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Abstract

A single quantum emitter embedded in an optical resonator provides a model system
for the interaction of light and matter. This thesis reports on experiments in which a
single Rubidium atom is coupled to a high-finesse optical cavity. For this purpose, a new
apparatus has been constructed which enables quasi-permanent trapping of single atoms.

First, we study the excitation of the atom-cavity system with short laser pulses. We
observe vacuum Rabi oscillations between the atom and the cavity field. Further, we
show how the wave packet shape and frequency spectrum of the emitted single photons
can be controlled. Our results are in excellent agreement with theory and illustrate the
fundamentals of cavity quantum electrodynamics.

In a second experiment, we introduce efficient state detection of single neutral atoms based
on cavity-enhanced fluorescence. We achieve a hyperfine-state detection fidelity of 99.4 %
within 85 us while the atom can be interrogated many hundreds times without loss from
its trap.

Further, this thesis reports on the observation of electromagnetically induced transparency
with a single atom and on the control of the optical phase of single-photon wave packets.

Kurzfassung

Ein einzelner Quantenemitter in einem optischen Resonator stellt ein Modellsystem fiir
die Untersuchung der Wechselwirkung von Licht und Materie dar. Die vorliegende Arbeit
beschreibt Experimente, in denen ein einzelnes Rubidiumatom an einen optischen Res-
onator hoher Finesse koppelt. Zu diesem Zweck wurde eine Apparatur aufgebaut, welche
die quasi-permanente Speicherung einzelner Atome erlaubt.

Zunéchst untersuchen wir die Anregung des gekoppelten Atom-Resonator-Systems mit-
tels kurzer Laserpulse. Wir beobachten Vakuum-Rabi-Oszillationen zwischen Resonator-
feld und Einzelatom. Ferner zeigen wir, wie die Wellenpaketform und das Spektrum der
emittierten Einzelphotonen kontrolliert werden konnen. Unsere Beobachtungen stimmen
exzellent mit theoretischen Vorhersagen iiberein und illustrieren grundlegende Ph&énomene
der Resonator-Quantenelektrodynamik.

Danach stellen wir eine effiziente Methode zur Zustandsdetektion einzelner Neutralatome
vor. Mittels resonatorverstarkter Fluoreszenz erreichen wir eine Hyperfeinzustandsdetek-
tion mit einer Sicherheit von 99,4 % innerhalb von 85 us. Der Hyperfeinzustand kann dabei
mehrere hundert Male ohne Atomverlust ausgelesen werden.

Desweiteren beschreibt die vorliegende Arbeit Experimente zur elektromagnetisch-induzierten
Transparenz eines Einzelatoms und zur Kontrolle der optischen Phase einzelner Photonen.
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1 Introduction

Current efforts in experimental physics aim at gaining control over fundamental quantum
systems. On the one hand, this development is driven by scientific curiosity. What had
been gedankenexperimente in the past can now be tested in real-world experiments ranging
from tests of local realism to investigations of the measurement process in quantum physics
[1,2,3,4,5,6,7]. On the other hand, the control of quantum phenomena is of increasing
importance for technological progress. Already today, quantum effects are the basis for
applications ranging from medical diagnostics [¢] to information technology [9] and time
standards [10, 11, 12]. These examples indicate that future technologies may not only need
to cope with quantum phenomena but use them as a resource. What we witness today
has therefore been termed a second quantum revolution which is marked by the control
and application of quantum effects [13].

In modern quantum physics, information has become a central concept which reaches far
beyond the traditional wave-particle duality and uncertainty relations. The potential of
quantum physics for computing or communication purposes has already been recognized
in the 1980’s [14, 15, 16, 17]. In recent years, the promises of quantum information science
have been driving forces for the progress of experimental quantum physics. A yet-to-
be-built universal quantum computer not only incorporates all capabilities of a classical
computer, but also solves certain problems more efficiently than its classical counterpart
[18, 19, 20, 21, 22]. Alternatively, well-controlled model quantum systems are proposed to

simulate problems of quantum physics [14, 23, 24, 25, 26]. Finally, quantum cryptography
can provide intrinsically secure communication [27, 28, 29]. Some of the basic experimental
requirements for exploring these vistas [30] have been summarized by diVincenzo [31].

Achieving control over fundamental quantum systems faces two conflicting requirements.
While the ”fragile” quantum objects must be isolated from the environment to avoid de-
coherence, the manipulation and measurement of the quantum system necessarily requires
interaction with the environment. A desirable controlled coupling between quantum sys-
tem and environment can be established using, for example, well-tailored electromagnetic
fields which control isolated trapped atoms. Indeed, the interaction of light with matter
is at the heart of quantum control as light can be used to prepare, manipulate, readout,
and to connect quantum systems.

In this thesis, the interaction of light and matter is controlled at the level of single atoms
and single photons. Scaling into this regime is achieved by coupling individual atoms
to the mode of a high-finesse optical cavity. In this model system of quantum optics,
the dynamics of a single atom interacting with single photon fields can be measured and
controlled. The observed physical phenomena are naturally described by cavity quantum
electrodynamics (CQED).

CQED is an active and rapidly progressing field of research. Today, its basic concepts
have spread across very different fields of physics. A central idea of CQED is that the
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radiative properties of a quantum emitter can be dramatically altered when boundary
conditions are imposed on the electromagnetic field. It has been pointed out early by
Purcell [32] that the atomic spontaneous emission rate is modified in the presence of a
resonator. Moreover, embedding an atom into a cavity affects the energy spectrum of
the system such that atom and resonator field can no longer be considered as separate
entities [33, 34]. In fact, correlations between atomic state and cavity field occur and lead
to intrinsic entanglement [35]. Likewise, a cavity can establish long-range interactions
among multiple quantum emitters coupled to its field mode [36, 37].

Pioneering experiments in CQED have been performed with Rydberg atoms coupled to

microwave cavities [38, 39, 40, 41, 12, 13] and have soon been followed by experiments
in the optical domain [14, 45, 46, 47, 48, 19, 50]. The concepts of CQED are, however,
applicable to a variety of other physical realizations, for example quantum dots embedded
in microcavities [51, 52, 53, 54] or superconducting circuits coupled to strip-line cavities

[55, 56, 57]. In the optical domain, new resonator concepts are currently emerging [58,

, 60, 61, 62] aiming at ever higher coupling strength between light and matter. Another
subject of interest is the study of back-action of the cavity field onto intracavity atoms
or the resonator itself — which can be exploited for cooling and quantum state squeezing
[63, 64, 65, 66, 67]. A fascinating perspective are distributed quantum networks of atom-
cavity systems which allow the distribution and exchange of quantum information over
large distances [0, 69].

This thesis reports on experiments in which a single Rubidium atom is coupled to a high-
finesse optical cavity. These experiments have been performed in a new CQED apparatus
which has been entirely constructed during the course of this thesis. The findings presented
here are fundamental examples of quantum optics and mark a high level of control over
single quanta of matter and light.

The new atom-cavity system is an ideal interface between single atoms and single photons.
The parameters of the cavity are chosen to provide sufficient coupling of the intracavity
field to a single atom as well as an efficient mapping of the intracavity field to the cavity
output mode. Hence, the new system is well-suited for the controlled generation of single
photons and for the readout of the intracavity field and atomic state. Moreover, quantum
networking experiments based on the emission and retrieval of single photons are within
reach.

Preparation and quasi-permanent storage of single atoms is achieved using different strate-
gies of laser cooling and trapping. Naturally, individually trapped neutral atoms present
well-defined single quantum systems and are prime candidates for quantum information
science [70, 71, 72, 73, 74, 75]. Embedding the atoms in an optical resonator boosts these
capabilities by enhancing control and connectivity.

The content of this thesis is organized as follows.

Chapter (2) introduces the essential features of the new single atom-cavity setup. The
chapter briefly describes the apparatus, the methods with which cold atoms are prepared
inside the cavity, and the detection tools for atoms and photons. The overall performance



of the new setup is characterized using the example of a single photon server based on
one atom. This example demonstrates that a quantum protocol can be efficiently run on
a single atom which is quasi-permanently trapped in the cavity.

In chapter (3), we study the excitation of the atom-cavity system by short laser pulses.
We observe vacuum Rabi oscillations between an atom and a single photon in the cavity
field. The dynamics of the coupled system and the suitability of short pulse excitation for
photon generation are analyzed in detail. We use the fast excitation scheme to generate
single photons at a high repetition rate and with a tunable wave packet shape. The
experimental results are in excellent agreement with theory and illustrate a textbook-type
example of CQED in the optical domain.

In chapter (4), we investigate schemes for internal state detection of single neutral atoms
by means of a cavity. A theoretical analysis of atomic hyperfine state detection identifies
problems associated with state readout of neutral atoms and indicates how they can be
solved in a CQED setting. We introduce a readout technique based on cavity-enhanced
fluorescence which enables the efficient detection of the atomic hyperfine state. Most im-
portant, this technique does not cause the loss of the atom upon readout and establishes
single atoms as truly stationary carriers of quantum information. The experiments on
cavity-enhanced fluorescence are complemented by an investigation of atomic state detec-
tion using differential cavity transmission. The two methods are compared and specific
advantages are discussed.

Chapter (5) briefly describes an experiment on electromagnetically induced transparency
(EIT) with a single atom. We observe the interaction of two weak light beams mediated
by a single atom. This proof-of-principle experiment opens perspectives for the controlled
generation, retrieval and storage of photons in single atom-cavity systems.

Chapter (6) reports on a study of phase-controlled single-photon wave packets. By imprint-
ing phase patterns on propagating photon wave packets we are able to control two-photon
interference. A time-resolved analysis of the experiment leads to a generalized description
of two-photon interference in which the usual Hong-Ou-Mandel effect can be modified and
even reversed.
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2 Experimental Setup

2.1 A new single atom-cavity setup

A major goal of this thesis work was the construction of a new CQED experiment in
which a single Rb atom is permanently coupled to a high-finesse optical resonator. The
new apparatus conceptually follows a prototype by S. Numann and co-workers [76, 77, 78].
Improvements in the new setup described here aim at simplification, increased reliability
and extended functionality. To this end, improved optical access, additional degrees of
control, new software and new detection schemes have been implemented. After three
years of construction, the new experiment became operational in 2008.

The parameter ranges of this experiment span many orders of magnitude - from macro-
scopic dimensions to the quantum regime (Fig. 2.1). Atoms at temperatures of only a
few puK coexist with materials at temperatures of many hundred Kelvin in the vicinity of
a few mm. The strength of optical fields ranges from 10 W continuous laser power for the
optical dipole traps to the level of single photons generated in the cavity output. The time
scales of the experiment span from atom trapping times on the order of many seconds to
monitoring the cavity output with nanosecond resolution.

a) b)

10"  atom trapping 1018 dipole trap laser

1 atom loading 101> MOT lasers

102 single atom cooling

1073 quantum protocol

cycle time 10° cavity stabilization
X
p = 105 cavity probe
0 10 photon wave-packet g
v B [10° photon server
g detection time -g_
10 resolution L1 single photon

Figure 2.1: Time and energy scales of the experiment. a) The macroscopic time scale
of the experiment is given by the trapping time of single atoms in the cavity of up to 60s. The
shortest time scale is given by the time resolution of single-photon detection (1ns). Typical cycle
times of the measurement protocol are on the order of 1 ms. b) The flux of photons along different
axes of the experiment spans 18 orders of magnitude. The dipole trap laser beam traversing the
cavity has a power of a few Watts, while simultaneously we observe single photons in the cavity
output.
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At the heart of the experimental setup is a high-finesse optical cavity (Sec. 2.3). The
cavity operates in an intermediate regime of atom-cavity coupling with (g;k;v)/27 =
(3;3;3) MHz where g denotes the coherent atom-cavity coupling rate, and (k,y) denote
the decay rates of cavity field and atomic polarization, respectively. Quasi-permanent
storage of a single 8”Rb atom inside this resonator is achieved by a combination of different
techniques for laser cooling and trapping of neutral atoms [79].

The basic operating principle of the apparatus follows a three-step process (Fig. 2.2).
First, a magneto-optical trap (MOT) provides a reservoir of cold 8TRb atoms. Second,
the atoms are loaded into a running wave dipole trap and are probabilistically transferred
into the cavity mode. Inside the cavity, single atoms are localized in a standing wave
optical dipole trap and are cooled by transversally applied laser beams. The number and
location of atoms trapped inside the cavity is determined with a high numerical aperture
CCD-camera system. As a third step, a repetitive measurement protocol is applied with
one atom permanently trapped inside the cavity mode. Information about the quantum
state of the atom-cavity system is obtained by monitoring the cavity output at the single
photon level.

The details of this setup and a first benchmark measurement in which the new apparatus
is operated as a single photon server (Sec. 2.6) are presented in the following sections.

Figure 2.2: Experimental setup. A reservoir of cold 8’Rb atoms (a) is prepared in a magneto-
optical trap. An optical dipole trap (b) guides a few atoms into the high-finesse cavity (c). There,
a single atom is quasi-permanently trapped and a repetitive measurement protocol is applied using
near resonant laser beams (d). The cavity output mode (e) is coupled to a detection setup and
monitored at the single photon level.
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2.2 Vacuum system and lasers

The vacuum system used for the experiment is similar to the design described in [76] and a
technical drawing can be found in the appendix (8.3). It consists of an octagon-shaped steel
chamber (415LN, non-magnetic) which is designed for maximum optical access. While
eight of its ten ports are used as optical windows (optical quality fused silica, AR coating
750-1100nm), two ports are occupied by electrical feedthroughs and the connection to a
pump system (Titan sublimation pump, ITon-getter pump). The system operates in the
10~ mbar regime at room temperature. The background gas pressure would limit the
lifetime of a trapped Rb atom to between 30s and 1 min (estimated). A major difference
to the original design by S. Nuimann is the mounting of the cavity holder. In the new
system, the holder can be retracted from the vacuum system by only opening two of the
small side flanges ("rear window” and electrical feedthroughs). This means that the cavity
can be exchanged more easily for repair or mirror replacement. So far, neither mechanical
instability nor additional vibration noise have been observed for the altered cavity-holder
design.

In the new experiment, the atom-cavity setup is separated from the remaining infrastruc-
ture: One separate optical table carries the vacuum chamber with cavity and essential
optics. A second optical table carries all lasers, optics and electronics. The two tables
are only coupled by optical fibers which deliver all necessary light beams to the experi-
ment. Thereby, the experiment is mechanically (vibrations) and electronically (grounding
of voltages, shielding from radio-frequency cross-talk) decoupled from the laser table. Ad-
ditionally, the optical fibers precisely define spatial modes. In combination with short
optical path lengths at the experiment, this ensures stable adjustment of the laser beams
directed onto the single atom-cavity system. A layout sketch of the experimental table is
presented in the appendix (8.4).

As light sources we use 3 diode lasers (Toptica models DL100 and DLX110) operating at
wavelengths of 780 nm and 785 nm and one high-power fiber laser at 1064 nm (IPG YLM-
1064-10). The laser light at 780 nm is frequency-shifted and intensity-controlled by several
acousto-optic modulators (AOM’s) to address each transition of the Rb D2-line. The two
diode lasers at 780 nm are locked to Rb vapour cells with the Pound-Drever-Hall technique
(linewidth 100-500kHz). The light at 785 nm is used as a reference to stabilize the cavity
length. This diode laser is locked to a frequency comb reference using a beat-lock scheme
(linewidth <100kHz). The high-power fiber laser is not frequency stabilized and delivers
a single mode (spatial and frequency) beam at a cw-power of up to 10 W which is split
and independently controlled by two electro-optic modulators (Linos EOM LMO0202 high
power, 3mm aperture, control voltage 0-600 V provided by TREK PZD700). This light is
used to create two far-detuned optical dipole traps.

In our laboratory, we have introduced a frequency comb laser system as an absolute fre-
quency standard. The frequency comb was manufactured by MenloSystems and was in-
stalled in 2009. At its core is a pulsed fiber laser with a repetition rate f,o, = 250 MHz. As
a 10 MHz reference signal for the beat note stabilization (repetition rate, carrier-envelope
offset) we use a stable hydrogen maser signal supplied by the group of Prof. Hansch. Ad-
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ditionally installed modules amplify and frequency-double the optical output spectrum for
use in the spectral ranges 775 to 795 nm and 1000 to 2000 nm. The comb delivers approx.
100mW of optical power in the spectral range 760 to 800 nm. This output is coupled into
an optical fiber network which supplies the laboratories of our group. Typically 10 mW of
optical power are delivered to each laboratory. More information on the frequency comb
system can be found in the appendix (8.5).

2.3 Cavity

At the heart of the experimental setup is a high-finesse optical cavity. The cavity param-
eters have been chosen to achieve an intermediate regime of atom-cavity coupling and a
highly directional optical output.

The cavity consists of two fused silica conic substrates with high-reflectivity dielectric
coatings on their top faces (coating: REO, Boulder, USA). The total round trip losses of
the cavity (113 ppm) are dominated by the transmission of one of the mirrors (101 ppm).
Therefore, photons present inside the cavity are mapped to the well-defined output mode
through this outcoupling mirror with 89 % probability. The mirror distance of d=495 um
is chosen small enough for a sufficient atom-cavity coupling g, but large enough to accomo-
date traversing laser beams (diameters approx. 200 ym). The measured cavity parameters
for light at wavelength 780 nm are summarized in the following table. The measured cavity
linewidths at 785 nm and 795 nm agree with the value at 780 nm and we therefore assume
all other parameters are identical as well.

mirror transmission | 77 = (2 £ 0.5) ppm, 7> = (101 £ 2) ppm
mirror distance | d = (495 £+ 2) pm
mirror curvature | » = 50 mm
mode waist | w = 29.6 um (1/e? intensity radius)
mode Rayleigh length | zpr = 3.5 mm
dissipative loss | L = (10 = 1) ppm
total round-trip loss | L = (113 £ 2) ppm
cavity finesse | F = 56 000 (TEMqo)
free spectral range | F'SR = 303 GHz
cavity decay rate | k/2m = (2.8 £ 0.1) MHz
cavity decay time | 7 = 26 ns (1/e intensity decay)
power enhancement | 1 = 630 (circulating/impinging power)
maximum transmission | Tiq, = 6 %
output directionality | 7our = 89 %

Mechanically, the cavity mirrors are mounted into the cavity holder in a stack of mirror
holders, ceramic spacers and a piezo-electric element (”piezo”). The mirror holders clamp
the mirror substrates with even pressure around the circumference to avoid unidirectional
mechanical stress and concomitant optical birefringence. The cavity has been tested after
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bake-out in the vacuum system and no birefringence was found. The piezo is of cylindrical
shape and has 8 drilled holes of diameters between 1.5 mm and 7mm which allow for
optical access perpendicular to the cavity mode. The inner and outer surface of the piezo
are metal-coated and constitute the electrical contacts.

Precise tuning of the cavity frequency is achieved by applying control voltages of 0-150 V
with sub-mV precision to the piezo. The control voltages are derived from an active feed-
back loop which stabilizes the cavity frequency to better than +0.5 MHz, corresponding to
an uncertainty in the absolute cavity length of approx. 1pm. The cavity stabilization is
based on the Pound-Drever-Hall technique. A phase-modulated laser beam at wavelength
785 nm (modulation frequency 20 MHz) serves as a reference and is detected in transmis-
sion. This was found to improve the signal-to-noise ratio compared to a lock based on the
signal reflected by the cavity. The reference light is allowed to have arbitrary polarization
and is separated from light at 780 nm after the cavity by a dichroic mirror.

The coherent atom-cavity coupling rate g is determined by the atomic transition strength
(dipole matrix element fi4.) and the cavity mode volume V. It is further spatially modu-
lated by the standing wave structure of cavity field ¥.(r).

9(x) = wel0) 5o e (2.1)

The effective atom-cavity coupling depends on the atomic position via 1.(r) and on the
internal atomic state and the polarization of the cavity field mode via ji4.. Thus, certain
averaging strategies must be applied to account for atomic motion or undefined light
polarization (appendix 8.1). For the strongest dipole transition |F = 2,mp = 2) < |[F' =
3,mlp = 3) and an atom localized at a cavity field maximum, the coupling is as large as
Imaz/2m = 7.9MHz. Combined spatial and polarization averaging reduce the effective
coupling to g ~ 3MHz on the transition F' = 2 < F’ = 3. Indeed, we have observed
in several experiments that the measured effective g is typically 40 % of the theoretical
maximum of g for a given atomic transition (see appendix 8.1 for details).

2.4 Trapping and transporting atoms

The single Rb atoms which are eventually transported to and stored in the cavity are
taken from a larger ensemble of cold atoms provided by a magneto-optical trap (MOT). A
MOT combines radiation pressure and position-dependent atomic Zeeman shifts to achieve
phase space reduction of atomic motion in the momentum and spatial domain [79]. For the
described experimental setup, a new geometry has been invented which further simplifies
existing mirror-MOT schemes. The new scheme reduces the number of laser beams, the
necessary optical power and the number of optical elements (see appendix). This MOT
typically operates with a total optical power of 2mW for the cooling laser while the number
of atoms in the MOT is efficiently controlled by varying the power of the repump laser
between 0 and 100 uW. As a source of Rb atoms we use an ohmically heated dispenser
ca. 1cm away from the location of the MOT. The steady state temperature of atoms in
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Figure 2.3: Transport of atoms and cavity loading regimes. a) Atom density in the
transport dipole trap at the location of the MOT (red data points) is deduced from absorption
images taken with a certain time delay after atoms have been released from the MOT into the
dipole trap. The atoms perform oscillations (period T' &~ 0.3s) in the transport trap potential.
After two oscillations the atomic density distribution is nearly constant due to the anharmonicity
of the trap potential. This establishes two regimes for atom transport into the cavity: 1) Atoms
perform half an oscillation and are immediately stored in the cavity. 2) The cavity is supplied with
a constant flux of atoms. b) Atom density in the cavity mode as measured by cavity transmission.
The transmission of cavity probe light (red solid line) is reduced due to the arrival of atoms in
the cavity. The empty cavity transmission (red dashed line) is given as a reference. Maxima of
atomic density at the cavity mode correspond to minima of the atomic density at the position of
the MOT. ¢) Calculated transport trap potential with a minimum at the focus of the trap laser
beam between MOT and cavity region.

the MOT is < 100 uK. The typical atom number in the MOT is chosen to be only a few
thousand Rb atoms.

Two optical dipole traps provide conservative potentials in which Rb atoms are transported
and trapped. Optical dipole traps are based on the AC Stark effect arising in intense light
fields. We use a single-mode fiber laser delivering up to 10 W cw-power at a wavelength
of 1064nm. The light is far red-detuned from the Rubidium D1 and D2 lines (795 and
780nm) and thus generates optical potentials in which Rb atoms are attracted to regions
of highest intensity [$0]. The resonant excitation rates due to trap light are negligible.

Atoms are transported from the MOT to the location of the cavity by a shallow running
wave dipole trap ("transport trap”). The transfer efficiency from the MOT into this trap
is typically 50 %, limited by atom temperature and by spatial overlap. The focus of the
transport trap lies in between MOT position and cavity. Atoms released from the MOT
are accelerated towards this focus and reach the turning point of motion approximately
at the cavity location (13mm distance from the MOT). At this point, the atoms are
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tranferred into a second dipole trap (”storage trap”) which has a tight focus at the cavity
location. It is retro-reflected by a piezo-tiltable mirror creating a periodic standing wave
potential. The properties of transport and storage trap are summarized in the following
table (calculations based on [30]).

transport trap | storage trap
Focus size (1/e? radius) | 45 ym 16 um
Rayleigh length 6 mm 0.7 mm
Trap depth at focus 48 uK/W 1.5 mK/W
D2-line Stark shift 1.6 MHz/W 52 MHz/W
Typical input power 4W 2.5W

The motion of atoms in the anharmonic potential of the transport trap has been numer-
ically and experimentally studied. We identify two regimes for loading atoms into the
cavity (Fig. 2.3). In the first and most often used regime, the atoms are released from
the MOT, drift to the cavity region, and are immediately localized in the storage trap.
In the second regime, the storage trap is not used and the atoms perform oscillations in
the transport trap (Fig. 2.3). However, the anharmonicity of the trap potential leads
to dispersion. After a few hundred milliseconds, a stable density distribution of atoms is
established across the whole transport trap. In this regime, the cavity is supplied with a
constant flux of slow atoms. Despite its probabilistic nature, operation in this regime has
several advantages. As the maximum AC-Stark shifts are small (A; < 6 MHz), the atomic
level structure is only minimally disturbed. Also, when permanent trapping of atoms
is abandoned, arbitrarily high magnetic fields and arbitrary cavity and laser frequencies
can be used. Further, the slow overall atom loss in this regime can be compensated by
intermittent use of the MOT while the transport trap remains permanently present.

In addition to the dipole traps at 1064 nm, the cavity reference light at 785 nm provides
a standing-wave potential which is oriented along the cavity axis. The trap depth for Rb
ground state atoms is approximately 3 pK per 1 uW of linearly polarized light impinging
on the cavity. This value holds for perfect mode-overlap (spatial and frequency) of the
cavity input coupling. The value includes power-built up inside the cavity (4x630 at a
field antinode) and the combined ground state level shifts due to coupling to the Rb D2
transition (780 nm, red-detuned) and D1 transition (795nm, blue-detuned). In practice,
the spatial input mode-matching is on the order of 50%. For typical stabilization light
powers of 20 uW, we find an intracavity dipole trap depth of 30 uK. The exact frequency
of the cavity reference light is chosen to be an even number (N=8) of free spectral ranges
detuned from the cavity mode at 780 nm. As a consequence, the cavity field at 780 nm and
the dipole potential at 785 nm wavelength exhibit a spatial beat pattern with a periodicity
of 50 um. The anti-nodes of the two fields overlap at the geometric center of the cavity
(see appendix for an image). Atoms trapped in the 785nm trap in these anti-nodes
should therefore optimally couple to the resonant cavity mode at 780 nm. However, an
enhancement of the atom-cavity coupling due to atomic confinement in this intracavity
trap has not been convincingly demonstrated in our experiment.
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2.5 Single atom imaging and single photon detection

A CCD-camera system with a high numerical aperture objective images the fluorescence
of atoms during optical cooling inside the cavity. The objective has a numerical aperture
of NA = 0.4 and a spatial resolution of 1.3 um in the object plane. With a total mag-
nification of M = 29, one pixel in the image plane (CCD-camera chip, actual pixel size
16x16 pm) corresponds to 0.55 ym in the object plane (all values confirmed by calibration
measurements). The objective is homebuilt and follows the design described in [21], but
it deviates in the use of the final focussing lens (see appendix) and the mechanical mount-
ing. The objective is mechanically disconnected from the camera and the vacuum system.
It can be independently translated along all three spatial axes with pum-precision. The
mechanics of mounting is reduced to a minimum in weight and size while the overall sta-
bility remains excellent. The CCD-camera chip (AndorIXON DU897) is Peltier-cooled to
170 K and optimized for high quantum efficiency (specified 90 %, back-illuminated design).
Low intrinsic noise and near-perfect stray light shielding enable high-contrast fluorescence
imaging of single trapped atoms within 100 ms exposure time. The typical exposure time
during a measurement protocol with intermittent cooling is 400 ms. Single-shot raw images
are evaluated in real-time to determine the number and location of atoms loaded in the
cavity TEMgo mode profile. Based on this evaluation, a software trigger can either start a
new loading attempt or the repetitive measurement protocol. However, we can not resolve
single anti-nodes of the dipole trap potential or the cavity mode. In future experiments,
advanced algorithms for image evaluation may be used to achieve single site resolution
beyond the standard resolution limit of the objective [$2]. A detailed technical sketch
of the single atom imaging system is given in the appendix (8.2). A sample fluorescence
image of a single atom is shown in figure (2.4a).

Alternatively, the atom-cavity system can be probed via the cavity output at the level
of single photons and with high temporal resolution. A single photon present inside the
cavity is emitted through the outcoupling mirror with a probability of 89 % (Sec. 2.3)
and is detected with a total efficiency above 30 %. After the cavity output mirror and just
outside the vacuum system, the cavity output mode is collimated and after free propagation
for less than 1m it is coupled into a single-mode optical fiber with up to 90 % efficiency.
Along the free propagation path, the stabilization light at 785 nm is separated from light
at 780 nm with three filters (Semrock Laserline, specified transmission at 780 nm: 99.9 %,
at 785 nm: 107°). With these filters, the measured total transmission of 785nm light is
less than 10711, the total transmission at 780 nm is better than 95 %. Finally, the optical
fiber delivers light at 780 nm to a single photon counting module (SPCM, Perkin Elmer
AQR-16 avalanche photodiodes). The SPCM has an intrinsic electronic dark count rate of
25 Hz. The total ”dark count rate” of the detector is typically 50 Hz including an additional
25 Hz stray light count rate. This background signal is extremely low and requires light-
tight housing of the detection path from the fiber input coupler to the detector — even
the optical fiber itself must be covered. The quantum efficiency of the AQR-16 model is
50 % (measured) in accordance with the technical specifications (50 to 60 %). The total
scattering and absorption losses along the whole detection path (10 optical elements)
amount to approximately 10 %. Taken together, the measured total detection efficiency
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Figure 2.4: Observation and storage of single atoms. a) Typical CCD-camera image of
a single trapped atom (exposure time 400 ms, raw data). The size of the fluorescence spot of the
atom (2x6 pixels) is due to the resolution of the objective (2 pixels correspond to 1.1 pm) and
finite atomic temperature. Along the dipole trap axis, the atom is confined to less than half a
wavelength of light (< 500 nm, horizontal axis in the image). Along the radial direction of the
standing wave trap, the spatial confinement is weaker and the finite atomic temperature results
in a atomic position spread within an anti-node of the dipole trap (6 pixels correspond to 3.3 pum
and temperatures below 100 uK, vertical axis in the image). b) The coupling of the atom to the
cavity mode is signalled by emission of cooling light into the cavity output. Shown is a single
atom trace with a trapping time of 65s. ¢) The probability distribution of observed atom trapping
times (permanent optical cooling) is well described by an exponential decay with time constant
T=24+£05s.

is 34 + 3 %. This number refers to the probability to obtain a detector click for a single
photon present inside the cavity. The electronic output pulses of the SPCM are recorded
by a counter card (FastComTec P7888) with a time-resolution of 2ns in four separate
channels (1ns resolution when only two channels are used). For Hanbury Brown-Twiss
and for two-photon interference measurements, the single mode fiber in the detection path
is replaced by one or more single mode fiber beam splitters coupled to up to four SPCM’s.
The fiber beam splitters exhibit near perfect mode overlap and power splitting ratio. The
observed visibility of interference fringes is better than 99 % for coherent probe light.

2.6 Performance of the new atom-cavity system

The apparatus described in this thesis became operational in 2008 and has worked reliably
since. In this section, the standard performance of the system is briefly characterized using
the example of a single photon server [33].

A first important result of the new setup is the observation of efficient trapping and cooling
of single atoms outside the previously studied cavity-cooling regime [75]. The new regime
explored here is characterized by frequencies of the cooling laser which are red-detuned
by A =1...10+ with respect to the unperturbed atomic 5281/2 F=2to 52P3/2 F=3
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transition. Atomic cooling is observed to work well for all cavity frequencies which are
at least one v blue-detuned of the cooling laser. This suggests that the dominant cooling
mechanism is independent of the cavity, i.e. Doppler and Sisyphus-like cooling [31]. As a
consequence, we obtain the cavity frequency as a quasi-free experimental parameter. As a
standard parameter set, the cooling beam (45° axis, retro-reflected, lin_Llin, power 2 uW)
is set to a frequency 10 MHz red-detuned of the unperturbed F' = 2 to F’ = 3 transition.
Along the same beam axis, we apply a repump laser (power 0.5 yW) resonant with the
unperturbed atomic F' = 1 to F’ = 2 transition. The dipole traps operate at powers of
4'W (transport trap) and 2.5 W (storage trap, measured Stark shift 100 to 120 MHz). The
presence of atoms in the cavity is monitored with the CCD-camera and by emission of
cooling light into the cavity output mode. A typical cavity emission trace is shown in
figure (2.4). An evaluation of the trapping times of individual atoms yields a 1/e lifetime
of 24 s for continuous optical cooling.

A complete atom loading cycle, including MOT (0.2s), transport (0.2s) and real-time
evaluation (0.7 s) of atom location in the cavity takes about 1s. The ratio between useful
measurement time and total experimental run time is termed duty cycle of the experiment.
For long trapping times (> 5s), the duty cycle is governed mainly by the repetitive
measurement protocol itself. However, taking into account failed attempts of probabilistic
atom loading reduces the duty cycle which can partly be compensated by quick reloading
after failure.

From the camera images we can not only count atoms, but also estimate their temperature.
In our setup, a trapped single atom typically creates a fluorescence spot of 2 x 6 pixels.
The small extension along the axis of strong atomic confinement in the standing wave
trap is dominated by the resolution of the objective. The fluorescence spot extension
along the long axis stems from the spread of atomic position transverse to the dipole trap
axis. Compared with a single well of the optical dipole potential, this is consistent with
an average atomic temperature of T' < 100uK.

As an example, we have implemented a protocol for the generation of single photons with a
vacuum STIRAP process [0, 83]. A beautiful second-order correlation function recorded
with only one atom is shown in figure (2.5). In these first trials, the photon production
efficiency was 20 % for a photon wave packet duration of 300 ns. By the time of writing
this thesis, photon production efficiencies of up to 60 % have been measured at photon
durations of 2 us.

Measuring a photon correlation function with only one atom (Fig. 2.5) nicely summarizes
the capabilities of the new setup: A single atom is quasi-permanently stored in the cavity,
its presence and location are verified in real-time. We can further run a repetitive quantum
protocol on this atom and efficiently measure the cavity output at the single photon level.
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Figure 2.5: Performance of the new CQED apparatus. a) Overview of an experimental
sequence consisting of preparation of a cold ensemble of Rb atoms in the MOT, transport of atoms
to the cavity region, fluorescence image analysis of the number and location of atoms in the cavity
mode. If exactly one atom is present in the cavity, the actual quantum protocol is applied with high
repetition rate. b) In the quantum protocol applied here, single photons are generated in a Raman
process with a single atom coupled to the cavity. The A-level scheme is comprised of a driving
laser field connecting the atomic hyperfine states F=2 and F’=1 and of the cavity mode resonant
with the atomic F=1 to F’=1 transition. ¢) The emitted stream of photons is detected in the
cavity ouput mode. Shown is a 10s emission trace of a single atom causing a single photon count
rate of more than 2kHz at the detectors. d) The emission trace given in ¢) has been evaluated for
detection event correlations in a Hanbury Brown-Twiss setup and photon antibunching is observed.
The high total number of correlations obtained within 10s demonstrates the efficient generation
and detection of photons using just one atom.
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3 Short pulse excitation of a single atom-cavity
system

In this chapter, we investigate the excitation of a single atom coupled to an optical cavity
by means of short laser pulses. The observed dynamics present a fundamental example
of cavity quantum electrodynamics in the optical domain. The emitted single photons
exhibit distinct wave packet shapes and are in a superposition of two tunable frequencies.
We investigate possible control parameters and the efficiency of this photon generation
process.

After a brief introduction of pulsed atomic excitation in free space (section 3.1), we theo-
retically describe the dynamics of the coupled atom-cavity system (section 3.2) and ana-
lyze the photon emission process (section 3.3). We then present the experimental results
(section 3.4), followed by a discussion (section 3.5).

The content of this chapter has partially been published in:

”Fast Excitation and Photon Emission of a Single-Atom-Cavity System”,

J. Bochmann, M. Miicke, G. Langfahl-Klabes, C. Erbel, B. Weber, H. P. Specht, D. L.
Moehring, and G. Rempe, Physical Review Letters 101, 223601 (2008).

3.1 Single photons from an atom in free space

We introduce the basic nomenclature by considering the case of a single two-level atom in
free space excited by a near resonant continuous wave laser beam. The light emitted by
the atom exhibits photon-antibunching which is characterized by an intensity correlation
function ¢ (7 = 0) = 0. Under the influence of the driving laser field the atomic pop-
ulation performs coherent Rabi oscillations between the ground state |g) and the excited
state |e) at a Rabi frequency Qr. The coherent oscillation is randomly interrupted by
spontaneous decay from |e) to |g) accompanied by the emission of a single photon. The
probability of spontaneous emission events is proportional to the excited state decay rate
I' = 2v. When averaging over many emission events one obtains a characteristic g(2) (1)
function (Fig. 3.1). We find antibunching at 7 = 0 because detection of a photon at 7 =0
projects the atom into |g). Thus the probability of a second photon emission at 7 = 0
vanishes. In the transient regime (0 < 7 < 5/T"), oscillations at the Rabi frequency Qg
appear and fade to uncorrelated emission for 7 >> I'. We conclude that in the case of con-
tinuous excitation, antibunching only occurs on time scales much shorter than the inverse
Rabi frequency.

For a useful single photon source, however, one requires to find no more than one photon
in any given macroscopic time interval of length 7" such that ¢ (0<7<T)=0. The
interval [0, 7] constitutes a single photon pulse if it contains exactly one excitation of the

17



18 Short pulse excitation of a single atom-cavity system

a) b) c)
2.0F 15[ 10
0.8
© 15} © 10! %0.6
a 1.0¢ ) =
e o o5l o 04
05¢ : 0.2
0 k& (o " T O I A B 0
0 2 4 6 8 10 0 2 4 6 8 10 0 1 2 3 4 5 6
T (1/T) T (1/frep) t (1/T)

Figure 3.1: Photon emission of a single atom in free space. a) The atom is continuously
driven by a coherent field. Rabi oscillations of the atomic population lead to modulations of
intensity correlation function ¢ (7) of the emitted light. b) The atom is excited by short laser
pulses. The expected intensity correlation function g(2)(T) shows discrete peaks at a distance
given by the pulse repetition rate fre,. ¢) Wave packet shape (exponential decay) of single photons
emitted after short pulse excitation.

electromagnetic field. Such single photon pulses can be generated by exciting a single
atom with a laser pulse of duration 7, much shorter than the spontaneous decay time 1/T".
After the excitation, the atom is subject to spontaneous decay. It will emit a single photon
with a temporal probability distribution pppe(t) =T e Tt which is equivalent to the wave
packet shape of the photon (Fig. 3.1). For example, upon excitation of the atom at ¢t = 0
a photon is emitted in the time interval ¢t = [0;5/T"] with 99.3% probability and no photon
emission occurs with a probability of 0.7%. For the Rb D2-transition (I' = 27 6 MHz,
1/T" = 26.2ns) this yields 7' = 131 ns and a maximum repetition rate of the excitation
pulses frep = 7.6 MHz.

The probability py,(7,) to generate more than one photon from one excitation pulse of du-
ration 7, is bounded by the probability of spontaneous atomic decay during the excitation
pulse. This would allow a second sequential excitation of the atom and a second photon
emission event. For infinite excitation pulse power the bound p,, is given by:

Pm(mp) <1 — e Lo, (3.1)

Any higher order multiple photon emission events are included in this bound. For the
87Rb D2-line and a pulse duration of 7, = 1ns we obtain p,, = 3.7%.

All in all, the generation of single photons by short pulse excitation in free space has
proven as a versatile method in a multitude of physical systems such as neutral atoms,

ions, quantum dots, NV-centers in diamond and molecules [36, 87, 88, 89, 90]. Exploiting
the multi-level structure of atoms, short pulse excitation can be extended to generate
entanglement between the internal atomic state and the emitted photon [36]. The scheme

offers high repetition rates and its conceptual simplicity facilitates implementation.

A severe drawback of short pulse excitation in free space is its low photon collection effi-
ciency. The photon generation process is mediated by spontaneous emission which occurs
in random directions. Only a small fraction of all emitted photons can be coupled into a
single spatial mode which may eventually be used for an experiment. Typical single photon
retrieval efficiencies are on the order of 1 %. Further research towards the entanglement of



3.2 Dynamics of the atom-cavity system 19

remote atoms and the demonstration of quantum repeaters in single-atom single-photon
networks would benefit if the advantages of short pulse excitation could be combined with
controlled emission schemes as provided by cavity quantum electrodynamics.

3.2 Dynamics of the atom-cavity system

In this section, we analyze the evolution of a coupled atom-cavity system after short pulse
excitation. This provides the basis for the description of the photon emission process,
which is the subject of section (3.3).

Similar to the excitation of an atom in free space, a short laser pulse can transfer an
intracavity atom to the excited state |e). However, the state |e,n = 0), where n is the
intracavity photon number, is not an eigenstate of the coupled atom-cavity system. In
the following, we restrict ourselves to the case of exactly one excitation in the system.
The evolution of the coupled atom-cavity system is determined by the Jaynes-Cummings
Hamiltonian

H=H,+ H.+ Hg. (3.2)
Here, H, = hwego o is the Hamiltonian of a two-level atom with transition frequency
weg using the convention ot = |e) (9| and o = |g) (¢|]. The energy of the cavity mode

at frequency w, is given by H. = hwc(aTa) using the bosonic annihilation and creation
operators a and af. The atom-cavity coupling Hamiltonian H,. = hg(a'o 4+ oFa) scales
with the atom-cavity coupling constant g. Here, we have implicitly assumed the rotating
wave and dipole approximation. When allowing an atom-cavity detuning A, = wey —
We K (Weg,we) we find for the eigenenergies of the coupled system:

Ase R

4+ =\/4g2 + A2 .
5 T o Vit + AL (3.3)

These eigenvalues correspond to the first excited state doublet of the Jaynes-Cummings
model with the eigenvectors (dressed states):

EFi=hv.+h

|+) = cosfle,0) +sinf|g,1)
|-) = sinfle,0) —cosf|g,1). (3.4)

The mixing angle 6 is defined as

tanf =

21 (35)
Ao + /492 + A2, '
It corresponds to a basis rotation in Hilbert-space {le,0) , |g,1)} & {|+),|—)} and quan-
tifies the mixing of the bare states caused by the atom-cavity coupling.

We can express the time evolution of the system again in the uncoupled basis using equa-
tions (3.4). For the resonant case A,. = 0 and starting in |e, 0), this leads to a full-
amplitude vacuum Rabi oscillation of the bare-state amplitudes at frequency g (while the
vacuum Rabi frequency is defined as Q¢ = 2g):

|W(t)) = cos(gt) |e,0) —isin(gt)|g,1). (3.6)
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This evolution constitutes a coherent exchange of one energy quantum between the atom
and the cavity field. These vacuum Rabi oscillations have been studied in some detail in
microwave CQED experiments [91]. The phenomenon contains rich physics both from a
basic CQED and a quantum information perspective [35]. For example, the dressed states
exhibit entanglement between atom and field.

In any real experiment, the coherent evolution considered above is accompanied by dissi-
pation. The two dissipation channels present in our system are atomic polarization decay
quantified by a rate v and damping of the intracavity field quantified by a rate x. The
spontaneous atomic decay rate v is in good approximation unaffected by the presence of
the cavity because the cavity mode covers only a negligible part of the solid angle.

The description of dissipation in open quantum systems requires considerable effort. One
possibility is to derive a master equation which describes the time evolution of the system’s
density matrix under inclusion of the coupling to the environment. Detailed descriptions
can be found in [76, 92, 93, 94, 95]. However, the correct solutions for the evolution
of the atom-cavity system coincide with a phenomenological treatment of decay when
the environmental bath is large and has negligible back-action on the system. Assuming
time-independent coupling and decay constants, the time-evolution ¢;(t) of the bare state
populations

(1)) = ce(t) [e,0) + ¢4(t) [9,1) + co(t) |9, 0) (3.7)

is given by a system of differential equations of the form:

. . .Aac
Ce = igeg —i——Ce = 7Ce
A
Cg = 1igce+ i%cg — KCg . (3.8)

An analysis of limiting cases gives insight into the physical processes at play. In the limit
of strong atom-cavity coupling (g > (k,7)), the amplitudes c. , oscillate at frequency
2g as expected from the dissipation-free Jaynes-Cummings model. However, in the bad
cavity regime (k > (7, g)) the oscillations are strongly suppressed. In fact, for a resonant
"bad” cavity (Aac = 0), the atomic excited state population decays exponentially at a
rate 29/ = 2y + 2¢2/k which is a manifestation of the Purcell effect. Another limiting
case is defined by large atom-cavity detuning A, > (g, k,y) where the mixing angle 6 is
small. Here, the system evolves with a high-frequency low-amplitude oscillation close to
the uncoupled states of atom and cavity.

The exact solutions of equations (3.8) for different parameter sets are given in figure (3.2).
The different temporal evolutions illustrate the influence of (g, , 7, Aac) on the dynamics
of an atom-cavity system which is initialized in state |e,0) by a short pulse.
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Figure 3.2: Time evolution of bare state populations for different parameter sets.
The probabilities |cy(t)]* (red solid line) and |c.(t)|* (blue solid line) are shown for a system
initialized in ¢.(0) = 1 and ¢,(0) = 0. The exponential decay of atomic excitation in free space is
given as a reference (dashed line). a) Intermediate coupling regime, resonant case: The coherent
oscillations are damped by cavity and atomic decay. Parameters: (g, k,7, Aac)/27=(3.0, 2.8, 3.0,
0) MHz. b) Strong coupling regime, resonant case: Vacuum Rabi oscillations are well resolved
and exhibit a conversion of atomic excitation into a cavity photon and vice versa. Parameters:
(g9, K,7, Aac)/27=(10.0, 2.8, 3.0, 0) MHz. c) Strong coupling regime, detuned case: The atom-
cavity detuning increases the generalized vacuum Rabi frequency and decreases the mixing angle
of the bare states. Parameters: (g, s,, Aac)/2m=(10.0, 2.8, 3.0, 40) MHz.

3.3 Single photons from a coupled atom-cavity system

The evolution of the atom-cavity system as described in the previous section governs the
photon emission from the cavity. In this section, we first derive the properties of the
emitted single photons and then investigate the efficiency of photon generation.

The excitation of the cavity mode is mapped to the cavity output via |g, 1) ® [n = 0),_,, 5
l9,0) ® [n=1),,,- Therefore, the photon inherits its properties from the atom-cavity
dynamics. The temporal wave packet shape of the single photon in the cavity output
]\I'phot(t)\Q is equivalent to the probability density to emit a photon at time t:

t+dt 9
/ (W phor () 8 = 26|y () . (3.9)
t

Typical wave packet shapes of the emitted single photon are shown in figure (3.3). The
modulations of the envelope reflect the evolution of c4(t). Alternatively, the emission
process can be interpreted as a quantum beat of the two normal-modes of the atom-cavity
system. The frequency components of the single photon correspond to the energies of the
first excited doublet of the dressed states. The relative phase of the frequency components
is set by the initialization in state |e, 0).

In the remainder of this section, we analyze the efficiency with which single photons are
created with the short pulse scheme. We define the photon generation efficiency ppno; as
the probability to retrieve a single photon in the cavity output mode after the atom-cavity
system has been initialized in |e,0). We calculate:

20 [ leg(1) dt

— - : (3.10)
25 [ g (t)|* dt + 27 [3° |ce(t) [ dt

Pphot =
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Figure 3.3: Photon shape and spectrum. a) Calculated wave packet shape of
the emitted single photon for parameters (g, k,7, Aae)/27=(3,3,3,0) MHz (red curve) and for
(9, k,7, Aac)/2m=(50, 3,3,0) MHz (blue curve). The amplitudes of the wave packets are indepen-
dently normalized. b) Frequency spectrum of the photons of a). The two frequency components
of each spectrum correspond to the dressed state energies of the coupled atom-cavity system. The
normal-mode splitting is clearly visible for large g. The frequency axis is offset by the eigenfre-
quency of the uncoupled atom and cavity vy = ve = Veg.

This equation can be solved based on the known time evolution of ¢, and ¢4. In figure (3.4),
the efficiency ppnos is plotted as a function of atom-cavity detuning A, and for different
parameter sets (g; k;7y) close to our experiment. In general, we find that the efficiency is
highest for small detunings A, and large coupling g.

In order to obtain analytic expressions for ppn., we now consider limiting cases of equation
(3.10). When the coherent oscillation between |e,0) and |g,1) is much faster than the
incoherent decay, the average population of the bare states is determined by the mixing
angle @ (Eq. 3.5) such that |c.(t)|* = 1—2sin® @ cos® § and |¢y(t)|* = 2sin? 6 cos? §. Hence,
the photon generation efficiciency simplifies to

K 2sin? 0 cos? 0

= . 3.11
Pphot = 2sin% 0 cos? 0 + v (1 — 2sin? 0 cos? 0) (3:11)
It follows that
K
Pt = LT, I Bac (3.12)
gA%C for g <« Age.

For large g, the photon production efficiency is solely determined by the ratio of cavity
and free space decay rate ppnot = £/(k + ). The obtained expression is an important
benchmark. It presents a universal upper bound for the photon production efficiency
with the short pulse scheme. For large detunings A,c, the photon production efficiency
decreases quadratically with atom-cavity detuning while cavity and free space decay are
weighted by the ratio x/~.

We conclude that the efficiency of photon generation with the fast excitation scheme is
generally not correctly described by a Purcell factor of the type g?/x. However, based on
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Figure 3.4: Photon generation efficiency. a) Calculated photon generation efficiency (solid
line) as a function of atom-cavity coupling ¢ on resonance (A = 0). For large values of g, the
efficiency approaches the value k/(k + ) (horizontal line). b) Calculated photon generation
efficiency as a function of atom-cavity detuning A for different parameter sets (g,x,v). For
large detunings, the efficiency scales as 1/A? as indicated by the dashed curve (calculated for
(9,k,7)/2m = (10,2.8,3.0) MHz). The dashed horizontal line marks the maximum achievable
efficiency for (k,v)/2m = (2.8,3.0) MHz.

the evolution of c.(t) (Sec. 3.2) in the bad cavity limit on resonance (A,. = 0) we find for
the efficiency pphor = 9%/ (k7).

In any real atom-cavity setup, the ideal value of py,; must be corrected to a smaller effec-
tive photon generation efficiency p;)h o~ First, one needs to account for the output direc-
tionality of the optical cavity. Only photons which leave the cavity through the designated
outcoupling mirror will be useful for an experiment. Second, the short excitation pulse
may not initialize the system in |e, 0) in every attempt such that on average |c.(t = 0)| < 1.
Introducing an average excitation probability p.,. and output directionality pg;., the ef-
fective photon generation efficiency can be described as p;h ot = Pexe X Ddir X Pphot-

In our setup, the theoretical photon generation efficiency for an atom maximally coupled to
the resonant cavity (g/2m = 7.9 MHz, A, = 0) is a remarkable ppno = 43 %. However, we
need to take into account a reduced coupling g/27m = 3 MHz due to spatial and polarization
averaging and an output directionality of pg; = 89%. Assuming an atomic excitation
probability of pese = 50%, we should expect an effective photon generation efficiency
p;) hot = 11 %.

For conceptual reasons, the probability of producing two photons in the cavity mode from
one excitation pulse is strongly reduced in a cavity QED setting as compared to the free-
space case. The excitation initially deposited in the atom is only slowly transferred to the
cavity field on the time scale of half a vacuum Rabi oscillation. Consequently, spontaneous
atomic decay and subsequent atomic excitation during one excitation pulse mainly results
in the emission of a first photon into free space. Only the second photon has a non-
vanishing probability to be emitted into the cavity output. In our setup, the excitation
laser pulse (7, = 3ns) is significantly shorter than the on-resonance build-up time for a
field inside the cavity (7gelq &~ 50ns). The probability to emit two photons into the cavity
is 1 x 10™%. This is a remarkable suppression by three orders of magnitude below the
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free-space bound p, (7, = 3ns) = 11 % deduced in section (3.1).

The possible repetition rate of photon generation is given by the duration of the photon
wave packet. The short pulse scheme is based on an atomic two-level system and does not
require atomic state repumping. In our system, the photon wave packet amplitude vanishes
approximately 150 ns after the excitation pulse. The repetition rate of the excitation pulses
may therefore be as high as 6.7 MHz. At reasonable photon generation efficiencies, a single
photon source with an emission rate of 1 MHz into a single mode seems feasible.

In summary, the short pulse scheme applied in a cavity QED setting compares well to the
free-space case. The retrieval efficiency of photons in a designated spatial output mode
is intrinsically high and the contribution of higher order Fock states in the output field
is significantly suppressed. We find that the photon generation efficiency is highest on
resonance (A,. = 0) and is ultimately bound by the ratio k/(k + 7). Compared to the
previously studied STIRAP process for photon generation (see section 2.6), the short pulse
scheme can produce short photon wave packets (=100 ns) while potentially operating at
MHz repetition rates.

3.4 Experiment and results

3.4.1 Experimental protocol

Single 8"Rb atoms are trapped inside the cavity mode at the focus of a standing wave
optical dipole trap as described in chapter (2). The experimental protocol for a trapped
atom consists of atom cooling intervals (25 us) alternating with photon production intervals
(25 us). During the photon production intervals, the atom is repeatedly excited with short
pulses at a rate of 670 kHz propagating along the 4+45° axis of the setup. Each photon
production interval contains 15 short pulses. The pulses are near-resonant with the atomic
F =2 « F’ = 3 transition. A schematic of the experimental setup and the sequence timing
is displayed in figure (3.5).

Short excitation pulses with a duration of 7, = 3 ns are created by amplitude modulation of
continuous-wave light using a fiber-coupled electro-optic modulator (EOM)!. The on:off
ratio of the EOM is finite (company specified 800:1) and we use different strategies to
improve the on:off ratio eventually ”seen” by the atom. In a first step, we pre-chop the
EOM input light with an AOM (AOM pulse duration 300ns). Secondly, we trigger the
EOM to switch only at the end of every AOM pulse such that the trailing edges of AOM
pulse and EOM pulse coincide and both contribute to a rapid intensity reduction. We
measure an intensity reduction of better than 10™3 reached within 8ns after the pulse
peak and decreasing further thereafter (3.6). We observe drifts in the EOM contrast at a

! Jenoptik model AM780HF, half-wave voltage 3V, modulation frequencies DC to 5 GHz, insertion loss
6dB. The functional principle of the EOM is that of a Mach-Zehnder interferometer in which the path
length difference is controlled by an electro-optically induced phase shift. The transmitted optical power
can be controlled by tuning the interferometer from constructive to destructive interference at its output.
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Figure 3.5: Experimental setup for the fast excitation scheme. a) Single Rb atoms are
trapped within the TEMgy mode of the cavity at the focus of the standing wave dipole trap. Two
resonant beams at +45° with respect to the standing wave trap and perpendicular to the cavity
axis provide cooling and short pulse excitation. The cavity output is coupled to an optical fiber and
guided to the detection setup. SPCM: single photon counting module, NPBS: non-polarizing beam
splitter, A\/4: quarter-wave plate, EOM: electro-optic modulator, MOT: magneto-optical trap. b)
Experimental protocol used for short pulse excitation. Intervals of atom cooling are interleaved
with intervals for fast excitation of the atom-cavity system. One excitation interval contains 15
short laser pulses with a duration of 3ns at a temporal distance of 1.5 us.

given fixed offset voltage due to patch charges and thermal effects. Therefore, the optical
output of the EOM is permanently monitored and the applied offset voltage is adapted in a
feedback loop. Finally, we detune the center frequency of the cw-input light from the Stark
shifted atomic resonance and cavity resonance by —30MHz to suppress continuous-wave
excitations [96]. Nevertheless, the atom is excited by the short pulse (measured bandwidth
~ 100 MHz). The excitation pulse energy impinging on the atom (pulse area) is chosen
high enough such that the average atomic excitation probability saturates at pe,.=50%.
We have not been able to reproducibly apply exact m-pulses as the Rabi frequency varies
from shot to shot. This is due to atomic Stark shift variations and indeterminate transition
strengths because the atom is not prepared in a well-defined Zeeman sublevel.

The cavity output mode is coupled into a single-mode optical fiber and directed to a
Hanbury Brown-Twiss photon detection setup consisting of a nonpolarizing beamsplitter
and two single-photon counting modules. The total detection efficiency for a single photon
present inside the cavity is 34%. The photon detection events on each detector and a
trigger time stamp of every short excitation pulse (gate signal) are recorded on a digital
counter card (P7888, time resolution 1ns).
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3.4.2 Single photon generation with a resonant cavity

In a first measurement, we set the cavity frequency resonant with the Stark-shifted F' = 2
to F’ = 3 transition (atom-cavity detuning A,. = 0 MHz). We infer the wave packet shape
of the emitted photons from the temporal probability distribution of photon detection
events after each excitation pulse. The measured shape of the photon wave packet is
shown in figure (3.7). The peak of the photon emission probability is significantly delayed
with respect to a free space exponential decay. The photon wave packet exhibits a smooth
envelope function as the vacuum Rabi oscillation is critically damped due to atomic and
cavity decay.

Quantitatively, the measured data agrees well with theory. From a numerical fit to the
measured wave packet, we obtain a vacuum Rabi frequency €2 = 5 + 1 MHz which is con-
sistent with an expected average coupling ¢ = 3 MHz. The extracted incoherent damping
rate of 3.0 + 0.2 MHz matches the a priori known values k = 2.8 MHz and v = 3.0 MHz.
The measured probability of emitting a photon into the cavity mode following an excita-
tion pulse is p;,wt = 8 £ 1% close to the theoretical prediction (section 3.3). The photon
generation efficiency is mainly limited by spatial g-averaging due to residual atomic motion
and by the average atomic excitation probability of pe,. ~ 50 %. Options for improvement
are the localization of the atom at a cavity field maximum and improved atomic excitation
using well-tailored m-pulses. Together this could lead to an effective photon production
efficiency of up to pl;,,, = 38 % in the existing experimental setup.

The single-photon nature of emission is verified by an analysis of the intensity correla-
tion function ¢(® (1) evaluated from photons arriving within 200ns after each excitation
pulse. We find a ¢(®(7) function with three distinct features (Fig. 3.7). The comb-like
time structure with separations of 1.5 us corresponds to the succession of short excitation
pulses with a repetition rate of 670 kHz. The probability to record coincidences in each
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Figure 3.7: Single photons from pulsed excitation. a) Histogram: Shape of the emitted
photon wave packets as given by the detection event distribution after the excitation pulse (grey
bar). The observed wave packet shape agrees well with theory (black solid line). A calculated
photon wave packet shape for emission in free space is given for comparison (dashed line). b)
Measured second-order correlation function g (1) (gated) of the emitted photons. The suppression
of coincidences at 7 = 0 verifies the single photon character of the emission. The triangular envelope
function is a convolution of photon production and cooling intervals (see text for details).

of these time bins is modulated with a triangular envelope function. It stems from the
convolution of photon production intervals (25 us) with interleaved cooling intervals of the
same duration. Most important, we observe a high suppression (> 90 %) of coincidence
events at time 7 = 0 demonstrating that the protocol does indeed result in single pho-
tons. The remaining coincident detections stem from dark counts of the SPCM’s (< 2%)
and from multiple trapped atoms (< 8 % due to probabilistic atom loading, single atom
imaging was not implemented at this point).

3.4.3 Observation of vacuum Rabi oscillations

The coherent exchange of energy between a single atom and the cavity mode is most strik-
ingly observed when the characteristic oscillation frequency is higher than the incoherent
damping rates (see section 3.2). In the following measurements, we increase the general-
ized vacuum Rabi frequency 2 by detuning the cavity frequency from the Stark-shifted
atomic resonance by A,.. The system then oscillates at a frequency

Q= /4g? + AZ, (3.13)

between the states |e,0) and |g,1) (Eq. 3.3). Note that x ~ 7 in our setup and hence
frequency shifts due to damping are negligible. However, for single atoms loaded into
the deep standing-wave dipole trap, Stark shift variations lead to an uncertainty in A,.
A more precise () is maintained in the shallow running-wave dipole trap. In this dipole
trap configuration, atoms drift through the cavity at low overall densities. We ensure
that the average number of atoms in the cavity is much less than one (verification by
¢ (1) measurements). The intermittent atom cooling and photon production intervals are
simply replaced by one long photon production interval spanning the whole experimental
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Figure 3.8: Observation of vacuum Rabi oscillations. The red histograms show the wave
packet shape of the emitted single photons for different atom-cavity detunings A,./27: a) 25 MHz,
b) 35 MHz, ¢) 55 MHz, d) 95 MHz. The distinct modulations stem from the population dynamics
of state |g, 1) and correspond to the coherent exchange of energy between atom and cavity field.
The solid lines are numerical fits (see text for details).

sequence. For controlling A,., we vary the cavity frequency while keeping the trap depth
and atomic frequency constant.

The measured single-photon wave packets at different detunings A,. are shown in fig-
ure (3.8). The wave packet envelopes exhibit strong modulations corresponding to the
population dynamics of state |g, 1). Note that no externally applied driving field is present
during the oscillations, and the observed features are not due to many-photon or many-
atom effects [91, 97, 98]. Qualitatively, we find good agreement between the measured
photon wave packet shapes and the theoretical prediction (section 3.3). For quantitative
agreement, the analytical fit model applied here (solid lines in Fig. 3.8) also includes an
experimental shot-to-shot uncertainty of the generalized vacuum Rabi frequency €2 using a
Gaussian distribution of fixed width (10 MHz). This phenomenologically accounts for the
combined effects of small variations of A,. and the position-dependence of g. From the
numerical fits to the data, we extract values of the oscillation frequency €2 as a function of
atom-cavity detuning A,. (Fig. 3.9). The extracted frequencies match well the predicted
hyperbolic function (Eq. 3.13) with a reduced chi-squared y? = 1.13. These observations
testify to the high degree of control which is achieved in this system of one atom and one
photon.

Our results represent normal-mode spectroscopy of the coupled single atom-cavity system
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Figure 3.9: Normal-mode spectroscopy in the time domain. From numerical fits to the
measured photon shapes we extract the coherent atom-cavity oscillation frequencies (dots) as a
function of atom-cavity detuning A,.. The solid line shows the calculated generalized vacuum Rabi
frequency Q = /4g2 + A2_. Our data matches this hyperbolic function with a reduced chi-squared
x? = 1.13. The deduced average coupling constant is g = 27 x (2 & 1) MHz.

in the time domain. The observed modulation in the photon shape originates from a
quantum beat of the first pair of atom-cavity dressed states [99]. The emitted single
photons are in a superposition of two frequencies with a fixed relative phase.

3.4.4 Short pulse excitation of the cavity mode

A complementary illustration of the coherent exchange of one quantum of energy between
atom and cavity is investigated by short pulse excitation of the cavity mode. In this
case, the system is (approximately) initialized in state |g, 1). With respect to the previous
experiments, this swaps the role of ¢4(t) and c.(t) in the temporal evolution of the coupled
system (Fig. 3.10).

The experimental protocol follows that of the experiment described in section (3.4.3) but
with on average one atom present in the cavity (continuous loading regime, chapter (2)).
The excitation pulses are coupled into the cavity through the input mirror. The pulses
are weak such that one photon is deposited in the cavity in only 10% of all attempts
and contributions of higher Fock states are negligible. The atom-cavity detuning is set to
Ay = 0.

The light pulse emitted from the atom-cavity system exhibits a clear deviation from a
purely exponential decay of the intracavity field (Fig. 3.10). The observed behavior is
explained by the temporary storage of excitation in the atom during half of a vacuum
Rabi oscillation. Quantitatively, we can retrieve the temporal evolution of the population
in state |e,0) by subtracting the measured pulse from the exponential decay curve of the
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Figure 3.10: Short pulse excitation of the cavity mode. a) Histogram: Measured photon
arrival time distribution after excitation of the cavity with ~ 1 atom present. Dashed line: Expo-
nential decay of the cavity field intensity without atoms. b) The difference between the two curves
in a) reflects the occupation of state |e,0). This extracted difference signal (dots) is compared
with the emitted photon shape when the atom is excited (solid line, data of section 3.4.2). The
nearly identical time evolution of ¢,(t) when the atom-cavity system is initialized in state |e,0)
(solid line) and the evolution of c.(¢) when the system is initialized in |g,1) (dots) illustrates the
complementary role of ¢4(t) and c.(t) in the coupled atom-cavity system.

empty cavity. In Fig. (3.10b), the obtained curve for c.(t) is compared with the measured
evolution of ¢4(t) (i.e. photon shape) from the experiment of section (3.4.2). The nearly
identical time dependence of the two signals shows the complementary role of ¢4(t) and
ce(t) when the system is initialized in either |e, 0) or |g, 1).

3.5 Discussion and Outlook

In this chapter we have theoretically analyzed and experimentally implemented short
pulse excitation of a single atom-cavity system. The presence of the cavity dramatically
alters the dynamics of the emission process compared to an atom in free space. The
coupled system evolves with a coherent oscillatory energy exchange between the atom
and the cavity, damped by atomic and cavity decay. The wave packet of the emitted
photon is governed by the evolution of the coupled atom-cavity system — independent
of the excitation pulse shape and frequency. The cavity frequency constitutes a control
parameter by which the shape and the frequency spectrum of the emitted photon can be
controlled. The observed behaviour constitutes a fundamental example of cavity QED at
the level of one atom and one photon.

Compared to photon generation with an atom in free space, the cavity scheme benefits
from a high efficiency with which photons are generated in a designated output mode.
Further, two-photon emission events are strongly suppressed. A single photon generation
efficiency of 8% at a repetition rate on the order of 1 MHz has been achieved in the
experiment. The parameters of our setup may in the future allow a generation efficiency
of close to 40 % when a single atom can be permanently located at a maximum of the
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cavity field.

Photon generation by the short pulse scheme also presents an alternative to the previously
studied cavity-mediated STIRAP process (chapter 2, [100]). Pulsed excitation is based on
a closed two-level transition and does not require atomic state repumping. The generated
photons are much shorter (100 ns) than photons typically created in the STIRAP process
(1 us). Even at moderate absolute efficiency, this potentially translates into the generation
of single photons in a well-defined mode at a retrieval rate on the order of 1 MHz.

A drawback of the pulse scheme is the mapping of atomic Stark shift variations onto the
frequency spectrum of the photon. This problem can be avoided by using very shallow
dipole traps (low absolute Stark shifts), using traps at ”magic wavelengths” or by cooling
the atom to the ground state of a deep trap. Further, the generation of time symmetric

photon wave packets can only be accomplished at low efficiencies [101] — while such photons
would be desirable for quantum networking [(68]. The generation of frequency entangled
atom-photon pairs from short pulse excitation [102] is complicated by the spectral filtering

of the cavity. However, a solution to this might be frequency matching of an integer
multiple of the atomic hyperfine splitting with the free spectral range of the cavity.

In future experiments, our scheme may find application in the investigation of higher-
lying dressed states in cavity QED systems [50] and for generation of multi-photon Fock
states [103]. Additionally, a single photon in a superposition of two tunable frequencies,
as demonstrated here, may be useful as a frequency qubit [104, ]. Finally, this tech-
nique can improve existing atom-photon entanglement experiments by reducing unwanted
multiple-photon events [100] and is extendable to multi-photon entanglement protocols

[106].
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4 State detection of a single atom in a cavity

Efficient internal state detection of single neutral atoms is at the basis of atomic physics
and is highly relevant for quantum information science. In a single atom, the quantum
bit (qubit) is often encoded in or mapped onto atomic hyperfine states. In this chapter,
we show that coupling the atom to a cavity establishes a superior readout channel for
internal atomic states. We introduce a state detection scheme based on cavity-enhanced
fluorescence and realize state readout by differential cavity transmission. In an experiment
with a single trapped 8"Rb atom, we achieve a hyperfine state detection fidelity of 99.4%
in 85 us while a result is obtained in every readout attempt. Most important, the qubit
is interrogated many hundred times without loss of the atom. This presents an essential
advancement for the speed and scalability of quantum information protocols based on
neutral atoms. Further, the general principles outlined here may be applied to the readout
of other optically accessible systems such as cold molecules, NV-centers in diamond or
quantum dots.

This chapter is organized as follows. We first introduce basic concepts of state detection
and give a definition of the readout fidelity (sec. 4.1). In section (4.2), cavity-enhanced
fluorescence detection is theoretically studied, followed by the presentation of the experi-
mental results (sec. 4.2.4). The use of a cavity also allows for atomic hyperfine state read-
out via differential transmission (sec. 4.3). A comparative discussion of the two detection
schemes is given in section (4.4). Finally, we present applications of the cavity-enhanced
fluorescence method for Stark shift spectroscopy and magnetic field measurement (sec.
4.5).

The results presented in this chapter have partially been published in:
”Lossless state detection of single neutral atoms”

J. Bochmann, M. Miicke, C. Guhl, S. Ritter, G. Rempe, and D. L. Moehring,
Physical Review Letters 104, 203601 (2010).

4.1 Introduction

4.1.1 Methods for atomic state detection

In view of quantum information, internal atomic states may serve as stationary quantum
bits. In a single atom, the quantum bit (qubit) is typically encoded in or can be mapped
onto atomic hyperfine states. However, hyperfine qubit readout has proven remarkably
difficult for neutral atoms and an adequate concept remained to be shown. Existing

protocols either do not obtain an answer in every readout attempt [107, ], they require
strong atom-cavity coupling [109, , | or they are intrinsically destructive and cause
loss of the atom during detection [I12, ) , , 71, 43, ]. In this chapter, we

33



34 State detection of a single atom in a cavity

investigate means of single atom readout which can overcome these problems.

The performance of a method for internal state detection can be judged by its speed,
fidelity and repeatability. Following an interpretation by diVincenzo [31], a readout pro-
tocol should be qubit-specific, efficient, fast, and non-destructive. The qubit-specific aspect
refers to the addressability of single carriers of quantum information. Efficiency implies
that an answer should be obtained in most readout attempts and this answer should be
correct. Further, a readout scheme is fast, when it operates well within the qubit decoher-
ence time. The non-destructive aspect of the measurement process refers to the possibility
of repeated measurement of the qubit while the same result is obtained in every attempt.
However, if the efficiency of the readout protocol is high this requirement may be dispens-
able. Nevertheless, it would be advantageous to not destroy the physical carrier of the
qubit upon readout and we rephrase this requirement as ”lossless”.

The most widely used method for atomic state readout is fluorescence detection. Today,
it is the standard technique in experiments with single trapped ions. In this scheme, a
single atom is state-selectively excited by a probe laser and the scattered fluorescence light
is detected. Atomic hyperfine states can be distinguished as the probe laser resonantly
couples only one of them (the ”bright state”) to an excited state. If the atom is in the other
hyperfine state (”dark state”), no excitation occurs and no fluorescence light is detected.
This method has been successfully applied to single ions in Paul traps [117, , , ,

]. Recent experiments report readout fidelities as high as 99.99% with a single trapped
calcium ion [122]. Although a powerful tool, fluorescence state detection has never been
realized with a trapped neutral atom. This is due to the difficulty to detect a sufficient
number of scattered photons from an atom in the bright state before ejecting it from an
optical dipole trap. Instead, this loss can be used to signal the atomic state.

Hyperfine state-dependent loss of atoms has been used for atomic state detection with
push-out schemes [112, , , , 71]. A resonant probe laser ejects atoms in the bright
state from the optical dipole trap by means of radiation pressure. Atoms in the dark state
are unaffected and remain in the trap. After a push-out attempt, the presence of atoms in
the trap is tested by detecting light scattered by an atom from cooling and repumping laser
beams in an optical molasses configuration. Note that this type of fluorescence collection
itself is not useful for internal state detection. It employs repumping light and is therefore
not state-specific. The push-out scheme is intrinsically destructive and results in loss of
the atom. Its fidelity is limited by concurrent loss of dark state atoms. In state-of-the-art
experiments, fidelites of up to 98 % within 10 to 30 ms can be achieved [115, ].

Another destructive approach is state-dependent ionization of atoms [116, 12]. Here, the
atoms are state-selectively ionized by laser light. In a static electric field, the charged
fragments are attracted to detectors (multi-channel plates) and cause an electronic signal.
While this technique is destructive, the fragments can be detected with almost unit effi-
ciency. In combination with the high detection speeds (limited only be the drift time of
the fragments), state-dependent ionization is in principle capable of closing the locality
and detection loop-hole in Bell inequality tests (fidelity above 95 % within 1 us) [116].

In this chapter we show that optical readout of the atomic state can benefit from the use
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of a cavity in two ways. On the one hand, the optical resonator can amplify the coupling
between the probing light field and the atom. In a typical realization, the probe light
transmission of the atom-cavity system depends on the hyperfine state of the atom. This
concept is well suited for the strong-coupling regime of cavity QED [111]. On the other
hand, the optical resonator can amplify the coupling between the atom and the detector
via the Purcell effect. This situation corresponds to cavity-enhanced fluorescence detection
and is well suited for the ”"bad cavity” regime of CQED.

The theoretical analysis and experimental implementation of both differential transmission
and cavity-enhanced fluorescence detection are the subject of the following sections.

4.1.2 Definition and calculation of the fidelity

We consider a physical system prepared in one of the two quantum states |0) and |1).
We define the fidelity F of state detection as the minimum probability with which the
correct quantum state is obtained in any readout attempt. First, we identify all possible
decisions for a given measurement outcome in a tree diagram (Fig. 4.1). The probability
for a false decision is Ejgy and E);y respectively. The probabilities for correct or no answer
are labelled C; and N; (i € {|0),|1)}) with C; + N; + E; = 1.

O 10) atomic state o'l
”10)”  ”no answer™|1)” identified as ”10)”  ”no answer™|1)”
=Cloy =No  =Ep =Ey =Ny =0y

Figure 4.1: Tree diagram of state detection. We can identify all possible decisions for a
given measurement outcome. The probability for a false decision is Fjgy and Ej;y respectively. The
probabilities for correct or no answer are labelled C; and N; (i € {|0),]1)}) with C; + N; + E; = 1.

We require that a decision is made for every measurement outcome and therefore N; = 0.
We can now define the fidelity as

F =1—max {E‘0>,E‘1>} :min{C'|0>,C'|1>}. (4.1)

We note that this is a conservative yet not the only possible definition of a state detection
fidelity. In the literature, one also finds F = 1 — (Ejy + Ej1y) /2 [122], which a priori
assumes preparation of the atom in either of two states with equal probability.

In optical state readout schemes, a certain number of photons Ng.; is detected in a given
readout attempt. A decision about the atom’s state is made by comparison of Ng.; with
a discrimination level d: Nge < d or Nge; > d. The fidelity of the readout protocol can
be optimized by appropriate choice of d. The number of detected photons may be given
by probability distributions pjg)(n) and pj;)(n) with mean values Ajg) and Aj;y. We choose
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Aoy < Ay Using the relations

d 0o
Cioy=> _poy(n) and Cy= > ppy(n) (4.2)
n=0 n=d+1

we can find the optimum discrimination level d by calculating the achievable fidelity ac-
cording to:

d d

f—mgx{mm{Zp|0>(n),l—2p1>(n)}}. (4.3)
n=0 n=0

The probability distributions p;(n) are normalized to 1 (3 o2 pi(n) = 1). While the

actual probability distributions pg (n) and pm(n) may take arbitrary forms, shot-noise

dominated Poisson distributions with mean values Ajgy and Aj;y are often reasonable ap-

proximations:
n

A
p(Aiyn) = ;1!6 A (4.4)
The standard deviation 1/4/A; is relatively large for small A. The overlap of the two
distributions can be reduced by detecting a larger number of photons.

We can obtain a first insight into the achievable fidelity by introducing a contrast pa-
rameter K = 1 — Ajgy/A1y taking values between 0 and 1. The fidelity F(K, \;jy) as a
function of contrast and mean detected photon number is depicted in (Fig. 4.2). At high
values of contrast (K =~ 1), a fidelity of more than 99% is achievable with Xj;) > 5. At
a contrast of K = 50%, a fidelity of 99% requires appriximately A1y = 80 detected pho-
tons (\jgy = 40). We will see later, that these two cases correspond to the experimental
situations of cavity-enhanced fluorescence detection and differential cavity transmission.

4.2 Cavity-enhanced fluorescence state detection

4.2.1 Fluorescence scattering of an atom coupled to a cavity

We consider a single atom coupled to a cavity and continuously driven by a probe laser
which is applied transverse to the cavity axis. The rate of scattered photons Ryt at the
cavity output can be obtained from a master equation approach [92, 76]. The rate scales
with the excitation probability P, of the intracavity atom as

2
Rscamcav = 2ﬁﬁpe) (45)

where the excitation probability of the atom in free space P, f.e is affected by the presence
of the cavity as
P, = Pe,free/(‘]- _V’2) (46)

v =0/ ((Ba— 7) (e — iR)).. (4.7)
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Figure 4.2: Fidelity of state detection for Poissonian detection event distributions.
Shown here is the maximum achievable fidelity as a function of contrast K = 1—Xg) /A1y and mean
number of detected photons \j;y assuming Poissonian probability distributions pjgy(n) and pj1y(n)
for the number of detected photons n. In view of the experiments presented in this chapter, the
regimes of cavity-enhanced fluorescence detection (circle) and of differential transmission (square)
are indicated. The numbers in the graph indicate the achievable fidelity in (%).

The complex cooperativity v includes the detuning of atom A, and cavity A, with respect
to the probe laser, where « and k are the atomic polarization and the cavity field decay
rate and ¢ is the coherent atom-cavity coupling constant. Equation (4.5) is valid in the
limit of weak driving (low saturation of the atom) and care must be taken for correctly
evaluating the limit A, — 0 and k — 0 [92].

4.2.2 Statistical analysis

In this section, we derive a statistical description of the fluorescence state detection
method. Our main goal is to calculate the achievable fidelity. The central problem we
need to solve is the analytic description of the probability distribution p(n) for n detection
events taking into account optical pumping and dark counts.

We want to distinguish the two hyperfine ground states |5281/2 F =2) and |5281/2 F=1)
of a single 8"Rb atom by the number of detected fluorescence photons in a given probe
pulse of duration 7p. We choose probe laser and cavity frequencies to be resonant with
the cycling transition ]5281/2F =2) < ]52P3/2 F’ = 3), making F' = 2 the bright state
and F' = 1 the dark state. While for an atom in F' = 2 the scattering rate Rgcat,cav 1S
high, for an atom prepared in F' = 1 it vanishes due to a large detuning A, /27 ~ 6.8 GHz.
This contrast should in principle allow a high state detection fidelity. However, the fidelity
is limited by the occurence of detector dark counts and atomic hyperfine state pumping
induced by the probe laser. The probability distributions for the number n of detection
events pi(n) with k=(dark, bright) are affected by these processes in a complex way.
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Figure 4.3: Off-resonant optical pumping induced by the probe laser. The probe laser
(red arrow) is near-resonant with the F' = 2 «» F’ = 3 transition (D2 line of 3"Rb). Off-resonant
excitation of F/ = 2 und F’/ = 1 can lead to spontaneous decay into either of the ground states
F =1 and F = 2 which introduces an unwanted pumping process between the hyperfine ground
states during state detection (gray arrows). However, the large ground state hyperfine splitting
whrs = 6.8 GHz effectively suppresses dark-to-bright state pumping via F' = 1 < F/ = 1,2 as
the probe is then detuned by the same amount. Bright-to-dark pumping is governed by the much
smaller excited state hyperfine splittings wprp/27 &~ 0.3 GHz but its probability is significantly
affected by probe laser polarization (see text for details).

Atomic state pumping induced by the probe laser is a fundamental problem of fluorescence
state detection (Fig. 4.3). While resonant with the cycling transition F' = 2 «» F' = 3, the
probe laser can off-resonantly couple the dark state F' = 1 to the excited states F/ = 1,2
from where decay into the bright state F' = 2 can occur. If the probe polarization is not
well-defined, the probe laser can also off-resonantly couple F' = 2 to F’ = 1,2 from where
decay into the dark state F' = 1 is possible. In the following, we neglect higher order
processes (multiple pumping between bright and dark state). The probability of optical
pumping at time ¢ is given by

f) = Lo (4.8)

Tk

where 71, is the average time until optical pumping occurs and 0 < ¢ < 7p. The average
number of detected photons )\ is proportional to the time the atom is in the bright state:

() 1-— %) A (atom initially in dark state)
t) =
t ))\

™D

(4.9)
(atom initially in bright state)

with A the mean detected photon number for an atom in the bright state during the whole
probe interval. The time-based probability distribution f(¢) can be transformed into a
distribution gx()\'). We define

A = M

= 4.10
TEA ( )
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as the probability per scattered photon to pump out of state k. It is scaled by the total
detection efficiency 7 of a scattered photon. We use (4.9) and substitute ¢(\') in (4.8) to
obtain probability distributions gi(\’) for the mean number of detected photons:

Qdark (X' =N)Qdark/n )\ > ()
gdark()‘/) = { e—ldarkA/n N =0 (4.11)
Qbright —OQprs htA//n )\/ >\
e 9 <
gbright()‘/) - { e_gbrighﬁ\/n N =\ (412)

For the cases in which no optical pumping occurs during 7p, the functions gi(\') are
separately defined.

The probability distribution pg(n) for the number of detected photons is a convolution of

—/\ )\ln

the mean value distributions g (\') with the Poisson distributions P(n,\') = . We
find for an atom initially prepared in the dark state:
A —)\’)\/n ,
pdark(n) = 5n0€_adark)\/77 + / %Me()‘ _A)ada'rk/nd)\, (413)
€ n: n
with d;; the Kronecker-Delta symbol and ¢ — 0. This exact function can be rewritten
[119] in terms of the regularized Gamma function P(a, x) = 1), Jo e vy 1dy as
_ Adark
Pdark(n) = € Adark /7 [(5”0 + ark /11 n_HP(n +1L,(1—a1/n)N)|. (4.14)
(1 - adark/n)

Note that in this form the function is not defined for g4,/ = 1, while in integral form it is
well defined. Equivalent to the dark state case, we can deduce the probability distribution
for the number of detected photons for an atom initially prepared in the bright state.

AR A e NN /
Phright (1) = e_(l"'o‘bright/n))\—‘ +/ ! Zoright X agarrk/n gy (4.15)
n: 0 n: n
pb ' ht(n) . )\ne_(1+abright/77))‘ abright/n
rig =

T P(n+ 1, (1 + aprignt/n)A) - (4.16)
n! (1 + abright/n) i !

In addition to the scattered photon signal, dark counts contribute to the number of detec-
tion events from each probe interval. Dark counts originate from intrinsic electronic noise
of the detector and from stray light impinging on the detector. The average number of
dark counts Ay in a given detection time window 7p is given by Ag. = Rg. Tp where Ry is
the average dark count rate. The probability distribution pgc(Age, ) of the number of dark
counts n is assumed to be Poissonian. Finally, we obtain for the probability distribution
of n detection events and an atom intially prepared in state k:

Prtotal (1 Zpk ) - pac(n — i), (4.17)
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For high fidelity readout, aj must be small. For our choice of the fluorescence detection
scheme, the most relevant process is bright-to-dark state pumping enabled by off-resonant
excitation of the F’ = 2 (F’ = 1) level which is only separated by 267 MHz (424 MHz)
from F' = 3 (Fig. 4.3). These hyperfine splittings must be compared with the transition
linewidth of 2y = 6 MHz. Bright-to-dark pumping can be significantly suppressed by
defining a quantization axis (magnetic field) in combination with circularly polarized probe
light which renders the off-resonant transitions dipole-forbidden. However, dark-to-bright
state pumping can not be avoided although it generally occurs with very low probability
(Fig. 4.3). The reason is the large S-state hyperfine splitting (wyrps = 6.8 GHz >
WHFP = 267 MHZ).

In the following, we determine oy, quantitatively. The concept is straightforward: We need
to evaluate the probabilities of all dipole-allowed paths connecting possible initial and final
atomic states for a fluorescence photon scattering event. From these values, the relative
probability of paths which lead to hyperfine ground state pumping can be determined.
Hence we find for the normalized optical pump probabilities ay, per scattered photon:

Ee,i;ﬁf pi7e7f

ap = .
Zi,e,f Dief

(4.18)

The indices (i,e,f) denote the initial hyperfine ground state F=i, the excited hyperfine
state F'=e and the final hyperfine ground state F=f. The probability p;.; of a single
excitation-decay path is a product of three terms:

s/2
14+ s+ (die/7)?

Dief = CGi7e7f X X Be,f- (4.19)
The first term incorporates the transition probabilities as given by the dipole matrix ele-
ments (Clebsch-Gordan coefficients) of the path. The second term determines the prob-
ability with which state F’'=e is excited by the probe laser. The third term takes into
account the Purcell-enhancement of certain decay paths due to the presence of the cavity.

The Clebsch-Gordan term CGj ¢ is a sum of all paths from i via e to f over all allowed
Zeeman-sublevel transitions. However, in the excitation step of each path (i—e) only
Zeeman-levels coupled by the probe laser polarization ¢ = (—1,0,1) = (0=, m,0") must
be taken into account whereas in the decay process all polarizations ¢’ are allowed.

+F +1

CGiper = Zi Z C(F =i,F' = e;mp,mp +q) Z C(F =f,F' =e;mp —q ,mp)
q drel mp——F p—
(4.20)
Here, C(F, F';mp, mp) is the squared Clebsch-Gordan coefficient of the transition |F, mp) <
|F’, mg) (following the conventions in [79, 119]) and g, is the relative power of each probe

laser polarization component with sum normalized to 1.

The second term of (Eq. 4.19) determines the probability with which state F'=e is ex-
cited by the probe laser with a detuning 0;. from the i—e transition and a saturation
parameter s = I/Igt.
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The third term f, ; of equation (4.19) makes a correction to the free space atomic transition
probabilities as given by the Clebsch-Gordan coefficients. The presence of the cavity
enhances the atomic polarization decay by means of the Purcell effect. For an atom in
the excited state, this leads to a competition between emission into 47 solid angle and
emission into the cavity mode. In analogy to equation (4.5), we find Gc f = 1+ |ve ¢|. The
presence of the cavity changes the branching ratio for decay into the two hyperfine ground
states by means of a Purcell enhancement. With regard to state detection, this leads to a
relative suppression of unwanted bright-to-dark state pumping.

We are now able to calculate the values ay for our experiment. For low saturation (s ~
0.1), linLlin-polarized probe laser and vanishing probe detuning (d23 = 0), the pump
probabilities per scattered photon are agai = 5 x 1078 and Opright = 2 X 10~°. Equation
(4.18) for the pump probabilities «y, usually involves a large number of terms and requires
numerical evaluation. However, many of these terms are small. We can obtain a simplified
expression when d23 < wypp and s < 0.1. The denominator of equation (4.18) is then
dominated by the (2,3,2) path, all other terms are strongly suppressed by (8;¢/v)?. The
approximated bright-to-dark state pump probability per scattered photon reads:

Qbright — < CG2’2’1 CG27171 > 1 + (5372/7)2
MR T N1 (B22/7)2 T 1+ (821/7)? Bsa

An equivalent expression can be obtained for ag,rk.

(4.21)

The analytic expressions for pqark total (1) and Phright total(n) derived in this section are the
basis for calculating the state detection fidelity. The achievable fidelity is calculated for a
given parameter set (X, s, 7p, Rge, 1, 0ic) by numerically finding an optimum discrimination
level d for the two detection event distributions.

d d
= ] 1-— ; . 4.22
F mt?x {mln {Z Pdark, total(n)a nzopbrlght, total(n) } } ( )

n=0

In practice, the atomic transition frequencies and detunings d; . may not be well-defined,
for example due to variation of the atomic Stark shift Ag;. We can include this effect
into our model by using a probability distribution of Stark shifts p(Ag). The resulting
detection event distributions and the achievable fidelity Fsiarc are an integral over all
possible distributions py sota1(n) weighted with p(Ay) such that

Fstark = /OO p(As) x F(As)dAs. (4.23)

—0o0

4.2.3 Simulation of fluorescence state detection

In this section, we use the model introduced above to analyze the hyperfine state readout
of a single 8"Rb atom. We contrast the case of an atom coupled to a cavity with the
case of an atom in free space. The fluorescence signal is therefore either collected in the
cavity output mode or with a high numerical aperture (NA) objective. With regard to
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Figure 4.4: Fidelity in free space and with a cavity (fluorescence method). Calculated
maximum fidelities for fluorescence state detection of a single 8"Rb atom with a cavity (n=20%)
and with a high numerical aperture (NA) objective (n=0.6 %), where 7 is the detection probability
of a scattered photon. Fidelities are limited by an insufficient number of detected photons, optical
pumping, and detector dark counts. Unidirectional probe light can expel the atom from an optical
dipole trap after scattering = 100 photons (dashed line) for a trap depth of 2mK (see text for
details). The novel regime of cavity-enhanced fluorescence readout introduced in this work is
indicated by a black circle. A state detection fidelity of 99.98 % is feasible with less than 100
scattered photons.

atom loss and unwanted state pumping, the detection efficiency n will emerge as a crucial
parameter. The detection efficiency is defined as the probability with which a scattered
photon causes a ”click” at the detector.

Ideally, a o t-polarized probe laser drives the |F = 2, mp = 2) < |F' = 3, mp = 3) cycling
transition such that off-resonant pumping into the dark hyperfine state is suppressed. In
practice, such a unidirectional laser beam easily ejects the atom from an optical dipole
trap before scattering a number! of photons sufficient to identify the atomic hyperfine
state. For this reason, counter-propagating laser beams are advantageous to balance ra-
diation pressure. Using a linllin polarization configuration avoids standing light wave
effects. However, off-resonant excitation of the nearby F’ = 2 state opens a decay channel

1Scattering of 100 photons from an unidirectional laser beam can be sufficient to expel a Rb atom from a
2mK deep trap. This assumes all momentum transfer due to absorption is in one direction and corresponds
to an atom with a slow periodic motion in the trap. In our example, this holds for a photon scattering
rate on the order of 1 MHz and a trap frequency of less than 5kHz along the propagation direction of the
probe laser beam. However, for higher trap frequencies the periodic atomic motion randomizes the sign of
momentum kicks caused by absorption. In this case, the atom is heated out of the trap due to a random
walk in momentum space after scattering approximately 3000 photons. In a counterpropagating probe
beam configuration, the number of scattered photons at which loss occurs is not well-defined as it depends
on heating or cooling effects induced by the probe beam.



4.2 Cavity-enhanced fluorescence state detection 43

to the dark state. Therefore, high-fidelity state readout requires a sufficient number of
fluorescence photons to be detected before pumping into the dark state occurs.

With a high numerical aperture objective the total photon detection efficiency is low. One
of the best reported values in a single-atom setup is n=0.6 % [37]. This experiment used a
specifically optimized lens system with a high NA = 0.7 resulting in a collection efficiency
of spontaneously emitted photons of 15%. However, the output of the objective is far
from single-mode. Stray light suppression and difficult detector mode matching lead to
an overall performance with small 7. In this parameter range for free space fluorescence
detection, the theoretically achievable fidelity is limited to 99.0 % and requires scattering
of thousands of photons (Fig. 4.4).

However, n is dramatically increased with an optical cavity. The coupling of the atom
to the cavity enhances the total fluorescence scattering rate and channels the photons
into a well-defined cavity output mode. For the experiment described here, this causes
about 60 % of all scattered photons to be emitted into the cavity mode resulting in a total
detection probability of n=20 % per scattered photon. Moreover, the Purcell-enhancement
of the fluorescence transition leads to a relative suppression of off-resonant decay paths
and therefore reduces the effect of unwanted bright to dark state pumping. In our model,
a remarkably high atomic state readout fidelity of 99.98 % can be achieved with less than
100 scattered photons. This novel regime of cavity-enhanced fluorescence state detection
is indicated by a circle in figure (4.4). While operating at such low numbers of scattered
photons minimizes the heating caused by state detection, it also enables high readout
speeds.

The calculated achievable fidelities as a function of the average number of scattered pho-
tons N are shown for the two scenarios in (Fig. 4.4). At low numbers of scattered photons,
the fidelity is limited by an insufficient number of detection events for the bright state.
At high numbers of scattered photons the fidelity is limited by optical pumping. Dark
counts reduce the fidelity for low and intermediate numbers of scattered photons. Non-
monotonic behaviour of F(N) appears at shifts of the discrimination level d. For all
regions where F(N) is rising, we find Chyight < Cdark- F(IN) decreases in the small regions
where Chyight > Cdark- This counterintuitive behaviour stems from our conservative defi-
nition of fidelity. Fidelities above 99% are reached for average scattered photon numbers
of N > 24 (cavity case) and N > 2700 (free space). In these caluclations, we have used
s =01, Rge = 25 s, A, = A. = 0 and assume equal populations of the available
Zeeman-sublevels throughout the probe interval.

The high detection efficiency with a cavity can also enhance the speed of state readout.
Calculations at probe power level s = 1 (at the validity limit of our model) suggest that
state detection can be performed with a fidelity F > 99 % in a probe interval of 7p = 10 us
for the parameters of our experimental setup.
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Figure 4.5: Experimental setup and protocol for cavity-enhanced fluorescence state
detection. a) Experimental apparatus. A single ’Rb atom is trapped in the cavity at the focus
of the standing wave dipole-trap. A CCD camera system monitors the position of the atom (inset:
CCD camera image of a single intracavity atom, image size 15 um x 25 pm). For optical cooling and
state preparation of the atom, laser beams near-resonant with the 5S; /5 <= 5P3/, transitions are
applied orthogonal to the cavity axis and retro-reflected with a lin_Llin polarization (A/4: quarter
wave-plate). For atomic state detection, a probe laser resonant with the F = 2 «F’ = 3 transition
is applied orthogonal to the cavity axis for cavity-enhanced fluorescence state detection. Photons
emitted into the cavity output mode are detected by a single photon counting module (SPCM).
b) Energy level diagram of the 8”"Rb D2-transition, not to scale. ¢) Experimental protocol used
for atomic state detection (see text).

4.2.4 Experimental results

In the experiment (Fig. 4.5), a single 8"Rb atom is trapped at the focus of the standing-
wave dipole trap in the center of the cavity mode. To characterize cavity-enhanced fluo-
rescence state detection, we repeatedly apply a protocol of optical cooling, atomic state
preparation and atomic state readout at a rate of 400 Hz. The atom is first cooled (2 ms),
alternately prepared in the F' =1 or F = 2 hyperfine ground state by optical pumping
(100 ps) and finally probed during a state-detection interval (85 us). We set the cavity
and probe laser frequencies equal (A, = 0) and red-detuned from the FF =2 —F =3
atomic resonance by A,/2m = 30 MHz, where A, refers to the detuning between probe
laser and the maximally Stark-shifted atomic transition. The detuning is chosen to avoid
probe-light induced heating of the atom. The probe laser is applied orthogonal to the cav-
ity axis and retro-reflected in a lin_Llin polarization configuration with a power of 40 nW
and a beam waist radius of ~ 50 um. With the CCD-camera system we determine the
position of single atoms trapped in the cavity by collecting light scattered during optical
cooling of the atoms. For the data presented here, we trap exactly one atom in the center
(£10 pm) of the cavity mode.
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Figure 4.6: Cavity-enhanced fluorescence state detection. Measured probability distribu-
tions of the number of detected photons N per probe interval with the atom either prepared in
the F' =2 (red histogram) or in the F' = 1 hyperfine ground state (blue histogram). The atom is
illuminated with a 85 us pulse of probe light orthogonal to the cavity axis and near-resonant with
the 58 /5 F' =2 < 5P3/5 F' = 3 transition. Identifying probe intervals with N = 0 as the F' =1
state and intervals with N > 1 as the F' = 2 state (dashed discrimination line) results in a hyperfine
state detection fidelity of 99.440.1% (uncertainty is statistical) mainly limited by detector dark
counts and state preparation errors (contribution to infidelity 0.4% and 0.1%, respectively). The
bright state photon number distribution is nearly Poissonian, but broadened due to uncertainties
in atomic position and Stark shift (Mandel Q parameter Q=0.5).

Analyzing the number of detected fluorescence photons N during each probe interval,
we find a clear distinction between the dark F' =1 and the bright F' = 2 hyperfine state
(Fig. 4.6). The presented histograms are based on 23200 state readout attempts of 29
single atoms, corresponding to 800 attempts per atom. This means that the hyperfine
state of each atom was interrogated 800 times without loss of the atom. Identifying probe
intervals with N = 0 as the F' =1 state and intervals with NV > 1 as the F' = 2 state
results in a hyperfine state detection fidelity of 99.440.1 % (uncertainty is statistical).
The measured fidelity is close to the theoretically achievable 99.6 % for the experimental
parameters. The measured fidelity is limited by state preparation errors (contribution to
infidelity ~ 0.1 %) as well as detector dark counts (contribution to infidelity ~ 0.5 %).

The readout fidelities for dark and bright state evaluated separately are Fgar = 99.4 % and
Firight = 99.8%. We conclude that the total fidelity is limited by failure of identifying
the dark state as dark. The dark state infidelity of 0.6 % is dominated by ”one-click”
events (paark(1) = 0.5 %, while pgark(n > 2) = 0.1%). The occurence of intervals with
one registered click n = 1 is consistent with a measured total dark count rate of the
detector of approximately Rg4. ~ 55Hz causing a false click with 0.5 % probability within
the 85 us gate interval. Readout intervals with more than one registered detector click
are supposedly caused by failure of dark state preparation as the expected dark to bright
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Figure 4.7: The cavity-enhanced fluorescence scheme is robust against detuning. Mea-
sured fidelity (dots) as a function of atomic detuning for hyperfine state detection by cavity-
enhanced fluorescence. The probe laser power is adjusted such that for every value of the detuning
the average number of detected photons is N = 8. The fidelity proves robust against atomic de-
tuning. At small detunings A, /27 < 40 MHz, the measured fidelity is limited by dark counts and
state preparation errors, at larger detunings it is limited by bright-to-dark state pumping. Solid
line: Calculated fidelity for on average N = 8 detected photons for an atom in the bright state
and an assumed atomic Stark shift distribution as measured in section (4.5).

pumping probability is exceedingly small (agqrr = 1077). The measured bright state
infidelity of 0.2 % is larger than the expected effect of bright to dark pumping (0.06%) as
well as the 0.03 % probability of detecting 0 clicks in a Poissonian distribution with a mean
of 8 clicks. We therefore attribute the measured infidelity to failure of state preparation
and to a non-Poissonian distribution of the detection events (Mandel QQ parameter Q=0.5)
due to residual atomic motion (g-averaging, Stark shift sampling).

Next, we investigate the dependence of the state readout fidelity on atomic detuning
(Fig. 4.7). This is important because neutral atoms are usually trapped in optical dipole
potentials and may experience significant AC-Stark shift variations. We mimic this effect
by keeping the probe laser and cavity resonant (A. = 0) and by detuning them from the
Stark-shifted atomic resonance (probe-atom detuning A,/27 = 0...100 MHz). We note
that the atom experiences position-dependent Stark shifts in the dipole trap and the de-
tuning we apply here is additionally superimposed. The probe laser power is increased
with A, such that the mean photon number detected from the bright state is kept con-
stant (Apright ~8). Fidelities on the order of 99% are maintained up to 40 MHz detuning,
decreasing to 91% at A, /27 = 100 MHz due to off-resonant excitation of the F' = 2 state
as A, approaches the excited state hyperfine splitting (wgrp/2m = 267 MHz). The ob-
served robustness of cavity-enhanced fluorescence readout is confirmed by our statistical
model (Fig. 4.7). Conceptually, the fidelities remain high because the detection rate of
fluorescence photons is large compared to the hyperfine pumping rate. Additionally, the
cavity favours the F/ = 3 to F' = 2 decay path and thereby lowers the probability of
bright-to-dark state pumping.
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4.3 State detection by differential transmission

4.3.1 Transmission of the atom-cavity system

The internal state-dependent response of an atom to a light field naturally opens two
avenues for optical state readout: fluorescence light detection (as discussed above) and
differential transmission of a probe beam. In free space, differential transmission shows
minute effects for a single atom and is difficult to detect at all [123]. The effect can
be enhanced by an optical cavity, where the presence of a single atom can drastically
change the transmission [110), , , 18]. Differential transmission measurements are
closely linked to normal-mode spectroscopy of the coupled atom-cavity system. A high
differential transmission contrast therefore requires the strong-coupling regime of cavity
quantum electrodynamics. Here, we briefly introduce the necessary parameters which
affect the contrast.

The steady-state intracavity photon number N4, of a coupled atom-cavity system driven
along the cavity axis at a rate n. by a probe laser is given by

_ ‘776|2 1
A2+ K21 — v

(4.24)

cav

We recall the complex cooperativity v = g2/ (A, — i) (Ac — ik)), with the detuning of
atom A, and cavity A, with respect to the probe laser . Equation (4.24) is valid in the
limit of weak driving (low saturation of the atom, [92]). The atomic state dependence of
the transmission is incorporated in (4.24) via the atom-probe laser detuning A,.

In the following, we choose probe laser and cavity resonant (A, = 0) and approximately
resonant with the Stark-shifted atomic F' = 2 < F’ = 3 transition. With the atom
prepared in the F' = 1 state, the atom is effectively detuned from cavity and probe laser
by about the ground state hyperfine splitting A, ~ wgrs =~ 6.8 GHz. Hence, the effective
cooperativity vanishes (A, > (k,7,¢g)) and the transmission remains at the empty cavity
(no atom) value. With the atom prepared in the F' = 2 state, cavity and atom are resonant
(Ag =~ 0) and the intracavity photon number reduces according to equation (4.24). The
differential transmission ratio for an atom prepared in either F' = 2 or F' = 1 is thus given
by:
T2 Ncav,2 1

T =22 = o~ . 4.25
Ty Ncav,l |1 - V|2 ( )

The expected transmission of the coupled atom-cavity system (Eq. 4.25) is shown in fig-
ure (4.8) for different values of g while assuming A, = A, = 0. In our setup, a single
maximally coupled atom (gmax/27 = 7.9 MHz) can reduce the transmitted intensity to
T=1.5%. With an effective coupling of g/2m = 3.0 MHz due to spatial and polarization
averaging, we can expect a transmission of T' = 24 %. This reduction would be sufficient
to discriminate the atomic hyperfine states with a fidelity of 99 % at a probe level of on
average 20 detected photons per readout interval for an atom in F' = 1.
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Figure 4.8: Cavity transmission. The transmission of the atom-cavity system depends on
the coupling strength g and the atomic detuning A,. Probe laser and cavity are assumed to be
resonant (A, = 0). a) Relative transmission as a function of coupling constant g for (k, vy, A,) /27 =
(2.8,3.0,0) MHz. b) Relative transmission as a function of atomic detuning A, for the cases of
g="7.9MHz, g = 5.4MHz and g = 3.0 MHz.

4.3.2 Experimental results

The experimental sequence for atomic state detection by differential cavity transmission
is equivalent to the fluorescence measurement. A single atom centrally trapped inside the
cavity mode is repeatedly cooled (9 ms), prepared in F' = 1 or F' = 2 (100 us) and probed by
a cavity transmission measurement (300 us). However, the transmission contrast for a sin-
gle atom has proven very sensitive to AC-Stark shifts. Therefore, we reduce the dipole trap
depth from 3 mK to 0.6 mK during the transmission probe interval to minimize the Stark
shift and concomitant variations in A,. The cavity and probe laser frequencies are set equal
(A, = 0) and resonant with the Stark shifted atomic F' = 2 < F’ = 3 transition. The probe
laser is applied along the cavity axis for 300 us and is o -polarized such that it in princi-
ple drives the |F =2, mp = 2) «|F’' = 3, mp = 3) cycling transition. A magnetic field of
~ 250 mG is applied along the cavity axis to provide a quantization axis. However, tests
at different probe polarizations have revealed uncompensated off-axis magnetic fields. We
can therefore not exclusively address the transition |F'=2,mp = 2) «|F' =3, mp = 3)
leading to Clebsch-Gordan averaging of g.

We analyze the number of photons detected during each transmission probe interval and
obtain two well separated probability distributions corresponding to atom preparation in
the two hyperfine states (Fig. 4.9). The presented data is based on 75 separately trapped
single atoms subject to 240 readout attempts. With the atom prepared in the F' = 1 state,
the cavity transmission is virtually unaffected by the presence of the atom and remains
at T = 100%. With the atom prepared in the F' = 2 state, the measured transmission
reduces to approximately 40 %. From the data we deduce a readout fidelity of 99.0+0.5 %
for a single 300 us probe interval (quoted error is statistical).

The measured attenuation of the probe beam by a single atom to 40 % is less than expected
from theory (24% for g/2n = 3.0MHz). We attribute this discrepancy to remaining
Stark shift variations of the probe transition on the order of ~ 10 MHz and a detailed
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Figure 4.9: Atomic hyperfine state readout by differential cavity transmission yields
a fidelity of 99.0 + 0.5 %. The histograms show the probability distributions of photon detection
events for atoms prepared in F' = 2 (red) and F' = 1 (blue). The average transmission values are
Ay = 32 and Ay = 79 resulting in 7' = 40 %. The discrimination level is set to d = 55 detection
events, such that an atom is identified as being in F' = 2 for n < 55 and in F' =1 for n > 55.

investigation is given below. For the measured average values of Apy = 32 and Ay =79
detected photons, two ideal Poissonian distributions would overlap by only 0.07% and
would allow a fidelity of 99.9%. The measured fidelity of 99.04+0.5% is lower due to
failure of state preparation (estimated 0.6 %) and due to the non-Poissonian shape of
the detected probability distributions (reduction of fidelity 0.4 %). These deviations are
explainable by a time-varying Stark shift (atomic motion, intensity ramp down of dipole
trap) and technical limitations such as cavity lock stability and drift of the probe laser
power (estimated transmitted intensity variations ~ 5 %).

By increasing the duration of the probe interval or the intensity of the probe laser, the
overlap of the two probability distributions could theoretically be reduced. However, the
number of detected photons per probe interval is in practice limited by atom loss. From
extensive test measurements (probe power, probe duration, probe polarization, detunings),
the paramter range with probe intervals of a few hundred microseconds, low absolute Stark
shift and minimized atom-cavity detuning emerged as an optimum for short detection time,
high fidelity and tolerable atom heating. In this regime, a sufficient number of detected
photons requires a sufficiently high probe intensity, which is ultimately limited by the onset
of saturation of the atom-cavity system and by atom loss due to heating. The effect of
unwanted state-pumping during probing is negligible as has been verified by time-resolved
evaluation of probe intervals.

We find evidence for the crucial role of A, by deliberately detuning probe laser and cavity
from the Stark-shifted atomic transition. We keep cavity and probe laser frequencies
equal (A, = 0) and shift them to realize different values of A,. The measured contrast
and hence the fidelity reduces dramatically when the atomic detuning is increased to
A, /27 =20 MHz and A,/27m = 40 MHz (Fig. 4.10).
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Figure 4.10: Fidelity as a function detuning for differential transmission. a) The
transmission contrast decreases as the atom-cavity detuning is increased to A,/27m = 20MHz
(gray histogram: resonant case, shown for comparison). b) Measured fidelity (dots) as a function
of detuning for differential cavity transmission and for cavity-enhanced fluorescence. Solid lines:
Theoretical model.

Even on resonance (A, = 0), the measured average transmission reduction of 60 % by a
single trapped atom is far from the maximum achievable 98.5% at gmax/2m = 7.9 MHz.
How much transmission contrast can in principle be gained is demonstrated with a different
dipole trap configuration. We use the transport dipole trap as a shallow potential in which
the atoms probabilistically drift through the cavity mode (maximum Stark shift at the
cavity Ag/2m = 3 MHz). The density of the atomic cloud passing through the cavity
is chosen low enough such that two-atom events are negligible. Typical examples of the
observed transmission dips of cavity probe light caused by single atoms are shown in
figure (4.11). Depending on the individual trajectories, atoms may fly through a cavity
field node or anti-node. The transmission for single maximally coupled atoms is found to
be as low as 5%. Applied to atomic state readout via differential cavity transmission this
contrast could enable high fidelities with few detected photons. However, to achieve this
contrast with a permanently trapped atom, the atom would need to be cold (Stark shift
variations Ay < ) and localized at a cavity field maximum [111].

4.4 Comparison and discussion of the results

The internal state-dependent response of an atom to a light field naturally opens two
avenues for atomic state readout: fluorescence light detection and differential transmission
of a probe beam. Both methods benefit from enhanced light-matter interaction in an
optical cavity. In our setup, we have achieved hyperfine state detection fidelities of 99 %
with both techniques for a single trapped 8’Rb atom. The performed protocols give a result
in every readout attempt and no post-selection is required. Most important, the readout
does not cause loss of the atom. We have thus demonstrated an efficient realization of
diVincenzo’s requirement for qubit readout [31] in neutral atoms. Further, the elimination
of atom-loss at detection establishes neutral atoms as truly stationary carriers of quantum
information.
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Figure 4.11: Transit of single atoms through the cavity. In a shallow transport dipole trap,
the atoms experience only small Stark shifts and probabilistically drift through the cavity mode.
Some trajectories cross a maximum of the cavity mode and atoms couple strongly to the cavity
resulting in a reduction of the transmitted probe light (histogram bars). Single optimally coupled
atoms can reduce the transmission to T'/Ty ~ 5%.

As a first method, a cavity-enhanced fluorescence detection scheme has been introduced.
From statistical analysis, the detection efficiency 1 emerges as a crucial parameter. In
our setup, a remarkably high n = 20% enables hyperfine state detection with a fidelity
of 99.4% in 85 us. The achievable fidelity is mainly limited by dark counts. Cavity-
enhanced fluorescence proves robust against atomic detuning allowing operation in deep
optical dipole traps. It does not require the strong-coupling regime of cavity quantum
electrodynamics which simplifies technical implementation. In the presence of unwanted
decay channels (i.e. state pumping during probing), the Purcell effect supports a prefer-
ential decay path and establishes an efficient coupling to the detector. The combination
of high fidelity, experimental robustness and readout speeds which are fast compared to
hyperfine qubit decoherence times [72] makes cavity-enhanced fluorescence a useful tool
for quantum protocols based on neutral atoms [73, 75, 74]. Finally, this scheme is appli-
cable to other physical systems with optically accessible qubits such as quantum dots, NV
centers in diamond or cold molecules.

The second readout method studied in this chapter is based on cavity transmission. We
found that the differential transmission contrast critically depends on variations of the
atomic Stark shift and the coupling g. For a cavity operating in the intermediate coupling
regime, the transmission method appears to be less suitable than the fluorescence tech-
nique. In comparison, the cavity-enhanced fluorescence technique achieves higher fidelities
over a large range of detunings while operating at higher readout speeds. Moreover, the
required cavity parameters (moderate size and coupling, moderate linewidth) are generally
easier to implement.

In future experiments, cavity-enhanced fluorescence readout may be achieved within a
few microseconds. Operating at higher probe power, a fidelity F > 99% within a probe
interval of 10 us is expected. With an adaptive technique [122], the average readout time
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Figure 4.12: Sequence for Stark shift spectroscopy. First, a reference signal level is gener-
ated by preparing atoms in F' = 2 and probing with a [52S; /o F = 2) < |5?P3,5 F' = 3) resonant
laser. Next, the atoms are prepared in F' = 1 and a weak pump laser of variable frequency partially
transfers atoms into F' = 2. The final population in F' = 2 is probed again. By comparison of this
signal with the reference, we determine the transfer efficiency as a function of pump laser frequency
which corresponds to a Stark shift spectrum. The total repetition rate is 400 Hz.

may be further reduced: In our data, the first photon detection event is sufficient to iden-
tify the atomic state. All additional information aquired during the same probe interval
is redundant. Using the existing capabilities for deterministic atom transport in optical
dipole traps [77, 70, |, a cavity may serve as a readout head into and out of which neu-
tral atom qubit registers are shifted. Lossless atomic state detection can also improve the
performance of atomic clocks [126]. The two schemes outlined here discriminate atomic
hyperfine states but can be extended to the detection of Zeeman states. This is rele-
vant for applications in atom-photon and atom-atom entanglement experiments. In this
respect, hyperfine state detection should be complemented by hyperfine qubit rotations
and capabilities for mapping a Zeeman qubit onto the hyperfine qubit. Both rotation and
mapping are standard techniques and have been demonstrated in other experiments by
use of microwaves or Raman laser pairs [113, 115].

4.5 Applications of cavity-enhanced fluorescence

4.5.1 Stark shift spectroscopy

Hyperfine state detection can be used for Stark shift spectroscopy of the atom-cavity
system. The basic concept is to measure the Stark shift-dependent efficiency of optical
pumping between the states F' = 1 and F = 2. The experimental protocol for Stark shift
spectroscopy involves three sequential steps. In a first step, the atoms are prepared in
F = 1. Next, a weak pump laser beam is applied coupling F' = 1 and F’ = 2 which can
optically pump atoms from F' = 1 to F' = 2. The efficiency of this state transfer is highest
when the laser is resonant with the actual Stark-shifted F© = 1 to F/ = 2 transition.
In a third step, the final population of state F' = 2 is measured via cavity-enhanced
fluorescence. We repeatedly apply this protocol and determine the transfer efficiency as a
function of the pump laser frequency.

In practice, the experimental sequence is complemented by a reference measurement with
atoms directly prepared in F' = 2. This allows to remove systematic drifts in the signal level
and to work with many atoms loaded into the cavity which improves the data aquisition
rate. A typical protocol used for Stark shift spectroscopy is depicted in figure (4.12). In
general, the area of the optical pump pulse must be chosen low enough to avoid high
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Figure 4.13: Stark shift spectroscopy. Graphs a) and b) show the hyperfine state transfer
efficiency as a function of the F' = 1 to F/ = 2 pump laser frequency for high and low power of the
dipole trap laser: a) standing wave trap at 2.5 W, b) transport trap at 4 W. The transfer is most
efficient when the weak pump laser is resonant with the Stark-shifted atomic transition. From
numerical fits (solid lines), we obtain Stark shift distributions centered at A,/27 = 100 MHz for a)
and A; /271 = 6 MHz for b) and a full width at half maximum of 21 MHz and 9 MHz, respectively.

transfer efficiencies on resonance as this would distort the obtained Stark shift spectra.

As an example, measurements of the transfer efficiencies as a function of pump laser
frequency are shown in figure (4.13) for two settings of the optical dipole trap. The first
setting (standing wave trap, P = 2.5 W) represents the standard atom trapping condition
of our experiment. We find a near-Lorentzian distribution with a width of 21 MHz centered
at Ag/2m = 100 MHz. This agrees well with the predicted Stark shift of 100 to 125 MHz
(uncertainty due to laser beam alignment) and indicates the finite temperature of the
atoms. For the transport trap (running wave, P = 4 W) with weak dipole potential in
the cavity region, we find the atomic center frequency at A;/2m = 6 MHz and a width of
approximately 9 MHz.
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Figure 4.14: Sequence for microwave spectroscopy. A microwave pulse of variable frequency
is applied to atoms prepared in F' = 1 and partially transfers atoms into F' = 2. The population
in F' = 2 is probed to determine the transfer efficiency as a function of microwave frequency. A
signal derived from atoms directly prepared in F' = 2 serves as a reference level.

4.5.2 Measurement of the magnetic field

Knowledge and control of the magnetic field at the position of the atom is essential for
full control over the atom-cavity system. The influence of the magnetic field is especially
relevant for entanglement experiments employing the atomic Zeeman states. Non-zero or
fluctuating magnetic field components are a major source of decoherence [127, 72]. Here,
we use cavity-enhanced fluorescence state detection in combination with microwave fields
for a direct measurement of the magnetic field at the position of the atom.

The experimental protocol is equivalent to the Stark shift spectroscopy outlined above.
However, the optical pumping via the atomic excited states is replaced by direct state
transfer between F' = 1 and F = 2 using microwave radiation. The ground state pop-
ulation transfer is monitored as a function of microwave frequency in order to identify
transitions between the Zeeman sublevels. Once these Zeeman state resonances can be
measured, the absolute magnetic field at the position of the atom is known and can be
minimized by applying counteracting fields using the external Helmholtz compensation
coils.

Quantitatively, a magnetic field B lifts the degeneracy of the Zeeman sublevels with quan-
tum number mpg and shifts their energy by

AE\ppmyy = pB - gr-mp - B (4.26)

where pup denotes the Bohr Magneton, B is the absolute value of the magnetic field, and
gr is the Landé factor of the atomic hyperfine state. For the hyperfine states 5281/2 F=1
and 5281/2 F =2 of 8"Rb the effective shifts are:
52810 F =1: AEjj,,, =—B-mi-0.7MHz/ G my € {-1,...,+1}  (4.27)
5°S1/0F' =2: AEjgn,) =B -mz-0.7MHz/ G my € {-2,...,+2}

The microwave (magnetic dipole) transition frequencies depend on the absolute value of
the magnetic field as:

wy = 6.834683 GHz + B -n-0.7 MHz/ G n e {-3,...,+3} (4.28)

The microwave radiation is applied with a microwave horn mounted above the vacuum
system and pointing towards the cavity assembly at a distance of approx. 10cm. The
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Figure 4.15: Microwave transition scheme. Arrows indicate microwave transitions between
magnetic sublevels of the hyperfine states 5281/2F =1 and 5281/2 F = 2 of 8"Rb. A non-zero
magnetic field lifts the degeneracy of the Zeeman states with quantum number mpg. The energy
of levels with mpr = 0 remains unaffected.

horn can be adjusted to emit all microwave polarizations. As a microwave source, we
use a high-frequency function generator. Its cw-output is switched and amplified (final
output power 32 dBm). To our disadvantage, the piezo tube stabilizing the cavity length
is plated and shields the microwaves from the intracavity region. Only the mm-size holes
in the piezo permit an evanescent microwave field to leak into the cavity volume. In the
experiment, we find that the microwave field at the location of the atom is too weak to
observe coherent Rabi oscillations of the hyperfine state populations. Yet the signal is
sufficient for microwave spectroscopy. The fact that the piezo partially absorbs microwave
power is substantiated by the microwave-induced thermal drifts of the cavity length.

In a first test measurement, we disable the external magnetic field compensation coils and
observe the Zeeman splitting caused by the background magnetic field (figure 4.16) 2. The
average frequency difference of the microwave resonances is Aw/2m = 456 kHz correspond-
ing to a background magnetic field of B ~ 651 mG. The resonance frequencies and widths
of the microwave resonances as deduced from individual Lorentz fits are summarized in
the following table.

Resonance —3. —2. -1. —=0. +1. +2. +3.
FWHM (kHz) 36 21 12 4 12 27 44
Peak Pos.(kHz) | —1365 —908 —455 0 455 910 1369

We notice that the peak width grows linearly with detuning from the |F =1, mp = 0) <
|F' = 2, mp = 0) transition. This points at a fluctuating absolute value of the magnetic
field. The length of the microwave pulses of 1 ms corresponds to 1kHz in the frequency
domain — the observed peak width is therefore not Fourier-limited.

’In central Europe the earth’s magnetic field components in horizontal and vertical direction are
Bhor,vert =~ (02,04) G.
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Figure 4.16: Magnetic field optimization. a) Measured microwave spectrum of the
52S1)2 F = 1) < [5%S; /5 F = 2) transition with compensation field coils turned off (blue dots).
The microwave detuning A, is given with respect to the |5281/2 F=1m =0) < |5281/2F =
2,my = 0) transition at 6.834683 GHz. The resonances at which hyperfine state transfer occurs
are separated by Aw = 456 kHz corresponding to a background magnetic field of B ~ 651 mG.
b) Measured microwave spectrum (blue curve) with the background magnetic field compensated
by 3 pairs of external Helmholtz coils. The microwave resonances have merged and the residual
magnetic field is estimated to be B = (24 4+ 7) mG. A corresponding theoretical spectrum is shown
for comparison using a linewidth of 4kHz (red curve). The measured spectrum is considerably
blurred — probably due to temporal fluctuations of the magnetic field during the measurement.

In a second experiment, we reduce the magnetic field at the location of the atom by ap-
plying compensation fields using three pairs of Helmholtz coils surrounding the vacuum
system. Our goal is to merge all microwave resonances at the value of the |52S; b =
1,m; =0) < |52Sl/2 F = 2,my = 0) transition. We finally obtain a microwave spectrum
as depicted in figure (4.16). We estimate the remaining magnetic field by assuming an
underlying spectrum with an average peak separation of Aw/2m ~ (17 £ 5) kHz corre-
sponding to an absolute magnetic field value of B = (24 £+ 7) mG. However, the observed
blurred spectrum is most certainly caused by temporal fluctuations of the magnetic field.
A further reduction of the absolute magnetic field and its temporal fluctuations requires
considerable technical effort. The passive stability can be improved by removing labora-
tory equipment causing fluctuating stray fields or by proper magnetic shielding. An active
stabilization scheme involves precise monitoring of the magnetic field on all relevant time
scales (sub-millisecond to days) with a precision of ~ 1mG in the vicinity of the atom.
The measured values would serve as an input for electronic feedback onto the compensa-
tion field coils. It has been shown in [72] that these techniques can reduce magnetic field

fluctuations to less than 2mG corresponding to atomic Zeeman state coherence times of
150 ps.



5 EIT with single atoms in a cavity

This chapter gives a brief summary of experiments in which we observe electromagnetically
induced transparency (EIT) with single trapped atoms in the cavity.

The content of this chapter has partially been published in:

”Electromagnetically induced transparency with single atoms in a cavity”,

M. Miicke, E. Figueroa, J. Bochmann, C. Hahn, K. Murr, S. Ritter, C. J. Villas-Boas, and
G. Rempe, Nature 465, 755 (2010).

5.1 EIT: Controlling light with light

Electromagnetically induced transparency (EIT) allows the coherent control of the trans-
mission of a probe beam through an optically dense medium [128, ]. The physical
concept behind EIT is the creation of a coherent dark state when a three-level medium
is driven by two coherent fields. Typically, EIT is observed in atomic ensembles (alkali
vapour cells at room temperature) employing a A-type level scheme. In this scheme, two
hyperfine ground states are coupled to one common excited state by two laser beams
(equivalent to Fig. 5.1c). One of the laser beams is used to probe the transmission of
the medium, while the second beam can coherently control the optical properties of the
medium. The atomic system driven by the laser fields is appropriately described in a basis
of new eigenstates which are superpositions of the uncoupled atomic states. Remarkably,
when the two laser fields are Raman resonant, one of these eigenstates is a superposition
of the two atomic ground states and does not contain the atomic excited state. Atoms in
this ”dark” state do not interact with light and become transparent for the probe beam.
Therefore the transmission spectrum of the atomic medium exhibits a characteristic trans-
parency feature at the probe beam frequency for which the Raman resonance condition
is fulfilled. The width, height and absolute frequency of the EIT transmission window
is adjustable via the frequency and strength of the control laser field. In this sense, the
optical properties of the medium can be externally controlled.

The phenomenon of EIT has a multitude of interesting aspects. A prime example is
the observation of slow light [130), |, while in other experiments, the EIT scheme has
been extended to the storage and controlled read-out of light pulses [132, , , .
Naturally, EIT provides a tool to switch light with light [136] and the inclusion of additional
atomic states and field modes can result in complex behaviour of light fields inside a
medium [129, 137].

An exciting prospect which we will follow in this chapter is the scaling of EIT into the
regime of a few atoms and eventually a single atom. The interest in EIT with a single
atom has been put forward in several theory works over the past decade, especially in the
context of nonlinear optics and quantum information [138, ) ) ) , 143]. In the
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quantum domain of few atoms and few photons, EIT may enable control of the photon

statistics of propagating light fields [1412] or the realization of strongly interacting photon
gases [114, |. However, a single atom in free space has minute effects on a propagating
laser beam [123] and can not be considered as an optically dense medium. Nevertheless,

we have seen in chapter (4) that an optical cavity can enhance the matter-light interaction
such that a single atom has an appreciable effect on the transmission of a probe field. This
allows us to create an optically dense medium with only a few atoms. The presence of the
cavity adds cavity QED features to the phenomenon of EIT. In fact, cavity EIT (CEIT)
has attracted considerable interest, both theoretically and experimentally [146, , ]

5.2 Observation of EIT with single atoms in a cavity

The characteristic features of CEIT are best observed in our apparatus when many atoms
couple to the cavity simultaneously and create an optically dense medium. The collective
atom-cavity coupling strength is then given by gy = v/Ng where ¢ is the average coupling
constant per atom as introduced in the previous chapters. With N ~ 15 atoms in the
cavity and g = 2w x 2MHz for the F' = 1 «+» F’ = 1 transition the system operates in the
collective strong coupling regime and can be considered as optically dense for a resonant
transmission probe beam (see section 4.3).

The basis for the observation of cavity EIT is the measurement protocol previously used
for differential transmission (Sec. 4.3). Here, the cavity frequency is set resonant with
the F =1 to F/ = 1 transition and approximately 15 atoms are trapped inside the cavity.
We record the transmission of the probe laser for three distinct conditions (Fig. 5.1). In
the first step of the experimental protocol, we shelve the atoms in the hyperfine state
F = 2 which effectively decouples them from the cavity. This yields an empty-cavity
transmission spectrum used as a reference. In the second step, the atoms are prepared in
F =1, such that we realize the case of two-level atoms coupled to the cavity. In the third
step, we apply an additional control laser transverse to the cavity axis and resonant with
the FF = 2 «» F’ = 1 transition. This forms a A-level scheme suitable for the generation of
a coherent dark state (Fig. 5.1). The experimental protocol is continuously repeated at a
rate of 25 Hz while the probe laser frequency is shifted for every repetition cycle. Thus, we
simultaneously measure the three transmission spectra for a given set of trapped atoms.

The recorded spectra are shown in figure (5.1). The empty cavity transmission (atoms
prepared in F' = 2, black data points and theory curve) is of the expected Lorentzian shape.
The transmission with atoms prepared in F' = 1 and only the probe light present (red data
and dashed curve) displays the characteristic normal-mode spectrum with a vacuum-Rabi
splitting of 2gy. At the empty cavity resonance (probe-cavity detuning A ~ 0) the
transmission is less than 5% and the atom-cavity system is optically dense. However,
this typical cavity QED spectrum changes significantly when the control laser is added to
the system (blue data and theory curve) and we obtain a characteristic CEIT spectrum.
First, the normal-mode resonances are shifted further apart due to the ”dressing” of the
atom-cavity energy levels by the control laser. Second, and most important, a narrow
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Figure 5.1: Experimental protocol and cavity EIT. The transmission of the atom-cavity
system is probed with a weak laser (probe laser-cavity detuning A) under three conditions. The
cavity frequency is set resonant with the atomic F' = 1 < F’ = 1 transition (D2-line). a) With
atoms shelved in the hyperfine state F' = 2, we record the empty cavity transmission as a reference
(black data and curve in d)). b) With atoms prepared in F' = 1, we realize a situation of ” two-level
atoms” coupled to the cavity and observe a vacuum Rabi splitting with a large collective g (red
data and curve in d)). ¢) An additional laser is used to coherently control the optical properties
of the atom-cavity system (cavity EIT, blue data and curve in d)). d) Measured transmission
spectra for on average 15 atoms coupled to the cavity. A narrow transparency window (full width
at half maximum ~ 900kHz) at the two-photon resonance testifies to the existence of a coherent
dark state. Experimental parameters: maximum intracavity photon number 0.02, control power
9 uW (equivalent Rabi frequency 1.3 k). Error bars are statistical.

transmission window emerges corresponding to the coherent dark state. We verified that
this transmission feature appears at the two-photon resonance by shifting the control laser
frequency.

In the next experiment, the transmission measurements introduced above are performed
with a single atom trapped in the cavity. The results of these measurements are shown in
figure (5.2). The data are an average over 169 complete spectra each obtained using ex-
actly one trapped atom. Without control light present (red data points), the on-resonance
transmission is lowered but the vacuum-Rabi splitting is not resolved '. This is a conse-
quence of a low effective cooperativity. However, with the control field added, we observe
cavity EIT with one atom (blue data points and curve). The transmitted spectrum is no-

!The lower transmission contrast for a single atom as compared to section (4.3) is due to the weaker
dipole moment of the FF = 1 to F’ = 1 transition which limits the maximum achievable coupling to
gmaz = 27 X 5 MHz. The measured effective g (spatial averaging) on this transition is on the order of
g =~ 2w x 2MHz. Position dependent Stark shift variations and optical pumping into F' = 2 further limit
the measured transmission contrast.
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Figure 5.2: Cavity EIT with a single atom. Measured transmission spectra for exactly
one atom coupled to the cavity and a control laser power of 3 uW (equivalent Rabi frequency
0.8 k). Colour coding same as in figure (5.1). Under the conditions of CEIT, the transmitted
spectrum is notably narrowed, and a nearly perfect transparency is obtained (96 %). The measured
transmission contrast is 20 % with respect to the control laser switched off. The inset shows a CCD
camera image of a single atom trapped in the cavity (image size 33 pm x 16 pm).

tably narrowed, and a nearly perfect transparency is obtained. In this respect, the system
realizes a quantum light switch based on a single atom with a contrast of about 20%.

Our results present an implementation of CEIT in a completely new regime as the number
of atoms is many orders of magnitude smaller than in previous realizations with atomic
ensembles [117, |. For the concept of CEIT with a single atom our experiment serves
as an important proof-of-principle. However, further research which fully exploits the
promises of CEIT with single atoms may require higher single atom-cavity coupling.

A detailed analysis of the CEIT experiments and the scaling with atoms added one by one
will be subject of the PhD thesis by my colleague Martin Miicke.



6 Phase shaping of single-photon wave packets

While the phase of a coherent light field can be precisely known, the phase of individual
photons is not defined [119, |. Phase changes within single-photon wave packets, how-
ever, have observable effects. In the experiment presented in this chapter, we make use
of the atom-cavity system as a deterministic photon source and control the phase within
the duration of single-photon wave packets. This phase control is probed in a two-photon
interference experiment in which the well-known Hong-Ou-Mandel effect can be reversed.

The results presented in this chapter have been published in:

”Phase shaping of single-photon wave packets”,

H. P. Specht, J. Bochmann, M. Miicke, B. Weber, E. Figueroa, D. L. Moehring, and G.
Rempe, Nature Photonics 3, 469 (2009).

6.1 Hong-Ou-Mandel effect revisited

A single atom coupled to a cavity is an excellent source of photons with well controlled
properties. Using a cavity-mediated Raman process, the generation of single photons with
controlled wave packet shape, frequency and polarization has been shown in our group
[93, , , , |. A distinguishing feature of this photon generation scheme is the
ability to produce photons with durations that are much longer than the time resolution of
the photodetectors. In two-photon interference experiments, the generated photons have
further proven to be indistinguishable [152, ]. Moreover, the long photon wave packet
durations have enabled the time-resolved investigation of two-photon interference [152].

Two-photon interference is a fundamental example of quantum optics and finds applica-
tions in linear optical quantum computing [155, 156]. The effect has first been studied in a
groundbreaking experiment by Hong, Ou and Mandel in 1987 [157, ]. In the standard
setting of two-photon interference, two identical photons impinge on the two input ports
(A and B) of a 50/50 non-polarizing beam splitter (NPBS), represented by the initial state
|W;) = [141p) (see Fig. 6.1). Due to the indistinguishability of the photons, the detection
of one photon in output port C' or D at time tg projects the initial product state |¥;) into
the “which path” superposition state W (o)) = (|14,05) 4|04, 15))/v/2 of the remaining
photon. For the detection of the second photon, the probability amplitudes of all possible
measurement outcomes interfere which gives rise to the Hong-Ou-Mandel effect: In an
ideal experiment, the second photon is always detected in the same output port of the
beam splitter as the first photon. The Hong-Ou-Mandel effect has attracted continued
interest over the past years and various versions of two-photon interference experiments
have been discussed [158, , , .

Here, we extend the conventional setting of the Hong-Ou-Mandel effect by allowing an
arbitrary phase Ay between the components of the superposition states |Wy) after the
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Figure 6.1: Experimental setup. Single photons are generated in a Raman process from single
8TRb atoms traversing the cavity mode. A polarizing beam splitter (PBS) directs the photons
randomly into one of two optical paths. In the first path, an electro-optic modulator (EOM)
is used to arbitrarily shape the phase of the single photon wave packets. A delay fiber in the
second optical path allows two subsequently generated photons to synchronously impinge on a
50/50 non-polarizing beam splitter (NPBS). The photons are detected by single photon counting
modules (SPCMs) which are connected to a time to digital converter (TDC). A half wave-plate
(M\/2) rotates the polarization in the delay path to erase which-way information after the PBS.

detection of the first photon. The phase-dependent wave function of the remaining single
photon reads
W (to + 7)) = (114,08) £ 27|04, 15))/V2. (6.1)

As a consequence, the probability with which the second photon is detected in either of
the two output ports depends on the phase shift Ay. Quantitatively, the probability to
detect the two photons of an impinging pair in opposite output ports — the coincidence
probability peoinc — depends on the magnitude of the accumulated phase shift between the
two photon detection events as

Pcoinc = SiHQ(A¢/2)~ (6.2)

Hence, with well tailored phase shifts, one gains control over the photon detection corre-
lations, i. e. wether the two photons are detected in the same or opposite output ports of
the beam splitter. Remarkably, at a phase shift of Ay = 7 the usual photon coalescence
of the Hong-Ou-Mandel effect is turned into anti-coalescence.

The phase shift between the photon detection events can, for example, be induced by a
frequency difference between the photons [162, ]. In the experiment considered in the
following, arbitray phase patterns can be imprinted on the single photon superposition
state |4 ) using a fast electro-optic modulator in one input port of the beam splitter.

6.2 Experiment and results

In our experiment, we can indeed realize the ideal situation of two indistinguishable single
photons simultaneously impinging on a beam splitter (Fig. 6.1). The photons are gener-
ated one-after-the-other using a cavity-mediated STIRAP process (see chapter (2.6) and
[93, 151]). After emission from the cavity, the photons are randomly distributed into two
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optical paths which are later recombined on a NPBS. One of the two paths acts as a delay
line such that a photon which has travelled this path can arrive at the NPBS simultane-
ously with a subsequently generated photon which has taken the other path. Thus, the
stream of independent photons at the cavity ouput is (randomly) converted into photon
pairs which are spatially and temporally mode-matched at the input ports of the NPBS.

In our setup, the delay path consists of an optical fiber with a length of 270 m which
introduces a propagation time delay of 1.35 us. The other optical path accomodates a
fiber-based electro-optic modulator (EOM) which is used as a fast optical phase shifter.
The two output ports of the NPBS are mapped onto single photon detectors (SPCM’s,
see figure 6.1). Note that when a photon pair causes both detectors to click this is called
a ”coincidence” event. However, for the spatial correlation of the photons in the output
modes of the NPBS this actually means ”anti-coalescence”.

The photons are generated at a rate of 740 kHz with a Gaussian wave packet shape and
a duration of 150 ns. The photon duration is chosen to be much longer than the detector
time resolution (2ns) and the switching times of the EOM (approx. 1mns) but shorter
than the time delay introduced by the delay path (1.35 us). The rate of photon generation
matches this propagation time delay. We operate the experiment in the continuous loading
regime (chapter 2) where single atoms probabilistically drift through the cavity in a shallow
optical dipole potential. The single photon nature of emission from the atom-cavity system
is verified in a Hanbury Brown-Twiss correlation measurement.

The EOM can create arbitrary optical phase shifts between 0 and 37 at a modulation
bandwidth of 10 GHz. In principle, any phase structure within this parameter range
can be imprinted on a photon wave packet propagating through the EOM. Temporal
step functions, linear ramps and sawtooth patterns of the phase shift have been realized
experimentally. In the following, we restrict ourselves to the case of a step function type
phase modulation. It is applied as a sudden phase shift at the center of the photon wave
packet’s temporal shape.

For an analysis of the photon coalescence behaviour, the recorded data must be post-
selectively grouped into two subensembles depending on wether the applied phase shift
occured between the two detection events or not. This is because the phase shift Ay
introduced by the EOM only becomes effective for photon pairs in which one photon is
detected before the phase shift and the other photon is detected after the phase shift.

In figure (6.2) the measured coincidence detection probability is shown as function of the
applied phase shift Ay for the two subensembles of detected photon pairs. We find that
photon pairs for which both detections occured before or after the phase shift always
coalesce. This is in agreement with the Hong-Ou-Mandel effect and testifies to the indis-
tinguishability of the impinging photons. However, photon pairs for which the phase shift
occured between the detections events exhibit a sin®(A,;/2) dependence of the coincidence
probability, as given by equation (6.2). As expected, a maximum number of coincidences
is observed for phase shifts of odd multiples of 7w, whereas the photons coalesce for even
multiples of 7.
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Figure 6.2: Coincidence rate vs. applied phase shift. Red dots show the coincidence
detection probability (normalized to uncorrelated photon pairs) as a function of the applied phase
shift for the subensemble of photon pairs in which the phase shift occured between the detection
events. The solid fitted line follows the sinusoidal behaviour of equation (6.2) with a visibility of
6743 %. The coincidence rate for photon pairs detected both before or after the phase shift remains
at a low value of ~ 14 % (blue squares; average value: solid blue line, offset of 5% is due to multi-
atom events and SPCM dark counts). The given error bars are statistical (1 standard deviation).
The possible realizations of photon detection events which contribute to the measured coincidence
probability are schematically represented for the regimes of coalescence (Hong-Ou-Mandel effect)
and anti-coalescence.

It is evident from our data that the usual coalescence of photons as known from standard
Hong-Ou-Mandel experiments is turned into anti-coalescence at w-phase shift of the EOM.
In the subensemble of photon pairs in which the m-phase shift is effective, the probability
to find the two photons in opposite output ports of the NPBS is measured to be peoine =
183 £ 6% when compared to the random detection of uncorrelated photon pairs (used as
100 % reference level). In the subensemble with no effective phase shift, the coincidence
detection probability is only 16 +2%. The deviation from the respective ideal values of 0%
and 200% can be easily explained by experimentally limited mode matching (temporally,
frequency) between the two sequentially generated photons [163], rare multi-atom events
and detector dark counts.

Taken together, our results show that the two-photon interference as described by Hong,
Ou and Mandel [157] can be generalized by introducing an arbitrary phase in the which-
path superposition of a single photon. In the experiment, the coalescence probabilities
of photon pairs is controlled by applying appropriate phase shifts. It must be noted that
the observed effect is manifestly different from classical interference of electromagnetic
fields but rather originates from the interference of probability amplitudes in the detection
process [161].

A detailed analysis of the topic introduced in this chapter will be subject of the PhD thesis
of my colleague Holger Specht.



7 Summary and outlook

A new single atom-cavity apparatus has been constructed during the course of this work. It
operates in the intermediate-coupling regime of cavity quantum electrodynamics (CQED)
and allows the quasi-permanent storage of single atoms. The new atom-cavity system
is well-suited as a light-matter interface at the level of single atoms and single photons.
In the experiments reported in this thesis, we have observed fundamental phenomena of
quantum optics and cavity quantum electrodynamics. We use the enhanced light-matter
interaction in the cavity for the controlled generation of single photons, for the efficient
detection of atomic states and for realizing light-light interaction mediated by just one
atom. As will be explained in the following, the single atom-cavity system described here
opens many fascinating perspectives for future experiments.

In the first experiment reported here, we have observed the coherent exchange of energy
between a single atom and the intracavity field upon excitation with a short laser pulse.
The time-resolved observation of such vacuum Rabi oscillations presents a textbook-type
example of CQED in the optical domain. The agreement of the data with theoretical
prediction is excellent and a quantitative analysis of the vacuum Rabi oscillations enabled
time-domain normal-mode spectroscopy of the atom-cavity system. The short pulse ex-
citation scheme employed in this experiment also allows to produce single photons in a
well-defined output mode at the push of a button. Single photon generation by short pulse
excitation operates in a regime which significantly differs from the previously studied STI-
RAP scheme. The emitted photon wave packets have a duration on the order of 100 ns and
the repetition rate can be several MHz. Further, this scheme can generate single photons
in a superposition of two tunable frequencies.

In a second series of experiments, we have studied schemes for internal state detection
of single neutral atoms. Internal state readout of single atoms is at the heart of atomic
physics but is also an essential prerequisite for quantum information with neutral atoms.
So far, state readout of single atoms had been hampered by atom loss, comparably long
readout times or extremely difficult experimental requirements. Here, we overcome these
problems and introduce an efficient readout scheme for atomic hyperfine states based on
cavity-enhanced fluorescence. This technique has proven to be robust against experimental
parameter variations and does not require the strong-coupling regime of CQED. We achieve
atomic state readout with a fidelity of better than 99 % in less than 100 us. Most important,
a single atom can be interrogated many hundred times without loss from the optical
dipole trap. This presents an essential advancement and establishes neutral atoms as
truly stationary carriers of quantum information.

The subsequent investigations of atomic state dependent transmission of the cavity lead to
the observation of electromagnetically induced transparency with a single trapped atom.
In these measurements, the transmission of a weak light beam through the atom-cavity
system has been coherently controlled by means of a transversally applied control laser.
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With careful choice of experimental parameters, the optical properties of the atom-cavity
system are determined by a coherent dark state. This proof-of-principle experiment marks
the starting point for a wealth of related phenomena which remain to be explored in the
future (see below).

Finally, we have used the atom-cavity system as a source for exceptionally well-defined
single photons. The photon wave packet duration is much larger than the detector time
resolution and long enough to imprint user-defined optical phase patterns onto single
propagating photons. In a two-photon interference experiment, these phase shaped pho-
tons exhibit a tunable coalescence behaviour which emerges as a generalization of the
well-known Hong-Ou-Mandel effect.

The experiments named above indicate the high degree of control over single atoms and
single photons which has already been achieved. However, future experiments could be
spurred by a precise localization of the atom at an antinode of the cavity field and by the
elimination of atomic Stark shift variations. Both problems can be solved when the atom is
cooled to the motional ground state of the intracavity dipole trap potential [60), , ].
Further, the probabilistic loading of atoms into the cavity may in the future be aided by
deterministic re-positioning of atoms into the geometric center of the TEMgp-mode of the
cavity [77] in order to achieve a high and reproducible value of the atom-cavity coupling.

The experiments presented in this thesis draw their strength from trapping exactly one
atom in the cavity and from generating exactly one photon at a time. While working at this
level has been a long standing goal in optical CQED and quantum optics, this approach
does not yet take advantage of the scalability which neutral atoms and in particular atom-
cavity systems offer. In future experiments, the controlled scaling to finite atom numbers
and the scaling to two or more connected atom-cavity systems may supersede the now
familiar single atom-single photon regime of CQED.

In our setup, the single atom-imaging system already allows to work with a defined num-
ber of atoms coupled to the cavity mode. This enables future experiments on two-atom

entanglement via projective measurements [165, ] and possibly cavity-mediated quan-
tum gate operations [160, , |. Extension to larger atom numbers opens perspectives
for spin squeezing [66, | and the realization of infinitely long-range interactions in

many-body quantum systems [36, 37].

Further exploration of the cavity EIT phenomenon naturally includes the slowing and
storage of photons. Of particular interest are effects which depend on the number of
atoms and photons such as Fock state dependent slowing of a light pulse or the Fock
state specific transmission of light pulses through the cavity. First numerical evaluations
have shown that these effects may be observable. However, the signatures are small due
to the currently low average atom-cavity coupling strength. With these options at hand,
coherent dark states and EIT with a defined number of atoms in a high-finesse cavity
present tools with which quantum states of light can be generated, stored and filtered
photon by photon.

An exciting prospect for atom-cavity systems is the scalability to distributed quantum
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networks [68, 69, ]. In such a network, photons communicate quantum information
to remote locations and establish correlations between distant stationary atoms. Indeed,
during the course of this work, first steps have been taken to couple two independent
atom-cavity systems. Among a variety of coupling schemes, two options appear especially
relevant. In a first scheme, a joint measurement on photons emitted by two atom-cavity
systems projects the remote atoms into an entangled state [165, ]. In another possible
realization, one atom-cavity system sends a photon which is entangled with the intracav-
ity atom directly to the second atom-cavity system where the photon is absorbed [(3].
Naturally, such quantum networks are testbeds for long-distance teleportation [171] and
the construction of a quantum repeater [172].
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8 Appendix

8.1 Atom-cavity coupling strength

The atom-light interaction in a cavity is characterized by the coherent coupling rate g and
the cooperativity C'. The cooperativity is defined as

g2

T (8.1)

With atom and cavity on resonance in the bad cavity limit, the ratio of the probabilities
for atomic polarization decay into the cavity output mode and decay into free space is
simply
Reaw  2¢%/k
Rspont B 2y B

20 . (8.2)

The cooperativity is directly related to the critical atom number in the cavity N, = 1/C
at which the on-resonance cavity transmission 7/Ty = (1 + 2C)~2 is significantly altered
(T(N,)/To = 1/9). Equivalently, the critical photon number N, = ~v2/(2¢%) gives the
average number of intracavity photons which are necessary to saturate a given atomic
transition. Note that the effective cooperativity v = ¢g?/[(A, — i7)(Ac — ix)] introduced
in [92] and chapter (4) is a generalization of —2C.

The coherent atom-cavity coupling rate gg at a cavity-field antinode is determined by
the dipole matrix element pg4. of the atomic transition and the cavity mode volume V/
(V = mwod/4, mode waist wy, cavith length d).

[ We
go = m " Hge (8-3)

The applicable value of 14, depends on the polarization of the cavity field and the internal
state of the atom.

For the strongest electric dipole transition of the Rubidium D2-line 52S; pF=2mp=2
to 52P3/2 F' =3 mp = 3, we find go/27r = 7.9MHz in our cavity. This results in a
maximum cooperativity C' = 3.6, a critical atom number of N, = 0.3 and a critical photon
number of N, = 0.07. For isotropic light polarization the coupling is go/27=5.4 MHz
(C=1.7,N, = 0.6, N, = 0.16) for the F = 2 < F’ = 3 transition. The values of gy in our
experiment for all transitions of the Rb D2-line are listed in tables a)-d) at the end of this
section.

The atom-cavity coupling rate gg is spatially modulated by the standing wave structure
of cavity field mode .(r):

g(r) = gotbe(r) . (8.4)
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The residual motion of an atom trapped inside the cavity samples this spatial modulation
of g. The time scales at which this averaging becomes effective are given by the trap
frequencies of the optical dipole potential. Along the axis of the standing wave dipole
trap (1064 nm, waist 16 ym, depth ~3 mK), the trap frequency is on the order of 1 MHz.
However, along the radial direction of this trap (e.g. the cavity axis), the trap frequency is
only a few kHz. The spatial averaging discussed below becomes effective for single probe
intervals with duration larger than 10 us.

In the following, g-averaging along all three axes of atomic motion is discussed. First,
we assume the atom is permanently trapped in one potential well of the standing wave
dipole trap in the center of the cavity mode. Along the cavity axis, the atom moves over
a range of up to 6 um (inferred from camera images, see section 2.6). Therefore, the atom
samples more than 10 nodes and antinodes of the cavity mode 1).(r) and averaging along
the cavity axis reduces the coupling g (g?) to 64% (50%) of go (go?2). Along the vertical
spatial axis, we estimate the atom also moves over a range of 6 um. Due to geometry, the
concomitant reduction in g and g2 is negligible (<1%).

In different loading attempts, single atoms may be trapped in different potential wells of
the dipole trap. The ensemble average of g depends on the probability distribution of
trapping locations relative to the center of cavity mode. Assuming a random distribution
in the region +12.5 um from the geometric cavity center (compare cavity mode waist:
wo = 30 um) reduces the effective g to 94% of go and the effective g2 to 89% of go 2.

In conclusion, the effective spatially averaged g for a trapped atom is about 60 % of go.
For the FF = 2 < F’ = 3 transition and assuming isotropic probe light polarization
(go/2m = 5.4MHz), we find an average coupling rate g,,/2m = 3.2MHz. This value is
consistent with experimental observations. Similarly, we find for the F' =1 < F/ =1
transition and isotropic polarization (go/2m = 4.2 MHz) an average coupling rate gq,/2m =
2.5 MHz. Finally, the effective cooperativities associated with these values of g must
include averaging over the atomic detuning caused by position-dependent Stark shifts.

a) Atom-cavity coupling constants g (in units of MHz/27) for dipole transitions from
5281/2 F=2mpto 52P3/2 F' mp =mp + 1 (0" -polarized light).

mp = —2 ‘ mp = —1 ‘ mp =0 ‘ mp =1 ‘ mp =2
F'=3120 3.5 5.0 6.4 7.9
F'=2| 3.2 3.9 3.9 3.2 0
F'=1] 25 1.8 1.0 0 0

b) Atom-cavity coupling constants gy (in units of MHz/27) for dipole transitions from
52819 F'=2,mp to 5*Py/5 F',mp = mp (w-polarized light).

‘mp:fQ ‘ mp = —1 ‘ mprp =0 ‘ mp =1 ‘ mp =2
F'=3 | -4.6 -5.8 -6.1 -5.8 -4.6
F'=2|-4.6 -2.3 0 2.3 4.6

F'=1|0 1.8 2.0 1.8 0
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c) Atom-cavity coupling constants gy (in units of MHz/27) for dipole transitions from
5281/2 F=1mp to 52P3/2 F' mp = mp + 1 (o7 -polarized light).

‘mF:—l‘mFIO‘mpzl
F'=2123 3.9 5.6
F'=1]5.1 5.1 0
F'=0| 4.6 0 0

d) Atom-cavity coupling constants gy (in units of MHz/27) for dipole transitions from
5%S1/9 F =1,mp to 5*Pyy F',mp = mp (w-polarized light).

‘mF:—l ‘ mp =0 ‘ mp =1
F'=2|-3.9 -4.6 -3.9
F'=1]-5.1 0 5.1

F'=0 1|0 4.6 0
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8.2 Single atom imaging system
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Figure 8.1: Imaging system. a) Layout of vacuum chamber and imaging system. b) Schematic
of objective and lenses. ¢) Sample image of atoms trapped inside the cavity. The position of atoms
relative to the geometric center of the cavity mode is determined with +5um precision. Scattering
of light in the cavity mode at the cavity mirror surfaces (example shown in left column) serves as
geometric reference for localizing the cavity mode.



8.3 Dimensions of the vacuum system

8.3 Dimensions of the vacuum system
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Figure 8.2: Vacuum system. a) Scale drawing of the vacuum chamber and cavity holder (side
view). b) Scale drawing of the vacuum chamber and cavity holder (top view). The electrical wiring

for the Rb dispenser and cavity piezo is indicated by black solid lines. Laser beams are indicated
by arrows.
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8.4 Schematic layout of the optical table
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8.5 Frequency comb

In our experimental setup, a frequency comb system serves as an absolute frequency
standard. In the years 2006 to 2009, a frequency comb signal was provided by the precision
measurement group of Prof. Hénsch (T. Udem, R. Holzwarth) via a 120m optical fiber
link. Initially, it had served as a reference for the cavity stabilization laser at 785 nm but
has later been adopted for other purposes as well. As of 2009, our laboratory hosts its
own frequency comb system whose signal is supplied to all laboratories of our group.

At the heart of the frequency comb system is a pulsed laser with repetition rate f., whose
output spectrum exhibits a distinct comb structure of frequency components with spacing
frep (Fig. 8.3). Further, the absolute position of this comb structure is given by the offset
frequency fopo. It depends on the carrier-envelope phase which is the temporal phase
of the electromagnetic field oscillation with respect to the envelope function of each laser
pulse. A shift of the carrier-envelope phase from one pulse to the next is called carrier-
envelope phase slip (Fig. 8.3). The absolute optical frequencies of the comb spectrum are
completely determined by the simple equation

fn = fC’EO + nfrep (85)

where n is a large integer number. Both frequencies f,, and fcgo are in the 10 ... 300 MHz
range which is easily accessible with electronic counters and AD-converters. Therefore, a
frequency comb system universally maps the precision of standard atomic clocks (radio
frequency domain) to the optical domain (10'° Hz).

Our frequency comb was manufactured by MenloSystems and set up in our laboratory in
September 2009. It consists of several independent modules. At its core is a pulsed fiber
laser with a repetition rate fre, = 250 MHz. This rate is fine-tuned and stabilized via a
piezo-electric element which controls the pulse round trip time in the laser. The optical
output spectrum is centered around 1550 nm. Self-mode locking operation is optimized by
additional piezo-elements which tweak the optical fiber. A second essential module is the
f-2f interferometer which is needed for determining the carrier-envelope offset-frequency
foeo- In this module, a share of the original comb spectrum interferes with its frequency-
doubled counterpart. The value of fogo can be extracted by interfering a comb peak A at
the blue end of the original spectrum with a frequency-doubled comb peak B from the red
end of the spectrum one octave away (ng = 2npg). The CEO frequency emerges as a lowest
beat frequency because 2(fcro+np frep) — (fecEo +nafrep) = foro. This self-referencing
of the comb requires an originally octave spanning optical spectrum. The broad spectrum
is obtained by broadening of the pulsed laser output using non-linear processes in a hollow
core fiber. The CEO frequency can be actively stabilized to a desired value (here: 10 MHz)
via the power of the pump laser diodes of the fiber laser.

The feedback loops for the stabilization of CEO and repetition rate are based on optical
beat note detection. Direct feedback circuitry is accompanied by control software which
ensures long term stability. In the current operation mode, the frequency comb system can
run independently for weeks. As a 10 MHz reference signal for the beat note stabilization
we use a stable hydrogen-maser signal supplied by the group of Prof. Hansch. Additionally



76 Appendix

| flcso Ifrep

L i

f-2f interferometer

Figure 8.3: Frequency comb output in the time and frequency domain. a) Electrical
field of a coherent pulsed source in the time domain. Pulses are emitted at time intervals 7.,
with a characteristic carrier-envelope phase shift ® from one pulse to the next which accumulates
to 2w within a time Togpo. b) In the frequency domain, the output field exhibits a comb-like
structure with frequency components separated by the repetition rate f,., and carrier-envelope
offset frequency fcro which can be measured with the f-2f interferometer. The frequencies frep
and fopo are actively stabilized and fall into the MHz regime. The optical output spectrum must
span one ocatve to allow self-referencing in the f-2f interferometer.

installed modules of the frequency comb system amplify the optical output spectrum for
use in the spectral ranges 775 to 795 nm and 1000 to 2000 nm. The whole comb setup is
placed on a separate optical table shielded from sonic noise and air currents by a massive
housing.

The absolute frequency stability of the comb on time scales longer than 1s is outstanding
and naturally sufficient for our experiments. This has been confirmed by a benchmark
measurement of the relative frequency stability of two frequency combs technically equiv-
alent to ours carried out in 2007 by B. Bernhard et al. [173]. The passive short-term
stability of the frequency comb has so far proven sufficient for our experiments which typ-
ically require a laser frequency stability on the order of 100 kHz on all time scales. From
measurements in three separate cavity setups (" Pistol”, "QGate”, " Cavies” ), we can state
that in the range of 1ms to 1s we do not observe frequency fluctuations in the comb
spectrum.

The frequency comb delivers approx. 100mW of optical power in the spectral range
760 to 800nm (Fig. ?7?). This output is coupled into a fiber network which supplies
the laboratories of our group. Typically 10 mW of optical power are delivered to each
laboratory. A beat lock of a diode laser to a comb line can be realized with 1 mW of
diode laser light and 100 uW of comb light (integrated power over a 5 nm wide spectrum).
Monitoring the diode laser frequency with a high-precision wavemeter with resolution
better than 100 MHz (e.g. ”HighFinesse WS” series) allows us to lock the laser to a
specific spectral peak of the frequency comb.
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Figure 8.4: Photograph of the installed frequency comb system without the acoustic
noise shielding.

spectral power (linear arb.u.)
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Figure 8.5: Measured spectral power distribution of the comb output at 760 - 800 nm.
Upper blue curve: Standard spectrum with a total power of 100 mW, individual comb lines are
not resolved in this measurement. In one attempt, the spectral maximum of the output has
been shifted to longer wavelengths (lower red curve) by tuning of temperature and angle of the

frequency-doubler crystal. The shift is accompanied by a loss in total power and does not increase
the signal at 795 nm.
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