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To all seekers of knowledge and fame,
may you have the serenity to accept what can’t be changed,
may you have the courage to implement what can be changed,

and may you have the wisdom to know the difference.
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Summary

Near-Concentric Optical Resonator For Coherent Atom-Photon Interaction
by
Adrian Nugraha Utama
Doctor of Philosophy in Centre for Quantum Technologies

National University of Singapore

Optical resonators are indispensable in engineering coherent interaction between
atoms and photons, as fundamental building blocks in hybrid quantum information
processing. With their interaction governed by cavity quantum electrodynamics,
atom-cavity systems require photons to be contained in a small mode volume,
and this is conventionally implemented with small high-finesse optical resonators.
However, although largely unexplored, small mode volumes can also be achieved
with relatively large optical resonators operated in a near-concentric regime, with a
strongly focused cavity mode. Near-concentric optical cavities require a relatively
low finesse to operate, and provide a large physical space between the mirrors,
which can be useful for atomic ensembles, ions or Rydberg atoms. Furthermore, the
frequencies of the cavity transverse modes are near-degenerate, and on the order
of the hyperfine or Zeeman level splitting of the atoms, which can be utilised for
atom-light interactions employing multiple photonic modes.

This thesis explores different facets of a 11-mm length near-concentric cavity
operated extremely close (less than 5 pm) to the critical point. First, we observe
a coupling of a single 8Rb atom to the fundamental mode of the near-concentric
cavity, with the coupling strength g = 21 % 5.0(2) MHz exceeding the atomic dipole
decay rate by a factor of 1.7(1) — on par with small cavity systems exhibiting
strong atom-photon coupling. Due to a low cavity finesse of 138(2), the atom-cavity
cooperativity is 0.084(4), which can be easily improved easily by using mirrors with
higher reflectivities. Second, we selectively excite one or a superposition of the
higher-order transverse modes of the near-concentric cavity, with mode-matching
efficiencies close to the theoretical prediction. Third, we implement passive and

active noise reduction strategies to stabilise the cavity length, and bring the cavity

vi



mechanical noise down to an acceptable level. We also examine a different mounting
technique which provides a higher stability for future designs. Last, we explore how
the near-concentric cavity becomes unstable around the critical point, and assess
the limit to the near-concentric cavity performance.

These studies provide valuable insights into the workings of a near-concentric
cavity system. A better understanding of such system, in terms of its mechanical
stability and performance limits, enables a coherent interaction between atoms and
photons, even with a moderate-finesse near-concentric cavity. Furthermore, it would
be fascinating to apply near-concentric cavities in various systems, which exploit
the tight-focusing geometry, near-degenerate transverse modes, or highly divergent

critical behaviour, as resources for quantum technologies.
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Preamble

In 1899, Charles Fabry and Alfred Pérot developed an interference apparatus
made from two silver-coated glass surfaces facing each other [1]. This apparatus,
which they called the interference spectroscope , produces sharp interference fringes
due to multiple re ections back and forth the silver mirrors. This allows them to
improve the resolving power of spectroscopy and metrology experiments. Since then,
this Fabry-Perot interferometer idea has been extended to many di erent forms, and
is used in many science experiments and technological applications.

The re ectivity of visible light on a silver-coated mirror is around 90% which
gives a pretty decent interference e ect. The catalyst for the idea advancement
is the construction of mirrors consisting of multiple thin dielectric layers, which
allows mirror re ectivity very close to unity with very low loss. Around the 1930s,
multilayer thin Ims were used to develop antire ection coatings [2, 3], which later
aided in the war e orts, through the use of antire ection coating on binoculars to
improve visibility at dawn and dusk [4]. Dielectric-coated mirrors and antire ectors
work through a speci c variation of the refraction index and thickness of each layers,
based on the interference e ect as well [5]. The idea of multilayer interference
also spurred into engineering of frequency-selective optical components, such as
narrow-band transmission lters or re ectors of speci ¢ wavelength [6, 7].

High re ectivity dielectric mirrors were also very useful for the development of
lasers in the 1960s, which requires ampli cation of light [8, 9]. This can be achieved
with an optical resonator such as a Fabry-Perot interferometer, as the light energy
ampli es between the two highly re ective mirrors due to multiple re ections [10,
11]. Another important theoretical work is the calculation of the steady-state eld
distribution of the Fabry-Perot interferometer [12], which is later shown to have
very low di raction loss with curved mirrors [11]. This stable con guration for the
resonator modes is akin to a light beam passing through a periodic sequence of lenses,



while maintaining the beam size due to repeated refocusing [13, 14]. Furthermore,
optical coating deposition techniques have improved considerably in the 1980s [15],
allowing for extremely high dielectric mirror re ectivity with ultralow losses at about

1 ppm [16]. This corresponds to around one million back-and-forth light re ection

o the mirrors, e ectively trapping the light inside the interferometer.

The development of a low-loss optical cavity greatly bene ts the eld of quantum
optics. Since the 1990s, such optical cavities have been used to observe and engineer
atom-light interaction at the level of a single quanta [17, 18]. It has also advanced
the eld of spectroscopy and metrology [19 21], furthering the initial explorations
of Fabry and Perot, which turns into various optical cavity-based sensors [22 25].
Furthermore, optical cavities have also been used to test fundamental limits of
relativity [26] and detect gravitational waves [27, 28].

In this thesis, | am going to describe a small contribution in the eld of quantum
optics using a Fabry-Perot interferometer as an optical resonator or optical cavity,
to develop some alternatives and better ways to interface with atoms. | will brie y
review the development of this eld in the next few sections. Then, | will o er
my experiment-informed perspective on the eld, by operating the cavity in a less
common regime the near-concentric regime and presenting our results and
technical challenges in detail.

It may be interesting to point out that our near-concentric optical resonator
functions principally based on interference, and so do our laser systems. The coatings
on the interferometer mirrors also utilise interference e ects, and so do the alignment
mirrors and optical Iters. Some of the measurement and preparation techniques
rely on interference features as well. Even what we are trying to accomplish here is
to interfere atoms with light. In the end, it all goes back to interference. However,
that is just one way to view it. Another view is that, by putting interferences upon
interferences, we start to see something interesting and new, and that would be the
spirit of my thesis.



CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

The founders of quantum physics did not foresee that one day we would nd
ways to interact with single quantum objects, let alone manipulate them and develop
new technologies. As Erwin Schrodinger wrote in 1952, we never experiment with
just one electron or atom or (small) molecule. In thought-experiments we sometimes
assume that we do; this invariably entails ridiculous consequen¢29]. Little did
he knew that he was a few mere decades from it.

The key enabling technology to perform experiments with single particles, while
harnessing their quantum properties, is undoubtedly the laser, which is built within
an optical resonator. However, what is more fascinating, and also the way the
thesis uses an optical resonator, is the following the optical cavity is used to store
photons as quantum objects, which interact with one or a few atoms placed inside
it, in a coherent manner displaying quantum features. This lies in the eld of cavity
guantum electrodynamics (CQED).

Cavity Quantum Electrodynamics CQED is a study of the interaction between
atoms (or other particles) with photons con ned inside a cavity, with dominant
guantum e ects. The eld of CQED started with a microwave cavity interacting
with Rydberg atoms [30, 31], as atoms in the Rydberg state have very high electric-
dipole moments with microwave level transitions [32]. The microwave cavity can be
constructed with a very high quality factor in the superconducting regime, which
leads to the demonstration of a maser operated only by a single atom [33].

One de ning feature of CQED is the Rabi ocillation, which is a coherent oscillation
between two quantised energy levels in the presence of a driving eld. In the CQED
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experiments, particularly due to the strong atom-photon coupling in the cavity,
the Rabi oscillation can be observed with only one or a few photons present. In
1996, Serge Haroche and his team managed to observe Rabi oscillation in their
CQED system, signifying a strong coupling of the atom to the cavity microwave
photons [34]. Since then, these systems ourish in demonstrating myriads of textbook
examples of quantum experiments [35 38], with applications in quantum information
processing [39 41].

Later on, or perhaps concurrently, the eld of CQED developed at least two
additional main branches. First is the upgrade from the microwave to the optical
regime. This allows the photon and atom to exchange roles in the microwave
cavity experiments, the information carriers ( ying qubit) are the atoms, while in
the optical cavity experiments, the ying qubit are the photons. Optical photons
have high frequency and information-carrying capacity, can be transmitted over
large distances or over bres with almost negligible loss and dispersion, and can be
easily manipulated and detected with standard optical elements, making it a good
choice for quantum information carriers [42]. The optical CQED system is the main
focus of the thesis, and will be explored further in subsequent sections.

The second branch attempts to mimic the atomic system with solid state devices.
The most successful realisation is in superconducting circuits where the cavity is
formed by two gaps on a microwave transmission line similar to the Fabry-Perot
con guration, while the atom-like nonlinearity is achieved though a Josephson
junction element placed close to the cavity [43]. The macroscopic arti cial atom
can be engineered to have a very high dipole moment in a one-dimensional space,
with the Rabi oscillation frequency limited only by the ne structure constant.
Quantum information processing capability in this circuit QED system has improved
signi cantly over the last decades [44], leading to possibly the rst 53-qubit quantum
computer demonstrating supremacy over classical computers [45]. The dynamics of
CQED systems can also be observed with trapped ions [46, 47] which are cooled
down to very low temperatures [48, 49], reaching zero motional state [50]. In this
system, the cavity photons are equivalent to the ion motional states in a harmonic
potential, whereas the interaction between the ion motional and electronic states
can be generated with an appropriately tuned laser the laser drives the ion's
electric dipole vibrating along the laser axis, resulting in a motion-modulated phase

4
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in the dipole interaction. A similar Rabi oscillation has thus been observed by
David Wineland and his team in the trapped ion system [51]. The seminal quantum
computation proposal by Ignacio Cirac and Peter Zoller [52] paved the way for a
fundamental quantum logic gate with trapped ions [53], which recently developed into
a high delity programmable quantum computers with 11 qubits [54]. As the ions are
typically arranged in a chain and vibrate collectively, gate operations between any
two ionic qubits can be implemented with two laser beams addressing the di erent
ions, yielding a full-connectivity computing architecture [55]. This contrasts with
the circuit QED architectures, where a physical connection is necessary for any
two-qubit operations, requiring more operations with possibly higher errors [56].

Single atom trapped in an optical cavity CQED in the optical regime started
with the observation of optical bistability with modi ed photon statistics [57] and
normal-mode splitting [17] in an optical cavity system with only a few atoms at
one time, by H. Je Kimble and his team. The optical cavity is constructed by two
curved mirrors facing each other, in a Fabry-Perot con guration. These mirrors are
spaced pretty close apart and have very high re ectivities, typically on the order of
0.1 mm and 99.99% respectively.

Observation of two distinct normal-mode frequencies indicates that the cavity
photon modes couple strongly with the atomic energy states, just as two pendulums
coupled with a spring exhibit two normal modes corresponding to the in-phase
and out-of-phase movements between the pendulums. In the time domain, this
corresponds to an oscillatory exchange of energy between the two pendulums, or
in our case, between the atomic states and the photons. This Rabi oscillation of
the atomic states in an optical cavity, observed shortly afterwards [58], can thus be
viewed as a Fourier transformation of the normal-mode splitting.

The early experiments in optical CQED used a ux of atoms owing perpen-
dicularly to the cavity axis. This was not very ideal, as the atom only spend a
short amount of time inside the cavity mode, with a coupling that depends on the
atomic position and time [59]. Hence, the atom-cavity interaction process has to
be treated statistically, and has some implications to the normal-mode line shapes
[60]. Nevertheless, even with such limitation, it was possible to engineer nonclassical
correlations of light intensity [61, 62] and controlled-phase quantum gate [63].
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Even though the interaction time of the atoms inside the cavity mode can be
increased by slowing down the atoms [64], the best way to obtain a sustained
coupling is to trap the atoms. Trapping of single atom can be achieved with a
far-o resonance dipole-force trap (FORT) [65], or with single photons via the strong
nonlinearity of the atom-cavity system [66, 67]. The trap lifetime can be improved
to a few seconds by using a state-insensitive FORT [68] or three dimensional cooling
schemes [69]. With these techniques, one obtains a clean system of a trapped single
atom interacting coherently with the photons of an optical cavity, which displays a
normal-mode splitting with a single photon (vacuum Rabi splitting) [70, 71].

1.1  Aim of this Work

A single atom trapped in an optical cavity presents a very clean system to study
and explore CQED in the optical regime. Apart from using a small Fabry-Perot
cavity in the near-planar regime, it is also possible to operate an atom-photon
interface with a cavity in the near-concentric regime, which may provide several
advantages: (1) atom-cavity coupling strength comparable to small cavities due
to small mode waist, (2) large physical volume between the mirrors, (3) lower
requirement for the mirror re ectivity and cavity nesse, and (4) near-degeneracy of
the cavity transverse modes. However, these advantages come with some demanding
requisites in terms of the mode matching, alignment, noise isolation, and so on
hence, largely unexplored or used until quite recently.

The idea of using a physically large cavity with small mode waists was rst
proposed and demonstrated in 1994 by Thomas Mossberg and his team [72]. The
atom-cavity coupling was observed through the enhancement and inhibition of the
atomic decay rates the Purcell e ect [73, 74], and was deduced to be similar to
the coupling strength of a small cavity.

Along with the development of strong atom-light interaction using a lens with
tight focusing in our group [75, 76], we started exploring an optical cavity con g-
uration with a tight-focusing geometry as well [77]. This con guration is called
near-concentric , as the cavity mode has a rapidly diverging shape from the focal
point at the cavity centre (see Figure 1.3). We build the cavity with two anaclastic
lens-mirrors facing each other here, anaclastic indicates that the optical element is
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refractory, with the lens and mirror combined as one element (see Section 2.1). This
allows the rapidly diverging cavity mode to collimate on the lens output [78], and
makes the alignment and mode matching procedures much more straightforward.

Since | joined the project, we manage to trap single atoms inside the near-
concentric cavity, and observe atom-cavity coupling exceeding the atomic decay
rate [79]. The anaclastic design also allows the cavity to be aligned extremely close
to the edge of stability at the last stable resonance before the critical point [80].
Furthermore, we explore the possibility to use and couple to higher-order, near-
degenerate transverse modes of the near-concentric cavity [81]. A main technical
challenge in operating the near-concentric cavity is the mechanical noise. We discover
that the noise can be reduced just by putting a thin metal strips across the mirror
mounts [82]. Combining this with an active noise cancellation strategy, the noise is
reduced to a much lower level. This thesis aims to present these ndings, with a
more detailed outline given in Section 1.2.

Approaching the near-concentricity A common wisdom to achieve strong
atom-light interaction is to use a cavity where the photon is bounded in a small
mode volume. While it may seem that a small mode volume requires a small
cavity, it may not be necessarily true. A near-concentric cavity, even with a mirror
separation of 100times the small cavity, has a comparable mode volume and
atom-photon interaction strength (see Section 1.4). This relatively-unknowminutia
is mainly due to the strong focusing geometry of the near-concentric cavity, where
the transverse extent of the photon is much smaller compared with the small cavity.

Such a large mirror separation greatly bene ts quantum systems such as ions,
atomic ensembles, and Rydberg atoms. In trapped ion systems, the trapping
potential is signi cantly a ected by the induced charges of the dielectric mediums [83],
which necessitates a large separation of the ions and the mirror surfaces. Thus,
near-concentric cavity systems are actively developed [84] and used for several
trapped-ion experiments by Blatt and Northup's group in Innsbruck [85 89]. In
addition, near-concentric cavities are utilised by Schleier-Smith's group in Stanford
to explore spin dynamics in atomic ensembles [90, 91].

Besides the aforementioned experiments, other quantum experiments with near-
concentric cavities are few and far between, despite some of the advantages. This may
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well be that building and operating a near-concentric cavity require quite a share of
technical e orts, as corroborated in the subsequent chapters of the thesis. In fact, a
necessary condition to reach the strong-coupling regime with a near-concentric cavity
is to use a highly curved mirrors and align the cavity very close to concentricity (see
Section 2.1.2). It is worth noting that, in contrast with the other near-concentric
cavity experiments, which require only high cooperativity but not strong coupling
(see Section 1.4.2), our cavity is designed for both and thus is operated extremely
close ( 1 m away) to concentricity.

Therefore, to approach the near-concentricity required in our cavity system,
we introduce several design and operation novelties not commonly found in other
systems. Among those are the combined lens and cavity mirror (anaclastic) design,
and the three-dimensional alignment of the cavity mirrors, which we believe are
indispensable to operate our near-concentric cavity. Construction of cavity mirrors
with incorporated mode-matching elements has only been recently explored in bre
cavity systems with photonic crystal [92] and graded-index [93] bres. On the other
hand, transverse alignment of the cavity mirrors is typically only necessary for
applications with quantum objects embedded on the mirror substrate [94, 95].

It may be early to determine where such a near-concentric cavity system would
bring us. While an early version of the setup requires a large actuator with relatively
cumbersome mounting, the newest version uses small and inexpensive actuators (see
Section 2.2.2). Combined with the less stringent requirement of the mirror re ectivity,
near-concentric cavity systems may see a widespread adoption due to their relative
ease of construction and operation. Furthermore, it would also be advantageous to
exploit the near-degeneracy of the cavity transverse modes to engineer multi-mode
atom-photon interactions (see Chapter 5). At the very least, near-concentric cavity
is an interesting alternative platform to explore strong atom-photon interaction with
strong focusing modes.

1.2 Thesis Outline

The rest of the thesis is organised as follows. We continue the discussion of this
chapter with a brief literature review and theory of optical CQED systems.
In Chapter 2 , we describe the design of our near-concentric optical cavity,
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particularly the design of the lens-mirrors, translation stages, and mechanical mounts.
Then, in Chapter 3 , we discuss in depth the experimental setup and techniques to
operate the near-concentric cavity from the laser systems, spectroscopy techniques,
vacuum systems, alignment and stabilisation of the cavity, to the measurement of
relevant cavity parameters. These two chapters are the culmination of almost a
decade worth of scienti ¢ explorations, starting from the original proposals [77, 78],
and extending the work reported in the PhD theses of Kadir Durak [96] and Nguyen
Chi Huan [97] to the newest understanding of our cavity system.

In Chapter 4 , we describe the observation of atom-light interaction in our cavity
system. First, we trap single atoms inside the cavity mode and measure the cavity
response. We observe an onset of normal-mode splitting, signifying some degree of
interaction, which we characterise with a cooperativity factor. Parts of this work
have been published in [79] and reported in Chi Huan's PhD thesis.

In Chapter 5 , we explore the possibility of using the higher-order transverse
modes of a near-concentric cavity for atom-light interaction. In particular, radial
Laguerre-Gaussian (LG) modes can be a good set of cavity modes for atom-light
interactions, as they have similar coupling strength with the fundamental Gaussian
mode. We use a spatial light modulator to perform the mode conversion and obtain
a pretty good mode matching to the LG modes of the cavity. Parts of this work
have been published in [81].

Operating a centimetre-sized near-concentric cavity presents a substantial chal-
lenge in terms of the mechanical noise due to the need for three-directional alignment.
In Chapter 6 , we describe two di erent approaches that we use to signi cantly
reduce the noise. First, we employ a digital Iter to modify the control loop of the
translation stage actuation, and actively suppress the noise. Second, we use thin
metal strips as friction dampers and place them across the cavity mounts. We show
that this simple modi cation creates a more rigid mechanical structure in the small
movement range, and also allows for large movements. Parts of the second approach
is currently under manuscript preparation [82] and has been reported in the bachelor
thesis of Chen Jia Pern Neuville [98].

Our near-concentric cavity is operated very close to the edge of stability regime.
In Chapter 7 , we explore the behaviour of our cavity near this critical point in
several aspects. First, we try to align the cavity close to its operational limit the
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last stable resonance and observe the e ect on the fundamental and higher-order
transverse modes. Second, we characterise how the aperture size a ects mode
formation before and beyond the critical point. A small part of this work has been
reported in [79] and in [80].

In Chapter 8 , we evaluate the current capability of the cavity system, and how
it can improve in the future. Then, re ecting on the myriad technical problems in
building and operating the cavity system, we propose a redesign of the cavity mirror
and the mechanical structure. Finally, we conclude with a few possible research
pathways with the near-concentric cavity systems.

On top of the chapters, we also provide several appendices to explicate some of
the more technical matters.

1.3 Other Explorations and Applications

To highlight the role that optical cavities plays in advancing quantum technologies,
we give a brief and non-exhaustive review on the explorations and applications of the
eld of optical CQED in this section. Starting with a single trapped atom strongly
coupled to an optical cavity, it is possible to construct atom-photon quantum
interfaces and various types of single photon sources. Furthermore, optical cavities
also open up explorations of atom-light interaction in atomic ensembles, pseudo-
atomic systems, and cavity optomechanical systems.

Quantum interfaces An early demonstration of an atom-photon interface with
an optical cavity created an entanglement between the cavity output photon polarisa-
tions and the atomicmg (Zeeman) sublevels, via a superposition of the two possible
decay paths [99]. Due to the strong atom-photon coupling, this scheme is ideally
non-probabilistic, unlike earlier experiments in ions [100] or neutral atoms [101] with
lens-collected photons. The atomic state can be mapped onto a second cavity output
photon, and readout via its polarisation. This interface has later been improved
with a trapped single atom [102], enabling a high- delity quantum memory [103]
and a basic quantum network between two di erent atom-cavity systems [104].
Such a quantum network is an elementary building block of the so-called quan-
tum internet [105] a vision where remote nodes of quantum systems are linked

10
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via quantum channels which could transport quantum states or even distribute
guantum softwares. Within this quantum network, quantum gate operations can
also be implemented between an atom and a photon [106], between two successive
photons [107], or between two distant quantum nodes [108].

Besides neutral atoms, trapped ions in an optical cavity o er another convenient
guantum network interface, as it allows interfacing between distant trapped ion
guantum computers. A guantum state transfer between an ion and a photon has
been achieved previously, albeit with a relatively low e ciency and delity [85],
due to a relatively weak ion-cavity coupling. This has since been improved in ber
Fabry-Perot cavity systems [109, 110], which lead to the recent demonstrations of a
strongly coupled ion-cavity system [111] and ion-photon entanglement [112].

Single photon sources  Optical CQED systems can also be used to produce
single photons most of the quantum network interfaces are intrinsically single
photon sources as well. An early on-demand generation of single photons uses a
trapped neutral atom in an optical cavity [113]. The photons produced are con rmed
to be single in nature, through a coincidence measurement with a Hanbury Brown
and Twiss setup [114]. This is followed shortly afterwards with the generation of
polarised single photons, by utilising the Zeeman sublevels of the atom [115]. There
are also e orts to generate deterministic single photons with trapped ions [116,
117] or solid state systems [118, 119] via cavity-mediated interaction, with di erent
single-photon emission schemes [120].

An interesting feature of such single-photon sources is the ability to engineer the
temporal shape of the photon. In a strongly coupled system, it is possible to create
unusual photon shapes using a driving laser with time-varying Rabi frequency [121],
or reshaping the temporal shape of the photon across di erent timescales [122].
In addition, shaping the phase of a single photon reveals interesting interference
peculiarities [123]. Apart from a coupled atom-cavity system, it is also possible
to use single photons created with some other processes say, the heralded single
photons from the spontaneous parametric down conversion [124] or the four-wave
mixing process in cold atomic ensemble [125], and use an optical cavity to modify
the outgoing photon, by spectral Itering [126, 127], temporal shape reversion [128],
or bandwidth compression [129].

11
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Atomic ensembles  Placing more than one or a few atoms inside an optical cavity
reveals fascinating dynamics of an atomic ensemble. In the dispersive regime, where
the atomic transition is detuned from the cavity resonance, moving atoms experience
time-dependent dipole force from the cavity eld, while the cavity eld responds
due to the time-varying atomic susceptibility. This back-and-forth interaction allows

a coherent momentum exchange between the atoms and the radiation eld [130].
With a proper choice of cavity detunings and laser frequencies, this e ect has led to
the observation of cavity cooling [131], self-organisation of atoms to form density
gratings [132], collective atomic motion exhibiting squeezing oscillations [133], optical
nonlinearity with low photon numbers [134], and so on.

A Bose-Einstein condensate (BEC) is a special atomic ensemble, as all the atoms
occupy a single matter-wave mode and thus couple uniformly to a cavity mode.
Since the initial demonstrations to place BEC inside an optical cavity [135, 136],
which resulted in an extremely high coupling between the BEC and the cavity in the
near-resonant regime, more exotic phenomena have been observed, such as cavity
optomechanics using the collective density wave of the BEC [137], realisation of
the Dicke-model quantum phase transition [138], formation of supersolid from the
translation symmetry breaking [139]. A cavity operated in a multimode regime,
e.g. confocal or concentric, supports a set of optical modes with di erent spatial
pro les and Gouy phase shifts, enabling range-tunable [140] and sign-changing [141]
interaction of the BEC with the cavity.

In addition to the collective motional states, the spin states also serve as an
appropriate toolbox in atomic ensemble CQED with long coherence time. Cavity
assisted spin squeezing manipulates the spin distribution of atomic ensemble in
order to allow for smaller measurement uncertainties [142, 143]. The quantum phase
transition in the Dicke model has also been realized in the spin systems using two
raman channels [144, 145]. With the cavity detuned from the level transitions,
cavity-mediated unitary processes dominate, which can used to observe and engineer
spin ip- op dynamics [90, 146].

Pseudo-atomic systems  There are many solid-state systems that behave like
an arti cial atom, and can be coaxed to interact coherently with optical cavities.
The demonstration of normal-mode splitting in a quantum well semiconductor
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optical microcavity system [147] came shortly after the demonstration in atom-cavity
system. This system, exhibiting interesting nonlinear optical e ects [148], can be
grown epitaxially in-between and along with a microcavity. While charge carriers
in a quantum well move in a two dimensional plane, quantum dots restrict the
charge carriers to e ectively zero dimension, acting as an arti cial atom exhibiting
discrete energy levels [149]. Normal-mode splitting of quantum dot cavity systems
has been observed in various microcavity structures with low mode volumes [150],
such as micropillars [151], photonic crystal [152], and microdisk cavities [153],
with a corresponding observation of antibunched photon correlation con rming the
guantum nature of such systems [154]. With the ease of fabrication via semiconductor
nanotechnology and high degree of tunability, quantum dot microcavity systems
have seen many applications in quantum interfaces [155].

Besides quantum dots, nitrogen-vacancy (NV) centres in diamonds are also good
atom-like objects for quantum infomation processing [156], due to their long spin
coherence time [157]. Thus, they have been used as quantum memories [158] with
error correction [159]. As the emission spectrum is relatively broad with only a
small fraction of coherent emission, an NV centre coupled to an optical microcavity
enhances the coherence of the system and photon generation process [95, 160, 161].

Cavity optomechanical systems A cavity optomechanical system describes a
mechanical resonator coupled to an optical resonator via radiation pressure force.
Initial demonstrations of such systems use Fabry-Perot cavities, where one of the
mirror is built to vibrate mechanically with very small mass. The system demon-
strates that the radiation pressure induces optical bistability and suppression of
mirror mechanical motion [162], which later develops into cavity-assisted cooling
of mechanical mirrorrs [163, 164], reaching sub-Kelvin temperatures [165]. Besides
vibrating micromirrors, cavity optomechanical systems have been developed with
many other devices, such as whispering-gallery mode resonators [166 169], photonic
crystal cavities [170 172], pairs of coupled microstructures [173 175], nano-objects
inside Fabry-Perot cavities which are either suspended [176, 177] or levitated [178
180], and not surprisingly, atomic systems [137, 181, 182]. A particularly interesting
application of an optomechanical system is to convert between optical and microwave
photons, which has been achieved with motion-induced capacitance modulation [183]
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or piezo optomechanical transducers [184, 185]. This would allow a superconducting
guantum computer to interface with quantum modules located in the distance or
operated in the optical regime.

In cavity optomechanical systems, both the optical and mechanical modes
are harmonic oscillators, and thereby linear, while the optomechanical coupling
is inherently a nonlinear process, as it relates the radiation pressure, which is
proportional to the photon intensity, to the motional mode [186]. Nevertheless, most
systems can be described with linearised optomechanical interaction. To observe
nonlinear e ects, a photon has to stay in the cavity long enough to displace the
mechanical oscillator by more than the mechanical ground state uncertainty [187]

a condition so stringent that it has so far only been observed in atomic ensemble
systems [137, 181]. Alternatively, there have been e orts to engineer optomechanical
coupling that depends quadratically on the mechanical motion, such as placing thin
membranes between two Fabry-Perot mirrors [176, 188]. The most common route
to observe nonlinear quantum e ects is through post-selection mechanism. With
the coupled optomechanical system cooled to its quantum ground state [189, 190], a
parametric down conversion process generates a pair of photon and phonon the
detection of a photon heralds the presence of a single phonon [191]. This heralded
scheme has been used to perform optomechanical Bell test [192] and remote quantum
entanglement between two separated systems [193].

1.4 A Brief Theory of Cavity Quantum Electro-
dynamics
In this section, we give a brief summary on the basic CQED theory in the optical
regime. We start with a simple non-dissipative model of atom-cavity interaction,
and introduce dissipation to describe a real optical CQED system. Then, we outline

di erent geometrical regimes of a stable optical cavity, and show how near-concentric
regime can also be a suitable system to explore atom-cavity interaction.

1.4.1 Jaynes-Cummings Model

The Jaynes-Cumming model consists of a single two-level system (atom) interact-
ing with a single near-resonant quantised electromagnetic mode (cavity), assuming
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no dissipation [194, 195]. The Jaynes-Cummings Hamiltonian can be written as

Hjc = Ha+ Hc+ H|nt (1.1)

=~l, Y +~l@da+~g(a+ a’); (1.2)

where! , and! . are the angular frequencies of the atom and cavity, which de ne
their respectively energy level spacing,’ = jeihgj and = jgihe are the transition
operators between ground and excited states for the two-level systes¥, and a
are the creation and annihilation operator of photons for the cavity mode, ang
is the atom-cavity coupling strength. The interaction HamiltonianH;,; describes
the dipole coupling between the atomic dipole operatat = d,( Y+ )eq and the
guantized electric eld operatorkE = Ep(a¥ + a)e

Hiwn = d E= diEo( Y+ )@+ Q) (1.3)
= ~g( Ya¥+ Ya+ a¥Y+ a) (1.4)
~g( Ya+ a’); (1.5)

whered, is the atomic dipole moment,E, is the quantised electric eld amplitude,
and we assume the same polarisation directions for the dipole and electric eld
(eq = e ) simplicity. In the last line, we use the rotating-wave approximation and
ignore the Ya¥ and a terms as they evolve on a much faster timescalgse (Wa* We)t
in the interaction picture with time-dependent operators. In another view, as the
atom and cavity frequencies are near-resonant { ! ,), the o -resonant terms
Ya¥ and a would imply either atom excitation with creation of a photon, or atom
de-excitation with destruction of a photon, both of which violate conservation energy
in longer timescales. Ignoring the global phase of the Hamiltonian, the atom-cavity
coupling strengthg is given by

daEO ! c .
~ 2~ oV’

(1.6)

where the quantised electric eld amplitudeE, is expressed in terms of the electro-
magnetic mode volumeV (see Appendix A for more detailed treatment).
The Jaynes-Cummings Hamiltonian can be solved analytically, and the respective

energy eigenstates are given by

s
2
~ g’n+ f : @.7)

ac

E’n:n~lc+~
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Figure 1.1: Energy level diagrams of bare and coupled atom-cavity systems. The
eigenst%es of the coupled system with-quanta excitation arej+;ni andj ;ni,
with 2~g" n spacing between them on resonancé (= ! .).

with n as a positive integer which characterises the total excitation quanta of the
coupled system, ,.="!, ! as the atom-cavity detuning frequency, and the
symbol denotes the two normal modes, with their eigenstates given by

j*;ni =sin jg;ni +cos je;n 1i (1.8)

] ;ni=cos jg;ni sin je;n 1l ; (2.9)

with the mixing angle given by
p_
= arctan qZL : (1.10)
ac + 492n + gc

Note that there is no normal-mode splitting for the ground staterf = 0), and the
eigenstate igg;0i with Eqg = 0. On atom-cavity resonance ( 5c = 0), the excitation

P 3 with their

is equally balanced ( = =4), and the normal-modes splitting is2~g
eigenstates] ;ni = (jg;ni j e;n 1i) :p 2 (see Figure 1.1). The vacuum Rabi
splitting is de ned for an initial case of no excitation (in vacuum orn = 0), where a

guanta of excitation splits the system into two normal modes witt2~g spacing.
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Figure 1.2: A schematic of a Fabry-Perot cavity (left) with its corresponding trans-
mission spectrum (right). Modes of a Fabry-Perot cavity form standing waves and
transmit at particular resonances the frequency spacing between these resonances is
the free spectral range/r = c=2L. For high cavity nesse (F 1), the transmission
pro le is Lorentzian, and its width v determines the cavity nesseF = vg=v.

1.4.2 Interaction, Dissipation, and Cooperativity

We describe atom-cavity interaction in a physical system with dissipation. There
are two di erent points of view that yield similar conclusions. First, the many
round-trips of the photon inside the cavity enhances the scattering rate of the atom.
Second, the atom-light coupling has to overcome dissipation losses to ensure coherent
interaction.

In the rst picture, inside a cavity with length L and mirror re ectivities R, and
R ,, the photon bounces back and forth with e ectivelyn; = F= round trips. The
cavity nesseF is given by

F= Ve o (RR)T (1.11)

\Y 1 R]_Rz ’

with ve = c=2L as the cavity free spectral range, andv is the FWHM of the
cavity transmission spectrum (see Figure 1.2). In a free-space system with focused
Gaussian beam [196], the focal spot is, = w 3=2 with w, as the beam waist
radius. For interaction on resonance, this is usually much larger than the atomic
scattering cross section 4 =3 2=2 , except in a few di raction-limited systems [75,
197 199]. Using a cavity withn, photon round trips, the scattering probability is
thus enhanced with a factor of

6F 2

1.12
®= "o (1.12)
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with a factor of 2 as the photon meets the atom twice every round trips [200].
This enhancement or cooperativity factor is also called the Purcell factor [73, 201].

In the second picture, coherent interaction requires the atom-cavity coupling
strength to exceed the cavity and atomic dissipation losses. The coupling strength
0, given in Equation 1.6, has a dependence with the cavity mode volurive In the
paraxial approximation with a Gaussian mode pro le, assuming that the atom is
placed at the focal point and the antinode of the standing wave (see Appendix A
for more details), the mode volume is given by

1 1
V=§WL=ZW§L: (1.13)

The cavity eld decay rate describes how fast a cavity losses a photon, and amounts
to half the cavity bandwidth v expressed in units of angular frequency,

\" C

=2 T AE’

(1.14)

where we have used the rst equality in Equation 1.11 longer or higher- nesse
cavities store photons for a much longer time and have a much lower decay rate

The atomic decay rate is due to the coupling of the atomic dipole to the free-space
modes [202] (spontaneous emission), and is given by

&' 3
= : : 1.15
The degree of coherence is usually expressed in terms of a cooperativity factor,
92 3F 2
C=—=—— 1.16

assuming on-resonance condition { = ! .). Comparing with the rst picture, this
cooperativity factor C is just a factor of 2 smaller than the Purcell factor de ned
in Equation 1.12 [203]. The author notes thatC is conventionally de ned with a
factor of 2 in the denominator [18], though sometimes it is also expressed without
such factor [200, 204], i.eC = g?>= , in which caseC =

The inverse ofC is also known as the critical atom number, which is the number
of atoms necessary to signi cantly modify the cavity transmission. For the case of
C 1, the presence of a single atom provides deterministic atom-light interaction.
However, to observe Rabi oscillations, the hallmark of a coherent interaction, the
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atom-cavity coupling has to exceed both the atom and cavity decay rates, i.e.
g= 1landg= 1 this regime is called the strong-coupling regime. Another
regime of interest is the so-called fast cavity regime, where the cavity decay rate
dominates, i.e. g with C 1. Due to the strong decay pathway through
the cavity output mode, this regime is commonly used to produce single photons [120,
205]. Even though Rabi oscillation is not observable in this regime, coherence still
presents itself in the form of induced transparencies [204], and it is also possible to
construct high- delity quantum gates in this regime [206, 207].

1.4.3 Dierent Regimes of Fabry-Perot Cavity

A Fabry-Perot cavity with curved mirrors can form stable cavity modes in some
geometrical regimes. These modes retain their sizes and divergences even after
countless back and forth re ection, and thus have negligible di raction losses [13].
With the mirror radii of R; and R;, and the mirror spacing ofL, the stability
criterion [208] is given by

L L
0< 1 — 1 — <1: 1.17

De ning the stability parameters g; =1 L=R;andg =1 L=R,, the stability
criterion can be rewritten as
O0<gi1<1: (1.18)

Figure 1.3 shows the stable regime for some con gurations of Fabry-Perot cavities
and their corresponding mode shape. The modes are a family of Gaussian beams
due to the spherical boundary conditions imposed by the mirrors.

We focus on a class of symmetrical cavitie®R{ = R, = R). Near-concentric
cavities are located very close to the concentric poing{ = g, = 1), towards the
stable region the distance away from the critical mirror separation is characterised
by the critical distanced = 2R L, with the stability parameter g= 1+ d=R.

The cavity length L for symmetrical cavities a ects both the atom-cavity coupling
strength g and cavity decay rate . For the coupling strengthg/ 1:p V, the length
L aects the mode volumeV = w 3L=4, with the cavity waist radius wy given by

WgzzL = 1: (1.19)
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Figure 1.3: Stability diagram for Fabry-Perot cavities. The stable regime is indicated
by the shaded region. Symmetrical cavitiesR; = R;) lies on the shaded line. The
concentric cavity is located atg; = g = 1 and is only marginally stable with
isotropically radial modes. Near-concentric cavities are located very close to this
concentric point in the stable region.

To get a large coupling strengthg, the mode volumeV has to be small, which
can be achieved with either a near-planar or near-concentric con guration (see
Figure 1.4). For near-planar cavitiesR L), the expression for the mode volume
V approximates to

Vi SpW; (1.20)

and is usually limited by the mirror spacing and the penetration of cavity modes
inside the mirror coatings [209]. Using a typical values af 20 and R= 104,
the mode volume isV, 1600 3. For near-concentric cavities with small critical

20



CHAPTER 1. INTRODUCTION

Figure 1.4: Mode volume of symmetrical cavities as a function of their length. The
mirror radius and wavelength areR =5:5mm and = 780nm. The e ective mode
volume V reduces to. 10* 3 at both the near-planar and near-concentric regimes.

distances i R), the expression for the mode volume approximates to

0 s__1

Rd
Vie Z@— 7AL; (1.21)

assuming that the cavity mode is still paraxial with a smaller critical distanced,
the cavity modes diverges with a larger angle, and the paraxial approximation
starts to break down. Assuming that the smallest achievable focal spot amounts
to the atomic cross section, a limit that is being approached in several free-space
experiments [75, 199, 210], the limit to the near-concentric cavity mode volume is
3R

5 (1.22)

ani;mit — E dl— —

Using a typical value ofR= 10%, the mode volume is limited toV,!™* 4800 3,
which can be reduced further with smaller mirror radii.

The mode volumes of near-concentric cavities are typically higher than, but on
the same order as the mode volume of near-planar cavities. Hence, near-concentric
cavities are suitable for strong atom-cavity coupling, particularly in the case where
a large physical space between the mirrors is necessary. Furthermore, an excellent
advantage of near-concentric cavities is the lower requirement for the cavity nesse.
From Equation 1.14,F / 1=L for a particular value of . Using the typical values
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Figure 1.5: (Left) The standing-wave modes of a near-concentric cavity are strongly
focused, with waist radiuswy approaching the light wavelength . (Right) An
illustration of the cavity transmission spectrum displaying the cavity transverse
mode resonances, which are near degenerate with a frequency spacing  Vr.
With a good cavity alignment and mode-matching to the fundamental mode. ,
coupling and transmission of the higher-order transverse modes would be minimised.

above, the cavity nesse required for near-concentric cavities is 500times smaller
than the near-planar cavities.

Apart from the near-planar or near-concentric cavity con gurations, some other
geometries of Fabry-Perot cavity have also been explored to provide strong atom-
photon interaction. Geometrically asymmetrical cavities provide a similar coupling
strength with a better misalignment stability than near-concentric cavities [211].
Fiber-based cavities allow for a much smaller mirror radius 50 m to be machined
on the ber tip, potentially reducing the mode volume toV 10 3 [212]. Tapered
ber cavities, with integrated bragg gratings mirrors, couple with atoms through
the evanescent eld modes, and have relatively low mode volumes due to the tight
transverse con nement [213]. Besides Fabry-Perot cavities, there are also e orts to
engineer atom-photon interaction in whispering-gallery-mode microresonators [214,
215], photonic crystal cavities [216], and ring cavities [217 219].

1.4.4 Near-concentric cavity

A near-concentric cavity has strong focusing standing-wave modes, as shown in
Figure 1.5 (left). Our cavity, with a length L of around 1 cm, has approximately
g 30000standing wave antinodes the quantityqis also known as the longitudinal
mode number. With the strong focusing geometry, the waist radiug/, can be
extremely small, depending on the critical distancd. For our system, it is estimated
to be a few m in size, and is about 100 times smaller than the mode radius on the
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mirror. The cavity output mode is thus strongly diverging, and we use an anaclastic
lens-mirror design to facilitate mode matching (see Chapter 2).

Besides the fundamental Gaussian mode, the cavity also supports a set of
Gaussian-family modes (see Appendix A for the theoretical description). This
results in many transverse mode resonances within a cavity free spectral range, as
depicted in Figure 1.5 (right). The modes of a concentric cavity are degenerate, as
the Gouy phase shifts of the transverse modes are multiples af Thus, for the
near-concentric cavity, the frequency spacing between the transverse modeg are
pretty small. In our system, V; is on the order of 100 MHz, about 100 times smaller
than the free spectral range/s. The value of v, depends strongly on the critical
distanced, and provides a straightforward measurement af (see Section 3.4.3). The
near-degeneracy of the cavity transverse modes is unique only to the near-concentric
and near-confocal cavities, with potentially far-reaching applications (see Chapter 5).
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Chapter 2

Design of a Near-Concentric Opti-
cal Cavity

This chapter describes the design of our near-concentric cavity. As the near-
concentric modes have large divergences, we opt to use an anaclastic lens-mirror
design which allows the mode outputs to be collimated. This design choice allows
us to move extremely close to the critical point in fact, up to the last stable
resonance as shown in Chapter 7. In this near-concentric regime, the atom-cavity
coupling exceeds the natural dipole decay of the atom, which is demonstrated with
a corresponding measurement in Chapter 4.

A near-concentric cavity is very sensitive to longitudinal and transversal mis-
alignment, and requires vacuum-compatible mechanical stages capable of moving in
three directions. We have varying degrees of success with a few piezoelectric-driven
translation stages and mechanical mounts, with each iteration ironing out a few
issues of the preceding one. Last, we describe the procedure that we develop to align
and mount the near-concentric cavity.

2.1 Cavity Mirrors

The idea of using a near-concentric cavity is inspired by the demonstration of
strong atom-light interaction with a tight focusing geometry without a cavity [75].
In this free-space system, the ratio of scattered photons is around 10%, which later
improves to around 40% with better lenses and illumination from both sides [199].
In this tight geometry, a deterministic interaction would be obtained by passing the
light a few more times through the atom. Hence, using a cavity system in a tight
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focusing geometry surpasses unit cooperativity with nesse on the order of tens.

High numerical aperture lenses can be obtained using a single aspheric element
with low optical aberrations. A high quality aspheric lens can be produced with
a diamond turning process [220], following any prede ned surface pro le with
roughness on the order of 20 nm or less.

A cavity setup requires two optical components: highly re ective curved mirrors
and mode-matching lenses. We combine both components into one optical element
with a high numerical aperture one side with a spherical pro le and coated with
highly re ective dielectric stacks, and the other side with an aspherical pro le for
mode-matching. We refer to this optical element as anaclastic lens-mirror, which
has a long history dating back to ancient Baghdad [221, 222]. This anaclastic design
allows a straightforward mode matching of a collimated input mode to a strongly
focusing cavity mode, in the near-concentric regime.

2.1.1 Anaclastic Lens-Mirror Design

The anaclastic lens-mirror consists of two air-glass interfaces (see Figure 2.1).
The spherical side satis es the boundary condition of a paraxial cavity mode, and is
coated with dielectric stacks to produce a mirror with curvature radius of 5.5 mm
and re ectivity of around 99.5% at 780 nm. The aspherical side follows an elliptical
pro le, given by

r2

h(r) =

2.1)

Ras + ) R2, (1+K)r2
with h as the height of the aspheric interface at radius from the optical axis, and
Ras and k are the mode-matching parameters that depend on the refractive index
and ray tracing an incoming ray parallel to the optical axis, upon hitting the
aspherical surface, refracts towards and normal to the spherical surface. Owing to
this con guration, aberration corrections of the aspherical pro le on the order of*
and higher are not necessary [223]. The aspherical interface is also anti-re ection
coated at 780 nm, with transmission loss less than 0.5 %.

The anaclastic lens-mirror is produced and coated by Asphericon GmbH according
to speci cation. The root mean square surface deviation is measured to be 19 nm on
the aspherical side. The clear aperture diameter is 7.8 mm on both sides, but due
to the ray con guration, it is e ectively 4.07 mm on the mirror side (NA = 0.37).
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Figure 2.1: A schematic of the anaclastic lens-mirror. The lens-mirror design (a)
with an example of ray propagation in red. The size unit is in mm. The lens-mirror
is mounted inside a mirror shield (b), with a corresponding photo (c).

The anaclastic-lens mirror is mounted inside a mirror mount, which also acts as
a mirror shield, with a ultrahigh-vacuum compatible epoxy glue (Torr Seal). The
shield protects the mirror from the line-of-sight between the atomic source and the
cavity mirror (see Section 3.2) and accidental contact during handling. The crevasses
on the mirror shield allows horizontal and vertical laser beams, with diameter less
than 2 mm, to pass through the centre of the cavity the laser beams are used in
Section 4.1.1 to form a magneto-optical-trap (MOT) cloud of cold atoms.

2.1.2 Estimation of Cavity Performance

With the two anaclastic lens-mirrors forming a near-concentric cavity, depicted
in Figure 2.2 (a), the performance of the atom-cavity interaction, in terms of the
coupling and cooperativity, is estimated using the theoretical framework described
in Section 1.4. First, we de ne a critical distanced = 2R L as the distance of
the mirror spacing away from the critical point L = 2R). The values ofd are
positive for smaller cavity length (in the stable region). The stability parameter is
g= 1+ d=Rcorrespondingly . As our near-concentric cavity is operated extremely
close to the critical point, we can assume thadl R for the subsequent calculations.
Assuming the cavity mode pro le is Gaussian, using Equation 1.19, the cavity waist
radius wy is given by

S
,_ @R d d  Rd
wg = > R d 5 (2.2)
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Figure 2.2: (Left) An illustration of a near-concentric cavity system formed by two
mirrors with radius R, spacingL and cavity waist radiuswy. (Right) The cavity
waist radius wy and atom-cavity coupling strengthg as a function of the critical
distanced=2R L.

The atom-cavity couplingg can be evaluated using Equation 1.6 with the e ective
mode volumeV = w 3L=4 given in Equation 1.21, and approximates to

57 —_
d, 2c 2

= = R : (2.3)
which gets larger for smaller mirror radiusR and critical distanced.

To evaluate the values of atom-cavity coupling relevant to this thesis, we note
that the atom species used is Rubidium 87{Rb), and the target atomic transition
is the D, line (5%S;—, !  5%P3-,) with = 780:24 nm. The electric dipole moment
for a cycling transition (jF =2;mg = 2i!j F°=3;m2 = 3i)is d, = 2:99ea,
with e as the electron charge andg as the Bohr's radius. The excited states of the
D, line have a population decay rate of=2 =2 6:07 MHz and a lifetime of

= 26:2 ns[224]. The values of the cavity waist radiusvy and atom-cavity coupling
g, evaluated for the correspondind’Rb atomic transition, is plotted in Figure 2.2
as a function of the critical distance.

There are two decoherence mechanisms in this system. First, the atomic exci-
tation decay rate =2 3:03 MHz is related to the atomic dipole momentd,
of the D, transition through Equation 1.15. Second, the estimated cavity decay
rate =2 10:9 MHz is evaluated using Equation 1.14, with the cavity length
of L 2R =11 mm and the cavity nesse ofF = 627 for the speci ed mirror
re ectivities of R; = R, = 99:5% for both mirrors.
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Achieving strong coupling The requirements for a strongly coupled atom-cavity
system areg= 1landg= 1. Our near-concentric cavity system could reach
this regime, albeit with quite a small margin with a critical distance ofd=1 m,
the atom cavity coupling isg =2 137 MHz, resulting ing= =4:5,g= =1:3,
and cooperativity C = g?=2 = 2:8. The margin for g= can be readily improved
with a higher cavity nesseF, say to a few thousands, though it may be limited by
the aperture size (see Section 8.2.2 for a more thorough discussion).

The more important ratio to consider isg=, as it can only be improved with a
higher atom-cavity couplingg, as the atomic decay rate is xed for a particular
atomic transition. In addition, both the strong coupling and fast cavity regimes
require g= 1 as a necessary condition. In facig= > 1 for a near-concentric
cavity requires a small mirror radiusR and a short critical distanced to the best of
our knowledge, it has not been reached in other near-concentric cavity experiments,
i.,e. g= =[0:12 0:25]in Ref. [84, 90]. Due to the anaclastic design, our cavity
system is well within this regime, and we demonstratg= = 1:7(1) experimentally
atd=1:7(1) m, averaging over random dipole orientations (see Section 4.2.3).

Figure 2.3 (left) shows the threshold distance dy, as a function of mirror radius
R. We de ne the threshold distance as the maximum critical distancd to reach the
g= > 1regime. BelowR = 4:25 mm, the condition g= > 1 always applies for any
cavity length, which is a strong motivation to use mirrors with smaller radii, but
with a compromise of a smaller physical space between the mirrors. In our system
(R = 5:5 mm), the threshold distancedy, = 0:47 mm has a pretty large margin.
This margin decays rapidly tody, =4:5 m for a 5 cm length cavity .

Limit of the atom-cavity coupling In an experimental setting of atom-cavity
resonance, the available values of the critical distancesare discretised to the cavity
free spectral range. This sets the lower bound dfto be approximately =2 from
the critical distance the exact value of which depends on the e ective mirror radii
R; and Ry, i.e. dnin = R1+ R, mod ( =2). Aligning the cavity in the d =2
regime, where the atom-cavity coupling explodes to extremely high values, may not
be trivial and will be discussed in Section 7.2.3.

It is useful to take dnin, = =2 as a lower bound of the critical distance. This
assumption provides an estimate to the atom-cavity coupling for a cavity setup
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Figure 2.3: (Left) The threshold distancedy, as a function of the mirror radiusR,
signifying the regime where the coupling strengtly exceeds the atomic decay rate.

In the shaded regiong > applies for any cavity length. (Right) The atom-cavity
coupling strengthg and the ratio of the atomic cross section to the focal spot,
both evaluated atd = =2, as a function of the mirror radiusR. These values
estimate the performance of cavity systems operated at the last stable resonance.

operated at the last stable resonance in the@< d < = 2 regime (see Section 7.1).
Figure 2.3 (right) shows the atom-cavity couplingg at d = =2 as a function of the
mirror radius R. In our current system,g =2 17:3 MHz with C = 4:6 serves as
an estimate on the achievable coupling strength, with the system operated at the
last stable resonance and targeting a cycling transition.

Comparison with the lens systems We compare the performance of the near-
concentric cavity with the lens system. A relevant quantity to examine is the ratio
of the atomic cross section to the focal spot, described previously in Equation 1.12,
3 2
T\NO;

sp —

4= (2.4)
w
where the subscript refers to a single pass of the light through the atom, in the
case of a focused lens system. In the cavity system, this factor is enhanced by the
number of photon round trips, and is equal to the cavity cooperativity factor. The
ratio s, as a function of the mirror radiusR, evaluated atd = =2, is plotted in
Figure 2.3 (right). The single-pass cross section ratia, = 0:023 of our system,
estimated at the last stable resonance, is smaller than the focused lens systems with
similar focal lengths, i.e s, = [0:11;0:27]in Ref. [75, 199]. To obtain a comparable
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value of g, =0:1, the cavity has to be aligned atd = 20 nm.

With this comparison, we surmise that a near-concentric cavity can reach a
similar single-pass performance with the focused lens system, but only at very
short critical distances. Nevertheless, besides the technical hurdle to operate the
cavity 20 nm away from the critical point in the d =2 regime, the paraxial
approximation may no longer be valid. In the lens system, the electric eld at the
centre of the focal spot for s, = 0:1, calculated using the paraxial model, di ers
by about 3% compared with the full mode decomposition-propagation model [225].
This di erence accumulates over multiple back-and-forth re ections of the cavity,
which may result in cavity eigenmodes with non-spherical wavefronts [226 229], and
may require cavity mirrors with special shapes.

2.2 Mechanical Stages

The operation of a near-concentric cavity relies on an accurate relative positioning
between the two mirrors. The tight focusing geometry of the cavity mode requires
alignment in both the longitudinal and the two transverse directions either with
translation or rotation (see Appendix B). We use stacked piezoelectric elements to
provide movement in three orthogonal directions. The piezoelectric elements provide
a small movement with an applied voltage, typically on the order of 0.5 nm/V,
ideal for nanopositioning in an ultrahigh vacuum environment [230]. They are
typically made from lead zirconate titanate ceramic, with a chemical formula of
Pb[ZrTia x)]Os (also known as PZT). We use a few types of piezoelectic-based
actuators, and develop di erent mounting strategies, to satisfy the demanding
requirement of operating the cavity with low mechanical noise in ultrahigh vacuum.

The mechanical structure of the cavity follows a particular size constraint, as it
has to t within a glass cuvette of sizel50 25 25mm. This design choice allows
us to use a smaller vacuum chamber with smaller pumps and smaller magnetic coils,
and provides optical access in virtually any direction (see Section 3.2). Though, the
variety of options for the translation stages and mounting methods become limited
to a certain extent.
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Figure 2.4: Pictures of the actuators and translation stages used in the thesis. (1)
The three directional piezo stack actuator with a through hole for optical access.
(2a) The exural-based translation stage with 6 threaded holes for mounting. The
exural mechanism can be seen from the bottom of the translation stage (2b), where
thin metal exures on both sides of the piezos bend as the piezo elongates. (3a) The
ring piezo to implement fast movement on one mirror. A spacer is added on top of
the piezo (3b) to electrically isolate the high voltage part of the electrode.

2.2.1 Translation Stages and Actuators

In the rst iteration of the mechanical design, we use a piezo stack actuator (P-
153.10H, Physik Instrumente) consisting of 72 shear-piezo layers glued together. The
actuator with size1l6 16 40mm has a cylindrical hole of 10-mm diameter through
its centre for optical access. The bipolar actuator allows translation movement
of 5 m in three directions, with a maximum supply voltage of 250 V. The
resonance frequency of the actuator with no extra load is around 30 kHz.

After a few iterations, we identify the need for an actuator with a larger travel
distance. We use a exural-guided nanopositioner, which exploits a exible joint to
provide a mechanical ampli cation to the piezo movement [231]. The exural-based
translation stage (ANSxyz100, Attocube) with size25 25 10 mm provides three
dimensional translation movement up td0 50 24 m, with unipolar operation and
maximum supply voltage of 60 V. Due to the large movement range, the resonance
frequency of the translation stage is much lower, typically less than 1 kHz.
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Version la | 1b 2a | 2b
Actuator type piezo stack exural stage
Movement range 5 m 50 50 24 m
Actuator mounting method epoxy screws

Easy to recon gure no yes

Extra mounted components - \ frc. dmp.
Post-baking misalg. (max) 5 m >5 m 5 m
Ultrahigh vacuum operation yes no yes
Mechanical noise (passive) 0:2 nm 1nm | 0.17(2) nm
Mechanical noise (w/ a.n.c.) - 0:4 nm | 0.16(2) nm
Operating nesse 138(2) 606(3) 275(9) 484(9)
Noise e ect factor poise 0:07 0:3 0:3 0:2
Experiment with atoms yes no likely
Publication [79] [80] [B1] | soon

Table 2.1: Summary of the cavity mechanical design development. List of Abbrev: frc.
dmp. friction damper; misalg. misalignment; a.n.c. active noise cancellation.

Alternatively, another common approach to increase the movement range is by
using a piezo slip-stick actuator. The actuator exploits di erent driving signals
on the piezo to move a stage along a rail through a slip-stick mechanism [232].
Although the actuator has a large movement range, limited only by the rail length,
commercially available actuators with three directional movement do not t within
our size constraint. They are also more expensive compared to the exural stages.

On top of the piezo stack actuator and the exural stage, we also use another
piezo to implement a fast movement along the cavity axis with a ner resolution.
This ring-shaped piezo (PZT-4 compressional crystal, Boston Piezo-Optics) is glued
to one of the cavity mirror mounts, with the high-voltage electrode protected by
a spacer. The 2-mm thick piezo has a maximum travel range of 0.27 nm and an
unloaded axial resonance frequency of 1 MHz. Figure 2.4 shows the pictures of
all the translation stages and actuators used in the thesis.

2.2.2 Development of the Cavity Mechanical Designs

Table 2.1 captures the development of the cavity mechanical designs, spanning 4
versions. We describe below the main features and technical challenges associated
with each version, and the improvement that we implement with each iteration.

32



CHAPTER 2. DESIGN OF A NEAR-CONCENTRIC OPTICAL CAVITY

Figure 2.5: Schematic of the cavity mechanical design version 1 (left), where the
piezo stack actuator is attached with epoxy glue in version 1a, and screws in version
1b. A corresponding picture of the setup is shown (right).

Version 1  In design version la (see Figure 2.5), the piezo stack actuator is glued
between the xed and moving stages using epoxy (Torr Seal). The cavity mirror
mounts are placed on each respective stage using the same epoxy, following the
cavity alignment procedure (see Section 2.2.3). After the epoxy is cured, the cavity
is almost aligned at a critical distance of around. m with zero input voltage.
The cavity can then be aligned at di erent critical distances, by applying di erent
voltages on the piezos and monitoring the transmission spectrum.

The setup is then placed in a vacuum chamber, and baked with a high temperature
for a few weeks to reach ultrahigh vacuum (see Section 3.2). This baking process
typically misaligns the cavity, up to around5 m in version la, due to the e ect of
the temperature cycling on the epoxy glue in vacuum. With the piezo stack moving
range of 5 m, the alignment and baking process may have to be performed a few
times to get the cavity aligned in ultrahigh vacuum environment.

The downside of version 1la is that the setup is not easy to recon gure, as the
piezo stack is glued on the stage. In fact, in some of the realignment process, due
to the mechanical stress induced during epoxy removal, the piezo stack broke up
into two pieces. Hence, it became apparent that we require a design where some
of the parts can be disassembled and recon gured easily, with a much lower risk of
physically destroying the actuator.

In design version 1b, we mount the actuators to the stages with screws (see
Figure 2.5), which allows ease of reassembly. However, the e ect of the temperature
cycling during the vaccuum baking process misaligns the cavity by more than the
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Figure 2.6: Schematic of the cavity mechanical design version 2a (left) and version
2b (right), in 3D drawing. Friction dampers are mounted in version 2b to reduce
the cavity mechanical noise.

piezo stack movement range. Even after multiple tries and preemptive corrections
to the expected misalignment behaviour, the cavity can no longer be aligned in the
ultrahigh vacuum environment. We hypothesise that the misalignment is exacerbated
as the stack piezo and screws are mounted horizontally a small strain on the back
screws, induced by some tension relaxation, would result in a large displacement on

the moving stage.

Version 2  In design version 2a, to counteract the post-baking misalignment issues,
we use a exural-based translation stage which has a larger moving range (see
Figure 2.6), up to50 m horizontally and 24 m vertically. The moving stage is
screwed vertically to the translation stage. As the exural stage requires unipolar
operation, during the cavity alignment process, we apply a voltage bias to position
the stage on the middle of the operating range. The maximum misalignment gure
after a baking processis 5 m, and there is typically no need to repeat the aligning
and baking cycle in this design version.

However, the main drawback of design version 2a, which we have started to learn
since version 1a and 1b, is the mechanical noise of the cavity. The mechanical noise
varies, depending on the environment and platform noise. In a typical experimental
setting, i.e. the cavity mount is placed inside a glass cuvette attached to a vacuum
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chamber on an optical table, the mechanical noise is around 0.2 nm for version la
and 1b, and around 1 nm for version 2a. The noise is higher with the exural stage,
which is likely due to a more complex mechanical structure with exural mechanical
ampli cation, forming a system of stacked cantilevers.

We quantify how much the mechanical noise a ects the operation of the atom-
cavity system with a noise e ect factor

L
noise — 276 = 72F ; (2.5)

which is how much the cavity resonance shakes, ., with respect to the full-width
half maximum of the cavity transmission,2 . This factor is also equivalent to
the ratio of mechanical noise (standard deviation of the cavity length) to the half-
wavelength, multiplied by the cavity nesse. Here, we propose a gure Ofgise . 0:2
as the noise target the mechanical noise mostly contributes to 20% of the cavity
linewidth. For a nominal cavity nesse ofF =627, this corresponds to mechanical
noise of at most 0.12 nm.

The noise e ect factor ,ise fOr version 2a starts at around 0.7, which may be
too high for any experiments with atom. Though, the noise is still tolerable for
some experiments that do not require the cavity to be stabilised at its resonance.
We develop a method to perform active noise cancellation based on control theory
(see Section 6.1), and manage to reduce the noise to aroungse = 0:3. This noise
gure may be acceptable for atom-cavity experiments, but may require some further
post-selection on the data, based on the time-varying cavity detuning. We didn't
proceed with this setup as we discover a way to passively damp the mechanical noise
of the system using friction dampers (see Section 6.2).

In design version 2b, we introduce friction dampers to the mechanical design to
reduce the mechanical noise of the cavity. The friction dampers are mounted on the
pockets (see Figure 2.6, right) to prevent accidental dismounting, and rest with only
their weights (no glue or screws). With a higher operating nesse & = 484(9),
the mechanical noise starts at aroundL. = 0:17(2) nm with ,ise = 0:22(3), and
reduces slightly to L = 0:16(2) nm with e = 0:20(3) with the active noise
cancellation. The resultant noise e ect factor is within our target of ,pise . 0:2 for
atom-cavity experiments, but slightly on the high side.
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Version 3 In future experiments, higher values of atom-cavity cooperativities
can be reached with higher nesse cavities, which require much lower mechanical
noise for a cavity nesse ofF = 5000, the mechanical noise should be limited at

L . 16 pm. This would require a radical redesign of the mechanical setup. We
are developing a method to mount the cavity with higher inherent stability, by
connecting the corners of the mirror mounts with small piezo stacks with large travel
range. The mechanical design and preliminary results are provided in Section 8.2.1.

2.2.3 Cavity Alignment Procedure

With limited movement ranges of the translation stages, the cavity mirrors are
rst aligned using external translation stages with tip and tilt adjustment. Once
the cavity is aligned in the correct regime, the mirrors are glued in place with an
epoxy (Torr Seal). We describe the procedure in detail, for version 2b, below.

Preparing the stages and mirrors First, we stack the right mirror mount with
the spacer and ring piezo, and glue them together with an epoxy (Torr Seal). The
ground electrode of the ring piezo, at the bottom of the stack, is attached to the xed
stage with a silver epoxy (H21D, EPO-TEK). Then, we attach the exural-based
translation stage (ANSxyz100, Attocube) and the moving stage onto the xed stage
with screws, and put the friction dampers in position. We mount the whole setup
on a tip-tilt platform (KM200PM, Thorlabs), on a 3-axis manual translation stage
(PT3, Thorlabs). This concludes the preparation for the right cavity mirror.

On the left side, we hold the left mirror mount with a home-built mechanical
tweezer by friction force. The tweezer is locked into its place with screws, and
can be released by unscrewing. The tweezer is then mounted on another tip-tilt
platform, on an external 3-axis piezo translation stage with 100m moving range
(Tritor 101 CAP, Piezosystem Jena), on another 3-axis manual translation stage.
This concludes the preparation for the left cavity mirror.

The axes of the cavity mirrors should coincide. To achieve this, we prepare a
reference axis with two bre couplers facing each other, using the aligning mirrors
(see Figure 2.7). By maximising the coupling of the right and left propagating laser
beams to the right and left bre respectively, the left and right propagating beam
axes coincide, establishing the reference axis. Then, we align the axes of the cavity
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Figure 2.7: The alignment setup of the near-concentric cavity. The reference axis
(RA) is formed by two ber couplers (FC) with alignning mirrors (M). The right
cavity mirror is mounted on the cavity setup, while the left cavity mirror is mounted
on a mechanical tweezer (MT). Initially, both mirrors are aligned to retrore ect the
laser beams back to the ber coupler, using the manual translation stages (MTS)
and the tip-tilt platforms. Then, they are brought together to form a cavity in the
stable regime, with ne positional adjustments provided by the Piezosystem Jena
(PSJ) translation stage.

mirrors to coincide with the reference axis, using the tip-tilt platform and the 3-axis
manual translation stage. Due to the anaclastic design, collimated beams on the
reference axis also collimate on the back-re ection path upon hitting the cavity
mirrors. By monitoring and maximising the back-re ected bre coupling e ciency,

the tip and tilt misalignment can be corrected. The transverse o -axis misalignment
can be corrected by observing the back-re ection mode of a slightly focused reference
beam, which produces a small aberration in the o -axis case. Though, the transverse

misalignment will become much more obvious once the cavity is formed.

Forming the cavity The next step of the procedure is to bring the cavity mirrors
close to each other, by adjusting the manual translation stages. It is important to
monitor the back-re ected bre coupling e ciencies during this process, as the left
mirror mount might knock on the moving stage and misalign the setup.

We rst bring the mirrors together with their spacing smaller than the concentric
length in this stable regime, the cavity is more easily aligned. We observe the cavity
mode and the transmission spectrum using a camera (USB2 CCD Monochrome,
Point Grey) and an ampli ed photodiode (PDA36A2, Thorlabs), by sending a slow-
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varying frequency modulation (stimulation input) on the laser (see Section 3.1.1).
We correct for the o -axis misalignment using the external 3-axis piezo translation

stage, by maximising the coupling to the fundamental cavity mode and minimising
the coupling to the non cylindrically-symmetric cavity transverse modes. At this

point, the manual translation stage would be too coarse for such alignment. We
slowly bring the cavity mirrors further apart, and approach the critical point.

The critical distance can be estimated from the frequency spacing of the cavity
transverse modes (see Section 3.4). At the critical point, the transverse modes start to
overlap at the same frequency. In addition, the transmission of the fundamental mode
reduces and the linewidth increases, due to higher di raction loss (see Section 7.1).
We align the cavity at around 2 or 3 half-wavelengths away from the critical
point (critical distance of 1 m), and apply voltages to move the exural-based
translation stage to the centre of its operation ranges.

Fixing the position of the cavity mirrors After the cavity is aligned at the
correct position, we put a small amount of epoxy (Torr Seal) at a few spots to
attach the left mirror mount to the moving stage. The epoxy takes about 2 hours to
harden, and more than 24 hours to fully cure. Within the rst 2 hours, we monitor
the cavity mode and spectrum, and compensate for any misalignment that occurs
within this time.

About 2 days later, we unscrew the mechanical tweezer to release the left mirror
mount, which now stays on the moving stage. This concludes the cavity alignment
procedure. The cavity misalignment that accumulates up to this point is typically
around 1 m, which can be readily compensated with the exural-based translation
stage. Much larger misalignment occurs during the baking process in vacuum (up
to 5 m), which is still within the operating range of the translation stage.

38



CHAPTER 3. EXPERIMENTAL SETUP AND TECHNIQUES

Chapter 3

Experimental Setup and Technigues

The experimental setup and techniques to operate a near-concentric cavity in
an ultrahigh vacuum environment are described in this chapter. This includes
the laser system and spectroscopy technigues, vacuum system, cavity stabilisation,
and measurement of cavity parameters. Most of the techniques described here
are standard resources found in typical quantum optics laboratories, except the

transverse alignment stabilisation of a near-concentric cavity (Section 3.3.2).

3.1 Laser Systems and Spectroscopy Techniques

The laser system forms the main backbone of the cavity experiments. We use a
home-built external cavity diode laser (ECDL), which is frequency-tunable over a
large range with a relatively narrow linewidth. By probing the atomic transition, the
frequency of the ECDL can be stabilised to the resonance of the atomic transition,
or slightly detuned from it, through spectroscopy techniques.

3.1.1 External Cavity Diode Laser

Our external cavity diode lasers (ECDL) are constructed in a Littrow con gura-
tion [233, 234] inside an enclosed box with temperature stabilisation. Collimated
light from a commercial laser diode, upon hitting a re ective grating, di racts part of
the light back onto the laser diode, modifying its spectral properties (see Figure 3.1).
Meanwhile, part of the light which is not di racted, re ects o the grating and forms
the ECDL output.

The spectral properties of the ECDL is modi ed by the grating in three steps.
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Figure 3.1: A picture of the external cavity diode laser setup (left), located inside
an acrylic box with size120 80 50 mm. The red laser beam path is drawn as
a visual aid. The laser diode (right) is mounted inside the collimation tube. The
diameter of a Singaporean dime is 18.5 mm for a size reference.

First, the diraction angle selects part of the laser operating wavelength that
feedbacks on the laser diode. Second, the external feedback increases the overall gain
of the system and reduces the laser threshold. Third, the spacing between the laser
diode and the grating forms an external cavity , accumulating a phase di erence
on the feedback path this changes the laser frequency and decreases the laser
linewidth. With the external cavity length of 3 cm and di raction e ciency of

20%, our ECDL linewidth is typically less than 1 MHz, much narrower compared
to the atomic or cavity linewidth.

There are 4 ways to tune the frequency of an ECDL. Starting from the coarsest

way, they are (1) the di raction angle, via an adjustment screw on the grating mount,
(2) the temperature of the ECDL, via a peltier element, (3) the laser current, and
(4) the change of the external cavity length in nm scale, via a piezoelectric element
attached to the grating mount. To probe the frequency response of an experimental
system, i.e. in atomic or cavity spectroscopy, we send a periodic stimulation input
(stim-in) signal to the piezo, which varies the laser frequency over a small range,
and monitor the response with an oscilloscope.

Laser sources in our setup ~ We use ECDLs for 3 di erent wavelengths 780 nm
and 795 nm lasers to target theD, and D transition of ’Rb atom, and an 810 nm
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laser to provide a far o resonant light to the near-concentric cavity. The laser diodes
are commercially available (780 nm GHO781RA2C, Sharp; 795 nm & 810 nm
LD808-SA100, Thorlabs), with their output mode collimated by aspheric lenses
(C220TMD-B, Thorlabs) and directed towards a holographic grating (GH13-18V,
Thorlabs). The ECDL output passes through an optical isolator (780 nm & 795 nm
IOT-5-780-VLP, Thorlabs; 810 nm 2 10-3D-830-VLP, Thorlabs) to prevent any
back-propagating beam, from further on, to a ect the operation of the ECDL. The
laser beam is then coupled to a single-mode ber (FOP-78-x, AFW Technologies),
which spatially Iters the mode to a Gaussian pro le.

3.1.2 Atomic Spectroscopy for Laser Stabilisation

The atomic species used for cavity-atom interaction experiments is Rubidium
87 ®’Rb), which belongs to the alkali metal group, and is hydrogen-like due to a
lone outermost electron on the s-orbital. The atomic dipole transition of interest
is the D, line (5°S;—, ! 5?P3-,), with a centre transition frequency of 384.23 THz
and wavelength of 780.24 nm in vacuum [224]. In thB, line, it is possible to form
a cycling transition between thejF =2;mg = 2i andjF°=3;m2 = 3i states,
realising a two level system. In addition, the other ne structure doublet, theD, line
(5°S1» ! 5?P3,), has a centre transition frequency of 377.11 THz and wavelength
of 794.98 nm in vacuum. An energy level structure of th&Rb D line transitions is
shown in Figure 3.2.

The frequency of the EDCL can be stabilised to a particular atomic transition, by
rst generating an error signal using a frequency modulation (FM) spectroscopy [235,
236] of the atoms, and implementing a control-loop feedback on the ECDL piezo.
We use two di erent types of atomic FM spectroscopy saturation absorption
spectroscopy [237] and modulation transfer spectroscopy [238], which share a very
similar setup arrangement (see Figure 3.3). The modulation transfer spectroscopy
has a strong signal only in a closed atomic transition, i.e. the =2 ! F°=3
transition of the D, line, but provides a background-free error signal.
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Figure 3.2: Energy level structure of’Rb D, and D, line transitions. The targeted
transition for the atom-cavity interaction is F =2 to F°=3 on the D, line (red).

3.1.3 Laser frequency detuned from atomic transition

We use an acoustic optical modulator (AOM) to detune the ECDL frequency
away from an atomic transition. The AOM creates di erent di raction orders o
the main beam, with their frequencies shifted by integer multiples of the AOM
driving frequency. The diraction e ciency onto either the +1 or -1 order can
be maximised up to 85%e ciency, by varying the tilt angle of the AOM. The
AOM can be operated in either a single-pass or double-pass con guration [239].
Our AOMs, with centre frequencies of 80MHz (3080-122, Crystal Technology) and
200 MHz (3200-124, Crystal Technology), provide a range of frequency shifts, from
70 MHz up to 2 230 MHz. The output of the AOM can be switched on/o with a
rise/fall time of less than 100 ns, enacting a switching mechanism in implementing
the experimental sequences.

Alternatively, similar frequency detuning can also be provided by a phase electro-
optical modulator (EOM) with a large frequency range. The phase EOM generates
frequency sidebands on the main laser frequency, with the spacing determined by the
EOM modulation frequency. By locking the sideband to an atomic transition, the
main frequency of the ECDL can be tuned by changing the driving frequency. Using
a large bandwidth waveguide phase EOM (10 GHz Phase Modulator, EOspace), the
modulation or detuning frequency can be tuned from DC up to 10 GHz, although
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Figure 3.3: Atomic FM spectroscopy setup for ECDL stabilisation. The radio-
frequency (RF) source modulates a laser beam with a frequency of 20 MHz via
an electro-optical modulator (EOM). The half-wave plate (HWP) and polarising
beam-splitter (PBS) divides the ECDL output into a pump and probe paths. The
modulated intensities of the probe are measured by photodetectors (PD1 or PD2),
and mixed with the RF source to produce error signals, which provide feedback to
the ECDL piezo via a proportional-integral control (PIC).

In the saturation absorption spectroscopy (1), the probe (horizontal) is modulated,
while the pump (vertical) saturates the Rubidium gas cell (Rb GC), such that the
spectroscopy signal is provided by zero-velocity atoms.

In the modulation transfer spectroscopy (2), the probe (vertical) is not modulated
initially, but the modulated pump (horizontal) transfer the modulation to the probe,
via a near-resonant four-wave mixing process.

the tuning range is usually also limited by the bandwidth of the RF source and
ampli er.

3.1.4 Detecting Single Photons and Running Experimental
Sequences

The interaction between the atom and cavity photons is observed in the single-
photon regime. We use a silicon avalanche photodiode (home-built) as the single-
photon detector with detector e ciency of around 45 50% at 780 nm. The
photodetection signals are recorded by a timestamp unit (home-built), which outputs
either a list of the photodetection time or the number of photons within a set time
period.

The photon count rates are used to trigger the start of an experiment sequence
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Figure 3.4: Pictures of the cavity setup inside the vacuum chamber. The cavity
setup is mounted inside a cuvette (right, zoomed in) attached to a relatively small
vacuum chamber, and surrounded by magnetic coils and optical components (left).

if the rate exceeds a certain threshold that indicates atom loading, a preloaded
experimental sequence is run by a digital pattern generator (home-built). Data
collected during the experimental sequences are processed with computer programs,
typically written in C or Python.

3.2 Vacuum System

The cavity setup is placed inside an ultrahigh vacuum (UHV) environment,
with pressure lower than10 8 Torr, to limit collision of random particles with the
trapped atoms. We use a small vacuum chamber, and put our setup inside a glass
cuvette of sizel00 25 25 mm with excellent optical access (see Figure 3.4). The
cuvette is externally coated with anti-re ective coating, which reduces the optical
loss through the cuvette to around 8%, and limits the etalon e ect from the cuvette
wall interfaces [240].

We connect the electrical wires of the translation stage and piezo actuator, with
a UHV-compatible cable (Cable In-Vacuum, Type-D 9 Pins, MDC Precision) and
externally with an electrical feedthrough (Multipin Feedthrough, Con at Flange,
MDC Precision). The source of rubidium atom is a getter dispenser (Rubidium
AMD, SAES), which is placed facing the cavity, but not at line-of sight with the
mirrors, protected by the mirror mount-shields. The dispenser is powered by an
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