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ABSTRACT

A leading strategy for the creation of a scalable quantum computer is through a net-
worked architecture. This would comprise stationary nodes for quantum information
processing and photonic channels for their communication and entanglement distribu-
tion. In this scheme a coherent interface between light and matter is a critical com-
ponent, facilitating the deterministic and reversible transfer of quantum information
between stationary and travelling qubits. This requirement may be fulfilled by a high
finesse optical cavity, whose radiation field is strongly coupled to a trapped quantised
emitter. Neutral atoms are an ideal species for the development of such a device, given
their inherent compatibility with dielectric mirror surfaces. However, an outstanding
challenge in building an elementary network of neutral atom-cavity systems is in es-
tablishing a single atom dipole trap within each cavity mode. This thesis presents
the development of an open-access cavity suitable for single atom localisation, whilst
maintaining strong atom-cavity coupling, {go,x,v} = {11,2.1,3} x 2rMHz, and the
efficient extraction of generated photons, n = 0.5. We consider cavity design method-
ology, deriving a connection between the physical properties of the optical resonator
and its intended role in the production of single photons. An experimental platform
is developed for the creation of cavity mirrors by laser ablation, with a high degree of
geometrical control. This is used to produce a set of pyramidal micro-mirrors, demon-
strated to represent a favourable alternative to the widespread adoption of fibre-tip
cavities. These pyramidal mirrors are shown to support multi-feature resonators, al-
lowing several atom-cavity interfaces to be formed using a pair of substrates. By devel-
oping a novel procedure for mirror alignment, a hybrid mirror cavity is fabricated and
integrated into an experimental architecture tailored for atomic trapping. Suitability
of the cavity for future experimentation is demonstrated by frequency stabilisation to
an atomic resonance of 8"Rb.
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Chapter 1

Introduction

1.1 Networked Quantum Computation

Quantum mechanics emerged in the early 20th century as a framework to elucidate
the nature of light and matter. Often described as a foundational work, Max Plank
described the frequency spectrum of black body radiation via the quantisation of en-
ergy |1]. Then, by the division of this electromagnetic radiation into discrete wave-
packets, or quanta, Albert Einstein made an account of the photoelectric effect [2].
The subsequent naming of these quantised electromagnetic field excitations was pho-
tons |3]. The intrinsic connection between atoms and photons was first highlighted in
the explanation of spectral lines given by Niels Bohr, by applying quantisation to the
hydrogen atom [4]. However, despite continuing significance, these theories are ulti-

mately phenomenological in formulation and are today considered semi-classical.

Modern quantum mechanics considers atomic and photonic quantum systems to be
inherently probabilistic; principally defined by predicting outcomes of their measure-
ment. However, such probabilities are distinct from classical counterparts, as they do
not represent uncertainty in the process of measurement, but the intrinsic state of the
system in question. These probabilities obey non-intuitive restrictions, such as Heisen-
berg’s uncertainty principle, limiting the maximum precision of their determination in
connection to other measurable properties |5]. The process of measurement itself is
inherently non-deterministic, applying discontinuous change to the state of the system

seemingly instantaneously [6]. As one may expect, this led to extensive philosophical



discussion on the greater impact of quantum mechanics.

A core consequence of quantum mechanics is that a system may exist in a combination
of states simultaneously, termed a superposition. These states may be highly correlated
or entangled with a separate system, potentially over significant distances. Action on
one system will simultaneously affect the other, demonstrating its nonlocality. In addi-
tion to the scientific interest this creates, it is being increasingly viewed as a potential
technological resource. One example is quantum key distribution, providing a protocol
for secure communication |7, |8]. Then, the field of quantum simulation overcomes the
complexity of simulating quantum physics on a classical computer, by using an analo-

gous quantum system with greater inherent control [9, 10].

A focal point of these emerging technologies is quantum information processing, where
superposition and entanglement are used to facilitate computation [11]. These schemes
are based on encoding information within quantum mechanical states, which in analogy
to classical binary computation, are named qubits. Physically, a qubit is a coherently
controllable two-state quantum system, existing in a superposition. Within a quantum
computer, logical operations are performed on entangled qubits, establishing a platform
quite unlike a classical computer. Certain tasks may now be performed with signifi-
cantly less computational complexity, with the archetypal examples being algorithms

for integer factorisation [12] and database searching [13].

However, the widespread anticipation for quantum computing must be measured against
its outstanding technical challenges. To perform scalable and universal quantum com-
putation, DiVincenzo outlined seven criteria that must be met [14]. This requires a
system to have well defined qubits, whose state can be coherently controlled, initialised
and modified by logical operations. The system must then be protected from decoher-
ence until the computation is completed and its final state is read. A partial fulfilment

of these requirements has been demonstrated using a large variety of different promising



platforms, including super-conducting circuits [15], quantum dots |16], diamond colour

centres [17], photons [18], neutral atoms [19] and trapped ions [20].

A network of quantum information processing nodes is one pathway to achieve scalable
computation and communication [21]. This was the route selected by the Networked
Quantum Information Technologies Hub (NQIT) based at the University of Oxford,
running from 2014-2019. To perform logical operations on a qubit within a processing
node, it must facilitate a strong interaction with external elements. In contrast, to co-
herently transport a qubit between nodes, it must be inherently non-interacting. As a
consequence, a core technical requirement of a quantum network is a coherent interface
between qubit hosts, allowing information to pass between stationary processing qubits

and travelling qubits.

Our stationary qubits of choice are single atoms, as they may be readily controlled by
laser illumination and, within a controlled environment, demonstrate identical energetic
structures. Photons are then a natural means of communication, as they can travel
significant distances within optical fibres at room temperature, without decoherence.
To establish a coherent interface between an atom and single photon, allowing for
the transfer of their quantum states, they may be co-confined within a high finesse

cavity [22].

1.2 Research Objectives

The objective of this thesis is to develop, explore, characterise and implement the best
possible optical cavity for the coherent control of light and matter at the single par-
ticle level, fully compatible with modern atom traps. This comprises the competitive
benchmarking of state of the art mirror manufacturing techniques, followed by their
substantial revision and improvement. With a view towards the realisation of dis-

tributed quantum computation, we develop this cavity system for future integration



into a demonstrative quantum network. This will consist of two discrete atom-cavity
nodes, connected by photonic communication channels. To establish atomic entangle-

ment, we envisage a similar scheme to that realised with trapped ions [23, [24].

In these foundational quantum networks, heralded entanglement is distributed between
the ions by interference and detection of their generated photons. However, the pro-
cess of spontaneous emission is inherently isotropic and photon collection efficiency is
limited by the numerical aperture of the lenses used; in the order of < 10% [25]. An
optical cavity acts as a potential solution to this, improving collection efficiency by
the process of Purcell enhancement. In moving to the regime of strong atom-cavity

coupling, one may realise photon generation schemes with near unit efficiency [26).

The utility of the strong atom-cavity coupling regime is not simply limited to that
of enhanced photon collection, but creates an environment in which many quantum
information processing protocols may be engineered. This includes cavity-mediated
quantum gates [27] or, given the reversibility of the photon generation process, a mem-
ory for the storage and retrieval of quantum information [28]. While strong-coupling
has been recently achieved in an ion-cavity system [29], the integration of dielectric

mirrors with electromagnetic trapping potentials remains a significant challenge [30].

The latter is of no issue when using uncharged particles. Therefore, most effects and
phenomena of strongly coupled cavity quantum electrodynamics have been explored us-
ing neutral atoms [19]. This has created well-established techniques, but a key challenge
in realising an effective quantum interface remains persistent localisation of the atom.
While ion-cavity systems are readily able to achieve continuous intracavity trapping
lifetimes of several hours [31], the state of the art with neutral atoms is considerably

shorter, being on the timescale of seconds [32].



1.2.1 Technical Challenges and Advances in Cavity Fabrication

The fabrication of an optical cavity used for coherent quantum control is a consider-
able engineering challenge. A high rate of coherent coupling between atom and photon
requires a well confined mode volume. The quality of the mirror surfaces must be excel-
lent, to ensure a photon persists within the cavity for an extended interaction period.
The length of the cavity must be highly stabilised as to be continually resonant with
the desired optical frequency. Photons generated within the cavity must be readily
captured, via transmission from the cavity mirrors into a well defined spatial mode.
Finally, the atom must be well localised on a cavity antinode, setting the maximum

lifetime of the interface.

The first cavities to demonstrate strong coupling to a single atom in the optical regime
were formed from super-polished mirrors with dielectric coatings [33]. The reflectivity
of mirrors produced in this era has not yet been surpassed [34, 35| and since they were
limited to a shallow curvature, an increase in atomic coupling required a reduction to
cavity length. This was ultimately limited by penetration of the cavity mode into the
dielectric stack [35]. It also comes with a significant reduction to orthogonal access to

the cavity mode and thus the ability to insert and localise atomic emitters within it.

The requirement to simultaneously increase atom-cavity coupling and intra-cavity op-
tical access led to a migration from macroscopic super-polished mirrors to micron scale
mirrors, or micro-mirrors. These are currently produced using two techniques, laser
ablation [36] and focused ion beam milling [37]. However, migrating to these novel
glass shaping technologies required significant advances in the overall design and con-
struction of optical cavities. It is important to consider that the physical design of a
cavity and the interaction it creates with an atom are fundamentally linked. Thus, for

an effective quantum interface, all cavity properties must be carefully tailored.



A frequent challenge is birefringent cavity behaviour, which may impact the generation
of pure photon polarisation states and limit their mutual coherence [38]. This is par-
ticularly prevalent with mirrors produced by laser ablation, due to inherent ellipticity
of the glass shaping laser [39]. Methods have been developed both for the minimisation
of ellipticity [40], and for its direct control [41]. However, as well as being elliptical,
ablated mirrors also have a Gaussian profile. This leads to higher order mode mixing
and the potential for greater optical diffraction loss [42], but also a mechanism to realise

stronger atomic coupling [43].

A common practice within optical CQED is to create laser ablated mirrors directly on
the tip of an optical fibre, forming a paired fibre-tip cavity [44]. The expected chan-
nel of communication between discrete cavity nodes in a quantum network is indeed
an optical fibre, as it facilitates the propagation of photons over large distances while
protecting them from decoherence. Since photons generated within this cavity may be
intrinsically fibre coupled, they constitute a highly scalable platform. However, capture
efficiency has been limited by the inherent mode mismatch of the cavity mode with that
of a single-mode fibrecore [45]. Recent advances have seen the use of composite fibres

with integrated mode matching or photonic crystal fibres [46, |47].

The inherently low mechanical stability of these fibre-tip cavities has proven detrimental
to their experimental operation. To sustain resonance with a targeted atomic transition,
the length of the cavity must be precisely defined and highly stabilised. Recent work has
concentrated on increasing the passive stability of optical cavities, by careful elimination
of structural resonances in its design and mounting. Simultaneously, the bandwidth of
feedback that may be applied to cavity length stabilisation has been enhanced [48, 49].
The control of photothermal effects in fibre-tip cavity stabilisation has been studied,

where heat absorbed from light incident on the cavity generates thermal expansion [50].



1.2.2 Intracavity Neutral Atom Trapping

A coherent light-matter interface in a quantum network requires an optical cavity to
engineer a sustained and stable interaction between single atom and photon [21]. Ac-
cordingly, the single atom should remain highly localised to a position of maximum field
strength within the optical cavity mode. For neutral atoms, the prevailing trapping
method is a far-off resonance dipole trap (FORT), generated by red-detuned high in-
tensity laser radiation |51]. However, cavity mediated interactions with single emitters
generally require demanding conditions of optical resonance, an enhanced photonic life-
time and a confined mode volume, which are routinely obstructive to dipole trapping
light [19]. Therefore, the formation of an intra-cavity single atom trap continues to

represent a major objective and driving factor in open access cavity design.

It should be noted that many fundamental exhibitions of coherent quantum behaviour
in strongly coupled atom-cavity systems have been performed without intra-cavity
atomic trapping [52-54]. In these experiments, a cold and diffuse atomic stream proves
adequate, which traverses the cavity mode with a sufficiently slow velocity as to observe
the process under study [55]. However, such a scheme is incompatible when engineering
interactions between many atom-cavity systems, given the relatively low probability of
atomic occupation at any given time [56]. An early improvement to atom-cavity in-
teraction periods was achieved with a standing wave FORT, aligned along the cavity
axis, which increased interactions from the order of microseconds to milliseconds [57].
However, a key limitation to this approach is that the dipole trapping light must meet
the Fabry-Pérot conditions of optical resonance, which are strongly tailored towards
atom-cavity interactions instead. Generally, this leads to poor overlap of the atom-
resonant cavity mode with the trapping field, as well as an upper bound to dipole trap

intensity and detuning.

Modern variations of this approach make significant use of a free space standing wave



FORT, running orthogonal to the cavity axis |58} 59]. Without the restrictions imposed
by cavity resonance, deeper trapping potentials may be established with less induced
atomic scattering. In one implementation, a high degree of overlap with the standing
wave of the cavity is achieved by applying a variable phase to a retroflected trapping
beam [60]. In another approach, the standing wave trap is generated from two beams
with independent phase modulation, creating an optical conveyor belt which can trans-
port cold atoms over several millimetres [61]. However, in each of these examples,
confinement of the atoms in the axis of the cavity is assisted by the low power and
modestly detuned laser used for its length stabilisation. The weaker localisation pro-
vided in this axis allows atoms to explore a notable range of the cavity mode, leading

to systematic fluctuations in atom-cavity coupling strength.

A recent advance is the fabrication of an optical cavity which supports a standing wave
dipole trap in the cavity axis at approximately twice the wavelength of atomic inter-
action [41]. This was achieved via the fabrication of complex dielectric mirrors with
two reflectivity bands, whose phase on reflection was carefully engineered to ensure a
high degree of overlap between the two standing waves [62]. This potentially allows for
many atoms to be trapped within the cavity, each isolated at a distinct cavity antinode.
However, true freedom in the placement of individual atoms within the cavity requires
the dipole trap to be fully independent of the conditions of optical resonance [63]. An
example is the localisation of two atoms to separate cavity antinodes of a nanophotonic

cavity, using a pair of independently steerable trapping beams [64].

In our research, we have developed a cavity independent dipole trap, that facilitates
many trapped atoms with flexible positioning. This is achieved by spatial light mod-
ulation of the trapping laser, which applies holographic techniques in the creation of
a bespoke optical potential landscape [65]. Outside of a cavity, this scheme has been
demonstrated to trap arrays of 16 atoms over a period of 10 seconds, with the ability

for single atom transport over distances of 20 microns [66]. However, to ensure single



occupation of each atom trap, their spatial profile must be focused using a high-NA
lens system, to a waist of approximately 1um. Future integration with an optical cavity
therefore demands a high degree of orthogonal optical access to the cavity mode, as
to ensure the converging trapping light does not scatter from the mirrors. However,
this conflicts with the basic role of an optical cavity, in establishing a highly confined
photonic environment around the atom. A detailed evaluation of the engineering chal-
lenges and solutions in building an open-access cavity forms a key motivation of this

thesis.

1.3 Thesis Outline

Chapter 2 provides an introduction to cavity quantum electrodynamics, the theoret-
ical framework which describes the interaction of a single atom and photon within a
cavity. We consider the formal requirements for a cavity to engineer coherent atomic
control and the standard figures of merit used in its description. The process of single

photon production is outlined for two and three level atoms.

Chapter 3 concerns the theories of classical optics required for interpreting and tai-
loring the spectral properties of a Fabry-Pérot resonator. We consider the transverse
mode structure that arises from the use of spherical mirrors and its role in cavity char-
acterisation. We describe the operation of dielectric mirrors, elements of their optimal

fabrication and their greater role in delimiting the cavity mode volume.

Chapter 4 concerns the design of an optical cavity for coherent quantum control. In
examining our specific experimental requirements, we establish a set of geometric, spec-
tral and manufacturing constraints placed on the cavity. By the process of numerical
optimisation we evaluate previous cavity implementations and select the mirror fabri-

cation method used in this work.
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Chapter 5 outlines our developed apparatus for the laser ablation of mirrors. This
combines a platform for automated micro-patterned ablation with one of in situ topo-
graphical surface reconstruction. We detail the fabrication of arrays of spherical mirror
features and pyramidal tapered substrates. An evaluation of their surface quality is

performed and a high reflectivity dielectric coating is applied.

Chapter 6 presents the spectral analysis of our fabricated pyramidal mirrors. Using
length scanning spectroscopy, the geometric properties and dielectric coating of the
mirrors are evaluated. An extension to mirror characterisation is considered, via the
development of a compact ringdown spectrometer. We then give a novel exhibition of

multiple resonators realised with just a single tapered mirror substrate.

Chapter 7 details the fabrication and implementation of a tapered science cavity, suit-
able for the coherent control of single neutral atoms. We outline a novel process used
for its alignment and the development of the greater experimental architecture used in
its operation. We discuss the integration of atomic cooling and trapping methods, with

a view towards establishing an elementary quantum network.

Chapter 8 provides a summary, conclusion and outlook to the work of this thesis.



Chapter 2

Cavity Quantum Electrodynamics

This chapter outlines the theoretical framework of cavity quantum electrodynamics,
concentrating on the elements necessary to generate single photons with high efficiency.
An understanding of this theory proves critical when discussing the design and fabrica-
tion of optical cavities for use in coherent quantum control. We start with a description
of the Purcell effect; a fundamental phenomenon pertinent to all atom-cavity systems.
By considering the requirements of an effective quantum interface, we then move to the
strong coupling regime, illustrating its experimental hallmarks for a two-level atom.
By expanding this model to a three level A system, now incorporating a driving laser,

an optimal method for deterministic single photon production is ultimately presented.

2.1 Introduction to CQED

Our surrounding environment is made visible by the atomic process of spontaneous
emission. However, despite its omnipresence, the physical mechanism for this phe-
nomenon remained unexplained for much of scientific history. Even Einstein’s treat-
ment of spontaneous emission regarded it to be an immutable property of matter [67].
A quantum treatment, however, outlines that spontaneous emission rates are not fixed,

but rather a consequence of an atom’s environment [68].

A modern description of spontaneous emission considers it to be akin to stimulated
emission, where atomic de-excitation is instead triggered by interaction with a field
mode of the vacuum. The existence of vacuum modes comes as a consequence of the

zero-point energy of an electromagnetic field. In free-space there exists a continuum
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of such modes, giving all coupled atomic energy levels the potential to spontaneously
emit. However, by placing an atom within an optical cavity, we constrain the allowed
modes, thereby controlling its spontaneous emission properties. In principle, this allows

the rate of emission to be greatly enhanced [69], or even inhibited entirely [70].

In cavities with highly confined modes, the strength of the atom-cavity interaction
becomes sufficient to display a behaviour similar to a laser driven transition. This allows
coherent dynamics between a single atom and cavity photon to take place, the theory
for which is well described by the Jaynes-Cummings model [71]. As a consequence, an
optical cavity can mediate Rabi oscillations in a two level atom [72], or when combined
with a driving laser, three-level atomic population transfer [26]. The latter is of great
importance for a range of quantum technological applications, as it allows a single

photon to be deterministically emitted into a well defined spatial mode.

2.2 The Purcell Effect

For an initial exploration of the quantum dynamics facilitated by an optical cavity,
we need to consider two basic properties. The first is the condition for optical reso-
nance, derived using classical optics [73, [74]. The second is decidedly more quantum
mechanical in nature: a determination of the vacuum field strength within a cavity [75,
76]. The following derivations follow a perturbative approach, initially assuming a
weak interaction between atom and cavity. However, as will later be demonstrated
via the Jaynes-Cummings model, the physical effects elucidated herein are of direct

consequence to the strongly coupled systems considered in this thesis.

2.2.1 Optical Resonance

We primarily consider a resonator of Fabry-Pérot design; formed by a pair of facing mir-
rors [77]. Light confined within this volume will circulate, continuously self-interfere and

generate standing waves. The eigenmodes of the resonator are radiation patterns which
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Figure 2.1: Atom-Cavity Systems. a) An optical model for a cavity is
presented. FE;,. represents a laser light field incident on one mirror, of which
E;,; is transmitted into the cavity mode. The steady-state field inside the
cavity is given by Fc;.., which at any given time consists of E;,; and the field
remaining from a previous round-trip, Epre,. b) When an atom is present in
the cavity (here represented Rb), there are three key rates to consider: atom
cavity coupling, g, atomic polarisation decay, 7, and photonic field decay, k.
Note that photonic decay is separated here into propagating losses, Koy, and
absorption/scattering losses, Kjoss-

are maintained upon reflection. Resonant modes are amplified by the cavity, whilst off-
resonant frequencies are suppressed. We can derive the conditions of resonance by
considering a cavity whose internal photonic field, F.;.., comprises contributions from

injected laser light and the remaining field from a previous round trip:

Ecirc = Einj + Eprem (2'1)

Eeive = inj + 7"1742621.4)E3ci1"03 (22)

where we assume a steady state field inside the cavity, mirror field reflectivity, r;, and a
round trip cavity phase of 2¢. This model is shown graphically in Figure identifying
the location of the mirrors and fields. In reality, the injected light field is a combination
of the transmission coefficient of the input mirror, the laser amplitude incident upon it

and the § phase imparted by propagation through it:
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Eeire = it1 Ejpe + T1r2€2i¢ECiTC7 (23)
Ecirc _ Z.tl
Eine 1 —riree2id’

A useful quantity to consider is the enhancement to input intensity at a cavity antinode.
This is clearly the modulus square of the above expression, normally described as the

‘Airy enhancement factor’ [78|. For lossless mirrors:

Icirc 1-R
A = ! (2.5)

Y Tine (11— /RuRy)® + AvRiRysin? (¢)

A more comprehensive discussion on this distribution is given in Chapter 3, noting here
only the introduction of mirror reflectivities, R; = |ri|2. The conditions of resonance
are naturally those of maximal enhancement, occurring when the round trip phase is
an integer multiple of 7. Since the round trip phase is twice the optical length of the

cavity, 2L¢qy, resonant angular frequencies are given by:

Wres = ——m, m € Z*+. (2.6)

cav

The form of Equation [2.5] is named the ‘Airy distribution’, shown graphically in Fig-
ure We consider atomic interactions to be resonant with a single, well defined,
cavity mode. The frequency dependence of this mode is found by expanding Equation
2.5 around that resonance, giving a Lorentzian lineshape:

2 Aw?

Lean(w) = TAwe 4(w — we)? + Aw?’ (2.7)

For a given resonance frequency, w,, this profile is clearly characterised by its full-width-

at-half-maximum, or cavity linewidth, Aw.. A determination of the optimal linewidth
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is a key element in the cavity design process and will be discussed in detail in Chapter 4.

2.2.2 Vacuum Field Strength

In order to derive the dynamics of a quantised emitter within an optical cavity, one
must treat the electromagnetic field quantum mechanically. Given the mathematical
complexity of this operation |75, we present only one concise result: this is to consider
a cavity as a simple quantum harmonic oscillator [76], whose energy ladder is defined

by photon occupation number, n:

e = <n + ;) e (2.8)

An immediate observation of this spectrum is the existence of a ‘0-point’ energy, g =
%hwc, corresponding to a field mode with no photons, also called a vacuum mode. This
energy is equally distributed across time averaged electric, E,q., and magnetic fields.

Since the atom only couples meaningfully to the electric field, we consider:

1 Fiw
g0 = 2/260|Evac(r)|2d3r - 2‘3, (2.9)
1
V= L / (Bpge(r)2dPr, (2.10)
| Eol

where the integral term, V,,, represents the geometric mode volume of the optical cavity,
normalised by the maximum field amplitude Ey. Combining these equations gives a

maximum field of:

huw.
Ey =4/ . 2.11
0 2¢0Vim ( )

To calculate the strength of interaction between this field and a resonant atomic tran-
sition, we employ the standard dipole matrix approach. The atom-cavity coupling

strength, g(r), is therefore given by:
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*Epge(r
g(r) = Fro el hwc< ) (2.12)
for a dipole moment ft,4, representing a transition between atomic states |z) and |g).
We consider the dipole to be aligned to the cavity mode, such that p.g - Eyae = pizgEo-

We also consider the atom to be stationary at an anti-node of the standing wave within

the cavity, experiencing a maximal coupling rate go:

2
MIQEO ngwc
go n \/ 2heoVi (2.13)

For an emitter located away from an anti-node, it can be assumed that the coupling

strength follows the field, such that g(r) = goEyac(r). It is clear that the coupling
between atom and photon is only strong when the geometric confinement of the cav-
ity mode is significant. Minimising cavity mode volume is therefore often the key to

achieving strong coupling, the technical challenges of which are discussed in Chapter 5.

2.2.3 Spontaneous Emission Rates

One route to calculating atomic transition rates is to use Fermi’s golden rule, where
we normally consider spontaneous emission to be facilitated by a continuum of vac-
uum modes [75]. For a transition matrix element M,, and density of states g(w), the

standard rate equation is:

2
W = Euwmﬁg(w). (2.14)

The derivation of these quantities for free space is given in [76], resulting in a rate:

(2.15)

where 7R is the radiative lifetime of the atom. However, we now anticipate that the
vacuum field within an optical cavity does not form a continuum, but rather follows the

conditions of optical resonance outlined in Equation [2.11] This is a clear modification
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to the density of states local to the atom, coupled with the cavity field enhancement

derived in Equation 2.13] This gives alternative quantities:

2 Aw?

= c , 2.16
9(rg) TAwe H(wgg — we)? + Aw? (2.16)

gl
2¢0Vin

In the following derivation it is convention to introduce a quality factor for the resonator

Q = x =, characterising the sharpness of the resonanceﬂ We now repeat Fermi’s golden

rule to determine the rate of emission into the cavity mode, giving:

2Qu3, Aw?
2

Weaw = 2.18
heoVin 4(weg — we ( )

+ Aw2’
In order to quantitatively evaluate the magnitude of this effect we introduce the Purcell

factor, Fp. This compares the atomic emission rate within a resonant cavity to the

rate outside the cavity:

Wew  3Q(2)°

F, = - ,
b Wfree 4V

(2.19)

where A is the wavelength of light and n is the refractive index of the cavity medium.
If ), > 1, spontaneous emission is enhanced by the presence of the cavity, whereas for

F, <1, it is suppressed.

The Purcell effect proves valuable for atomic fluorescence collection, as not only does
the cavity increase the flux of generated photons, but they are emitted into a well
defined spatial mode. A photon detector placed behind a cavity mirror would therefore
capture a stronger signal when contrasted against the isotropic nature of spontaneous

emission into free space. This has created significant interest for the integration of

!The characterisation of a resonator by optical Q factor is uncommon within the close academic com-
munity, owing to presence of a similarly descriptive quantity called Finesse. As discussed in Section [3.1]
this quantity also characterises resonance sharpness, but is independent of mode number.
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optical cavities into trapped ion quantum processors, where quantum state readout is
widely performed using high numerical aperture collection lenses, with limited capture
efficiency [23} [24]. It will be further demonstrated in Chapter 4 that, with a more
comprehensive modelling of the atom-cavity system, one can design an optical cavity

which exceeds the Purcell enhancement outlined above [38].

2.3 Strong-Coupling Regime

For coherent quantum control in a light-matter interface, we require system dynam-
ics to be strongly driven by a single photon and atomic excitation [79]. This is not
required for the Purcell effect, since a generated photon may escape the cavity before
having a sustained effect on the evolution of the atomic state. In the given derivation
with Fermi’s Golden Rule, the ability of an intra-cavity photon to re-excite the atom
is neglected: we have effectively assumed that photons are emitted from the cavity

considerably faster than the rate of atom-cavity coupling, go.

A more comprehensive model of the atom-cavity system is outlined in Figure )
Here, the rate of coherent interaction between atom and photon, gg, is contrasted
against the decay rate of atomic polarisation, v, and photonic field decay rate, k.
The full dynamics of this system are calculated using a quantum master equation,
however not without some complexity. By considering the nature of these rates in detail,
we shall outline a regime in which coherent atom-cavity dynamics dominate and the
idealised Jaynes-Cummings Hamiltonian is a valid representation. This allows a clean
exhibition of the physical mechanisms used to build a single photon source that, as with
Purcell enhancement, emits photons into a directional mode. However, unlike Purcell

enhancement, this photon source will additionally have inherent reversibility [80].
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2.3.1 Atomic Polarisation Decay Rate

Within a cavity, incoherent decay of an excited atomic state can take place by two
radiative mechanisms. The first is a transition to an uncoupled state, due to which
closed atomic transitions are used for quantum information processing. The second
is resonant emission into free space, instead of the cavity mode. By solution of the
quantum master equation [81], one can determine that the probability of emission into
free space from within the cavity, v, scales with the solid angle subtended by the cavity

mirrors, &:

y = 2(1 - 4€T> (2.20)

where the excited population decay rate in free space is I'. Since cavities considered
in this thesis have a small solid angle enclosing the atom, we further assume the free
r

space emission rate to be unchanged, v = 3.

2.3.2 Photonic Decay Rate

Cavity mirrors are required to have finite transmission, allowing generated photons to
be detected, analysed or interfered. We define the rate at which photons are coupled
into this propagating modes as 2k4,;. However, we are additionally required to consider
incoherent decay mechanisms, including scattering or absorption by the mirror surfaces,
giving a total rate of kK = Kjss + moutﬂ It can be shown that photonic lifetime is

equivalent to the linewidth of the cavity, such that 2k = Aw, [19].

2.3.3 Cooperativity

Using the nomenclature developed above, we can now state that the Purcell regime was

described by k > gg > 7 [19]. Next we consider the regime of quantum interfacing,

2Due to inconsistencies in standard texts, it should be emphasised that we have defined & in terms
of the photonic field, such that Eeay(t) = Eeav(0)e ™" and Ieay(t) = Iean(0)e™ 2%, Note that a similar
factor of 2 was applied to atomic polarisation decay -y, to keep definitions consistent.
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specifying the conditions under which single excitations define system dynamics. The
photonic mode clearly meets this criteria when it saturates an atomic transition. This
can be characterised by atomic emission into the cavity mode exceeding free space,

outlining a definition for the critical photon number, ng:

2
7
nyg=-—5-

0

% (2.21)

For single photon systems, we naturally require that ng < 1. In analogy, we define a
critical atom number, Ny, described as the number of atoms required to meaningfully
change the transmission properties of the resonator. For the cavities developed in this
thesis, we therefore set {ng, No} < 1 to be our formal requirement. The quantity Ny
was used frequently in the characterisation of optical bistability, by way of its reciprocal

value, cooperativity [82]. For the single atom case, we define cooperativity to be:

—1 %

C=Ny = 2y’ (2.22)
This dimensionless constant compares the rate of coherent interaction between atom
and cavity to incoherent loss rates. Within the strong coupling regime, it can be shown
to be twice the derived Purcell factor, 2C = F, [19]. Finally, it will be demonstrated
in Chapter 4 that cooperativity is used to quickly estimate the efficiency of the photon
generation process. Given the range of metrics this quantity encapsulates, it is largely
considered the standard figure of merit for strongly-coupled atom-cavity systems, for

which C' > 1.

2.4 Single Photon Production

In the strong coupling regime, decay mechanisms are minimised, allowing us to consider

an idealised system comprising pure quantum states. The time evolution of this system
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can then be derived using the Jaynes-Cummings Hamiltonian. A two level atom will
be used to demonstrate vacuum Rabi splitting, a phenomena used as an experimental
herald of strong coupling [83]. When this is expanded to a three level atom, the

mechanism for single photon production can be outlined.

2.4.1 Two Level Atom

We consider a two level atom consisting of a ground state |g), and excited state |x),
with energies hw, and fw, respectively. The frequency of the atomic transition is

Wrg = Wy — Wy, giving an atomic Hamiltonian:

Hatom = huwy |9) (9] + hws |2) (2] (2.23)

(2.24)

The Hamiltonian of the photonic mode is similarly defined as:

X 1
H ierq = T, (a*a + 2), (2.25)

where a! and @ are bosonic creation and annihilation operators respectively. Within the
cavity there is a closed exchange of excitation quanta, where absorption of the photon
entails excitation of the atom and vice versa. Moving into a rotating frame of reference

and making the secular approximation gives an interaction Hamiltonian:

Hint = higo (a*&gx n &;x&), (2.26)
where we have defined atomic lowering and raising operators as 64, = |g) (x| and
&ZSI = |x) (g] respectively. The Jaynes-Cummings Hamiltonian is the sum of these

three terms:
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IA{JC’ = ﬁfield + f{atom + f{int- (2.27)

A common method of treating this Hamiltonian is to split it into two commuting

parts [22]. This allows determination of the following eigenfrequencies for the system:

1 1
+_ 2 = [ 4 2 2
W, = We (n + 2) + 5 (Ac + \/4ngg + Ac>, (2.28)

where A, = wzy — w, is the detuning between atom and cavity in a system with n
excitation quanta. This energy spectrum is commonly called the Jaynes-Cummings
ladder, shown in Figure ) For a given n, the splitting between dressed states is
given by Q¢ , = \/ém . In a resonant system with a single excitation, 2. = 2gj.
The observation of vacuum Rabi splitting for a single atom is a hallmark demonstra-
tion of strong-coupling [83] and remains a key experimental method to determine go.

Furthermore, the probability of the atom being in the excited state in this system is

Pz (t) = cos? (th), giving Q. the title vacuum Rabi frequency, as it characterises the

frequency with which an excitation oscillates between atom and photon.

2.4.2 Three Level Atom & V-STIRAP

We now expand our system to include a second atomic ground state |u), coupled to the
excited state |x) by way of a classical laser field. We define a ground state energy of
hw,, laser frequency of w; and detuning A; = (w; — wy,) —w;. This sets up a three level

A system, as shown in Figure The interaction Hamiltonian for this system is:

Flins = W& ) Gul + R ) {g] = 392} Cal + L) (a]) — o (Jo) (gl + ) (o).

(2.29)
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Figure 2.2: Atomic Energy Structure. a) The splitting of energy states
by action of the Jaynes-Cummings Hamiltonian is shown for the n = 1 case.
On the left are energy levels for an atom outside of a cavity, with the Jaynes-
Cummings Ladder of dressed states on the right. b) A three level A system
is shown, including an uncoupled state, |g,0), in which the excitation has left
the cavity.

The eigenstates of this Hamiltonian are now dressed state triplets:

|¢0) = cos O u,n — 1) —sin O |g,7n), (2.30)
|¢) =cos®sin® |u,n — 1) —sin®|z,n — 1) + cos P cos O |g, n), (2.31)
|py,) =sin®@sin® |u,n — 1) + cos® |z,n — 1) +sinPcosO|g,n) . (2.32)

Which, for n = 1 consist of states {|u,0),|z,0),|g,1)}. The mixing angles ® and O

have general form:

VAngs + Q2
and tan® = "9 + (2.33)

)
tan® = ——, )
290v/n Vangg + 2+ A2 - A

Of chief interest to single photon production is the }¢9L> ‘dark’ state, in which atomic
population is distributed across only the two ground states. The ratio of this distribu-
tion is given by the relative strengths of go and €2(¢). We consider gy to be fixed within

the timescale of photon production, the system to be Raman resonant, A; = Ac = A,
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and to be in an initial state |u,0). With careful temporal shaping of the applied laser
pulse, Q(t), population can be adiabatically transferred between the ground states,
avoiding transient population of the excited state [56]. When the system reaches the
state |g, 1), the photon will decay from the cavity at a rate 2k, leaving the system in

|g,0) and thereby uncoupled from further evolution.

This process is called V-STIRAP, or Vacuum Stimulated Raman Adiabatic Passage [84].
In contrast to collecting fluorescence from rapidly excited atoms, its utility for single
photon production is clear. Chiefly, single photons can be produced on demand, syn-
chronised to the driving pulse, Q(¢) [80]. Since the atom is never in an exited state,
spontaneous emission is heavily suppressed. The process is also inherently reversible,
allowing one to map the state of one cavity system to another [85]. Finally, the genera-
tion process can reach near unit efficiency under the correct conditions, the derivation
of which will prove instrumental in designing cavities for coherent quantum control; the

subject of Chapter 4.

V-STIRAP is a well established method to deterministically produce single photons [26,
86]. There exist a number of protocols in which a generated photon may be encoded
with quantum information. By careful shaping of the laser driving pulse, photon
wavepackets with an arbitrary temporal profile may be created [87]. Such a photon
may be composed of a number of distinct peaks, or temporal modes, establishing a
time-bin encoded information carrier [80]. Narrowband cavity photons have been ap-
plied to quantum integrated photonics, demonstrating a controlled-NOT gate [88] and
performing multi-mode interferometry [89]. Photons have been generated in well de-
fined polarisation states [90], allowing for their deterministic routing and the potential
creation of a many-channel single photon source [56|. Finally, elementary procedures in
quantum networking have been realised with similar systems, including coherent atom-
cavity interfaces [91] and cavity mediated entanglement between spatially separated

atoms 92].



Chapter 3

Optical Theory of Cavities

This chapter presents the theory of classical optics required for the design, character-
isation and operation of optical cavities for use in coherent quantum control. Based
on the historical application of optical cavities as instruments of spectral analysis and
laser feedback, we open with a discussion on the reinterpretation of traditional cavity
parameters within the framework of CQED. We discuss the measurement of these pa-
rameters in realistic systems, outlining favourable experimental conditions. Our cavity
model is then expanded to consider the mode structure that arises from the use of
spherical mirrors. Finally, we consider the nature and operation of high reflectivity

dielectric mirror coatings and their subtle influence on cavity properties.

3.1 Airy Distribution & Finesse

In the previous chapter we introduced a simple model of a one-dimensional Fabry-Pérot
resonator, whose spectral response was described by a comb function, comprising an in-
finite set of regularly spaced resonant frequencies [78]. This profile was named the Airy
distribution, now shown in Figure )7 and is chiefly characterised by the linewidth

of each resonance and their separation.

The full width at half maximum linewidth of a cavity is defined as twice the frequency
shift required to reduce the internal enhancement factor to half of its resonant value.

This can be readily derived from Equation [2.5] by expansion around a resonance, giving:
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mc 1 —+R1Rs

Aw, = .
e Lcav 77'\/4 R1R2

(3.1)

The separation of resonant frequencies is described as the free spectral rangeﬂ of the

resonator, Aw e

Awpsr = fm : (3.2)

cav

In principle, these two properties are only measurable if each Lorentzian line shape
can be resolved from the underlying Airy distribution. Expressed quantitatively, the
free spectral range must exceed the cavity linewidth. We encode this condition in a
quantity called Lorentzian finesse, which formally equates to the Taylor criterion of

spectral resolution when F = 1.

F— Aw]csr i 77\4/R1R2
- Awe 1—+RRy

(3.3)

For strongly-coupled optical CQED with open access cavities, finesse is generally high,
in the order of F > 10° [19]. The resolution of individual cavity modes is therefore
never of direct concern, with the values of Awy,, and Aw. being dictated instead by
experimental practicality, as performed in Chapter 4. However, despite the original
definition of finesse being of little applicability to CQED, it has remained a standard
metric for the description and comparison of optical cavities. This owes to the exis-
tence of several casual interpretations of its meaning. It is generally used in place of
resonator Q factors, to indicate the sharpness of resonance. Additionally, it represents
a similar value to the internal enhancement factor of a lossless cavity on resonance,

thus representing the relative strength of classical intra-cavity effects.

Tn the description of laser cavities this quantity is commonly referred to as azial mode spacing.
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Figure 3.1: Airy Distribution and Realistic Cavity Model. a) The Airy
distribution consists of an infinite set of regularly spaced resonant frequencies.
Each Lorentzian feature is characterised by its linewidth, Aw,. and each consec-
utive resonance is separated by the free spectral range, Awy,,. The ‘sharpness’
of each resonance is given by the ratio of free spectral range to linewidth, de-
noted finesse, F. b) A realistic model of a cavity considers the origin of the
pump laser light used to excite resonance, Ej,., of which E;,; passes into the
cavity. The cavity resonance signal is then measured in two accessible planes:
the light transmitted by the cavity, Eiyqns, and the combined back-reflected
fields, E,.s. Light circulating within the cavity is given by E..

3.2 Measured Cavity Signals

The characterisation of an Airy distribution is a key step in deriving cavity properties
and tailoring their experimental performance. However, an optical cavity is an intrin-
sically shielded environment, giving us little ability to measure the intra-cavity field
directly. We are therefore required to interpret external signatures of resonance, such
as its transmitted and back-reflected fields. To do this, we must make modifications to
the current model of optical resonance [73]. Primarily, we must consider the discrete
losses that occur at each mirror surface due to imperfections. Then, we propagate the

point of interest to outside the cavity.

An updated model for an optical cavity is shown in Figure ) To consider the
source point of the pump laser, we replace Ej,; in Equation by a combination of
the transmission coefficient of the input mirror, the laser amplitude incident upon it

and the 5 phase imparted by propagation through it:
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Eeire = it1 Ejpe + 7'17"2€2i¢Ecirc> (3'4)
Ecirc _ Z.tl
Eine 1 —riree2id’

In order to introduce optical losses into this model, whilst maintaining concise algebra,
delta notatiorﬂ shall be used. This represents reflectivity as R; = e~ %, where for small
losses we can Taylor expand to R; = 1 — ;. This implies §; = T; + L;, the fractional
intensity reduction due to mirror transmission, 7;, and loss, £;. This gives the field

reflectivity coefficient as r; = 1 — %(Tl + L;), such that:

Ecire o it v

= 2ib Ti+L, TotL
Einc 1—1riree i 1 -2 _s2ned

. (3.6)
e2i¢

The resonance line shape will naturally be a Lorentzian function, with modifications
made to its peak value and linewidth. The expression for linewidth can simply be

copied from Equation with the peak given by:

1. 4Ty
ol = . (3.7)
ine s (Tl +T5+ L1+ £2)

The transmitted field will have a similar form, further including a half-cavity propaga-

tion and transmission, such that:

Etrans _ it1t2€i¢) d Lirans 4N T

= : = . 3.8
BEine 1 —rirpe? Tine (Ty + Ty + L1 + L2)? (3:8)

Wres

Determining the form of the back-reflected signal is slightly more complex. It is cre-

2Delta notation dates from the early development of lasers. At this time, optical gains were normally
low and therefore high reflectivity cavity mirrors were required for continuous lasing. Presented here
is a simplified form of this treatment, with a complete discussion being given by Siegman [73|
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ated by interference between the field directly reflected from the mirror and the field

transmitted after cavity circulation:

Tgt%@zid)

W inc- (3-9)

Eref =11 Eine + it1roEeire & 11 Eine —

Since these fields partially cancel each other out, the Lorentzian line shape is inverted,

giving a signal minima at resonance:

Iref —

(3.10)

<T2+ﬁ1+£2—T1>2
W +To+L1+Ly)

1 NC |Wyes

The spectral profile of the internal, transmitted and back-reflected fields are now fully
defined. Their behaviour is split into three categories, as defined by the balance of
transmission and loss between the mirrors. If T3 = Ty + £1 + Lo, there is complete
cancellation of the back-reflected signal and the optical power is distributed between
losses and the transmitted signal. This is called an impedance-matched cavity and
provides the ideal configuration for the precise measurement of its optical properties.
If Th > To + L1 4 Lo, the cavity is described as being over-coupled, giving a maximum
internal enhancement, at the expense of measurable signal power. The final class is an
under-coupled cavity, defined as T1 < T5 4+ L1 + L2. In this configuration the internal
enhancement and external signals are suppressed. However, it is outlined in Chapter
4 why this is commonly employed for atom-cavity systems. An illustration of each of

these regimes is shown as Figure [3.2

3.3 Gaussian Modes

In order to improve the realism of the optical resonator model, it should be confined to
practical geometries. Whilst the use of planar mirrors proved perfectly sufficient for the

description of spectral line shapes, in reality this would be an exceptionally challenging
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Figure 3.2: Resonance Lineshapes with Impedance. The spectral inten-
sity of a cavity scanned across resonance is shown, considered at three planes
of reference. The transmitted intensity is shown in orange, the back-reflected
intensity in blue and the scaled internal intensity in black: to allow internal in-
tensity to be shown on the same axes, it is divided by cavity finesse. All cavities
have equal finite mirror losses and total mirror transmission. a) An impedance
matched cavity will generate the strongest measurable signals, allowing cavity
properties to be measured with high precision. b) The over-coupled cavity
generates the strongest internal enhancement. c¢) The under-coupled cavity
has suppression of all three signals.

device to construct. If the mirrors are not perfectly aligned, the circulating mode will
slowly migrate across their surfaces, eventually being lost from the cavity. To counter-
act this, spherical mirrors are used in CQED, which apply a restorative trajectory to a
misaligned beam. Additionally, the use of curved mirrors will focus the cavity mode,

increasing the potential atom-cavity coupling strength.

The shape of the cavity mirrors gives the boundary conditions to Maxwell’s wave equa-
tions, establishing the spatial wavefunctions which can form a stable resonance. In this
section we will first consider the fundamental mode of resonance, the cavity geometry
required to support it and its effective mode volume. Then, we shall describe the nature

of the higher order spatial modes.

3.3.1 Fundamental Gaussian Mode

We define a spatial wavefunction as a radiation pattern which is maintained upon reflec-
tion, calculated as an eigenfunction of the paraxial wave equation. Since the standing
wave within a cavity must have nodes at the points of reflection, their wavefront curva-

ture must match the spherical profile of the mirrors. This can be fulfilled simply by a
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focused Gaussian beam, which indeed forms the fundamental mode of resonance [93].

A more comprehensive discussion of Gaussian optics is provided by Siegman |73, with
only the key points outlined here. Within a cavity, the mode geometry is conventionally

described using resonator ‘g parameters’, defined by:

(3.11)

where R, ; is the radius of curvaturdﬂ of mirror 7. The mode is fully defined by the
size of its waist, wg, and position of the mirrors with respect to it, z;. A schematic is

shown in Figure ), with expressions given by:

(1 —g: Lego 1—
% = g](—gz)Lc(w and ’LU% _ Teav gng( gng) 5, (312)
8 +8; —288; T (g1 + 82 — 2218)

Where j labels the mirror opposite to the one of interest, i. In the previous chapter,
we saw that one of the key properties of the cavity is its effective mode volume. This

is derived fully in [94], given here as:

T
= “wiLeaw (3.13)

Vin 1

The Gaussian mode proves to be the most useful for atom-cavity interaction, for two
key reasons. Firstly, the central antinode has a simple field distribution, facilitating a
steady interaction between atom and cavity. Secondly, the photons generated by this
interaction will also have Gaussian spatial wavepackets, allowing them to be efficiently

routed and manipulated using standard laser optics. Crucially, they can be coupled

3Note that the radius of curvature is the reciprocal of ‘mirror curvature’, which is more commonly
used in casual discussion. As such, the phrase high curvature mirror actually denotes a low Rc.
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into single mode optical fibres with high efficiency, which forms a key requirement of

distributed quantum networking.
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Figure 3.3: Gaussian Mode Geometry and Stability. a) The geometry
of the fundamental Gaussian mode within a cavity is defined by its spheri-
cal mirrors M; and their separation. Important dimensions include the mode
waist wg, mirror positions, z;, and mirror spot sizes, w;. b) The shaded region
of a stability plot denotes potential resonator geometries which support stable
modes of the paraxial wave equation. The position of three hallmark cav-
ity geometries are shown, comprising planar, confocal and concentric mirror
arrangements.

3.3.2 Resonator Stability

A consequence of using spherical mirrors is that not all resonator geometries will gen-
erate solutions to the paraxial wave equation. Conveniently, the mathematics of this
requirement proves to be equivalent to that of a periodic focusing system: for a laser
beam to be transmitted over large free-space distances, it must be periodically refo-
cused without significant divergence. Since beam propagation within a cavity consists
of repeated reflection from concave mirrors, it can be unfolded and equivalently mod-
elled as a line of regularly spaced lenses. In this model, the focal length of each lens
corresponds to mirror curvature. For a given set of mirrors, one can therefore derive a
limit to cavity length, after which the beam cannot be effectively refocused and is lost

from the system. We define this condition to be the stability criterion of the resonator.

The stability criterion can be represented in terms of g parameters as 0 < gg, < 1. It
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is convention to represent the range of allowed cavity geometries graphically, by way of
the stability plot shown in Figure ) As it is highlighted in the figure, several points
in the stability plot represent geometrical symmetry, associated with interesting optical
properties and applications. Two geometries considered in this thesis are confocality,
where Ro,. = Lcqy and concentricity, where 2R,. = L.q,. Confocal cavities are notable
for higher order mode degeneracy and are therefore used for the spectral analysis of
light [95]. However, confocal geometries are avoided for single photon generation, as the
fundamental mode is desirable for photon capture into a single mode fibre. Concentric
cavities represent the maximum stable cavity length and high atomic coupling, but
present technical challenges in their fabrication [96]. An equivalent representation to
the stability plot is the circle diagram of Deschamps [97], of which a simplified version

is given as Figure

Figure 3.4: Resonator Circle Diagram. Each mirror, M;, is represented
as dashed circle of diameter equal to its radius of curvature, placed tangent
to the mirror surface. The intersection of these circles forms a necessary and
sufficient condition for resonator stability. Further, a line drawn between the
intersection points (green) outlines the cavity waist position and its relative
size. In a confocal cavity, Leq, = Roc, both circles overlap fully, whereas at
concentricity, Leqs, = 2Roc, they overlap only at a single point. If equivalent
circles are drawn with a radius equal to mirror radius of curvature, then a line
drawn between their centres (red) denotes the cavity mode axis. This proves
a useful visualisation tool for misaligned cavity mirrors.
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3.3.3 Higher-Order Modes

We opened this chapter with a discussion on the longitudinal modes within the cavity,
later describing them to have a Gaussian intensity profile. However, the fundamental
Gaussian mode is only the first element in a complete orthonormal set of solutions to
the paraxial wave equation [98]. Each of the higher order solutions are referred to as
transverse modes of the cavity. The exact shape of these modes is governed by the
symmetries of the cavity system in question, with respect to the geometry of the laser
beamﬁ used to excite it. The dominant symmetry outlines the ideal coordinate system
in which to solve the paraxial equation, defining the spatial profile of each eigenmode.
Alternatively, one can view this coordinate system as the most natural basis for the
decomposition of the excitation beam profile; representing it as a linear combination of
spatial cavity eigenmodes. Each potential set of eigenmodes is referred to as a family

of modes, having specific names for each common coordinate system.

The overlap of the Gaussian laser profile and the cavity mode is defined as the geometric
mode-matching of the system. For perfect mode-matching, all laser light is naturally
coupled into the fundamental Gaussian cavity mode. However, imperfect matching is
commonplace, arising from errors in laser waist size, position and the direction of prop-
agation. The exact nature of this error breaks the symmetry of the system, outlining its
natural coordinate system. For example, if the propagation axes of the laser and cavity
are parallel, but there exists some spatial offset between them, Cartesian coordinates
are used. This gives the Hermite-Gaussian family of higher order modes, so named as
they are expressed using Hermite polynomials. Alternatively, if the two propagation
axes are collinear but there is some offset between waists, the system is represented by

cylindrical coordinates. This gives Laguerre-Gaussian modes, expressed using Laguerre

4Returning briefly to the situation of vacuum driven CQED, one can immediately note that there
is no excitation laser with which to define the symmetry of the system. Instead, the spatial profile
of the higher order modes experienced by the atom is defined by the relative orientation and position
of the atomic dipole, with respect to the cavity propagation axis. The atom couples to all modes of
non-vanishing amplitude, Fyq.(r), where r is atomic position.
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Figure 3.5: Higher Order Mode Profiles. The spatial profile of a higher
order mode from each of the three core families is shown, as measured in the
plane of the cavity axis. a) Laguerre-Gaussian mode (n = 1,m = 3). b) Ince-
Gaussian mode (n = 5,m = 3). c¢) Hermite-Gaussian mode (n = 3,m = 2).
However, all modes are indeed Ince-Gaussian modes, with differing eccentric-
ities. At € = 0, the elliptical coordinate system is equivalent to cylindrical
coordinates and at € = o0, it is equivalent to Cartesian coordinates. Figure
adapted from [99].

polynomials. Example members of each family and their representative geometries are

given in Figure (3.5

In a realistic system there will exist a combination of mode-matching errors. In this
general case, the system is solved using elliptical coordinates, yielding the Ince-Gaussian
family of modes [100]. This coordinate system is centrally defined by an eccentricity
parameter, &, which at ¢ = oo coincides with Cartesian coordinates and at ¢ = 0
coincides with cylindrical coordinates. Therefore, in representing the system using Ince-

Gaussian modes, we can continuously tune between Hermite and Laguerre solutions.

3.3.4 Transverse Mode Spacing & Gouy Phase

The spectral distribution of higher order modes derives from the Gouy phase: the addi-
tional phase acquired by a Gaussian beam as it propagates through a focal region [101].
As this depends on the spatial mode profile, the resonance frequency of each higher
order mode becomes non-degenerate. The independent resolution of spatial modes is

crucial for single photon production, as we can ensure that the atom is coupled to,
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Figure 3.6: Transverse Mode Spacing. An example resonance spectra is
shown for a near-planar cavity, highlighting the presence of higher order modes
for three longitudinal mode numbers, ¢;. Each higher order mode is split by
Aw;. Since optical power is distributed across several transverse modes in
the example given, some geometric mismatch of the probe beam would be
indicated if this was an experimental scenario.

and therefore emits, only into the fundamental mode. Further, this splitting is used in
cavity characterisation, as it generates a comb of regularly spaced features used to cali-
brate the frequency separation between longitudinal resonances. We therefore redefine

the resonance condition to be:

) (arccos(j:\/@) )) e (3.14)

W'res—<q+(n+m+1 5
Loy

with the + term being positive for {g;,g,} > 0 and negative otherwise. Within this
thesis, most cavity designs will be in the near-planar regime, defined as g;g, ~ 1. Here,
transverse mode frequencies are closely spaced, arranged in consecutive order on the
high frequency side of longitudinal resonance. An example spectra is shown in Fig-
ure [3.6] The height of each spectral feature indicates the efficiency of geometric mode
matching into it. Therefore, if each mode can be simultaneously identified by imaging,

a spatial decomposition of the excitation beam can be performed.

As the curvature of the mirrors is increased, the cavity waist becomes further confined,
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increasing the extent of the Gouy phase shift. At the point of confocality, even modesﬂ
become degenerate with longitudinal modes. However, if mirror curvature is increased

past this point, transverse mode resolution returns.

3.4 Dielectric Mirror Coatings

The final refinement to our optical cavity model is to discuss the nature of high re-
flectivity mirror coatings. The development of low loss dielectric mirrors acted as the
gateway to the strong atom-cavity coupling regime, with state of the art techniques
able to achieve R > 99.999% across the visible and near-infrared regimes [34]. Dielec-
tric mirrors have replaced metallic mirrors for all high performance applications, whose

inherent electron mobility is an upper limit to reflectivity [102].

From a technical perspective, it is important to consider the inherent wavelength de-
pendence of dielectric mirrors, as it affects cavity characterisation and their operation.
In the fabrication of mirrors, it is necessary to consider potential incoherent loss mech-
anisms, as to ensure their minimisation. However, of notable scientific interest is to
consider the mechanism by which dielectric mirrors delimit the cavity mode. As will
be discussed, this applies a modification to all expressions derived thus far in the thesis

and acts to refine the concept of cavity mode volume.

3.4.1 Bragg Stacks

A dielectric mirror, or Bragg stack, consists of many interlaced layers of high and low
refractive index materials, deposited on an optically transparent substrate. For a given
design wavelength, each of these layers has an optical path length of \;/4, giving rise to
its designation as a ‘quarter wave stack’. An example schematic is given as Figure
Since a m phase flip occurs on reflection from the high refractive index surfaces, each

of the reflected waves will constructively interfere. Therefore, as monochromatic light

5Defined as m + n = even.
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penetrates further into the stack, its reflection is increased towards unity [103].

ng g Iy,

>\d/ dny Aq/4ny,

Figure 3.7: Dielectric Mirror Schematic. A dielectric mirror consists of
quarter wave layers of iterating high and low refractive indices. The light
reflected from each interface constructively interferes, thus back-reflecting all
incident optical power for a sufficient number of layers. ny is the refractive
index of the high index layer, ny, is the low index layer and ng is that of the
substrate. Ag is the design wavelength of the dielectric stack, such that each
layer has an optical path length of A\;/4.

The full dynamics of a dielectric mirror are normally evaluated using scattering matri-
ces. If we assume that the wavelength of light addressing the cavity, A, ope, is equal to
the design wavelength of the quarter wave stacks, Ag4, then the reflectivity of the mirror

depends only on the number of layers and their refractive indices:

2N )2N

(ng)" —ns(ng

R= .
(ne)?N + ng(ng)?N

(3.15)

Where N is the number of layer pairs and ng, nyg and ny, are the refractive indices for
the substrate, high index layers and low index layers respectively. For 780nm design
wavelength, the materials selected are usually tantalum pentoxide, TaoOs, for high
index (ng =~ 2.28) and silica, SiOg, for low index, (ny ~ 1.46). Many layers are de-
posited for near unit reflectivity, with the first and last layer normally being the high
index material. However, a surface layer of TasOs has been observed to degrade cavity

finesse in vacuum, likely as a result of laser-induced oxygen deprivation [104]. While
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this may be reversed by exposure to oxygen and illumination by UV light, it may also

be prevented by applying silica as the final layer.

The reflective properties of a dielectric mirror also depend strongly on wavelength. For
a simple quarter wave stack, the spectral profile is generally characterised by a broad
stop-band around the target wavelength, with oscillating outer lobes. An example
transmission curve is given in Figure [5.15p). As the illumination light is detuned from
the design wavelength, the effective linewidth of the cavity will increase. Accordingly,
the spectral properties of the cavity, as derived above, are generally only valid within

a nanometre of design wavelength.

3.4.2 Incoherent Losses

In the fabrication of high quality dielectric mirrors, incoherent loss mechanisms are
carefully minimised. Indeed, the reflectivity of a cavity mirror is usually designated by
its parts per million (ppm) losses. These arise foremost from the scattering of light by
surface imperfections, or absorption by contamination within the coating. Since these
losses occur on each round trip of light within the cavity, their effect on the intra-cavity
field is analogous to mirror transmission. However, transmission is generally considered

a coherent loss mechanism, as it may be utilised in the injection or extraction of light.

Scattering losses are generated by surface imperfections that are on scale with the wave-
length of incident light. In standard optical applications, these are usually characterised
by the number of scratches and digs over the mirror surface. However, deviations of
this magnitude would prevent the formation of a high finesse resonator entirely. Of
more routine concern in high finesse resonators is the atomic scale roughness of the
surface, which induces losses in the ppm regime. The magnitude of scattering losses

can be estimated as [44} 105]:
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Where o5 is the root mean square surface roughness. Absorption losses, L4, are
generally induced by contamination during the coating procedure and are accordingly
more difficult to predict. However, they can be minimised by using low-loss coating
methods, namely ion beam sputtering (IBS), and post-deposition thermal annealing of
the mirrors [106]. The magnitude of scatting losses is not observed to depend on the
the applied coating, being purely defined by the base substrate. However, as mirror
transmission is lowered by increasing the number of dielectric layers, this gives a greater

susceptibility to absorption losses.

3.4.3 Mode Boundary

In our derivation of atom-cavity coupling strength, the cavity mode volume was con-
sidered as the geometrical region between the mirror surfaces. This inherently assumed
that mirrors constitute a perfect optical boundary to the cavity mode. However, given
that light penetrates into the dielectric stack, some component of the cavity volume
must be within the mirror itself [107]. Then, since all realistic dielectric mirrors have

finite transmission, there must be coupling of these modes to those of the environment.

The influence of dielectric mirrors on atom-cavity coupling is examined in detail in our
recent publication [108], for which I was a co-author. This paper considers the cavity
as an open-quantum system, where the electric field modes are unconstrained and the
presence of the cavity results in a frequency dependent ratio of internal and external
field amplitudes. This gives rise to a closed expression for the modified atom-cavity
coupling strength, which allows variance of the design wavelength of the dielectric mir-

ror, the resonance frequency of the cavity and the transition frequency of the atom.
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The optical path length of the cavity is clearly modified as light penetrates into the
dielectric stack. This applies an additional phase to the reflected beam, shifting the
conditions of resonance. In literature, the modified spectral properties of the cavity are
re-characterised using an effective cavity length, Leg [35]. In general, Leg is not equal
to Leqy, occurring only when the resonance frequency of the cavity matches exactly the

design wavelength of its stack.

Furthermore, when including the dielectric stack in the quantisation of the electromag-
netic field, the normalisation volume of the cavity no longer corresponds to Lcq, or
indeed Leg. Instead, it gives rise to an independent effective ‘coupling factor’ length,
Lx,n), where m is the longitudinal mode number and NV is the number of high index di-
electric layersﬂ L%n) only asymptotically approaches the geometric length of the cavity
at extended mirror separations. For cavity geometries that are on scale with the wave-
length of operation, the modification to the cavity resonance profile and atom-cavity
coupling strength are notable. It also raises interesting questions on the formally correct
interpretation of cavity mode volume. As is described in the paper, only when the Airy
function of the cavity can be represented as a sum of perfectly distinct Lorentzians,

does the normalisation factor in atom-cavity coupling strength correspond to a geomet-

ric quantity.

However, for the reminder of this thesis, we only consider cavities where L4, >

{Aprobe, Ad}. Therefore, these effects and length variations can be safely ignored.

5These quantities are labelled in the same manner as the source publication, for easier reference.



Chapter 4

Cavity Design and Optimisation

This chapter discusses the design considerations of an optical cavity used for coherent
quantum control, concentrating on the elements necessary to facilitate strongly-coupled
interactions with trapped neutral atoms. First, we consider the geometric and spectral
restrictions placed on cavity design by mirror manufacturing methods and experimental
suitability. Then, we numerically evaluate the properties of previous optical cavities
used in this application, motivating and contextualising the technical developments in

cavity fabrication made by this thesis.

4.1 Design Methodology

Our intention is to build an optical cavity system that develops and demonstrates
several key aspects of a coherent atom-photon interface. As we have discussed, the
foundational requirement for such an interface is to facilitate strong-coupling between
single quanta of light and matter. However, this interaction must be sustained, by
appropriate localisation of the atom within the cavity volume. This atomic trapping
method must not interfere with the operation of the cavity, allowing it to maintain a

desired resonance frequency.

An ‘ideal’ cavity for quantum information processing may only be described if the
greater system architecture and computational protocols are perfectly defined. How-
ever, given the high rate of development within this field, the route towards an optimal
cavity remains subject to alternate viewpoints |21} [109]. In this light, we initially con-

sider broad perspectives on cavity design. As our process becomes more refined, our
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specific experimental objectives will be considered in greater detail.

We shall first consider the degrees of freedom available in cavity design and limitations
applied by the manufacture of high reflectivity mirrors. Then, we shall consider the
geometric and spectral constraints placed on the cavity in order to realise standard
experimental objectives. Finally, we shall develop and discuss appropriate metrics of

performance for the system, to allow for its numerical optimisation.

4.2 Degrees of Freedom

To simplify the cavity design process, the tailored degrees of freedom must be mini-
mal. As we have seen in Chapter 3, cavity mode geometry is defined by the curvature
of each mirror and their separation. However, as will be described in the following
chapter, we must now consider the diameter of the mirrored surface, o,,, and that
of the substrate which supports it 5. These will play a role in the geometrical lim-

its of an optical cavity, by way of its maximum length and suitability for atom trapping.

To describe the dielectric coating applied to the mirrors, we consider our requirement
to efficiently extract and capture photons generated within the cavity. This naturally
implies the reduction of all incoherent optical loss mechanisms, with some finite trans-
mission engineered into only one mirror. This ensures the directional output of photons
and greatly assists in the experimental simplicity of their capture. We therefore tailor
the coating simply via the transmission of this out-coupling, T, mirror. Transmission
through the opposing highly reflecting mirror, 7},., remains useful to classically probe
cavity resonance. However, a residual value inherent to the coating process proves suf-

ficient for this.

Despite the large range of parameters used to characterise optical cavities, the degrees

of freedom in their design are markedly few. However, the design process is not without
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Figure 4.1: Degrees of Freedom in Cavity Design. A visual represen-
tation is given for the simplified set of degrees of freedom used in our cavity
design process. a) A single tapered mirror is specified by its radius of cur-
vature R,. and coating diameter, o,,. In this example, o5 = o0,,, as the full
facet diameter supports the coating. This coating is described by transmission
of the output-coupling mirror, T,.. This assumes that incoherent losses and
residual transmission of the high-reflecting mirror are automatically minimised.
b) Cavity length is given by Ls,. A basic illustration of an atom-cavity system
is given, with the atom in black, the cavity mode in red and dipole trapping
beam in purple.

complexity. As each characteristic has an interrelated dependency on the same small set
of freedoms, their optimisation is an exercise in trade-off and mitigation. For simplicity,
we consider here only geometrically symmetric cavities, where each mirror has identical
curvature and diameter. We can therefore describe a cavity design by statement of L,

Roc, Tyey o and og; a visual representation of which is given as Figure [I.1]

4.3 Manufacturing Limitations

The technical challenges presented in manufacturing high reflectivity dielectric mirrors
have been an ongoing limitation to the realisation and scalability of coherent atom-
cavity interfaces. Indeed, the landmark demonstration of strong coupling to a single
atom in the optical regime has been notably attributed to efforts in reducing dielec-
tric coating losses . This generation of cavity mirrors, comprising super-polished

substrates and ion beam sputtered (IBS) coatings, facilitated many subsequent high-
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impact studies and was adopted widely across the field [19].

However, given the exceptionally high reflectivity achieved by these mirrors, R >
99.999%, it was not anticipated that system cooperativity could be further improved
by reducing optical losses. Instead, the atom-cavity coupling rate would need to be
increased via the minimisation of mode volume. This led to the demand to produce

higher curvature glass substrates, which retain the optical quality of super-polishing.

This work is ongoing, split between two key methods for glass shaping. These are
focused ion beam (FIB) milling [37, |110] and laser ablation [36), [44]. The platform
selected has significant implications for the design of optical cavities, in the range of
geometries and surface qualities that can be realised. Therefore, we shall now detail our

initial analysis of each technique and make a comparison of their regimes of operation.

4.3.1 Super-Polished Mirrors

To create super-polished mirrors, a particulate suspension is driven against a glass
surface, shaping it into a spherical profile by the action of abrasion. As progress
towards the intended geometry is made, the particulate size is reduced, thereby in-
creasing surface quality. Surfaces approaching atomic smoothness can be achieved,
surpassing o,ms = 1A. However, this process is limited to the creation of shallow de-
pressions. Indeed, mirrors of high optical quality prove difficult to source commercially

for Ry,e < 20mm.

To improve access to the cavity mode, it is standard to grind cylindrical super-polished
substrates into a conical profile [35]. At the apex of this cone, an untouched portion of
the mirror surface should remain, as illustrated in Figure However, there is a limit
to the final facet size, occurring when the apex shatters or damage to the remaining
dielectric surface is substantial. For the mirrors used in Chapter 7, this limit was

observed at a facet diameter of o5 ~ 300um for a 45° coning angle. We assume this to



46

be a representative limit to super-polishing for the remainder of this chapter.

4.3.2 Focused Ion Beam Milling

In FIB milling, a focused beam of gallium ions sputters glass from a target substrate,
gradually eroding into its surface [111]. The restricted size of this focus[| allows for
nanometer scale structures to be created with high precision. However, given the rel-
atively low flux of ions involved, there is a challenge in expanding the scale of these
structures towards standard cavity mirror geometry. To evaluate the use of FIB milling
for our cavity production, we produced test structures on glass using a Zeiss Crossheam

540.

The crossbeam is named for the scanning electron microscope included in the system,
for non-destructive sample navigation. While the ion-beam is able to generate an image
of the target surface, it will simultaneously erode it. However, since the electron micro-
scope is unable to image a non-conductive surface in the first instance, some metallic
material was deposited on the substrate in order to perform alignment. The removal
of this material was then imperative to prevent the introduction of contamination into
the dielectric coating. Instead of applying a conductive material, the surface may be

imaged via secondary ions, but this was not tested in the apparatus available.

Over the duration of milling, Gallium ions gradually become implanted into the mirror
site, building a static charge distribution. This increasingly deviated the trajectory of
the incoming ion beam, warping the geometry of milled features. To overcome this, an
electron flood gun was used, which filled the chamber with a charge screening cloud
of electrons. However, the electron microscope naturally becomes over-exposed during

this process, preventing visual monitoring of the milling process.

!Since this is a non-optical technique using magnetic lenses, the standard diffraction limit experi-
enced in laser ablation does not apply.
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The most limiting issue experienced was the maximum volume of material that could
be removed. This was a combination of the limited ion current and the stability of the
mounting arrangement for long-duration exposuresﬂ Further, at the time of research,
the surface roughness of milled features was limited to o,ms &~ Inm: an order of mag-
nitude greater than desired. This creates notable mirror scattering losses at 780nm,
approximately 260ppm, preventing the coherent extraction of photons in our planned

experimentation.

The application of FIB milling towards optical cavity production remains an active
area of research, particularly within the field of nitrogen vacancy (NV) based quantum
technologies [112]. It has been used in the production of large arrays of cavity mirror
features on the same substrate, allowing the formation of multiple cavity modes [37].
This is of interest when engineering many emitter-coupled systems, such as coupling to
a molecular fluid |113]. This has the potential to enhance the optical interrogation of
a chemical sample to yield its constituents, or modify its rates of reaction [114]. The
development of laser ablation towards the production of similar cavity arrays is given

in Chapter 5.

4.3.3 Laser Ablation

The final technique of discussion is laser ablation, which was initially evaluated using
a system developed at the University of Sussex |40, 46]E| Following this extended visit,
a novel implementation was developed within our own laboratory, which is the subject

of the following chapter. In order to avoid repetition, we give only an introduction here.

Laser ablation uses a strongly focused laser beam to heat glass, rapidly evaporating
near-spherical profiles from its surface. Simultaneously, the underlying molten layer ex-

erts surface tension, pulling the solidifying material into a smooth profile. In utilising a

2The standard cost of FIB milling was also a limitation, given the significant overhead required to
further develop the process and produce each mirror.
3Courtesy of the research group of Professor Matthias Keller.
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natural thermal process, one can greatly decrease the engineering overhead required for
glass shaping, whilst achieving very high surface quality. However, control of the evapo-

rative and molten process proves difficult, setting tight limits on feature geometry [115].

In Sussex, laser ablation is performed on the facet of optical fibres, which is a common
practice within the field of optical CQED. A cavity formed from a pair of fibre-tip
mirrors is considered to be inherently scalable, as light can be injected or captured
from the mode without discrete optical components [29]. This is of particular value in
space-restricted environments, such as ultra-high vacuum, where the requirement for
optical beam access to the cavity can be limiting. However, as supported by the work
of Chapter 5, laser ablation is practical for a range of complex substrate geometries. In
particular, we consider some negative qualities of fibre-tip cavities for forming a quan-
tum interface. These range from challenges in ensuring efficient cavity mode-matching
and coherent photon extraction, to low vibrational stability and high photothermal
sensitivity. We discuss the development and demonstration of a viable alternative to

fibre-tip mirrors, namely pyramidal micro-mirrors.

4.3.4 Comparing Fabricated Geometries

In order to select the mirror fabrication method used in the production of our trapped-
atom cavity system, they are compared by the optical cavity properties made acces-
sible. This is assisted by describing each method as a continuous range of possible
mirror geometries; defined by their diameter and curvature. However, this treatment

is somewhat subjective, overlooking technical specifics of each system in question.

To generate a rough estimation of the geometrical range of each technique, we consider
indicative limits on the volume of glass they can remove from a substrate. By consulta-
tion of a number of studies that created high quality mirrors [40, 44, 47, (116} |117], the
map of Figure [4.2b) has been populated. The quality here is defined as o,p,s <0.35nm,

corresponding to Lg < 32ppm at 780nm, which for FIB milling required post-thermal
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Figure 4.2: Mirror Fabrication Techniques. a) A rendering of an unconed
mirror is shown in the upper inset, with a diameter of ¢, = 7.75mm and a
coned mirror in the lower, with a reduced diameter of o, = 300um. b) Laser
ablation and FIB milling are compared by the geometry of spherical features
they are able to produce. By collecting limiting values of (o, Roc) reported
in a number of studies [40, 44} |47} |116} 117], the region shown has been popu-
lated. In order to estimate a continuous range of operation for each technique,
we calculate the volume of glass removed from a planar base substrate asso-
ciated with each coordinate. For laser ablation, coordinates are grouped into
maximum and minimum volumes. Lines of constant volume are fitted to these
sets, and the region between them shaded in yellow. This region estimates the
operational range of laser ablation. An equivalent treatment is given to FIB
milling, establishing its operational range in blue. The lower bound of FIB
milling is arbitrarily small on the plotted scale.

annealing of the surfaces to smooth inherent roughness.

While this is a highly simplistic model, it represents the collected data appropriately
and conveys an overall picture of the state of the art. Generally, FIB milled features
are limited to smaller geometries than laser ablation, in line with the physical mecha-
nism of sputtering occurring at the atomic level. The direct route to increasing milled
feature depth, via an increased ion current or duration, is not expected to improve sur-
face quality. Therefore, post-thermal annealing will continue to be required to reduce
RMS surface roughness to the desirable 0.1-0.3A range. However, depending on the

depth of the molten layer required to smooth surface defects, annealing may alter the
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underlying surface profile. The laser system used for thermal annealing is the same as
that for ablation, albeit with weaker exposures applied to the glass surface. This sec-
ondary manufacturing stage comes with additional complexity and an increased risk of
surface contamination. However, the application of laser annealing to milled structures
presents as the most immediate route towards the creation of high-finesse cavities using

FIB milling in this geometrical regime.

The thermal process underlying laser ablation is decidedly more macroscopic in action.
Heat naturally diffuses through a glass substrate, with material evaporation and sur-
face tension occurring on the scale of microns. Since the spread of heat cannot be fully
controlled, it can prove difficult to fabricate highly confined geometries. In the first
instance, one may attempt to reduce feature diameter by more tightly focusing the
ablation laser. However, the focus is at best diffraction limited, which for the standard
wavelength range of 9.3um to 10.6pum is relatively sizeable. One may attempt to reduce
feature depth by decreasing exposure power, although this may cause the glass not to
reach the critical temperature required for evaporation. This may instead generate an
overly thick molten layer, pulling into a convex curvature under surface tension. Over-
all, if exceptionally small features are required for cavity fabrication, laser ablation may

prove a challenging platform for their development.

In the geometrical range of ablation highlighted above, the process comes with the
strong advantage of inherently low surface roughness. While laser exposure parameters
must be optimised to produce the geometry of choice, the presence of a molten layer
is generally assumed. This allows one to create high finesse cavity mirrors with signif-
icantly less experimental complexity than FIB millingﬁ Indeed, the current technical
challenge comes in further increasing the standard diameter of ablated features. This

forms one of the key motivations for the work in Chapter 5, where the topic is discussed

4Specifically, we note that FIB milling apparatus is a sizeable and sustained departmental invest-
ment, in contrast to the laser system developed in Chapter 5.
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in detail. In Chapter 6 we consider the mitigation of issues inherent to ablated mirrors,
through potentially elliptical geometries and non-spherical profiles. Our comparison of
FIB milling and laser ablation is continued later in this chapter, in the context of our

specific experimental requirements.

4.4 Geometric Limitations

We now consider the limitations placed on cavity geometry by our intended experimen-
tation, a core aspect of which is the integration of an atom trapping laser into the cavity
volume. This laser propagates orthogonally to the cavity axis, requiring its mode to
be openly accessible in this direction. However, simple modifications to cavity geome-

try to improve access cannot be performed without consequence, as we will now address.

The minimum optical access required of our cavity is given by the focusing optics used
in the formation of the dipole trap [65, 66]. This is a complex lens systemlﬂ with an
effective focal length of 30mm and numerical aperture of 0.6. The waist of this focus
is routinely varied to modify trap properties, by changing the diameter of collimated
beam input. To give a general specification of the system, a standard input beam di-
ameter of 20mm creates a 1.6pum waist at the cavity axis. Given the high optical power
contained within this focus, partial illumination of the cavity mirrors may generate
heating and length instability. Simultaneously, applying this aperture to the beam
may deform the potential landscape of the trap, thereby reducing its average lifetime

of atomic occupation.

To ensure that the mirrors are suitably distanced from the trapping laser, we demand
optical access of 6,, = 45° with respect to the central cavity antinode. This is a conser-

vative estimation, chosen to be several degrees greater than the numerical aperture of

5This lens system was designed to achieve coincident foci at the off-resonant trapping wavelength,
1064nm, and atomic fluorescence wavelength, 780nm, while accommodating for the optical window of
the vacuum chamber.
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Figure 4.3: Optical Access. a) The geometry of optical access is shown,
highlighting the distinction between substrate facet diameter and mirror sur-
face diameter. In calculating the distance of the trapping site to the mirror
(red to blue circles) one must subtract the sagitta from the cavity length (blue
to green circles). b) The cavity length requirement for 6,, > 45° is shown in
green, with standard facet diameters highlighted. These include fibre facets,
os = 125um, the pyramidal substrates developed in the following chapter,
0s = 141 — 275um, and super-coned substrates, o = 300um.

the lens system. The geometrical definition of optical access is described in Figure [4-3]

with an associated mathematical expression of:

Ooa(Zatom) = g — arctan s . (4.1)

2(‘Zatom - Lcéw — Roc + \/ Rgc - (UTm)Q)

One might assume from this expression that cavity length is ideally increased towards

concentricity, limited only by the stability criterion . However, in many practical
scenarios, the length of the cavity is instead limited by mirror surface diameter [44].
Despite the fundamental Gaussian mode of the cavity having a concentrated intensity
profile, there is no hard limit to its transverse extent. Therefore, some portion of the

radiation field will always exceed the area of the mirror and be lost on reflection. Since
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the cavity mode diffracts on propagation, this loss is experienced on each round trip.
Accordingly, these ‘clipping losses’ can be considered similar in effect to those generated
by absorption and scattering, albeit with a dependence on cavity mode geometry. A

standard model for the total losses generated by each cavity mirror is given by:

LT(Lcav) R007 Um) = »CA + »CS + ['C(Lcava Roc; Um)7 (42)

2

Im

2

where Lo(Leay, Roc, 0m) = € 2w (Leav-Foci)” (4.3)

As is observed in Figure clipping losses are largely negligible until the size of the
mode on each mirror approaches its radius. A large mirror diameter is therefore crucial
in preventing clipping losses in long cavities, thereby permitting optical access. How-
ever, modifying the extent of clipping losses can also be performed by adapting the
mode size on each mirror via their curvature. For a given cavity length, clipping losses

are minimised around the point of confocality.

In increasing cavity length to improve optical access, we have required a large mirror
surface diameter o,,. However, optical access equally required a small facet diameter,
os. Thus, to achieve the greatest flexibility in cavity design, they are ideally equal.
In the standard nomenclature of optics, this is referred to as a full clear aperture of
the mirrors. However, this is not readily achieved when using micro-mirrors produced
by laser ablation. Our work to increase the clear aperture of ablated mirrors, and the

technical issues experienced therein is reviewed in Chapter 5.

A requirement to reduce the extent of the dielectric surface which encloses the atom
is not unique to our application, but common to general emitter localisation within
optical cavities. A notable comparison is ion-cavity systems, where electromagnetic

trapping methods are employed. The presence of dielectric mirror surfaces can distort
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Figure 4.4: Clipping Losses. a) The relationship between cavity mode
geometry and clipping losses is shown for mirrors of o, = 40um. Regions of
L. < 1ppm are shown in green and geometric instability in red. Contours are
drawn every L. = 10%, where x € Z. For a given length, clipping losses can be
minimised by suitable choice of R,., corresponding to a minimisation of the
mode size on the mirror, w;. b) For R,. = 250um, the impact of o, and L,
on L. is shown, using the same colouring as a). For sufficiently large mirror
diameters, the onset of clipping losses becomes negligible. However, this is in
competition with our abilities in mirror fabrication.

these potentials, requiring mirrors to be located far from the emitter 119]. Thus
despite the dissimilarity in the trapping method, their implied restrictions on cavity
geometry are similar. Accordingly, development in cavity fabrication in one field is

routinely applied to the other.

4.5 Spectral Requirements

4.5.1 Suitability for Length Stabilisation

In the context of this thesis, an optical science cavity is required to provide sustained
resonance with a selected atomic transition frequency; specifying a precise set of its
allowed length values. In the following chapters, we will commonly refer to this condi-
tion as the cavity being in ‘atomic resonance’. However, in any experimental setting,

thermal drifts and vibration of the mirrors will occur, changing their separation. To sus-
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tain atomic resonance in spite of environmental fluctuations, the mirrors are normally
mounted on piezoelectric transducers. This allows their separation to be stabilised by
electronic feedback, but requires a continuous measure of cavity length [45, 48]. As
such, a frequency stable ‘locking’ laser is used to probe optical resonance, thereby es-

tablishing a range of spectral conditions on cavity design.

Firstly, the locking laser must be of sufficiently narrow linewidth to accurately resolve
the resonance condition of the cavity. Then, in order to perform length stabilisation dur-
ing atom-cavity interactions, the laser must be far detuned from atomic structure [56].
Otherwise, it may induce photon scattering events, prevent isolation of photons gen-
erated within the cavity and be routinely disturbed by vacuum Rabi splitting. This
implies that it must address a neighbouring longitudinal resonance frequency of the
cavity, separated by an integer number of free spectral ranges. Therefore Awys,, and
accordingly cavity length, must be tailored in consideration of the stable optical fre-
quency references available. Alternatively, illumination and stabilisation of the cavity
may be paused during the atomic interaction window using a ‘sample and hold’ tech-
nique. This requires the cavity to remain close to resonance when feedback is not being
applied, placing demands on its mechanical stability and the maximum duration of
atomic interaction. While this has proven an effective technique [120] requiring less ex-

perimental infrastructure, it constitutes a less elegant solution than off-resonant locking.

As the wavelength of the locking laser becomes further detuned from the design wave-
length of the dielectric mirrors, it experiences a broader cavity linewidth. This decreases
its responsivity with respect to cavity length fluctuations, establishing a limit on the
bandwidth of the feedback signal it can generate. However, given that dielectric mir-
rors are only reflective over a well defined stop-band, the laser is ultimately limited to a
modest detuning. At shorter cavity lengths, an increased free spectral range may cause
consecutive longitudinal modes to observe large changes in cavity linewidth, greatly

decreasing the number of viable locking frequencies. However, given the minimum
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Figure 4.5: Cavity Linewidth Limitation. A contour map gives the vari-
ation of cavity linewidth, Aw., with cavity length and out-coupling mirror
transmission. Each successive contour represents a linewidth change of 2rMHz,
with three bands labelled directly. Standard mirror coating properties have
been otherwise assumed, with L4, = 12ppm and Ty, = 2ppm. Regions of
cavity linewidth inappropriate for our experimental scheme are shaded in red.
This includes the upper limit of 16 x 2rMHz, to assist the resolution of atomic
structure in photon production. The minimum linewidth, 20MHz, is derived
from our method of cavity length stabilisation. This requires a frequency
stable laser of narrower linewidth to prove cavity resonance, as discussed in
Chapter 7.

cavity length required for optical access, this was not an issue experienced. A dis-
cussion of cavity locking is continued in Chapter 7, in the context of its experimental

implementation.

4.5.2 Atomic Driving and Photon Production

We intend to use our optical cavities for single photon production, which as outlined in
Chapter 2, requires an isolated interaction between the selected atomic transition and
resonant mode of the cavity. If the cavity is resonant with multiple atomic transitions,
or the atom with many longitudinal modes of the cavity, one may anticipate lower

coherenceﬁ in the photons generated. To prevent this, we shall now outline a further

5This may be coherence with respect to self-interference in a g2 measurement, or with respect to a
HOM measurement using an external source of single photons as reference.
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set of limitations on the spectral properties of our cavity design.

Isolation of Atom-Cavity Interactions

In order for a cavity mode to be individually addressable, it must be well isolated in
frequency from its neighbours. This implies that its free spectral range is significantly
greater than its linewidth: equivalent to a statement of high finesse. Given our use of
high reflectivity mirrors, this condition is arbitrarily guaranteed by Equation[3.3] Then,
we require that the free spectral range is considerably larger than the atomic linewidth.
For cavity lengths less than a millimetre, one can expect a free spectral range in the
GHz regime. When compared to our standard atomic linewidth of I' = 6 x 2rMHz [121],

this condition is again readily achieved.

Of more practical concern is to ensure that the linewidth of the cavity is sufficiently
narrow as to address the intended atomic structure. However, given a common mis-
conception of this statement, it is important to stress that the linewidth of cavity
generated photons is not defined by the linewidth of the cavity itself. In similarity to
standard atom-laser driving processes, photon frequency and bandwidth is given by
energy conservation of the system and the timescale of atomic de-excitation. Indeed,
it has been well demonstrated that the linewidth of cavity generated photons can be
significantly narrower than that of the cavity [88]. In this way, the cavity simply acts as
a spectral filter, limiting the frequency range over which atomic emission rates may be
enhanced. Our maximum cavity linewidth derives instead from considerations specific

to our atomic driving scheme.

Polarised Photon Production

A potential application of our developed atom-cavity system is to continue the develop-
ment of a polarised single photon production scheme on the D2 line of 3'Rb [90]. This
uses V-STIRAP to drive transitions between magnetic sublevels of the 25, 2| F=1)

ground level, creating a stream of circularly polarised photons with alternating hand-
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edness. As described in a recent thesis [56], an application of this work is to create
a scalable source of single photons arriving simultaneously across many channels, for
the development of linear optical quantum computing. This is achieved by polarisation
dependent routing of the photon stream and applying a suitable time delay to each

channel.

In order for the cavity to address the Zeeman split sublevels, the atom was subject
to a magnetic field of sufficient strength as to create a splitting greater than cav-
ity linewidth. However, for the cavity linewidth of Aw,. = 3.75 x 2rMHz, splitting
of Aw, = 20 x 2rMHz and corresponding field strength of ~ 20G, the atomic level
scheme itself was greatly disturbed. The Zeeman effect on the excited 2Py /2 level in
the D2 structure was placed into an intermediate regime, causing mixing of the hyper-
fine states. The full impact on single photon production is well described in a recent
publication [122]. A simplified outcome is that the atom-cavity coupling correspond-
ing to the two polarised transitions becomes asymmetric. In general, this causes one
polarisation to be produced with a higher efficiency and purity than the other, which

naturally proved detrimental to building a scalable source of single photon delivery.

The study [122] recommends a similar photon production scheme is driven on the D1
line of 8’Rb instead. The advantage comes in significantly greater hyperfine splitting
of the %P, /2 level, preventing state mixing at the magnetic field strengths required
for cavity interaction. However, this line comes with inherently weaker atom-cavity
coupling, which for the aforementioned study, placed the existing cavity below the
strong-coupling regime. In our following design work, we will not overly restrict cavity
linewidth to optimise polarised photon production on the D2 line. However, the acces-
sibility of a polarised photon production process will be an important consideration in
deciding upon our mirror fabrication method, as well as being a notable application of

the cavity constructed in Chapter 7.



59

Fundamental Mode Isolation

As our final spectral restriction, we must ensure that the atom interacts with only a
fundamental Gaussian mode of the cavity. To facilitate remote entanglement, generated
photons must have controlled spatial coherence. Photons that are transversely distin-
guishable are therefore not appropriate for establishing a coherent quantum interface.
The fundamental Gaussian mode is the preferred spatial profile, given its compatibility
with single-mode fibres. This allows the interconnection of distant cavity nodes with-
out modal dispersion. However, photon transport within multi-mode fibres has been
successfully applied to a number of demonstrative CQED experiments with fibre-tip

cavities, as it ensures high efficiency geometric mode-matching [29].

To ensure isolation of the fundamental mode of interest, we must verify that the free
spectral range of the cavity is not close to an integer multiple of its higher order mode
spacing. Given that these both depend on cavity geometry, there exists a large set of
cavity parameters that may cause co-resonance of the atom on two modes. However,
as the order of the transverse mode increases, so too does its mode volume, decreasing
atomic coupling strength. Further, many higher order modes have zero intensity along
the cavity axis, the intended site of atomic localisation. In most practical scenarios, it
therefore proves sufficient to consider only the position of a few lower order modes. As
was asserted in Section the geometrical region around confocality must certainly

be avoided, as even order transverse modes coincide exactly with fundamental modes.

4.6 Design Optimisation

In determining the experimental requirements of our cavity, we are now able to perform
the optimisation of its design. First, we derive general metrics of performance for its role
in single photon production. This shall be done for two and three level atomic driving
schemes, allowing for a more quantitative comparison of their standard efficiencies. We

consider the extent to which previous cavity systems have met our ongoing experimental
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challenges and motivate the route towards improvement. This clarifies our motivation
for migrating to the use of micro-mirrors, with laser ablation chosen as the platform
for their fabrication. Finally, we consider a somewhat alternative approach to high

efficiency single photon production, by engineering birefringence into our cavity.

4.6.1 Elementary Performance Metrics

To allow for the numerical optimisation of our cavity design, a quantitative metric for
its performance must be developed. To begin, we return to the simple model of the
two-level atom derived in Section We assume that a rapid excitation process is
applied to the atom, such as a strong 7 pulse, placing it suddenly into an excited state.
A single photon is then emitted either into the cavity mode, or free space, with the

former establishing our photon source.

The two level atom consists of an excited |r) and ground |g) atomic state, whose
transition frequency is resonant with an optical cavity. The wave function of this

system is given by:

U(t) = ca(t) |2,0) +cy(t) g9, 1), (4.4)

where ¢;(t) is the probability amplitude of the system in state ¢ at time t. The evolution
of this system is solved by a time-dependent Schrodinger equation, assuming an initially
excited atom. Then, the efficiency of photon generation, 7ge,, can be determined by
the probability of the atom being in its ground state, multiplied by the single photon

decay rate:

Kkg? K 2C

en = 2 t 2dt/: = y 4.5
g /-;/0 cg(®)] (k+ (kY +g2) r+~20+1 (4.5)
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where we have reintroduced system cooperativity, C. A common simplification is to
consider the fast cavity regime, where k > ~. Using the form of Purcell enhancement

derived in Equation m photon generation efficiency is then given byﬂ

Wcav _ Fp _ 20
Wear + Wiree Fp+1  2C+1

/Bgen = (4.6)

Outside the fast cavity regime, Bge, neglects a significant portion of the excitation lost
to atomic depolarisation. This occurs if the atom remains in its excited state for a pro-
longed period of time, due to low atom-cavity coupling, g. Or, atomic depolarisation
may also be substantial for very high g, as re-excitation of the atom by the photon will
occur faster than it decays via one of the mirrors. It therefore follows that the optimal
value of 74e,, for a given g and v, is reached when x = g; equivalent to the critical

damping of Rabi oscillations.

To produce photons useful for quantum information processing, photon decay must
be in transmission from the out-coupling mirror. Thus of the total photonic decay
rate, k, we must consider its fraction into this coherent channel, k.., with respect to
incoherent channels, Kj,ss; such that £ = Koyt + Kjoss- This allows us to define a total

‘output efficiency’ of the cavity:

2
Rout g Rout

Tout = Peatllgen = = Flgen = g ety

(4.7)

In the above expression, we have separated output efficiency into two terms. The first
considers atomic emission into the cavity, expressing cooperativity in terms of its con-

stituent rates. The second encodes photon extraction efficiency, where out-coupling

"Note the subtle assertion that the emission rate of the atom into free space, Wyyree, is equal to the
atomic emission rate outside of the cavity. As discussed in Section [2:3.1] this is because for the cavities
considered in this thesis, the solid angle subtended by the mirrors is small. As such, the atom is not
shielded from its environment and continues to spontaneously emit into it at a normal rate.
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Figure 4.6: Photon Output Optimisation. a) A contour map of 7y is
shown, with respect to varying g and k... There are two regions of interest,
where each parameter takes dominance over the process efficiency, separated
by a dashed line. Also shown in red is the region of low cooperativity, C' < 1.
We assume here that v = 3MHz and kjpss = 3MHz. b) Shown is a further
contour map of 74y, but with ¢ and k4 being varied by their respective
physical parameters R,. and T>. Remaining cavity parameters are taken to be
constant, given by the 2014 cavity described in Table The exact position
of this cavity is shown as a yellow cross, highlighting that it exists within a
regime where increased ¢ is of little improvement to process efficiency alone.

is compared to unfavourable decay channels, v and kj.ss. To examine which of these
terms is dominant in the optimisation of photon output efficiency, we have plotted the

relationship of g and Koyt t0 7oy in Figure [4.6]

As is demonstrated by this figure, there are two clear regions of optimisation, sepa-
rated by Vynout = Vi, Mout- In the lower regiorﬁ, the output efficiency of the system
is limited by atom-cavity coupling, requiring a further reduction of cavity mode vol-
ume. Above this line, it is limited by photon extraction efficiency, requiring greater
transmission of the out-coupling mirror. As ¢ and Keyu: both depend on L4y, it has
been fixed for this plot. However, the length of the cavity is clearly a key parameter

in its optimisation, as discussed later. To highlight that these parameters depend non-

8Given by 4y’ kkout + 47K Kout > g((7 + Kioss) (97 + 27Kioss) — 27Kout)-
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linearly on their associated physical parameters, Figure varies ¢ and Koy via Roe

and T,. instead.

4.6.2 Comparing Photon Production Schemes

From the perspective of single photon production, the two-level system has some clear
drawbacks. Primarily, the presence of atomic re-excitation is highly detrimental to
photon output efficiency, as it increases the timescale over which atomic depolarisation
may take place. Indeed, even for perfect mirrors, K = Koy, unit photon output efficien-
cies are not readily achieved. This is rather disturbing from the perspective of cavity

design, as perfect mirrors are impossible to fabricate.

A key aspect of photon production by V-STIRAP, and a motivation for its adoption, is
the mitigation of « by only transiently populating an excited atomic state. This allows
for near unit photon generation efficiencies, in cavities where x < . This greatly sim-
plifies cavity design, where & is not tailored by suppression of Rabi oscillations, but by
the control of cavity linewidth, cooperativity and photon extraction efficiency. In this
way Bout = BgenBext Proves an accurate reflection of cavity performance, supported by

a number of studies [19].

Whilst single photon production is certainly one demonstration of a versatile atom-
cavity interface, V-STIRAP has further advantages over the two-level scheme. These
aspects have been discussed in Chapter 2, but include an inherent reversibility of the
photon production process and the ability to encode quantum information within their
spatio-temporal wave-packets. However, given the adiabatic following required of the

Raman process, it may be limited in the production of a high bandwidth photon source.

4.6.3 Existing Cavity Analysis

We have now developed a comprehensive set of tools to assist with the quantitative

analysis of cavity design and its optimisation. To begin, we will examine two genera-
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tions of optical cavities produced within our research group, formed from super-polished
mirrors. We will retrospectively evaluate their suitability for single photon production

and motivate a direction in which improvements can be made.

Our first cavity was produced by J. Dilley and P. Nisbet-Jones in 2010 [28, |123], with
geometric and spectral properties given as Table This used near-planar mirrors
of R, = 50mm, standard for super-polished substrates at the time. To reduce mode-
volume and enhance atom-cavity coupling, the length of the cavity was relatively short
at Leqy = 74pm. Some contamination of the mirrors occurred during their installation
into vacuum, increasing incoherent mirror losses from 2ppm to 17ppm. When combined
with its short length, the linewidth of the cavity became Aw,. = 24 x 2rMHz. This
was considered too broad for polarised single photon production, given the magnetic
field strength required to resolve Zeeman split sub-levels. Then, since the optical ac-

cess was considerably low at ,, = 4°, it was unsuitable for intra-cavity dipole trapping.

A second cavity was produced by T. Barrett in 2014 using an identical set of mir-
rors [56]. In order to be suitable for polarised photon production, cavity length was
increased to 339um and further measures were taken to prevent contamination of the
mirrors. This gave a linewidth of Aw,. = 3.75 x 2rMHz, now well within our defined
limit. The lower losses of the mirrors also enhanced [, thereby surpassing the photon
output efficiency achieved in 2010. However, with its optical access remaining low at

0o = 18.5°, it would remain unsuitable for intra-cavity dipole trapping.

To address the issue of optical access, further coning was performed on the mirrors,
creating a final facet diameter of 300um. A reproduction of the 2014 cavity would then,
in principle, fulfil all of our stated requirements. However, to evaluate if some improve-
ment could be made to this design, we now perform its numerical optimisation. A grid
search algorithm sampled coordinates of (Lcqy, Toc), optimising Boy:. The parameters

(Rocy Om, 05, They, L) were held fixed, using the mirror properties of 2014. All potential
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Property Symbol Year Optimisation Unit
2010 2014 SPol  Micro
Cavity Length Leaw 74 339 310 400 pm
Radius of Curvature R 50 50 50 0.25 mm
Mirror Diameter Om 1 1 0.3 0.06 mm
Transmission (OC) Toe 40 40 71 240 ppm
Facet Diameter Os 1 1 0.3 0.13 mm
Transmission (HR) Thyr 0.1 0.1 0.1 2 ppm
Mirror Losses Lars 17 6.5 6.5 12 ppm
Cooperativity C 5.2 3.4 2.2 20.6 -
Cavity Linewidth Aw, 24 3.75 6.5 2m MHz
Optical Access 0,4 4 18.5 72.5 °
Coupling Strength g 19.3 6.2 6.6 30.6 | 2r MHz
Photonic Decay K 11.94 1.9 3.24 7.9 2m MHz
Finesse F 85,000 118,000 | 75,000 23,000 -
Generation Efficiency Ngen 0.73 0.33 0.42 0.70 -
Output Efficiency Nout 0.39 0.25 0.36 0.66 -
Generation Efficiency Bgen 0.91 0.87 0.82 0.98 -
Extraction Efficiency Bext 0.54 0.75 0.84 0.94 -
Output Efficiency Bout 0.49 0.66 0.69 0.92 -

Table 4.1: Optical Cavity Performance Analysis. The properties and
expected performance for a range of optical cavities is described. This in-
cludes two systems used for quantum information processing within our re-
search group, fabricated in 2010 [28] and 2014 [56]. Then, by numerical design
optimisation, we indicate the ideal cavities that can be produced using super-
polished mirrors and micro-mirrors. The properties of each system is specified
in sections, consisting of their free design parameters, fixed parameters, fulfil-
ment of experimental requirements (coloured in red when unmet and orange for
the limit of fulfilment), standard comparative metrics, efficiency for standard
Purcell enhanced photon capture and for V-STIRAP.

cavity designs were ensured to meet our spectral and geometric requirements, specifi-
cally: C > 1,1 < Aw./(2rMHz) < 16 and 6,, > 45°. The ideal cavity design indicated
is given in Table making a modest improvement to photon output efficiency using
V-STIRAP.

Interestingly, photon generation efficiency is now lower than in previous designs, with

the overall improvement derived purely from their increased extraction. From the form
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of Bgen given in Equation we can see that near unit efficiency is achieved for C' > 1.
Accordingly, increasing B,,+ by only a reduction in mode volume quickly saturates any
efficiency gain. However, it does provide freedom to then increase mirror transmission,
keeping system cooperativity largely constant. That is, any gain to g is optimally
balanced out by increasing k.. In this optimisation, we have reduced cavity length
by 29um, to its minimum value for 45° optical access. Then, we have increased mirror
transmission by 31ppm. While this gives only a modest increase to photon output
efficiency, it introduces a key design principle of micro-cavities and sets a benchmark

of performance for super-polished mirrors.

4.6.4 Migration to Micro-Mirrors

In the optimisation of super-polished mirror cavities, we were unable to further increase
atom-cavity coupling due to our requirement for optical access. As a result, there are
two practical solutions to achieve greater photon output efficiency. The first is to re-
duce mirror facet diameter, o, to allow for greater freedom in cavity length selection.
Or, instead of reducing cavity mode volume via cavity length, we can instead increase
mirror curvature. From a technical perspective, each of these options suggests a mi-
gration towards the use of micro-mirrors in cavity fabrication. In this section, we shall
quantitatively analyse the benefits of micro-cavities and decide on their ideal method

of production.

We now re-perform cavity optimisation, expanding our tailored degrees of freedom to
the full range outlined in Section Our sampled coordinates of mirror geometry,
(Roc, 0m) is now over the range of micro-mirrors defined in Section For each of
these coordinates, the ideal values of L ., and T,. are chosen by a grid search optimi-
sation of (... Following our discussion of laser ablation in Section we consider
mirror facet diameter to be that of a single-mode optical fibre, s = 125um. We then
assume optimistic, but realistic, coating properties of Tp, = 2ppm and L7 = 12ppm.

All cavities are verified to fulfil our requirements of strong-coupling, optical access and
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Figure 4.7: Cavity Optimisation Process. a) The optimisation of B,y
was performed, where each coordinate of (o, Ry.) represents a grid search
optimisation of (L¢gy, Toe). The green region denotes the standard geometrical
regime of ablated micro-mirrors, following our analysis of Section The
ideal cavity coordinates are indicated by a yellow cross and are at the limit
of the ablated region. Improved cavity performance is possible for mirrors of
greater diameter. b) For the ideal values of R,. and o,,, the optimisation of
Toc and Ly, is shown. The region where our experimental requirements are
met is shown in green. Otherwise, left of the red line represents insufficient
optical access and right of the line denotes where cavity linewidth is too broad.
At the greatest cavity lengths the onset of clipping loss can be seen, rapidly
reducing photon output efficiency.

spectral suitability as outlined in Sections [£.4] and [£.-5] The properties of the ideal

cavity indicated are given in Table

The use of micro-mirrors has seen a substantial improvement to both Bgen and Beg:.
Their high curvature has greatly decreased cavity mode volume, increasing cooper-
ativity to C' > 20. This has essentially saturated photon generation efficiency at
Bgen = 0.98. As introduced in our optimisation of super-polished cavities, this has
allowed T,. to be increased by a substantial 170ppm, while remaining in the strong-
coupling regime. Thus despite the greater incoherent losses expected of micro-mirrors,

its negative impact on extraction efficiency has been rendered negligible by greater xy-
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The geometrical mirror parameters of our optimal cavity are R,. = 250pum and o, =
60pm. From our comparison of glass shaping methods given as Section this ce-
ments laser ablation as our chosen method of their production. To now guide the design
of this experimental platform, highlighting which mirror properties should assume pri-
ority, we examine this optimisation further. Accordingly, Figure [4.7] shows regions of

Bout varied around our selected cavity parameters.

In this figure, it is clear that optical access and high cooperativity are no longer a lim-
iting factor to cavity design. Instead, we are limited by the maximum linewidth of our
cavity, at 16 x 2rMHz. Ideally, we would be able to narrow cavity linewidth by a further
increase in cavity length. However, we are currently limited in this regard by the onset
of clipping losses. As is discussed in Section [4.4] the most practical solution to this is
to simply increase mirror surface diameter. In this effort, our experimental platform
will use a recently developed method of laser ablation, termed ‘laser-dot milling’ [47];
demonstrated to enhance feature diameter. It then remains important to achieve good
optical quality of the final mirror surfaces, as greater incoherent losses would frustrate

our efforts to reduce cavity linewidth.

Finally, the higher standard cooperativity of cavities formed from micro-mirrors in-
creases our experimental versatility. We have discussed that for our favoured scheme
of polarised photon production, a migration to the D1 line would promote higher pho-
ton production efficiency and purity. However, to overcome the inherently weaker
atom-cavity coupling when compared to the D2 line, a more confined mode volume is
required. Indeed, this was the reason the optimised super-polished cavity was never
fabricated. Although it met with our general requirements, the far greater freedom in

cavity applications that comes with micro-mirrors is preferable.

Outside the context of single photon production, many quantum information processing

schemes require several coherent operations to be performed on the emitter. As coop-
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erativity is defined as a ratio of coherent to incoherent dynamic rates inside the cavity,
it is also the basic figure of merit for the number of quantum operations that can be
performed. Within our field, cavities formed from micro-mirrors have realised in excess

of C' = 100, largely impossible with open-access super-polished substrate cavities [124].

4.6.5 Birefringent Orthogonal State Coupling

Here, we consider a potential advantage of engineering birefringence into our cavity
mirrors. This discussion is based on our recent work [125], for which I was a co-author.
An expanded discussion of the technique and full list of contributors can be found
therein. We start by taking a simplified form of photon generation efficiency in the two

level atom. For the case of high cooperativity, Equation [£.5] reduces to:

K

s (4.8)

Nlgen,C>>1 =

This sets our basic measure of process efficiency for the non-birefringent case. A bire-
fringent cavity supports two orthogonal polarisation eigenmodes, separated in frequency
by Aw. [38]. Some degree of birefringence is inherent to mirrors comprised of dielectric
stacks [126], but is also engineered into a cavity by the use of geometrically elliptical
mirrors [39]. When light circulating the cavity is misaligned with respect to a polari-
sation eigenmode, its polarisation state rotates at a rate Aw.. This equally applies to
atomic emission into the cavity: where an atom emitting into a non-eigenmode of the

cavity will generate a photon in an evolving polarisation state.

To consider the potential utility of this process, we define a birefringent cavity with
linearly polarised eigenmodes, |X) and |Y). This is coupled to an atom which may
emit circularly polarised light, |+) = 1/v2(|X) +4|Y)) or |=) = 1/v2(|X) —i|Y)),
as quantised in the axis of the cavity. The atomic level scheme, described in both the

atomic and cavity basis, is given as Figure We consider each linear polarisation
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Figure 4.8: Birefringent Cavity and Two Level Atom. a) In the basis
of the birefringent cavity, the atom emits into both horizontally and vertically
polarised eigenmodes. The energetic splitting of these states is Aw.. Each
mode is subject to decay, via coherent emission of the photon from the cavity.
b) In the atomic basis, the atom couples only to one circularly polarised mode,
with the photon evolving to the uncoupled state at a rate Aw. . This reduces
re-excitation of the atomic state, |e,04,0_), decreasing population lost via .
Figure adapted from [125].

mode to have equal detuning 4+(1/2)Aw, from atomic resonance.

When an atom emits into |+), its linear components experience a progressive de-
phasing, induced by the birefringence of the cavity. This will evolve the photon to-
wards a |—) state, thus decoupling it from the atom. As a greater photon population
is de-coupled, re-excitation is prevented and atomic de-polarisation is suppressed. Es-
sentially, birefringence has allowed us to shield the photon from the atom, enhancing

its extraction efficiency.

It can be shown, via the quantum master equation approach taken in the paper, that
an optimal choice of birefringence is Aw. = v/2¢. This doubles the time in which the
atom is in its ground state, providing an equal enhancement to the effect of x on photon

generation efficiency. Thus, we re-express Equation as:
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2K

Ngen,C>1,Aw.=v2g — Wt (4.9)

In the case of the 2010 cavity, this increases 7ge, from 0.73 to 0.81 and for the 2014
cavity from 0.33 to 0.49. For C > 1, the maximum enhancement that can be engi-
neered by this method is 17.2 percentage points, achieved for k = 7/ V2. However, we
are ultimately limited in this method by the continuous evolution of the polarisation
state of the photon, which cannot simply be halted once decoupled from the atom.
To reach unit photon generation efficiencies, one requires access to a larger number of

states which are decoupled from atomic de-excitation ]

Overall, this highlights birefringence as an interesting degree of freedom in cavity de-
sign, used in the control of polarisation dependent photon production schemes. In the
following work on mirror fabrication, its control is considered in detail, by engineering
cavity mirrors with an elliptical geometry. However, for schemes outside the produc-
tion of a single photon, the evolving polarisation state of the photon must be treated
carefully. In particular, it may generate a limitation on the unification of many sin-
gle photon sources [38], or reduce the fidelity of remote atom entanglement within a

quantum network [127].

4.7 Design Review

The central objective of this chapter was to consider the implications placed on cavity
design by a requirement to facilitate strong atom-cavity coupling to a dipole trapped
single atom. We have outlined the geometrical limitations this creates, in ensuring
sufficient open-access to the cavity mode for injection of the trapping light. However,
since the properties of a cavity as a coherent quantum interface have a highly interre-

lated dependence on its small set of physical design variables, we have observed that

9The paper describes this scenario using an N-level atom.
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achieving this open access must be performed with care.

In this effort, we evaluated previous atom-cavity systems and considered their limita-
tions. We determined that an increased mirror curvature allows for longer cavity lengths
and increased mirror transmission, without leaving the strong-coupling regime. In si-
multaneously promoting photon extraction efficiency, system cooperativity and optical
access, the route towards creating our desired cavity was with the use of micron-scale
cavity mirrors. However, the diameter of these mirrors proves an important aspect of
preventing clipping losses, allowing cavity length to be increased in favour of a reduced

cavity linewidth or improved optical access.

In the opening of this chapter, we suggested that a cavity highly optimised for one
experimental architecture may have limited versatility. By this reasoning, we favoured
more elementary metrics of optical cavity performance. Accordingly, in the work of
the following chapter we seek to more broadly expand the range of accessible mirror
geometries, rather than pursue the construction of only a single cavity schematic. How-
ever, by considering some more refined examples of single photon production, we have
deduced where the emphasis of this work should be placed. In highlighting a previous
study of producing polarised single photons on the rubidium D2 line, we noted that
an inherently larger cavity cooperativity provides freedom to move to a more weakly
coupled atomic transition. In examining a route towards increased photon production
efficiency in a two level atom, we have observed a potentially significant advantage of

controlling cavity birefringence.

Overall, we intend to produce mirrors of tight curvature, with large diameters and
controlled ellipticity. In consulting the standard geometrical range of FIB milling and
laser ablation given in Section this can be achieved directly using ablation. As
discussed therein, this comes with the immediate advantage of good optical surface

quality, simplifying the creation of a high finesse resonator. However, unlike most
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approaches, we will not be seeking to create fibre-tip cavity mirrors. In our process of
cavity design, we have treated our micro-mirrors as standard optical elements, without
needing to consider the overlap of cavity mode geometry with that guided by the fibre.
Doing so would likely dominate our cavity design optimisation process, or require the
development of complex optical fibres with inherent geometric mode-matching. We
therefore seek to create a mirror which has the same facet geometry as a fibre-tip, but
the experimental practicality of a bulk mirror substrate. This allows propagation of

the cavity mode into free space, without further restrictions.



Chapter 5

Cavity Mirror Fabrication

This chapter describes a novel apparatus for laser ablation, used in the production of
micron-scale cavity mirrors. We open with a technical description of the developed
platform, including measures taken to control the ablative process and reconstruct
fabricated surface features. Then, it will be applied to the manufacture of pyramidal

micro-mirrors, evaluating their role as a potential alternative to fibre-tip cavities.

5.1 Introduction to Laser Ablation

Laser ablation is the removal of material from a substance by evaporation or subli-
mation, thermally induced by intense laser irradiation. It is routinely used in material
processing to produce detailed micro-structures on materials that are otherwise difficult
to machine. Sub-microsecond pulsed lasers are a common choice for this application,
given their ability to impart high energies in a controlled manner |128]. However, they
have proven unsuitable for the processing of optical glass, given the relatively low sur-

face quality of their generated features [129 |130].

In order to create spherical depressions suitable for cavity mirrors, continuous wave
(CW) lasers are used instead, with exposure times of greater than 1ms [36]. This cre-
ates a molten layer underneath the evaporated material, which due to surface tension,
solidifies with high optical quality. The interplay of evaporated and molten glass can
be controlled by the characteristics of the laser exposure, allowing one to shape the
feature created. However, the control of fast and complex thermal processes is no-

toriously difficult, imposing many limitations on the geometry and reproducibility of
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mirror fabrication [115].

The majority of research into laser ablation has been towards establishing greater con-
trol over this thermal process, allowing the fabrication of a wider range of surface ge-
ometries with fewer errors. This is highlighted by the development of several methods
of expanding feature diameter and controlling their ellipticity [40} 47, /131]. However, an
analytical model has not yet been developed which can directly connect laser pulse pa-
rameters to produced geometries [132]. Therefore, a detailed empirical characterisation
of each ablation system and substrate design must be performed regularly, rendering
the creation of arbitrary mirror profiles highly time consuming. This requires that in-
creasingly sophisticated methods of mirror shaping be matched by advances in rapid

surface reconstruction.

5.1.1 Experimental Objectives

Our discussion on cavity design proposed the advantages of micro-mirrors for building
a quantum interface, via an increased photon output efficiency and allowing for greater
experimental flexibility. Therefore in our construction of an ablation system, we are
primarily looking to access the standard geometric regime of ablated mirrors, presented
in Section [4.3.4, Then, we wish to concentrate on two improvements, highlighted by
our examination of cavity optimisation. The first is to create larger mirror surface di-
ameters, preventing the onset of clipping losses at extended cavity lengths. This allows
for greater optical access and a reduced linewidth. Secondly, we wish to control mirror
ellipticity, allowing a further degree of freedom in the control of polarisation dependent

driving schemes.

This enhanced geometric control will be achieved by the combination of two established
methods, micro-patterned ablation [47] and substrate rotation [40], each reliant on pre-
cise substrate translation. Given some technical issues presented by fibre-tip cavity

mirrors, we will additionally be looking to perform ablation on a variety of prototype



76

substrates, requiring an adaptable substrate mount. Then, in order to overcome the
laborious nature of connecting feature geometry to laser pulse parameters, we require

a rapid and non-invasive method of surface reconstruction.

In fulfilling these requirements, we also open the novel possibility of building arrays of
micro-mirrors placed on the same substrate. We investigate this for two applications.
The first is to increase the scalability of single atom-cavity systems, allowing multiple
quantum interfaces to be operated using the same experimental architectureﬂ This
application is further discussed in Section|6.5] in the context of an initial demonstration
of a four-cavity system. Secondly, an array of several hundred features may be used
for enhanced chemical sensing. While outside the scope of this thesis, several studies
support optical cavities as a useful tool in the rapid analysis of chemical samples [133,

134].

5.1.2 Overview of Platform

Our experimental approach to mirror shaping was to overlap the beamlines necessary
for laser ablation and surface profilometry. The first required an infrared beamline, to
apply precise and stable laser exposures to the target substrate. The second comprised
a white light interferometer, to monitor evolving substrate geometry. In order to rapidly
transition between these operations, their required optical elements were mounted on
motorised flip mounts. An electronically re-configurable approach allowed glass shap-
ing to proceed with greater automation, a design intention which was reflected in many
aspects of the developed platform. An illustration of the combined system is given
as Figure [5.1] showing both configurations. In the remainder of this section we shall
highlight the operating principles of this system, with detailed technical descriptions

given in the remainder of the chapter.

'For the cavity systems considered in Chapter 7, this would be a common vacuum chamber and
system for length stabilisation.
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Figure 5.1: Ablation and Profilometry Integration. The developed sys-
tem overlaps the optical elements necessary for glass shaping and surface re-
construction, via the use of motorised flip mounts. a) For laser ablation, a
collimated infrared beam is focused onto the target substrate by an f = 50mm
lens. The target substrate is mounted on a rotational and translational stage.
b) A Michelson interferometer is used for surface reconstruction with white
light illumination. This requires introduction of a 50:50 non-polarising beam
splitter and planar reference substrate. The optical path lengths to the refer-
ence and target substrates are tuned by piezoelectric stacks, with their joint
interference pattern measured by microscope.

During the ablation process, the target substrate is exposed to an illumination power
of 1-4 watts for a duration of 5-150 milliseconds. These pulses are shaped by the rapid
modulation of laser excitation, which was observed to give an improved performance
over using a fast shutter. Electronic feedback is applied to reduce fluctuations in in-
tensity, improving the geometrical consistency of generated features. To then average

out any residual error, each pulse sequence comprised a large set of repeated exposures.

Glass shaping and profilometry required continual substrate re-positioning, provided
by motorised translation stages. Linear stepper motor translations were used to create
large arrays of features on one substrate. Piezoelectric actuators were used to apply
patterned exposures and perform fine tailoring of individual feature geometry. Sub-
strate rotations were applied to smooth feature ellipticity, or set the orientation of an

elliptical feature with respect to its base substrate.
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Feature geometry was determined by white light interferometry, via phase and coher-
ence scanning methods. This provided a measure of feature diameter, curvature and
ellipticity; allowing the empirical connection of a pulse sequence and its associated mir-
ror geometry. To evaluate surface roughness and predict scattering losses, atomic force

microscopy was performed external to the ablation apparatus.

All elements were combined by a unified software control. This allowed the fabrication
of an array of features and their characterisation to be performed with minimal user
input. A full schematic of the experimental system is given as Figure [5.2] which shall

be referenced throughout the remaining chapter.

U / I Glass Substrate
f=100mm
A - Ml Piezoelectric Stack
Electronics
C B WL .
’ I ] ; \ Diaphragm Shutter
[\ Beamsplitter
PM
INETTEI e PC @ Waveform Generator
a4
PM 4 High Voltage Amplifier
:
WL | White Light Source
AFTR 7 7nse E 10.6um UC2000

Figure 5.2: Schematic of Laser Ablation and Surface Reconstruction
System. The combination of 10.6um, 640nm and white light beam paths is
shown. The general wiring diagram is outlined, highlighting which apparatus is
directly synchronised. The electronically removable sections of the apparatus
are lettered, which allow the system to rapidly switch between A: ablation and
B: interferometry. Ablation pulse shaping is assisted by C: power stabilisation
using a power meter (PM) and D: fast control of substrate exposure by a
shutter. A key is given to the right of the schematic. Speciality optics include
an absorbing thin film reflector (AFTR), quarter wave retarder (A/4), and zinc
selenide (ZnSe) window used as a dichroic mirror.
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5.2 Ablation Laser System & Pulse Generation

The nonlinear nature of ablation renders feature geometry highly sensitive to laser
power and exposure duration. As such, these must be well controlled in order to
achieve feature regularity and reproducibility. Since peak absorption for glass lies in
the 10pum wavelength regime, relatively inexpensive COs lasers are used. However,
these lasers are generally supplied for industrial cutting applications, so high stability
is not present off-the-shelf. Instead, bespoke systems for regulating power fluctuations
must be constructed in the laboratory. Accurate pulse shaping additionally proves
more challenging at this wavelength, due to the lesser availability of fast electro-optical
devices. As we shall discuss, some interplay between improving stability and accurate

pulse-shaping was required in our approach.

5.2.1 Laser System

The laser selected was a Synrad 48-1w with a maximum optical power of 10W at
10.6pm. This is normally a pulsed laser, whose power is determined by the duty cycle
of a 5kHz driving signal. However, in increasing this repetition rate to 20kHz, the
laser behaves quasi-continuously over the timescale of ablation. The collimated output
beam diameter of the laser is 3.5mm, focused onto the target ablation substrate using
an f = 50mm air spaced doublet lensE] The temperature of the laser is stabilised using
a closed-loop centrifuge water coolerE] which maintains an operational temperature of
4+ 0.1°C up to maximum output laser power. Whilst air-cooling is standard for gas

lasers, water cooling gives greater thermal stabilityf_f]

Back-reflections from beam-shaping optical elements into the lasing medium are likely

to cause significant power instability. Therefore, an optical isolator was constructed on

>Thorlabs AC254-050-F

3PolyScience LM6

4This also conveniently allows fan vibration to be located away from the optical table surface,
preventing oscillation of attached optical elements.
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the output of the laser. This primarily consisted of an absorptive thin film reflector
(AFTR), which reflects s-polarised light and absorbs p-polarised light, followed by a
quarter wave retarder (QWR)ELight output from the laser is s-polarised, so is reflected
by the AFTR and rotated into circular polarisation by the QWR. Previous studies have
reported lower feature ellipticity using circularly polarised light [39], therefore we do
not modify it further. Light back-reflected onto the QWR is rotated into p-polarisation
and absorbed by the AFTR, thus protecting the laser. Since the operation of the AFTR
requires it to be mounted at 45° to the direction of propagation, the optical isolator is

additionally used as a fixed periscope to match the height of the target substrate.

Even with a temperature controlled environment, the intensity stability of the laser
is approximately +5%, which is unsuitable for precise ablation. Therefore, systems
of fast and slow feedback were developed. High frequency fluctuations are measured
using a 90:10 beam splitter on the laser output and monitoring of the weaker channel
using a thermopile detectorﬁ An error signal is fed directly into the laser controller
RF sequencer to modify the duty cycle of the laser. However, it can be seen that
discontinuous power jumps, corresponding to modal competition between the 10.53um
and 10.67pm laser lines in COs, are unaffected. This behaviour was readily seen in

fabricated cavity arrays by the presence of two distinct feature geometries.

5.2.2 Active Power Stabilisation

In order to reduce mode-hops and slow drifts in laser power, the intensity is further
monitored using a thermal power meterﬂ between ablation pulses, with an integration
period of 1s. The required power corrections are of sufficiently low bandwidth that they
can be made by software adjustments to the duty cycle. This applies a proportional-
integral-derivative (PID) feedback signal to the laser controller, allowing the user to

‘lock’ the laser power to a desired value. This does not require one to calibrate the rela-

5Ophir 631347-117 & 630706-117
5Synrad Closed Loop Stabilization Kit
"Thorlabs S425C
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tionship between duty cycle and output power, which measurably shifts on a daily basis.
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Figure 5.3: Operation of the Search and Lock Algorithm. a) A sample
ablation sequence using improved methods of laser power stabilisation. There
are three series of 10 shots at 1W, 2W & 3W, seen as dips in the measured
power. The green trace shows the natural stability of the laser, which is
greatly improved by application of fast feedback (yellow). The blue trace
shows the dual-feedback method, showing both the short term stability of fast
feedback and being closer to the intended power. b) 10 4W shots are performed
with only fast-feedback, with the 4.05W mode dominating the sequence. Shot
timings are highly periodic, since no laser re-locking was applied. ¢) The search
and lock algorithm running for ten ablation pulses at 4W. Modal competition

causes laser power to jump to 4.05W, but is successfully re-locked before each
shot, shown in red.

The ablation beam is directed into the thermal power meter by an electronically con-
trolled flip mirrorﬁ Since power cannot be monitored during ablation, the final correc-
tion is made 0.8s before the laser is pulsed. This delay corresponds to the mechanical
switching time between ablation and power-monitoring beam lines and sets the mini-
mum period of stability required. Following a pulse, power monitoring is re-established
and there is a waiting period to allow the substrate and meter to re-thermalise. For
most ablation shots, the power variance over this period was low and re-locking of the

laser was not required. However, if the deviation exceeds a defined tolerance, a search

8Thorlabs MFF101/M
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and lock algorithm repeats until the desired error threshold is achieved. Accordingly,

laser instability manifested itself as a longer delay between pulses, instead of a variation

of their power.
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Figure 5.4: Final Power Stability of the Laser. a) A power trace for
a standard ablation sequence is shown. Due to the electronic switching delay
and power meter thermalisation time, there is an elongated delay between
measurement of the power before each shot (green) and after (red). Each
power dip corresponds to an ablation pulse being applied, where the duration
is considerably shorter than the power meter integration time. b) The pre-
shot power distribution is inset as a histogram, being compared to regions of
< 0.2% power variation (green) and < 0.5% (yellow). ¢) The post-shot power
distribution, also showing regions of < 0.2% and < 0.5% power variation.

The action of the re-locking algorithm is outlined fully in Figure [5.3] The intended
sequence comprises three consecutive sets of ten identical shots, at powers of 1W,
2W and 3W respectively, representing the standard range used. Without feedback,
the system had very poor performance, both in the average power and its standard
deviation. Fast feedback improved consistency, but some mode hops persist over several

shots and absolute power calibration slowly varies. Dual feedback rectifies calibration
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errors, while introducing occasional delays between shots. This on average doubles the
array fabrication time, for a defined tolerance of +0.05W. The shot-to-shot noise of
the dual feedback system is measured to have similar variance to only fast feedback,
with the benefit of a consistent mean power. An example of the power spectrum of
a representative ablation sequence is shown in Figure |5.4l It can be seen that power

fluctuations are < 0.5%, including the mechanical switching delay.

5.2.3 Pulse Shaping

The standard pulse length for ablation varies between 5 - 150 milliseconds, for which
an accuracy in the microsecond regime is important. A diaphragm shuttelﬂ was ini-
tially tested as a method of beam shaping. The rise and fall time of the shutter was
measured using a light gate arrangement, comprising the shutter, a laser diode and fast
photodiode. The standard exposure accuracy of the shutter was +1.8ms, which was
improved to £0.7ms by locating the shutter at the beam focus. This is slightly above
desirable, but presented a secondary issue in that short-duration exposure patterns

were dominated by the shutter transition profile.

Alternatively, the laser power can be quickly modulated via the RF controller, with
a quoted accuracy of < 150us. This performance could not be characterised directly,
due to the lack of availability of MHz bandwidth photodiodes responsive at FIR wave-
lengths. While Mercury-Cadmium-Telluride (MCT) sensors are generally used at this
wavelength, they are an order of magnitude more expensive than the industry standard
silicon doped detectors used for visible wavelengths. As an alternative, the black-body
radiation produced during the ablation of glass was used as a signature of laser irra-
diation. At very high powers a white glow is clearly visible from the heated surface,
easily measurable by a Si detector. The results of this characterisation are shown in
Figure [5.5l Due to a gradual heating of the surface, the FIR laser is not immediately

detectable. However at the end of the pulse there is a sharp drop in irradiance, delayed

9Thorlabs SHB025
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by only 200us with respect to the control signal. Therefore, it was further assumed

that laser gated pulses had a greater accuracy than those controlled by the shutter.
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Figure 5.5: Laser Gating Method for Pulse Shaping. a) The control
signal for the laser (black) is compared to an ablation glow measured on a
photodiode (blue). Due to slow heating, the switch-on response of the laser
cannot be determined, but the switch-off is clearly visible and as intended.
This is compared to the period the shutter is open (yellow), timed to modulate
when the laser is powered down. b) The first leading edge of the laser control
signal is shown in black. As the laser output is activated the excitation scheme
(red) changes from 5kHz tickle pulses to a 20kHz driving signal, pushing the
laser over threshold.

To form each ablation pulse, the laser powers down, the beam is directed onto the sub-
strate and a top-hat illumination profile is applied. Afterwards, the beam is directed
away from the substrate and continuous lasing is re-established. In order to maximise
the consistency of each exposure, the switch-off time of the laser should be kept min-
imal. Otherwise, the temperature of the gain medium and resonator length is likely
to drift substantially, causing a modal shift once excitation is resumed. The transition
speed of the flip mirror proved too slow to prevent this, so the shutter was installed
as a secondary ‘fast’” modulated mirror. This directed the laser power into a graphite
beam trap before each ablation pulse, requiring the laser to be powered down for only

20ms.

To ensure that an ablation pulse had the same peak power as during continuous op-
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eration, tickle pulses are applied to the gain medium during the ‘off’ period. These
excitation pulses had a duration of 1us, supplied at a rate of 5kHz to ensure that the
gas remains ionised, but slightly below lasing threshold. Ideally, this ensures the laser
is ready for the rapid recommencement of output, as shown in Figure ) However,
since there is no synchronisation between the tickle pulses and the laser pulse shap-
ing, there is a random delay before each ablation shot. Empirically, this method of
pulse generation was observed to greatly increase the prevalence of mode-hops, when

compared to continuous laser operation.

5.2.4 Profile Smoothing

Despite significant efforts in improving the operational stability of our laser system
and the accuracy of exposure duration, fluctuations remained visible in the features
fabricated. This is commonplace in other ablation systems, where a large proportion of
ablated fibre facets is simply discarded. However, in fabricating large arrays of features
on the same substrate, this becomes impractical given the increased time and cost of
replacement. The magnitude of these fluctuations was greater than one would antici-
pate, given our characterisation of pulse parameter accuracy and material sensitivity,
suggesting a more obscure mechanism at play. It is likely that this resulted from our
pulse shaping method, where the switch-on behaviour of the laser is naively assumed to
be identical to that of continuous operation. Since we lacked measurement apparatus
with sufficient temporal resolution to characterise this behaviour properly, it remained

undiagnosed.

However, large arrays of excellent consistency were produced by the application of sev-
eral pulses to each array site, thereby averaging out fluctuations. Since this was further
improved by randomising the array coordinates between each pulse, it suggested that
some slowly varying process was contributing to the error. A key difficulty was that the
progressively changing profile of the glass surface reacted differently to consecutively

applied pulses. As an example, if the first shot was especially powerful, creating a very
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deep feature, it was almost impossible to recover a completely symmetric array. As
such, weaker pulses were preferred, as a spurious mode would generally be recoverable.
However, weaker pulses would generally require a larger number of repetitions to reach
the desired geometry, requiring a longer fabrication period. When combined with the
requirement to re-lock the laser power regularly, this period became limited by thermal

drifts in substrate position.

- > - -

15 Repetition

Figure 5.6: Improving Regularity by Array Repetition. The improve-
ment of feature regularity can be seen on a 5 x5 grid of features, each separated
by 200pm. The laser was re-locked after each shot, during which time the sub-
strate was translated to the next ablation site. After each site was shot once,
an image was taken and the pattern was repeated. a) Shows the initial array,
b) shows the 6 repetition and c) the 122

A compromise came in applying staggered bursts of exposures to each site in the array.
Laser power stabilisation was performed before each burst, normally comprising of
approximately 5-10 exposures. After each burst, while the substrate was re-thermalsing,
it would be translated to a randomly selected neighbouring site. Once every site had
been addressed, the whole process was repeated, usually up to 15 times. An example
of array profile smoothing is shown in Figure [5.6] which reliably produced symmetric
patterns. However, this comes at detriment to the global applicability of our fabrication

parameters, since they are now inherently tied to our systematic fluctuations.
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5.2.5 Improved Design Schematic

Our analysis thus far has highlighted a number of technical improvements that could
be made to the experimental apparatus. These are anticipated to greatly improve the
reliability and reproducibility of ablation, at the cost of notable financial investment. In
essence, these recommendations are generally the reapplication of laser control methods
routinely applied at visible wavelengths, where active and passive optical devices are

more readily available.

Our first requirement is to change the method of pulse shaping, such that it does not
require modulation of the laser drive signal. An ideal method is an acoustic-optic mod-
ulator (AOM) based optical switch, which uses an AOM to modulate laser throughput.
Therefore, by simply sweeping the drive voltage supplied to the AOM, we can create
exposures with a temporal resolution much greater than currently possible. A more
detailed description of this switching method is given in Chapter 6, where it is used to

construct a cavity ringdown spectrometer.

Since the laser may now operate continuously, the prevalence of mode-hops will be
greatly reduced. However, some power fluctuations will certainly persist. These could
be reduced by monitoring a portion of the beam on an MCT photodiode and applying a
correction signal to the AOM. Assuming there is no conflict in the required modulation
frequencies, power correction and beam-shaping can be performed simultaneously, by

simply mixing their AOM input signals.

To fully mitigate the presence of mode-hops in the laser output, a monochromator
may be added to the beamline. If the laser then jumps between 10.53um and 10.67um
lines, it is easily detectable and the target substrate is inherently protected. However,
further studies have indicated that switching to a 9.3um COg laser is actually preferable

for laser ablation, as it is absorbed more strongly by the glass [39]. This leads to a
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reduction in the molten layer thickness, preventing the formation of convex features at

the centre of the ablation site.

5.3 Substrate Positioning

So far, we have shaped the geometry of ablated features by careful specification of the
laser exposure parameters. However, there is a limited range to these parameters, given
the requirements of optical cavity mirrors. As a simple example, a short and intense
laser pulse creates a very thin molten layer, generally proving insufficient to smooth
the glass to optical quality. In contrast, a weak and sustained exposure will establish
a predominantly molten layer, which under surface tension will form a convex feature.
In order to achieve the enhanced diameters and controlled ellipticities recommended
by our cavity design optimisation, these limitations must be overcome. This can be
achieved by incorporating substrate translation into our ablation protocols. We will
consider two established methods, substrate rotation and micro-patterned ablation. In

this section we shall discuss the apparatus used to trial these simultaneously.

5.3.1 Mounting & Alignment

The majority of the degrees of freedom in substrate positioning are achieved using a
6-Axis Ncmomaﬂ stepper motor and closed loop piezoelectric stage. The Cartesian
axes have a travel range of 4mm, limiting the maximum dimensions of a mirror array.
The piezoelectric transducers have travel of 30um, with a standard accuracy of +2nm.
The three curvilinear axes are controlled by high-resolution manual micrometerﬂ as
they are only required during the initial alignment stage. A 360° bi-directional rotation
stepper motor stagdz is mounted onto the Nanomaz, into which the target substrate

is installed.

0T horlabs MAX609L/M with DRV001 Stepper Motors.
1 Thorlabs DRV3
2Thorlabs K10CR1/M
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To allow for prototyping, a generalised substrate holder was attached to the rotational
stage. This accepted smooth cylindrical elements of 25.4mm diameter, secured by
Teflon setscrews. Adaptors were developed for mounting substrates smaller than this,
down to 125um diameter optical fibres. Light could pass through the rotational mount,

allowing for simple optical alignment when a pair of irises were attached.

a) b)
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Figure 5.7: Substrate Positioning System. a) An optical microscope
image demonstrates that precise mirror patterns can be constructed by au-
tonomous control of the stepper motors, here showing ~ 400 features in a
phyllotactic arrangement. Inset is the ablation fabrication coordinates up-
loaded for manufacture. b) A regular array of single shot features with equal
power, duration and spacing was fabricated. The combination of arcuate mo-
tion and cross-talk due to the multi-axis flexure state is shown, demonstrating
oscillation in substrate depth when translated perpendicularly to the beam.

To ensure alignment between the ablation beam and target substrate, a visible 640nm
laser diode beam was overlapped the COg light. This wavelength was selected as it
is partially reflected by the common optical material zinc selenide, whilst mid-infrared
wavelengths are transmitted. As such, a simple zinc selenide laser window acted as a

longpass dichroic filter.

The laser diode beam profile exhibited significant ellipticity, which made it difficult to

check lens alignment for astigmatism. This could have been rectified by replacing it
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with a Helium-Neon laser, which operates at a similar wavelength with considerably
improved modal quality. However, the greatest signature of system alignment came in
the fabrication of feature arrays. If the ablation beam was not addressing the target
substrate perpendicularly, then feature depth would gradually shift across the array.
By estimating the distance from focus of each feature, one could adjust alignment
proportionally. A complex array pattern is shown in Figure ), demonstrating good

system alignment.

5.3.2 Translational Cross-Talk

One can note that small deviations are visible in this array pattern, which have largely
been attributed to the laser instability issues discussed previously. However, it was
later detected that there was a slight correlation between error size and location on the
substrate. To examine this further, arrays of very close feature spacing were fabricated,
with a site separation of only 100pum. This was previously avoided for standard array
fabrication, as notable overlap of each feature occurs. However, this highlighted an
oscillating pattern, where depth varied in waves emanating from a fixed point on the

substrate. An example of this pattern is shown in Figure |[5.7b).

The flatness of the substrates was measured by coherence-scanning interferometry, but
showed deviations significantly smaller than could cause the observed pattern. Instead,
this behaviour appeared to be caused by cross-talk in the Nanomaz translation stage:
as the substrate was moved to the position of the next site, some oscillation in the
distance of the substrate to the focusing lens would occurE This derived from the
stage operating using a flexure mechanism, rather than having independent movement
axes. This platform was selected as it allowed for 12 movement actuators in a very

compact profile, but this clearly came at expense to their translational accuracy.

These flexure patterns seemed to have history dependence, so were greatly reduced in

3The manual of the NanoMaz stage referred to this as arcuate motion.
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magnitude by randomising the order of feature fabrication. This was integrated into
the profile smoothing methods of Section Ideally, there would be an independent
system developed to monitor the location of the translation stage, allowing suitable

corrections to be made.

5.3.3 Rotational Smoothing

In the array of ablation features presented previously, one could note identical ellip-
ticities, elongated along the horizontal axis. As the expected cause, the profile of the
laser beam was characterised using a knife-edge method and indeed presented a near
identical profile. In the first instance, we require perfectly spherical cavity mirrors to
prevent birefringence. The simplest way to rectify this issue was the rotational smooth-
ing technique trailed in our research visit to the Keller group [40] and recreated in our
apparatus. This applies a large number of ablation pulses as the substrate is rotated,
averaging out any inherent beam ellipticity. Without the use of any beam shaping

optics, features with eccentricity < 2% could be readily fabricated.

A key difficulty in this method is that it is exceptionally challenging to ensure that the
axis of substrate rotation is perfectly aligned with that of the ablation beam propaga-
tion. Therefore after each rotation step, Cartesian translations must be performed to
bring the feature site back into alignment. Given that up to 50 shots would generally
be applied to each feature site, this was unfeasible to perform manually. Instead, an
algorithm was developed which could recognise the position of the substrate by opti-
cal imaging and automatically apply the required corrections. This proved effective for
fibre production, as the illuminated edge of the fiber presented an easily resolvable indi-
cator of position. However, the increased size and irregularity of macroscopic substrates

proved challenging for the development of a universal object recognition protocol.
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5.3.4 Micro-Patterned Ablation

A further limitation of rotational smoothing is that ellipticity is simply removed, rather
than being controlled. As discussed in Section [4.6.5] ellipticity actually presents an in-
teresting degree of freedom in polarisation dependent photon production schemes. In
order to tailor it into our features we performed micro-patterned ablation, or ‘laser-dot
milling’ [47]. This fabricated a feature using many laser exposures, each separated by

small piezoelectric motions.

Our standard pattern was to follow sets of concentric ellipses, gradually migrating to-
wards the centre of the feature. The final laser exposure was at the feature centre,
given the intended location of the cavity mode. In order to create spherical features
from the elliptical beam, these rings were given an eccentricity equal to that of the
laser profile, but with a perpendicularly aligned major axis. An example micro-pattern
is given as Figure In general, feature eccentricity could be enhanced or mitigated

by stretching of the milling pattern.

A second advantage to this method is that the feature diameter may be enhanced. In
general, this allowed us to expand the standard 40um feature diameter of a single site
up to 100um for a patterned site. This was limited both by the maximum translation
range of the piezoelectric stage and by the inherent ellipticity of the beam: when cre-
ating spherical features, some trade-off between ellipticity cancellation and diameter
enhancement was made. Since this is a critical characterisation of our ablation appa-
ratus, it is considered in further detail in Section [6.3.2] in the context of associated

spectral analysis.

5.4 Experimental Control

Fabricating an array of individually micro-patterned features requires several hundred

substrate translations, frequent laser re-stabilisation and surface inspections. A crucial
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Figure 5.8: Micro-Patterned Ablation. An example micro-pattern is
shown, where each point represents a laser exposure position on the substrate.
This pattern consists of three ellipses, comprising 16 exposure positions in the
outermost ellipse and 8 exposures in each of the two inner ellipses. The first
exposure is at the top of the pattern, shown in green. The final exposure is at
the feature centre, shown in red. The route between consecutive exposures is
shown as a red line. Where possible, ablating two neighbouring sites in a row
is avoided, to ensure creation of an even profile. The ellipticity of this pattern
was sufficient to negate the ellipticity in the ablation laser, giving spherical
mirror profiles.

element of the fabrication platform was therefore the centralised control of all devices
electronically. Software was written in Mathematica, which allowed the user to specify
a coordinate for each feature, including their location, pattern, laser power and pulse
duration. A full set of coordinates was then compiled into an instruction set file, which
could be uploaded to a graphical user interface built in MATLAB. From this interface,
every element of the apparatus could be controlled manually, or when an instruction
set was loaded, an array could be fabricated and evaluated autonomously. This facility
was naturally reliant upon a large set of interconnected electronics, much of which was

constructed specifically for this experimentation. We shall now outline the key elements.

Laser power is governed by the duty cycle of a 20kHz signal, driving the excitation of
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the gain medium. This signal was generated by a Synrad UC2000 controller, which
linearly maps an input 0-10V DC control signal to 0-100% duty. This DC control
signal was generated using a low noise digital to analogue conversion (DAC) chipﬂ
mounted on an Arduino Due. The Arduino was used to support USB connection to
the PC, passing instructions to the DAC chip by a 12 bit parallel connection. Since the
Arduino and PC have asynchronous clocks, a dual stage latch was used to time data

transfer.

For beam shaping, laser output was rapidly modulated, controlled by a transistor logic
(TTL) input signal to the UC2000 laser controller. Defined as the ‘gating’ input, this
was independent to the duty cycle specification. This signal was synthesised using an
Arduino Uno to support the USB interface and an Arduino Due to manage TTL signal
output. Sequence timing was passed between the Arduino boards using an 8-bit paral-
lel connection, allowing pulses to have a 0-255ms duration, specified at increments of
1lms. The accuracy of pulse duration was limited by the Arduino Due clock frequency
of 84MHz. For stability, the laser was kept running between ablation sequences, during
which all Arduino outputs were suppressed to allow for reprogramming. Therefore, a

XOR gate was placed on the gating input, so that logic high switched the laser off.

Since shutter operation must be synchronised to the laser gating signal, they were sup-
plied by the same digital sequencer. The shutter had an integrated control circuit,
opening on a logic high signal output directly from the Arduino Due. The delay be-
tween the laser and shutter operation was accounted for, calibrated using a standard

light gate measurement.

Operation of the NanoMax stepper motors was performed using a Thorlabs BSC203
controller unit. The drive and feedback of the piezoelectric transducers were operated

equivalently, using a Thorlabs MT3101 controller. The rotational stage had an inte-

4 Analog Devices AD669
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grated controller, connected directly to the PC. However, the wire to the rotational
stage was seen to transmit vibrations into the system, so was only connected during
rotational smoothing. Otherwise, its manual actuation was used to align the axis of
feature ellipticity to that of the rectangular pyramidal mirror facets discussed later.
Each of the three flip mirrors had integrated controllers, connected directly to the PC.
All devices utilised a USB 2.0/3.0 connection and were programmed using ActiveX

protocols and Thorlabs 32-bit APT drivers.

In the following section, we shall consider in detail surface reconstruction methods. This
utilised a tunable Michelson interferometer, whose piezﬂ was driven by a high voltage
ampliﬁeﬂ and controlled by a second Arduino-DAC unit. Inspection was performed
using a CMOS sensorﬂ connected to the PC by a USB 3.0 connection and programmed
by the MATLAB Image Acquisition Toolbox.

5.5 Surface Reconstruction

The final element of an ablation platform is an integrated facility for the inspection of
substrates. System alignment, calibration and elementary feature characterisation can
all be performed by simple optical imaging. However, a more informative method of
surface reconstruction must be sought in order to overcome the unpredictable nature
of thermal processes: since the pulse sequence which corresponds to a desired mirror
geometry cannot be predicted analytically, it must be searched for empirically. To
create bespoke mirrors in a time-efficient manner, we therefore require a rapid, non-

destructive and in situ method of topographical reconstruction.

There are several properties of interest in potential cavity mirrors. At the forefront is

the geometrical parameters of the depression, defined by its curvature, diameter and el-

S Thorlabs PK4GYP2
16Thorlabs MDT694B
" Tmaging Source DFK 23UP1300



96

lipticity. In order to anticipate the optical properties of the mirror post-coating, we also
need to evaluate surface roughness and detect impurities. No single technique is able to
perform a comprehensive characterisation, so several have been employed. Geometrical
characterisation is performed by phase and coherence scanning interferometery [135],
integrated into the standard ablation process. External to this, sub-micron topogra-
phy is characterised by atomic force microscopy [136] and substrate contamination is
monitored by dark-field microscopy. In this section we shall discuss the design and

implementation of these systems.

5.5.1 Phase Scanning Interferometry

Phase scanning interferometry (PSI) is a method of surface profilometry, generally
performed using broadband illumination |135]. It uses an optical arrangement akin
to a Michelson interferometer, with a reference and target substrate being located on
neighbouring arms of a beam splitter. The light reflected from their surfaces is mixed on
a third arm, creating an interference pattern. Inhomogeneity in this interference pattern
can be interpreted as a path length difference between the target and reference arms,
essentially denoting variance in the substrates. For a perfectly aligned and flat reference
substrate, interference lines can be directly interpreted as topographical contours of the

ablated feature, allowing for immediate profile characterisation.

Technical Outline

The optics used to construct this interferometer are naturally incompatible with the
ablation beam, being entirely opaque towards mid-infrared wavelengths. Therefore,
two electronic flip mirrors were used to introduce the beam-splitter and illumination
mirror to the system when required. This mirror was illuminated by a halogen bulbm
which was coupled into a fibre bundle to isolate the generated heat and fan vibrations.

The reference substrat was refractive index matched to the ablation glass, with %

B Thorlabs OSL2
¥ Thorlabs SSM0510B
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flatness and o,yns = 1A surface roughness.

The most challenging aspect of PSI was to ensure the alignment of the reference sub-
strate. Any surface gradient would cause the fringe spacing to rapidly compress below
the resolution limit of the imaging arm. Then, given the short coherence length of the
illumination source, the distance of the substrate to the beam splitter had to match
that of the target substrate to micron accuracy. To achieve this, the reference substrate
was attached to a piezo stack, in turn attached to a kinematic tip/tilt mount. To give
a greater range of potential path lengths, this was mounted onto a single axis manual

translation stagﬂ with 6mm travel.

The standard distance of each substrate from the beam splitter was determined by the
working distance of the microscope. A zoom telescopﬂ was used with a relatively
long working distance of 34mm, to allow sufficient space for retracting the beamsplitter
during ablation. The maximum magnification of this telescope was 20x, which when
combined with the 2.5” colour CMOS sensor, gave a field of view of 330um x 220um.
At the minimum magnification the field of view expanded to 1.lmm x 0.8mm, allowing

for the standard optical inspection of large substrate areas.

The use of a colour sensor allowed one to compare different spectral bands of the
interference pattern. A shift in the relative location of each band maxima would denote
a change in the gradient direction of surface topography. Since convex features are
known to form if the ablation exposure creates an overly thick molten layer, this proved
a useful diagnostic tool. However, for standard reconstruction only the red channel was
interpreted, as it more closely matched the illumination bulb temperature and gave the

strongest signal.

20Thorlabs MS1S/M
21Navitar 1-50487 with attachments.
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Figure 5.9: Interferometric Reconstruction. a) A schematic of the
Michelson interferometer used in surface reconstruction is shown. An inco-
herent input beam is used to illuminate a flat reference mirror and ablated
feature. Their reflected light is mixed on a beam-splitter and resulting inter-
ference pattern recorded on a CMOS sensor. A sample static inteferogram
is given, showing an array of features on a flat, horizontally tilted substrate.
When the distance from the beam-splitter to the ablation feature, z(z,y),
matches the distance to the reference substrate, zy, an interference maxima
is observed in all colour channels. As one moves further right in the image,
z(x,y) > 2o and the spectral bands separate. The spacing between each colour
maxima is A\g/2, where Ao is a combination of the central wavelength of illu-
mination source and CMOS colour channel filter. b) In coherence scanning
interferometry we scan z using a piezo, resolving each pixel of the interfero-
gram, (z;,v;), individually. An example intensity profile is shown, denoting
interference only within a coherence envelope. The maxima of this envelope
corresponds to z(z;, yi) = 2o, giving a measure of surface topography when all
pixels are fitted. The shaded region corresponds to z = 2y + L., where L. is
the coherence length of the selected colour channel.

System Calibration

The relationship between the observed interference pattern, I(x,y), and the height map

of the target substrate, z(z,y), is given by:

Hany) = I + I e C5E) o <i7r(z(x, y) = 20) — ¢A). (5.1)
0

Where I, are fixed constants and zg is the reference substrate position with respect
to the beam-splitter. For simplicity we have neglected to consider the geometry of

illumination in the interferometer, characterising it only by an effective wavelength Ag.
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All remaining phase shifting effects are combined in ¢4. L. encodes the coherence
length of the illumination source, given by L. = —%, where Av is the approximate
1/e spectral bandwidth of the illumination source. A schematic of the interferometer

is given as Figure further describing each parameter.

In phase scanning interferometry we consider only a static interferogram, correspond-
ing to a fixed value of z3. To convert the observed fringe pattern into a calibrated
surface map, the value of Ay must be accurately determined. Since this is a complex
product of the halogen bulb output, coloured filter and dispersion by optical elements,
Ao was determined in situ, by a modified method of interferometric reconstruction.
This made use of the coherence envelope, given by the exponential term in the above
expression. The peak of this envelope is observed as the position of the brightest fringe
for each colour channel, easily recognisable as a white band. Since this corresponds
to z(x,y) = 2o, if 2o is precisely scanned, then substrate geometry can be derived by
the surface migration of the coherence maxima. This forms the fundamental principle
of coherence scanning interferometry, which shall be considered in more detail in the

following section.

To determine A\, we performed coherence scanning interferometry on a flat aluminium
mirror, tilted at a small angle, 6, in the horizontal axis@ The static phase pattern
is vertical coloured bands, whose spacing was defined by € and A\g. Using the piezo
stage the aluminium plate was retracted 10um, with interferograms recorded at 0.1um
intervals. By recording the position of the white band at each frame, 6 could be de-
termined. Then, using the static phase image, the effective wavelength of each colour
channel could be derived. For the red channel this was A = 638nm, meaning that each

interference fringe extrema represented a 152nm change in feature depth.

22With respect to the reference substrate, which was assumed to be perfectly perpendicular to the
illuminating beam.
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Figure 5.10: Phase Reconstruction of Features. a) A red-channel image
of a standard single-shot ablation feature. b) Output of the ellipse fitting
algorithm, fitting contours to maxima (blue) and minima (red). ¢) These
contours can be calibrated to depths using the effective wavelength of the light
source. d) A fitted Gaussian (purple) is shown for a central cross section in
the Y axis of this feature. The boundaries of its 1/e waist is shown as vertical
dashed lines. A corresponding spherical profile is shown in green, fitted to the
central region of the Gaussian profile.

A calibrated interferogram of a single-shot ablated feature is shown in Figure It
can be observed that the depression has a highly Gaussian profile, closely resembling
the intensity distribution of the ablation laser. Only the central portion of this feature
can be considered as near-spherical, from which we define the geometrical parameters
of the mirror. However, this approximation is subjective, with the boundary of the
‘spherical’ section having no formal definition. To ensure that our fitting approach is
representative of the optical properties of each feature, they are compared to geometric
measurements made using cavity-based spectroscopy. This is performed in Section

6.3.2 where we make a detailed evaluation of the accuracy in our phase scanning



101

reconstruction method.

Evaluation

A key difficulty with phase scanning interferometry came from the signal to noise ratio.
The substrates used to support feature arrays consisted of two large polished facets,
where reflections from the back surface would mix with that of the ablated side. This
reduced fringe contrast significantly, making it difficult to profile deep ablation features.
The illumination beam was apertured to reduce stray illumination, but this was limited
due to the compact footprint of the interferometer. Alternatively, the spectral density
of a chosen colour channel could be increased by using a high power LED. While the
gradient direction of a feature would no longer be represented, a greater illumination
with finite coherence length would be achieved. Fringe contrast did not prove an issue

for producing tapered mirrors, owing to less stray reflection from their rear surfaces.

5.5.2 Coherence Scanning Interferometery

In order to overcome the resolution limitation of phase scanning interferometry, the
finite coherence length of the illumination source can be utilised. In contrast to a
conventional Michelson interferometer using monochromatic light, white light will only
generate an interference pattern over path length differences of up to ~ 10um as a
result of its lower spectral coherence. Over this path length, a Gaussian envelope is
superimposed onto the interference pattern, the centre of which denotes no difference
in path length. During this scan, each pixel of the CMOS array essentially becomes
an independent interferometer, allowing a far more detailed reconstruction of the sur-
face topography. As such, this method is able to determine the topography of highly
scattering surfaces, with features un-resolvable by a static interfeometric image. A rep-

resentation of the interference pattern measured for each pixel is given as Figure )

However, in requiring multiple images for surface reconstruction, the raw data set be-

comes much larger. For a full reconstruction of the surface, generally each of the
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Figure 5.11: Noise Floor of Coherence Scanning Interferometry. a)
An optical microscope image of a tarnished coin, where surface topography
is difficult to determine. b) A coherence scanning reconstruction of the coin
surface, showing sub-micron topography. Systematic noise can be seen as
highly periodic oscillations across the surface of the coin. Even with the coin
uncleaned, 85% of the pixels yielded high-quality fits. Missing data points are
accounted for by a 5 pixel Gaussian filter.

~ 1,000,000 pixels must be independently fitted. In practice, downscaling of the image
is performed to average out noise and reduce processing time. Numerical methods can
also be employed, such as Hilbert transformations, to further improve the efficiency
of fitting methods . In this study, the surface reconstruction is performed using

numerical fitting procedures native to Mathematica.

The resolution of this method is defined by the fitting accuracy of the coherence en-
velope. In practice, this is limited by the vibrational noise of the system. Since the
piezoelectric stage operates with closed-loop feedback for accurate translation, it moves
comparatively slowly between imaging points. Therefore, the interferometer was sus-
ceptible to environmental fluctuation and displayed a standard noise floor of 0.4um.
This was demonstrated in the interferometric reconstruction of a tarnished coin, given
as Figure [5.11] This technique could certainly have been improved by enhancing the
stability of optical mounting, albeit at detriment to its integration with the ablation

beamline.



103

5.5.3 Atomic Force Microscopy

Surface imperfections that approach an atomic scale in dimension cannot be resolved
by white light interferometry. However, surface roughness on the scale of o,,,s < Inm
is the key cause of scattering losses [44]. In order to determine the surface roughness

of ablated features, an atomic force microscope is used [136].

An atomic force microscope is historically derived from a stylus profiler. A stylus pro-
filer would drag a lever across a sample surface, using the deflection force experienced
to determine changes in sample height. However, this would prove highly destructive to
the surface in question, as well as having a poor resolution and noise floor. In contrast,
an atomic force microscope oscillates a cantilever above the surface, whose frequency
will change with proximity to the sample, as a result of their mutual electrostatic in-
teraction. A feedback lock is applied to this oscillation frequency, whose error signal
is interpreted as a signature of sample topography. There are two general modes of
operation for an AFM, intermittent contact (tapping) mode and non-contact modes.
Non-contact mode utilises the attractive electrostatic interaction found very close to
the target surface, but therefore requires a very stable environment to maintain this
separation. Instead, an intermittent contact mode was used for this work, which op-
erates with a mainly repulsive interaction. However, the cantilever will briefly touch

each measurement site, making the process more invasive.

The device used is a Nanosurf Nanite, operating with a C3000 controller and software
suite. Tapl90Al-G probes were installed, with a quoted noise floor of 10pm. In order
to reduce environmental noise, the system was located in an acoustically isolated cham-
ber, floated on an optical table. The maximum scan area is 75um X 75um. For the

resolution of surface roughness, areas of 2.5um x2.5m were more commonly considered.

Since intermittent contact mode is an invasive measurement, it was not integrated
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into the standard mirror fabrication sequence. Measurements have the potential to
introduce contamination to the mirrors, either due to direct contact with the cantilever
or through the additional time they are exposed to unfiltered air. Instead, example
substrates were scanned from each fabrication regime, to ensure that the surface tension
of the molten layer was correctly smoothing the mirror surfaces towards atomic quality.

A demonstration of this is given in the following section.

5.6 Pyramidal Mirror Manufacture

5.6.1 Review of Developed Platform

We are now in a position to review our developed platform. Our favoured approach to
tailor feature geometry was to use micro-patterned ablation. This allowed the expan-
sion of feature diameter from 40um to 100um, reaching the state of the art reported
in other studies [47]. This permits the fabrication of a millimetre long cavity without
clipping loss, a notable advantage for the facilitation of an intra-cavity dipole or ion
trap. By careful specification of pattern eccentricity, the inherent ellipticity of ablation
features could be tailored or mostly negated. In reducing feature ellipticity, the tested

method of substrate rotation may be favourable, but otherwise provides less flexibility.

Two methods of surface profilometry were developed, which allowed the empirical con-
nection of pulse sequences to feature geometry. A large range of feature curvatures were
created, from R,. = 200um to R,. = 1750mm, commensurate with the standard range
of ablation outlined in Section Phase scanning interferometry was favoured in
this manufacture, given its relative simplicity and speed. Surface roughness was then
estimated by atomic force microscopy, providing an estimation of optical losses when

reflective coatings are applied to the substrates.

Our system of electronic control allowed the ablation and reconstruction process to pro-

ceed with minimal user input. This allowed the creation of arrays with several hundred
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features. Ablation pulses were synthesised with sufficient accuracy in duration and
intensity to produce consistent feature geometries, when repetition was performed to
smooth noise. This reliance on repetition could be reduced in a future implementation,

via the introduction of an acousto-optic modulator for pulse shaping.

As a prototypical batch, we explore the creation of large diameter mirrors, mirrors of
tailored ellipticity and small arrays of features. Our choice of substrate must allow
open access to the cavity mode, but is otherwise highly flexible in design. In the
following sections, we motivate the design of these mirrors and detail the process of

their fabrication and coating.

5.6.2 An Alternative to Fibre Cavities

In our discussion of cavity design optimisation, we observed that the standard fibre-tip
facet diameter of o5 = 125um would meet our requirement for optical access to the
cavity mode. This gave us greater freedom to tune cavity length, based on the optimi-
sation of photon output efficiency and cavity linewidth. However, there are a range of

experimental implications in the use of fibre-tip mirrors, which we are less advantageous.

To preserve the spatial coherence of cavity generated photons, the transmissive mirror
must be placed on a single mode fibre-tip. Out-coupling then relies upon the geomet-
rical overlap of the cavity mode with that of the fibrecore. This dependence on cavity
geometry can cause mode-matching to be a dominant aspect of cavity design optimi-
sation, or a notable limitation to photon output efficiency. A developed solution is to
splice gradient index fibres onto the single mode fibre, effectively introducing a mode-
matching lens to the cavity |46]. However, both fibre-tips and spliced fibres are known
to be exceptionally fragile, making their handling and manipulation into a resonating

cavity more challenging.

Fibre-tip mirrors are also recognised as having an inherently lower vibrational stability
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20mm

Figure 5.12: Schematic of Pyramidal Mirrors. a) A basic schematic
of a pyramidal substrate is shown, highlighting its exterior dimensions and
taper angle. b) Our expectation is to form a cavity using a pair of pyramidal
substrates, as illustrated. This allows for a facet diameter similar to an optical
fibre-tip, but a mirror that can be mounted as a macroscopic substrate.

than macroscopic cavities, due to their small mass and mechanical cantilever modes
of oscillation . Their mounting structures must therefore be carefully developed to
suppress vibration and may restrict the bandwidth of cavity length modulation that
can be applied . Also, the transport of heat within fibre-tips is restricted, which
is absorbed from laser illumination of the cavity. The generation of an optical signal
for cavity locking may therefore cause instability, by thermally expanding the length

of the cavity as it approaches resonance .

To avoid the technical issues presented above, we proposed the development of a cavity
mirror with the facet geometry of an optical fibre, but with the experimental practi-
cality of macroscopic optics. Our chosen geometry was a square-based pyramid, with
a flattened tip of area 140um x140pum and larger. It is now our intention to demon-
strate the same optical quality and geometrical freedom as fibre-tip ablated mirrors,
but with enhanced mode-matching, vibrational stability, thermal stability and ease of

cavity construction. However, the use of pyramidal mirror substrates naturally intro-
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duced a novel set of engineering challenges. We shall now outline our refined fabrication

process, addressing each of these in detail.

100pum
—

141pm x 141pm 275pum x 275um 331pm x 381um

Figure 5.13: Effect of Facet Size on Feature Geometry. We show a
phase-interferogram for three pyramidal mirrors, representing distinct facet
sizes. All images are on the same scale, labelled by facet length x height in
pm. a) The smallest facet produced was 141pumx 141 pm, intended to emulate a
standard fibre-tip diameter. However, feature geometry was subject to notable
warping from the edges of the substrate, reducing its effective diameter and
increasing ellipticity. b) When the substrate was expanded to 275umx 275um,
larger mirror diameters were observed with more consistent ellipticity. ¢) An
example array of features is shown, on a large facet diameter. At this size
scale edge effects could be largely ignored, allowing low-ellipticity features to
be fabricated using a suitable micro-pattern. However, the spacing between
features was limited to > 100um, to prevent warping via their overlap. This
array uses the minimum feature spacing.

5.6.3 Glass Shaping

The most important physical dimensions of the pyramidal mirrors were their taper an-
gle and facet size. The taper angle must allow internal expansion of the cavity mode,
without it reaching the edge of the substrate. Since we intended to trial a range of
mode geometries, a conservative angle of 72.5° was selected, as indicated in Figure
However, there was no single facet size that would facilitate all of our intended
experimentation. For single features, the facet size would ideally be equal to the feature

diameter, o5 = o,,, following our discussions in Chapter 4. However, this is impractical



108

when performing ablation, as the molten layer may extend over the substrate edges,
warping feature geometry. For multi-feature resonators a considerably larger facet is

required, given by the dimensions of the array.

UV-fused quartz was used as the base substrate, given its high optical quality and trans-
mission at NIR wavelengths. Bulk substrate shaping was performed by a commercial
optics manufacturer, with flattening of the pyramidal tip performed within our own
laboratory. This was performed using a random orbital fibre-tip polishe@ and custom
mounting fixture. Several stages of polishing was applied to each tip, with abrasive grit
size reduced down to 0.02pm. The polishing time of each stage was carefully controlled,
to create the facet diameter of choice. However, owing to some error in the shaping of

the base substrate by the commercial supplier, some facets proved slightly rectangular.

5.6.4 Ablation Process

The process of micro-patterned ablation on the pyramidal mirrors proceeded as for
macroscopic substrates, using phase-scanning interferometry for surface reconstruc-
tion. However, the geometry of produced features was distinct, owing to the modified
heat transport properties of the tapered substrates. The pyramidal tips were natu-
rally more sensitive to applied laser exposures, creating larger depressions for a given
pulse sequence. Therefore, the geometrically calibrated pulse sequences developed us-
ing macroscopic substrates could not be applied here. While there was clearly some
proportionality between the pulse sequences applied to macroscopic and tapered sub-

strates, it required several further iterations to produce a mirror of choice@

A presented issue was that the rectangular facet did not match the spherical profile

of the intended mirror. Therefore, the surface tension applied to the molten glass was

23KrellTech SpecPro

24Tt should be noted here that it is more trivial to cleave a new fibre facet than it is to shape a new
pyramid. However, after a non-desirable feature geometry is applied to a pyramidal mirror, it may be
polished away.
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Figure 5.14: Surface Healing by Laser Ablation. a) The topography
of an ablated pyramidal mirror is shown, measured using an AFM. Striations
and surface damage from tip polishing can be seen in the periphery of the
image. However, towards the site of ablation these surface deviations have
been smoothed by thermal annealing. b) A 2.5um? region at the centre of the
ablation feature is shown, from which surface roughness can be determined.
This was measured to be 3.3A, with a polynomial fit applied to remove feature
curvature.

non-isotropic, stretching the ablated features. This effect can be seen in Figure )
and b), where two features of similar pulse pattern were applied to different facet ge-
ometries. On the 141um facet, feature ellipticity has been enhanced in the direction
where it approaches the facet edge. However, when expanded to =~ 275um in b), sig-

nificantly less feature warping has been induced.

To approach the diameter of fibre-tips, o, = 125um, it may be advisable to use ta-
pered substrates with cylindrical symmetry. However, edge effects are also present in
fibre-tips, where the sharp facet edges are highly susceptible to melting . The
rectangular geometry proved ideal for the production of feature arrays, comprising a
square lattice of spherical depressions. An example of such an array is given as Fig-
ure ), comprising 4 micro-patterned features. Since we are constrained to a large

facet size by the spacing of the features, issues of heat transport were less prevalent here.

The final concern was the quality of the optical surface produced by standard polishing.
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By using abrasive paper, the pre-ablation surface roughness of the pyramidal facets was
several orders of magnitude greater than required for low-loss cavity mirrors. Therefore,
they were fully reliant on the thermal annealing effect associated with ablation to reduce
scattering losses. The effect of ‘healing’ surface imperfections in the molten glass layer
was examined under the AFM. A key representation of this action is given as Figure
where the ablated section of a pyramidal facet is highly distinct in its smoothness.
At the centre of this ablation feature was a surface roughness of o,s = 3.34 & 0.10A,
standard for our pyramidal mirrors and commensurate with fibre-tips. This corresponds
to expected scattering losses of Lg = 29.7 4+ 1.8ppm at 780nm, following the model of
Section While this is an order of magnitude higher than the values achieved by
super-polishing, it is a very promising result considering our relatively simple method
of substrate preparation. To further improve surface quality, abrasive tip polishing
may be replaced in substrate manufacture. Alternatively, increased thermal annealing
may be added to the fabrication process, potentially as an independent stage before

ablation.

5.6.5 Dielectric Coating

To best evaluate the optical quality of the pyramidal mirrors, we instructed a mir-
ror coating manufacture@ to apply a high-reflectivity dielectric coating with minimal
transmission. The design wavelength was naturally Ay = 780nm, comprising quarter-
wave layers of Tantalum Pentoxide and Silicon Dioxide. These layers were applied
by ion beam sputtering, with post thermal annealing to reduce contamination. The
expected absorption losses of this coating were £4 < 10ppm, which is verified in the

following chapter.

To assist with this coating process, a suitable mounting fixture was developed. The
schematic for this is given as Figure [5.15a). This allowed the pyramidal mirrors to

be handled as a standard ¢ = 25.4mm cylindrical optic, while containing the features

2Laseroptik GmbH.
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Figure 5.15: Pyramidal Coating Fixture and Transmission. a) A coat-
ing fixture was developed which allows for a pyramidal mirror to be handled
as a standard 25.4mm cylindrical optical element. A: Ventilation holes were
added for vacuum suitability. B: The pyramid was secured by spring-loaded
setscrew. C: The mount could be separated into two parts, secured with screws.
The pyramidal tip protruded 200um from the sandblasted face of the mount,
to allow for mirror coating. A 9mm aperture was placed at the rear of the
mount, to allow for optical characterisation of the mirror surface. b) Coat-
ing transmission was measured by Laseroptik GmbH., using a LAMBDA 1050
spectrophotometer. This shows the broadband performance of the coating,
over the entire near-infrared wavelength range. A higher resolution measure-
ment at 780nm is performed in the next chapter.

necessary for vacuum operation and coating. Since this mount gave full optical access
to the pyramidal facet, it was also used in coating characterisation. This allowed the

use of standard optomechanical mounts, greatly decreasing experimental complexity.

5.6.6 Review of Manufacture

We have developed pyramidal mirrors as a potential alternative to fibre-tips, anticipat-
ing a range of advantages in cavity fabrication and operation. Glass shaping, ablation
and reflective coating proved successful, with a desired range of feature geometries and

mirror arrays realised. However, the use of pyramidal mirrors introduced a range of

new considerations to the manufacturing process.

In shaping the glass pyramids, polishing each tip to a desired facet size provided flex-

ibility, but may have been a limitation to final surface quality. The action of thermal
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annealing inherent to ablation largely rectified this, allowing for the creation of low loss
mirrors. However, the non-isotropic distribution of glass directly around each ablation
site was seen to modify feature geometry. If heat was not able to dissipate into the
bulk glass at a similar rate across the entire feature, local modifications to its geometry
were observed. In elliptical features, if the major axis approached the edge of the facet
it would experience sustained heating, increasing its eccentricity. This was reduced in
using larger facet sizes, but may also be assisted by using a glass substrate that more
closely matches the intended ablation feature profile. In general, this would be return-

ing the cylindrical symmetry of fibre-tips.

To provide a comprehensive evaluation of the pyramidal substrates, their properties
as a cavity mirror must be determined directly. In Chapter 6, mirror reflectivity is
measured and compared to the incoherent losses predicted during fabrication. The role
of micro-patterned ablation in cavity geometry is examined, verifying enhanced feature
diameters and the control of cavity birefringence. In Chapter 7, a science cavity is
formed using a pyramidal substrate, to act as an elementary quantum interface. A
process for their alignment is developed and considered in the context of other macro-
scopic cavity designs. The frequency stabilisation of this cavity gives a signature of

their inherent vibrational stability and susceptibility to photothermal effects.



Chapter 6

Spectral Mirror Characterisation

and Multi-Feature Resonators

This chapter describes spectral characterisation of the pyramidal mirrors produced by
laser ablation. Analysis of their coating quality, sources of optical loss and verification
of their geometries provides key feedback to the substrate design, ablation and coating
processes. This work includes the novel demonstration of multiple cavities in simulta-

neous resonance, formed on a single tapered substrate.

We open with the determination of pyramidal mirror reflectivity, by measurement of
cavity free spectral range and linewidth. This highlights finite optical losses, which are
partitioned between coating transmission and incoherent loss mechanisms. We deter-
mine the homogeneity of the applied coating and develop methods for the identification
and removal of surface contamination. Mirror geometry is measured via the frequency
splitting of higher order modes and the onset of clipping losses. This is compared
to interferometric surface reconstruction, establishing an improved topographical fit-
ting model for future mirror manufacture. Finally, the birefringence of the mirrors is

evaluated, induced both by their elliptical geometry and dielectric coating.

6.1 Length Scanning Spectroscopy

Interferometric techniques constitute a class of the most sensitive methods for deter-

mining the optical properties of mirrors [34]. It therefore follows that mirrors are ideally
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characterised by their formation into optical cavities and the subsequent observation
of their resonance behaviour. It is convenient that this is the case, given our intended
experimental application, as the considerations and observations outlined here form a

foundation for the fabrication and implementation of science cavities considered later.

For the greatest flexibility in the range of measurements made on the mirrors, we are
confined to working outside of vacuum. As such, the cavities considered will be subject
to extensive vibrations transmitted through air. The fluctuations this applies to their
length, when compared to the width of their resonance, are impossible to compensate
for by electronic feedback. This renders many high accuracy ‘two-laser’ interferometric
methods practically impossible [56]. We therefore employ length scanning spectroscopy,
which maps the resonances of a cavity as its length is smoothly expanded and con-
tracted. This is used to measure cavity free spectral range and linewidth, from which

mirror reflectivity is determined.

6.1.1 Overview of Method

The Deschamps circle diagram of Chapter 3 outlines the fundamental geometric re-
quirements in the formation of an optically resonating mode. However, this somewhat
implies the alignment of a cavity to be the relatively simple matter of bringing two
spherical mirrors sufficiently close as to produce a mode somewhere on their surface.
The experimental reality for micro-mirrors is considerably more technically demanding,

where the size of the mode is essentially equal to the diameter of the mirror.

The requirement to centre the cavity mode on the mirrors places a tight condition on
their relative angular and transverse displacement [45]. Then, in order to excite this
mode, a monochromatic laser beam must be well matched in position, size and wave-
front curvature to it. Finally, for resonance to be achieved, mirror separation must
be accurate to Aprope/2F, which for our highly reflective mirrors, is on the order of

picometres.
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Figure 6.1: Mirror Characterisation Cavity. a) To determine the proper-
ties of the pyramidal mirrors, they are paired with near-planar super-polished
mirrors of known optical quality. The standard cavity length range used for
characterisation was 50um to 500um. Cavity length was set using linear mi-
crometers, with 4mm maximum travel and a theoretical resolution of 1um.
b) The pyramidal mirrors are secured on a static mount, within their coat-
ing fixture. To align the cavity, the reference mirror is mounted on a six-axis
translation stage. This stage includes piezoelectric actuators, to scan cavity
length over ~ 1um and create an observable resonance signal. The maximum
scan range of the stage was 30um, with a theoretical resolution of Inm. An
in-coupling lens is mounted to this stage, used to maintain illumination of the
cavity mode largely irrespective of stage position.

Ultimately, the challenge of cavity characterisation comes simply as a consequence of at-
tempting to probe an inherently optically shielded environment by optical methods. To
overcome this, several established techniques have been developed and are employed
here. These can be divided into two categories: those that ensure good mirror pre-
alignment before the observation of resonance is attempted and those that generate an

experimental signature with which it can be fine-tuned.

To ensure that a pair of mirrors are pre-aligned as to resonate when required, there are
generally two schools of thought. The first is to rely upon a high machining tolerance
for each component in the cavity, such that when assembled the optical axis is perfectly

placed. However, this strongly limits any translational freedom that may be required,
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including the use of piezoelectric elements to modulate cavity length [45]. Therefore,

an approach is adopted which relies fully upon guided translations in each axis.

An illustration of the characterisation cavity is given as Figure [6.1] The pyramidal
mirror of interest is paired with a near planar reference mirror of known optical quality.
These reference mirrors possess high reflectivity dielectric coatingsﬂ with T"= 0.5ppm
and L7 = 2ppm, or high transmission coatingsﬂ with T' = 38.2ppm and L7 = 2ppm.
A selection is made based on preferred cavity linewidth and input optical power. The
pyramidal mirror is held fixed, while the reference mirror is used to align the cavity
and modify its length. The properties of the mirrors are determined by observation of
resonance behaviour as length is scanned, measured in both the transmission of light

and its back reflection.

6.1.2 Characterisation Apparatus and Alignment Process

The use of a planar reference mirror in cavity characterisation simplifies mode matching,
as the probe beam can be focused onto it with the correct spot size, without adapting
wavefront curvature. The pyramidal mirrors display the same stringent alignment tol-
erance as that of fibre-tips, but do not possess integrated beam steering. Accordingly,
the illumination laser does not follow the translation of a pyramidal mirror, creating
an additional degree of freedom in their alignment. To eliminate this from our system,

the in-coupling lens was attached to the same translational platform as the input mirror.

During pre-alignment of the mirrors, optical imaging is used to ensure that the probe
beam is well centred on the targeted ablation feature and back reflections are exam-
ined to ensure it runs perpendicular to each surface. Once cavity length is scanned
using piezoelectric stacks integrated into the Stageﬂ this is usually sufficient such that

a flashing resonance appears somewhere on the feature. However, once both mirrors

'REO Part NS11333 Coating Run S7-249
2REO Part NS11334 Coating Run S7-254-P1/S7-251-P1
3Thorlabs MAX602D/M & Piezomechanik SVR-150
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are installed, the probe beam will not be transmitted by the mirrors unless it does form
a good cavity. It is therefore overlapped with a 635nm collimated laser diode, which is

largely transmitted by the dielectric coating.

£=400mm ECDL A . . Cavity Mirror
0 EE——| 780mm
ﬂ | Waveplate
N M2 %
oD | | LD B O Lens
-
=50mm
I I f=20mm N PBs
ﬂ Anamorphic
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P APD NanoMax PD @ Optical Isolator

Figure 6.2: Cavity Characterisation Beamline. To perform length scan-
ning spectroscopy, the cavity is illuminated with 780nm light and mirror sep-
arated is modulated using the NanoMaz piezoelectric translation stage. To
assist with alignment, a 635nm laser diode is overlapped with the probe beam.
The cavity transmission signal is variably monitored on an avalanche photodi-
ode (APD), transimpedence gain photodiode (PD) and 12x optical microscope.
There are two configurations for polarisation control of the illuminating laser.
Configuration A allows the linear polarisation of the beam to be rotated, for
measuring polarisation mode spitting. Configuration B allows capture of the
cavity back-reflection signal, for measuring mirror transmission. When not
specifically stated, configuration A is used with the half wave-plate removed.

By applying curvilinear translations to the reference mirror, and fixing any observed
displacement of the 635nm beam by linear corrections, the resonating mode can be
moved towards the feature centre. Fine tuning of the probe beam can then be per-
formed by examining its distribution into higher order modes. We are mostly concerned
with coupling maximum power into the fundamental mode. One minor drawback of
co-translating the lens with the reference mirror is that altering mirror alignment leads
to an astigmatic focus. However, given the extent of corrections to alignment that are

generally required in our system, the impact on fundamental mode coupling is small.

The full beamline of the system is given as Figure[6.2] For most characterisation meth-

ods it is sufficient only to examine light transmitted by the cavity. A magnetic stand
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behind the pyramidal mirror allows replaceable right angle mirrors to be inserted into
the beamline, directing the cavity signal to a choice of sensors. In one direction is a 2f
imaging system of the cavity mode onto a silicon doped avalanche photodiode (APD)E|
for low intensity transmission measurements at high bandwidth. In the opposite route
is a lower bandwidth photodioddﬂ with high transimpedance gain, with a sensor size
large enough to reliably address the entire cavity mode. Finally, if there is no mirror
inserted, the cavity mode is imaged by a 12x variable zoom microscopeﬁ This uses
in-line white light illumination to resolve facet edges and therefore ablation feature

position.

6.1.3 Linewidth Measurement

To determine cavity linewidth, its length is oscillated around a resonance and the trans-
mitted intensity signal captured. This trace is fitted to a Lorentzian function and a
conversion of the time axis to optical frequency is made. To make this conversion, we
require known frequency markers. We achieve this by radio frequency (RF) modulation
of the laser diode current, causing it to lase with sidebands on the carrier frequency.
These sidebands sit at £+ the drive frequency, which may be set between 0 - 120MHz
using our arbitrary waveform generatorm The time between the cavity being reso-
nant with the lower and higher frequency sidebands is compared to the time taken to
cross resonance. An example trace is given in Figure ), where a cavity of 20MHz
linewidth is addressed with 100MHz sidebands.

To ensure that the observed resonance profile is purely that of the resonator, several
considerations must be made. Firstly, the spectral line shape of the probe laser is con-
volved with that of the cavity, requiring it to be sufficiently narrow for good resolution.

The Toptica DL100 laser system used here had a linewidth of 450kHz, requiring Voight

“Thorlabs APD110A/M

5Thorlabs PDA36A-EC

SNavitar 1-50487 with attachments.
"Keysight 33600A



119

a) b)
. 12
Atsp = Aty & 0.43p15
0.8 = Aly, =
< n
&
— 06 <
g 0.4 ; 10 §
£ e}
0.2 T 9
z P e S—
0 E .%; 4= 1
. =
—50 —40 —30 —20 —10 0 10 20 30 40 50 8 1 2 3 1

Time (us) Aty (1)

Figure 6.3: Linewidth Measurements. a) A representative measurement
of cavity linewidth is made, showing the transmission profile of a A, ~ 20MHz
linewidth cavity illuminated by a probe beam with +Avgp = £100MHz side-
bands. In the time axis of changing mirror separation, these frequencies are
represented by the FWHM resonance crossing time, Ato,, and sideband cross-
ing time, Atgp. b) The effect of detector broadening is evaluated, where
resonance crossing times of Aty, < 0.43us are seen to inflate the measurement
of cavity linewidth. This limited maximum mirror velocity, used to minimise
the presence of vibrational noise in the resonance profile. This noise can be
seen in the reduced error of Ato,, as scan frequency is increased. While this
does not visibly affect the error in measured linewidth, it is a notable limi-

tation to the measurement of free spectral range. All errors are determined
statistically.

deconvolution of the measured trace in limited cases. Then, the time taken to cross
resonance must be greater than the lifetime of the cavity, as to observe only its steady-
state behaviour. Finally, the crossing time must also be slower than the responsivity
of the detector, which formed the most limiting aspect of our system. The relationship

of mirror velocity to measured linewidth is shown in Figure )

6.1.4 Free Spectral Range Measurement

The measurement of cavity free spectral range proceeds in a similar manner to that of
linewidth, by increasing the amplitude of length oscillation to > A,rope/2. An example
of the observed spectra is given as Figure ) However, the sideband calibration
markers of Avgp =~ 0.1GHz spacing are now several orders of magnitude less than the
measured spectral ranges of (1/2m)Awys, = Avgg ~ 0.5THz. If the cavity is subject to

vibrational noise with a frequency spectrum that alters sideband crossing time without



120

a proportional change to spectral range crossing time, significant error is introduced
into the measurement results. Indeed, such vibrational noise has already been observed
in Figure ), although for the measurement of linewidth the sideband crossing time

was sufficiently close to the linewidth crossing time as to be equally affected by noise.

In contrast, for the measurement of free spectral range, mirror velocity must be care-
fully chosen to minimise calibration error. Notable mechanical resonances also exist
within the stage, rendering velocity a complex function of driving voltage. A demon-
stration of this behaviour and its optimisation are given as Figure ) It is important
to further note that since the flexure stage exhibits significant cross-talk between the

axes of translation, any shift in mirror position alters this profile.

A further issue in the accuracy of spectral range measurements is that the piezo ex-
tension is non-linearly proportional to its applied voltage. Therefore, the linear pro-
portionality assumed between crossing time and frequency separation in linewidth de-
termination must now be rectified. The solution was to map frequency scanning rates
around each transverse mode, building coordinates of (t, Avgp/Atsg). A 4™ order
polynomial fit was made to these coordinates, of which an example is given as Figure
). The free spectral range is then simply an integration under this curve, between

the times of fundamental mode resonance.

The integral approach did not yield accurate results in all cases. Occasionally, the
nonlinearity profile would be such that a polynomial fit was not appropriate. Fur-
ther, cavities near the point of confocality exhibit an insufficient spacing of transverse
frequencies to map nonlinearity. Finally, the characterisation of cavities subject to clip-
ping loss displayed too few low-loss higher order modes to apply a fit. These issues were
overcome by using free spectral range measurements to calibrate the high resolution
micrometer of the translation stage to cavity length. The accuracy of this approach

is shown in Figure ), where outlying measurements of cavity length can be easily
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Figure 6.4: Free Spectral Range Measurement. a) Avy,, measurement;
timing consecutive fundamental resonances (red), with higher order modes
(orange). b) Due to vibration, slow sideband crossings were subject to error,
reducing calibration accuracy. At higher frequencies, detector broadening re-
duced sideband resolution. The ideal characterisation frequency was at around
8Hz. c) To compensate for piezo nonlinearity, the frequency scanning rate was
fitted for every mode, mapping mirror velocity. Spectral separations are the
integral region, where Avy,, is highlighted. d) Since higher-order modes were
not always resolvable, the high resolution micrometer was calibrated to cavity
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6.1.5 Review of Technique

2 4 6 8 10
Micrometer Setting

The use of a planar reference mirror and co-translating lens largely mitigated the chal-

lenge of pyramid alignment, when compared to the characterisation of a paired fibretip

cavity. When combined with off-resonant illumination of the mirrors and the ability to

observe the cavity mode profile via the pyramid, the formation and optimisation of a

cavity resonance signal proved time efficient and highly repeatable.
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The chosen method of linewidth determination, by scanning cavity length around res-
onance with a sideband modulated laser, is common within the field. Our standard
error for this measurement is ~ 1-4%, determined by statistical uncertainty. However,
our process of free spectral range measurement is far less common, with more favoured
approaches using two-laser spectroscopic methods [122] or imaging cavity length with
a calibrated microscope [47]. Dual laser illumination is noted for its higher precision,
but requires the suppression of vibrational noise on the cavity. The use of an optical
microscope is far less experimentally complicated, but was prevented by our pyrami-
dal facet size, < 350um, being significantly smaller than the planar mirror diameter,
7.75mm. A standard microscope was therefore unable to focus on the edge of each

mirror simultaneously, to accurately determine their separation.

The drive frequency of cavity length scanning was carefully tailored to reduce the impact
of environmental noise. Piezo nonlinearity was corrected by the mapping of higher
order mode resonances and calibration of a high resolution micrometer. This created
a standard statistical error of ~ 2-5% for a given measurement, which was perfectly
sufficient for the characterisation work to follow. Since our method of determining
linewidth and free spectral range are essentially identical, modifying only the cavity

length scan, the measurement of mirror reflectivity proved a rapid process.

6.2 Dielectric Coating Evaluation

In this section we perform spectral analysis on the dielectric coating applied to the
pyramidal mirrors. This will allow independent evaluation of factors arising from both
the ablation and commercial coating processes. We will compare the spectrally mea-
sured properties to those predicted by surface analysis and coating specifications; with
any discrepancies forming the basis of feedback to future manufacturing cycles. We

shall chiefly consider three examples of pyramidal mirrors, representing a range of ge-
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ometries. For consistency, these are the mirrors given in Figure with the same

labelling used here.

A B
Roc 800um 1200,um 250;un
Ref. (H) (H)
Finesse 158,817 143,744 | 151,323 79,207 | 81,575
L+T (ppm) 39.56  43.71 | 4152 79.33 | 77.02
Lpyr + Tpyr (ppm) | 39.14 | 39.02  39.13 | 38.82

Table 6.1: Pyramidal Mirror Losses. We consider the reflectivity of three
pyramidal mirrors, whose surface profiles were previously given as Figure[5.13
For pyramidal mirror C, the high curvature feature in the array is discussed.
Two types of reference mirrors were used: OC with T' = 38.2ppm, L7 = 2ppm
and HR with T' = 0.5ppm, L7 = 2ppm. These properties were independently
verified by ring-down spectroscopy. Two polarisations were used, horizontal
(H) and vertical (V) with respect to the optical table. £+ 7T are total losses of
the cavity and £py, +Tpy, are the remaining losses when those of the reference
mirror are subtracted. A mean value is given for pyramidal mirror A, from its
measurement both in (H) and (V).

6.2.1 Reflectivity and Total Losses

Mirror reflectivity was determined via cavity finesse, taking the ratio of cavity free
spectral range to its linewidth. Measurements were taken for a range of mirror ge-
ometries and reference mirrors, with selected results displayed in Table Excellent
consistency was seen in these results, implying pyramidal mirror losses of approxi-
mately L7 + T = 39ppm. In the previous chapter, we anticipated scatting losses of
Ls ~ 29ppm and absorption losses of £4 < 10ppm. As we are at the upper end of our
prediction, we investigated the source of these losses further. We are chiefly interested
in the contribution of transmission to measured losses, as well as the potential presence

of surface contamination or coating inhomogeneity.
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6.2.2 Transmission

Transmission of light through the mirrors reduces cavity finesse in the same manner
as scattering and absorption losses. An accurate measurement of transmission will
therefore quantify the extent of incoherent losses in the pyramidal mirrors, as well as
highlight the current state of the art in commercial dielectric coating application. For
this batch of mirrors the transmission of the dielectric coating was designed to be mini-
mal, as to benchmark the best reflectivity available with our substrates. However, some
finite transmission is always expected to be present in dielectric coatings, as a result
of variation in stack layer thickness. Even residual transmission is crucial for optical
interrogation of the cavity, without which the work of this chapter would be impossible.
Spectrophotometry performed at the point of manufactur(ﬁ indicated a residual trans-
mission of T' < 15ppm, but given the highly attenuating nature of the media, more
precise analysis was not practical via this method. Instead, this was achieved using a
standard cavity-based analysis [35], comparing transmitted and back-reflected cavity

signals.

To understand this measurement we return to Equation describing the intensity
of light transmitted by the cavity on resonance. This allows mirror transmission to be
calculated directly from total cavity losses and reference mirror properties. However,
this expression neglected to consider the geometrical overlap of the probe beam with
the cavity mode. In any practical scenario, a notable portion of incident light does not
couple into the mode and accordingly reduces transmitted light. To rectify this, we
introduce a mode-matching factor, €, such that the power of incident light coupled into

the cavity is given by €Pi,c. Our modified transmission is then:

Biran . 4Ty 6.1
P - 2" ( : )
€Ll%nc |y, (T1 + T+ L1+ EQ)

8Using a PerkinElmer LAMBDA 1050 spectrophotometer.
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Of the laser power incident on the cavity, (1 — €)P;,. will be immediately retroflected
without the possibility to couple into the cavity mode. This will not interfere with
light exiting the cavity and thus decrease the visibility of the back-reflected ‘dip’ on
resonance. The power eP;,. will continue to destructively interfere with exiting light,
whose cancellation is given by the impedance matching of the system. Overall, this

gives a modified expression of:

Pref - (1 - €)Pinc
€Pine

_ To+ L1+ Lo—TY 2
a Tiv+To+L1+Ly)

(6.2)

Wres

By subtraction of one from Equation [6.2] and division of Equation by the result,
we derive an expression that does not involve geometrical mode-matching. Thus, from
the simultaneous measurement of the power incident, transmitted and reflected by the
cavity, pyramidal transmission can be determined. This was performed for Pyramidal

Mirror B, using an OC reference mirror.

For measurements of output power, large area photodiodes were used to ensure full
beam capture. The transmitted beam was routed towards this sensor using the mag-
netic switching described in Section[6.1.2] Consecutive measurement of cavity linewidth
using the APD and PD verified that the reduction in sensor bandwidth did not affect
results. The input and back-reflected light of the cavity were separated by placing
a polarising beam-splitter and quarter wave-plate before the cavity. Imperfect mode-
matching necessitated high illumination power, so a variable ND filter was introduced
to control sensor exposure. The beamline for these measurements is shown as configu-
ration B in Figure[6.2] To measure cavity input power, account for optical losses within
the system and ensure the calibration of each photodiode, power was sampled between

each optical element by a handheld meterﬂ

Resonant intensity maxima and minima were determined directly by the oscilloscopem

9Thorlabs PM100A & S130C
0K eysight MSO9254A
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Figure 6.5: Transmission Measurement. To derive geometric mode match-
ing, the optical power transmitted by the cavity is compared to the cancella-
tion of back reflected light. This allows a determination of mirror transmission.
An example measurement is shown in colour, with fitted Lorentzian profiles in
black. Note that these are raw photodiode captures to allow similar scaling,
with true power values obtained by factoring in systematic losses.

by fitting 500 Lorentzian line-shapes to consecutive cavity length extensions. The sta-
tistical error proved to be greater than the fitting error, caused by power fluctuations
of the probe laser and optical interference from the facets of the beam-splitter. An
example of a measured trace is given as Figure [6.5 The input power was measured to
be Py, = 0.36mW. This gave output powers of Piran = 5.25uW and Por = 237.84uW,
corresponding to a mode matching efficiency of ¢ = 0.34. Of the 39ppm total losses
attributed to the pyramidal mirror, 1.74 4+ 0.23ppm were therefore determined to be in
transmission. While this is greater than our 7" = 0.5ppm HR super-polished reference

mirrors, it remains significantly smaller than incoherent loss mechanisms.

An alternative method of calculating cavity mode-matching is to make use of the ob-
served transverse mode spectrum as a decomposition of the spatial profile of the probe
beam into that of the cavity modes. Mode-matching is then the ratio of optical power
coupled into the fundamental mode, compared to all higher orders. However, this

measurement can suffer from multiple issues of accuracy. Higher order modes have
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corresponding larger mode sizes, so experience greater loss on small diameter mirrors.
Then, any inhomogeneity in the mirror coating or scattered impurities would variably
affect their finesse. To avoid these concerns, mode-matching was only determined using

the first method outlined.

6.2.3 Coating Homogeneity

The homogeneity of the dielectric coating on each pyramidal mirror is a reliable in-
dicator of a range of manufacturing errors, as well as a potentially limiting factor in
the fabrication of science cavities. It can be examined by observing the relationship
between cavity mode position on the mirror of interest and its finesse. If a reduction in
finesse is associated with a gain in transmission, then the curvature of the feature may
be acting to warp the thickness of the dielectric layers. If losses are isotropic and purely
incoherent, then the ablation parameters may not be smoothing the glass surface over
a sufficient area. Finally, if losses are highly localised, contamination or damage of the
mirrors may be present. This is known to give a distribution of finesse values between

higher order transverse modes, as considered in the following section.

To evaluate the homogeneity of our mirror coating, the cavity mode was walked across
the pyramidal mirror facet and reflectivity measured at each position. For the semi-
planar cavity geometry employed, mode migration is simply a case of changing the
pitch and yaw of the reference mirror. The length of the cavity must be carefully cho-
sen by considering the maximum range of translation stage. A shorter cavity leads to a
smaller mode size on the pyramidal mirror and thus a higher resolution sampling of the
surface. However, a longer cavity has a greater mode migration for the same change
to pitch or yaw, controlling the extent of the surface that can be sampled. For our
presented measurement of Pyramidal Mirror B a cavity length of 300um was selected,

sufficient to sample a 100pumx100um area with a spot size of 14um.

The position of the fundamental mode on the surface was tracked using the calibrated
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Figure 6.6: Coating Homogeneity. a) Cavity mode position was migrated
horizontally across the surface of Pyramidal Mirror B, monitoring mirror re-
flectivity. Images of fundamental mode resonance were captured for different
yaw positions of the planar reference mirror. b) The changing reflectivity of
the 100pm surface is indicated in its finesse. As the mode approaches the
feature edge clipping losses are visible, however excellent homogeneity is seen
at the mirror centre. The waist of the mode addressing the mirror was 15um,
acting as a Gaussian filter to the results.

zoom microscope and migrated across the full extent of the mirror in its vertical and
horizontal axes. A demonstration of the observed change in mode position is given as
Figure ) The relative simplicity of this measurement is valuable aspect of the use
of pyramidal mirrors. Such a technique could not be applied to a fibre-tip micro-mirror
as imaging the position of the cavity mode on its surface would be considerably more
challenging. The linewidth of the cavity was measured at each position to quantify
optical loss. Any change to the FSR induced by translational cross-talk was monitored

both spectrally and by using a secondary microscope.

The homogeneity of the coating in the horizontal axis is given as Figure ) This has

the profile that would be expected from a good quality mirror, where there is only a
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small reduction to cavity finesse towards the boundaries of the feature. Indeed, the only
notable source of losses is the rapid onset of clipping as the mode is translated over the
feature edge. Overall, this gives us greater flexibility in cavity fabrication, as mirror
reflectivity is less sensitive to cavity mode size and more tolerant to misalignment.
However, in the vertical axis the higher order modes demonstrated lower linewidth, as
shown in Figure As this is a known indication of mirror contamination, a detailed

investigation is performed in the following section.

6.2.4 Identifying Contamination

In addition to vibrational instability, a further issue of characterising mirrors outside
of vacuum is the presence of airborne particles. A single particle of contamination
would occasionally adhere to an exposed dielectric surface and induce highly localised
optical losses. In order to distinguish losses induced in this way, to those related to
manufacture, a range of measurements were developed. Then, a verified method for

their removal was established.
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Figure 6.7: Static Loss Analysis with Higher Order Modes. a) Trans-
verse mode spectrum for a mirror with particulate contamination. Each spatial
cavity mode is shown with its associated total losses in ppm. b) Loss visu-
alisation tool, highlighting the spatial distribution of low loss modes in green
and high loss modes in red. Losses are seen to be highly localised and likely
caused by an off-centre speck of dust, located along the vertical axis.
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The most readily apparent signature of particulate contamination was a difficulty in
maximising laser coupling into the fundamental cavity mode, as measured by its trans-
mission. For a reasonably aligned probe beam, one would expect a smooth decrease
in peak transmission as transverse mode number is increased. However, the transverse
mode spectrum of a cavity subject to particulate loss displayed a notable suppression
of the fundamental mode. This was explained by each higher order mode cluster con-
taining at least one solution with a nodal line along the area of contamination. This
mode accordingly experienced lower optical losses and transmitted greater power. In
contrast, the fundamental mode has no degeneracy or nodal lines with which to avoid

contamination. An example of such a spectrum is shown in Figure [6.7p).

To more clearly distinguish between the impacts of mode-matching and particulate
losses on the transverse mode spectrum, the linewidth of each observed mode was fit-
ted. Indeed, the fundamental mode was seen to have a broadened linewidth, with a
complex distribution of losses amongst higher orders. As a visualisation tool, each
mode profile was coloured according to its derived losses and overlapped. This yielded
a probability map given as Figure ), which indicated the potential locations of high
loss. This method shares interesting parallels with an established technique of intra-

cavity atomic position measurement [137].

There were several issues with this approach, highlighted by its use to locate a sin-
gle piece of dust on a cavity mirror. The first was that modes subject to high losses
would simply not be present in the acquired spectrum, making accurate normalisation
of the probability map impossible. Further, given the highly structured and spatially
symmetric profiles of higher order modes, probabilities were usually distributed over a
number of distinct lobesE This was partially improved by the ellipticity of the pyra-
midal mirrors, which split the degeneracy of higher order mode clusters and allowed for

their independent characterisation. However, the location of the single particle in this

1 This leads to the informal description of this method as a ‘cavity kaleidoscope’.
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Figure 6.8: Localising Contamination. a) Using the technique of Section
cavity mode position was migrated across the vertical axis of Pyramidal
Mirror B, recording the linewidth of three transverse modes. The change in
linewidth of these modes are shown, where the dust particle is located at
the maxima of the blue trace. The expected linewidth of the cavity, from
characterisation of clean pyramidal mirrors, is shown as the grey line. b) The
transverse profile of each mode is shown, with the two higher orders having
nodal lines of zero intensity. As can be seen from a), when the dust sits on
one of these nodal lines the minimum linewidth is achieved. This allows many
higher order modes to effectively ignore contamination, resulting in their higher
finesse.

case could only be determined to a position either directly above or below the mode

centre.

A superior characterisation is an expansion of work of Section [6.2.3] by walking the
cavity mode across the pyramidal mirror, now resolving the linewidth of each trans-
verse mode. This constitutes a novel optical method for generating a two-dimensional
loss map of a mirror surface. The results for the vertical axis of Pyramidal Mirror
B are given as Figure The position of the particle is now clearly indicated by
the peak fundamental mode linewidth. Interestingly, since the modes are considerably
larger than the contaminant, this measurement has essentially imaged their intensity
distributions. When the particle of dust was located along a nodal line of a higher

order transverse mode profile, the reflectivity expected of an uncontaminated coating
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was measured. This highlights the importance of considering transverse mode order
when performing more basic characterisations of mirror reflectivity, as losses can be

easily overlooked.

This mirror was later observed under a 24x optical microscope and a particle of dust was
seen at the expected position. To remove this contamination, First Contact polymer
was used. This was preferable to solvent cleaning, as there was no requirement to
develop drying methods that prevented streaking. This was a notable advantage of
the pyramidal substrates over optical fibres, whose fragility prevents cleaning in this

manner. Following this process, the expected cavity finesse was re-achieved.

6.2.5 Review of Coating

The measurements of this section confirmed the successful application of a highly re-
flective dielectric coating to the pyramidal mirrors. The losses of this coating were con-
sistently measured as L7 +T = 39ppm, corresponding to a reflectivity of R =~ 99.996%.
Of these losses, approximately 2ppm were determined to be in transmission. This
is consistent with the surface scattering losses predicted by atomic force microscopy,
Ls = 29ppm, when the residual losses, L4 = 8ppm, are assumed to be in coating ab-
sorption. This corresponds well with the state of the art in laser ablation, with external

studies reporting incoherent losses between 26ppm and 40ppm [41, |44, 49, 59, [13§].

The most effectual improvement to mirror quality would be to reduce the roughness
of the pyramidal facets before ablation. These were prepared using 20nm grit paper,
smoothed to o,ms =~ 3A optical quality by the process of thermal annealing. An im-
proved approach may be to start with a planar super-polished substrate and grind its
edges to a taper. However, this gives less flexibility in altering the dimensions of the

facet, requiring a more definite cavity design at the time of substrate production.

Alternatively, the pulse sequence used in ablation may be further optimised to promote
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surface healing. It is notable that no correlation between feature geometry and surface
quality was observed in our measurements, nor any inhomogeneity in mirror reflectivity
across their surface. This is unusual, as a relationship between feature depth and surface
roughness was expected, with a more significant molten layer corresponding to lower
optical losses. It therefore seems a prudent strategy to evaluate thermal annealing as

an independent fabrication stage in future work, performed before ablation.

6.3 Feature Geometry

Throughout the laser ablation process, the evolving geometry of each feature was mon-
itored by white light interferometry. This proved essential in fabricating mirror ge-
ometries of choice, via the iterative tailoring of pulse sequences. However, outstanding
questions remained on the extent to which the Gaussian depressions created could
be considered as a spherical mirror. In this section we examine if the geometry in-
dicated by interferometric reconstruction is representative of the optical behaviour of
each pyramidal mirror. The geometries of a range of samples are determined spectrally

and compared to interferometry performed at the point of manufacture.

Mirror curvature is measured from the frequency splitting of higher order modes and
the onset of clipping losses as cavity length is increased. Clipping losses are additionally
used to determine the effective diameter of our mirrors and provide a direct indication
of maximum pyramidal cavity length. Cavity birefringence is quantified by polarisation

mode splitting of the fundamental mode and compared to mirror ellipticity.

6.3.1 Curvature

Feature curvature was measured via the frequency splitting between fundamental,
HGo,o and first order, HGp,4n=1, transverse modes. This was performed using the
same method as for measuring free spectral range, as described in Section In-

deed, an identical cavity length scan was captured for these measurements, to allow
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for the compensation of piezo nonlinearity. However, the final integration range was
naturally reduced, given the smaller frequency spacing of transverse modes with respect
to longitudinal modes. By manipulation of Equation [3.14] the splitting between these

orders is given by:

&
Awy = Wres,n+m=1 — Wres,n+m=0 = 7 arccos (\/ g1g2) . (6'3)
cav

For a cavity of known length and reference mirror curvature, pyramidal mirror curvature

can be determined as:

Lcav (Lcav - Roc,2)
Leay — Roc,2 + Roc,2 cos? (%)

Roc,l(Lcam AWt) = (64)

All tested features exhibited some degree of ellipticity, splitting the frequencies of their
HGg; and HG1p modes. Their measurement therefore gave two curvatures, correspond-
ing to the major and minor axes of the mirror. Figure shows the measurement
of curvature for Pyramidal Mirror B, determined to be R,.v = 1.42 £ 0.06mm and
Rocp = 1.70 £ 0.09mm in its vertical (V) and horizontal (H) axes respectively. This

corresponds to an eccentricity of ¢ = 0.41, where:

ROC,V
ROC,H

e=/1— (6.5)

The measurement of transverse mode splitting was subject to a similar source of cali-
bration error as those of free spectral range. That is, the frequency difference between
transverse modes, nominally 100GHz, is considerably larger than the sideband cal-
ibration spacing of 200MHz. The corresponding difference in scanning transit time
therefore renders them non-proportionally modified by an applied vibrational noise
spectrum. The measurement of transverse mode splitting was subject to notable error,
as it closely corresponded to a peak of the scanning stage noise spectrum. We therefore
measured splitting over a range of cavity length values, taking a mean average as our

final result.
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Figure 6.9: Curvature Measurement. a) Measurement of curvature of
Pyramidal Mirror B by first order transverse mode splitting from the funda-
mental. The mean of each axial curvature is shown as a dashed grey line.
Measurement uncertainties are determined statistically. b) Splitting between
first order modes, as a function of cavity length. The relationship predicted
by the mean values of a) are shown here as a dashed line, showing consistency
of the measured results.

To further verify these results, we measured the splitting between the HGg; and HGqg
modes at each length value. This splitting had a nominal value of 11GHz and was
accordingly subject to significantly less noise. An example of these measurements is
given as Figure ), plotted alongside the theoretical relationship expected from the
results of Figure ) As can be seen, the two measurements are highly consistent

with each other.

6.3.2 Diameter and Clipping Losses

A standard method for measuring the effective diameter of an ablation mirror is by
observing the onset of clipping losses when increasing cavity length [44, 47]. This
loss mechanism was discussed in Section [£.4] in the context of outlining the maximum
practical cavity length for coherent atomic interaction. To review, as cavity length is
expanded the size of the cavity mode on the pyramidal mirror grows, eventually sur-
passing its effective area. This rapidly degrades finesse by clipping loss, with a decay

profile representative of mirror diameter and curvature.
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In order to distinguish this source of incoherent loss from those considered previously,
the finesse of multiple transverse modes were monitored. Since higher order modes
have progressively larger areas than the fundamental, they experience the onset of clip-
ping losses at shorter cavity lengths. Therefore, the successive decay of each transverse
mode was noted as a key signature of clipping. An example of this behaviour is given
as Figure [6.10p). This shows the onset of clipping for four spatial modes, measured
using a single-shot ablation feature. The inherently restricted diameters of single-shot

features, o, ~ 40um, led to the onset of clipping losses at the shortest cavity lengths

observed.
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Figure 6.10: Clipping Loss Onset. a) The onset of clipping losses are
observed for a selection of transverse modes. A single-shot ablation feature
was used, with geometry of o, ~ 37um and Roc = 250um. As can be seen,
a key signature of clipping loss is its staggered onset towards progressively
lower HG,,4,,, order transverse modes. b) The onset of clipping losses for
the fundamental mode of Pyramidal Mirror A is shown. Its geometry can be
derived from fitting a theoretical curve to the data, shown as a blue line. Using
a dual-feature model, this gave values of oy, = 51.65um, oy, = 62.34pm,
Rocx = 837pum and Recy = 738.85um.

Pyramidal mirrors were characterised in the standard semi-planar geometry using ref-
erence mirrors. Since the diameter of these reference mirrors were considerably larger
than the facet size of the pyramids, o, ef &~ 7.75mm, all clipping losses were be at-
tributed to the pyramids. However, trial fitting of the measured data was found to be

most effective using a dual curvature clipping loss model:
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) (6.6)

where clipping losses arise from mirror geometries labelled i = {1,2}. The rationale
supporting the use of this model is the elliptical mirrors having a major and minor axis
of curvature. As a demonstration, the onset of clipping losses for Pyramidal Mirror A
is fitted in Figure ) Here, the cavity length values measured via its free-spectral-

range are doubled, to emulate a geometrically symmetric mode.

20
. 15 ;_mi_li;\m_g‘..&f@,q.
<
=
£ 10 Vi
8
k=
" 5
0

500 750 1000 1250 1500
2 x Cavity Length (um)

Figure 6.11: Micro-Patterned Feature Diameter. The onset of clipping
losses was measured for a full micro-patterned ablation feature. This had no
detectable reduction to cavity finesse for lengths less than 1mm, corresponding
to an effective mirror diameter of o,,, > 98um. For length values greater than
this, the cavity exhibited complex resonator instabilities. Shown as a blue
trace is a two-geometry fit, with parameters of oy, , = 120um, oy, , = 93pm,
Ry = 1114pm and R,y = 1740pm. To better reconstruct the finesse revival
in the first instability region, a three-geometry fit was applied, with parameters
of o, = 98um, Rye1 = 1080um, Ryeo = 1134pum and R,.3 = 1702m, shown
in green. However, this is not a physical approximation.

The most notable result was the characterisation of Pyramidal Mirror B. The ablation
sequence for this feature was intended to maximise mirror diameter, by using the micro-

patterning method discussed in Section [5.3.4] The results of this characterisation are
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given as Figure highlighting a 1mm long cavity[2] with no degradation to finesse.
This corresponds to an effective mirror diameter of o, &~ 100um, reaching the current
state of the art [47]. This extended cavity will allow for the integration of an optical

dipole trap to our cavity system, as discussed in the following chapter.

The degradation of finesse in this cavity presented as resonator instability, given by its
rapid decay and subsequent revival. Further, regions of low finesse in the fundamental
mode were not associated with lower finesse in higher orders. However, the profile of
this revival was complex, with features not fully described by the two geometry loss
model. A three-loss model was trailed, which successfully reproduced the revival fea-
ture observed at L.,y = 1150um. However, three geometrical mirror components is

highly non-physical, suggesting a more obscure mechanism at work.

It is likely that the Gaussian profile of the mirror is responsible for its complex clip-
ping loss profile. This is known to generate transverse mode coupling in microcavities,
increasing the diffraction losses experienced by the fundamental [42 |43]. However,
since our system achieved the requisite length for dipole trapping this was not investi-
gated further. A second interesting extension to this work would be to simulate cavity
properties from directly measured surface profiles, as has been performed for similar

structures using numerical Fourier transform methods [47} 139).

6.3.3 Comparison to Surface Topography Measurements

We are now in a position to make a direct comparison between the spectrally measured
geometries of the pyramidal mirrors and those predicted by white light interferometry.
Ultimately, consistency was achieved between surface maps produced by phase scanning
interferometry at the time of ablation and the measurements performed in this section.

However, for a given pyramidal mirror, different values of curvature were indicated by

12This quoted length is given by the effective mode geometry for a symmetric cavity. However, since
a planar mirror was used, the true cavity length was Lcqo = 0.5mm.
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Figure 6.12: Interferometric Reconstruction. a) From reconstruction of
the interferometric pattern given as Figure [5.13h), topographical contours on
the surface of Pyramidal Mirror A are plotted. These are fitted to a Gaussian
depression, either constrained to flatten at the highest contour (orange) or
unconstrained (purple). Their respective 1/e radii are given as vertical lines.
b) Mirror curvature is estimated by applying a spherical fit to the central
portion of these Gaussian profiles, extending to a given radius. A: Clipping
loss measurements are in agreement with unconstrained curvature values at
the feature centre. B: Higher order mode splitting measurements (horizontal
line) are also in agreement with unconstrained curvature values, now taken at
the 1/e radius of the constrained fit.

clipping loss onset and higher order mode splitting. For a single surface map to account

for each, the process of fitting a spherical profile to the mirror depression had to be

treated with care.

A common issue with the accuracy of interferometric reconstruction is deciding the
area over which a near-Gaussian ablation feature can be approximated as ‘spherical’,
for the purpose of applying a fit. There is no clear consensus in academic literature
for this, with studies variably taking the curvature at the centre of the ablation fea-
ture [40, or fitting to its 1/e Gaussian diameter [124]. As the diameter of the
Gaussian profile used to perform the spherical fit is expanded, the indicated radius of
curvature of the mirror increases. An example of this relationship is given as Figure
6.12b), using Pyramidal Mirror A. Here, a Gaussian depression profile was fitted to
phase scanning interference extrema, of which a central portion was used to generate

a secondary spherical fit.
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An issue experienced with the pyramidal mirrors is that they generally possessed soft
curvatures, whose boundary is occluded by curvature on the substrate edges. As a
result, interferometric reconstruction does not yield a well defined surface position into
which the Gaussian depression is made. Problematically, an accurate determination of
the depth of a Gaussian feature is crucial in estimating its 1/e diameter. To overcome
this, two independent fits are performed on a measured interference pattern. First is
an unconstrained Gaussian fit, which matches the curvature of the feature well, but
generally gives a non-physical estimation of its 1/e radius. Then, a fit is applied where
the Gaussian is constrained to flatten at the final interference fringe. This provides a
realistic value for 1/e radius, but does not track its profile exactly. A visual comparison

of these fitting routines is given as Figure [6.12h).

A B

Mirror Diameter ‘ X (pm) Y (um) ‘ X (pm) Y (um)

Phase Interferometry 58.03 67.42 88.66 97.86
Clipping Losses 51.65 62.34 98.00 98.00
Radius of Curvature ‘ X (pm) Y (pm) ‘ X (pm) Y (um)
PSI - at o), 1064.86  861.80 1457 1765
TEM Splitting 1065.07  858.90 1419 1698
PSI - at centre 837.24 74253 | 1080.40 1303.39
Clipping Losses 836.61 738.85 | 1079.95 -

Table 6.2: Pyramidal Mirror Geometries. A comparison of the geomet-
rical properties measured for two pyramidal mirrors is given. These include
measurements made by phase-scanning interferometry, the onset of clipping
losses in length scanning and transverse mode splitting. Mirror curvature is
grouped into two sections, demonstrating how a careful selection of the spher-
ical fitting radius in interferometric reconstruction can give consistency with
spectrally measured data. A) Properties of Pyramidal Mirror A. B) Prop-
erties of Pyramidal Mirror B. Here, mirror curvature could not be measured
by clipping loss in one axis due to the complex instability profile seen in Fig-

ure [611}

Mirror curvature, as measured by transverse mode splitting, was in good agreement
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with surface data when a spherical fit of the unconstrained Gaussian depression was
made up to the 1/e radius of the constrained Gaussian depression. This is given as
location B in Figure ) However, curvature measured by clipping loss onset was
consistent to a fit made to the very centre of the depression, indicated by location A in
the same figure. A summary of all geometrical properties for Pyramidal Mirror A are
given in Table [6.2A. In using these conventions, consistency between interferometric

and spectral analysis fell within 5um, the approximate error of spectral measurements.

This accuracy was reduced for Pyramidal Mirror B, whose slightly non-Gaussian profile
made it difficult to define a 1/e waist. Measurements of spectral curvature and interfer-
ometry were now within 50um of each other, as shown in Table [6.2B. The minor-axis
curvature measured by interferometry, R, = 1080.40pm, was in agreement with the
smallest curvature seen in clipping, R, = 1079.95um. However, curvature in the ma-
jor axis, R,. =~ 1303um, is located within the complex instability region of clipping
losses and therefore could not be verified. A more accurate determination may have
been possible if coherence scanning interferometry had been used instead for surface

reconstruction, but would have required greater time for manufacture.

6.3.4 Ellipticity and Birefringence

We regard mirrors to be of notable ellipticity if their fundamental cavity resonance
is split into polarisation modes, where splitting is at least on order with linewidth.
Accordingly, when the cavity addresses atomic structure, considerable polarisation de-
pendent coupling will arise [38]. Repeating the result of [39], the polarisation splitting

of the fundamental mode is given by:

Aw. — CAprobe Roc,H - Roc,V
e =
A1 L eqn Roc,HRoc,V

= 21Av,, (6.7)

where we have assumed that the mirror is orientated such that Rocp > Roc,v. We

compare this splitting to the minimum linewidth that a cavity can achieve in a prac-
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tical implementation, given its inherent losses and maximum length. As can be seen
from the form of the above equation, highly curved mirrors are more susceptible to
modal splitting. Accordingly, of the geometries presented in Table [6.2] only A was
considered as potentially birefringent, despite their £ values being similar, €4 = 0.44

and ep = 0.41, given by their higher order mode splitting measurements.

An effective method of measuring fundamental mode splitting is to address the cavity
with linearly polarised light, whose polarisation vector is orientated halfway between its
major and minor axes of ellipticity. This will address both polarisation eigenmodes of
the cavity, whose transmitted resonance profiles can be separated on a polarising beam-
splitter and independently measured. When these two resonance profiles are overlapped
in time, their respective detuning can be determined using standard sideband frequency
markers. However, given that we did not have two APD detectors available, we were

required to rely upon the joint detection of the eigenmodes.

To characterise the fundamental mode splitting of a pyramidal mirror, a half wave-plate
was placed in front of the cavity, rotated in steps and the transmission signal moni-
tored. The beamline for this measurement is given as Figure [6.2] configuration A. An
example of the evolving resonance profile, for Pyramidal Mirror A, is given as Figure
6.13c). Two distinct polarisation modes can be seen at each wave-plate position, with

a changing distribution of input power coupling.

To compare the properties of each polarisation eigenmode, the wave-plate was set to
distribute power equally and a two-Lorentzian fit made. This deconstructed line-shape
is given as Figure ) The linewidths of the constituent modes differed, corre-
sponding to a finesse of 158,817 4+ 2,425 in the vertical axis and 143,744 + 3,781 in the
horizontal. This suggests that in addition to geometrically induced birefringence, there
exists birefringence in the dielectric stack also [122]. In this case, the dielectric layer

spacing along the vertical axis is closer to Aprobe/4, giving a higher reflectivity. Further,
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Figure 6.13: Mirror Ellipticity. a) A birefringent cavity, formed using Pyra-
midal Mirror A, is addressed with linearly polarised light aligned between its
axes of ellipticity. This couples equal intensity into its two modes, with a
frequency splitting given by Av.. Captured data points are shown, with a
joint Lorentzian fit in black an its decomposition in colour. b) As the probe
beam polarisation approaches an eigenmode of the cavity, its orthogonal mode
cannot be well resolved from the line-shape given in a), due to its low cou-
pling. Instead, we fit a single Lorentzian function to the transmitted spectrum,
where the narrowest linewidth corresponds to lowest excitation of the orthog-
onal mode. ¢) As an illustration of controlling coupling into each birefringent
mode, the measurement made in a) is repeated over a +15° half waveplate
rotation range. However, individual data points have not been plotted, only
their fits.
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the measured splitting was Av. = 4.72MHz, which was greater than that the value of
Aw, = 3.4 x 2rMHz anticipated by mirror geometry. Where not otherwise stated,
the cavity mirrors have been addressed with horizontally polarised light, potentially

decreasing measured reflectivity.

When power was predominately coupled into a single polarisation mode, it became dif-
ficult to observe the orthogonal mode in their joint line-shape. To gain further insight
of these regions, a single Lorentzian was fitted to the measured transmission profile
over a 60° wave-plate rotation. The results of this characterisation are given as Fig-
ure ) The position of maximal linewidth corresponds well to the position of equal
power distribution. Interestingly, however, the two linewidth minima are higher than
those measured in ), which implies that linearly polarised light does not perfectly

address the eigenmodes of the cavity and they have some elliptical phase.

Given the lower curvature of Pyramidal Mirror B, no birefringence could be observed at
its maximum ‘clipping free’ length, when paired with HR reference mirrors. The mini-
mum linewidth measured in this characterisation was Aw. = 1.80 & 0.13MHz, which is
similar to its expected splitting of Aw. = 1.75 x 2rMHz. Given that the laser linewidth
was 450kHz, this would be challenging to resolve. We are unlikely to pair this pyramidal
mirror with a high reflectivity reference substratﬂ in any experimental setting, due to
our requirement for finite cavity transmission. Thus, for cavity fabrication considered

in the following chapter, this mirror is considered non-elliptical.

6.3.5 Review of Fabrication Process

Following the spectral analysis outlined in this section, our process of interferometric
surface reconstruction is now able to anticipate the optical properties of pyramidal mir-

rors. In future manufacturing cycles, this will allow the prediction of cavity properties

13These mirrors have demonstrated a finesse of 1,900,000, considered one of the highest measurements
observed at this wavelength [122].
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at the time of mirror fabrication. Returning to the discussion of Chapter 4, our abla-
tion process has demonstrated a desirable regime of mirror geometry, advantageous for
strongly coupled interactions with trapped neutral atoms. However, we are also now
in the position to consider potential improvements to our ablation method, chiefly by

evaluation of the micro-patterning technique.

The micro-pattern of Pyramidal Mirror B favoured an expanded diameter, leaving the
inherent ellipticity of the ablation laser uncompensated for. This produced a standard
feature eccentricity of € ~ 0.4, which was a beneficial trade-off in achieving a represen-
tative diameter of o, =~ 100um. Due to modest surface scattering losses, millimetre
scale R, and a requirement for transmission, implementation of a science cavity with
Aw, > Aw, is unlikely with this mirror. However, with Pyramidal Mirror A a practi-
cal scenario was observed where Aw. ~ Aw,.. In this case eccentricity, e = 0.44, was
increased by the feature approaching the edge of the rectangular pyramidal facet and
experiencing non-isotropic heat transport during ablation. Feature diameter was also

limited by the small size of this facet, limiting the advantages of micro-patterning.

For the features fabricated on Pyramidal Mirror Array C, as shown in Figure [5.13
tailored ellipticity in the micro-pattern partially mitigated that of the ablation laser.
This created features with ¢ = 0.2 and a standard diameter of o, = 65um. A cav-
ity formed using one of these features is accordingly less susceptible to birefringent
behaviour than Pyramidal Mirror A. Its linewidth is also expected to be broader, as
the onset of clipping loss occurs at a shorter mirror separation than Pyramidal Mirror
B. What is apparent from this analysis is that the interplay of mirror diameter and
ellipticity in our ablation technique must be considered in the context of cavity design.
In this fabrication cycle we had notable flexibility with respect to birefringence, owing

to a range of limitations in minimum cavity linewidth.

An improvement would be to reduce the ellipticity of the ablation laser, via a standard
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implementation of spatial filtering, cylindrical lenses or anamorphic prism pair. This
would allow the micro-pattern to have greater flexibility when low ellipticity and large
diameter features are required. For the complete cancellation of ellipticity a substrate
with cylindrical symmetry around the ablation site is desirable and the process of ro-
tational smoothing [40] may be favoured. However, it may remain difficult to fully
eliminate birefringence from the dielectric stack itself. The origin of this mechanism

remains largely unexplained and is accordingly difficult to mitigate |126].

Following our discussion of Section cavity fabrication may intend to enhance
ellipticity, as to establish two fully resolved polarisation modes of the cavity. When
creating a cavity from two identical elliptical mirrors, birefringence may be tailored via
their respective rotation [39]. However, in this regard our pyramidal mirrors are limited,
given their flat base for simplified mounting. As such, a continuation to micropatterning
would be appropriate. We were limited in the fabrication of pyramidal mirrors by the
number of base substrates available, but in principle a wide range of mirror ellipticity

values may be achieved via this method [47].

6.4 Ring-down Spectroscopy

The data presented in this chapter indicates that the major source of incoherent loss
in the pyramidal mirrors derives from 29ppm surface scattering and 8ppm absorption.
The reduction of these losses will be a focus of further fabrication cycles, performed in
consultation with the coating provider. For greater simplicity in this process, we wish
to avoid characterising the properties of the dielectric coating in conjunction with the
properties of the ablated feature. We have therefore developed a second apparatus for
the measurement of mirror reflectivity, designed for operation with reference substrates

which are coated alongside the pyramidal mirrors.

These reference mirrors would created using super-polished base substrates, with a ra-
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dius of curvature commensurate with our standard specification of R,. = 50mm. Since
the scattering losses of these mirrors will be low, measurements of cavity finesse are
expected to a direct measure of losses induced by the dielectric coating. Given the
millimetre scale geometries of super-polished mirrors, we have a much greater freedom
to tune cavity length during their characterisation. When compared to ablated mirrors,

we are less limited by the onset of clipping losses and the resonator stability criterion.

We anticipate that these reference mirrors will have an increased reflectivity and there-
fore require measurement of a narrower linewidth. This will exacerbate some of the
issues experienced in characterising the current pyramidal batch, including vibrational
instabilities and convolution of the laser line-shape into the measured spectrum. This
could be offset by decreasing the standard cavity length used, enhancing its linewidth,
with a minimum limit given by the depth of the spherical feature. To overcome this
limit, independent studies have chamfered the mirrors [35]. However, we wish to avoid
post-processing of the mirrors after coating, to aid with simplicity and prevent induced
damage. Therefore, we intend to characterise the reference substrates by the construc-

tion of a cavity ring-down spectrometer [79].

At extended cavity lengths, or when using higher reflectivity mirrors, the photonic
lifetime of the cavity will surpass the time taken to cross resonance in standard length
scanning spectroscopy. Therefore, the steady-state behaviour of the cavity will not be
observed in its transmission, but one modified by a delay. For a cavity leaking light, the
exponential decay of its transmission is characterised by a time constant, Trp, given

by the following relationship:

In(t) = e~ (75,

1 Loas (6.8)
where Trp = —

cl—+/RiRy

For a cavity of known length, this time constant can be converted into mirror reflectivity,
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thereby replacing the measurements of linewidth performed earlier. To measure this, we
first bring the cavity onto resonance with the probe laser by slowly scanning its length
and letting cavity transmission build to a given set-point. Then, laser illumination is
rapidly switched off and the following exponential decay in output intensity measured.
This method is fundamentally insensitive to environmental noise, as the measured decay
profile does not depend on the changing resonance condition of the cavity. Indeed, the
cavity must only be on resonance with the probe laser long enough to pass sufficient
light into the cavity as to be detected in transmission. In contrast to our method of
linewidth determination, a broad linewidth laser actually assists in this technique, as

it can be more readily coupled into the cavity.

6.4.1 Overview of Apparatus

The system developed for cavity ring-down used a number of design features inherited
from the apparatus of Section [6.1.2l However, it is a considerably more compact setup,
with an effort made to simplify mirror exchange and cavity alignment. The novel el-
ements necessary for ring-down have also been introduced, including the development

of a fast optical switch and triggering method. A schematic for the device is given as

Figure [6.14]

The spectrometer is primarily constructed from cage optomechanics, where the course
alignment of each optical element is ensured by their mounting to a common set of rods.
One of these plates, housing a planar mirror, is oscillated in the optical axis of the sys-
tem using three piezoelectric chips. The opposing spherical mirror is contained within
a five-axis kinematic mount, allowing for cavity alignment. This mount additionally
contains a co-translating plano-singlet lens, for cavity mode-matching. This design was
more robust to noise than the first apparatus discussed, as although it was subject
to the same environmental fluctuations, the closed nature of the cage ensured that
each mirror was vibrated in-phase. A large range of cavity length tuning was possible,

by simply sliding the kinematic mount along the rods and occasionally updating the



149

focal length of the integrated lens. A CCD cameral.ﬂ is used for initial cavity alignment.

ECDL

N 75
780nm 1% ~ 1
—_—\2
f=75mm
-
| PBS
GHz Trigger
f=30mm f=20mm
Oscilloscope ‘ ' I {\
Piezos I U
v APD
Ringdown Cell
Electronics CCD

Ve—-—==/EB

Anamorphic Prism Pair

Optical Isolator

Cavity Mirror

Waveplate

Lens

Iris

Arbitrary Waveform Generator

High Voltage Amplifier

Figure 6.14: Ring-down Spectrometer. The beamline for the ring-down

spectrometer is shown.

A fast optical switch is created using an AOM in

double-pass configuration. This switch diverts illumination of the cavity when
a Schmitt trigger signal fires. This trigger occurs when cavity transmission, as
measured on an avalanche photodiode, reaches a voltage set-point. The optical
ring-down signal is then recorded on a high bandwidth oscilloscope.

The fast optical switch was realised by an acousto-optic modulatoﬂ (AOM) in double-

pass configuration. Within an AOM is a piezoelectric transducer, used to generate

sound waves within a sample of glass. These waves diffract incoming light, separating

it into a spread of frequency shifted orders. We make use of the beam deflection applied

by the AOM to rapidly switch light away from cavity illumination. In double-pass con-

figuration, we retro-reflect the first order of the AOM output back into it, diffracting

it for a second time and improving beam cancellation.

The piezoelectric element of the AOM required a 110MHz radio-frequency drive signal,

supplied by an arbitrary waveform generatorm To observe cavity ring-down, this drive

was rapidly switched off when the intra-cavity light intensity reached a reasonable level.
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This condition was monitored in cavity transmission by an APDE When the voltage
output of the APD exceeded a one volt set-point, the RF drive from the AWG would be
cut, cancelling the deflection of the AOM light and de-coupling from the cavity within
33ns. To prevent triggering the optical switch on noise, a Schmitt trigger was developed,
which would only fire when two voltage set-points were crossed. The voltage difference
in these set-points was considerably larger than the standard noise amplitude, giving a

reliable trigger action.
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Figure 6.15: Ring-down Characterisation. An example ring-down mea-
surement is given, broken into three shaded sections. In the first section, shown
in yellow, cavity length is approaching peak resonance and light is building
within it. In the second section, shown in red, the trigger set-point has been
reached and there is a 33ns period in which the AOM switches light away from
the cavity. In the final section, shown in green, the exponential decay of light
in the cavity is fitted for its decay constant and shown as a red line.

6.4.2 Reference Substrate Testing

In our system, the transition time of the fast optical switch defines the maximum mea-
surable decay rate. This establishes the limit on the minimum mirror reflectivity that
can be determined, when the full cavity length range is used. This limit is far more
prominent than for maximum mirror reflectivity, as extended ring-down profiles are rel-
atively simple to measure. So to examine the performance of the constructed system, a

range of lower-quality dielectric mirrors were evaluated, coated alongside the pyramidal

" Thorlabs APD110A/M
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mirrors.

The majority of our tested mirrors were planar, used as the base substrate{ﬂ in the
fabrication of extended cavity arrays. However, we are naturally unable to characterise
a pair of planar mirrors, owing to the accuracy of alignment it would require. Instead,
they were each paired with an R,. = 25mm mirrorm with the same applied coating.
The ring-down of paired spherical mirrors indicated losses of 132 + 15ppm each, re-
sulting from surface scattering. Testing of the planar mirrors then indicated losses of
424 5ppm each, where uncertainty is derived from the variable quality of the 6 analysed

mirrors. An example ring-down measurement of a planar mirror is given as Figure[6.15

The standard cavity length used was L.q, =~ 5mm and the standard finesse measured
was F = 35,000; corresponding to a ring-down time of Tgp = 200ns. However, the
system remained able to resolve decay constants of as low as Tgp = 100ns. The quality
of these mirrors places them well within the regime of analysis by cavity length scanning.
However, if reflectivity is increased in future manufacture, ring-down will not experience
a limit on minimum cavity linewidth. Measuring reflectivity was also far more simple
via this method, as it did not require extended mirror alignment or suppression of
vibrations. If o,ms < 1A super-polished substrates are used, a more direct measurement
of coating absorption is possible. Therefore, it acts as a complementary technique to

length scanning spectroscopy in the future development of low loss mirrors.

6.5 Multi-Feature Resonators

A key attribute of pyramidal mirrors is their ability to act as host to an array of ablation
features. The construction of a multi-feature resonator with optical access embodies a
range of desired experimental traits, building towards greater experimental simplicity

and scalability. In this section, we further motivate the development of a multi-feature

18] aseroptik S-00018
9T aseroptik S-00128
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high-finesse optical resonator, before reporting on its first demonstration.

6.5.1 Experimental Applications

The operation of just two cavities within an ultra-high vacuum environment would
normally require duplication of the optics and electronics required for their length sta-
bilisation. However, if these two cavities are formed by features on the same base
substrate, then positional feedback applied to one will stabilise the other. The stabili-
sation of a cavity without direct laser illumination, or ‘dark’ stabilisation, provides an
excellent environment for atomic interaction. The laser light normally used for locking
will no longer modify atomic states via the AC Stark effect or change their occupation.
This is normally only achieved by regular interruption of atom-resonant locking light,

or shifting it off resonance by use of complex frequency referencesFE]

A multi-cavity platform would also represent a notable advance in the implementation
of scalable quantum information processing. If a re-configurable single atom dipole
trap can be integrated into such a cavity, then multiple atom-cavity interfaces could
be operated simultaneously. A critical aspect in the storage and transport of atoms by
dipole trap is the length scale over which it is required [66]. In this sense, cavity modes

formed on the same substrate are likely to be far more convenient.

6.5.2 Demonstration of Multi-Feature Co-Resonance

To evaluate the suitability of our pyramidal substrates as the host of multi-feature
resonators, the four feature Pyramidal Mirror C was installed into the characterisation
apparatus. This substrate comprised three R,. = 650um, o, = 65um, € = 0.2 features
and one Ry. = 250um, o, = 63um, € = 0.13 feature. The pyramidal facet had total
dimensions of 380um x 320um, with 100um spacing between each feature. The probe
laser beam-line was expanded to have four independently steerable beams, split using

polarisation optics on the laser output and recombined before the cavity.

20We specifically refer to the use of transfer cavities and optical frequency combs.
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All four probe beams were initially overlapped and coupling optimised into a single
feature. Linear displacement was then made to three of the beams, coupling them into
the remaining cavity modes. The position of the cavity mode on each feature was used
to bring the planar reference mirror into a mutual alignment. Initially, the cavities
resonated discordantly, with a clear time delay between their fundamental mode reso-

nances when length was oscillated.
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Figure 6.16: Multi-Feature Resonator. The joint transmission profile of
three cavity features is shown, whose frequency separation is controlled by
static piezoelectric rotations of a planar reference mirror. These resonances
can be brought arbitrarily close together, where Av = 0 denotes equal cavity
length. To demonstrate this control, traces are shown for a) Av = 3.15GHz
b) Av = 415MHz c¢) Av = 200MHz. Separations lower than this would
cause overlap of the features, making their illustration more difficult. d) An
optical image of Pyramid C, corresponding to three-feature co-resonance on
a fundamental mode. The high curvature feature in the top right is actually
several GHz detuned here, but becomes resonant over the integration time of
the camera.

To rectify the differences in cavity length, the reference mirror was tipped and tilted
using piezoelectric actuators@ This allowed two features to be moved into co-resonance
in the horizontal axis and two in the vertical axis. Overall, this allowed for three features
to have their fundamental modes in simultaneous resonance during length scanning. An

image was captured during co-resonance, given as Figure|6.16d). The detuning between

2 Thorlabs MAX602D/M
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each resonance could be arbitrarily tuned within a free-spectral range using the voltage
applied to the piezoelectric elements, as demonstrated in Figure —c). However,
there was no degree of freedom in which to tune the length offset of the fourth mode,
which remained approximately 5GHz detuned from the others. This was chosen to
be the higher curvature feature, whose residual detuning can be explained by greater

feature depth.

6.5.3 Towards Multiple Atom-Cavity Interfaces.

We have demonstrated a range of foundational elements in establishing a multi-feature
cavity in ultra-high vacuum with single atom trapping. The spacing between features
is commensurate with a large dipole trapping pattern generated by spatial light mod-
ulation and the facet size would allow for reasonable optical access. The ability to
electronically tune the respective detuning between neighbouring cavity modes allows
up to three co-resonant systems. The fourth feature could be used for their length
stabilisation, where an inherent length offset can be compensated in the wavelength of
the locking laser. If there are more than three features in an array, any differences in
feature depth cannot be compensated by changing planar mirror angle. Therefore, to
expand the possible number of co-resonant cavities, a very high precision would have

to be reliably achieved in their ablation.



Chapter 7

Implemented Science Cavity

This chapter describes the design, construction and operation of an experimental system
for strong atom-cavity coupling, using a cavity formed from tapered mirrors. Detailed
discussions are given on the cavity alignment process, its vibrational stability and the
ongoing integration of atomic cooling and trapping methods. Finally, we consider the
future direction of this experimental platform and potential routes towards the creation

of an elementary quantum network.

7.1 Overview

The greater goal of this work is to establish a technical platform for the development
of cavity mediated quantum information processing. In the first instance, we intend
to produce two implementations of a single trapped atom strongly interacting with a
resonant cavity. These systems would act as a generator of entanglement, engineering

a joint atomic state by interaction of their produced photons 23, 24].

To do so, several lines of previously distinct research and development in our group
need to be combined. As a continuation of the work described thus far, we perform the
fabrication and evaluation of an operational optical cavity built from tapered mirrors.
In recognition of our goals for a highly replicable system, this is manufactured as a
modular element using novel alignment methods. Furthermore, the cavity mounting

system has been specifically developed to promote vibrational stability.

We then intend to integrate the cavity with our established work in atomic cooling
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and re-configurable dipole trapping [66, 140]. This has been developed in a similar
vacuum chamber as our optical cavity, to allow for their efficient unification. However,
restrictions in optical access have required a modification to our standard implementa-
tion of a magneto-optical trap (MOT). Accordingly, the cavity mounting structure and
implementation environment has been designed in partnership with a colleagueE who
ensured compatibility with a dipole trap. This cavity design permits atomic loading

using compact MOT geometries, whose ongoing development will be discussed.

7.2 Science Cavity Properties

The characterisation work performed in the preceding chapter has shown that the
pyramidal mirrors suffer from incoherent losses of £44+g ~ 37ppm. When compared
to their transmission of T &~ 2ppm, their use for photon extraction from the cavity is
limited. In order to build an efficient atom-cavity platform, we therefore pair them
with high-transmission super-polished mirrors in a semi-planar geometry. These are
from the same fabrication batch as the out-coupling mirrors used in characterisation,

with Ry, = 50mm, T' = 38.2ppm and L4,5 = 2ppm.

From an atomic coupling perspective, the drawback of a semi-planar geometry is that
the cavity mode waist is located on the planar mirror. Accordingly, the position of
maximum coupling strength is unreachable by the dipole trap. However, given the long
Rayleigh length of the cavity mode, high cooperativity can be achieved anywhere along
the optical axis of the cavity. This hybrid geometry has been externally recognised as

having a range of further benefits in experimental simplicity |141].

To ensure that the linewidth of the cavity is suitable for targeted atomic interaction, it
was tailored to be similar to a demonstrated system [56], as discussed in Section m

This necessitated an extended cavity length, which additionally creates excellent op-

"Mark IJspeert



157

Property Symbol ‘ Planar Pyramid Unit
Cavity Length Legy 450 pm
Radius of Curvature R, 50 1.5 mm
Mirror Diameter Om 300 100 pm
Facet Diameter O 400 275 pm
Transmission T 38.2 1.75 ppm
Mirror Losses Lars 2.2 37 ppm
Cavity Linewidth Aw, 4.2 21 MHz
Free Spectral Range  Awgg, 330 2m GHz
Optical Access 0,4 48 ©
Coupling Strength 90 11 21 MHz
Photonic Decay K 2.1 27 MHz
Atomic Decay ~y 3 21 MHz
Cooperativity C 9.6 -
Finesse F 79,330 -

Table 7.1: Science Cavity Design Parameters. Using the properties of
Pyramidal Mirror B measured in the previous chapter, and design principles
guided by Chapter 4, shown are the design parameters of our constructed sci-
ence cavity. Cavity length has been increased towards its maximum value,
as defined by clipping loss, to enhance optical access and minimise cavity
linewidth. Despite the semi-planar geometry, high cooperativity and atom-
cavity coupling can be realised. Then, reasonable photon extraction is expected
by using a super-polished out-coupling mirror, overcoming the enhanced scat-
tering losses of the pyramidal mirrors.

tical access for dipole trapping. To prevent the onset of clipping loss, we have used
Pyramidal Mirror B, whose spectral and geometric properties are summarised in Tables
and Using these measurements, the predicted properties of our science cavity
are given as Table[7.I] These properties are verified later in this chapter, as part of the

cavity fabrication process.

Overall, our cavity design has realised high cooperativity, narrow linewidth, negligible
birefringence, 50% photon extraction efficiency and ample optical access. While the
metrics of performance are lower than could be achieved using paired micro-mirrors,
they still constitute a highly versatile and valuable prototype for the next stage of

research. Once a batch of pyramidal mirrors has been fabricated with a high transmis-
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sion coating, we may return to a geometrically symmetric cavity design. In combination
with the manufacturing improvements recommended in previous chapters, this is ex-
pected to reach the state of the art in the metrics of cavity performance outlined in

Chapter 4.

7.3 Cavity Implementation Environment

The design of the operational environment for our cavity has been modified in favour
of ensuring versatility for atomic cooling and trapping methods. This required building
the entire atom-cavity system within a thin rectangular glass cell, to provide excellent
optical access from five sides of the chamber, assisting formation of the magneto-optical
trap, dipole trap and optical interaction with the cavity. However, this glass cell also
placed a significant restriction of the size of the cavity system and the nature of its
mounting. We shall therefore describe the schematic of the vacuum chamber first,
before outlining the cavity module tailored for operation within it and the mounting

structure used to support it.

7.3.1 Vacuum Chamber

The operation of a narrow linewidth optical cavity generally requires a vacuum en-
vironment, to ensure suppression of acoustic noise during length stabilisation and a
low probability of mirror contamination. However, this can be readily achieved in
modest sub-atmospheric pressures, in contrast to the demanding requirements of sin-
gle atom trapping. The lifetime of single trapped atoms has been seen to be strongly
dependent on background pressure, requiring our systems to operate at approximately
10~'%mBar [66]. Accordingly, our entire experimental apparatus is located within an

ultra-high vacuum (UHV) environment, whose overall schematic is given as Figure

The core scientific section of the vacuum chamber is contained within the glass cell ]

2A custom fabrication by ColdQuanta Inc., Part CQOX0001D.
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comprising flat borosilicate glass walls and connected to a steel flange via a thermally
insulating interface. The walls are coated with dielectric anti-reflection (AR) coatings,
for optimised transmission at 780nm and 1064nm. These wavelengths correspond to
the 8”Rb D2 line and our dipole trapping laser light respectively. The internal cross

section of this cell is 21lmm x 21mm, delimiting the maximum size of our cavity assembly.
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Figure 7.1: Glass-Cell Vacuum Chamber. a) A full schematic of the glass-
cell vacuum chamber is given. An electrical feed-through is used for operation
of the rubidium dispenser and length modulation of cavity piezos. An optical
window allows illumination of the rear cavity mirror for length stabilisation.
A combination turbo-molecular and roughing pump is used to reduce chamber
pressure to 10~ "mBar, before being isolated by closure of the pressure valve and
removed. The chamber is then maintained down to 10~'mBar by operation of
an ion pump. b) The cavity module, mounting structure and pyramid MOT
have all been designed for integration within the compact glass cell. An image
of this cell is shown, highlighted by its 780nm/1064nm AR coating for normal
to 45° incidence. Inside, the cavity superstructure is visible, with its apertures
for atomic cooling and trapping.

Glass Cell

A steel mounting platform is installed into the cell, into which the cavity module and
MOT optics are installed. The cell is attached to a five-way vacuum flange, which
hosts an electrical feed-through and optical window. The feed-through is used to apply
voltage modulation to the cavity piezoelectric transducers and to operate a resistively
heated rubidium dispenser. The optical window is AR coated for 780nm and is used to
illuminate the pyramidal cavity mirror. One arm of the five-way flange then leads to

the ion pumpﬁ and integrated pressure sensor. The opposite arm leads to a combination

3Gamma Vacuum TiTan 25S-DI
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turbo-molecular and roughing vacuum pumpﬁ located behind a sealable UHV pressure

valve.

In order to achieve the requisite vacuum pressure, the chamber was evacuated at 200°C,
inside a purpose built oven. Chamber temperature was slowly increased to expel con-
taminants from its internal walls, removing them by the combination pumping stage.
Once the pressure of the chamber became constant at this level, the ion pump was
activated and the oven cooled. The valve was then sealed and the combination stage
removed. At room temperature, the ion pump could reliably hold the chamber at

10~ "%mBar without gas load.

Three vacuum chambers based on the above schematic were produced, to allow inde-
pendent development of the core components of our experimental platform. The first
chamber hosted an empty glass cell, for the development of atomic cooling and trap-
ping. The next chamber contained only a prototype pyramid MOT, to allow for the
study and optimisation of its cooling action. For the work of this thesis, a third cham-
ber held all of the necessary elements for mounting and operation of the cavity, but did
not require an ion pump for achieving pressures below 10~"mBar. When each compo-
nent reaches an adequate stage of maturity in their development, their unification into

a single chamber should be a straightforward task.

7.3.2 Cavity Module

The optical cavity is based on our standard quasi-monolithic design [56], where the
only degree of translational freedom comes in mounting each mirror onto a piezoelec-
tric plate. These plates extended in the optical axis of the cavity, allowing for the
electronic modulation of its length. Single-chip shear piezos were selected, as to allow a

greater bandwidth of feedback than piezoelectric stacksﬁ FEach piezo has a maximum

4Pfeiffer HiCube 80 Eco
5Noliac CSAP03
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extension of 1.5um, allowing traversal of several free spectral ranges. Piezo wires are
coated with Kapton, due to its properties as malleable electrical insulator with excel-

lent vacuum suitability.

In acknowledgement of the prototypical nature of this cavity, its mounting was designed
with sufficient modularity as to allow for its simple removal and exchange. All cavity
elements are secured by epoxy to a single metal plate, the design of which is illustrated
in Figure This plate was manufactured from non-magnetic 316LN stainless steel,

to avoid perturbation of atomic structure by ferromagnetism.

a) b)
ﬁ ——— Support Cage
OC Mirror ~ v ' Pyramldal Mirror
/— Lens Holder
~ f=20mm Lens
Piezo —_ ¥ ( C)

v

Kb— Cavity Plate

Figure 7.2: Cavity Module. a) An exploded rendering of the cavity module
is given, showing its constituent parts. All elements are secured to the cavity
plate, using vacuum compatible epoxy. At the front of the module is the coned
semi-planar out-coupling (OC) mirror, held in a Macor mount. Due to its flat
base, the pyramidal mirror is secured directly to the piezo. A support cage is
placed over the mirrors, to improve the strength of the plate given its large
dipole trapping apertures. A lens is integrated into the system, to aid mode-
matching to the cavity via the pyramidal mirror. b) The underside of the
plate contains indentations into which the piezo wires are secured, to ensure
they do not obstruct the beamline in vacuum and aid its installation. c¢) The
constructed cavity is shown in its alignment mount, before integration into
vacuum.

The surface of this plate was highly structured to assist with cavity fabrication. This
included indentations to ensure the correct alignment of the piezoelectric chips and

dedicated epoxy wells to control its spread during curing. To aid with vacuum suitabil-
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ity, several screw vents were installed and the plate was raised on runners. Dedicated
channels were drilled on the underside of the plate to guide the piezo wires, to ensure
they did not obscure the optical beamline of the cavity. Indentations were made for a
beam splitter used in cavity alignment. Finally, a support bracket was attached over

the dipole trapping aperture, to improve the strength of the structure.

This mounting system was originally designed for a paired pyramidal cavity, requiring
modifications to be made to the planar out-coupling mirrors. These mirrors were first
coned down to a 400um facet diameter, as to be similar to the pyramidal mirrors. Then,
to emulate the larger pyramidal geometry, they were secured within tapered mounts.
These mounts were manufactured from Macorﬁ due to its machinability, high thermal

tolerance and low out-gassing.

Given the length of the vacuum chamber and small size of cavity mode waist, it would be
difficult to achieve perfect mode-matching into the pyramidal mirror using only external
beam shaping elements. To reduce the divergence of an input beam, an f = 20mm
plano-convex lens was integrated into the cavity module, focused onto the mode waist.
Illumination of the cavity via the pyramidal mirror then facilitates length stabilisation.
Generated photon capture could then be performed efficiently via the out-coupling

mirror, which is sufficiently close to the edge of the glass cell to use external optics.

7.3.3 Mounting Superstructure

The design of the mounting structure used to support the cavity in vacuum was guided
by post-analysis of two previous DPhil research projects in our group [116} |142]. These
used fibre-tip mirrors, produced in collaboration with Jakob Reichelm to build towards
a strongly coupled atom-cavity system. However, this work was ultimately suspended,

owing to a range of technical challenges. The issue of greatest applicability here is the

5Macor is a borosilicate glass-ceramic designed and manufactured by Corning Inc.
"Laboratoire Kastler Brossel, Paris.
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low vibrational stability of the constructed cavity, which prevented its stabilisation on

atomic resonance.

While the observation of vibrational noise in the measured spectrum of an optical
cavity is common at atmospheric pressure, noise observed with the fibre-tip cavity per-
sisted under vacuum. Electronic stabilisation of the cavity proved ineffective, making
sustained atomic resonance impossible. The noise spectrum of the cavity was char-
acterised and found to be highly similar to mechanical resonances predicted by finite
element analysis of its mounting structureﬁ When piezoelectric feedback was applied
over this set of frequencies, the fibres would simply oscillate in an uncontrollable man-
ner. These mechanical resonances were too broad and numerous to simply apply an
electronic filter to the error signal and the cavity too vibrationally sensitive to only

apply low-bandwidth corrections.

Dipole Trap Apperture
Mounting Superstructure x

—

—

Glass Cell \
—
- \— MOT Access

D \ d\ > ¥ Cavity Module

i

Figure 7.3: Cavity Mounting Superstructure. An exploded render is
shown for the glass cell, cavity module and its mounting superstructure. The
superstructure was designed to have the maximum mass possible to suppress
vibration, limited by the internal dimensions of the cell and size of the pyrami-
dal mirror bases. Multiple openings were installed into the superstructure, to
allow bi-directional optical access to the cavity mode, to allow formation and
imaging of the dipole trap and for bi-directional illumination of the pyramidal
MOT. A further horizontal opening was included to clean rubidium from the
integrated cavity lens by UV stimulated desorption.

8Fibre-tip cavity fabrication was performed by Marwan Mohammed, noise characterisation by Ezra
Kassa and finite element analysis by Mark IJspeert.
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This project therefore endeavoured to build a cavity system with significantly greater
mechanical stability. This was one of the motivations for replacing the use of fibres
in favour of tapered glass substrates, as they have a mass that prevents cantilever-like
oscillation. Then, the cavity mounting structure was redesigned to eliminate strong
mechanical resonances and accommodate the additional optics required for pyramidal
mirror coupling. The revised cavity superstructure is shown in Figure It consists
of a hollow square tube, with outer dimensions that approach the boundary of the glass
cell and internal dimensions which are slightly larger than the pyramidal mirror bases.

This structure was fabricated from 316LN stainless steel.

The superstructure is designed such that an optical cavity module can be easily slid
into position and secured with six base screws. The cavity may be illuminated from the
rear of the cell, allowing interrogation of both cavity transmission and back reflection
signals. An aperture is placed alongside the integrated cavity-coupling lens, to allow for
its illumination by UV light, causing the removal of rubidium from its surface. Indeed,
this UV stimulated atomic desorption is also useful for atomic trapping, as it provides

a more rapid change of the rubidium pressure than the dispenser.

The mounting structure contains two vertical apertures for the injection and imaging
of the dipole trapping beam. In the axis orthogonal to the dipole trap and cavity,
a compact optical structure for establishing a MOT can be installed. This may be
illuminated from both sides, to create a cold atomic flux for dipole trap loading and

optical molasses at the position of the cavity waist.

7.4 Cavity Construction and Implementation

7.4.1 Alignment Process

To address the challenge of creating a well-aligned, highly compact and UHV compat-

ible cavity module, a novel method of cavity fabrication was developed. The foremost
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principle of our technique is to ensure that the laser beam used to probe cavity res-
onance during its construction represents the ideal position of the cavity mode when
integrated into vacuum. Therefore, when we align each mirror to this beam, we create
a cavity that is perfectly aligned with respect to our atomic cooling and trapping meth-
ods, as well as being readily laser-coupled for length stabilisation and output photon

capture.

The technique proceeds in three steps. First, the probe laser is aligned to the cavity
plate, setting the desired position of the cavity mode. Then, the planar mirror is in-
stalled into this beam and aligned for its perfect back reflection. The position of this
mirror is secured using epoxy and the pyramidal mirror introduced to the system. This
mirror is aligned to ensure that the cavity mode forms co-linear to the probe beam and
its spectral properties are verified. The pyramidal mirror is then secured in position,

completing alignment of the cavity.

A novel aspect of this method is that during their respective alignment processes, the
position of each mirror is held fixed. Alignment is instead performed by co-translation
of the probe beam, cavity plate, mode matching optics and detection apparatus as a
monolithic structure. We will now discuss each step in detail, highlighting the advan-

tages of this approach. A visual representation of this method is given as Figure [7.4]

Step 1: U-Bench Alignment

The optomechanical device developed for alignment is based on a U-Bench structureﬂ
used to support all of the translating optical elements. Each side of the bench hosts a
fibre coupler for injection and extraction of the 780nm probe laser beam. A bespoke
alignment mount is installed into the centre of the bench, which positions the cavity
plate in the correct position for attaching the mirrors. When this plate is installed into

vacuum, the alignment mount ensures that the cavity mode will propagate through the

“Thorlabs CBB1/M
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Figure 7.4: Cavity Alignment Process. The cavity alignment process
comprises three key steps: alignment of the U-Bench, alignment of the planar
mirror and alignment of the pyramidal mirror. A detailed procedure for each
step is given in Section The coordinate axes for this diagram are given
in the lower right of the U-Bench alignment step.
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centre of the glass cell.

The first step in this process is to align the probe beam to the central axis of the U-
Bench. This is performed with kinematic elements in each fibre coupler, using a series
of apertures placed along the bench. A photodiodelﬂ is attached to the output coupler,

to provide an electronic measure of alignment.

Step 2: Planar Mirror Alignment

The super-polished planar mirror is installed first, by lowering it into the U-Bench on
the arm of a gantry system. Its position in the propagation axis of the probe beam (Z
axis in the associated figure), is set using apertures milled into the alignment mount.
The position of these apertures matches the expected direction of cold atomic flux
when installed into vacuum, for loading the intra-cavity dipole trap. The position of
the mirror orthogonal to the probe beam (X and Y axes in the associated figure) is set
using the installed beam splitter and in-line microscope. This images the facet of the
mirror and is used to ensure that the probe beam is incident on its centre. Finally, the
pitch and yaw of the U-Bench is tailored to ensure perfect back reflection of the probe
beam from the mirror, re-coupling light into the fibre. The input of the fibre coupler
hosts a fibreised beam splitteIE and photodiode, allowing the extent of back reflection

to be monitored electronically.

Each signature of alignment is optimised iteratively, until all are achieved simultane-
ously. Once in the correct position, the mirror is vertically retracted using the gantry
arm. Epoxy is injected onto the piezo and the mirror returned to position. The system
is illuminated with UV ligh@ to cure the epoxy, at which point it may be unattached

from the gantry. It then co-translates with the cavity plate and probe beam.

0Thorlabs PDA36A-EC
" Newport F-CPL-S22785-FCAPC
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Step 3: Pyramidal Mirror Alignment

Next, the pyramidal mirror is introduced into the U-Bench on the gantry arm. Its
position in the propagation axis of the probe beam (Z axis in the associated figure)
sets cavity length, tailored using a calibrated orthogonal microscope. Cavity length is
then rapidly scanned over a free spectral range, using the planar mirror piezo. This
generates a cavity resonance signal on transmission, observed using the in-line micro-
scope. The pitch and yaw of the U-Bench is altered to migrate the position of this
mode to the centre of the pyramidal ablation feature. The transmission signal is also
measured using an avalanche photodiodﬁ (APD), placed on the fibreised output of
the U-Bench. The position of the pyramidal mirror orthogonal to the probe beam (X
and Y axes in the associated figure) is tailored to optimise the laser power coupled into

the fundamental cavity mode, as measured using the APD.

As in the previous step, all signatures of alignment are optimised iteratively. If the
formation of a cavity mode is lost entirely in this process, it may be restored by ver-
ifying the position of the 635nm probe beam. This is overlapped with the 780nm
light on the input fibreised beam splitter, but unlike the 780nm light, is measurably
transmitted by the mirrors when the cavity is off-resonance. Once the cavity mode is
formed in the optimal position, the spectral properties of the cavity are determined
by length scanning spectroscopy. The free spectral range of the cavity acts as verifi-
cation of its length. Then, a measurement of linewidth is used to determine mirror
losses and ensure no surface contamination has occurred. Finally, the pyramidal mirror

is secured in position using epoxy, employing the same method as for the planar mirror.

In this final step some key advantages of the method are realised. Generally, measuring
the spectral properties of a cavity during its alignment is challenging. The suppression

of vibrational noise applied to cavity length normally requires secure mirror mount-

3Thorlabs APD110A/M
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ing, thus restricting their translational freedom. In our method the mirrors are held
fully stationary during their respective alignment steps, using a highly stable gantry
structure. If this structure was required to have six axes of translation, ensuring sta-
bility would be considerably more difficult. Then, in co-translating the probe beam,
mode-matching lenses and planar mirror, cavity alignment is performed rapidly with a
single translation stage@ This is an improvement on the work of Chapter 6, in which
the alignment of the cavity and steering of the probe beam were independent. It is
now more similar to the alignment process of fibre-tip mirrors, where illumination and

mode-matching optics inherently migrate with mirror position.

7.4.2 Alignment Apparatus

The aluminium U-Bench system is largely constructed from cage optomechanics, with
a rendering given as Figure This uses several smooth steel rods to guide the po-
sition of installed optical elements into a common propagation axis. Each side of the
U-Bench hosts a five-axis kinematic fibre couplerﬂ for the injection and extraction of
light. Each fibre-coupler has an associated lens in a kinematic xy mount, for cavity
mode-matching. The bespoke aluminium alignment mount, hosting the cavity plate,
is secured at the centre of the bench. For imaging the mirrors with an in-line 12x
microscopem a 10mm beam splitter is placed onto the cavity plate. The position of
the beam splitter is guided by a square slot milled into the plate. The alignment mount
has an aperture running orthogonal to the axis of the probe beam, to indicate the ideal
position of the cavity mode for atomic loading in vacuum. An orthogonal 6x microscope
images through this aperture, for setting mirror position. The entire U-Bench system is
installed on a six-axis NanoMazx translation stage, using a 3D printed adaptorﬂ This
adaptor additionally acts as a support structure for the outermost optical elements,

preventing their misalignment under gravity.
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Figure 7.5: U-Bench Cavity Alignment. a) A side-view of the U-Bench
is shown, contained within a 3D printed support structure for mounting to
the translation stage. On each side of the bench are fibre couplers, allowing
injection of the probe beam and capture of the back reflected and transmitted
cavity signal. These are initially aligned to give perfect propagation of the
probe beam through the centre of the U-Bench and are then automatically
translated with it. Two lenses are installed into kinematic xy mounts, for fine
tuning of cavity mode-matching. The alignment mount, holding the cavity
plate to the ideal height, is installed into the U-Bench. b) This alignment
mount contains an indentation for a beam splitter, to image the cavity mode
by microscope. Alignment apertures are placed orthogonal to the cavity axis,
to allow its mode to be aligned to the intended position of atomic flux and
dipole trapping.

During their alignment, each tapered mirror is held over the cavity plate by the gantry
systemlﬂ illustrated in Figure This gantry system is constructed from 66mm thick
aluminium posts, with dovetail rails along all sides. Right-angle clamps attach to these
rails, connecting the posts together. Each mirror is secured into an interchangeable
PEEKIE claw using a teflon coated setscrew. This claw is attached to a stainless steel
arm, in turn attached to the horizontal gantry post. This arm may be moved in each
Cartesian axis, by sliding the right angle clamps along the rails and re-securing them.
Fine tuning of mirror position in the vertical axis is provided by a linear micrometer

stage@ This is used for the controlled lowering and retraction of each mirror, during

8 This design was based on the standard protocol for the movement of shipping containers.

YPolyether ether ketone (PEEK) is an engineering polymer used for its high machining tolerance
and relatively soft contact with an installed mirror.

20Thorlabs MS1S/M
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their initial installation and injection of epoxy.

7.4.3 Science Cavity Fabrication Process

The U-Bench alignment method was used in the production of our tapered science
cavity, whose anticipated spectral properties were given as Table [7.1] Its full fabrica-
tion process shall now be described, including assembly of the cavity module and its

installation into ultra-high vacuum.

For UHV suitability, it was crucial that surface contamination of the cavity module
was minimised. To this effort, each non-optical component was ultrasonically washed
in aqueous detergent, acetone, isopropanol and methanol before use. The cavity mir-
rors and integrated mode-matching lens were cleaned using First Contact instead, to
minimise residual solvent. All fabrication was performed inside a lamina airflow enclo-
sure with HEPA filtered input. This minimised the presence of dust that could have

adhered to the cavity mirrors.

The first stage of cavity module assembly was to attach the shear piezos to the cav-
ity plate. Their position was guided by slots milled into the plate and verified under
microscope. They were attached using electrically conductive Epo-Tek H20E epoxy,
injected into dedicated wells. This epoxy was selected to ensure a good electrical con-
tact between the cavity plate and grounded side of the piezo. It also has considerably
greater viscosity than standard UHV epoxies, preventing its creep during curing. If the
spread of epoxy is not well controlled in cavity fabrication, it is known to flow over the
edges of piezos and seize their extension. The piezo was tested for electrical shorting
by measurement of its capacitance and for elementary operation via the generation of

acoustic waves when driven at kilohertz frequencies.

The cavity wires were bent into their dedicated channels on the base of the plate and

secured using small amounts of thermally curing Epo-Tek 353ND epoxy. The super-
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Figure 7.6: Gantry Alignment System. A full schematic of the aluminium
gantry is shown, positioned for alignment of the first cavity mirror. The mirror
is held by a PEEK claw, shown as the top-left inset. The height of this mirror
can be fine-tuned by micrometer, allowing its controlled retraction for the
injection of epoxy on the piezo. This claw can be coarsely translated in all
Cartesian axes, shown by yellow arrows, by sliding and re-securing its mounts
along the gantry system rails. This is used to bring the mirror claw into an
ideal position for the installation of each cavity element. However, all cavity
alignment is performed by translation of the NanoMax translation stage, with
the attached U-Bench.
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polished mirror and integrated cavity mode-matching lens were also secured into their
respective mounts by 353ND epoxy. However, thermally curing epoxy is unsuitable for
alignment critical components, such as securing the cavity mirrors in position. The
heat used in curing would cause the mirrors to shift position, resulting in misalignment

of the final cavity mode.

For securing the cavity mirrors in place, UV curing epoxies are favourable. Standard
examples include Epo-Tek OG116-31 and OG198-54, with the latter having the option
to thermally post-cure areas of poor UV exposure. However, owing to manufacturing
delays, the previously untested Norland Optical Adhesive 88 was used instead. This
reports low out-gassing for vacuum suitability, however to ensure its minimisation, the
epoxy was first pumped down to 10~°mBar in a constructed vacuum chamber. This
chamber hosted several optical windows, which allowed observation of large quantities

of volatile components in the epoxy boiling off at low pressures.

The planar mirror was aligned and secured to the cavity plate as described in the pre-
vious section. Before the pyramidal mirror was secured by epoxy, the support cage
was installed onto the cavity plate. This prevented any induced flexure of the plate
modifying cavity alignment. After curing, the integrated lens was installed using the
gantry arm. Its position was tailored by removing the cavity output mode-matching
lens in the U-Bench and re-optimising the cavity transmission signal as observed on

the avalanche photodiode. The integrated lens was also secured by UV curing epoxy.

The completed cavity module was removed from the alignment mount and installed into
the mounting superstructure within the vacuum chamber. The chamber was evacuated
by turbo-molecular pump and the properties of the cavity re-determined by length
scanning spectroscopy. These values are given as Table which are highly consistent
with those predicted in our design. However, the cavity is ~ 25um longer than intended,

corresponding to the resolution of the microscope used in alignment. The small increase
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Property Symbol ‘ Design Measured Unit
Length Legy 450 476.18 £ 3.8 pm
Linewidth Aw, 4.2 4.17+0.13 27 MHz
Free Spectral Range  Awgg, 330 315.0£0.3 27 GHz
Pyramid Losses L 37.3 40.8 £ 1.2 ppm
Finesse F 79,330 | 75,904 £ 2657 -

Table 7.2: Measured Science Cavity Properties. After being installed
into vacuum, the spectral properties of the tapered mirror cavity were rede-
termined. This indicated a small increase in cavity length and thus the initial
onset of clipping loss. However, owing to the margin of error applied to cavity
design, this only induced a 3ppm additional loss to the cavity. Overall, these
properties compare favourably to the intended design properties given in Table
[7.1] Errors are determined statistically.

in clipping losses at this length broadened the cavity linewidth. However, since this
was perfectly, and somewhat coincidentally, offset by the longer cavity length, it was
not noticed during spectral interrogation of the cavity during fabrication. However, the

additional losses of 3ppm do not notably affect cavity performance.

7.4.4 Frequency Stabilisation

For coherent manipulation of an atomic state, the resonance frequency of the optical
cavity must remain at a fixed detuning from its targeted transition. For a cavity finesse
in the regime of 10°, this implies a required length stability in the order of picometres.
This is exceptionally challenging to achieve in a standard laboratory environment, given
the acoustic, thermal and vibrational noise present. Instead, cavity length is stabilised
by electronic feedback, applied via piezoelectric transducers. To create an optical mea-
sure of cavity length suitable for the generation of an error signal, its resonance with a

frequency stable laser is probed.

Ideally, the laser frequency used for length stabilisation is sufficiency far detuned from
any relevant atomic transition as to avoid interference with the process under study.

This requires the laser to address a longitudinal cavity mode that is distinct from the
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mode used for atomic interaction, separated in frequency by an integer number of free
spectral ranges. However, laser frequency must also be within the stopband of the
dielectric coating, as to ensure a narrow cavity linewidth. This usually requires a sta-
ble frequency reference with inherent tunability, with examples including an optical
frequency comb, a transfer cavity or the use of electro-optic and acousto-optic modu-
lators. If a suitable device is unavailable, the cavity may be stabilised with the exact
laser frequency of its intended atomic resonance, with illumination interrupted during
atomic interaction. This is a sample and hold technique, requiring excellent passive

stability of the cavity over the interaction period [120].

In future experimentation, we intend to stabilise our cavity detuned from atomic res-
onance using an optical frequency comb@ This is currently installed within our lab-
oratory for locking a paired super-polished mirror cavity [56]. The extension of this
locking scheme to support two cavities simultaneously is ongoing. In the current stage
of development, it is sufficient to characterise the cavity by stabilising it to an atom-
resonant laser. Since this laser frequency also matches the design wavelength of the
dielectric stack, it experiences a maximum cavity finesse. Therefore, the cavity reso-
nance signal is maximally susceptible to vibrational noise. Locking at this wavelength
ensures that the cavity has sufficient vibrational stability to be locked to any practical

laser frequency in future.

Cavity locking light is produced by a Toptica DL Pro external cavity diode laser
(ECDL), tuned to the |F' = 2) — Cj3 crossover line (780.246nm) in saturated Doppler-
free absorption spectroscopy of 8’Rb. Locking the laser to this spectral feature is per-
formed by the Pound-Drever-Hall (PDH) technique [143, [144]. The required 25MHz
frequency sidebands are generated by RF modulation of laser current, with demodula-
tion, signal processing and PID locking performed with a Toptica DLC Pro controller.

The application of sidebands and their power distribution is monitored on a scanning

2IMenlo Systems FC1500-250-WG
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Fabry-Perét interferometer, with the central frequency of the laser verified by wave-

length meter@
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Figure 7.7: Long-Term Cavity Stability. The transmission of frequency
stable laser light by the cavity is shown for a period of several minutes, with
PDH stabilisation of length performed. Mean cavity transmission is indicated
by a green line and off-resonant transmission by a red line. Fluctuations in
cavity transmission can be interpreted as a changing resonance frequency of
the cavity, with respect to the probe laser, which is not corrected by the
feedback electronics. These deviations could be significantly reduced with the
application of higher frequency feedback, in a range of greater than 1kHz.
However, the current performance of the system is suitable for engineering
persistent atom-cavity interactions.

The science cavity is locked on its transmission signal, measured using an avalanche
photodiode@ This uses the PDH method, with demodulation, filtering and PID lock-
ing performed using a second channel of the DLC Pro controller. The bandwidth of
feedback generated by this controller is limited to ~1kHz, applied to the planar mirror
piezo of the cavity. The pyramidal mirror piezo is used to apply a static offset to cavity
length, by driving it with a fixed Voltage@ This is used to centre the cavity length on
resonance, against the action of slow thermal drifts. This increases the duration of time
that the cavity remains locked, as it alleviates the output voltage limit of the feedback

electronics.
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Under the current scheme the cavity remains locked for several hours, with disruption
normally occurring only as a result of severe acoustic disturbance. An example of long-
term cavity behaviour is given as Figure There is excellent scope to improve this
stability, chiefly by increasing the relatively low bandwidth of feedback. This feedback
may also be split in frequency, applying high frequency corrections to one piezo and
low frequency to the other. This will assist in tracking thermal drifts without manual
intervention. However, current performance demonstrates that the vibrational stability
of the cavity is sufficient for engineering persistent atomic interactions. This has been

a notable challenge in the implementation of fibre-tip cavities.

In future work the vibrational stability of the cavity will be probed quantitatively, by
examining the mechanical resonances of its structure, the response of the cavity to
applied feedback and the isolation that its implementation environment provides. This
will allow feedback to the design of the cavity superstructure and direct comparison
with similar studies performed on fibre-tip cavities, which were specifically developed

for passive stability [49].

7.5 Towards Intra-Cavity Atom Trapping

Atomic cooling and trapping has been a parallel line of research to optical cavity de-
velopment within our research group. This is discussed in a selection of works [65,
66, 140], attributed to the authors therein. However, to integrate these methods into
our intended cavity platform, significant revisions and extension will be required. This
section summarises our goals for intra-cavity single atom trapping, past achievements

towards this effort and the outstanding requirements.
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7.5.1 Dipole Trapping

Many studies of cavity quantum electrodynamics in the optical domain have used sin-
gle non-localised atoms, traversing the cavity volume with a slow velocity . An
effective method of creating this emitter stream is via an atomic fountain . This
requires the formation of a magneto-optical trap (MOT), generating a cloud of cold
atoms. The laser beams used to create the MOT are then variably detuned, propelling
atoms towards the cavity mode. If the density of the cloud and ballistic properties of
the fountain are correctly tailored, long interaction times can be realised as a single
atom traverses the mode. With a high atom-cavity coupling strength, this interaction
period can be sufficient to allow multiple coherent operations on the atom, including

several successive photon emission events [56].

- <«—— Dipole Trapping Laser
Trapping Site

\ \ Cavity Module

Figure 7.8: Anticipated Intra-Cavity Dipole Trap. A rendering of the
cavity module is shown, along with the expected profile of the dipole trapping
laser (red). The focus of the trapping laser, and position of single atom local-
isation, is at the central cavity antinode. The trapping light will be imaged
after propagating through the cavity mode, to correct for optical aberrations.

However, loading the cavity by an atomic fountain does not scale well with the re-
alisation of cavity-mediated remote atom entanglement. Since this is an inherently
stochastic process, the probability that two or more cavities contain a single atom low-

ers significantly. Therefore, we require a method of localising a single atom within each
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cavity. The widely adopted solution for trapping a single neutral atom is by a dipole
trap |146]. The physical mechanism for dipole forces on an atom is well explained in
literature [51]. However, from an implementation perspective, it uses a highly focused

red-detuned laser to establish a conservative trapping profile.

The potential landscape of a dipole trap corresponds directly to the intensity distribu-
tion of the driving laser. To create confinement on the length scale of a single atom, it
must therefore be tightly focused. As considered in Chapter 4, this established one of
the primary restrictions in our cavity design process; by ensuring sufficient optical ac-
cess to the cavity mode for injection of the trapping light. Previous cavities constructed
within our group have lacked this geometry, being loaded by atomic fountain instead.
Alternative schemes within optical CQED have used a standing wave dipole trap for
intra-cavity atomic localisation [41, 60]. However, in our envisaged atom-cavity system

we desire a degree of flexibility that may not be achievable via this method.

Since our dipole trapping method does not require the formation of a standing wave
or optical lattice, we have notable freedom to shape laser intensity distribution at
its focus. By the use of adaptive optics, specifically a phase spatial light modula-
tor (PSLM), highly bespoke trapping geometries may be established. Demonstrations
within our glass cell environment include 4 x 4 square arrays of trapped atoms, each
with a standard occupational lifetime of ~ 10 seconds. By dynamically updating the
PSLM phase pattern these trapping sites may be translated, with single atom transport

demonstrated over distances of &~ 20um.

In principle, this allows for localising several atoms within the cavity, each at isolated
positions within the standing wave cavity mode structure. Alternatively, an atom
trap may be translated into the central antinode of the cavity, on detection of its
occupation. When combined with the multi-feature resonators discussed in Chapter 6,

a set of quasi-independent atom-cavity systems may be created in a highly compact
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footprint. However, in our current demonstrations, the dipole trap has been positioned
at the centre of the MOT cloud for optimal loading, which is incompatible with a cavity

present at this position.

7.5.2 Cold Atom Loading

Since the dipole trap is a conservative potential, it must be loaded with pre-cooled
atoms, whose temperature is less than the depth of the trap. As introduced in the
previous section, a magneto-optical trap (MOT) is a well-established technique for the
cooling and localisation of neutral atoms [145]. From an implementations standpoint,
its core components comprise a pair of anti-Helmholtz magnetic field coils and three or-
thogonal pairs of counter propagating circularly polarised laser beams. However, when
a cavity system is installed into the glass cell, the optical access for atomic cooling and

trapping is significantly reduced.

To allow for intra-cavity dipole trapping, large apertures were milled into the vertical
faces of the cavity module and mounting superstructure, as highlighted in Figure [7.8
This allows the dipole trapping lenses to be located outside of vacuum, for experimental
flexibility. However, there is no geometry that allows for the formation of a standard
MOT in this region, comprising three pairs of orthogonally propagating beams. Even
if the cavity mounting structure was diminished at the expense of vibrational stability,
the pyramidal mirror substrates would distort at least one cooling beam. To overcome

this, a more compact method of MOT formation must be implemented.

A straightforward and effective method was realised in [60]. This used a planar mirror
for MOT beam retro-reflection, allowing all beams to be located on one side of the
cavity. A small aperture was located in this mirror for the emanation of atomic flux,
which was guided to the cavity mode by harmonic motion in a dipole trapping potential.
Once at the position of the cavity mode, a standing wave dipole trap was established

to retain atomic position. However, a highly elegant alternative to this approach is
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the creation of a pyramidal MOT. This is being developed by a colleague within our

grouﬂ with its natural integration into the cavity superstructure a joint development.

a) b) c)

L S
W

| i)

Figure 7.9: Pyramid MOT. a) An illustration of the anticipated pyramidal
MOT is shown. Gold coated mirrors are illuminated from above, creating the
three sets of orthogonal, counter-propagating, red-detuned beams required to
establish the cooling action. The atomic cloud is shown in grey. It experiences
reduced cooling in the direction of the pyramidal apex. This causes a cold
atomic flux to emanate from the pyramidal tip. The pyramid will also be
illuminated from the cavity side to control the atomic flux and to form a
molasses at the cavity mode, shown in blue. b-c) This is installed directly
into the cavity module and secured by the superstructure, using an aperture
milled into the cavity plate.

A pyramidal MOT comprises four mirrors, whose surfaces are orientated at 45° to a
central axis. When the pyramid is illuminated along this axis by a laser beam, three
sets of counter-propagating components are directed towards a single axial position. A
quadrupole magnetic field is centred on this position, establishing the magneto-optical
trap. A small aperture is placed at the apex of the pyramid, which reduces cooling in
this direction and creates a stream of cold atoms. A laser beam is directed towards this
aperture from the opposite side of the cavity to control the atomic flux and provide
cooling at the position of the cavity mode by optical molasses. A schematic of the

pyramidal structure and its cooling action is given as Figure

At the time of writing, a prototype pyramidal MOT has been fabricated and integrated

25Mark IJspeert
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into a UHV glass cell environment. Work is ongoing to characterise and optimise the
cold atomic flux produced by this structure. It will then be integrated into the dipole
trapping glass cell, to establish an updated procedure for atomic loading. Finally, this

system will be integrated with the cavity, completing the trapped atom-cavity interface.

7.6 Review and Outlook

In this chapter we performed the design, construction and implementation of a hy-
brid geometry science cavity, to act as an elementary quantum interface between a
trapped neutral atom and single photon. This paired a super-polished near-planar
mirror for efficient photon extraction, with an ablated pyramidal micro-mirror to en-
sure modal confinement. This realised a cavity with strong atom-cavity coupling,
{90,K,7} = {11,2.1,3} x 2rMHz, ample optical access for dipole trapping, 6,, > 45°,
photon extraction of 7¢,; &~ 0.5 and a narrow linewidth of Aw, = 4.2 x 2rMHz. Our
design requirements outlined in Chapter 4 were therefore achieved, with excellent scope
to improve cavity properties in future. This would be via the creation a paired pyra-

midal cavity, once a suitable batch of high transmission mirrors has been fabricated.

A novel process of cavity fabrication was demonstrated, tailored for use with the pyra-
midal mirrors. This was developed in response to the demanding alignment tolerance
of ablated mirrors, without the benefit of integrated beam steering inherent to fibre-tip
cavity fabrication. An optomechanical U-Bench structure allowed for a concise align-
ment process, accurately forming the cavity mode at the anticipated site of atomic
trapping. Since this technique ensures that the alignment laser represents the ideal op-
tical axis for the cavity in vacuum, when combined with the integrated mode-matching
lens in the cavity module, optical excitation of the cavity and generation of a resonance
signal for frequency stabilisation was readily achieved. This will allow the transmissive
mirror to be used purely for single photon extraction, with their efficient capture per-

formed using free-space optical elements.
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Frequency stabilisation of the cavity to an atom-resonant laser demonstrated a core
technical requirement for its use in coherent quantum control. This represents vibra-
tional stability of the pyramidal mirrors, assisted by the cavity mounting superstruc-
ture. Future research is expected to include a quantitative analysis of cavity stability
and the application of electronic feedback, highlighting the role each mechanical ele-
ment plays in supporting persistent resonance locking. This will allow direct comparison
with alternative cavity geometries and set a benchmark for the fabrication of a paired

pyramidal cavity.

The cavity module and mounting structure was specially designed to facilitate a single
atom dipole trap, establishing a deterministic atom-cavity interface. A compact optical
device required in the formation of a MOT is currently under development. Once this
has reached an adequate stage of maturity, it will be integrated with an established
platform for re-configurable dipole trapping. Since the cavity, MOT optics and dipole
trap have all been installed within identical glass cell environments, their eventual uni-

fication should be a straightforward task.

Overall, our science cavity has been designed, fabricated and implemented in a modular
and reproducible manner. In the long term, this will assist in the replication of the en-
tire atom-cavity system, for the creation of an elementary quantum network. However,
it also permits updating the cavity design, without significant modification to its op-
erational environment. We have highlighted an interest in creating a paired pyramidal
mirror cavity, however a viable alternative is the multi-feature resonator demonstrated
in Chapter 6. This would require some modification to our alignment technique, to en-
sure a desired detuning of each respective cavity mode. However, when combined with
our re-configurable dipole trap, may lead to a scalable array of atom-cavity interfaces
within the same glass cell environment. This would significantly reduce the technical

overhead and footprint of the envisaged quantum network, as well as provide a highly
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novel platform for performing experimentation in the wider field of optical CQED.



Chapter 8

Conclusion

The objective and outcome of this thesis was to develop new methods in the manu-
facture of optical cavities for coherent quantum control of trapped neutral atoms and
single photons. This has been a principally technical endeavour, requiring increased
open access to the cavity mode for atomic localisation, without detriment to its perfor-
mance as a quantum interface. In this effort, we have described novel contributions to
cavity design, ablative glass shaping, optical mirror characterisation, cavity alignment
and experimental operation. We shall now provide a brief review of the work of this
thesis, before discussing its role in the future direction of our research group and its

greater context in the field of optical CQED.

8.1 Review of Progress

Considering single photon production, we outlined the core requirements for cavity
suitability and developed metrics of performance by which they could be evaluated.
In applying this quantitative analysis to an existing set of cavities, we highlighted a
potentially significant performance advantage in migrating to the use of sub-millimetre
scale cavity mirrors. In reviewing the state of the art in micro-mirror manufacturing

methods, we recommended and elected to pursue laser ablation.

The developed ablation platform combines a number of recent technical developments
in micro-patterned ablation, rotational smoothing and integrated surface reconstruc-
tion |40}, |47]. The current system is exceptionally versatile, able to produce arrays

of several hundred ablation features or highly compact mirror geometries suitable for
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open access cavity fabrication. We engineered an enhanced control over mirror ellip-
ticity and feature diameter, later demonstrated by a cavity with negligible geometric
birefringence and an effective length of L.q, > 1mm. We presented a new scheme for
the laser ablation of pyramidal micro-mirrors, combining the facet geometry of fibre-

tips with the experimental practicality of bulk optics.

An apparatus for precise cavity length scanning spectroscopy was developed, allowing
for a detailed characterisation of a prototypical batch of pyramidal mirrors. This op-
erated outside of vacuum, permitting a diverse range of spectral measurements to be
performed in a time efficient manner. The observed properties of the pyramidal mirrors
were consistent with the current state of the art in ablated fibre-tips. The incoherent
losses observed, L7 = 37ppm, were consistent with predictions from surface roughness
measurements, Lg = 29ppm, and standard coating absorption losses, £L4 < 10ppm.
Since surface roughness largely derived from our simple method of substrate prepa-
ration, mirror quality is anticipated to improve in future work. To assist in its more

detailed analysis, a cavity ringdown spectrometer was constructed and demonstrated.

A novel process of cavity fabrication was developed, to ensure a cavity mode is ideally
placed for optical interrogation and atomic loading when integrated into vacuum. The
optomechanical structure developed for this process greatly simplifies alignment, by re-
alising an equivalent version of the integrated beam steering and cavity mode matching
inherent to fibre-tip cavity production. The process is highly repeatable and applicable

to a wide range of mirror geometries.

A hybrid pyramidal mirror cavity was fabricated and implemented into vacuum, to
act as an elementary interface between light and matter. This was a geometrically
asymmetric pairing of mirrors, comprising a ¢, = 100pm diameter pyramidal mir-
ror and high transmission super-polished tapered mirror. Standard requirements for

polarised single photon production with 8"Rb were met [38, [122], with anticipated
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strong atom-cavity coupling, {go, x, v} = {11, 2.1, 3} x 2rMHz, narrow cavity linewidth,
Aw, = 4.2 x 2rMHz, and an expected photon extraction efficiency of 7e,+ = 0.5. Most
crucially however, there is excellent open access to the cavity mode to support a single

atom dipole trap.

The stabilisation of cavity length to an atom resonant laser demonstrated its future
suitability as an operational science cavity, as well as highlighting the inherent vibra-
tional stability of pyramidal mirrors. The integration of atomic cooling and trapping

methods into the developed system are ongoing.

8.2 Future Outlook

Ongoing research continues towards a direct demonstration of strong cavity coupling to
a single neutral atom in a re-configurable dipole trap. This requires the unification of
the fabricated cavity, compact atomic cooling method and dipole trapping optics. Each
has been developed in identical vacuum environments and this process is expected to

be straightforward.

A strong emphasis on reproducibility and modularity was placed on cavity fabrication.
This is expected to support the rapid replication of the trapped atom-cavity system, es-
tablishing our intended platform for studying cavity mediated quantum entanglement.
This modularity also allows for the cavity design to be updated and refined, without
a requirement to redesign the greater experimental architecture. This may be via the
production of a paired pyramidal cavity for enhanced atom-cavity coupling strength, or
a continuation of the hybrid geometry produced in Chapter 7. Our platform for laser
ablation is able to facilitate a broad range of potential mirror substrates, including

optical fibres.

Furthermore, with the development of the multi-feature resonators demonstrated in



188

Chapter 6, a novel route to scaling our atom-cavity quantum network may be realised.
In principle, it allows multiple coherent interfaces to be established side-by-side within
a single vacuum chamber. A prototype multi-feature cavity may be installed in the
short term, using our existing methods of cavity fabrication. However, to engineer
control over the respective detuning of each cavity mode, our cavity module design will

need to be refined.

This work has focused on the design and implementation of optical cavities for inter-
facing light and matter. The requirement for open-access cavities with high quantum
efficiency is common to a range of qubit platforms. While each species of emitter
requires a distinct method of localisation, in the optical domain the demand for signifi-
cant modal confinement with high quality mirror surfaces is near universal. Indeed, the
faithful interconversion of static and travelling qubits constitutes a major challenge in
establishing a quantum network with true scalability. The creation of such a network
is anticipated to realise a new paradigm in information processing and a significant

milestone in the growing development of quantum technologies.
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