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Abstract 

This thesis studies the engineering of quantum magnetic sensors based on diamond lasers 
containing NV- colour centres. Specifically, the thesis experimentally and theoretically 
investigates two different scenarios for realizing diamond lasers in mechanically tunable 
fibre-based Fabry-Perot cavities. 

In the first scenario, we experimentally explore a diamond-loaded open tunable fiber
cavity system as a contender for realizing lasing with the negatively charged nitrogen-vacancy 
(NV-) centre in diamond as the gain medium. We measure the transmission characteristics 
of a cavity-resonant laser beam at a wavelength of 721 nm, close to the maximum of emission 
of the Nv- phonon sideband, both with and without a green pump laser at 532 nm. For 
moderate green pump powers, we observe an amplification of the resonant red laser light 
and at the same time a reduction of the spontaneously emitted background photons. When 
increasing the pump power further, the amplification saturates and at the same time we see an 
increase in spontaneous photon emission. A qualitative model including stimulated emission 
and charge state switching of the NV- centre captures the dynamics in the experiment very 
well. The results allow conclusions to be drawn about the material challenges of realizing an 
NV- laser in diamond. 

In the second scenario, we theoretically study Raman lasing from a diamond crystal 
containing Nv- centres. The intra-cavity absorption by the Nv- centres modifies the Raman 
laser, and two interesting regimes are identified based on the position of the Raman and 
pump laser wavelengths with respect to the zero-phonon line (637nm) of the NV- centre. 
When both the pump and Raman wavelengths are below the zero-phonon line we identify a 
magnetically tunable bistability. When only the pump wavelength is below the zero-phonon 
line, we predict a shift in the laser threshold dependent on the NV- spin centres. Furthermore, 
we propose that such a system can be used as a technically demanding magnetic field sensor 
with a predicted DC sensitivity of the order of pT/\/flz. 



X Abstract 



Contents 

Acknowledgements 

List of Publications 

Abstract 

Contents 

List of Figures 

List of Tables 

1 Introduction 
1.1 This thesis . 

V 

vii 

ix 

xi 

xiii 

xv 

1 
6 

2 Quantum magnetometry with NV- centres 9 
2.1 Fundamentals of magnetic sensing with NV- centre spin . . . . . . . . . . 9 

2.1.1 Quantum picture of the Nv- centre spin system . . . . . . . . . . . 10 
2.1.2 Magnetic field detection using spin manipulation of the Nv- centre 11 
2.1.3 Sensitivity . . . . . . . . . . . . . . . . . . . . 13 

2.2 Different Nv- magnetometry methods . . . . . . . . . . 15 
2.2.1 Nv- centre magnetometry using pulse schemes . 15 
2.2.2 Nv- absorption magnetometry . 18 

2.3 Magnetometry using Nv- laser . . . . . . . . . . . . . . 20 

3 Magnetometry with a fibre cavity Nv- laser and charge state switching of NV
centres 
3.1 Fundamentals of Fabry-Perot optical cavity 

3 .1.1 Longitudinal cavity modes . . . . . 
3.1.2 Transverse cavity modes ..... . 
3 .1.3 Finesse and Quality factor of the cavity 

3.2 NV- laser in the fibre cavity and associated magnetic sensing . 
3 .2.1 Stimulated emission cross-section of the Nv- centre . 
3.2.2 Modelling stimulated emission of NV- centres for LTM 
3.2.3 NV- laser and LTM ............... . 

3.3 Stimulated emission in STED microscopy of the NV centre 
3.4 Charge state switching of the NV centre . 

3.4.1 Ionization of the NV- centre ... 
3.4.2 Recombination of the NV0 centre 

23 
23 
24 
25 
27 
28 
29 
29 
31 
35 
36 
37 
38 



xii Contents 

4 Realization of laser amplifier due to stimulated emission of NV centres in fibre 
cavities 41 
4.1 Fibre cavity platform . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 

4.1.1 Fibre mirror . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 
4.1.2 Mechanical design and construction of the fibre cavity platforms 42 
4.1.3 Aligning the fibre cavity platform . . . . . . . . . . . . . . . . 43 
4.1.4 Characterising the fibre cavity platforms by finesse measurements 45 
4.1.5 Noise characterization of the fibre cavity platform . . . . . . 48 

4.2 Diamond sample with high density of NV centres . . . . . . . . . . 50 
4.3 Laser amplification due to the stimulated emission of the NV centres 53 

4.3.1 Stable lasers for the experiments . . . . . . . . . . . . . . . 54 
4.3.2 Automation of the experiments . . . . . . . . . . . . . . . . 56 
4.3.3 Observation of laser amplification with the fast ramping method 58 
4.3.4 Observation of laser amplification with the slow sweep method method 66 

4.4 Implications for LTM with the NV- laser . . . . . . . . . . . . . . . . . . 66 

5 Room-temperature quantum sensor with diamond Raman lasers combined with 
MW driven NV- centres 69 
5 .1 Diamond Raman laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 
5.2 Modelling a diamond Raman laser with MW driven NV- centres in the crystal 71 

5.2.1 Diamond Raman laser with an absorber in the crystal . . . 71 
5.2.2 NV- centre as an absorber in the crystal . . . . . . . . . . . . . . . 73 

5.3 Numerical results of the Raman laser model with NV- absorption . . . . . 75 
5.3.1 Raman lasers with absorption of both Pump and Raman wavelengths 

by NV- centres . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 
5.3.2 Raman lasers with absorption of Pump wavelength by the NV- centres 77 

5 .4 Comments on the approximations of the modelling . . . . . . . . . . . . . 79 

6 Conclusions and outlook 

References 

81 

85 



List of Figures 

1.1 Schematic of magnetic sensing with an NV- centre. . . . . . . . . 2 
1.2 Lockheed Martin's 'Dark Ice' quantum magnetometer. . . . . . . 4 
1.3 A fibre cavity apparatus loaded with an NV rich diamond sample . 5 

2.1 Energy level diagram of the NV- centre . . . . . . . . . . . . . . 10 
2.2 Cartoon of ODMR measurements . . . . . . . . . . . . . . . . . 13 
2.3 Simulated Rabi oscillation due to resonant MW driving of NV- centre ground 

state. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 
2.4 Pulse scheme for ODMR in pulsed mode. . . . . . . . . . . . . . . . . . . 16 
2.5 Pulse scheme and Bloch's sphere representation of Ramsey magnetometry. . 17 
2.6 rr-pulse effect on the AC magnetometry . . . . . . . . . . . . . . . . 18 
2.7 Simplified experimental concept of IR absorption magnetic sensing . . . . 19 
2.8 Simplified experimental concept of NV- absorption magnetic sensing . . . 20 
2.9 Energy level diagram of the NV- centre showing the stimulated emission of 

NV- centre. . . . . . . . . . . . . . . . . . . . . . . . . . . 21 
2.10 Simplified experimental concept of NV- laser magnetometry 21 

3.1 Fabry-Perot cavity. . . . . . . . . . . . . . . . . . . . . . . 24 
3.2 Illustration of normalized longitudinal cavity modes as a function of phase 

difference corresponding to a round trip . . . . . . . . . . . . . . . . 24 
3.3 Simulated transverse cavity mode profiles . . . . . . . . . . . . . . . 26 
3.4 The resonant wavelengths of the cavity as a function of cavity length. . 27 
3.5 Stimulated emission model of the Nv- centre. . . . . . . . . . . . . . 30 
3.6 Schematic of the diamond loaded fibre cavity representing the approximation. 32 
3.7 Simulated NV laser output as a function of green pump power for different 

MW driving conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 
3.8 Response of the fibre cavity Nv- laser output as a function of relative mag-

netic field and the sensitivity of the laser against relative magnetic field . 34 
3.9 Cartoon illustration of the STED principle . . . 35 
3.10 Schematic of the ionization of NV- centre . . . 
3.11 Schematic of the recombination of NV0 centre. 

4.1 Images of the fibre tip before and after laser machining 
4.2 Transmission of the DBR coating and design finesse of the cavity . 
4.3 Mechanical design and construction of the fibre cavity platform. 
4.4 A typical cavity and resonance imaging through the side camera. . 
4.5 Transverse cavity mode profiles of the fibre cavity platform . . . . 
4.6 A representative figure of finesse measurement of an empty cavity 

37 
38 

42 
43 
44 
44 
46 
47 



xiv 

4.7 

4.8 
4.9 
4.10 

4.11 

4.12 
4.13 
4.14 
4.15 

4.16 

4.17 

4.18 

4.19 
4.20 

4.21 
4.22 

4.23 

5.1 
5.2 

5.3 
5.4 
5.5 

5.6 

5.7 

List of Figures 

Representative finesse measurements with the diamond sample loaded fibre 
cavity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 
Noise analyses at various time scales . . . . . . . . . . . . . . . . . . . . . 49 
Noise spectrum showing a strong peak at 225 Hz and the harmonics . . . . 50 
Photo of the diamond sample placed on the mirror and the emission from NV 
centres. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 
Stimulated emission cross-section of the NV centre sample as a function 
wavelength. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 
The NV emission spectra into the diamond mode . . . . . . . . . . . . . . 52 
Beam combining setup including the setup to block the back reflected beams. 54 
Schematic of the automated experiments . . . . . . . . . . . . . . . . . . . 55 
Cavity transmission from the intensity obtained from each sprectrum with 
sweeping of the cavity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 
Representative spectra obtained in the cavity transmission showing amplifi-
cation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 
Experimentally observed amplification factors as a function of green pump 
power, for the red laser power around 67 µW. . . . . . . . . . . . . . . . . 59 
Experimentally observed change in amplification factors as a function of red 
laser power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 
NV centre model for interpreting amplification . . . . . . . . . . . . . . . 61 
Calculated effect of green and red lasers on the excited states' and total 
population fractions of Nv- and NV0. . . . . . . . . . . . . . . . . . . . . 63 
lamp and fsp from the qualitative model as a function of green pump power . 64 
Change in amplification factors calculated from the theoretical model as a 
function of red laser power. . . . . . . . . . . . . . . . 65 
Observation of amplification with a slow cavity sweep. 67 

Raman scattering . . . . . . . . . . . . . . . . . . . . 70 
Schematic of the Raman laser with a diamond crystal containing NV- centres 
in the Fabry-Perot cavity . . . . . . . . . . . . . . . . . . . 71 
Rate equation model of the Nv- centre as a five level system . . . . . . . . 73 
Bistable diamond Raman laser . . . . . . . . . . . . . . . . . . . . . . . . 76 
The magnetic tunability of the bistability and the threshold of the bistability 
as a function of NV density . . . . . . . . . . . . . . . . . . . . . . . . . . 76 
Raman laser output power as a function of pump power for resonant and 
detuned cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 
Raman laser output power as a fucntion of magnetic field present and DC 
magnetic field sensitivity of Raman laser as a function of external magnetic 
field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 

6.1 Spontaneous Raman emission with slow sweep of the cavity 82 



List of Tables 

4.1 Parameters obtained from the 8 Lorentzian fit functions of the spectrum. 52 
4.2 NV Parameters used for the theoretical estimations . . . . . . . . . . . 63 



xvi List of Tables 



"If you think you understand 
quantum mechanics, you don't 
understand quantum mechan
ics." 

Richard P. Feynman 

Introduction 

Quantum physics has always remained as a field of great interest, despite its conceptual 
complexities that go beyond everyday human perceptions. The twentieth century witnessed 
the emergence of quantum physics, saw how it flourished and how it quickly revolutionized 
technology through inventions like lasers, transistors, computers, etc., that in turn further 
fuelled more scientific discoveries and eventually led to the internet and smartphones - to 
only name two commodities that we would not want to miss in everyday life. If we regard 
this revolution as the first quantum revolution, then we are now in the midst of the so
called second quantum revolution or quantum revolution 2.0 [l-5]. While the first quantum 
revolution harnessed mainly the wave-particle duality of the quantum world, the second 
quantum revolution puts the focus on engineering new technology using the more 'esoteric' 
properties of the quantum world, namely superposition, entanglement and the concept of 
quantum measurement [2, 3]. By and large, the second quantum revolution has been enabled 
by an exquisite laboratory control over fragile quantum systems, down to the level of single 
atoms, ions and photons. 

Even for one of the pioneers of quantum mechanics, Erwin Schrodinger, experiments with 
single quantum particles were unimaginable and comparable with raising "Ichthyosauria in 
the Zoo" [6]. Almost 70 years later, quantum physicists are able to use laser light to 
manipulate single atomic qubits either in isolation or within a solid-state matrix. They are 
able to create on-chip micron-sized superconducting qubits at a scale that brings quantum 
supremacy to reality [7]. All around the world, quantum research into new technology is 
currently experiencing a real boost, funded both through public support but also by global 
companies such as Microsoft, IBM and Google. The potential of these efforts to repay in 
the form of disruptive technologies goes well beyond state-of-the art with hitherto largely 
unexplored real-world impact [2, 4]. Australia has been a pioneer in this space, funding 
several national Centres of Excellences in Quantum Science. The first to propagate the 
idea of 'engineered quantum technology' was Professor Gerard Milburn at University of 
Queensland who founded the ARC Centre of Excellence for Engineered Quantum Systems 
(EQUS) [8, 9] in 2011. Prompted by external stakeholders and local key players in quantum 
computing, the New South Wales Government recently established the Sydney Quantum 
Academy (SQA) [10] aimed at training and job creation in the quantum technology sector. 
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Figure 1.1: Schematic of magnetic sensing with an Nv- centre. The Nv- centre forms in a diamond 
matrix with carbon atoms (black spheres) bonded together, by replacing carbon atom with a Nitrogen 
atom (blue sphere) and a vacancy with dangling bonds with the carbon atoms and captures extra 
electron (small red sphere). The NV- centre can be excited with a green photon and emits a red 
photon. With green excitation the emission spectra of the NV- centre typically spans from 600 nm to 
800 nm. The magnetic field can be detected by looking at the change in the intensity of light emitted 
by the Nv- centre by sweeping the MW around a frequency of 2.88 GHz, which is the ground state 
resonance frequency of the Nv- centre. 

There are different application areas such as quantum information processing, quantum 
communication as well as cryptography, and quantum sensing within the second quantum 
revolution [ 1-3, 11]. Quantum sensing is one of the key areas that shows great promise to 
yield innovative technologies within the second quantum revolution on a relatively short time 
frame [2, 4, 12]. In the conventional picture, external noise disturbs the coherent quantum 
nature of the system under consideration and therefore constitutes a threat to the system. 
Quite a lot of research has been devoted to isolate quantum systems from these external 
disturbances. Quantum sensing, however, treats noise and the interaction of a quantum 
system with its surroundings as a feature rather than a bug [2, 4, 12]. A quantum sensor 
exploits the laws of quantum mechanics to learn something about the environment. Since 
a quantum state can be made sensitive even to exceptionally weak external noise, quantum 
sensors can be useful in detecting extremely weak signals. Depending on the particular 
sensor under question, one can detect for example external magnetic fields, electric fields, 
temperature, pressure, gravitation and rotation. Among all of these, magnetic-field sensors 
are one of the most advanced and best developed quantum sensors to date [4, 12]. A prime 
area of interest for magnetic sensors is the field of biomagnetism [13], specifically in the 
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study of brain and neural networks [ 14, 15], the human heart [ 16] and the steady currents in 
the body [ 17]. Other areas of application are the exploration of minerals and more generally 
geo-resources [18], and aerial navigation [19], specifically in GPS-denied environments. 

There are several different quantum systems capable of detecting magnetic fields, namely 
superconducting quantum interference device (SQUID), atomic vapors in a glass cell, trapped 
ions and solid-state spins. These are either mature technology (SQUID) or are currently being 
explored in the context of quantum magnetic sensing [12]. Out of the listed quantum sensors, 
SQUIDs and atomic vapor cells currently reach magnetic-field sensitivities in the aT/\/flz 
range that are suitable for high sensitivity applications such as the detection of extremely 
weak brain signals [12, 20, 21]. Whilst the SQUIDs require cryogenic temperatures [12, 20], 
atomic vapor cells work at temperatures even above room-temperature [21]. Despite their 
success in high sensitivity, these magnetometers lack high spatial resolution. In contrast, 
solid-state spins within nano-crystals can in principle bring the spatial resolution down to 
the nano-scale. In particular, the nitrogen-vacancy (NV) colour centre in diamond [22] has 
established itself as a key contender and stands out as an exceptional candidate for quantum 
sensing. 

The NV centre is formed when two carbon atoms along one of the four body diagonals 
of the diamond lattice get replaced by a nitrogen (N) atom and a vacancy (V). The resultant 
atom-like defect is a spin-half system, known as the neutral charge-state of the NV centre or 
simply as NV0 [22]. When the NV0 traps an extra electron, it forms a spin-1 system known 
as the negatively-charged NV centre or simply as NV- [22]. For the rest of the thesis, we 
denote negatively-charged NV centre as NV-, neutral charge state as NV0, and the NV centre 
without specifying the charge state simply as NV. 

It is the NV- which is highly sensitive to external magnetic fields. An illustration of the 
NV- centre properties and the idea of magnetic-field detection using the NV- is displayed 
in Figure 1. 1 Since Nv- is a spin-1 system, it has a spin-triplet ground and excited-state, 
contrary to the doublet-states for the spin-½ NV0 centre. When absorbing and emitting light, 
the NV- undergoes spin-dependent optical transitions. These spin-dependent transitions 
can be manipulated using MW fields around 3 GHz at low magnetic fields. Remarkably, 
the Nv- fluorescence intensity is spin-dependent, and hence the observed total fluorescence 
will change once the microwave field induces resonant transitions between the spin sub
levels. This effect is called optically-detected magnetic resonance (ODMR). An external 
magnetic field Zeeman-shifts the spin levels, and therefore changes the resonance condition 
for observing ODMR. Hence the ODMR signal is a direct measure of external magnetic 
fields. 

Though the NV- centre had been regarded as a potential candidate for quantum tech
nologies more than a couple of decades ago [22], only in 2008 was its full potential for 
sensing magnetic fields recognized [23, 24]. The initial proposals were soon supported by 
two experimental implementations of NV magnetic field sensing at the nano-scale [25, 26]. 
Its exceptional properties make the NV- centre unique and have enabled these breakthrough 
experiments. In particular, the NV- centre keeps its quantum nature (spin coherence and 
single-photon emitter properties) even at room-temperature [22]. It remains stable close to 
the diamond surface, even in nanodiamonds down to 5 nm diameter [27, 28], and is therefore 
an ideal candidate for use in nano scale magnetic field imaging [29]. Sophisticated optical and 
materials engineering of diamond nanopillars as atomic force microscope (AFM) tips [30] 
have enabled the successful demonstration of nano scale imaging of the magnetic field of even 
single electron spins [31]. Recently, a low-temperature NV scanning system at the University 
of Basel has been employed to explore magnetic 2D van der Waal (vdW) crystals, revealing 
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Figure 1.2: Lockheed Martin's 'Dark Ice' quantum magnetometer GPS, by detecting earth's magnetic 
field. Pictures are included with permission, Source: Lockheed Martin. 

for the first time interesting conformation-induced magnetic properties [32]. It looks that 
there is a market for quantum magnetic sensors at the nanoscale emerging at the moment. In 
Switzerland two-spin off companies, QZABRE from ETH Zurich [33], and QNAMI from the 
University of Basel [34], are selling NV-based nanoscale magnetic-field sensing platforms, 
mainly for the scientific market. In Germany, the Fraunhofer Society has identified quantum 
magnetic sensing as a key future market opportunity and has therefore established a national 
lighthouse project on the topic (QMAG), with one of two key technologies based on NV 
centres. 

While single NV- centres can provide high spatial resolution and good sensitivity, en
sembles of Nv- centres enhance the overall sensitivity - albeit at the cost of reduced 
spatial resolution [35]. Initial expectations of Nv- magnetometry in terms of achievable 
sensitivities saw it as being comparable to or even better than contemporary state-of-the
art competitors such as SQUIDs and atomic vapor cell systems [12]. However, the best 
magnetic-field sensitivity experimentally achieved for NV- ensembles so far is 0.9 pT/-vHz, 
[36]. Regardless, Nv- centres have been successfully employed in experimental demonstra
tions by imaging living cells [37, 38], and detecting the action-potential of the neuron [39], 
amongst others. Furthermore, the usefulness of NV- centre magnetometry in brain imaging 
was discussed in detail in a recent theoretical study [40]. A real device prototype based on 
NV- sensing is the 'Dark Ice' quantum magnetometer shown in Figure 1.2. This remarkable 
magnetometer developed by Lockheed Martin detects both the local strength and direction 
of the Earths magnetic field and can therefore help ships and aircraft navigate in GPS denied 
environments [ 41, 4 2]. 

One of the key points for further improving the sensitivity of NV- centre-based magne
tometers is the read-out efficiency, that is the way the NV- centre interacts with light and also 
its fluorescence signal. Most NV- magnetometers to date rely on spontaneous emission of the 
Nv- centre(s) [19]. A very interesting alternative is the idea of using stimulated emission of 
NV- centres [43, 44] for generating the NV photons. This method is called Laser Threshold 
Magnetometry (LTM) and was first proposed by Jeske et al. in 2016 [43]. In principle, LTM 
uses the light field of a laser generated by an ensemble of Nv- centres within a diamond 
crystal that acts as the magnetic-field dependent gain medium. Theoretically, such an NV
laser would offer a magnetic-field sensitivity of a few ITl"8z, which would be several orders 
of magnitude higher than that of state-of-the art Nv- magnetometers. Soon after the pro
posal appeared, the authors in collaboration with the Quantum Materials and Applications 
(QMAPP) group at Macquarie University, Sydney, and also others, demonstrated the direct 
observation of stimulated emission of NV- centres in 2017 [ 45]. However, the demonstration 
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Figure 1.3: A fibre cavity apparatus loaded with an NV rich diamond sample. The green laser at~ 
532 nm is pumped through the cavity fibre. The red emission from the NV centres with the green 
laser pumping is clearly visible in the picture. 

of an NV- laser is still outstanding. A similar method employing the absorption of light by 
NV- centres within a (laser) cavity was proposed recently by Dumeige et al. in 2019 [46]. In 
this work the authors consider an ensemble of NV centres in an infra-red (IR) laser cavity, and 
the modification of the laser properties due to the presence of the NV- centres. In essence, 
the present PhD thesis makes a contribution, both experimentally and theoretically, to the 
engineering of an NV-based laser-threshold magnetometer. 

The type of optical resonator that is of interest for the present study is a mechanically 
tunable fibre cavity [47]. The fibre cavity forms between a micron-sized dielectric mirror at 
the tip of an optical fibre and a macroscopic mirror on which the diamond sample is placed. 
These mirrors are highly reflective for the wavelengths of interest and thus form a strong 
intra-cavity field with which the colour centres in the diamond interact. An early version of 
the fibre-cavity apparatus with diamond sample built during the PhD is shown in Figure 1.3. 
A key feature of fibre cavities compared to conventional macroscopic cavities is the fact that 
the light field is confined to extremely small mode volumes [ 4 7], resulting in an enhanced 
interaction with the quantum emitters embedded in the sample. Several groups are currently 
working towards realizing a spin-photon interface with diamond colour centres in such fibre 
cavities [47-52]. However, to the best of the author's knowledge, no studies have considered 
mechanically tunable fibre cavities in the context of building a laser. References [49, 51] 
explored the challenges of loading fibre cavities with diamond samples of non-negligible 
thickness. Though these studies are at the other extreme in terms of interaction strength and 
the number of emitters within the cavity, the general ideas developed there can be extended 
to the studies presented in this thesis. In fact, the fibre mirrors used for the present study, 
were originally developed with the idea in mind of engineering a spin-photon interface with 
diamond colour centres. 

The primary goal at the beginning of the PhD work from which this thesis is shaped is 
to realize an NV- laser by extending the stimulated emission study [ 45] into fibre cavities 
and construct a magnetic sensor from it, in collaboration with Dr Jan Jeske, IAF Fraunhofer, 
Freiburg, Germany and Prof Andrew D. Greentree from Royal Melbourne Institute of Tech
nology (RMIT), Melbourne, Australia. In order to achieve lasing from NV- centres, the 
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strong light-matter interaction in the fibre cavities is expected to support lasing by Purcell 
enhancement of the spontaneous emission, while the high cavity Q factor should enable stim
ulated emission and the buildup of a significant intra-cavity field [53]. This experimental PhD 
work is the first room-temperature work with mechanically tunable fibre cavities, particularly 
with diamond colour centres, in the Quantum Materials and Applications (QMAPP) group at 
Macquarie University, Sydney. This thesis was shaped from a strict three year PhD duration 
including the thesis writing. 

1.1 This thesis 

This thesis focuses on engineering a quantum magnetic sensor using diamond lasers in 
mechanically tunable fibre cavities. The work builds on two main key concepts, the first one 
being quantum magnetometry with Nv- centres and the second one being the realization of 
diamond lasers in fibre cavities. 

The thesis therefore starts with a discussion about the fundamentals of magnetic sensing 
with NV- centres in Chapter 2. Then a brief discussion about magnetometry methods 
based on spontaneous emission and absorption of NV- centres is also provided in Chapter 2. 
Towards the end of Chapter 2, the concept of NV- laser threshold magnetometry is introduced 
based on reference [ 43] and is directly compared to the other methods. Since the ultimate goal 
of this thesis was the realization of an Nv- laser using fiber cavities, a realistic estimate of the 
expected laser threshold and the associated sensitivities is required. Chapter 3 is devoted to 
answering these questions. First a brief introduction to optical cavities with a focus on fiber 
cavities is given in Chapter 3. Next, Chapter 3 explores the expected NV- laser properties 
and the prospects for building a fiber-cavity LTM sensor by revisiting the calculations in 
Reference [43] with our cavity parameters. Interestingly, for the parameters considered in 
this thesis, the magnetic field sensitivity calculated is only a few pT/-ylh in contrast to the 
originally proposed ff/-vih. One key challenge that the original LTM proposal by Jeske et 
al. did not consider is the well-known issue of photo-ionization of the Nv- centre. In the 
experiments reported in Chapter 4, this photo-ionization of the NV- becomes apparent. 

The main experimental challenge during this PhD was the construction of a mechanically 
stable fibre cavity platform and its isolation from the environment. The setup and experiments 
constructed and performed during the course of this PhD are discussed in Chapter 4. While 
at time of completion of this thesis no lasing has been observed, clear amplification of probe 
laser light transmission in the diamond loaded fiber cavity was observed, Chapter 4 reports 
on these observations and presents a qualitative model, including charge state switching and 
stimulated emission of NV-, that captures - at least qualitatively - the observations made 
in the experiments. The work presented in this chapter is currently being refined into a 
manuscript, which is posted in arXiv.org and will be submitted to a peer-reviewed journal. 

Besides the experimental work towards an NV- based LTM, this thesis also investigates 
the potential for realizing an absorption-based LTM using diamond Raman lasers. Chapter 
5 reports on a theoretical study that looks at the response of a diamond Raman laser in 
an external magnetic field in the presence of NV- centres within the diamond crystal [ 46]. 
While in principle a magnetic field detector can be constructed in the same manner as for 
other absorption-based schemes [ 46], further investigations are required to understand the 
role of ionization in such a system. The modelling presented in this chapter is also being 
prepared for publication, and the manuscript will soon be posted on arXiv.org. Based on the 
findings presented in this thesis, Chapter 6 outlines the challenges and perspectives that line 
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ahead in the quest for realizing an NV centre based LTM sensor. 



8 Introduction 



Quantum magnetometry with NV- centres 

This chapter provides an introduction into magnetic sensing with NV- centres and an overview 
of different magnetic sensing methods developed over the years. The chapter starts in 
section 2.1 with the fundamental ideas for magnetic sensing using the NV- centre. This 
section introduces the current understanding about the quantum picture of the Nv- centre, 
its usefulness in magnetic field detection, and also the concept of sensitivity. Though the 
focus of this thesis is magnetic field sensing with an ensemble of Nv- centres, we discuss 
the fundamentals by considering a single centre as a representative one. Then we move 
on to the discussion about different magnetic field sensing methods in section 2.2. Since 
NV- magnetometry is evolving fast, a detailed review of different methods is beyond the 
scope of this thesis. An interested reader can find more details about different magnetic 
sensing methods from review articles like references [12, 19, 35, 54, 55] and references 
therein. Here we discuss the main optical magnetometry techniques in the three categories, 
the spontaneous emission based techniques, absorption based techniques and stimulated 
emission based techniques. 

2.1 Fundamentals of magnetic sensing with Nv- centre spin 

In recent years the underlying physics of the NV- centre spin system [22] and its application 
in sensing external magnetic fields [35, 54, 55] have been explored in great detail. The 
possibility to manipulate the intrinsic optical quantum properties of the Nv- centre at room
temperature makes it an interesting magnetic sensor. The quantum properties of the NV centre 
based on the energy level diagram, discussed in this section, considers transition rates which 
are taken from the mean value of the transition rates obtained in reference [56]. Comparable 
transition rates are experimentally observed in references [57, 58] and are summarized in 
reference [19]. Since the physics is not expected to change, though these rates may change 
slightly for different samples, we stick with these rates throughout the thesis. 
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Conduction band 

Valence band 

Figure 2.1: Energy level diagram of the NV- centre showing spin dependent optical transitions. The 
triplet ground and excited sates are denoted as 3A and 3E respectively. The ground and excited states' 
splitting in the absence of any external field are denoted as Dgr ~ 2.88 GHz and Dex ~ 1.42 GHz 
respectively [22]. The singlet states are denoted as 1A and 1 E. The non-resonant optical excitation of 
the NV- centre is shown in green arrows. The non-radiative transitions are shown in magenta curly 
arrows. Radiative spontaneous emission transitions ( 600 nm - 800 nm) are shown in red arrows. 
The inter-system crossing transitions which does not preserve spin conservation are shown in grey 
arrows. The infrared emission around 1042 nm is shown by a brown arrow. For simplicity, the phonon 
transitions in the ground state and also between the singlet states are not shown. 

2.1.1 Quantum picture of the Nv- centre spin system 

The NV- centre energy levels are within the band gap between the valence and conduction 
bands of the diamond [54, 59]. An energy level representation of the NV- centre in the band 
gap of diamond is shown in Figure 2.1. This centre consists of a ground state (3A), an excited 
state (3E) and two meta-stable states (1A and 1 E). As mentioned in the introduction chapter, 
the NV- centre is a spin 1 system. The 3A and 3E are spin triplet levels. As a result these 
two levels have fine splitting [22] based on the spin state. However, the 1A and 1 E states are 
singlet states [22]. 

The energy of the NV- centre spin is quantized along the dangling bond between the 
Nitrogen and the vacancy, which can be denoted as the NV axis. The two triplet states 3A 
and 3E have m8 = 0, m8 = + 1 and m8 = -1 states. Ideally, in the absence of any external field, 
the m8 = ± 1 of the ground and excited state are degenerate. The splitting between the m8 = 0 
and m8 = ± 1 of the NV- ground state in the absence of any external field is D gr ~ 2.88 GHz 
and the corresponding excited state splitting is Dex ~ 1.42 GHz [22] at room-temperature. 
Typically, even in the absence of any external field, the strain in the diamond crystal can also 
affect the degeneracy of the ± 1 state, so that these levels can split [22, 35]. Strain in bulk 
diamond samples is typically lower compared with nanodiamonds [35]. Since we focus on 
a bulk diamond sample in this thesis, we consider the strain induced splitting to be zero in 
order to simplify the physics in this subsection. Furthermore, the phonon levels of both the 
ground and excited states are neglected for simplicity. However, later in this chapter we will 
consider the impact of the phonon levels as they are important for the research presented in 
this thesis. 

As shown in Figure 2.1, the NV- centre is usually exited from the ground state to the 



2.1 Fundamentals of magnetic sensing with NV- centre spin 11 

excited state using non-resonant green light ( ~ 532 nm, which is a typical wavelength). 
Between ground state and excited state, the Nv- centre undergoes spin conserving optical 
transitions. The green light excites the Nv- centre from the ground state ms = 0 and ± 1 
levels to the phonon levels of the excited state ms = 0 and ± 1 levels respectively and quickly 
decay non-radiatively down to respective levels of the excited state. In Figure 2.1, the phonon 
levels of the excited state are not drawn. 

From the excited state there are two paths to decay down to the ground state. The first one 
is the spin conserving transition from excited state to the ground state and the second one is a 
spin non-conserving transition known as the inter-system crossing (ISC) through the singlet 
levels [22, 35]. The spin conserving transition from excited state to ground state happens 
from ms = 0 to ms = 0 and from ms = ± 1 to ms = ± 1. Photons emitted during this spin 
conserving transition account for the visible emission spectrum. Due to the phonon-levels in 
the ground state the emission is broad, roughly between 600-800 nm. The transition rate 
for both the direct decay transitions between ms= 0 states and ms= ±1 states is around 65.93 
MHz [ 56]. The ISC transitions occur from ms = 0 and ms = ± 1 levels of the excited state to the 
singlet states with uneven transition rates, 7.93 MHz and 53.25 MHz respectively [56]. The 
maximum life-time of the upper level singlet state, 1A, is around 1 ns [60]. The NV centre 
decays from 1A to 1 E both non-radiatively and radiatively with an infra-red (IR) emission 
wavelength around 1042 nm [22, 61]. The 1 E has a longer lifetime and the NV centre decays 
from 1 E to the ground state ms = 0 and ms = ± 1 with slightly uneven transition rates around 
0.98 MHz and 0.72 MHz respectively [56]. 

Despite the fact that the spin conserving decay transitions have equal transition rates, the 
population fraction of the NV- centre available for decay from ms = ± 1 is smaller compared 
with that from the ms = 0 level of the excited state. This is due to a stronger ISC transition 
to the singlet state 1A from ms = ± 1 state than that from the ms = 0 state. The ISC transition 
from ms = ± 1 state is also comparable with the spin conserving transition from these levels. 
On the other hand, the non-radiative decay transitions from the singlet state 1 E to the ground 
state slightly prefer the ms = 0 over the ms = ± 1 of the ground state. As a result the ISC 
transitions altogether favour increasing the Nv- population fraction in the ms = 0 state. 

Two key points about the intrinsic quantum properties of NV- centres can be identified. 
The first one is that continuous excitation with a non-resonant wavelength (e.g. green laser 
typically around 532 nm) polarizes the NV- centres to the ms= 0 state. Secondly, the amount 
of spin conserving decay, producing observable photons, is stronger from the ms = 0 state 
than from the ms = ± 1 state. Conversely, the amount of ISC transition from the ms = ± 1 state 
is more than from the ms = 0 state. This allows optical readout of the spin projection. 

In the presence of a magnetic field the degenerate ms = ± 1 states split due to Zeeman 
splitting [22, 35]. By detecting this splitting using the intrinsic optical properties of the 
NV- centre, the magnetic field can be sensed. This is typically done by manipulating the 
ground state spin by applying a microwave (MW) frequency close to the ground state splitting 
Dgr ~2.88 GHz [22, 35]. 

2.1.2 Magnetic field detection using spin manipulation of the NV- centre 

In order to see the magnetic field influence of the NV- centre, let us consider the ground state 
3A. Let us also assume a co-ordinate system with the z-axis is along the Nv- axis. Then 
using spin 1 matrices Sx, Sy, and S2 , the ground state Hamiltonian for the Nv- centre in the 
presence of a weak magnetic field Bw can be approximately written as [22, 35], 



12 Quantum magnetometry with NV- centres 

(2.1) 

where, his the Planck's constant, Egr is the strain splitting in the ground state, ges ~ 2.01 is 
the g-factor of the NV- centre [22], and µBis the Bohr magneton. In the weak magnetic field 
regime, the NV- centre is almost insensitive to perpendicular components of the magnetic 
field, even up to a few mT [35]. Thus, we consider only the z component of the Hamiltonian 
in equation (2.1). From the Hgr we can obtain two eigen frequencies as [35], 

(2.2) 

These two frequencies corresponds to the splitting between ms = 0 ~ + 1 and O ~ -1. As 
we discussed these two frequencies are equal ( or in other words the + 1 and -1 are degenerate 
in the absence of any external magnetic field), in the approximation Egr ~ 0. From equation 
(2.2), we see that the magnetic field induces further separation in the frequencies and this is 
the well known Zeeman splitting. 

Though for simplicity, we neglected the strain splitting Egr for discussing the energy 
levels (we will do the same later in the thesis), in reality there will always be some strain 
induced splitting. This can vary from hundreds of kHz in bulk samples to a few MHz in 
nanodiamond crystals [35]. From equation (2.2), we can see that Zeeman splitting is visible 
only if the magnetic field component is much stronger than the strain component. Typically, in 
experiments for sensing weak magnetic fields, a bias magnetic field to marginalize the strain 
component is required [35]. However, recent demonstration of magnetic field detection 
without a bias field in reference [62] opens a new possibility to do bias field free sensing. 
Since it is beyond the scope of this thesis, we are not going into the details of this paper. In 
general terms, magnetic field sensing in NV centres occurs by finding the resonant interaction 
frequency of the microwave drive. This method is known as Optically Detected Magnetic 
Resonance (ODMR). 

ODMR 

So far in this chapter, we have not specified the time dependence of the magnetic field. If 
the magnetic field is static or slowly varying typically up to the frequencies in the kHz range, 
then it is considered as DC magnetic field [19]. On the other hand, if the magnetic field is 
oscillating fast typically in the MHz range, it is considered as an AC magnetic field [19]. 

The DC magnetic field that affects the ground state can be estimated if the two eigen 
frequencies are somehow connected to the intrinsic optical property of NV- centre. As we 
mentioned earlier a MW frequency resonant to the eigen frequencies can do this job. The 
easiest way to do this is by simultaneously applying a continuous wave (CW) green laser 
and a CW sweeping of the MW frequency around the ground state splitting. Then, detecting 
the visible spontaneous emission from the NV- centre, the resonance frequencies can be 
detected. An illustration representing the central idea of ODMR is shown in Figure 2.2. 

The Nv- centre population evenly splits between ms = 0 and ± 1 at resonant MW fre
quency, which leads to less ms = 0 population compared with non-resonant MW frequencies. 
Since the visible red spontaneous emission of the NV- centre is proportional to the ms = 
0 population, the fluorescence drops at the resonant frequency. This is the reason for the 
observation of a fluorescence dip at the resonant frequency. In the absence of any external 
field only one resonance dip is observable due to the degeneracy of ms = + 1 and -1, whereas, 
in the presence of a magnetic field, two resonance dips are observable due to the Zeeman 
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Figure 2.2: Cartoon of the ODMR measurements. The NV- centre excited with a green light gives 
spontaneous emission of red light. The microwave is shown in brown color and the magnet is shown 
in grey color. The cartoon of resonances with optical intensity versus microwave frequency plot for 
without and with magnetic field is shown in (a) and (b) respectively. 

splitting. The splitting between the dip is proportional to the magnetic field present and thus 
can be found from equation (2.2). However, this method of determining the DC magnetic 
field is not particularly sensitive. 

The more sensitive method is to keep the MW frequency fixed and through the change 
in the optical output induced by the unknown external magnetic field, changes in magnetic 
field can be detected. The MW frequency corresponding to the maximum slope point of 
the ODMR dip is the best frequency for this. This point provides the maximum sensitivity 
magnetic field detection using a CW ODMR method. 

2.1.3 Sensitivity 

It is important to discuss sensitivity before we move on to see how the underlying physics 
about magnetic field detection is implemented in experiments. Sensitivity is the figure to 
compare the performance or quality of a sensor. 

The magnetic field is essentially detected using some signal, which is optical as far as 
this thesis is concerned. Unfortunately, noise is also an unavoidable part of magnetic field 
detection measurements. In order to infer any information from measurements, the signal has 
to be distinguishable from the background noise. The limit of usefulness of any measurement 
is taken to be when the signal to noise ratio is one. The sensitivity of the DC magnetic sensor 
is defined as the minimum detectable magnetic field using the sensor at this limit, per unit 
time [12, 35]. 

Adapting the general sources of noise discussed in [12] for the case of NV-, we can see that 
the main sources of noise in the measurements are quantum projection, interaction of NV
centre with its surroundings, errors in controlling the intrinsic properties of the Nv- centre, 
and noise associated with photons in the optical detection read-out. The quantum projection 
noise is the fundamental noise associated with projective measurements [12, 63]. This arises 
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due to the uncertainty in determining the population fractions by projective measurements, 
which will be discussed in the following section. For the case of optical readout of the Nv
centre, the photon shot noise that arises due to optical readout is the most dominant noise 
source [35]. The basic idea of different magnetic field detection techniques developed by 
researchers over the past decade is to reduce all the noises in the measurement and reach the 
fundamental quantum limit. 

Considering only the photon shot noise alone as it is currently the main noise source, 
we can generally quantify the sensitivity following reference [35] for the research presented 
in this thesis. The equation for sensitivity is useful for the emission cases, since we are 
interested in magnetic field sensing using some emission associated with the NV- centre. 

Let the optical signal from NV- centre have a frequency v and power P. We apply an 
infinitesimally small magnetic field 8B that produces an infinitesimal change 8¢ in the photon 
flux ¢ ( = P / hv ). If we measure the emission for a time period 8t, then the photon shot noise 
in the measurement is ~ and the signal for magnetic field sensing in this measurement 
is 8¢ · &. Equating this measurement signal to the photon shot noise, the magnetic field 
sensitivity (77) can be written as [12, 35], 

'1P 
T/ = 8BWt = fu 8P/8B (2.3) 

This is a very general form of the sensitivity that we use later in the main part of this 
thesis. The AC magnetic field sensitivity is generally higher than the DC magnetic field 
sensitivity by a scaling factor higher than one, due to the improvement in the coherence time 
in AC magnetometry [24, 35, 43]. The optimum value of the sensitivity is when the 8P/8B 
is maximum. As we mentioned above, one of the methods for magnetic field detection is 
by keeping the MW frequency constant and detecting the change in the signal due to the 
magnetic field noise. This is in general terms, a signal response as a function of detuning 
between the MW and the Nv- centre ground state. In the absence of any magnetic field, 
the detuning can be induced by changing the MW frequency. Hence the response signal as a 
function of magnetic field is proportional to the same signal response as a function of MW 
frequency. The maximum value of 8P / 8B is then proportional to the maximum value of 
8P/8Vmw• 

Though the response functions are different for different magnetometry methods with 
NV- centres as we shall see in the following section, we can generally write the sensitivity 
irrespective of whether it is a DC or AC magnetic field as [64, 65], 

~v 
T/ ex: Cr-W. (2.4) 

Here, Cr is the contrast in the response signal due to the magnetic field noise and ~ v is 
a parameter that basically depends on the spin dephasing time of the Nv- centre ground 
state. A detailed derivation considering each response function for different magnetometry 
is beyond the scope of this thesis. An interested reader can find more information in one of 
the pioneering papers [64]. 

The CW ODMR response signal that we discussed above is typically a combination of 
a Gaussian response due to the power broadening and a Lorentzian response due to the 
natural line shape and the resultant combination is a Voigt response function [65]. Due to 
the intrinsic properties of the Nv- centre, Cr has a fundamental limitation of about 20% for 
a single centre [35]. The fundamental limit to the line width~ vis the dephasing rate of the 
NV- ground state. However, due to the CW green laser and the MW frequency, the ~ v is 
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much higher than its fundamental limit. Using an ensemble of NV- centres instead of a single 
centre the sensitivity can be enhanced by a factor of square-root of the number of Nv- centres, 
since the fluorescence improves by the number of Nv- centres [35]. However, using the 
CW-ODMR method well above the fundamental limit is a major draw back that limits many 
potential applications of NV- magnetometry. There are different magnetometry methods 
developed over the last decade to overcome this challenge in the CW ODMR measurements. 

2.2 Different Nv- magnetometry methods 

In this section we discuss the magnetic sensing methods using NV- centres experimentally 
developed for improving the sensitivity over the CW ODMR method and for practical high
sensitivity applications. As mentioned earlier in this chapter, we consider NV- magnetometry 
based on spontaneous emission and absorption here. In the spontaneous emission case, CW 
ODMR has already been discussed and thus, in this section we discuss the extension of CW 
ODMR in the transient regime. Even in the CW case, by enhancing the interaction between 
the magnetic field and the NV- centre or by more efficiently collecting the spontaneous 
emission, the sensitivity can be further improved. A good example of this is using light
trapping diamond wave guide work reported in reference [ 66]. 

2.2.1 Nv- centre magnetometry using pulse schemes 

Pulsed spin manipulation of the NV- centre and its application in magnetic field detection 
is based on the resonant interaction of MW s with the NV- centre in the transient regime. 
Generally a clear picture of the resonant interaction helps the reader to follow the later part 
of this thesis. Hence, to make the resonant interaction clear, let us consider the NV- centre 
ground state in the absence of any strain or magnetic field, driven with a near-resonant MW 
frequency. In the rotating wave approximation, the Hamiltonian of the NV- centre resonantly 
driven with the MW frequency can be written as, 

(2.5) 

Here, ""1. gr is the detuning between the ground state splitting and the MW, 11gr is the Rabi 
frequency, which depends on the strength of the driving field, and <Tz and <Tx are the Pauli 
spin matrices. Assuming that all other losses are negligible compared with the dephasing 
rate (rgr), the master equation in Lindblad form [67] can be written as, 

(2.6) 

Here, Pnv is the density matrix for the two level system. 
This master equation (2.6) is solved using mesolve in the QuTip python package [68]. 

For simplicity and to capture the essential physics, we hypothetically consider that the NV
centre population fraction is fully in the ms = 0 state at time 0. The resultant time evolution of 
the population of the ground state spin levels for different detunings are shown in Figure 2.3. 

The resonant interaction drives the population fraction between the two levels with the 
frequency 11gr· This resonant interaction can be visualized using the Bloch sphere represen
tation as shown in Figure 2.3. When the ground state population fraction is fully at ms = 0 
(or ms= 1; only +l is considered for simplicity) the Bloch vector is fully along IO) (11)). If 
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Figure 2.3: Simulated Rabi oscillation due to resonant MW driving of NV- centre ground state. Qgr 

is assumed to be 10/2rr MHz. The blue and orange curves correspond to ideal case without dephasing 
and with a dephasing rate of 1MHz respectively. The Bloch sphere representation corresponding to 
each y-axis value is also shown. 
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Figure 2.4: Pulse scheme for ODMR in pulsed mode. I denote the initialization pulse of the green 
laser, rr represents the MW pulse and R represents the readout pulse. 

the spin state is in equal superposition then the Bloch vector is in the x-y plane. Resonant 
interaction with the MW for time = ); , flips the spin population fully from ms = 0 to ms = 1 

••gr 

or vice versa. A MW pulse of this duration is known as a 1r pulse. A MW pulse of half this 
duration is known as a 1r /2 pulse. A 1r /2 pulse puts the fully polarized NV- centre in to a 
spin superposition state in the x-y plane of the Bloch sphere. 

In the presence of external noises, dephasing dampens the Rabi oscillations. An example 
of population fraction driving under dephasing is shown in Figure 2.3. With this brief 
introduction to the resonant interaction of MW with the NV- centre in the transient regime, 
we can now see the magnetic field sensing methods. 

Nv- magnetomery using pulsed ODMR 

This method is the direct extension of CW ODMR magnetometry employing pulsed schemes 
for detecting DC magnetic fields [69]. In this scheme a green laser pulse alone is applied first 
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Figure 2.5: Pulse scheme and Bloch's sphere representation of Ramsey magnetometry. The magnetic 
field noise is shown in green. The evolution of the superposition state is due to Larmor precsion which 
follows right hand thumb rule. 

to initialize the NV- centres spins to the ms = 0 of their ground state. When this initializing 
pulse turns off, a 1r pulse is applied in the absence of any green laser light. After the 1r pulse 
a green laser pulse is applied to read out the NV- centre fluorescence. When the 1r pulse is 
applied to spin polarized NV- centres, the presence of magnetic field affects the perfection in 
flipping the spin state [19]. Thus, the spin readout gives information about the imperfection 
in the spin flip and hence the magnetic field can be detected. By sweeping the MW frequency, 
the ODMR spectrum can be obtained similar to the CW case. In this scheme, since the MW 
is applied in the dark, there is no power broadening of the NV- centres by the green laser 
light, but only due to the MW. With this reduction in the noise, the contrast increases and the 
linewidth reaches close to the dephasing limited value. However, this method is susceptible 
to variations in Qgr [19]. The pulse sequence for this method is shown in Figure 2.4. 

The duration of a 1r pulse with the optimum sensitivity is found to be equal to the spin 

dephasing time (T; = 2~, assuming Gaussian line shape for the ODMR dip) [69]. Then 
11 v ~ f'gr, and the optimized de magnetic field sensitivity is [69], 

TJ ~ 
"{le(n/ (gesµB)) 

Crffer{f; 
(2.7) 

where Nr is the total number of detected photons in the measurement time and it is the product 
of rate of photon collection ( ¢) in the continuous excitation of NV- centres and the duration 
ofread out pulse [69]. 

Nv- magnetometry with pulse sequences 

DC magnetic field detection can be done using Ramsey magnetometry to improve the sen
sitivity. The pulse scheme for this method is shown in Figure 2.5. The I-pulse polarizes the 
Nv- spins to IO). The I pulse brings the Nv- centres to the superposition state. Then after 
the I pulse, the NV- centres, superposition undergoes evolution in the dark. Another I pulse 
converters the information about the evolution in to the population fractions by projecting 
the superposition state to the 11). This population fraction information is read out using 
the R-pulse. The Ramsey magnetometry signal shows fringes, known as Ramsey fringes. 
The signal for this method follows Cr cos (gesµBBwrct) [19, 64, 65]. Where Tct is the time 
corresponding to the evolution of a superposition state under magnetic field noise in the dark 
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Figure 2.6: n-pulse effect on the ac magnetometry. This 7r pulse is at the centre of the Ramsey pulse 
method 

and Bw is the effective magnetic field, that induces detuning to the MW driving. The maxi
mum slope of this signal with respect to the magnetic field, which determines the sensitivity, 
contains Tct, and the optimum sensitivity is achieved when this free precession time is equal 
to the spin dephasing time T; [64, 65]. The optimum sensitivity then follows equation (2.7). 

An AC magnetic field can be detected if an extra ,r pulse is added in between the two ~ 
pulses of the Ramsey magnetometry. If one complete cycle of the AC magnetic field is equal 
to the time between the two ,r /2 pulses, then the ,r pulse at the centre flips the superposition 
state exactly for half the AC cycle of the magnetic field. As a result, the phase evolution 
continues as in the Ramsey case. However, since the spin flip suppresses quasistatic noise, 
the spin dephasing time improves, which results in an increase in the sensitivity. This type 
of magnetometry method is known as spin echo magnetometry [ 64]. The effect of an extra ,r 
pulse is shown in Figure 2.6. 

The optimized sensitvity is when the free precision time is equal to the spin decoherence 
time, T2. Then the sensitivity can be written as [64, 65], 

(2.8) 

The best magnetic field sensitivity (0.9 pT/-vHz [36]) achieved so far in NV- magnetom
etry experiments was with AC magnetometry. 

2.2.2 Nv- absorption magnetometry 

So far we discussed magnetometry methods using the emission from the NV- centres. In 
these techniques, the efficient collection of photons is an important factor [70]. However, due 
to the internal properties of diamond samples especially with a high density of Nv- centres, 
internal scattering can lose photons and thereby suppress information about the magnetic 
field [70]. A way to deal with this is to use NV- centres' absorption for magnetometry [71]. 
The absorption properties of Nv- also depends on the intrinsic quantum properties of the Nv
centre. Then similar to the above mentioned emission based techniques, the magnetometry 
with absorption of NV- centre can also be done. However, the key difference in the physics 
of the absorption case is that the focus is on the long lifetime of the singlet state of Nv
centre, in contrast to the spin conserving transition in the emission based methods. Two 
elegant methods have been experimentally demonstrated. The first one uses absorption of 
IR wavelength at 1042 nm [72-74]. The second one uses absorption of green laser at ~ 
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Figure 2. 7: Simplified experimental concept of IR absorption magnetic sensing [72-7 4]. The green 
color represent the green laser pumping of Nv- centres. Only one Nv- centre is shown as a 
representative one. The IR output is detected as the signal. 

532 nm [70]. These methods used optical cavities in which the diamond sample containing 
Nv- centres are placed. 

The underlying physics of the absorption-based NV- magnetometry is that when the MW 
frequency is resonant to the ground state splitting of the Nv- centre, a significant population 
fraction of the NV- centre de-excites through the ISC transition to the ground state, more 
than when the MWs are non-resonant. Since the singlet state has a longer lifetime than the 
excited state lifetime, NV- spends significant amount of time in the singlet state. As a result 
the steady state population of the ground and singlet states of the NV- centre can be tuned 
via the magnetic field which in turn controls the absorption [70]. Later in this thesis, we 
investigate using a Raman laser for absorption-based NV- magnetometry. Hence we discuss 
the two absorption magnetometry methods below, to make the reader more familiar with this 
method. 

IR absorption Nv- magnetometry 

IR absorption NV- magnetometry was demonstrated before the green absorption methods in 
references [72-74]. For IR absorption NV- magnetometry, the IR wavelength of a 1042 nm 
cavity is used. A simplified schematic for the IR absorption experiment is shown in Figure 
2.7. However, in order to pump the Nv- centres an additional green laser is used. Since the 
singlet transition wavelength is 1042 nm and the lifetime of the lower singlet state is longer, 
the NV- centres reaching the singlet state absorb the IR wavelength. Using MW, the ODMR 
measurement is done through the cavity transmission signal [72-74]. The best magnetic 
sensitivity for this method is achieved experimentally with the IR absorption in the pT/\/flz 
regime. Since the singlet state population is higher when the MW frequency is resonant, the 
absorption in the diamond is increased. 

A new version of this IR absorption magnetometry has been proposed recently in ref
erence [46] using the idea of laser threshold magnetometry (LTM) [43], which is the main 
focus of this thesis. In this proposal the MW driven NV- centres in diamond are used as 
an absorber inside another IR laser cavity. It is then theoretically shown that the IR laser 
output can be modified, particularly the threshold behaviour, by an external magnetic field. 
This work estimates that the sensitivity of such a magnetometer could surpass the pT/\/flz 
regime [ 46]. 
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Figure 2.8: Simplified experimental concept of green laser absorption NV- magnetic sensing [70]. 
The green color represents the green laser pumping of Nv-. Only one Nv- centre is shown as a 
representative one. The output intensity is detected as the signal. 

Green laser absorption Nv- magnetomery 

Green laser absorption NV- magnetomery was experimentally shown recently in refer
ence [70]. In this method an optical cavity for green wavelength is used in which the diamond 
containing NV- centres are placed. A simplified version of the sensor in reference [70] is 
shown in Figure 2.8. The cavity transmission of the green laser is detected during absorption 
detected magnetic resonance (ADMR), the absorption version of ODMR [70]. 

In contrast to the IR absorption case, the absorption of green laser is smaller when the 
MW frequency is resonant and this is detected through the cavity transmission [70]. The 
main advantage of this method over the infra-red case is that it is easier and does not require 
any special detectors as required for detecting IR wavelengths. The sensitivity of this method 
in reference [70] is in the nT/v'Hz regime and has a projected sensitivity of pT/v'Hz. 

2.3 Magnetometry using Nv- laser 

In the previous section, we have discussed magnetometry by using spontaneous emission of 
NV- centres and absorption of NV- centres. However, quite recently a new method has been 
proposed using the stimulated emission of the Nv- centre, or lasing, at a red wavelength. This 
emission is generated from the NV- centres and used for magnetic field detection [43, 44]. 
We explore the stimulated emission in detail in the next chapters as this is a major focus of 
this thesis. Here in this section, we briefly summarize the findings in the proposal for direct 
comparison with the other methods discussed above. 

The NV laser based technique is first proposed in reference [43] based on using NV
centres as a gain medium in an optical cavity with high Q-factor. The NV- centres embedded 
in a high Q-factor cavity are pumped with a green laser at 532 nm. The spontaneous emission 
into the cavity then induces the lasing transition in the phonon side band of the NV- centre. 
An energy level diagram representation of the stimulated emission or the lasing transition is 
shown in Figure 2.9. 

Since the laser is formed due to the stimulated emission of the spin conserving transitions, 
similar to the spontaneous emission case, the spin conserving stimulated emission can be 
tuned using an external MW field. If a MW frequency is applied resonant to the ground state 
transition, the presence of magnetic field can change the laser output, especially the laser 
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Figure 2.9: Energy level diagram of the Nv- centre showing the stimulated emission of Nv- centre. 
The stimulated emission or lasing transition is shown in red arrows. The phonon levels of the ground 
state are shown in a bunch of black lines. The spin conserving spontaneous emission transitions are 
not shown in this figure. 
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Figure 2.10: Simplified experimental concept of NV- laser magnetometry. (a) NV- laser magnetic 
sensor. The green color represents the green laser pumping of Nv- centres. Only one Nv- centre 
is shown as a representative one. The NV- laser output is the signal. (b) hand drawn cartoon of the 
NV- laser output in (a) as a function of green laser in the presence and absence of a magnetic field. 

threshold [43]. A conceptual cartoon of this method is shown in Figure 2.10. 

The sensitivity of such a laser can be represented similarly to the sensitivity given in 
equation 2.3 [43]. The proposed DC magnetic field sensitivity in reference [43] goes down 
to a few ff/-vHz. This drastic improvement in the magnetic field sensitivity is due to the 
directional property of the laser or stimulated emission itself allowing more of the signal to 
be detected [19]. A similar sensitivity is theoretically calculated even in the absence of the 
cavity and by only considering amplification due to the spontaneous emission [ 44]. Since the 
NV- laser is based on the steady state condition of the lasing process, the NV- laser is only 
useful for detection of static or slowly varying magnetic fields [43]. 

In comparison with the spontaneous emission based magnetometry or absorption based 
magnetometry, the stimulated emission based NV- magnetometry is a conceptually simple 
method to improve the sensitivity. However, the fundamental challenges in realising this NV 
magnetometry method still remain. As we already mentioned, the experimental realization of 
the NV- laser is one of the first challenges. Further challenges such as laser oscillations close 
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to the laser threshold as speculated by reference [19] still remain. However, the conceptual 
simplicity of the laser threshold magnetometer has already inspired the adaptation of IR 
absorption based NV- magnetometry to next level through the proposal of IR laser threshold 
magnetometry in reference [ 46]. 



Magnetometry with a fibre cavity NV- laser 
and charge state switching of NV- centres 

This chapter revisits magnetometry with an NV- laser by considering fibre cavity as the laser 
resonator. We start with an introduction to optical cavities in the Fabry-Perot geometry, which 
are applicable to the fibre cavities in section 3.1. Then the Nv- laser in fibre cavity and its 
response against external magnetic fields are explored in section 3.2. We then briefly discuss 
stimulated emission in STED microscopy, which is a high resolution microscopy based on 
the idea of stimulated emission in section 3.3 This section is provided to give an insight into 
the NV- stimulated emission process and to introduce the charge state switching of the NV-. 
Then in section 3.4, we discuss the charge state switching of the NV centre. 

3.1 Fundamentals of Fabry-Perot optical cavity 

A Fabry-Perot optical cavity is a two-mirror optical cavity in which the electromagnetic field 
forms standing waves. One can find the details of optical cavities in standard references 
like [75] or articles like [76]. Here we briefly review the properties of the optical cavities 
relevant for this thesis. A schematic of the Fabry-Perot cavity is shown in Figure 3.1. Though 
the cavities that we are studying are not planar cavities formed by two flat mirrors, most of 
the underlying physics can be extracted by approximating the cavities with curved mirrors to 
the planar cavities. 

In the figure, the light field enters into the cavity only for certain allowed separations 
between the two mirrors along the direction of propagation, the z-axis. This quantized light 
field inside the cavity is known as a longitudinal cavity mode. For each longitudinal cavity 
mode, the fine tuning of the mirror separation can produce different profiles in the x-y plane 
due to the boundary conditions when curved mirrors are used. These quantizations in the 
transverse plane of the longitudinal mode are known as transverse cavity modes. We will see 
more about these cavity modes in the following subsections. 
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Figure 3.1: A two mirror Fabry-Perot cavity. The cavity mode is shown neglecting the curvature of 
the mirror. The lcav represent the cavity length. Eo, E~, E~ and Ecav respectively represent input 
and transmission, reflection, and intra-cavity electric field intensities associated with the light. 
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Figure 3.2: Illustration of normalized longitudinal cavity modes as a function of phase difference (0) 
corresponding to a round trip. The R considered is 990/o. The Free-Spectral Range (FSR) and FWHM 
are shown in the figure. 

3.1.1 Longitudinal cavity modes 

As mentioned above the longitudinal cavity modes arise because the light field enters only 
for certain mirror separations. We can derive the condition for the longitudinal cavity modes. 

Consider the cavity and electric fields corresponding to monochromatic light on the cavity 
as shown in Figure 3.1. Let us assume for simplicity that both the mirrors are identical. Lett 
and r be the electric field transmission and reflection coefficients of each mirror. Furthermore, 
let 0 be the phase difference accumulated by the electric field bouncing back and forth inside 
the cavity for one round trip, and d is a loss parameter for the electric field in a single pass 
through the cavity. We consider the transmitted light, since the studies in this chapter involve 
the light transmitted through the cavity. Then, the total electric field transmitted through the 
cavity at steady state can be written as, 

, E0t2d 
E =-----. 

0 1 - r2d2 exp{i0} 
(3.1) 
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In terms of intensity, this can be written as, 

, IoT2D 1 
I------------
o - (1 - RD)2 1 + 4 RD sin2 fl' 

(1-RD)2 2 

(3.2) 

where, D = d2 , assuming d is a real number that accounts for the losses such as absorption 
and scattering. The round trip phase difference 0 can be written as, 

2n 
0 = - · 2lcav · Vcav, 

C 
(3.3) 

Then from equations (3.2) and (3.3), we see that the transmission of a Fabry-Perot cavity 
can be tuned either via length of the cavity or via the frequency of the light we are pumping 
into the cavity. 

Assuming an ideal cavity with D = 0, the normalized cavity transmission as a function of 
0 is shown in Figure 3.2. It is clear that the cavity transmission is only allowed when 0 is an 
integer multiple of 21r. These resonance frequencies corresponding to these allowed values 
can be written as, 

C . 
Vj = -2[ ], 

cav 
(3.4) 

where j is an integer. For the other frequencies the light field inside the cavity undergoes 
destructive interference and the light field does not transmit or enter the cavity, instead it 
reflects back from the cavity. 

Associated with each of these longitudinal modes, there are transverse modes with differ
ent orders, which have different spatial profiles in the x-y plane. We can see this in the next 
subsection. 

3.1.2 Transverse cavity modes 

Let us consider curved cavity mirrors. The standing EM waves trapped inside the cavity can 
be expressed using standard wave equations. The electric field associated with the light field 
inside the cavity obeys the Helmholtz equation in the scalar form and can be written as, 

2 41r2 
(V + ;il )Ecav(x, y, z, t) = 0, (3.5) 

where V2 represents Laplacian, ;tis the wavelength of the light field and Ecav is the electric 
field. Dropping the harmonic time dependence, the Ecav can be written as, 

(3.6) 

where E~av is the electric field amplitude and ,fl(x, y, z) is the envelope of the electric field. In 
the standard paraxial approximation, that is assuming that the variation in the field envelope 
along the cavity axis is negligibly slower than that of the x and y directions, we can write the 
Helmholtz wave equation as, 

iJ2,fl(x, y, z) + 82,fl(x, y, z) _ i 4n 8,fl(x, y, z) = O. 
8x2 8y2 ;i 8z 

(3.7) 
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Figure 3.3: Simulated transverse cavity mode profiles up to a few higher order modes. The transverse 
modes are shown at the mode waist. The m and n values are shown below for each transverse mode 
as m, n. The mode waist was assumed to be 5µm. 

The general solution of the wave equation in equation 3.7 can be written as [77], 

(3.8) 

where Hm and Hn are the mth and nth order Hermite polynomials respectively, w0 is the 
waist of the cavity, w(z) is the beam spot size at a distance z from the cavity waist, R(z) is 
the radius of curvature of the wave-front at a distance z from the cavity waist and ZR is the 
Rayleigh length. The arctan term corresponds to the phase accumulated along the z direction 
and is known as the Gouy phase shift. In terms of intensity, the cavity electric field can be 
written as, 

(3.9) 

The spatial distribution of the cavity mode in the x-y plane is then determined by I ,fl ( x, y, z) 12. 

A simulation of this is shown in Figure 3.3. Transverse modes with the Gouy phase shifts 
modify resonant frequencies given in equation (3.4) [77] and can be written as [77], 

C 1 
v j = -21 (j + - ( m + n + 1) arccos ( 

cav 1f 
(3.10) 

where R1 and R2 are the radius of curvature of the two mirrors. It is clear from equation 
(3.10) that for each of the longitudinal modes there are transverse modes with different orders. 

So far the discussion is about the empty cavity. However, when a sample, for example in 
the present case a diamond crystal is placed inside the cavity, the cavity resonance conditions 
change. A derivation of such a cavity resonance is again beyond the scope of this thesis. 
Such cases have been studied in the past with thick diamond samples inside fibre cavities 
in the following references [49, 51, 52]. Adapting these results, the resonance frequency of 
the fundamental Gaussian mode resonant to the sample loaded cavity, in contrast to equation 
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Figure 3.4: The resonant wavelengths of the cavity as a function of cavity length. Dashed magenta 
and orange colours correspond to 50µm thick diamond modes and empty cavity modes. The solid 
blue curves are the cavity modes of a 50µm thick diamond sample loaded cavity. 

(3.10), can be written as [49], 

C . ~-~ 
Vj = 2n(la + ld) (in - (-1)1 arcsin (0.412 X sin (in la+ ld ))), (3.11) 

where la and ld are the optical lengths of light in air and diamond respectively. The factor 
0 .412 is the standard Fresnel reflection coefficient of the electric field for normal incident at 
the air-diamond interface. This is a one dimensional model assuming that j >> 1 [49]. 

For a laser cavity, a fundamental Gaussian cavity mode is important as it ensures maximum 
gain. A visualization of the deviation of the resonance conditions from the empty cavity by 
placing the sample studied in this thesis, i.e. 50µm thick sample, is shown in Figure (3.4). 
In this figure the change in the resonance conditions due to the extra boundary conditions at 
the air diamond interface is clearly visible, similar to the studies [49, 52]. 

3.1.3 Finesse and Quality factor of the cavity 

Finesse (Fcav) and Quality factor (Q-factor) are the two important parameters that are of 
interest for an optical cavity. Both these parameters show how efficiently the light field, or in 
other words photons, can be stored in the cavity. 

Finesse depends only on the reflectivity of the mirrors. Assuming both mirrors are 
identical, finesse can be written in terms of reflectivity (R) of the mirror as, 

n'VR 
Fcav = ( l _ R) • 

When the reflectivity of the mirrors tends to unity, the finesse can be written as [78], 

n 
Fcav ~ ( l _ R) • 

(3.12) 

(3.13) 

Since the output intensity can be written in terms of intra-cavity intensityUcav) as /~ = 
lcav(l -R) [78], the intra-cavity intensity can be written in terms of the transmitted intensity 
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as [78], 
Fcav ' 

lcav = -10 . (3.14) 
7[ 

For a high finesse cavity, the finesse can be written as a ratio of FSR to FWHM (Kcav) of 
the longitudinal cavity modes. Since the cavity modes can be tuned either via tuning the 
frequency or via tuning the cavity length, the finesse can be estimated in both ways. However, 
from equation (3.4), the FSR is c/2lcav as a first order approximation for simplicity. Then 
the finesse can then be expressed as, 

2 (c/2lcav) 
Fcav ~ 7[----. (3.15) 

Kcav 

Then using equations (3.13) and (3.15), the FWHM or the cavity loss rate can be written as, 

C 
Kcav = -1 -(1 - R). 

cav 
(3.16) 

The cavity loss rate determines how long a photon can be stored in the cavity, as it is the 
inverse of the photon life-time inside the cavity. The Q-factor can be defined as the ratio of 
the frequency of the light field ( v) to the cavity loss rate of the longitudinal cavity modes and 
can be written as, 

V 
Q=2n-, 

Kcav 
which is the related to the Finesse as [78], 

Q = }Fcav• 

(3.17) 

(3.18) 

Equation (3.18) makes it clear that the Q-factor can be increased by increasing the finesse 
as well as increasing the length of the cavity. The advantage with the fibre cavity is that the 
micro-cavity can be formed with a really high Q-factor [47, 49]. 

3.2 Nv- laser in the fibre cavity and associated magnetic 
sensing 

Now with the knowledge of cavity basics that we discussed above, we can model an NV- laser 
in the fibre cavity and can investigate its prospects for magnetic field sensing. A fibre cavity, 
as we will see in the actual experimental setup in the next chapter, is a miniaturized cavity 
with extremely tight cavity volume. Hence, the MW driven NV- laser model introduced in 
reference [43] is adapted for the present study. 

The idea of a laser made from the emission of NV- centres in diamond was of interest [79] 
even before the proposal ofLTM in 2016 [43]. Although lasing from the emission of an NV
colour centres has not been observed so far, the stimulated emission of both the charge states 
of NV centres has been explored in the context of the NV- laser in references [45, 79-82], 
particularly, direct observation of the stimulated emission of Nv- centres in reference [ 45] 
and the estimation of stimulated emission cross-section in references [79, 80, 82]. In this 
section, we start with the discussion of the stimulated emission cross-section of the NV
centre by considering the sample studied in this thesis. Then, similar to reference [43], we 
model the emission of the MW driven Nv- centres in a diamond crystal. Using this model in 
conjunction with our Nv- fibre cavity laser characteristics, we study the theoretical magnetic 
sensing performance of this platform. 
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3.2.1 Stimulated emission cross-section of the NV- centre 

In the light induced transition, a parameter known as cross-section, associated with the system 
undergoing transition, sets the rate of transition along with the intensity of the light. The 
cross-sections of the transition for the absorption and stimulated emission are known as 
the absorption cross-section (<Tabs) and stimulated emission cross-section (<Tse) respectively. 
These cross-sections can be seen as an effective area associated with the NV- centre. Thus, 
one can imagine an effective model where only those photons that pass through this area 
interact with the NV- centre [77]. The absorption cross-section of the NV- centre has been 
studied in the literature and for the study presented in this thesis, we take the value from the 
literature. An understanding of the stimulated emission cross-section of the NV- centres is 
required to characterize the NV- centres as a gain medium. 

The stimulated emission cross-section for a quantum emitter in free-space as a function 
of wavelength (A) can be written as [83, 84], 

(3.19) 

where r is the radiative decay rate, n is the refractive index of the medium and c is the speed 
of light. The quantity t (A), which has a dimension of inverse length, is defined such that 
f t(A)dA is the total probability of radiative decay. If the emission is completely radiative 
then this total probability is unity. 

With the knowledge of r of the Nv- centre and also for simplicity, assuming approximate 
quantum efficiency of 1 for the NV- centres [82, 85], the estimation of the stimulated 
emission cross-section only requires t ( ,l). This parameter can be determined from the 
emission spectrum of the Nv- centre and its quantum efficiency. From the Ftichtbauer
Ladenburg equation for the stimulated emission cross-section given as [77, 80, 86], t(A) can 

be identified as J f/c~~. Here /(A) is the intensity of emission as a function of wavelength, 

i.e. the emission spectrum. The stimulated emission cross-section, estimated from the 
emission spectra of the Nv- centres in the sample that is studied in this thesis, is around 
3.22x 10-21 m2 for wavelength ~721 nm (see section 4.2). This is comparable with the values 
estimated in references [79, 80, 82]. In references [79, 82], this is estimated in essence by 
using an emission cross-section expression from Einstein's relations assuming a Gaussian 
line-shape for the emission, whereas, in [80] this is estimated using the same method that we 
follow in this thesis. 

3.2.2 Modelling stimulated emission of NV- centres for LTM 

Here we model the stimulated emission from NV- centres by considering a single Nv
centre. Then the stimulated emission from the total number of Nv- centres is obtained by 
multiplying the stimulated emission of the single centre with total number of NV- centres. 
For simplicity any collective co-operative effects due to the dipole-dipole interaction between 
the Nv- centres is neglected [87, 88]. 

The model of stimulated emission of a single NV- centre upon excitation with a green 
laser similar to reference [43] is shown in Figure 3.5. Here we assume that a red wavelength 
is stimulating the emission of the NV- centres. States 11) and 13) are the ground and excited 
states' ms= 0 level. Considering only one of the ±1 states for simplicity, states 12) and 14) are 
the excited state's ms= ±1 respectively. State 15) is the singlet state of the Nv- centre. Here, 
we combine the two singlet states for simplicity, since the upper singlet state has negligible 
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15) 

Figure 3.5: Stimulated emission model of the NV- centre. The green arrows represent the non
resonant excitation of the Nv- centre by the green pump laser absorption. The thin and thick red 
arrows represent spontaneous and stimulated emissions respectively. The grey arrows represent inter
system crossing. The rates are marked to corresponding transitions. The curly magenta lines represent 
the phonon decay. The ensemble of black lines represent the phonon levels. The brown arrows 
represent the MW driving of the Nv- centre ground state. 

lifetime compared with the lower singlet state (section 2.1.1), and also the transition between 
them is of no interest for the present study. The stimulated emission is spin conserving, 
which is assumed to be from 13) and 14) to the corresponding phonon levels of the ground 
state, as shown in Figure 3.5. The transition rate of the ground state phonon level is expected 
to be of the order of THz [43, 45]. The population of the phonon levels are expected to be 
small as they decay much faster than the excited state. This is the basic idea of stimulated 
emission and population inversion for the NV- laser. Since the non-radiative decay from the 
ground state phonon levels to 11) and 12) are so fast and the timescales are negligible, we do 
not consider the phonon levels as separate levels in the model. Furthermore, we neglect any 
absorption of the red wavelength by the Nv- centres and thereby neglect any excitation from 
the ground state to the excited state for simplicity [43]. 
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Then phenomenologically adding rates to the ground state master equation 2.6 (Sec
tion 2.1.2), the NV centre model can be written as, 

dp112) . _Q.8 dt = (z~g - rp - 18 )P112) - z2 (P12) - Pil))· 

dp121) Q.8 dt = -(i~g + rp + 1g)P121) - i2 (Pll) - P12))· 

dpll) _Qg 
-d- = -Z-(P121) - P112)) - rpPll) + r31Pl3) + rsPl3) + rs1P1sr 

t 2 
dp12> _Q.8 dt = z2 (P121) - P112)) - rpPl2) + r42Pl4) + rsPl4) + rs2P1sr 

dpl3) 
dt = rpPII) - (r31 +rs+ r3s)Pl3)" 

dpl4) 
dt = rpP12) - (r42 +rs+ r4s)P14)" 

dp1s> 
-- = r3sPl3) + r4sPl4) - (rs2 + rs1)P1sr 

dt 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

(3.26) 

Here Pij) is the population fraction of a single NV- centre in the level Ii). Thus :Z::]=l Pij) = 1. 

The rates r P and rs are light induced transitions, so that we can write them as t, where I is 
the intensity of light, er is the cross-section of the transition and hv is the energy of a photon 
with frequency v. At steady state, all the rates and populations becomes time independent. 
Solving equations from (3.20) to (3.26), including the summation of the population fractions, 
the excited state population fraction (P1exc) = P13>+P14)) for steady state, as a function of 
detuning (~g) is obtained analytically. Multiplying Piexc) with the total number of NV
centres in the cavity gives the total number of NV- centres available for stimulated emission 
in the cavity. 

3.2.3 Nv- laser and LTM 

Like any other laser, the NV- centres embedded into the optical cavity are expected to 
undergo stimulated emission induced by the spontaneously emitted photons into the cavity 
mode. Then the rate of change of photons in a cavity is determined by the number of photons 
gained by the cavity and the number of photons lost by the cavity. In an ideal case, the 
photon loss by the cavity can be due to absorption by any centres or mirrors etc. Since the 
absorption of the red laser by the Nv- centres is negligible, at least ideally, the major loss 
factor is transmission leakage of the photons through the cavity mirrors. The gain comes 
from the emission by the NV- centres. Though spontaneous emission can contribute to the 
gain, the main contribution comes from stimulated emission. Then, the laser equation can be 
generally written as. 

(3.27) 

where G stm is the gain rate due to the stimulated emission, Kcav is the cavity loss rate and Ncav 

is the total intra-cavity photon number. In reference [ 43] the gain factor is a cavity induced 
rate, which is in essence a cavity enhanced stimulated emission [53]. The Purcell effect on 
the spontaneous emission of the Nv- centres, which is the modification of the spontaneous 
emission rates due to the cavity confinement of the emission [50, 89] is also neglected for 
simplicity. The Gstm, which is the total stimulated emission rate, is obtained by multiplying 
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Figure 3.6: Schematic of the diamond loaded fibre cavity representing the approximation. The black 
dotted rectangle represents the cross-section along the diameter of the cylinder mentioned in the text. 
The air gap is also shown for clarity, but the approximation neglects this air gap assuming the centre 
of the fibre touches the sample. 

the stimulated emission rate of a single Nv- centre rs with the total number of Nv- centres 
in the excited state (total number of NV- centres in the cavity multiplied by Piexc))- Then the 
G stm can be written as, 

C 
Gstm = -<FsePNVPlexc), 

n 

where PNV is the density of NV- centres in the sample. 

(3.28) 

A fundamental Gaussian mode of the fibre cavity is assumed for the laser construction. 
The important effect of the fibre cavity comes through the cavity volume that determines 
the pumping rate rp. Since the fibre cavities form cavity volumes with tight beam waists 
roughly to a few microns [47], the pumping rate is enhanced compared with macro-cavities. 
At the same time, since the total number of Nv- centres for stimulated emission is set by 
the cavity volume, the gain is limited by this number. An accurate modelling of this has to 
consider Gaussian features along the axis of propagation of the cavity mode as well as along 
the transverse plane. Also, inside the cavity there would be an air layer in addition to the 
sample. The Gaussian beam waist expands a bit compared with that of the empty cavity [ 49]. 
Since we are modelling a laser and the emphasis is on the qualitative feature, the cavity mode 
is simplified as follows. The cavity volume is approximated to have a cylindrical shape, with 
the beam waist as the base radius and the air gap layer is neglected with the assumption that 
the cavity is fully filled by the diamond crystal. A flat top approximation is assumed in the 
transverse plane. A pictorial representation of the cavity volume approximation is shown in 
Figure 3.6. 

The length of the cavity is assumed to be the thickness of our sample which is ~ 50 µm. 

The mode waist radius with an ideal empty cavity is ✓~ (Rlcav - l~av)½ [75], where As is 
the stimulated emission wavelength, R is the radius of the curvature. The beam waist radius 
of a 721 nm wavelength for an empty cavity with a length of 50 µm and with a radius of 
curvature of about 170 µm is around 4.2 µm. These numbers are considered due to their 
significance in the experiments that performed in this thesis, which are discussed in the next 
chapter. Then roughly, we assume that the beam waist radius for a sample loaded cavity 
is 5 µm. An accurate modelling with the air-diamond interface, to include the expansion 
of the mode waist due to the diamond refractive index can be done [49, 51]. However, we 
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Figure 3.7: Simulated Nv- laser output as a function of green pump power for different MW driving 
conditions. The blue curve corresponds to a coherent MW driving of the NV- ground state. The 
orange curve corresponds to a O MHz Rabi frequency, which corresponds to the MW turned off. The 
dotted line shows the pump power for which the sensitivity is calculated. 

focus on the order of magnitudes of the quantities obtained from the calculations unlike a 
single-spin/single-photon regime [49, 51], i.e. in this case the laser threshold and magnetic 
field sensitivity of the laser etc. These values are not expected to be varied by orders of 
magnitude due to the approximations. 

Furthermore, the cavity photon loss-rate (Kcav) can be written for the diamond filled cavity 
from equations (3.16) and (3.13) as, 

C 7r 
Kcav = l --, 

2.4 cav Fcav 
(3.29) 

where the factor 2.4 is the refractive index of the diamond. For a 50 µm cavity length and a 
10000 finesse, the Kcav is close to 1 GHz. Since the designed finesse for the 721 nm is roughly 
40000 (Chapter 4), we assume a cavity loss rate of 1GHz for the calculations present in this 
chapter. 

The ground state dephasing rate (f'g) and the Rabi frequency (Qg) are assumed to be 
1 MHz [22, 43] and 10 MHz [43] respectively. Here the f'g and Og values are considered 
such that the order is roughly matching with that in the references. The NV- centres can 
be oriented along the four crystal directions of the diamond. They can be also preferentially 
oriented [90]. For this calculation NV- centres in the cavity are assumed to be identical. 
In any case here, only the order of magnitude for the density of NV- centres (1023 m-3) 

and absorption cross-sections of NV- centre, corresponding to green (10-21 m-2) and red 
(10-24 m-2) wavelengths are considered for the simplicity of the calculation. The wavelength 
of NV- emission considered is ~ 721 nm due the property of the fibre cavity platform 
experimentally studied in this thesis (Chapter 4). Furthermore, the transition rates discussed 
in section 2.1.1 of Chapter 2 are considered. 

At steady state above threshold, the gain from the Nv- centres equals the loss through 
the cavity. The loss through the cavity mirror is the Nv- laser output. Then equation (3.28) 
is inserted into the equation (3.27) and then the resultant equation is then solved numerically 
using brentq root finding method in python and the NV- laser output is obtained for each 
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Figure 3.8: (a) Response of the fibre cavity NV- laser output as a function of relative magnetic field 
that induces detuing. The blue dots are the numerically estimated values and the orange curve is a 
standard Lorentian function to the numerical solution. (b) The DC magnetic field sensitivity of the 
laser against relative magnetic field that induces detuing. Since the Lorentian has a symmetry with 
respect to the zero magnetic field, only the sensitivity with respect to the positive values of relative 
magnetic field is plotted. The orange dotted line corresponds to the minimum sensitivity which is 
roughly ~7.59 pT/--./iiz for this calculation. 

green pump power, using the steady state solution obtained for Piexc)· The NV- laser output 
as a function of green pump power is shown in Figure 3.7. 

The detuning ( ~ g) can be tuned either by tuning the MW or by bringing a magnet close to 
the NV- centre. Then depending on the threshold shift of the NV- laser, the magnetic field 
can be detected [43]. Keeping the pump power at the threshold of the resonant MW driving 
laser output in the Figure 3.7, we can then see how the laser output as a function of magnetic 
field changes. A plot of the NV- laser output as a function of magnetic field present, which is 
a proxy for the detuning, is shown in Figure 3 .8( a). Then using the equation (2.3) in Chapter 2, 
the sensitivity of such a laser against the external magnetic field can be determined. The DC 
magnetic field sensitivity as a function of external magnetic field is shown in Figure 3.8(b ). 
The minimum DC magnetic field sensitivity calculated for the present case is ~ 7 .59 pT/-v'Bz, 
which is almost three orders of magnitude larger compared to the reference [ 43] and almost 
one order of magnitude larger than the state-of-the art Nv- AC magnetometry sensitivity, 
which is 0.9 pT/-y'Hz [36]. The large value for the sensitivity in the present study compared 
with reference [ 43], might be due to the combination of several factors, like the small mode 
volume that reduces total number of NV centres, but enhances intensity of light fields inside 
the cavity. The parameters that we used for the presented calculation are not really optimized 
here to get the minimum possible sensitivity and more careful theoretical study might be 
required to fully characterize such a micro-cavity laser. The motivation here was to see 
whether such a magnetic sensor can be achieved in fibre cavities. Such a magnetic field 
sensor in fibre cavities is attractive due to the compactness and conceptual simplicity. In 
Figure 3.8(b) an increase in sensitivity, when the relative magnetic field tends to zero can be 
seen. This can be attributed to the fact that when the magnetic field tends to zero, the NV
laser output power tends to zero and the slop of Figure 3.8(a) also tends to zero. As a result, 
close to zero magnetic field, the sensor is not really sensitive. The minimum DC magnetic 
field sensitivity can be reached either by providing a bias magnetic field or simply by tuning 
the MW frequency. Moreover, here the laser output powers that are considered are really 
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Figure 3.9: Cartoon illustration of the STED principle. The solid curve shows fluorescence due to 
the excitation with the diffraction limited beam spot. The dotted curve represent the doughnut beam 
with minimum intensity at the centre of the diffraction limited spot. The dashed curve is the resultant 
high resolution spot below the diffraction limit. The fluorescence contributing to the shaded area is 
depleted out through stimulated emission. 

small compared with [ 43]. The reason is that since the fibre cavity mode has extremely small 
volume with really tight focusing, high laser output and thereby high intra-cavity power may 
destroy the cavity mirrors itself. For the same damage reason, the green pump power is also 
restricted in the calculation as evident from the figures. Since we are considering very small 
Nv- laser output powers, both the pump and Nv- laser power has to be stable, so that the 
magnetic field sensing is not affected by the power fluctuations in the lasers [43]. 

3.3 Stimulated emission in STED microscopy of the NV 
centre 

So far we have discussed the stimulated emission in the context of the Nv- laser. On 
the other hand, in the completely different field of stimulated emission depletion (STED) 
microscopy [91, 92] with NV- centres [93-96], stimulated emission is considered as the 
underlying mechanism. 

Generally, in a microscopy technique like confocal microscopy, when the fluorescent 
sample is excited with an excitation light, it gives fluorescence over the entire spot of excitation. 
Since the excitation spot is diffraction limited, it is impossible to distinguish the emitters sitting 
closer together within the diffraction limited spot. In STED microscopy, another wavelength, 
which is red-shifted with respect to the emission peak [97] is applied to emitters after the 
excitation. It is important that the second beam has a doughnut shape [93-96, 98] with the 
minimum at the centre of the excitation spot. Then photons in the doughnut shaped intensity 
beam stimulate emission to the ground state. Since stimulated emission is a fast process, 
the slow spontaneous emission from the centre of the doughnut beam can be detected. This 
fluorescent spot is smaller than the diffraction limited spot. As a result the resolution of the 
imaging is enhanced through the process of stimulated emission. A cartoon illustration of 
the STED principle is shown in Figure 3.9. 

STED microscopy with Nv- centres and spin manipulation of the Nv- centres detected 
through it is also studied[93-96]. However, in essence STED microscopy is pushing those 
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excited NV- centres into a dark state [84, 99], which in the case of stimulated emission would 
be the ground state. Since STED is based on depleting the fluorescence of the Nv- centre 
through stimulated emission, rather than collecting the stimulated emission, possibilities of 
other dark channels like ionization should be considered [81, 99, 100]. The inter-play between 
the charge state dynamics and stimulated emission of the NV- centre is an active problem 
that has to be addressed more [81, 100]. 

The stimulated emission cross-section for the Nv- centres studied in the context of STED 
is comparable [84, 101] with the same determined in the context of the NV- laser that we 
described in the previous section. Though the stimulated emission cross-section suggests 
that the stimulated emission is the underlying mechanism for STED [84], recent studies in 
references [81, 100] suggest that when an additional near IR (NIR) wavelength is used along 
with a green laser, the charge state dynamics change. For STED microscopy, it does not 
really matter what the underlying mechanism for the depletion is. Even if spin manipulation 
experiments are done from the STED imaging method, the charge dynamics of the colour 
centres at the centre of the doughnut beam is not expected to be altered. 

3.4 Charge state switching of the NV centre 

The process of charge state switching refers to the inter-conversion of NV centres between 
its neutral and negative charge states. Unlike for STED microscopy discussed in the previous 
section, the photo induced charge state switching of NV- centres may affect the conditions 
to achieve lasing from NV- centres and thereby affects LTM. For instance, a reduction of the 
number of NV- available for the laser generation can inhibit stimulated emission for lasing. 

The neutral charge state of the NV centre, NV0, which is a spin half system, is also a 
fluorescent centre, but has a different level structure than its negative charge state counter 
part [22]. This centre consists of a doublet ground, a doublet excited state and a quartet meta 
stable state [22]. The NV0 has a ZPL around~ 575 nm and a phonon side-band spanning 
from approximately from 575 nm to 700 nm [102]. Unlike the Nv- centre, the NV0 with 
doublet ground and excited states is not really explored in the literature and considered not so 
interesting for magnetic sensing application by itself. However, very recent results reported 
in reference [ 103] observe the fine structure of the NV0, representing a strong step towards the 
exploration ofNV0 . The photo-induced charge state switching between Nv- and NV0 makes 
the NV0 relevant in NV- studies. In fact some studies were reported that harness the charge 
state switching for enhanced readout due to the spin dependence of this process [104--106]. 
We will not examine the details of such studies as it is beyond the scope of the present thesis. 

The mechanisms of charge state conversion are not fully clear yet and under active 
research [81, 102]. In fact, these processes can vary depending on the diamond sample [102, 
107]. Charge state conversion is typically a two-photon process, i.e. it happens with the 
absorption of two photons [99]. However, the availability of singlet nitrogen (N) in the 
diamond crystal that is within 5 nm to the NV centres can alter this process [102]. Here we 
discuss the process of ionization and recombination based on the simplified picture relevant 
for the present thesis. We take the current understanding of charge state conversion from 
references [81, 99, 100, 102, 106, 108]. The emphasis is on the ultimate loss of NV- centres 
available for the Nv- laser generation due to the photo-induced process, rather than the 
absolute mechanism of this loss channel. However, the author acknowledges the fact that the 
absolute mechanisms of the charge state switching may influence the loss of Nv- centre in 
the end. More dedicated studies are required in order to make concrete comments about it 
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Figure 3.10: Schematic of the ionization of NV- centre. The dashed arrows represent the first step 
of the ionization, i.e. excitation of the NV- centres. The solid arrows or dotted arrows represent 
the photon induced ionization and the tunneling process from the NV- centre to NV0 centre. For 
simplicity and clarity, only the photon induced and tunneling process are shown and no other internal 
transitions of the centres are shown. 

and those studies are beyond the scope of this current thesis. 

3.4.1 Ionization of the Nv- centre 

A schematic of the ionization process in a simplified manner is shown in Figure 3.10. For 
a better understanding of the process, the electron molecular orbitals 'a' and 'e' are denoted 
with each level [22, 102]. Both the molecular orbitals 'a' and 'e' can be occupied in the band 
gap of the diamond. The 'a' is a non-degenerate state that can accommodate two electrons 
maximum, but the 'e' is two degenerate levels which can thus accommodate a total of four 
electrons together [22, 102]. The ionization process happens basically in two steps. In the 
first step, the Nv- centre is excited with the absorption of a photon. Then in the second step, 
the charge state switching from the NV- centre to the NV0 centre happens. 

The first step we have already discussed in this chapter in great detail. The typical 
excitation laser wavelength, which is the green laser wavelength ( ~ 532 nm) can induce this 
process. However, red NIR laser wavelengths can induce only weakly this process, since the 
photons of those wavelengths do not have enough energy to do so. On the other hand, the 
second step is not fully understood yet [81]. From the molecular orbital notation it can be 
seen that such a transition is possible if an electron is taken off from the Nv- excited state. 
Where the electrons goes is beyond the scope of the current study. In diamonds with high 
density of NV centres, the electron can potentially contribute to recombination process. The 
experimental study in reference [81] rules out the possibility of the ionization transition for 
their observations from the excited state of the Nv- centre to the excited state of the NV0 

centre [99, 109], at least for their data. However, in the simplified model in reference [81], 
they consider the transition to be from the excited state of the NV- centre to the ground state 
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of the NV0 centre. Studies reported in references [ 106, 108] considered that this ionization 
process happens directly from the excited state of the Nv- centre to the ground state of the 
NV0 centre. However, from the molecular orbital notations, we can see that such a transition 
requires removal of an electron as well as transferring the electron from the 'e' to 'a' and 
since this is a two electron process this transition is not favourable [102]. The favorable 
transition from the excited state of the Nv- is the transition to the meta-stable state (4 A2) 

of the NV0, since it only requires removal of an electron and then the NV centre can relax 
down to the ground state of the NV0 [82, 102]. The resultant transition however, looks like 
a process transferring the NV- centre from the excited state to the ground state of the NV0. 

Furthermore, the excited NV- centre that does the ISC transition to the singlet levels can 
also transfer from the Nv- to NV0 [81, 102, 11 0]. While the tunnelling process can happen 
for such a transition, the photo-induced transition is typically studied as an NIR induced 
transition [81]. 

Typically though, this ionization transition itself is not considered as a spin dependent 
process, the spin dependency comes through the uneven shelving of the NV- centre population 
from the excited states ms = 0 and ± 1 to the singlet states [ 104-106]. However, a recent study 
in the nano-diamond sample shows that these ionization transitions are spin dependent with 
roughly 80% weighing on the transition from the ms= 0 state [100]. 

3.4.2 Recombination of the NV0 centre 
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Figure 3 .11: Schematic of the recombination of NV0 centre. The dashed arrows represent the first 
step of the photo-induced recombination, i.e. excitation of the NV0 centres. The solid arrows and 
dotted arrows represent the photon induced ionization and the tunneling process from the NV0 centre 
to Nv- centre respectively. For simplicity and clarity, only the photon induced and tunneling process 
are shown and no other internal transitions of the centres are shown. 

A schematic of the recombination process is shown in Figure 3.11. This process is also 
typically a two photon process. The first process is the excitation of the NV0. The second 
step is to transfer the NV0 from the excited state to the ground state of the NV- by adding an 
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electron. This additional electron can come from a singlet nitrogen, by ionizing it or from an 
Nv- centre that is being ionized [102]. 

The first step is only possible with a wavelength equal to or below 575 nm, which is 
the ZPL of the NV0 centre. The NIR wavelength cannot excite NV0 , since the photons 
corresponding to those wavelengths do not have enough energy for that. As a result the 
first step for the recombination cannot happen with the NIR wavelength. However, they can 
induce the second step. Thus NIR light alone cannot induce recombination, but along with 
green light, which is the typical excitation wavelength for NV centres, it can enhance the 
recombination process. Unlike the ionization process, the recombination process does not 
favour any of the particular spin states of the NV- triplet ground state [100]. 
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Realization of laser amplifier due to the 
stimulated emission of NV centres in open 

fibre cavities 

This chapter discusses the experiments and the experimental observation oflaser amplification 
due to the stimulated emission of NV centres in the fibre cavity apparatus. The chapter starts 
with the construction of the fibre cavity platforms for the experiments and the characterization 
of the cavity apparatus in section 4.1. Then in the section 4.2 , we discuss the diamond sample 
used in the experiments. In this section, we estimate the stimulated emission cross-section for 
the sample studied. In section 4.3, we discuss the automated experiments and the observation 
of laser amplification in the experiments. A qualitative model discussed in this section 
including the charge state switching enables us to interpret that the laser amplification is 
due to the stimulated emission of NV centres. Finally in section 4.4, we briefly discuss the 
implication of the results for LTM with an active NV- laser. 

4.1 Fibre cavity platform 

The experiments performed in this thesis were done with fibre cavity platforms [47]. The 
cavity was constructed between a curved mirror at the tip of an optical fibre and a flat mirror. 
All the cavity physics discussed in the Chapter 3 is applicable to the fibre cavities, and the 
most important part of the fibre cavity is the fibre mirror. We start the discussion about the 
fibre cavity platforms by discussing the fibre mirrors and their features, then we discuss the 
construction of the cavity. Following this, we discuss the performance of the fibre cavity 
platforms. 

4.1.1 Fibre mirror 

The curvature for fibre mirrors were laser machined employing a CO2 laser within the QMAPP 
group. The tip of the optical fibre (IVG fibres, Cu 600) was ablated using controlled CO2 
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(a) (b) 

Figure 4.1: Images of the fibre tip ( obtained using Laser Interferometry Imaging System at QMAPP 
group [111]) (a) before and (b) after CO2 laser machining. The interference rings at the centre of the 
fibre tip represent the curvature of the tip produced by the laser machining. 

laser pulses producing the desired curvature [ 111]. An image of the fibre tip before and after 
the laser machining process is shown in Figure 4.1. The machined fibre tips were coated 
with Distributed Bragg Reflectors (DBR) depending on the mirror specification required, by 
Laseroptik GmbH, Germany. 

Two batches of fibre mirrors were produced by experts within the QMAPP group before 
the author started the PhD work presented here. The first batch of fibres were employed in 
the study of cavity-polaritons using quantum well structures [l 13]. The second batch of fibre 
mirrors were designed for studying diamond colour centres, and were used for the first time 
in this current project. 

Figure 4.2 shows a standard transfer matrix simulation of the transmission of the cavity 
mirrors [112] and the expected finesse of the cavity as a function of the wavelength. From 
Figure 4.2, we can see that the maximum reflectivity band or the high finesse band are 
approximately ~ 600 nm to ~ 680 nm and ~ 700 nm to ~ 800 nm. One of the ideas for this 
particular coating for the mirrors is to study cavity Quantum Electro Dynamics (Cavity QED) 
with diamond colour centres like the NV and Silicon-Vacancy (SiV), with ZPLs around 637 
nm and 738 nm respectively [48-50, 52, 114, 115]. 

4.1.2 Mechanical design and construction of the fibre cavity platforms 

In the work presented here, the interest is to study the stimulated emission and thereby lasing 
from the NV centres in a bulk diamond sample at room temperature. The key challenge is 
the construction of fibre cavities that are mechanically stable. The basic idea of our cavity 
construction is to place a flat mirror with a DBR coating identical to the fibre mirror at the 
bottom and then approach it with the curved fibre mirror from the top. In this way, the sample 
can be loaded into the cavity by placing it on top of the bottom mirror. 

Fibre cavities are more susceptible to external vibrations due to their extremely small 
cavity volumes and light weight, as compared with conventional macroscopic laser cavities. 
Over the time of this PhD work, the mechanical design of the fibre cavities were optimized 
over a few generations. In the previous version of the cavity the fibre mirror was attached to 
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Figure 4.2: Simulation of the transmission of the DBR coating and expected finesse of the cavity 
using standared transfer matrix approach [112]. The blue curve corresponds to the transmission and 
the magenta curve corresponds to the finesse of the cavity. For this simulation an s-polarization of the 
light is assumed. 

a fixed adapter plate hanging from a fixed stage like a cantilever, through an attocube z-stage 
(ANPZ101). The cavity length was tuned in this previous version by means of the attocube 
stage using attocube drivers (ANC 300, where ANM300 is the module). 

A picture of the current geometry of the fibre cavity platform is shown in Figure 4.3 (a). 
The key components of this cavity geometry are as follows. The fibre mirror was attached to 
a shear piezo and thereby to a Z-stage (Newport) using custom built adapter plates. In the 
current design the adapter plates were designed deliberately to reduce any cantilever effects 
as much as possible. In the version in which the amplification results are shown in this thesis, 
coarse alignment of the cavity length was done through the Z-stage and fine tuning of the 
cavity length was done using the shear piezo (NAC2402-H3.4-A01). A picture representing 
how the shear piezo was typically glued is shown (used a different shear piezo in the picture) 
in Figure 4.3 (b). Only freedom along the z-axis was provided for the fibre mirror in contrast 
to our previous designs. This was to ensure that the optical axis of our cavity, which is set 
by the fibre mirror, stays the same throughout our measurements. The fibre was glued on a 
V-groove chip which was glued on the adapter plate mounted on the shear piezo. The fibre 
was glued in such a way that the curved DBR coated tip protrudes out of the V-groove chip. 
A picture showing the glued fibre is shown in Figure 4.3 ( c ). 

A gimbal mount (Thorlabs) was used for mounting the sample mirror, allowing fine 
tuning of the cavity alignment in order to compensate for the imperfection in the gluing of 
the fibre. This was mounted on an X-Y stage to provide movement to different spots on the 
sample without changing the optical axis. A picture showing the cavity working is shown in 
Figure 4.3 (d). 

4.1.3 Aligning the fibre cavity platform 

Once the cavity was mounted, the next challenge was to optimally align the cavity. This 
requires fine control of the cavity length using the shear piezo. This setup uses a National In
strument (NI) card (NI USB-6259) interfaced to the computer using the Python programming 
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Figure 4.3: Mechanical design and construction of the fibre cavity platforms. (a) Picture showing the 
geometry of the fibre cavity platform. (b) Picture showing the incorporation of the shear piezo for the 
cavity length tuning. (c) Picture representing the gluing of the fibre mirrors. (d) Picture showing the 
fibre cavity in operation. 

(a) (b) 

Figure 4.4: A typical cavity and resonance imaging through the side camera. One of the apparent 
fibre-tips is the fibre mirror itself and the other is its reflection in the sample mirror. Both the pictures 
are taken while pumping a green and a red laser wavelength through the fibre mirror and ramping the 
cavity length. (a) Off resonant cavity with faint red flash (almost invisible). (b) On resonant cavity 
with clearly visible flashes of red light due to the scattering of the strong intra-cavity field. 
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language. 
In order to make sure that the fibre was not touching the sample or the sample mirror, a 

camera (Thorlabs DC1645C HQ) was mounted with a standard telescopic setup. The focus 
of the telescopic setup was aligned roughly close to the top of the sample mirror where it 
intersects with the cavity axis. Looking through the side camera, the fibre was brought close 
to the sample mirror. A view of the cavity through the side camera is shown in Figure 4.4. 
The cavity length was naively aligned, neglecting the curvature of the mirror, through the 
side camera by considering the diameter of the fibre mirror as a reference. 

The key challenge in aligning the cavity was to align the sample mirror whilst compen
sating the tilt of the fibre tip due to the imperfection in the manual gluing of the fibre. As 
mentioned above the gimbal mount is useful for this purpose. However, in order to optimize 
the cavity a reference signal, which is some amount of cavity transmission, is required. The 
cavity transmission happens only if the cavity length matches the resonance condition of the 
light field that we are pumping into the cavity, as we discussed in the previous chapter. This 
can be done in two ways. The first one is to pump a broad White light source through the 
cavity so that the wavelengths matching the resonance conditions transmit through the cavity. 
Then the tilt of the cavity can be optimized by looking at the transmitted light. The second 
one is to pump a monochromatic light through the cavity and then constantly change the 
cavity length while monitoring the transmission of the cavity. This second method was most 
typically used in aligning our fibre cavity setup, with the cavity length tuned back and fourth 
using voltage ramps. 

Typically a photo-diode was used in front of the collimated cavity output to detect the 
cavity transmission. The cavity transmission signal with the cavity length ramping was also 
used in the cavity finesse measurement which is discussed in the following subsection. 

Interestingly, we observed the cavity resonance through the side imaging camera as shown 
in Figure 4.4. Practically there is always some scattering losses from the cavity which can be 
monitored through the side camera. When the cavity is on resonance, the intra-cavity light 
field is intense and so we could visibly see some flashes of light, which is really faint when 
the cavity moves off resonance. Although this is proportional to the scattering losses, it hints 
that the tilt alignment is in right direction. 

By placing a standard Thorlabs camera in the cavity transmission, we monitor the trans
verse cavity modes as shown in Figure 4.5. For this we use a laser around 770 nm wavelength, 
which is not perfect for a high finesse cavity, but ensures enough transmission for a clear cav
ity mode imaging. Since these images are matching with the standard cavity mode simulation 
that is shown in Figure 3.3 in Chapter 3, the fibre cavity setup works as expected. 

4.1.4 Characterising the fibre cavity platforms by finesse measurements 

Cavities are mainly characterised by measuring their finesse. The finesse of the cavity is 
estimated by obtaining the Free Spectral Range (FSR) and spectral width (FWHM) by tuning 
the cavity length [ 4 7, 49, 116]. The best way to measure the finesse accurately would be 
by producing a side-band and using the side-band as a ruler for measuring the line width of 
the cavity mode [116]. However, no hardware was available to produce detuned sidebands 
on the laser. Instead, an easy method simplified from the one given in [47, 49] was used to 
estimate cavity finesse and judge whether it might be sufficient for use as a laser resonator. 
A wavelength for which the finesse was measured, pumped into the cavity. The cavity length 
was tuned back and forth by using the voltage ramps. The cavity transmission was monitored 
through an oscilloscope. The photo-diode signal due to the cavity transmission was typically 
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Figure 4.5: Transverse cavity mode profiles of the fibre cavity platform obtained by tuning the cavity 
length. The wavelength used was around 770 nm. The images were recorded for an arbitrary rotation 
of the camera. The images resembles the simulated results shown in figure 3.3 in Chapter 3. 

measured through any standard oscilloscope. However, for high resolution of the signal, we 
used an oscilloscope from Agilent Technologies (DSO-X-6004A). 

A representative finesse measurement data from the earlier version of the empty fibre 
cavity setup constructed during the course of this study is shown in the Figure 4.6. The 
FWHM and the FSR are obtained by fitting the data with a Lorentzian line-shape function as 
shown in (a) and (b) in the Figure 4.6. The FSR is obtained by taking the difference in the 
peak position obtained from the Lorentzian function. The X-axis is time, which stands as a 
proxy for the cavity length. Since the Finesse is a dimensionless number that is obtained from 
the ratio of FSR to FWHM, the units of both these parameters must match, but are otherwise 
irrelevant. The maximum value of finesse obtained is around 4000 for a wavelength of ~ 
7 54 nm, for which the designed finesse is of the order of 105 • This difference can be attributed 
to the parameter D in equation (3.2) that accounts for the intra-cavity losses, such as scattering 
losses, external vibrations, etc. 

When the empty cavity was loaded with the diamond sample the empty cavity typically 
became of lousy quality as expected. These losses can be mainly due to the scattering at the 
air-diamond interface due to the surface roughness of the diamond sample. Absorption by 
the defects centres like NV centres can be another loss channel. Scattering of the light inside 
the diamond by the NV centres for samples with high density of NV centres can be another 
cause for the reduction in finesse. One of the important factors is the alignment of optimally 
aligning the cavity after loading the sample. For an empty cavity, the fibre mirror can reach 
close to the sample mirror. Hence the tilt alignment of the cavity is easy. However, for a 
sample loaded cavity the thickness of the diamond sample limits the tilt alignment. A good 
finesse measurement which is comparable with the empty cavity finesse measurement shown 
in Figure 4.6, with the sample loaded cavity is shown in Figure 4.7. This was taken with a 
laser around 720 nm. 

Comparing with the empty cavity, the transverse modes are clearer for the sample loaded 
cavity. This can be attributed to the fact that for an empty cavity, the cavity alignment can 
be optimized much better than the sample loaded cavity. When the cavity was aligned well, 
the fundamental mode is expected to dominate over the all other transverse and the FSR is 
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2.2µs 

Time (proxy for cavity length) (ms) 

Figure 4.6: A representative figure of finesse measurement of an empty cavity. (a) and (b) shows the 
Lorentzian function fitting of the data point in the peak highlighted in (c). The FWHM is annotated 
in (a) and (b). (c) shows the free spectral range during the cavity length tuning. The peak in (a) is 
clipped due to the saturation in the oscilloscope and thus the FWHM is not accurate, but the fit gives 
peak position. The finesse is estimated using the lower bound of the FWHM in (b ). 

expected to be clean as we saw in the empty cavity case. However, due to the losses and the 
limitation in aligning the diamond loaded cavity, the fundamental mode was not dominating 
as in the empty cavity. The FSR is determined by taking the same peak with maximum 
transmission in the repetition of the three peaks as highlighted in the Figure 4.7(c). The 
FWHM obtained is roughly an order higher than the empty cavity. The resultant finesse, i.e, 
roughly 257, was an order of magnitude lower than the one obtained with the empty cavity. 
Like the empty cavity measurement, this comparable finesse measurement was captured in 
the cavity geometry with the attocube piezo state. It is really hard to make a one to one 
comparison across different generations of the cavities, as the fibre mirror, a deciding factor, 
changes in all the versions. However, it can be interpreted that the loading diamond limits 
the finesse of the cavities in general. 

The finesse measurements presented in this section were performed in detail for an 
earlier version of the cavity. In the later iterations of the cavity the sole emphasis was 
amplification measurements in search of lasing, and finesse measurements were omitted in 
order to reduce risk of dust and damage accumulating on the cavity fibre tip. However, 
the finesse measurements in the early cavity provide an insight into the limitations of the 
fibre-cavity apparatus, and it is reasonable to assume that the reduction in finesse by loading 
the diamond sample for the present study, apply consistently across the batch of cavity fibres. 

In order to reach the laser regime, the Q-factor of the cavity is needed to be higher. That 
means the cavity has to trap almost all the spontaneously emitted photons of the NV centres 
inside the cavity for a long time. This requires a cavity with really good finesse. Fibre 
cavities loaded with diamond samples having thickness of roughly 10 micron have already 
shown experimental finesse of the order of few 10000 [ 49]. In the experiments present in 
this thesis, as mentioned earlier the sample reduces the finesse from that of an empty cavity. 
However, sample in the present study is almost 5 times thicker than in the study mentioned 
above. Comparing the surface roughness of less than 0.2 nm of reference [49], the surface 
roughness of the present sample as we see in the section is almost two times higher, which 
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19.54µs (b) 
17.83µs 
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Figure 4.7: Representative finesse measurements with the diamond sample loaded fibre cavity. (a) and 
(b) are the cavity transmission peaks highlighted in ( c ). Corresponding FWHMs are shown annoted in 
(a) and (b). In (c) three peaks repeated with cavity length tuning are interpreted as transverse modes. 

implies a significant scattering loss at the air-diamond interface in the present study. The 
high concentration of the NV centres could be another major factor in the current sample. 
However, this loss is unavoidable as these centres are required as the emitters for the laser. 
Another important aspect is that the red laser with which we mainly determine the finesse can 
induce ionization of the Nv- centres to NV0 by stripping an electron away from the negative 
charge state [81, 99, 100]. How much the finesse is going to be affected in the presence of 
such electron movement through the sample is an open question. In fact during the course 
of work presented in this thesis, the author was only able to study one sample. Ideally a 
sample dependence study of the finesse would require to understand the challenges involved 
in enhancing the finesse of such an NV rich diamond sample. 

The clipping in Figure 4.6(a) happened due to the saturation in the oscilloscope during 
the measurement. The saturation in only one of the peaks, as is evident from Figure 4.6, is 
due to the difference in the cavity transmission for the corresponding voltage applied to the 
cavity length tuning. However, the transmission determined by the detuning of the cavity 
length from the length corresponding to the perfect resonance and this is determined by 
the resolution of the cavity length tuning. On the other hand, when the cavity approaches 
resonance by optimizing the tilt of the cavity, it becomes very sensitive to the external noise. 
The cavity length drift due to external noise on top of the cavity length resolution determines 
the difference in transmission observed for different resonance voltages. The resolution in 
cavity length tuning is a technical issue that can be changed. In the latest version of the 
cavities, a shear piezo was used to tune the cavity length to provide almost a continuous 
motion than steps as in the case of attocube piezo stages. Then the external noise became the 
open challenge. 

4.1.5 Noise characterization of the fibre cavity platform 

To understand coupling of external noises to our cavity platform, a noise analysis was done. 
The laser used for this analysis was around 720 nm so that the observation of the cavity mode 
is relatively easy, since the designed finesse is close to 40000. The voltage for controlling 
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Figure 4.8: Noise analyses at various time scales. The cavity length ramp voltage that changes the 
cavity length (shown in orange colour) was static and the signal peaks (shown in blue colour) are 
modifications of the cavity transmission due to the external noise coupling to the cavity. 
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Figure 4.9: Noise spectrum showing a strong peak at 225 Hz and the harmonics. The Y axis is the 
Fast Fourier transform of the cavity transmission. 

the cavity length was tuned manually and kept static when a cavity resonance was seen. The 
cavity transmission was monitored through an oscilloscope. Then the drift in the static cavity 
due to the external vibrations were monitored for different time scales ranging from a few 
micro-seconds to a few seconds. A few representative recordings of this noise for different 
timescales are shown in Figure 4.8. 

The discrete Fourier transform of the cavity transmission as shown in the representative 
Figure 4.9 is obtained to understand the frequencies coupling into the cavity. A harmonic 
structure of frequencies in milli-second timescales were observed. The strongest characteristic 
frequency that we observe is 225 Hz. Figure 4.9 corresponds to the longest timescale in Figure 
4.8, which shows harmonics with the 225 Hz frequency. This characteristic frequency of 225 
Hz is an acoustic frequency and can be attributed to the acoustic noise in the laboratory. 

4.2 Diamond sample with high density of NV centres 

The diamond sample for the present study was prepared and processed by our collaborators 
Hiroshi abe and Takeshi Ohshima (National Institutes for Quantumand Radiological Science 
and Technology, Takasaki, Gunma, Japan), Thakeshi Yatsui (School of Engineering, Uni
versity of Tokyo, Japan) and Jan Jeske. The diamond sample is a commercial (E6) type lb 
HPHT sample with [100] orientation, which was electron beam irradiated (at 2 MeV) to a 
fluence of 1018 cm-2, at 740°C temperature (to achieve in-situ annealing that improves NV 
creation [117] to 1.7 ppm concentration) and in vacuum. The NV concentration is expected 
to be around 3 x 1017 cm-3, since this much concentration is achieved in similar samples 
[117]. The diamond sample was laser cut and polished to 50µm thickness. Then a surface 
roughness of 0.4 nm was achieved by optical "superpolishing" using a 213 nm pulsed laser 
with pulse power of 24 µJ under oxygen atmosphere. 

A photograph of the sample is shown in Figure 4. lO(a). The dark pigment of the sample 
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Figure 4.10: (a) Photo of the diamond sample placed on the mirror. (b) Red fluorescence emission 
from the NV centre with green light illumination. The green light was blocked using a notch filter for 
taking the photo. ( c) Spectrum of the NV centre from our sample for green light illumination of the 
sample. The blue dots are the experimentally obtained spectrum. The orange curve is the fit using 
a convolution of 8 Lorentzian functions for the Zero-Phonon line (ZPL) and 7 phonon levels. The 
individual Lorentzian functions are also shown. See the table shown in the text for fit parameters. 

visually suggest that it contains high density of impurity atoms. In the photograph 4.1 0(b ), 
the bright red fluorescence is clearly visible. An emission spectrum normalized to the peak 
intensity of the fluorescence from the diamond sample, for an arbitrary green pump power, 
was obtained as shown in Figure 4.lO(c). This spectrum matches with the NV- emission 
spectrum with a ZPL around 637 nm. This spectrum is fitted with 8 Lorentzian functions as 
shown in Figure 4.lO(c). The fit parameters for the Lorentzian functions obtained from the fit 
is shown in Table 4.1. In the spectrum there is no noticeable NV0 emission. This is expected 
as the green pump power was close to 100 mW and the population of Nv- is expected to be 
more than that of NV0. 

The stimulated emission cross-section is estimated from the spectra as mentioned in 
section 3.2.1 using the Fiichtbauer-Ladenburg equation [77, 80, 86]. For this the J ,l/(,l)d,l 
is replaced by L ,l/(J),U. The <Tse(A) obtained is shown in Figure 4.11. They was assumed 
as r31. 

In addition to increasing the losses, the diamond also modifies the resonance frequencies 
as we had discussed in section 3.1. The diamond modes for the sample studied in this thesis 
was experimentally captured in the recent version of the cavity apparatus with the shear piezo 
tuning of the cavity length. The cavity was pumped with a green laser and the emission 
spectrum of the NV centre was obtained (see section 4.3.3). Ramping the cavity length back 
and fourth for roughly 3.75 µm 20 times, during the acquisition of the spectrum, a scaled 
emission spectra modified by the diamond cavity mode is observed as shown in Figure 4.12. 
In order to interpret the experimentally observed spectra accurately as diamond cavity modes, 
an approach with an extended 3x3 transfer matrix simulation including a source term [118] 
might be a proper approach as this is a case of emission from inside the cavity rather than 
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Peak position amplitude FWHM 
636.9 nm 0.1 3nm 
658.3 nm 0.3 21nm 
681.5 nm 0.6 31.7 nm 
703.4 nm 0.6 31.7 nm 
721.0nm 0.3 30.4 nm 
739.0nm 0.3 31.7 nm 
758.5 nm 0.2 33.1 nm 
782.3 nm 0.1 30.4 nm 

Table 4.1: Parameters obtained from the 8 Lorentzian fit functions of the spectrum. Since the 
amplitude is the normalized intensity, it is in arbitrary units. 
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Figure 4.11: Stimulated emission cross-section of the NV centre sample as a function wavelength. 
The stimulated emission cross-section was determined using the 8 Lorentzian fit functions using the 
parameters shown in table 4.2. At~ 721nm, CTse ~ 3.22 x 10-21 m-2 . 
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Figure 4.12: The NV emission spectra into the diamond mode. The blue curve is the spectra obtained 
by pumping a green laser and the orange curve is the theoretically simulated fit as described in the 
text. The simulated curve matches in the lower wavelength region, but not in the higher wavelength 
region. 
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transmission through the cavity. However, this method seems a bit computationally heavy 
and time consuming, since the ramping of the cavity has to be included. A simple approach 
might be to consider only the diamond and the output coupler. Since the cavity length was 
changing throughout the measurement, the cavity was always resonant to some wavelength. 
As a result naively this case can be considered as an emission into the diamond slab and 
then transmission through the output coupler. In fact the emission inside the diamond can be 
naively scaled with the transmission of the diamond crystal [ 118]. Then the effective modes 
observed (Te ff) can be approximated as the transmission of the diamond slab as a function 
of wavelength, which can be written as, 

T (,l) _ T'2TDBR(A) 
ef f - 2 4 l ' 

1 + R' - 2R' cos ( ~ d) 
(4.1) 

where T' and R' are the standard Fresnel's intensity transmission and reflection coefficients 
for the diamond to air interface, ld is the optical thickness of the diamond and the ,l is the 
wavelength, and TvBR(A) is the wavelength dependent DBR coating of the flat mirror. A 
calculated TeJJ(A) is also shown in Figure 4.12, which indicates that the periodic structure 
was due to the diamond mode. The parameter for the calculated Tef j(A) is obtained by fitting 
an arbitrarily scaled Tef J(A) to the experimental spectrum using least square fit method in 
Python (lmfit). For an initial value of 50 µm, the thickness of our diamond sample obtained 
from the fit is~ 50.05 µm, with negligible uncertainty(± 6.76 x 10-4 µm). The matching 
between the fit and the experimentally observed spectra shows that the observed periodic 
structure is due to the diamond modes. It also shows that the slope in the spectra is mainly 
due to the out-coupling mirror transmission factor. The NV emission also has a similar slope 
around these wavelengths. In the experimentally observed diamond modes this slope of the 
NV emission might have contributed. The thickness of the mirror substrate on which the DBR 
coating, and air gap are also neglected for simplicity in the calculation as the DBR is more 
important. Thease could be the reason for the mismatch in y value for higher wavelength. 

4.3 Laser amplification due to the stimulated emission of 
the NV centres 

No lasing has been observed from NV centres in fibre cavities during the course of this project 
so far, though many rounds of experiments were performed to see lasing from NV centres in 
different generations of the cavities. However, a laser amplifier, which is interpreted as due to 
the stimulated emission by the NV centres in the fibre cavities have been observed. The laser 
amplification denotes the amplification on the transmission of a red laser through the sample 
loaded cavity pumped with a green laser. Though an amplification up to a factor around 3 was 
observed in our earlier generation of the cavity from which the finesse measurements were 
made, the challenge was to unambiguously interpret it. If it was an NV emission stimulated 
by the spontaneous emission of the NV centres, the quantum way might be to carry out an 
investigation on the second order intensity auto-correlations across the threshold, so that the 
coherence in the stimulated emission might be observed [119]. Since the amplification was 
observed through the cavity transmission of a laser light, such correlation measurements are 
hard. However, in the quest to achieve lasing from the NV centres an automated experiment 
with a stable laser pumping was built as an optimized version of the cavities. The laser 
amplification was observed in this experimental setup. From systematics of the study, the 
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Figure 4.13: Beam combining setup including the setup to block the back reflected beams. The red and 
green colour correspond to the red and green lasers. The shaded region highlights the back reflection 
blocking setup. The dashed red and green lines represent the beam combining. Abbreviations;M : 
mirror, FI : Faraday isolator, HWP: half wave plate, M-HWP: half wave plate in a motorized mount, 
QWP: quarter wave plate, PBS : polarizing beam splitter, SP : short-pass filter. 

ionization of the NV centre was identified as a limiting factor for achieving lasing from the 
NV centres. However, the observation of amplification of the cavity transmission, in the 
presence of ionization of the NV centres, enables to interpret that the amplification is due to 
the stimulated emission of the NV centres. These experiments and the results are presented 
in this section. 

4.3.1 Stable lasers for the experiments 

In the amplification presented in this thesis, a red laser around 721 nm and a green laser ( ~ 
532 nm) were used. A wavelength tunable Ti:Sapphire (MSquared SOLSTIS) laser pumped 
with a green (Lighthouse Photonics) laser was used for the red wavelengths and a part of the 
green pump to the Ti:Sapphire laser was used as the green laser for the experiments. The 
laser powers were not actively stabilized and the experiments relied on the intrinsic power 
stability of the laser provided by the manufacturer. In order to stabilize the wavelength of the 
tunable red laser, an external wave-meter (HighFinesse WS-U) was used for locking red laser 
to a specific wavelength. 

In our experiments the lasers were sent to the cavity through the cavity fibre for efficient 
coupling of the light into the cavity mode without any additional mode matching optics. For 
this purpose both the green and red lasers were combined together and coupled into an optical 
fibre that was connected to the cavity fibre. The main challenge in this experiment was the 
back-reflection from the cavity through the fibre. 

Though the green laser has close to 60% transmission through the cavity mirrors, for 
higher green pump powers, the back-reflection became significant. The red laser, particularly 
the 721 nm laser, has almost 99.99% reflection from the cavity mirrors. As a result when 
the cavity was off-resonant the back-reflection was significant. As we see in the next section, 
our experimental technique of ramping the cavity always ensures off-resonant condition for 



4.3 Laser amplification due to the stimulated emission of the NV centres 55 

NI card and amplifier 

Figure 4.14: Schematic of the automated experiments. The arrows 1 and 2 represent communications 
from the computer to the NI card and amplifier, to the motorized HWPs that controls the laser powers 
respectively. The arrow 3 represent communications from the NI card and amplifier to the shear piezo 
that controls the cavity length. The arrow 4 represent acquisition of spectra through the QUDI. 

our cavity. Even under resonant conditions, due to the deviation from an ideal resonant, i.e, 
100% transmission through the cavity, the back-reflection was always present. 

Any back-reflection from the cavity that goes back into the red laser causes mode instabil
ities which prevent wavelength locking. In additions to this, the back reflections that go back 
into the green and red laser may create power fluctuations. As a result the intrinsic power 
stability of the laser was not reliable anymore. 

A schematic of our beam combining set-up including the back-reflection blocking is 
shown in Figure 4.13. A standard way to block the back reflection is to use a Faraday Isolator 
(Fl) suitable for the laser wavelength, in front of the laser. However, in our setup, we had 
problems due to the back-reflections in the red wavelength and we experimentally found that 
by putting a combination of suitable polarizing beam splitter (PBS) and a half wave plate 
(HWP) was used in front of the Fl, the back reflection problem were solved. One could 
interpret that the problem of back reflection, even with FI in front of the tunable Ti: Sapphire 
was due to the use of this laser for multiple experiments and the FI infront of the tunable 
Ti:Sapphire was not optimized for this particular experiment. We used similar combination 
of suitable Fl, HWP and PBS in front of the green laser also, in order to avoid any possible 
back reflection problems for the green, particularly for high powers. Furthermore, in order to 
control the power as of the green and red laser and additional suitable PBS and a HWP were 
used. The motorized HWPs discussed in Figure 4.14 for controlling the green laser powers 
were controlled through the QUDI software control [120]. 
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4.3.2 Automation of the experiments 

The manual changing and checking of the experimental parameters like laser powers impedes 
the experiments to see the NV laser in the previous generations of cavities. Since the fibre
cavities are susceptible to external noises and also due to the lack of an active feedback loop in 
the setup, the measurements have to be taken fast. Moreover, in order to capture the essential 
effect through the measurements, the experiment has to be repeated a number of times as 
well. Considering these factors, instead of relying on manual control, the experiments were 
automated through Python and QUDI [120] software control. A schematic of the automation 
of the experiment is shown in Figure 4.14. 

The experimental apparatus includes a voltage source to control the cavity length. In 
the present experiments the NI card together with an attocube (ANC 250) amplifier was 
interfaced with Python through the PyDAQmx library particularly the Task class to generate 
the voltages in the desired form. Though the experiments can be performed either with static 
voltage or with voltage ramps, the amplification measurements done in this section was with 
voltage ramps. The maximum voltage range possible with the NI card is ± 10 V. However, 
the shear piezo (Noliac) works for its full specification of 6 µm with± 320 V. The voltage 
amplifier was used to amplify the voltage generated by the NI card by a factor of 20, which 
then goes to the shear piezo. Hence for the cavity illuminated by light at 721 nm, the number 
of FSR for a voltage ramp from -10 V to + 10 V is roughly around 10. The frequency of 
the voltage ramps that was used in the experiments was lHz so that the slow ramp makes it 
easy for the shear piezo to respond. Setting a slow ramp also means that the amplification 
experiments were CW measurements as it allows enough time to the cavity to reach steady 
state. 

The cavity output spectra were acquired through QUDI. This enablesd real time data 
analysis and plotting of the parameter of interest. This enhances the efficiency in measure
ments, especially when optimizing the measurements. The typical spectrometer acquisition 
time was 10 seconds. This acquisition time was set to synchronize the voltage ramps, so that 
the spectrometer acquisition had a better signal to noise ratio. 

Amplification measurements were done by recording three kinds of transmission spectra 
of the sample loaded cavity, illuminated by green laser alone, red laser alone, and also green 
and red lasers combined. The absolute order of the pumping is irrelevant. Comparing the 
spectra obtained from these different pumping scenarios allowed the effects of each laser to 
be identified. 

The automated experiments were done in two modes depending on the synchronisation 
of the voltage ramp that control the cavity length and the spectrometer acquisition. The first 
one was to do voltage ramps up and down ten times and thereby tuned the cavity length for 
almost 200 FSRs for one full spectrometer acquisition. This made it possible to average 
out the drifts in the cavity. However, since throughout the fast ramps the cavity could 
move through the fundamental Gaussian mode as well as higher order Hermite-Gaussian 
modes, this measurement approach gave an average effect. In the present study the stimulated 
emission has to be strong in order to detect it through this kind of measurement. The voltage 
ramps were generated using a Python script. The second measurement strategy was to sweep 
through a cavity mode at once and then acquired spectra for this one sweeping through the 
cavity. The cavity mode was roughly located using trial and error by applying a static voltage 
to the shear piezo. Once the resonance was located, a voltage range was set to sweep through 
the cavity in such a way that the cavity mode is at the centre. This measurement was repeated 
by putting them into a loop command in Python by resetting the sweep range after each sweep 
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Figure 4.15: Cavity transmission with sweeping of the cavity recorded. They axis is the time of the 
measurement, where the zero corresponds to the starting time of the measurement. The x axis is the 
union of sweeping ranges during the whole measurements. 

and acquisition such that the cavity mode is at the centre of the sweep range. An example 
of the cavity transmission, which is the intensity obtained from each spectrum acquired in 
cavity sweeps, performed is shown in Figure 4.15. 

The important portion of the Python code that is used to generate voltages from the NI 
card in the desired form is shown below. The static voltage was generated using 

1 value 0 
2 v _min = - IO. 0 
3 v _max = I 0. 0 
4 task = Task() 
s task. CreateAOVoltageChan ( "/Devl/ ao0" , "" , v_min, v_max ,PyDAQmx. DAQmx_ Val_ Volts, None) 
6 if value <=v_max: 
7 task. StartTask () 
s task. WriteAnalogScalarF64 (1 , 10. 0, value , None) 
9 else : 

10 task. StopTask () 

The voltage ramps were generated using, 

1 v_min 
2 v_max 
3 steps 
4 

s freq = 1 
6 

-10.0 
I 0.0 
40000 

7 step_size_one_way = 2 * (v_max - v_min) / steps 
8 

9 data_up = np.arange(v_min, v_max, step_size_one_way, dtype=np.float64) 
10 data_down = np.arange(v_max, v_min, -1 * step_size_one_way, dtype=np.float64)\ 
11 

12 data = np. append ( data_up , data_down) 
13 

14 ###################################################################################### 
15 

16 task = Task() 
17 task. CreateAOVoltageChan ( "/Devl/ ao0" , "" , -10.0, 10. 0 ,PyDAQmx. DAQmx_ Val_ Volts, None) 
18 task. CfgSampC!kTiming ( "" , freq * steps ,PyDAQmx. DAQmx_ Val_Rising, PyDAQmx. DAQmx_ Val_ContSamps 

, 1000) 
19 

20 task. WriteAnalogF64 ( Jen (data) ,0, 10. 0 ,PyDAQmx. DAQmx_ Val_GroupByChannel, data , None, None) 
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Figure 4.16: Representative spectra obtained in the cavity transmission showing amplification. The 
x-axis for all the figures is wavelength in nm. (I) The green and dashed orange curves are the spectra 
acquired for green alone and green and red combined pumping respectively. (II) The red one is the 
spectrum for the red alone pumping. The purple colour is the difference of spectrum of green alone 
pumping from the spectrum of green and red combined pumping and the negative sign means that 
the spectrum of the green alone pumping is higher than the green and red combined pumping. (III) 
The purple circles correspond to the data points from the difference of the spectrum of green alone 
pumping from the spectrum of green and red combined pumping. The red circles correspond to the 
data points in the spectrum of red alone pumping. The purple and red curves are the Lorentzian fit 
for the data points. The y axis is normalized with the amplitude of the Lorentzian fit to the red alone 
spectrum. The black dotted line is a reference line showing factor 1. The amplitude of the purple 
curve above 1 indicate amplification. 
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4.3.3 Observation of laser amplification with the fast ramping method 

Two different experiments were performed with the red laser around 721 nm and the green 
laser around 532 nm, using the first method of sweeping over 200 FSRs mentioned in the 
previous section. The first one had a small power of around 67 µW for the red laser and the 
green pump power was varied roughly between 1 mW to 150 mW into the input port of the 
cavity fibre. Secondly, we pump different high powers of red laser roughly between 1 mW 
and 50 mW and the green pump power was varied roughly in the same range as the first one. 

Representative spectra showing the amplification due to the stimulated emission is shown 
in Figure 4.16 for green pump power around 31.73 mW and for the red laser power around 
67 µ W. As mentioned in the previous subsection, spectra for green alone pumping, red 
alone pumping, and green and red combined pumping were compared. At the stimulating 
red wavelength, the amplification was observed in the presence of a green laser along with 
the red laser (Figure 4.16(111). On the other hand, a reduction in spontaneous emission was 
observed (Figure 4.16(11) at the particular green pump power in the spontaneous emission 
part of the spectrum. 

In order to explore the effects of pumping schemes on the NV centres in a systematic 
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Figure 4.17: Experimentally observed amplification factors as a function of green pump power, for 
the red laser power around 67 µ W. (I) The amplification factor for the cavity transmission of the red 
wavelength. (II) The reduction in the spontaneous emission of the region shown in 4.16(II). The black 
dotted line is the reference line at factor 1. The shaded region highlights the region with increase in the 
spontaneous emission. The error bars shown in both (I) and (II) are one standard deviation obtained 
by propagating the shot-noise error in the spectrometer count. 
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Figure 4.18: Experimentally observed change in amplification factors as a function of red laser power. 
(a) The blue, orange, green, red, purple and brown points corresponds to red power of~ 1.39 mW,~ 
1.54mW, ~ 11.84mW, ~ 27.77 mW,~ 41.92mW, and ~47.26mW respectively. (b)Theamplification 
factors along the solid lines in (a) as a function of red laser power. The blue, orange, green, and red 
circles in (I), (II), (III), and (IV) are the amplification factors corresponding to the green pump powers 
~ 12.89 mW, ~ 29.24 mW, ~ 50.09 mW, and~ 73.38 mW respectively. For clarity the error bars 
of one standard deviation obtained by propagating the shot-noise error in the spectrometer count, are 
shown in (b) as representative ones. The solid curves with respective colors are the fit functions. The 
fit function in (I), (II), (III), and (IV) are 1 + 121 (x + 18)-2, 1 + 181 (x + 20)-2, 1 + 276(x + 25)-2, and 
1 + 260(x + 22)-2 respectively, where x in this case is the red laser power. 
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manner, two dimensionless factors are defined. The first one lamp corresponds to the am
plification at the stimulating red laser wavelength in the wavelengths of data points shown 
in Figure 4.16(111). The second one lsp corresponds to the spontaneous emission from the 
NV centres in the wavelength range shown in Figure 4.16(11). The lamp was determined by 
subtracting the green alone spectrum from the spectrum of green and red combined pumping 
and taking the ratio of the numerical sum of these data points to that of the red alone spectrum. 
The lsp was determined by subtracting the red alone spectrum from the spectrum of green 
and red combined pumping and taking the ratio of numerical sum of data points in the region 
shown in 4.16(11), to that of the green alone spectrum. 

The lamp and lsp as a function of the green pump power are shown in Figure (4.17). For 
lamp and lsp, 1 means no effect of the different pumping schemes on the NV centre. lamp 

increases as a function of green pump power and shows a saturating trend for higher green 
pump power, where as the lsp shows a characteristic oscillatory behaviour. Interestingly, lsp 

in the shaded region, follow the behavior of the corresponding lamp. 

In the light of the qualitative model that we see in the following section we, interpret that the 
increase in lamp is due to stimulated emission of the NV centres and the characteristic feature 
of lsp is due to the photo-induced charge state switching of the NV centre [81, 99, 100, 107]. 

In the second set of measurement, we observe the reduction in the lamp when the red pump 
power increases by repeating the measurement as mentioned in the previous paragraphs. The 
observed effect ofred alone pumping power on the lamp is shown in Figure 4.18. This effect 
is also attributed due to the charge-state switching or ionization of NV centre into its neutral 
charge state [81, 99, 100, 107]. The amplification factor measured as a function of red laser 
power fits well with a quadratic function as shown in Figure 4.18(b). This is consistent 
with the argument that the two photon picture of the ionization [99] that we discussed in the 
Chapter 3. In the Figure 4.18(a), we can also see amplification factor below 1. This has been 
observed in other measurements also. This is consistent with the picture that the red laser is 
pushing the NV- centres into some dark states. 

Qualitative model for interpreting the laser amplification 

Since the cavity length was tuned back and forth over many free spectral ranges during the 
measurements, an accurate modelling of the experiment is hard. Hence a qualitative mod
elling of the experiments is done. One can imagine two layers of physics in this experiment. 
The first one is the physics of the cavity and the second one is that of Nv- centres. We first 
consider a simplified version of our red laser pumped cavity in the experiment and then model 
the interaction of NV- centres with the fundamental cavity field. In order to model the NV 
centres, a single NV centre is considered and modelled using a rate equation model. Then to 
get the collective effect on the amplification from the NV centres, this model is scaled with 
the total number of NV centres inside the cavity volume. 

Due to the cavity length tuning, the red wavelength can form both fundamental Gaussian 
as well as higher order Hermite-Gaussian modes in the cavity. Also, the emission of the 
NV centre into the fundamental modes as well as into the higher order modes of the cavity 
is possible. Since the coupling of the red wavelength into the cavity mode and the spatial 
distribution of the cavity mode vary depending on the order of the mode, the amplification 
factor due to stimulated emission is expected to have different values in different modes of 
the cavity. However, the most efficient interaction of NV centres with the cavity is possible in 
the fundamental mode. Hence for simplicity and to extract the essential physics by relaxing 
the accuracy, we consider only the fundamental mode of the cavity. Though the fundamental 
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15) 

Figure 4.19: NV centre model for interpreting amplification. Levels 11) to 15) belong to NV- and 16) 
and 17) belong to NV0. In the NV-, 11) and 12) respectively represent the ms= 0 and± 1 of the ground 
state, and 13) and 14) respectively represent the ms = 0 and ± 1 of the excited state. 15) represent 
the singlet level of the Nv- centre. In the case of NV0 it has only ground state (16)) and excited 
state (17) ). Orange arrows represent transitions due to both green and red wavelengths. Solid orange 
lines represent the pumping rates, whereas the dotted ones represent the ionization and recombination 
transitions. The thin and thick solid red arrows represent spontaneous and stimulated transitions. 
The dotted red arrow represents ionization transition from the singlet level. Grey arrows represent 
inter-system crossing (ISC) transitions and magenta curly arrows represent the phonon decay. The 
green arrow represents the pumping rate of NV0 by the green laser, and the yellow arrow represent its 
spontaneous decay. Transition rates are shown on each transitions. 

mode of the cavity is Gaussian, we assume a flat-top approximation and a cylindrical volume 
of the cavity with the radius of the Gaussian spot size on the macroscopic mirror as the base 
radius. We assume this spot radius to be~ 5 µm. However, in the experiments, the absolute 
value of this spot radius may be different mainly due to the change in the refractive index 
as the light propagates through the cavity. For a qualitative model, it was assumed that the 
underlying physics is not going to change as the absolute value for the spot size is going to 
be close to this value. Assuming a Gaussian beam, at the stability limit, the spot radius of 
the cavity mode on the macroscopic mirror is expected to be less than 5µm. We assume that 
the cavity is fully filled with the diamond sample. Furthermore, for simplicity we assume 
that our cavity is resonant with the red wavelength and also that the red wavelength is fully 
transmitted through the cavity. Though this is not fully true in the experiment, it does not 
make much difference qualitatively as the amplification is expressed as a ratio. In our model 
the cavity volume sets the number of NV centres contributing to the amplification as in the 
experiment. It also sets the stimulating power or intensity of the red wavelength inside the 
cavity by scaling the power that we provide externally in proportion to the effective finesse 
of the cavity. 

Considering charge state switching and both Nv- and NV0, the NV centre was modelled 
as shown in Figure 4.19. The rate equations for this level scheme is written as, 
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dpll) 
dt = -rpPll) + r31Pl3) + rsPl3) + rs1P1s> + r11P17), 

dp12> dt = -rpPl2) + r42Pl4) + rsPl4) + rs2P1s> + rnP17), 

dp13> 
-- = rpPll) - (r31 +rs+ r35 + r36)Pl3), 

dt 
dpl4) dt = rpPl2) - (r42 +rs+ r45 + r46)Pl4), 

dp1s> 
-- = r3sPl3) + r4sPl4) - (rs2 + rs1 + rs6)Pl5), 

dt 
dpl6) o o dt = -rpPl6) + (r76 + rs )Pm+ r46Pl4) + r36P13> + rs6P15), 

dpm o o 
-- = rpPl6) - (r?6 +rs+ rn + -r11)Pm· 

dt 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

Hhere Plj) is thepopulationfractionofasingleNV centre on the level IJ). Thus L)=l Plj) = 1. 
Since the decay from the phonon levels of the ground state is expected to be very high, any 
stimulated absorption is neglected from these phonon levels back to the excited states. The 
rates rp, rs, r36, r46, rn, r71 and rs6 are light induced transitions. If/ represent the intensity of 
light, (Tis the cross sections, and hv is the photon energy, then these photo-induced transition 
rates are generally i:. Again similar to all other rate equations that we have seen in this 
thesis, the intra-cavity fields as assumed to be independent of time as we are focusing on the 
steady state. This system for steady state is solved to obtain the population fractions. Then 
using parameters shown in table 4.2, we estimate population fractions as a function of green 
and red powers. The ionization, recombination and stimulated emission rates are obtained 
using the cross-sections of the transitions. 

In the experiments no saturation effects were observed on the spontaneous emission 
from the NV centres. Hence we consider a lower value of the absorption cross-section for 
the green available in literature from references [46, 121]. For simplicity, we consider no 
spin dependence on ionization transitions directly from the excited states of NV-, as reported 
in [ 100], since it makes no difference in essence due to the absence of MW or magnetic field in 
our experiments. In this model the indirect spin dependence on the ionization comes through 
spin-dependent transitions to the singlet states [105]. The ionization and recombination 
cross-section values at this particular red laser wavelength was not available from literature. 
In reference [81], a red laser of 766 nm was used for the stimulated emission and ionization 
study of the NV centre. The amplification is modelled by adapting the parameters from the 
this study to fill the missing rates. The population fractions are obtained as a function of 
green pump power for ~ 67 µ W of red power as shown in Figure 4.20. 

Figure 4.20(a) shows that the presence of the red laser along with the green laser reduces 
the Nv- population fraction and increases the NV0 population fraction due to ionization. 
Figure 4.20(b) shows that ionization is dominant for lower green pump powers. At higher 
pump powers due to efficient excitation of the NV0 compared with that of NV-, pm increases. 

The population fractions that determines the emission from NV- is Piexc) = Pl3) + Pl4), 
whereas for the NV0 it is Pm· lamp due to stimulated emission from all the NV centres can 
be written as 

Pred + ½Pstm 
lamp= P , 

red 
(4.9) 
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Parameter Value Reference 
r31 = r42 63.93 MHz [56] 
r35 7.93MHz [56] 
r45 53.25 MHz [56] 
r51 0.98MHz [56] 
r52 0.72MHz [56] 
r16 0.74 X r31 [81] 
erg 3.1 X 10-21 m2 [121] 
err 3 X 10-24m2 [45] 
erg - erg 0.037 X erg [81] 36 - 46 
(F,g - (F,g 0.08 X ½erg [81] 71 - 72 
err - err 0.071 X erse [81] 36 - 46 
(F,r _ (F,r 0.22 X ½erse [81] 71 - 72 

r 
er56 0.0215 X erse [81] 

Table 4.2: Parameters used for the theoretical estimations. The transition rates are the average of the 
values from ref [56]. In general er is the cross-section of the light induced transition. The superscript 
represent the color of the corresponding laser. Though the wavelength used for the red is different 
in reference [81], we approximate these values for the present wavelength of interest. cr8 and err are 
absorption cross-sections of Nv- for green and red wavelengths. The absorption cross-section of the 
NV0 for green wavelength is 1.3 times higher than that of NV- [81]. Though the wavelength used in 
[ 45] is different, absorption cross-section for the stimulating wavelength is considered approximately 
equal to this value. 
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Figure 4.20: Green and orange colours represent green laser alone pumping and green and red 
lasers combined pumping. The solid and dashed lines represent the NV- and NV0 respectively. For 
green and red lasers combined pumping, stimulated emission of both Nv- and NV0 are considered. 
However, for green laser alone pumping, we neglect the possibility of stimulated emission from any of 
the charge states considering the fact that the spontaneous emission from these charge states into the 
cavity is not stimulating the emission as we do not see any trace of it in our experiment. (a) Calculated 
effect of green and red lasers on the excited state population fractions of NV- (P1exc)) and NV0(p17>) 
as a function green pump power. (b) Calculated effect of green and red lasers on the total population 
fractions of Nv- and NV0. 
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Figure 4.21: lamp and lsp from the qualitative model as a function of green pump power. (I) The lamp 

due to stimulated emission. (II) The lsp spontaneous emission with the stimulated emission of both 
charge state of NV centre is shown in green solid line. The black dotted line is the reference line at 
factor 1. 

where Pred is the cavity transmitted red laser power and P stm is the total power emitted by NV 
centres due to the stimulated emission. The factor ½ comes from the fact that we consider that 
the stimulated emission comes out through both sides of the cavity and in the transmitting 
side we capture only half of it. Then we can rewrite equation (4.9) considering stimulated 
emission from both charge states [80] as, 

(4.10) 

Here <Tse is the stimulated emission cross section of the NV centre in the negative charge 
state and the 17 is the ratio of stimulated emission cross-section of NV0 to NV-, PNV is the 
density of the NV centres in the diamond sample and l is the cavity length, which in our 
model is the thickness of the sample. F is the ratio of the intra-cavity red laser power and 
the power outside the cavity. Since the intra-cavity power is scaled by finesse (finesse/Jr), F 
is finesse/Jr. 

The dependence of the f amp on the laser power comes through p lexc) and p 17). In reference 
[80], around 721nm the ratio between the stimulated emission cross-section of NV- to NV0 

is slightly higher than 3. From this we can make a reasonable assumption that 17 ~ ½-
The spontaneous emission from this model into an optical frequency v can be written as, 

(4.11) 

where Vcav is the volume of the cavity, which is the effective cylinder volume that we assumed. 
Then the amplification factor fsp for the spontaneous emission irrespective of the frequency 
can be written using equation ( 4.11) as, 

fi _ Plexc) + /3Pi7) 

sp - Plexc) + /3 pl7) ' 
(4.12) 

where prime ' corresponds to green alone pumping and f3 is the ratio of the spontaneous 
emission rate of NV0 to NV-. Any spontaneous emission from both the charge states of NV 
was neglected for red alone pumping, since at steady state the NV centres are expected to end 
up in the NV0 ground state as red cannot excite the NV0 in our model. 

The Jamp and fsp given in (4.10) and (4.12) respectively are plotted as a function of green 
pump power in Figure 4.21. The parameters of the NV centres for plotting these factors are 
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Figure 4.22: Change in amplification factors calculated from the theoretical model as a function of red 
laser power. (a) The blue, orange, green, red corresponds to red power of 0.1 mW, 0.3 mW, 0.5 mW, 
and 0.7 mW respectively. (b) The amplification factors in the dotted lines drawn in (a) as a function of 
red laser power. The blue, orange, green, and red circles in (I), (II), (III), and (IV) are the amplification 
factors corresponding to the green pump powers 25 mW, 50 mW, 75 mW and 100 mW shown by the 
dotted lines drawn in (a) with respective colours. The solid curves with respective colors are the fit 
functions. The fit functions in (I), (II), (III), and (IV) are 1 + 0.96(x + 1.47)-2 , 1 + 1.98(x + 1.56)-2, 

1 + 3.21(x + 1.7)-2 , and 1 + 4.7(x + 1.85)-2 respectively. 

discussed in appendixes. F, was set to 1200 to match the experimentally observed values 
of lamp and lsp roughly. This value is reasonable as it is below the designed value from the 
mirror coatings. Also similar value has been measured with our empty cavity and measuring 
the actual finesse particularly with the diamond sample loaded is difficult. 

Modelled amplification factors in shown in figure 4.21 qualitatively match the amplifi
cation factors obtained in our experiments. Since the ionization is strong in the presence of 
the red laser, we have more NV0 for red and green combined pumping than that of green 
alone pumping. As a result we interpret that the amplification we experimentally observe at 
the stimulating wavelength is due to the stimulated emission from both charge states of the 
NV centres. We interpret that in this system, due to ionization, the spontaneous emission 
decreases for lower powers of green alone pump. However, as the green power increases, 
due to the efficient pumping and slightly higher lifetime of the excited state in NV0 than its 
negative counterpart, the spontaneous as well as stimulated emission from NV0 contributes 
significantly to the total emission from the NV centres. Hence lsp increases for higher green 
powers and goes even above 1. If there is no ionization, the maximum lsp that one could 
expect is 1, as the stimulated emission during green and red lasers combined pumping reduces 
Plex) relative to green alone pumping. Furthermore, in the literature some studies report that 
NV0 has lower excitation efficiency than NV-. However, in the present model the observed 
lsp could only be explained with higher excitation efficiency for NV0 than Nv- as considered 
by studies [81, 107]. 

Since the spontaneous emission is also increasing for higher pump powers the sponta
neous emission should also contribute to the amplification factor at high green power. The 
observation of a similar trend in lsp and lamp for higher green pump power might be the 
signature of spontaneous emission contributions from NV0 to lamp· 

Furthermore, the dependence of lamp on the red wavelength power is shown in Figure 
4.22. The theoretically calculated lamp as a function of red power fits well with the quadratic 
fit function for the experimental data. This strengthens our argument that the experimental 
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observation of reduction in amplification when red wavelength power increases is due to the 
ionization of the NV centre in the presence of a strong intra-cavity field. 

Possible cavity effects on amplification 

In the model that we presented, we have neglected the effect of the imperfections in the cavity 
transmission. In reality when the cavity transmission lower than 1, there is some reflected 
component along with the cavity transmission. When there is stimulated emission, where the 
emitted photons are in phase with the stimulating photons, the stimulated emission emerges 
from both sides of the cavity. Since the emitted photons are in phase with the stimulating 
photons, the total electric field of the stimulated emission destructively interferes with the 
cavity reflected electric field. As a result the transmission of the cavity is modified. In 
the amplification experiments, since the cavity was not fully transmitting, the stimulated 
emission could have modified the cavity transmission. However, this is not expected to alter 
the physics that we extracted from the model. In fact, when the cavity transmission is low 
the stimulated emission is expected to be low as the intensity of the stimulating wavelength 
is low. 

In addition to this, three other effects can also contribute to the cavity transmission; 
absorption by NV centres, the change in the absorption due to the charge state switching 
and also thermal heating of the cavity fibre mirrors [47, 122]. The first one is really hard 
to account. The last one is expected to play an important role when the pump power of the 
red is high. When the red pump power is high, the intra-cavity power is going to be high 
as it is enhance by a factor of effective finesse. As a result on top of ionization, the high 
red power also impacts the cavity. Due to this reason for extracting the underlying physics 
we have considered lower red powers to approximately avoid the complexities of the cavity 
transmission. 

4.3.4 Observation of laser amplification with the slow sweep method 
method 

We tried to measure the amplification through the slow sweep method mentioned in the 
4.3.2, in order to proceed to measure the laser amplification in the static cavity mode. The 
measurement was carried out by finding a cavity mode and sweeping through it for green 
laser alone pumping and green and red lasers combined pumping. One data set shows 
amplification, as shown in the Figure 4.23. This measurement was done with arbitrary green 
and red laser powers as a first step, the amplification is visible in the Figure 4.23. It is also 
clear that adding a green laser changes the cavity resonance as the voltage which is a proxy 
for the cavity length corresponding to the cavity resonance changes. This can be attributed 
to the thermal expansion of the fibre tip [47, 122]. However, unfortunately due to the time 
constraints and the breakdown of the fibre cavity setup, further systematic experiments could 
not be carried out. 

4.4 Implications for LTM with the NV- laser 

Within the accuracy of the model and interpretations presented in this thesis, the observed 
amplifications on the transmission of fibre cavity modes, by external seeding is due to the 
the stimulated emission of NV centres that forms the basis of the LTM. The main issue 



4.4 Implications for LTM with the NV- laser 67 

1 1 1 I 11 1 ~ 50000 
400 -► 1 111 

11 1 1 1 11 

1 1 11 1 45000 ~ 
1 1 I 1 11 C 

1 1 1 1 I 40000 :::, 
_ 300 I 1 1 1 11 -e .c':'. 1 1 111 11 "' ""O 1 1 1 1 11 35000 -
Q) C 

"' 'I 1 11 1 I 0 
C. ·.;; 
-ffi 200 ' 1 11 I I I 30000 .!!! 

1 1 1 I 1 1 E 
Q) 

1 1 1 1 1 1 "' E 'I 
25000 ~ i= 11 1 1 1 1 1 11 

1 1 11 1 1 
>, 

100 1 11 1 I 20000 -~ 
11 1 1 1 1 "' I 1 1 1 u 

1 1 I 1 1 ~ 15000 

-► 1 1 1 
0 10000 
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 

Shear piezo voltage (V) 

Figure 4.23: Observation of amplification with slow cavity sweep. The orange arrows denote the 
cavity sweep with green and red combined pumping and the green arrows denote the cavity sweep 
with green alone pumping. Only the first and last ones are denoted with arrows and the middle ones 
follow the same alternative sweeping. The red laser power was constant and the green power was 
increasing arbitrary as the time elapsed increases. For higher green laser powers adding a red laser 
changes the cavity resonance. 

to achieve the self-seeded NV laser, seems to be the lousy nature of the diamond loaded 
cavity which results in inefficient trapping of the spontaneous emission for stimulating the 
NV centres. On the other hand, we can also see from Figure 4.20, that the excited state 
population is small compared with the total population fraction, for both charge states. In 
the case of NV- centre, the simulation suggests that the ground state as well as singlet states 
have significant population fractions that is responsible for low population fraction of its 
excited state. The reduction in the excited population fractions, reduces the gain for the laser. 
Within the accuracy of the model presented here, it seems like the NV0 stimulated emission 
also contributes to the observed amplification. One could extrapolate the results and could 
say that with a high Q-cavity, we might achieve a self-seeded laser. However, if such a 
laser has contributions from both stimulated emission of NV0 and NV-, one could naively 
question whether such a laser is really sensitive to magnetic fields anymore. To address this, 
more theoretical as well as experimental investigations are required. Though the charge state 
switching brings Nv- centres to magnetically insensitive NV0, that switching process itself 
can be spin dependent [100]. The red induced transition discussed above from the singlet 
state is intrinsically spin dependent. Having said that more experiments and theoretical works 
are required to get clarity on this. An essential first step is to study the magnetic tunability 
of the laser amplification observed, which is unfortunately beyond the scope of the current 
thesis. 
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Room-temperature quantum sensor with 
diamond Raman lasers combined with MW 

driven Nv- centres 

So far in this thesis, we have discussed magnetometry with an NV- laser and efforts towards 
the experimental realization of such a laser. On the other hand, diamond crystal itself is 
an excellent gain medium for another type of laser known as a Raman laser [123-125]. 
Though such a laser exists in diamond itself, to the best of the authors knowledge, no 
study combining such lasers with NV- centres is available in literature. In this chapter 
we theoretically investigate the response of such a diamond Raman laser modified by the 
intra-cavity absorption by the Nv- centres, driven by an MW frequency similar to the IR 
absorption LTM studied in reference [46]. This chapter starts with a discussion of diamond 
Raman lasers in section 5 .1. Then we discuss modelling of the diamond Raman incorporating 
the absorption from the NV- centres in section 5 .2. The response of such a laser with the 
absorption from the Nv- centres in the presence of a magnetic field is explored with numerical 
solutions in section 5.3. Finally in section 5.4 conclusions with a comment about possible 
extensions of the model are presented. 

5.1 Diamond Raman laser 

Let us briefly look into the basics of the diamond Raman laser first. For now we neglect the 
NV- centre inside the diamond crystal. The underlying physical process behind the Raman 
laser is the Raman scattering [ 126]. Like other materials diamond crystal made out of carbon 
atoms bonded together also possesses phononic energy eigenvalues [127]. This crystal can 
thus scatter an incident optical frequency by modifying the phononic energy of the crystal and 
thereby the incident frequency gets converted into a different frequency. Such a scattering 
process can happen in two different ways. First, if the crystal is occupying a higher phononic 
energy eigen state, the material can lose energy and de-excite to the lower eigen state when 
the material is illuminated with an optical frequency. The optical frequency gains the energy 
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Figure 5.1: Representation of Raman scattering. The green arrows represent the incident frequency 
(vi), the yellow arrow represent the scattered Raman frequency (vr ), and the black arrow represents 
the excitation of the diamond from the lower vibrational energy eigen state E to the higher vibrational 
energy eigenstate E + llE. Here his Planck's constant. 

lost by the material de-excitation and as a result is converted to a higher optical frequency. 
This process is known as anti-Stokes Raman scattering. Second, if the material is in its lower 
phononic energy eigen state, illuminating with an optical frequency, excites the material to 
the higher eigen state by extracting energy from the optical frequency. As a result the incident 
frequency gets scattered to a lower frequency and this process is known as Stokes Raman 
scattering. At room temperature the lower phonoic eigen state population is higher than that 
of higher state. Thus the Stokes scattering is always stronger than the anti-Stokes counterpart 
and it is the useful one for creating the Raman laser. Hence we consider the Stokes Raman 
scattering and for simplicity we refer the Stokes Raman scattering as Raman scattering for 
the rest of this thesis. 

If Vi is the incident optical frequency, Vr is the Raman frequency, E is the phononic 
energy eigenvalue of the diamond material, and 11E is the energy differnce to the next higher 
phonon eigen state from E, the energy corresponding to the Raman frequency can be written 
as 

(5.1) 

where his Planck's constant. A pictorial representation of the Raman scattering is given in 
Figure 5.1. For diamond, the frequency shift 11/ is~ 40 THz. 

The Raman scattering can be stimulated in the presence of light at the Raman frequency 
with the incident frequency and such a process is known as stimulated Raman scattering 
(SRS) [127-129]. The amplification of the stimulated Raman scattering by the optical cavity 
forms the Raman laser. The spontaneously emitted Raman into the cavity mode self-seeds to 
stimulate the further Raman scattering. In the NV- laser or more generally in any inversion 
laser, the energy is extracted from the pump via population inversion, but in the Raman laser 
no energy is stored in the system and the pump laser directly impacts the laser gain [125]. 

Typically diamond Raman lasers are considered for high power Raman lasers, however, 
there is a constant interest towards realizing Raman lasers with low pump powers [130, 131]. 
Recent demonstrations with ring resonators with high Q-factor shows the diamond Raman 
lasers function in the IR as well as NIR regions with a few tens of mW pump powers 
[130, 131]. 
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Figure 5.2: Schematic of the Raman laser with diamond crystal containing NV- centres in the Fabry
Perot cavity. The pump frequency corresponds to the green arrow ( v P) and the Raman laser frequency 
corresponds to yellow arrow (vr ). The Fabry-Perot cavity is formed between mirrorl and mirror2. 
The diamond crystal contains NV- centres (a representative one is shown in the inset). The pump is 
considered as a singe pass pump, i.e. the cavity has no effect on the pump frequency and the direction 
of pump is shown with the arrow head. The Raman frequency forms cavity mode and a laser signal 
is generated. The laser output is considered to be excited through both mirrorl and mirror2. 

5.2 Modelling a diamond Raman laser with MW driven 
Nv- centres in the crystal 

In this section we model a diamond Raman laser modified by the MW driven NV- centres' 
absorption, inside the crystal. We can do this by assuming a general Frabry-Perot cavity as 
the laser cavity and then applying the fibre-cavity parameters. A schematic of the diamond 
Raman lasing with NV- centres is shown in Figure 5 .2 

The pump frequency for the laser is vp and the Raman frequency is Vr = vp + (40 THz). 
For simplicity, we can assume that both the mirrors, mirror! and mirror2 are identical and 
fully transmitting all the frequencies including pump and higher order Raman frequencies, 
except the first Raman frequency, which forms a fundamental Gaussian mode of the cavity. 
Furthermore, we can assume that the diamond is fully filling the cavity volume and the NV
centres are uniformly distributed throughout the diamond. 

5.2.1 Diamond Raman laser with an absorber in the crystal 

We can first model the diamond Raman laser treating the absorber generally to get a pump
laser output relation. For this we can follow modelling the Raman laser in an approach similar 
to references [132, 133]. However, the important difference is that the absorption of both 
the pump and Raman frequency is considered here. We can first consider the depletion of 
the pump and estimate how much Raman gain has been generated from that. Then we can 
consider the rate equation of the Raman laser to reach a pump intensity to Raman laser output 
relation. 
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The Raman gain from the SRS is grlplr [127, 129, 132, 133], gr is the plane Raman 
gain coefficient, Ip is the intensity of the pump beam, and Ir is the intensity of the Raman 
beam. For ease of calculation, we neglect any spontaneous emissions from the diamond, 
including spontaneous Raman Scattering and NV- emission from diamond at all the Raman 
frequencies. Then the depletion of pump when it propagate through the diamond can be 
written as [133], 

(5.2) 

where, the /3p represents the pump absorption, Ir is approximated to be uniform throughout 
the cavity and the lp(l) is a function oflength (l). Usually this pump absorption is neglected 
for simplicity [133]. Since we are interested in the absorption, we keep the /3p- However, we 
make the approximation that the /3p is also uniform through out the cavity and independent 
of length, for simplicity. Furthermore, we also approximate the Gaussian propagation of the 
cavity mode along the cavity length to a cylinder shape with top-flat approximation. 

Using the method of separation of variables and integrating over the cavity length, we 
obtain lp(l) as [133], 

(5.3) 

where I~ is the intensity of the pump entering to the cavity through mirrorl as it hits the 
diamond crystal. If lcav is the cavity length, then the depleted intensity of the pump when it 
passes through the diamond sample can be written as, 

11/p = /~(1 - exp{-lcav( :: grlr + /3p)} ). (5.4) 

Following the method in reference [133], the total intensity of Raman generated from equation 
5.4 can be written as, 

(5.5) 

Considering c as the speed of light and the nm as the refractive index of the medium, which 
is diamond here, the time for the pump to just pass once through the cavity is ~ 11cav • Then 

c nm 
the rate of Raman generation is c1Jnm 11Ir [132]. Hence, the rate equation for the Raman laser 

cav 
intensity inside the cavity can be written as, 

(5.6) 

where t represents time, f3r is the Raman absorption along the cavity length, and Kr Raman 
photon loss rate of the cavity. At steady state, ~; = 0. Then from equation (5.6), we can 
write/~ as 

(5.7) 

Equation (5.7) gives a relation between the incident pump intensity /~ and the intra-cavity 
Raman laser intensity. From the intra-cavity Raman laser intensity, the intensity of the Raman 
laser output emitted from the cavity can be written as 

1out _ lcav I . 
r - / Kr r c nm 

(5.8) 
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Figure 5.3: Rate equation model of the NV- centre as a five level system. The levels 11) and 13) are 
the m8=0 states of the ground and excited states respectively, whereas, levels 12) and 14) are m8=±1 
states of the ground and excited states respectively. Level 15) is the summarized singlet state. Levels 
11) and 12) are resonantly driven with MW frequency resonant with the ground state splitting. Green 
upward arrows represent pumping, red downward arrows represent radiative decay and grey arrows 
represent decay via singlet states. The pumping rate and decay rate for each transition is represented 
is shown on each transition. 

Using equation (5.8), we can write equation (5.7) as 

1o = ________ (_c/_n_m_)_/3_r_+_K_r ______ _ 
P (c/nm) { } 

vp (c/n1:,);r ::ut+/3 (1 - exp -lcavC; (t::) !~/fut+ /3p) ) 
Vr lcav Kr r P 

(5.9) 

The pump power is P~ = I2Abeam and the Raman laser output power is p~ut = I~ut Abeam• 

Now, in equation (5.9), we have a relation between I2 and I~ut. However, in order to make 
a quantitative estimate, we need to know /3p and f3r- Assuming the absorption is only from 
NV- centres, we can estimate them by modelling the NV- centre as an absorber. 

5.2.2 Nv- centre as an absorber in the crystal 

We have already seen the NV- centre models in the previous chapters. Here, for simplicity, 
we consider an NV- centre as a five level system for the rate equation model as shown in 
Figure 5.3, similar to the model that we have seen for the NV- laser model in Chapter 3. 
The difference is that we do not consider any phonon levels of the ground state and the 
stimulated emission of the Nv- centres. Here also we consider the ground levels 11) and 12) 
are resonantly driven with MW frequency~ 2.88 GHz with a Rabi frequency Qg as in the 
previous chapters. The spontaneous emission from levels 12) and 11) are also neglected with 
the assumption that the dephasing with a dephasing rate, I'g is the major source of noise to 
the resonant driving. Then the master equation for the single Nv- centre resonantly driven 
with MW frequency can be written as 
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dp112) . .Og dt = (ulg - rp - rg)P112) - z2 (Pl2) - Pll)), 

dp121) . .Og dt = -(zf:.g + rp + rg)P121) - z2 (P11) - P12)), 

dp11) .Og 
dt = -z2 (P121) - P112)) - rpPII) + r31Pl3) + rs1P1s), 

dp12) _Qg 
dt = 12 (P121) - P112)) - rpPl2) + r42Pl4) + rs2P1s), 

dpl3) 
dt = rpPll) - (r31 +rs+ r3s)Pl3), 

dpl4) 
dt = rpPl2) - (r42 +rs+ r4s)Pl4), 

dp1s> dt = r3sPl3) + r4sPl4) - (rs2 + rs1)P1s), 

where the occupational probability of a particular level is, 

5 

IPlj) = 1. 
j=O 

(5.10) 

(5.11) 

(5.12) 

(5.13) 

(5.14) 

(5.15) 

(5.16) 

(5.17) 

Solving equations from (5.10) to (5.17) analytically for steady state, the ground state 
population fraction can be written as Pigr) = Pll) + P12). Then the absorption per unit length 
for both the pump and Raman frequency, neglecting the orientation of Nv- centres for 
simplicity, can be written as, 

/3p, r = CTp, rPlgr)PNV, (5.18) 

where CTp, r is the absorption-cross section for the pump or Raman frequency and PNV is the 
density of NV- centres in the diamond crystal. The /3p, r is actually a function of intensity of 
the pump rate from the ground state r p through p lgr). The pump rate from the ground state 
Plgr) can be written as, 

CTplp CTrlr 
rp = - + - (5.19) 

hvp hvr 

Hence, f3 p, r is a function of pump and Raman Intensity. In the previous section, for deriving 
the Raman laser absorption, we made the approximation that /3p and f3r are independent of 
length for simplicity. In other words, the pump depletion is neglected due to the NV- centre 
absorption. Then we can approximate r P so that the laser equation is easy to compute, 

CTp/g CTrlr 
rp~--+-. 

hvp hvr 
(5.20) 

This equation is valid only close to the threshold where only a negligible fraction of the pump 
power is depleted. 

We can identify two different possibilities for absorption by the Nv- centres, due to the 
position of the pump and Raman wavelengths with respect to the ZPL. If both the pump 
and Raman wavelengths are below ZPL, the NV- centres can absorb both the wavelengths. 
However, if only the pump wavelength is below ZPL and the Raman wavelength is above 
ZPL, the Nv- centre absorbs only pump wavelength as the Raman wavelength cannot excite 
the Nv- centres ideally. 
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5.3 Numerical results of the Raman laser model with NV
absorption 

Now using /3p,r, we can numerically solve equation (5.9) to understand the Raman laser 
behaviour with NV- absorption in these two wavelength regimes. We solve equation (5.9) 
numerically using Brent's root finding method (brentq method in Python). In order to 
numerically solve the equation, a closed interval in which the sign of the function changes 
is required. The sign changing interval for Brent's method is obtained from equation (5.9) 
itself. The right hand side of the equation (5.9) also contains I~ through the absorption 

terms and it makes the equation complicated. We have seen that the I~ dependence on the 
absorption terms come through the ground state population fraction Plgr)· However, we can 
write 0 ~ Pigr) ~ 1. Hence, we can write J~(Plgr) = 0) ~ I~ ~ J~(Plgr) = 1), where, 

J~(Plgr) = 0) and J~(Plgr) = 1) can be written as 

Yp JOU( 

0( O) Yr r IP Pg = = -------------, 
(1- exp{-lcav(P (c/nm) gr !fut)}) 

Yr lcav Kr 

(5.21) 

and, 

o ((c/nm)<TsPnv) + Kr 
Jp(Pg = 1) = --------------------

<~1:':l gr (l ex { l (Yp (c/nm) gr 1out + <T )}) 
Vp (c/nm) gr JOUt ( ) - p - cav v -l-- K r sPnY 
Vr lcav Kr r + CTsPnv r cav r 

(5.22) 

Then the sign changing interval can be written as []~(pg= 0), J~(pg = l)]. 
For numerical solving, we consider a micro cavity with a diamond sample of around 50 µm 

thickness as in the previous chapters. Then the cavity length is lcav = 50 µm. The small 
mode volume and the tight focusing of the micro-cavity is expected to provide Raman lasers 
with low threshold pump power. As we mentioned earlier in this chapter, we approximate the 
beam shape inside the cavity to a cylinder shape with flat-top approximation. The base radius 
of the cylinder is assumed to be the cavity beam waist. We consider a beam waist around 
5µm. As we have already seen earlier in this thesis, such beam waist values are possible with 
fibre cavities [47]. We can set the cavity loss rate to 1 GHz, similar to the NV- laser case 
and then we can use the parameters that are used in section 3.2.3 for the internal rates of the 
Nv- centre, except the absorption cross-sections. 

5.3.1 Raman lasers with absorption of both Pump and Raman wave-
lengths by Nv- centres 

Here we assume the pump wavelength Ap is 532 nm, which is the common wavelength 
especially for NV- excitation. Then the Raman wavelength Ar is around 573 nm. The Raman 
gain for this case gr is around 18.51 cm/GW [134--136]. The absorption cross-section of 
the NV- centre for the pump wavelength is same as the previously considered value in this 
thesis. The absorption cross-section of Raman wavelength is <Tp ~ 5.3 x 10-17 cm2 [137]. 

We can first consider the NV- density PNV ~ 1014 cm-3 anticipating a strong intra-cavity 
absorption of the strong cavity field at the Raman wavelength by the Nv- centres above 
threshold. The obtained steady state numerical solution for the Raman laser output power as 
a function of pump power is shown in Figure 5.4. 
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Figure 5.4: Diamond Raman laser bistability when NV- centres in the crystal absorb both pump and 
Raman wavelengths. The blue curve corresponds to resonant microwave driving and the orange curve 
corresponds to a detuning between the MW and the ground state splitting by~ 2.88 GHz. The Raman 
laser output is shown in dBm to show two threshold pump powers, which are pump powers for which 
the slope of the laser curve tends to infinity. The threshold with the higher pump power is the forward 
threshold and the threshold with a lower pump power is the backward threshold. 
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Figure 5.5: (a) Absolute difference in the bistabity region oBSR as a function of the as a function 
detuning, for different values of NV density (pNv). The blue curve is for PNV ~ 1014 cm-3, The 
orange curve is for p NV ~ 1015 cm-3, The green curve is for p N v ~ 1016 cm-3, The red curve is for 
PNV ~ 1017 cm-3, The purple curve is for PNV ~ 1018 cm-3. (b) Absolute difference in the bistabity 
region oBSR and the forward threshold pump power for the resonant case as a function NV density in 
the crystal (pNv ). The blue curve shows how the oBSR changes and the orange curve shows how the 
corresponding threshold values changes. 
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In the Figure 5.4, we can see a bistable [138-143] behaviour of the Raman laser. When 
the pump power increases from zero, the Raman laser output remains zero unless it reaches 
the forward threshold. When the pump power reaches forward threshold, the laser output 
power switches to a high value. Decreasing the pump power, after bringing the laser output 
power to a high value, the laser output does not go to zero even if it is below the forward 
threshold. Once it reaches the backward threshold, Raman laser output will switch back to 
zero. The region of the plot in Figure 5.4 with negative slope appeared since we numerically 
solved for the pump power corresponding to each Raman laser output. In experiments, this 
region is invisible directly. This bistability behaviour is due to the saturation of absorption of 
the Nv- centres in the diamond crystal. Since we have a really good cavity, the competition 
between the cavity loss through the mirror and the absorption by the NV- centres happens. 
Above threshold the strong intra-cavity field saturates the NV-, and as a result the cavity loss 
through the mirror dominates and the laser output can be observed. 

It is interesting to see that we obtain the bistability curve with magnetic/MW tunability, 
even with very low NV density, PNV ~ 1014cm2 . However, no such bistability has been 
reported so far in diamond Raman laser experiments, to the best of author's knowledge. We 
can interpret that this might be an effect of the micro-cavity that reduces the threshold pump 
power of the Raman laser and there by enables NV- centres' absorption significant. 

We can now further explore the tunability of the bistability. For this we consider the 
bistable regions of the two cases in the pump powers. The bistable region in the pump 
power means the difference between forward and backward thresholds' pump powers. Since 
the backward threshold is not tunable with magnetic field, magnetic field tunability of the 
bistability can be expressed as the difference between the forward thresholds of the detuned 
and resonant cases. We can represent this as the absolute difference in bistability (6BSR). 
The absolute difference in 6BSR as a function of detuning, for different NV- densities in 
shown in Figure 5.5(a). Furthermore, 6BSR as well as forward threshold as a function of 
NV- density is also shown in in Figure 5.5(b). From the Figures 5.5(a) and 5.5(b), we can 
see that the 6BSR is a few milli Watts and it increases initially with the density, but drops for 
higher densities. Increasing the density, the line-width of each plot in Figure 5.5(a) increases, 
indicating the insensitivity against MW. The tunability of bistability should be coming from 
the availability of Nv- centres in the ground state for absorption. The NV centres in the 
ground state also absorb pump wavelength along with the Raman wavelength. Then one 
could interpret that the reason for a maximum in Figure 5.5(b) is due to the decrease in the 
availability of Nv- centres due to the pump absorption dominating over the increase in the 
total number of NV- centres in the cavity due to the NV- density increase. 

Developing a magnetic sensing module using the discussed diamond Raman laser bista
bility remains an open challenge at the time of this thesis submission. More studies are 
required towards this direction. 

5.3.2 Raman lasers with absorption of Pump wavelength by the NV-
centres 

In this subsection, we consider that the pump wavelength is below ZPL and the Raman 
wavelength is above ZPL. To see the effect we can arbitrarily consider the pump wavelength 
Ap is around 620 nm, and the corresponding Raman wavelength Ar is around 676 nm. The 
Raman gain for this case is then gr~ 14.64 cm/GW [134-136]. The absorption cross-section 
of the pump wavelength crp ~ 1.27 x 10-17cm2 [137]. As we have already approximated, the 
absorption cross-section of the Raman wavelength crr ~ 0. This is only true in ideal case, but 
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Figure 5.6: Raman laser output power as a function of pump power for resonant and detuned cases. 
The axis is 8pump power obtained by subtracting a constant power of 4.292 W from the pump powers 
for clear visualization. The blue line shows the output power for the resonant driving and the orange 
curve shows the output power when the MW is detuned from the ground state splitting by~ 2.88 GHz. 

at least the err is expected to be negligible compared with the crp, 

Since there is no Raman wavelength absorption, intuitively one does not expect to see the 
bistability, instead a threshold shifted laser with detuning. In order to see this effect clearly, 
we consider a high density of Nv- centres, 1 x 1016 cm-3 roughly in the range as we have seen 
in the previous chapters. Then the Raman laser equation is numerically solved as mentioned 
in the previous subsections and the resultant Raman laser output as a function of pump laser 
power in shown Figure 5.6. 

In Figure 5.7, two laser output curves are shown. The first one in blue color is the output 
power when the Nv- centres are resonantly driven with a MW frequency. The second one 
in orange color is the Raman laser output power when there is a detuning of~ 2.88 GHz 
between the NV- centres and the MW. The threshold of the detuned laser curve is shifted to 
a higher value, than that of the resonant one. For the resonant case less spins are available 
in the m8 = 0 of the ground state compared with that of the non-resonant case for absorption. 
Hence, the resonant case reaches the threshold faster than the detuned case. 

To see how the laser output behaves as a function of detuning for a fixed pump power, we 
can assume that the MW frequency for driving the NV- centres is constant at a fixed value 
and the detuning is induced by some external magnetic field. Then we can see how the laser 
behaves as a function of magnetic field for a fixed pump power. We numerically solve the 
Raman laser output as a function of external magnetic field as shown in Figure 5.7(a). The 
detuning to the resonant driving can be done in two different ways. The MW frequency itself 
can be detuned with respect to the resonant to the Nv- centres ground state splitting. Or 
bringing a magnet close to the Nv- centre can induce detuning. 

For ease in calculating the slope of the curve in Figure 5.7(a), we fit the numerical solution 
with a Lorentzian function. The derivative of the obtained Lorentzian function with the fit 
parameters gives the slope of the curve. From that we can estimate the sensitivity for each 
external magnetic field present and the result is shown in Figure 5. 7 (b) similar to the Nv
laser. Similar to the Nv- laser, close to zero magnetic field the laser is not sensitive to the 
external magnetic field. This can be attribute to the fact that the slope of the Figure 3.8 tends 
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Figure 5.7: (a) Raman laser output power as a function of relative magnetic field present The blue 
points are the numerical solution. The orange line is a lorentzian fit to the numerical solution. (b) DC 
magnetic field sensitivity of Raman laser as a function of relative external magnetic field. 

to zero. This suggests that one needs to provide detuning via magnetic field if the MW is 
resonant to the ground state splitting of NV centres or via adjusting the MW frequency itself 
for engineering a magnetic sensor with the minimum sensitivity. The minimum sensitivity 
estimated in the present case is ~ 226 pT/-yHz. The advantage of this method compared 
to the usual absorption method [71, 144] is that unlike these methods, we can eliminate 
background photons in the signal containing information about magnetic field, by working 
at the threshold. Then the noise in the magnetic field measurement with the Raman laser is 
expected to be lower, compared to the usual absorption magnetometry with NV- centres. 

5.4 Comments on the approximations of the modelling 

So far in this chapter we have only considered the NV-. However, the charge state switching 
of the NV centres is possible as we have already seen in the previous chapters and the present 
model shown here is an ideal case. As a result for an accurate modelling of the Raman laser 
response against the magnetic field should include the charge state switching between NV
and NV0 centres. However, unlike the model that is shown in section 4.3.4 in the Chapter 4, 
such a model should include coherence effects due to the MW driving. 

In experiments ionization from NV- centres to NV0 centres is a challenge to overcome, 
particularly when only the pump wavelength is below ZPL of NV- centre, since there the 
pump wavelength in this case is higher than than the ZPL of NV0. A way to circumvent 
this problem might be to illuminate the diamond with another green light that is enough 
to re-pump from NV0 centres to NV-. However, in this case the sensitivity is expected to 
reduce. 

Apart from that, for the case considered in subsection 5.3 .1, the Raman wavelength 573 nm 
is close to the ZPL of the NV0 at 575 nm, which might bring some additional resonance 
effects. As a result including the charge state switching into the present model, requires 
careful master equation modelling, which is beyond the scope of this thesis. Furthermore, 
since we are considering cavities with high Q-factor, the cavity can alter the both the emission 
of the Nv- centres and the Raman emission. In the case considered in section 5.3.2, the 
emission is around 676 nm. The Nv- centres emit around this wavelength due to the phonon 
side band. The presence of a cavity with high Q-factor can induce Purcell enhancement [50] 
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on the NV- emission or the stimulated emission of NV- centres as we discussed before, and 
thereby can alter the population fractions of different states of Nv- centres. The Raman 
spontaneous emission can also altered by the Purcell enhancement [145] and the gain due 
to the stimulated emission can also enhanced. In an accurate model, these cavity effect also 
should be considered. 



"It doesn't matter how beautiful 
your theory is, it doesn't mat
ter how smart you are. If it 
doesn't agree with experiment, 
it's wrong." 

Richard P. Feynman 

Conclusions and outlook 

This thesis has demonstrated substantial progress towards the understanding and engineering 
of high-sensitivity, robust magnetic-field sensors using diamond lasers based on fibre-cavity 
platforms. A room-temperature fiber cavity has been designed, implemented, and refined to 
provide the platform for a range of experiments. In particular, we were able to observe the 
interplay of stimulated emission and charge state switching for an NV-diamond-loaded fiber 
cavity. Amplification of laser light resonant with the phononic NV sideband was observed, 
and the qualitative agreement between our model and the experiments suggests stimulated 
emission to be the main mechanism. This strengthens the interpretation of the previously 
reported experimental results in the Jeske et al paper from 2017 [45], and we have gone 
beyond the previous work by considering the known effect of ionization. In this regard, our 
findings give a more complete (and complex) picture of the physics of stimulated emission 
of NV centres. 

While no self-seeded NV- lasing was observed, the results presented in this thesis do 
not preclude this possibility. The key consideration illuminated here is the fact that under 
strong resonant intra-cavity power, the ionisation dynamics shift the balance between NV
and NV0 towards the neutral charge state. As a result, self seeded NV lasing in a fiber cavity 
with better Q factor still seems feasible, with both the neutral and the negatively-charged NV 
states contributing as gain medium. However, the strong NV0 contribution puts a question 
mark behind the feasibility of reaching the originally anticipated sensitivities for a laser 
threshold magnetometer based on an NV laser [43]. Clearly, this question deserves more 
work both on the experimental and theoretical side, including a detailed consideration of the 
spin-dependence of the singlet ionisation process. Once a better understanding is reached, 
careful materials engineering might allow for stabilization of the NV- centre. 

Furthermore, improvements to the fiber-cavity design, specifically a suitably designed 
coating that enhances the green pump laser on top of the red laser, could be advantageous 
since the green laser favours NV0 to NV- recombination. Experimentally, active feedback 
and stabilization of the cavity would allow for more systematic studies and better controlled 
external parameters. First efforts are under way at Macquarie University, with pioneering 
work from other groups[122, 146], demonstrating the feasibility of achieving stable fiber
cavity operation under ambient conditions. 
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Figure 6.1: Spontaneous Raman emission recorded when slowly sweeping the fiber cavity length. The 
six stripes correspond to six identical piezo voltage sweeps. Each scan shows three groups of cavity 
transmission resonances and each of these groups in turn corresponds to a set of transverse modes 
belonging to one fundamental longitudinal mode. 

Prompted by the complexity of building a magnetically tunable NV laser, the thesis has 
also investigated the feasibility of realizing a laser threshold magnetometer using a diamond 
Raman laser with microwave-driven NV- centres as absorbers in the diamond material. This 
work provides an insight into the behavior of low-threshold diamond Raman lasers, which 
could be of general interest for engineering diamond Raman lasers - a field of research that 
is very active at Macquarie University and also in other prominent groups around the world. 
A key finding of the theoretical modelling described is the choice of pump wavelength that 
determines the position of the Raman-shifted laser output wavelength with respect to the ZPL 
of the NV- centre. When both the pump and the Raman-shifted laser wavelength are below 
the NV- ZPL, the model predicts a magnetically tunable bistability in a low-threshold laser 
formed by a cavity with tight focus and high Q-factor. This bistability is dependent on the 
number of Nv- centres. While it looks that this bistability only has limited applications in 
magnetic sensing (unfortunately), it definitely should be taken into account when constructing 
a Raman laser with tight focus (small mode volume) and high Q-factor, since it drastically 
enhances intra-cavity power at threshold. 

Unlike case where NV centres were acting as amplifiers, the diamond Raman laser model 
developed here does not consider the problem of NV charge state switching at present. 
Due to the coherent MW drive, the proper inclusion of the ionisation process would require a 
careful master equation modelling. Since the charge-state switching itself is a spin-dependent 
process [100], as explained in the amplification model, it is hard to provide an intuitive 
argument about the predictions of such a model. Furthermore given a fibre-cavity has a 
small mode volume, Purcell-enhancement of the stimulated Raman emission might have to 
be included, which in-turn has the potential to alter the Raman gain of the laser. Developing 
such a model will be an important future step towards the realisation of this kind of absorptive 
magnetic sensor, and may yield benefits for other applications of diamond Raman lasers. 

In order to realize a Raman laser in experiments using fiber cavities, it will likely be 
necessary to enhance both pump and Raman light using a doubly-resonant cavity. First 
preliminary experiments with a doubly-resonant fibre cavity, loaded with a diamond of 
low NV-centre concentration, were performed and showed spontaneous Raman emission as 
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illustrated in Figure 6.1. However, the present fiber coatings were not designed for this 
purpose and hence a new generation of fiber cavities is required in order to further pursue 
this line of research in the future. 

This thesis makes it apparent that some important challenges remain in order to achieve 
the proposed Laser Threshold Magnetometry. Although engineering challenges remain in 
cavity design and construction, it is clear that the fibre-cavity system is capable of providing 
the physical compactness desired in a magnetic field sensor probe. It is important to better 
understand and characterise the light induced charge-state conversion of NV centres, and these 
problems are receiving attention do to the wide range of applications outside magnetometry 
that demand this information. The transformative and disruptive impact of a compact, high
sensitivity, room-temperature magnetic field probe provide substantial motivation to continue 
this line of research. 
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