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Abstract

The interaction between single atoms and single photons can be significantly enhanced by
strongly confining the photons inside a microresonator with high quality factor, and by coupling
the atoms to the resonator mode. This approach lies at the heart of cavity quantum electrody-
namics, and it is an essential ingredient for many applications in quantum information science
and technology. Whispering-gallery-mode microresonators are particularly interesting in this
regard, as they are compatible with integration on optical chips and offer chiral, i.e. propaga-
tion direction-dependent, light–matter interaction, which enables novel protocols for processing
light on the quantum level. In order to achieve a stable and controlled interaction – a crucial
prerequisite for deterministically operating quantum protocols – the atom has to be localized in
the resonator mode. While atom trapping is an established technique in cavity quantum electro-
dynamics with optical Fabry-Pérot cavities, it has so far not been demonstrated with whispering-
gallery-mode resonators.

In this thesis, I present the first realization of strong coupling between a trapped single atom
and a whispering-gallery-mode microresonator. In order to trap single rubidium atoms close to
such a resonator, we employ a red-detuned tightly focused laser beam, which is retroreflected
from the resonator surface. This creates a standing-wave optical dipole trap along the beam
axis, with the first potential minimum being located at a distance of about 200 nm from the
resonator surface. We detect an atom in the trap via the observation of fluorescence photons or
by the modification of the resonator field. To characterize the single trapped atoms, we measure
their average lifetime and temperature in the trap. The trap light induces a position-dependent
light shift, which detunes the atomic transition frequency from the resonator mode. In order
to counteract this shift we employ a two-color light shift compensation scheme, in which the
trapping beam is superimposed with a second laser beam. The parameters of this additional laser
beam are chosen such that it reduces the excited state energy of the atom until the unperturbed
transition frequency is recovered. We demonstrate that we reach the strong coupling regime of
cavity quantum electrodynamics with a trapped atom by measuring a vacuum Rabi splitting in
the excitation spectrum of the coupled system.

The results presented in this thesis are a crucial step toward harnessing the full potential of
this class of resonators, thereby making strong chiral atom–light coupling available for funda-
mental research and applications in optical quantum technologies.
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Kurzfassung

Die Wechselwirkung zwischen einzelnen Atomen und einzelnen Photonen kann wesentlich ver-
stärkt werden, indem man die Photonen in einen Mikroresonator mit hohem Gütefaktor ”ein-
sperrt” und die Atome an die Resonatormode koppelt. Dieser Ansatz ist das grundlegende Kon-
zept der Resonator-Quantenelektrodynamik und ist Voraussetzung für viele Anwendungen in der
Quanteninformationsverarbeitung und Quantentechnologie. Flüstergaleriemoden-Mikroresona-
toren sind in dieser Hinsicht besonders interessant, da sie mit optischer Chip-Technologie kom-
patibel sind und in ihnen eine chirale, d.h. propagationsrichtungs-abhängige, Licht–Materie-
Wechselwirkung auftritt. Dies ermöglicht die Implementierung neuartiger Protokolle für die Ver-
arbeitung von Lichtsignalen auf der Quantenebene. Voraussetzung für deterministische Quanten-
protokolle ist eine stabile und kontrollierte Atom–Resonator-Wechselwirkung. Dazu muss das
Atom in der Resonatormode räumlich fixiert werden. In der Resonator-Quantenelektrodynamik
mit optischen Fabry-Pérot-Resonatoren ist das Fangen von einzelnen Atomen eine etablierte
Methode. Im Fall von Flüstergaleriemoden-Resonatoren ist dies jedoch bisher nicht gelungen.

Die vorliegende Arbeit präsentiert die erste experimentelle Realisierung einer starken Kopp-
lung zwischen einem einzelnen gefangenen Atom und einem Flüstergaleriemoden-Resonator.
Um einzelne Rubidium-Atome nahe der Oberfläche eines solchen Resonators zu fangen, ver-
wenden wir einen rot-verstimmten stark fokussierten Lichtstrahl, der an der Resonatoroberfläche
reflektiert wird. Dadurch entsteht entlang der Strahlachse eine optische Stehwellen-Falle, deren
erstes Potentialminimum in einem Abstand von etwa 200 nm zur Resonatoroberfläche liegt. Wir
detektieren Atome in der Falle durch die Registrierung von Fluoreszensphotonen und alternativ
durch die Modifikation des Resonator-Lichtfelds. Zur Charakterisierung der einzelnen gefange-
nen Atome, messen wir deren mittlere Lebensdauer und Temperatur in der Falle. Das Fallenlicht
induziert eine positionsabhängige Verschiebung der atomaren Übergangsfrequenz, die das Atom
bezüglich der Resonatormode verstimmt. Um diese Verschiebung rückgängig zu machen, setzen
wir im Experiment eine Zweifarben-Kompensationsmethode ein, bei der der Fallenstrahl mit ei-
nem zweiten Laserstrahl räumlich überlagert wird. Die Parameter des zweiten Laserstrahls sind
so gewählt, dass er die Energie des angeregten Zustands so weit reduziert, dass der atomare
Übergang wieder seine ursprüngliche Frequenz erhält. Wir zeigen schließlich, durch Messung
eines Vakuum-Rabisplittings im Anregungsspektrum des gekoppelten Systems, dass wir das Re-
gime der starken Licht–Atom-Wechselwirkung mit einem gefangenen Atom erreichen.

Die im Rahmen dieser Arbeit erzielten Ergebnisse stellen einen wichtigen Schritt dar, um
in Zukunft das volle Potential dieser Resonatorklasse nutzen zu können. Dies ist, insbesondere
im Hinblick auf die Wichtigkeit der chiralen Atom–Licht-Kopplung, sowohl für Grundlagenfor-
schung als auch die Entwicklung optischer Quantentechnologien relevant.
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CHAPTER 1
Introduction

Cavity quantum electrodynamics (CQED) is a sub-research field of atomic physics and quantum
optics and has already a long history. Experimental CQED emerged in the 1980s when it was
verified that the spontaneous emission rate of an atom is modified when placing it between
mirrors (or in a cavity), as compared to its behavior in free space [1]. It was experimentally
demonstrated from the microwave to the optical domain that the atomic decay rate can be both
inhibited [2–7] and enhanced [5–8] in the presence of such boundary conditions.

This field of research was propelled forward by the ability to produce cavities with large
quality factors Q, i.e. long photon lifetimes in the cavity. In a low-Q cavity, the photon emitted
by an atom leaves the cavity rapidly, such that the emission is irreversible, just as in free space.
However, with the advent of high-Q cavities a fundamentally new regime was entered, in which
the emitted photon stays in the cavity long enough such that there is a large probability for reab-
sorbtion of the photon by the atom. In this regime, spontaneous emission becomes a reversible
process, resulting in so-called Rabi oscillations [9].

The first experiments making use of the longer photon storage time were, e.g., the one-
atom maser [10, 11] and the two-photon maser [12]. These experiments used a thermal beam
of so-called Rydberg atoms traveling through a closed superconducting microwave cavity. With
this CQED system, the interaction of single atoms with a single mode of the electromagnetic
field in the cavity could be studied for the first time. Subsequent experiments were mostly
performed with Fabry-Pérot (FP) cavities for microwaves, composed of two superconducting
niobium mirrors [13]. These Rydberg-atom microwave CQED systems are very successful, and
they demonstrated, e.g., the quantization of the electromagnetic field by observing quantum Rabi
oscillations [14] or exploring the quantum-to-classical boundary by generating a Schrödinger
cat state [15]. Apart from such fundamental studies of quantum physics, this system also pro-
vided a platform for the development of new quantum technologies in the realm of quantum
information processing. Examples are the demonstration of a quantum phase gate [16] and the
non-destructive detection of a single photon [17]. This and further work led to the award of the
Nobel Prize in physics to Serge Haroche (and David J. Wineland) in 2012.
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1. INTRODUCTION

In parallel, experiments have been performed with optical FP cavities designed to study
the interaction with atoms via optical transitions. Here, the first experiments likewise used
thermal atomic beams. The first demonstration of strong atom–light coupling in these cavities
was achieved by the observation of a vacuum Rabi splitting in the excitation spectrum of the
coupled system with an average atom number of only 1 [18].

Based on the advances in laser cooling and trapping [19] a striving for longer atom–light
interaction times in optical cavities started, as it would facilitate studies of the coherent dynamics
of a coupled atom–cavity system as well as manipulations of the system, particularly aiming at
applications in quantum information science. The first techniques to provide slower atoms for
CQED experiments were to release cold atoms from a magneto-optical trap (MOT) [20, 21] and
to use an atomic fountain with the cavity at the turning point of the atoms, yielding interaction
times of ∼ 100 µs [22]. A significant increase of the atom–light interaction time by 102 −
103 as well as a more stable coupling strength were then achieved by optically trapping single
atoms in the cavity mode [23]. An even higher level of control over the atomic motion was
reached by employing techniques for fast and efficient cooling of the trapped atom [24–26]. The
first experiment to demonstrate cooling for single trapped atoms strongly coupled to a cavity
reported a trapping time of ∼ 1 s, even under continuous observation of the atom [27]. Such long
trap lifetimes allowed CQED experiments to be performed with one-and-the-same atom [28],
e.g., the deterministic generation of single photons [29] and the observation of a vacuum Rabi
splitting for just one atom [30].

Within the recent years, such CQED systems have provided the basis for cutting-edge re-
search, in particular aimed toward the realization of quantum networks [31]. Outstanding achieve-
ments with respect to distribution and processing of quantum information include, e.g., the
demonstration of an elementary quantum network [32], a photon–photon quantum gate [33]
and, most recently, a nonlocal quantum gate between distant quantum network modules [34].

In the above-mentioned experiments and demonstrations, both in the microwave and the op-
tical domain, FP cavities have been the workhorse. The fabrication and further improvement
of ultrahigh reflectance mirrors, in particular for the optical FP cavities [35], is however an in-
volved and costly process. Furthermore, large-scale quantum networks require to interconnect
many ”quantum nodes”, e.g., in form of coupled atom–cavity systems, via ”quantum channels”,
which could, e.g., be optical waveguides. Therefore, there have been efforts to develop alter-
native resonator structures that can be well integrated into such a network architecture [36, 37].
By now, different waveguide-integrated resonator types have been successfully employed in
single-atom CQED, such as optical fiber-based Fabry-Pérot cavities [38–41], photonic crys-
tal cavities [42, 43], optical nanofiber-based cavities [44, 45] and whispering-gallery-mode mi-
croresonators [36, 46, 47]. The key element of the work presented in this thesis is a special type
of whispering-gallery-mode microresonator. Therefore, in the following, we will only focus on
this class of resonators.

The principle of light confinement in whispering-gallery-mode (WGM) resonators is con-
ceptually different from that in FP cavities. These resonators are dielectric, monolithic struc-
tures, where the light circulates inside the resonator material by the principle of total internal
reflection. Due to the latter, WGM resonators also exhibit an evanescent field outside the sur-
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face that can couple to atoms or other quantum emitters. Atom–light interaction mediated by
a WGM microresonator was first demonstrated at the end of the 1990s using atoms in a dilute
vapor [48]. Strong coupling between one atom and a WGM resonator was observed in 2006
using free-falling atoms from a MOT above the resonator [36]. These resonators attracted a lot
of interest, as they offer high quality factors in conjunction with a small mode volume. The
latter leads to a strong electric field per photon inside the resonator and, therefore, contributes
to the enhancement of the atom–light interaction strength. Furthermore, when WGM resonators
are interfaced with tapered optical fibers, close-to-perfect in- and out-coupling efficiencies can
be achieved based on the principle of frustrated total internal reflection. Thus, these resonators
are ideal for routing and processing photons with low loss, making them particularly interesting
for applications in quantum information science in fiber-integrated networks. Most interest-
ingly, it was discovered in 2013 [46] that WGM resonators provide spin–momentum locking
of light [49, 50]. This means, that the polarization of the light in the resonator depends on its
propagation direction and, therefore, offers chiral light–matter interaction [46, 51]. This special
form of light–matter interaction enables novel protocols and functionalities for processing light
on the quantum level. Achievements in this direction include the experimental demonstration of
photon routing [47, 52], ultra-strong photon–photon interactions [53], non-reciprocal integrated
optical devices [54, 55] and photon–atom state transfer [56].

Besides the above-mentioned beneficial features, WGM resonators have, however, the major
drawback that trapping a single atom in the resonator mode is technically very challenging. As
these resonators are solid structures, the resonator mode is only accessible from the outside via
its evanescent field, which decays exponentially with the distance from the resonator surface on
a length scale of ∼ 100 nm. On this length scale, surface forces, such as the van der Waals
and the Casimir-Polder force, act on a coupled atom. Moreover, the optical access for trapping
beams is very limited. For these reasons, so far, all the experiments using WGM resonators
were still conducted with free-falling atoms, just like the early experiments with FP cavities.
This brings along the shortcomings of a limited interaction time, only a probabilistic operation
and a fluctuating atom–light coupling strength. Obviously, this limits the performance and ap-
plicability of operations with these resonators as the ones mentioned above and hampers future
developments. Gaining the ability to trap single atoms inside the whispering-gallery mode is
the essential prerequisite for overcoming the current limitations and, therefore, has been on the
agenda in the field of single-atom CQED for over 20 years.

This work presents the first observation of strong coupling of a trapped single atom to a
WGM microresonator. Specifically, we optically trap single 85Rb atoms inside the WGM of
a so-called bottle microresonator [57] using a red-detuned tightly focused laser beam, which
is retroreflected from the resonator surface [42]. This creates a one-dimensional optical lattice
along the beam axis, with the first potential minimum being located at a distance of about 200 nm
from the resonator surface. The trap light induces a position-dependent light shift on both the
ground state and the excited state of the atom. In general, the two states shift into opposite
directions, thereby detuning the atomic transition frequency from the resonator mode. One way
to circumvent this problem is to operate the trap at a so-called magic wavelength, in which case
the ground and excited states are shifted in the same direction. However, for rubidium no suited
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1. INTRODUCTION

magic wavelength exists in the red-detuned regime. Therefore, we counteract the trap-induced
light shift by means of a two-color magic wavelength scheme [58]. In that, the trapping beam
is superposed with a second laser beam, the so-called compensation laser. By suitably choosing
the parameters of the compensation laser, the atomic transition is shifted back into resonance
with the resonator mode. This allows us to observe a vacuum Rabi splitting in the excitation
spectrum of the coupled atom–resonator system.

The thesis is organized as follows: In chapter 2, I will introduce the characteristics of the
bottle microresonator as well as the theoretical basics of single-atom CQED with whispering-
gallery-mode resonators. Furthermore, I will thoroughly describe our CQED setup that is the
basis for all measurements with trapped atoms presented in the course of this thesis.

The theoretical description of the employed optical dipole trap and its experimental imple-
mentation into the existing setup are subject to chapter 3. We calculate the trap-induced light
shift of the ground and excited state of the 85Rb atom, which also yields the modification of
the atomic transition frequency. Based on the light shift calculation we can model the trap-
ping potential for our experimental parameters. In the experimental part, the trap optics and the
techniques used to position the trapping beam on the resonator surface are described.

In chapter 4, I present first characterization and optimization measurements with single
atoms trapped close to the resonator surface. We investigate the detection of trapped atoms via
the observation of fluorescence photons that couple into the resonator mode. Furthermore, we
measure the average lifetime and temperature of the trapped single atoms and discuss different
mechanisms that potentially lead to heating of an atom in the trap.

Chapter 5 is dedicated to the two-color light shift compensation scheme. In the measure-
ments presented up to this point, the trapped atoms were not resonant to the resonator mode
due to the trap-induced light shift. Here, first, the effect of the compensation laser beam on the
energy levels of an atom in the dipole trap is calculated. The optical setup and the frequency
stabilization of the compensation laser are described. With this infrastructure at hand, we ex-
perimentally verify the working principle of the light shift compensation scheme. This, finally,
allows us to observe strong coupling between the trapped single atoms and the resonator, which
is revealed by the measurement of a vacuum Rabi splitting in the excitation spectrum of the
coupled atom–resonator system.
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CHAPTER 2
Bottle resonator CQED experiment

This chapter is dedicated to introducing our cavity quantum electrodynamics (CQED) experi-
ment, which has been upgraded in the framework of this thesis by adding to it an optical dipole
trap for single rubidium atoms. The core functions of the experiment have been retained. Thus,
the present chapter will provide the basis for the following chapters, which will present the im-
plementation of the dipole trap and the way to strong coupling between a trapped atom and a
specific type of whispering-gallery-mode (WGM) microresonator, a so-called bottle resonator.

The experiment has been designed and set up about a decade ago with the idea of generating
strong atom–photon interaction in a fiber-integrated fashion [59, 60]. Whispering-gallery-mode
resonators are ideal for this purpose, as – on the one hand – they have the ability to strongly
enhance the interaction between single atoms and single photons and – on the other hand – they
can be very efficiently coupled to optical fibers. As such, this system has a great potential for
fundamental investigations and applications in the field of quantum information science.

The main driving force in this field is the vision of scalable quantum networks [37], which
includes applications in quantum computing [61], quantum communication [62] and quantum
metrology [63]. Quantum networks are envisioned to consist of spatially separated nodes, which
are interconnected by quantum communication channels. The nodes are supposed to store and
process quantum information in form of stationary matter quantum bits (qubits), e.g. provided
by single atoms in a cavity [32, 64]. On the other hand, photonic channels are the most promis-
ing candidate to efficiently distribute the quantum information over long distances between the
network nodes, and they are compatible with existing telecommunication fiber technology [32].

Many applications in the above context also require the photons to interact with each other,
e.g. to prepare and probe entanglement or to perform quantum logic operations. Photons do
not directly interact with each other in free space. However, effective photon–photon interac-
tions can be mediated – again – by coupling the photons to quantum emitters, such as neutral
atoms. Such an effective photon–photon interaction has been achieved in our setup in form of
the demonstration of a nonlinear π phase shift for coincident photons [53, 65].

In the course of the first observations of atom–light interaction with our setup, my pre-
decessors found that the light confined in WGM resonators has peculiar polarization proper-
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2. BOTTLE RESONATOR CQED EXPERIMENT

Figure 2.1: a) Typical CQED setting: A single neutral atom is located in the optical mode of
a Fabry-Pérot (FP) cavity with angular frequency ω. The important rates that characterize the
system are the atom–light coupling rate g, the atomic decay rate γ and the total cavity decay
rate κ. The atom is assumed to exhibit only two energy levels, a ground state |g and an excited
state |e . The energy difference between the two levels is given by ω0. b) Illustration of the
resonance frequencies supported by a FP cavity, see details in the text. Figures in panel (b)
adapted from Ref. [66].

ties [46, 60], which were not considered in the description of WGMs until that point. In partic-
ular, they give rise to chiral, i.e. propagation direction-dependent light–matter interaction. The
latter has direct implications for controlling the propagation of light in optical fibers by means
of a quantum system. We were able to exploit this effect for the realization of non-reciprocal
devices, such as an optical isolator [54] and a quantum optical circulator [55, 65].

In this chapter, I will describe the characteristics of whispering-gallery-mode resonators in
general and the bottle microresonator in particular. I will outline the theoretical basics of CQED,
including a qualitative description of chiral atom–light interaction in WGM resonators. Subse-
quently, I will describe in detail our experimental setup and the basic measurement techniques.

2.1 Single-atom cavity quantum electrodynamics

Single-atom cavity quantum electrodynamics terms the field of research that investigates the
interaction between a single atom and single photons in a cavity. The typical textbook setting
in this respect is illustrated in Fig. 2.1 a). A neutral atom (green dot) is located between two
mirrors that form an optical resonator, in this case a so-called Fabry-Pérot (FP) cavity. Light can
bounce back and forth between the cavity mirrors and is, therefore, both spatially and temporally
confined and can interact with the atom.

In the following, we will first introduce some general properties of optical resonators, mostly
following Refs. [9, 66]. Afterwards we will introduce the characteristic parameters that define
atom–light interaction in optical resonators. A quantum mechanical treatment of atom–light
interaction in resonators will be given in Sec. 2.3.
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2.1. Single-atom cavity quantum electrodynamics

2.1.1 Optical resonators

In an optical resonator, light can be stored at certain discrete frequencies, which are called res-
onance frequencies. In case of a FP cavity, the resonance frequencies are determined by the
distance, d, between the mirrors that form the cavity, as illustrated in Fig. 2.1 b). Since the
electric field has to vanish at the mirror surfaces, the cavity supports such light modes, for which
an integer multiple of half the optical wavelength, λ, exactly corresponds to the mirror distance:
d = nλ/2 with n ∈ {1, 2, ...}. In this case, the light bouncing back and forth in the cavity is in
phase during each round trip. Using the relation between the wavelength and frequency of the
light, c = λ ν, the resonance frequencies can be expressed as

νn = n
c

2d
, (2.1)

where c is the speed of light. From this expression is apparent that the resonance frequencies
can be tuned by changing the distance d between the mirrors. Furthermore, the resonance fre-
quencies are equally spaced with a mode spacing of

νFSR =
c

2d
, (2.2)

which is called the free spectral range (FSR), see Fig. 2.1 b). The situation described above is
an ideal one, where the cavity mirrors perfectly reflect the light (reflectivities R1 = R2 = 1)
and, thus, the light is stored forever in the cavity. In practice, however, the reflectivities slightly
differ from 1, and often at least one mirror is deliberately partially transmitting [66] such that
the system properties can be studied by means of the outcoupled light field. In this case, the
number of round-trips the light can perform in the cavity before it is lost, is determined by the
finesse [31]

F =
π(R1R2)

1/4

1−√
R1R2

. (2.3)

Additionally, intrinsic cavity losses due to, e.g., absorption and scattering, further reduce the
finesse and shorten the lifetime of the light in the cavity. Both mentioned effects, thus, result in a
spectral broadening of the resonance frequencies, as depicted in Fig. 2.1 b). The spectral width
is given by

Δν =
νFSR

F =
1

2πτph
, (2.4)

where τph is the photon lifetime in the cavity.
In order to describe other – more general – types of resonators, including WGM resonators,

it is helpful to introduce the quality factor. It simply gives the photon lifetime τph in the resonator
in units of the optical period Topt = 2π/ω

Q = 2π
τph

Topt
=

ω

Δω
, (2.5)

where we now assumed a specific resonator mode of angular frequency ω = 2πν. Furthermore,
the relation between the quality factor and the finesse is given by

Q =
ν

νFSR
F . (2.6)
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2. BOTTLE RESONATOR CQED EXPERIMENT

One can conclude, that the quality factor and the finesse describe the temporal confinement of
light in a resonator: the larger Q (or F), the longer a photon lives inside the resonator and the
narrower the resonances are in the frequency domain.

The second important property of a resonator is the spatial confinement of the light. It is
typically described by the mode volume V , which we define as the spatial integral over the
normalized intensity distribution [57]

V = n2(r)
I(r)

Imax
dr . (2.7)

Here, n(r) is the position-dependent refractive index and Imax is the peak intensity of the res-
onator mode.

2.1.2 Strong coupling regime of CQED

In order to couple an atom to the light field confined in an optical resonator, one of the resonator
modes has to coincide – or, in practice, be tuned into resonance – with the atomic transition
frequency ω0. Under this condition, the atom and the resonator can interact, i.e. exchange
photons in a resonant way [9]. When the interaction is strong enough, the atom can perform
cycles of absorption and re-emission of a photon from and into the cavity mode, which are
called Rabi oscillations. The rate at which this coherent energy exchange occurs is called the
single-photon Rabi frequency or coupling strength, and it is given by [67]

g(r) =
dge E0

Ψ(r) =
d2geω

2 0V
Ψ(r) = g0Ψ(r) , (2.8)

where E0 = ω/ 0V is the field per photon with the permittivity of the vacuum 0. Moreover,
dge = g| d̂ |e denotes the dipole matrix element of the two-level atom, and it is a measure of
the transition strength. The quantity Ψ(r) is the resonator-mode function, which is normalized
such that the resonator-mode volume is V = |Ψ(r)|2dr. The smaller the mode volume V ,
the larger the field per photon. That means, when the light is strongly confined in the resonator,
the intra-resonator intensity and with it the atom–photon interaction is enhanced. Furthermore,
the coupling strength g also depends on the position r of the atom in the resonator mode via the
spatial dependence of the mode function Ψ(r).

Now, whether Rabi oscillations can be observed in an experiment, does not only depend
on the value of the coupling strength. This is because the interaction can be hampered by two
mechanisms. First, when the atom absorbs a photon, it can emit the photon not only back into
the resonator mode, but also into the continuum of free-space modes with the spontaneous decay
rate [68]

γ =
d2geω

3
0

12π 0 c3
=

1

2τ
, (2.9)

see Fig. 2.1 a). Here, τ is the lifetime of the excited state |e of the atom. Second, the photons
in the resonator have a finite lifetime, τph, as discussed in the previous section. Meaning, when
the atom emits a photon into the resonator, it has a chance to be lost from there before it can
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2.2. The bottle microresonator

be reabsorbed by the atom. The resonator loss rate κ is identical to the half-width Δω/2 of the
resonant mode, such that

κ =
ω

2Q
(2.10)

according to Eq. (2.5). In order to enter the so-called strong coupling regime, the coupling rate
g must be larger than the loss rates of the system

2C =
g2

κγ
1, (2.11)

where C is called the single-atom cooperativity. Inserting Eqs. (2.9) and (2.10) into Eq. (2.11)
yields

g2

κγ
∝ Q

V
, (2.12)

which shows that the cooperativity is effectively determined by the resonator properties. In par-
ticular, it is independent of the atomic transition strength. The steady improvement of the quality
factor and the miniaturization of different kinds of optical resonators over the past decades, has
made it possible to experimentally realize the simple model system described here in numerous
experimental setups.

2.2 The bottle microresonator

The heart of our CQED experiment is a so-called bottle microresonator [57, 69, 70], which be-
longs to the class of whispering-gallery-mode (WGM) microresonators. In the following, we
will first describe how light is confined inside WGM resonators and specifically in the bottle
resonator. An important consequence of the confinement is the emergence of longitudinal polar-
ization components, which makes WGM resonators fundamentally different from Fabry-Pérot
and conventional ring-resonators. Afterwards, we briefly explain how light can be efficiently
coupled into and out of the resonator using tapered optical fibers.

2.2.1 Whispering-gallery-mode microresonators

Whispering-gallery modes were first discovered in the nineteenth century in the acoustic domain,
from where they received their peculiar name. Lord Rayleigh had observed in the gallery of
St. Paul’s cathedral – and later theoretically described – how sound waves travel along the inner
curved surface of the gallery [72]. The optical equivalent of this phenomenon can be observed in
optical microresonators, such as the ones depicted in Fig. 2.2 a) from left to right: microspheres
[73, 74], microdisks [75] (not shown), microtoroids [76, 77] and bottle microresonators. The
latter is a special type of WGM microresonator that owes its name to its prolate shape [78]. As
will be seen, this property distinguishes the bottle resonator in certain aspects from other WGM
resonators and offers a couple of advantages.

WGM microresonators are dielectric monolithic structures. In contrast to Fabry-Pérot cav-
ities, where the light bounces back and forth between two highly reflective mirrors, here the
light is guided inside the resonator material. In radial direction (r), the light is confined by total
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2. BOTTLE RESONATOR CQED EXPERIMENT

Figure 2.2: a) Different types of WGM resonators, from left to right: a microsphere, a mi-
crotoroid and a bottle microresonators. Part of the figure taken from Ref. [71]. b) Radial con-
finement of light in WGM resonators in a ray path picture (cross section through the equatorial
plane). Light is guided along the resonator circumference via total internal reflection, which is a
consequence of the relation between the refractive indices n1 > n2 of the surrounding vacuum
(n2 = 1) and the resonator material (n1 > 1).

internal reflection, as illustrated in Fig. 2.2 b) in a ray path picture. This effect occurs at the
interface between a thicker (refractive index n1) and a thinner (n2) medium, when the light ini-
tially propagates in the thicker medium and hits the interface with an incidence angle larger than
a critical angle Θ > Θc = arcsinn2/n1 [66]. For grazing incidence, i.e. Θ → π/2, the distance
between two reflections at the interface becomes infinitesimally small. In this case, one speaks
of continuous total internal reflection [79] and an optical whispering-gallery wave is formed that
is guided near the resonator surface.

WGM microresonators combine ultra-high quality factors Q ≈ 108 − 109 and very small
mode volumes V [80, 81], which according to Eq. (2.12) makes them very good platforms for
atom–light interaction in the realm of CQED.

2.2.2 Fabrication of the bottle microresonator

A schematic of a bottle microresonator is depicted in Fig. 2.3. The resonator used in our exper-
iment was fabricated from a standard optical glass fiber in a heat-and-pull process using a fiber
pulling rig, which is described in detail in Ref. [82]. In the first step, the diameter of the fiber
is reduced to the desired resonator diameter over a few millimeters-long fiber section [70]. This
is done by linearly translating the fiber relative to the heat source – either a hydrogen-oxygen
flame or a CO2 laser with a focal spot size of 100-120 µm [60] – and simultaneously pulling
the fiber. In the second step, this tapered fiber is locally heated at two spots with a mutual dis-
tance of about 150 µm by the focused CO2-laser beam, while at the same time being further
stretched [70]. This creates two micro-tapers, in between which a bulge is formed – the bottle
resonator.

In the case of our resonator, the entire pulling process was performed with the CO2-laser.
The positions, the length and the diameter of the micro-tapers determine the curvature of the
resonator, which can be characterized with the help of an optical microscope in the fiber-pulling
rig [70]. The bottle resonator that was used for the experiments in this thesis is the same as in
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2.2. The bottle microresonator

Figure 2.3: Axial confinement of light in the bottle microresonator in a ray path picture. Due
to the bulgy shape of the resonator the light spirals around the resonator axis (z) between two
turning points at ±zc, where the light intensity is enhanced. The resonator radius at these so-
called caustics is denoted as Rc = R(±zc), and the central radius of the resonator is denoted as
R0 = R(z = 0). Figure adapted from Ref. [57].

Refs. [59,60,65]. Since it was installed inside the vacuum chamber it was not replaced until the
experiment had to be disassembled for the move to a new laboratory. The central radius of the
resonator was measured to be R0 ≈ 18.5 µm (cf. Fig. 2.3) and the curvature was determined
to be Δk = 0.014 µm−1 [60]. The quality factor Q ≈ 5 × 107 of the typically used resonator
mode was approximately constant over the years, which we attribute to the two-chamber design
of the setup (cf. Sec. 2.4.2).

2.2.3 Storage of light in the bottle microresonator

The principle of light confinement in the bottle resonator in radial direction is the same as for
other WGM resonators. Due to the prolate shape of the bottle resonator, the light spirals around
the symmetry axis (z) between two turning points, the so-called caustics, which is illustrated
in Fig. 2.3 in a ray path picture. The light cannot leave along the z-axis due to an angular
momentum barrier. This is similar to the confinement of charged particles in a magnetic bottle
[57]. It causes the light to perform many loops in azimuthal direction (φ) until one full round trip
– from one caustic to the other and back – is completed. This has implications on the spectral
properties of the bottle resonator, as we will see later.

Bottle resonator modes

The ray path picture above provides an intuitive understanding of the confinement of light in the
bottle resonator. However, to obtain the mode structure we have to solve the wave equation for
the bottle resonator. In the following, I will only summarize the important steps of the derivation
of the bottle modes and give the results. More detailed derivations can be found in [57, 60, 70].

Both the electric field E and the magnetic field H of the resonator eigenmodes have to fulfill
the Helmholtz equation [66]

∇2 + k2 Ψ = 0 (2.13)
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2. BOTTLE RESONATOR CQED EXPERIMENT

with Ψ = E , H. Furthermore, k = |k| = nk0 = n2π/λ0 is the wave number of the mode with
the vacuum wave number k0 and the vacuum wavelength λ0, where n is the refractive index of
the medium in which the light is propagating.

Due to the cylindrical symmetry of the bottle resonator, it is convenient to describe the
problem in cylindrical coordinates (r, φ, z), as defined in Fig. 2.3. As a consequence of the
cylindrical symmetry, one can separate the azimuthal (φ) part of the wave equation, whose so-
lutions are proportional to exp(imφ), with the angular momentum quantum number m. The
latter counts the number of wavelengths around the resonator circumference. In what follows,
we assume that the bottle resonator can approximately be described by a parabolic axial profile

R(z) ≈ R0 1− (Δk z)2

2
, (2.14)

where R0 = R(z = 0) is the central radius (cf. Fig. 2.3) and Δk is the curvature of the resonator.
Furthermore, the curvature is assumed to be small, i.e. dR/dz 1. Based on this adiabatic
approximation [57], the radial component of the wave vector can be neglected, such that k ≈

k2φ + k2z . Moreover, one can make the assumption that the remaining r- and z-dependent part

of the wave function is of the form Φ(r,R(z))Z(z) [57]. Using the ansatz for the full solution,
Ψ(r, φ, z) = Φ(r,R(z))Z(z) exp(imφ), the Helmholtz equation, Eq. (2.13), separates into a
radial and an axial wave equation [57]

∂2
r +

1

r
∂r + k2φ − m2

r2
Φ = 0 , (2.15)

∂2
z + k2 − k2φ Z = 0 , (2.16)

which can be solved independently. The value of the axial component of the wave vector, kz ,
vanishes at the resonator caustics with radius Rc = R(±zc), i.e. kφ(±zc) = k. Thus, the az-
imuthal component of the wave vector is given by kφ = k ·Rc/R(z) = 2πnRc/λ0R(z) [70].

The radial wave equation (2.15) is of the form of a Bessel differential equation. Hence,
the corresponding solutions are linear combinations of the Bessel functions of first and second
kind Jm and Ym, respectively. From the asymptotic behavior of the Bessel functions and the
restriction to modes localized near the resonator surface, one can infer that the radial wave
functions will be of the form [60]

Φl(r, z) =

 Al · Jm 2πnRc
λ0R(z) · r , for r ≤ R(z)

Bl · Ym 2πRc
λ0R(z) · r , for r > R(z) ,

(2.17)

where the index l indicates the respective vector component and it is assumed that the resonator
is surrounded by vacuum [60].

The bottle resonator supports WGMs with two types of polarization. For transverse-electric
(TE) modes, the electric field points along the resonator axis and, thus, the electromagnetic
field is solely described by the components Ez , Hr and Hφ. On the other hand, for transverse-
magnetic (TM) modes only the components Hz , Er and Eφ are non-vanishing. One can derive
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2.2. The bottle microresonator

resonance conditions from Eq. (2.17) for both types of polarizations [60], when the respective
boundary conditions of the field components at the resonator surface (r = R(z)) are respected.
Using these resonance conditions we can find resonant solutions of the radial wave equation
for a bottle resonator with central radius R0 ≈ 18.5 µm, as used in our experiment. In doing
so, one can either choose a fixed resonance wavelength λ0 and derive radial modes of different
orders with corresponding caustic radii Rc, or vice versa. We choose a fixed wavelength λ0 =
780 nm, as it approximately matches the transition wavelength of the D2 line of the 85Rb atom
(cf. Fig. 2.10 b)). Furthermore, we set the azimuthal quantum number to m = 206, such that the
caustic radius Rc of the fundamental radial mode roughly coincides with the central resonator
radius R0 [60].

In Fig. 2.4 a), we plot the squared radial wave functions |EP(r)|2 for the four lowest-order
radial modes with quantum numbers p = {0, 1, 2, 3}, for both (P=TM)-polarization (light
blue) and (P=TE)-polarization (dark blue). As can be seen, the radial quantum number, p,
counts the nodes of the intensity distribution along the radial direction. The TM-polarized modes
are discontinuous at the resonator surface originating from the boundary conditions of electric
fields perpendicular to an interface. Outside the resonator, the intensity decays approximately
exponentially in form of an evanescent field, which allows one to access the resonator mode
from the outside. This plays the key role for coupling light into and out of the resonator as well
as for coupling single atoms to the resonator mode.

Resulting from the assumption of the parabolic resonator profile, Eq. (2.14), the axial wave
equation (2.16) turns out to be identical to the differential equation of the harmonic oscillator.
Its solution is given by

Zm,q(z) = Cmq ·Hq
ΔEm

2
· z exp −ΔEm

4
z2 , (2.18)

where Cmq = 4 ΔEm/ (π22q+1(q!)2) and Hq is a Hermite polynomial. This means, that
the parabolic shape of the resonator creates a harmonic potential for the light, which thus forms
eigenmodes according to Eq. (2.18) with discrete energy eigenvalues. These are given by Emq =
(q + 1/2)ΔEm, where ΔEm = 2mΔk/(crR0) and q is the axial quantum number. One can
also derive an expression for the allowed eigenvalues of the wave number [60]

km,q =
m2

(crR0)
2 + q +

1

2

2mΔk

crR0
. (2.19)

Here, cr is a correction factor, accounting for the fact that the bottle modes do not have a well-
defined radius, but exhibit a radial intensity distribution [60, 70].

The squared axial wave functions |Zm,q(z)|2 for the four lowest-order axial modes with
quantum numbers q = {0, 1, 2, 3} are plotted in Fig. 2.4 b), where q gives the number of
intensity nodes along z. For each mode, the outer two maxima exhibit the largest intensity,
which are called the caustics. The axial wave function is responsible for the characteristic ring
structure of the bottles modes, when seen in three dimensions.
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2. BOTTLE RESONATOR CQED EXPERIMENT

Figure 2.4: Spatial distribution of bottle resonator modes in a) radial (r) and
b) axial (z) direction. a) The normalized radial distribution |EP(r)|2norm =

|EP(r)|2 / ∞
0 n(r)2 |EP(r)|2 rdrmax |ETM(r)|2p=0 is plotted for the four lowest-order

radial modes, both for (P = TE)-polarization (light blue) and (P = TM)-polarization (dark
blue), where |ETE(r)|2 = |Ez(r)|2 and |ETM(r)|2 = |Er(r)|2 + |Eφ(r)|2. The modes
shown have radial quantum numbers p = {0, 1, 2, 3} with corresponding caustic radii
RTE

c = {18.42, 19.15, 19.76, 20.30} µm and RTM
c = {18.48, 19.21, 19.82, 20.36} µm.

b) The normalized axial distribution |Zm,q(z)|2norm = |Zm,q(z)|2/max |Zm,q=0(z)|2 is
plotted for the four lowest-order axial modes with quantum numbers q = {0, 1, 2, 3} and
corresponding caustic radii Rc = {18.48, 18.46, 18.44, 18.42} µm. All modes in panels (a)
and (b) are plotted for an azimuthal quantum number m = 206 and a resonance wavelength of
λ0 ≈ 780 nm, for a resonator with central radius R0 = 18.5 µm, curvature Δk = 0.014 µm−1

and refractive index n = 1.454.
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Mode volume

From the intensity distribution of the bottle resonator mode we can determine the corresponding
mode volume V by integrating over the axial and the radial coordinates [60]

Vm,q ≈ 2π ·
∞

−∞

Zm,q(z)

max (Zm,q(z))

2

dz ·
rrad

0
n(r)2

|E(r)|2
max (|E(r)|2) rdr . (2.20)

Here, the integration over the azimuthal coordinate has already been performed, leading to the
factor of 2π. Depending on whether the mode volume is calculated for TE- or TM-polarized
modes, the electric field intensity is given by |ETE(r)|2 = |Ez(r)|2 or |ETM(r)|2 = |Er(r)|2 +
|Eφ(r)|2, respectively. In radial direction, the integration is performed up to the so-called radia-
tion caustic rrad [60]. The mode volumes of the axial modes shown in Fig. 2.4 range between
∼ 830 µm3 for q = 0 and ∼ 1350 µm3 for q = 3.

Spectral properties

By approximating the wave number in Eq. (2.19) for small resonator curvatures (ΔkR0 1)
via a Taylor expansion to first order, we obtain for the axial and the azimuthal free spectral
ranges (FSR) [60]

Δνm =
c

2πn
· (km+1,q − km,q) ≈ c

2πn

1

crR0
, (2.21)

Δνq =
c

2πn
· (km,q+1 − km,q) ≈ c

2πn
Δk . (2.22)

The azimuthal FSR is determined by the central radius R0 of the resonator, while the axial FSR
is determined by the resonator curvature Δk. Thus, the axial FSR can be engineered to be much
smaller than the azimuthal FSR [59]. For the bottle resonator used in this thesis with central
radius R0 ≈ 18.5 µm, curvature Δk = 0.014 µm−1 and refractive index of n = 1.454, the
axial and the azimuthal FSR amount to Δνq ≈ 0.46 THz and Δνm = 1.83 THz, respectively.
The small axial FSR has the advantage compared to other WGM resonators, that the resonance
frequency of the bottle resonator can easily be tuned over a full axial FSR [57]. This feature
is essential, when the resonator needs to be tuned to an arbitrary frequency, e.g., to match the
frequency of an atomic transition in the context of atom–resonator coupling. Frequency tuning
requires to change the optical path length, which in WGM resonators is typically done by varying
the resonator temperature. The bottle resonator has the additional advantage that, due to the
geometry, mechanical strain can be applied to the two ends of the fiber, thereby changing the
resonator radius as well as the refractive index [70].

2.2.4 Polarization properties of WGMs

In the previous section, we have seen how light can propagate in a bottle microresonator. In this
context, it is a valid question to ask, which influence such a strong confinement has on the prop-
erties of a light field. It turns out that, for strongly confined beams, the standard approximation
of paraxial optics is not valid anymore, i.e. the light field can no longer be described as a fully
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2. BOTTLE RESONATOR CQED EXPERIMENT

transverse-polarized wave [83]. We want to illustrate this first for a general setting, before we
will qualitatively describe the consequences for WGMs.

We consider a monochromatic beam of frequency ω, propagating in +z-direction

E(r) = E(r)ei(kz−ωt) (2.23)

with the complex vector amplitude E(r) = (Ex, Ey, Ez) and the wave number k = |k| = 2π/λ.
According to Gauss’s law, in a charge- and current-free medium, the divergence of the electric
field vanishes

∇ ·E = (∂xEx + ∂yEy + ∂zEz) = 0 . (2.24)

Under the assumption that the complex vector amplitude varies only slowly along the propaga-
tion direction, it follows from Eq. (2.24) for the longitudinal field component

Ez ≈ −i
1

k
(∂xEx + ∂yEy) . (2.25)

According to this expression, the longitudinal field component is proportional to the divergence
of the transverse field component E t = (Ex, Ey). This means, if E t varies significantly on the
length scale of 1/k = λ/2π, the longitudinal field component can become as large as |E t|.
Furthermore, the factor −i indicates that there is a phase difference of π/2 between Ez and
E t. As a consequence, if E t is a fully linearly polarized field, the superposition of the longi-
tudinal and transverse field components leads to local elliptical polarization, and in the special
case Ez = |E t| to circular polarization. Note, that this elliptical polarization lies in the plane of
the propagation direction, and is therefore fundamentally different from elliptical polarization
of a paraxial light field, where the electric field vector rotates around the propagation direction.
Moreover, Eq. (2.25) reveals the most interesting feature of the considered light beam: when
its propagation direction is reversed from +z to −z, i.e. k → −k, the sign of the longitudinal
field component and, thus, the sense of rotation of the local elliptical polarization flips. This
intrinsic link between the polarization and the propagation direction has also been investigated
theoretically in Refs. [49, 50], and has been termed spin–momentum locking.

Strong transverse field gradients can occur in all situations where light is strongly confined,
e.g., in tightly focused Gaussian beams or – most important for us – evanescent fields. For a long
time this effect has not been considered in the description of whispering-gallery modes, until our
group found in 2013 that the measured transmission spectra for TM-polarized bottle modes can
only be explained by taking into account the longitudinal field component [46, 60]. It turns out
that the exponential decay of the evanescent field of the WGM on a length scale of ∼ 100 nm
leads to a longitudinal field component almost as large as the transverse field component [60].
As WGM resonators are ring resonators, they always support two degenerate modes, a clockwise
propagating (cw) and a counter-clockwise propagating mode (ccw), as illustrated in Fig. 2.5. If
we choose the resonator axis (z) as our quantization axis, such that we can define the basis
polarization states eσ± = (er ± ieφ) /

√
2 and eπ = ez , then the overlap of the polarization of

the ccw- and cw-mode with σ+- and σ−-polarization, respectively, is given by

|Eccw · e∗σ+ |2
|Eccw|2 =

|Ecw · e∗σ− |2
|Ecw|2 = 0.97 (2.26)
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Figure 2.5: Illustration of the local polarization properties in the evanescent field of a) a TM-
polarized and b) a TE-polarized WGM. A WGM resonator always supports two degenerate
modes, a clockwise (cw) and a counter-clockwise (ccw) propagating mode. In the case of TM-
polarization, the two propagation directions are intrinsically linked with the mutually orthogonal
circular polarizations, σ+ and σ−, of the evanescent fields, which is called spin–momentum
locking. In the case of TE-polarization, the two counter-propagating modes have identical linear
polarization.

near the resonator surface. Hence, the evanescent field of the ccw (cw) mode is nearly per-
fectly σ+(σ−)-polarized, as illustrated in Fig. 2.5 a). Note, that this effect is only present for
TM-polarized modes, as they exhibit a non-vanishing longitudinal electric field component Eφ
(cf. Sec. 2.2.3). As a consequence, the two counter-propagating TM-polarized modes are almost
perfectly orthogonally polarized to each other and, hence, do not interfere. Accordingly, they do
not build up a standing-wave mode structure inside the resonator. As we will see in Sec. 2.3.3,
these polarization properties of WGMs have implications on the interaction with single atoms
and allow one to enter a new regime of CQED.

For completeness, in the case of TE-polarized WGMs, the two counter-propagating modes
are both linearly polarized along the z-axis, see Fig. 2.5 b). In this case, a WGM resonator is
equivalent to a conventional ring-resonator.

2.2.5 Evanescent coupling to WGMs with tapered fiber couplers

A distinct feature of WGM resonators is that light can be coupled into these resonators with
nearly 100% efficiency [84] by using tapered optical fibers [82]. The latter can be fabricated
from standard optical single-mode fibers in a heat-and-pull process [82]. This process can be
engineered such that – within a few millimeter-long section – the fiber is adiabatically tapered
down to diameters smaller than the wavelength of the light. The resulting waist of the tapered
fiber is also called nanofiber. The adiabaticity condition ensures that the light remains in the
fiber-guided mode and, thus, a fiber transmission close to unity can be maintained [85, 86]. In
the nanofiber section, a significant fraction of the light intensity is guided outside of the fiber in
form of an evanescent field.

Now, such a tapered fiber can be used to couple light into and out of a WGM resonator via the
effect of frustrated total internal reflection [79]. For this, the fiber and the resonator have to be
interfaced with each other such that their fields overlap. To achieve a high coupling efficiency,
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the spatial mode overlap should be large, the fiber mode and the resonator mode should be
resonant with each other and their wave vectors should match. The latter corresponds to a
phase-matching condition, which has to be fulfilled to enable constructive interference between
the fields of the fiber coupler and the resonator at the coupling junction [87].

As a consequence of the evanescent coupling, the fiber–resonator coupling rate can be tuned
simply by changing the fiber–resonator distance, thereby changing the overlap of the electric
fields. We denote the fiber–resonator coupling rate with κext, see Fig. 2.7 a). One distinguishes
three coupling regimes depending on the fiber–resonator distance and the corresponding re-
lation between the external coupling rate κext and the intrinsic resonator field decay rate κ0:
under-coupling (κext < κ0), critical coupling (κext = κ0) and over-coupling (κext > κ0). The
experiments presented in this thesis were all performed under the condition of critical coupling.
In this regime on resonance, the amplitudes of the incident light and the light that couples back
from the resonator into the fiber are equal. The latter, however, experiences a π phase shift
such that the two light fields interfere destructively. As a consequence, the fiber transmission
is zero, which means that the complete light power is transferred into the resonator and is dis-
sipated there [60]. This setting is essential for our atom-detection scheme, as will be seen in
Sec. 2.5.2. However, there exists another detection technique, when the system is operated in
the over-coupled regime [65], as used, e.g., in the experiment described in Ref. [53].

In the special case of the bottle microresonator, the elongated mode structure along the
resonator axis allows the coupling of two tapered fiber couplers to the resonator mode without
the spatial constraint inherent to equatorial WGMs [59,81]. In this way, the bottle resonator can
be employed as a four-port device, which we exploited, e.g., for the demonstration of a quantum
optical circulator [55].

2.3 Basic theory of atom–light interaction in resonators

In the following, we will describe the resonant coherent interaction between a single atom and a
single quantized mode of the electromagnetic field, which can be selected from the continuum
of free-space modes by imposing boundary conditions using an optical microresonator. A fully
quantum mechanical treatment of this situation has been provided by Jaynes and Cummings in
1963 [88]. To this day, this model receives a great deal of attention, and it has been extended
and generalized to describe, e.g., multi-level atoms [89] and multi-modes [90]. However, it does
not treat the dissipation mechanisms present in a real system. This can be included into the
Jaynes-Cummings description using the so-called master equation approach [91], as we will see
in Sec. 2.3.2.

2.3.1 Jaynes-Cummings model

We consider a two-level atom with a ground state |g and an excited state |e , as depicted in
Fig. 2.1 a). The single quantized field mode is characterized by the number of photons in the
field |n . The Jaynes-Cummings Hamiltonian that describes the total system consists of three
parts

ĤJC = Ĥa + Ĥr + Ĥint , (2.27)
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Figure 2.6: Energy eigenvalues of the dressed states |n,± according to Eq. (2.32) for the case
of an empty resonator mode (n = 0), as a function of the atom–resonator detuning Δar. On
resonance (Δar = 0), an avoided crossing occurs with a splitting of width 2g. For comparison,
the eigenenergies of the bare states |g, 1 and |e, 0 are plotted in gray.

where the first term describes the free atom

Ĥa =
1

2
ωaσ̂z , (2.28)

with the atomic transition frequency ωa and the atomic inversion operator σ̂z = |e e| − |g g|.
Here, we chose the point of zero energy to lie exactly in between the ground and the excited
state. The second term in Eq. (2.27) describes the free field with frequency ωr. It can be shown
that a single mode of the electromagnetic field is formally equivalent to the quantum harmonic
oscillator and, thus, the corresponding Hamiltonian is given by

Ĥr = ωrâ
†â . (2.29)

Here, â† and â are the creation and annihilation operators of a photon, respectively. The zero-
point energy (1/2) ωr was set to zero in this expression, as it does not contribute to the dyna-
mics [92]. Finally, the interaction between the atom and the field mode can be written in the
dipole and rotating-wave approximations [92, 93] as

Ĥint = g(â†σ̂− + âσ̂+) , (2.30)

where g is the atom–light coupling strength (cf. Eq. (2.8)), and σ̂+ = |e g| and σ̂− = |g e|
are the atomic excitation and deexcitation operators, respectively. The Hamiltonian ĤJC only
couples the states |e ⊗ |n ↔ |g ⊗ |n+ 1 [92]. The product states |e, n = |e ⊗ |n and
|g, n+ 1 = |g ⊗ |n+ 1 are the eigenstates of the uncoupled system (g = 0), often referred to
as bare states.

In order to obtain the eigenstates of the coupled system (g = 0), we have to diagonalize the
total Hamiltonian, yielding the so-called dressed states [92]

|n,+ =cos (Φn/2) |e, n + sin (Φn/2) |g, n+ 1 ,

|n,− =− sin (Φn/2) |e, n + cos (Φn/2) |g, n+ 1 ,
(2.31)
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where Φn = tan−1(2g
√
n+ 1/Δar) with the atom–resonator detuning Δar = ωa − ωr. The

corresponding energy eigenvalues are

En,± = n+
1

2
ωr ± 1

2
Ωn(Δar) , (2.32)

with the Rabi frequency Ωn(Δar) = 4g2(n+ 1) + Δ2
ar. The energies of the dressed states

|n,± are plotted in Fig. 2.6 for the case of n = 0 as a function of the atom–resonator detuning
Δar. Setting g = 0 in Eq. (2.32) gives the bare state energies for comparison, shown in gray
in Fig. 2.6. One can see that for large detuning the dressed states asymptotically approach
the bare states. On resonance (Δar = 0), however, they exhibit an avoided crossing. The
corresponding energy splitting arises due to the resonant atom–resonator interaction and the
width of the splitting is given by Ωn(0) = 2g

√
n+ 1. The fact that the Rabi frequency is non-

zero for n = 0, reflects that the atom undergoes Rabi oscillations even in an empty resonator,
which are induced by the electromagnetic vacuum. The energy splitting in this case is referred
to as vacuum Rabi splitting [94].

2.3.2 Master equation: losses and driving

In the previous section, we discussed the situation of an atom exclusively interacting with a
quantized field mode, e.g. a resonator mode. However, in order to describe a realistic system,
we also want to include into the theory the dissipation mechanisms discussed in Sec. 2.1.2.
Furthermore, to be able to retrieve information from the system, we want to introduce an external
coupling channel between the atom and the resonator field. For WGM resonators, this can be the
optical mode of a tapered fiber coupler, as explained in Sec. 2.2.5 and illustrated in Fig. 2.7 a).

Such a so-called open quantum system can be theoretically treated using the master equation
approach [91], which we will outline here. In this approach, the dissipation of a system of
interest S is described by its interaction with a large reservoir R. The state of the combined
system S ⊗ R is represented by the density operator ρ̂SR and its time evolution is described
by the Schrödinger equation dρ̂SR/dt = −i/ ĤSR, ρ̂SR . The objective now is to derive
the equations of motion for the system only. The reduced density operator for the system can
be obtained by taking the trace over the states of the reservoir, i.e. ρ̂S(t) = TrR[ρ̂SR(t)] [93].
Using the Born-Markov approximation [91] one can derive the master equation, which reads in
Lindblad form

dρ̂S
dt

= − i
[ĤS , ρ̂S ] + Lρ̂S , (2.33)

where L is the Lindblad superoperator.
For our system, the total system Hamiltonian is now given by

ĤS = ĤJC + Ĥdrive , (2.34)

where we now also added a driving term in order to include probing of the atom–resonator
system. Furthermore, the Jaynes-Cummings Hamiltonian has been transformed into a frame
that rotates with the frequency ωprobe of the probe field

ĤJC/ = Δapσ̂+σ̂− +Δrpâ
†â+ g(â†σ̂− + âσ̂+) . (2.35)
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Figure 2.7: a) Illustration of a single two-level atom (green dot) coupled to a WGM resonator,
which is interfaced with a fiber coupler. The resonator mode â is driven via the fiber-guided input
field âin. The total resonator decay rate κtot consists of the intrinsic resonator decay rate κ0 and
the coupling rate to the fiber κext. b) Calculated transmission spectrum according to Eq. (2.39) as
a function of the detuning Δap = Δrp = Δ, for three different values of the coupling strength g.
Here, we assumed critical coupling for the empty resonator with κ0 = κext = 2π × 5 MHz and
inserted the spontaneous decay rate of the 85Rb atom of γ = 2π × 3 MHz.

Here, Δap = ωa−ωprobe is the atom–probe detuning and Δrp = ωr−ωprobe is the resonator–probe
detuning. The Lindblad superoperator is given by

L = κtot(2âρ̂â
† − â†âρ̂− ρ̂â†â) + γ(2σ̂−ρ̂σ̂+ − σ̂+σ̂−ρ̂− ρ̂σ̂+σ̂−) (2.36)

where κtot = κ0 + κext with the intrinsic decay rate of the resonator κ0 and the fiber–resonator
coupling rate κext, and γ is the atomic dipole decay rate.

There are two possibilities to probe the coupled atom–resonator system: either by sending a
probe light field onto the atom (”atom-drive”) or onto the resonator (”resonator-drive”). At this
point, we will only address the latter case. However, in Sec. 5.5 a measurement is presented
that uses the atom-drive setting and the corresponding formulas will be given in Sec. 5.5.1. The
driving-Hamiltonian for driving the resonator with a coherent light pulse is given by

Ĥdrive/ = i (â− â†) , (2.37)

where =
√
2κext âin and âin is the amplitude of the incident field. In our experiment, we

retrieve information from the system, independent of the type of driving, by analyzing the light
in the fiber output mode âout. In the case of the resonator drive this output field is a superposition
of the input field âin and the field that couples back from the resonator mode â into the output
mode (cf. Fig. 2.7 a))

âout = âin − i
√
2κextâ . (2.38)

We want to determine the steady-state transmission through the coupling fiber, which is given
by T = | âout / âin |2. For this, we have to determine the resonator field â , which we can
do by solving the master equation in steady state (dρ̂S/dt = 0) under the assumption of weak
driving and considering that the expectation value of a system operator can be computed as
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Ô = Tr[ρ̂S Ô]. Thus, by inserting Eqs. (2.34) and (2.36) into Eq. (2.33), we can find an analytic
expression for the transmission through the coupling fiber

T =
g2 + γ + iΔap κ0 − κext + iΔrp

g2 + γ + iΔap κ0 + κext + iΔrp

2

. (2.39)

Figure 2.7 b) shows transmission spectra according to Eq. (2.39) for three different values of the
coupling strength g as a function of the detuning Δap = Δrp = Δ. For the cases depicted by the
blue lines, a vacuum Rabi splitting with a width of 2g is predicted.

2.3.3 Chiral atom–light interaction in WGM resonators

In Sec. 2.2.4 we discussed that WGM resonators support two degenerate counter-propagating
modes. Thus, the previous treatment of the interaction of an atom with a single resonator mode
is, in general, not a complete description for WGM resonators. In order to describe the system
including two modes â and b̂, the Hamiltonian needs to be modified to

ĤS/ = Δapσ̂+σ̂−
+Δrp(â

†â+ b̂†b̂) + (hâ†b̂+ h∗b̂†â)

+ (g∗aâ
†σ̂− + gaâσ̂+) + (gbb̂

†σ̂− + g∗b b̂σ̂+)

+ i a(â− â†) + i b(b̂− b̂†) .

(2.40)

The first two terms describe again the free atom and the free field modes, respectively. The
third term in the Hamiltonian now takes into account the possibility of coupling between the two
resonator modes [95]. Such an exchange of energy between the modes with the rate h can be
caused by bulk or surface imperfections of the resonator, thereby lifting the degeneracy between
the two modes. The coupling rate from mode â to mode b̂ is assumed to be equal to the rate of
the reverse process. The fourth and fifth term describe the interaction between an atom and each
of the modes with coupling strengths ga and gb, respectively. The latter are in general not equal
(ga = gb). In the most general case, the system can be driven via both modes, which is described
by the last two terms in Eq. (2.40), where a =

√
2κext âin and b =

√
2κext b̂in . The master

equation for this system is then given by

dρ̂S
dt

= − i
[ĤS , ρ̂S ]

+ κtot(2âρ̂â
† − â†âρ̂− ρ̂â†â)

+ κtot(2b̂ρ̂b̂
† − b̂†b̂ρ̂− ρ̂b̂†b̂)

+ γ(2σ̂−ρ̂σ̂+ − σ̂+σ̂−ρ̂− ρ̂σ̂+σ̂−) .

(2.41)

Equations (2.40) and (2.41) are generally valid both for conventional ring-resonators, which
support two counter-propagating modes with identical polarization, and for WGM resonators. In
WGM resonators the two modes can have different polarizations, as we have seen in Sec. 2.2.4.
Furthermore, different polarization components of the resonator modes drive different transi-
tions in the magnetic sub-structure of the atomic levels and, thus, the atom cannot be treated as a
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Figure 2.8: Chiral atom–light interaction in a WGM resonator. a) Coupling between an atom,
which is prepared in its outermost Zeeman state of the hyperfine ground state, and TM-polarized
WGMs. Two cases are considered, where either mode â (left) or mode b̂ (right) is driven via an
input field in the coupling fiber. b) Calculated transmission spectra according to Eq. (2.39) for
the two cases illustrated in panel (a). The coupling strength to mode â (mode b̂) is assumed
to be ga = 4κ0 (gb = 0). Furthermore, we assumed critical coupling for the empty resonator
with κext = κ0 = 2π × 5 MHz and inserted the spontaneous decay rate of the 85Rb atom of
γ = 2π × 3 MHz. Figure adapted from Ref. [83].

two-level system anymore. An accurate formalism for the description of atom–light interaction
with WGMs, which treats the resonator fields as vector quantities and takes the complex atomic
level structure into account, can be found in Refs. [60, 65, 83].

Here, we want to qualitatively address one particularly interesting case. We consider TM-
polarized counter-propagating resonator modes, i.e. the light in mode â (mode b̂) is almost
perfectly σ+(σ−)-polarized, as shown in Fig. 2.8 a). Furthermore, we assume the atom to be
a polarization-dependent scatterer, i.e. it does not couple equally to both of the modes or – in
the extreme case – couples to only one of the modes. The latter situation can approximately
be realized by preparing, e.g., an alkali atom in one of the outermost Zeeman sublevels of the
hyperfine ground state F , e.g. in mF = +F . Then, the resonator fields drive an effective V-level
system, as illustrated in Fig. 2.8 a). In alkali atoms, the transition strength of the (mF = F ) →
(mF = F + 1) transition is significantly larger than that of the (mF = F ) → (mF = F − 1)
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transition. As a consequence, the atom almost exclusively couples to mode â (gb ga) which,
thus, drives the closed cycling transition, thereby reducing the complex atomic level structure
to an effective two-level system. If only mode â is driven and in the absence of mode–mode
coupling (h = 0), the Hamiltonian in Eq. (2.40) reduces to the Jaynes-Cummings Hamiltonian
given in Eq. (2.35). If only mode b̂ is driven and if h = 0, the system behaves much like an empty
resonator. The corresponding calculated transmission spectra are depicted in Fig. 2.8 b), where
we assumed critical coupling of the empty resonator (κext = κ0), and the coupling strengths
between the atom and the two resonator modes to be ga = 4κ0 and gb = 0, respectively, as well
as h = 0.

In our experiment, the scenario on the left side of Fig. 2.8 constitutes the basis for the real-
time detection of atoms in the resonator mode, as we will see in Sec. 2.5.2. Most interestingly,
however, in the described setting, the response of the system depends on the propagation di-
rection of the input light field. This so-called chiral atom–light interaction is a consequence of
the spin–momentum locked light fields in the resonator. In our group, we exploited this effect
for the realization of two non-reciprocal devices: an optical isolator [54] and a quantum optical
circulator [55].

If TE-polarized WGMs are used or if the atom couples equally to both resonator modes,
the system behaves symmetrically, i.e. independent of the propagation direction. Hence, WGM
resonators can be operated in both the chiral and the non-chiral regime.

2.4 Experimental setup

2.4.1 Concept of the bottle resonator CQED experiment

The ideal scenario for interfacing a single atom with a resonator is to localize the atom inside the
resonator mode for a substantial amount of time, as it allows for deterministic coherent atom–
light interaction with a stable coupling strength. Some systems, as e.g. single atoms coupled to
Fabry-Pérot cavities, have already come quite close to this ideal situation by optically trapping
and cooling atoms inside the cavity mode [26]. In the case of WGM resonators, the atom needs
to be trapped very close to the resonator surface in the evanescent field, which will be the subject
of chapters 3 and 4. Until now, however, only free-falling atoms have been coupled to WGMs.
This is done either by releasing a cold atomic cloud from a magneto-optical trap (MOT) from a
few millimeters above the resonator [36,96], such that their velocity is relatively low when they
fall through the evanescent field, or by delivering a cold atomic cloud via the atomic fountain
principle [97–99].

In our experiment, the latter approach has been implemented. A cold cloud of 85Rb atoms is
formed inside a magneto-optical trap (MOT), which is then vertically launched toward the res-
onator. The fountain parameters are chosen such that the turning point of the ballistic trajectory
of the atomic cloud lies near the resonator. Here, its center-of-mass velocity is zero and, thus,
the atom–light interaction time is maximized within the limits of this method. On the way to
the resonator, the atomic cloud expands due to its finite temperature. When the cloud is near the
resonator, its density is so low that every now and then a single atom falls through the evanescent
field of the resonator mode. We detect such a single-atom transit event in real time and rapidly
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Figure 2.9: Experimental apparatus. a) Cross section of the vacuum chamber with a two-
chamber design, consisting of the lower MOT chamber and the upper science chamber. In the
MOT chamber a cold cloud of rubidium atoms is formed in a magneto-optical trap (MOT). The
pair of magnetic field coils in anti-Helmholtz configuration is marked in blue. Furthermore, the
fiber-coupled collimators for the cooling beams (orange) as well as the optics to adjust the beams
and overlap them with each other in the center of the chamber (yellow) are shown. The cold
atomic cloud is launched via an atomic fountain into the upper chamber, where the resonator with
the two coupling fibers is located. b) Fiber–resonator coupling setup mounted onto a 2kg copper
block, which rests on four viton rings for vibration isolation [59]. The resonator-fiber (blue
line) is tilted by ≈ 17◦ to the vertical. Coupling fiber 1 (red solid line) is shown including its
U-shaped holder, which is attached to two attocube linear translators (see text). The orientation
of coupling fiber 2 is indicated by the red dashed line, without showing the holder and attocube
positioners for clarity. Figures adapted from [59, 100].

react to it using a field programmable gate array (FPGA)-based detection and control system.
This enables us to observe signatures of the atom–resonator interaction within the short time, in
which the atom couples to the resonator.

In this section, the main parts of the bottle resonator CQED experiment will be described.
More details on the various parts explained here as well as further information can be found in
Refs. [59, 60, 100].

2.4.2 Vacuum chamber

The vacuum chamber housing the main components of the experiment is shown in Fig. 2.9 a).
It consists of two chambers, which are connected by a differential pumping tube of about 30 cm
length. In the lower chamber, a cold cloud of 85Rb atoms is formed in a MOT. The heart of the
upper chamber is an assembly of the bottle resonator and two coupling fibers, which is shown
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in Fig. 2.9 b) and described in the next section. The fibers are guided into the vacuum chamber
via dedicated feed-throughs1 that allow to maintain the ultra-high vacuum. The two chamber
design has the advantage that the bottle resonator is not located close to the rubidium dispensers
(cf. Sec. 2.4.4), as otherwise atoms would stick to its surface, leading to a degradation of the
quality factor [101]. The atomic cloud is launched through the differential pumping tube into
the upper chamber to the resonator. Here, the actual experiments take place, which is why it is
called science chamber.

2.4.3 Fiber–resonator coupling setup

The resonator fiber, indicated by the blue solid line in Fig. 2.9, is mounted in the upper chamber
with an angle of ≈ 17◦ to the vertical. Each side of it is glued onto a shear piezo, which allows
strain-tuning of the resonance frequency. The bottle resonator is interfaced with two coupling
fibers with the orientations depicted in Fig. 2.9 b). The two fibers each exhibit a nanofiber
section with a minimal diameter of 500 nm. Each fiber is glued onto a U-shaped fiber holder2.
The fiber holders are each mounted onto a stack of two linear nanopositioners3 that allow to
adjust the fiber–resonator distance and to move the fiber along the resonator axis, respectively.
In the framework of this thesis only coupling fiber 1 was used, which is marked by the red solid
line.

The fiber–resonator coupling setup is mounted to a massive gold-coated copper piece, which
rests on two metal beams in the science chamber, see Fig. 2.9. Viton rings between the beams
and the copper block isolate the resonator and the fibers from vibrations of the setup [60]. The
copper block exhibits a hole along the vertical to grant optical access to the resonator through
the top viewport of the science chamber. We make use of this, when we apply the heating laser,
which will be described in Sec. A.2.

2.4.4 Atom preparation

Magneto-optical trap

As the first step of the atomic fountain, a cold cloud of 85Rb atoms is formed in a magneto-optical
trap (MOT). This trapping mechanism was first demonstrated in [102]. A MOT provides laser-
cooling and trapping of atoms by a hybrid approach that combines a linear gradient magnetic
field with optical molasses cooling [103, 104]. While optical molasses cooling only generates a
velocity-dependent damping force, the magnetic field gradient in conjunction with the polariza-
tion of the laser beams adds a position-dependent restoring force that provides confinement of
the atoms.

The configuration of our MOT is illustrated in Fig. 2.10 a). A pair of current-carrying coils
in the so-called anti-Helmholtz configuration generates a quadrupole magnetic field: it is zero at
the center of the coils and its magnitude increases linearly in all directions from the coil center
for small displacements [105]. The orientation of the anti-Helmholtz coils in our setup is visible

1swagelok adapters, Vacom GmbH
2For better visibility, only the fiber-holder of coupling fiber 1 is shown.
3ANPx101/NUM and ANPz101/NUM, attocube systems
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Figure 2.10: a) Illustration of the MOT. The six cooling beams are arranged in a (1,1,1)-
configuration. The electric current through the pair of anti-Helmholtz coils is indicated by the
black arrows. b) Energy level scheme of the D2 line of the 85Rb atom. The purple and orange
arrows indicate the cooling and repumping transitions for the MOT, respectively. The resonance
frequency of the bottle resonator is locked to the F = 3 → F = 4 transition (red arrow). Figure
adapted from [65].

in Fig. 2.9 a) (blue coils) and the flow direction of the electric current, I , through the coils is
indicated in Fig. 2.10 a). We use a current of 6 A, yielding a magnetic field gradient of 5 G/cm
along the axis pointing through the coils, and 2.5 G/cm along the perpendicular axes [60].

Additionally, three pairs of mutually orthogonal counter-propagating cooling-laser beams
are sent toward the coil center. In our setup, the beams are aligned in the so-called (1,1,1)-
configuration, i.e. all beams have an angle of 54.7◦ to the vertical. This provides a free path
along the vertical (+z-direction) for the atomic fountain [106]. The cooling beams each have
a power of about 20 mW and their frequency is red-detuned by |δ| = 2Γ ≈ 12 MHz, with
respect to the 5S1/2, F = 3 → 5P3/2, F = 4 transition of the 85Rb atom, see Fig. 2.10 b).
The source of rubidium atoms is a Rb-dispenser, which is supplied with a current of ∼ 3 A and
continuously emits hot atoms into the MOT chamber. Thus, atoms can be trapped and cooled in
the MOT from the background gas.

While cooling the atoms, they are eventually pumped into the F = 2 ground state. Although
this process is forbidden by the selection rules, it happens due to off-resonant excitation to the
F = 3 state. To bring the atoms back into the cooling cycle, we shine a repump beam into the
MOT chamber, which is resonant to the F = 2 → F = 3 transition, as indicated in Fig. 2.10 b)
by the orange arrow.

With the above described parameters a cloud of cold atoms with a diameter of about 1 mm
is formed in the center of the MOT. The loading rate is about 1.88 × 108 atoms/s, resulting
in a typical maximal number of 85Rb atoms of about 5 × 107, which is mainly limited due to
collisions with the background gas [60].
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MOT laser system

The cooling beams are provided by a powerful laser source4, consisting of an external cavity
diode laser (ECDL) as a master laser tuned to a wavelength of about 780 nm, which is used
to seed a tapered amplifier (TA) laser diode. Several milliwatts from the master laser output
power are branched off and sent through a commercial saturated absorption spectroscopy unit5

in order to stabilize the laser to the 5S1/2, F = 3 → 5P3/2, F = 3, 4 crossover transition6.
To stabilize the laser frequency with the help of the spectroscopy signal, we use a frequency
modulation (FM) locking scheme.

The main beam from the master laser is injected into the TA laser diode, where it is amplified
to an optical power of 1 W, which is split into two equal portions by a beam-splitter (BS) cube.
The two beams provide the light for the upper and lower set of the fountain beams, respectively.
Each of the beams is guided through an acousto-optical modulator (AOM) in double-pass con-
figuration [107] and coupled into a polarization-maintaining (PM) optical fiber. The frequency
of the cooling beams is controlled by the above mentioned AOMs, which are driven by direct
digital synthesizer (DDS) sources7. In particular, these sources allow to drive the frequency
ramps required for the atomic fountain phase (cf. Sec. 2.5.1). The double-pass configuration has
the big advantage that efficient fiber-coupling can be maintained during those frequency ramps.
The PM fibers guide the two beams from the laser table to the experiment table, where each of
them is coupled into a fiber-port cluster8. Here, each beam is again split into three portions. Each
cluster exhibits a built-in photodiode, which provides a signal for intensity stabilization of each
beam. Each of the six cluster outputs is connected via a PM fiber to a fiber-coupled collimator
outside the MOT chamber, which are highlighted in Fig. 2.9 a) in orange color. Here, the beams
are widened to a beam diameter of about 27 mm and are subsequently sent into the MOT region.

Repump laser system

Our repump laser source is a grating-stabilized ECDL9 running at 780 nm with an output power
of about 50 mW. The output beam is divided into two parts, each of which is sent through an
AOM in double-pass configuration. One of the beams is used to stabilize the frequency of the
laser to the F = 2 → F = 3 transition. For this purpose, the beam is sent through a CoSy
spectroscopy unit. Since the requirements for the frequency stability of the repump laser are not
so strict, we use the side-of-fringe locking technique here, where the slope of the spectroscopy
line itself serves as an error signal for giving feedback to the diffraction grating. The main
beam, which carries most of the power is coupled into a PM-fiber, which guides the light to the
experiment table. There, it is sent through a viewport into the MOT region using a collimator,
which widens the beam to a diameter of about 13.5 mm. Typically, a power of about 10 mW is
used for repumping.

4TA pro, Toptica Photonics
5CoSy, TEM Messtechnik
6Crossover transitions are an artefact of this spectroscopy technique, but they have the advantage of providing

strong absorption lines.
7AODS 20160 STD, Crystal Technology
81 → 3-port cluster, Schäfter+Kirchhoff
9DL 100, Toptica Photonics
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2.4.5 Atom detection and probing

Resonator laser setup

In order to investigate the interaction between single atoms and WGMs of the bottle resonator,
several resonant light fields are required. Specifically, we need a light field to which the resonator
frequency can be stabilized as well as light fields for detecting and probing the atom via the
evanescent field of the resonator mode. As only small optical powers are needed for these tasks,
we derive these beams from the same laser source. We use an ECDL10, which provides an
output power of about 100 mW. The laser is locked to the 5S1/2, F = 3 → 5P3/2, F = 4
atomic transition (cf. Fig. 2.10 b)) by FM spectroscopy, where we use saturated absorption
spectroscopy provided by a commercial spectroscopy unit11. For the latter, a few milliwatts of
power are branched off from the main laser output beam and sent through an AOM in double-
pass configuration before entering the spectroscopy unit.

For each of the above mentioned tasks, a certain amount of power is again branched off from
the main beam. All beams are sent through AOMs in double-pass configuration, respectively,
which – on the one hand – compensate for the frequency offset of 2 × νSatAbs introduced by
the AOM in the spectroscopy branch and, on the other hand, allow for independent frequency
adjustment of the individual beams. After the double-pass, the light is coupled into PM fibers to
guide it to the experiment table. Here, the PM fibers are connected to the fiber network around
the science chamber, which is depicted in Fig. 2.11 and will be described in the next section.

Fiber network

The task of the fiber network is to prepare and process the light fields during the experimental
sequence in a fiber-integrated fashion. As mentioned in Sec. 2.4.3, our experiment exhibits two
fibers with nanofiber waists that can be coupled to the bottle resonator. The two ends of each
fiber provide in total four ports, which are numbered in Fig. 2.11. In all measurements presented
in this thesis, Port 1 is used as the input port for all light fields. All ports, including Port 1,
serve as output ports that can be equipped with detectors for light analysis, depending on the
application.

Upon being coupled into the fiber network, the resonator stabilization light is divided into
two branches by a 50:50 fiber-beamsplitter (FBS). One half is sent onto a photodiode (PD),
which is used for active intensity stabilization of this light field. A PID controller continuously
compares the measured intensity with a set value, and gives according feedback to the AOM in
the stabilization beam path of the resonator laser setup. The other half is the main beam, which
first passes a paddle polarization controller that allows to adjust the polarization of the stabiliza-
tion light to the eigenpolarization of the resonator mode. The transmission of the stabilization
light through coupling fiber 1 is measured by the avalanche photodiode (APD) 1 in Port 2.

After reaching the experiment table, the detection light and the probe light first pass through
fiber-integrated Mach-Zehnder (MZ) intensity modulators12. These interferometric devices al-
low intensity modulation with a bandwidth of 10 GHz, controlled by a voltage applied to an

10DL pro, Toptica Photonics
11CoSy, TEM Messtechnik
12NIR-MX800-LN-10, Photline
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Figure 2.11: Fiber network surrounding the bottle microresonator. The task of the fiber network
is to prepare the resonator stabilization light, the detection light and the probe light for investi-
gating the interaction of single atoms with a WGM. Furthermore, it provides the infrastructure to
detect the outcoupled light fields that contain information about the atom–resonator interaction.
The polarization of the light fields can be independently adjusted by polarization controllers or
by free-space components in a fiber bench. The Mach-Zehnder (MZ) modulators allow very
fast on/off-switching of the detection and probe light. The photodiodes (PD) provide feedback
signals for intensity stabilization. Before entering the vacuum chamber the optical paths of all
the light fields are combined via fiber-integrated beamsplitters into a single path that connects to
coupling fiber 1. In the transmission port of coupling fiber 1 (Port 2) a MEMS switch is used to
route the transmitted light either to an avalanche photodiode (APD) or single-photon counting
modules (SPCMs). A field-programmable gate array (AT-FPGA) allows real time detection of
atom transits and accordingly triggers the detection and probe light fields. Figure adapted from
Ref. [60].

electro-optical material in one of the arms of the MZ interferometer. In our experiment, their
purpose is to provide fast on/off-switching of the two light fields. Subsequently, the detection
and probe lights both pass through a polarization controller, before their light paths are combined
on a 50:50 FBS. Then, by passing through a fiber bench13, the polarization of the light fields is
cleaned with a thin-film polarizer followed by two waveplates for polarization adjustment. The
PD in the 99 % port of the following FBS is used for stabilization of the detection light intensity.
Subsequently, the detection and probe light path merges the one of the stabilization light at a

13Fiber-to-fiber U-bench, Thorlabs
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99:1 FBS, before entering the vacuum chamber. The light transmitted through coupling fiber 1
can be switched upon a trigger signal between two output branches in Port 2 by a fiber-integrated
MEMS switch14. This arrangement prevents the stabilization light, which has a relatively high
power of several nanowatts, to be sent onto the single-photon counting modules15 (SPCM). The
purpose of having two SPCMs in one output port is two-fold. On the one hand, less photons are
missed due to the dead time of 30 ns of the detectors than if there was only one detector, and on
the other hand it allows for Hanbury-Brown-Twiss-type measurements.

As will be explained in Sec. 2.5.2, a field-programmable gate array (AT-FPGA) reacts in
real time to the transmission increase of the detection light, registered by the SPCMs in Port 2,
which occurs when an atom strongly couples to the resonator mode. Upon atom detection, the
FPGA triggers the detection light to switch off and the probe light to switch on via the MZ-
modulators, see also Fig. 2.16. The probe light may have other properties than the detection
light, as e.g. different power, detuning or polarization. Since there is not enough time to change
the properties of the detection light during the short atom transit, we use a separately prepared
light field for this purpose.

Resonator lock

In order to observe resonant atom–resonator interaction, we have to actively stabilize the fre-
quency of the bottle resonator mode to the frequency of the 5S1/2, F = 3 → 5P3/2, F = 4
atomic transition. For this, we use the stabilization light introduced before. The coupling fiber is
critically coupled to the empty resonator and several nanowatts of stabilization laser power are
sent through the coupling fiber. When the resonator frequency is scanned across the fixed fre-
quency of the stabilization light, we observe the Lorentzian resonance of the bottle resonator in
the transmission spectrum on APD 1. We use the Pound-Drever-Hall (PDH) locking technique
to generate an error signal from this resonance [108]. To implement this technique, an electro-
optical modulator (EOM), driven at a frequency of 42.8 MHz by a local oscillator (LO), is used
to modulate frequency sidebands onto the stabilization light, before it is sent onto the resonator.
As the RF driving frequency is larger than the resonator linewidth, these frequency sidebands are
off-resonant with respect to the resonator and, thus, serve as a phase reference. By mixing the
measured APD signal with the LO and low-pass filtering the mixer output, one yields the error
signal. A PID servo loop uses the error signal to give feedback to the shear piezos to which the
bottle resonator fiber is glued for strain-tuning of the resonator mode frequency (cf. Sec. 2.4.3).

Fiber–resonator distance adjustment

Besides the frequency stabilization of the resonator mode, it is important to maintain the critical
coupling condition throughout a measurement (cf. Sec. 2.2.5). Therefore, in the initial design of
the experiment, an active stabilization of the fiber–resonator distance was implemented via the
PDH technique [60]. The setup, however, turned out to be extremely stable even without this
stabilization. Over the typical measurement times of many hours, we only observe a slow change

14MEMS OSW12, Thorlabs
15SPCM-AQRH-14-FC, Excelitas Technologies
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of the fiber–resonator distance, such that an active stabilization is not needed. Instead, a calibra-
tion of the fiber–resonator distance is automatically performed every 500 cycles (see Sec. 2.5),
corresponding to about every 15 min. For this, the fiber is moved by the attocube translator over
the point of critical coupling and the transmission of the stabilization light through the coupling
fiber is measured. Then, the fiber is positioned at the point of minimum transmission.

2.4.6 Resonator mode

For all experiments within this thesis, we used the same TM-polarized resonator mode that fea-
tures a small intrinsic resonator field decay rate of κ0 ≈ 2π × 5 MHz. However, we do not
exactly know its quantum numbers {m, p, q} (cf. Sec. 2.2.3), as they cannot be exclusively
obtained from the frequency spectrum of the resonator [60]. The azimuthal quantum number
m can in principle be estimated from knowing the resonance wavelength and the resonator cir-
cumference, if the radial quantum number p is known. To experimentally determine the latter,
one would have to count the radial intensity nodes. This is not possible, as they are located in-
side the resonator. However, calculations based on coupled mode theory suggest that the bottle
modes we excite in our experiments are fundamental radial modes [109], i.e. they have radial
quantum number p = 0. From this follows, that the azimuthal quantum numbers are close to
m ≈ 200 [60].

The axial quantum number q, on the other hand, is in principle measurable, as it corresponds
to the number of axial intensity nodes (cf. Sec. 2.2.3). In principle, the axial ring structure can
be visible from the outside due to light scattering into free space. Due to the high quality of
the resonator, the scattering losses naturally are, however, too low to observe the rings. Another
option is to count the intensity minima by moving one of the coupling fibers along the resonator
axis and monitor the transmission through the fiber, as it becomes maximal at the points of
the intensity minima. This procedure, however, cannot be straightforwardly performed in our
experiment. The predominant reason is, that the attocube nanopositioners (cf. Fig. 2.9) do not
allow continuous movement of the coupling fiber over the full axial width of the resonator mode.
Nevertheless, by attempting such a measurement we were able to narrow down the range of
possible axial quantum numbers for the used mode to 0 < q < 5 [65] and therefore use the most
likely value of q = 3 for the theoretical descriptions.

2.4.7 Spatial dependence of the coupling strength

According to Eq. (2.8), the coupling strength g(r) between a given dipole emitter and a single
photon in a certain resonator mode depends on the position r of the atom via the mode function
Ψ(r). Here, we want to derive the spatial dependence of the coupling strength between a 85Rb
atom and the TM-polarized bottle resonator mode used in our experiment with estimated quan-
tum numbers {m = 200, q = 3, p = 0} (cf. Sec. 2.4.6). To determine the maximum coupling
strength, g0, for our experimental system, we have to insert the mode volume, which can be cal-
culated via Eq. (2.20), as well as the dipole matrix element dge. For the latter, we assume that the
atom–light interaction takes place via the 5S1/2, F = 3,mF = 3 → 5P3/2F = 4,mF = 4
cycling transition. However, as we can only access the evanescent field of the bottle resonator
mode, we are mostly interested in the coupling strength close to the resonator surface gsurf [57].

32



2.5. Experimental cycle

Figure 2.12: Spatial dependence of the coupling strength g(r, z) according to Eq. (2.42), for the
resonator mode used in all experiments within this thesis. The azimuthal, radial and axial quan-
tum numbers of this mode are estimated to be {m = 200, q = 3, p = 0}, see Sec. 2.4.6. The
coupling strength at the resonator surface (r = 0) and at the caustic is gsurf = 2π × 43.8 MHz.

For the considered mode we find gsurf = 2π × 43.8 MHz at the axial position of the caustic.
With that, the spatial distribution of the coupling strength outside the resonator surface can be
approximated by

g(r, z) = gsurf exp(−r/δ) |Zm,q(z)|2 . (2.42)

For simplicity, in radial direction we assume an exponential decay with decay length δ ≈
130 nm. Zm,q(z) is the axial wave function given in Eq. (2.18). The spatial dependence of
the coupling strength according to Eq. (2.42) is plotted in Fig. 2.12. It will be used in the deriva-
tion of the theoretical models to describe the measured data in Sec. 5.5 and Sec. 5.6.

2.5 Experimental cycle

The experimental cycle describes the sequence of tasks of the different experimental components
required to launch the cold atomic cloud to the resonator and subsequently probe single atom
coupling events. The execution of the tasks is triggered by a central control software. This
software addresses numerous analog and digital output channels to supply, e.g., AOM drivers,
piezo-electric actuators and optical switches with preset control voltages and TTL signals. For
the main components of the setup the temporal sequence of tasks is illustrated in Fig. 2.13.

The experimental cycle takes about 1.7 s in total and can be divided into two parts, a prepa-
ration phase and a detection window. The preparation phase starts with loading 85Rb atoms into
the MOT and laser-cooling them for about 1.3 s. Simultaneously, the MZ modulators of the
detection beam and the probe beam are calibrated so as to provide optimal switching contrast
during the detection window. Afterwards, the cloud of cold atoms is launched towards the bottle
resonator. During the whole preparation phase, the resonator is locked to the stabilization light
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2. BOTTLE RESONATOR CQED EXPERIMENT

Figure 2.13: Experimental cycle of the CQED apparatus. Shown are the tasks of the key com-
ponents of the setup as a function of time. The cycle consists of two main parts, a preparation
phase and a detection phase, which take in total about 1.7 s to be executed. Details about the
different parts are given in the main text.

and, thus, to the 5S1/2, F = 3 → 5P3/2, F = 4 atomic transition. The MEMS switch di-
rects the stabilization light onto the APD 1, see Fig. 2.11. The cold atomic cloud spends about
100 ms in close vicinity to the resonator, which defines the length of the detection window, in
which single atom transits can be registered.

During this time, the MOT beams are switched off by AOMs and mechanical shutters, in
order to prevent stray light from reaching the science chamber. Furthermore, the resonator
stabilization is frozen, and the stabilization light is switched off during the detection of atoms.
At the start of this detection window, the detection light is switched on and the atom-trigger
(AT) FPGA receives a trigger signal from the control software (sequence trigger) to look out for
atom transit events. The MEMS switch directs the light to the SPCMs. Whenever an atom is
detected, the FPGA triggers the detection light to switch off and the probe light to switch on to
interrogate the atom. Since in one experimental cycle we detect only about 10 atoms that are
strongly coupled to the resonator mode, we typically repeat the cycle several ten thousand times
to complete a measurement.

In the following, the atomic fountain principle and the real time detection of single atom
transits will be described in more detail.

2.5.1 Atom delivery using an atomic fountain

The temporal sequence for the atomic fountain is depicted in Fig. 2.14. After a cloud of cold
atoms has been formed in the MOT, as described in Sec. 2.4.4, the magnetic field is switched
off, converting the MOT into an optical molasses. In this moment the atomic fountain sequence
begins and, consequently, the atomic cloud is accelerated toward the resonator. This is done by
blue-detuning (red-detuning) the lower (upper) set of cooling beams with respect to the initial
cooling frequency, see Fig. 2.14. The frequencies are changed in linear ramps until a final rela-
tive detuning of 2Δω is reached. This transforms the optical molasses into a moving molasses:
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Figure 2.14: Temporal sequence of the atomic fountain (adapted from Ref. [100]), as described
in detail in the main text, with an illustration of the frequency detuning between the upper and
lower set of cooling beams.

the Doppler shift compensates for the velocity-induced detuning,

Δω − k · v0 = 0 ⇔ Δω − k v0 cos(54.7◦)

≈1/
√
3

= 0 , (2.43)

such that the atoms still experience the optical molasses cooling, but now in a reference frame
moving along the vertical axis with the velocity

v0 =
√
3
Δω

k
, (2.44)

where cos(54.7◦) ≈ 1/
√
3 is the angle between the vertical axis and the cooling beams due to

the (1,1,1)-beam configuration (cf. Sec. 2.4.4). Now, the start velocity of the atomic cloud has
to be chosen such that the turning point of the fountain trajectory lies near the resonator, which
has a distance from the center of the MOT of ∼ 30 cm. In the experiment, we therefore use a
detuning of Δω = ±2π · 1.77 MHz, corresponding to a start velocity of v0 = 2.4 m/s according
to Eq. (2.44). The linear frequency ramps are driven by the DDS sources (cf. Sec. 2.4.4), with a
slope of 0.5 MHz/ms. Accordingly, the acceleration of the cloud takes 3.54 ms.

The temperature of the atomic cloud determines the magnitude of the transverse velocity
components. Thus, in order to achieve long atom–resonator interaction times, the atomic cloud
should be as cold as possible. Therefore, besides laser-cooling in the MOT, a polarization gra-
dient cooling (PGC)16 phase is added to the fountain sequence. It finishes after about 3 ms,

16The PGC or Sisyphus cooling [105,110] exploits the multilevel-structure of the atoms in a way that non-uniform
level population – caused by optical pumping processes – in conjunction with polarization gradients in the cooling
beams lead to a larger imbalance of the scattering forces exerted by the counter-propagating beams and, thus, colder
atoms.
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when the atomic cloud exits the cooling beams. For PGC, the intensity of the cooling beams,
I , and their mean detuning, δ, is ramped down, while maintaining their relative detuning 2Δω,
see Fig. 2.14. The dependence of the temperature of the atoms on these two parameters has
been investigated for our experiment in Ref. [100]. To measure the temperature, a time-of-flight
method has been used, as described in [59, 60, 100]. A minimum temperature of about 6 µK
has been reached for a detuning |δ|/Γ = 7 − 9 with Γ = 2γ and an intensity of I/Isat ≈ 4,
where Isat = 1.67 mW/cm2 is the saturation intensity for the D2 cooling transition in 85Rb, for
σ±-polarized light [111].

After the atomic cloud has exited the cooling beams, it takes v0/g ≈ 240 ms to reach the
resonator. In this time, the cloud expands due to its finite temperature. The time dependence of
the cloud diameter, σ, for a given temperature, T , is given by [100]

σ(t) = D2 +
kBT

mRb
t2 , (2.45)

where D ≈ 1 mm is the initial diameter of the atomic cloud in the MOT and mRb is the mass of
a 85Rb atom. According to this expression, the atomic cloud expands during the time of flight
to the resonator to a diameter of about 6 mm. Assuming, that all atoms are transferred from
the MOT to the moving molasses, the maximum cloud density at the position of the resonator
amounts to 4.4× 108 atoms/cm3.

2.5.2 Real-time atom detection

Due to the probabilistic coupling of single atoms to the resonator mode within the detection
window, we need to detect the presence of an atom in real time. For this, we exploit that –
under properly chosen conditions – the resonant atom–resonator interaction leads to a significant
transmission increase of the detection light through the coupling fiber, to which the atom-trigger
FPGA system can react.

We send the resonant detection light through the coupling fiber 1 and monitor the transmitted
power on the SPCMs in Port 2, as depicted in Fig. 2.11 and again sketched in Fig. 2.15 a).
The quasi-linear polarization of the detection light is chosen to be orthogonal to the resonator
surface, such that it excites a TM-polarized resonator mode. In this case, the evanescent field of
the resonator is almost perfectly circularly polarized (cf. Sec. 2.2.4). For the quantization axis
pointing along the z-axis, the evanescent field polarization, thus, almost fully coincides with the
σ+-eigenpolarization of the atom. When an atom now falls through the resonator mode, the
detection light predominantly drives Δm = +1-transitions between the Zeeman sub-levels and,
thus, the atomic population is optically pumped into the outermost F = 3,mF = +3 Zeeman
state, see Fig. 2.15 b). This process takes up to ∼ 2 µs [60] and, subsequently, the atom is
predominantly driven on the closed cycling transition. Hence, the atom now effectively acts
like a two-level system interacting with a single resonator mode – the ideal CQED situation,
as theoretically described in Sec. 2.3. As a consequence, a vacuum Rabi splitting occurs in
the excitation spectrum of the coupled atom–resonator system, as plotted in Fig. 2.7 b). This
means, that the transmission through the coupling fiber strongly depends on the presence of an
atom in the resonator mode. In order to obtain optimal contrast between the transmission in
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Figure 2.15: a) Illustration of the excitation of the counter-clockwise propagating TM-polarized
resonator mode. b) When a 85Rb atom – illustrated in a) as green dot and assumed to be in the
F = 3 ground state of the D2 line – enters the evanescent field of the resonator mode, the atomic
population is optically pumped in the outermost Zeeman state, mF = 3, from where it can cycle
only between the mF = 3 and the mF = 4 Zeeman states. The complicated energy level
structure is, thus, effectively reduced to a two-level system.

absence and presence of an atom, respectively, the detection light is chosen to be resonant with
the atom and the resonator (Δ = 0). Ideally, the transmission should be zero in absence of an
atom (gray line in Fig. 2.7 b)). This is achieved by operating the empty resonator in the regime
of critical coupling (cf. Sec. 2.2.5). In practice, we typically have a residual transmission of
1-2 %. When an atom couples to the resonator mode, this transmission increases to ∼ 70 % and
the transmitted photons are registered by the SPCMs with a quantum efficiency of about 60 %.
Then, the SPCMs forward the corresponding output pulses to the atom-trigger FPGA, where
they are processed as described in the following.

Atom-trigger FPGA

The atom detection and control system is illustrated in Fig. 2.16 a). The atom-trigger FPGA17

(AT-FPGA) has eight digital channels, which can be programmed either as input or output chan-
nels. During the detection window, the FPGA receives the photon clicks from the SPCMs on
two inputs and decides whether an atom is strongly coupled to the resonator, depending on the
photon count rate. To make this decision, the FPGA continuously counts the photons within a
running time window of length Δttrig = 1.28 µs. If the number of detected photons reaches a
preset threshold value n ≥ nthr within this time, the FPGA decides that an atom is coupled to the
resonator. In this case, it sends trigger signals via two outputs to the MZ modulators to run a pre-
programmed pulse sequence of the detection and probe beams, which is shown in Fig. 2.16 b)
and will be described below. A detailed description of the programming of the atom-trigger
FPGA can be found in [59, 112].

The trigger threshold value nthr is chosen such, that the number of detected atoms per cycle
is maximized, while ensuring a low probability for false detection events. Such false events
can occur, when the transmission through the coupling fiber increases for other reasons than a

17XEM3010, OpalKelly; Field programmable gate arrays are programmable fast logic circuits. Our FPGA oper-
ates with a clock frequency of 100 MHz.
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Figure 2.16: a) Simplified scheme of the setup for the real-time atom detection and data acqui-
sition. At the start of each detection window, the control software sends a sequence trigger to the
atom-trigger (AT) FPGA to initiate counting of the photon clicks coming in from the SPCMs.
When a single atom enters the resonator mode, the concomitant transmission increase of the
detection light through the coupling fiber is registered by the SPCMs, which transfer all photon
clicks to both FPGAs. When the atom-trigger FPGA evaluates the trigger criterion ”nthr photons
in Δttrig” to be true, it initiates the pulse sequence of the detection and the probe light depicted in
panel (b). Both the sequence trigger and the atom trigger are sent to the time-tagger (TT) FPGA,
to enable data sorting after the measurement. b) Switching sequence of the detection and the
probe light after the detection of an atom (AT). The re-detection pulse allows one to post-select
atom transit events, that couple to the resonator mode through the full probing window. The
reference pulse is sent much later than the interaction time and, thus, serves to determine the
transmission in absence of the atom for reference. Figure adapted from [65].

strongly coupled atom. This can be, e.g., a drift of the resonance frequency of the resonator, as
the latter is not locked during the detection window, or a spatial drift of the fiber that changes the
fiber–resonator distance. In the experiment, we set the trigger threshold typically to nthr = 6.

Atom interrogation sequence

When the atom-trigger FPGA detects an atom coupling event, it initiates the typical pulse se-
quence of the detection and probe beams depicted in Fig. 2.16 b). First, the detection beam is
switched off and the probe beam is switched on. The total delay between the time when the
atom-trigger FPGA receives the nthr-th photon and the time when the probe light reaches the
resonator amounts to about 180 ns [60]. The atom is probed for about 0.5 µs. During this time,
the atom is transiting through the resonator mode, i.e. the atom–resonator coupling strength
varies with time. Some atoms come very close to the resonator surface or even crash into the
resonator. In this case, interactions with the surface shift the atomic levels, such that the atom is
effectively lost. For this reason, a re-detection pulse is sent through the coupling fiber for 1 µs.
Evaluating the transmission in this window, allows to decide whether an atom strongly coupled
to the resonator mode during the full probing window. After a time that is long compared to the
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atom transit time, e.g. 20 µs, a resonant reference probe pulse is sent, which allows to determine
the transmitted counts in absence of the atom.

2.6 Data acquisition and analysis

The experimental cycle is repeated many times, leading to hundreds of thousands of atom cou-
pling events. During the detection window in each cycle, the SPCMs continuously detect the
transmitted photons of both the detection and the probe light. The temporal distribution of the
photon clicks contains information about the atom–resonator interaction. In order to be able to
post-analyse the atom–resonator interaction, each photon is assigned a time stamp. This task is
performed by a second FPGA, as described in the following.

2.6.1 Time-tagger FPGA and data selection

The time-tagger FPGA18 (TT-FPGA) receives at its inputs three different signals: a trigger signal
from the control software at every new experimental cycle (sequence trigger), a trigger signal
from the atom-trigger FPGA whenever an atom is detected (atom trigger), as well as all photon
clicks registered by the transmission SPCMs, see Fig. 2.16 a). The time-tagger FPGA gives time
tags to both the atom trigger events and the photons clicks relative to the time of the sequence
trigger with a resolution of 128 ps. Such a fine resolution is achieved by making use of internal
hardware delays on the chip [60]. Then, the FPGA sends all the data to a computer. However,
only the photon clicks within a certain time window around the time of an atom trigger event
potentially contain interesting information. Hence, to limit the amount of data, all other clicks
are discarded. This is done on-the-fly by a computer program, which sorts out the photon clicks
within a photon recording window before and after an atom trigger event and saves the data
in a file. We typically record the photon clicks within ±25 µs around an atom trigger event.
However, for the experiments with trapped atoms (cf. Ch. 4) a longer photon recording window
and a lower time tagging resolution was used.

2.6.2 Experimental results

Atom arrival histogram

Using the time tags provided by the time-tagger FPGA, we can histogram the arrival times of
atoms within the detection window, as shown by the solid line in Fig. 2.17 a). We observe two
maxima at about 25 ms and 70 ms after the sequence trigger, corresponding to velocity classes
of atoms that couple to the resonator on their way up and down, respectively. The dashed line
corresponds to the histogram of false detection events, when the atomic cloud is not launched
toward the resonator. Ideally, in this case, one would expect no trigger events at all. However,
during the detection window the resonator is not locked, see Fig. 2.13. As a consequence, the
resonance frequency of the resonator slightly drifts during the 120 ms-long window. Due to
this effect, we set the frequency of the stabilization light such that the average transmission

18XEM3005, OpalKelly
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Figure 2.17: a) Histogram of the arrival times of atom trigger events. The solid (dashed) line
shows the result for the case that an atomic cloud was launched (was not launched). b) Trans-
mission of the detection light around the arrival time of a trigger event, averaged over ∼ 3500
events, originally published in Ref. [60]. Here, the time axis of each single-atom trace has been
aligned such that the time t = 0 lies at the mean value of the photon distribution.

is minimized. The difference between the areas below the solid and the dashed curve, thus,
corresponds to the total number of genuine atom detection events.

Atom transits

We can also plot the transmission of the detection light averaged over ∼ 3500 atom transit
events, as shown in Fig. 2.17 b). Note, that for this measurement – in contrast to the sequence
shown in Fig. 2.16 b) – the detection light is kept on after the detection of an atom and we do not
switch to the probe laser. Accordingly, no post-selection is being applied to filter only strongly
coupled atoms. Furthermore, the time axes of all the photon traces corresponding to atom transit
events have been aligned such that the time t = 0 always lies at the mean value of the photon
distribution.

We observe a peak with a FWHM of 1.43 µs, corresponding to the average interaction time
between a single atom and the resonator mode. Furthermore, the peak exhibits an asymmetry:
the transmission slowly increases for negative times, while there is a steep slope for positive
times. This confirms that for a certain fraction of atoms the atom–resonator interaction abruptly
ends, as the atoms come too close to the resonator.

Spectroscopy of the atom–resonator system

My predecessors on this experiment performed spectroscopy of the coupled atom–resonator sys-
tem, using the probing sequence in Fig. 2.16 b), see also Ref. [46, 60]. This has been done both
for a TM- and a TE-polarized bottle mode. Here, I want to show the result obtained for the TM-
polarized mode described in Sec. 2.4.6, which we will later compare to the same measurement
performed with trapped atoms instead of transiting atoms.

In the measurement, a magnetic bias field of 4.5 G was applied along the resonator axis,
which defines the quantization axis such that the evanescent field polarization has an over-
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Figure 2.18: Normalized transmission spectrum of the coupled atom–resonator system. The
blue data points show the spectrum in presence of coupled atoms, revealing a vacuum Rabi
splitting, and the gray data points show the empty resonator spectrum. Both the data and the fit
results were originally published in Ref. [46].

lap with the atomic σ+-eigenpolarization of ∼ 97 % (cf. Sec. 2.2.4). Accordingly, the res-
onator frequency has to be adjusted so as to be on resonance with the (F = 3,mF = 3) →
(F = 4,mF = 4) cycling transition. The fiber–resonator distance is set to critical coupling for
the empty resonator. The photon flux of the detection light was 1.2×107 photons/s, correspond-
ing to an intra-resonator photon number of 0.19. To perform spectroscopy, the resonator–probe
detuning Δrp/2π is scanned step-wise over a range of ±60 MHz.

A second trigger criterion was applied to the photon counts within the 1 µs-long re-detection
window, in order to filter strongly coupled atom events. For each setting of the detuning, the
transmission within the probing window was analysed for ∼ 1000 atom coupling events. The
result is shown in Fig. 2.18. The blue data points show the transmission spectrum in presence of
the coupled atoms and the gray data points show the empty resonator spectrum. In the former
case, the data reveals a vacuum Rabi splitting with a transmission increase on resonance of
about 70 %. The solid blue line is a fit to the data based on a theoretical model, which takes into
account the polarization properties of the evanescent field and, consequently, the full Zeeman
sub-structure of the F = 3 → F = 4 atomic transition [60]. The model is used to calculate
theoretical transmission spectra for different coupling strengths. As the atoms are free falling
through the resonator mode, the coupling strengths vary both in time and between different
atom coupling events. Realistic coupling strengths g/2π are assumed to range from 7.5 MHz
to 30 MHz. Then, the individual spectra are averaged using weighting factors corresponding
to a normal distribution of the coupling strengths. Finally, this average transmission spectrum
is fitted to the data with the mean ḡ and the standard deviation σg of the normal distribution
as free parameters. The fit yields ḡ/2π = 17 MHz and σg/2π = 6 MHz. Considering the
spatial dependence of the coupling strength for the estimated bottle mode given in Fig. 2.12, this
corresponds to a mean distance of the atoms from the resonator surface of ∼ 125 nm.
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CHAPTER 3
Retroreflected optical tweezer trap

We have seen in the last chapter, that the probabilistic coupling of single atoms to the resonator
mode is accompanied by short atom–light interaction times and time-varying coupling strengths.
Both effects severely limit the performance of applications with WGM resonators and hamper
future developments, e.g. involving quantum protocols for optical quantum information pro-
cessing. Therefore, trapping single atoms close to WGM resonators has been a long-standing
goal.

In the history of neutral atom trapping, different techniques have been developed on the
basis of different physical mechanisms [113]: radiation pressure traps based on near-resonant
atom–light interaction [102], magnetic traps based on state-dependent forces on the magnetic
dipole moment in an inhomogeneous field [105, 114] and optical dipole traps [19, 113], which
rely on the electric dipole interaction with far-detuned light. The latter have become a key
element in numerous atomic physics and quantum optics experiments that require localization
of single atoms. Two frequently used ways to realize a dipole trapping potential for single
atoms are optical tweezers and optical standing waves. Optical tweezers use a tightly focused
Gaussian beam, where an atom is trapped at the intensity maximum [115, 116]. Standing waves
on the other hand yield periodic intensity modulations which generate one-dimensional (1D)
optical lattices [117], thereby providing stronger confinement in axial direction. In the context
of single-atom cavity quantum electrodynamics with Fabry-Pérot type microresonators, most
commonly, standing-wave dipole traps are used. Here, atoms are either trapped in the field of a
cavity mode [23] or in a cavity-independent trap [26, 118–120].

When coupling atoms to micro- or nanophotonic structures, as e.g. WGM resonators, a
challenge is imposed by the fact that the atoms have to be trapped very close (∼ 100 nm) to a
dielectric surface in order to couple strongly to the optical mode confined in that structure. In an
early proposal for WGM resonators, the idea was to employ the evanescent field of WGMs itself
for two-color dipole trapping of atoms [121, 122]. A related approach is to trap single atoms
close to a nanofiber in a two-color dipole trap [123, 124], and to bring this fiber close to the
resonator. However, both ideas are technically very challenging. A more promising way to trap
a single atom close to a nanoscale optical cavity has been demonstrated by Thompson et al. [42].
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3. RETROREFLECTED OPTICAL TWEEZER TRAP

Here, a standing-wave optical dipole trap for a single atom is created by retroreflecting an optical
tweezer beam from the surface of a nanoscale photonic crystal waveguide. By now, this approach
has also been adopted into other systems, like, e.g., nanofiber-based cavities [45] and on-chip
waveguides and microring resonators [125, 126]. We apply this technique for trapping a single
85Rb atom close to our bottle resonator.

In this chapter, we will first provide the theoretical background of optical dipole traps and
give a qualitative overview of the above mentioned options to implement a dipole trap close
to a WGM resonator. Then, we describe a formalism that allows one to calculate the energy
shift of a multilevel atom in a light field with arbitrary polarization [127]. Using this formalism,
we calculate the trap light-induced energy shift of both the ground and the excited state of the
85Rb atom for our experimental trap parameters. Based on these calculations, we then model the
standing-wave dipole potential of the retroreflected optical tweezer and determine the effect of
the trap light on the atomic transition frequency. Furthermore, the experimental implementation
of the trapping potential will be presented.

3.1 Optical dipole potentials

Optical dipole traps rely on the interaction of an atom with far-detuned laser light. First, we
want to give a classical explanation, following Ref. [113]. Here, both the light field and the atom
are decribed classically. The electric field of the laser is

E = Ee−iωt + c.c. , (3.1)

where ω is the angular frequency of the light and E = Eu is the positive-frequency electric field,
with E and u being the field amplitude and the polarization vector, respectively. The electric field
E induces an electric dipole moment d = du e−iωt + c.c. in the atom, which oscillates at the
driving frequency ω and whose amplitude is given by

d = αE . (3.2)

The proportionality factor α is the complex polarizability of the atom. The interaction energy of
this dipole in the electric field

U ∝ − d ·E ∝ −Re(α)|E|2 ∝ −Re(α)I (3.3)

is proportional to the real part of the polarizability, which describes the component of the dipole
oscillation that is in phase with the electric field. Here, · denotes the time average over the
fast oscillation. The |E|2-dependence in Eq. (3.3) is the reason why the literature often refers
to this atom–light interaction as quadratic Stark effect. For oscillating electric fields, such as
light fields it is called AC Stark effect. We will see in the following sections that this interaction
manifests itself in a shift of the atomic energy levels, the so-called AC Stark shift or light shift. I
will stick to the latter term throughout this thesis.

The imaginary part of the polarizability, which describes the out-of-phase component of the
dipole oscillation, is related to the scattering rate of the atom

Γsc ∝ −Im(α)I . (3.4)
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3.1. Optical dipole potentials

As visible from Eq. (3.3) and (3.4), key to finding the interaction energy and the scattering
rate is to know the atomic polarizability. For a classical damped oscillator one can derive the
ω-dependent polarizability as [113]

α(ω) = 6π 0c
3 Γ/ω2

0

ω2
0 − ω2 − i ω3/ω2

0 Γ
. (3.5)

Here, 0 is the vacuum permittivity, c is the speed of light, ω0 is the eigenfrequency of the dipole
oscillation and Γ the energy damping rate due to the dipole’s radiation. It turns out, however,
that the same result can be obtained with a semiclassical approach, where the atom is described
as a two-level quantum emitter interacting with a classical light field. Then, in Eq. (3.5), ω0

denotes the atomic transition frequency and Γ the damping rate associated with the spontaneous
decay rate of the excited level.

Using the above expression for the polarizability, the interaction energy and the scattering
rate can be derived for the case of large detuning and negligible saturation as [113]

Udip(r) = −3πc2

2ω3
0

Γ

ω0 − ω
+

Γ

ω0 + ω
I(r) , (3.6)

Γsc(r) =
3πc2

2 ω3
0

ω

ω0

3 Γ

ω0 − ω
+

Γ

ω0 + ω

2

I(r) . (3.7)

In the case of Δ = ω − ω0 ω0, the so-called rotating-wave approximation [68, 128] can be
applied, which neglects the counter-rotating terms resonant at ω = −ω0. Then the two previous
expressions simplify to

Udip(r) =
3πc2

2ω3
0

Γ

Δ
I(r) , (3.8)

Γsc(r) =
3πc2

2 ω3
0

Γ

Δ

2

I(r) . (3.9)

These formulas describe the basic physics of optical dipole trapping in a compact form. The
expression in Eq. (3.8) can also be derived by second-order time-independent perturbation the-
ory, where it comes out as the light-induced energy shift of the ground state of a two-level
atom [113]. As this shift is proportional to the light intensity, an appropriately shaped intensity
distribution I(r) enables to form a trapping potential for a neutral atom. Here, the sign of the
atom–light detuning, Δ, matters. When Δ < 0, i.e. the light is red-detuned with respect to
the atomic transition, the potential energy decreases with increasing intensity. In other words,
potential minima, which serve for atom trapping, are formed at positions of maximum intensity.
In contrast, if Δ > 0, atoms can be trapped in regions of minimum intensity, while they are
repelled from higher-intensity regions. Furthermore, we can see in the above expressions that
the potential depth scales with 1/Δ, while the scattering rate scales with 1/Δ2. That is, for an
increased detuning Δ, the scattering is more strongly reduced than the potential depth.

The dipole potential and the scattering rate can be calculated more accurately than with
Eqs. (3.8) and (3.9) by taking the atomic fine-structure splitting into account. For linearly polar-
ized light and under the condition that the detuning Δ is much larger than the hyperfine splitting
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of the excited state, the corresponding expressions are [113]

Udip(r) =
πc2Γ

2ω3
0

2

Δ2,F
+

1

Δ1,F
I(r) , (3.10)

Γsc(r) =
πc2Γ2

2 ω3
0

2

Δ2
2,F

+
1

Δ2
1,F

I(r) , (3.11)

where Δ2,F and Δ1,F are the detunings of the trap light with respect to the D2 and D1 transition
of an alkali atom, starting from the 2S1/2, F ground state. Here, the line strength factor of 2/3
for the D2 line and 1/3 for the D1 line are taken into account [113].

3.2 Options for an optical dipole trap close to a WGM resonator

We have seen in Ch. 2, that atoms have to be brought as close as ∼ 100 nm to the resonator
surface in order to efficiently couple to the evanescent field of a WGM. Trapping an atom at
such a small distance to a dielectric surface is experimentally challenging. In the following,
we will explain different approaches for creating an optical dipole potential close to a dielectric
surface and discuss which are most easy to implement for WGM resonators.

3.2.1 Two-color evanescent field traps

Creating a trap for neutral atoms based on the dipole forces exerted by evanescent fields of a
dielectric structure was first proposed in Ref. [129]. When a light field experiences total internal
reflection at a dielectric–vacuum interface, an exponentially decaying field penetrates into the
vacuum, which is called evanescent field, see e.g. Secs. 2.2.3 and 2.2.4. Considering Eq. (3.8),
this exponentially decaying field will exert a force that pulls an atomic dipole either toward
(attractive) or away (repulsive) from the region with higher light intensity, depending on the
detuning, Δ, of the light field with respect to the atomic transition.

Now, the idea for generating a trap potential is to superimpose the evanescent field of a red-
detuned and a blue-detuned light field [130]. The decay length of the evanescent field depends
on the wavelength of the incident light, λ, as λ/2π/ n2

1 − 1 (for grazing incidence, i.e. for
an incidence angle of Θ = 90◦), where n1 is the refractive index of the dielectric medium.
Thus, the blue-detuned evanescent field decays faster than the red-detuned field. In this way, the
repulsive potential associated with the blue-detuned field dominates at shorter distances (blue
curve in Fig. 3.1 a)), whereas the attractive force associated with the red-detuned field dominates
at larger distances (red curve in Fig. 3.1 a)), thereby giving rise to a total potential (black curve in
Fig. 3.1 a)), which can be used for trapping an atom close to the dielectric surface. An additional
attraction toward the surface is caused by the van der Waals force [131], which is significant
only at very short distance to the surface. The blue-detuned evanescent field can counteract both
attractive forces, when the powers of the light fields are tuned appropriately with respect to each
other.

In the following, we will consider two possible ways to make use of the described technique
in order to yield a single atom trap close to a WGM resonator, and we will qualitatively discuss
the requirements and challenges that come with each approach.
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3.2. Options for an optical dipole trap close to a WGM resonator

Figure 3.1: a) Principle of a two-color evanescent field trap. The black curve shows the to-
tal potential as a function of the distance from a dielectric surface, resulting from a two-color
evanescent field plus the van der Waals surface potential. b) Illustration of a nanofiber two-color
dipole trap based on the principle in (a), which is interfaced with a bottle resonator. c) Illus-
tration of a two-color dipole trap based on the principle in (a) using the evanescent fields of a
WGM resonator.

Approach 1: Nanofiber trap close to a WGM resonator

The first option is to trap an atom in a two-color evanescent field trap along an optical nanofiber,
which has been proposed in Ref. [123], and then bring the nanofiber with the trapped atom close
to a WGM resonator. The idea is illustrated in Fig. 3.1 b).

The nanofiber two-color dipole trap itself was first experimentally realized in our group,
namely for neutral cesium atoms [132]. By now it is well established also in other research
groups for atomic physics/quantum optics experiments with Cs atoms [133–135] and with 87Rb
atoms [136]. With the evanescent field technique described above, a confining potential in radial
(r ) direction of the nanofiber can be formed. The shape of the potential in azimuthal (φ ) direc-
tion is determined by the polarization of the light fields. When the red- and blue-detuned light
fields are quasi-circularly polarized, the potential has the form of a cylinder around the nanofiber.
In contrast, if the two light fields have orthogonal linear polarizations, this yields trapping poten-
tials in form of two parallel lines in the transverse plane of the nanofiber. We are considering the
latter case, as it provides additional azimuthal confinement of the atoms. Depending on the exact
parameters as, e.g., the diameter of the nanofiber and the used wavelengths, one can typically
trap atoms at a radial distance from the fiber surface of about 200 nm. Three-dimensional (3D)
confinement is achieved by sending an additional counter-propagating red-detuned field. In this
way, the red-detuned fields form a standing wave, resulting in two 1D lattices on each side of
the nanofiber, as shown in Fig. 3.1 b).

Typically, atoms are loaded and cooled into such a nanofiber trap from a cold atomic cloud
in a MOT surrounding the fiber [132]. Due to the effect of collisional blockade [137] at most
one atom is trapped per lattice site. When the nanofiber trap is supposed to be operated close
to a WGM resonator, the loading of atoms into the nanofiber trap would have to be performed
sufficiently far away from the resonator, both to grant optical access to the cooling beams and to
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3. RETROREFLECTED OPTICAL TWEEZER TRAP

not degrade the resonator’s quality factor. A single atom trapped in one of the nanofiber lattice
sites could then be transported into the resonator mode, e.g., via the optical conveyor belt tech-
nique [138], i.e. moving the standing wave along the nanofiber by detuning the two red-detuned
trapping fields with respect to each other.

The coupling of nanofiber-trapped atoms to a WGM resonator has so far not been experimen-
tally demonstrated, although, at first glance, it might seem rather straightforward. A theoretical
analysis of this scenario using nanofiber-trapped Cs atoms and a microtoroidal resonator has
been performed in Ref. [139]. The first requirement for a successful implementation is that
the scheme should yield a sufficiently large atom–resonator coupling strength. Considering the
distance of the trapped atoms to the nanofiber of about 200 − 300 nm, the nanofiber–resonator
distance should, therefore, not be larger than ∼ 300 nm. For our bottle resonator, at such a small
distance the fiber is already in the over-coupled regime (cf. Sec. 2.2.5), as it is critically coupled
at a distance of about 600–700 nm [59, 70].

As a second requirement, the nanofiber should ideally only act as a ”holder” for single atoms.
This means, that the full intensity of the trapping fields should stay in the fiber, i.e. not couple
into the resonator, in order to yield the desired trap potential. One way to achieve this would
be to move the fiber sufficiently far away from the resonator, which, however, compromises
the fulfillment of the first requirement. Thus, to prevent the trapping light fields from coupling
into the resonator one has to detune their frequencies from resonances of the resonator. Let us
assume that we can afford an intra-resonator intensity that amounts to no more than 1% of the
intensity in the nanofiber (Ires ≤ 0.01Ifiber). At the point of critical fiber–resonator coupling
and on resonance, i.e. for a light–resonator detuning Δlr = 0, the full power of the trapping
field, Pfiber, would couple into the resonator. For Δlr = 0, the in-coupled power is given by
Pcoupled ≈ (κ/Δlr)

2 Pfiber with the total resonator field decay rate κ. The in-coupled power is,
however, enhanced by the resonator to an intra-resonator power of

Pres =
F
π
Pcoupled ≈ F

π

κ

Δlr

2

Pfiber , (3.12)

where F is the finesse of the resonator. For typical WGM resonators we have a finesse of
F ≈ 105 and a total resonator field decay rate of κ/2π = 10 MHz. In order to fulfill the 1%
starting condition above, the detuning to all resonator modes would have to be Δlr 20 GHz.
This is much larger than the typical measured frequency separation between resonator modes of
∼ 1 GHz in our system, i.e. it is practically impossible to prevent trapping light to couple into
the resonator.

Nevertheless, it might be possible to find a configuration of the frequencies and powers of
the trapping fields that leads to a stable trapping potential, when taking into account a non-zero
intra-resonator intensity. However, if a single atom is supposed to be moved toward the resonator
via the optical conveyor belt technique, as suggested above, a stable trap potential configuration
needs to be achieved not only at the position of the smallest fiber–resonator distance, but for all
positions along the nanofiber. Moreover, due to the exponential dependence of the evanescent
field and, therefore, of the fiber–resonator coupling on the fiber–resonator distance, even small
changes of the latter, e.g. due to drifts of the nanofiber transverse or longitudinal with respect to
the resonator, are expected to strongly modify the potential.
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Approach 2: Resonator field trap

The two-color trapping scheme can in principle also be implemented using the evanescent fields
of WGMs, as illustrated in Fig. 3.1 c). In fact, this scheme was originally envisioned for cou-
pling neutral atoms to WGM resonators [121, 122]. A more recent theoretical analysis has been
performed for microtoroids in Refs. [139, 140], but to date this trapping scheme has not been
experimentally realized.

In this scheme, in addition to the radial (r) confinement of atoms, confinement along the z-
axis of the resonator is required. The latter depends on the choice of axial modes (cf. Sec. 2.2.3)
for the red- and blue-detuned trapping fields. If only fundamental axial modes are used, no
proper z-confinement is obtained, for most types of WGM resonators. While in microdisks
the axial width of the resonator mode only depends on the disk height [141], in microspheres,
microtoroids and bottle microresonators the width increases with increasing wavelength. Thus,
for the latter three resonator types, the attractive potential will be broader than the repulsive one,
if only fundamental axial modes are used. As a result, the atom can escape to both sides in axial
direction. To circumvent this problem, one option is to choose a higher-order red-detuned mode,
as suggested in Ref. [139]. Another possibility is to use two blue-detuned resonator modes,
namely a fundamental axial mode and an additional two-ring mode, where the latter provides a
repulsive potential along the resonator axis in both directions.

In this way, one obtains a trap potential in form of a ring (or atom gallery [121]), in which the
atom orbits around the resonator. If, however, the atom is supposed to be localized azimuthally
(φ), this can be achieved equivalently to the axial (z ) confinement in the nanofiber trap by
sending a second red-detuned light field, which circulates in the resonator in counter-propagating
direction.

The two-color dipole trap potentials depend on a stable balance of the red- and blue-detuned
fields: small changes in the trap intensities will result in strong changes in the trap potential.
Achieving this stable balance is particularly challenging in the case of the resonator field trap.
First, all trapping light fields are coupled into the resonator via a single nanofiber. Spatial drifts
of the fiber will, thus, change the fiber–resonator coupling rates for the different modes in dif-
ferent ways and, thereby, modify the intra-resonator intensities of the trapping fields relative to
each other. Second, the trapping fields have to be resonant with the chosen resonator modes.
Consequently, changes in the resonator mode frequencies, e.g. due to a temperature change, will
again lead to changing ratios of the trap light intensities.

3.2.2 Retroreflected optical tweezer trap

An alternative way to optically trap a single atom close to a dielectric surface is a retroreflected
optical tweezer trap. This scheme has been first experimentally demonstrated in Ref. [42] for a
nanoscale photonic crystal waveguide. The implementation of this idea for our bottle resonator
system is illustrated in Fig. 3.2. A laser beam with a wavelength λtrap is tightly focused onto the
bottle resonator and retroreflected from its surface. Interference between the incident and the
reflected beam forms a standing-wave pattern with a periodicity of ∼ λtrap/2 along the x-axis,
which is orthogonal to the resonator axis (z-axis). The intensity pattern of the standing wave
exhibits an antinode closest to the resonator surface at a distance of ∼ λtrap/4. To trap an atom
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Figure 3.2: Retroreflected optical tweezer trap. A red-detuned tightly focused laser beam is
retroreflected from the surface of the bottle resonator. The interference between the incident and
the reflected beam forms a standing-wave pattern along the x-axis. A single atom is trapped in
the first potential minimum at a distance of ∼ λtrap/4. The resonator-centered coordinate system
(x, y, z) and a laboratory-centered coordinate system (x , y , z ) are defined as indicated.

at this intensity maximum, the trap light field needs to be red-detuned with respect to the atomic
transition.

The bottle resonator is made from silica glass and, therefore, reflects about 4 % of the in-
cident light intensity. As a consequence, the standing wave is only partially modulated with a
modulation contrast of 1 − Imin/Imax. Due to the tilt of the resonator fiber in our experiment
(cf. Sec. 2.4), the incoming beam hits the resonator surface at an angle of about 17◦. This has
the advantage that it prevents unwanted interference between the incident beam and its reflec-
tion from the back-surface of the resonator. In section 3.6, we will model the expected intensity
distribution including these experimental details.

We decided to implement this trapping scheme in our system, as it has several advantages
compared to the two-color trapping schemes. First of all, only one trapping field is required.
Furthermore, the retroreflected trap potential is neither sensitive to drifts of the fiber–resonator
distance, nor to drifts of the light frequency or the resonator frequency. In contrast to the case
of the nanofiber trap close to the resonator, the location of the trapping site has a fixed distance
to the resonator surface and, therefore, the scheme intrinsically offers a more stable atom–light
coupling strength. Another advantage is – in particular, compared to the resonator field trap –
that there is only one trapping site within the resonator mode, such that one precisely knows the
atom’s location1. This allows one to externally address the atom, e.g., for fluorescence detection,
which we will see in Sec. 4.5.

1Atoms trapped in the other standing-wave antinodes have a distance to the resonator surface of 3
4
λ, 5

4
λ, and

so on. For these distances, the coupling to the resonator mode is negligibly small and, thus, only atoms in the first
antinode can interact with the WGM.
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3.3 Design considerations for the optical dipole trap

Our trap potential needs a trap depth in the millikelvin regime to be able to capture free-falling
atoms from the cold atomic cloud and to counteract Van der Waals forces [131] exerted by the
resonator surface on the atom (cf. Sec. 3.6.2). In accordance with Eq. (3.8), the potential depth
is proportional to

Udip ∝ Ptrap

w2
0 Δtrap

, (3.13)

where w0 is the waist radius of the Gaussian trapping beam [66], Ptrap is the optical power of
the trapping light field and Δtrap is the detuning to the 5S1/2 → 5P3/2 (D2) transition of the
85Rb atom. For the beam waist we choose a value of w0 ≈ 3 µm. In this case, the focus size is
relatively small compared to the resonator diameter and, thus, the build-up of the standing wave
is not much affected by the resonator curvature in azimuthal direction. With the waist radius
given, the trap depth is determined by the ratio Ptrap/Δtrap. It is advisable to choose a large
detuning in order to reduce the atomic scattering rate (cf. Eq.(3.9)) from the trap field and, thus,
limit heating of the trapped atom. Additionally, it allows efficient suppression of trap photon
background on our SPCMs using band-pass filters. A large detuning also reduces the trap depth,
which in principle can be compensated by a larger power. We are, however, limited in the power
that we can afford to send onto the bottle resonator: when our trapping beam impinges on the
resonator, it slightly heats the resonator material, resulting in an unwanted shift of the resonance
frequency (cf. Sec. A.2). As a trade-off, we thus choose a power of Ptrap ≈ 20 mW and a
trap wavelength of λtrap = 783.68 nm, corresponding to a detuning with respect to the Rb D2

transition (λ0 = 780.24 nm [111]) of Δtrap = 2π × 1.68 THz. This choice of parameter values
results in a depth of the optical potential created by the partial standing wave of roughly 3 mK.

3.4 Light shift of a multilevel atom in a light field with arbitrary
polarization

For a rigorous treatment of the interaction between a classical light field and real atoms, one has
to describe the atom as a quantum system with – in general – many energy levels. The formalism
described in the following provides a tool to calculate the light shift of a certain fine-structure
state |nJ of an atom interacting with a far-detuned light field of arbitrary polarization [127], as
given in Eq. (3.1). Here, n is the principal quantum number and J is the quantum number for
the total angular momentum J of the electron. We will only give the final expressions relevant
for the present work, more details can be found in [127].

The formalism is valid for cases where the Stark interaction energy is small compared to the
fine structure splitting, such that J remains a good quantum number. The interaction between
the atom and the light field is now described by the operator

VStark = −E · d , (3.14)

where d is the operator for the electric dipole of the atom. If the light field is far-detuned one
can show that the matrix elements of the Stark operator in the basis of the hyperfine structure
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states, V FMF M
Stark = (nJ)FM |VStark |(nJ)F M , can be expressed as

V FMF M
Stark =|E|2

K=0,1,2

q=−K,...,K

α
(K)
n,J {u∗ ⊗ u}Kq

× (−1)J+I+K+q−M (2F + 1)(2F + 1)

× F K F
M q −M

F K F
J I J

. (3.15)

Here, F is the quantum number of the total angular momentum F = J + I of the atom and M
is the quantum number of the projection Fz of F onto the quantization axis z. I is the quantum
number of the nuclear spin. Note that in Eq. (3.15) the sets of quantum numbers {F,M} and
{F ,M } denote two different levels within the hyperfine manifold of the same fine-structure
state |nJ . To indicate the ground state levels and excited state levels, we use the common
notation {F,mF } and {F ,mF }, respectively.

The dynamical polarizability, α(K)
n,J , of a certain fine-structure state |nJ in Eq. (3.15) is

given by

α
(K)
n,J ≈(−1)K+J+1

√
2K + 1

×
n J

(−1)J
1 K 1
J J J

| n J ||d||nJ |2

× 1
Re

1

ωn J nJ − ω
+

(−1)K

ωn J nJ + ω
. (3.16)

Here and also in Eq. (3.15), K = 0, 1, 2 indicates the reduced dynamical scalar, vector and ten-
sor polarizability of an atom in the fine-structure level |nJ , respectively. Furthermore, ωn J nJ

is the angular frequency of the |nJ → |n J transition, and ω is the angular frequency of
the light field according to Eq. (3.1). In both Eqs. (3.15) and (3.16) we used the notations
j1 j2 j
m1 m2 m

and
j1 j2 j3
j4 j5 j6

for the Wigner 3-j and 6-j symbols, respectively.

Finally, the compound tensor components {u∗ ⊗ u}Kq in Eq. (3.15) are defined as

{u∗ ⊗ u}Kq =
µ,µ =0,±1

(−1)q+µ uµu
∗
−µ

×√
2K + 1

1 K 1
µ −q µ

, (3.17)

with the spherical tensor components of the polarization vector u in the Cartesian coordinate
frame {x, y, z}: u−1 = (ux − iuy)/

√
2, u0 = uz , and u1 = −(ux + iuy)/

√
2.

In Eq. (3.15) the important part is again the atomic polarizability. It depends on the reduced
matrix elements n J ||d||nJ of the electric dipole. These can be obtained from the transition
rates given by

An J nJ =
ω3
n J nJ

3π 0 c3
1

2J + 1
| n J ||d||nJ |2 . (3.18)
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The transition rates of many transitions can be found in the literature. The spontaneous decay
rate of a certain excited state |nJ can be obtained by summing over the probabilities of all
relevant transitions |nJ → |n J

ΓnJ =
n J

An J nJ . (3.19)

3.5 Trap-induced light shift of the 85Rb D2-transition

In this section, we will use the formalism introduced in Sec. 3.4 to calculate the light shift of the
D2-transition of the 85Rb atom, induced by the dipole trap light. The atomic energy level scheme
for the D2-transition is shown in Fig. 3.3 a). We have to calculate the light shifts for the ground
state, 52S1/2, and the excited state, 52P3/2, separately. In Sec. 3.1 we already mentioned that
the trap light is linear polarized, which brings a simplification into the formalism that is valid
for both the ground and the excited state. For a linearly polarized light field, the polarization
vector u can be taken as a real vector, in which case [u∗ × u] vanishes [127]. Consequently, the
contribution of the vector polarizability to the light shift is zero, α(K=1)

n,J = 0, and only the terms
of the sum K=0,1,2 in Eq. (3.15) corresponding to K = 0 and K = 2 remain.

3.5.1 Light shift of the 52S1/2 ground state

First, we want to calculate the light shift for the ground state 52S1/2. In conjunction with the
intensity pattern of the standing wave, which will be determined in Sec. 3.6, this will allow us
to model the dipole trap potential expected for our experimental trap parameters.

For the ground state, the total electron angular momentum quantum number is J = 1/2,
which brings another simplification: for J = 1/2 and K = 2, the Wigner 6-j symbol in
Eq. (3.16) is zero, which leads to α

(2)
5,1/2 = 0. Hence, also the contribution of the tensor polariz-

ability to the light shift vanishes and only the contribution of the scalar polarizability (K = 0)
remains. This simplifies Eq. (3.15) to

V FMF M
Stark (52S1/2) =− |E|2√

3
α
(0)
5,1/2

× (−1)3−M (2F + 1)(2F + 1)

× F 0 F
M 0 −M

F 0 F
1/2 5/2 1/2

, (3.20)

where we inserted the nuclear spin of the 85Rb-atom of I = 5/2, and the linear polarization
vector u = (0, 0, 1) such that {u∗ ⊗ u}00 = −1/

√
3. Now, the matrix elements of the Stark

operator only depend – apart from the Zeeman quantum numbers {F,M,F ,M } – on the scalar
polarizability, α(0)

5,1/2, and the trap light intensity Itrap = 2 0c|E|2.
The polarizability of a fine-structure state |nJ only depends on the states |n J that it can

couple to, and one has to sum over all these states, see Eq. (3.16). For the ground state, as L = 0
and J = 1/2, the selection rules for electric dipole transitions (ΔL = ±1, ΔJ = 0,±1) allow
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Table 3.1: Transition wavelengths λn J nJ and dipole matrix elements n J |d |nJ of the ru-
bidium atom. The dipole matrix elements are calculated according to Eq. (3.18) using the transi-
tion wavelength λn J nJ and probabilities An J nJ given in Ref. [142]. As Ref. [142] gives only
the air wavelengths, they were converted into vacuum wavelengths using Eq. 3.21.

5S1/2 → n PJ λn J nJ An J nJ n J |d |nJ
[nm] [106 s−1] [ea0]

5S1/2 → 5P3/2 780.2414 38.1 5.977

5S1/2 → 5P1/2 794.9789 36.1 4.231

5S1/2 → 6P3/2 420.2976 1.77 0.509

5S1/2 → 6P1/2 421.6711 1.50 0.333

5S1/2 → 7P3/2 358.8074 0.396 0.190

5S1/2 → 7P1/2 359.2597 0.289 0.115

5S1/2 → 8P3/2 334.9659 0.137 0.101

5S1/2 → 8P1/2 335.1775 0.0891 0.058

the coupling to the fine-structure states n P1/2 and n P3/2, where n ≥ 5. We take into account
the states up to n = 8. However, because the trap light with wavelength λtrap = 783.68 nm has
the smallest detunings to the 5S1/2 → 5P1/2, 5P3/2 transitions, the coupling to those transitions
has the biggest contribution to the light shift of the ground state.

Table 3.1 contains all quantities that are needed to compute the polarizability α
(0)
5,1/2 for the

selected transitions 5S1/2 → n PJ . The transition probabilities An J nJ with corresponding
wavelengths λn J nJ are given in Ref. [142]. The latter are given only as air wavelengths and
were, thus, converted into vacuum wavelengths via λvac = λair n(λair), where the wavelength-
dependent refractive index was calculated using the Sellmeier equation for atmospheric air [143]

n(λair) ≈ 1 +
j=1,2

Bj

Cj − λ−2
air

, (3.21)

with B1 = 0.05792105 µm−2, B2 = 0.05792105 µm−2, C1 = 238.0185 µm−2, C2 =
57.362 µm−2. The dipole matrix elements n J ||d||nJ for all considered transitions were
calculated according to Eq. (3.18) using the transition probabilities and the vacuum wavelengths
from Tab. 3.1. With that, we have all necessary information to calculate the scalar polarizability
for the ground state.

Now, we only need to insert the intensity of the trap light in order to calculate the Stark
matrix. For an atom in the center of the beam waist of a Gaussian beam [66], the intensity is
given by Itrap = 2Ptrap/πw

2
trap. If the Stark interaction energy is small compared to the hyperfine

splitting, the Stark matrix is diagonal, i.e. only the matrix elements (nJ)FM |VStark |(nJ)FM
will be non-zero. The latter is normally fulfilled for the ground state, as the hyperfine splitting
is on the order of several GHz [111], compared to the few 10 MHz due to the Stark interac-
tion. Furthermore, because the contributions of the vector and tensor polarizability vanish, all
Zeeman sublevels of the ground state hyperfine manifold, |FmF , experience the same light
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Figure 3.3: a) Energy level scheme of the D2-line of the 85Rb atom: in the case of no in-
teraction with a light field (left) and in the presence of a linearly polarized trap light field
(right; red-shaded area). b) and c) Energies of the levels of the 5P3/2 state manifold, taken
with respect to the energy of the 5P3/2, F = 4 state for the unperturbed case and in presence
of the trap light, respectively, calculated for the parameter values {Ptrap, wtrap, Δtrap/2π} =
{19mW, 3.5µm, 1.68THz}.

shift, δg. We insert our experimental parameters2 for the trap light: Ptrap, wtrap, Δtrap/2π =
{19mW, 3.5µm, 1.68THz} (cf. Sec. 3.3). Here, Δtrap is defined as the detuning to the 5S1/2 →
5P3/2 transition, as depicted in Fig. 3.3 a). The resulting light shift for the ground state thus
amounts to

δg ≈ −91MHz , (3.22)

where the minus sign indicates that all levels are shifted toward lower energy values.

2The given value for the beam waist wtrap, which is slightly larger than the measured beam waist (cf. Sec. 3.7.3),
accounts for imperfect alignment of the trap optics and drifts of the latter.

55



3. RETROREFLECTED OPTICAL TWEEZER TRAP

3.5.2 Light shift of the 52P3/2 state

In the previous section, we calculated the trap-induced light shift of the atomic ground state,
which is the basis for forming a trap potential for an atom detected in the evanescent field of
the resonator mode. Here, we also want to calculate the light shift of the 52P3/2 excited state,
using the same formalism, which allows us to determine the modification of the 5S1/2 → 5P3/2

transition frequency resulting from the light shifts.
For a total electron angular momentum of J = 3/2, only the vector polarizability vanishes in

the Stark operator in Eq. (3.15), such that both the scalar and the tensor polarizabilities contribute
to the light shift. The tensor component leads to a mF -dependent light shift for all F -states
and is depicted in Fig. 3.3 a) for the F = 4-manifold. From the selection rules for electric
dipole transitions follows that the 52P3/2 state can couple not only to n S1/2 states, but also to
n D3/2 and n D5/2 states. In the case of n S1/2 we take the fine-structure states with principle
quantum number n = {5, 6, 7, 8, 9, 10} into account, and for n D3/2 and n D5/2 the ones with
principle quantum number n = {4, 5, 6, 7, 8, 9}. Thus, in total we consider the coupling of the
52P3/2 state to 18 different fine-structure states. However, the trap light predominantly couples
to the 5P3/2 → 5S1/2 and 5P3/2 → 5D3/2, 5D5/2 transitions, which therefore contribute the

most to the light shift of the excited state. In order to calculate the scalar polarizability α
(0)
5,3/2

and the tensor polarizability α
(2)
5,3/2 of the 5P3/2 state, we need the vacuum wavelengths and the

dipole matrix elements of each of the considered transitions. This time we take them directly
from Tab. I in Ref. [144].

When computing the matrix elements of the Stark operator according to Eq. (3.15), we find
that for our experimental parameters the Stark matrix is not diagonal. This arises because the
trap-induced light shift is not small compared to the hyperfine structure (hfs) splitting of the
5P3/2 excited state and, thus, F and mF are not good quantum numbers anymore. To find the
new energy eigenvalues, we thus have to diagonalize the combined interaction Hamiltonian that
describes both the hyperfine and the atom–light interaction,

Hint = VStark + Vhfs . (3.23)

The hyperfine interaction operator Vhfs is diagonal in the basis of the hyperfine structure states
{|(nJ)FM } and the non-zero matrix elements are given by [127]

(nJ)FM |Vhfs |(nJ)FM =
1

2
AhfsG

+ Bhfs

3
2G(G+ 1)− 2I(I + 1)J(J + 1)

2I(2I − 1)2J(2J − 1)
,

(3.24)

where G = F (F +1)− I(I+1)−J(J +1). Ahfs and Bhfs are the hyperfine structure constants
which depend on the fine-structure level |nJ . For the 5P3/2 excited state, the values of these
constants are Ahfs/2π = 25.0020 MHz and Bhfs/2π = 25.790 MHz [111].

As the total interaction Hamiltonian in Eq. (3.23) is no longer diagonal in the {|(nJ)FM }
hyperfine basis, we have to transfer it into the new eigenbasis. The new eigenstates are then
superpositions of the hyperfine basis states. However, to still be able to name the shifted atomic
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energy levels in the following, we assign those hyperfine basis states to the new energy eigen-
values that contribute most to the corresponding new eigenstates. This being said, the new
eigenvalues of the full interaction matrix corresponding to Eq. (3.23) now give the total fre-
quency offset for each |F mF level with respect to the 5P3/2 state in the absence of Stark and
hyperfine interaction

δ
F mF
tot (Itrap) = δFhfs + δ

F mF
e (Itrap) , (3.25)

consisting of the F -dependent frequency shift, δFhfs, due to the hyperfine interaction and the F -

and mF -dependent light shift δF mF
e . These shifts are illustrated in Fig. 3.3 a), exemplarily

for the F = 4 manifold. In our experiment, the resonator is locked to the F = 3 → F = 4
transition. Hence, we are interested in the shift of each |F mF level relative to the unperturbed
5P3/2, F = 4 hyperfine state, which is given by

δ
F mF
tot (Itrap)− δF =4

hfs . (3.26)

Figure 3.3 b) and c) show the energy shifts for all excited state Zeeman levels for the unper-
turbed atom and in the presence of the trap light, respectively. In the latter case, we have used
the parameter values {Ptrap, wtrap, Δtrap/2π} = {19mW, 3.5µm, 1.68THz} and assumed the
intensity of a Gaussian beam in the center of the beam waist Itrap = 2Ptrap/πw

2
trap. One can see

that the energy shifts of the excited state are F - and |mF |-dependent. The F = 4 Zeeman
manifold is shifted toward higher energies with respect to the unperturbed 5P3/2, F = 4 state.
The (F = 4, mF = 0) level experiences the largest shift of ≈ 96 MHz. Note, that the outer-
most Zeeman levels, (F = 4, mF = ±4), do not shift, as they do not couple to the π-polarized
trap light field. Consequently, the cycling transition is only shifted out of resonance with the
resonator due to the light shift of the ground state.

Taking both the ground state light shifts from the preceding section and the excited state
shifts into account, the total detuning of the atomic transition frequency for each mF -level
with respect to the frequency, ω0/2π, of the unperturbed 5S1/2, F = 3 → 5P3/2, F = 4
transition is given by

δν(Itrap) = δ
F mF
tot (Itrap)− δF =4

hfs − δg(Itrap) . (3.27)

For the (F = 4, mF = 0) level the total detuning to the unperturbed transition frequency is
the largest and amounts to δν ≈ 187 MHz. The cycling transitions (F = 3, mF = ±3) →
(F = 4, mF = ±4) are only shifted due to the ground state shift of about 90 MHz. From this,
it is evident, that an atom trapped in our dipole potential will be strongly detuned with respect
to the resonator, which is locked to the frequency ω0.

3.6 Modeling the trapping potential

3.6.1 Trap light intensity distribution near the resonator surface

In this section, we want to model the three-dimensional spatial intensity distribution of the trap
light field I(r) that is depicted in the schematic in Fig. 3.2. In combination with the results
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of the light shift calculation this will allow us to model the trapping potential expected for our
experimental parameters.

The characteristics of a laser beam are well described by a Gaussian beam with complex
electric field amplitude E(r) [66]. The spatial intensity distribution of a Gaussian beam of
power, P , propagating in x-direction is given by

I(ρ, x) = |E(r)|2 = 2P

πw2(x)
exp − 2ρ2

w2(x)
. (3.28)

Here, ρ = y2 + z2 is the radial coordinate and w(x) is the beam radius given by

w(x) = w0 1 +
x

xR

2

. (3.29)

It is defined as the radial distance from the optical axis (x), at which the beam intensity has
decreased from its peak value 2P/πw2(x) at ρ = 0 to 1/e2 of it. The beam radius is minimal in
the focal plane of the beam at x = 0 and is called beam waist, w0 = w(x = 0). Furthermore,
xR = πw2

0/λ is the Rayleigh length, defined as the axial distance from the waist, at which the
beam radius is increased to

√
2w0. As can be seen from Eq. (3.28), the radial intensity profile of

the Gaussian beam in a plane at x = x is described by a Gaussian function with FWHM-width
of

√
2 ln 2w(x ). Inserting the expression for w(x) into Eq. (3.28) one finds the intensity profile

in axial direction to be a Lorentzian function.

Now, for modeling the intensity distribution of our trap light field, we use the resonator-
centered coordinate system as depicted in Fig. 3.2. We assume that the trap beam is focused
onto the resonator such that the beam waist lies on the resonator surface. We are only interested
in the intensity distribution near the resonator surface over the extent of our trap potential in x-
direction of just a few hundred nanometer. This allows us to separate the description of the axial
(x) and the transverse (y respective z) dependence of the intensity distribution, which provides
a simple analytic expression accurate enough for our purposes.

We can approximate the beam radius w(x) over the extent of our trap potential by the beam
waist w0. Furthermore, we neglect the influence of the angle 2θ between the incoming and the
reflected beam due to the resonator tilt (cf. Fig. 3.2) on the radial beam profile. Thus, in radial
direction we assume the Gaussian intensity profile

I(ρ) = I0 exp
−2ρ2

w2
0

, (3.30)

where we also included the intensity magnitude given by I0 = 2Ptrap/πw
2
0.

In order to model the partial standing-wave intensity pattern along the axial (x) direction
we describe the incoming beam as well as the beam reflected from the resonator surface by
plane waves. Thereby, we neglect the slow variation of the intensity profile along the optical
axis characteristic for a Gaussian beam. Furthermore, we approximate the interface between
vacuum and the bottle resonator by a planar interface, as illustrated in Fig. 3.4 a). The latter
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Figure 3.4: a) Reflection and transmission of a plane wave at a planar interface between vacuum
(n1 = 1) and fused silica (n2 = 1.454 for a light wavelength of ∼ 780 nm). Two types
of polarization of the light field are distinguished: parallel ( ) and perpendicular (⊥) to the
plane of incidence (x–z-plane). b) Reflection coefficients p(θ) for both types of polarization
p = {⊥, }. The dashed lines indicate our specific case, where the angle of incidence is fixed
by the tilt of the bottle resonator fiber, θ = 17◦, and the Brewster angle θB, respectively.

approximation is justified because the trap waist is small compared to the resonator diameter.
Note that, for simplicity, we shifted the origin of coordinates in x-direction to the intersection
point of the incoming beam with the resonator surface. As we will see, the interference between
the incident and the reflected beam depends on the polarization. In most of the experiments with
single trapped atoms presented in this thesis, we aligned the linear polarization of the trap light
field along the y-direction, i.e. perpendicular (⊥) to the plane of incidence (x–z-plane). Only
the spectroscopy of the coupled atom–resonator system (cf. Sec. 5.6) was performed with the
polarization vector lying in the plane of incidence ( ). Nevertheless, we will address both cases
in the following.

We describe the incoming trap light field by a plane wave with angular frequency ωtrap =
2πc/λtrap propagating in the x− z-plane

Ein(r, t) = E in exp (ikin · r) exp −iωtrapt + c.c. , (3.31)

where E in is the vector amplitude of the electric field and kin = k (− cos θ, 0, sin θ) is the wave
vector with k = 2π/λtrap. We distinguish between the two types of polarization described above,
for which we can express the corresponding vector amplitudes in Cartesian coordinates as (cf.
Fig. 3.4 a))

E⊥
in = Ein p̂

⊥
in =

 0
Ein
0

 and E in = Ein p̂in =

Ein sin θ
0

Ein cos θ

 , (3.32)

respectively, where p̂⊥
in and p̂in are unit vectors. Note, that the scalar amplitude Ein is the same in

both cases, as it is related to the intensity of the incoming field I ∝ |Ein|2, which is independent
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of the polarization. Upon incidence on the dielectric interface, the wave is partially transmitted
with the angle of refraction ϕ and partially reflected with the angle −θ. We are only interested
in the reflected part of the electric field, given by

Eref(r, t) = E ref exp (ikref · r) exp −iωtrapt , (3.33)

with the wave vector kref = k (cos θ, 0, sin θ) and the vector amplitudes

E⊥
ref = E⊥

ref p̂
⊥
ref =

 0
E⊥

ref
0

 and E ref = Eref p̂ref =


 Eref sin θ

0

−Eref cos θ


 . (3.34)

The ratios between the reflected and the incident field amplitudes for both types of polarization
are described by the Fresnel equations [145]:

⊥ =
E⊥

ref
Ein

=
n1 cos θ − n2 cosϕ

n1 cos θ + n2 cosϕ
, =

Eref
Ein

=
n2 cos θ − n1 cosϕ

n2 cos θ + n1 cosϕ
. (3.35)

By replacing the angle of refraction ϕ in Eq. (3.35) using Snell’s law [145]

n1 sin θ = n2 sinϕ (3.36)

we can plot the reflection coefficients ⊥(θ) and (θ) as a function of the angle of incidence,
see Fig. 3.4 b), where we inserted the refractive indices for the vacuum n1 = 1 and the resonator
material n2 = 1.454. The power reflectance Rp(θ) = 2

p(θ), where p = {⊥, }, indicates
the ratio of the reflected intensity to the one of the incoming wave. For θ = 0 it amounts
to Rp(0) = 0.034 for both types of polarization, i.e. 3.4 % of the incoming optical intensity
is reflected. In our specific case of θ = 17◦, the reflection coefficients are = 0.173 and
⊥ = −0.197, and thus the corresponding reflectances are R = 3.0 % and R⊥ = 3.9 %. We

will see that this difference has a considerable effect on the depth of the resulting trap potential.
Another interesting configuration can be seen in Fig. 3.4 b): for the so-called Brewster’s angle,
θB , the reflection coefficient (θB) = 0. This means that a -polarized wave incident under
this angle has no reflected component, but is only transmitted. For us, however, this setting is
not of relevance, as the angle of incidence is fixed by the resonator tilt to θ = 17◦.

We can now calculate the standing-wave intensity pattern using Eqs. (3.31)-(3.36) by super-
posing the incoming and the reflected fields, and we obtain

|Ep
in +Ep

ref|2 = |Ein|2 fp(x) , (3.37)

with the following functions that describe the x-dependence of the intensity modulation of the
standing wave for the two polarization cases:

f⊥(x) =1 + 2
⊥ + 2 ⊥ cos (2kx cos θ) , (3.38)

f (x) =1 + 2 − 2 cos(2θ) cos(2kx cos θ) . (3.39)

Here, we used the notation ≡ (θ) and ⊥ ≡ ⊥(θ). The two functions are plotted in
Fig. 3.5 for θ = 17◦. One can see that we only get a partial standing wave, as only a small
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Figure 3.5: Standing-wave pattern according to Eqs. (3.38) and (3.39) formed by the incoming
and reflected waves, for ⊥- and -polarization, respectively.

fraction of the incident light is reflected. The standing-wave contrast is reduced in the case of
-polarization, as the modulus of the reflection coefficient is smaller and only the z-components

of the incident and reflected polarization vectors interfere. The periodicity of the standing wave
depends on the angle of incidence, λtrap/(2 cos θ), as does the location of the first intensity
maximum, λtrap/(4 cos θ), where we want to trap our single atoms. For θ = 17◦ and λtrap =
783.68 nm, the trap center is thus located at λtrap/(4 cos θ) ≈ 205 nm, where f⊥(205 nm) =
1.43 and f (205 nm) = 1.31 for the two polarization cases, respectively.

Taking Eq. (3.30) into account, we finally obtain the three-dimensional intensity distribu-
tions, that also depends on the choice of polarization

Ip(x, ρ) = I0 fp(x) e
−2ρ2/w2

0 . (3.40)

The corresponding optical dipole potential is then simply given by

Udip(x, ρ) = U0 fp(x) e
−2ρ2/w2

0 , (3.41)

where U0 = hδg with δg being the ground state light shift from Eq. (3.22). Note, that the latter
quantity does not describe the depth of the final potential, but the potential depth that would
correspond to the non-reflected Gaussian beam (cf. Sec. 3.5.1).

3.6.2 Surface forces

In the preceding sections, we described how a trapping potential for neutral atoms can be build
by means of an external detuned electromagnetic field that interacts with the induced electric
dipole moment of the atom. The purpose of the trapping potential is to place the atom as close
as a few hundred nanometer to the resonator surface, such that it can interact with the resonator
mode. However, when placing an atom so close to a dielectric surface, it inevitably experiences
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Figure 3.6: a) Surface potential for the atomic ground state (52S1/2) caused by the radiative
interaction of the atom with the resonator surface. b) Corresponding frequency shift, δνvdW =
−C3(5P3/2)/x

3 + C3(5S1/2)/x
3 /h, of the 52S1/2 → 52P3/2 atomic transition.

forces that have to be taken into account. These forces are similar in origin to the dipole force,
except that they cannot be fully understood by classical physics: quantum fluctuations in the
electromagnetic vacuum near the dielectric surface induce fluctuations of the atomic electric
dipole moment. In the literature, the fluctuation-induced interaction between an atom and a
surface is commonly termed Casimir-Polder interaction. This effect is closely related to the
famous Casimir effect that describes the force between two conducting plates, predicted by
Casimir in 1948 [146].

The Casimir-Polder forces give rise to a conservative potential that is in general attractive. Its
exact shape depends on the material properties, the atomic polarizability and the atom–surface
distance x. For distances x 0.1 µm, the potential is called van der Waals potential and scales
as 1/x3, for larger distances it is called Casimir-Polder potential and it scales as 1/x4 [147]. The
van der Waals potential experienced by an atom near the surface can be understood as resulting
from the interaction between the fluctuating dipole moment of the atom and its electrical image
in the dielectric [131].

To describe the atom–surface interaction in our system, we will use a sufficiently accurate
approximation, that is valid for short distances. We can regard our bottle resonator as a flat-
surface bulk-medium, such that we can approximate the van der Waals potential by [123]

UvdW(x) = −C3

x3
. (3.42)

The coefficient C3 is proportional to the energy level shift. It has been calculated in [59] for
the D2-line of 85Rb atoms, taking into account the material constants of silica and the transition
strengths of rubidium atoms [142]. This calculation yielded

C3(5S1/2) = h× 770 Hzµm3 and C3(5P3/2) = h× 1.7 kHzµm3 (3.43)

for the 52S1/2 ground state and the 52P3/2 excited state, respectively. Figure 3.6 a) shows the
potential for the ground state. The calculated C3 constants are both positive, which implies that
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Figure 3.7: Model of the trap potential according to Eq. (3.44), for the trap parameters
Ptrap, wtrap, Δtrap/2π = {19mW, 3.5µm, 1.68THz} in our experiment. a) Potential land-

scape plot for the case of ⊥-polarized trap light. b) Trap potential along the x-direction for
both ⊥- and -polarized trap light. The dashed lines indicate the optical potential according
to Eq. (3.41). The trap depths of the total potentials are defined as indicated and amount to
U⊥
0 /kB ≈ 2.7 mK and U0 /kB ≈ 1.9 mK, respectively.

the corresponding interaction potentials are attractive. The fact that the excited state C3 constant
is larger means that the excited state is subject to a larger energy shift and thus the atom–surface
interaction reduces the atomic transition frequency with respect to the unperturbed transition,
see Fig. 3.6 b).

3.6.3 Trapping potential

With the results from the preceding sections, we can now model the full potential seen by a
85Rb atom. In x-direction, we sum up the optical potential and the van der Waals potential, where
we assume that in radial direction the potential is approximately not affected by the surface
forces:

Utot(x, ρ) = Udip(x, 0) + UvdW(x) e−2ρ2/w2
0

= U0 fp(x)−
C3

x3
e−2ρ2/w2

0 . (3.44)

Figure 3.7 shows the full trap potential according to Eq. (3.44) for the parameter values of the
trap light field in our experiment Ptrap, wtrap, Δtrap/2π = {19mW, 3.5µm, 1.68THz}. In
panel (a) the potential is represented along the axial and radial directions for the ⊥-polarized
case. In panel (b) its dependence along the x-axis is shown for both polarization cases. The
dashed lines indicate the shapes of the corresponding optical potentials Udip(x, 0) neglecting
surface forces according to Eq. (3.41). The trap depths in each case are defined by the respective
energy differences between the local trap minimum at x ≈ 205 nm and the height of the potential
barrier toward the resonator surface. The trap depths for the given experimental parameters
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amount to U⊥
0 /kB ≈ 2.7 mK and U0 /kB ≈ 1.9 mK, respectively, that is the trap depth of the

-polarized trap is only about 70 % of the trap depth of the ⊥-polarized trap.

Trap frequencies

We want to determine the oscillation frequencies of an atom trapped in the potential in Fig. 3.7.
The knowledge of the characteristic trap frequencies is important, e.g., in the context of heating
mechanisms which can limit the lifetime of an atom in the trap, as will be discussed in Sec. 4.6.3.
A typical way of measuring trap frequencies exploits the loss of atoms by modulating the trap-
ping potential close to the trap frequency.

Here, we want to obtain a theoretical estimate for the oscillation frequencies in our dipole
trap. For this purpose, we harmonically approximate the trap potential by Taylor expansion of
Eq. (3.41). By comparing the result to the cylindrically symmetric harmonic potential Uharmonic =
1
2m ω2

xx
2 + ω2

yy
2 + ω2

zz
2 we recover the known expressions for standing-wave optical poten-

tials [113]

ωx =
2π cos θ

λtrap

2U0,x

m
and ωy/z =

4U0,y/z

mw2
0

. (3.45)

It is plausible that the incidence angle θ also enters in the axial trap frequency, as it modifies
the periodicity of the standing wave. Because our standing wave is not fully modulated, the
parameters U0, however, differ in axial and radial direction and are given by

U⊥
0,x = 4 ⊥U0 and U⊥

0,y/z = (1− ⊥)2 U0 (3.46)

for ⊥-polarized trap light and

U0,x = 4 cos(2θ)U0 and U0,y/z = 1 + 2
⊥ + 2 ⊥ cos(2θ)

2
U0 , (3.47)

for -polarized trap light, where U0 = hδg with the ground state light shift δg from Eq. (3.22).
Using the above equations we can calculate the trap frequencies and obtain ωx, ωy/z =
2π × {1.00MHz, 71 kHz} and ωx, ωy/z = 2π × {0.86MHz, 68 kHz} for ⊥-polarized and
-polarized trap light, respectively.

3.6.4 Position-dependent shift of the atomic transition frequency

In Fig. 3.7 we showed the trapping potential, which is based on the position dependence of
the ground state light shift of the atom. We have seen in Sec. 3.5.2 that also the levels of the
5P3/2 excited state experience a light shift, which is of course also position dependent due to
the spatial intensity distribution of the trap light field. In this section, we want to evaluate the
position dependence of the transition frequency of a trapped atom, where we also include the
van der Waals energy shift of both the ground and the excited state.

The detuning of the ground state with respect to the unperturbed energy of the 5S1/2, F =
3 state is given by

Δνg,p(x) = (Udip(x, 0) + UvdW(x))/h = δg fp(x)−
C3(5S1/2)

hx3
. (3.48)
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Figure 3.8: Position-dependent detuning along the x-axis, for the ground state (red) and for a)
the 5P3/2, F = 4,mF = 0 excited state and b) the 5P3/2, F = 4,mF = ±4 excited state
(blue) of a trapped atom. The darker (lighter) colors show the prediction for ⊥( )-polarization.

with the ground state light shift δg from Eq. (3.22) and the standing-wave pattern fp(x) from
Eq. (3.38) respective (3.39). The detuning of an excited state Zeeman level with respect to the
unperturbed energy of the 5P3/2, F = 4 state is given by

Δν
mF
e,p (x) = δ

F =4,mF
e fp(x)−

C3(5P3/2)

hx3
. (3.49)

Figure 3.8 shows the mF -independent ground state detuning, Δνg,p(x) (red) and the excited
state detuning Δν

mF
e,p (x) (blue) for the two extreme cases of a) the mF = 0 level and b) the

mF = ±4 levels. The darker (lighter) colors show the case of ⊥( )-polarization. The red solid
lines for the ground state are thus equivalent to the ones in Fig. 3.7 b).

As the excited state light shifts are of opposite sign compared to the ground state light shift,
our trap light intensity distribution results in a repulsive potential for the excited state levels with
|mF | < 4, see Fig. 3.8 a). As we have seen in Sec. 3.5.2, the |mF | = ±4 levels are not shifted
under the influence of linear polarized trap light. Thus, the frequencies of the cycling transitions
to the |mF | = ±4 levels are only shifted due to the ground state light shift and the atom–
surface interaction, see Fig. 3.8 b). In both cases, however, an atom moving in the trap potential
experiences a substantial and varying shift of its transition frequency. As a consequence, it
cannot couple to the resonator mode anymore. In Ch. 5 we will show, how we can counteract
the position-dependent light shift of the atomic transition by means of a second light field that
shifts the excited state back into resonance.

3.7 Experimental implementation of the optical dipole trap

In this section, we will first describe the experimental components needed to create the dipole
trap, from the trap laser source to the focusing optics. Another essential ingredient to obtain the
desired trapping potential is the proper positioning of the beam focus on the resonator surface,
which will be explained afterwards.
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3. RETROREFLECTED OPTICAL TWEEZER TRAP

Figure 3.9: Schematic of the trap laser path from the laser source to the bottle resonator. The
trap optics assembly is positioned in front of the main viewport of the science chamber and
consists of two aspheric lenses and a λ/2-waveplate in between (details in the main text).

3.7.1 Trap laser setup

A simplified scheme of the trap laser path from the laser source to the bottle resonator is de-
picted in Fig. 3.9. The laser source is a commercial laser diode3, which is implemented into
a home-built diode laser setup. The laser diode is a single-mode diode with a typical lasing
wavelength of 785 nm, which can be tuned to the desired value of λtrap = 783.68 nm by tuning
and stabilizing the diode temperature. The specified typical output power of the laser diode is
> 400 mW, which ensures that at least the required 20 mW are available for the dipole trap. The
requirements on frequency stability of this laser are not very strict, as it is far-detuned from the
atomic resonance (Δλtrap = 3.44 nm). As our trap laser is free-running, the laser wavelength
drifts slowly, typically in a range of δλ ≤ 5× 10−4 nm. This represents a relative change of the
detuning from the D2 transition of δλ/Δλtrap ≈ 1.5× 10−4, resulting in a change in trap depth
of ∼ 4× 10−4 mK and is, therefore, negligible.

After exiting the diode, the trap light passes a λ/2-waveplate for polarization adjustment
and a line filter4 to suppress the spectrally broad amplified spontaneous emission (ASE) back-
ground from the laser diode. In particular, spurious light with a wavelength near the resonant
780.24 nm is to be minimized in order to avoid heating of an atom in the dipole trap and addi-
tional background counts on the SPCMs. Afterwards, the trap light passes through an acousto-
optical modulator (AOM), which allows for triggered on/off-switching of the trap light. Finally,
the trapping beam is coupled into a single-mode fiber-based beamsplitter5 with a splitting ratio
of about 90:10. The 90%-port is connected to the trap optics, which will be described in the
following section, while the 10%-port allows for measuring the trap power. Note, that the trap

3LD785-SE400, Thorlabs
4785 nm MaxLine laser clean-up filter, Semrock
5FC780-90B-APC, Thorlabs
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light path depicted in Fig. 3.9 is simplified for clarity. For the measurements with trapped atoms
presented in this thesis, we sent several light fields along with the dipole trap light through the
trap optics. The full laser setup is depicted in Fig. 4.2.

3.7.2 Trap optics

In this section, we describe the optics assembly that we use to focus the dipole trap laser beam
onto the bottle resonator, see Fig. 3.9. The starting criterion for its configuration was that it
should produce a Gaussian beam waist of about 3 µm, i.e. much smaller than the resonator
diameter. The best optical access to the resonator is granted by the large vacuum viewport at the
front of the science chamber (cf. Sec. 2.4.2), which has, however, a relatively large distance to
the resonator of D ≈ 120 mm. This distance imposes a lower limit for the focal length of the
focusing lens to be used.

To image the trap light onto the resonator, we chose two identical aspheric lenses with a
focal length of f = 150 mm6. Aspheric lenses have the advantage of strongly reducing the
effect of spherical aberrations [148]. The lenses are mounted in a Thorlabs 60 mm cage system,
which ensures proper axial alignment of the optical components with respect to each other, while
allowing for adjustment along the optical axis (x ). The trapping beam is guided to the fiber-
coupled trap optics assembly by the single-mode fiber-beamsplitter. The first lens has the task
to collimate the beam and is therefore placed at a distance of Δx = f to the fiber output facet.
The second lens then focuses the beam onto the resonator.

The divergence angle, α, of the Gaussian beam exiting the fiber is related to the mode field
diameter, dMFD, of the fiber7 via α ≈ 2λ/πdMFD. A simple trigonometric consideration then
yields for the waist of the beam incident onto the second lens

w0 ≈ f tan
2λ

πdMFD
≈ 15 mm . (3.50)

For a given focal length f of the lens and wavelength λ of the transmitted light, which in our
case is λ = λtrap, the beam waist of the focused Gaussian beam, w0, is related to the beam waist
of the incident Gaussian beam, w0, via [66]

w0 ≈ λf

πw0

. (3.51)

For our parameters, this expression predicts a waist of the focused laser beam of w0 ≈ 2.5 µm,
in accordance with our initial requirement.

The λ/2-waveplate in between the two lenses is used for polarization adjustment. In the
measurements with single trapped atoms, which will be presented in Ch. 4, we used either ⊥- or
-polarized trap light (cf. Sec. 3.6.1). To facilitate the polarization adjustment, we temporarily

insert a polarizer plus a large-sensor photodiode8 behind the λ/2-waveplate, where the latter
measures the intensity of the light transmitted through the polarizer. The polarizer is aligned so

6AL75150-B,Thorlabs
7FC780-90B-APC, Thorlabs; fiber-type: 780HP, with mode field diameter dMFD = 5.0± 0.5 µm.
8FDS10X10, Thorlabs
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3. RETROREFLECTED OPTICAL TWEEZER TRAP

Figure 3.10: CCD-camera view through the large vacuum viewport into the vacuum chamber
onto the edge of the coupling fiber holder and the fiber–resonator system, see Fig. 2.9 b). The
two coupling fibers cross at the point of the resonator, which is indicated by the dashed black
circle. Coupling fiber 1 lies behind the resonator from this perspective. The trapping beam is
send through the viewport as well and generates a bright spot on the fiber holder on the left. The
height of the laser spot is adjusted to the height of coupling fiber 1, such that is can be easily
translated from there to the resonator.

as to block the desired polarization. Then, by turning the λ/2-waveplate, the optimal adjustment
is reached when the transmitted intensity is minimized. Apart from focusing the trap light, the
trap optics is also used to excite a trapped atom with a focused laser beam for fluorescence
detection (cf. Sec. 4.5) and a second trap beam for compensation of the trap-induced light shift
(cf. Ch. 5).

3.7.3 Positioning of the trapping beam onto the resonator surface

In order to obtain the desired trap potential and to yield an optimal trapping efficiency, the focus
position of the trap beam has to be carefully adjusted with respect to the resonator mode in all
three directions. For this purpose, the trap optics is mounted on a 3-axis translation stage9, which
in turn is mounted on a 2-axis linear translation stage10. The latter provides micrometer screws
in x - and y -direction with 13 mm travel range each. The different axes of the 3-axis translation
stage are equipped with a manual micrometer screw (x ), a stepper motor actuator11 (y ) and a
piezo-electric actuator as well as a manual micrometer screw (z ).

After placing the trap optics in front of the vacuum viewport, the first goal is to locate the
resonator inside the vacuum chamber with the trapping beam. For this coarse adjustment we
have found that it is easy to locate the left edge of the coupling fiber mount, which is shown

9NanoMax300, Thorlabs
10XYT1, Thorlabs
11M-232.17 High-resolution linear actuator with DC motor, Physik Instrumente
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Figure 3.11: Illustration of the method for measuring the beam waist using the nanofiber as a
probe. The trap optics, and with it the beam waist of the trapping beam, is moved across the
nanofiber along the −x -direction using a manual micrometer screw and along the z -direction
by a piezo-electric actuator.

in Fig. 2.9 b). We send a small amount of trap light (50-100 µW) through the trap optics into
the vacuum chamber and observe the fiber mount with a CCD camera, see Fig. 3.10, while
moving the beam. The camera is also mounted in front of the main vacuum viewport, i.e. it
is approximately ”looking” in −x -direction. On the camera image, coupling fiber 1 is slightly
visible (highlighted in red in Fig. 3.10), such that, once we hit the fiber mount, we are able
to adjust the height (z ) of the trapping beam to the height of the fiber. Furthermore, focusing
the laser spot onto the fiber mount already provides a coarse adjustment along the axial (x -)
direction. At this point we only have to move the trapping beam horizontally (y ) along the
coupling fiber toward the resonator. When the laser hits the resonator, we can also see the laser
spot on the camera image at the position of the resonator. The subsequent fine adjustment will
be described in the following.

x -positioning and beam waist measurement

In x -direction, the goal is to position the waist of the trapping beam on the resonator surface
to minimize the trap extension. Thus, we first have to locate the beam waist inside the vacuum
chamber. For this purpose, we exploit the presence of the nanofiber, which is an excellent tool
to probe the intensity distribution of the trapping beam. Light that hits the nanofiber is partially
coupled into the fiber, since it has some impurities on its surface that scatter incident light into
the fiber-guided mode. The scattered photons can be detected with SPCMs on either side of the
fiber, and thus the light intensity at a certain x -position of the beam can be measured. Due to
the small fiber diameter of ≥ 500 nm, this method provides a good resolution.

To measure the transverse beam profile as a function of x , we send a small amount of trap

69
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Figure 3.12: a) 2D intensity distribution in the focus region of the trapping beam, recorded by
the SPCMs in reflection (blue) and transmission (red), respectively. The solid lines indicate the
position x = 150 µm, which was chosen to be aligned to the resonator surface. b) Transverse
Gaussian beam profile, measured in reflection and transmission, respectively, at the position
x = 150 µm.

laser power (≈ 100 µW) through the trap optics onto the nanofiber, with a large enough offset
in y -direction to not hit the resonator, as illustrated in Fig. 3.11. We then move the beam across
the nanofiber in z -direction by applying a discrete voltage ramp consisting of 50 steps to the
piezo-electric actuator of the 3-axis translation stage, which corresponds to a total travel range
of 20 µm. In order to perform a full scan of the focus region, we repeat the scan along z for
different values of x .

Figure 3.12 a) shows the spatial intensity profile in the focus region of the trapping beam
measured with the above described method. Here, we scanned over a length of about 350 µm
in the −x -direction with a step size of Δx = 5 µm. The blue and red photon counts were
measured with the SPCMs in reflection and transmission (cf. Fig. 4.1), respectively. The two
patterns differ from each other, which means that the impurities on the fiber surface do not
scatter symmetrically into the clockwise and counter-clockwise propagating resonator modes,
possibly due to polarization dependence. In both pictures, the intensity profiles deviate from
the one of an ideal Gaussian beam. We observe two local maxima left and right of the central
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intensity maximum, which are more pronounced in the reflection data. In three dimensions these
correspond to an Airy pattern, which is known to occur in the focus of a laser beam passing
through a lens with spherical aperture.

Due to these Airy rings it is difficult to identify the exact position of the beam waist. There-
fore, we choose an axial position x that exhibits a small beam radius, but does not have the ring
structure. Figure 3.12 b) shows the transverse intensity profile at the position x = 150 µm,
which is marked in Fig. 3.12 a) by the solid lines. We fit the data with a Gaussian function of
the form

C(z ) = C0 +Ae
−2(z −z0)

w2 , (3.52)

where w describes the radius of the beam. The fits yield beam radii at this x -position of
w0,transm = (3.3 ± 0.1) µm for the transmitted counts and w0,refl = (2.9 ± 0.1) µm for the
reflected counts, respectively, which gives a mean value of w0 = (3.1± 0.1) µm.

In order to place the beam with the selected transverse profile on the resonator surface op-
posite to the nanofiber position, we translate the beam in −y -direction by the initial offset onto
the resonator (y = 0) and, then, in x -direction by the resonator diameter of ∼ 37 µm. For an
ideal Gaussian beam with a waist radius of w0 ≈ 3 µm, the Rayleigh length would correspond
to xR = πw2

0/λtrap ≈ 36 µm. As this is as large as the resonator diameter, the adjustment in
x -direction is not very critical.

Resonator surface scan and (y , z )-positioning

Once the trapping beam is properly adjusted in x -direction, we also fine-adjust the y - and z -
positions. In y -direction, the trap focus should be centered on the resonator (y = 0), such
that the beam is retroreflected and not deflected to the side due to the azimuthal curvature of
the resonator. The optimal position of the trap focus in z -direction along the resonator was
identified in an independent measurement of the atom trapping efficiency as a function of the
z -position, see Sec. 4.4.1.

In order to facilitate the adjustment of the trap focus to the desired (y , z )-position, we cre-
ate a 2D-map of the resonator surface and the nanofiber by measuring the position-dependent
amount of light scattered into the nanofiber. For this purpose, we send a weak trap light
(≈ 50 µW) through the trap optics and scan the beam focus across the fiber–resonator sys-
tem (cf. Sec. 2.4.3) in an area of Δz × Δy = 20 µm × 140 µm. Trap photons are scattered
off the resonator and the nanofiber and are partially coupled into the nanofiber, which allows
us to detect them with the SPCMs at both ends of the fiber. To perform this scan, we apply
discrete voltage ramps to the piezo-electric actuator to move the beam in z -direction for each
value of the y -position. We scan the y -position with a step size of typically 1 or 2 µm using a
high-resolution linear actuator with DC motor12.

A typical result of such a 2-dimensional scan is shown in Fig. 3.13 a) and b) recorded by the
transmission- and reflection-SPCM (cf. Fig. 4.1), respectively. The darker red respective darker
blue areas correspond to count rates higher than 104. This color scale was chosen in order to

12M-232.17, Physik Instrumente
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Figure 3.13: 2D map of the fiber–resonator system, recorded by the SPCMs in a) transmission
and b) reflection. The dashed white lines indicate the approximate location of the resonator
boundaries and the dashed black line indicates the nanofiber section of coupling fiber 1, which
is lying behind the resonator from this perspective.

make structures visible with lower count rates, such as the nanofiber. The dashed white lines
indicate the approximate location of the resonator boundaries. One can see that along these
lines the count rates are significantly higher. When the trap light impinges tangentially onto the
resonator boundaries, trap photons are probably coupled into the resonator and from there into
the coupling fiber. It is also possible that trap light is being reflected from the boundaries and
directly coupled into the fiber. Both effects might be enhanced by the presence of dust particles
on the resonator surface, which would explain the spot-like structures. The distance between the
spots of high count rates is compatible with the resonator diameter of ∼ 37 µm. On the left and
right side of the resonator boundaries we can see the nanofiber, which is indicated by the dashed
black lines. It is less well resolved, because it is set back with respect to the front surface of
the resonator and, therefore, lies behind the focal plane. It is possible that the higher count rates
between the resonator boundaries are also caused by the nanofiber, although they are offset from
the dashed black line. This could be because of refraction of the trap light, when it is transmitted
through the resonator material.

We perform these scans always with a similar nanofiber–resonator distance, as well as sim-
ilar trap power and wavelength. The choice of wavelength is important insofar, as it should
not coincide with a resonance of the resonator. In such a case, the count rates are much higher
and result in a blurred image. If the latter is avoided, the (y , z )-scans are very reproducible,
that is they always exhibit the same recognizable structures and, therefore, provide a very good
reference for positioning the trap focus in y - and z -direction. The optimum (y , z )-position is
indicated by the black cross in Fig. 3.13 a) and b). In z -direction it is offset by about +7 µm
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from the interpolated nanofiber position, where we found the largest trapping efficiency in the
measurement presented in Sec. 4.4.1. In Sec. 4.5.4 we will see that, when probing a trapped
atom with resonant probe light through the trap optics, the above described position has to be
adapted in order to yield minimum background counts.
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CHAPTER 4
Trapping single atoms close to the

bottle resonator

After the design and experimental implementation of the optical dipole trap described in the
previous chapter, we started to investigate whether we can actually trap single atoms from the
atomic fountain in this trap potential. The first question was, how the presence of a trapped
atom can be observed. Considering our scheme of detecting single atoms in the evanescent field
(cf. Sec. 2.5.2), the obvious approach is to use the detection light for this task, which is sent into
the coupling fiber. However, this light field is not resonant anymore with the atomic transition
of a trapped atom due to the large trap-induced light shift (cf. Sec. 3.5). As we cannot shift the
resonance frequency of the resonator fast enough to match the new atomic resonance frequency,
the detection light can only be applied when the trap light field is off. Hence, our first attempt
was to use a pulsed trapping scheme (cf. App. A.1.1). The idea is to switch the trap on and off
in a fast fashion, such that the atom stays trapped and one can probe the atom whenever the trap
light is off. In this way, we were able to observe for the first time atoms coupling to our bottle
resonator beyond the typical interaction time of the free-falling atoms, but the signal decayed
within a few microseconds. It is likely that the modulation of the trap in conjunction with the
probing was heating the atoms out of the trap.

Consequently, we moved on to a scheme, where the trap light is sent onto the resonator in
a continuous way. This chapter presents the development and application of techniques, which
eventually allowed us to trap single atoms for a significant duration. First, we will describe
the modifications of the experimental setup necessary for these experiments. We will show the
general experimental sequence including the loading of the trap and the detection of trapped
atoms. Besides the atom detection via the resonator field, we also investigate the detection via
the observation of fluorescence photons. After presenting different parameter scans aiming at
the improvement of the trapping and detection efficiency, characterization measurements will
be shown, including a discussion of different heating mechanisms in the trap, which potentially
limit the lifetime of the trapped atoms.

Parts of this chapter have been published in [149].
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Figure 4.1: Schematic of the fiber network surrounding the bottle resonator, modified and up-
graded to facilitate the trapping of single atoms close to the resonator. The dashed red box is a
simplified representation for the optics setup shown in Fig. 4.2, which includes all light fields
that are sent through the trap optics. The on/off-state of the trapping beam is controlled via the
atom-trigger FPGA (AT-FPGA). The so-called heating laser has the inverse switching pattern to
that of the trap beam and its function is explained in Sec. A.2. A set of line filters (dashed green
box) was added to the setup to transmit resonant light at 780.24 nm, but efficiently block stray
light from – in particular – the trapping beam.

4.1 Experimental setup for atom trapping

Figure 4.1 shows a scheme of the experimental setup, highlighting the parts that have been added
to the original setup (cf. Fig. 2.11), in order to facilitate experiments with trapped atoms. The
second coupling fiber is not shown in this scheme, as it was not used in the trapping measure-
ments. The atom-trigger (AT) FPGA (cf. Sec. 2.5.2) now does not only control the on/off-state
of the MZ-modulator of the detection light, but also the on/off-state of the AOMs that switch on
and off the trap light and the heating laser beam, respectively. The task of the heating laser is to
counteract thermal drifts of the resonator frequency that are induced by the illumination with the
trap light (cf. App. A.2). To do this, the heating laser has exactly the inverse switching pattern to
that of the trap beam, which in practice is accomplished using the radio frequency (RF)-driver
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chain described in App. A.1.2 that supplies both AOMs.
Furthermore, a set of line filters (dashed green box) has been inserted in between the MEMS

switch and the pair of SPCMs in Port 2 that measure the transmission through the coupling fiber.
Its task is to transmit resonant photons at 780.24 nm while efficiently blocking background pho-
tons of other wavelengths, in particular at the trap wavelength ∼ 783.7 nm and the compensation
laser wavelength ∼ 776.0 nm (cf. Ch. 5). We use two identical interference filters1 with a very
narrow bandwidth of 0.2 nm (FWHM). The center wavelength can be tuned by rotation of the
filter. As those filters, however, still have a relatively large residual transmission of ∼ 1% at
1 nm away from the center wavelength, we added an additional interference filter2 with a typical
bandwidth of 3 nm but with steeper slopes of the transmission band. With this combination we
obtain an overall transmission of resonant light of ∼ 70 % and a suppression for the trap and
compensation laser wavelengths on the order of 10−6. To perform the (y , z )-scans that allow
us to position the dipole trap onto the resonator before a measurement (cf. Sec. 3.7.3), we have
placed an SPCM in the second arm of Port 2 (transmission) and of Port 1 (reflection) without
filters, respectively.

In the course of chapters 4 and 5, we will discuss additional light fields that are sent through
the trap optics. The different light fields are combined with each other and with the trapping
beam in a free-space optics setup that is illustrated in Fig. 4.2. Besides the dipole trap laser,
we use a so-called compensation laser, a fluorescence light and a repump light. The task of
the compensation laser is to counteract the trap-induced light shift (cf. Sec. 3.5), which will be
discussed in detail in Ch. 5. The fluorescence light allows us to externally probe and detect the
trapped atom, see Sec. 4.5, and the repump beam is used to prevent potential depumping of the
trapped atom to the F = 2 ground state, see below. These three additional beams are generated
by separate laser sources and guided to the beam combination setup via polarization-maintaining
(PM) single-mode fibers. First, the trap light is efficiently combined with the compensation
light using a line filter. Then, this pair of beams is combined with the fluorescence light and
the repump light on a 90:10 beam splitter cube. Subsequently, all light fields are transmitted
through a PBS and a Berek compensator (BC) such that they enter the fiber-beam splitter with
the same linear polarization. The 90%-port of the fiber-beam splitter is connected to the trap
optics, while the 10%-port allows for measuring the individual beam powers. Typical powers of
the trap, compensation, fluorescence and repump lights are 20 mW, ≤ 1 mW, ≤ 100 nW and
15 nW, respectively.

4.2 Trap loading

In order to trap single atoms in our standing-wave dipole potential, the basic structure of the ex-
perimental cycle, as explained in Sec. 2.5, is maintained. As before, the atomic fountain delivers
a cloud of cold 85Rb atoms to the bottle resonator, which spends about 100 ms in its close vicin-
ity. Within this time window the FPGA-based detection and control system detects single atom
transits through the evanescent field of the resonator mode in real time, which we will denote

1Interference filter 780 nm, Radiant Dyes Laser & Accessories GmbH
2780 nm MaxLine laser clean-up filter, Semrock
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Figure 4.2: Scheme of the optics setup used for combining the trapping beam with the compen-
sation, fluorescence and repumper beams (see text). All beams are coupled into the single-mode
fiber-beam splitter, whose 90%-port is connected to the trap optics (cf. Fig. 3.9). The 10%-port
of the fiber-beam splitter allows for measuring the individual laser powers.

as 1st detection in the following. In the moment of the atom detection, the atom-trigger FPGA
switches off the detection light and the trap light is switched on rapidly in order to capture the
detected atom, if it is located inside the trapping volume.

In Fig. 2.17 we showed the time distribution of 1st trigger events that indicate the arrival of
atoms in the resonator mode, and it is again shown in Fig. 4.3 (red). One can see that we detect
two classes of atoms that couple to the resonator on their way up and down, respectively. Here,
we want to investigate, which of these atoms are more likely to be trapped.

The measurement has been performed at an earlier stage of our trapping investigations,
where we used a pulsed trapping beam, see App. A.1.1. In order to probe the atom, the detection
light was sent with the inverse switching pattern, such that it is on whenever the trap light is off.
By analyzing the transmission of the detection light within the short time windows where the
detection light is on, we are able to test the presence of a trapped atom. In this measurement,
about 0.2 % of all atoms detected in the 1st detection were trapped. We can plot the arrival times
of these trapped atom events and compare it to the arrival time histogram of all initially detected
atoms, see Fig. 4.3. For each case we normalize the number of atoms per millisecond, N(t), by
the total number of atom events Ntot. In the arrival time histogram of the trapped atom events
(green), the later peak is now higher than the earlier one, indicating that atoms are more likely to
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Figure 4.3: Comparison of the atom arrival time histograms of all atoms detected in the 1st de-
tection (red; same data as in Fig. 2.17 a)) and of the trapped atoms (green). For better compari-
son, the histograms were normalized by the total number of initially detected atoms and trapped
atoms, respectively.

be trapped when they are free falling after the turning point of the fountain trajectory. This seems
plausible, considering the tilt direction of the resonator and the location of the dipole trap, see
Fig. 3.2. Due to this, the resonator prevents – to some extent – the upward moving atoms from
reaching the trap potential. Furthermore, the maxima of the green histogram are less separated
in time with respect to each other than in the case of the red histogram. This means, that the
atoms closer to the turning point of the trajectory, that is the slower atoms, are more likely to be
trapped.

Based on this measurement, in the following we shortened the detection window during the
experimental cycle and only analyzed events between t = 40 ms to t = 120 ms in order to
only record the trapped atoms from the second peak. Furthermore, the shorter detection window
helps preventing atom trigger cascades, which can occur due to the trap-induced heating of the
resonator (cf. Sec. A.2).

4.3 Basic trapping sequence and data analysis

In all the trapping experiments presented in this thesis, we run the basic sequence depicted in
Fig. 4.4 a), instead of the one in Fig. 2.16 b). Whenever an atom is detected in the resonator
mode, the detection light is switched off and the dipole trap is switched on in order to catch the
detected atom. In all experiments presented in this chapter, the trap light field was polarized
perpendicular to the resonator axis (cf. Sec. 3.6.1), as indicated in Fig. 4.4 b). After a holding
time, thold, the trap light is switched off and the detection light is switched on again. Thus, if
the atom is still present after the trap phase, it will again be resonant with the resonator mode
and can be detected via the transmission increase of the detection light. We denote the latter as
2nd detection. With the detection light being switched on, the experiment is then ready again to
detect the next atom transit event.
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Figure 4.4: a) Key part of the experimental sequence for atom trapping. When an atom trigger
(AT) event occurs (1st detection), the detection light is switched off and the trap light is switched
on for a variable time duration thold. Afterwards, the trap is switched off and the detection light
is switched on again. Thus, a potentially trapped atom is released from the trap and can be re-
detected via the resonator field (2nd detection). b) Illustration of the propagation directions of
the trap and the detection light fields. In all experiments presented in this chapter, the trap light
field was ⊥-polarized (cf. Sec. 3.6.1), as indicated by the black arrow.

We also perform a reference sequence without trapped atom by switching on the trap light
with a delay of 10 µs after the atom detection, see dashed red line in Fig. 4.4 a). As transiting
atoms leave the evanescent field within 1-2 µs (cf. Fig. 2.17 b)), a detected atom will not be
trapped in this case. The reference sequence allows us to distinguish background photons from
signal photons that originate from a trapped atom. After repeating the experimental cycle many
times, we analyze the acquired data with respect to signatures of trapped atom events.

In the following, each part of the sequence and the data analysis will be discussed in more
detail.

4.3.1 Sequence

Upon the detection of an atom, the trapping beam is switched on via the AOM in the trap setup,
which has a switching delay of about 120 ns and a rise time of about 20 ns. As the reaction time
of the atom-trigger FPGA is about 160 ns, the overall delay between atom detection and trapping
is about 280 ns. This duration is much shorter than the average transit time of an atom through
the evanescent field of the resonator mode and, thus, allows us to catch the detected atom.

As seen in Sec. 4.2, our trap loading mechanism has a rather low efficiency. However, when
an atom is trapped upon being detected via the evanescent field of the resonator mode, it is most
likely to be found in the trapping site closest to the resonator surface, as intended. There might
be a possibility of trapping one or more atoms in trapping sites other than the first one. But
already for the second trapping site at a distance of about 600 nm from the resonator surface,
the atom–resonator coupling strength is close to zero and, thus, an atom located there would
not affect the experiment. Due to the low density of the atomic cloud around the resonator
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(cf. Sec. 2.5.1), the probability to trap multiple atoms in the first trapping site is negligibly low.

A trapped atom experiences a large light shift, as we have seen in Sec. 3.5. The resonator,
however, is stabilized to the resonance of the unperturbed 5S1/2, F = 3 → 5P3/2, F = 4
transition. Consequently, a trapped atom is strongly detuned from the resonator mode. A feed-
forward of the resonator frequency could in principle compensate for the mean light shift of
the atomic transition, but not for the broadening of the latter due to the position dependence of
the light shift (cf. Sec. 3.6.4) in conjunction with the atomic motion in the trap. Furthermore,
the experimental system for changing the resonator frequency only allows slow adjustments on
the order of many tens of milliseconds. To tune the transition of the trapped atom back into
resonance with the resonator, we ultimately implemented a light shift compensation scheme,
which is discussed in Ch. 5.

During the holding time, the detection light that is incident on the resonator is switched off
via the MZ-modulator and additionally with the AOM in the resonator laser setup (cf. Sec. 2.4.5).
While the MZ-modulator provides fast switching on a sub-nanosecond time scale, the AOM
ensures extinction of the light to better than 10−6 of the incident power. We take this mea-
sure, as in the presence of the detection light we observed a significantly reduced trapping sig-
nal. This is possibly linked to the fact that the 5P3/2, F = 3 excited state is shifted closer
to resonance due to the trap-induced light shift. The atom could be either heated via the
5S1/2, F = 3 → 5P3/2, F = 4 transition, or it could decay into the F = 2 ground state

level, where it is invisible for the detection light. For the latter reason, we implemented a re-
pumper beam, which is also sent via the trap optics onto the atom, see Fig. 4.2. This beam is
branched off from the repump laser source for the MOT (cf. Sec. 2.4.4). Hence, it is resonant
to the unperturbed 5S1/2, F = 2 → 5P3/2, F = 3 transition. To compensate for the light
shift-induced detuning of the atomic repump transition to the repump light, we use an optical
power corresponding to 10 − 20 Isat. This repump beam was applied over the full holding time
in all the trapping measurements.

To detect a trapped atom via the resonator field, the detection light is switched on again.
At the same time, the trap light needs to be switched off such that the light shift of the atomic
transition vanishes. If an atom was trapped for the entire holding time, it is now released from
the trap and spends about 1 µs in the evanescent field. In this time, it will interact again with
the resonator field and thus lead to an increased transmission of detection light through the
coupling fiber (cf. Sec. 2.5.2), which will be registered by the SPCMs. This detection method is
destructive in the sense that the trapped atom is lost and, therefore, cannot be used for any further
experiment. Later on we will, however, present a fluorescence detection method (cf. Sec. 4.5.1)
that is compatible with detecting an atom while it is trapped.

4.3.2 Data analysis: trapped-atom statistics

With the resonator detection scheme described above, we can investigate the trapped atom statis-
tics in our setup. For this purpose, we repeat the experimental cycle many times to collect a large
number of atom trigger events (1st detection). All photon clicks associated with an atom trigger
event are recorded by the pair of SPCMs in Port 2 (cf. Sec. 4.1), and they receive a time stamp
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Figure 4.5: Photon number probability distribution of the transmission of the detection light
within the 2 µs-long 2nd detection window. a) Full histogram showing the result of both the
actual (blue bars) and the reference measurement (gray bars). b) Zoom into the range of smaller
probabilities of the histogram in (a). The red solid lines in both plots is a fit of a Poissonian
function to the reference data. The dashed green line in (b) indicates the choice of a second
trigger threshold, used to filter trapped atom events out of all atom trigger events (see text).

by the time tagger (TT) FPGA (cf. Sec. 2.6.1). We extended the photon recording window for
the trapping measurements to cover −5 µs to up to 2 ms around an atom trigger event (instead
of ±25 µs, which we used for the transiting atoms).

When the trap is switched off and the detection light is switched back on after thold, we count
the number of photons registered in a 2 µs-long window, as indicated in Fig. 4.4 a). If no atom
is present, the transmission of the detection light through the coupling fiber is nearly zero, and
hence, we expect a low photon number. On the contrary, a trapped atom should give rise to a
higher photon number due to strong resonant atom–resonator interaction. From the count results
for all atom trigger events we generate a photon number histogram, that shows the probability

p(n) =
N(n)

Ntot
, (4.1)

for registering n photons within the 2 µs as a function of n, see Fig. 4.5. Here, N(n) is the
number of atom trigger events, for which we detected n photons in 2 µs and Ntot is the total
number of atom trigger events. In blue color we plot the histogram for the sequences potentially
containing trapped atom cases (”measurement”) and in gray color the one obtained from the
reference sequences (”reference”) where no atom was trapped. Figure 4.5 a) shows the full
histograms plotted on top of each other, revealing that for small photon numbers (n < 4) they
do not differ much from each other. More than 80 % of all atom trigger events show zero photons
within the 2nd detection window. The red solid line is a fit of a Poissonian function,

p(n) = A
λn

n!
e−λ , (4.2)

to the reference data, which yields an expectation value of λ = 0.15 photons per 2 µs. This is
compatible with the residual fiber transmission of the detection light of about 1 % in the absence
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of an atom (cf. Sec. 2.5.2). Figure 4.5 b) shows the same histograms, but zoomed into a different
range of the probability axis to better illustrate the distribution for higher photon numbers. We
see that for n > 4 the blue histogram strongly deviates from the reference histogram, showing
atom trigger events with larger photon numbers. This signal, which is absent in the reference
data, most likely stems from trapped atoms. We also see a few such events in the reference data
around n ≈ 12, which we attribute to atoms from the atomic cloud accidentally transiting the
evanescent field during the 2nd detection window.

Unfortunately, the probability distribution of the trapped atoms does not follow a Poissonian
distribution, but rather merges into the reference distribution, which makes it difficult to clearly
distinguish between trapped and non-trapped atom events. The reason is probably, that the
distribution of atom–light coupling strengths in the 2nd detection window is rather broad. This
underlines the importance of a reference measurement performed under the same experimental
conditions. In the following, in order to identify a trapped atom, we choose a threshold value
n2nd

thr for the 2nd detection, at which the measurement data clearly differs from the reference data.
The fraction of trapped atoms that fulfill this condition is then given by the sum of all events
fulfilling n ≥ n2nd

thr

η =
1

Ntot

∞

n=n2nd
thr

N(n) . (4.3)

In the example measurement in Fig. 4.5 we could choose, e.g., n2nd
thr = 5, which yields a fraction

of trapped atoms of η ≈ 0.4 %. The predominant reason for this low value is the finite overlap
of the trap volume with the resonator mode. Moreover, from all atom trigger events where the
atom is inside the trapping volume in the moment of detection, only those atoms can be trapped
whose total energy is smaller than the trap depth. The total energy of the atom is determined
by its kinetic energy, which is dominated by the free fall of the atom, and its position with
respect to the trap center at the moment the dipole trap switches on, which determines the initial
potential energy in the trap. A third factor leading to a reduction of the trapping probability is the
finite time delay between atom detection and switching on the trap of about 280 ns. Besides the
trapping probability, the fraction η is also influenced by the efficiency of our second detection
scheme, which is, however, difficult to estimate.

4.4 Investigation of trap loading and re-detection

During our first attempts to trap single atoms in the dipole trap, we observed typically very small
or sometimes nearly vanishing trapping signals. Therefore, both the trap loading efficiency and
the efficiency of the re-detection (2nd detection) had to be optimized, which is described in the
following.

4.4.1 Optimization of the trap focus position

The probability for detecting a single atom in the resonator mode (1st detection) increases with
the atom–light coupling strength g. As the latter is proportional to the atom’s position in the
resonator mode (cf. Eq.(2.8)), the detection probability should be largest when the atom is at
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Figure 4.6: Dependence of the probability to trap and re-detect an atom on the trap focus po-
sition along the resonator axis. a) (y , z )-scan of the resonator surface, recorded as described
in Sec. 3.7.3. b) Measured probability, η, for re-detecting a given detected atom after a time
thold = 100 µs via the resonator field, determined according to Eq. (4.3) for a second trigger
threshold n2nd

thr = 7. The solid lines are guides to the eye.

the caustic and near to the resonator surface. Consequently, in order to achieve a good trap
loading efficiency, the trap should be positioned close to the caustic. In order to optimize the
trap position, we therefore want to measure the probability, η, to trap and re-detect an atom, as a
function of the axial (z ) position of the trap focus along the resonator in the area of the caustic.

Unfortunately, as described in Sec. 2.4.6, the low scattering losses of the resonator make
it hard to identify the exact axial quantum number of the used resonator mode, or the exact
position of the caustics along the resonator axis. However, we know the approximate position of
the caustic from the position of the coupling nanofiber, at which we optimize the fiber–resonator
coupling. Therefore, we aim at scanning the trap focus around the position of the nanofiber.
The latter we can find out, as described in Sec. 3.7.3, by performing a (y , z )-scan. The result
of this scan is shown in Fig. 4.6 a). The z -piezo of the trap optics translation stage has a full
travel range of 20 µm. Within this range we choose five discrete z -positions for the trap focus –
marked by the green dots in the (y , z )-scan – where we want to test the trap loading efficiency.

To perform the measurement, we run the basic trapping sequence as described in Sec. 4.3.1
with a holding time of thold = 100 µs. The trap power and wavelength were set to Ptrap =
18.9 mW and λtrap = 783.65 nm, respectively. We repeat the sequence five times, where each
time we change the position of the trap focus by Δz = 5 µm. This is done automatically during
the measurement by addressing the z -piezo of the 3-axis translation stage of the trap optics. The
block of five sequence parts is then repeated to obtain a set of measurements without trapped
atoms, which is achieved by delaying the trap light by 10 µs after an atom detection event. The
block of ten sequence parts is then repeated about 10000 times.
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In total, we analyzed about 60000 atom trigger events per trap position, and we used a second
trigger threshold of n2nd

thr = 7. Figure 4.6 b) shows the measured probability, η, for trapping
a given detected atom and re-detecting it after the holding time, for the different trap focus
positions (blue) as well as the corresponding reference runs (gray). We observe a probability
of η(Δz ) ≈ 0.11 % for the third and fourth z -position, while the probabilities for the other
positions are indistinguishable from the reference results. The solid blue and gray lines are
guides to the eye.

The measurement result suggests that the extension of the used resonator mode in z -direction
does not exceed Δz ≈ 15 µm. The caustic positions of a resonator mode with an axial quantum
number q = 3 have been determined to be zc ≈ ±6.6 µm [60]. Considering, that the trap focus
has a diameter of 2wtrap ≈ 7 µm, the above measurement is compatible with q 3. Based on
the measurement result of Fig. 4.6 b), in all following measurements presented in this thesis,
we positioned the trap focus within the gray shaded area, which is about +7 µm offset from the
interpolated nanofiber position (cf. Fig. 3.13).

4.4.2 Optimization of trap loading

Until now, in our experiments, the frequency of the resonator field was chosen to be resonant
to the 5S1/2, F = 3,mF = 3 → 5P3/2, F = 4,mF = 4 atomic transition. In this case,
the evanescent field does not exert a dipole force on the atoms in the cloud. If, however, the
resonator frequency is detuned with respect to the atomic transition, the atoms feel a repulsive
or attractive dipole force depending on whether the resonator–atom detuning Δωra = ωr − ωa is
> 0 or < 0, respectively. The two cases are illustrated in Fig. 4.7 a), considering the short-range
and attractive van der Waals force.

The effect of the resonator–atom detuning on the 1st detection of atoms was investigated
in [59] by measuring the histogram of the atom detection times, as shown in Fig. 2.17, as a
function of the detuning. It was found that for blue detuning (Δωra/2π > 0), the maxima of the
two peaks in the arrival time histogram move away from each other and overall less atoms are
detected. This indicates that slow atoms, i.e. atoms which arrive late in the first peak and early
in the second peak are not noticed by the detection system. This confirms the repulsive force, as
only the fast atoms are able to climb the potential hill toward the resonator surface and are able
to couple sufficiently strong to the evanescent field to be detected. If the resonator field is red-
detuned (Δωra/2π < 0), atoms are accelerated toward the resonator surface and are, thus, more
likely to hit the surface. An investigation of the lifetime of the atoms in the evanescent field in
Ref. [59] yielded, that a repulsive force increases the atom–light interaction time by about 50 %
at Δωra/2π = 3 MHz, while an attractive force reduces the interaction time by about 50 % at
Δωra/2π = −3 MHz, compared to the resonant case. In this section, we investigate the effect
of the dipole force exerted by the resonator field on our trapped atom statistics.

We again use the basic trapping sequence shown in Fig. 4.4 with a holding time of thold =
100 µs. The trap power was Ptrap = 20 mW and the trap wavelength was λtrap = 783.68 nm.
We repeat the sequence three times, where each time we simultaneously change the frequency
of the detection light and the resonator. Both frequencies have to be identical in order to keep
the transmission through the coupling fiber zero (in absence of an atom).
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Figure 4.7: Dependence of the probability to trap and re-detect an atom on the resonator–
atom detuning. a) Illustration of the dipole potentials associated with a red- and blue-detuned
resonator field, considering the attractive van der Waals force. b) Number of detected atoms
per sequence run in the 1st detection. Here, we normalized the total number of atom trigger
events, Ntrig,tot, by the number of sequence runs Nrep performed for a certain frequency setting.
c) Measured probability, η, for re-detecting a given detected atom after a time thold = 100 µs via
the resonator field, determined according to Eq. (4.3) for a second trigger threshold of n2nd

thr = 6.

In this way, we performed two independent measurements, with the settings for the detun-
ing Δωra/2π = {−3, 0, +3} MHz and Δωra/2π = {3, 4.5, 6} MHz, respectively. Here, the
+3 MHz setting was taken twice in order to judge the reproducibility between the two measure-
ments. The results of both measurements are plotted together in Fig. 4.7. Panel (b) shows the
measured dependence of the number of atoms detected in the 1st detection on the resonator–
atom detuning. This quantity has a maximum for the resonant case with about 5 detected atoms
per sequence run, and it decreases both for red and blue detuning of the resonator field. Panel
(c) shows measured probability, η, for trapping and re-detecting an atom after the holding time
thold, as a function of the resonator–atom detuning. A second trigger threshold of n2nd

thr = 6 was
applied. The blue data shows the measurement result and the gray data shows the reference re-
sult where no atom is trapped. When the resonator field is red-detuned with respect to the atom,
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i.e. when it exerts an attractive force toward the resonator surface on the atom, the probability η
for trapping the atom basically vanishes. On the other hand, for a blue-detuned resonator field,
which exerts a repulsive force on the atom, the trapping probability increases even compared
to the resonant case (Δωra/2π = 0). This is, on the one hand, most likely due to the longer
atom–light interaction time. Furthermore, as the atoms are repelled from the resonator surface
they are on average further away from the resonator, which favors the capturing of the atom in
our trapping potential.

For all following measurements, we set the resonator–atom detuning to Δωra/2π = +3 MHz
(gray bar), where the probability to trap an atom is larger by a factor of about 3 compared to the
resonant case and we still detect a reasonable number of atoms per sequence run.

4.5 Fluorescence detection and probing of a trapped atom

To be able to see trapped atoms, we employed so far the re-detection scheme where we probe the
system via the resonator field (cf. Sec. 4.3.1). A disadvantage of this method is that it cannot be
applied in presence of the trap-induced light shift of the atomic transition, as it relies on resonant
atom–resonator interaction. Thus, the trap light has to be switched off during detection, which
results in the loss of the atom. For many experiments it would be advantageous to detect the
atom non-destructively. Therefore, we introduce a different method, which relies on detecting
the fluorescence of the trapped atom.

We use an additional light field, which we call fluorescence light. This light field is branched
off from the resonator laser setup (cf. Sec. 2.4.5) and double-passes an AOM, which allows for
switching and frequency tuning. Then it is coupled into a PM-fiber and guided to the laser beam
combination setup shown in Fig. 4.2. We set the frequency of the light to be resonant to the
resonator mode. When a trapped atom is illuminated with this light field via the trap optics,
the atom elastically scatters photons. A fraction of these fluorescence photons is coupled into
the resonator mode, out-coupled into the nanofiber and can then be detected with the SPCMs in
transmission (Port 2).

4.5.1 Theoretical estimation of the fluorescence scattering rate

We want to estimate the number of fluorescence photons that can be detected with the SPCMs
for a given incident power of the fluorescence light field, Pfluor. To do this, we start with the
expression for the scattering rate into free space [111]

Γfs
sc = Γ ρee , (4.4)

where Γ = 2γ is the natural decay rate of the excited state and ρee is the excited state population.
The latter can be derived from the optical Bloch equations [150] for a two-level atom in the
steady state (t → ∞), yielding [111]

ρee(t → ∞) =
(Ω/Γ)2

1 + 4(Δ/Γ)2 + 2(Ω/Γ)2
. (4.5)
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Figure 4.8: Theoretical estimation of the detection rate of fluorescence photons, Γdet in the
transmission port (Port 2) as a function of the atom–light detuning, when a resonator-coupled
trapped atom is illuminated with fluorescence light of different powers, Pfluor, via the trap optics.
The powers are also given in terms of the resonant saturation parameter defined by s0 = I/Isat
[19, 111].

Here, Ω is the resonant Rabi frequency and Δ is the atom–light detuning. As we are interested
in the emission of photons into the resonator, we have to replace Γ in Eq. (4.4) by the Purcell-
enhanced decay rate 2CΓ [31, 151] and in Eq. (4.5) by the total decay rate (1 + 2C)Γ, and thus
obtain for the scattering rate into the resonator

Γres
sc = 2C Γ ρee = CΓ

(I/Isat)

1 + 4 Δ
(1+2C)Γ

2
+ (I/Isat)

, (4.6)

with the cooperativity C = g2/2κγ. Furthermore, we inserted the relation between the Rabi
frequency and the optical intensity [111]

I

Isat
= 2

Ω

(1 + 2C)Γ

2

, (4.7)

where Isat = (1 + 2C)2Isat with Isat = 2.5 mW/cm2 being the saturation intensity of the
5S1/2, F = 3 → 5P3/2, F = 4 transition [111]. The ratio s0 = I/Isat is also called satura-

tion parameter [19].
To obtain a rough estimate for Γres

sc we insert the values {g, κ, γ} = 2π {10, 10, 3} MHz into
Eq. (4.6), where the value for the coupling strength g was taken from Fig. 2.12 assuming the
trapped atom to be located in the trap center at a distance of x0 ≈ 205 nm from the resonator
surface. Moreover, we insert the intensity of the fluorescence beam at the trap center given by
I0,fluor ≈ f⊥(x0)× 2Pfluor/πw

2
0 where f⊥(x0) = 1.43 is given by Eq. (3.38). Since we want to

know the photon detection rate, Γdet, that we expect to observe on the SPCMs, we also have to
take into account losses along the optical path between the resonator and the SPCMs:

Γdet = ηext ηSPCM × Γres
sc . (4.8)
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Here, the factor ηext = 0.5 accounts for the fact that for critical coupling only 50 % of the light
is coupled into the nanofiber, as the other 50 % are dissipated by the resonator. Furthermore,
ηSPCM ≈ 0.6 is the approximate quantum efficiency of the SPCMs at a wavelength of 780 nm. In
Fig. 4.8, the photon detection rate expected for our experiment Γdet is plotted as a function of the
atom–light detuning. For a power of, e.g., Pfluor = 100 nW and an average light shift-induced
atom–light detuning Δ ≈ 2π× 200 MHz (cf. Fig. 3.8 a)) we expect to register ∼ 6 fluorescence
photons in 1 µs. As we used a position-independent fluorescence light intensity equal to the
maximum intensity at the trap center in this derivation, the result in Fig. 4.8 should be regarded
as an upper bound.

4.5.2 Experimental investigation of the fluorescence detection scheme

We now want to characterize how well we can see trapped atoms via the detection of fluorescence
photons in the experiment. For this purpose, we have to illuminate the trapped atom with the
fluorescence light field via the trap optics and measure the atomic fluorescence signal. We use
the experimental sequence depicted in Fig. 4.9 a), where the dipole trap is loaded as described
in Sec. 4.2. While the trap light is on, we send a strong fluorescence light pulse with variable
pulse duration, Δtfluor, onto the atom. This measurement should deliver information about the
survival probability of a trapped atom in the presence of the fluorescence light pulse, depending
on the pulse duration. Therefore, we also perform the 2nd detection via the resonator field, when
the trap light switches off after a hold time of thold = 100 µs. We perform four measurement
sequences for fluorescence pulse durations Δtfluor = {0, 10, 30, 60} µs, as well as a reference
sequence without trapped atoms for a fluorescence pulse duration of Δtfluor = 60 µs. The
fluorescence laser power was chosen to be Pfluor ≈ 100 nW, corresponding to I ≈ 230 Isat,
and the trap power was Ptrap ≈ 20 mW. Both the trap and the fluorescence light fields were
⊥-polarized, as illustrated in Fig. 4.9 b).

In total, we analyzed about 115000 atom trigger events per sequence part. First, we want
to know whether we are able to observe fluorescence photons scattered by trapped single atoms
with the SPCMs, as described in the theoretical part of this section. For this purpose, we look at
the photon number probability distribution, pfluor(n), within the first 10 µs of the fluorescence
window, in the same way as we did so far for the 2nd detection window (cf. Sec. 4.3.2). The
result is shown in Fig. 4.9 c) in purple color with the reference data plotted in gray. The red solid
line is a Poisson fit of the reference data. We see a clear deviation between the purple and the
gray histograms at higher photon numbers, meaning that we indeed see scattered fluorescence
photons for some of the atom events. We filter the fluorescent atom events from the full data set
by taking only those for which we detect ”n ≥ nfluor

thr = 6 photons in 10 µs”, as indicated by the
dashed green line in Fig. 4.9 c). We plot the time dependence of the fluorescence signal averaged
over all filtered atom events in Fig. 4.9 d) (purple dots). The gray dots show the corresponding
data for the atom events that were not trapped. The purple fluorescence signal reveals a photon
detection rate of about 1.5 photons per 1 µs, which is smaller by a factor of ∼ 4 compared to
the theoretically estimated value for an average atom–light detuning of Δ ≈ 2π × 200 MHz
(cf. Fig. 4.8). Furthermore, the signal decays with time, which means that atoms are lost from
the trap under the influence of the fluorescence light. We fit an exponential function to the data
(purple solid line), which yields a decay time of (3.8 ± 0.1) µs. The latter can be understood
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Figure 4.9: a) Experimental sequence for investigating the effect of a fluorescence beam sent
via the trap optics onto the trapped atom. The sequence is performed for different durations
of illumination with the fluorescence beam Δtfluor. b) Illustration of the propagation direction
of the involved light fields and the polarization direction of the trap and fluorescence beams.
c) Photon number probability distribution of the first 10 µs of the fluorescence window with
(purple bars) and without trapped atoms (gray bars). The dashed green line indicates the choice
of the photon threshold to identify trapped atoms. d) Time dependence of the fluorescence
signal after switching on the fluorescence light, averaged over the trapped atom events. The
solid purple line is an exponential fit to the data, which yields a decay time of (3.8 ± 0.1) µs.
e) Photon number probability distribution of the 2nd detection window for the measurement
(blue bars) and the reference data (gray bars). The dashed green line indicates the choice of the
second trigger threshold, used to filter atom events that are trapped over the full holding time. f)
Measured probability, η, for re-detecting a given detected atom after a time thold = 100 µs via
the resonator field, for a second trigger threshold n2nd

thr = 6, as indicated in the photon number
probability distribution in (e).
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if we consider scattering-induced heating of the trapped atom. In particular, as we will discuss
in Sec. 4.6.3, the trapped atom experiences a strong repulsive force in the excited state due to
the position-dependent trap-induced light shift. We estimate for our experimental situation that
the atom can scatter ∼ 12 photons before it is lost. From the measured fluorescence photon
detection rate of Γmeas

det = 1.5 MHz, we can infer the expected total scattering rate of the atom in
the trap, Γtot

sc = Γfs
sc + Γres

sc , using the expressions from Sec. 4.5.1, and obtain Γtot
sc ≈ 11.5 MHz.

The latter would correspond to a lifetime of the atom in the trap associated with this heating
mechanism in the presence of the strong fluorescence light of ∼ 1 µs. This value is compatible
with the measured fluorescence decay time of 3.8 µs, if we again consider that we are slightly
overestimating the fluorescence light intensity seen by the atom by assuming the maximum
intensity at the trap center for the calculation of Γtot

sc .
An alternative way to see whether atoms are lost from the trap during illumination with the

fluorescence light, is to test their presence via the resonator field after the trap light switches
off. For this purpose, we analyze the photon clicks detected within the 2nd detection win-
dow. Figure 4.9 e) shows the photon number probability distribution of the 2nd detection win-
dow, exemplarily for the sequence runs where the fluorescence pulse was sent for a duration
of Δtfluor = 10 µs. Applying a second trigger threshold of n2nd

thr = 6 to the photon number
probability distributions of all sequence parts, we obtain the probability, η, to trap and re-detect
a given detected atom as a function of Δtfluor. The result is shown in Fig. 4.9 f). The probability
of η ≈ 0.15 % for the runs without the fluorescence pulse (Δtfluor = 0) is relatively low, be-
cause the measurement was still performed with a resonant instead of a blue-detuned resonator
field (cf. Sec. 4.4.2). However, when the trapped atom is illuminated with the strong fluores-
cence pulse, the probability for re-detecting the atom at the end of the holding time is visibly
reduced compared to the case without fluorescence light. Already after 10 µs of illumination the
atom has very likely been heated out of the trap, which is in agreement with the result shown
Fig. 4.9 d).

4.5.3 Non-destructive fluorescence detection

In the previous section we demonstrated the feasibility of the fluorescence detection, but the cho-
sen power Pfluor = 100 nW was too high to keep the atom trapped despite the large trap-induced
light shift, even for the smallest illumination time of 10 µs. In the following measurement, we
therefore reduce the fluorescence light power and increase the illumination time to investigate,
whether we can perform a fluorescence detection of the atom without heating it out of the trap.

The corresponding experimental sequence is illustrated in Fig. 4.10 a). Compared to the pre-
vious measurement we extend the illumination time to Δtfluor = 960 µs. We run four measure-
ment sequences with fluorescence light powers Pfluor = {0, 0.25, 0.5, 1.0} nW corresponding
to about {0, 0.6, 1.2, 2.3} Isat, as well as reference sequences without trapped atoms for the
three non-zero power values.

We analyzed about 58000 atom trigger events per sequence part. First, we investigate the
fluorescence window and determine the fraction of atom trigger events, ηfluor, for which we
detect nfluor

thr = 6 or more photons within the 960 µs. We do this analogous to the analysis we
performed so far for the 2nd detection window using Eq. (4.3). The result is shown in Fig. 4.10 c).
Here, ηfluor gives information about the strength of the fluorescence signal, depending on the
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4. TRAPPING SINGLE ATOMS CLOSE TO THE BOTTLE RESONATOR

Figure 4.10: a) Experimental sequence for investigating the effect of a fluorescence beam sent
via the trap optics onto the trapped atom. The sequence is performed for different fluorescence
light powers Pfluor = {0, 0.25, 0.5, 1.0} nW. b) Illustration of the propagation direction of
the involved light fields and the polarization direction of the trap and fluorescence beams. c)
Fraction of atom trigger events, ηfluor, for which we detect nfluor

thr = 6 or more photons within the
fluorescence window, calculated according to Eq. (4.3). The purple (gray) data points show the
result for the measurement (reference) runs. d) Time dependence of the fluorescence signal after
switching on the fluorescence light, averaged over the trapped atom events, for a fluorescence
light power of Pfluor = 0.5 nW. The solid purple line is an exponential fit to the data, yielding a
decay time of (940±170) µs. e) Measured probability, η, for re-detecting a given detected atom
after a time thold = 1 ms via the resonator field, determined according to Eq. (4.3) for a second
trigger threshold n2nd

thr = 7. The blue (gray) data points show the result for the measurement
(reference) runs. Panels c) and e) The solid lines are guides to the eye. The green bars indicate
the optimal setting of the fluorescence light power, which allows us to see atoms and keep them
trapped with a relatively large probability.
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4.5. Fluorescence detection and probing of a trapped atom

fluorescence light power, Pfluor. We see that the signal increases with increasing power. Now,
to obtain information about the survival probability of a trapped atom, we also analyze the
2nd detection window. Figure 4.10 e) shows the probability, η, to re-detect a given detected
atom after the holding time thold = 1 ms, as a function of the fluorescence light power, Pfluor.
Overall, the signal-to-noise ratio is not as good as in the previous measurement, predominantly
because the holding time is now on the order of the atomic lifetime in the trap (cf. Sec. 4.6.1).
However, we do not observe a clear reduction of the atomic survival probability η for the two
lower fluorescence light powers of 0.25 nW and 0.5 nW, indicating that the fluorescence light
does not significantly heat the atom during the interrogation time.

In conjunction with the fluorescence signal strength shown in panel (c), the measurement
suggests an optimal setting for the fluorescence light power of Pfluor = 0.5 nW, indicated by
the green bars in the figure. At this power, we can both observe atomic fluorescence above the
background and obtain a relatively large survival probability. In Fig. 4.10 d) we also plot the
time dependence of the fluorescence signal averaged over the trapped atom events, for Pfluor =
0.5 nW. The purple solid line is an exponential fit to the data, which yields a decay time of
(940±170) µs. This decay time is comparable to the trap lifetime without applying fluorescence
light (cf. Sec. 4.6.1). For comparison, for the case of the higher fluorescence light power Pfluor =
1 nW (not shown in Fig. 4.10) we obtain a decay time of (480± 40) µs.

4.5.4 Fluorescence background reduction

Since the fluorescence signal is relatively weak, it is essential to minimize the background pho-
tons reaching the SPCMs. When the fluorescence beam impinges on the resonator, not only the
trapped atom scatters photons, which is the signal we want to detect, but photons of the incident
beam also directly couple into the resonator. This effect is highly dependent on the adjustment
of the trap optics. As these photons have the same frequency as the atomic fluorescence, they
cannot be blocked with filters before reaching the SPCMs, as done for the trap light.

In order to minimize these scattered photons, we use the following procedure: First, we
adjust the trap optics to the desired position via the (y , z )-scan, as described in Sec. 3.7.3. As
a second step, we perform again a similar scan with 50-100 nW of fluorescence light. From
this, we obtain the position dependence of the fluorescence background counts. We pick the
position of minimum background close to the desired trap position, and we position the trap
optics accordingly. After this positioning, we typically need to fine-adjust the trap optics position
again to minimize the background counts, possibly due to slight hysteresis of the stepper motor
and piezo-electric actuators. In this way, we achieve typical background count rates of 0.01 µs−1

for an incident fluorescence light power of ∼ 100 nW.

4.5.5 Conclusion

We can conclude that the fluorescence beam sent via the trap optics allows us to detect the
presence of an atom in the dipole trap in spite of the large trap-induced detuning between the
atomic transition and the resonator. When using a fluorescence light power on the order of
∼ 100 nW, the method is destructive, as the atom leaves the trap within several microseconds.
However, while being destructive, the short and strong pulse yields a snap-shot information on
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the presence of an atom in the trap. For this reason, we use this method for the detection of
trapped atoms in the measurements presented in the remainder of this thesis.

In Sec. 4.5.3 we saw that a reduction of the fluorescence beam power in combination with
a longer integration time allows us to see the trapped atom without heating it out of the trap.
This offers the possibility for future trapped-atom experiments conditioned on the detection of
an atom in the trap in real time.

Further benefits of the fluorescence detection method, compared to the detection via the res-
onator field, are the following: First, we directly talk to the trapped atom and thus do not detect
atoms, which couple to the resonator mode at other positions around the resonator circumfer-
ence. Second, the fluorescence method is less sensitive to a shift of the resonator frequency,
e.g. induced by a temperature increase of the resonator material due to the illumination with the
trapping beam, see Sec. A.2.

4.6 Characterization of the single trapped atoms

The measurements presented in Sec. 4.4 and 4.5 aimed at improving the trap loading efficiency
and the efficiency to detect a trapped atom. Now we want to investigate the properties of the
single trapped atoms, such as their average lifetime and temperature. Furthermore, we will
discuss different mechanisms that lead to heating of the trapped atoms and give an estimate for
the contribution of each mechanism.

4.6.1 Lifetime measurement

With the first measurement using the fluorescence detection scheme we studied the average
lifetime of the single atoms in the trap potential.

The experimental sequence used for this measurement is shown in Fig. 4.11 a). We load
the trap as in the previous sections. In order to test the survival probability of the atom in the
trap as a function of time, we vary the waiting time t between switching on the trap and sending
the fluorescence detection pulse. From now on, we denote the 20 µs-long fluorescence window
with 2nd detection. The power of the fluorescence pulse was set to Pfluor ≈ 100 nW. The trap
power was 19.5 mW. Both the trap and fluorescence light fields were ⊥-polarized. We measured
the survival probability for four different waiting times t = {0.1, 0.5, 1, 2} ms and performed
a reference measurement without trapped atoms for each time. To compensate for trap light-
induced shifts of the resonator frequency, we employed the heating laser scheme described in
Sec. A.2.2. Each of the eight sequence runs was repeated about 10000 times to yield good
statistics.

In order to obtain the probability η for finding a single atom at a waiting time, t, after switch-
ing on the trap, we applied a threshold of n2nd

thr = 4 to the photon number probability distributions
of the detected fluorescence photons. The result is shown in Fig. 4.11 b). Here, we already sub-
tracted the probabilities of accidental detection measured in the respective reference sequences.
The red solid line is a fit of an exponential function to the data, η(t) = η0 exp(−t/τtrap). The fit
yields a trap lifetime of τtrap ≈ 2.0 ms. Furthermore, for this measurement we obtain a trapping
probability of η0 ≈ 0.7 %.
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4.6. Characterization of the single trapped atoms

Figure 4.11: Measurement of the probability for finding a given detected single atom in the trap
as a function of the waiting time t. a) Experimental sequence used to perform the measurement.
b) Result of the measurement. The red line is an exponential fit, yielding a trap lifetime of
τtrap ≈ 2 ms.

The measured trap lifetime represents a thousandfold improvement of the previously typi-
cal interaction time of 1-2 µs for atoms that are freely falling through the resonator field (cf.
Fig. 2.17 b)). However, it is significantly smaller compared to the lifetimes reported for free-
space standing-wave optical dipole traps for single atoms [117] and relatively small compared
to standing-wave dipole traps formed either by nanofiber-guided light fields [44,132,133] or by
retroreflection from the surface of a nanofiber [45]. As we will see later, this can be attributed to
our trap loading mechanism and the likely presence of a heating mechanism in the trap.

4.6.2 Measurement of the energy distribution

We want to obtain an estimate of the average temperature of the single trapped atoms. For this
purpose, we measure the energy distribution of the atoms using a method specifically suited for
single atoms, which has been proposed and demonstrated in Refs. [117, 152].

The idea is to adiabatically lower the trap potential, starting from trap depth U0, and measure
at which lowered depth U the atom leaves the trap. During the lowering, the energy of the atom
is also reduced from its initial energy E0 to E (”adiabatic cooling”), and the atom is lost when
the trap depth becomes smaller than its energy, U < E. Repeating this procedure many times
with a single atom in the trap would yield the energy distribution of the trapped atoms. However,
it is experimentally not feasible to monitor the presence of a single atom in the trap in real time
without modifying the atomic energy that is supposed to be measured. Instead, one has to lower
the trap depth to a discrete value, Ulow, and measure via many repetitions the fraction of atoms
remaining in the lowered trap, as a function of Ulow.

The trap depth is lowered by ramping down the trap laser power. This is illustrated in the
experimental sequence shown in Fig. 4.12 a). The trap potentials corresponding to the initial
power P 0

trap and a certain reduced power P low
trap are drawn in panel (b). Not only the trap depth

changes during the lowering, but also the slope of the potential and, with it, the atomic oscillation
frequency ω(t). A criterion for adiabaticity of the trap lowering process is that the change of the
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Figure 4.12: Measurement of the energy distribution of single trapped atoms. a) Experimental
sequence used for the measurement. The trap laser power is adiabatically ramped down from
P 0

trap = 20 mW to P low
trap and, after a holding time thold, ramped up again. The power ramp is

succeeded by a fluorescence detection pulse (2nd detection). We perform six sequences for the
power ratios P low

trap/P
0
trap = {1, 0.8, 0.6, 0.4, 0.2, 0}, respectively, and two reference sequences

with P low
trap/P

0
trap = {1, 0}. b) Trap potentials corresponding to the initial trap laser power value

P 0
trap and, exemplarily, for P low

trap/P
0
trap = 0.6.

oscillation frequency should be small at any time, t, compared to ω2, i.e.:

ω̇(t) ω2(t) . (4.9)

For simplicity, we choose ω(t) to be a linear function, such that ω̇(t) = constant. Then, in
harmonic approximation, the trap depth variation is a parabolic function

U(t) =
U0 for t ≤ 0

Ulow + U0−Ulow
t2ramp

(t− tramp)
2 for 0 < t ≤ tramp .

(4.10)

As we are limited by the lifetime of the trapped atoms, we have to find a trade-off between a
ramp that is slow enough to fulfill adiabaticity and fast enough to yield a snap shot of the atomic
temperature at a certain moment in time. Therefore, we choose a ramping time of tramp = 75 µs.
With these choices, our trap depth variation fulfills the condition ω̇(t) ≈ 0.2ω2(t) for the axial
oscillation frequency, ωx, until the lowered trap depth reaches Ulow,x ≈ 0.006U0,x and for the
transverse oscillation frequencies, ωy/z , until Ulow,y/z ≈ 0.2U0,y/z . This choice is justified, as
we expect our atoms to be relatively hot due to the trap loading mechanism (cf. Sec. 4.2) and
because the atoms are not actively cooled into the trap. After the down-ramp we hold the trap
laser power constant for thold = 50 µs, as indicated in Fig. 4.12 a). The hold time is longer than
the longest oscillation periods along the transverse axes, 2π/ωy,z , thereby ensuring that an atom
with a total energy E > Ulow indeed leaves the trap. Afterwards, we ramp up the trap power to
the original value P 0

trap with the time-reversed function. The experimental implementation of the
trap laser power ramp is described in App. A.1.3.
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4.6. Characterization of the single trapped atoms

Figure 4.13: Measured fraction of atoms remaining in the lowered trap potential as a function
of its depth Ulow.

To perform the full temperature measurement, we run the experimental sequence illustrated
in Fig. 4.12 for six trap powers with the power ratios P low

trap/P
0
trap = {1, 0.8, 0.6, 0.4, 0.2, 0},

respectively, where the initial trap power was chosen to be P 0
trap = 20 mW. Furthermore, we run

two reference sequences without trapped atoms, one without the trap power ramp (P low
trap/P

0
trap =

1) and one with the ratio P low
trap/P

0
trap = 0. The trap power ramp is succeeded by a fluorescence

detection pulse to test the presence of the atom, see Fig. 4.12 a). The trap light was ⊥-polarized.
In order to obtain the fraction η of atoms that are present after the trap lowering as a func-

tion of the trap depth Ulow, we apply a second trigger threshold of n2nd
thr = 6 to the fluorescence

photon number probability distributions. The result is shown in Fig. 4.13. One can see, that η
decreases with decreasing Ulow. The atoms that contribute to this signal thus have an energy
E ≤ Emax ≡ Ulow in the lowered trap. The gray data points show the result of the reference
sequences.

As stated before, an atom with initial energy E0 is cooled to an energy E during the trap
lowering. When the lowering is adiabatic, the action of the atom in the trap is conserved [117,
153], and, thus, there is a one-to-one mapping of the energy E to the corresponding E0. In order
to connect the energy of the fraction of atoms that is lost when reducing the trap depth with the
energy they possessed in the full potential, we assume that – if the trap lowering is adiabatic
– the atoms will always stay in well-defined energy eigenstates. Comparing the eigenenergies
of a given state for the different trap depths then allows us to calculate the initial energy of the
lost atoms. For simplicity, we performed this calculation only in 1D along the axial direction
(x). The resulting eigenenergies of the different trap eigenstates are shown in Fig. 4.14 a) as a
function of the trap depth. The dashed line is a guide to the eye.

From this, together with a pointwise derivative (Δη/ΔUlow) of the measured data in Fig. 4.13
we obtain an estimate of the energy distribution in the trap, which is shown in Fig. 4.14 b). As is
apparent, the data cannot be described by a Boltzmann distribution, but is rather peaked toward
higher energies. By fitting a Gaussian function to the data we find its maximum at an energy
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Figure 4.14: a) Eigenenergies of the different trap eigenstates in the original trap, E0, as a
function of the trap depth. The dashed line is a guide to the eye. b) Energy distribution of the
trapped atoms: derivative of the data in Fig. 4.13, where the abscissa was rescaled compared to
that in Fig. 4.13 according to the one-to-one map of panel (a). The solid line is a Gaussian fit to
the data.

E0 ≈ 2/3U0 = kB × 1.8 mK. This agrees with what we expect from our trap loading mecha-
nism, where the energy of the trapped atom is predominantly determined by its kinetic energy
due to the free fall and its position with respect to the trap center at the moment the dipole trap
switches on. The resulting energy distribution is, thus, a convolution of the distributions of the
kinetic energy and the potential energy due to these effects, respectively. In both cases, the
probability for very cold atoms is small.

4.6.3 Heating mechanisms

In the previous section we found that the trapped atoms have a high energy after being trapped
and we also observe a relatively short lifetime. In the following, we want to discuss several
typical heating mechanisms present in optical dipole traps and estimate their contribution for
our trap configuration and parameters.

Technical heating

Technical noise can result in a fluctuating trap potential. There are two types of fluctuations:
fluctuations of the potential depth – and, hence, of the trap frequencies – and fluctuations of the
trap center position. Both effects can have a strong influence on the oscillatory motion of the
trapped atom and, thus, can lead to strong heating. When fluctuations of the first kind occur at
twice a trap frequency it is called parametric heating. Fluctuations of the trap center position at
a trap frequency lead to so-called resonant heating.

Parametric heating can be caused by fluctuations of the laser power ΔPtrap = Ptrap(t) −
Ptrap around the mean value Ptrap (cf. Eq. (3.13)). The spectral density of the relative power
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noise can be quantified by [154]

SP (ν)dν =
ΔP 2

trap dν

Ptrap 2
=

ΔU2
dν

U 2
(4.11)

In Ref. [155], the heating rate resulting from the laser power noise has been derived using a
one-dimensional harmonic oscillator model to

Ė = π2ν2i SP (2νi) E . (4.12)

It shows that the average energy E increases exponentially for fluctuations occuring at the
second harmonic of the trap frequency νi. Furthermore, the heating rate depends linearly on the
average energy of the trapped atom.

In order to estimate the contribution of laser power fluctuations to the lifetime of our trapped
atoms, we measured the relative power noise spectrum of the trap laser. For this purpose, the
output of the fiber-beamsplitter in Fig. 3.9 was connected to a fast photodiode (PD). In this way,
we capture possible power fluctuations originating from the laser itself or caused by the AOM
driver. But also potential beam-pointing instabilities before the fiber-coupling will be translated
into intensity fluctuations and would, thus, be measured as well. The electric signal of the PD
was sent to an electronic spectrum analyzer3. Dividing the measured signal by the mean voltage
of the PD signal and squaring the result yields the relative intensity noise, which is plotted in
Fig. 4.15 a) (red data). The large peak at a frequency of 1 MHz stems from an artificially added
modulation of the laser beam power, used to verify the proper function of the setup. The gray
data has been taken for reference by blocking the trap laser beam.

In order to obtain the parametric heating rate, we first subtract the reference data from the
actual data, and then apply Eq. (4.12) to the outcome. Here, we assume an average energy of the
trapped atoms of E = 2/3U0, corresponding to the result of our temperature measurement
(cf. Sec. 4.6.2). The resulting parametric heating rate as a function of possible trap frequencies is
shown in Fig. 4.15 b), where we have applied a binning with a bin width of Nbin = 5 data points.
At twice our transverse trap frequencies, 2νy/z = 142 kHz (136 kHz) for ⊥( -)polarized light,
the corresponding heating rates amount to 0.8U0,⊥/s ≈ 2.2 µK/ms (0.6U0, /s ≈ 1.1 µK/ms).
In case of the axial trap frequencies, 2νx = 2.00 MHz (1.72 MHz), the heating rates amount to
15U0,⊥/s ≈ 41 µK/ms (13U0, /s ≈ 25 µK/ms). In particular for the axial oscillation of the
atom in the trap, the obtained heating rate is rather large. Given the assumed initial energy, it
would correspond to a lifetime of about 18 ms (20 ms).

Resonant heating happens, when the trapping potential is shaken at the trap frequencies.
One possibility for this to occur are beam-pointing instabilities originating from the laser. As
mentioned above, in our setup such fluctuations of the beam position would be translated into
power fluctuations due to the fiber coupling of the trap laser beam.

Since the trap standing wave is formed by retroreflection from the resonator surface, the
relative phase between the incoming and the reflected beam is fixed and, consequently, the trap
center position is fixed with respect to the resonator surface. In principle, vibrations of the
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Figure 4.15: a) Relative intensity noise spectrum, SP (ν), of the trap laser (red data). The gray
data has been measured for reference with the laser beam blocked. The values of both data
sets were determined from the measured raw data using Eq. (4.11). b) Parametric heating rate,
obtained from the data in (a) using Eq. (4.12) and assuming an average energy of the trapped
atoms of E = 2/3U0. Here, the reference data has been subtracted from the actual laser-
related data. Furthermore, the data has been smoothened by binning it with a bin width of
Nbin = 5 data points.

resonator fiber itself could lead to shaking of the trapping potential. We can, however, practically
exclude this possibility: we can infer from the typical residual transmission of light through the
coupling fiber of 1-2 % (for the critically coupled empty resonator) that the fiber–resonator
distance does not fluctuate by more than ∼ 10 nm [59].

Recoil heating

A fundamental heating mechanism in an optical dipole trap is the energy gain of the atom associ-
ated with the spontaneous scattering of trap photons. Each scattering event transfers momentum
to the atom due to the recoil, once when it is excited and once more when it decays. For scatter-
ing rates that are small with respect to the trap frequencies this leads to an average energy gain
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of 2Er per scattering event, and the corresponding average heating rate is therefore given by

Ė = 2ErΓsc , (4.13)

where Er = ( k)2/2mRb is the recoil energy with the wave number k = 2π/λtrap and the mass
of the 85Rb atom mRb. In far-detuned traps, the scattering rate – and consequently the heating
rate – is typically small. We can calculate the scattering rate according to Eq. (3.11) for our trap
parameters Ptrap, wtrap, Δtrap/2π = {20mW, 3.5µm, 1.68THz} and obtain, at the center of
the trap, Γsc ≈ 3.5 kHz. With that we can estimate the recoil heating rate to Ė rec = 1.3 µK/ms.
Assuming an initial energy of 2/3U0, the atom should be able to scatter ∼ 2500 (1700) photons
before being heated out of the ⊥( )-polarized trap, which would correspond to a trap lifetime of
∼ 0.7 s (0.5 s).

Scattering-induced dipole force fluctuations

In addition to technical issues, a fluctuating dipole potential can also originate – more funda-
mentally – from the different light shifts seen by the ground state and the excited state of the
atomic dipole, respectively. In Fig. 3.8 we have plotted the position-dependent light shifts of
the 5S1/2 ground state and of the 5P3/2,mF = 0 and 5P3/2,mF = ±4 excited state Zeeman
levels. As is apparent, a trapped atom will experience a strong repulsive potential, when it is
excited to the 5P3/2 state. Due to this effect, the inevitable scattering of trap photons will lead
to additional heating of the trapped atom.

In the following, we want to estimate the average energy increase per scattering event due to
this effect by analytically solving the classical equations of motion for the trapped atom. Since
the heating is expected to be particularly large in strongly confining potentials, we restrict the
calculation to one dimension, namely the x-axis. We assume harmonic potentials both for the
ground and the excited state

Ug(x) =1/2mRb ω
2
x x

2 (4.14)

Ue(x) =− 1/2mRb r ω
2
x x

2 , (4.15)

where ωx = 2π × 1.00(0.86) MHz is the axial trap frequency for the ⊥( )-polarized trap
(cf. Sec. 3.6.3) and r is the ratio of the light shifts. The tensor light shift of the excited state
is considered only insofar that we average over the light shifts of the individual Zeeman sub-
levels of the F = 4 state. For our trap parameters we obtain for the ratio between the average
excited state and ground state light shift at the trap center r = δ̄e/δg ≈ 0.72.

In the classical picture, the atom oscillates in the ground state potential Ug(x). At a random
moment it is excited to the upper level by absorbing, e.g., a trap photon. The dipole force acts
on the atom in the excited state according to Eq. (4.15), on average for a time duration equal to
the excited state lifetime, before the atom decays back to the ground state. We can calculate the
change in energy of the atom due to such an excitation event by analytically solving the equation
of motion

− ∂U(x)

∂x
= mRb ẍ (4.16)
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Figure 4.16: Energy increase per scattering event as a function of the atomic position in the
trap, where the trap center is assumed to be at position x = 0. The dashed (dotted) line shows
the gain in potential (kinetic) energy, and the solid line shows the total energy gain per scattering
event. The result is plotted for an initial energy of E0 = 2/3U0.

for an atom in the ground and the excited state potential, with the initial position x(t = 0) = x0
and initial velocity ẋ(t = 0) = v0. For each possible starting position x0, we calculate the
potential and kinetic energy after the excited state lifetime for the rubidium atom of τ = 26.2 ns
[111]. Here, we also consider that, at each position x, the atom can be moving either in positive
or negative x-direction, and we average over these two cases. The position-dependent velocity
v(x) is related to the oscillation amplitude xmax, which in turn is determined by the initial energy
E0 of the atom in the trap, by

v(x) = ωx x2max − x2 , with xmax = 2E0/mRb ω2
x . (4.17)

Figure 4.16 shows the energy increase per scattering event for an initial energy of the trapped
atom of E0 = 2/3U0 as a function of the atomic position in the trap, where the trap center is
assumed to be at x = 0. The dashed (dotted) line shows the gain in potential (kinetic) energy,
and the solid line shows the total energy gain per scattering event. There is a net gain of the
total energy for all positions in the trap. In the trap center, it is maximum and solely consists
of kinetic energy. The position dependence is caused by the different slopes of the ground and
excited state potentials due to the factor r in Eq. (4.15). The latter is also the reason for the loss
of kinetic energy for the outer positions |x| 60 nm in the trap.

When averaging over all possible atomic positions in the trap, we obtain the average energy
increase per scattering event as

ΔE = E0(1 + r) sinh2(ωxτ
√
r) . (4.18)

Inserting our experimental parameters, the expression yields an energy increase per scattering
event of ΔE = 0.034E0 (ΔE = 0.025E0) for the ⊥( )-polarized trap. For an initial energy
of E0 = 2/3U0, this corresponds to ΔE = 61 µK (ΔE = 32 µK). From these heating rates
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we estimate the number of photons that the atom can scatter before it is lost to 12 (16) for the
⊥( )-polarized trap. With a scattering rate of trap photons of Γsc ≈ 3.5 kHz, this results in a
lifetime of the atom in the trap of about 3.4 ms (4.6 ms), which is comparable with the lifetime
measured in Sec. 4.6.1.

From the analysis in this section we can conclude that the largest contribution to heating of a
single 85Rb atom in our dipole trap originates from the light shift-induced repulsive excited state
potential, which leads to a large energy increase each time the atom scatters a photon. As the
corresponding heating rate increases linearly with the initial temperature of the atom, the effect
is pronounced due to the high initial average temperature of the trapped atoms that we measured
in Sec. 4.6.2. As a consequence, the relatively rare events of trap photon scattering lead to a
corresponding lifetime that is on the order of the measured average lifetime (cf. Sec. 4.6.1).

Compared to this heating mechanism, the contribution of recoil heating is completely neg-
ligible. The expected trap lifetimes associated with laser power fluctuations in our setup are
about an order of magnitude larger than the lifetime measured for our trapped atoms. Hence, we
attribute the relatively short measured trap lifetime mostly to the scattering-induced heating via
the repulsive dipole force in the excited state.
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CHAPTER 5
Compensation of the trap-induced

light shift

In order to exploit the benefits of trapped single atoms in our experiment, we need to remove
the large position-dependent light shift of the atomic transition introduced by the dipole trap
(cf. Sec. 3.6.4). For some atomic species, a so-called magic wavelength exists [27, 156, 157]. A
dipole trap operating at such a wavelength has the feature that the ground and excited state of
the atomic transition are light-shifted in the same direction by the same amount, and thus the
transition frequency remains unmodified. The idea of using magic wavelengths has been first
proposed and experimentally demonstrated for the clock transition of strontium atoms in an op-
tical lattice [156, 158] and shortly after for single dipole-trapped cesium atoms in the context of
cavity quantum electrodynamics [27]. In the case of the D2 line of the rubidium atom, there is
no magic wavelength that would be suited for our experiment. Fundamentally, we require a trap
wavelength that is red-detuned with respect to the D2 line, such that the first intensity maximum
of the standing wave near the resonator surface forms an attractive potential. Given this restric-
tion, one magic wavelength at 791 nm was calculated for linearly polarized trap light [144]. The
resulting light shifts, however, strongly depend on the magnetic sublevels of the excited state.
Apart from that, red-detuned magic wavelengths have been found only at 1382 nm for circularly
polarized light [159] and at 1397 nm for elliptically polarized trap light in combination with a
magnetic field [160], both again unsuited for our experiment.

There is, however, a possibility to compensate for the transition shift even in the absence of a
magic wavelength, which is to use an additional light field, that is superposed with the trap light
field. With an appropriate choice of the optical power and detuning of this second light field, the
trap-induced light shift of the excited state can be counteracted. Such a two-color scheme has
been proposed and demonstrated in the context of RF spectroscopy and atomic clocks, where
it managed to reduce the inhomogeneous frequency broadening in the hyperfine splitting of the
ground state of optically trapped 85Rb atoms [161]. In our experiment, we use a two-color
light shift compensation scheme that has been experimentally demonstrated in [58]. There, it
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5. COMPENSATION OF THE TRAP-INDUCED LIGHT SHIFT

has proven to suppress the inhomogeneous broadening of the optical transition frequency of an
ensemble of trapped 85Rb atoms.

In the first part of the chapter, the principle of this two-color light shift compensation scheme
will be explained. Afterwards, we will theoretically evaluate the optimal working conditions for
the light shift compensation and test the compensation scheme experimentally by measuring a
fluorescence spectrum of single trapped atoms. Finally, the effects of the light shift compen-
sation are further analyzed by measuring transmission spectra of the trapped atom–resonator
system in the presence and absence of the additional light field.

The main experimental results of this chapter were published in [149].

5.1 Principle of light shift compensation

The energy level shifts of a 85Rb atom exposed to the trap light field with power, Ptrap, and de-
tuning to the 5S1/2 → 5P3/2 fine-structure transition, Δtrap, have been determined in Sec. 3.5.
For our experiment, the situation is illustrated in Fig. 5.1. We are mostly interested in the
5S1/2, F = 3 → 5P3/2, F = 4 transition, as the resonator is locked to the unperturbed

frequency of this transition, ω0, indicated by the blue arrow. In the presence of the red-detuned
trap light, the energy levels of the 5S1/2, F = 3 ground state and the 5P3/2, F = 4 excited state
are pushed away from each other, thereby strongly detuning the atomic transition with respect
to the resonator mode. For linear polarization of the trap light, the ground state exhibits only a
scalar light shift, while for the excited state both the scalar and tensor polarizabilities, according
to Eq. (3.16), contribute to the light shift. Due to the tensor light shifts the detuning of each
|FmF → |F mF transition depends on |mF | (cf. Eq. (3.27)).

In order to efficiently interface the trapped atom with the resonator in the presence of this
light shift, we have to compensate for the latter. This has to be achieved in a way, however,
such that the ground state light shift remains mostly unaffected, as it is the basis for forming the
trapping potential. The general idea is, therefore, to ”push” the excited state levels down toward
lower energies until the unperturbed transition frequency is recovered. This can be realized by
exposing the atom to an additional light field – from now on called compensation light field. Its
frequency, ωc, is chosen such that it has a small red detuning, Δc ∼ 1 GHz, to the transition
from the excited state 5P3/2 to the higher lying excited state 5D5/2, as depicted in Fig. 5.1 a).
According to Eq. (3.8), the compensation light field then induces a relatively large light shift on
the energy levels of this transition, even for small powers. The detuning of the compensation
laser with respect to the D2 transition, however, is large compared to Δc, due to the ∼ 4 nm
wavelength difference between the two fine-structure transitions. Hence, the compensation laser-
induced light shift of the 5S1/2 energy level will be small. The compensation laser polarization
is chosen to be aligned with the linear polarization of the trap field. Consequently, it will also
induce a scalar and tensor light shifts in the 5P3/2 hyperfine manifold.

The green column in Fig. 5.1 a) illustrates the effect of increasing the compensation laser
intensity, Ic, on the atomic levels in the presence of a fixed intensity, Itrap, of the trapping light
field. With increasing Ic, both scalar and tensor light shifts of the F = 4 excited states re-
duce, until the light shifts of the excited state Zeeman levels become equal to the shift of
the ground state, indicated by the dashed blue line. Here, the trap-induced light shift of the
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5.1. Principle of light shift compensation

Figure 5.1: Illustration of the light shift compensation principle. a) The left-most panel shows
the 85Rb energy level structure relevant for the compensation scheme. The middle panel illus-
trates the light shift of the 5S1/2, F = 3 → 5P3/2, F = 4 atomic transition, induced by the
trap light with frequency ωtrap, for a fixed intensity Itrap. The right-most panel depicts how the
F = 4 Zeeman levels are tuned across resonance, when increasing the intensity, Ic, of the com-
pensation laser, in the presence of the trap light. b) Illustration of the spatial energy variation of
the ground and excited state of a representative two-level atom, assuming a Gaussian trapping
field, for the three different scenarios shown in panel (a).

5S1/2, F = 3 → 5P3/2, F = 4 transition is compensated and the unperturbed transition
frequency, ω0, is recovered. However, due to the tensor light shifts, perfect compensation can-
not be achieved simultaneously for all F = 4 Zeeman sublevels.

In practice, the trap light field has a three-dimensional intensity distribution (cf. Sec. 3.6.1),
Itrap(r), which causes the light shifts of the atomic ground and excited states to be dependent
on the atomic position r in the trap (cf. Sec. 3.6.4). This is illustrated in Fig. 5.1 b) for a two-
level atom and a one-dimensional Gaussian intensity profile. In the presence of just the trap
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5. COMPENSATION OF THE TRAP-INDUCED LIGHT SHIFT

light field, the atomic transition frequency is position-dependent: ωa(r). The strength of the
light shift compensation scheme now is, that it allows to counteract the spatial dependence of
the trap-induced light shifts, if the compensation laser beam exhibits the same spatial intensity
distribution as the trap field.

5.2 Calculation of the two-color light shifts

In this section, we want to quantify the influence of the compensation laser beam on the light
shifts as a function of the intensity of the compensation field, Ic. With the formalism used in
Sec. 3.5, we will therefore again calculate the energy shifts of the 5S1/2, F = 3 ground state
and the 5P3/2 excited state manifold of a trapped atom, with the difference that the atom is
now subject to both the trap and the compensation light fields. In order to find the new energy
eigenvalues for a fine-structure state |nJ of the atom, we thus have to diagonalize the interaction
Hamiltonian

Hint = V
trap

Stark + V c
Stark + Vhfs , (5.1)

which describes the atom–light interaction with the two light fields as well as the hyperfine in-
teraction. The Stark operator, VStark, and the non-zero matrix elements, nJFM |Vhfs |nJFM ,
of the hyperfine interaction operator are given in Eqs. (3.15) and (3.24), respectively.

We have to evaluate Eq. (5.1) for the ground state, |n, J = |5, 1/2 , and the excited
state, |n, J = |5, 3/2 . In the calculation of the polarizabilities α

(K)
5,1/2 and α

(K)
5,3/2 according

to Eq. (3.16), we take the coupling to the same fine-structure states |n J into account as de-
scribed in Sec. 3.5.1 and Sec. 3.5.2, respectively. We assume that the polarization of the two
light fields is linear and identical, and, therefore, insert the polarization vector u = (0, 0, 1) into
Eq. (3.17). In this case, the contribution of the vector polarizability to the light shift is zero:
α
(K=1)
n,J = 0. As the tensor polarizability vanishes for J = 1/2 states (cf. Sec. 3.5.1), the 5S1/2

ground state only experiences a scalar light shift, i.e. all Zeeman levels are shifted by the same
amount, δg. When diagonalizing the Hamiltonian in Eq. (5.1) for the excited state, 5P3/2, we
first obtain the total frequency offset for each |F mF level from the 5P3/2 state in the absence
of Stark and hyperfine interaction

δ
F mF
tot (Ic, Itrap) = δFhfs + δ

F mF
e (Ic, Itrap) , (5.2)

consisting of the F -dependent frequency shift, δFhfs, due to the hyperfine interaction and the

F - and mF -dependent as well as intensity-dependent light shift, δF mF
e (Ic, Itrap). This is the

same expression as in Eq. (3.25) for the trap-induced light shift, but now with an additional Ic-
dependence. Accordingly, the shift of each mF level with respect to the unperturbed energy of
the F = 4 level, which we are mainly interested in, is given by

δ
F mF
tot (Ic, Itrap)− δF =4

hfs . (5.3)

The detuning of each |FmF → |F mF transition with respect to the unperturbed frequency
of the 5S1/2, F = 3 → 5P3/2, F = 4 transition is then

δν(Ic, Itrap) = δ
F mF
tot (Ic, Itrap)− δF =4

hfs − δg(Ic, Itrap) , (5.4)
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5.2. Calculation of the two-color light shifts

with δF =4
hfs = 100.205MHz [111].

Based on the calculation procedure described above, we want to obtain a theoretical esti-
mate for the light shift compensation in our dipole trap, which we will later compare to the
experimental investigation presented in Sec. 5.5. To obtain absolute numbers for the ground
and excited state two-color light shifts, we have to insert the expected trap and compensation
laser intensities at the position of the atom into the Stark matrix elements given by Eq. (3.15).
For now we will restrict this calculation to the case of an atom located at the trap center:
(x0, y0, z0) = (205 nm, 0, 0). The intensity distribution of the trap light has been calculated in
Sec. 3.6.1 and, as both light fields are sent through the same fiber-coupled trap optics and have
near-identical wavelengths (λc ≈ λtrap), we will assume the same distribution for the compensa-
tion laser beam. Then, according to Eq. (3.40) the trap and compensation laser intensities at the
trap center are given by

Il =
2Pl

πw2
l

× fp(x0) , (5.5)

where the index l = {trap, c} indicates the trap or the compensation light, and fp(x0) with p =
{⊥, } describes the intensity modulation in x-direction due to the partial standing-wave pattern
given by Eqs. (3.38) and (3.39). We perform this calculation for linear polarization pointing
along the y-axis (⊥-polarization) for both light fields, for which f⊥(x0) = 1.43. Furthermore,
we use the following experimental values1 for the trap power, the beam waist and the detunings:
Ptrap, wtrap = wc, Δtrap/2π, Δc/2π = {18.7mW, 3.5µm, 1.68THz, 930MHz}. Δtrap and

Δc are taken with respect to the atomic fine-structure transitions as indicated in Fig. 5.1.
Figure 5.2 shows the results for the ground state light shift, δg, and the excited state level

shifts, δF mF
tot − δF =4

hfs , as a function of the compensation laser power, Pc, since this parameter
will be varied in the corresponding measurement (cf. Sec. 5.5). The ground state light shift is
plotted in red, and the shift of the excited state is plotted in blue for the F = 4-level and in gray
for the levels with F < 4. The plot shows that the ground state light shift is independent of mF

and almost constant over the range of compensation laser powers, as intended. It amounts to

δg,⊥ ≈ −129MHz . (5.6)

For the F = 4 excited state (blue), both scalar and tensor light shifts reduce with increasing
compensation laser power, until the light shifts of the mF =4 levels sequentially become equal to
the ground state light shift around a compensation laser power of about 0.25 mW. At these points,
the unperturbed transition frequency, ω0, is recovered. When further increasing the power of the
compensation laser, a setting occurs at which all Zeeman levels of F = 4 intersect, indicated
by the vertical dashed green line. For this power, the tensor light shift of the 5P3/2 excited
state vanishes. The dotted gray lines show the shifts of the Zeeman levels of the F = 3, 2, 1
manifolds. Some of these levels become resonant to the unperturbed transition frequency for
lower compensation laser powers.

Based on the same calculation, we plot the transition shifts according to Eq. (5.4) for the
individual excited state Zeeman levels. The result is shown in Fig. 5.3 for three discrete values

1The given value for the beam waist, which is slightly larger than the measured beam waist (cf. Sec. 3.7.3),
accounts for imperfect alignment of the trap optics and drifts of the latter.
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Figure 5.2: Calculation of the two-color light shifts of the 5S1/2, F = 3 ground state
(red) and the 5P3/2, F = 4 excited state (blue), for an atom located at the center of the
trap and as a function of the compensation laser power, Pc. The trap and compensation
laser beams are linearly polarized perpendicular to the plane of incidence (⊥-polarization,
see Sec. 3.6.1). For -polarized light, the light shifts are about 10 % smaller (cf. Fig. 3.7).
The calculation is performed for the parameters {Ptrap, wtrap = wc, Δtrap/2π, Δc/2π} =
{18.7mW, 3.5µm, 1.68THz, 930MHz}. The dotted gray lines show the shifts of the lower
lying F -levels of the excited state.

of the compensation laser power. If Pc = 0 mW, the detuning is solely caused by the trap light.
For Pc = 0.193 mW, both scalar and tensor contributions to the light shift are reduced. The
cycling transitions to the outermost Zeeman levels are shifted back to the unperturbed transition
frequency. At a power of Pc = 0.457 mW, the tensor light shifts vanish, and the original excited
state hyperfine structure is recovered, although now at a detuning of about 170 MHz from the
unperturbed transition frequency.

For the above calculations, we assumed the atom to be at a fixed position, namely in the cen-
ter of the trap. However, in Sec. 4.6.2 we experimentally found that the single trapped atoms have
a high average energy in the trap potential, and in Sec. A.3 we simulate the corresponding posi-
tion distribution of the atoms based on the measured energy distribution. Thus, the knowledge
of the light shifts at other positions than the trap center will be relevant for the understanding of
the experimental results.

Let us first again assume that the intensity distributions of the trap and the compensation
light fields are identical, as desired. In this case, the intensities of both light fields are maximum
in the trap center, i.e. the corresponding two-color light shifts represent an upper bound. At
other atomic positions, r = (x, y, z), in the trap, the intensities of both light fields are smaller
and, thus, the light shifts are smaller. However, the ratio Itrap(r)/Ic(r) is independent of the
position. This means, that the point of optimal compensation – where the excited state light
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two-color light shifts

Figure 5.3: Detunings of the light-shifted transition frequencies between the 5S1/2, F = 3
ground state and the 5P3/2 excited state manifold with respect to ω0, for {Ptrap, wtrap =
wc, Δtrap/2π, Δc/2π} = {18.7mW, 3.5µm, 1.68THz, 930MHz} and three different values
of the compensation laser power: a) in absence of the compensation laser, b) for the case where
the light shift of the cycling transition is canceled (Pc = 0.193 mW), c) for the case of vanishing
tensor light shifts (Pc = 0.457 mW).

shifts are equal to the ground state light shift – remains the same as in Fig. 5.2. In other words, if
the power of the compensation field, Pc, is adequately chosen, the trap-induced scalar light shift
of the transition can be canceled in the entire trapping volume, i.e. independently of the atomic
position in the trap.

In the course of our measurements, however, it became apparent that the intensity distribu-
tions of the trap and compensation laser fields did not perfectly match. The reasons and the
consequences of this will be described in the following section.

5.3 Residual mismatch of the intensity distributions and resulting
position dependence of the two-color light shifts

In our experiment, we send the trap and compensation laser beams simultaneously through our
fiber-coupled trap optics (cf. Sec. 4.1). The two light fields have similar, but not identical,
wavelengths λtrap = 783.68 nm and λc = 775.98 nm, respectively. Due to the small wavelength
difference of ∼ 4 nm, the respective periodicities of the trap and compensation laser standing
waves – given by λ/2 cos θ – slightly differ from each other. At the location of our trap potential,
the resulting mismatch between the two standing waves is, however, negligible.

A more significant mismatch is caused by chromatic aberrations of our trap optics. Chro-
matic aberration is a lens effect that arises from dispersion, i.e. from the wavelength-dependence
of the refractive index n(λ) of the lens material. As a consequence, the focal length of the lens
differs for light beams of different wavelengths and, thus, their foci are displaced with respect
to each other along the beam axis. The refractive index of the lenses in our trap optics (N-BK7
glas) increases with decreasing wavelength in the visible range. Thus, the compensation laser
beam (λc = 775.98 nm) is refracted more strongly than the trapping beam (λtrap = 783.68 nm),
i.e. its focus is closer to the lens than the trap focus, as depicted in the inset of Fig. 5.4 a).
We estimated the displacement between the trap and compensation laser foci via a ray tracing
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calculation to about Δxchrom ≈ 95 µm, where we took the two lenses and the vacuum viewport
into account. If we assume the two light fields to be ideal Gaussian beams [66], each with a
waist of w0 ≈ 3.5 µm, this displacement would be equivalent to almost two Rayleigh lengths
(xR = πw2

0/λ ≈ 50 µm). Such a large displacement would mean that the radius of the compen-
sation laser beam at the position of the trap waist is enlarged to up to ∼ 7.5 µm.

We want to analyze the influence of the foci displacement on the two-color light shifts as a
function of the position. Here, we assume that the trap waist is positioned onto the resonator
surface wtrap(x = 0) = w0 , as depicted in the inset of Fig. 5.4 a). The trap and compensation
laser beams are reflected from the surface, each forming a standing wave (not shown in the
inset), and the atoms are trapped in the first intensity maximum of the trap light standing wave.
As the trap center is only about 200 nm away from the resonator surface, we can approximate the
intensity distributions of the two light fields at the position of the atom, analogous to Eq. (3.40),
by

Itrap(x, ρ) =
2Ptrap

πw2
0

× fp(x) e
−2ρ2/w2

0 , (5.7)

Ic(x, ρ, Pc) =
2Pc

πwc(x)2
× fp(x) e

−2ρ2/wc(x)2 . (5.8)

The first terms in the product are the intensity magnitudes I0,trap and I0,c, respectively. The
function fp(x) with p = {⊥, } is given in Eq. (3.38) and describes the standing-wave intensity
modulation in axial direction for the case of linear polarization perpendicular (⊥) or parallel ( )
to the plane of incidence (x–z-plane). In transverse direction (ρ = y2 + z2) the two beams
have Gaussian intensity profiles, described by the last terms in Eqs. (5.7) and (5.8), respectively.

In the above expressions, the intensity modulations of the trap and the compensation laser
are assumed to be identical in axial direction (x). This is not perfectly true due to their small
wavelength difference of ∼ 4 nm, as discussed above, but Eqs. (5.7) and (5.8) are sufficiently
good approximations. In transverse direction (ρ), however, the Gaussian beam profiles of the
two light fields do not perfectly overlap, if there is a mismatch between the beam radii at the
position of the atoms due to chromatic aberrations, i.e. if wc(x ≈ 0) > w0, see Fig. 5.4 a). As
a consequence, the position dependence of the trap-induced light shift of the atomic transition
cannot be fully eliminated by the compensation laser beam. In other words, there is no setting of
the compensation laser power, for which the unperturbed transition frequency, ω0, is recovered
everywhere in the trap potential.

To illustrate this, we calculate the two-color light shifts as a function of the compensation
laser power as we did it in Fig. 5.2 for the trap center, but now also taking the position depen-
dence into account by employing the above expressions for the intensity distributions. For this
calculation, we assume both light fields to be ⊥-polarized. Furthermore, we insert the same pa-
rameter values for the trap and compensation laser beams as in Fig. 5.2. As the only difference,
we assume a beam radius ratio at the position of the atoms of wc(x ≈ 0)/w0 ≈ 1.5, which is a
result of the experimental investigation of the light shift compensation that will be described in
Sec. 5.5.
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Figure 5.4: Illustration of the effect of the chromatic aberrations of our focusing optics. a)
The compensation laser beam (green) is focused a few tens of micrometer closer to the lens
than the trap beam (red). b) Position dependence of the detuning of the 5S1/2, F = 3 →
5P3/2, F = 4,mF = 0 atomic transition with respect to its unperturbed value, according to

Eq. (5.4), for an atom moving from the trap center to the trap potential boundary along the axial
(upper plot) and the transverse direction (lower plot), respectively.

Figure 5.4 b) shows the calculated distribution of the position-dependent detuning of the
atomic transition due to the two-color light shifts, δν, according to Eq. (5.4). For better visibility,
only the result for the (F = 4,mF = 0) level is shown. We plot here, for illustration purpose,
the detuning corresponding to the possible positions of a trapped atom on the x-axis (upper plot)
and on a transverse axis (lower plot), as depicted in the insets. The dark blue solid lines show
the detuning for an atom in the trap center and are, thus, equal to the difference between the
light shift of the (F = 4,mF = 0) level and the ground state light shift in Fig. 5.2. The
light blue solid lines correspond to the outermost positions in the trap, which we define by the
maximum possible potential energy due to the van der Waals interaction, see Sec. 3.6.2. This
allows maximum distances from the trap center in the two directions of Δx = 150 nm and
Δρ = 1.85 µm, respectively. The shaded areas between the solid lines show the light shifts for
the intermediate positions.

In the absence of the compensation laser (Pc = 0), the detuning is the same along both
directions. The width of the plotted detuning band illustrates the maximum inhomogeneous
broadening of the atomic transition frequency due to the position-dependent light shift induced
by the trap light field. As in x-direction the trap and compensation laser intensity patterns
match, in the upper plot this broadening reduces with increasing compensation laser power,
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until it vanishes at a power of Pc ≈ 600 µW. This optimal compensation laser power is now
larger than in Fig. 5.2, because we assumed a larger compensation laser beam radius. However,
the two-color light shifts behave differently in transverse direction, where the Gaussian intensity
profiles of the trap and the compensation laser do not match because wc = w0. With increasing
compensation laser power, the broadening reduces less significantly and there is no single Pc-
value for which the position dependence of the detuning is completely canceled. The effect of
this non-optimal compensation of the trap-induced light shifts on our experimental results will
be discussed in Sec. 5.5 and Sec. 5.6.

5.4 Compensation laser setup and offset-lock

Figure 5.5 shows the compensation laser setup. The laser source is a widely tunable diode laser2,
whose lasing wavelength is set to about 776 nm. It has an output power of about 50 mW, which
is split into two parts using a λ/2-waveplate and a polarizing beamsplitter (PBS) cube. The
reflected beam passes through an absorption spectroscopy setup, which will be explained below,
and the transmitted beam is the main beam that will be employed for the measurement. It passes
an acousto-optical modulator (AOM), which allows for independent switching of the light field
and controlling its power. Then, the beam is coupled into a polarization-maintaining (PM) fiber
after passing through a Berek compensator (BC). The PM fiber guides the compensation light
from the laser table to the experiment table, where it is combined with the trap light (cf. Fig. 4.2)
and subsequently coupled into the trap optics.

The task of the compensation laser is to induce a light shift predominantly on the 5P3/2

excited state, while not affecting the 5S1/2 ground state. To achieve this, we choose a small
red detuning to the 5P3/2 → 5D5/2 transition (Δc/2π < 1 GHz). This, however, means that
drifts of the laser frequency of just a few tens of MHz would considerably change the induced
light shift. Thus, the compensation laser frequency has to be actively stabilized with the desired
detuning to the frequency of the 5P3/2 → 5D5/2 atomic transition. For this purpose, we perform
absorption spectroscopy of this transition using rubidium atoms in a heated vapor cell, which will
provide a reference signal and is explained in the following.

5.4.1 Two-photon spectroscopy

The setup for the absorption spectroscopy is also shown in Fig. 5.5. We use a two-step excitation
scheme along the lines of [162, 163]. As a first step, atoms in a rubidium (Rb) vapor cell are
excited to the 5P3/2 state by a 780 nm pump laser (ωpump), which is locked close to resonance
with respect to the 5S1/2, F = 3 → 5P3/2 transition of the 85Rb atom, see Fig. 5.6 a). This pump
beam is derived from our MOT-laser setup (cf. Sec. 2.4.4) and we use an optical power of about
10 mW. For the second excitation step, we use about 2 mW of the counter-propagating 776 nm
probe laser beam that is derived from the Velocity laser (ωprobe). Atoms that are excited to the
5P3/2 state by the pump beam can absorb probe light and be excited on the 5P3/2 → 5D5/2

transition. Both the pump and probe beams are linearly polarized, but orthogonal with respect
to each other.

2New Focus, Velocity TLB 6700
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Figure 5.5: Laser setup for the generation of the frequency-stabilized compensation light field.
The light from a commercial tunable diode laser (Velocity laser) with an output power of 50 mW,
tuned to 776 nm, is split into two branches: one that goes as a probe beam into a setup for absorp-
tion spectroscopy of the excited state and one that provides the main beam for the experiment.
The pump light at 780 nm required for the two-photon spectroscopy is derived from the MOT
laser (cf. Sec. 2.4.4) and sent through the rubidium (Rb) vapor cell from the opposite side (see
details in the main text). The transmission signal of the probe beam, measured with the photodi-
ode (PD), is sent to the Pound-Drever-Hall (PDH) frequency stabilization setup, see Fig. 5.7 a).

In order to obtain the absorption spectrum of the probe beam, we scan its frequency across
the 5P3/2 → 5D5/2 atomic resonance and measure its transmission through the vapor cell with
a photodiode (PD). From this, we obtain an absorption spectrum as the one shown in Fig. 5.6 b).
To improve the absorption signal, we heat the vapor cell to between 50 and 60 ◦C. For this
purpose, we surround the cell with an aluminium tube that is closed on each side by a glass
window. A current-carrying heating wire is wound around the aluminium tube, such that the cell
is heated uniformly. This increases the vapor pressure inside the cell and, thus, the number of
atoms absorbing the probe light. Here it is important not to increase the temperature too much, as
beyond 60 ◦C two-body collisions of rubidium atoms will lead to a depletion of the population in
the 5P3/2 state, resulting in a decreased absorption on the 5P3/2 → 5D5/2 transition [163]. As
an additional measure to increase the absorption signal, we send the laser beams along multiple
passes through the cell, which further increases the number of atoms interacting with the light.

In the transmission signal four dips are visible (see Fig. 5.6 b)), which correspond to the ab-
sorption via the two-photon transitions between the 5S1/2, F = 3 state and the F = {5, 4, 3, 2}
hyperfine levels of the 5D5/2 state of the 85Rb atom. One would also expect a dip correspond-
ing to the two-photon transition to the F = 1 level. A transmission dip corresponding to a
transition to the F = 0 level is not visible, because the transition is forbidden according to
the selection rules for electric-dipole transitions, as will be discussed below. The solid line is
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Figure 5.6: Two-photon spectroscopy. a) Energy level scheme of the 85Rb atom. b) Measured
absorption signal of the 5P3/2 → 5D5/2 transition. The depth of the absorption dip amounts to
∼20 % of the full transmission.

a fit of a sum of Lorentzian absorption dips. Using the dip positions resulting from the fit and
the hyperfine splittings of the 5D5/2 state reported in [162], we can approximately rescale the
abscissa to show the probe detuning (Δωprobe).

To better understand the measured absorption signal, let us have a closer look at the mech-
anism of the two-step excitation. It starts with the first excitation step from the F = 3 ground
state. As the frequency of the pump laser is fixed, it has different detunings to each intermediate
hyperfine level F of the 5P3/2 hyperfine manifold. However, due to the thermal motion of the
atoms in the vapor cell, the pump laser becomes resonant with the transitions to the different F -
levels for certain velocity classes of atoms. Considering the selection rules for electric-dipole
transitions, ΔF = 0,±1, the pump laser can only excite the F = {4, 3, 2} levels and the
probe laser can further excite those atoms to the F = {5, 4, 3, 2, 1} levels. This means, that
the two-photon resonances corresponding to the different F levels, thus, have contributions
from excitation paths via three F -levels. Here, the strength of the contribution depends on
the respective transition strengths as well as the number of atoms belonging to a certain veloc-
ity class [162]. As the probe beam is counter-propagating with respect to the pump beam, the
Doppler shift of the two-photon resonance is nearly canceled, except for a small Doppler mis-
match due to the small wavelength difference between the two exciting beams: ∼ 780 nm and
∼ 776 nm, respectively. For the most probable (mp) velocity of the 85Rb atoms in the heated
cell of vmp = 2kBT/mRb ≈ 250 m/s [19] this mismatch is about 1-2 MHz.

5.4.2 Frequency offset lock

The absorption spectroscopy provides a reference signal for stabilizing the frequency of the
compensation laser to the 5P3/2 → 5D5/2 atomic transition. However, as described before, we
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need to lock the laser with a small frequency offset

Δc = ωP→D − ωc , (5.9)

to this transition. Here, ωc denotes the output frequency of the Velocity laser and ωP→D is the
transition frequency between the fine-structure levels 5P3/2 and 5D5/2, see also Fig. 5.6 a). To
enable the offset locking, the probe light is sent through an electro-optical modulator (EOM)
before entering the Rb vapor cell, see Fig. 5.5. The EOM modulates the phase of the probe light
with its RF-driving frequency, which we choose to be ωEOM = 2π × 1.24 GHz. As a conse-
quence, the light interacting with the atoms contains (predominantly) three frequency compo-
nents: one at the laser output frequency frequency, ωc, and two first-order sideband frequencies,
ωc ± ωEOM. When the probe light is scanned across resonance, we thus observe three copies of
the absorption signal of Fig. 5.6 b). The idea now is to stabilize the laser to the absorption of the
”blue” sideband with frequency

ωblue = ωc + ωEOM . (5.10)

In this case, the laser frequency ωc will be red-detuned to the 5P3/2 → 5D5/2 transition, as
desired. Note, that in our experiment the resulting detuning is, however, not equal to the driving
frequency of the EOM: Δc = ωEOM. The reason is that our pump laser is not exactly resonant
with the 5S1/2, F = 3 → 5P3/2 transition, but has a non-zero detuning

Δpump = ωS→P − ωpump , (5.11)

as indicated in Fig. 5.6 a). Here, ωS→P is the transition frequency between the fine-structure lev-
els 5S1/2 and 5P3/2. The two-photon resonance condition, thus, requires for the blue sideband
frequency

ωblue = ωP→D +Δpump . (5.12)

Inserting Eq. (5.10) and (5.12) into Eq. (5.9), we obtain

Δc = ωEOM −Δpump. (5.13)

The 780 nm pump laser beam is branched off at the output of the MOT laser. Thus, the pump
detuning Δpump is determined by the setup and the locking scheme of the MOT laser system
(cf. Sec. 2.4.4) and it amounts to Δpump/2π ≈ 310 MHz. Equation (5.13) then yields the
compensation laser detuning

Δc/2π ≈ 930MHz , (5.14)

which is the value that we also used for the theoretical predictions in the previous section.

To stabilize the frequency of the blue sideband to the 5P3/2 → 5D5/2 atomic resonance, we
use the well-established Pound-Drever-Hall (PDH) technique [108]. Originally, it was proposed
for stabilizing the frequency of a laser to a (more) stable optical cavity [164]. But it works
analogously when the reference is provided by an atomic resonance, as in our case. We saw in
Fig. 5.6 b) that the F -hyperfine levels lie very close to each other, and hence the individual
absorption lines are not very well resolved. We will thus take the full absorption spectrum as a
reference for the stabilization.
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Figure 5.7: Frequency offset lock. a) Schematic of the setup for the Pound-Drever-Hall fre-
quency stabilization scheme. b) Measured absorption of the blue sideband on the 5P3/2 →
5D5/2 transition. c) Corresponding error signal, generated by the setup depicted in panel (a).

Key to counteracting deviations of the laser frequency from resonance is to know to which
side of the resonance the laser is momentarily drifting. The absorption signal itself does not
give this information, as it is symmetric around resonance. The frequency-dependent phase
of the light interacting with the atoms, however, is antisymmetric. The problem is that this
phase cannot be measured directly, but the PDH technique provides a way to indirectly measure
it. The idea is to modulate sidebands onto the light to be stabilized, which provide a phase
reference [108].

Figure 5.7 a) shows a simplified scheme of the used setup. Remember, that in our case the
light to be stabilized is the blue sideband with frequency ωblue = ωc + ωEOM. To modulate
sidebands onto this light, we drive the same EOM additionally with a frequency ωmod ωEOM,
provided by a local oscillator. We choose the modulation frequency to be ωmod ≈ 5 MHz, which
is smaller than the spectral width of the 5D5/2 hyperfine structure. When the light, which now
has frequency components ωblue ± ωmod, interacts with the atoms, we observe an absorption
signal on the PD as shown in Fig. 5.7 b). It looks different than in Fig. 5.6 b) because it is a
sum of the absorption of the carrier and the two sidebands. Apart from this intensity signal, the
PD detects beat signals between the sidebands, as well as between the carrier and the sidebands.
We are only interested in the latter, which oscillate at the modulation frequency, as they contain
information on the frequency offset. This beat signal can be isolated by mixing the PD signal
with the local oscillator and low-pass filtering the mixer output signal. This yields the so-called
error signal, which is shown in Fig. 5.7 c). It is antisymmetric around resonance and, thus, serves
well to give proper feedback to the laser. In practice, the feedback is provided by an electronic
PID controller (servo), which acts on the piezo-electric actuator controlling the lasing frequency
of the laser.
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5.5 Experimental verification of the light shift compensation

With the compensation laser being set up, we can now test the light shift compensation scheme
explained in Sec. 5.1 and 5.2. We do this by measuring fluorescence of the trapped atom as a
function of the compensation laser power.

Figure 5.8 a) depicts the experimental sequence used to perform this measurement. When
an atom is detected in the evanescent field of the resonator mode via the detection light, the
FPGA-based detection system triggers the detection light to switch off and the trap light to
switch on. Additionally, we now sent the compensation light with variable power, Pc, onto the
atom via the trap optics. In the presence of both trap and compensation light we send a weak
fluorescence probe light for 100 µs through the trap optics, which is resonant to the resonator
and the unperturbed atom. Fluorescence photons emitted by a trapped atom are detected with
the pair of SPCMs in Port 2, see Fig. 4.1. Directly after the probing, a strong fluorescence pulse
is applied to test the presence of the atom. The compensation laser is switched off after the
probing, such that the fluorescence detection is performed under the same conditions in each
sequence part. We expect the fluorescence rate in the probing window to depend on the power
setting of the compensation laser, and it should peak at the point of optimal light shift compen-
sation. In order to not heat the atom out of the trap during probing, we limit the probe power
to P fluor

probe ≈ 1 nW, corresponding to about 2 Isat. This power is low enough such that a large
fraction of the trapped atoms survive the probing, which most likely can be explained by the
non-optimal light shift compensation that we discussed in Sec. 5.3. The pulses for the fluores-
cence probing and detection were generated from the same laser beam. In order to enable fast
switching between the two different optical powers we used a home-built AOM-driver, which is
described in App. A.4.1. The above described sequence is executed for a set of compensation
laser powers Pc = {0, 275, 365, 455, 545, 635, 725, 815} µW, respectively, and for reference
with a 10 µs-long trap delay at Pc = 815 µW in order to prevent the loading of an atom into the
trap.

In this measurement, we chose linear polarization perpendicular to the plane of incidence
(cf. Sec. 3.6.1), for all light fields sent through the trap optics, as indicated by the vector
p̂⊥ = (0, 1, 0) in Figure 5.8 b). In this case, the polarization of the reflected beam is the
same as the one of the incoming beam. Thus, the polarization is approximately equal every-
where in the trap. This choice, however, has implications for the atom–probe interaction in this
measurement. To simplify the description, it is convenient to choose the quantization axis to
point along the polarization direction of the trap optics fields, i.e. along the y-direction. This
means, however, that we use a different atomic eigenbasis than compared to the optical pumping
process during the atom detection, see Sec. 2.5.2. With respect to the new basis, the atomic pop-
ulation is not concentrated in the outermost Zeeman level after the atom is detected. Instead, the
(F = 3,mF = +3) level with respect to the z-axis, which is prepared during atom detection,
can be expressed as a superposition of the new magnetic sublevels −3 ≤ mF ≤ +3 of the F = 3
manifold for the quantization axis aligned along y. As a consequence, the atomic population is
initially distributed over all magnetic sublevels. Furthermore, with respect to the new quanti-
zation axis, the probe light will predominantly drive π-transitions to the (F = 4, |mF | ≤ 3)
levels, as illustrated in Fig. 5.8 c). Also transitions to the F = 3- and F = 2-manifolds are
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Figure 5.8: a) Experimental sequence for the verification of the light shift compensation. In the
different sequence parts the compensation laser power, Pc, is set to different values, see main
text. The fluorescence beam with a power corresponding to ∼ 2 Isat is sent onto the atom for a
probing time of 100 µs. When the compensation laser switches off, the fluorescence light power
is increased corresponding to ∼ 100 Isat to perform the usual detection of the trapped atom. b)
Illustration of the propagation directions of the involved light fields and the polarization direction
of the light fields sent through the trap optics. c) Coupled transitions, for the case of ⊥-polarized
fluorescence probe light.

allowed according to the selection rule, ΔF = 0,±1, and for low compensation laser pow-
ers those transitions even become resonant to the probe light, see Fig. 5.2. The corresponding
transition strengths are, however, much smaller than those for the F = 4-manifold [111]. As
a consequence of the choice of polarization, we expect that the probe light will induce fluo-
rescence predominantly via the transitions to the (F = 4, |mF | ≤ 3) levels. The fluorescence
signal is, thus, expected to be broadened due to the tensor light shift of the F = 4-manifold, as
indicated by the green bar in Fig. 5.2.

After repeating the experimental sequences many times, we analyze the photon statistics in
the fluorescence probing and detection windows. Figure 5.9 a) shows the fraction, η, of atom
trigger (AT) events where an atom was present in the trap after the probing window, as a function
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Figure 5.9: a) Fraction of atom events that are re-detected in the fluorescence detection window
(2nd detection) by fulfilling the criterion of ”n ≥ n2nd

thr = 3 detected photons in 20 µs” and
are, therefore, counted as trapped atoms. The dashed blue line is a guide to the eye. b) Mean
number of detected fluorescence photons in the presence of the trap and the compensation laser,
as a function of compensation laser power Pc. The solid blue line is a theoretical fit, which is
explained in Sec. 5.5.2.

of the compensation laser power. We count a detection event as a trapped atom if we detected
a number n ≥ n2nd

thr = 3 of the photons scattered into the resonator mode within the 20 µs-
long fluorescence detection window. The same selection criterion is applied to the reference run
where no atom was loaded (gray data point), for which we find η < 0.1 %. For the measurement
runs (blue data points) one can see, that the fraction of surviving atoms is significantly reduced
around the compensation laser power of ∼ 550 µW. This indicates that the atom is closer to
resonance with the probe light for this power, and thus it is more likely to be heated out of the
trap. For each atom trigger event that fulfills the above selection criterion, i.e. for all atoms
that stayed trapped over the full probing window, we then count the photons detected during
the 100 µs of probing. The average photon number detected in the probing window is plotted
as a function of the compensation laser power in Fig. 5.9 b). We observe a clear maximum
of about four photons for the power Pmax

c = 500 ± 50 µW. This increased fluorescence rate
confirms that the atom is tuned into resonance with the probe light around the compensation
laser power Pmax

c , thereby demonstrating the successful compensation of the trap-induced light
shift. The solid blue line is a theoretical fit, which we will explain below. As an addition, the
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photon number probability distribution of the probing window is shown for each value of the
compensation laser power in App. A.4.1. These photon probability distributions again illustrate
the increased atomic fluorescence for the intermediate compensation laser powers.

5.5.1 Discussion

If we compare the result of the fluorescence measurement with the theoretical prediction in
Fig. 5.2, we can identify two main differences: First, we calculated optimal light shift compen-
sation for a compensation laser power of about Pmax,th

c ≈ 0.25 mW (green bar) and, therefore,
initially expected to observe the maximum fluorescence around this power. Instead, the mea-
sured mean number of fluorescence photons peaks at about twice the predicted compensation
laser power, indicating that the compensation laser intensity at the position of the atom was
smaller than expected. Second, the measured resonance is significantly broadened compared to
the expectation.

These deviations from the theory are predominantly caused by the chromatic aberrations of
our trap optics, which we discussed in Sec. 5.3. This effect leads to a slight mismatch between
the focus positions of the trap and the compensation laser beam along the optical axis, such that
the beam radius of the compensation laser is larger than the radius of the trapping beam at the
position of the atom (wc > w0). This explains the reduced compensation laser intensity and the
resulting shift of the measured resonance toward a higher compensation laser power.

Since the atoms are moving in the trap potential due to their relatively high average energy
(cf. Sec. 4.6.2), the measured fluorescence spectrum in Fig. 5.9 b) is an average over the range
of possible atomic positions in the trap (cf. Sec. A.3). The chromatic aberrations, thus, lead to
a broadening of the measured spectrum, as for a wider range of Pc-values the trap-induced light
shift is canceled only at certain positions in the trap.

5.5.2 Theoretical model

In this section, we explain how we derive the theoretical model for the data in Fig. 5.9 b). In
order to obtain a realistic description, the model must include the effect of the motion of the
atoms in the trap in conjunction with the position-dependent two-color light shifts caused by the
displacement between the trap and compensation laser beam foci, as discussed in the preceding
section. The theory is based on the model of the interaction between a two-level atom and a
single resonator mode using the master equation approach (cf. Sec. 2.3.2).

In the measurement, the trapped atom is probed with an external resonant light field (”atom-
drive”), which is sent through the trap optics. A certain fraction of the photons that are scattered
by the atom is coupled into the resonator mode and from the resonator into the coupling fiber
with the rate κext. The resonator field, outcoupled into the nanofiber, is given by

âfluor
out = −i

√
2κext â , (5.15)

where â is the expectation value of the photon annihilation operator for the resonator field.
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The Hamiltonian that describes the external excitation of the atom is

Ĥfluor
drive = i

Ω

2
(σ̂− − σ̂+) , (5.16)

where Ω is the Rabi frequency of the external probe laser. Inserting this driving term into
Eq. (2.34) and solving the master equation for the case of weak driving allows us to derive a
steady-state solution for the outcoupled power in first approximation:

âfluor
out

2
= 2κext

gΩ/2

g2 + γ + iΔap κtot + iΔrp

2

. (5.17)

The resonator–probe detuning, Δrp = ωr−ωprobe, was set to 2π×10 MHz3 in the measurement.
The atom–probe detuning, Δap = ωa −ωprobe, is predominantly determined by the detuning, δν,
of the light-shifted atomic transition frequency with respect to ω0. According to Eq. (5.4) and
considering the chromatic aberrations of our trap optics (cf. Sec. 5.3), this detuning depends on
the trap and compensation laser intensities as well as on the position r = {x, y, z} of the atom
in the trap, such that Δap := 2π δν(Itrap, Ic, r).

Also the Rabi frequency of the probe light, Ω(r), and the atom–resonator coupling strength,
g(r), depend on the atomic position. Since the probe light is sent through the trap optics, the
corresponding distribution of the Rabi frequencies can be described analogous to Eq. (3.40):

Ω = Ω0 f⊥(x) e−2ρ2/w2
fluor , (5.18)

with Ω0 = 2γ I/2Isat ≈ 40 MHz [111]. Due to the chromatic aberrations and λfluor =
780.24 nm, the fluorescence beam focus must be located between the trap and compensation
laser foci. Thus, we estimate the radius of the fluorescence beam at the position of the atom
to wfluor ≈ 4 µm. The position dependence of the atom–resonator coupling strength g(r) is
determined by the intensity distribution of the resonator mode and is given in Sec. 2.4.7. Here,
we assume that the trap center lies at the caustic of the resonator mode.

Evaluating Eq. (5.17) for Pc-values ∈ [0, 0.9] mW yields a theoretical fluorescence spectrum.
To fit the measured fluorescence spectrum, we first calculate fluorescence spectra for an atom
at a certain position, r, for each of the driven transitions depicted in Fig. 5.8 c). For simplicity,
we equally average those spectra, which yields a spectrum that is slightly broadened due to the
tensor shifts of the F = 4 Zeeman manifold. We do this for a large set of positions and then
average the resulting spectra over the position distribution of the atoms in the trap potential
formed by the ⊥-polarized trap light field. The latter we derived from the measured energy
distribution by calculating classical trajectories of the atom in the trap potential (cf. Sec. A.3).

When performing the fit using as free parameters the beam radius of the compensation laser
at the position of the trap, wc, and the maximum mean number of detected photons, we find
that the FWHM-width of the measured fluorescence spectrum of ∼ 300 µW cannot be fully
explained by the tensor shifts and the chromatic aberration. For this reason, we also include
that the polarization vector of the trap and compensation fields might contain residual elliptical

3The fluorescence light frequency was supposed to be resonant to the resonator frequency (Δrp = 0), but we
missed to change the setting after a different measurement, which we performed prior to the presented measurement.
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Figure 5.10: Calculation of the two-color light shifts of the 5S1/2, F = 3 ground state (red)
and the 5P3/2, F = 4 excited state (blue), for an atom in the center of the trap, for the elliptical
polarization vector u = (ux, uy, uz) = (0, 0.98, 0.20 i) and a mismatch of the beam radii at the
position of the atom (wc/wtrap ≈ 1.5).

components. Such elliptical components can be present, even if the incident polarization was
perfectly adjusted to linear, for instance due to stress-induced birefringence of the large vacuum
viewport.

To model this, we use for the calculations of the two-color light shifts a normalized polar-
ization vector of the form (0, 1, ε i) /

√
1 + ε2. Note that, here, we implicitly chose the y-axis

as the quantization axis for the light shift formalism. The calculated light shifts are shown in
Fig. 5.10, for an atom at the trap center and for the polarization vector u = (0, 0.98, 0.20i),
for which we yield the best fitting final spectrum. The red (blue) solid lines are the light shifts
for the 5S1/2, F = 3 ground state (5P3/2, F = 4 excited state) Zeeman manifold. Due to the
elliptical polarization component, the vector polarizability of the atom now also contributes to
the light shifts: α(K=1)

n,J = 0. Thus, also the ground state light shifts depend now on the Zeeman
state. Note that, due to the elliptical polarization components, the mF ( ) quantum numbers of
the hyperfine basis {|nJFmF } are no good quantum numbers anymore, leading to substantial
level mixing. Therefore, we do not label the plotted energies with these numbers anymore. In
the excited state, we observe level mixing even between the F -manifolds. In this situation it is
difficult to define a transition frequency. For this reason, for simplicity, we eventually consider
all 7× 9 = 63 combinations for the transition energy between the ground and the excited states
in our fitting procedure. The averaging of the resulting spectra is done as described before.

In this way, we fit the data in Fig. 5.9 b) with wc, ε as well as the maximum mean number
of detected photons and obtain the blue solid line, which agrees very well with the data. This
fit yields a compensation laser beam radius of wc = 5.13 µm, corresponding to a ratio of the
trap and compensation laser beam radii of wc/wtrap = 1.47. The fit result for the polarization
vector u was given before already with u = (0, 0.98, 0.20i). We can compute the overlap of
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this polarization with π-polarization described by the unit vector eπ := ey = (0, 1, 0) and yield

|u · e∗π|2/|u|2 ≈ 0.96 . (5.19)

This means that, according to the fit results, the polarization of the trap optics beams had a
reduced overlap with linear polarization of about 96 %.

5.6 Spectroscopy of the atom–resonator system

In Sec. 5.5 we measured the fluorescence of a trapped atom in the presence of the compensation
light and observed an increased scattering rate peaking at the power Pmax

c = 500 ± 50 µW.
This strongly suggests that the atom has been tuned into resonance with the probe light and,
thus, with the resonator. In this situation, it should be possible to observe resonant interaction
between the resonator and the trapped atom. One way to test this is to measure a transmission
spectrum of the coupled atom–resonator system, which at the same time allows us to measure
the atom–resonator coupling strength.

We measure transmission spectra in the presence and absence of light shift compensation,
using the experimental sequence illustrated in Fig. 5.11 a). After an atom is detected in the
resonator mode and possibly loaded into the trap, we send a 400 µs-long probe pulse through
the coupling fiber and vary its detuning, Δω = ωprobe − ω0. The compensation laser beam is set
to a fixed power value, Pc. The probe beam is provided by the same light source as the detection
light used for the 1st detection, however, with reduced power to not heat the atom out of the
trap during probing. This condition is fulfilled for a detection laser power of P res

probe ≈ 16 fW,
which we determined in a separate measurement (cf. App. A.4.2). After the probing, the latter
is switched off and a strong fluorescence pulse is sent to test the presence of a trapped atom. We
perform in total twenty-two measurement sequences, each for a different detuning, Δω, within
the range of ±40 MHz around the resonance frequency ω0.

In contrast to all previously shown measurements, here, we align the linear polarization,
p̂ , of the trap and the compensation light approximately along the resonator axis, as depicted
in Fig. 5.11 b). With respect to this axis, the driven resonator mode is approximately σ+-
polarized. As the atom is prepared in the outermost Zeeman level (F = 3,mF = 3) by the
1st detection (cf. Sec. 2.5.2), it interacts with the probe light predominantly via the strong
(F = 3,mF = 3) → (F = 4,mF = 4) cycling transition, see Fig. 5.11 c).

Figure 5.12 shows the transmission spectra in presence (Pc = 330 ± 30 µW) and absence
(Pc = 0) of the compensation laser, respectively. The spectra show the transmission within the
400 µs-long probing window as a function of the probe–resonator detuning Δω. The blue data
corresponds to the atom trigger events where an atom was present in both 1st and 2nd detection
(n ≥ n2nd

thr = 5 detected photons in 20 µs). The gray data shows the transmission corresponding
to the other atom trigger events, i.e. the events where no atom was loaded into the trap as well
as the events where the atom was lost during probing. The latter show – as expected – the empty
resonator spectrum. The gray dashed line is a fit of a Lorentzian function to the data with a
HWHM-width of about 11 MHz.
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Figure 5.11: a) Experimental sequence for the spectroscopy of the coupled trapped atom–
resonator system. The trapped atom is probed for 400 µs via the resonator field using the detec-
tion light. In the in total twenty-two sequence parts, the detuning of the probe light with respect
to the resonator, Δω, is varied. After the probing the presence of the trapped atom is tested by
sending a strong fluorescence pulse. b) Illustration of the propagation directions of the involved
light fields and the polarization direction of the light fields that are sent through the trap optics.
c) Predominantly probed transition by the detection light.

The trapped atom events in Fig. 5.12 a) (blue data) show a clear vacuum Rabi splitting. This
demonstrates, for the first time, strong resonant coupling between a single trapped atom and the
bottle microresonator. Note, that we measured the Rabi splitting at a smaller compensation laser
power than the one for which we observed the maximum fluorescence (Pmax

c ≈ 500 µW). This is
expected, because the cycling transition features a smaller light shift compared to the transitions
to the other Zeeman levels of the F = 4 excited state, which were involved in the fluorescence
measurement (cf. Fig. 5.2). Thus, the cycling transition should already be compensated for a
compensation laser power of ∼ 0.75Pmax

c . The measured difference between the two values of
≈ 34 % agrees with this prediction within the error of ±10 % of Pmax

c , which we determined
from Fig. 5.9 b). The blue solid line in Fig. 5.12 a) is a theoretical prediction, which is discussed
in detail in the next section. We can, however, already infer the mean trapped atom–resonator
coupling strength from the theoretical model to be ḡtrap/2π ≈ 10 MHz.

For comparison, the Rabi splitting measured for the case of transiting atoms in Fig. 2.18
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Figure 5.12: Normalized transmission spectra of the atom–resonator system a) in presence
(Pc = 330 ± 30 µW) and b) absence of the compensation laser. Each plot shows the average
spectrum of single trapped atoms (blue and purple, respectively), as well as the empty resonator
spectrum when no atom was trapped (gray). The error bars of the gray data points are smaller
than the point size. The solid line in (a) is a theoretical prediction (see Sec. 5.6.1). The solid
line in (b) is a fit of a Lorentzian function to the data as a guide to the eye, excluding the six
right-most data points. The dashed lines are fitted Lorentzians with a HWHM-width of about
11 MHz.

revealed a mean coupling strength of ḡtransit/2π = 17 MHz, which is a factor of 1.7 larger than
in the trapped atom case. Both measurements have been performed with the same resonator
mode and under the condition of critical coupling for the empty resonator. Accordingly, the
mode volume V , and with it the coupling strength according to Eq. (2.8), were equal. Therefore,
the difference in the measured mean coupling strengths must be a consequence of the probability
distributions of the atomic positions and their respective overlap with the resonator mode for the
two cases. It is, thus, likely that the trapped atoms are on average further away from the resonator
surface than the transiting atoms.

For comparison with the vacuum Rabi splitting in Fig. 5.12 a), panel (b) shows the transmis-
sion spectrum of the trapped atoms in the absence of light shift compensation. Due to the large
atom–resonator detuning caused by the trap-induced light shift (cf. Sec. 3.5), we only observe
a small dispersive shift of the resonator resonance. The purple solid line is a fit of a Lorentzian
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5. COMPENSATION OF THE TRAP-INDUCED LIGHT SHIFT

function to the data excluding the points taken for the detunings Δω/2π = +20 to +40 MHz.
We suspect that the deviation of these data points from the Lorentzian shape is caused by the
coupling of the probe light to the states of the F = 4 manifolds, which are shifted into resonance
for Pc = 0, see Fig. 5.2. We also measured transmission spectra for the values of Pc ≈ 370 µW
and Pc ≈ 410 µW, which are shown in App. A.4.2.

5.6.1 Theoretical prediction

In order to describe the experimental situation theoretically, we again include the atomic motion
together with the position-dependent coupling strength and light shift of the atomic transition.
We had found residual position dependence of the two-color light shifts even for the optimal
compensation laser power, caused by imperfect mode-matching of the trap and the compensation
laser beams (cf. Sec. 5.3). For simplicity, we neglect in this description the possible presence of
elliptical polarization components.

In Sec. 2.3.2 we derived the expression for the transmission through the coupling fiber using
the master equation approach (cf. (Eq. 2.39)):

T =
âout

âin

2

=
g2 + γ + iΔap κ0 − κext + iΔrp

g2 + γ + iΔap κ0 + κext + iΔrp

2

. (5.20)

Here, Δrp = −Δω is the resonator–probe detuning plotted on the abscissa in Fig. 5.12. The
atom–probe detuning Δap is now a sum of the detuning Δω and the position-dependent detun-
ing of the two-color light shifted atomic transition frequency with respect to its unperturbed
value, such that Δap = −Δω + 2π δν(Itrap, Ic, r). For the calculation of the two-color light
shifts we use the intensity distributions given in Eq. (5.7) and (5.8), but with the corresponding
standing-wave pattern for -polarization described by f (x) (cf. Eq. (3.39)). In these expressions
we also insert the beam radii wtrap = 3.5 µm and wc = 5.13 µm, where the latter value was ob-
tained from the fit to the measured fluorescence spectrum in Sec. 5.5.2. For the atom–resonator
coupling strength, g(r), we again consider the position dependence given in Sec. 2.4.7, with the
assumption that the trap center lies at the caustic of the resonator mode.

Based on the expression in Eq. (5.20), we can model the measured vacuum Rabi splitting.
Evaluating this expression as a function of Δω yields a theoretical transmission spectrum. We
calculate such spectra for each of the positions that were considered for the calculated position
distribution (cf. Sec. A.3). In contrast to the fluorescence model, here we only consider the
coupling to the (F = 3,mF = 3) → (F = 4,mF = 4) cycling transition. The resulting
spectra are then averaged over the position distribution of the atoms in the trap to yield the final
spectrum plotted in Fig. 5.12 a). Averaging the coupling strengths over the position distribution
of the atoms in the trap potential for the case of -polarized trap light, yields an average cou-
pling strength of gth/2π = 9.3 MHz with a standard deviation of σth

g /2π = 6.1 MHz, in good
agreement with our expectations.

In this modeling, we leave the compensation laser power Pc as a free parameter in order to
find the most symmetric spectrum. The solid line in Fig. 5.12 a) was obtained for a theoretical
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5.6. Spectroscopy of the atom–resonator system

power of P th
c = 400 µW. As mentioned earlier, the discrepancy between this theoretical value

and the experimental value of Pc = 330 ± 30 µW probably comes from the uncertainty of
the Pmax

c -value, determined from the fluorescence measurement. This uncertainty impacts our
estimation of the ratio of the compensation and trap laser beam radii, wc/wtrap, which also enters
as a parameter in this model for the Rabi-splitting.

We can apply the presented model also to the transmission spectrum of Fig. 5.12 b) by simply
setting the compensation laser power to P th

c = 0. However, by doing so, we find a theoretical
spectrum that is almost identical to the empty resonator case. In contrast, the measured data
shows a clear shift with respect to the pure resonator resonance. We think that for an adequate
description, one would need to take into account the coupling of the resonator mode to transitions
other than the F = 3 → F = 4 cycling transition, which are shifted closer to resonance for
Pc = 0, as visible in Fig. 5.2.
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CHAPTER 6
Summary and Outlook

Summary

In the framework of this thesis, different options for trapping single rubidium atoms in the res-
onator mode of a whispering-gallery-mode bottle microresonator have been considered. Thereby,
we identified a retroreflected optical tweezer trap as the most promising trapping scheme and in-
tegrated such a trap into our CQED experiment.

In order to load a single atom into the trap, we bring a cloud of laser-cooled 85Rb atoms to
the resonator via an atomic fountain. Upon real-time detection of a single atom in the evanescent
field of the resonator mode, we rapidly switch on the trap laser in order to capture the atom. We
experimentally verified that, in this way, we can catch atoms and hold them inside the optical
potential. A trap loading probability of about 1% was found, which is compatible with what we
expect from geometrical consideration of our loading scheme. In our experiment we measured
an average lifetime of the trapped atoms of about 2 ms. This constitutes a significant increase
compared to previously demonstrated interaction times for free-falling atoms coupled to WGM
resonators. However, it is relatively small compared to the lifetimes reported for standing-wave
dipole traps used in conjunction with, e.g., optical nanofibers. We attribute the measured lifetime
mostly to scattering-induced heating where the large repulsive excited state potential gives rise
to a large temperature increase per scattering event due to the relatively high initial temperature
of the trapped single atoms.

The ground and the excited state of the trapped rubidium atoms are shifted into opposite
directions under the influence of the trap light, which results in a strong position dependence of
the atomic transition frequencies. Since in the red-detuned regime no magic wavelength exists
for rubidium, we implemented a light shift compensation scheme in order to resonantly couple
the trapped single atoms to the resonator mode. In this scheme, we superimpose the trapping
beam with a second laser beam, which is red-detuned to the transition between the excited
state and a higher-lying state. We experimentally demonstrated the working principle of this
compensation scheme. Making use of the light shift compensation, we could tune the atom back
to resonance with the unperturbed transition. This allowed us to measure a vacuum Rabi splitting
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6. SUMMARY AND OUTLOOK

of trapped single atoms coupled to a WGM resonator, which revealed an average atom–resonator
coupling strength of ḡtrap/2π ≈ 10 MHz. This result constitutes the first demonstration of strong
coupling of a single trapped atom to a WGM resonator.

With the improved control over the atomic motion, more complex applications and quantum
information protocols are now possible with our system. For example, we could implement a
photon–photon gate as suggested in Ref. [65] or prepare our quantum optical circulator [55] in
a superposition of its operation directions to create Schrödinger cat states of light.

Outlook

As our system provides a fully fiber-integrated interface between a trapped single atom and a sin-
gle photon, it is ideally suited for integration into an optical quantum network as a network node.
Performing quantum computations, long-distance quantum communication or quantum simula-
tions requires to construct large-scale quantum networks consisting of many network nodes. In
such a network, quantum operations as, e.g., the distribution of entanglement across the network
or the teleportation of quantum states between network nodes [37], demand a large degree of
control, in particular, over the external and internal degrees of freedom of the atoms. To allow
this, in each network node, the atom needs to be coupled deterministically to the resonator and
for a significant amount of time.

In our experiment, one possibility to make the loading of the dipole trap more efficient and
deterministic, is to first load atoms from the atomic fountain into a MOT near the resonator.
Then, a single atom can be transferred from the MOT into an optical tweezer trap by exploiting
the collisional blockade effect [137]. After a successful loading, which can be verified via
fluorescence detection, the atom can be transported close to the resonator by moving the focus of
the optical tweezer trap toward the resonator surface. This has to be done in such a way, however,
that the atom is transferred from the initial free-space tweezer potential into the minimum of the
emerging partial standing-wave potential, which is closest to the resonator surface. In a recent
proposal [165] it is suggested to use a coherent superposition of radial Laguerre-Gauss beams
to create the dipole trap. This configuration is expected to yield a strong suppression of the
standing-wave pattern, which originates from the interference between the incoming and the
reflected trapping beam, for distances from the dielectric surface larger than ∼ λtrap. Thus,
essentially only the trap minimum closest to the resonator remains, into which the atom can be
loaded.

To increase the storage time, the trapped atom needs to be cooled inside the trap. With a
trap loading mechanism as described before, the initial average temperature of the trapped sin-
gle atoms should already be reduced compared to the one resulting from our current scheme.
However, during the execution of quantum protocols the atom will always be illuminated with
probe or control fields, which inevitably leads to heating and eventually to loss of the atom. In
order to prevent this, a cooling mechanism with a sufficiently large cooling rate will thus be
needed for future applications. In the past two decades, extensive theroretical and experimental
research has been conducted on laser cooling of trapped ions and neutral atoms. Cavity-based
cooling techniques are, e.g., feedback cooling [166, 167], cavity cooling [24, 168, 169] and Ra-
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man sideband cooling [25, 26]. By making use of the mutually orthogonal circular polarization
of counter-propagating WGMs in our system, we could possibly implement a cooling scheme
that combines polarization gradient cooling with cavity cooling [170]. With an efficient cooling
mechanism in place, the lifetime of the trapped atoms should further increase by several orders
of magnitude.

The scalability of quantum optical architectures can be significantly improved by employ-
ing optical chip technology (e.g. [171] and references therein). Hence, there is also a trend
to realize atom–light interfaces on the basis of such platforms [125, 126]. Already in the early
2000s, microtoroids have been fabricated in linear arrays on a silicon chip motivated by the same
idea [37, 76, 172]. The scheme of coupling single trapped atoms to a WGM microresonator
demonstrated within this thesis can also be applied to on-chip disk or ring resonators [173].
Combining such integrated optical resonators with deterministically coupled atoms, possibly
in large arrays or networks, has a great potential for future applications in quantum optics. In
particular, new quantum protocols and functionalities may profit from the chiral atom–light in-
teraction present in the type of system that has been described in this thesis.
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A.1 Supplementary Information: Trapping single atoms close to the
bottle resonator

A.1.1 Trapping single atoms with a pulsed trap

In our first attempts to trap atoms in the standing-wave dipole trap, we sought for real-time
observation of the single trapped atoms. As the large trap-induced light shift renders atom
detection via the resonator problematic, the first idea was to employ a pulsed trap. This means
that the trapping beam is periodically switched on and off, such that the trapped atom can be
resonantly probed during the off-times. In order for the atom to stay trapped nevertheless, the
switching frequency has to be much larger than the largest atomic oscillation frequency. In this
case, the atom should always ”see” a time-averaged trapping potential.

Due to the tight confinement of the atom along the axial direction in our dipole trap, the
corresponding oscillation frequency is ∼ 1 MHz (cf. Sec. 3.6.3). Therefore, we aimed at a
switching period of not more than 100-200 ns. Upon detection of an atom in the evanescent field
at time t = 0, we switched on the trapping beam, see Fig. A.1.1 a). After a hold time of 5 µs,
which ensures that non-trapped atoms have left the evanescent field, we started the interrogation
phase. In that, the trap was periodically switched on and off, while the detection beam was sent
onto the resonator with the inverse switching pattern, such that it is on whenever the trap is off.
For the generation of the pulse sequences of both beams we employed an ADwin system (Jäger
Computergesteuerte Messtechnik). We also accounted for delays due to electronic or optical
path length differences in order to yield the desired pulse timings at the position of the atom.

In order to test the presence of the atoms during the pulse sequence, we analyzed the trans-
mission of the detection light during the detection light pulses. To extract a lifetime from this
data, we divided the sequence into bundles, each containing 30 pulses, and integrated the trans-
mitted photons over the 30 pulses for each bundle. Figure A.1.1 b) shows an example of such
a lifetime measurement. We fit an exponential function to the data and obtain a decay constant

Figure A.1.1: Trapping and detection of atoms in the standing-wave dipole potential using a
pulsed trapping scheme. a) Sketch of the experimental sequence showing the inversely phased
pulse patterns of the detection and trap light. b) Lifetime measurement of single atoms in the
pulsed trap. The solid red line is an exponential fit, yielding a decay constant of about 30 pulses,
corresponding to a lifetime of about 4.8 µs.
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Figure A.1.2: Simplified scheme of the RF-driver chain that supplies the AOMs in the trap and
heating laser (HL) paths. The individual Mini-Circuits® RF-components are labeled and their
respective model number is given in brackets.

of ∼ 30 pulses corresponding to a lifetime of about 4.8 µs. Thus, in these measurements we
already observed a response of trapped atoms during the detection windows, but the signal de-
cayed within the first few microseconds. Most probably, the atoms were heated out of the trap
by the trap modulation in conjunction with the interaction with the detection light. Furthermore,
due to the limited response time of our AOMs and control electronics, additional heating effects
occurred. For this reason, we moved on to the approach of a continuous trapping beam and
started investigating different options of probing the trapped atom, which is described in Ch. 4.

A.1.2 RF-driver for trap and heating laser control

The main task of this radio frequency (RF) driver is to enable fast on/off-switching of the trap
laser. This is essential in our experiment, as we want to capture free-falling atoms in the trapping
potential, after they have been detected in real time in the evanescent field of the resonator mode.
The original RF-driver was assembled and characterized within the framework of a Bachelor
thesis, where details can be found about the individual components [174]. However, in the course
of our measurements, certain components were added to this RF-driver to allow for additional
functions.

In Fig. A.1.2 a scheme of the RF-driver is depicted, showing only the main components.
The RF-source is a voltage-controlled oscillator (VCO), whose output frequency can be tuned
between 150 MHz and 280 MHz via a tuning voltage Vtune. Next comes a power splitter, which
splits the signal into two branches. Each of the branches has a voltage-variable attenuator (VVA),
which allows one to adjust the RF-power via a control voltage. The VVAs are followed by
an RF-switch that allows fast switching between the two branches by means of a TTL signal.
The two-branch structure offers the possibility to rapidly switch between different RF-powers.
The TTL input of the second switch in the chain is supplied by the atom-trigger FPGA, which
thus determines the on/off-state of the trap-AOM and the on/off-state of the heating laser (HL-)
AOM. More specifically, with the arrangement shown in Fig. A.1.2, the driver generates exactly
inversely phased on/off-switching patterns of the trap and HL beams. We use this feature to
counteract the trap-induced resonator heating described in Sec. A.2. Between the second switch
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Figure A.1.3: Experimental implementation of the adiabatic trap depth variation for the tem-
perature measurement described in Sec. 4.6.2. a) Scheme of the optical and electronic com-
ponents involved in modulating the amplitude of the RF-signal and, thus, the trap power. The
RF-signal is generated by the driver discussed in App. A.1.2. b) Resulting optical signal of the
trap light measured behind the trap-AOM with a photodiode, exemplarily for the final trap power
P low

trap = 0.4P 0
trap.

and the high-power amplifier in the upper RF-path we inserted a mixer, which enables us to
drive a predefined trap power ramp in the measurement of the temperature of the trapped single
atoms, described in Sec. 4.6.2.

A.1.3 Measurement of the energy distribution

Experimental implementation of the trap laser power ramp

The variation of the trap laser power in the measurement of the energy distribution of the trapped
single atoms (cf. Sec. 4.6.2) is implemented by modulating the amplitude of the RF-driving
signal for the trap-AOM. For this purpose, we inserted a frequency mixer into the RF-driver
chain that supplies the AOM (cf. Fig. A.1.2). A simplified scheme of the setup is shown in
Fig. A.1.3 a). We chose to use a mixer, as it provides both fast and linear response. For this
application we use the local oscillator (LO) port and the intermediate frequency (IF) port of
the mixer as input ports and the RF port as output port. The original RF-driving signal is sent
into the LO port. The IF port is supplied with a time-dependent quasi-analog DC-voltage signal
according to the function given in Eq. (4.10). This analog signal was generated by our ADwin
system1. For each sequence part with a different Ulow-value a separate ramp was programmed
in the ADbasic programming language. The mixer then simply multiplies the two input signals,
giving rise to the modulation of the RF-amplitude. The resulting optical signal is shown in
Fig. A.1.3 b), exemplarily for the case where the trap depth is lowered to 40 % of its initial
value. The ADwin input function is very well mapped onto the optical signal, thereby showing
that both the mixer and the AOM were operating approximately in their linear regimes.

1ADwin, Jäger Computergesteuerte Messtechnik
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Figure A.2.4: Trap-induced heating of the resonator. a) Frequency shift Δωr and transmission
increase for light initially resonant with the resonator, for the case that the resonator is illumi-
nated with the trap light field for different durations Δt. b) Same quantities for the case of
several successive short periods of trap illumination (Δt = 2 ms).

A.2 Resonator heating effect

A.2.1 Trap-induced heating of the resonator material

When the trapping beam impinges on the resonator, a small fraction of the trap power is ab-
sorbed, which causes the resonator temperature to slightly increase. As a consequence, the re-
fractive index of the resonator material (silica) and the resonator diameter change. Both effects
lead to a shift of the resonator mode frequency, which is detrimental to our experiments.

Since, in our measurements, the coupling fiber is critically coupled to the empty resonator
and the resonator frequency is not stabilized during the detection window (cf. Sec. 2.5), the
frequency shift manifests itself in a transmission increase of the light through the coupling fiber.
We demonstrate this in two measurements shown in Fig. A.2.4. We use the same experimental
cycle as in a usual measurement, however, with the differences that we do not launch the atomic
fountain and we do not send any detection light. Instead, we keep the resonator stabilization
light on during the detection window, during which the resonator lock is off, and measure the
stabilization light transmission through the coupling fiber while letting the trap light impinge on
the resonator with our typical trapping parameters (Ptrap = 20 mW, λtrap = 783.68 nm).

In Fig. A.2.4 a) the transmission of the stabilization light and the corresponding frequency
shift are shown as a function of the illumination time, for the case that the trap light switches
on at the beginning of the detection window for time durations Δt = {12.5, 25, 50} ms. In
Fig. A.2.4 b) the same signal is shown, however, for a situation more similar to an actual mea-
surement: we send several short pulses (Δt = 2 ms) of the trap light onto the resonator, thereby
imitating atom detection events. In both plots, the red shaded areas indicate when the trap light
is on and, thus, when the resonator heats up. In plot (a) we see a steep increase of the trans-
mission when the trap laser is switched on, which saturates for longer times. After the laser is
switched off, the resonator frequency returns to its steady state value on a time scale of ∼ 15 to
35 ms, depending on the illumination time. At time t ≈ 165 ms we see an abrupt step in the
transmission. Here, the resonator lock kicks in and thus pulls the resonator frequency back into
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Figure A.2.5: Suppression of the trap-induced heating of the resonator using the interleaved
heating laser. a) and b) Oscilloscope screenshots of the measured transmission, T , of light
initially resonant with the resonator (yellow trace), for several successive pulses of trap light
(Δt =2 ms) as in Fig. A.2.4 b), but now with additional heating laser illumination with the
inverse switching pattern as compared to the trap laser. a) Single shot with best-case suppression
of the heating-induced transmission increase. b) Single shot with worst-case suppression.

resonance with the stabilization light. In plot (b) we observe a fast temperature-induced shift of
the resonator frequency of up to 2-3 MHz, whenever the trap light switches on. The subsequent
cooling after switching the trap off has a larger time constant than the heating, such that the
resonator does not cool down completely after each illumination. Therefore, we also observe a
slow accumulative drift of the resonator frequency over time.

As described in Sec. 2.5.2, our real-time atom detection scheme relies on the large trans-
mission increase from about 0 to ∼ 70% associated with the strong coupling of an atom to
the resonator mode. Consequently, the heating-induced transmission increase of the empty res-
onator discussed here, can lead to false detection events. When multiple atom events occur
successively within a short time, i.e. the trap is quasi-continuously on, this can even lead to a
cascade of spurious detection events, which will prevent us from seeing actual atoms coupling to
the resonator. Without taking any countermeasures, this limits the time duration Δt for trapping
the atom to about 200 µs. Consequently, we have to counteract the heating effect.

A.2.2 Counteracting the heating effect

To counteract the heating, we send an additional laser beam onto the resonator, which we call
”heating laser”, see Fig. 4.1. This laser has the inverse on/off-switching pattern compared to the
trap light, such that it is always on when the trap light is off and vice versa. We achieve this by
using the RF-driver chain depicted in Fig. A.1.2.

The heating laser has a wavelength of 980 nm, a power of up to 100 mW and a focus diameter
of about 50 µm. It is sent onto the resonator along the −z -direction, as illustrated in Fig. 4.1. In
this way, it does not affect the trapping of the atom. Since the heating laser beam impinges at a
different position onto the resonator and has different properties than the trap light, the resulting
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dynamics of the heating (cooling) of the resonator, when the laser switches on (off), are different.
As a consequence, we can counteract the slow accumulative drift of the resonator frequency
relatively well, but we cannot fully eliminate the short-term frequency drift. This can be seen
in Fig. A.2.5 a) and b), which shows two single shots of the experimental cycle, respectively.
In plot (a) close-to-optimal suppression of the temperature-dependent drift is achieved, while
plot (b) shows another single shot, where the suppression is worse and the residual transmission
increase still goes up to ∼ 4 %.

As an additional measure to avoid the cascade effect explained in Sec. A.2.1, we introduce
a dead time of typically 2 ms for the AT-FPGA after a trigger event has occurred. Thereby, the
resonator always has some time to cool down before a new atom can be detected.
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Figure A.3.6: Example trajectory of a trapped atom in the trapping potential, for the case of a ⊥-
polarized trap with the parameters Ptrap, wtrap, Δtrap/2π = {18.7mW, 3.5µm, 1.68THz}.
One transverse oscillation period (Ty/z ≈ 15 µs) of the trajectory is shown, projected onto the
a) x–y-plane, b) x–z-plane and c) y–z-plane, respectively. The coordinate system is chosen in
accordance with Fig. 3.2.

A.3 Position distribution of the trapped atoms

In Sec. 4.6.2 we have seen that the single trapped atoms have on average a rather high energy
corresponding to approximately two thirds of the trap depth (E0 ≈ 2/3U0). Accordingly, the
atoms are expected to occupy a large part of the trapping volume. As a consequence, the atomic
transition frequency is not only shifted due to the trap-induced light shift, but also substantially
broadened. Here, we are interested in the position distribution, i.e. the probability p(r) of
the atom to be found at a certain position in the trap, from which we can then calculate the
distribution of the atomic transition frequency. As E0/ is much larger than the oscillation
frequencies ωy/z and ωx in the trap, we can imagine the atoms as classical particles oscillating
in the trap potential. Thus, to find out the probability distribution of the atomic positions, we
calculate classical trajectories of a single trapped atom for different total energies, E0, sampled
over the energy distribution in Fig. 4.14 c).

The first step to simulate an atomic trajectory is to pseudo-randomly generate a start posi-
tion within the trapping volume. Here, the boundaries of the trapping volume are defined by
the maximum possible potential energy, Emax = U0, which corresponds to the local maximum
of the potential, before it steeply drops toward the resonator surface due to the van der Waals-
interaction (cf. Fig. 3.7). The generated start position is associated with a potential energy, Epot.
In consideration of energy conservation, E0 = Epot + Ekin, the remaining kinetic energy Ekin
is then randomly distributed onto the three components of the velocity vector. Given these start-
ing conditions, we numerically solve the equations of motion in the trapping potential given by
Eq. (3.44). The size of the time steps is chosen small enough such that the fast oscillation of
the atom in longitudinal direction (x) is properly sampled. Furthermore, the temporal length of
each trajectory is chosen to be about three times longer than the longest oscillation period in
transverse direction (Ty/z ≈ 15 µs). Figures A.3.6 a)-c) show examplarily one such calculated
trajectory in the potential landscape, projected onto the x–y-plane, x–z-plane and y–z-plane,
respectively. Here, the trap light was chosen to be ⊥-polarized and the trap parameters were
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Figure A.3.7: Position distribution, p(r), obtained by averaging simulated classical atomic
trajectories over the Gaussian energy distribution in Fig. 4.14 b) (see details in the text). Panels
(a) to (c) show the distribution along two axes, respectively.

Ptrap, wtrap, Δtrap/2π = {18.7mW, 3.5µm, 1.68THz}, chosen in accordance with the ex-
perimental parameters used in the measurement presented in Sec. 5.5. For better visibility, we
plot only one oscillation period, Ty/z , of the slow transverse oscillation. In this particular exam-
ple, the atom moves relatively far away from the trap center in transverse y-direction, while the
oscillation amplitude in x-direction is rather small.

The above describe procedure is performed for ∼ 30 discrete energy values, E0, evenly
sampled over the Gaussian energy distribution of Fig. 4.14 b). For each energy we calculate
500 trajectories and histogram the occurring positions, r = {x, y, z}, in 203 = 8000 three-
dimensional bins of size Δx ×Δy ×Δz = (20× 100× 100) nm3 around the trap center. To
obtain the final normalized position distribution, we average the resulting histograms taking into
account the corresponding weighting factors from the normalized Gaussian energy distribution,
P (E0). Note, that we have to rescale the energy distribution from Sec. 4.6.2, which was mea-
sured for a trap power Ptrap = 20 mW, to the present case where we consider a slightly lower
power of 18.7 mW. For this, we assume that the relative energy distribution does not change in
a shallower trap, as it is probably a characteristic of our trap loading mechanism. The resulting
position distribution for the parameters mentioned above is plotted in Figs. A.3.7 a)-c) for all
directions, respectively. The highest probability of about 0.3 % is found for an atom located at
the trap center r0 = {dr/2 + 0.205, 0, 0} µm.
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Figure A.4.8: Simplified scheme of the RF-driver chain that supplies the AOM in the fluores-
cence light path. It enables fast switching between fluorescence light pulses of different powers,
which was used in the measurement presented in Sec. 5.5. The individual Mini-Circuits® RF-
components are labeled and their model number is given in brackets.

A.4 Supplementary Information: Compensation of the
trap-induced light shift

A.4.1 Experimental verification of the light shift compensation

RF-driver for fluorescence light control

In Fig. 5.8 a) we show the experimental sequence that we used for the measurement to verify the
working principle of the light shift compensation scheme (cf. Sec. 5.5). In order to rapidly switch
between the fluorescence light pulses of different powers we assembled a dedicated AOM-driver,
which is schematically shown in Fig. A.4.8. Here, two independent RF-signals with different
powers are connected to two fast switches in series. The first switch is operated in reversed
direction, such that the two RF-branches can be connected to its two output ports. Hence, by
sending a TTL-signal to the first switch, we can decide which of the two RF-signals should be
transmitted. The second switch enables to turn the transmitted signal on or off, depending on its
TTL input-level. Each of the two RF-branches possesses a voltage-controlled oscillator (VCO)
as RF-source and a voltage-variable attenuator (VVA). The latter allows to adjust the RF-power.
A VVA alone, however, could not have served for the power switching task in our measurement,
as it has a typical switching time of 20 µs. In contrast, the RF-switch has a switching time of
only ∼ 10 ns.

Additionally, this AOM-driver allows one to switch between RF-signals with different fre-
quencies, which could be useful for future experiments, e.g. for testing schemes to cool the
trapped atom.

Photon statistics of the fluorescence probing window for trapped-atom events

Here, we show the photon number probability distributions of the fluorescence probing window
in the measurement presented in Sec. 5.5. For this purpose, we considered only the traces
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Figure A.4.9: Photon number probability distributions for the different compensation laser pow-
ers, Pc, used in the measurement. The gray bars show the reference data, where no atom is
trapped. The blue (red) solid lines are fits of a Poisson function according to Eq. (4.2) to the
measurement (reference) data.

where the atom stayed trapped over the full probing window, i.e. the runs where the second
trigger criterion ”n ≥ n2nd

thr = 3 photons in 20 µs” is fulfilled, see Sec. 5.5. We then histogram
the scattered fluorescence photons that were registered with the SPCMs for each value of the
compensation laser power, Pc, used in the measurement.

The result is shown in Fig. A.4.9. The blue histograms correspond to the runs with trapped
atoms for the different compensation laser powers, as indicated. The gray histogram, which
is the same in each plot, shows the result for the reference run, where no atom is loaded into
the trap. The blue (red) solid lines are fits of a Poisson function according to Eq. (4.2) to the
measurement (reference) data. The measurements clearly illustrate the increased number of
scattered fluorescence photons for the intermediate compensation laser powers, where the atoms
are tuned close to resonance. The average photon numbers are plotted as a function of the
compensation laser power in Fig. 5.9 b).

A.4.2 Spectroscopy of the atom–resonator system

Detection power scan

In preparation for the measurements of the transmission spectra, presented in Sec. 5.6, we per-
formed a short measurement to find a suited power of the detection light for probing. The power
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Figure A.4.10: Fraction of atom events that stay trapped over the full 400 µs-long probing
window (blue data points), as a function of the probe power P res

probe. The dashed blue line is a
guide to the eye. The gray data point was measured for reference without trapped atoms.

should be low enough such that the atom is not heated out of the trap and, thus, the transmission
is stable over the full 400 µs-long probing window.

The timings of the experimental sequence that we use for this measurement are identical to
the one in Fig. 5.11. However, instead of varying the probing frequency, we set three differ-
ent values of the probe power: P res

probe ≈ {16, 48, 160} fW (femto watts). For comparison, the
power used for detecting an atom in the evanescent field is about 1.6 pW. In addition to the three
sequence parts with different powers, we include one reference sequence. With the fluorescence
pulse at the end of the sequence we can determine the fraction of atoms surviving the interroga-
tion with the probe light. Figure A.4.10 shows the result. We find the largest survival probability
for the lowest probe power of P res

probe ≈ 16 fW. Accordingly, we chose to use this power in the
transmission measurement. For the largest of the tested power values of 160 fW the survival
probability is close to zero.

Transmission spectra for different compensation powers

In addition to the transmission spectra shown in Fig. 5.12, we measured two more spectra for the
compensation laser powers Pc = 370±35 µW and Pc = 410±40 µW, respectively. The spectra
are shown in Fig. A.4.11. The solid lines are theoretical predictions, which were generated as
described in Sec. 5.6.1 for compensation laser powers of P th

c = 440 µW and P th
c = 490 µW,

respectively, which were chosen so as to give a similar ratio of P th
c /Pc as for the spectrum in

Fig. 5.12 a), described in Sec. 5.6.1. Note that these spectra were measured at higher compen-
sation laser powers, i.e. in a situation where the transitions to the other Zeeman levels of the
F = 4 manifold are close to the unperturbed transition frequency, while the cycling transition
is already detuned, see Fig. 5.2. Thus, the two-level atom approximation in our theory model
does not fully apply anymore, and, as a consequence, the agreement between the measured data
and the theoretical prediction is not as good as for the compensated spectrum in Fig. 5.12 a).
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Figure A.4.11: Normalized transmission spectra for compensation laser powers of a) Pc =
370± 35 µW and b) Pc = 410± 40 µW. The solid lines are theoretical predictions, see text.
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List of Acronyms

AOM acousto-optical modulator
APD avalanche photodiode
AT atom trigger

BC Berek compensator
BS beam splitter

CQED cavity quantum electrodynamics

DDS direct digital synthesizer

ECDL external cavity diode laser
EOM electro-optical modulator

FBS fiber-beam splitter
FM frequency modulation
FP Fabry-Pérot
FSR free spectral range
FPGA field programmable gate array

LO local oscillator

MEMS micro electro-mechanical system
MOT magneto-optical trap
MZ Mach-Zehnder

PBS polarizing beam splitter
PD photodiode
PDH Pound-Drever-Hall
PGC polarization gradient cooling
PID proportional, integral, derivative
PM polarization-maintaining

Rb Rubidium
RF radio frequency

SPCM single-photon counting module

TA tapered amplifier
TE transverse-electric
TM transverse-magnetic
TTL transistor-transistor logic

WGM whispering-gallery mode
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