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Abstract

The interaction of a two-level atom with the mode of a quatizlectromagnetic field consti-
tutes one of the most fundamental systems investigatedantgm optics. We have pursued
such an investigation where rubidium atoms are stronglyleaito the modes of a whispering-
gallery-mode (WGM) resonator that is itself interfacedhan optical fiber. In order to facilitate
studies of this atom-light interaction, an experimentgdarptus was constructed around a novel
type of WGM resonator developed in our group. Compared tz#&single-mode resonators,
the spectral and spatial mode structure of this resonadtis/a qualitatively different atom-light
response arising principally because the resonator stgppar frequency-degenerate modes.

This thesis reports on high resolution experiments stugie transmission and reflection
spectra of high) modes @ ~ 107 — 10%) in a WGM resonator. Light is coupled into and
out of WGMs by frustrated total internal reflection using guical nanofiber. Single-atoms are
clearly observed transiting the evanescent field of thenaso modes with a duration of a few
microseconds. A high-speed experimental scheme was ge¢kto firstly detect the coupling
of individual atoms to the resonator and secondly to perfimme-resolved spectroscopy on the
strongly coupled atom-resonator system.

Spectral measurements clearly resolve an atom-inducedjehia the resonant transmission
of the coupled system{( 65% absolute change) that is much larger than predicted intéme s
dard Jaynes-Cummings model (25% absolute change) and tma$athnot been observed. To
gain further insight, we experimentally explored the prtips of the interaction and performed
supporting simulations.

Spectroscopy was performed on the atom-resonator systeim tug nanofibers to in- and
out-couple light for probing/observing the system. Usinig setup, we find an asymmetric re-
sponse in the fraction of reflected light from the empty reséonmode. The coupling of atoms to
a mode similarly produces asymmetric transmission andcteftespectra that critically depend
on the direction of light propagation in the mode. Possiblganations for the spectral proper-
ties are identified and possible routes to verifying the erature of the atom-light interaction
are suggested.

The observation of directional asymmetries and large dtwlaeed changes in the transmis-
sion and reflection spectra provide important new persgesciin the fundamental dynamics of
atom-light coupling with whispering-gallery-mode restara. Moreover, our novel resonator
design features four-port functionality using two optiddlers as well as very low intrinsic
losses, which altogether makes the system a versatil@optafor fundamental studies of open
guantum systems.
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Introduction

Single Atoms and Photons

The interaction of a quantized electromagnetic field withrat is the subject area of quantum
electrodynamics (QED). Its success as a quantum theorydsraed by a number of extremely
accurate predictions and corresponding experiments in bigth and low energy physics, in
which, for example, the value of the fine structure constastthbeen independently compared
to give a value that is precise to 0.4 parts-per-billion [@he of the earliest successes of QED
was the measurement of the Lamb shift (i.e., the interaafan electron and vacuum) for the
hydrogen atom [2], and its subsequent theoretical verifiodby Bethe in 1947 [3]. Around
the same time, theoretical advancements in the field lecetextplanation of spontaneous emis-
sion [4], calculations of the electron g-factor [5], and gvediction by Purcell of inhibited and
enhanced spontaneous emission of an atom depending on the deasity of a surrounding
physical structure [6]. The latter effect is particularBlavant in the context of this thesis be-
cause the surrounding structure can be an electromagastioator. One possible realization of
this effect is to place an atom between two reflecting mirtbes trap light in an optical mode
— commonly referred to as a Fabry-Pérot resonator. (As amaliive to using a resonator, it is
possible to use a photonic crystal optical fiber with propddsigned boundary conditions that
form optical band-gaps at discrete energies [7]).

The work of Purcell [6] shows that spontaneous emission igush an intrinsic and fixed
property of an atom but is also a property of the radiated field, as such, can be engineered.
Indeed, enhanced spontaneous emission was first expesilgetgmonstrated in Ref. [8] using
a Fabry-Pérot resonator and alkali atoms. The spontanenissien of an atom in a resonator
iS Ties = Tiree - A3Q/(472V), Wherel'y,. is the spontaneous emission in free spacis the
wavelength of that atomic transitiofy; is the mode volume in the resonat@,= ¢/(2r k) is
the quality factor of the resonator modeis the speed of light in vacuum, andis the energy
decay rate of the resonator. In principle, the two resonptmameters —) and V' — can
therefore be freely chosen to control spontaneous emis3ioa work in this thesis focuses on
the interaction of atoms and light in a resonator with a végild) /V ratio and is formed within
the framework otavity QED.

Modern cavity QED experiments have evolved over the lasteds/due to increased levels
of sophistication and control of optical fields at the singleton level in numerous photonic
devices, ranging from Fabry-Pérot resonators, semicaadsgstems, photon-bandgap struc-
tures, superconducting systems, and recently to whigpgatiery-mode (WGM) systems (for
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areview, see Refs. [9-11]). Indeed, the importance of tte diecavity QED has recently been
confirmed through the award of half of the 2012 Nobel Prizeliggies for work performed by
Serge Haroche [12]. Complementing these developmentsi@bnd atomic-like systems now
come in a variety of forms, such as quantum dots in semicdodkjdRydberg atoms, supercon-
ducting qubits, and alkali atoms. Compared to traditiomallimear optical physics, cavity QED
launches atomic and optical physics into a new regime whegéesphotons interact with single
atoms. The coupling of a single atom to a resonator mode cténstrong nonlinear responses
from the system even at the single photon level, which carxpiged to manipulate quantum
states [13]. In the setting of cavity QED, photon blockade.e ithe routing of single photons
one-by-one into a resonator that is also coupled to an atora a~very prominent example of
a nonlinear photon-photon interaction demonstrated tcenRef. [14] using a Fabry-Pérot
resonator and a trapped cesium atom. The effect is enabilmagtiha quantum mechanical phe-
nomenon that strongly regulates the energy conservatidheotombined system of resonator
mode and atom. Unlike in a classical interaction of light amatter where the photon statistics
are always poissonian, the photon statistics of this ca9Bp interaction are inherently non-
classical and were observed to be strongly sub-poissomidraati-bunched. Properties such
as photon blockade, afforded by a cavity QED system, can fbhenbasis for applications in a
quantum network in which photonic qubits must be processedeuted.

Cavity QED experiments typically rely on the strong intei@t of an atomic dipole with an
electromagnetic mode. Here, a strong interaction is tagandan that the atomic interaction
with the resonator mode is strong relative to the interactidth radiation modes. The spon-
taneous emission of a photon from an atom into a radiationemeads to dissipation of the
composite atom-cavity system, while spontaneous emisstora resonator mode is reversible
because the photon can be re-absorbed by the atom many taritee photon bounces back
and forth between the mirrors. The interaction strengtthégacterized by the amplitude of the
mode at the position of the atom, which can be very large irsanator with largel/V due
to the resonant enhancement of light at discrete frequen8imce modes that radiate into free
space are numerous and not spatially confined, the amplitiide individual mode relative to
the totality of modes is very small.

The most elementary quantum system where the interactibbghtfand matter occurs con-
sists of a single two-state atom coupled to a single ele@gmetic mode, and was originally
theoretically investigated by Jaynes and Cummings in 1963 [Despite having initially de-
veloped a model to just study spontaneous emission of atotesms of classical physics, the
work of Jaynes and Cummings was later found to provide a &dlyble quantum mechanical
model of an atom coupled to a mode of a light (see Ref. [16] f@view). This ideal one-atom
system has been experimentally realized in the domain afyo@ED at microwave frequencies
in a micromaser [17], and at optical frequencies in a FalimePresonator [18,19]. At optical
frequencies, one pioneering experiment with a Fabry-Pésainator was performed by drop-
ping laser-cooled atoms over a resonator and then obsahdnigansits through an intra-cavity
probe field [18]. This method allowed the coherent and révlerexchange of energy between
the atom and resonator mode on a timescale long enough &®vadtrong coupling, and marks
an important milestone in optical cavity QED.

In order to realize the regime where strong coupling betwiggrm and an atom is possible,



several stringent requirements must be fulfilled. Firgklg atomic system must have two energy
states — a ground and excited state — that can couple to a nfitidgato Furthermore, the en-
ergy exchange rate between the atom and mg@daust be larger than the spontaneous emission
rate between the two energy states|n the absence of a resonator, this condition is difficult to
satisfy because the coupling between an atomic system amgpagating light beam is typically
very low due to the scale of the cross-section of the lightbéaavelength\) and the atomic
absorption cross-section (approximatef). On the other hand, it is possible to enhagde

a very small resonator and thus achieve the condijios v. The function of the resonator
is to simultaneously store light for extended periods ofetiamd to also confine the light in a
microscopic volume such that the probability of an atormhtligteraction is greatly enhanced.
As stated already in relation to the Purcell effect, resansatave imperfections that lead to light
loss that is characterized by a cavity decay rateTherefore, in order to achieve strong cou-
pling the conditiory > x must also be fulfilled, i.e., the coherent exchange of enbagyween
the atom and resonator mode must be at a rate that is mucleigtieah the energy dissipation.
The above conditions can be combined into a single critdnothe strong coupling regime of
cavity QED given byy = ¢2/kv > 1, wheren is called the cooperativity parameter [10]. The
cooperativity can be equivalently written in terms of thedawolumel” and quality factorQ
asn =3/4m-\*-Q/V.

The observation of normal mode splitting in the energy lestalicture of a cavity QED
system is generally regarded as a decisive confirmation efatipn in the strong coupling
regime [18, 19]. Normal mode splitting can be explainedsitasly as a consequence of the dis-
persion properties of a single atom acting as refractiveugaaition of the resonator mode [20], or
instead modeled as a system of coupled oscillators. Inaduthntized description the splitting
arises from the Jaynes-Cummings model. However, unlikbénctassical situation, the level
splitting is anharmonic. Furthermore, the photon statistif the new mode-split resonances are
non-classical and can exhibit a sub-poissonian or supes@uian photon distribution. Under
optimal conditions in a Fabry-Pérot resonator with singteres, another striking feature of the
new resonances is the asymmetry in their linewidth and d@uadj which depends on the detun-
ing of the free-space atomic resonance from the empty résoresonance [18]. This behavior
is a direct consequence of attractive and repulsive diotees acting on the motion of the atom
in the mode, and can be exploited to trap single atoms witllesimtra-cavity photons [21, 22].

During the course of this thesis, a hew experimental apparaBs constructed to study
the strong coupling of singl&’Rb atoms to the modes of a WGM resonator havipgy/ ~
6 x 10* (A\/n)~3, where) is the optical wavelength andis the refractive index of the resonator
material. The observation of normal mode splitting (or Raiitting) for single atoms resonant
with the mode of a WGM resonator for the first time is a centesluit of this thesis. Spec-
troscopy of the coupled atom-resonator system revealsreptinances indicating operation in
the strong coupling regime. The combined effects of dipolé surface forces strongly mod-
ify both the spectral features and atom-light interactiomet The use of two optical fibers for
infout-coupling of light to the resonator in these spectopéc measurements greatly aids our
ability to probe the operation of the system.



Whispering-Gallery-Modes and Optical Fibers

Numerous ground-breaking experiments have demonstragedid¢ar potential of cavity QED
through the successful demonstration of quantum non-déomoimeasurements of the state of
single intra-cavity photons [23], non-linear photon-phrointeractions by photon blockade [14],
atom-light entanglement, as well as many others (see REff¢fLa review). While highg) opti-
cal Fabry-Pérot resonators have been employed in manys# fiveof-of-principle experiments,
they suffer from technical drawbacks that limit their dgmigent on a wider scale. For example,
these highg) resonators tend to have centimeter-scale dimensions #iet them bulky, costly
optical coatings must be applied to the mirror surfaces g0 ashieve high quality at a fixed
wavelength region, absorption and scattering in the nsrhionit the effective transmission to
a few tens of percent, and passive frequency stability téod®e worse compared to mono-
lithic WGM designs [24]. On the other hand, WGM resonatofsrafajor advantages on each
of these points; these resonators can be fabricated wittonscale dimensions from standard
optical glass fibers or on solid-state microchips using esfablished techniques [10, 25], opti-
cal coatings are not required because the optical surfasebe produced with sub-nanometer
roughness, higld) resonances are available across the full transparencywiofithe resonator
material (e.g., silica transparency: 350 — 2000 hm), light can be in/out-coupled from the res-
onator with greater than 99% efficiency using optical fio&8][ and the passive frequency
stability is very good due to their monolithic constructifsam a single dielectric material. To
date, the highes/V -ratios have been reached with WGM resonators [27]. TheseiWGM
resonators are an advantageous platform that is highlgdstor cavity QED experiments.

WGM resonators are monolithic dielectric structures andegally have a circular cross-
section that guarantees the confinement of light. Light islegiin high€) modes near the
curved surface by total internal reflection [28]. Light isupted into and out of WGMs by
frustrated total internal reflection [29]. In this thesisupling is performed with an ultra-thin
optical glass fibers placed adjacent to the WGM resonator.

The concept of whispering-gallery-modes is widely knowthi@ micro-optics and photon-
ics communities, but it's origins are actually in the acaudgbmain. In 1910, Lord Rayleigh
explained what was a well known, but poorly understood, phenon observed in the dome
of St. Paul's Cathedral (see Fig. 1). This is where a persahisper near the wall at any
point is audible to a listener near the wall at other pointaiad the 31 m diameter gallery [30].
Lord Rayleigh’s wave description of acoustic modes in aeggltan be equally applied to op-
tical modes propagating in a dielectric microresonatore &kperiments in this thesis use silica
glass microresonators with a cross-section of aroundr8znd a quality factor of 1 x 102,
corresponding to over one hundred thousand circular réeok of the field.

Optical fibers are typically made from long silica wires ame widely used in communica-
tion infrastructure to guide optical signals over long ates. More recently, optical fiber-based
quantum optics experiments are now emerging as realistemsg for future quantum technolo-
gies. Recent work in this field has successfully integratesoacolor dipole trap for an atomic
ensemble together with an ultra-thin optical fiber (500 namukter) [31]. The atoms are trapped
in the evanescent field of the laser light at a distance ontther @f 200 nm from the fiber sur-
face, thus greatly enhancing the atom-light interactiorettompared to untrapped atoms. Such
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Talking

Figure 1: Acoustic whispering modes in the gallery at St. Pals Cathedral in London.
Acoustic waves from people whispering near the wall areiefiity transmitted by continuous
specular reflections around the gallery wall despite its 3liameter.

an atom-light interface may also function as a quantum megrimothe DLCZ quantum com-
munication protocol [32] and thus benefit from the high agtidensity of the ensemble and its
inherently efficient coupling to a single mode field. The esuent field of an ultra-thin optical
fiber can also efficiently interface individual quantum dari, such as nanodiamonds contain-
ing nitrogen vacancy defect centers. Using this schemek imdref. [33] demonstrated a single
photon source having the highest rate of single photon énigsto a single-mode fiber, to date.

Scope of the thesis

In this thesis, an experiment is presented where laseedoamioms interact with the evanes-
cent field of a WGM microresonator. The rotational symmefrthe resonator means that two
frequency-degenerate modes can co-exist — a clockwise raidlackwise mode — similar
to the situation in a ring resonator [34]. Specifically, thariments involve a novel WGM
resonator design, termed a bottle resonator, that candxégioed by either one or two ultra-thin
optical fibers. (Coincidentally, the resonator itself iscafabricated from an optical fiber). The
work in this thesis can be broadly divided into two sectiof@g;the development of new tech-
niques to allow an ultra-higy bottle resonator to be used in a cavity QED experiment (@&napt
4, 5, 6), (b) the actual demonstration and investigatiorhefdtrong coupling regime of cavity
QED with a bottle resonator (Chapter 7).

The experiment features several innovations; light is it @aut-coupled from the resonator
with near unity efficiency using up to two optical nanofibexsjacuum apparatus offers excel-
lent optical access to the setup (Chapter 4), a variety tdrdifit optical mode geometries in the
resonator are selected to study the atom-light interacti@optical frequency and intra-cavity
power of the resonator mode is actively stabilized (Chapteand, finally, a high-speed exper-
imental control setup was developed to study the intenaatio a sub-microsecond timescale
(Chapter 6). The work also builds on earlier work with bot#sonators in our group [35—38]
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through the construction of a compact, in-vacuum setup Wwith optical fibers coupled to a
bottle resonator. While the research is principally experital, it is supported by theoretical
modeling of the atom-light coupling and also modeling of dy@aamics of atomic motion near
the dielectric surface of the resonator.

In the cavity QED experiment, the transmission and reflaabioa weak probe light reveals
the spectral responses of the empty resonator (classitdja@upled atom-resonator (quantum)
system. The general spectral features correspond wellprétrious theoretical and experimen-
tal results using a single atom strongly coupled to a singbele Fabry-Pérot resonator [18, 19],
or an ensemble of atoms in a ring resonator [34]. Howevecgesihe experiment involves two
WGM modes that can be frequency degenerate, the experihrestdts significantly differ
from the predicted model. This model is based on a simpleneiie of the standard Jaynes-
Cummings model for a single atom interacting with a singledeof light to a model that
includes two modes [39]. The principle difference is theegyance of two clearly defined reso-
nances whereas three resonances are theoretically paditqqually important, this also means
that single atoms have a much larger effect on the resonamsrtrission of the system than
would otherwise be possible.

In order to gain further knowledge of the atom-light intdi@a, the spectra of the system is
observed under different experimental conditions; pasidnd negative atom-cavity detunings,
controlled variations of the velocities of atoms enterihg tesonator mode, and Rabi spectra
are studied using two modes having different spatial genesetind properties. The underlying
mechanism can be attributed to an asymmetry in the atonhiligdgraction, and several causes
are proposed and investigated in Chap. 7. The presencesofdhi physics is highly beneficial
because it enables single atoms to switch optical fields derivtwo optical fibers with much
higher extinction than predicted in the standard Jaynesi@ings model for an ideal WGM
resonator.



CHAPTER

Theory of Whispering Gallery Modes
In a Bottle Microresonator

1.1 Introduction

Optical microresonators have proven to be a powerful todtirdies requiring strong light-
matter interaction [10]. The light inside such resonat@s e strongly confined spatially and
stored for an extended period of time. Consequently, vegi hitra-cavity intensities are ob-
tained with only moderate optical powers coupled into trenator. For example, just/ AW
of in-coupled power can yield very high power densities of Wkm?.1 This makes optical
microresonators ideal tools for efficiently coupling liginid mattef. The spatial and tempo-
ral confinement of light in microresonators is characteribg their mode volumé” and their
quality factor@. The ratioQ/V thus relates the coupling strength between light and matter
to the dissipation rates of the coupled system. Record sati€)/V have been reached with
photonic crystal microcavities [40] and toroidal WGM miceeonators [27]. Recently, a con-
ceptually new type of WGM microresonator was demonstratati theoretically [41, 42] and
experimentally [43, 44] witl) / V' ratios rivalling the best demonstrated to date [25].

In this chapter | describe the necessary physical pringighel theoretical basis underpinning
bottle resonators.

1.2 Optical Properties of Bottle Microresonators

WGM microresonators are monolithic dielectric structures/hich the light is guided near the
surface by continuous total internal reflection [28]. Thesadile properties of WGM microres-

twith 1 uW of in-coupled power in the resonator, the intra-cavitirgity is over three hundred million times
the saturation intensity of the so-called Bycling transition iff°Rb (F = 3) — |F’ = 4)) for w-polarized light.

2Intra-cavity intensityl.., scales linearly with quality factaf... = IoQ\/(w*nR), wherel, is the free space
intensity, R is the resonator radius, andn is the wavelength in a resonator material of refractive xnde




onators have found wide-spread service in optics and plustomhey are found in experiments
ranging from microlasers [45-47] to cavity quantum eledyramics [48] and nonlinear op-
tics [37,49,50] where they greatly enhance light-matter laght-light interactions, respectively.

Light can be coupled into and out of WGM resonator modes wiigh efficiency by frus-
trated total internal reflection using the evanescent fiéld sub-micron diameter tapered op-
tical fiber coupler [26, 29]. Most notably, the coupling cam ferformed with near 100% ef-
ficiency [26, 36], thereby exceeding the coupling efficiesocof all other types of optical mi-
croresonators. Efficient in- and out-coupling of light is rmiversal property of silica WGM
microresonators and has been demonstrated in microsphgicestoroids, microdisks, and bot-
tle microresonators [25, 51].

Due to the small dimensions and monolithic constructionraflitional WGM microres-
onators, however, they exhibit a large frequency spacimgden resonances and a limited tun-
ing range. This poses a large obstacle for a wide range oicagiphs which require a resonance
of the microcavity to coincide with a predetermined frequelike, e. g., an atomic transition
in cavity quantum electrodynamics or a given channel of aalemgth division multiplexed sig-
nal in optical communication. The fiber-coupled bottle rafesonators presented in this work
combines an ultra-higtp-factor of up t03.6 x 108, a small mode volume of 1200 xm?, and
near lossless coupling, characteristic of whisperingegaimodes, with a customizable mode
structure and the ease of tuning of a Fabry-Pérot resonbl@se properties identify the bottle
microresonator as a powerful tool that opens numerousieggerspectives for a broad area of
applications and studies that were previously limited tbriz@érot resonators.

Recently it was shown in the Rauschenbeutel group that trdergeometry of the bottle
resonator offers access to the resonator’s light field with ¢oupling fibers without the spatial
constraints inherent to equatorial WGMs [38]. This faatits the use of the bottle microres-
onator as a four-port device in a so-calledid—drop configurationln communication technol-
ogy, such devices are used for (de)-multiplexing opticghals. By judicious placement of the
coupling fibers at the resonator caustics, the power trapffieiency between the bus fiber and
the drop fiber is as high as 93% while, simultaneously, theécdevandwidth is as narrow as
49 MHz [38]. Importantly, these properties are compatibighvgtrong coupling in a cavity
guantum electrodynamic experiment with neutral rubididomnes.

In the following section | will give an introduction to thedbry describing the properties
and structure of the electric field modes of bottle resosator

1.2.1 Whispering gallery modes

The electromagnetic modes in a whispering gallery modenadeo are described by Maxwell’s
equations. In the absence of charges and currents, theagosguare given by,

OH

OE
VxH= 55 , (1.2)
V-E=0, (1.3)
V-H=0, (1.4)



Figure 1.1: Concept of the bottle resonator and mode profile(a) Light (red) circulates in a
path within a solid glass fiber which forms the resonatorallinternal reflection of light ensures
that modes with high angular momentum are confined near #es glurface. (b) The weak
parabolic curvature of the glass fiber along thaxis defines an effective harmonic potential
for the light, thereby providing axial confinement. Fiben@aiure exaggerated. (c) Microscope
image of a WGM mode in a bottle resonator. The resonator iedlagth Erbium ions that
emit green fluoresce when excited at the absorption wavidehgage taken from the Er-doped
resonator presented in Refs. [25, 36, 52].

whereE is the electric field vectoH is the magnetic field vectoyy = p.,-ug is the magnetic
permeability of the materiak = ¢, is the electric permittivity of the material of refractive
indexn, u, = 1 ande, = n? in silica, anduy ande, are the vacuum permeability and vacuum
permittivity, respectively. Taking the curl of Eq. (1.1)dhsubstituting Eq. (1.2) we get

e O°E
c? ot?’

wherec is the speed of light in vacuum. This equation can be simglifieyield a wave equation
which satisfies both field vectols andH:

V x VE = — (1.5)

e O°E

Here, the electromagnetic wave varies with a time deperdeng —iwt), wheret is time and
w = ke/n = 2mwe/n\ is the angular frequency of the wave with wavevedtoin the frame of
the rotating wave, the above wave equation transforms irtctr Helmholtz equation,

V’E

VE +k’E=0, (1.7)
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and an equivalent equation also holds ¥r This equation can be solved with three scalar
components given in cylindrical coordinates, which is advapproximation given the near
cylindrical profile of the resonator as shown in Fig. 1.1. Bwrz component of the field the
Helmholtz equation then becomes

1 1 .
<8§ 0t ﬁ@% +02 + k2> Y =0, with ¢ =E, H.. (1.8)

Using the assumption that the resonator is cylindricalijnsetric, the solution to Eq. (1.8) is
translationally invariant along theaxis and we can set theaxis term in Eq. (1.8) a82+) = 0.
Also, we note that the angular component varies sinusgi@akbxp(—img¢), wherem is the
angular momentum quantum number. The equation is now in ¢nergl form of a Bessel
differential equation

2?00y + 20,y + (2° —nP)y =0, (1.9)

which can be re-written using the substitutions- ¢, x = kp, andn = m, as

PP + pdpp + ((kp)* = m*)p =0, (1.10)

where for the case of a WGM resonator we consider only noatieginteger valuesn =
0,1,2,3... This is a second-order differential equation with two inelegeent solutions — the
Bessel function of the first kindj,,,, and the Bessel function of the second kilig, (also known
as the Hankel function).

V(kp) = c1Jm (kp) + c2Y (kp) . (1.11)
The functionY,, diverges forkp < 1, but since this is not physically allowed the constants
set to zero for fields within the resonator. However, the fiancy,,, exhibits a fast decay towards
zero over a short distance correctly describing the fieldidatthe resonator and therefore the

constant is set to zero in this region. The mode numbecounts the number of wavelengths
around the resonator circumference with~ kp.

The z-components of thé&'-field are defined as [53]

E.(p,z) = Adm(konp) exp [i(m¢ — wt)] forp <R, (1.12)
E.(p,z) = BY,(kop) exp [i(m¢ — wt)] forp>R. (1.13)

And similarly for the H -field:

H.(p,z) = CJpm(konp)exp [i(m¢ — wt)] , forp <R, (1.14)
H,(p,z) = DY,,(kop) exp [i(m¢o — wt)] , forp>R. (1.15)

In addition to the axiak-components of the field, the radial and angulak-components

10



can be obtained from Eq. (1.1) and Eqg. (1.2)

—1
E,=—0,H
P ewqu zZ
Ey=—0,H.
“ (1.16)
H,=—0,F
P wad) zH
—1
Hy,=—0,FE, .
® Mwﬁ z

Here, as mentioned earlier, we neglealerivatives. We also assume there is no mode propa-
gation in thez direction so thatxp(i3z) plays no role. Modes wherg, = 0 are signified as
transverse electric (TE) modes while modes whige= 0 are signified as transverse magnetic
(TM) modes. Using the requirement that the amplitude of émgéntial field components at the
resonator surface = R must obey the following equalities,

E;n — E"c;ut7 H;n — I{gut7
™ i — o TE B (1.17)

we find the relations,

0Jm(konp)  0Ym(kop)

Jm(konp) Ym(kop) 7
TE . OJm (konp) _ n@Ym(kop) .

Jm(konp) Ym(kop)
Equation (1.18) therefore defines the boundary conditibtizegposition of the resonator caustic
atz = z. (see Fig. 1.1) and is termedcharacteristic equationSolutions to the characteristic
equations are eigen-wavenumbérs for allowed oscillations in the resonator. The imaginary
part of the solution quantifies the radiative losses and eamsbd to calculate a radiative quality
factor Q,aqa = Re(kyn,)/2Im(k,,). Equation (1.18) can be readily solved numerically using
software such as Mathematica as described in Ref. [53].
For completeness, if we return to Eqg. (1.16) we find for TEapgakd modes,

TM :

(1.18)

B, — %C’Jm(kzonp) exp.[i(mqb —wt)], forp <R, (1.19)
w5 DY (kop) exp [i(m¢ — wt)],  forp >R,
B, - s C exp [i‘(mqj — wt)] 8pJm(konp), forp <R, (1.20)
—Dexp [i(m¢ — wt)] 0,Ym(kop), forp >R,
and for TM-polarized modes we find,
H, - ;T”;AJm(kzonp) exp.[i(mqb —wt)], forp <R, (1.21)
s BYm(kop) exp [i(m¢ —wt)],  forp >R,

11



RS o

o '\\ ,,\

g 05 N - <
3 - - =
1 -

> - - | 2
% h 17
5, = = ||
& -_— - 0]
i - - "G
s — - 2
© - - Q
c . ") Q@
305 Y, N u
& % >

-1
1 0.5 0 05 1

Resonator radius, x-axis, R/p

Figure 1.2: Cross-section of the TM fieldof the fundamental resonator radial mode for quan-
tum numberm = 40. The field near the surface &/p = 1 is the evanescent field. At large
distances from the resonator surface measuring more tharesevavelengths, the electric field
pattern exhibits a distinct spiral shape unique to WGM ratans. The spiral originates from
the fact that the phase velocity of the field far from the stefaxceeds the phase velocity of the
field in/near the resonator due to the circular propagatiothe fields. The field far from the
surface is not guided by the resonator and is lost to freeeshas corresponding to radiative
losses. Radiative loss is unique to WGMs and does not exislimy-Pérot resonators.

Hy = {ﬁAexp [i(m¢ — wi)] OpJin(konp), forp <R, (1.22)

;—(ﬁB exp [i(m¢ — wt)] 0,Y,m(kop), forp >R,

The azimuthal cross-section of the solution to the eledigid for a TM-polarized WGM is
plotted in Fig. 1.2. Antinodes in the figure correspond thtligeflecting off the glass surface
via total internal reflection given in the ray-optics intefation, i.e., there are 20 reflections.
Outside the resonator, the electric field is seen to have ponextial-like decay due to the
Hankel function, and this part of the field is termed évanescent field

We note the wavevector deep inside the resonatos; w, /121, is different to the wavevec-
tor far outside the resonatdr; = w,/12€2. The difference in phase velocity of the mode in these
regions causes the faint spiralling wave outside the rasoife@ from the surface. See Sec. 9.2
in Ref. [54] for further details.
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Figure 1.3: Sketch of the effective radial potential. In analogy to a particle trapped in a
potential well, photons in a WGM resonator are trapped infiattéve potential well (solid blue
line) behind the resonator surface. The wavefunction (gheyled) decays exponentially beyond
the surface into the evanescent region. A fraction of theefuaction tunneling beyond the
potential well is no longer trapped, corresponding to nagidosses. These losses are significant
for very small resonators of a few microns in radius due tddlge fraction of the wavefunction
extending past the resonator surface.

Radiative tunneling of radial modes

Interestingly, the Bessel differential equation Eq. (}i&@nalogous to the Schrédinger equation
for a particle of mas4/ in a potential welll” with energyE [55],

“onraE V) B v) =0 (1.23)

whereE = h?k%/2M. The radial potential ensures that circulating photonsaianconfined
behind a potential barrier at the resonator surface. @albgithe photon is in a bound state and
cannot propagate into the forbidden regions when it's gnirdpelow the barrier height. This
analogy can be further extended by considering that thefwagtion has a non-zero probability
beyond the potential well, which can result in significandiaéive tunneling of light out of
the resonator. The effective potential is a function of thdial position, refractive index, and
wavelength and is given by

v ):{kQ(l—n2)+m2/p2, forp<R, (1.24)

m?2/p?, forp> R,

where R is the position of the resonator surface. The part of the fumation extending just
outside the resonator surface is evanescent and boundhesslestch in Fig. 1.3.
With the radial solutions to the field now at hand, we next foon the axial solutions.
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Figure 1.4: Absolute electric field,|E, .|, for cross-sections of the resonator axial modes
ranging from quantum number= 0 — 4 (a — f) andg = 20 (g), with TE polarization. Higher
order radial modes push the field maximum deeper into thena@spas can be seen by compar-
ing (c) and (f). The radial field pattern in the glass is ddxmli by Bessel functions while the
axial field is described by a Hermite polynomial. The electieéld is substantially enhanced at
the extremal anti-nodes of the Hermite polynomial, whiaghtermed theausticpositions.

1.2.2 Axial wave equation

The spectral properties of WGM microresonators are tylyiatermined by their geometry.
Traditional WGM resonators, like the microtoroid, micrskli and microsphere [10], are gener-
ally considered 2D resonators that confine light in an eqigtolane with their spectral proper-
ties defined by their diameter. In contrast, as shown in Fig.Hottle resonators are intrinsically
3D in design and their spectral properties are defined by dieineter as well as their curvature
along the fiber axis [41]. The resonator radfiaglong the resonator axisis assumed to have a
parabolic profile

R(z) = Ry (1 — (Akz)? /2) . (1.25)

Here, Ry is the maximum radius of the resonator at the positioa 0 and Ak denotes the
curvature of the resonator profile.

Due to the prolate shape of the bottle resonator there isasiyall variation in its radius
along z, meaning thattlR/d>z < 1 in the central region of the structure, for example, see
Fig. 1.4. This motivates the so-calledliabatic approximationwhere the radial component
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k, = (dR/dz) k. of the wave vector can be neglectedith respect to the axial and azimuthal

components:, andk,
[0 5 _ 27N

where is the wavelength of light in vacuum. The resonators useligwrork have a diameter
Dy = 2R, of around 35-5Q:m and a typical curvature @&k = 0.012 pum~—!. The bottle modes
experimentally investigated are typically located in doadz| < 10 pm. With these values one
finds|k,(2)| < 2.5 x 1072k, (2)|.

In the adiabatic approximation, the wave function is writées a product of the axial wave
function Z(z) and the radial wave functiof®(p, R(z)). The latter only exhibits a weak de-
pendency via the adiabatic variation of the resonator radithe wave equation thus reads as

(V24 k2)® (r,R(2)) Z(2)e™ =0, (1.27)

where the exponential component derives from the cyliadlsgmmetry of the azimuthal part.
The radial wave equation for the component was solved in B2dl.
The axial wave equation only depends on thepordinate

(02 +k2) Z(2) =0. (1.28)

Using Eq. (1.26) and eliminatingy via ky(z) = kR./R(z) = m/R(z), whereR, is the
radius at the caustic, one can solve the axial wave equationthe parabolic radius profile of
Eq. (1.25), the axial wave equation is well approximated by

9 9 m\? mAk\?
0,7 + |k* — %) "\ 2| Z=0. (1.29)
2 28

This differential equation is equivalent to the harmonicikbstor 927 + (E -V (2)) Z = 0,
with kinetic energyE and potential energy’(z), as discussed in Ref. [41].

The resonance condition dictates that the optical pattthemas to be an integer multiple of
the wavelength of the light coupled into the resonator, Wiscsatisfied only for certain caustic
radii, R.. The mode spectrum is determined by the allowed eigenvdtrdbe wave number
and is given by

m m? 2mAk
ko= —=1]—5 1/2 , 1.30

with AE,, = 2mAk/Ry. The axial quantum number € N (nonnegative integer) gives the
number of antinodes in the axial intensity distribution. eT$plutions forZ are given by a
product of a Hermite Polynomialf,, and a Gaussian,

Zmq(z) = Hy < Agm z) exp <— Afm 22> . (1.31)

3Since light is circling in the bottle, we can sgt = 0, because the wavevector is proportional to the curvature,
AR _ kp
dz — ky
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Figure 1.5: Resonator spectrum illustrating axial and azinuthal modes. Taking advantage
of the customizable spectral mode structure of our resortsign, the large gap of one az-
imuthal FSR can be sub-divided with a set of fundamentall am@des. Four axial modes —
{Vm.1,Vm 2, Vm 3, Vma} — are equally spaced within one azimuthal free spectralgakg,,
and we assume a design wheke,, = 4Av,. The tuning range of any single axial mode is
greater tham\r, — the spacing between the axial modes. The axial quantum eymlzounts
the number of axial rings of the mode and the azimuthal quamumber;n, counts the number
of wavelengths that fit into one full revolution around theaeator circumference.

Itis instructive to consider the influence of a change inlaxi@de number on the spatial and
spectral properties of the resonator. For example, we densi resonator with a curvature of
Ak = 0.012 pm~1, aradius ofR, ~ 17.5 um, a resonant wavelength of around 850 nm, and an
azimuthal quantum number of = 180, see Fig. 1.1 (b) for a plot of the axial mode structure.
Increasing the axial quantum number causes the caustitqmosi shift to larger: and thusR,.
decreases due to the resonator profile. At the same timegdbaance frequencies of the higher
order modes shift to larger values.

1.2.3 Optical mode spectrum

The axial and azimuthal free spectral ranye, = vy, g+1 — Vg ANAAVy, = V1,9 — Vinyg
can be derived from the eigenvalues , of the wave equatiofV? + k%) E = 0. To a good
approximation, they can be written as [41]

C C
A = — — 1.32
Um 27_rn(km-i-l,q km q) 27T7”LRO (1.32)
and Ak
C
Av, ~ — 1.33
Ya ™ o ( )

wherec/n is the speed of light in a medium with refractive indexor a typical bottle microres-
onator considered in this work with radil& = 17.5 pm and curvature\k = 0.012 yum~! the
above formula yields an axial FSR v, = 0.4 THz while the azimuthal FSR i&v,, =
1.9 THz, see Fig. 1.5. The benefit of a customizable mode spedsuescribed further in
Sec. 3.3.4 in the context of frequency tunability of WGMs.
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1.3 Optical nanofibers

Several technologies exist for coupling light into WGM neators, such as, prism couplers,
polished half-block couplers, angle-polished fibers, amkted optical nanofibers [51]. When
using tapered optical nanofibers for this purpose, the aogipan be performed with near 100%
efficiency [26, 36, 37], thereby exceeding the coupling Efficies of all other types of cou-
pling techniques. The work in this thesis uses an opticabfilb@r to couple light into WGM
resonators by frustrated total internal reflection. Thahtgque, originally shown in Ref. [29],
relies on the overlap of evanescent field on the mode of thefifeam with evanescent field of
the resonator. For an extensive review of the guiding ptaseof optical fibers, see the work of
Snyder and Love [56], or other theses from our group [53,8]7,Bere we limit our scope and
focus on the basic properties of optical fibers.

A nanofiber is produced from standard optical glass teleconication fiber that has been
specially shaped to have a small diameter of a few hundredmeters, as shown in Fig. 1.6.
Standard single-mode optical fiber is composed of a coreaviiameter of several microns and
cladding with typical diameter of 125m.

Light is mostly localized and guided in the core becauseebsactive index is marginally
higher. The propagation of light in the fiber is mathemalycdéscribed by a Helmholtz equation
usually written in cylindrical coordinates, and is very #am to that of the bottle resonator.
Likewise with the bottle resonator, the mode within the dsrenathematically described by a
Bessel function of the first kind, while the mode outside thedi.e., in the cladding region) is
described by a Bessel function of the second kind. Thisrlfitlel is again termed an evanescent
field.

In order to access the evanescent field with a WGM resonatisrnecessary to taper the
fiber profile so that the outer cladding has a diameter of at@uB—1m and the core effectively
vanishes. On this scale, the wavelength of the guided lggbbimparable to, or larger than, the
fiber diameter. This strongly confines the field to small cigsstion where a large fraction of
the field is outside the fiber in the ambient air or vacuum, asvslhin Figs. 1.6 (a) and 1.7. (See
appendix A for the mathematical description of the eledigt in a nanofiber). The coupling
strength between the nanofiber and resonator is defined lgvérap integral of the fields of
both structures. Since the evanescent field decays overadisiance of around 200 nm, the
resonator must be placed within a distance of a few hundredmaters of the fiber.
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Figure 1.6: Profile of a tapered optical fiber. (a) Schematic of light propagation in a tapered
optical fiber. Light in the unprocessed part of the fiber iglgdiby the glass core, which has a
slightly higher refractive index than the surrounding diady. A core diameter of 4m is typical
for single mode fibers at an operating wavelength of 780 nihaasiadding diameter of 12om

is standard on all optical fibers. An adiabatic reductiorhef¢ladding fiber diameter down to a
typical size of 500 nm causes a spatial compression of thdeduinode, greatly enhancing the
intensity. Light in the 500-nm—diameter part propagatestecond adiabatic fiber region where
it is guided into the fiber core. (b) SEM images of a taperedcapfiber. (c) SEM image of a
nanofiber waist with a diameter of 500 nm. Adapted from Réf].[5
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Figure 1.7: Radial light intensity in an optical nanofiber. (a) The radial intensity profile is
plotted for a linearly polarized E;; mode in the waist of a 500-nm-diameter optical nanofiber
(grey disk) with 1 pW of power. The evanescent field decay®egptially with a characteristic
decay length of approximately/27/v/n? —1 = 118 nm, whereA = 780 nm is the light
wavelength anch = 1.45 is the refractive index of silica. (b) A cross section thrbutye
intensity profile along both fiber axes reveals an intensftymto 0.4 mW/cri at the fiber
surface. As a comparison, this value is almost one eightateation intensity of the rubidium
atoms used in our cavity QED experiment (3.13 mW/ci, transition of a®Rb atom: F' =
3— F' =14).
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CHAPTER

Quantitative Description of Coupling
Single Atoms to WGMs

The theoretical basis of cavity quantum electrodynamieifg®ED) experiments with a bottle
resonator and rubidium atoms is described in this chapiest, Ehe master equation is derived
for the simple case of a single-mode Fabry-Pérot resonateraicting with a two-level atom.
Indeed, the validity of this master equation is borne outimarous experiments with Fabry-
Pérot resonators (see for example Refs. [13,18,19,59])iBg on this model, we finally derive
the master equation for a two-mode WGM resonator and twek-Eom and then calculate the
expected spectral properties of the strongly coupled syste

2.1 The Fabry-Pérot resonator

2.1.1 A single mode light field

The quantization of electromagnetic fields centers on tiserg#ion of a single mode light field
in analogy to a quantum mechanical harmonic oscillator.ehteg consider the Hamiltonian of
a mode of the electromagnetic field, as can be realized itycéor example, which is
A 1
H, = hw.(a'a + 3)- (2.1)
By setting the ground state energy to zero the equation Biesplo A, = hwa'a. The parame-
ters can be attributed with physical meaning as followsis the cavity resonance frequenay,
is the photon annihilation operator aatlis the photon creation operator. These operators obey
the boson commutator reIatic[ﬁ, df] = 1, and can be applied to number states giving

a'ln) = vVn+1jn+1), (2.2)
and also
aln) = v/njn — 1) . (2.3)
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2.1.2 Atwo-level atom
For a single uncoupled two-level atom, the Hamiltonian is

- hw
H, = Ta&z , (2.4)

whereg, is the Pauli spin matrix, = |e){(e| — |g)(g| andw, is the atomic transition frequency
between statey) and|e) with energiesty; = —hw,/2 and E, = hw,/2, and we exclude the
zero-point energy. The atomic raising operata¥ js= |e)(g| and the atomic lowering operator

iso_ = |g){e].
2.1.3 Coupled atom—cavity system

The Hamiltonian of a coupled atom-cavity system is signifigadifferent to that of the indi-
vidual atom or cavity, and is quantum mechanical in naturbe hteraction of a field and a
two-level atom is given in the dipole approximation by

Hac = _dE 5 (25)

where the WGM field is2 « a + af, and thed = e is the atomic dipole operator of an atom.
Expressing the dipole operator using the atomic basissstateget

d = dig)(e| + d"[e)(g] = d(6— +6-), (2.6)

where(e|d|g) = d. The Hamiltonian of a two-level atom interacting with a qiized single-
mode field in the rotating wave approximation is thus

H,.=hg(a'o_ +aoy), (2.7)

where the atom-cavity coupling strengthyigiven by

We
9=\ gpev (2:8)

wherew, is the frequency of the cavity ardis the electric permittivity [16]. The coupling
strength scales with the square root of the mode volume aweardy with the dipole matrix
elementd for the transitiong) — |e). The total atom-cavity Hamiltonian is finally the sum of
the individual partsHy = Ha. + H, + H,,!

Ho/h = Awab.6_ + Awqa'a + (galo_ + g asy) , (2.9)

whereAw, = w. — w; is the detuning between cavity and laser, dnd,; = w, — w; is the
detuning between atom and laser. This is the unitary Ja@oesmings Hamiltonian for a closed
guantum system. The model and excitation spectrum arérdbesl in Fig. 2.1.

Al terms have units 0 ! since the left-hand side of the equation is in unitg/gf.J s).
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Figure 2.1: Jaynes-Cummings model for a single atom stronglcoupled to a single mode
Fabry-Pérot resonator. (a) Eigenstates of the free two-level atom with a groundestatand
excited statde) with a transition frequencyiw,. (b) Eigenstates of the resonator with atom.
Photon number states in the resonator are labelgdvheren is 1,2, 3.... The photons have
energyhw. wherew, is the resonance frequency of the resonator. Dissipatiamciaded in
the model via the terms resonator losses due to mirror transmission and intringichanisms
such as absorption and scattering, and the transversecatiecay rate ig. (c) The eigenstates
of the coupled atom-resonator system exhibits an anhaoverérgy spacin2fig+/n, that is
dependent on the number of excitations, which is a distirgqpilantum mechanical feature.

Master equation and dissipation

In the presence of dissipation of energy to the environmedipamping from an external driving
field, the density matrix models the evolution of what is nawapen quantum system. The
evolution of the atom-cavity density matrix operatois defined in a master equation using the
Hamiltonian H|, [16], where the master equation is written as

dp i
d—';f — [Hg], ,a} + w(2apat — atap — pata)
(2.10)

+5(20-p61 —616-p—po46-) ,

o |

where the Hamiltonian is
H)/h = Awaé,.6_ + (galo_ + g*aoy)
(2.11)
+ Awgata + (&ﬂ n 5*&) .

The cavity field is now driven by an amplitudg while dissipation is included in the density
matrix by the cavity loss term arising from out-coupling of light through the mirror as Wwel
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as absorption and scattering at the mirror. Equation (Z&@)be solved numerically to study
the dynamics of the coupled system and is valid for any coatiwin of g, x, andI'. While it

is convention to use lower case lettedi$ {0 describe the standing wave mode in a Fabry-Pérot
cavity, for the following section on WGM cavities uses tharstard convention of lower case
letters for traveling wave modes, and upper case lettéy$of standing wave modes.

2.2 The WGM resonator

2.2.1 WGMs of light

Apart from being relevant to Fabry-Pérot resonators, tkeipus discussion can also be applied
to a resonator with two counter-propagating waves, such aging resonator or a whispering
gallery mode resonator. Considering waves counter-patpayg along a common-axis, the
positive frequency field is [16]

Et=¢& (& exp'?? +I;exp_ikz> exp ™t (2.12)

where&, = V2 = [hw/eV]"? is the relation comparing the electric field per photon for
standing and traveling waves, aacndb identify the two running wave modes. The resonator
has a mode volum¥ and electric permittivitye. Alternatively, standing wave operatafsand

B can be defined as

>

Q>

_|_

A= 2.13
NG (2.13)
and .
~ a—b
B = 2.14
7 (2.14)
and give
ET =¢&, <A cos (kz) + iBsin (k:z)) exp” Wt (2.15)

where the operatorl obeys the commutator relatio[néi,ﬁf] = 1, and similarly forB. The
standing wave operators act on the number s$tate z) giving

Alnang) = nalna — 1,ng), (2.16)
and R
Blnang) = \/nglna,ng — 1), (2.17)

wheren 4 (ng) is the number of photons in standing wave metés).
The Hamiltonian for the WGM in terms of the traveling wave @ters is trivially

H. = hw(ala + b'b) (2.18)

where we have set the ground state energy to zero.
While the choice of traveling or standing wave operatorgrislévant for calculating the
atom-cavity density matrix discussed in the later sectadrihis chapter, it does however have a
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Figure 2.2: Schematic cross-section through the bottle resmator and input coupling fiber.
Light with drive strength€ is coupled into the whispering gallery mode bottle resanaging
a sub-wavelength diameter optical fiber. (a) Travelling evaicture: Light couples between
the fiber and resonator at a rate while modesa andb couple at a raté. (b) Standing wave
picture: Travelling waves can be decomposed into a combimaif standing wavest and B,
as described in the main text.

further meaning when momentum exchange and light forcetaem into account in the few-
photon regime as pointed out by Sheteal. [60]. With running waves, it is possible to identify
which wave exchanges momentum with the atom by observingttiraic motion, for example.
A quantum standing wave in a Fabry-Pérot resonator, in asfithas zero average momentum
because the mirrors act as “infinite sinks and sources of mtumg” restoring the field after
every resonator round-trip [60]. It is therefore not poksite identify whichtraveling wave
exchanges momentum with the atom.

2.2.2 Coupled atom-cavity system
The interaction Hamiltonian of a two-level atom interagtiwith quantized WGM field modes
in the traveling wave picture is

Hae/h = (gial6_ + ga6y) + (g:b'o— + gibo) (2.19)

whereg; is assumed to be equal for both traveling wave madesdb and has a phase with
respect to each. A schematic of the interaction betweenan and traveling wave modes is
shown in Fig. 2.2 (c).

The total atom-cavity Hamiltonian, in the rotating framettoé laser field, is again the sum
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of the individual partsHj) = Ha. + H, + H,, [61]

A Jh = Awudr_ + (g;aﬁ&_ n gt&&+> v (gtBT&_ v g;*é@)
+ Awqd'a + Awab'h + h (aTzS + BTa) (2.20)

+ (5&* + 5*&) ,

Each parameter is described as folloviisis the coupling strength between modeandb for
an empty resonator (e.g., due to coherent Rayleigh scajtémdm surface roughness) and is
assumed to be equal between both modes: b andb — a.? This term in Eq. (2.20) is
phenomenological and is a product/ofind the operatoré andb and describes the cycling of
energy between the modes at a ratelf A is larger than the other rates in the system, it can
lead to a breaking of the frequency degeneracy of madexid: see the next chapter for further
details. The detuning between cavity and lasekxds; = w. —w; and the detuning between atom
and laser ifAw,; = w, — w;. The first two lines are the unitary Jaynes-Cummings Hamidio
while the third line is a driving term. The model and excitatspectrum is illustrated in Fig. 2.3.
The resonator is driven with a strength= i+/2k. P,,/(hw;) which is assumed to drive only
modea, wherex, is the coupling rate between the resonator and the neigithodupling fiber,
Py, = hwy|(ain)|? is the input power in the coupling fiber, ah@;,)|? is the input photon flux.
We define the traveling wave coupling strengthgas= ¢ (p, z) exp™*®, dependant on the
radial (p) and azimuthal {) and angular ¢) position of the atom in both clockwise (+) and
counter-clockwise (-) traveling modes, c.f. Fig. 2.2.

Each term in Eq. (2.20) can be intuitively understood a®ved: The first term is the energy
of the free atom, given by the atomic raising and loweringrafmes. The first part of the second
term in brackets describes the reversible exchange of ermgveen the atom and traveling
resonator mode by emission of a photon from the atomic excited state intatloele at a rate
g:. Conversely for the other term in brackets, light is absorbg the atom from mode. The
last term on the first line similarly describes energy exdegior modeb.

The first two terms in the second line describe the energyeofre photon fields in modes
a and b, respectively, while the last two terms describe the exgbaof energy between the
resonator modes at a ratemediated by Rayleigh scattering. On the third line, a comple
driving term& acts on mode.

2Here we assume to be real without affecting a loss of generality. The soiutof the master equation only
requires the phase difference betwegeandh.
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Figure 2.3: Jaynes-Cummings model in the standing wave piate for a single atom strongly coupled to a WGM resonator. (a)
Eigenstates of the free atom. (b) Resonator: Eigenstatde® sésonator without atom. Two standing wave resonatoresyedand B,
each have a ladder of photon states, z)), with energyhw,., wherew, is the cavity resonance frequency which we assume is equal fo
both modes. (c) Coupled atom and resonator: The eigensttes coupled system are written as/Asom, Mode A, Mode B). In the
sketch we assume that the atom couples to mbdgving lowest energy stateég, n4 = 0, (np = 0,1,2,3...)). Photons that populate
mode B do not couple to the atom, thus resulting in an offset in theekt energy states afgfiw., wheren is the number of photons

in modeB. Therefore, the Jaynes-Cummings ladder of states is tmemsional. Dissipation is included in the model via the tefm
andk,. describing the resonator losses due to intrinsic mechanssroh as absorption and scattering while extrinsic mestrenarise
from coupling to the neighboring nanofiber.



Master equation

The master equation describing the time evolution of thesitiematrix is modified from the
case of the Fabry-Pérot resonator to include the second mode

dp .
a =1 Ho7)
+ k(2apa’ — atap — pata)

2.21
+ K (2bpbT — bTbp — pbib) (2.21)

+5(20-p6+ = 616-p — po46-) ,

wherep is the density matrix operatos, = k. + k; is the total field decay rate, adld= 2+,

is the atomic spontaneous emission rate ands the transverse atomic decay rate. The rate
k. Characterizes the coupling rate between light in the ojpfiibar and resonator mode, which
is due to frustrated total internal reflection at the coupliagion. The rate:; characterizes the
intrinsic loss of light from the resonator mode into freea@avhich is due to its finite ability to

store light.
In the standing wave mode basis described in Sec. 2.2.1,dkt&enmequation becomes
dp g
i

+ k(2ApAT — AT Ap — pATA)

o 2.22
+ k(2BpB' — B'Bp — pB'B) (2.22)
+5(26-p64 —616-p— p616-),
with the Hamiltonian
H) = Awaé,6_ +ga(ATe6_ + A6,) —igp(BT6_ — Boy)
+ (Awa + h) ATA + (Awa — h) B'B (2.23)
1 A A o A
2 e t 4 Bt
+ s [ (A+B)+e (AT +81)]

In this normal mode representation the coupling strengsinissoidally modulated and is given
by g4 = V2g:(p, z) cos(¢) andgs = v/2g:1b(p, z) sin(¢). The coupling of the atom to modes

A and B shows asin?(¢) behavior when calculating the intra-cavity photon flux. Bdixed
atom, the coupling can be dominated by either mdder modeB. This can be readily seen
by plotting the spectrum for different laser and resonattunings as shown in Fig. 2.4. The
spectrum in Fig. 2.4 (a) shows a characteristic anti-cngssiith the diagonal resonator mode
only weakly coupled to the atom. This results in the transiois and reflection af\w, =
Aw,. = 0 changing by~ 25% compared to the empty resonator case as shown in Fig. 2.4 (b)
An explanation for this observation of equal power in bothtgof the coupling fiber is given in
Sec. 2.2.3.
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Figure 2.4: Theoretical transmission spectrum of a rubidium atom strongly coupled to a
bottle resonator mode observed through a coupling fiber(a) The black/red lines indicate the
three resonances, two of which are the coupled resonapegsyhile the third resonancéy)),

is uncoupled. (b) Transmission and reflection spectra asdifun of probe laser detuningyw,
with w, = w, (see diagonal dashed line in (a) ). Typical values expecidide experiment: the
split resonances are separated®2g? = 84 MHz with ¢? /27 = 30 MHz, /27 = 13 MHz,
andvy /27 = 3 MHz, h/2r = 2 MHz, ¢ = /4. Dash-dot lines: empty resonator. Atomic
transition: °Rb, 525, — 52 Py 5, m-polarized light for transition ' = 3,mp = 0 — F’ =

4, mp = 0).

2.2.3 Input-output formalism

The operator for the fields coupled out of a resonatgy,, can be written in terms of the input
field operatorg;,, and the intra-cavity field operator [62],

Gout = Gin + iv/2Red(t) = am + iv/Fe [A(t) n B(t)} , (2.24)
i)out = l;in + Z\/ml;(t) = l;in + Z'\/’{—e {A(t) - B(t)] : (225)

The normalized transmissiofiy, and back-reflectiorifz, in the coupling fiber is therefore

<&Zuta0ut>

Ty = S (2.26)
<Blutb0ut>

Tp = ’8‘2/2I€e ’ (227)

The output photon fluxe&i! , aeu) and (b) . bout) can be determined from the density matrix
formalism in the previous section.
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Figure 2.5: Model of a coupling fiber and single-mode WGM respator. The left fiber port
(P.) is taken as the input port which couples evanescently tosbmnator. The transmission and
back-reflection characteristics of each port are sketcbethé cases of traveling and standing
wave cavities.

On-resonance transmission

Prior to an atom coupling to the resonator, both WGM modesfraguency degenerate at
Awq = 0 MHz, see Fig. 2.4 (b). Suppose, for example, an atom strormlples to standing
wave modeA where it firstly creates two new eigenstates of the couplstegy, thus forming
the left-most and right-most dips in the Rabi-spectrum ig. 2i4 (b). Secondly, modB re-
mains an eigenstate of the resonator because it does ndedoujne atom, thus forming the
central dip on resonance. However, this dip is not uncharfiged the case prior to the atom
coupling to moded: the transmission and reflection are betl®% before the atom couples and
~ 25% after the atom couples. The difference is explained indheviing.

For traveling wave modes, resonant light enters the inpdtgiohe fiber in Fig. 2.5, couples
to the resonator, and couples out to the fiber again and patgsmtp the right-hand output port.
Assuming the fiber and resonator are critically coupled siahthe cavity decay rate equals
the transmission and reflection is zero on resonance.

Contrasting the previous situation is the case of standiagewnodes where light exits
through both fiber ports rather than just one por&ince the resonator mode forms a stand-
ing wave, the field will decay equally to both left and rightrigo In this case, the cavity field
amplitudea is reduced by 50%, corresponding to a 25% reduction in timstnited power and a
25% increase in the back-reflected power. Therefore, if thegmce of an atom or nano-particle
fixes a standing wave, we expect to observe equal power induoth atw, = w; = w,.

3A resonator with a traveling wave can be reconfigured as alstgmvave resonator if a strongly coupled scatter
is introduced, such as a nano-particle or atom.
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CHAPTER

Characteristics of the Microresonator
Design

In this chapter | describe the basic properties of the batilroresonator enabling its poten-
tial for cavity QED experiments. Recent results from ourugralemonstrate a number of
important physical properties of the resonators such aa-bigh quality-factors and full fre-
gquency tunability [25]. The ability to tune the behavior bktresonator (i.e., quality factor,
intra-cavity power, mode structure) using a tapered opfibar coupler distinguishes it from
Fabry-Pérot resonators. More importantly, a tapered alpfiber enables the near lossless in-
and out-coupling of light to a resonator mode.

Before describing the properties of the bottle resonatfirsti outline the fabrication of the
bottle resonator and optical coupling fiber. Finally, par@&r emphasis is given to optimization
of the resonator geometry in relation to the cavity QED expents described later.

3.1 Fabrication of bottle microresonators and ultra-thin optical
fibers

Both sub-micron optical fibers and bottle microresonatoespaoduced from commercial glass
fibers using the heat-and-pull technique [63, 64]. For thekwayesented in this thesis, the
sub-micron coupling fiber is a step-index single mode fibéhwain operation wavelength of
830 nm (Newport, F-SF), cladding diameter of 12%, and a mode field diameter of 5.6n.
The resonators used in this chapter and Sec. 5.1.4 are ald® ofahis fiber, while all other
resonators are made using a Ceramoptik GmbH solid glass(fimatel PWF 200 T) with a
diameter of 20Qum. Before processing the fibers, the polyacrylate buffeemaved and the
fiber surface is cleaned with acetone (Uvasol). The heatpatidkechnique is implemented
using a home-made fiber pulling rig, which is schematicafigven in Fig. 3.1 and described in
detail in Ref. [53].
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Figure 3.1: Fabrication of ultra-thin optical fibers and bottle microresonators. (a)
Schematic of the fiber pulling rig (see main text). (b—d) Stepbottle microresonator fabri-
cation. (b) First, a commercial 125-2Q0m-diameter optical step-index fiber is prepared by
stripping away the buffer material and then cleaning withatbl grade acetone (Merck Milli-
pore). (c) A section of fiber is then heated with a focussed4a@er beam being stretched to
yield the desired resonator diameter, which ig@®in the figure. (d) Finally, the laser beam is
again used to form two so-called “microtapers” on the fibgasated by approximately 150m.
The resulting bulge between the microtapers forms a botibeonesonator of diameter 3om.
Adapted from Refs. [25, 35-37].

The machine consists of a pair of stacked translation stagtswhich a fiber is clamped
before heating with a hydrogen/oxygen flame (flame width = 1)mFibers are heated and
stretched in a computer-controlled process in order toaedie fiber diameter from an initial
value of 125um down to typical values of around 100-500 nm, depending qlicgpion.
Alternatively, a focused C®laser beam with a maximum power of 30 W (Series 48-2, Synrad
Inc.) can be used as a heat source. The laser beam is focubed #nSe lens and only heats
a 100-150um wide section of the fiber and therefore allows the prodactiba much smaller
structure. A microscope attached to a color CMOS cameragmtg fibers. The transmission
of the sub-micron coupling fiber is monitored using eitheraald laser § = 850 nm) or a white
light source & = 400 — 900 nm). The typical transmission after fabrication is gredbtem
95-99% in the 780-850 nm wavelength range.

3.1.1 Sub-micron tapered optical fibers

Optical fibers with sub-micron diameters down to 100 nm camptoeluced with the flame as
the heat source, while the minimal diameter achievable thighCGQ;-laser is around 2—am.
(This difference in final diameter is due to the quadratidisgeof radius and light absorption
in the CG-laser technique compared to the linear scaling of surfaegirig and radius with the
flame technique. The CQaser technique involves absorption of light in the fibehiler the
flame technique involves heating the surface of the fibergr&fore, only the flame heat source
is used to produce the required coupling fibers where a typiast diameter of around 500 nm
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is required to phase match the fiber mode with the resonatdemo

A central feature of the fiber pulling rig is its ability to negalucibly fabricate fibers with any
desired shape and taper profile. Scanning electron migreseceasurements (not shown) and
second-harmonic generation measurements [65] both coaffafrication tolerance of around
+3% of the target waist diameter. The taper region betweenrnpeocessed fiber and the final
processed fiber waist can be designed to have the requirdite prsing a custonirajectory
calculator program. The fiber waist can have an arbitrary length up terséeentimeters while
the taper region can also have arbitrary length and the fapéite can be tailored to have, for
example, a linear taper profile. The calculated fiber profitbén used in the control of the fiber
pulling rig in a computer-automated process.

3.1.2 Bottle microresonators

Resonator fabrication also employs the heat-and-pullgg®aising a standard glass fiber, with
an initial diameter of 125-200m, and a C@-laser as a heat source. Figure 3.1 (b)—(d) shows
the fiber profile after each step in the fabrication process.

First, the fiber is tapered down to the desired diameter oféhenator using the heat-and-
pull technique described previously in Fig. 3.1 (b). In therkvpresented here, this step is
usually accomplished using the @@ser light, however, the hydrogen/oxygen flame can be
equally well employed. The second and final step involvemiiog the resonator curvature
along the fiber axis so that the resonator yields the reqgipedtral mode spacing, as described
in Sec. 1.2.2. This is achieved by sequentially microtaggetivo sections on the fiber by again
using the heat-and-pull technique with the £i@ser. The C@-laser is operated with a power
of ~2 W — this is high enough to soften the glass but low enough towedt the glass and
cause appreciable evaporation of silica. The central zeheden the microtapers exhibits a
parabolic variation of the fiber diameter over a length of wesa tens of microns and forms
the bottle microresonator. The curvature of the resonatorbe precisely tailored by adjusting
the CG-laser beam spot size, the microtaper separation, and ttretagber elongation length.
An additional strategy successfully employed for achigumghly curved resonatorsAg =
0.020 zm™1) is to undertake a third step where the central resonatdorrég heated above the
glass melting point, thereby allowing the glass to conttancter surface tension. In this work,
the final resonator diameter is typically in the 30+40 range and the curvature is in the range
Ak = 0.009-0.020m™1.

3.1.3 Techniques for estimating the curvature of bottle mimresonators

The radius of the highly prolate central region of the badtleundz = 0 is well approximated
by a parabolic profile

R(2) ~ Ry (1 — (Akz)? /2) .
Following fabrication of the resonator, the curvature iaswred with the aid of either an optical

microscope and CCD camera image of the resonator itdglf £ 0.009 pum~1') or far-field
diffraction of a laser beam{k < 0.009 pm~1).
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Figure 3.2: Reconstructing the profile of a bottle microresmator. (a) Microscope picture of
a bottle microresonator with the edges highlighted in gby.The reconstructed radius profile
of a typical resonator used in this work agrees well with apalic fit (red) (see Eq. (1.25))
in the central region around = 0. The fit yieldsRy = 17.4 pm and Ak = 0.012 pm™1.
Measurement toleranc&® : £2.0 um, Ak : £0.001 pm~1.

A typical microscope image of a resonator and the inferrdausgprofile is shown in Fig. 3.2.
The images are analyzed with a customized image analysigsasef The program successively
scans the pixels of each vertical line of the image and auioaily estimates the fiber edges.
From this data, the profile can be calculated using the ceimrerfactor 0.42um/pixel. This
method allows us to determine the local diameter with a pr@ciof +2 ym and Ak with a
precision of+0.001 um~!. The accuracy is mostly limited by the resolution of the ogpiti
microscope and any saturation in the image.

The profile of bottle microresonators can also be reconstdgutrom a diffraction pattern
(see Ref. [53] and references therein). This is obtainedhiyirgy a collimated laser beam
perpendicular to the resonator which, due to its small dureacan be locally approximated as
a cylinder. The dependency of the scattered intensity osdhttering angle and the fiber radius
can then be easily calculated from Refs. [66-68]. The diffom pattern is formed by Mie
scattering of light occurring when the incident light ersitresonances in the resonator, as well
as interference of the transmitted, diffracted and reftetitght rays! The resulting diffraction
pattern is shown in Fig. 3.3 (b) and is obtained in the Fraterhegime. The diffraction pattern
is the coherent sum of light refracted and scattered by ttee. fibhis method provides a radial
resolution of better than 100 nm [66] and is applicable tomasors having a curvature of up to
0.009um~1.

In general, the measurement technique requires the filmruast to be transparent, and will not, for example,
provide a diffraction pattern for translucent or metallioefis [68].
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Figure 3.3: Setup of the scheme for determining the radius agh curvature of bottle mi-
croresonators with low curvature (A% < 0.009 pm~1). (a) The resonator is illuminated with
laser light at a wavelength of 532 nm and the resulting fad-filiffraction is collected with a
microscope at an angle of 4elative to the incident beam. The microscope objectiveshas-
merical aperture of 0.28 corresponding to a detection aofdlé®. (b) The measured diffraction
pattern reveals two regions where the diffraction pattermodulated, indicating the microta-
pers on either side of the resonator. The difference in sad@iween the resonator region and
the microtaper region is 330 nm while the curvaturé\is = 0.0040 um~'. Reproduced from
Ref. [35].

3.2 Properties of Tapered Optical Fiber Couplers

In this work, we use the evanescent field of a tapered optieasghanofibers to efficiently
couple light to and from the resonator mode. Other techsicgueh as free-space coupling,
half-block couplers, angle-polished fibers and prism cexgshre common in the literature [28].
For example, pioneering works on WGMs in liquid and aerogoplits almost exclusively
employed focussed laser beams to excite modes [28]. WHiitg accessful in exciting WGMs,
the method is very inefficient because mode matching is headgay inefficient in-coupling of
light from the far-field. In small resonators with diametbedow ~ 20 um, light predominantly
escapes the mode by emission into free space in a spirallitigrp (i.e. radiative losses, c.f.
Fig. 1.2). Reversing this process and focussing a beam betonbde is a non-trivial task
because a spiralling (high angular momentum) beam profitmigired. Due to the higf-factor
of WGMs, very little light is lost from the mode into free sga@nd therefore very little light
can be coupled into the mode from a free space beam. Silioaatss larger thar 25 um in
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diameter experience a few tens of orders of magnitude ld&stinge loss compared to absorption
and scattering losses.

Other couplers such as prisms and angle-polished fibersvachiuch greater coupling effi-
ciency because they operate in the near-field. However ttagplers are inherently based on
free-space optics and they tend to be bulky, which is an iBsuiiber-based systems. Tapered
optical fibers are the most appealing couplers because #meseadily achieve very efficient and
near loss-less coupling to a majority of different WGM migsonators, and they permit a fully
fiber-based and very compact setup.

3.2.1 Mode matching of resonator and coupling fiber

The coupling strength between between the coupling fiberenawdl resonator fiber mode is
proportional to the evanescent field overlap of the two modEsis parameter is controlled
through spatial alignment of the fibers. Efficient couplingparelies on the phase matching of
the two modes. The propagation constant of a resonator redied by the resonator geometry
and is given a%,.s = m/Ry, wherem is the azimuthal quantum number aRy{ is the radius
of the resonator. The propagation constant of the couplbey fs a function of fiber diameter
and rapidly approaches 1 for very small diameters of a fendrechnanometers. This scaling
is due to the increased overlap of the mode with ambientaaitivm. Since the coupling fiber
diameter varies smoothly in the tapered region from araiitalue of around 12xm down to
sub-micron dimensions, phase matching can be achievedrslating the resonator to different
points on the coupling fiber until the efficiency is maximized

Mode selectivity: One of the tangible benefits of phase matching is the posggibil se-
lectively exciting one particular mode while suppressiti@tner modes. This is possible when
the phase of the mode in the coupling fiber exactly matchegltiase of the resonator mode.
In practice, this is achieved by aligning the fibers as dbsdriabove and, in particular, also in-
volves maintaining a gap between the fiber and resonatos. e serves to control the coupling
strength between the modes. Figure 3.4 shows a typical npeaéram measured over 900 GHz
where axial modeg = 1, 2 are selectively optimized: both modes are believed to lgetorthe
same mode family and have the same propagation constanthé-experiments described in
Chaps. 7 and 8, the phase matching is not optimal but the npmtrem nevertheless is gener-
ally free of unwanted modes over the frequency range ofdstee.g. a 1 GHz range. We note
that we can always operate in the regime of critical couptipgncreasing the coupling between
the fiber and resonator (See next section for details). Alpphiase-matched setup, in contrast,
would show several hundred resonance dips over the samel99@an in the spectrum.

Probing the mode profile: Tapered coupling fibers also serve as a useful tool for ityémd
axial modes in the bottle resonator [25]. By physically $fating the fiber along the axis of
the resonator fiber the coupling fiber will probe differenatial regions of the mode. If the
transmission spectrum of a particular mode is recordedlsamepusly, the coupling efficiency
will be observed to modulate. The number of modulations ides/a direct measurement of the
number of nodes in the axial mode, e.gq & 2 mode exhibits three oscillations since is has
three bands of light, c.f. Fig. 3.11.
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Figure 3.4: Transmission spectrum of a bottle resonator wit a well-phase matched cou-
pling fiber. By careful selection of the coupling point on the couplingfiso that the propaga-
tion constant matches that of the resonator it is possibdsdie only the desired modes (in this
caseq = 1,2). For demonstration purposes in this particular measungntiee coupling fiber
is aligned so that it couples to both modes simultaneousko dmaller mode dips from other
modes appear between 600-800 GHz because the couplingsfibar aptimally aligned to the
spatial positions of the = 1, 2 modes — this misalignment is purposeful because it allowis bo
g = 1,2 modes to appear on the same spectrum. Optimal spatial aiginto a single mode
would reveal a cleaner spectrum. Data taken from Fig. 3.12 (b

3.2.2 Coupling regimes

The ability to control the coupling rate between the resmnand fiber is one of the great ad-
vantages of evanescently coupled WGM resonators. Suchensgsnables the coupling rate to
be varied over a wide range by judicious adjustment of thelgeween the resonator and the
coupling fiber. The equivalent behavior in a conventionghk) Fabry- Pérot microresonator
would require a mirror with a tunable reflectivity — this issething that has not been achieved
to date due to the difficult technical requirements. In tHeovang we consider a single fiber
coupled to the bottle resonator, and examine the transmissiaracteristics.

Coupling losses in the context of a WGM resonator can be peteximed in a single variable,
K, as [26]

Ke
kp+ Ko

(3.1)

wherer,, accounts for all parasitic losses such as coupling to highggr modes (if present)
of the coupling fiber, and the other terms are described in &82. The equation gives the
ratio of coupling to the fundamental fiber mode and the coigplo parasitic and intrinsic loss
channels. In practice, we firng, ~ 0, after which Eq. (3.1) then becomés = «./xq [36].
Maximizing K corresponds to maximizing the coupling rate to the desiteel imnode, and is
therefore related to the mode overlap.

The coupling parametdk also affects the intracavity field. On resonance, the cdigtd
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amplitude of a single mode is [37]

_ ;. 2amyRe (3.2)

Rtot

a

wherea;, The intracavity photon number is simply the square modufubefield amplitude,
a?n 4K aiQn 4K

Kot (1 + K) 5_0(1+K)2.

Necav = |CL|2 =

(3.3)

Combining the above equation with Eg. (2.24), assuming glesimode, the resonant transmis-
sion for an empty resonator can be written in termgadis

2 2
Gout
Qin

Trp =

1-K
1+ K

(3.4)

This equation is minimized wheR = 1, a point commonly referred to as the critical coupling
point because it represents where the fiber-resonator ingugaite, «., is equal to the intrinsic
loss rate of the resonatokg, causing zero transmission. At this point the resonatoradslan
matched and all the light is coupled from the fiber into th@nasor.

The resonant transmission is plotted as a function of the-fibsonator gap in Fig. 3.5 (a)
for the same resonator as in Fig. 3.4. For large gaps, ligtitarcoupling fiber does not interact
with the resonator and is transmitted. At reduced distantegveral hundred nanometers the
transmission decreases becads@ncreases, but is still less thag.? Fig. 3.5 (b) showss as a
function of gap size. The plot has an exponential responsieediorm K exp(—x /o), where
v0 ~130 nm is the decay length of the evanescent field away frometsenator, and is the
gap. For gaps smaller than the critical coupling gap-at00 nm, the coupling parametédt
increases to a value of 98; the estimated valu& a a lower bound based on the assumption
that parasitic losses are negligible, which is reasondile.transmission increases to near unity
as a direct consequence of large fiber—resonator coupling, g,

Intracavity power: The scaling of K with the fiber—-resonator gap also affects the scal-
ing of intra-cavity photon number. From Eqg. 3.3 we see thatitira-cavity photon number is
maximized whenk = 1, i.e. at critical coupling. Intuitively this behavior is pected because
at critical coupling & = 1) all the light is coupled into the resonator. When the gapeis/v
large (under-coupling), little light couples into the reator, while when the gap is very small
(over-coupled) the quality factor of the mode is reduceds tteducing the build-up of power.
We see evidence for this prediction in the data points in Bif.(a, b). Around critical cou-
pling we observe a deviation of the data from the fitted curvBEisese points are highlighted
to indicate the presence of a thermal nonlinearity [28, 6DiT the resonator which affects the
mode transmission spectrum (data not shown, see Sec. brirboie discussion on thermal
nonlinearities). The nonlinearity is only observed formisiaround critical coupling where the

20n resonance witly = wo, the transmission coefficient is [37]

ous = 1 — 222 (3.5)

Rtot

wherexsios = ko + Ke.
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Figure 3.5: Measured and calculated coupling behavior of th resonator-fiber system as a
function of physical separation. (a) Three distinct coupling regimes can be identified which
correspond to different ratios of fiber coupling rateto the intrinsic coupling rate of the res-
onatorkg. Under-coupling:x. < ko, critical-coupling: k. = kg, over-coupling:x. > xg. The
data points around critical coupling (highlighted as blireles) deviate from the expected re-
sponse (solid line) due to the onset of thermal bistabilithe mode. The effect of the bistability
is greatest near critical critical coupling and diminisleesward from this point. (b) Coupling
at the fiber—resonator junction as quantified by the coupda@ameterk’ (see main text). The

exponential trend (note the logarithmjeaxis) indicates negligible loss at the coupling junction.
Adapted from Ref. [37].

intra-cavity power is maximal; the thermal nonlinearitypr®portional to the intra-cavity power.
This behavior disappears in our resonators when the povtiee icoupling fiber is reduced below
~ 30 — 50 puW.

Fiber controlled shifting of the cavity resonance frequeng: The optical resonance fre-
quency of a mode scales inversely with the effective reffraéhdex of the mode. An increase
in the effective refractive index of the resonator mode authé presence of the coupling fiber
causes the resonance frequency to be red shifted. As shoWwig.ii8.6, changing the fiber-
resonator gaps from under-coupling to critical coupling.(ishaded region at zero position) we
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Figure 3.6: Red-shift of optical resonance frequency as a fiction of coupling fiber load-
ing. The solid line is an exponential fit arising from the exporardependence of the overlap
between the resonator and coupling fiber modes. Error BetdviHz.

observe a maximum shift of 5 MHz which rapidly increases t0 BHz when the fiber further
approaches and we enter the deeply over-coupled regimes c@hi be an important issue to
consider when interfacing a dipole emitter with the resonat

3.3 Resonator properties

3.3.1 Quality factor and Finesse

Quality factor is a critical performance parameter of a negor that defines its ability to store
energy. In general, th@-factor is simply given as

Energy stored T
s . . —
Power dissipated per revolution T

Q=2 , (3.6)
wherer is thel/e decay time of the resonator field aifids the time is takes for the light field to
make one full revolution around the resonator. Théactor therefore defines the photon storage
time.

Resonator loss mechanisms

Photon storage in silica resonators is limited by severdbfa arising from internal and external
loss mechanisms: internal losses include radiative/\WGddde (see radiative losses in Fig. 1.2)
and material losses such as Rayleigh scattering, watergttisoand bulk material absorption,
while external losses include coupling to the adjacent fibeo[47]. It will be prudent to
consider and quantify the factors limiting the quality facso as to gain an understanding of
how to maximize the&)-factor.
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In an impressive experiment by Gorodetstyal.[71] it was found that th&)-factor rapidly
degrades within the first two to three minutes after fabiacedf a microsphere. The formation
of monolayers of water adsorbed on the glass surface wendfidd as the culprit when they
found that the adsorption was found to be partially revetsetieating the resonator to 40D
for thirty seconds. As a consequence, resonator fabricatimuld ideally be performed in a
vacuum environment, or, alternatively, the water monaleyan be removed by reheating in a
vacuum environment. The absorption of water scales as

2Rm 1
N — T
Qu =~ 1/ S Sa (3.7)

where monolayer of water has a thicknessyot 0.2 nm, o, is the absorption coefficient of
water,\ is the light wavelengthy is the refractive index of silica, anfl is the resonator radius.
We see there is a square root dependende-factor on radius.

Bulk absorption of silica, on the other hand, only dependsvamelength and refractive
index and is given by the formula [72]

2mn
Qbulk = — » (3.8)
QA

S

where we use the phenomenological expression
g & [(0.7,um4) + 1.1 x 1073 exp(4.6um/\) 4 4 x 10*2 exp(—56pm/A)] dB/km .

Analyzing this equation we see that bulk absorption is matim the 1.5um wavelength band
but rapidly increases for shorter wavelengths; absorgsi@tactor of 10 higher at = 0.85 um
and 15 higher ak = 0.78 um compared to the absorptionat= 1.5 um.

While our bottle resonators have nanometer smoothnesstasrieed from atomic force
microscope measurements, minute irregularities on tresglarface can give rise to significant
surface scattering. Measurements by Kippentatrg. [27] found a sharp decrease @ifactor
for small microtoroids due to scattering of light out of tesonator but also backscattering into
the counter-propagating WGM. Intuitively this is expecbetause as the resonator dimensions
are reduced the fraction of the evanescent field increases,enhancing the effect of surface
irregularities. Empirical evidence suggests that theamarscattering); factor scales linearly
with the resonator radius and is given by the formula [72]

~ Krgmw 3MR
1 + KTE(TI\/T) 8”7'('2320'2 ’

Qss (3.9)

where Krg 1) IS @ suppression coefficient defined as the ratio of totateseat power to the

power scattered into the TE(TM) mode scattering angle. Enarpeters3 ando are the statis-

tical correlation length and RMS surface roughness, rdésedg and are given in Ref. [73].
Each of the above contributions combine together to yietuta €)-factor given as

-1 -1 ~1 1 ~1 1
Qrotal = @ss T+ @y + Qpuy TQwen T Qcoupling . (3.10)

Q- 1
material

WGM resonator losses are dependent on the resonator disemetenarkedly increase when the
dimensions are scaled down to several microns. Figure 8wsh comparison between theory
and the current state-of-the-art in termg(pfactor of optical WGM microresonators.
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The role of resonator size on resonator)-factor

The highestQ-factor demonstrated in any type of optical resonator waa millimeter-scale
WGM resonator made from calcium fluoride with= 3 x 10! at a wavelength of 1.5m [74].
Micro-scale WGM resonators made from silica feature quédittors in the 1®range, which is
still at least a factor of two less than the theoretical liriithe recordy-factor of for a microtoroid
[27] resonator (Symbol in Fig. 3.%) is 4.0x 10° with a diameter of 29:m at a wavelength of
1550 nm. The record)-factor for a microdisk resonator is&0® with a diameter of 2.Jum
and a wavelength of 1.4m and made from AlGaAs [75]. More recently, a silicon-ontilasor
microdisk resonator&) was demonstrated with @-factor of 3.0<10° having a diameter of
20 um and a wavelength of 1530 nm [76]. The newly developed midsbke resonator from
Sumetskyet al. is formed from a glass capillary and is capable(dfactors in excess of 0
with a 220;m diameter and a wavelength of 1ufn [77].

Early work with bottle resonators yielded moderé@dactors of around 4 10° in a resonator
with a 19-um-diameter and wavelength around 850 nm [53]. Other workdauslightly higher
Q-factor of 4x10° in a 185um-diameter resonator at a wavelength of dr5[78]. In compar-
ison, our recent work with these resonators has demonrdttia& it is possible to achiev@-
factors as high as 3:610° in a 35-um-diameter resonator operating at a wavelength of around
850 nm. The bottle resonators in Fig. 3%) have aQ-factor that is a factor of 2-2.5 below the
maximum theoretical value over a range of diameters fromi@go 105,m.

Figure 3.7 clearly defines two distinct regions that meetaitizal resonator radius of about
18 um. Smaller resonators experience a pronounced qualityoffotif almost three orders of
magnitude when the radius is reduced to half the criticausadrhis roll-off in Q-factor is cor-
related with a significant increase in the fraction of thedfiglat is evanescent. Consequently,
surface scattering and absorption losses from water aglddotthe surface become more impor-
tant. Earlier work observed that tidgg-factor scales with the square root of the resonator radius
when losses due to surface scattering and surface watepéibaare present, identifying these
as dominant loss mechanisms [73]. Furthermore, the modtrapeveal a sudden onset of large
mode splitting for radii below the critical radius. In thiase, surface scattering is strong enough
to couple light into the counter-clockwise propagating matherefore causing th@-factor at
critical coupling to decline [79. Additionally, for very small resonators, radiative losséso
become increasingly important. In stark contrast is thbtfigand region where th@-factor
remains essentially constant for large radii.

For a recent review comparing tidg/V' ratio for WGM, photonic crystal, and Fabry-Pérot
resonators, see Ref. [37].

Experimental determination of ultra high quality factor

The quality factor of a resonator can be determined by mewgstine photon lifetimer and
then using the equatio@® = wr, wherew = 2xv is the angular optical frequency. For this
purpose, we use a cavity ringdown technique to determinby first critically coupling the

SCritical coupling is a regime where the rate of coupling frva in-coupler to the resonator is equal to the loss
rate of the resonator. When a coupling fiber is used for irpog, the transmission drops to zero due to power
conservation.
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Figure 3.7: Size dependence of quality factor in WGM resonairs. The theoretically calcu-
lated contributions to the totd)-factor — bulk absorption, surface scattering and wateorgbs
tion — is indicated by the solid lines. The markers are datatpdrom our own experiments and
others mentioned in the literature: Bottle resonator (task) measured at 850 nm wavelength:
* Refs. [35, 37, 52], Toroid resonator measured at 1550 mrRRef. [27], Toroid resonator
measured at 850 nm# Ref. [80], Microdisk resonator measured at 1550 nmRef. [76].
Theory plot parametersy = 850 nm. Refractive index estimated from the Sellmeier equation
n = 1.45. The solid lines show thé&-factors that would be achievable if only the mentioned
loss mechanism would be present. See main text.

resonator, we resonantly excite the bottle mode undertigeat®n with the 850 nm probe laser.
After switching off the probe beam within 35 ns using an atowptical modulator, the ex-
ponential decay of the intra-cavity power is monitored tigyio the output port of the coupling
fiber. This measurement, shown in Fig. 3.8 (a), is taken on-am®5diameter resonator with
Ak = 0.012 pm~! and yields a photon lifetime at critical coupling af;; = 82 ns. Critical
coupling is accomplished when the incident optical powenisrely dissipated in the resonator
and the transmission of the coupling fiber at resonance dmpsero. We thus obtain a lower
bound for the intrinsic photon lifetime in the uncoupledamrator ofry = 27,y = 164 ns and
an intrinsicQ-factor in excess of)y = 3.6 x 108.

This ultra-high intrinsicQ-factor is comparable to the values reported for other WGM mi
croresonators of the same diameter [27]. We note that &talritoupling, required for many
applications including the cavity QED experiment desatibeChaps. 7 and 8, oup-factor of
Qurit = WTerit = 1.8 x 10% is about one order of magnitude larger than what has preyibesn
reported in a suitable WGM microsonator [27]. This ring-ciomeasurement is independently
confirmed by measuring the mode spectrum in a scheme whémifrdquency of the probe
laser is scanned across the mode while recording the traggmi Several measurements on
different resonators all show similg§)-factors. The spectrum of a second resonator with similar
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Figure 3.8: Cavity ringdown measurmenton aq = 2 resonator mode with ultra-higfy-
factor. The exponential decay with a time constant of 82 nssmed at critical coupling reveals
a loadedQ-factor of 1.8 x 108 and indicates an intrinsi€)-factor of 3.6 x 108. The inset
shows a plot with the same data on a logarithmic scale. Meawmmts on several resonators
all show similar results and are independent of the choidhetavity ringdown technique or
the resonator spectroscopy technique. (b) Resonatorrepeapy: For example, the spectrum
of a separate bottle microresonator obtained at criticapling shows a FWHM linewidth of
2.2 MHz (solid line is a Lorentzian fit), corresponding to aniimsic quality factor in excess of
Qo = 3.3 x 108. The measured line is slightly asymmetric and broadenedatiy due to a
combination of both thermal effects and interference betwthe cavity light and the quickly
scanned laser frequency [28,81]. This interference migltexplain the ringing on the positive
frequency side of the resonance. Refs. [25, 35,37,52].
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dimensions yields a quality factor ¢fy = 3.3 x 10® and is shown in Fig. 3.8 (b).

3.3.2 The role of mode-splitting on resonator)-factor

Experiments normally consider the situation where only of¢he two travelling resonator
modes — clockwise or counter-clockwise — is pumped by laiggt.] However, light can
unintentionally be coupled to the unpumped mode when theesearface roughness, which co-
herently scatters light from the pumped mode to the otheran®tle coupling strength between
the modes is dependent on the amount of surface roughness quantified by the parameter
h. When the inter-modal coupling strengdthi2m exceeds the mode Iinewidfla*1/27r, wherer

is the lifetime of a photon in the resonator, the two normdtgenerate modes become visibly
non-degenerate by an amow@it/2r, as shown in the under-coupled regime in Fig. 3.9 (a). As
a comparison, a mode whele= 0 MHz is shown in Fig. 3.9 (b) where both resonator modes
are degenerate.

As can be seen from the figure, the loadgeactor can be substantially different to the
intrinsic ()-factor, dependent on the valuefofFor a given input power, the intra-cavity power of
the modes in Fig. 3.9 (a) will be less than in Fig. 3.9 (b) siimtea-cavity power is proportional
to the loadedy)-factor. Therefore, the most relevant quantity to consisi¢éhe loadedy-factor
because it includes the effect of light scattering betwdenctockwise and counter-clockwise
propagating modes. More quantitatively, this is expressezligh the mode coupling parameter
I',.s defined as

Lres = 27 , (3.11)

where70‘1/27r is equal to the intrinsic cavity linewidth arith /27 is the frequency splitting of
the mode. This parameter can reach very high valu€s.gf= 31 [27] in microtoroids and other
high-Q WGM resonators, but is typically very small (s < 1) in the bottle resonators used in
this work.

The usual definition of)-factor can be re-arranged to give a relation between Bitriqual-
ity factor, QQq, critical coupling quality factorQ)..i¢, and mode splitting, giving [27]

2 (1 O\ 7!
0 — WTp = W 5 — , .
Q 5 h (3.12)
Terit \ Terit

wherer_l /27 is equal to the mode linewidth measured at critical coupliAg examination
of Eq. (3.12) reveals a slightly surprising result where dogivenr.,;; the intrinsic Q-factor
actually increases with.

This point can be better appreciated by considering the pleaat the mode in Fig. 3.8 (a).
Here, the cavity ringdown measurement was performed a fawshafter manufacture and
yielded an ultra-high). After storing the resonator in ambient conditions for éhdays the
measurement was repeated and, as expeetgdshowed a marked degradation from 82 ns to
36 ns, see Fig. 3.10 (a). The correspondipdactor is then@..;; = 0.8 x 10%. The cause of
the degradation as seen in the mode spectrum in Fig. 3.18 ¢arly due to surface scattering
losses: during storage, dust apparently collected on thenedor surface causing light to be
coherently scattered between the two counter-propagegs@nator modes. The mode coupling
rate is 3.1 MHz and breaks the degeneracy of the resonatoesnddevertheless, the intrinsic
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Figure 3.9: Role of mode splitting in resonator coupling. The spectra of two resonator
modes with the same intrinsic quality factorof 107 are schematically plotted in three cou-
pling regimes: under-coupling, critical-coupling, anceoeoupling. (a) Shown is a resonator
mode with intrinsic mode splitting due to, e.g., surfacdtscing which couples clockwise and
counter-clockwise propagating modes, which are labdleshd B. The mode splitting can be
seen in the under-coupled regime and measiwes— w4)/2m = 2h/27 = 100 MHz and the
mode splitting parameter iS,.s = 10, defined in Eqg. (3.11), which are typical values found in
the literature. At critical-coupling, defined as when ajhii is coupled into the resonator and the
transmission is zero in the coupling fiber, both modes fdirtiverlap and the loaded quality
factor reduces by about a factor of 20~t04 x 10°. The non-degeneracy of the modésind B

at critical coupling is visible when plotted they are indivally, as shown by the grey curves. In
the over-coupled regime the mode continues to rapidly moadb) In contrast to (a), a mode
with no intrinsic mode splitting can have a loaded qualitytéa of 2 x 107 at critical coupling,
and is a factor of 10 greater than for the other mode. Similéiné mode in (a), the mode here
starts to rapidly broaden in the over-coupled regime.
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Figure 3.10: Cavity ringdown measurement and mode spectrunfor a ¢ = 2 resonator
mode with ultra-high quality factor. The mode is the same as in Fig. 3.8 (a) but measured 3
days after manufacture whereas the data in Fig. 3.8 (a) wasured a few hours after manufac-
ture. (a) The time constant of the exponential decay,js = 36 ns corresponding to a critically
loaded@-factor of 0.8 x 108. (b) The under-coupled mode shows mode splitting of 3.1 MHz
while the linewidth of the individual modes haveafactor of~ 2.5 x 108. Data acquired from

the 38-m-diameter resonator presented in Refs. [25, 35, 37].

Q-factor remains unchanged from Fig. 3.8 (a) at al3o6itx 10%. Therefore, while it is possible
to have an ultra-high intrinsi@-factor, mode coupling can strongly dictate the loa@ethactor.

This observation is important to consider when selectingsmmator mode for the work
described in Chaps. 5-8. Most modes with ultra-higtactor in our bottle resonators show
negligible mode scattering due to the very clean fabricatimcess. It is also essential to keep
a newly fabricated resonator in a clean environment befaanting and sealing it in the vac-
uum chamber, and this should ideally take no more than tweshoetween fabrication and the
beginning of vacuum chamber evacuation.

3.3.3 Imaging the axial mode structure

A direct comparison between the theoretical predictiogaming the axial mode structure of the
bottle resonator presented in Chap. 1 and experimentaluresasnts is critical to verifying our
understanding of the resonator. The axial mode has an itygmsfile described by a Hermite
polynomial, c.f. Eq. (1.31). Direct visual observation bétmode structure in a silica glass
resonator is difficult without the aid of, for example, a flescent coating on the glass surface or
doping the glass bulk with fluorescing atoms. Earlier workum group succeeded in observing
part of the mode structure in a silica glass resonator hdwimgjuality factor via the tangentially
scattered light from the edge of the resonator [53].
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Further developments have since improved this measurenyetibping the glass with Er-
bium ions, revealing the full mode structure via the fluoesme emission rather than the direc-
tional scattering. In this scheme, Erbium ions undergo plvoton absorption of the excitation
laser light propagating in the resonator mode and emit siggten photons [46, 47,82] in a
random direction, see Fig. 3.11. Therefore it is possiblentage the full spatial profile of the
mode in the resonator rather than part of the mode at the asmoadge [83]. The technique
makes it a simple task to observe different axial modes ranfjom the lowest mode = 0
to ¢ = 11 as shown in Fig. 3.11 (a), and can potentially image modeg tp100 if there is
sufficient imaging resolution. Different modes were exttiby slowly tuning the frequency of
a distributed feedback diode laser (850nm DFB, Toptica @tics AG) while maintaining an
air gap between the coupling fiber and the resonator. Eachersaproduced from a stack of
around a dozen images taken at varying object planes andébenstituted using a software
program (CombineZM), well known within the photography coonity. The software helps
overcome the limited depth of focus of the imaging microgcp 20 objective Mitutoyo Inc.,
1.6 um depth of focus, Pixelink color CCD camera) and effectiialyrease it to around 2m,
thus generating sharp images of the modes.

As predicted from the theory in Sec. 1.2.2, the axial modes harofile given by a Hermite-
polynomial with the highest intensity regions located & tlutermost bands while the middle
section shows narrow bands with less intensity. The looatiof the field maxima also agree
very well with the theory predictions as shown in Refs. [2],5

3.3.4 Full tunability of WGMs

A key requirement for cavity QED applications involving théerfacing of single emitters with a
resonator mode is the ability to tune the resonance frequeremy desired frequency. This task
necessitates a mechanism to tune the resonance frequetheyrefonator by at least an amount
equal to the free spectral range (FSR). The FSR of a resodstgis inversely proportional to
the resonator (optical path) length, and is given by

Av = I (3.13)
wherec is the speed of light. For a Fabry-Pérot resondtds the optical path length between the
mirrors while for a WGM resonatak ~ 2mn Ry, wheren is the refractive index of the resonator
and Ry is the resonator diameter. In the case of small WGM resomaler azimuthal FSR is
typically very large and can reach a few tera-hertz. For etajra typical resonator diameter
of 35 um considered in this work gives an azimuthal FSR of 2 TH2 (m), i.e., about one
percent of the optical frequency. While tuning a Fabry-Pégsonator over this range involves
the straightforward task of changing the mirror separabigrone wavelength, similar tuning
behavior has, until recently, been impossible with WGM miiesonators [25]. For a recent
review of tunable WGM resonators see Ref. [37].

Frequency tuning via resonator elongation is much morer&ole than, e.g., temperature
tuning via the temperature-dependent refractive indek@fésonator material and temperature-
dependent size change of the resonator. Firstly, resoalaogation can be performed with sub-
stantially greater bandwidth of a few tens of kilo-hertzgngared to several hertz for tempera-
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Figure 3.11: Fluorescence emission from an EBrr—doped bottle microresonator.(a) Optical
microscope images of the= 1 — 4 andq = 11 bottle modes in a 3G+m-diameter microres-
onator with a curvaturé\k = 0.015 zm~!. TheQ-factor at the excitation wavelength is™10
(b) The bottle mode is off-resonantly excited with seveealtof microwatts at a wavelength of
852 nm and visualized via the two-photon, upconverted gfieemescence of dopant Erbium
ions. The upconversion mechanism is verified by the quadddpendence of fluorescence
emission with pump power (data not shown). Adapted from H2& 36, 37, 52].
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ture tuning [84]. Secondly, temperature tuning of a resmmainde over a full azimuthal FSR of
2 THz requires a temperature change-o800°C, which is technically difficult to achievé.

In Ref. [25] it was shown that a bottle resonator can circumhteis problem: the axial FSR
only depends on the curvature of the resonator profile (Eg3fLand can thus be engineered to
be significantly smaller than its azimuthal FSR, which is 2ZTiithe example above. So rather
than tune the resonator over a full azimuthal FSR, it is defficto tune the bottle microres-
onator over one axial FSR. In addition, the axial mode clogethe desired absolute operating
frequency must be chosen, just as in the case of the Fabog-R&onator. (We note that the
g = 0 mode is typically used in these resonators).

The resonance frequencies, , and v,,1,, of modes differing by one in the azimuthal
guantum numbefn are spaced by, = 1.92 THz in a 35-um-diameter resonator. This
frequency interval can thus be bridged by four consecutkial anodes, making any arbitrary
frequency accessible by using the set of modes 1, v, 2, Vm,3, Vm.4 } With m properly chosen,
c.f. Fig. 1.5. The tuning scheme is implemented by elasyiciforming the resonator through
mechanical strain, thereby changing its diameteAdy and the refractive index of the medium
by An. The fractional change in frequency is given as

e POk el (3.14)

Piezo-electric shear actuators located on both ends oétumator fiber were used to elastically
elongate the resonator. This elongatidnl., is proportional to the reduction in the resonator
radius AR/ Ry = 0g41assAL/L) with the proportionality constanty.ss = 0.17, which is the
Poisson coefficient for silica glass [37]. Resonator eltingasimilarly causes a proportional
decrease of the refractive index via the electro-opticogffine proportionality constant is only
0.04 for TM polarization and 0.14 for TE polarization [37]41

To verify our tuning scheme, we study the same ultra-li)glesonator presented in Fig. 3.8 (a),
which has a FSR of 2 THz and an axial mode spacing of 425 GHz [@5he setup both fiber
ends supporting the resonator are attached to piezoelbetnding actuators offering an elonga-
tion of up to 160um. The resonance frequency can thus be shifted by applyindiage to the
actuator which mechanically strains the resonator. Thia¢uof two modes with axial quantum
numbersy = 1 andg = 2 over 700 GHz is presented in Fig. 3.12 and represents a tuaimg
of 1.7 times the axial mode spacing, or equivalently, 700,0@widths. In terms of tuning
range relative to FSR, this tuning scheme exceeds all othprated for monolithic microres-
onators by at least a factor of two [37] and is limited here liy travel range of the bending
actuators. The mechanical strain applied to the fiber nessyesls about 0.7 GPa, which is 14%
of the tensile strength of silica fiber [85]. This correspend a frequency shift of 0.2% of the

“The temperature dependent frequency chafigegue to a temperature changé, is given by [47]

1 6v 1 dn 1 dR _5 0

where the first term in the brackets is the temperature depemdfractive index change (silica: 1.28 x 10~°/°C)
and the second term is temperature dependent size chartye resbnator radius (silicay 5.5 x 10~7/°C), where
n is taken as 1.45 ang is taken as 3@gm. .
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Figure 3.12: Tuning the bottle microresonator. (a) Mechanically straining the resonator shifts
the resonator mode spectrum to higher frequencies. Caisespectra (from top to bottom)
are recorded with increasing strain, realized by lineanigrémenting the voltage applied to
the bending piezo which pulls on the end of the resonator.fibke calculated axial intensity
distributions are for modes with axial quantum numlgess 1, 2 and azimuthal quantum number
m = 180. The calculated resonance wavelengths are 852.0 nm an8 8%0.respectively. (b)
Two TM-polarized bottle modeg = 1 andqg = 2, shown in (a), can be strain tuned over a
range of 700 GHz, which exceeds the free spectral range (BER); = Vi g+1 — Vg ~
cAk/2mn = 397 GHz between bottle modes of adjacentuantum numbers, whekg/'n is
the speed of light in the resonator material of refractivdein. The observed axial FSR of
Av, = 425 GHz is in good agreement with the theoretical value. The datsacquired from
the same resonator used in Fig. 3.8 (a) [25, 35, 37,52].

optical frequency. Repeated tuning of the resonator overamge is therefore possible without
damage to the glass.

Recently, Sumetskegt al. demonstrated strain tuning of a WGM over 2.2 azimuthal FSRs
(0.35% of the optical frequency) in a novel microbubble regor with a diameter of 220m
[77]. Currently, UHQ modes have not yet been observed andrttsdl mode volume discussed
in the present work has not yet been realized with this rdsana

Apart from optimizing the resonator radius discussed heddlze spectral mode spacing dis-
cussed in Sec. 1.2.2, itis also possible to accurately alahie tuning response of the resonator.
This issue is particularly relevant when designing the magar fiber to operate with particular
piezo actuators having a fixed travel range. The tunabilityesonator modes is governed not
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only by the resonator itself, but also by the supporting filkar a given fiber elongatiord; ,;,
the applied strainP, and thus the tuning range, is inversely proportional tolémgth of the
support fiber,L, and proportional to the support fiber cross-sectidn,(Ideally, the strain on
the support fiber should be small compared to the strain oretfenator, which is possible by
having a very large diameter support fiber). We therefore lfav= 6., EA/L whereE is the
Young's modulus of the fiber material. Using a suitable deday the resonator fiber, we are
able to exploit this extra degree of customizability using 6ber pulling rig to manufacture
very short, non-exponential fiber profiles [53]. Short fibesse the advantage of increasing the
sensitivity of the resonator frequency to fiber elongatighich is particularly important for the
cavity QED experiments described in Chap. 7 due to the laitavel range of the employed
piezo actuators. On the other hand, long fibers reduce thsitisdn of the resonator frequency
to fiber elongation, which improves the ability of the fregaog stabilization scheme to reduce
frequency fluctuations.

3.4 Bottle resonators designed for cavity QED

For a given in-coupled power, the ratio @f/V is proportional to the intra-cavity intensity and
thus describes the enhancement of light—-matter interactid-or the investigation of cavity
QED systems, the choice ¢f andV is therefore of the utmost importance (see Refs. [10, 51]).
As discussed in Sec. 2.1.3 (Eq. (2.8)) the atom—cavity ¢ogi@trength depends on the mode
volume according tgy < V12, indicating the cavity should be as small as possible. The
observation of strong coupling requirgsto dominate the atomic dipole decay ratg,, and

the cavity field decay rate;, with Q@ = w;/2k, giving the conditiong > (v,,x). On the
other hand, the coupling strength can be related to theatatmrphoton numben,y, and the
critical atom number]Ny. The saturation photon number is the number of photons med)td
saturate a coupled atom, scalingrgs= ﬁ/2g2, while Ny, the number of atoms required to
have a noticeable influence on the cavity transmissiones@alVy = 2, x/g?. Examining the
parameten reveals thaty « V', and similarly foriVy we find thatNy o V/Q. Therefore, the
resonator geometry arfg-factor govern the scaling of important parameters of thenatavity
system.

3.4.1 Atomic Rubidium as a quantum emitter

This thesis describes the design of a cavity QED experimdmrevwe chose rubidium as a
quantum emitter. Rubidium is used here because commeasiatd, optical components, and
detectors with a high detection efficiency of up to 60% aralifgaavailable at the transition
wavelength. A second reason is that the coupling strendthdam single Rb atom coupling in
the evanescent field of the bottle resonator is sufficiemtigd to put the coupled system well
into the strong coupling regime.

Rubidium is an alkali metal with one optically active valarelectron in the outer shell and
another 36 electrons in the inner shells. Only thdibe (551/2 —5 Py, transition in Fig. 4.14)
can be used for cooling and trapping because it has a clasesition, unlike theD; line which
has no closed transition. However, either line can be usedudantum optics experiments. In
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this experiment we use the;Dine of the isotope®®Rb, which has a transition wavelength of
780.2 nm, a transverse decay rate of= 27 x 3.03 MHz, and a ground state hyperfine doublet
due to LS coupling with a splitting dfr x 3.03 GHz. The isotopé”Rb has a similar doublet
but with a splitting of27r x 6.8 GHz.

3.4.2 Resonator size and cavity QED parameters

In order to quantify the performance of our bottle microrestors, we characterized several
resonators with radii ranging from 7-538n in terms of@Q-factor and the predicted coupling
strength for the B transition of &°Rb atom.

For the 18um-radius resonator considered in Sec. 3.3.1, the infemeglmg strength in
Fig. 3.13 (a) is found to be high enough to place the atomfcaystem deep into the strong cou-
pling regime. Smaller resonators yield highedue to the tighter confinement of the resonator
mode, but at the expense of low@rfactor. Plotting the critical atom number for differentlia
in Fig. 3.13 (b) shows a minimum @f4 x 10~2 for a radius of 19:m, corresponding to the radius
where the ratia@Q/V is maximized. The strong quality factor roll-off mentiongdSec. 3.3.1
dominates the critical atom number for smaller radii whighidly increases to large values for
a radius of 7um. Larger resonators only show a weak increase in criticahatumber which
remains a factor of 5 below unity even for a b3a-radius resonator. The saturation photon
number, shown in Fig. 3.13 (c), can be as lowsas 10~ for a 7 um radius resonator with a
corresponding mode volume of 330n—3, a coupling strength of 94 MHz, and a moderately
high Q-factor of 0.5 million. For the 1§:m radius resonator the saturation photon number is
still 3 x 1073 and even for the largest resonator the saturation photorbeuis a factor of 50
below unity.

A more relevant quantity to optimize in nonlinear optics laggtions isQ?/V — the use of
Q? instead ofQ accounts for processes such as frequency mixing and otiéinear process
where two wavelengths are used (e.g. signal and idler) astdtess a particulap-factor. Taking
the data in Fig. 3.13 (a), we find this ratio is as higi2dsx 102 (\/n)~3 for a radius of about
19 um. This value is among the highest realized for optical m&sonators [22,27, 40].

3.4.3 Axial and radial resonator modes, polarization and copling strength

In order to understand the effects of mode geometry on thelicgustrengthg, we perform
calculations varying the radial and axial mode numbers dkasdhe polarization. In the cal-
culations we fix the resonator to a diameterl8fum and a curvature ofi( = 0.014 um=1),
similar to that used in Chaps. 7 and 8.

The coupllng of a field and a two-level (rubidium) atom is giwe the dipole approximation
by the termdE, whereF is the electric field operator, antlis the atomic dipole operator (see
Eg. (2.5)). Using the radial field equations for the bottkoreator and the dipole matrix elements
of d, this coupling can be calculated as a function of radialtmsias shown in Fig. 3.14. As
expected, the maximum coupling strength is inside the e#somnd close to the glass/vacuum
interface. For the TE-polarized mode this is 112 MHz at atpms400 nm inside the resonator.
However, the coupling remains as high as 43 MHz at the surideeaying over a length of
around 118 nm. The TM-polarized mode on the other hand, hasxamam of 110 MHz inside
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Figure 3.13: (a) Measured quality factor at critical coupling as a fumetof resonator radius
(same data as in Fig. 3.7). The right-handxis indicates the expected coupling strength for the
D,-transition of a°Rb atom with ag = 1 resonator mode at the resonator surface. Resonators
with radii below a critical radius of around 18m experience significant losses, believed to
be primarily due to scattering from irregularities on thasg surface. (b) Critical atom number
calculated from the data in (a). (c) Saturation photon nuroakeulated from the data in (a). See
main text for details. Reproduced from Ref. [35], and adajitem data presented in Ref. [52].
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Figure 3.14: Coupling strength as a function of radial positon. (a) TE-polarized fundamen-
tal radial mode with the electric field parallel to the sugacThe coupling strength reaches
a maximum of 112 MHz within the resonator and is 43 MHz at thdase (dashed line),
decaying over a characteristic length-of \/(27rv/n? — 1) = 118 nm. Resonator radius at
z = 0: Ry = 17.8 um. (b) TM-polarized fundamental mode with the electric fipktpendic-
ular to the surface. Again the maximum field reaches a maximful0 MHz with 52 MHz
at the surface. Inset: comparison of the coupling strengthilE- and TM-polarized evanes-
cent fields. Resonator radius at= 0: Ry = 18.0 um. Parameters: Resonator curvature:
k = 0.014 pm~!, angular quantum numbern = 200, axial quantum numbery = 1, re-
fractive index:n = 1.467. Atomic transition:**Rb, 525, — 5°P; 5, m-polarized transition
(F:3,mF:O—>F':4,mF:O).

the resonator, but there is sharp discontinuity at the serflue to the boundary conditions for
the magnetic field component of the field, giving a couplingregth of 52 MHz. This represents
47% of the maximum coupling strength.

The axial field distribution of the resonator is describedabiyermite polynomial, as shown
in the inset to Fig. 3.15 where the normalized intensify ,(z)/max [Z7, ,(z)], defined in
Eq. (1.31), is plotted. The plot has a maximum at the two éaigt = +29 pum), which is the
position where we consider the atom to couple to the mode gl field is greatly enhanced
at this point. Varying the axial quantum numbgin the range 0-60 in the main figure, the
coupling strength correspondingly changes from 49 MHz td/2& for the fundamental (first)
radial mode. Even with a = 60 mode, with its large spatial extension along the resonadist a
the coupling strength at the caustics remains large enauglittthe coupled atom—resonator
system well into the strong coupling regime.

For ultra-high@ WGM resonators in general, the experimental identificatibthe radial
mode order is difficult because the spatial mode structunetisisible in optical images and alll
modes appear spectrally are similar. As shown in Fig. 3HE5¢tis only around a 5% reduction
in coupling strength when changing the radial mode ordenfome to two. This fact, taken
together with the weak dependence of coupling strengtty, demonstrates the bottle resonator
as a robust system capable of very good operation over a aidgerof parameters.
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Figure 3.15: Coupling strength as a function of axial and radal mode numbers. The cou-
pling strength between a Rb atom and TE-polarized light atrdsonator caustic is seen to
approximately follow a logarithmic scaling with axial modemberq over a wide range of
values. Incrementing the radial quantum number from oned@dmental) to two reduces the
coupling strength by 5%. Inset: Normalized axial intensity distribution for a neodith an
axial quantum numbey = 60 and the first radial quantum number. The simulation parame-
ters are identical to Fig. 3.14. Caustic radius for the figslial mode andy = 0 axial mode

R, = 17.7 um, caustic radius for the second radial mode ard0 axial modeR,. = 18.5 um.
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CHAPTER

Characterization of the Atom Delivery
System

The central goal of the atom delivery system is to transpoid &°Rb atoms to the location
of the resonator, enabling studies of the atom-resonateractions. Trapping and cooling of
neutral atoms greatly slows the atomic motion compared é¢onthal atomic velocities and is
essential to studies requiring atoms to have long intemadiimes in an experimental region,
i.e., the resonator’s evanescent field. This work uses a etagptical trap (MOT) for trapping
and cooling as well as an atomic fountain for the subsequangport of the cold atoms to the
experimental region. Atomic fountains are finding incragsapplication outside the traditional
domain of atomic fountain clocks and into new areas such #icavity QED experiments of
a number of international groups [13, 86]. This thesis addhis existing body of work: the
use of an atomic fountain for delivering cold atoms to thet@ of a bottle resonator is now a
well established technique within our laboratory. The expental setup, performance, as well
as the principles involved in an atomic fountain and MOT,described in following sections.

Much of the setup was initially designed and constructetiénlohannes Gutenberg Univer-
sitat-Mainz in the context of this thesis. There, a majooityhe performance and optimization
measurements were conducted, which, in particular, iedugbveral of the measurements in
the present chapter and Chap. 5. Since moving the experitnghé Technische Universitéat
Wien, there have been several improvements concerningotitle besonator and fiber distance
stabilization, fountain launch control, atom detectiogal#time control, experimental control
protocols, and the laser systems. The current setup andatbasation will be described here.
Details of the early stages of the setup can be found in Re2s8J7, 88].

4.1 Atomic Fountain Apparatus

The atomic fountain apparatus delivers cold atoms to thatilme of the resonator where they
can interact with the evanescent field. This task facilitdite strong coupling of atoms with the
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resonator mode if the following condition is satisfied:

9> (K7, i) - (4.1)
As discussed in Chap. 2, the atom-resonator coupling strenmust be greater than the dis-
sipation rates of the system, but also the inverse of thedatien time7;,!, where the atom

is sufficiently close to the resonator, must be sufficientlygl. It is therefore obvious that the
atomic source should, firstly, not degrade the resonatsipdison rates and secondly, it should
enable the longest possible interaction time, short ofadigtirapping the atoms.

Atom trapping in Fabry-Pérot resonators is now a well-usterd process and has been
achieved in numerous experiments [32, 89, 90]. The longdnt®n time between the trapped
atom and the light in the resonator allows one to perform dermgperations such as feedback
cooling and quantum control. This level of control is not pessible with WGM resonators
principally because the resonator is a partially closadtsire, unlike a Fabry-Pérot which has a
mode volume that can be more easily accessed by free-spaces bend as such, requires the de-
velopment of new experimental techniques. Therefore eotiexperiments must be performed
during the brief and random atom transits through the evamtgield.

The interaction time should ideally be limited by the thekrmedocity of the atom and as few
atoms as possible should be adsorbed on the resonatoresaxfactime in order to preserve the
resonator quality factor. Two options exist: a single vamwhamber setup in which atoms are
dropped onto the resonator from a background-gas-loadesQD, or a differentially pumped
two-chamber setup with the resonator chamber containirmyvebbckground pressure and the
second chamber containing a high rubidium background pressConcerning adsorption of
rubidium on the resonator surface, the latter design isspsbfe. In this case, several schemes
for delivering atoms from the second chamber to the resomaist: loading a 3D-MOT in the
resonator chamber from a 2BMOT in the second chamber and then dropping the atoms on the
resonator, or loading a 3D-MOT in the second chamber, ta@tiag the atoms into the resonator
chamber using an optical conveyor belt [89], and then drapfhie atoms, or finally, an atomic
fountain might be used in order to launch atoms on a parabaliectory towards the resonator.
Dropping the atoms on the resonator, suffers from a fundéahdrawback. Assuming the atoms
are dropped from a height, of more than 16Q:m, the velocity acquired by the falling atoms,
Vgrav = V2gh > 5.6 cm s, will already be comparable to atoms having the same average
thermal velocity in the direction of the resonator [91],

Ik, T —
Utherm = 8mB =5.6cms ! s (42)
Rb

whereg is the gravitational constant,, is Boltzmann’s constanty,, is the atomic mass of
rubidium, andT" is the atomic temperature, assumed to be:KOExperimentally, atomsi{ =
10 — 100 pK) can only be dropped from a height of more than several rechdricrons above
the resonator due to geometry constraints [48,92]. Thiadly sets severe limitations on the
minimum speed of the atoms and thus on the obtainable inkena@mes.

Alternatively, an atomic fountain can launch a sub-Doppgleoled atomic cloud such that
the heights of the turning points of the atomic trajectodasaverage coincide with the position
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Figure 4.1: Experimental concept of the atomic fountain andresonator apparatus. (1)
Atoms are first trapped and cooled in a M@Z) These atoms are then launched in a vertical
trajectory to the location of the resonator about 31 cm altbeeMOT.(3) After reaching the
resonator position, atoms can then interact with the réasomaode and subsequently modify

the transmission and reflection of a weak probe laser lightThe probe light is sent through
an optical fiber which couples into the resonator mode(@his detected on photon detectors.

of the resonator, thereby yielding the longest atom—fieleraction time. In addition, it is also
possible to set the average velocity of the atoms to well ddfimlues to compensate, for exam-
ple, repulsive dipole forces of the resonator light fieldr ffese reasons, we chose an atomic
fountain as the means of delivering the atoms to the respriatoconcept of which is shown in
Figure 4.1.

MOT Parameters

Earlier work documented in Ref. [88] contains a full accoofthe parameters and characteris-
tics of the MOT apparatus used in this work. See Appendix Boarkground details to atom
trapping and cooling. These results are briefly summarieed:h

Up to a maximum ofl0® atoms are loaded and cooled to arounaksin 1-2 seconds using
a combination of Doppler and polarization gradient coalifigis requires the rubidium partial
pressure in the MOT vacuum chamber to be around10~° mBar while the background gas
pressure isv 1 x 10~ mBar. Higher background pressures lead to a lower steathy atiam
number in the MOT due to atomic collisions of Rb with the backond gas. A magnetic field
gradient of 5 G cm! is used for the MOT. This yields a MOT diameter of 1-2 mm and the
atomic density isv 3.5 x 10'0 atoms cnv?3, limited by collision losses from the background
gas. A physically small, cold atomic cloud with high-dens# desirable in order to increase the
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number of atoms interacting with the resonator mode, andndeliese experimental parameters
satisfy this goal well.

Atomic fountain principle

The atomic fountain was originally developed by Ramsey aaldarias [93] as a technique for
overcoming the problems caused by varying trapping patksnin atom traps which hindered
measurements of the exact transition frequencies of atochsralecules. Today, cesium (pri-
mary standard) and rubidium (secondary standard) atonuictfins provide the international
frequency standard based on the clock transition betweetwihim » = 0 levels of the hyper-
fine ground states, and have a relative uncertainty of bisizer 10°14. In general, the principle
of an atomic fountain is to first trap and cool atoms in a MOT #meh briefly accelerate the
atoms (now in an optical molasses) vertically in a parabodifectory to the interrogation zone.
The maximal height of the parabolic flight is determined kg starting velocity and gravity.

A schematic of the fountain used in this work is shown in Fig.ahd the operating principle
is shown in Fig. 4.2. A Rb-dispenser provides a source oftRb atoms that are trapped and
cooled in a six-beam MOT. The cooling laser beams are ardaimge 1-1-1 configuration with
three beams pointing downward at an angle- cos (1/\/3)_1 = 54.7° and three opposing
beams pointing upward also at 54. After the loading stage, the magnetic field of the MOT is
switched off and the atoms are transferred into an opticdasses with a vertical velocity,,,
set by the detuning\w, between the upward and downward pointing sets of beams.

Aw

Pt (4.3)

v, = V3

where the factor of/3 is due to the 1-1—1 configuration and accounts for the andleedfeams.

4.2 Experimental Setup

4.2.1 Vacuum system

Transporting cold Rb-atoms to the evanescent field of thiéeb@sonator is only possible in an
ultra-high vacuum (UHV) environment with pressures on thdeo of 10-1° mBar. Collisions
between the background gas and atoms in the MOT increasedbedte of the MOT and thus
reduce the storage time. As a consequence, the repetitierofdhe experiment is reduced
because the steady state atom number in the MOT decreadesieif atoms are launched to
the resonator, there will be fewer atom-resonator coupirents. To mitigate these problems,
special attention must be paid to the choice of materiajgegyof vacuum pumps, resonator
design and gas flow rates, while also observing best préparand cleaning practices. Since
atoms are not currently trapped at the location of the rasoni is sufficient to operate the
resonator at a pressure of fomBar. Useful information on reaching UHV pressures can be
found in Refs. [88, 94] and references therein.
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Figure 4.2: Operating principle of an atomic fountain in the 1-1-1 camfégion. Three pairs of
mutually orthogonal laser beams are arranged so that each foems an angle of 54 vith the
vertical axis. (a) Initially all beams have the same freqyenand are detuned from the cooling
transition. (b) The reference frame of the molasses is feamsl from a stationary frame to a
moving frame by red-detuning the three upper laser beantsragpect to the lower laser beams
by an amounAw, all while still cooling the molasses. The starting velgait in the vertical
direction is proportional to detuning, and is givendy= v/3Aw/k. Adapted from Ref. [88].
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MOT chamber

The vacuum chamber setup shown in Fig. 4.3 is produced froth 8dd 316L non-magnetic
stainless steels. Both MOT and science chambers are CNCmeddby Kimball Physics Inc.
from solid blocks of steel and achieve a port alignment gieniof < 0.1 degree. Port alignment
is a major issue for the MOT chamber (Expanded Spherical Quk#-275-ESC608) because
past experience of other groups have found that deviatibasfew degrees in the parallelism
of opposing ports shifts the fountain launch angle by a fegrees: such an error is critical to
the transmission of the cloud through the differential pimgube. In addition, all ports have
ConFlat (CF) flanges and all surfaces have a mirror finish.

The MOT viewports (CF40, silica glass, all viewports aredueed by Kurt J. Lesker Com-
pany/Torr Scientific Ltd.) have a V-band anti-reflection tiog at a wavelength of 780 nm on
both optical surfaces<( 0.1% reflectance at 780 nnx 0.5% in the wavelength range 730-
840 nm) and have a parallelism of 3 arc minutes. Two additipoas (CF16) in the MOT
chamber are fitted with electrical feedthroughs (EFT01236&irt J. Lesker Company) capable
of carrying at least 3 A of current required for heating twoddpensers (RB/NF/7/25 FT 10 +
10, SAES Getters). The dispensers are aligned so that thérgnsurface is directed towards
the chamber wall rather than towards the MOT, otherwise t@TNfetime may be degraded.
Various other CF16 flanges are used for MOT imaging, mechsigpport (bottom flange),
differential pumping (top flange), vacuum pumping, and avpiert for the repump-light. CF16
silica and zinc-selenide viewports produced by Torr Sdierittd. have a non-standard thick-
ness for the metal part, and some viewports are particuteidge to leakage at the glass-metal
brazed seal. It is therefore critical to identify the leakiriewports at the assembly and testing
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Figure 4.3: Cross-section through the vacuum apparatusRubidium is cooled in a magneto-
optical trap in the lower chamber. The atomic cloud is thamd¢ded through a differential
pumping tube into the upper chamber where it reaches thenagmoat a height of around

305 mm.

stage with the aid of a Helium leak detector.

The complete setup of the MOT chamber vacuum system is showigi 4.4. Attached
to the spherical-square MOT chamber is a conical reducegdlaand a custom-made four-
way-cross which connects a Pirani/Cold cathode pressurgegaon getter pump, and turbo
pump. The pressure gauge (PKR 251, Pfeiffer Vacuum GmbHptgein the range fonBar—
5x10~? mBar and is used for diagnostic purposes. Directly acrasa the MOT chamber is a
30 I st ion getter pump (VaclON Plus Starcell 40, Agilent Technadsgnc./Varian Deutsch-
land GmbH). The dry turbo pump (TMU 071 P, Pfeiffer Vacuum Gihks part of a pump-stand
unit (TSU-071E) which uses a membrane backing pump (MVP2)15Fhe PVC connection
tube between the two pumps was replaced with a corrugateal hate to enable the use of a
Helium leak detector: helium readily leaks through PVC mivthe false indication of a leak.
Any possible back-streaming from the membrane pump intaduH® pump is blocked by a
ball-valve (KF16 fitting, Pfeiffer Vacuum GmbH/Trinos GmhH\n all-metal right-angle UHV
valve (540 series, VAT GmbH) placed after the turbo pumpasetl when the base pressure of
the turbo pump is reached (302 mBar), at which time the ion pump is turned biual op-

The viton-sealed version of this type of valve (28436-GBOD4) is not compatible with these pressures despite
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eration of the ion and turbo pumps is not possible becauseéuhanical vibration of the turbo
blades is efficiently transmitted to the resonator coupsietyip, which in turn causes transmis-
sion noise in the optical fibers.

Differential pumping

The vacuum system is based on a two-chamber design wherdnamber is dedicated to trap-
ping and cooling atoms in a MOT, while a second chamber hahsazsonator setup. A differ-
ential pumping tube connecting the chambers maintainsyalearRb pressure in the resonator
chamber so as to minimize the buildup of a metal Rb coatinghernrésonator, thereby pro-
longing the useful lifetime of the resonator. The dimensiohthe differential pumping tube in
Fig. 4.3 were carefully chosen to meet two competing coimtra Firstly, the tube should be
long and have a small bore diameter so that the gas condectaoggh the tube is minimized.
Secondly, the tube should be short enough and have a largedl@mneter to allow the atomic
cloud to pass unhindered on its way to the resonator.

The atomic cloud is located a distangalirectly below the differential pumping tube of
length L. The initial cloud diameter igy and the bore diameter 8. The gas conductandg
of the differential pumping tube for rubidium is (see ReBJ&nd references therein)

D3 . . .
Crp = 6.95—————— inlstwith LandD incm, (4.4)

L+ (4/3)D
assuming the gas is air at @32 The pressure ratio across the differential pumping tube is
A = Pyior/Pacience = S/C, whereP is the pressure in the MOT/Science chambérss the
pump rate of the vacuum pump in the science chamber,(aglthe gas conductance of the
tube. Using this relation and Eq. (4.4), the criteria for thi@imum length of the tube to obtain
a pressure differencd in Fig. 4.3 is therefore

A 4
L>695—D>—=-D. 4.5
> 3 3 (4.5)

Considering the atomic cloud as a solid object, the motiathefloud after being launched
in the atomic fountain is described by the equation

v(t) = vot — Y2gt? | (4.6)

wherew(t) is velocity at timet, vy is the initial velocity, andy = 9.81 m s~2 is the accelera-
tion due to gravity. Using this equation, a similar critetdaEq. (4.5) can be obtained for the
expansion of the cloud as it passes through the tube.

2
L<U0D_d0—g<D_dO> s, (4.7)

o Vexp 2 Vexp

being rated for pressures in the™'® mBar range: according to VAT customer service, pressurtsein0—'° mBar
range are only possible with their viton-sealed valve if¢his a sufficiently large pump rate on the vacuum side to
counter the high leak rate of viton.

2When considering another gas this formula scales with afagiMr, /M, whereM is the mass [88].
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Figure 4.4: Overview of the lower vacuum chamber(a) Atoms trapped and cooled in a MOT
in the spherical-cube chamber are vertically launchedutyinica differential pumping tube to
the science chamber. (b) Cross-section through the setwpirgip the layout of the ion pump,
all-metal right angle valve connected to a turbo pump, anahpicold cathode pressure gauge
for measuring pressures downdo< 10~ mBar. Adapted from Ref. [88].
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Figure 4.5: Differential pumping constraints diagram. The differential pressure ratio (lower
right shaded regions, Eg. (4.5)) and atom cloud temperdtymeer shaded regions, Eq. (4.7))
constrain the dimensions allowed for a differential pungginbe between the MOT chamber and
the science chamber (see main text). The standicates the selected tube dimensions. The
dimensions are compatible with atomic temperatures beldowKL and a differential pressure
ratio of aroundA = 600 or less. Parameters: initial cloud diameigéy, = 1.5 mm, effective
pumping rate of the science chamber = 581 distance between initial cloud position and tube
entrances = 4 cm, maximum fountain launch height= 328 mm (slightly above the resonator
position), and the corresponding launch veloeigy= 2.53 m s

The cloud expansion velocity is., = +/2k,T/M , whereT is the atomic temperature and
M is the atomic mass. The launch velocity of the atomic cloud is- /2hg , whereh is the
maximum height of the parabolic trajectory.

Equations (4.7) and (4.5) both have a functional dependencthe tube length and di-
ameter: a long tube with a small diameter increases the mamipossible pressure difference
(Eg. (4.5)), while a short tube with a large diameter enathlexloud to have a higher tempera-
ture (Eq. (4.7)). Figure 4.5 shows this tradeoff betweerte¢hgerature of the atomic cloud (up-
per curves, Eq. (4.7)) and the pressure difference acredsiltie (lower right curves, Eq. (4.5)).
The chosen dimensions in the current experiment (see sw@ompatible with temperatures
belowT = 10 uK and a differential pressure ratio of around= 600 or less, assuming air is
the background gas.

Science chamber

The science chamber houses the bottle resonator and opdiflers and is connected to the
MOT chamber via the differential pumping tube. Severaldesg of the science chamber (Spher-
ical Square, MCF800-SS204040.16, Kimball Physics Inc.kariaa flexible housing for the
experimental setup:
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e Feedthroughs: A total of 16 CF16 flanges and a further four CF40 flanges agdng

symmetrically around the chamber can be chosen for elataimd optical feedthroughs.
Some of these flanges are indicated in Fig. 4.3.

Two CF16 flanges with CF-td4-inch swagelok adapters (Vacom GmbH) and teflon fer-
rules are used to feed through four optical fiber ends (fagidetsee Ref. [57] and refer-
ences therein). The teflon ferrules are first mounted on tlagslok with the optical fibers
attached before tightening the locking nut by hand unt# itimger tight. Approximately
two further full revolutions of the nut should be sufficieatdeal the feedthrough but fur-
ther tightening is needed during and after baking of the dlnSpecial attention should
be given to the limited temperature range of teflon and theimmamx temperature should
not exceed 10CC. Tightening of the nut should only ever be performed whitenitoring

the transmission through the fibers.

Two sub-C electrical feedthroughs (IFDJG091052K, Kurtesker Company) are mounted
on CF16 flanges and are used for controlling bending piezeshad to the coupling
fibers. A sub-D electrical feedthrough (IFDGG091053, Kultesker Company) is used
for controlling the bottle resonator shear piezos. All éhfeedthroughs have PEEK con-
nectors on the vacuum side.

In addition to these feedthroughs, a pair of opposing CFIgéa are fitted with zinc se-
lenide viewports which are transmissive for a CO2-lasenbata wavelength of 10 6m.
This laser beam passes freely through the center of the @raamid can be used to heat
the bottle resonator in order to evaporate rubidium or watisorbed on the resonator
surface.

Internal mounting: So-calledgroove grabberenable the complete resonator setup to
be securely mounted inside the chamber, see Fig. 4.3. Thwegrabbers consist of a
system of metal rings that mechanically clamp onto groovashimed into the chamber
and are concentric with the flanges. Screws in the metal angsised to clamp the rings
into place. Two custom designed groove grabbers attachieebtGF160 flanges are used
to hold a 2-kg gold-plated copper block (OFHC copper, nidket gold plated) in the
top section of the chamber. The copper block serves as aptafor the resonator setup
while also acting as a vibration sink (see Sec. 4.2.6).

A third groove grabber provides support for the differdniamping tube which is at-

tached to a CF60 port at the bottom of the chamber. A custoaemaducer flange (CF60
to CF16, not shown) connecting the two chambers is mountebendently of the dif-

ferential pumping tube, i.e., there is no direct contacivieen the two parts.

Access ports: A large CF160 flange on the front provides unhindered opticakss to
the experimental setup for various imaging optics and fpees laser light. A light sheet
passes through the flange which is fitted with a viewport (VRDLDIO, silica glass)
having a V-band anti-reflection coating at a wavelength 6ffi® on both optical surfaces
for light incident perpendicular to the glass. (A CF160 flamgy the back of the science
chamber is connected to another section of the vacuum sysfeme fluorescence from
atoms passing through the light sheet is detected with aophattiplier tube using a



lens imaging system mounted near the left CF60 viewport att®@he beam path (see
Sec. 4.2.3).

There is an additional optical access through the top viei(@#60) down to the MOT
chamber. By using a vari-focus lens and CCD camera (F131B; Marlin GmbH)
mounted to the viewport using an adapter plate, this poriisqularly useful for aligning
the resonator/copper block with the differential pumpioget and also for aligning the
MOT. There is a hole through the copper block for this purpose

The complete setup of the science chamber vacuum systervismish Fig. 4.6. The cham-
ber rests on a custom-made breadboard that is suspendethewdOT chamber with 18 steel
posts ({ 1/2-inch diameter, Thorlabs Inc.) that are clamped to an optaiale. The stability
of the breadboard is aided by an aluminum support frame gl8edtch Weld DP760, 3M) to
the underside of the breadboard covering about 10% of tHacguarea, and thin steel plates
also glued (VHB tape 4959, 3M) to the underside of the breadboovering about 70% of the
surface area, see Fig. 4.7. The purpose of the steel shdetads as dampers that reduce the
quality factor of the vibration modes in the breadboard. Breadboard and plates act as two
coupled oscillators that each have an individual vibraspectrum — vibrational modes in one
oscillator are damped by coupling to the other oscillatod @isa versa.

A large 5-way cross (CF160, C5-0800, Kurt J. Lesker Compamynects an ion pump
(VaclON Plus Starcell 300, Agilent Technologies Inc./darDeutschland GmbH) at right angles
to the science chamber. An electrical feedthrough attathétke top flange of the 5-way cross
connects to piezoelectric translators used for moving theplking fibers into place with the
resonator. The back flange of the cross is fitted with an ARecbaewport (VPZL-800LDIO,
silica glass) and gives access to the light sheet beam senitgth the front viewport of the
science chamber. The remaining flange of the cross is cathexa reducer 4-way cross which
is in turn connected to an all-metal UHV valve (48236-CEQDD, VAT Deutschland GmbH)
having a very low leakrate compatible with pressures<i@nBar. A second turbo pump which
is connected to the valve is arranged in the same manner aghbeturbo pump mentioned
earlier in Sec. 4.2.1 for the MOT chamber. The 4-way crogsnalifor a pirani/cold cathode
pressure gauge to be connected.

Figures 4.7 and 4.8 show how the resonator setup is suspepdate down in the science
chamber in order to maximize the available space. The rémohalder is fixed to a gold-
plated copper block while the coupling fibers are mountea ¢tratiders that attach to piezo-
electric translation stages (ANPx101/NUM and ANPz101/NUAttocube GmbH). All three
fibers are glued to piezos used for tensioning: the couplimgrdiare tensioned with bending
piezos (PL112.10, Pl Ceramic) while two multi-layer shemzps (PAXY+049, vacuum ver-
sion: P141.10, Physik Instrumente GmbH & Co. KG) can tensiotin ends of the resonator
fiber for resonance frequency tuning and stabilization. udat compatible PTFE wire leads
(see the red wires in Fig. 4.8) are bonded to the piezos froysiRlnstrumente GmbH using
an electrically conducting silver-filled epoxy (H21D, EektTechnology Inc.) and baked in a
vacuum oven to 10@. The Kapton-sealed electrical wires for the Attocubediation stages
come pre-assembled.
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Figure 4.6: Overview of the upper vacuum chamber(a) The fiber coupling setup is mounted
in a spherical octagonal chamber which connects to the leagrum chamber via a differential
pumping tube. Large CF180 and CF60 viewports on the chambergcellent optical access
to the fibers for imaging and fountain diagnostics. In addititwo small CF16 ZnSe viewports
have clear optical access for a CO2-laser beam for cleahigesonator. (b) A cross-section
through the setup shows the layout of the ion pump and thaetlkl valve connecting to a turbo
pump. A pirani/cold cathode pressure gauge can be optjocatinected to the four-way cross.
Adapted from Ref. [88].
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Figure 4.7: Cross-section through the atomic fountain appeatus. Atoms are trapped and

cooled in the lower MOT chamber and subsequently launchetlgaupper science chamber
where the resonator setup is mounted. The opto-mechardamiagnetic coils necessary for the
MQOT are highlighted. Adapted from Ref. [88].

Full details of the procedures and characteristics of vacpumping, baking, leak testing
and gas flow rates are documented in Ref. [88] for interestadars.

4.2.2 MOT setup — magnetic coils and camera imaging

A magneto-optical trap requires a magnetic field with a amtsgradient and a field minimum
at the center of the atomic cloud, as described in Appendi8uth a field can be constructed
using two coils in a so-callednti-Helmholtzconfiguration. The arrangement of the coils with
respect to the MOT chamber is shown in Fig. 4.9.

The coils are each constructed from 60 windings (6 windiagigatly and 10 windings later-
ally) of enamel-coated copper wire with a diameter of 1.5 mooiad a circular aluminum frame
with an internal radius of 47 mm. Due to geometry constraihis shortest distance between the
coils is about 130 mm, which is a factor of almost three gretii@n the optimal spacing where
the gradient is maximized, however this is not a problem lierMOT. With a current of 13 A
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Figure 4.8: Picture of the setup in the science chambef he atomic fountain enters from the
bottom of the picture. Adapted from Ref. [87].

supplied to the coils, the magnetic field gradient at the ¢eger is 10 G cm! along thez-axis
which passes through the center of the coils, and 5 G'catong the perpendicular axes. We
currently operate the MOT with 6 A because the atom numbeiaismmized at this value [88].

A highly stable power supply (TOE 8815, Toellner GmbH) siggplcurrent to the coils,
which is quickly turned off during the experimental sequena the microsecond timescale us-
ing ahomemade MOSFET (IRFP460LC, International Rectifier)land diode-based (20ETFO6PbF,
Vishay Inc.) switching circuit. A TTL signal from the experént control center is sent to an
opto-isolator that opens and closes the circuit. The totictance of both coils is calculated
asL = 2(N?)reonpo [In (87coit/a) — 2] = 2.1 mH, whereN is the number of coilsy.; is the
coil radius, g is the free-space magnetic permeability, ani$ the radius of one wire. This
inductance sets a bound to the switch-off speed-at L1/V = 25 us, whereV is the reverse
breakdown voltage of the MOSFET (500 V), ahdk the current in the coil. The total power in
the coils and MOSFET is quite high as estimated from the prodithe current and voltage as
VI =6Ax15V = 90 W: the large voltage is required for operation of the MOSFE3ssive
cooling of the coils is achieved by gluing (heat conductilweg Arctic Silver Inc.) them to a
large support cage surrounding the MOT chamber which acishastsink (see the green parts
in Fig. 4.7). In tests under realistic conditions with a highrent of 13 A, we have found a
maximum temperature of 48, which is well within acceptable limits.

Six additional coils arranged orthogonally in a Helmholtinfiguration are used to adjust
the position of the magnetic field minimum of the MOT quadiedield created by the two anti-
Helmholtz coils. These coils provide a homogeneous magfietd that compensates the effect
of the Earth’s magnetic field, stray fields from the ion pumgosgd non-optimal alignment of
the anti-Helmholtz coils. It is critically important to am® that the magnetic field minimum is
precisely in the center of the six cooling laser beams. Sulal alignment makes polarization
gradient cooling less effective at best and may even prekeribrmation of a MOT at worst. To
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overcome this problem, the six coils are placed conceltifrivath the six laser viewports onto
which they are clasped in place, see Fig. 4.9 (a). Each paippbsing coils is independently
controlled with a stable power supply (EA-PS 3016-10B, EAlKio-Automatik GmbH) that
supplies up to 1 A of current. The center of the MOT can be sthifteveral millimeters along
each axis by changing the current in each coil. The innewusadf a coil is 36 mm and the
distance between each pair of coils is about 100 mm. The déabvare constructed from ribbon
cable with 3 windings radially and 7 windings laterally arshsafely sustain a maximum current
of 4 A.

There are two common strategies for optimizing the currettié compensation coils; both
rely on a camera imaging system. Both strategies involMeviihg the motion of the MOT
when the magnetic field is turned off but with the laser ligiit &irned on. Two CCD cameras
(PL-B741EF, Pixellink) shown in Fig. 4.9 (a) image the MOTaigh CF16 viewports. A third
CCD camera images the MOT from the top viewport of the sciarf@amber along the axis
co-linear with the fountain launch direction.

e The first approach is to monitor the spatial distributiontiomo of the atomic cloud while
slowly decreasing the magnetic field from the anti-Helnhottils. The expansion of the
atomic cloud along each axis should be homogeneous and riter af mass should not
change while the MOT is repeatedly loaded every 0.5-1 sexxohdpecial experimental
control sequence performs this task automatically. By eympately varying the current
in each set of compensation coils it is possible to cententhgnetic field minimum.

e The second approach is to simply cool the atoms in a MOT befodelenly turning off
the current to the anti-Helmholtz coils and observing threaion in which the molasses
moves. If there is a misalignment in the magnetic field mimmwith respect to the laser
beams, the cloud will rapidly move when the field is switch&d ©his happens because
of an imbalance in the radiation pressure on the molasses.rapid movement appears
as a momentary streak across the camera image which is egaiina rate of 30 frames
per second. Perfect compensation of the magnetic field mimins achieved when the
molasses does not move along any axis. These steps areagtpeaty 0.5-1 seconds.

MOT chamber cage

The so-calleccagesurrounding the MOT chamber in Fig. 4.9 (b) provides cootimghe anti-
Helmholtz coils, but more importantly, it also mechanigalpports the opto-mechanics for
the laser light and helps ensure their accurate alignmenthi$ way, the optics and coils are
detached from the vacuum chamber and can be independentlgdnso that it is a straight-
forward procedure to optimally position the MOT under thifedential pumping tube. Each of
the six beam paths include a modular unit that attaches todbe: this is composed of two
right-angle mirror holders (KCB2, Thorlabs) for 50 mm digeramnirrors (MirHR mirror,s = p
for 780 nm at 458, Lens Optics GmbH) and a laser-beam collimator (60FC-Q¥80:50-37,
Schafter & Kirchhoff GmbH) with a free space beam diamete2 6fmm. Laser light from the
laser table is fiber coupled into polarization maintainidzefs and transported to the vacuum
chamber table where it is sent into two fiber clusters (Seh&tKirchhoff GmbH). The outputs
from each fiber cluster connect to the collimators.
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Figure 4.9: The MOT vacuum chamber and components. (a) Arrangement of the anti-
Helmholtz trapping coils, compensation coils, and imagiggtem around the MOT chamber
(semi-transparent). A third camera (not shown) images t Ntom the top viewport of the
science chamber at a distance of about 0.5 m. Fluorescemtetiie atoms is detected on a
photodiode. (b) A cage (green) surrounds the vacuum chaartzesupports the mounted anti-
Helmholtz coils and opto-mechanics used for the six codlasgr beams. The mirror holders
and collimator for only one beam are shown for clarity. Adapitrom Ref. [88].

The alignment procedure for each beam involves passindghiethrough four diaphragms
having a 2 mm diameter hole: one diaphragm is mounted djracttont of the collimator and
a second is mounted on the cage directly before the viewpod,the same for the opposing
viewport and collimator. By using four diaphragms it is pbksto ensure that all beams are
exactly collinear. Once aligned, the beam from one collonabuples into the opposing colli-
mator, which takes several hours of work for all six colliorat The procedure is aided by using
a finger camera (Conrad Electronic SE) and the CCD camerasitad in Fig. 4.9.

Since finishing the re-assembly and alignment of the exparial setup at the Atominstitut
around the start of 2011, the MOT has run stably and has natregbjany further adjustments
and nor has the performance degraded: the temperature atfims after being launched in the
atomic fountain is consistently aroung./X.

4.2.3 Fountain performance

The performance of the fountain is analyzed by fluoresceatecton of the atomic cloud in the
science chamber. This allows us to perform time-of-flightimwements in order to determine
the atomic velocity and temperature. For this purpose, wedh a light sheet [88, 95], resonant
with the atoms, through the science chamber a few centisyéow the resonator position
and detect the atomic fluorescence with a photo-multiplibe t(PMT) (Hamamatsu Photonics
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Deutschland GmbH, H 6780-20).
A typical time-of-flight measurement is shown in Fig. 4.10heTvertical trajectory and
expansion of the atomic cloud{(t), can be modeled as a Gaussian distribution [88, 95]

N p? (h — vt 4 Lgt?)?
0= v [1 oo <‘202<t>>} o [_ 27(0) ] -

The termN is the total number of atoms in the launched cloui the lateral width of the light
sheet,h is the distance between the light sheet and the M@QTs the initial vertical launch
velocity, andg = 9.81 m s~2 is the gravitational constant. The cloud has a temper&tusich
results in a spatial expansion over time approximatelyrgtwe

o(t) =1/D?+ kBWTﬂ , (4.9)

whereo (t) is the spatial variance in time D is the diameter of the cloud in the MOT, andis
the atomic mass of Rb. The first exponential term in Eq. (48ants for the fact that the atomic
fluorescence will decrease over time since the cloud sizelreagme greater than the lateral
width of the light sheet, particularly when the cloud staa$all down arounds = 360 ms in
Fig. 4.10. This is evidenced in the broader peak width, atompared td, in agreement with
Eq. (4.8).

Using this simple model describing the velocity and spaliatribution of the measured
signal in terms of temperature, starting velocity, as wellight-sheet beam size and position,
several properties can be determined from the data. Bastb@ evidth of the peaks it is possible
to extract the temperature, which is aroundka The arrival time of the atomic cloud is checked
against the expected arrival time determined from the lawedocity, v, enabling us to verify
the correct operation of the atomic fountain.

Having verified the delivery of cold atoms to the resonat@msher, we next demonstrate the
ability to place the cloud at an exact, predetermined hdightontrolling the launch velocity.
The top viewport of the resonator chamber acts as a knowmerefe position. Atoms that
collide with the viewport are lost from the cloud and do natitcibute to the fluorescence signal
which is recorded on the downward trajectory. Figure 4.1dwshseveral launches where the
turning point of the cloud is incrementally moved closertte viewport. It can be seen that an
increasingly large fraction of the cloud is lost on the vienpcausing the fluorescence signal to
be truncated. This demonstrates our ability to control #umth velocity of the cloud and thus
to make the turning point of the cloud coincide with resongtmsition.

4.2.4 Resonator imaging

In addition to the MOT imaging systems described alreadyglis also a long working distance
imaging system for imaging the bottle resonator. This israroercial lens system with a vari-
able zoom lens (1-50486, Optometron GmbH/Navitar Inc.) lzamla long working distance of
86 mm, which is necessary since the resonator is locateckinghter of the science chamber.
The variable zoom lens makes it convenient for aligning tingpting fibers with the resonator.
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Figure 4.10: Fluorescence signal of an atomic cloutkaching a resonant light sheet placed
at the position of the resonator (with the resonator rempvdthe data is a concatenation of
two measurements: Data around the first peak ahows the cloud reaching the light sheet on
its upward trajectory and data around the second peaksitows the cloud falling down after
reaching its maximum height. The temperature estimatad &dime-of-flight model is around

6 uK. Parameters: Light sheet lateral wigih= 18 mm and vertical width of 0.5 mm, distance
between MOT and light sheét ~ 310 mm, diameter of the cloud in the MOD ~ 1.5 mm,
launch velocityv, = 2.62 m s

Despite the long working distance, reasonably good quitiges can be recorded and are
sufficient for the purpose of aligning the coupling fibere €. 4.12. Several modulations in
the tapered section of the fiber are visible and are a byptaducaking the taper transition very
short: the tapers are about 3 mm long instead of a typicatheoig30-40 mm commonly used
in other tapered fibers. The short taper transition amplifiesaffect of the shear piezos used for
frequency tuning the resonator mode, as described in Skc. 3.

4.2.5 Fiber positioning system

Two coupling fibers are aligned with respect to the resonatode using piezo-electric trans-
lation stages (ANPx101/NUM and ANPz101/NUM, Attocube GmbiEach coupling fiber can
be manipulated along two axes over a maximum travel rangenaih5and with sub-nanometer
resolution, see Fig. 4.13 for the layout. Such a large treagje is possible when operating in
the so-calledslip-stickmode, however the step-size is greater than 50 nm, whicloisdarse
for aligning the fiber to the critical coupling position. Ather issue is that slip-stick movement
necessarily requires a sudden shift of the piezo which,rtunfately, imparts a large momentum
kick on the coupling fiber. This results in fiber vibrationglwan amplitude of more than;2n
lasting for a few seconds. Therefore, for very precise atignt of the fiber, it is necessary to use
the standard piezo operation, where a continuous moveraentdravel range of 3.5-5,0n is
obtained by applying a DC voltage of up to 70 V. Only by usinghiilypes of piezo movement

74



Aw/2n Vz

2.000 MHz 2.702 m/s
— 2.025 MHz 2.736 m/s
—— 2.050 MHz 2.769 m/s
— 2.075 MHz 2.803 m/s
— 2100 MHz 2.837 m/s
— 2125 MHz 2871 m/s

YzzzzzzzzzZd \iewport

- Light
sheet

PMT Signal, arb. units

# w~ot

380 400 420 440 460 480 500

Time after launch, ms
Figure 4.11: Precision control of the fountain launch heigh Several atomic clouds are
launched to various heights where the maximum turning pairthe cloud is chosen to be
progressively closer to the top viewport of the science diemThe cloud is detected after it
falls down again by probing it with a resonant light sheet sswbrding fluorescence with a PMT
(see lower inset). The right flank of the fluorescence sigisadgbruptly cut off for fast launch
velocities, v,, revealing that atoms in a faster velocity class collidehvtiite viewport and are
lost. The upper inset lists the MOT light detunings (see BE®Q)]. Adapted from Ref. [88].

—— 36um

Figure 4.12: Optical microscope images of the resonator andupporting fiber used in ex-
periments in Chaps. 7 and 8. The diameter of the unprocedsadgi200:m and the resonator
diameter is 3Gum. Both images were obtained through the front viewport efd¢tience cham-
ber using a variable zoom imaging system with a working distaof 90 mm. Adapted from
Ref. [96].
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Figure 4.13: Side-view of the fiber translation stages and #hresonator setup.The coupling
fiber axis is perpendicular to both the resonator fiber axisiarage plane. Only the translation
stages for one coupling fiber are shown for clarity.

it is possible to align the coupling fiber. Mechanically, traupling setup in Fig. 4.13 is very
stable in a vacuum environment with good temperature s&ahidn of the vacuum chamber. We
observe a drift of around 500 nm in the relative separatiothefcoupling fiber and resonator
over approximately one week (see Sec. 5.2 for details).

A problem noted by several research groups is the issue afidpdke Attocube transla-
tion stages and piezo-seizing. The piezo slip-stick moti@y sieze during baking even if the
maximum temperature during the bake is about°T35vhich is less than the maximum rated
temperature of 15@. In this situation, it may be possible to fix the problem bgréasing the
velocity and step-size to the maximum values and trying toertbe piezo with the ANC350
controller, but only when confident that the piezo is at roemperature — piezo movement at
elevated temperatures is not advised. Precautions sheuakbn to ensure that no translation
stage is at the limit of the slip-stick travel range when hgki The voltage on the ANC350
stepper drive should be set to 0 V while baking. Apart fromibhgkthe translation stages should
be (dis)mounted on the copper block with the utmost care attethition should be paid to the
amount of force applied to all moveable parts. When theseejues are closely followed, we
have generally not experienced problems with their opamati

4.2.6 Vibration isolation

Mechanical vibrations transmitted through the vacuum diemto the coupling fibers must be
minimized because the coupling gap to the resonator muslriibby more than approximately
ten nanometers, otherwise the fiber—resonator couplingdngignificantly change. Acoustic
vibrations transmitted through air, on the other hand, ateanmajor problem since the fiber
setup is in a vacuum environment, however the absence ofaipihg increases the quality
factor of mechanical vibration modes. The fiber setup in Eifj3 is attached to a 2 kg copper
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block which rests on four viton toroidal rings. These vitamgs provide the only direct contact
with the vacuum chamber and are therefore a critical dedegnent. Here, several details of the
design are outlined.

A single viton ring can be modelled as a spring with a springstantk and a damping
constantC'. Measurements from an experiment verifying Hooke’s lawtif@r viton rings yield
the valuek = 82 kN m~! per ring, which is very similar to the results in Refs. [97].98he
damping constant for a ring with a length of about 4.5 cm amdngiter of 3 mm supporting a
mass ofn = 2/4kg = 0.5 kg isC ~ 50 N's m~! [98]. With a single level of damping, the setup
is described as a first order system which can be written gs [97

$*mX +sCX + kX = (k+ sO)Y (4.10)

whereX is the response following a perturbatidh We have made the transformatisn- iw,
as is convention. The transfer function is then

X k+ sC

- _-_ 7 4.11

Y $2m+sC+k’ (4.11)
which has so-callederosat s = —2 x 10% Hz andpolesats = 5.1 + 110.5i Hz. Finally, the
transfer function with all the data for a single ring is then

X 50s+08x10°
Y  4.9s2+4+50s+0.8 x 105 °

The frequency response of this function for four rings castb&ight-forwardly calculated with
k =0.3 x 105 Nm~!, m = 2 kg, and a larger damping coefficient @f= 100 N s m! [98].
Analyzing this we find a mechanical resonance at 20 Hz andl-affobf 20 dB/decade for
higher frequencies, as expected for a first order system. kkt2there is more than 40 dB of
noise suppression, which is effective in the vertical dicecof motion, and partially effective
in lateral motion.

Vibrations originating from within the fiber setup should@be damped. By using a massive
copper block, onto which the setup is attached, vibratioilsbg attenuated because a large
amount of energy is required to move the block. In addititrmycsural vibrations of the building
should be attenuated by the optical table. The center-asrathe complete setup of vacuum
chamber and optical table is calculated to be about 5 cm afbeveurface of the table and has
the maximum possible distance to each of the four legs stipgdhe table, thus ensuring the
best stability.

We find that it is possible to work normally on the vacuum chantable and to even drop
metal tools on the table surface without appreciably distg the resonator frequency or dis-
tance stabilization schemes. Therefore, we conclude tiration isolation measures are effec-
tive.

(4.12)

4.3 Laser systems

The observation of strong coupling betweetiRb atom and a bottle mode requires a number of
lasers to firstly cool the atoms and launch them to the resgriait also to probe the interaction.
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Figure 4.14: Hyperfine structure of thesS, , —> P;, transition for"Rb and frequencies of
the experiment laser light (after passing through AOMSs).

Three diode lasers in either Littrow or Littman-Metcalf figaration serve these purposes and
are described in the following.

4.3.1 Cooling laser

Laser light from a Littman-Metcalf diode—tapered-amplifeser system (MOPA, Sacher Laser-
technik GmbH) is set to a frequency that is red-detuned frloen/t = 3 — F’ = 4 cooling
transition as shown in Fig. 4.14. The system is composed todedaser (labelleanaste)
with an output power of 20 mW which seeds a tapered amplifiér e output power of 1 W
(labelledslave. A fraction of the light from the slave laser is sent to a Rippler-free saturated
absorption spectroscopy unit (CoSy, TEM Messtechnik Gmibsing a pellicle beamsplitter
(BP108, Thorlabs).

Figure 4.15 shows the layout of the laser system for produttie six beams for the MOT
and for stabilization. Light for frequency stabilizatiofi the master laser is sent through an
acousto-optic modulator (AOM) in a double pass cat-eye gardition using the-1 diffraction
order light (3200-124, 200 MHz, Crystal Technology LLC/ EQdafonics GmbH). Several hun-
dred microwatts of light is then fiber coupled in a polariaatmaintaining (PM) fiber and sent
to the CoSy unit. Fiber coupling is especially important this device in order to ensure the
light correctly propagates through the Rb gas cell and sptic
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The laser frequency is stabilized using frequency moduiaspectroscopy (also known as
dither locking). First, a weak 400 kHz signal from a functigemnerator is applied to a frequency-
tunable AOM driver (1200AF-AEFO0-2.5, Crystal Technology@/ EQ Photonics GmbH) using
a bias-tee. From the frequency modulated light, the CoSlygerierates a Doppler-free error
signal which is pre-amplified (ZFC-500-LN+, Mini-circujtend mixed with the signal from
the function generator. After low pass filtering, the outpiginal from the mixer is sent to a
proportional-integral (PI) controller which controls theaster laser piezo. The advantages of
performing frequency stabilization using modulation spestopy instead of the simpler side-
of-fringe stabilization are two-fold: (a) the error sigrieds a dispersive shape that allows the
frequency to be stabilized at a well-defined value, and (iifsdn laser power will not affect the
frequency, to first approximation. We use the cross-ovek pétne transitiond” = 3 — F/ = 3
andF = 3 — F’ = 4 for frequency stabilization because it provides the largemal-to-noise
ratio2 In initial experiments using side-of-fringe stabilizatjowe find a slow increase in the
temperature of the cooled atomic cloud over a period of séveurs, but this problem was
eliminated once we switched to using modulation specti@sco

The output from the slave laser is used for the MOT and is seplitally between two iden-
tical arms using a high power non-polarizing beamsplittéght in each arm is sent through a
double-pass AOM and the1 order light is fiber coupled into a 10-m—long polarizationima
taining fiber connected to fiber clusters. The power in eadr Giluster is power stabilized using
an internal photodiode that provides a measurement sigraaPtl controller. The resulting cor-
rection signal is sent to the amplitude modulation port ef AOM driver to control the power.
The stabilization loop corrects for fluctuations in the fgsewer and fiber coupling drifts and
gives a standard deviation 8f5 x 102 in the power. An important feature of the controller
is that the power setpoint can be computer-controlled tp, switch power for the polarization
gradient cooling (see Appendix A) and fountain launchirages.

The frequency of the light going to the MOT is

AOM AOM

VMOT - VCOSY + (VSatAbs - VCooling) ?

(4.13)

where2v . is the frequency of the light in the CoSy umﬁiﬁi is the driving frequency of

the AOM for frequency stabilizations, | is the driving frequency of the AOM in either of
the cooling beam paths. The frequency of the light cominmftbe Slave (and Master) is

AOM
SatAbs °

(4.14)

v

laser

= yCoSy + 21/

Therefore, if all three AOMs are driven at the same centeueacy, the frequency of the light
going to the MOT chamber will be the same as the frequency efatbmic transition/cross-
over peak used in the frequency stabilization path. Such@l &onfiguration is advantageous
because it allows us to use AOMs with high center frequendylamge bandwidth: AOMs with
low center frequency tend to have a small bandwidth, i.ey trave limited tunability. All the
AOMs used in this work operate at a center frequency of 200 Mtk have a relatively large
bandwidth of 50 MHz.

3Cross-over peaks are located midway between two transitionl are an artefact of laser spectroscopy of
multiple transitions in atomic gases [99].
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The AOM operating frequency in the frequency stabilizatpath is set by a voltage con-
trolled oscillator (VCO), while the operating frequency the other two AOMs for the lower
and upper MOT beams is set by two individual 1-channel dul@gital synthesizers (DDS, Crys-
tal Technology LLC/EQ Photonics GmbH). The output from eB&S is frequency doubled to
around 200 MHz and amplified to around 2 W before connectinthgcAOMs. The extremely
high frequency resolution (sub-hertz) of the DDS greatlpiiaves the stability of the fountain
launch compared to a VCO-controlled system.

Another important factor in the fountain operation is thevpo balance of the six cooling
beams. Animproperly balanced setup will firstly cause thelM®be shifted off-center due to
radiation pressure, and secondly, will cause a deviatiamgte from the desired fountain launch
direction. To overcome this problem we use a fiber clusterchwvls a modular unit consisting
of two half-wave plates and two polarizing beamsplittei gplit the incoming light into three
fiber-coupled output ports There is an additional 1/99 beamsplitter for sampling tl®ining
light which is measured on a passive photodiode and usedtfemsity stabilization. Using this
setup, the power in each output fiber from the cluster is agleéq an accuracy of 0.2 mW with
a maximum output power of 25 mW. The typical output power ez at the vacuum chamber
is 20 mW.

4.3.2 Repump laser

The repump laser (DL 100, Toptica Photonics AG) is stahilite the F = 2 — F' = 3
transition. This laser is required because there is a snualkignificant probability of off-
resonantly exciting the atom on thié¢ = 3 — F’ = 3 transition with the cooling laser light,
which after a spontaneous emission event can decay t6'the2 state, which is a dark state.
Since the atomic scattering rate for the repump laser omigstl negligible compared to the
cooling laser, the polarization of the repump light is nopartant.

Figure 4.16 shows the setup of the laser system. As with thkngplaser, the-1 diffrac-
tion order light from both AOMs is used with each operatingaatenter frequency of around
200 MHz. The signal fol = 2 — F’ = 3 transition from the saturated absorption spec-
troscopy is used to stabilize the laser frequency by cdirtgothe AOM driver frequency. How-
ever, unlike the cooling laser, side-of-fringe stabiliaatis used because a small detuning from
the transition is acceptable, and also because the schesimepie to implement. This scheme
is improved by stabilizing the power going to the saturateslogption spectroscopy using an
internal photodiode in the CoSy unit and a PI controller fleatds a correction signal back to
the AOM in the arm labeled frequency stabilization. About ¥/raf power in the repump light
is sent through a CF16 viewport and intersects the coolisgr$aat the MOT position.

4.3.3 Resonator laser

The resonator laser system (DL Pro, Toptica Photonics ABN$ithree main tasks: (a) probing
the spectral properties of the atom-light interaction,dtapilizing the resonator frequency and
in-coupled power, and (c) performing fountain diagnosti€gjure 4.17 shows the setup, which

“The collimators at the MOT chamber have an internally matigtearter-wave plate for producirngt light.
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Figure 4.15: Laser setup for cooling®Rb atoms in the MOT. The output light from a Sacher

Lasertechnik diode—tapered-amplifier laser system (MGRAqually split with 50/50 beam-

splitter into two arms — one arm for the three upper coolingnbe and the other for the three
lower cooling beams. The power and relative frequency dieguof both arms are indepen-
dently controlled using AOMs driven by two power amplifiedjithl synthesizers. Frequency
stabilization is performed using the output from the segdiinde laser (labeleMaster) which

is sent to a saturated absorption spectroscopy module.tédiffom Ref. [88].

is similar in design to the two other laser systems: the ligsdecked to a saturation spectroscopy
and an array of polarizing beamsplitters divide the lasergvdetween several paths where the
-1 order diffracted light from each AOM is fiber coupled. Thawsation spectroscopy setup

here is identical to the setup described earlier for theiogdaser. This laser is used for a large
variety of critical tasks in our experiment which are expéal in the following.

Resonator frequency stabilization: Frequency stabilization of the resonator to fhie= 3 —
I’ = 4 transition frequency requires a phase modulated light fwlément the Pound-
Drever-Hall stabilization scheme (see Chap. 5 for detai®)ase modulation is accom-
plished with a tunable electro-optic phase modulator (EG@K);FT43L, Qubig GmbH)
operating at an RF frequency.

Since this light couples to a resonator mode having a wéihee polarization, it is criti-
cally important to ensure that there are no polarizatiofigin the laser light. Even when
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Figure 4.16: Laser setup for repumping cooled®Rb atoms on the transitionF’ = 2 —

F’ = 3. The output light from a Toptica Littrow diode laser (DL106)split with a polarizing
beamsplitter into two arms — one arm for frequency spectimg@nd the other for the actual
repump light sent to the MOT chamber. Outflitis sent to the vacuum chamber and the beam
overlapped with the MOT using a collimator. OutiB} is combined with light used in the light
sheet in the science chamber. Adapted from Ref. [88].

using PM fiber this issue can be problematic due to imperfeletrization matching with
the incoupling free-space light and slight variations imtirefringence of the fiber caused
by the ambient environment. In the setup here, the light iolsal into a 10 m-long PM
fiber which transports the light from the laser table to theuwen chamber table. To min-
imize this polarization problem, a highly birefringent Bercompensator plate (Y\VO
crystal, FOCtek Photonics Inc.) acts as a tunable wavepiateensures the polarization
axis of the free-space light is perfectly matched to the nmation axis of the fiber. In
addition, a wire-grid linear polarizer placed before that@lincreases the polarization pu-
rity to > 1 : 1000. Details of the alignment procedure for the Berek comp@nsahd the
associated polarization analyzer device, are documentBei. [100]. As an alternative
to this polarization setup, a Glan-Taylor polarizer modritea rotation mount can equally
well serve to ensure the polarization axes are alignedgtinthis option is typically more
expensive.

Distance stabilization: Closed-loop stabilization of the distance of the couplifgfiinto the
resonator also requires an EOM for phase modulation, hawetva different RF fre-
guency. Apart from this, all other optical components ageghime.

Atom detection: The experiment must react with sub-microsecond respomsstio the cou-
pling of an atom to the evanescent field of the bottle resonalbtie frequency of the
atom detection light is tuned to the resonator frequencythadgower level adjusted to
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achieve maximum sensitivity to atom-induced transmissioenges on the output of the
coupling fiber, and is set to around 100 fW or equivalentl@ i@tracavity photons. As

with the other beams, polarization is also critical here arlshear polarizer and Berek
compensator are again used.

Atom-cavity spectroscopy and light sheet:Following the detection of an atom, the atom-light
interaction is a probed with a separate laser frequencyngavpreset atom-light detuning
and power, optimized for the actual cavity QED experimenhisTsetup (labeledpec-
troscopy lightin Fig. 4.17) consists of optical components that are idgahto the atom
detection path. Additionally, a 50/50 beamsplitter diselaght to an optical fiber where
it can be used for fountain diagnostics by sending it as d-Bbket through the science
chamber.

Furthermore, all light sent to the resonator setup is pouwatilized in a similar manner as
in the laser cooling setup. Mechanical shutters block tkerléight for resonator frequency
and distance stabilization during the time-window where dtomic cloud interacts with the
resonator. During this time-window, the error signals frboth stabilizations are set to zero,
thus rendering the stabilizations inactive for times lantf@n the integration time of the PI
controller.
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Figure 4.17: Laser setup for probing the atom-resonator inéraction and stabilizing the
resonator and coupling fiber. AOMs are used to control both the power and frequency in each
beam, while EOMs are used in a Pound-Drever-Hall resonadtilization scheme (see main
text of next chapter).
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CHAPTER

Realization of Freqguency and Distance
Stabilization of Ultra-high- ) Modes

In the context of cavity QED experiments as well as otheriagfibns, it is important that the
resonator can be made resonant with an arbitrary frequexey fiy, e.g., an atomic transition.
The ability to tune the resonance frequency of microresmaab other frequency-critical el-
ements is especially important when developing sophisiicaptical processing applications.
For example, many cavity QED quantum information protocelg on mapping the quantum
state of one two-level system onto an optical field and thansfierring it to another, remote
two-level system. Such cavity QED quantum networks requitdtiple resonators to be mutu-
ally resonant and to be linked, e.g., by optical fibers [38]tHese situations, it is important to
be able to stabilize the resonance frequency of the resotmaém external reference frequency
with a high degree of precision. The need for frequency ktalibn in the case of ultra-higty
WGM microresonators is made even more apparent by consigtre typical situation where a
temperature change of only 1 mK is enough to change the raseffilzquency by one linewidth.
For example, in a recent cavity QED experiment involvinggtreng coupling between Cesium
atoms and a WGM microtoroid the atom-cavity interaction Wasipered by thermally induced
drifting of the resonator resonance frequency [48].

Apart from frequency stabilization, the coupling of lighoif a coupling fiber into a WGM
microresonator must also be stable. Light is coupled inth sasonators by matching the phase
and frequency of the field of the evanescent coupler with ti&Wwvhile the coupling strength
is set by their spatial overlap [29]. This coupling strenddtermines the intracavity intensity
for a given input power. The latter is maximized in the casemtalled critical coupling. For
this reason, the situation of critical coupling is desieafadr many microresonator applications.
Evanescent coupling of light to WGMs so far has mostly rebedthe passive stability of the

Parts of this chapter appear in “Active frequency stalil@aof an ultra-high Q whispering-gallery- mode
microresonator,’Appl. Phys. B99, 623, (2010), and “All-optical switching and strong pbog using tunable
whispering-gallery-mode microresonator8ppl. Phys. B105, 1, 129, (2011).
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setup, which typically exhibits long-term drifts on the &stale of tens of minutes. However,
in order to maintain a stable intracavity intensity, the papveen an evanescent coupler and a
WGM microresonator must remain stable within a few tens olomaeters.

In this chapter | describe the implementation of a Poundsré&lall (PDH) stabilization
technique to stabilize the resonance frequency of a batlenator to an external cavity diode
laser which is in turn stabilized to tHf€Rb D,-transition. | also introduce a simple technique
to actively stabilize the evanescent coupling of light tetwa WGM bottle microresonator and
two optical coupling fibers. The stabilization of a critigatoupled resonator yields a resid-
ual transmission of- 1 — 2 x 10~2 over several days of continuous operation of the cavity
QED experiment. Both stabilizations operate simultanigoinsour setup. A complementary
PDH-based technique to actively stabilize the coupling igafescribed in both Ref. [101] and
the dissertation of Christian Junge and will not be desdribere. A major technical achieve-
ment of the present setup is its ability to continuously afein a highly sensitive cavity QED
experiment for periods of up to two weeks without any intetien.

In the first part of the chapter, the frequency stabilizattwheme is characterized in an
ambient air environment. Both the thermal response of teenaor and the performance of
the stabilization scheme are then characterized in thewaahamber used for the cavity QED
experiment. In vacuum, the resonance frequency of theaptiode is observed to be more
sensitive to thermal effects arising from the absorptioriagér light and the absence of air
cooling. In the second part of the chapter, the fiber distatagilization is demonstrated during
actual cavity QED measurements.

5.1 Active frequency stabilization

5.1.1 Introduction

Earlier work has demonstrated the frequency stabilizatioa laser to a microtoroid resonator
[50], but this is insufficient for applications requiring @sonator (or network of resonators) to
be resonant with a given dipole emitter. A large tunable gkgshere, with 0.5 mm diameter
and10° Q-factor, was locked to a laser using a lock-in technique [18®wever this method
is bandwidth-limited by the intensity build-up time of thesonator. Moreover, the recapture
range, i.e., the frequency range over which the resonatoaire locked while subject to distur-
bances, is determined by the resonator linewidth. It hasksen demonstrated that the thermal
self-stabilization of resonators can be used to maintaonatant power in a resonator [69,103].
However, apart from the fact that the optical power is a gairstd parameter using this tech-
nique, it may fluctuate and drift over time due to externaltyméations, translating into fre-
quency fluctuations and drifts of the resonator. In addjtibis not possible to directly lock to
the center of the resonance using thermal self-stabibzati

As an alternative, the Pound-Drever-Hall technique candsel to achieve frequency sta-
bilization of optical resonators [104, 105]. It offers seleadvantages, namely, it effectively
decouples power fluctuations from frequency fluctuations,anlarge recapture range, and is not
limited by the resonator bandwidth.
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5.1.2 Principle of Pound-Drever-Hall stabilization

Among the various schemes used to stabilize resonator®,Dikscheme is generally the pre-
ferred choice for the reasons outlined above. The principlne scheme relies on the detec-
tion of the phase of light transmitted past the resonatog+fdloupling junction, as described in
Fig. 5.1.

The transmission amplitude is given by the coherent intenige of the uncoupled light
transmitted past the resonator with the light leaking ouhefresonator after having undergone
many revolutions in the resonator via total internal reftectOn resonance, both fields have the
same amplitude but the phase shifts7igs the frequency is scanned across the resonance and
it follows that there is complete destructive interfererae shown in Fig. 5.1 (a, b). The width
of the resonance defines the slope of the phase shift andttiauppssible to identify a position
on either flank of the resonance by observing the phase. Hawyht detectors measure the
intensity and not the phase, and since the intensity vayimsnetrically across the resonance, it
is not a good error signal for frequency stabilization todbater of the resonance.

The PDH scheme solves this issue by phase modulating the liger light in order to
generate frequency side-bands. The modulation of the \gtht for example, an electro-optic
modulator (EOM) operating at a frequengy,q generates frequency sidebands around the res-
onance aty =+ vn0q, @s shown in Fig. 5.1 (c). It is necessary to haygq greater than the
linewidth of the resonancAv, otherwise the technique is termed simply as frequency faedu
tion stabilization. Interference of the sidebands withlitet from the resonator produces a beat
signal with the required phase information, which is exeddy multiplying this signal with
the modulation frequency using a mixer.

The amplitude of the PDH error signal for light of frequencigs given by the relation [105]

e(v) = =2y/ P PIm{t(v)t" (v + Vmod) — " (W)t (V — Vimod) } - (5.1)

The power in the carrier at frequengyis P, and the power in the sidebandsis Fora WGM
resonator, the transmission amplitude) is given by [106]

 —Av —2i(v —1p)
ty) = Av + 2i(v — 1/0(;

(5.2)

The slope of the error signal in the normalized plot in Fid. &) ism = —4/Av, and becomes
steeper for narrower linewidths. A more detailed discussicthe PDH scheme can be found in
Refs. [52,105]. We next describe the implementation andacierization of the PDH technique
with the bottle resonator.

5.1.3 Setup of the resonator frequency stabilization

Light is coupled into the resonator with the sub-micron digen waist of a coupling fiber. The
coupling fiber is placed at the position of a caustic and pudjoeilar to the resonator axis. The
gap between the coupling fiber and the resonator is cordralith a sub-nanometer resolution
using a piezoelectric actuator and is set to a few hundredmaters, sufficient for the evanes-
cent fields of both to spatially overlap [29]. Following thesonator, the coupling fiber is split
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Figure 5.1: Concept of Pound-Drever-Hall frequency stabikzation. (a, b) Frequency and
phase response of the transmitted light from a WGM resondtoe phase changes by a max-
imum of = as the frequency is scanned across the resonance. By aigsémei transmission
while modulating the frequency of a laser it is possible ttedaine if the laser is either red or
blue detuned with respect to the resonance. (c) Pound-Bkaléerror signal as a function of
frequency detuningv. When the modulation frequené€y,,.q is much larger than the resonance
linewidth Av, the dispersive error signahas a distinct shape encoded with phase information,
thus making it useful for frequency stabilization.

using a 0.5/99.5 coupler with 99.5% going to a resonant achka photodiode (APD, typically
0.5-3 W) and 0.5% going to a high-gain APD (typically 3—15 nW), mayia bandwidth of
~3 MHz.! For initial tests, the setup is placed in a box with a regdlatéean air supply.

Pulling on one fiber end with a shear piezo (P-141.10, Physkumente GmbH & Co.
KG, mechanical resonance frequency of 100 kHz) elongateseonator causing the size and
refractive index to change, thus shifting the resonanaguisacy [25]. The spectral properties
of the resonator and characteristics of the frequency loelaaalyzed using a grating stabilized
diode laser (DL Pro, Toptica Photonics AG) around 780 nm wisipecified short term( 5 uS)
linewidth of 100 kHz.

An EOM (EO-FT43L, Qubig GmbH) phase modulates the laser baadhis driven by a
local oscillator running at 42.8 MHz. This frequency is rgnough for the sidebands to be
distinguishable from the carrier in the resonator spectmirich has a linewidth of 2—4 MHz,
dependent upon the particular resonator mode. Higher ratidnlfrequencies would in princi-
ple yield a larger recapture range of the locking schemehlautdsulting signal would suffer from
interference from ambient noise due to radio signals. Thenmant APD is tuned to 42.8 MHz
and enables the detection of powers as low as 100 nW-at @B bandwidth of 300 kHz. The
signals from the local oscillator and photodiode are mixed;-pass filtered, and sent to a PI
controller where a correction signal is generated. This isiin amplified and fed back to the
resonator shear piezo. Care is taken not to excite resosmiandee control loop by using a
4 kHz single-pole low-pass filter before the piezo, therekind the bandwidth of the control
loop. The closed-loop characteristics of the lock are asalyoy measuring both the transmitted
power with the high-gain APD and the correction signal sesrnfthe PI controller to the piezo.

The high-gain APD is exclusively used for PDH stabilizationlater experiments in Chaps. 7 and 8 and
Secs. 5.1.7 and 5.2.
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Figure 5.2: Schematic of the Pound-Drever-Hall stabilizaibn setup and resonator geom-
etry. Frequency sidebands at 42.8 MHz are generated in the laaer bpectrum by phase
modulating it with an electro-optic modulator (EOM). Foaxty, the scale of the resonator is
exaggerated with respect to the resonator mount.

Resonator holder design

To achieve active stabilization of UHQ bottle microresangtin the cavity QED experiment, it
was necessary to design a special-purpose resonator naupttble with the requirements of
ultra high vacuum (10'° mbar) while maintaining full tunability over 400 GHz and ogkility
with a high bandwidth up to the kHz range. Finite element $atans were critical in ensuring
our design was rigid enough to push mechanical resonances sgveral kHz. Figure 5.3
shows the resonator mount and the associated supportusgrugith the first six resonances
occurring primarily around the shear piezos used for turing stabilization. By using only
the lower piezo for active stabilization and the top piezapply a constant offset voltage, we
can neglect the first three resonances (Fig. 5.3 (a) to (cpuse they will not be excited. This
assumption is reasonable since external sources of whratiould be minimal because the
mount and coupling setup is carefully isolated from extewitarations using viton cushions in
the vacuum chamber. The mechanical motion of the fourthniagsze is not in the direction of
motion of the piezo and may similarly not be excited. The fifitldl sixth resonances (Fig. 5.3 (e)
and (f)) around 19 kHz show clear oscillations in the di@ettf piezo motion and set an upper
limit on the achievable stabilization bandwidth.

5.1.4 Stabilization performance in air

We stabilize a 5Q:m—diameter resonator, with an ultra-highand an axial FSR of 230 GHz,
to a laser which is in turn stabilized to thefransition of**Rb using a Doppler-free rubid-
ium spectroscopy set-up (COSY, TEM Messtechnik GmbH). Asfearence measurement, the
resonator’s spectral lineshape is acquired using;2A3of incident power, see Fig. 5.4 (a), suf-
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(a) Resonance frequency: 6.5 kHz

(e) Resonance frequency: 18.6 kHz (f) Resonance frequency: 19.7 kHz

Figure 5.3: Finite element simulationsof the six lowest mechanical resonance frequencies of
the resonator holder device. The resonator fiber (not shavmdld between two shear piezos
that are glued to a resonator holder which is in turn mecladlgiattached a triangular mount, of
which both are made of aluminum. The amplitude of the redathotions is indicated by color

coding and is also graphically displayed (displacemenxaggerated).
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Figure 5.4: Stabilization of an ultra-high @Q-factor bottle mode. The mode lineshape (a)
reveals a linewidth of 3.8 MHz and is in reasonable agreeméhtthe linewidth of 2.5 MHz
estimated from the PDH error signal, see (b). (c) When thenaser is stabilized to the laser,
fluctuations are visible around the setpoint of the transaipower. The rms value of these
fluctuations is 206 kHz and is marked with dashed lines. Th& idaneasured with 2—3W of
launched power. The transmission measurement in (a) isurezhwith the high-gain APD and
the error signal in (b) is measured with the resonant APD.

ficiently low for thermal effects to be neglected. Using tlidebands as frequency markers,
the frequency axis is calibrated and the linewidth is edt#hdao be roughly 3.8 MHz. Based
on the slope of the error signal at 0 MHz in Fig. 5.4 (b), thewidth of the resonance is ap-
proximately Av ~ 4U,,,/m, Where2U,,,. is the peak to peak value of the error signal and
m is the slope [105]. Using this method, the linewidth is estied to be 2.5 MHz, in reason-
able agreement with the spectral measurement and confithergprrect operation of the setup.
Taking the former measurement this corresponds to a lo@dadtor of1.0 x 10® or an intrinsic
Q-factor in excess of x 10% [27].

We quantify the performance of the stabilization scheme lgsuring the fluctuations of
the transmitted power. Since these fluctuations are zerostoofider when the resonator—laser
detuning fluctuates around zero, we purposefully introdarceffset to the setpoint of the Pl
controller. This results in a non-zero resonator—lasarmdey and relative frequency fluctuations
between the laser and the resonator are thus directly dedvimto intensity fluctuations. The
setpoint for the PI controller is indicated by the horizdrtashed lines in Fig. 5.4. With the
resonator stabilized in Fig. 5.5 (a), fluctuations aroumdstitpoint correspond to a rms frequency

91



RS
kHz

Frequency deviation

Time, ms

b) 101

102
102

10-4_

FFT amplitude, arb. units

102 103 104 105
Frequency, kHz

Figure 5.5: Frequency noise of an ultra-high@-factor bottle mode. (a) When the resonator
is stabilized to the laser, fluctuations are visible aroure getpoint of the transmitted power.
The rms value of these fluctuations is 206 kHz and is markel ddshed lines. (b) FFT of the
frequency fluctuations. The data is measured with/2AB0f launched power. The measurement
in (a) is measured with the high-gain APD.

noise of 206 kHz or 5.4% of the linewidth over a time intervibans? This time interval is
20 times longer than the response time of the resonator fauich is limited by the 4 kHz low-
pass filter. It is noted that while the resonator is criticaibupled, the presence of off-resonant
side-bands prevent full extinction of the transmission bl resonance.

There are believed to be two significant sources of frequendse in these measurements.
Electrical noise in the high gain voltage amplifier connddtethe shear piezo reduces the signal-
to-noise ratio. Also, the linewidth of the laser, at 100 kiszgomparable to the rms frequency
deviation of the stabilized resonator. A Fourier transfainthe frequency noise in Fig. 5.5 (b)
reveals a strong frequency component at 8—-12 kHz, whichyisrizbthe bandwidth of the con-
trol loop. Mechanical resonances of the resonator hold@8&kHz and 12.6 kHz, shown in
Fig. 5.3 (c,d), may be the cause of these frequency companent

On a longer timescale, the stabilization scheme also hasrmpensate for slow frequency
drifts of the resonator. The magnitude of these drifts camtieacted from the closed loop

%Interestingly, the fractional frequency uncertaintgis 10~'°, which for ag = 1 axial mode would be equal
to the fundamental limit of aroun2l x 10~1° imposed by the thermorefractive noise of silica [24]. Thiuakaxial
mode number used in this measuremetis 1 and the mode volume is about a factor of four larger tharythel
case, but further optimization should make it possible &zhethis fundamental limit fof = 1.
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Figure 5.6: Slow frequency drifts of the stabilization schene. When the resonator is stabi-
lized to the spectroscopy-stabilized laser, the corraatignal sent to the piezo is proportional
to the compensated frequency drift of the resonator. Theakig measured before the 4 kHz
low pass filter.

correction signal. Using the spectroscopy stabilizedrJage monitored the correction signal for
50 seconds in a resonator with a linewidth of 2 MHz (see Figjfdr. a typical trace). Significant
frequency corrections over arange of 250 MHz, or over 1G8Widths, are visible despite efforts
to passively minimize vibrations and temperature changésnote that the resonator remained
stabilized during the entire measurement.

5.1.5 Thermal bistability

Thermal bistability is a widely studied non-linear effestricroresonators governed by intra-
cavity power and material absorption of light [70]. The mmpwer densities found in microres-
onators can lead to temperature changes which distort gexrwdd resonance. This effect results
in an apparent broadening or narrowing of the resonancesndiépy upon the resonator—laser
scan direction. We investigate this effect by probing aeotiesonator, with the same dimen-
sions and characteristics as the previous one, while simediusly monitoring the transmitted
power and error signal with a standard high bandwidth (130zMphotodiode. The resonator
is excited with several tens of microwatts and the resonasguency is scanned at a rate of
220 MHz ms!. The transmission of the carrier in Fig. 5.7 (a) shows amtiitie triangular
lineshape for decreasing frequency, while the lineshag@faiantly narrows for increasing fre-
guency. This behavior is paralleled in the response of thar signals, see Fig. 5.7 (b). In
addition, thermal shifting of the resonance frequency eausieven spacing of the sidebands;
with increasing frequency, the carrier and upper sidebaaghashed toward higher frequencies
due to the sign of the temperature dependence of the refdatiex. The sideband is shifted
less than the carrier due to thermal relaxation.

Not surprisingly, in the presence of thermal bistabilityisiimpossible to stabilize the res-
onator with zero resonator—laser detuning because thig {sohn unstable solution to the bista-
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Figure 5.7: Thermal bistability of a resonator mode. (a) With decreasing frequency (left), the
transmission of the carrier appears broadened, and withdsmng frequency (right), the trans-
mission of the carrier appears narrowed. Corresponditigdyerror signals are also distorted,
see (b).

bility equation of the system [50]. In the scan with decregdrequency the zero crossing of the
error signal is shifted by-66 MHz with respect to the scan with increasing frequency. &fwee,
thermal bistability is an undesirable feature for the psg®moof frequency locking which has to
be avoided by using low laser powers. In our experiment thra-cavity power is negligible,
but care must be taken during the frequency stabilizati@aseh

5.1.6 Mode-splitting

Rayleigh scattering caused by surface roughness or inhemedges within the glass lifts the
degeneracy of clockwise and anti-clockwise propagatingespsee Sec. 3.3.2 [107]. This non-
degeneracy, termed mode splitting, can be modeled as twalezbwscillators with scattering
mediating the exchange of energy. The magnitude of the raptiting is a function of the
scattering rate and can range from a fraction of the resonia@vidth to several times the
linewidth. While mode-splitting generally does not affédee intrinsicQ-factor, it can severely
limit the loaded@-factor [27]. We investigated the influence of mode-spigtion the error
signal. Again, we used resonators with similar dimensiams eharacteristics as the previous
ones. When the splitting between the modes is very sniall (oaded linewidth), there is a
frequency band between the modes where the transmissiesdata@lly constant. This means
that the typically sharpr phase jump at resonance instead has a flattened region wieere t
phase is constant. Figure 5.8 (a) clearly shows these regiofoth sidebands and the carrier.
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Figure 5.8: Mode splitting in two different resonator modes (a) Resonances with small
mode-splitting cause small plateaus (highlighting cstle the PDH error signal near critical
coupling. (b) Under-coupled resonances with large modigiisp result in sign changes of the
slope (arrows) meaning that the phase changes non-mocaligni

Stabilization to the carrier in this region is problematiechuse this frequency band acts as
a dead-zone. When the mode-splitting is large { linewidth), and the resonator is under-
coupled, the phase changes twice — once for each mode. FagRirgp) shows large, sharp
features on the sidebands and carrier. Again, stabilizaigroblematic because acoustic and
electrical noise makes it difficult to use the PI controlleddck to one of the modes and may
induce jumps to the other mode at any time.

5.1.7 Stabilization performance in vacuum

The frequency stabilization measurements have been negeddn ultra high vacuum. Light,
with as little as 15 nW of power, transmitted past the fibewerator coupling junction is detected
on a high gain APD. The signals from the local oscillator afRDAare mixed, low-pass filtered,
and sent to a PI controller where a correction signal is ggadr This is in turn amplified and
fed back to the resonator shear piezo. Care is taken not ite erechanical resonances in the
resonator fiber by using a 100 Hz low-pass filter before theqithereby fixing the bandwidth
of the control loop.

We quantify the performance of the stabilization schemeexperimental setup in our ultra-
high vacuum chamber, under conditions compatible with dogirements of a single atom cav-
ity quantum electrodynamics experiment. For this purpesemeasure the fluctuations of the
transmitted power. We again purposefully introduce anetffs the setpoint of the PI controller.
The setpoint for the PI controller is indicated in Fig. 5.9. (&Vith the resonator stabilized in
Fig. 5.10 (a), fluctuations around the setpoint corresporairtns frequency noise af209 kHz
or around 8% of the resonator linewidth over a time interdfédb@ms. This time interval is 5
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Figure 5.9: Ultra-high Q-factor bottle mode in a vacuum of2 x 10~? mBar. The mode line-

shape (a) reveals a linewidth of 5.4 MH2{ = 1.4 x 10%) which is calibrated using sidebands
as frequency markers. The corresponding PDH error sigrsidag/n in (b).

times longer than the response time of the resonator locthidrsetup we have tested the lock
for periods of up to one hour without any degradation in penance.

Insight into the response of the lock when operating in vatisigained by plotting an FFT
spectrum of the frequency deviations, shown in Fig. 5.10 (b)

5.1.8 Thermal response in vacuum

Silica ranks among one of the lowest absorbing materialb aét little as 0.2 dB/km loss at
1.5um wavelength, and 3.5 dB/km loss at 0,7& wavelength. But, nevertheless, the absorbed
light is converted into heat. This issue is particularlytiment to monolithic microresonators
where highQ/V ratios facilitate huge power build-up factors and therefextremely high
power densities. For example, with justdV of power coupled into a bottle resonator, the
circulating intensity can reach 1 MW crf, leading to high power densities and thermal gradi-
ents in a very small volume. The heat dissipated in the modenminfluences the resonator
radius, R, and refractive indexp, and this in turn shifts the resonance frequengyaccording

to the relation
ov 1 OR 1 oOn

7:<§-6—T+5-8—T>-AT, (5.3)
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Figure 5.10: Stabilization of an ultra-high Q-factor bottle mode in vacuum. (a) Frequency
deviation: when the resonator is stabilized to the lasefchvls in turn stabilized to the P
transition of*®Rb using a Doppler-free spectroscopy setup, fluctuatioassigible around the
setpoint of the transmitted power. The rms value of thesaudtions is 418 kHz and is marked
with dashed lines. (b) FFT spectrum of the frequency dewiatin (a).

Where}%‘g? = 0.6 x 1079/°C is linear expansion coefficient of silicd T is the change in
resonator temperature, arjlcg—; = 1.3 x 1075 /°C is the thermo-optic coefficient [108, 109].
Placing the resonator in a vacuum exacerbates the issuengingeone of the heat dissipation
routes, i.e., convection from the mode volume to the amteemtronment. This leaves heat
conduction through the resonator material as the domiriasipdtion mechanism. In contrast,
other experimental and theoretical work in the Rauschebeuoup has found that thermal
radiation is the dominant loss factor in silica nanofibers0]1 however we will not focus on
nanofibers here. While the resonator will reach a thermailibgum if continuously probed
with a CW laser light of constant power, many applicationgshsas the strong-coupling pre-
sented in Chap. 7, involve pulsing the power. Accordinglis tauses the resonant frequency to

change over time, depending on the operating conditions.

We have investigated the thermal response characteridtiasfrequency stabilized bottle
resonator having higld)-factor and near critical coupling in vacuum. In particultdre step
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response of the resonator mode frequency is studied by dickinlg the resonator and then
abruptly turning off the locking laser light. The developmef the resonance frequency of the
mode follows a typical exponential response according ¢oettuationv(t) = A (1 — e—t/T),
whereA is a pre-factor in units of megahertz ands the thermal time constant of the resonator.
The setup used here is similar to that used for frequencyidgcthe resonator in Sec. 5.1.7
except for the addition of a sample-and-hold circuit befibre shear piezo that maintains the
resonator at constant mechanical strain when the locksey ia turned off. An AOM performs
the switching of the light with a rise/fall time of a few tena aanoseconds. The drift of the
resonance frequency of the mode is recorded by probing émsrrission every 15 ms for a
duration of 50u:s when the locking laser light is turned off, see Fig. 5.12n8ianeously with
the probing, the PDH error signal is recorded and revealslitieetion in which the frequency
of the mode has drifted. Figure 5.11 shows the drift réte= A/7, has a linear dependence
with laser power and can be as much as 0.5 MHz/ms for a laseemofrust 120 nW. For
the resonator mode considered here, this power is enoudfiftah® resonance by about 10%
of the linewidth in 2 ms. Extrapolating the results to higpexvers indicates that with AW

of power the mode will be shifted by around 40% of the lineWwidt 1 ms, thus affecting the
transmission very strongly. A thermal time constant-of 105 ms was measured from data
taken for powers of 15 nW and 20 nW. This is considerably lotigan a similar measurement
with a bottle resonator in air which found a time constant 815 ms [38F The difference
is attributed to the relative importance of conductive aadvective cooling mechanisms. For
resonators with ultra high quality factor it is thus necegsa use very low powers to lock the
resonator. A simple feedforward loop has been implemerdethé experiments in Chap. 7 in
order to help compensate the drift.

5.1.9 Summary

We have demonstrated active frequency stabilization of a\W\iBttle microresonator with an
ultra-high Q-factor in excess o x 10® using the Pound-Drever-Hall technique. To the best of
our knowledge, this is the first demonstration of active gty stabilization of an ultra-high
Q-factor WGM microresonator using this technique. In paftc, our results show that strain
tuning of the resonator can be realized with sufficient badtiwto lock the resonator. The
residual rms frequency noise of the lock was 206 kHz, or 5.4%eresonator linewidth, and
represents 3.4% of the natural full width at half maximumtef D, line of 35Rb. Our locking
scheme thus highly suited with the requirements of colaratavity quantum electrodynamics
experiments. Finally, we studied the effects of thermalahbidity and mode-splitting on the
locking technique. Both effects are shown to interfere waituccessful frequency stabilization
of the resonator but can be reduced by using low locking Ipeefers as well as high quality
resonators, respectively.

3The thermal diffusion coefficient:n /(pc,), is a factor of 25 times larger for ai2. € x 10~° m? s™1) than for
silica 8.9 x 1077 m? s™!), indicating the dominance of air over silica in cooling.e€Fimal conductivity:.,. Heat
capacity:c,. Density: p.
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Figure 5.12: Temperature dependent drift of the frequency 6 the resonator mode. (a)
The resonator is first frequency stabilized on resonancen;Tthe response of the resonator to a
sudden change in power is probed for about 450 ms beforentuam the frequency stabilization
again. (b) Exponential fit to the data in (a) with a thermakxation time constant af = 105 ms.
Qurit = 4.2 x 107, Input laser power = 50 nW.
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5.2 Distance stabilization of evanescent coupling

Closed-loop control delivers the greatest benefit when irsadisy environments where it reg-

ulates a variable, which in this case is the resonator-fiepr Gemperature fluctuations around
the vacuum apparatus are a major source of drift in the résosaupling because it causes
the mechanical parts within the vacuum chamber to expandamiact. When the experiment

was operating in Mainz, we implemented a closed-loop stalibn technique, as described in
Ref. [101]. After moving the experiment into a new lab havexgellent temperature control

we found that the passive coupling stability significanttyproved. The changes specifically
involved (a) enclosing the optical table supporting theuvas chamber with a curtain that re-

stricted acoustic noise and air currents, and (b) dedigatimindependent temperature control
system to the table where temperature fluctuations are npd60 mK.

With these changes implemented, we decided to switch frasedHloop coupling stabi-
lization to open-loop stabilization, which offered a numbé practical benefits. Namely, this
enables (a) a reduction in the intra-cavity power since amlyg stabilization laser is required
to actively stabilize the resonator frequency, (b) remaifahe closed-loop stabilization elec-
tronics, and (c) an improvement in the resistance to long-{golarization drifts since one one
laser beam is required for both frequency and open-loop §tadvilization — previously an ad-
ditional laser beam for closed-loop stabilization was nesgls Critical coupling is achieved by
simply scanning the coupling fiber over a range of approxtyatl00 nm to +100 nm around
the expected critical coupling position while recording thansmission (see Fig. 5.13 (a, b)).
The position where the transmission reaches a minimum asureghon APD 1 corresponds
to the critical coupling position. Following this simpleutine, the critical coupling position is
automatically re-calibrated approximately every 30—4@utes using a LabView program for
data acquisition and control of the Attocube translators.

The stabilization of the position of the second couplingrfie&n equally important issue for
optical routing and add-drop filter applications [37]. Bagkperiments in our group with two
coupling fibers ( [37]) did not use a feedback signal to cdrdeifts in the fiber position. These
experiments only required the coupling to be stable for aenatff a few seconds or minutes
in order to acquire the desired signal, which is feasibleracfice without active stabilization.
Notwithstanding that, the setup was very prone to acousticraechanical noise. In contrast,
our cavity QED experiments with one and two coupling fibemuie the fiber distances to be
stable for hours or days in order to acquire sufficient data. adlded benefit of stabilization
is that it enables the transfer efficiency of the add-droprfiilh Ref. [37] for example, to be
completely computer controlled.

It is straightforward to incorporate a second coupling fibés the stabilization scheme. In
this case, we implement the following steps in a softwareréigm:

e Similar to the case where only one fiber is used, we first finadthieal coupling position,
Zec, for fiber 1 with fiber 2 pulled back abo@t um from the resonator so that there is
negligible coupling to the resonator. This is measured o AP Fiber 1 is moved to
positionzx.. + x.¢ Wherexg has been pre-determined to yield critical coupling for fiber
1 when fiber 2 is coupling to the resonator.
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e Fiber 2 is brought closer to the resonator while recordimgtthnsmission on APD 2. The
transmission in Fig. 5.13 (c) has a monotonic trend becanlefiber 1 is pumped with
light — light from fiber 1 couples into the resonator and oufiber 2.

¢ In the example of Fig. 5.13 (c), the coupling of fiber 2 is chiose as to couple out 10 %
of the resonator light. In practice, this is achieved bymgtie position of fiber 2 where
the photodiode at the output of fiber 2 reaches a particudptermined voltage, which
is 0.197 in this case.

The scheme, while simple, has proven to be robust againgtteyrm drifts and enables experi-
ments to run continuously for more than many hours as showaigirs.13 (d). In other experi-
ments, we have achieved the long-term stabilization of tiver§ where the coupling efficiency
between fiber 2 and the resonator is 90%.
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Figure 5.13: Alignment of two fibers to a resonator mode usingittocube translators. (a)
Schematic of the setup with two coupling fibers. (b) The tnagission of fiber 1 reveals the
critical coupling position as the point where the transioisss minimized. This is measured
with APD 1. (c) The power coupled from fiber 1 to fiber 2 is a mamit function when fiber

2 is scanned. The position at®n corresponds to a photodiode signal of 0.197 and marks the
point where fiber 2 couples 10% of the light out of the resanfitom fiber 1. This is measured
with APD 2. For reasons of computational speed, a quadratiediid red line) serves as a good
approximation to the transmission response in (b, c). (@icBl long-term drift of the critical
coupling position for fiber 1 over several hours.
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CHAPTER

Optical Fiber Network and
Experimental Control

6.1 Optical Fiber Network

At the heart of the experimental setup is an optical fiber ngtwhat interfaces the laser systems
with the resonator setup. A fully fledged fiber-based systather than free-space optic system,
is a natural choice for a fiber-based WGM resonator. Thisocghacilitates complex optical
systems to be constructed bplicing together different optical elements using standard fiber-
splicing technology. The very low loss of optical fibers isegiually important issue for quantum
optics experiments with single-photons since every lostgi means a loss of information on
the quantum system under investigation. Moreover, a fiaseth setup naturally lends itself
to the development of quantum networks where multiple ga@ED setups can be spliced
together [32].

In the experiment, all light sent to the resonator is fibempted. The fiber network transports
light used in several tasks: resonator frequency stabdizaand distance stabilization of the
coupling fibers, the detection of atoms interacting withsonator, and measuring the atom—
resonator spectrum with spectroscopy light. In additibenables the collection of photons in
all four output ports when two coupling fibers aligned witk tiesonator. In the following, | will
give a detailed description of these tasks.

6.1.1 Network layout

Both the detection and the spectroscopy light and, in awdithe frequency and distance sta-
bilization light in Fig. 4.17 must be sequentially launchtbdough the coupling fiber in the
vacuum chamber. Figure 6.1 shows the layout of the fiber m&twith several fiber couplers
for combining and splitting the different optical beams.

The detection and spectroscopy light are coupled to two-fibapled Mach-Zehnder modu-
lators (NIR-MX800-LN-10, Photline Technologies) for off/switching of the light at gigahertz
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modulation frequencies. The modulators are fitted with gerival photodiode used for bias volt-
age calibration and intensity stabilization and are eaphloie of providing an optical extinction
ratio of 27—-30 dB. Such a large extinction ratio is hecessafiynit the fast homodyne oscilla-
tions to about 10% of the power between the detection andrsgeopy light. Homodyne oscil-
lations arise because light from the same laser sourceiissglthen, after passing through the
modulators, recombined on a fiber beam-splitter. For exanalolring the experimental sequence
the spectroscopy modulator transmits light while the d&teanodulator blocks light, which is
equivalent in configuration to a local-oscillator and weigkal in a homodyne setup. The signal
measured at the photodetectorlis= E? cos?(wat + ¢) + EZ cos?(wst) + 2Es Eq cos(wat +

¢) - cos(wt), whereE,(E;) is the electric field of the detection(spectroscopy) figldis a phase
between the fieldsy,(w;) is the frequency of the detection(spectroscopy) field, aisdtime.
The last term in the relation shows that, in this example stheng spectroscopy light enhances
the signal from the weak detection light. Therefore, ouresipent requires a high extinction
ratio in order to suppress this effect.

Following the modulators, the polarization can be adjustechatch the polarization of the
resonator mode using a linear polarizer, half-wave platd,quarter-wave plate all placed in a
fiber bench (FB, model FB-38W, Thorlabs). The polarizatiéthe stabilization light is simi-
larly aligned using a second FB. Light from four optical fieéatom detection and spectroscopy
light, and frequency and distance stabilization light) asnbined with fiber-based power cou-
plers and spliced to coupling fiber 1.

Two coupling fibers can be simultaneously aligned with trs®nator mode in an add—drop
configuration [37]. As an alternative to sending the detectind/or spectroscopy light through
fiber 1, this light can instead be sent through fiber 2 and #mesmission in fiber 1 monitored.
It is also possible to monitor the transmission in fiber 2. detof the resonator frequency and
distance stabilization with one and two coupling fibers i&giin Chap. 5.

6.1.2 Photon detection

Light transmitted past the resonator—fiber coupling juncts either sent to an avalanche photo-
diode operating in proportional mode for frequency/distastabilization of the resonator or, al-
ternatively, to two single photon counting modules (SPCiMsdel SPCM-AQRH-13FC, Laser
Components GmbH/Perkin Elmer Inc.) in a Hanbury-Brown amds$ configuration. The
SPCMs are used for detecting the atom arrival, which is useddasure the transmission and
photon statistics during the actual cavity QED experimdrtiis configuration has three main
advantages: the SPCM deadtime is halved, the maximum dbtegtower is doubled, and it
allows us to perform photon correlation measurements (Natéhis case, deadtime is not an
issue). Light which is scattered into the counter-cloclenisopagating resonator mode is out-
coupled in the backward direction and recorded with the &fd/o more SPCMs.

Table 6.1 gives the transmission and detection efficierfoiethe various parts of the fiber
network. The overall detection efficiency of a single phatwide the cavity is a product of the
probability of being coupled to the fiber mode (0.5 at critimaupling, assuming only fiber 1 is
present), and the efficiencies in Table 6.1, amounting tded édficiency of 0.24 (i.e., 24%) for
transmission and 0.26 for reflection. This efficiency canlb®at doubled by using two fibers
in an add—drop configuration where fiber 2 is strongly coupliedhis configuration the transfer
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Table 6.1: Photon transmission and detection efficiencies.

Section of the fiber network Efficiency

Fiber 1: Fiber taper transition to the waist 0.96

Fiber 1: Optical elements before detector (transmission) .850

Fiber 1: Optical elements before detector (reflection) 0.9

Fiber 2: Fiber taper transition to the waist 0.95

Fiber 2: Optical elements before detector (transmission) .9 0
Detectors at 780 nm (SPCMs) 0.6

efficiency from fiber 1 to fiber 2 can be as high as 0.9 while stélintaining a highQ)-factor
in the resonator [38]. The total photon detection efficiefaya photon entering the resonator
from fiber 1 and being detected in fiber 2 is 0.46, which is alsoubrder of magnitude better
than in Fabry-Pérot cavities having similar propertiesllised in cavity QED experiments.
The data pulses from the SPCMs are sent to two data recordds 2CI Cobra Compus-
cope, Gage Applied Technologies Inc.) and a field-prograbtengate array (FPGA) The data
cards record the transmission and reflection during the 88ang experiment window with a
maximum timing resolution of 2 ns. The role of the FPGA is talgime the detected photons and
to control the switching of the Mach-Zehnder modulatorgitsves in realtime. Further details
are given in Sec. 6.2.4. Briefly, the FPGA decides when an &@oupling to the resonator and
subsequently turns off the atom detection light and simeltaisly turns on the spectroscopy
light for performing the actual experiment using the swaétehThe FPGA operates with a clock
frequency of 100 MHz and controls the experiment on a sulvasécond timescale, which is
much shorter than the typical atom—resonator interaciioa bf several microseconds.

6.2 Experimental Control and Data Acquisition System

6.2.1 Motivation

Experimental measurements typically range in duratiomfeosingle day to several days of
continuous operation where the number of experimental meashes several tens of thousand.
During this time, numerous stabilization loops operatehviiandwidths ranging from a few
tens of kilohertz to one hour, while at the same time, dataiaitipn and certain experimental
steps require sub-microsecond resolution. At this extrentk data acquisition speeds of the
SPCM pulses momentarily reach 125-500 MHz and the FPGA tgsevéth a clock frequency
of 100 MHz. Such a range of timescales from hours to tens afseronds necessitates a multi-
layered experimental control and data acquisition systéiciwis outlined here.

A Spartan-3 FPGA produced by Xilinx Inc. is mounted on an Qfsdly board that provides an interface to the
FPGA.
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Figure 6.1: Optical fiber network for atom detection and stabilization of the resonator and
coupling fibers. Two coupling fibers (labeled fiber 1 and 2)aigned with the bottle resonator
in the ultra-high vacuum science chamber. Light for stahilon of both the resonator frequency
and fiber-to-resonator power coupling are combined andledupto fiber 1 using fiber-based
power couplers. The polarization of the light is matchedhtat tof the mode in the resonator
using a fiber bench (FB) with two waveplates. The fiber powéoreethe FB is stabilized using
photodiodes (PD2, PD3) and AOMs in Fig. 4.17. The light traitied past the resonator is de-
tected on an avalanche photodiode (APD1). Light for datgdtie presence of atoms interacting
with the resonator and light for performing experimentgwtite system are also combined into
fiber 1 (labeled detection light and spectroscopy lightpeesively). The polarization in both
arms is matched using fiber polarization controllers (FRAs) aligned to the polarization of
the resonator mode using a waveplates in the FB. This lighbearouted to two SPCMSs using
a fiber switch. Reflected photons from the resonator can astebected using two additional
SPCMs. Alternatively, these two SPCMs can be used to mothigdight in fiber 2 (indicated by
the dashed lines). For certain experiments, the spectrgdight is directly coupled into fiber 2
and the power attenuated using a variable attenuator (\@8 t&xt for details.
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6.2.2 Experimental control

A system of four desktop computers (Precision, Dell Incysied for control and data acquisition
with two of the computers acting as masters and the other $vateaes.

Two data acquisition and control cards (DAQ, models PCIl%6aad PCI-6733, National In-
struments Germany GmbH) in one of the master computersges\danalog and digital signals
to control various parameters, such as power and frequertpgiats of AOM drivers, setpoints
for optical power stabilization in fibers, triggers for madical shutters and SPCMs, current
setpoints for the anti-Helmholtz MOT coils etc. Internaaits on both DAQ cards are synchro-
nised over an interconnecting RTSI cable and the timingluésa is variable from 2—1Qus.
Custom control softwaré written in LabWindows C, executes a measurement cycle defini
how to control the DAQ cards, and also communicates with theromaster computer. The
parameters defining various measurement cycles (e.g.gesltand durations) are stored in a
text file which is accessed through a user interface. Thbregibn data for the AOMs and their
drivers are stored in the text file and are used in the contagram. Various consistency checks
are automatically performed in the program to verify carmgaeration of the measurement cycle
before a new sequence is executed. An additional functighisfcomputer is the imaging of
the MOT using a custom program, written in LabView, which simultaneously control and
display images from two Pixellink CCD cameras, see Sec24.2.

The second master computer is exclusively dedicated te gtebilization schemes: (a) sta-
bilization of the bottle resonator frequency to the rubidigpectrum using the Pound-Drever-
Hall technique, (b) distance stabilization between thepting fibers and resonator, and (c)
stabilization of the bias voltage of the Mach-Zehnder mattuk to ensure a high on/off switch-
ing ratio. A hardware-based PI controller was initially iemented in the first two schemes
[52,87,101, 112], however, a software-based Pl contridleapable of providing more flexi-
bility while also providing sufficiently high bandwidth Control software, written in LabView,
is capable of operating with a bandwidth up to 100 Hz and i€lssonized with the measure-
ment sequence executed by the other master computer. Titisreyization is necessary for the
continuous scheduling of (a) when the frequency stabitimaghould be inactive, i.e. during the
85 ms atom-resonator interaction timewindow, (b) when &cate the open loop stabilization
of the resonator—fiber coupling, e.g. every 30 minutes, ahavfien to execute the open loop
stabilization of the Mach-Zehnder modulators, i.e. evesasurement cycle. All stabilization
parameters and variable changes are recorded in the cpriigrlam for post-analysis.

Data pulses from four SPCMs are timetagged and recordedmdata acquisition cards that
are connected to the PCI slots of two slave computers: twgatens are required to process the
high data rate. Data from each measurement cycle is recandéds using binary-format for
post-analysis. The internal clock of each card is stalulizith an external 10 MHz reference
clock giving a stability of 1 ppb. This makes it possible tofpem correlation measurements be-
tween all four SPCMs even though the data is recorded onatepeards. In addition, one slave
computer also has an application programming interfacétenrin C++, for communicating
with the FPGA and reading and storing data on the computer.

2The control software has its origins in the Quantum TechgielGroup of Prof. Meschede.
3Results presented in Chap. 5 were preformed with a hardased PI controller, unless otherwise indicated.
Results in Chaps. 7 and 8 were preformed with a softwaredd@kseontroller.
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6.2.3 Experimental Sequence

One cycle of the experimental control sequence is showrgng=2. The experimental sequence
begins by first performing an open-loop stabilization of bias voltage Vi, Of the Mach-
Zehnder modulators and, optionally, open-loop stabiltiradf the coupling between the fiber(s)
and resonator.

Simultaneously, the MOT is loaded with atoms for a duratiori.6—2.5 s. At this point
the anti-Helmholtz magnetic field is switched off and theethupper and three lower cooling
beams are detuned at a rate of 0.5 MHz mfor 3—-4 ms to a final value dfAw. The optical
molasses is how cooled in a moving reference frame. Thidlefed by a polarization gradient
cooling (PGC, see Appendix B) step that further cools thenatto a sub-Doppler temperature
of around 5-6uK. At this point the light intensity is reduced 19/ I,.; ~ 4 and all laser light is
red-detuned ta/T" ~ 7 — 9 from the atomic transition. The PGC step finishes once the ato
cloud exits the cooling beams after which it takes almostr@8ao reach the resonator. During
this time and the experiment time, the power of the cooligbtlis set to zero using AOMs and
is additionally blocked with mechanical shutters so as &v@nt any stray light from reaching
the resonator setup and coupling to the SPCMs. The reputmipdigimilarly switched off with
an AOM.

A few milliseconds prior to beginning the experiment statipe, errors signals of the res-
onator frequency and distance stabilization schemes ate sero and the associated laser light
is turned off with AOMs and mechanical shutters. Followihgtthe SPCMs are gated on and
the FPGA begins the atom-detection stage, which is destiibeore detail in the next section.

6.2.4 Realtime data processing

The arrival of atoms from the fountain in the evanescent fidlthe bottle resonator is an in-
herently random process and experimental sequences muisgjdpered by these events. For
detecting an atom arrival, we tune the resonator into resmnwith the B cooling transition of
85Rb and operate it under the condition of critical couplinglevimonitoring the transmission
of weak detection light through the coupling fiber [48]. Thistection light is resonant with
the resonator, meaning that its transmission is low whentom @ present. Experimentally,
the detection light transmission is atl% in this case. An atom coupling to the resonator re-
sults in new eigenmodes and eigenfrequencies for the adsomator system, as described by
the Jaynes—Cummings model [15]. For the single photon ¢hiseleads to Rabi splitting of
the resonance by an amount equal to the vacuum Rabi frequ@pcy: 2g. As a result, the
transmission of the weak detection field through the coggliiiber will increase when an atom
enters the evanescent field of the resonator.

We find average interaction times on the order of a a few mézrmsds as shown in Fig. 6.3.
Only during the brief interaction time does the SPCM cowatérincrease above a low back-
ground level of 0.1 counts/bin to 5-6 counts/bin, where atiin is 500 ns. To study the
spectrum and characteristics of the coupled system onithéstale however, it is necessary
to have a second (spectroscopy) laser with an independemntiyolled optical power and fre-
quency, see Fig. 6.1. This second laser is required beddagedhnically not possible to change
the frequency and power of the detection laser light on agearond time scale. Realtime pro-

108



Il , , . . ! :
A Stavilization | MOT ' Atomic fountain | .  PGC 1 Experiment
24 ' . A i ' '
2
7]
g 12
£ € ' ! ' '
© = 0 0 5 i '
= ' BField off ] . i .
3 ' ! = | '
S 0 - ,‘/ ; : , >
] ' . ! | . .
= \ 500 ms | 1-2s 3-4ms  '0.3ms; 3ms 272ms, 85ms  Time
o . ) ! ' i :
S i ] ' , : ) . >
) e i 0
TN\
2 TN
Rt AW '
8 \V_Lzlver_beams_:
8 \, ! } 2A0
' " Upper beams =i
" Closed loop  + :
Distance o . , Freeze
T calibration ! Closed loop active stabilization ON (optional) / lizati
stabilization (optional - 100s): : stabilization
Frequency i i : Free_z_e _
stabilization Resonator frequency stabilization ON ! stabilization
. | Detect atoms
FPGA Transfer data to PC/Wait ' & trigger ofp
Mz Calibrate V. + Output states: Detection: ON, Spectroscopy: OFF . Output state:
modulators b | ’ © trig. ON/OFF
0 N B>
500 ms . ~13-23s . 85ms  Time

Figure 6.2: Experiment control sequenceThe upper diagram shows the intensity and detun-
ing of the cooling laser light as a function of time. The lovdggram indicates the important
steps necessary for operating the resonator and studragdm—-resonator interaction. The sta-
bilization of the resonator frequency and coupling fibercisva always except during the 85 ms
experiment time-window. At this time the FPGA searches forainteractions and correspond-
ingly switches the detection and spectroscopy light. MOdnbéntensity:7, = 1.6 mW cni2:
saturation intensity for the Pcooling transition irf?Rb, o+ light. See main text.

cessing of the photon stream from the resonator is thereforéical aspect of the cavity QED
experiment since it defines the possible interaction tinta thie atom.

We have implemented a realtime atom detection scheme ustR§s& operating at a clock
frequency of 100 MHz. The FPGA is a hardware device that stésif basic logic elements,
such as flip flops, memory units and gates, that can be re-coefigo provide the desired
functionality. The device is programmed with the hardwagsadiption language Verilog in the
software environment ISE, provided by Xilinx Inc. An ovesvi of the design and performance
is described here, and interested readers will find fullitbetd the implementation documented
in Ref. [96].

The principle of the FPGA detection design is to monitor thetpn rate and compare it to
an expected rate corresponding to an atom coupling eveht\{@den the actual rate exceeds a
certain predefined rate, the FPGA switches the Mach-Zehmddulator for the atom detection
light off and the modulator for the spectroscopy light ongute 6.5 shows a block diagram of
the algorithm. First, photon events from two SPCMs are sudhtogether. Since a photon rate
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Figure 6.3: Typical transmission traces of single atom trasits. Atoms passing through

the evanescent field of the resonator mode lift the transonidfer several microseconds to a
maximum of 5—6 counts/bin, well above a residual backgrdawel of 0.1 counts/bin. The time

axis is centered to the center-of-mass of the counts. Time38i0 ns.

must be calculated, a running time window is implementedgiai FIFO memory (first in, first
out) with a depth of 128 bits, giving a time-window of 1.28, and a width of 2 bits — there
can only be zero, one, or two photons detected per clock cyli®ton events are written to
the FIFO at the rising edge of every clock cycle. A registethwtiie number of photons in the
FIFO, nphot ons, is evaluated by adding the current number of incoming pi&@Bspay, to the
previous register value and subtracting the number of pisoieaving the time window, 'L,
For clarity, we note that the comparis@gnhot ons > nthr in Fig. 6.5, however, isle factoa
comparison between photon numbers and not rates. The pratEmare trivially determined
by dividing the photon numbers by the time window. When tlhisiparison evaluates true, two
flags in the FPGA are asserted for switching the modulatadsf@anwriting the timetag of the
atom coupling event to the computer.

The total loop delay between detecting the presence of am atdéhe resonator and probing
the coupled system is around 160 ns, and is mainly limitedhleypropagation delays in the
optical fibers and electrical cables (130 ns, delay: 5.5 ns per meter). A minimum of three
and maximum of four clock cycles of the FPGA define the praogsime (30-40 ns): one
clock cycle is required to read and internally re-shape €I pulses, another for comparing
the thresholdiphot ons > 7t hr, @and a third for setting the FPGA outputs for triggering tiefi
modulators. A fourth clock cycle may be needed since phataveatimes are not synchronized
with the FPGA clock.

A more advanced algorithm has also been implemented wheaditlgrimproves our ability
to selectively analyze events where the atoms have a stabfding to the resonator. Before
describing this advanced algorithm shown in Fig. 6.4, weédusnmarize the three steps involved
in the simpler algorithm described previously: (a) detecatom and turn off the detection light,
(b) turn on the spectroscopy light for a few microsecondg. (ep to 20us), and (c) turn off
the spectroscopy light and turn on the detection light a¢misearch for the next atom. The
advanced algorithm has an extra step: (a) same as abovetr{lor the spectroscopy light for a
duration of 0.5-2.Qus, (c) turn off the spectroscopy light and turn on the dededight to check
if the atom is still coupled to the resonator mode, and (djctefor the next atom after 20s.
While the total number of detected atoms may not drasticdipnge, depending o 1, , the
short-lived atoms that crash into the resonator surfacéoeaemoved in the post-analysis using
information from the second detection phase. In this waly, atoms that have a long and stable
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Figure 6.4: Atom detection and measurement sequence using/i¢ different schemes.(a)
Single atom-detection scheme: Detection light is resonattit the cavity and the transmission
signal from photon detectors is analyzed in realtime withP&SR. Once an atom is detected
by the FPGA, the detection light is turned off and a secondrbisaturned on for measuring
the atom-resonator spectrum. (b) Double atom-detectibarse: The sequence is the same as

the previous scheme except an additional step is added wleatom is re-detected after the
spectroscopy step is finished.
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Figure 6.5: FPGA algorithm for detecting the presence of an ®om. Photon events from two
SPCMs in a Hanbury-Brown and Twiss configuration are sumnped the FPGA. The photon
events are stored in a running time window of duratiin = 1.2 us which is implemented using
a FIFO (first in, first out) register. The FIFO has a width of thits since photon events from
the two SPCMs are counted every clock cycle. The number aopispnpnot ons. IS calculated
every clock cycle as the sum of the incoming phot®hpcov andnphot ons from the previous
clock cycle minus the sum of photons leaving the time windoffLo. An output trigger is

generated when the photon ratghot ons /At is equal to or exceeds; nr /At . Adapted from
Ref. [96].

coupling to the resonator are analyzed. Further detailh®fperformance of the algorithm,
which is important for observing the Rabi spectrum, is pded in the following chapter.
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CHAPTER

Observation of the Rabi Spectrum of a
Coupled Atom—WGM-Resonator
System

Cavity-QED systems have the potential to fulfill essentidgs in future quantum networks [32]
and quantum communication [113], and therefore requirdrotb@ble and strong coupling of
light and guantum emitters. In order to achieve this goalyralver of basic requirements must
be fulfilled. Namely, all dissipation rates of the coupledtsyn of light and emitter are negligible
compared to the coupling ragghem. This stringent requirement is difficult to satisfyngsfree-
space light and a free-moving emitter because the sponiarerission rate of the emittey,
typically exceeds the coupling rate by a large margin. Ouyr@gch to this problem centers
on using the bottle microresonator to enhance the elecélid 6if light and thereby propel the
coupled system into a regime of strong coupling where ~. Additional to this equality is
the requirement that the coupling rate also exceeds th@digs rate of the resonator, i.e.,
g> (v, k).

In this chapter, we investigate the coupling of single atémsur two-mode WGM bottle
resonator. In order to demonstrate that the system operatee strong coupling regime we
measure the transmission properties of the coupled atomeandator. A clear signature of this
regime can be seen as a mode-splitting in the transmissiaini\Rpectrum, as described earlier
in Fig. 2.3.

The atom detection scheme, described in Chap. 6, is usedr¢alrthe structure of the
resonator transmission spectrum, and shows that singlesatave a much greater effect on the
system than predicted by the standard Jaynes-Cummingd predented in Chap. 2. When the
frequency of light in the resonator is resonant with the d@omansition, the absolute change
in transmission induced by a single atom is measured to bed&@%¥s more than 35 standard
deviations above the theoretically predicted absolutestrassion change of 20—-25%. The back-
reflected light from the resonator similarly shows a sigaificdifference from the theory, being
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much less than expected by more than 14 standard deviatibespite WGMs having two
orthogonally-polarized modes in the resonator, the atesomator response is more indicative
of Fabry-Pérot-type behavior with a single mode.

Several possible explanations underlying the observedlaation are discussed, analyzed
and tested in Secs. 7.5 and 7.4. In particular, we consijdénggpresence of multiple atoms si-
multaneously interacting with the resonator, (b) singterat accelerated by radiation and dipole
forces, and (c) asymmetric Rayleigh scattering leading wdified mode structure that is no
longer fully described using either standing-waves ordliang-waves.

We present a detailed investigation of the properties sfribivel system:

e Velocity effects (Sec. 7.4): We consider surface Casinain'der Waal forces, light-shifts
of the energy levels, and dipole forces in simulations ofratatrajectories near the res-
onator surface. The simulated transmission spectrum ipaogd to measurements in
Sec. 7.2. Signatures of dipole forces on the atoms are alasband described in Sec. 7.4.3.

e Scattering effects (Sec. 7.5): We consider asymmetridesaay in WGM resonators
and examine whether this can influence the transmissioregiep of the coupled atom-
resonator system. We find unexpected asymmetries in Gighsonator modes due to
asymmetric Rayleigh scattering. This scattering is seemt@nce the effect of splitting
in the Rabi spectrum. Finally, using two coupling fibers, vils@rve atom-resonator in-
teractions that provide evidence that the atom interadts bath standing wave resonator
modes (Sec. 7.3).

The chapter is organized as follows: The atom detectionrsehig analyzed and the interac-
tion time of the atom with the evanescent field is measuredndmission spectra are recorded
for different experimental conditions and different WGMis order to better understand the
spectral response, we study velocity effects in Sec. 7.4saattering effects in Sec. 7.5. A
dramatic and beneficial consequence of these results isitigie-atom switching of light in a
resonator with one or two coupled nanofibers can be perfomitacdnuch higher efficiency than
previously expected. Our first results demonstrating logs] single-atom-controlled switching
are presented as an outlook to this work in Chap. 8.

7.1 Characterization of the atom detection schemes

The realtime operation of experiments necessitates thedpiged detection of brief atom tran-
sits through the evanescent field. Indeed, this detectemistthe central part of the experiment
that enables spectral measurements of the coupled systatorofand resonator. The perfor-
mance of the atom detection scheme described in the prevtmaser is first analyzed using
pre-recorded transmission data. Afterwards, the realtier®ormance of the scheme is analyzed
in the actual experiment. Work described in Sec. 7.2 (inip#dr, see Fig. 7.7) and Ref. [96]
confirm the consistency of the timing and performance of bHwttsoftware analysis and realtime
response in the experiment.
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7.1.1 Realtime performance: Single atom detection scheme

As a first step, continuous time-traces of the photon stra@mezorded and time-stamped for
post-analysis. The data is recorded in the experiment wily the detection laser light turned
on and made resonant with the atomic and cavity frequereywi.= w, = w., and the FPGA
signal to the Mach-Zehnder switches is set inactive and pleetsoscopy laser is permanently
turned off. A software-based atom detection analysis,laimto that shown earlier in Fig. 6.4 (a)
but with the software replacing the role of the FPGA, is ugedrtalyze the time-traces. Around
one hundred thousand atom launches are analyzed with the ddtection criterion set to a
photon count ratex;,, > 7 counts/1.2us. The probability that an atom was detected acciden-
tally due to transmission noise is around 2—-4%, dependintp®matio of the power before the
resonator to the power transmitted past the resonB{of P, .

Figure 7.1 (a) shows the detected photon distribution aiggddr distribution during the
atomic transit. The center-of-mass of the photon distigoufor each atom detection event is
calculated in a time-windowt¢,,;,, = +2 us around the trigger time and the time axis is aligned
so that the center-of-mass is setite- 0 uS. The traces are then summed and normalized to
give the number of detected photons per 20 ns bin. The tinmelew At is carefully chosen
to yield a low probability & 5%) of accidentally including photons from the low backgrdun
transmission € 2% of the incident photon flux) in the center-of-mass caldotat Increasing
the time-window to+10 — 20 us erroneously broadens the plots by around a factor of two or
more. The photon distribution has a FWHM of L6 and the distribution of FPGA triggers is
centered after the peak in photon transmission (see ariewen though we plot the center-of-
mass — representing the mean photon distribution — thisiloligion is necessarily biased due
to the atom detection criterion.

The time-dependent transmission following the detectiomnoatom can reveal information
on the characteristic timescales of the transit. To stu@y the transmission in Fig. 7.1 (b) is
plotted so that the origin @= 0 us marks the moment the FPGA detects an atom. This align-
ment makes it possible to clearly identify the time-windomgere the distribution is biased due
to the atom detection criterion. It is important to note théile the normalized transmission
in this time-window can be greater than unity, this should e directly interpreted as com-
ing from the atom-resonator interaction. Only the transiors outside of these time-windows
provide a true measure of the interaction.

Figure 7.1 (b) shows the average transmission of 1.5 miblilmm transits measured using
two photon counters in Hanbury-Brown and Twiss configuratigth n,, > 7in 1.2 us. The
transmission response in three distinct regions, label& i& explained as follows. Region 2,
between-1.2 < t < 0 us, shows a significantly elevated transmission relativééoother two
regions because we select only atom transits where a miniofls®ven photons are detected.
The time-bin immediately before= 0 ;s marks when the seventh photon was detected for each
transit. Immediately following this, a sharp dip of arour@ls duration is observed and arises
due to the deadtime of the photon detectors, which makes&teetdr (or both, in some cases)
briefly inactive during this time. Rather than dipping to@smission 06.65/2 ~ 0.32 during
this deadtime, as expected if one detector is inactive, #heevdrops to around 24%. This is
reasonable given the high photon rate just prior to detgdtie atom, which is enough to give a
non-negligible probability of having two photons at bothedgors at = 0 us.
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Figure 7.1: Transmission during an atomic transit detectedusing the single atom-detection
scheme.Continuous time-traces of the average transmission fr&@h81023 atom transits are
recorded. (a) The mean photon distribution is plotted kynatig the time trace from each transit
so that the mean photon arrival time is aligned te 0 us. (b) Alternatively, the same data can
be re-plotted to calculate the transmission in the fiber #fieFPGA detects an atom. Each trace
is re-aligned to the time wheiy,, > 7 photons are detected in a time-window of L2width,
which is defined as = 0 us in the plot. This causes the counts between time& and Ous to

be biased. Atom detection criterion;y,, > 7 photons per 1.2:s. Bin width: 4 ns. Intra-cavity
photon numberz 0.2 photons, pump-rate at the coupling fiber:10 x 10° photons/s. FWHM

of trigger distribution: 700 ns.

Region 1, fromt = —10 to —1.2 us, shows a steady increase in transmission as the atom
approaches the resonator. A sharp dip to precisely zersniggion at = —1.2 uS is present
because, if a photon was detected at this time, the FPGA vibeulidggered one time-bin earlier.
Therefore, when plotting the data in this manner, there lavays zero photons at= —1.2 us.
The transmission for around 200 ns before this time showktvaly slow decay down to zero.
This can be best explained by considering the time reversmakgs: starting with the moment
where there is exactly zero photons, the light is “turned agdin and the transmission expo-
nentially rises to a steady state value with a time constamengoy the photon pump rate. The
exponential response is due to the Poissonian statistibghdfwhich describes the probability
of detecting a photon. From the data we observe a time cdnstawround 0.12us, agreeing
well with the expected photon pump-rate of around Q:§5

Finally, region 3 shows a decaying transmission startioghfa maximum value of around
0.65, that is much higher than the 0.25 expected from the Jaynes-Cummings Hamiltonian
presented in Chap. 2. Figure 7.2 is a plot of the decay on aitbgac scale for times up to
11 us following the trigger at = 0 us. There is an initial fast decay in transmission for the
first few microseconds which then slows for longer times. datfthe effect of the detection
event is still noticeable on the)—3 level after 10us. Naively assuming a velocity ef 3 cm/s
for atoms taken directly from the atomic fountain at a terapge of 5uK, the atom would
travel a distance of 300 nm in 1. For reference, the evanescent field decays on a length scal
~ A/ (2rv/n? — 1) = 118 nm. A more quantitative understanding requires knowledgbe
atomic motion and the dependence of coupling strength watismission. Of course, since the
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Figure 7.2: Transmission time dependence after FPGA triggeusing the single atom-
detection scheme. Zoom of the transmission decay after atom detection at 0 us in
Fig. 7.1 (b) and with a transmission offset of 2.6% subtmclehe red line is a fit to the data us-
ing the sum of two exponentials (green lines) with time cantstr; = 2.2 us andr, = 0.9 us.
Bin width: 4 ns.

atoms are not well localized and freely move through the eseent field, an ensemble aver-
age of simulated atomic trajectories in conjunction with fill Jaynes-Cummings Hamiltonian
is necessary [84]. However, in this work we limit ourselvesuhderstanding and testing the
predictions of the Hamiltonian rather than using it to pcediore complicated behavior.

Empirically, however, a double exponential fit reprodudesdata well and gives time con-
stants of 2.2us and 0.9us. This possibly suggests a change in trajectory and/ocigglof the
atoms during their transit, which is considered likely daevan der Waals and dipole forces
experienced by the atom as it approaches near to the res@uaface. Alternatively, it may
also suggest two classes of atoms where one class apprdhehresonator perpendicular to the
surface, and passes through the exponentially decayimgswvant field, while the second class
has a trajectory that is more tangential to the surface amfibre interacts for a longer dura-
tion. However, this second class would apparently provideuah smaller transmission change
of around 10% compared to the maximum observed value of 658ditianally, the probability
of detecting such a class of atoms is low since the detectiterion corresponds to around
90-100% of full transmission. The physical response of tlion of an atomic ensemble is
left for future studies and will not be studied here.

7.1.2 Realtime performance: Double atom-detection scheme

The success of the previous scheme in detecting atoms cbtpléhe resonator is well es-
tablished in experiments [84, 96], however it suffers frormesious drawback. Namely, the
coupling/transmission is not constant during the expeminfeee Fig. 7.2). Such a situation
complicates the data analysis because only photons retordie firstAty e ~ 100 ns fol-

lowing the trigger can be used to estimate the transmis3ioovercome this problem, a scheme
has been implemented to conditionally select only atonisttinge a stable and long interaction
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Figure 7.3: Transmission during an atomic transit detectedusing the double atom-
detection scheme. Continuous time-traces of the average transmission frof92 atom
transits based on the same data from Fig. 7.1. (a) The meaorpttstribution is plotted as
in Fig. 7.1 (a). (b) The transmission in the fiber after the PRiBtects an atom is plotted as in
Fig. 7.1 (b). Double atom-detection criterio;mgfflf1 > 3 photons per s measured 1.2s after
the end of the first detection step. Bin width: 4 ns.

time with the resonator. The first part of the scheme is idahtio the single atom detection
scheme, while the second part involves re-detecting thra after a spectroscopy measurement
interval of Atg,et = 1 us to ensure that it is still strongly coupled to the mode (&ference,
see Fig. 6.4 (b) for the timing sequence). In this so-calledbte atom-detection scheme, the
detection criteria are a threshold mﬁﬁﬁ > 7 counts/1.2us for the initial detection and, after an
interval Atgpect, a threshold ohf{l‘f > 3 counts/1.2us for the re-detection step. The probability
of accidentally detecting an atom due to transmission ndidé-/ P,,, is negligible ¢ 0.05%),
and is relatively insensitive for transmission noise upttieast 4%.

In comparison to the first scheme, the double detection selierig. 7.3 (a) shows a more
complex photon distribution. The small spread in triggeres reveals biased regions in the
photon distribution corresponding to the two time-windomisere the FPGA detects the atom
— the first region is around-1.5 < ¢ < 0 us and the second region is aroundk ¢ < 2 us.
Interestingly, the photon distribution is 1.6 us wider, giving a FWHM of~ 3.2 us, and the
triggers are centered 0% before the mean photon arrival time. Since the width of tigger
distribution is very narrow (FWHM of 400 ns in this scheme aiD ns in the first scheme)
compared to the FWHM of the photon distribution, we concltids the photon distribution of
all atom transits used in the plot is very similar.

The average transmission is shown in Fig. 7.3 (b), and idquloh the same manner as
Fig. 7.1 (b). With this scheme we now use 13.4% of the total bematoms satisfying the first
detection criteriomst. Importantly, the transmission is almost constant at 0%86-for the
spectroscopy interval < ¢t < 1.2 us, unlike with the previous scheme which has an exponential-
like decay during spectroscopy measurements. This grieatigfits the operation of complicated
experimental protocols where it is desirable to have comstansmission as well as stable and
reproducible atom-resonator coupling while performingkgasuch as atomic state preparation
and manipulation. Apart from that, the longer spectroscomasurement time increases the
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Figure 7.4: Transmission time dependence after FPGA triggeusing the double atom-
detection scheme. Zoom of the transmission decay after atom detectiot a 0 us in
Fig. 7.3 (b). The red line is a fit to the data using the sum ofdéwgonentials (green lines) with
time constants; = 1.8 ys andr, = 0.6 us. Double atom-detection criterion2d > 3 photons
per 1us measured 1.2s after the end of the first detection step. Bin width: 4 ns.

number of photons that can be usefully collected from eagmdtansit. In this work, we use
both detection schemes depending on the particular expetibveing performed, which may
require a long measurement window (double atom-detectiosmply a high atom detection
rate (single atom detection).

Figure 7.4 shows the transmission decay after the re-dmteatindow has ended &t =
2.2 us. Similar to the single atom detection scheme in Fig. 7.2e ee again find that two
exponential decays empirically fit the data well, but thestioonstants are slightly smaller with
71 = 1.8 us andr, = 0.6 us.

7.1.3 Observation of single atom events

Proof that we trigger our experiments based on the deteofiesingle atoms, and not multiple
atoms coupling at the same moment, is essential to intargréie observed dynamics. Early
cavity QED experiments with Fabry-Pérot resonators featulense atomic beams from ovens
where bunches of atoms interacted with the resonator mothe. Rabi frequencys?, scales
according td2v/Natom, WhereN,:om is the number of identically coupled atoms. In the case of
WGM resonators, the multi-atom scenario is especially irgyd because different atoms can
interact with the two standing-wave WGMs rather than just orode and thereby change the
dynamics considerably.

To verify that our detection schemes do indeed react tosiagims, we have studied the
dependence of the number of detected events as a functidre atdmic density of the cloud
launched towards the resonator. Figure 7.5 shows a lingpandience on atomic density for both
schemes as expected for single atoms. If the detection schvas reacting to two atoms simul-
taneously coupled to the resonator, a quadratic dependendd be expected. However, since
the data shows very good linearity, the contribution of iiratibm events to the measurements is
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Figure 7.5: Dependence of the number of detected atom-resator coupling events for dif-
ferent atomic densities.(a) Single detection scheme: single-atom coupling evetitsA a lin-
ear dependence (solid line) while, for comparison, twaratoupling events follow a quadratic
dependence (dashed line). (b) The number of observed avgints the double atom-detection
scheme similarly follows a linear dependence.

negligible.

The density is varied by varying the Rb partial pressure WNtOT chamber. The atomic
density was measured by integrating the fluorescence digmalatoms passing through a light
sheet a few centimeters below the resonator in the scieramlmdr (see the setup shown in
the inset to Fig. 4.10 and Ref. [88]). This is cross-checkadcbnsistency with a separate
measurement of the fluorescence from the MOT. In additiom,ctbud temperature is around
5 pKin all measurements.

From each launch of the atomic cloud we typically observeiagiaone coupling event using
the double atom-detection scheme during a data acquisitiodow of 85 ms. Assuming the
distribution of events over this time follows Poissoniaatistics, the probability of two or more
events occurring in the sameud interval isp(Natom > 2) = 6 x 10710, A more meaningful
quantity to consider is the rati@ Natom > 2)/p(Natom = 1) = 1.7 x 1075, wherep(Natom =
1) is the probability to detect one atom in g8 interval. The ratio indicates the probability
of detecting two-atom events is negligible compared to tiodability of detecting single-atom
events. For the single atom detection scheme we typicaigmoie around eight events per 85 ms.
This gives a probability of x 10~ for two or more events in the same:8 interval, yielding a
ratio p(Natom > 2)/P(Natom = 1) = 1.4 x 1072,

Additionally, the observation of eight detected atoms gs¢ire single atom detection scheme
agrees reasonably well with the expected number of atombkijnwan order of magnitude. A
simple estimate of the expected number of detected atorsgedhan the the total number of
atoms in the atomic cloud( 5 x 107) and the area overlap of the cloud (radiusl cm) with
the cross-section of the resonator mode (wigtt85 pm, length~ 5 ym), and assuming the
resonator is located at the center of the Gaussian-shaped, ¢Jields a value of around 28
atoms. Considering the use of a conditional atom detectiberae, which presumably is not
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Figure 7.6: Photon detection probability of atom transits.

perfectly efficient at detecting all coupling events, thidue is sufficiently small such that the
effects of multi-atom events on the resonator transmisaiahreflection can be ignored.

7.1.4 Photon detection probability

The coupling of atoms to the resonator changes the transmiasid reflection properties of
the coupled system, especially in the regime of strong @ogpt this fact is used for atom
detection. As an initial experiment, the number of photomnts per 1us time bin are measured
for two cases, i.e., with and without atoms, under expertalemnditions (i.e., concerning MOT
density and photon flux) similar to Sec. 7.1.

An experimental sequence is executed in which an atomiddklaunched to the resonator
every two seconds and the transmission and reflection isdeddor post-analysis. The se-
quence is run several hundred times and is interleaved wiillentical reference sequence in
which the atoms are not launched. Photon detection evemtsimned with 1.;s time resolution
for each sequence, as shown in Fig. 7.6 (a). The resonatoshigg on resonance with an inci-
dent power ofP,, ~ 2 pW, corresponding to 0.18 intracavity photons, and thestrassion of
the empty resonator is maintained at critical coupling with: /P, < 0.02.1 In the reference
sequence the mean number of photon detection events pebitinie 0.07. Assuming Poisso-
nian statistics, shown in Fig. 7.6, the probability for d¢iteg five photons, for example, in one
time bin is thus given byPthe°(5) = 0.9 x 10~8. Evaluating 1831 experimental sequences, we

ref

find P&P(5) = 2.2%3% x 1077, The deviation with respect to the theoretical value is due t

ref

The degree to which the transmission of the empty resonatoritical coupling can be suppressed to zero
depends on the stability of the cavity resonance frequendytlze frequency of the spectroscopy laser, which must
be much narrower than the linewidth of the resonator. Tloeeefwhen the back-scattering rate is large compared
to the intrinsic mode decay ratg, 2> «;, the transmission is less sensitive to frequency noise eftabilization
because the FWHM linewidth at critical coupling is broadkbg an amount/4x? + 4h2. For bottle modes with
h/k; = 2, we typically find Pout / Pin = 0.005.
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both frequency noise in the resonator frequency stakibzaind mechanical noise in the cou-
pling setup, which both cause super-Poissonian fluctuatdithe transmitted intensity. When
the atom cloud is launched, however, the photon statistiesignificantly modified, yielding
a 5-photon detection probability @5> (5) = 1.2702 x 10~°, almost two orders of magni-
tude higher thaP;.;”(5). The error bars are 95% confidence intervals. The obsenapehin
the counting statistics is a clear indication that atommiftbe cloud interact with the resonator
mode [48]. Moreover, it confirms the need to have a high trolelsbf aroundntlﬁg 26— 17 for

the atom detection scheme using the FPGA.

7.2 Spectroscopy of single atoms coupled to a high-WGM
resonator

In this section, the frequency spectrum of the atom-resonateraction is measured and com-
pared with the Jaynes-Cummings prediction. From a quantwohanical perspective, the
new eigenfrequencies of the coupled system should be gleigible when the conditioy >
(Fc,'y,Ti;tl) is true. Moreover, spectra measured under different exygartal conditions, such
as variable cavity and laser detunings and different pgpbainemes, can be directly compared to
theoretical predictions. Here we perform a systematicstigation of the system using a range

of parameter settings, and reveal a surprisingly strorecefif single atoms on the spectra.

7.2.1 Conditional selection of strongly interacting atoms

The atom detection schemes rely on the conditional sefectfconly those coupling events
where certain threshold conditions are satisfied. It is@sting to consider the different subsets
of coupling events depending on changes in the thresholdittmms. As demonstrated earlier,
the first observed effect is that, with a suitable threshelell chosen, the transmission during
the spectroscopy/experiment window remains constantabsag the subset of short-lived atoms
that crash directly into the surface can be removed from tiadyais. Thus, long-lived atoms
that presumably pass tangentially to the resonator sudisecpredominantly selected.

Figure 7.7 examines the transition between the selectishat-lived and long-lived atoms.
The transmission is plotted using the double-detectioemehwith increasing threshold values
n2d In these measurements the FPGA is connected to the MZ-@atodsiand the spectroscopy
light is active during the spectroscopy window and its poleeel is set equal to the detection
light. Regardless of the threshold, the transmission poidetecting the atom at= 0 us always
follows the same trend, as expected. The green shaded regaioating the spectroscopy
window used in the data analysis, begins around 264 ns h#d¢fRGA detects the atoms, which
is due mainly to electrical and optical delays. Figure 7)7steows thamfgf > 2 is sufficient
to ensure a stable transmission during spectroscopy negmeuts. Also, as the threshold is
increased, there is an associated increase in transmigf@mthe second detection step. On
the other hand, Fig. 7.7 (b) demonstrates that even inm@mu'anf}?f from zero to one already
produces a significant improvement in the stability of tleasmission during spectroscopy, but
is still not as good as in Fig. 7.7 (a).
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Figure 7.7: Detailed view of the measurement sequence andamsmission using the double-
detection scheme. (a) Resonator transmission as a function of varying thiestevels for
nZd. The FPGA requires 1.2s to first detect an atom, followed 1 us to probe the atom—
light interaction, and finally another /s to re-detect the atom and verify that the atom did not
leave the evanescent field before the spectroscopy/exr;amiismfinished.ntlﬁfr > 7. (b) The

transmission during spectroscopy is not constant wherhtiesholdn2¢ is too low.

Using the threshold conditions in Fig. 7.7, we measure #estnission and reflection spec-

tra of the coupled atom-resonator system by varying thenileguof the spectroscopy lase;,
with respect to the resonance frequency of the ligmode,w., as shown in Fig. 7.8 (a—f).
The plots show a series of spectra for the empty resonatey)gnd the coupled system (blue)
where the threshold condition is progressively increaseh ilow (a) to high (f). Compared to
the empty resonance, the transmission with coupled atoreasaned at\w. /27 = 0 MHz,
changes to an absolute value of 45% whgff! = 0 and increases to 65% whed'd > 3 — 4.
In reflection, the maximum empty resonance value is enl2% and increases to a maximum
of just ~ 5% in the spectra with coupled atoms. When using the singlm aleetection scheme,
the resonant transmission for the coupled system is aro0f6l @&nd the reflection value is
around~ 5%. Also, the spectra qualitatively resemble Fig. 7.8 (a) @mdot show any spectral
splitting.

A pronounced spectral splitting of 28 MHz is measured from tilansmission Rabi spec-
trum, which is shown in more detail in Fig. 7.9. In the reflentispectrum, however, there is
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no clear splitting despite being measured simultaneougly the transmission spectrum. The
peak at around\w, /27 = —8 MHz is offset from the transmission dip located at around
Awq/2m = —16 MHz. The experimental parameters listed in the caption laesame for all
work in this chapter, unless specified otherwise.

A clear deviation is seen in both the measured transmissidmedlection spectra when com-
pared to the theoretical prediction in Fig. 2.4, which istigd for parameters compatible with
the resonator mode used in the experiment. Specificallynibdel predicts a maximum trans-
mission and reflection of 25% whelw, /27 = Awc,/2m = 0 MHz, which does not increase
further even wherm is larger. Secondly, the distinct absence of any visiblemigode in the
measured spectrum &tw. /27 = 0 MHz, giving three eigenmodes in the transmission spec-
trum, disagrees with the theoretical spectrum. (The faatttie resonant transmission does not
go to unity indicates that the “missing” eigenmode may bestaritially suppressed, though not
completely). Thirdly, the spectral features in reflectibw@d more closely mirror the spectral
features in transmission, which is not the case in Fig. 7.9.

In order to investigate whether this behavior is a just pgadty of this particular mode,
or instead, is a universal feature in our WGM bottle resanate investigate different modes.
The Rabi-spectrum is tested further in measurements ingkesection with a high mode
having large backscattering and a low mode volume, suffi¢eehe compatible with operation
in the strong coupling regime. This test is interesting bseait enables a better comparison
with other cavity QED experiments with microtoroids and ragtisks where the backscattering
rate is typically large relative to the intrinsic linewidth

7.2.2 Rayleigh scattering in a strongly-coupled atom-reswator system

Sub-wavelength scatters on the surface of the resonatomedliate the exchange of energy
between the clockwise (CW) and counter-clockwise (CCWpagating resonator modes via
elastic (Rayleigh) scattering, as described in Sec. 3Bt ratio of the inter-mode scattering
rate to the intrinsic decay rate of the resonator is giveh by;, and defines an important metric
of the system. In a typical resonator where only one travglinode is pumped, a significant
fraction of the light will back-scatter to the other mode wltlee ratioh/x; is large. The fraction
of the intra-cavity power that is back-scattered/refledtech the resonator is given by [27]

2
PB _ Fscat (7 l)
P, 1+1+12, )

wherel'scay = h/ki, andPg i) is the back-reflected/in-coupled power. For the resonatmtem
used in Fig. 7.9 we gdt,..; = 0.2, which according to Eq. (7.1) gives a back-reflection of 1,.2%
roughly consistent with our measurements. In the following use a mode with.,; = 2 and
a back-reflection fraction predicted by Eq. (7.1) to be a# lsig 38%, in good agreement with
our measurement of 40%.

The Rabi spectrum of the mode with large back-reflection ¢n Fil0 shows a qualitatively
similar structure to the previous mode in Fig. 7.9. The gpefttr the transmission and reflec-
tion both show the splitting more clearly because it is sigantly larger at around 44 MHz,
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Figure 7.8: Rabi spectra using the double-detection scheméncreasing the threshold (top
to bottom) for re-detecting an atom after the spectrosoprjo@ reveals the structure in the
coupled atom-resonator spectra (blue data points). The lgres are Lorentzian fits to the
empty resonance and the blue lines are a guide to the eye. &edaxt for details. Cavity-atom
detuning: Awc, /27 = 0 MHz.
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Figure 7.9: Transmission and reflection Rabi spectra.Two distinct dips in the transmission
spectrum have a splitting @8 MHz. Experimental parameters: photon pump-rate at reseenat
fiber coupling junctior7.2 x 10% photons/s= 1.7 pW, off-resonant photon rate at transmission
detectors:5.9 x 10 photons/s= 1.5 pW, ~ 0.14 intracavity photons, residual transmission:
~ 1 — 2%, intrinsic Q-factor: 6 x 107, cavity decay rate at critical coupling:/2r = 8 MHz,
inter-mode scattering rate of resonatér/2r = 1.8 MHZ, Aw.,/27 = 0 MHz, n22d > 3,
TM-polarized mode (confirmed using a linear polarizer and@@mera).

compared to 28 MHz previously. This larger splitting is sigipg because both modes are TM-
polarized and the axial mode numberis< 5, giving a very similar mode volume and coupling
strength at the surface.

According to calculations using the Jaynes-Cummings mad@elations ink have little or
no effect on the size of the atom-resonator mode-splitivigch should be simply given by the
Rabi frequencyg/2x. Therefore, the observed Rabi splitting appears to depertieoempty
cavity mode-splitting, and therefore masks the true Ragjifency.

This behavior is expected because measured spectra aresedngf typically a few hundred
thousand coupling events, not a single event as assumed thebry calculation. Accordingly,
atoms will sometimes couple to standing wa¥eand other times to mod8, which have an
intrinsic splitting of2h/27. The atom-resonator splitting in this mode is increasedtiHz
compared to the previous mode, while for comparison, theavsmiitting of the empty res-
onator is2h/2r = 15 MHz. This makes intrinsic mode splitting an additive effédwt can, if
ignored, lead to an over-estimation®fTo summarize, the Rabi-spectra of two modes with dif-
ferent back-reflection rates show qualitatively similanddor, but quantitatively, the observed
splitting is substantially different.

Comparison to other WGM experiments: Two other similar cavity QED experiments have
been performed using WGM resonators and cold atoms anduquattts. In both cases, spectra
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Figure 7.10: Rabi spectra for a resonator mode with large intinsic mode splitting. An atom
coupled to the resonator mode produces large and cleaiblevisplitting in the transmission
spectrum and weaker splitting in the reflection spectrunmgared to the mode in Fig. 7.9, the
two Rabi dips have a broader FWHM approximately giverRkyx/2n+~/27) ~ 35—40 MHz
[114]. Parameters: resonator decay rate at critical cogpk /27 = 17.5 MHz, intrinsic Q-
factor: 6 x 107, inter-mode scattering rateh/2r = 7.5 MHz, fraction of intra-cavity light
backscattered at critical couplingy 40%, axial mode numbery < 5, photon pump-rate at
resonator—fiber coupling junctiori5.8 x 10° photons/s= 4.0 pW, off-resonant photon rate at
transmission detectord:2.9 x 10° photons/s= 3.3 pW, ~ 0.15 intracavity photons, residual
transmission;< 1%, Awc, /27 < —3.6 MHz.

of the coupled quantum emitter and WGM mode were measureal réfftection spectrum for a
solid-state microdisk strongly coupled to a quantum dotéfi. RL15] is dominated by intrinsic
resonator mode-splitting, which impedes a clear identiioeof the three eigenstates predicted
from the Jaynes-Cummings model. Also, since the waveg@sgenator system was limited to
operating in the under-coupled regime, the quantum dot exijbited a relatively weak effect
on the reflection spectrum — a maximum power change of 0.3%ohserved between measure-
ments where the coupled quantum-dot-resonator was sgreagirated as compared to when
it was not saturated. Spectral measurements on a strongfylemb atom-microtoroid system
in Ref. [84] were not able to reveal the three eigenstatedigieal from the Jaynes-Cummings
model because of excessive “smearing” of the spectral fesitwrheno. = w,. Interestingly,
their data shows an absolute transmission changeGifb at a detuning of\w,, /27 ~ 0 MHz,

in almost exact agreement with our measurement of 62%. timfately, the authors do not in-
vestigate this observation. To summarize, a direct coraparof the experimental spectra in
Figs. 7.9 and 7.10 to other work with WGM resonators in therditure is difficult because, to
date, all have large scattering,..; > 1 [48, 84, 115], and/or no spectral measurements are
available for the resonant casge = w, [48, 84].
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7.3 Spectroscopy with a fiber-coupled three-port resonator

The experiments in the preceding section considered thewhere both the in-coupled and
out-coupled light is confined to a single fiber. Destructivieiference between the intra-cavity
light and the transmitted light in the fiber produces the olesk transmission response. It is
interesting to also consider the response of the atom-a¢sosystem using two fibers where
one fiber is used to in-couple light while a second fiber setvewllect light from the coupled
system. In this case, the transmission response in thectiofiefiber is no longer due to the
interference of two fields but rather only the intra-cavisidi To this end, we have studied such
a configuration using two optical nanofibers as shown in Fitjl {a, b).

Fiber 1 serves to out-couple 50% of the intra-cavity lighiakhs then measured with four
SPCMs. Lightis in-coupled to the resonator through fibertdctvis very weakly coupled to the
resonator and causes negligible broadening of the modeititte The distance of both fibers is
stabilized using the scheme described in Sec. 5.2.

The transmission field amplitude in fiber 1ds. = iv/2kca(t) = i\/ke {fl(t) + E’(t)],
and the corresponding transmission spectra are shown ir7 Hig (a). The Rabi-split modes in
the transmission spectrum are predicted to have a largéirgptompared to both the reflection
spectrum and the typical transmission spectrum with one (i shown here, c.f. Fig 7.9). In
contrast to the WGM spectrum with one uncoupled mode, thetapa of a Fabry-Pérot-like
resonator with a single mode is dominated by only two Rabkgeas shown in Fig. 7.12 (b).
Another noticeable feature is the larger amplitude of theiRaaks in (b). The coupling of
an atom to one of the two standing modes in the WGM resonasuitgein a re-distribution
of energy equally between the two travelling modeandb. This approximately halves the
amplitude of the field in each mode which therefore halvesthplitude of features in the Rabi
spectrum in (a) compared to (b) for which there is a single enafdight.

The measured empty resonator (i.e. with no atom coupledsingssion in Fig. 7.12 (c)
reaches a maximum ef 50%, while the back-reflection is 3%. The transmission spectrum in
the coupled-atom case shows two peaks with a splitting afis®®MHz, which is 8 MHz larger
than the 28 MHz splitting measured with a single couplingrfdoed which agrees well with the
expected value given in Fig. 7.12 (a). The spectrum for thekdpeflection is substantially
smaller and shows a weak splitting©f20 MHz.

Perhaps tellingly, the measured transmission spectruamiarkably similar to our expecta-
tions for the spectrum from a single-mode atom-resonatstesy. Not only are these measure-
ments consistent with the previous measurements with éediibgr, they reveal the potential of
the resonator to operate as a multi-port device with stsooglipled atoms.

Apart from the two modes investigated here, measurememts dther modes at; = w. =
w, all show similar high transmission values. Since theseltiseate highly unexpected, a closer
study of the system is warranted.

In the following sections we investigate the experimentaiditions required to reproduce
the transmission and reflection spectra presented eatleparticular, we next consider the
possibility of a fast-moving atom that couples both stagdiraves on a timescale shorter than
the photon lifetime in the resonator. In order to gain furtimsight to a possible explanation,
we theoretically consider several issues such as the imiduehdipole forces and atom-surface

128



SPCM "
X2 S b) Fiber 2 Pin

Back-
reflection
(Fiber 1)

Back-
reflection

SPCMS‘\[\ X2

Forward transmission

Forward
transmission

BN

Fiber 1

Fiber 2

Figure 7.11: Coupling setup using two fibers(a, b) Light in fiber 2 (also labeled as fiber 2 in
the fiber network in Fig. 6.1) is coupled into the empty resonevhich itself couples to fiber 1.
Fiber 1 is critically coupled to the resonator and couplds~060% of the light, while fiber 2 is
weakly coupled to the resonator and couples in (out) 10%eptimp (resonator) light.

induced level shifts in the following sections. We have parfed experiments to study the
influence of resonator detuning and atomic forces.

7.4 Forces and velocity effects on atomic motion

In order to reproduce the spectral measurements, we pedionmations assuming only a con-
tribution from atoms that have a high initial velocity. Tlkestoms are assumed to move tan-
gentially along the resonator mode: axial movement alorgdklonator fiber axis can be safely
neglected since the axial extension of the mode is largen #tam has sufficiently high veloc-
ity, such that it can travel from the anti-node of standinyeva a distance of around/4n to

the anti-node of standing wav@ within a timer = 1/47k ~ 11 ns, wherer is the photon
lifetime, the atom can be strongly coupled to both modeserathan just oné. In effect, the
atoms require a velocity ofxm/n ~ 11 m/s to couple to both modes, whetds the refractive
index of glass. This is an overestimate for our measurensimte we assume the atom does not
perfectly couple to both modes because the resonant trasiemidoes not reach unity.

In our atomic fountain apparatus, a cloud with arotind10® atoms in a diameter of around
1-2 cm passes the evanescent field of the bottle resonatonghbe interaction time, the close
proximity of the atom to the silica resonator surface capdfits coupling to the mode due to
dipole forces. In addition to this, surface interactiorns wsn der Waals forces can arise due to
shifting of the atomic energy levels. This force is typigadf minor importance in Fabry-Pérot
resonators since interacting atoms are located many nsi@aay from the mirrors and out of

2In the definition ofr we define the cavity bandwidth to be the FWHM of the empty gasésonance, i.e.
2 X 27K.
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Figure 7.12: Rabi spectrum using two coupling fibers(a) Theory calculation of the transmis-
sion and reflection Rabi spectra from the WGM resonator. Th@ensplitting in the transmission
Rabi spectrum is predicted to be ab@utx 8 MHz larger compared to the splitting in the spec-
trum in back-reflection. This apparent increase arises because the light in the resonator does
not experience destructive interference with light in thefj as would be the case in the single-
fiber case considered earlier. (b) As a comparison to a WGBheder, the Rabi spectrum is
plotted for a single-mode resonator. (c) Rabi spectra niedsan the two ports of fiber 1. The
y-axis is normalized so that the transmission of the emptymasce afAw. /27 = 0 MHz is
equal to 0.5, which is confirmed in separate measurementitiehlocoupling. Experimental pa-
rameters and resonator mode are identical to Fig. 7.9. @&l parametersy /27 = 17 MHz
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range from surface effects. However in our WGM resonatar,rédgime of strong coupling is

achieved when the atom-resonator distance is less than mQ@xactly where atom-surface
perturbations become important. Combined together, aiderable force on the atom can be
expected. More quantitatively, we include the effect ofsthéorces on the atomic trajectory
and calculate solutions for the resonant transmission eftection using the quantum master
eguation for each time increment.

7.4.1 Theory
Dipole forces

In the quantum mechanical description of light-matterrité&on, the energy eigenstates of the
atom are replaced by new eigenstates defined by the couglihg atomic dipole with a light
field. This dressed-state picture describes two new eigsstvith an energy gap given by the
coupling strength. The potential energy from the energyagayses a force on the atom affecting
its momentum and motion. In a WGM resonator, this force i®giley the spatial derivative of
the interaction part of the Hamiltonian in Eq. (2.19):

Faipole = —h [ng(F)(ATﬁf +b64) + V(P (aoy +ble_)| (7.2)

The gradient of the electric field (proportional ¢g)) in the bottle resonator is very large over
a short distance beyond the surface due to the exponentiay d# the evanescent wave (see
a plot of coupling strength versus distance in Fig. 3.14)aMNesonancey; ~ w,, the force

is large even if the intra-cavity photon number is less thae. oln this section, the influence
of the dipole force is seen to have a significant affect on tugpgrties to the atom transits,
modifying both the atom interaction time and the number d¢éded atoms, and is dependent
on detuning. To gain a better understanding of this, firstitifileence of cavity detuning is
measured fAwe, /27 = —12 to +8 MHz, Aw. /27 = 0 MHz), and then the influence of laser
detuning is measured\(v., /27 = 0 MHz, Aw, /27 = —76 to +40 MHz).

Surface forces and atomic level shifts

Quantum fluctuations in the electromagnetic vacuum cancedluctuations in the electric-
dipole moment (EDM) of an atom. This is true regardless of tieor not an atom itself
has an intrinsic EDM, such as for the Rb atom which has no EDMekVan atom is placed
in front of a surface, radiative interactions with the soefanduce a fluctuating image of the
atomic EDM in the surface. The radiative exchange in eneswéen the atom and its image
creates a conservative interaction potential that, ddpgraih the atomic and surface properties,
is generally attractive.

This potential is termed a van der Waals potential when thadce is small (e.g., several
nanometers or less), or a Casimir-Polder potential wheigtance is much larger. The exact
form of the potential depends of the distance scale relatitbe radiation spectrum, but also
the material properties of the surface and atomic polaitigabl he Lifshitz formalism fully de-
scribes the potential using these three parameters. Fplisityy here we use an approximation
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valid for short distances and which is sufficient to model ¢ssential physics describing the
atom-surface interaction.

The approximation uses the Lennard-Jones form of the ktierapotential to give/™) =
—C3/d3, whered is the atom-surface distance a6y is a coefficient proportional to the po-
tential or, equivalently, the energy level shift. It is knowhat for cesium atoms positioned
at a distance off = 100 nm from a silica dielectric surface [84] the difference ieduency
shift of the ground-state predicted by the full Lifshitz fmalism and the approximation is
Awpt — Awl? = (=1.1+ 0.6) MHz = —0.5 MHz. For the resonator modes considered in
this work, the difference is acceptably small and is expkttde similar for Rb atoms. In addi-
tion, there is some variability of the exact vaIueAs)u‘ugEif for cesium and silica in the literature,
with Ref. [84] giving a value 71% larger than Ref. [116]. Gdated values of’s for a rubidium
atom near a perfectly conducting wall are given in Ref. [117]

We explicitly calculate the value @ for the ground state 6PRb, 5251/2, using the mea-
sured material constants of silica [109] and the measurddalculated oscillator strengths for
Rb [118]. For a real-dielectric with a non-perfect condagtall, theCs coefficient is given by

h ood e(€) — eo

O = T Sy “ 9T

, (7.3)

wheresy = 1 is the permittivity of vacuumg(w) is the material permittivityr(¢) is the fre-
quency dependent atomic polarizability, ahé the Matsubara frequency used in the Lifshitz
formalism, which is commonly used in the literature, butds strictly necessary here.

The dielectric permittivity is calculated along the imagiy frequency axis using the relation
[119]

e(i€) =1+ 2/ dw—— (7.4)
™ Jo

wheree(w) = n%(w) — k?(w) + i2nk and includes the reah(w)) an imaginary k(w)) parts
of the refractive index tabulated in Ref. [109] for vitreoBED, glass. The result is plotted in
Fig. 7.13 (a) and shows significant contributions in the diegtpy range 02 < ¢ < 10'7 rad/s.
The static dielectric permittivity of Si@can then be directly read from the low frequency end
of the plot asy = 3.89 [120].

To a good approximation, the atomic polarizability of astat®>Rb is the calculated as the
sum over all transitions using the relation [119]

€2 /me.
a(i®) =Y f <7w2/_£2> , (7.5)

wheref,, is the transition oscillator strength,andm, is the electron charge and mass in CGS
units, respectively. Atomic decay is excluded since thesitaons are very narrow compared to
the frequency range of the summation.

Equation (7.5) is applied to th& S, /2 ground state and the’ P, /2 excited state. The total
atomic polarizability of the ground state is dominated by lrge oscillator strength of transi-
tions 525,/ — 52Py o and52S, 5 — 52Py 5, while the polarizability of the excited state is
dominated by transitions®P;, — 5%5; ), and5?P3n — 6255 [121]. For completeness,
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Figure 7.13: (a) Dielectric permittivity of vitreous silica. (b) Totalt@mic polarizability of
ground and excited states of thg-Bansition in®Rb.

the transition$*S, , — N2P, 5 and5%S; , — N?P; ), for N = 5 — 10 are included in the
calculation of the ground state polarizability [118, 12Hor the excited state calculation, the
transitions5? Py, — N2S /5 for N = 5 — 12 and5?P3 ), — N?Ds) for N = 5 — 10 are
included [118, 121]. The result is plotted in Fig. 7.13 (bas in agreement with the static
dipole polarizabilities (at the low frequency end of thetpliven in Ref. [122].

With the necessary values now at hand, the consigrior the ground state is calculated to
be5.1 x 1074 I n? = 770 x h Hz pm?, and for the excited state it isl.6 x 10747 J m? =
1.7 x h kHz um3, whereh is Planck’s constant. The atomic transition frequengyis shifted
by an amountU}! — U;7) /n, whereU(LJg) is the excited/ground state potential. At an atom-
surface distance of 1OO nm, the atomic transition frequéscgd-shifted by 0.9 MHz, and at
distances of 50 nm and 40 nm the red-shift increases to 7.5 aidz14.5 MHz, respectively.
For reference, the calculated coupling strengtr at a distance of 50 nm is around 35 MHz for
a TM-polarized mode (see Fig. 3.14 (b)). Therefore, enesggllshifts can have a measurable
effect on the transmission and reflection spectra.

Trajectory calculation

Surface interactions are firstly included in the simulatipnincluding an cavity-atom offset
of Aw../2m = 10 MHz, and secondly, by adding the surface force arising frbendurface
potential. This force is calculated by

fzurf = ﬁirfa+a, + Fsurfa oy, (7.6)

whereFEJ’ = 27 X VULJ( ) anda+/_ is the atomic raising/lowering operator. By adding

together the forcesFo: = Fiumf + Fdlpole) the atom velocity and position can be iteratively
calculated for each time step\t. The atomic velocity at tim¢ is simply

vl = v a AL, (7.7)

wherea’™! = F%.'/m is the acceleration for the previous time step, amds the atomic
mass. Momentum diffusion due to quantum fluctuations of fhtecal forces is treated as being

133



negligible and should not change the qualitative resulth@fimulation. The atom position at
time ¢’ is then simplyr’ = =1 + =1 At¢. Lastly, the photon number of the resonator modes is
calculated for the transmission and reflection.

Figure 7.14 (a—l) shows the result of three simulated atarajectories and the associated
data for atomic position, transmission, reflection, anaeity. The top row shows a cross-
section through part of the resonator and the atom trajectear the surface with a starting
velocity of v'=° = 5 m/s and a starting positionr 500 nm from the surface on thg-axis.
By careful selection of the starting launch angle, intécactimes of around 2:s are observed
where the resonant transmissialuf.; = 0 MHz) increases to 65% and the reflection increases
to 15%, reasonably consistent with our measurements, ge&.E#4 (b, c). During this time the
atom follows a quasi-stable orbit with a near-constant asonface distance of 55 nm while also
maintaining constant transmission and reflection. Suchsodve possible when the attractive
surface force is balanced by the centrifugal force of thendtajectory.

While the resonator surface generally has near atomic $mes$ Rayleigh scattering by
nanometer-sized particles on the surface can mediate tierantt scattering of light between
CW and CCW modes. As discussed in Sec. 3.3.2, this modesgogtcan remove the degen-
eracy of the two resonator modes but it can also affect theéa$paode structure. A standing
wave mode structure is then formed with, for example, theermfdone standing wave, s&y,
is located at the position of the scatterer and the anti-mdd¢anding waveB is located at the
position of the scatterer. In this case, the intensityBoéxhibits acos(6)2-modulation and4
exhibits asin(#)2-modulation where the phase= 0 is defined at the position of the scatter: for
reference, see the standing wave picture in Fig. 2.2 (b).hAsatom traverses multiple nodes
and anti-nodes of the modes, there is a corresponding srodllilation in the transmission and
reflection. The modulated coupling of the atom to the modeslyres an effective coupling
strengthg when averaged over a section of the trajectory. Startingeiteds below 5 m/s are not
plotted because the calculated resonant transmissiorfati@below the measured value.

The transmission spike a3 is an artefact of the simulation due to the abrupt intradoct
of an atom/photon to the time evolution of the density madrid can be ignored for times longer
thanl/4nk ~ 11 ns.

The sensitivity of the simulation to the starting condisda visible in the middle and right
columns where the starting launch angle is changed By @nlboth cases the interaction time
is < 1 us because the atom either crashes into the surface (e—hgsmadb pass close enough
for surface forces to significantly modify its trajectory-lfi Nevertheless, all three cases will
be detected by our atom detection scheme, which uses a mbriegwindow, because the
transmission is sufficiently high to exceed the thresholéhe @ouble atom-detection scheme
will, however, only consider events similar to that in lefiumn because of the requirement for
long interaction times.

7.4.2 Experimental results
High-resolution spectrum

To examine if atoms with high-velocity can explain our oleer spectrum, we compare the
simulated Rabi spectrum with measurements. Figure 7.1dhays a simulated Doppler-shifted
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Figure 7.14: Simulated atomic trajectories.Left column (a—d): The atom transit through the
evanescent field follows a quasi-stable orbit over a digtaricseveral microns. Surface forces
significantly affect the orbit (b, d) and result in a constmahsmission and reflection for.
Middle column (e-h): The launch angle of the atom is incrddse0.T towards the surface and
causes the interaction time to decreasectd us. Right column (i—l): Similar to the previous
case except the angle is decreased b§.Qritial atom velocityv™" = 5 m/s. The simulation
ends when the atom crashes on the surface or is more thgani.dway from the surface.
Parameters: mode properties identical to Fig. &9+ w, = w;.
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Rabi-spectrum averaged over coupling strength2r = 15 — 30 MHz) and positive and nega-
tive velocities {v| = 4 — 6 m/s). Two Rabi-split dips due to atoms co- and counter-pgyapag
with the mode are indicated with arrows, but we note also liwdth central two dips have a
contribution from the empty resonator eigenstate and thm-aesonator eigenstates.

Atomic motion leads to a resonance shift /of. Atoms co-propagating with a velocity
of 5 m/s in the direction of the travelling wave mode that iseexally pumped by the fiber
will be red-shifted by around 6 MHz, measured in the refeeeitame of the mode. Counter-
propagating atoms will result in a blue-shift. A signatufenigh-velocity atoms moving with
respect to the resonator mode is the presence of one or lsthindiicated by the arrows in the
figure.

Figure 7.15 (b) shows a high resolution spectrum of singdenatcoupled to the resonator.
A clear qualitative similarity between theory and measwstris evident. In the theory plot,
the resonant transmission change is 62%, in good agreenithrthe measured value of around
65%. The theory plot correctly shows an imbalance in deptivéoen the two main dips, which
is also seen in the measured plot, however the imbalancegisrlan the theory plot. A close
examination of the transmission and reflection in Fig. 74pdoes not clearly indicate the
expected dips for a moving atom at the positions of the arredagch are expected for a moving
atom.

Cross-correlation measurements

The transmission of photons in the coupling fiber depend$erndtessed states of the coupled
atom-resonator system. The photon statistics of the dtestates can show sub-Poissonian (i.e.,
anti-bunching), super-Poissonian (i.e., bunching), mpdy Poissonian statistics, depending on
the resonator-laser detuning and the atom-resonator iogugite g relative to the resonator
loss ratex. Photon cross-correlations measured as a function of ihgtun the transmission
spectrum can be useful to gain further insight towards ifléndy which spectral dips correspond
to the empty resonator resonance and atom-resonator resma

The normalized, time-dependent, second-order photors-@aselation function for trans-
mission,g(Tz) (1), is calculated with the equation

A At . .
2 At Aout (T)bout (T) Gou
g;)(T) _ < t t( ) t( ) t>

<&out CAliut > 2

, (7.8)

where the field operators have been defined in Chap. 2. Theetiw cross-correlation for
g(TZ) (t = 0) as a function of resonator-laser detunidyy,, is plotted in Fig. 7.16 (b) using
the Jaynes-Cummings model where we assume a stationary atmrspectral features can be
understood as follows. At a detuning near the rightmoststrassion dip, only single photons
can enter the resonator because they are resonant witmgte-photon resonance of the Jaynes-
Cummings ladder (see the ladder in Fig. 7.16 (a)). When twaiquis arrive together at the
resonator within a time /47x =11 ns, they cannot efficiently enter the resonator, regulitin
an excess of transmitted two-photon events in the fiber andhiog of detected photons in
transmission.
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Figure 7.15: High resolution, low noise Rabi-spectra. (a) Simulated spectra assuming a
Doppler-shift due to high velocity atoms and with averagivgr coupling strengthgy(/2m =
15—30 MHz) and positive and negative atomic velocitigg & 4 — 6 m/s). The arrows indicate
the position of one of the Rabi-split mode&w,., /27 = 5 MHz. (b) Measured Rabi-spectrum
concatenated from two measurements — one mainly coverisgiy@odetunings and the other
mainly covering negative detunings. Experimental paramsedind resonator mode are identical
to Fig. 7.9. Error bars arg1 standard deviation based on the number of photons megsered
data point.

On the other hand, when the detuning of incoming photonsdsaed to around 11 MHz,
two-photon events are more resonant with the two-photamsitian (i.e., second step of the
Jaynes-Cummings ladder). Both photons can therefore gr@eesonator and the atom and res-
onator eliminate these two-photon events through absworpti other loss processes. This results
in a deficiency in two-photon events and anti-bunching ofdéected photons in transmission.
Such a situation is termed photon blockade because onliesiigtons are transmitted in the
fiber while two-photon events are not allowed to be tranguitiVe note that this type of pho-
ton blockade relies on the quantum nature of the anharmgmitthe Jaynes-Cummings ladder
realized in the strong coupling regime of cavity QED. Anottype of blockade experimentally
demonstrated in Ref. [92] is conceptually and quantititivifferent because it relies on the
near-resonant saturation of single atoms in the regime akweupling cavity QED. Neverthe-

less, both photon blockade schemes produce photon amhblmwithgé?) (r=0)<1.
At a detuningAw, = 0 MHz, both one-photon events and particularly two-photoantsy
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Figure 7.16: Cross-correlation measurements of the Rabi strum. (a) Sketch of the lad-
der of eigenstates given by the Jaynes-Cummings model fiaretit resonator-laser detun-
ings. (b) The normalized second-order cross-correlatsmhid line) is calculated as a func-
tion of resonator-laser detuning. As an example, the treéssom of a coupled system with
gi/2m = 21/y/2 = 15 MHz is plotted (dash-dot line). (c—e) Three cross-corietatneasure-
ments at three points in the spectrum. Experimental paemand resonator mode are identical
to Fig. 7.9. These mode parameters are used in plot (b).

138



cannot efficiently enter the resonator because they araeldtiar from the resonances of the
coupled system. In the limit of largg/~ the normalized cross-correlationgg) (r=0) =1,
but wheng/«x is smaller, such as for the resonator modes studied hererdks-correlation can
show weak anti-bunching. This is due to the spectral braadesf the resonances which even-
tually overlap and results in a non-zero probability of tplmston events entering the resonator.
In the limit of largex for a giveng, the normalized cross-correlation approaches zero [92].

Figure 7.16 (c-e) shows cross-correlation measuremetisest different detunings chosen
to be at the minimum transmission values of the left and rijps in Fig. 7.15 and also on
resonance with the empty resonator. As expected from tluedtieal prediction for a stationary
atom, the left spectral dip (Fig. 7.16 (c)) shows bunchingd @@ resonant point (Fig. 7.16 (d))
shows anti-bunching. The right spectral dip (Fig. 7.16, (@)vever, does not show any features
even though it is expected to show bunching.

Theg(® and transmission spectra in Fig. 7.16 (b) will be Doppléftsti when an atom with
high velocity transits the resonator mode. Photon buncbiranti-bunching features in the spec-
trum may therefore become averaged out over many expeitmeinis or even individual runs if
the atomic transit velocity is strongly time-dependentsiasulated in Fig. 7.14. An interesting
future direction for these measurements would be to megshwn cross-correlations for the
whole frequency spectrum, though this is very time consgmirhe measurement would com-
plement the transmission and reflection measurements anitlpra test of the hypothesis that
high-velocity atoms are co-propagating (or counter-pgagpiag) in the direction of the travelling
mode pumped by the laser. These spectral measurementdswilhelp identify whether both
of the split resonances in the transmission spectra areodiine taction of atoms, in which case
photon bunching is expected, or possibly one resonance ismiesupled resonance, in which
case weak photon anti-bunching or Poissonian statistiesgpected.

7.4.3 Properties of atom transits and dipole forces
Dipole forces and cavity detuning

Atoms in a moving molasses are launched on a ballistic ti@jgevith an average turning point
slightly above the bottle resonator. This results in pathefatomic cloud passing the resonator
twice — on the upward and downward flights. In each case thasat@ave a velocity of around
10 cm/s, determined from the arrival times of the cloud atrés®nator. Figure 7.17 (a) shows
the temporal distribution of detected events at the resorad a function ofAw., using the
single atom detection scheme. Most atoms are detected amptard flight in the first 40 ms
compared to the downward flight in the final 25 ms of the plot.isTik due to the thermal
expansion of the atomic cloud which reduces the atomic tensi

Distinctly different atom detection statistics are visilbthen the sign of the detuninw.,
is changed. A repulsive dipole forcd\g.,/2m > 0 MHz) causes a steep but short-ranged
potential hill over which only atoms with high enough vetyatan overcome. Slower atoms,
which arrive late in the first peak and early in the second paak simply repulsed by the
evanescent field before the atom detection scheme can ebdeiv presence. An attractive
dipole force QAw../2m < 0 MHz) adds to the attractive van der Waals force and accekerat
more atoms toward the surface where they can couple stramghe mode and thus be detected.
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Figure 7.17: Temporal distribution of detected atoms as a faction of cavity-atom detun-
ing. (a) Two distinct groups of atoms interact with the resonatode: when the atomic cloud
is launched slightly higher than the resonator, both theangvand downward movement of the
cloud can be distinguished. The time axis has been arljtrdefined to start just before the
upward-moving atoms reach the resonator. (b) Average afiaieein (a) over all time. Increas-
ing the cavity frequency with respect to the free-space atansition frequency sharply reduces
the number of detected atoms from 8 atoms/fountain launch3@toms/fountain launch for
Awea/2m = 6 MHz. On the other hand, fo\w., /27 > 0 MHz the number of detected atoms
decreases more slowly. See text for details. Parametefrsesafnant photon detection rate is

~ 10 x 10° photons/spist > 7 andn2d > 0.
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Figure 7.18: Interaction time as a function of cavity-atom detuning Aw,,/27. Attractive
dipole forces forAw.,/2m < 0 MHz reduce the lifetime of atoms in the evanescent field, evhil
repulsive dipole forces foAw., /27 > 0 MHz increase the lifetime. A maximum lifetime of
~ 1750 ns is reached at a detuning of 3 MHzt > 7 andn2d > 0.

Comparing red and blue detuned cases at a valukwf, /27 = +8 MHz, there is almost a
factor of three difference in the number of detected atomshawn in Fig. 7.17 (b).

Dipole forces lead to a modification of the interaction tinfeatoms with the evanescent
field, as shown in Fig. 7.18. Using the single atom detectmdresie, the time-constant of the
quasi-exponential decay of the fiber transmission is medsas a function oAw.,, similar to
that shown in Fig. 7.3 (b). A repulsive dipole force incresaiee interaction time by 50% at
Awca /27 = +3 MHz compared to when the dipole force is zera/ab., /27 = 0 MHz. In
contrast, an attractive dipole force at a detuning\af., /2 = —3 MHz reduces the interaction
time by~ 50% compared to the time &w,,/2m = 0 MHz.

Dipole forces and laser detuning

It is interesting to study the number of detected atoms asetifin of a frequency scan of the
atom-resonator system, as shown in Fig. 7.19 (a, b). Theeimfl: of dipole forces is again
important to consider in the double atom-detection scheewause there is almost a factor of
two difference in the number of detected atoms depending@détuning.

3As an interesting side note, the dependencé\af., on the number of detected atoms can used to estimate
the coupling strengtly between an atom and the mode [48]. Indeed, pioneering woRefs. [48, 123] used this
dependence to infer for cesium atoms coupled to a microtoroid resonator.
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A repulsive dipole force due to blue detuned lightuf, /27 < 0 MHZz, w. = w,) counters
the attractive van der Waals force, thereby reducing thebeurof atoms that crash into the
resonator surface. Since these atoms have a longer intergiche, the double atom-detection
scheme has a higher probability of selecting only these sitoNote that the opposite is true
for the single atom detection scheme, such as in Fig. 7.17s i$tbecause the single atom
detection scheme is largely insensitive to the duratiorhefdtom interaction, and most atoms
have a short interaction time. A remarkable consequenddsisatom detection process is that
the number of detected atoms recorded using the single atpactibn scheme is essentially
constant for all detunings with an average9a® + 0.9 detection events per fountain launch.
Around 10 events/launch are detected with the single atdettden within at+-30 MHz window
around the empty resonance, which then fractionally drojpsdund 8.5 events/launch when the
detuning is large. On the other hand, the double atom-detestheme has a lower detection
rate but, more importantly, it reveals the underlying infloe of dipole forces driving the atomic
motion with as little as~ 0.2 intra-cavity photons over sub-micron distances on a mérosd
timescale .

Changing the frequency of the spectroscopy light so that iied-detuned produces an at-
tractive force that reduces the number of detected atomsseratoms are more likely to crash
into the resonator surface and generally have a short gttenatime as evidenced through
Fig. 7.19 (b).

Atom-resonator detuning

Introducing atom-cavity detunind\,.| > 0 to the coupled system can be used to probe different
regions in the transmission and reflection spectra. (Figuée(a) shows the response of the
eigenvalues as a function of atom-cavity detuning). In ganéhe single-photon Rabi splitting

is given by+/A2. + 4%, which is valid for WGM resonators when intrinsic mode gpig is
negligible, like in the high) mode in Fig. 7.9.

Figure 7.20 shows the transmission spectra for red-det@ded, < 0 MHz) and blue-
detuned case\w., > 0 MHz). Solving forg in the above equation giveg2r = (16.6, 14.0,
16.6, 18.0) MHz for detuning®\w,, /27 = (—7,0,+7,+15) MHz, respectively. Taking the
average we gej/2r = 16.3 £ 1.7 MHz > (k./2m = 8,v/2m = 3) MHz. However, such
an estimate must be treated as tentative since we rely on alri@ does not reproduce the
spectra, and the correspondence between measured mdtlagspind Rabi frequency is not
fully understood.

The signature of dipole forces is seen to affect the speespecially when the resonator
is red-detuned from the atomic resonance. Attractive difjotces pull the atomic trajectories
towards the resonator surface and reduce the atom intamdirtie by a factor of three compared
to the blue-detuned cases. Despite the worse photon is&tiatbroadened spectrum with a
splitting of around 34 MHz is still visible and the transniisschange at zero detuning is around
55%. Repulsive dipole forces from blue-detuned light isfaat, beneficial here because it
counters the attractive van der Waals force to ensure fetoarsacrash into the surface.
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Figure 7.19: Influence of cavity-laser detuning on the numbieof detected atoms.(a) Exper-
imental sequence using the double detection scheme. (by-Biés is the number of detected
atoms per fountain launch using the indicated detectioarseh Double atom-detection criteria:
nit > 7 andn2'd = 2 photons per Jus measured within 2.25s after the initial detection
trigger. Double atom-detection criterion;;,, > 7. The empty resonator spectrum is shown for
reference (grey). Blue lines are a guide to the eye. Expetimhparameters and resonator mode
are identical to Fig. 7.9.

Acceleration of atoms

It remains an outstanding issue to identify a mechanism édyme high-velocity atoms that
transit near the resonator surface. One possible mechamistaes atoms that are accelerated
by the coupling fiber itself through a chain of momentum Kkifrken the absorption and emis-
sion of photons. Each recoil event adds a recoil velocity ofrB/s to the atom, and since the
resonator is pumped with a propagating field in the fiber, #tdarce has directionality. The ve-
locity distribution of the atoms will be very broad since #féect is based on radiation pressure.
Unfortunately, neither the photon-rate in the couplingffiber the intra-cavity photon number
is high enough to accelerate the atoms with sufficient visloce. 5 m/s. A power of around
1.7 pW in the coupling fiber corresponds to a photon ra®k 10° photons/s, while the inten-
sity, according to the calculated field intensity in Fig.,is/less than a quarter of the saturation
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Figure 7.20: Rabi spectra for different resonator-atom detinings. (a) With the resonator
and atom on resonanc&g., /27 = 0 MHz), the mode-splitting in the spectrum is 28 MHz.
(c, d) When the resonator is blue-detuned from the atomitsitian (Awc,/27 > 0 MHz), the
splitting increases and the maximum transmission poinwéen the splitting remains close to
the frequency of the atomic transition (vertical grey lind) The resonator is red-detuned from
the atomic transition. Experimental parameters and résonzode are identical to Fig. 7.9.

intensity of the atomic transition; the resonant scatterate scales wit/(Is.x + ), where
I = 3.1 mWicn? is the saturation intensity. We conclude that even thoughit motion
is an important issue with regard to the spectral propedies atom coupled to the resonator,
such high-velocity atoms are not the principle cause ofdhgel effects we observe.

In the next section we explore another possibility causethynatoms, but rather the intrinsic
properties of the resonator mode itself.

7.5 Light scattering effects in WGMs

7.5.1 Asymmetries in the atom-resonator interaction

The axisymmetric design of the WGM resonator means thatrimsmission spectrum of the
coupled system should be identical when probed in both thed®@@&/CCW directions. The
Jaynes-Cummings Hamiltonian, presented in Sec. 2.2.2adedon the assumption that the
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coupling strength between the atom and both travelling wasequal. This assumption has
several consequences that are inter-related. Firstlysyimenetric exchange of energy between
the atom and both travelling waves should be independenthafhamode is excited using the
coupling fiber. Secondly, the motion of the atom relativehe travelling waves should be
negligible in order to ensure this symmetry and to ignoreagyically coupling terms in the
Hamiltonian. Thirdly, the resonator mode structure is as=il to be well described in both
travelling-wave and standing-wave bases.

Our results point toward an asymmetry in the interactionwben the atom and resonator
modes. In the standing wave basis, the atom appears to clmupteh modes simultaneously
such that there is a total of two (not three) eigenmodes ctupled system exhibited through
mode-splitting in the spectrum. This seems to at leastggrtiemove the uncoupled eigen-
mode.

We consider asymmetric scatters on the surface of the resaihat have been shown very
recently to modify the mode structure of WGMs and result ima-Rlermitian scattering matrix
[124]. An atom interacting with such a system can cause nvialtinterference between the
scattered waves, and this may lead the atom to couple to lbatidisg waves. Finally, we
perform experiments exploring this effect.

7.5.2 Asymmetric WGM mode structure

Asymmetric back-reflection (i.e., unequal back-refleconplitudes in the CW and CCW di-
rections) implies the Rayleigh scattering process is me{symmetric because reversing the
process yields different field amplitudes for both WGM modehis is because the scattering
rates of both modes are not equal and one mode has highes l@gsgr # b* [124]). A very
recent theoretical study in Ref. [124] has shown that suahorthogonal modes should exist
in high-Q WGM resonators having a circular cross-section, as opptesadspiral or limagon
cross-section [125]. Central to this effect is the preseasfcevo (or many) scatterers on the
surface that each induce a different frequency shift anslfate to a respective standing mode.
As a result, a situation arises where the amplitude of easleltmg wave is unequala| # |b).
Thus, when the resonator is coupled to a nanofiber, the ardplivf the back-reflected light in
the fiber will be higher in one direction than the other, whigklearly shown in measurements
in the next section.

Very recent theoretical work on cavity QED in a WGM resonatoupled to multiple quan-
tum emitters (i.e., NV centers in nanodiamonds) has predittansmission spectra with two
resonance dips similar to what is observed in our work [1Z6E authors found that by control-
ling the relative phase between the nanodiamonds and thdiisgamodes they could ensure that
no uncoupled mode was present, which thus produced a cosydéeim with two eigenfrequen-
cies. However, when the phase deviated from this particitaation, either one or two extra
transmission dips began to appear in the transmissionrgpectue to constructive Rayleigh
scattering between the nanodiamonds. In the context of auk,veonstructive or destructive
interference of light between scatters and atomic emitteag equally well play an important
role in determining the measured spectra.

In order to investigate if asymmetric back-reflection [L24]nterference effects [126] are
present in our resonator, and also to better understangtmetries of the atom-resonator sys-
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tem, we perform experiments to systematically measurerémsinission and reflection spectra
under four different configurations for atom detection apecsroscopy.

Experimental results

Figure 7.21 (a—d) shows the spectra of the empty resonatbcaupled system when scanned
with the spectroscopy laser, and the inset figures show tliegmonding measurement configu-
rations. Similar to the measurement in Fig. 7.11, two cagplibers are used in this setup: fiber
2 in the inset is weakly coupled to the resonator and only lesuim 10% of the spectroscopy
light, and fiber 1 is critically coupled to the resonator andies out 50% of the intra-cavity
light. Fiber 1 then serves to only couple light into the reston while only weakly perturbing
it, while fiber 2 is used to efficiently collect the transmittand reflected light. Light for the
atom detection scheme is sent through fiber 1. The couplibgtbffibers is stabilized using the
scheme described in Sec. 5.2 by coupling light to the CW aixag mode using fiber 1 and
then detecting the transmitted light in fibers 1 and 2.

Empty resonator response: The empty resonator responses when pumping the CW and
CCW modes are plotted in Figs. 7.21 (a, c) (grey data). Ssingly, the reflection amplitude
of the resonator strongly changes by a factor of five depgndirthe pump direction: data in
(a/c) has a maximum reflection ef 4/ ~ 20% of the intra-cavity power, respectively. If the
resonator modes were perfectly symmetric, then the bdtdetion should be the same in both
directions. On the other hand, the theoretical work in REf4] specifically predicts asymmetric
back-reflection from the two modes because the mode ameéitack different.

An important issue to test is the possibility of excessivasés in the back-reflection mea-
surement in Fig. 7.21 (a), which could alternatively expltie measurements. Independent
measurements, where the resonator is removed from the Vibeg, performed to measure the
transmission of the optical fiber path from right-side phmotietectors to the left-side photon
detectors shown in the figure inset. These measurements gigasmission efficiency of 75%,
which is in agreement with the expected value based on thsrtrigsion efficiency of the MEMs
switch and coupling fiber, within an error of 10%. Further sugaments of the back-reflections
of other resonator modes even show the opposite behaviehigiher back-reflection in the left-
side detectors compared to the right-side detectors: dagsuned in the configuration (a/c) has
a maximum reflection of- 7/ ~ 0.4% of the intra-cavity power, respectively. Taken together,
there is a high degree of confidence in the accuracy of themasym measurements.

Coupled atom-resonator system:Further asymmetries are observed when an atom is in-
troduced to the resonator mode. Unexpectedly, the trasgmispectra measured using the
spectroscopy light is dependent on how the atom is detelftérok coupled atom is detected us-
ing light in the CW mode and then probed via the same modendlasly via the CCW mode,
the spectra show two very similar responses with a cleauéegy splitting of~ 36 MHz, see
Fig. 7.21 (a, c). This qualitative behaviour is independsrihe back-reflection from the empty
resonator. On the other hand, Figs. 7.21 (b, d) show thatittupled atom is detected using
a CW mode and probed with the CCW mode, or visa versa, bothrapealy show a single
large central peak. A closer inspection of the transmissipectra reveals that the effect of
the coupled atom is to reduce the transmission near resenamile the transmission further
away from resonance closely follows the empty resonataregal It seems that the coupligg
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Figure 7.21: Directional dependence of transmission and flection spectra. Transmission
and reflection properties of the empty resonator and cowgitad-resonator system for different
configurations of atom detection and spectroscopy. Allspéoe measured using only the spec-
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when fiber 1 is critically coupled using the CCW mode. (a, b¥tiadifferent responses are
seen depending on probing directions. Intracavity photamlver: ~ 0.2. (c, d) Reversing the
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is much smaller, which is a feature that requires furtheestigation in order to understand. In
addition, we find no time-dependent variation of the Ralgiesfa when dividing the Ls-long
spectroscopy measurement time into smaller subsets. Bonm®, the spectra produced from
the first 500 ns probing interval is qualitatively and quiatitrely similar to the spectra produced
from the second 500 ns interval.

In summary, the measurements show a strong deviation fradigtions of the Jaynes-
Cummings model for a stationary atom in which all four confagions should produce the same
response. While atomic velocity is in general importantdosider, the Rabi spectra cannot be
interpreted in terms of this effect.

Empty resonator linewidth: A closer examination of the spectra for the empty resonator i
Fig. 7.21 reveals that the mode linewidth measured in trésssam is not equal to that measured
in reflection. In transmission, the linewidth i§ + 1 MHz when pumping the CW mode and
18 & 1 MHz when pumping the CCW mode. In reflection, however, thewiidth is narrower,
being aboutl0 + 1 MHz when pumping the CW mode and + 1 MHz when pumping the
CCW mode. The large difference arises because the linewndtiisurements using reflected
or transmitted light are not equivalent. In the latter casgy a single mode is involved in the
measurement, while in reflection two modes are involved —htl@nters the first mode which
is then scattered into the second mode. Therefore, the tieflegpectrum is produced from
two cascaded modes, which reduces the linewidth by a fadter2oor less* The linewidth
narrowing of reflected light in WGMs could be advantageowsiplied to external cavity diode
lasers in order to narrow the emission spectrum (for exansgle Ref. [51]). To do this, rather
than using a diffraction grating to back-reflect a frequeselective fraction of the light into
the diode laser, the back-reflected light from a WGM couldeiad replace the function of the
grating.

7.6 Summary and outlook

This work has demonstrated the strong coupling of singlmatm high¢) modes of a whisper-
ing gallery mode resonator. Spectral measurements of th@exb system show clearly resolved
spectra exhibiting mode-splitting, which indicates cem¢ratom-light interactions in the strong
coupling regime of cavity QED. A cooperativity parametendf (k) = 11.0 > 1is estimated,
indicating that single atoms have a strong influence on tHiesiission properties [127]. This
property, combined with the intrinsically low transmissitnss of up to two coupling fibers,
provides a powerful platform to interface single atoms il optical mode of an ultra-high-
resonator in a fully optical fiber-based device.

The transit of each atom through the evanescent field of thdenesults in an absolute res-
onant transmission change of 65%, which may be further increased to 100% if the ratio of
Q-factor to mode volumé’ is further maximized. This amounts to reducing the mode melu
so that the coupling strengthis increased o« 1/+/V) while increasing@ through better
fabrication and cleaning procedures. Within the presentwan chamber setup there are two
options to clean the resonator surface of adsorbed rubiditgnother unwanted contaminants.

“In general, the resulting mode profile of two single-moderfa®érot resonators arranged in series is given by
the product of two Lorentizians.
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In principle, these contaminants can be evaporated byrgette resonator to several hundred
degrees either by sending tens of milliwatts of power throaghanofiber coupled to the res-
onator where a fraction while be absorbed, or else by illatnig the resonator through two
ZnSe viewports with light at a wavelength of around & using a CQ laser (silica is highly
absorbing a mid-IR wavelengths). Evaporation of cesiunmfia nanofiber surface has been
successfully demonstrated in another experiment in thepgro

The typical atom transit time through the evanescent fied-sus. Despite this short inter-
action time, we have developed an atom detection schemprthaties a stable and controllable
atom-resonator coupling for aroundu$, which is long enough to perform experiments. Dur-
ing this time-window, dipole forces are observed to eitlegutse or attract atoms from/to the
resonator surface depending on the detuning of the lightresohator despite a very low av-
erage intra-cavity photon number of around 0.2 photons. dijpale force between atoms and
single intra-cavity photons has previously been used fngiagle atoms in a Fabry-Pérot res-
onator [21, 22]. While atom trapping with WGM resonators hasbeen attempted so far, the
results shown here suggest that it may be possible in futusintilarly harness this force for
atom trapping experiments and thereby extend the interatitne to the millisecond timescale
as proposed in Refs. [84,128].

Results in Sec. 7.5 show a remarkable influence of the chdiaookwise or counter-
clockwise resonator modes for atom detection and specipysd he results show that an atom
detected with light propagating in the CW mode, for examplifl, have a very low coupling
strengthg when probed in the CCW mode, and visa versa. Once the atoneistele with one
travelling wave, it is not clear why a counter-propagatirayelling wave should not couple to
the atom. The observed asymmetric scattering in the bare @NC&W modes may suggest a
possible link to the asymmetric response in the coupled -atmonator system.

Finally, we note that nonlinear optical processes in themrasor itself, like surface acoustic
waves and Raman lasing, play no role in the atom-resonat@raction because the threshold
power for these processes is in the range of several micd®weatour resonator properties, see,
for example, Ref. [80].

The high-speed atom detection scheme facilitates a stadleeproducible transmission of
~ 65% for a duration of 1-1.5:s at resonance, which is long enough to implement atomic
state preparation using optical pumping, for example. Inaemadvanced setting, the state
preparation technique can be used in conjunction with twipliog fibers in order to switch light
between the fibers using the internal atomic state ratherubieg the physical presence of the
atom. As described in the next chapter, this may be used lisgeaguantum mechanical router
that coherently switches photon pulsesi photon on average) between two fibers in which the
photon path information is entangled with the strongly ded@tom-resonator router [129-131].
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CHAPTER

Summary & Outlook — Switching
Photons in a Four-Port Device

8.1 Thesis Summary

Within the framework of this thesis, a new experimental apps was developed for the in-
vestigation of the strong interaction of coltRb atoms with the modes of a whispering gallery
bottle (WGM) microresonator. Using an atomic fountain tdivée cold atoms to the evanes-
cent field of the microresonator, we have performed trarsorisand reflection spectroscopy
of the coupled atom-resonator system. The eigenmodes afyiem were explicitly revealed
through the emergence of Rabi-split resonances in thergpeith a coherent coupling strength
g/2mr =16.3 £ 1.7 MHZ > (k/2m ~ 8 — 9,7v/27 = 3) MHz.

The measurements presented in this work represent theldgst\ation of the vacuum Rabi
spectrum of single atoms resonantly coupled to a WGM resoita} = w.). Due to the avail-
ability of high-QQ modes in our bottle resonator, in conjunction with our ekpental protocol,
the Rabi spectrum can be clearly resolved in resonatornrigsion and reflection measure-
ments. Two major observations were made: (a) the transmissid reflection spectra signif-
icantly differ from the Jaynes-Cummings model prediction $ingle atoms coupled to a res-
onator with two orthogonal modes, and (b) the spectra aoagly dependent on the choice of
travelling modes used for atom detection and spectroscbine@oupled system. We anticipate
these observations to be present in other cavity QED sydtaisesd on WGM microresonators,
such as microtoroids, microdisks and microspheres [10].

Additional spectral measurements with a different resomaiode support our claim that the
Rabi spectrum consists of two eigenmodes. Unlike in therficede ¢ ~ 1) we studied in which
the intrinsic back-scattering rate was small« «), the second mode; (=~ 4) showed larger
mode-splitting by an amount 2h /27 because the back-scattering rate was highet (). Fu-
ture measurements with different modes with large axialenugmbersg, different polarization
(i.e., TE-modes), higher laser powers, and much lakgehould provide more insight into the
microscopic processes involved in WGM resonators.
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Both atomic motion and asymmetric resonator scatteringewesestigated as possible ex-
planations for these observations, and routes towardd arfdérstanding were suggested. The
influence of dipole and surface forces on the atomic trajgaetear the resonator surface was ob-
served, and simulations confirm our assertion that thesesgolay an important role affecting
g as well as the duration of the atom-light interaction. Dépfirces are evident in the asym-
metric profiles of resonances in the Rabi spectra. Aided tmlsitions of atomic trajectories,
these forces are shown to affect the atomic motion near sunator surface at distances below
~ 100 nm. At distances below 50 nm, the van der Wals potentialsttift atomic resonance to
such a degree that it becomes far-detuned from the resamstmnance and thus these atomic
trajectories play no role in the spectral measurements.nifielight is blue detuned, a short but
steep potential barrier is formed in front of the resonatofase. This effect is observed in an
experiment where atoms with a pre-defined average initialcitgy were first launched toward
the resonator and then the recorded atom detection eventscivaracterized via the detection
rate and interaction duration. In the future, it may evendssible to control these forces using
the existing FPGA feedback system in order to manipulatatbenic trajectory of the atoms at
will. However, it remains a task to examine if there are sohg to the atomic center of mass
wavefunction that permit (quasi) stable localization oiéom in a highly confined potential.

Atoms transit the evanescent field of the resonator at randtarvals over an- 85 ms-long
measurement window. Furthermore, the precise trajeatgyis characterized in terms of the
atom-surface distance, which affects the coupling streq@t(¢)), but also in terms of the dura-
tion of the interaction, which ranges anywhere from tensutadneds of nanoseconds up around
34 us. A major achievement of this thesis has been to overconse thigstacles by selecting
only coupling events where the coupling is stable. In palaic our realtime atom-detection
protocol enables the identification of only those atoms straingly couple to the resonator for
a sufficiently long duration. The detection protocol reli@scontinuous transmission measure-
ments of the coupling fiber to determine when the photon cratetexceeds a threshold due to
the coupling of an atom, i.€aphotons > NSt ~ 6 in a time windowAt = 1.2 us. The criterion
enforces the conditional selection of only those atomsdppatoach very close to the resonator
having an estimated atom-surface gap>0H0 — 100 nm. Of course, some weakly coupled
events satisfy this criterion by virtue of statistical fluations on the scale Q7 notons ~ 2.
However, these weak coupling events can be efficiently rehdnom the set of analyzed cou-
pling events by applying a second criteriop,otons > nggf around 2us after the first criterion.
Weakly coupled atoms, false detection events, and atorgtiiekly crash into the surface, do
not satisfy this condition.

Despite the very higl)-factor of WGMs, the measured back-reflection amplitudeddaok-
wise and counter-clockwise directions are not always edua] CW and CCW modes do not
back-scatter light with equal strength. This behavior edpted in a very recent theoretical in-
vestigation [124] that relied on the interference betwesaiters on the surface of the resonator,
and is likely to also apply to our experiments both with antheiiit rubidium atoms [126]. This
unexpected observation challenges conventional expatsabf high€) WGMs as dielectric
structures that back-scatter light equally in both dimwi While unequivocal confirmation of
the cause of the asymmetry is left for future work, the presesults from the bare resonator are
consistent with the model in Ref. [124].
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Finally, we verified that individual coupling events cogpead to single atoms rather than
multiple atoms. As such, a multi-atom Jaynes-Cummings tadgosed in Ref. [126] cannot
be used to explain the eigenstructure in our spectra.

The mode asymmetries due to Rayleigh scattering as welleaatdm-light asymmetries
characterized in this thesis can be expected to improve resept understanding of how parti-
cles such as atoms and biochemical molecules interact wiivMiesonators, see, for example,
experimental and theoretical work in Refs. [10, 39, 48,81184,115,123,128,132].

8.2 Future Applications: Atom-controlled optical switching

The development of technologies capable of practical,splyet highly efficient control of pho-
tons is essential to future quantum communication apjicat[32]. In a large-scale quantum
network, for example, this will require quantum informatito the transmitted using photonic
qubits to multiple nodes for storage or processing. Sewvetrdnologies have been proposed
for processing light at the single photon level using, foaraple, electromagnetically-induced
transparency (EIT) in ensembles of atoms or other quantuittezai32, 133], surface plasmons
in nanowires [134], and single atoms in cavity QED [32, 1¥{perimental work in Ref. [133]
recently demonstrated that EIT in a quasi-1-D ensembleldfiRgdberg atoms can be used to
slow down single photons which can then be transmitted arrllesl, depending on the presence
of a second (or multiple) photon(s). For other theory andegrpental work toward quantum
optical switching devices see Refs. [92,114,129,131,.136]

To move beyond simple on/off switching, a “quantum switchbsld ideally control the
propagation of photons by routing incoming photons to pialsi separate output channels,
similar to the function of a classical optical router in stard communication technology. By
contrast to a classical optical switch, fundamentally neeromena are possible with a quantum
switch wherein a photonic qubit can itself be entangled withswitch. This requires the switch
to be prepared in arbitrary superposition states using,teaghyperfine ground statés= 2 and
F = 3in ®Rb. When the atom is prepared in an arbitrary superpositidhese states using,
e.g., a suitable microwave field or adiabatic passage usirpcal light field, the light can be
routed to the two output ports labelled 2 and 3, as shown in&lg If the atom is prepared in
an equal superposition of both hyperfine states, this regukin entangled Bell state between
the atom and the routed photon on ports 2 and 3.

This switch should preserve the quantum state of an optigahkand also enable the re-
distribution of quantum information to different nodes itaeye quantum network. On the other
hand, classical optical switches cannot be prepared in atgamechanical superposition of
states, nor do they show quantum correlations. This is Isecthe states in a classical switch
strongly decohere due to coupling to the environment, amtharefore unsuited for applications
in a quantum network.

The bottle resonator is a promising technology that canesthlis problem. To date, it has
already been experimentally demonstrated to operate @ssicl optical switch and add-drop
filter using the Kerr effect at ultra-low powers [35, 37, 3&rucially, the bottle resonator has
an advantageous mode geometry that can be interfaced witkedupling fibers. The transfer
efficiency of a light field from a single fiber to the resonagieater than 0.99 in experiments
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Figure 8.1: Sketch of the quantum switch using a bottle resaator. (a) Energy level diagram
of 8°Rb showing the atomic transition resonant with the resarifiat field (F = 3 — F' = 4),
and the hyperfine ground statels & 2, 3). (b) Routing configuration when the atom is off-
resonant with the resonator. The output state)is.. = |F' = 2)|nport2 = 0, Nportz = 1) ,
wheren,q, is the number of photons at a port. (c) Routing configuratidrenvthe atom is
resonant with the resonator. The output state)}s,; = |F' = 3)|n,0).

[26, 36], while the transfer efficiency from one fiber to thea®d fiber via the resonator is
as high as 0.93 while maintaining a loaded quality factor gatible with the strong coupling
regime of cavity QED [38]. Apart from this issue, both thearsnce frequency of the resonator
and the in-coupled light power to the resonator mode can tiebcstabilized [35,101,112]. In
the next section, we demonstrate the classical switchinghofons between two optical fibers
using the interaction of individual atoms.

8.2.1 Single-atom switching in a bottle resonator

A long-term goal of the bottle resonator experiment is thaization of a quantum switch.
Several stringent requirements must be fulfilled to acha¥elly functional device, including
(a) the preparation of atomic states must be performed wificently high speed due to the
limited atom-resonator interaction time of a few microsets) (b) and the atom-light interaction
must be coherent. Another important issue relates to thenmem atom-induced transmission
change achievable when two coupling fibers are well coupl¢ide resonator. Ideally, an optical
switch is capable of transferring 100% of the light from thitit port to either of the output ports
without causing signal loss. For a quantum switch based ®adhpled atom-resonator system
studied here, the maximum transmission change is dependethie conditiorny > (k,~) as
well as the exact nature of the WGM fields in the empty and aipsonator. Here, we present
an initial step towards a quantum switch and verify that ourfport bottle resonator is capable
of efficiently switching light in a process that is mediatgdthe coupling of single atoms.

The addition of a second fiber of the resonator reduces thitygéector by the fraction
(Ke + Kez2)/ko, Whererk, (o) is the external coupling rate with fiber 1 (2), ard is the
intrinsic decay rate of the resonator mode. This ratio deitegs the transfer efficiency between
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the fibersy, which can be written in terms @p-factors as [137]

p =1 ooad (8.1)

Qo
whereQi,.q is the loaded)-factor at critical coupling, and) is the intrinsicQ-factor. There-
fore, the efficiency of the add-drop switch improves whenttefibers are strongly coupled to
the resonator. At the same time, however, the single atorperativity, g?/(x+), proportion-
ately decreases and this reduces the effect of single atortfedransmission.

To gain insight into the operation of the resonator with eogseccoupling fiber, we repeat
the spectral measurements in Chap. 7, but now with a traefffeiency increased tg = 0.56
(measured for the empty resonator). The resonator setyeiated in an add-drop configuration
similar to Fig. 8.1 (b). Unlike in earlier add-drop experimt®with a bottle resonator in Ref. [38],
the nonlinear element here is a single atom rather than thenigalinearity in silica glass. The
bus fiber is critically coupled to the mode, which is requifedthe atom detection scheme.

It is sufficient to measure the transmission on output poea®3 because the results from
Chap. 7 indicate that the back-reflection arising from tlberatesonator interaction is very small
for this mode (for example, see Fig. 7.9).

Figure 8.2 (a, b) shows the Rabi spectra measured in botlughara drop fibers demonstrat-
ing the operation of the single-atortassicalswitch. Prior to an atom coupling to the resonator,
the light flows from the bus fiber to the drop fiber with a trangfficiencyn = 0.56. The cor-
responding transmission in the bus fiber is 3% and the bdtdetion is~ 0.5%. Following the
coupling of atoms, the new frequency-shifted eigenstatdbeocoupled system mostly block
light with frequencyw; = w, = w. from entering the resonator. Consequently, the absolute
transmission in the drop fiber decreases by 42% while thdw@bsmansmission in the bus fiber
increases by almost an equal amount to 46%.

Based on the experimental parameters demonstrated in.Ejgv@ can evaluate the classical
fidelity of the switching operation on a single photon inptatts in the bus fiber. For this, we
assume that the same switching performance is possible ugieq the internal hyperfine states
of the atom rather than the physical presence or absence afdm. In this proposed scheme,
an atom in theF’ = 2 ground state is not resonant with the resonator, and thuphbton is
transmitted to port 3 of the drop fiber with the output staté’ = 2) ® |[nport2 = 0, Nportz = 1),
wherecy is a constant measuring the coupling efficiency from reswrtatdrop fiber, ando, 1)
is the state of the field in the transmission ports of the fibdese we neglect the small amount
of light in the reflection port of the drop and bus fibers. Traesbf the coupled system of atom
and field is thef¥) = (co|F = 2) ® |0,1) + ¢1|F = 3) ® [1,0)) /v/2, wherecy = +/0.56 and
1 = v/0.46. The fidelity of the system i§¥|U+)|*> = (0.56 + 0.46)/2 = 0.51, where|¥+)
is the same aBl) exceptcy = ¢; = 1. If resonator losses are excluded since only photons that
leave the resonator can be detected, the fidelity increastwf to a maximum of 0.8. These
values are already very promising and there are excell@sppcts for improving them further
by increasing the)-factor of the resonator by almost an order of magnitude to 108, as
demonstrated for a bottle resonator in Ref. [25].
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Figure 8.2: Rabi spectra of the bottle resonator optical swch. (a,b) Empty resonator (grey):
97% of the light in the critically coupled bus fiber is trarséel to the empty resonator, of
which 56% is transferred across to the drop fiber. The FWHMWidth measured in the bus
fiber transmission igd5 + 1 MHz, and is in reasonable agreement with a FWHM linewidth of
48 + 1 MHz measured in the drop fiber transmission. Atom couplingdg The bus fiber
transmission increases to an absolute value of 46%. Camdgmly, the transmission in the
drop fiber decreases to an absolute value of 14%. Experihygarameters and resonator mode
are the same as in Fig. 7.9 with2r = 18 MHz.
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APPENDIX

Electric Fields in Optical Fibers

The resonance conditions for optical modes in an optical filbe given by a transcendental
equation for the propagation constat,,,

J/n(ha) K/”(qa) ngore‘]/n(ha) o nﬂﬁber 2 _ _ 2
haJ, (ha) haKn(qa)} [ haJ, (ha) }—[ A ] (ga™) + (ha™®)]", (A1)

for HE andEH modes. The functiond,,(K,,) are the Bessel function (modified Hankel func-
tion of the second kind) of ordet, the prime inJ7, indicates differentiationt = 27/ is
the free space propagation constant of light of wavelength.... is the refractive index of the

core,n..q is the refractive index of the cladding,= |/n2 k% — nger is the radial propaga-

core

tion constant in the core, and= /n?_ k% — B3, ., is the radial propagation constant in the

cladding. Similar equations also exist foF andTM modes [56], however only the so-called
HE;; mode propagates in the optical nanofibers used in this work.

The electric field distribution for these modes in a nanofibagiven in cylindrical coordi-
nates (radialr, azimuthal:¢, axial: z) as [56, 138]

_a1Jo(2ahr) + azJ2(2ahr)

E, = 71 @ah) f1(9),
Ey = —mJO(zah;l) (;ac;f)Jz(Qahr)gl(cb) ; (A.2)
B — 2ah J1(2ah7°)f1(¢) ’

—1
aﬁﬁber J1(2a,h)
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for fields inside the fiber of radius. The fields outside the fiber are given as

2ah a1 Ky(2aqr) + asK2(2aqr)

E?“ - _th : K1(2aq) fl((b) )
h K — as K-
B, — —% a1 0(2@(]}7;)1(25(12) 2(2aqr) 71(8) (A.3)

_; 2ah_ Ki(2agr)
aﬁﬁber Kl (2GQ)
where the polarization is given by (¢) = sin(¢) and g1(¢) = cos(¢). The propagation

constantsg,e: must be solved numerically [53] before calculating the teledield distribution.
See Fig. 1.7 for a plot of the nanofiber field.

E. = fl((b)v
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APPENDIX

Trapping and Cooling Atoms

With the advent of the first demonstration of trapped andasbakutral atoms in 1985 [139,140],
and the subsequent developments since then, neutral atemsvaaccepted as an indispensable
tool in quantum optics. Their long coherence times as weheis well-defined energy structure
which exhibit narrow linewidth optical transitions maketh an ideal quantum emitter.

B.1 Magneto-optical trap

The principle of a magneto-optical trap is to cool atoms gisiear-resonant laser light in an
inhomogeneous magnetic field. Doppler cooling is achieweded-detuning the laser light
with respect to the transition frequency of a two level atoBooling is complemented by a
superimposed magnetic field gradient at the location of thmsg, and also by polarized laser
light, to create both velocity and position dependent fefoe cooling and trapping, respectively.

Scattering forces

Neutral atoms interact with light through absorption andssion processes. Laser light with
intensity I impinging on an atom with absorption cross-sectigps will exert a radiation force
given by

Ioans

Frad = - c ) (Bl)

wherec is the speed of light. This is a direct consequence of the momentum imparted on the
atoms by the photongié) and momentum conservation.

The momentum of an atom moving in a trajectory against a estprbpagating laser beam
is reduced in units ofik due to absorption as shown in Fig. B.1. Photon emission scatia

The on-resonance absorption cross-sectienis = 7wl /2 s, Wherels,, is the saturation intensity, is the
resonance frequency, aiids the atomic decay raté.;=3.89 mW cm 2 for the D, cooling transition if°Rb used
in this experiment;*S, o (F' = 3) — 5% P3»(F’ = 4), assuming isotropic polarization.
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Figure B.1: Concept of light scattering by atoms.(a) An atom with velocityv along a partic-
ular axis absorbs a counter-propagating photon having mbmehk. (b) The net momentum
and velocity is reduced. (c) Spontaneous emission of a phiata random direction thereby
reduces the atom velocity after many such cycles of absorgtind emission. Reproduced from
Ref. [88].

rateI” and is, however, directionally random. From the opticaldBlequations for a two level
atom, it can be shown that the steady state scattering fo[[@8]

" T I/ Ia
Fyo = hk—
sea 21+ I/ Iat + 4(A1,/T)2

(B.2)

where A, is the laser-atom detuningv{ — w, — Eﬁ) including the Doppler shifcs. The
saturation intensity is defined d¢ /... = 2(Q2/T")? whereQ2 = —dE/h is the Rabi frequency
which defines the interaction strength. Using this definitiee get

cegy2h?
4led|?

(B.3)

Isat =

wherel = (1/2)cegE? andé is the unit polarization vector. In the experiments witRb
atoms described here, the Rabi frequencyi8 MHz for a typical cooling beam intensity of
16 mW cn12 on the cooling transitios? S /o (F = 3) — 52 Py o (F' = 4).
In the limit of large!, a maximum force is experienced at a detunind' ¢,
F2 = hkl' /2.
At this detuning, &°Rb atom has a maximum acceleratiori dfx 10°m s~2, some ten thousand
times greater than the gravitational accelerafidihis identifies scattering forces as being a fast

and effective means of decelerating fast-moving atomg thi¢ net force countering the initial
atomic motion.

Doppler cooling & optical molasses

Using the scattering forces described above, the velotityeomal atoms having an initial value
of hundreds of meters per seconds can be reduced by ordeeggoitode. This can be achieved

2A related quantity, the atomic recoil velocity,{. = hE/m, m: mass), is 6.0 mms for the same transition
as above.
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in a 1D arrangement with two counter-propagating laser Isesightly red-detuned with respect
to the atomic transition. The total fordg, ., is just the sum of the forces from each beam

-ﬁmol:ﬁJr_'_-ﬁ*a (B4)
whereF, is defined using Eq. (B.2) as

-1 I/Isat

Fy — +hk— _ . (B.5)
21 +I/Isat +4[(wl _wa:':kg)/r]z

There is no damping force for a stationary atom as shown irpkbieof Foo in Fig. B.2 (a).

In the frame of the atom, both beams have equal detuning &dahses the contribution from
each beam to exactly cancel, see Fig. B.2 (b). The resonaegaehcy of an atom with a
positive velocity experiences a large scattering forceabse it is closer to resonance with a
counter-propagating beam due to the Doppler shift as showvi#igi. B.2 (c). A co-propagating
beam, however, is tuned further from resonance. Similanraemts also hold for atoms with
negative velocities. In the regime of low velocitidst < T, the force given in Eq. (B.4) has a
linear dependence with velocity and is writtenfas,; ~ —Bdamp?¥ 23 The damping coefficient
Bdamp IS given by the gradient of the force around zero in Fig. B)2 Tle negative sign in the
equation is due to the fact that the lasers are red-detunddhémensures that the force has a
damping effect. Hence the teroptical molassess used to describe the viscous damping effect
of the light.

The width of the distribution in Fig. B.2 (a) also sets thegarof atomic velocities over
which F,; is appreciable. The so-calleglocity capture rangés ve.p, ~ F/IZ and measures
just 5 m s! for the D, transition in®Rb. Since atoms released from the atomic source in the
vacuum chamber have a large rms velocity of at least/kgT/m = 170 m s~!, only atoms
in the low velocity wing of the Boltzmann distribution areptared.

Spontaneous emission of photons at a Fatdtimately sets the temperature limit of Doppler
cooling, which is 145.6:K in our case [121]. Each absorption and emission procestdtsdn
a momentum exchange equal to a single recoil. Furthermioieptocess is stochastic around
zero average momentum. The Doppler temperature limit iefbee

hT
Tp = — B.6
D 2]{:3 ; ( )
while the Doppler velocity limit is
hk T\ /2
v (E E) = (trectieap)'* (8.7)

The Doppler velocity is 0.17 m™s for D, transition in8°Rb. These limits are also valid for
other laser beam geometries, such as the common six-beangament used in the experiments
described later.

3Here we make the assumption that the Doppler effect is snﬁﬁlk{ T") in order to illustrate thglinear depen-
dence of force with velocity. In reality, however, Dopplemting is effective at larger Doppler shiftsf ~ T') and
polarization gradient cooling is dominant in the low vetgaiegime, c.f. Sec. B.1.
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Figure B.2: Doppler cooling in a one dimensional optical maisses.(a) Light force on an
atom with two red-detuned, counter-propagating beams shiowb,c). An atom with zero
velocity experiences no force because the net force of thebams cancels to zero. (c) An
atom with positive velocity experiences a negative forcealise the Doppler effect causes the
atom to become more resonant with the left-propagating b&#m atom preferentially absorbs
atoms in this beam, but spontaneously emits photons in @nawlitection, thereby experiencing
a velocity dependant restoring force given by Eq. (B.4). Tdree in (a) is the sum of two
Lorentzian-shaped forces centered at +I"/k. Adapted from Ref. [88].

164



Figure B.3: Polarization gradient cooling with circularly polarized light. Two counter-
propagating beams with polarizatioms or o, respectively, combine to form a linear-polarized
beam where the electric field rotates around tkexis with a period of\, where\ is the light
wavelength. Adapted from Ref. [88]

Polarization gradient cooling

So far, we have considered an idealized two-level atomantierg with a light field, but in reality
atoms have a multi-level structure. Rather than having atiegeffect on the atomic tempera-
ture, Dalibard and Cohen-Tannoudji explained [141] in 1B8® this multi-level structure can
result in sub-Doppler temperatures that were first obserrvedperiments the previous year.

As mentioned already, Doppler cooling relies on the veyedé#pendent imbalance in the
atomic absorption due to two counter-propagating beamserGiffects should also be con-
sidered, namely, the polarization gradient of the light #relrecycling of energy between the
hyperfine magnetic states;r. In the work described here, circularly polarized light iret
oo~ -configuration is used for polarization gradient cooling(®, as shown in Fig. B.3. In
this configuration, the light polarization is linear alomg fpolarization axiszaxis in the figure)
around which it rotates in a helical pattern with a period

We consider an atom moving along thexis and we introduce a rotating coordinate system
for the atom rotating with the laser polarization. The Haomilan of the atomic evolution in the
rotating frame has terms that are proportional to the atewlacity, v/, and the coupling between
the mp sub-levels. For an atom moving towards #e light, which is also red-detuned, the
positivem  sub-levels will be more highly populated than the negatiyesub-levelst Optical
pumping thus causes an imbalance in the ground state pigmsateading to an imbalance
in the radiation forces exerted by tl€" light and an imbalance in the scattering of #é
light. Small differences in the ground state populatiordyglarge damping force in the regime
kv < T [141].

In this experiment, temperatures of 5«8 are typically reached by first applying Doppler
cooling and then PGC, giving an rms velocity of around 50 mmh. sThis low velocity is
beneficial because it ensures that the atomic cloud doesreatiygexpand before traveling to
the location of the resonator: the atomic cloud expands frarnitial diameter of about 2 mm
to a final diameter of 1 cm at the resonator.

4The probability of absorbing a photon on a particular trimsiis proportional to the square of its dipole matrix
element. For example, in the considered caseﬁlﬂe/Q(F =3,mr=3) — 52P3/2(F’ =4, mp = 3) transition
is 28 times more likely to absorbe™ photon than @~ photon.

165



Magnetic confinement

Magnetic confinement of a molasses was proposed and deteisin initial works by Dalibard
and Raab in 1987, respectively. An atomic molasses in isalbt well confined, and atoms will
diffuse away from the cooling region in less than a seconde Jdiution to this problem is to
superimpose a spatially inhomogeneous magnetic field tbtekiZeeman sublevels which are
normally degenerate. This has the effect of producing aipasilependent force which, when
combined with the radiation forces, traps the atoms [99].

The concept of a MOT is explained in Fig. B.4 where the traosif’ = 0 — F/ = 1is
considered. (Note the rule#! = 0 +» ' = 0 andAF = +1). The quadrupole magnetic field
B, is zero atz = 0 and varies linearly ir, and linearly shifts then, states via the Zeeman
effect by an amount

AE ., =grupmpB; . (B.8)

\F,mF

The constanyy is the Landé factoruz is the Bohr magnetony - is the magnetic quantum
number, and a typical magnetic field gradient for alkali agasi10 G cnr!.

Two counter-propagating beams, with one hawiigpolarization and the other— polar-
ization, preferentially couple to the = +1 andmy = —1 states, respectively.An atom
displaced from the origin located at= 0, e.g. say an atom placedat> 0, will be more reso-
nant with thes— laser light and less so the™ laser light due to the selection rules in Fig. B.4 (a).
Similar to the optical molasses damping described aboeegtittmic motion will be affected by
the enhanced scattering from the light and return to the trap origin. The" light, on the
other hand, is far off-resonant when the atomic position is 0. More quantitatively, we can
re-write Eqg. (B.2) as
E I/Isat
21+ 1/t +4(6+/T)%

F\, = +hk (B.9)
where
0t =w —wq FhUE B, /h,

and whereu = (gmmpr — grmp) is the effective magnetic moment between the excited and
ground states. Similar to the case the optical molassedptbe in a MOT can be re-written
using the assumption of small Zeeman shif§g,,,z < I and small velocitieg ., v < I'[99]

Fyvot = —Bdamp? — %Z . (B.10)

The damping coefficientiq.,p iS given by the gradient of the magnetic field in the center of
the trap,(grup/h)(dB/dz). The resulting force is therefore a linear function of vépand
position. Finally, the capture range in a MOT is greater tinean optical molasses — due to the
very high damping rate of the MOT (hundreds of kilohertz) —thwic,, ~ 20 — 40 m s~ ! in
this experiment [88].

A schematic of the actual 3D implementation of a MOT is showirig. B.5. Three pairs
of counter-propagating laser beams are arranged in a rhutr#hogonal configuration. The

®It is important to note that the light polarization label$ refer to rotation about the quantization axis of the
atom.
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Figure B.4: Polarization-dependent absorption of light. (a) The transitionmpg — mpg is
dependent on the polarization of the light with transitidxs = —1, 0, +1 being allowed for
polarizationso—, 7, o, respectively. (b) A quadrupole magnetic field linearlyftshihe mag-
netic hyperfine levels so that the transition frequencyialbatvaries along the:-axis. Atoms
moving out of the trap center at= 0 preferentially absorb either— or o light depending
on their position. The atom position is thereby pushed tdwdhe trap center. For simplic-
ity, we use theF' = 0 — F’ = 1 transition but in the experiment the actual transition is
F=3—F =4.

intersection point is at the point of zero magnetic field ia tenter of a quadrupole magnetic
field created by two circular magnetic coils in anti-Helmhalonfiguration. The gradient in the
x-axis andy-axis is half the gradient in the-axis:

dB, dBy 1dB,

de ~ dy  2dz

(B.11)
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Figure B.5: Sketch of the magnetic fields and light fields in a B MOT. Current,I, flows

in two coils in anti-Helmholtz configuration and producee thagnetic field3. Three pairs
of counter-propagating beams are arranged to all be mutpalpendicular, to have circular
polarization, and are red-detuned from the atomic tramsitiThe beams in they-plane have
left-handed helicity while the beams in theaxis have right handed helicity. Reproduced from
Ref. [57].
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