation, Figure A.15 (c) and (d) display the phasor plot and the angular
histogram. The shorter lifetime measures about 12.97 ns, while the longer one is 20.78 ns. The

residual’s square is 0.0025, and the relative proportion is approximately 18.9%.
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At the 562 nm excitation, Figure A.15 (e) and (f) display the phasor plot and the angular
histogram. The shorter lifetime measures about 12.42 ns, while the longer one is 23.05 ns.
The residual’s square is 0.0016, and the relative proportion is approximately 64.7%. For this
sample, the data points are dispersed, and the average square residual of the fittings is the
largest among the samples. In the histogram plots, only the 532 nm figures have two peaks.

Both the longer wavelength and the shorter wavelength have a very broad peak.

A.4
Halbach array PSO optimisation and experimental field

characterisation

A Halbach array is constructed by a number of permanent magnets arranged in a certain way
to achieve a high homogeneity and high field magnitude at a position, which was proposed
by Mallianson and constructed by Halbach [196, 197|. Halbach arrays have a wide range
of applications such as nuclear magnetic resonance [198], electric motors [199] and magnetic
refrigeration [200]. One of the most significant advantages over the electromagnetic magnets of
Halbach arrays is the fact that they do not need cooling and power consumption and are stable

without mechanical noise from cooling or electronic noise [201, 202].

For maser application, high field and high homogeneity are required. In the simulations, the
magnets are arranged into a circle where the field of interest is at the centre of the circle.
The minimum magnetic field should overcome the level-crossing, which is about 105 mT. The
higher the field, the higher the maser operating frequency. The field homogeneity is required
so that there are enough NV~ within the maser linewidth, which should be within 1 p7". The
inner diameter is limited by the size of the cavity that has to be fitted inside. The method
of calculating the field generated from the perfectly homogeneous permanent magnets using
analytical solutions. This assumption will neglect demagnetisation effects, which can be added
via demagnetisation factor to compensate for most of the effects, such as self-demagnetisation.
By neglecting demagnetisation effects, the analytical solution can achieve accurate results with

error less than 1 % for permanent magnet p, < 1.05 [203].

On the other hand, inhomogeneous effects are harder to estimate using the analytical methods,
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but the effects are much smaller than the homogenous effects. In reality, other imperfections
such as the random drifts of the magnetisation and the imperfect position of the magnets might
have a larger effect. The simulations serve as a guide for constructing a Halbach array with
high field and high field homogeneity. The simulations employ open-source Python packages,
Magpylib and Pyswarms. The method used magnetostatic Maxwell equations stated below
[204].
H=-V-v¢ (A.1)
’ / ’ /
= [ TM 1 g s e
The method is written in numpy and it makes use of vectorised computation, which is an effec-
tive CPU computing algorithm. To address the demagnetisation, the magnets are meshed into
a user-defined number of triangular meshes, and interactions with each other are incorporated
into the method. A PSO optimisation, which is a widely used heuristic optimization technique
for structural optimisation, is applied to the structure with constraints such as the diameter of
the Halbach array, the positions and angles (P-A) of each permanent magnet, the number of
Halbach arrays along the axial direction, and the number of concentric Halbach arrays. The
optimisation method employed here can identify the optimal parameters of each magnet to
generate the highest homogeneity. Figure A.16 shows the flowchart of the PSO algorithm from

creating a basic magnet unit to demagnetisation meshing to the optimised structure.

The first result is a single circular ring of 10 magnets, as shown in Figure A.17 (a). The design
is later constructed using 20 mm cubic NdFeB magnets and a 3D-printed frame. Each magnet
has a remnant field of 1.3 T and a permeability of 1.005. The demagnetisation method divides
the mesh into 1500 cells. Figure A.17 (b) is the X-Y field map without the demagnetisation and
Figure A.17 (c) is the same map but with the demagnetisation. Clearly, the demagnetised map
has a field magnitude more agrees with the experimental data, shown in Figure A.17 (f) for the
X-Z map. Figure A.17 (e) and Figure A.17 (d) are the X-Z and Y-Z field maps. The rest of
the magnetic field results are with demagnetisation applied. Figure A.18 shows the histogram
of the Halbach array. 97.48 mT is the most populated field point. Figure A.19 shows the 3D
field cube of the Halbach array, the size is 3mm by 3mm by 3mm corresponding to the size of

the diamond samples.

The X-Y magnetic field at the centre is 99.15 mT for no demagnetisation and 97.45 with

demagnetisation. The field difference is 0.432 mT and the field inhomogeneity within a 3 mm
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magnetic field map of the 3D printed Halbach array, measured by a teslameter.

207



300

Count

97.3 97.35 97.4 97.45 975 97.55 976

97.65
Magnetic field (mT)

Figure A.18: The histogram of the field map of the Halbach array in a 3 mm x 3 mm x 3 mm
cube.

Magnitude (mT)

Q7.6
97.5

o7.4

o7.3

Figure A.19: The 3-dimensional magnetic field map of the Halbach array in a 3 mm x 3 mm
X 3 mm cube.

208



x 3 mm X 3 mm cube is 4431 ppm. The field inhomogeneity, AB, is defined below. The
diameter of the Halbach array, the distance between the centre of the magnets, is 100 mm. The

inner diameter, including the magnet and the 3D-printed structure, is 70 mm.

Bmam - Bmin

AB =
Bmean

(A.3)
where B,,,, is the maximum field, B,,;, is the minimum field and B,,.., is the mean field.

To simulate a better Halbach array that will meet masing requirements. The size of each
magnet is decreased so that more magnets can be fitted in a ring to increase the field strength.
Commercially available 40 x 40 x 30mm super high-performance N42 Neodymium (NeFeB)
magnets are used in the design, as shown in Figure A.20 (a). The diameter is 120 mm. The
mean magnetic field at the centre is about 284.31 mT, and the field homogeneity is about
3347.75 ppm, with a field difference of 0.952 mT.

In order to achieve high field and high homogeneity, another pair of Halbach rings is stacked
along the z-axis. The position of the stack is carefully estimated using the custom PSO algo-
rithm to maximise the homogeneity. The stacking can help increase the central field and reduce

the difference between the maximum field and the minimum field.

After stacking, at an optimal distance of 38.22 mm without changing the position and rotation,
as shown in Figure A.20 (b), (c), (d) and (e), the mean field is 510.244 mT and the homogeneity
is 631.66 ppm, with a field difference of 0.322 mT. The homogeneity is slightly better than the
commercial Halbach array from Chapter 3. Figure A.21 (a) shows the 3D magnetic field cube.

Figure A.21 (b) shows the random distribution of the mean magnetic field and the magnetic
field difference of 10,000 random samples with small deviations in the distance of stacks, angles,
and positions of each magnet. The maximum deviation is + 1 mm in position and 4+ 1 ° in
angle. This result shows that obtaining the optimal homogeneity configuration is difficult,
which has a high mean magnetic field and low magnetic field difference. The lower right corner
is the high field homogeneity region. The majority of the is located within an ellipse at the

centre.

To further improve the homogeneity, the angles and the positions of each magnet are optimised

with 10 parallel optimsation in 100 iterations. As a result, the best configuration has a mean of
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443.17 mT and a homogeneity of 594.294 ppm. The optimised structure is shown in Figure A.22
(a). The corresponding field cube and field map are shown in Figure A.22 (b) and Figure A.23.
The field difference is reduced to 0.26 mT. The field difference is smaller by more than 18% and
the mean field is reduced and closer to the 9.5 GHZ maser frequency as in experiments. From the
x-y field map, the contour appears circular with a small distortion which is more homogeneous
than the elliptical profile when the angles and the positions are perfect without any deviation
from the idea Halbach array. By elongating the x-axis of the Halbach array, making the array
elliptical can also help improve the homogeneity, but the angle-position optimsation appears
better in homogeneity. In conclusion, the small deviations in angles and position of each magnet
will fine-tune the contour line and give a different field profile. The PSO optimisation will find

the configuration that will have the best homogeneity in the region of interest.

A Halbach array is an array that consists of permanent magnets, such as Neodymium magnets.
The magnets are arranged so that the magnetic field at a certain position is either cancelled or

magnified.

In this thesis, a cylindrical Halbach array is designed to generate a static magnetic field for the
maser for verification with the simulation. In addition, a commercial Halbach array is used.
The advantage of the Halbach array is the simplicity over the large, bulky and water-cooled
electromagnetic. However, the Halbach array is fixed at a certain magnetic field strength. The
Halbach array designed in this thesis consists of identical block magnets forming a circle. The
array generates a homogeneous field at the centre of the circle. Starting from the positive
x-axis, the magnetisation angle of the magnet rotates gradually from 0° with respect to the
x-axis to 180° when the magnet is on the y-axis. Figure A.24 shows the setup of the teslameter
that is fixed on a motorised stage. Figure A.25 shows a rendered image of the field map region

and the direction of the magnetic field.

The magnetic field profile of a commercial Halbach array made of 8 prism-shaped magnets,
Magnetic Solutions LTD, is shown in the figure below. The Halbach array provides a field of
0.345 T at the centre. The greatest difference in the field is about 0.3 mT. The field inhomo-
geneity of the commerial Halbach array is 869.6 ppm. The field inhomogeneity is particularly
important in the diamond maser, as each NV ™! centre will experience a different Zeeman shift.
From the field profile, the number of NV~! that experiences roughly the same field can be

grouped together. The total lineshape of the maser is the sum of the individual emitter’s
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lineshape. The resonator acts as a narrow band filter, the resonant frequency is at the maser

frequency.

The field profile of a circular Halbach array is slightly elliptical, which is counter-intuitive. This
might be explained by the fact that the long axis of the field profile lies along the magnetisation

axis. Whereas, in the perpendicular direction, the magnetisation is perpendicular to the axis.

Halbach Array Mean field (mT) Field difference (u7) Homogeneity (ppm)
Single ring 284 952 3347.8
Stacking 3 rings 510.24 322 610.24
P-A optimised stacking 3 rings 443.17 260 594.29
height Trapezoidal Halbach 463 569 1228

Table A.1: A summary of Halbach array simulations.

Figure A.26 shows the 2D magnetic field map, 3D slice maps and the field distribution histogram
of the Halbach array. The Halbach array has a mean field of about 345 mT and the maximum
field difference is about 0.3 mT. Figure A.26 (d) shows the magnetic field histogram of the
Halbach array. Most of the magnetic field is within 345 mT to 345.1 mT, which is about a
third of the maximum field difference. Only a minority has a large field difference. Thus, only
the field at the centre area which corresponds to the majority account for the maser. A useful
rule of thumb is to assume the Halbach array has a similar field distribution, so the homogeneity

can be improved by a factor of three by eliminating the minority field.

Figure A.27 shows the same magnetic field histogram with the maser resonator resonance to
show how many field points can be seen from the maser resonance. Assuming the maser
frequency is at 345.05 mT. The frequency shift is obtained by the Zeeman shift. The majority
is within 2 MHz. The resonator lineshape has a width of 1 MHz. The field points outside
the resonance cannot contribute to masing. The resonator will filter out a significant amount
of the emitters that experience a different field. The number of emitters within the resonator
linewidth is about 1.2x 10'2. The number of spins is reduced by a factor of 40. This will lead
to a significant drop in the cooperativity, which is proportional to the number of active spins,

and lead to no maser regime, as the typical diamond maser has a cooperativity of around 10.
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Figure A.24: The teslameter is mounted on the X stage which is mounted on the Z stage. The
teslameter scans across a small square at the centre, the size is 2x2 mm. The Halbach array is
an 8 prism-shaped Halbach array from Magnetic Solutions. The GMW electromagnet is shown
in the background.

216



“‘Halbach
, array ¢ ) -

\

X
_r

Sca@iing . -«
= y Teslameter .
l 2 Cf/re%on ‘ / -

-
Figure A.25: The rendered image of the magnetic field mapper.

217



Magnetic field (T}

Halbach array magnetic field

- 0.345296

1750
- 0345264

1500 - 0.345232

1250 - 0.345200

- 0.345168
1000

¥ (pm)

- 0.345136
730
= 0.345104

00
- 0.345072

=0 - 0345040

B

0 - 0345008

o 250 500 750 1000 1250 1500 1750 2000
* (um)

(a) Magnetic field profile (b) 3D slice plot
Magnetic field histogram
700 1
800 1
...................... . 500 I
£ 400w,
2500 5 - -
= g 300 1 J‘:.‘-' _:!"' _—
s ‘f ;I...-i'-
w01 et
= 1001 W
=N ) 034500 034505 034510 034515 034520 034525 034530
WWWWW Magnetic field (T)
(c) 3D slice plot (d) Magnetic field histogram

Figure A.26: (a) The field profile of the Halbach array. The Halbach array provides a 0.345 T
field at the centre, the greatest difference in the field is about 0.3 mT. (b) The 3D magnetic
field slice map of the Halbach array. (c) The 3D magnetic field map of the Halbach array
with an inclined plane represents the sample along the <111> plane. (d) The histogram of the
magnetic field profile in terms of Zeeman shift. The curve represents the lineshape of the maser
resonator, represented by a 1 MHz lineshape. It is assumed that the total number of emitters
is 4-10* and only the MW emitter within the lineshape contributes to the maser.
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Figure A.27: Magnetic field histogram. The histogram of the magnetic field profile in terms
of Zeeman shift. The curve represents the lineshape of the maser resonator, represented by a
1 MHz lineshape. It is assumed that the total number of emitters is 4-10'% and only the MW
emitter within the lineshape contributes to the maser.
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