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Zusammenfassung

Verschränkung ist das Schlüsselelement vieler Experimente in der Quantenkommunikation und
-information. Besonders im Hinblick auf zukünftige Anwendungen wie den Aufbau von Quan-
tennetzwerken ist Verschränkung von unterschiedlichen Quantensystemen wie z.B. Atomen und
Photonen unentbehrlich, da sie die Schnittstelle zwischen atomaren Quantenspeichern und op-
tischen Kommunikationskanälen darstellt und die Verteilung von Verschränkung über große
Entfernungen ermöglicht. Darüber hinaus ist Atom-Photon-Verschränkung das Hauptele-
ment zur Beantwortung von Einsteins Frage, ob eine lokale und realistische Beschreibung der
Realität möglich ist oder nicht. Bisher wurde anhand der Verletzung der Bellschen Ungle-
ichung in verschiedenen Experimenten gezeigt, dass lokale realistische Theorien keine gültige
Beschreibung der Realität darstellen. Allerdings mussten in all diesen Experimenten Annah-
men getroffen werden, die eine vollständige Widerlegung dieser Theorien unmöglich machte.
In diesem Zusammenhang stellt Atom-Photon Verschränkung einen entscheidenden Schritt zur
Realisierung eines endgültigen Tests der Bellschen Ungleichung mit Hilfe zweier verschränkter
Atome dar, bei dem keine zusätzlichen Annahmen benötigt werden.

Diese Arbeit beschreibt die Erzeugung und den Nachweis eines verschränkten Zustands zwis-
chen einem einzelnen Atom und einem einzelnen Photon, mit einer zur Informationsübertragung
geeigneten Wellenlänge. Zu diesem Zweck wird ein einzelnes 87Rb Atom in einer optischen
Dipolfalle gefangen. Anschließend wird es in einem angeregten Zustand präpariert, der zusam-
men mit seinen beiden möglichen Zerfallskanälen ein sogenanntes Λ-System bildet. Auf-
grund der Drehimpulserhaltung entsteht in dem darauffolgenden spontanen Zerfall ein ver-
schränkter Zustand zwischen dem atomaren Drehimpuls und der Polarisation des emittierten
Photons. Der Nachweis der Verschränkung erfolgt durch eine atomare Zustandsmessung, die
auf einem zustandsselektiven adiabatischen Populationstransfer basiert. Diese Methode er-
laubt eine Analyse des internen atomaren Zustands in beliebigen Messbasen ohne Zuhilfe-
nahme zusätzlicher Manipulationen am atomaren Quantenbit. Zusammen mit einer Polari-
sationsmessung des emittierten Photons wurden Korrelationsmessungen sowie eine komplette
Zustandstomographie des Atom-Photon Zustands durchgeführt. Die experimentellen Resul-
tate zeigen eine Güte des verschränkten Zustands von 87%, wodurch die Verschränkung des
Zustand eindeutig verifiziert wird.

Der in unserem Experiment beobachtete Grad an Verschränkung ist hoch genug um zwei ent-
fernte Atoms durch Verschränkungstransfer zu verschränken und damit einen endgültigen Test
der Bellschen Ungleichung durchzuführen, der keine Schlupflöcher für lokale realistische The-
orien mehr bietet. Desweiteren bildet die beobachtete Verschränkung eine wichtige Ressource
für mögliche Anwendungen in der Quanteninformationsverarbeitung und Quantenkommunika-
tion.





Summary

Entanglement is the key element for many experiments in quantum communication and infor-
mation. Especially for future applications like quantum networks or the quantum repeater it
is mandatory to achieve entanglement also between separated quantum processors. For this
purpose, entanglement between different quantum objects like atoms and photons forms the
interface between atomic quantum memories and photonic quantum communication channels,
finally allowing the distribution of quantum information over arbitrary distances. Further-
more, atom-photon entanglement is also the key element to give the final answer to Einstein’s
question wether a local and realistic description of physical reality is possible or not. Until
now, the results of many experiments testing Bell’s inequality indicate that local realistic the-
ories are not a valid description of nature. However, all these tests were subject to loopholes.
In this context, atom-photon entanglement represents a crucial step towards the realization
of entanglement between distant atoms that would allow a final loophole-free test of Bell’s
inequality.

This thesis describes the generation and verification of an entangled state between a single
neutral atom and a single photon at a wavelength suitable for long distance information trans-
port. For this purpose we store a single 87Rb atom in an optical dipole trap. The atom is
prepared in an excited state, that together with its two decay channels forms a Λ-type tran-
sition. In the following spontaneous decay, conservation of angular momentum leads to the
formation of an entangled state between the angular momentum of the atom and the polariza-
tion of the emitted photon. To verify the entanglement we introduce an atomic state-analysis,
based on a state-selective adiabatic population transfer between atomic hyperfine levels. This
allows the direct analysis of the internal state of the atom in arbitrary measurement bases
without the necessity of additional state manipulations. Using this method together with a
polarization measurement of the emitted photon, we performed correlation measurements as
well as a full state tomography of the combined atom-photon system. From the experimental
results we obtain an entanglement fidelity of 87%, which clearly shows that the generated state
is entangled.

The degree of entanglement observed in our experiment is high enough to allow the genera-
tion of entanglement between distant atoms via entanglement swapping, which would allow a
final, loophole-free test of Bell’s inequality. Furthermore, it opens up a variety of applications
in quantum communication and information science.
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1. Introduction

”Those who are not shocked when they first come across quantum mechanics cannot possibly
have understood it.”, is a statement of Niels Bohr and expresses the attitude of many physicists
in the early days of quantum mechanics towards the then new theory. Especially non-separable
two- (or many-) particle states, so-called entangled states, with their high degree of correlation
between measurement results were the origin of vivid discussions. In 1935 Einstein, Podolsky
and Rosen (EPR) [1] addressed this problem in a Gedankenexperiment. From the conditions
of realism and locality, that are – according to them – essential for every physical theory,
they concluded by means of an entangled two-particle state that quantum mechanics is not
complete. Hence, EPR motivated an extension of quantum theory by so-called local hidden
variables that would complete quantum mechanics and restore determinism.

The original Gedankenexperiment by EPR did not point at observable differences between
quantum theory and a local realistic description of nature. Therefore, their argument was
merely considered a philosophical question. In 1964 however, Bell was able to derive an in-
equality [2] based on Bohm’s simplified version of EPR’s Gedankenexperiment [3]. Bell showed
that for theories based on EPR’s assumptions certain bounds exist for the expectation value
of spin correlation measurements that do not hold for the predictions derived by quantum
mechanics. Bell’s inequality allowed for the first time experimental tests that could distinguish
whether nature adheres local realism or not.

Until know many experiments have been performed testing Bell’s original inequality and
equivalent formulations [4, 5, 6]. The first experiments where performed using entangled photon
pairs generated in the cascade decay of calcium atoms [7, 8]. A strong violation of Bell’s
inequality was observed in improved experiments by the group of Aspect et al. [9, 10]. They
also addressed for the first time the problem of locality by performing a fast though non-random
switching of the measurement bases [11].

Although the observed violation of Bell’s inequality in all these experiments was in favor of
quantum mechanics, the experiments were all subject to two major loopholes, that still make
possible a local realistic description of the experiment. One loophole is the so-called locality
loophole, that addresses the problem of possible remote interaction between the measurement
apparatuses or the entangled particles [12, 13]. In 1998 the first experimental violation of
Bell’s inequality under strict relativistic locality conditions [14] has been performed, closing
the locality loophole. However, due to the low detection efficiency of single photons, in all
these experiments only a certain part of the generated entangled particles was detected. This
opens up the so-called detection loophole, describing the possibility that the whole ensemble
behaves according to local realism while the detected particles do not [15, 16]. This issue was
addressed in an experiment using two entangled ions [17], where the high detection efficiency
allowed to close the detection loophole. However, due to the small distance between the ions
in this experiment the locality loophole remained open. Until now, no experiment has been
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performed closing both loopholes at the same time. Thus a final loophole-free test of Bell’s
inequality still has to be performed to completely rule out a local realistic description of nature.

In order to close both loopholes at the same time, atom-photon entanglement is the key in-
gredient1, because it allows to combine the possibility to generate long distance entanglement
(mediated by photons) with the high detection efficiency of atoms. Two photons, each entan-
gled with an atom, can be distributed far enough to ensure space-like separation. A Bell-state
measurement on them serves to swap the entanglement to the atoms [20, 21, 22] whose states
now can be observed with high efficiency. This enables the ideal configuration of a so called
”event-ready” scheme [12, 20] which does not require any assumption at all.

Nowadays, entanglement is the main resource for applications in quantum communication
and quantum information [23, 24] and entanglement between up to five photons [25, 26, 27],
eight ions [28, 29] or some thousand neutral atoms in a so-called cluster state [30] has been
reported. The key element of many quantum communication protocols is represented by en-
tangled photons which can easily be transported through optical fibers or air. Therefore, they
are ideal carriers of quantum information and are e.g. used for entanglement based quantum
cryptography [31] or for the distribution of quantum information [32, 33, 34, 35] between re-
mote locations. On the other hand, trapped ions or neutral atoms are an ideal resource for the
reliable storage of quantum information. Together with the possibility to address and manip-
ulate single qubits they are a promising candidate for the realization of quantum memories or
quantum computers [36, 37, 38, 39].

For future applications in quantum information science as e.g. the quantum repeater [40] or
quantum networks, the faithfull mapping of quantum information between a stable quantum
memory and a reliable quantum communication channel is essential. Because quantum states
can in general not be copied, entanglement between the quantum memory and the commu-
nication channel is necessary. Therefore, entanglement between between different species like
atoms and photons is an essential resource. Combining the advantages of photons (informa-
tion transport over large distances) and atoms (reliable information storage), atom-photon
entanglement enables the interface between atomic quantum memories and photonic quan-
tum communication channels and allows the distribution of quantum information over large
distances.

Quantum state transfer between atoms and light has been investigated in a number of exper-
iments using Rydberg atoms traveling through high-Q cavities [41] or the interaction between
photons and the collective angular momentum of dense atomic clouds [42, 43], where also
entangled states have been reported [44, 45]. However, entanglement between individual par-
ticles has only once been realized using a single trapped 111Cd+ ion and a single photon at a
wavelength of 214 nm [46].

This thesis describes the generation of an entangled state between the angular momentum
of a single neutral 87Rb atom and the polarization of a single photon at a wavelength of 780
nm. The entanglement is created by conservation of angular momentum in spontaneous decay

1Recently, two other experimental schemes for a loophole-free test of Bell’s inequality have been
proposed. These proposals rely on the homodyne detection of entangled non-Gaussian light states
[18] and on the analysis of the perfect correlations present in states generated in the entanglement
swapping process [19], respectively.
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1. Introduction

of the atom with two possible decay channels in a Λ-configuration. Because the decay to each
of the two ground states is connected with the emission of a photon in a defined polarization
state, the final atom-photon state is entangled.

The main ingredient for the generation of atom-photon entanglement is a single localized
Rubidium atom, well isolated from the environment. A Single 87Rb atom can efficiently be
stored in an optical dipole trap and its level structure provides a good approximation to the
ideal Λ-transition. Moreover, the emitted photons have a wavelength of 780 nm that allows
low-loss communication through air or optical fibers as well as a highly efficient single photon
detection. For the verification of entanglement it is necessary to analyze correlations between
the internal atomic state and the polarization of the emitted photon. While polarization
measurements of photons are straightforward, the analysis of internal atomic states in different
measurement bases is more difficult. In principle it requires the ability to detect arbitrary
superpositions of atomic Zeeman states. This is realized in our experiment using the stimulated
Raman adiabatic passage (STIRAP) technique [47, 48, 49, 50, 51, 52], where in essence, the
polarization of the STIRAP light field defines the atomic measurement basis. Using this
detection process we can analyze the combined atom-photon state in any measurement basis
and therefore verify whether it is entangled or not.

Overview

The second chapter of this thesis gives a short introduction into entanglement and its relevance
for the EPR-paradox and the derivation of Bell’s inequality. Furthermore, the generation of
atom-photon entanglement in spontaneous decay is discussed and the nature of the entangled
state for our experimental parameters is analyzed. Chapter three describes the characteristics
of the optical dipole trap, which is used to store a single 87Rb atom. Due to the small trap
size, a blockade mechanism occurs, limiting the maximum number of trapped atoms to one.
Measuring the second order correlation function of the fluorescence light verified the presence
of a single atom in the trap, and from the measured spectrum of resonance fluorescence we
determined the temperature of the trapped atom. In the fourth chapter the detection process
of the internal atomic states is described in detail, where we use a combination of a darkstate
projection and the STIRAP technique to transfer well defined superposition states from the
F = 1 to the F = 2 atomic hyperfine ground level. Together with a hyperfine level detec-
tion scheme this allows to analyze the internal atomic states in arbitrary measurement bases.
Finally, chapter five describes the generation of the entangled atom-photon state in the spon-
taneous decay. Application of the atomic state detection scheme together with a polarization
measurement of the emitted photon allows to perform correlation measurements as well as
a complete state tomography of the entangled atom-photon state. The experimental results
show a high degree of entanglement between the atom and the emitted photon. The last chap-
ter summarizes our experimental results and discusses possible applications of the entangled
atom-photon state.
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2. Theory of atom-photon
entanglement
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The main goal of this thesis is the generation of an entangled state between the angular
momentum of a single atom and the polarization of a single photon emitted in the sponta-
neous decay. Therefore, the following chapter gives a short introduction into entanglement by
means of qubit states. Implications of entanglement for the EPR paradox and Bell’s inequality
are discussed and two basic applications of entangled states are presented. The second part
of this chapter describes the spontaneous decay process and the generation of atom-photon
entanglement in a decay in a Λ-type atomic system. Finally, the dependence of the entan-
gled atom-photon state on the collection efficiency of the emitted photons is analyzed for our
experimental parameters.

2.1. Entanglement and Bell’s inequality

This section shortly describes the quantum mechanical properties of spin-1/2 (qubit) systems
and entangled states consisting of two qubits. Afterwards, the EPR paradox is discussed
and a derivation of Bell’s inequality is presented, that shows that the predictions of certain
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2. Theory of atom-photon entanglement

measurement outcomes of quantum mechanics do not agree with the predictions from theories
based on the assumption of local realism. Finally, two basic applications of entangled states –
namely quantum teleportation and entanglement swapping – are introduced.

2.1.1. Spin-1/2 system

The most basic, non-trivial quantum mechanical system is the spin-1/2 or qubit state, which
is the quantum mechanical analog of a classical bit. In contrast to classical mechanics, the
spin-1/2 system can not only be in the states |↑〉 and |↓〉, but also a superposition of these two
basis states is allowed and therefore the general qubit state is given by

|Ψ〉 = α |↑〉 + β |↓〉 . (2.1)

The coefficients α and β are complex numbers, where the possibility to obtain the result |↓〉 and
|↑〉 in a measurement is given by |α|2 and |β|2, respectively and the normalization condition
requires |α|2 + |β|2 = 1. Because the global phase of the state is irrelevant, we can describe
the qubit by

|Ψ〉 = cos
θ

2
|↑〉 + eiφ sin

θ

2
|↓〉 (2.2)

with the real parameters θ and φ. According to this definition, every qubit can be represented
as a point on the surface of the so called Bloch-sphere (Fig. 2.1), given by the spherical angles
θ and φ.

In principle, every quantum mechanical system with two degrees of freedom can be described
as a qubit state. Examples are the polarization of a photon or the state of a spin-1/2 particle,
where the basis-vectors |↑〉 and |↓〉 directly correspond to the two possible spin orientations
along a given axis.

Quantum mechanical measurements

In quantum mechanics, measurements are described by Hermitian operators Â. In a mea-
surement the unknown state |Ψ〉 is projected onto the eigenstates of Â, whereby the possible
measurement outcomes are given by the corresponding eigenvalues. The expectation value of
a measurement outcome is given by 〈Â〉 = 〈Ψ|Â |Ψ〉. For spin-1/2 systems, the Pauli-matrices

σ̂x =

(

0 1
1 0

)

, σ̂y =

(

0 i
−i 0

)

, and σ̂z =

(

1 0
0 −1

)

(2.3)

form a complete set of complementary operators with the eigenvalues ±1 and the corresponding
eigenstates

|↑〉x =
1√
2

(|↓〉z + |↑〉z) , (2.4)

|↓〉x =
1√
2

(|↓〉z − |↑〉z) , (2.5)

|↑〉y =
1√
2

(i |↓〉z + |↑〉z) , (2.6)

|↓〉y =
1√
2

(|↓〉z + i |↑〉z) , (2.7)
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2.1. Entanglement and Bell’s inequality

Figure 2.1.: Representation of the qubit states on the Bloch sphere. Any possible state
|Ψ〉 of a single qubit can be represented as a point on the surface of the
sphere, defined by the spherical angles θ and φ.

|↑〉z and |↓〉z. Figure 2.1 shows the representation of these states on the Bloch-sphere. The
three measurement bases σ̂x, σ̂y and σ̂z are complementary, i.e., measuring a physical system
prepared in a certain eigenstate in a complementary basis yields a maximum uncertainty of
the measurement outcome, i.e. the result is completely random.

2.1.2. Entanglement

If we consider quantum states consisting of more than one particle, there exists a certain class
of states, where the combined two-particle system |Ψ〉 can not be described as tensor product
of single particle states |Ψ〉a and |Ψ〉b:

|Ψ〉 6= |Ψ〉a ⊗ |Ψ〉b . (2.8)

These systems are called entangled (in contrast to separable states) and have the interesting
physical property, that while the combined two-particle state can be a well defined quantum
state, this is not the case if we consider only the single particles for themself.

Bell states

A quantum system consisting of two qubits defines a four dimensional Hilbert space. In analogy
to the preceeding section a possible basis is defined by the four separable product states |↑〉z |↑〉z,
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2. Theory of atom-photon entanglement

|↑〉z |↓〉z, |↓〉z |↑〉z and |↓〉z |↓〉z. A different basis can be defined by four maximally entangled
states:

∣

∣Ψ−〉 =
1√
2

(|↑〉z |↓〉z − |↓〉z |↑〉z) (2.9)

∣

∣Ψ+
〉

=
1√
2

(|↑〉z |↓〉z + |↓〉z |↑〉z) (2.10)

∣

∣Φ−〉 =
1√
2

(|↑〉z |↑〉z − |↓〉z |↓〉z) (2.11)

∣

∣Φ+
〉

=
1√
2

(|↑〉z |↑〉z + |↓〉z |↓〉z) . (2.12)

These states are often named Bell states [53], where |Ψ−〉 is the antisymmetic singlet state
and the other three entangled states correspond to the symmetric triplet states. Using the
definitions in eqns (2.4)-(2.7) we can describe e.g the |Ψ+〉 state in the complementary bases
σ̂x and σ̂y:

∣

∣Ψ+
〉

=
1√
2

(|↓〉x |↓〉x + |↑〉x |↑〉x) (2.13)

=
1√
2

(

|↓〉y |↓〉y − |↑〉y |↑〉y
)

. (2.14)

This transformation shows the main properties of entangled states. On the one hand, it is not
possible to find a basis in which the state is separable, i.e. an entangled state is entangled
in any measurement basis. Furthermore, the outcome of a state-measurement on one of the
two particles of the above states is completely random for every measurement basis. But on
the other hand, perfect measurement correlations are present: If we measure the state of one
particle, we will instantly know the state of the second particle with probability one.

This high degree of correlations present in entangled states is at the heart of quantum
mechanics and raised many questions about the physical description of reality that lead to the
EPR paradox and Bell’s inequality.

2.1.3. EPR paradox

In 1935, Einstein, Podolsky and Rosen (EPR) published an article in which they raised the
question, ”Can quantum-mechanical description of physical reality be considered complete ?”
[1]. In this work, they made three basic assumptions, that should – according to their opinion
– be fulfilled by any physical theory:

1. Completeness: ”Every element of physical reality must have a counterpart in the phys-
ical theory.”

2. Realism: ”If, without in any way disturbing a system, we can predict with certainty
(i.e., with probability one) the value of a physical quantity, then there exists an element
of reality corresponding to this physical quantity.”

3. Locality: Physical systems can be separated such (e.g. due to large distance), that
their interaction can be neglected.
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2.1. Entanglement and Bell’s inequality

They proposed a Gedankenexperiment using two particles entangled in their momentum and
position degree of freedom. The particles are separated far enough from each other to assure the
assumption of locality. By a position measurement of particle 1 one can according to quantum
mechanics predict with certainty the position measurement outcome of particle 2. Therefore,
this position is an element of physical reality. In the same way one can conclude that also the
momentum of this particle is an element of reality, which contradicts the uncertainty principle.
Therefore, EPR conclude that quantum mechanics is not complete and a more fundamental
theory should exist, fulfilling their three assumptions. In order to extend quantum theory
to form a complete local realistic theory, typically so-called local hidden variables (LHV) are
introduced, which according to EPR are elements of reality necessary for a full description of
the physical system.

Bohr [54] replied to the conclusion obtained from EPR, that the definition of an element
of reality can not be made without considering the experimental apparatus. Since EPR con-
sider measurements of complementary observables, in principle two different (complementary)
measurement setups would be required to obtain information about their values. Thus, it is
not justified to speak of the simultaneous reality of the complementary degrees of freedom
and therefore he rejects their conclusion that quantum mechanics is incomplete. Schrödinger
summarized these results in his article ”The present situation of quantum mechanics” [55], in
which he also first introduced the term entanglement (Verschränkung).

The original argument of EPR was based on entanglement between position and momentum
degree of freedom. This is mathematically complicated due to the infinite dimensions of the
corresponding Hilbert space. An easier mathemtical formalism of the above Gedankenexper-
iment was derived by Bohm [3], who considered the case of two entangled spin-1/2 particles,
initially prepared in the state |Ψ−〉 by the decay of a spin-0 system. This allowed a much
simpler mathematical description of the problem and allowed Bell to derive his inequality [2].

2.1.4. Bell’s inequality

The problem introduced by EPR was somehow of philosophical nature, because no measureable
contradiction between a possible local-realistic description of reality and quantum mechanics
was assumed. However, in 1964 Bell [2] was able to show that the predictions of local realistic
theories for the expectation values of certain measurement outcomes are not compatible with
the quantum mechanical description. The following chapter gives a more generalized derivation
of his argument, that does not rely on perfect correlations and was derived by CHSH [4] and
generalized by Bell [5].

In our consideration we assume a source emitting entangled pairs of qubits in the state |Ψ−〉.
From each pair, one particle is sent to observer A and one to observer B. They performe spin
measurements on their particle in one of the two measurement bases defined by the vectors
a and a′ and b and b′, respectively (see Fig. 2.2). According to quantum mechanics the
possible measurement outcomes are the states |↑〉 and |↓〉, that we assign the values +1 and
−1, respectively.
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2. Theory of atom-photon entanglement

Figure 2.2.: Typical experiment to test Bell’s inequality. An EPR source generates pairs
of entangled particles in the state |Ψ−〉. From each pair, one particle is send
to observer A and B, respectively. The observers perform a spin measure-
ment on their particle along the measurement directions a, a′ and b, b′,
with the possible measurement results ±1.

Local realistic description

In local realistic theories, all measurement outcomes are determined by a set of unknown local
hidden variables λ. According to these theories, the probabilistic nature of measurements
in quantum mechanics is due to the fact, that even for identically prepared particles, the
corresponding hidden variables are in an unknown statistically distribution p(λ) of possible
values λ. The normalization condition of the probabilities requires

∫

Λ
p(λ)dλ = 1. (2.15)

The observables Aa(λ) = ±1 and Bb(λ) = ±1 describe the single measurement outcome for
observer A and B, respectively. These outcomes are only determined by the value of the hidden
variables λ and the analyzer setting a, a′ and b, b′ (reality) and not by the analyzer setting
of the other observer (locality). Therefore, the expectation value of the joint measurement
Aa(λ) ·Bb(λ) is given by

E(a,b) =

∫

Λ
Aa(λ)Bb(λ)p(λ)dλ. (2.16)

Introducing an alternative analyzer setting a′ and b′ we get

E(a,b) −E(a,b′) =

∫

Λ
[Aa(λ)Bb(λ) −Aa(λ)Bb′(λ)] p(λ)dλ, (2.17)

that can be rewritten as

E(a,b) −E(a,b′) =

∫

Λ
Aa(λ)Bb(λ) [1 ±Aa′(λ)Bb′(λ)] p(λ)dλ−

∫

Λ
Aa(λ)Bb′(λ) [1 ±Aa′(λ)Bb(λ)] p(λ)dλ. (2.18)
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2.1. Entanglement and Bell’s inequality

Because the measurement outcomes have the possible values ±1, the observables are bound by
|Aa(λ)| ≤ 1 and |Bb(λ)| ≤ 1 and one obtains from eqn (2.18):

|E(a,b) −E(a,b′)| ≤
∫

Λ
[1 ±Aa′(λ)Bb′(λ)] p(λ)dλ+

∫

Λ
[1 ±Aa′(λ)Bb(λ)] p(λ)dλ, (2.19)

that yields

S(a,a′,b,b′) = |E(a,b) −E(a,b′)| + |E(a′,b) +E(a′,b′)| ≤ 2. (2.20)

Equation (2.20) is the CHSH-representation of Bell’s inequality. In its derivation we only used
EPR’s basic assumptions of locality and reality and therefore eqn (2.20) must be satisfied
for any theory based on local hidden variables. In order to show the contradictions between
quantum mechanics and local realistic theories, we have to evaluate the expectation value of
the spin-correlations function S(a,a′,b,b′) for the quantum mechanical case.

Quantum mechanical description

In quantum mechanics, the spin measurement of particle 1 and 2 along the direction a and b

is defined by the observables

Âa = σ̂a = (σ̂x, σ̂y, σ̂z) · a and (2.21)

B̂b = σ̂b = (σ̂x, σ̂y, σ̂z) · b, (2.22)

respectively. If we perform a joint spin measurement on the state |Ψ−〉, the expectation value
is

Eqm(a,b) = 〈Âa · B̂b〉 = 〈Ψ−|σa ⊗ σb|Ψ−〉
= −ab. (2.23)

Using the analyzer setting, where all vectors a, b, a′and b′ lie in one plane and inclose the
angles ](ab) = ](ba′) = ](a′b′) = 45◦, one can derive the quantum mechanical expectation
value of Sqm, that is given by

Sqm(a,a′,b,b′) = 2
√

2 > 2, (2.24)

which clearly violates the CHSH inequality. Hence, the description of EPR’s Gedankenex-
periment by theories based on local hidden variables contradicts the quantum mechanical
prediction. Therefore, a local realistic extension of quantum mechanics is not possible.

Loopholes

Equation (2.20) provides an experimentally testable quantity that allows to determine whether
nature can be described by local realistic theories or not. However, the observation of a
violation of eqn (2.20) does not necessarily rule out all local realistic theories. In (up to date)
all experimental tests of Bell’s inequality some additional assumptions concerning the detected
particles had to be made, opening loopholes for a local realistic description. In general there
are two main loopholes:
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2. Theory of atom-photon entanglement

1. Detection loophole: In most real experiments only a certain subset of the generated
entangled particles is detected (due to e.g. limited detection or collection efficiency).
Even if the measured pair events violate Bell’s inequality, there exists still the possibility,
that the whole ensemble (including the undetected particles) does not. Therefore, one
has to rely on the assumption, that the detected particles are in a representative subset
of the whole ensemble (fair sampling).

2. Locality loophole: For the derivation of Bell’s inequality one has to assume, that the
measurement result of particle one is independent of the analyzer setting of observer
two (locality), which introduces another loophole. In order to rule out any possible
local realistic description, the only way to ensure this condition is to assume that no
interaction faster than the speed of light is possible, so the independence of the two
measurement outcomes can be achieved by a space-like separation of the two particles
with respect to their measurement time.

Until now, many experiments have been performed analyzing the violation of Bell’s inequality.
The first experiments used the cascade decay in calcium for the generation of polarization
entangled photon pairs [7, 8] and showed a violation of the CH-inequality [6]. Later on,
Aspect et al. improved these experiments [9] and introduced two channel polarizers [10] that
allowed the direct measurement of the expectation values E(a,b) in a single run. Furthermore,
they addressed for the first time the problem of the locality loophole by using acousto-optical
modulators for a fast switching of the measurement bases [11]. The occurrence of parametric-
down conversion [56, 57, 58] greatly simplified the generation of entangled photon pairs. This
lead to the first experimental violation of Bell’s inequality under strict locality conditions [14],
that allowed to close the locality loophole.

In all these experiments the detection efficiency of the photons was low, thus the experimental
outcomes had to rely on the fair sampling assumption. In an experiment using a pair of
entangled trapped ions it was possible for the first time to close the detection loophole [17]. The
ion state detection was performed by scattering light from the atom. Therefore, a high detection
efficiency was achieved and no fair sampling assumption had to be made. However, due to the
small distance of a few µm between the entangled ions, the locality loophole remained. Until
now, no experiment has been performed, that closed the detection and the locality loophole
at the same time. Thus, a local realistic description of physical reality is not completely ruled
out and a final test of Bell’s inequality still has to be performed.

2.1.5. Application of entanglement

Entanglement of quantum systems is not only interesting from a fundamental point of view, but
it is also the basic ingredient for quantum communication and information applications [24, 23].
The following section gives a short introduction into two basic applications namely quantum
teleportation [32, 33] allowing the distribution of arbitrary quantum states, and entanglement
swapping [34] that can be used for the generation of entanglement between remote systems.
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2.1. Entanglement and Bell’s inequality

Figure 2.3.: Simplified scheme of the quantum teleportation protocoll. The initial par-
ticle (1) that should be teleported and one particle from an entangled state
are sent to Alice. She performs a Bell state measurement (BSM) on the
combined state. Depending on her measurement outcome, Bob has to per-
form one out of four unitary transformation, to reconstruct the initial state
of particle 1.

Quantum Teleportation

The main idea of the quantum teleportation protocol [32, 33] is the transfer of an unknown
quantum state of a given particle (see eqn (2.1)) from Alice to a remote location (Bob) without
directly sending the particle itself. Measuring the unknown state of Alice’s particle and sending
the result to Bob is not possible, because according to the projection postulate of quantum
mechanics, the measurement will destroy the quantum state without revealing all necessary
information for its reconstruction. To overcome this problem, we assume, that Alice and Bob
share the entangled state |Ψ−〉 (see Fig. 2.3). If we label the initial particle by 1 and the two
particles of the entangled state by 2 and 3 the combined three photon state can be written as

|Ψ〉123 = |Ψ〉1 ⊗
∣

∣Ψ−〉
23

=
1

2

[ ∣

∣Ψ−〉
12

(−α |↑〉3 − β |↓〉3)

+
∣

∣Ψ+
〉

12
(−α |↑〉3 + β |↓〉3)

+
∣

∣Φ−〉
12

(+β |↑〉3 + α |↓〉3)
+
∣

∣Φ+
〉

12
(−β |↑〉3 + α |↓〉3)

]

. (2.25)

Alice now performs a measurement on the particles 1 and 2 in the Bell basis. Depending on her
measurement outcome, particle 3 will be in one of the four possible states given in eqn (2.25).
For example, if Alice measures the state |Ψ−〉12, particle 3 will (up to a global phase) be in the
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2. Theory of atom-photon entanglement

Figure 2.4.: Entanglement swapping scheme. Alice performs a Bell state measurement
(BSM) on the two particles 1 and 2, that emerge from two different entan-
gled states. After her measurement the particles 0 and 3, which can be at
arbitrary distances, are entangled.

same quantum state as the initial particle 1. In the other cases Bob has to perform one out of
three unitary transformation on his particle to reconstruct the original state. The information,
which unitary transformation has to be performed is obtained from the result of Alice’s Bell
state measurement and sent to Bob. Thus, by sending two bits of classical information from
Alice to Bob it is possible to realize the full transfer of an unknown quantum state onto a
remote particle.

Entanglement swapping

An interesting extension of quantum teleportation is the entanglement swapping protocoll [34].
In this process, the initial particle 1 is now itself part of an entangled state. If we assume,
that the particle initially emerges from the entangled state |Ψ−〉01 (see Fig. 2.4), the combined
4-particle system can be written as:

|Ψ〉0123 =
∣

∣Ψ−〉
01

⊗
∣

∣Ψ−〉
23

=
1

2

( ∣

∣Ψ+
〉

03
⊗
∣

∣Ψ+
〉

12
−
∣

∣Ψ−〉
03

⊗
∣

∣Ψ−〉
12

−
∣

∣Φ+
〉

03
⊗
∣

∣Φ+
〉

12
+
∣

∣Φ−〉
03

⊗
∣

∣Φ−〉
12

)

. (2.26)

If now Alice performs a Bell-state measurement on her particles 1 and 2, the remaining two par-
ticle 0 and 3 will be in one of the four entangled Bell states given by eqns (2.9-2.12), depending
on Alice’s measurement outcome. Using the same unitary operations as in the teleportation
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protocol, the final entangled state |Ψ03〉 is equal to the initial state |Ψ01〉. In principle, the
entanglement of the initial pair was teleported onto the final quantum state |Ψ03〉. This scheme
is important for many quantum communication applications, because it allows to entangle par-
ticles at arbitrary distance without the necessity of a direct interaction.

2.2. Generation of atom-photon entanglement

Entanglement is important for the analysis of fundamental physical questions about the nature
of physical reality. Furthermore, it forms the main resource for many quantum information
and quantum communication applications. Especially entanglement between different species
as e.g. atoms and photons is important because it allows to form the interface between photonic
quantum communication channels and atomic quantum memories [46, 43, 45, 41].

In our experiment, we generate an entangled state between a single 87Rb atom and a single
photon emitted in the spontaneous decay. Conservation of angular momentum thereby gener-
ates entanglement between the polarization of the emitted photon and the angular momentum
of the atom. Therefore, this chapter gives a short introduction into the physics of sponta-
neous decay and the generation of entanglement in the case of multiple decay channels. In the
last part, the dependence of the fidelity of the entangled atom-photon state on the collection
efficiency of the spontaneously emitted photons is analyzed.

2.2.1. Spontaneous decay

In quantum theory of the electromagnetic field, the interaction of an atom in an excited state
with the different radiation field modes of the vacuum state, i.e. the state with no excitations
(photons), gives rise to the spontaneous decay of the atom, accompanied by the emission of a
single photon into one of the vacuum modes. In most experiments, one is only interested in
the state of the atom and the photonic degrees of freedom are ignored. Thus, the spontaneous
emission gives rise to decoherence in the atomic system. Nonetheless, the combined atom-field
system can be in an (entangled) coherent superposition state.

Decay in a two-level system

In order to calculate the properties of spontaneous emission, we consider a two-level atom
(transition frequency ω0) with the ground and excited states |e〉 and |g〉 interacting with the
vacuum field. The Hamiltonian describing the interaction with the vacuum is given in the
rotating wave approximation by (see chapter A.1)

ĤED = i~
∑

λ,k

(

gλkπ̂
†âλke

−i(ω0−ωk)t − g∗λkπ̂â
†
λke

+i(ω0−ωk)t
)

, (2.27)

where â† and â describe the creation and annihilation of a photon in the mode λk with the
two polarization states λ = 1, 2 and the wave vector k. The operators π̂† and π̂ describe the
excitation and deexcitation of the atom, respectively. The coupling strength between the light
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field and the atom is given by gλk. The combined atom-field state is described by the state
vector

|Ψ〉 = ce(t) |e〉 |0〉 +
∑

λ,k

cg,λk(t) |g〉 |1λk〉 , (2.28)

where ce(t) is the amplitude of the excited state and cgλk(t) describes the amplitude of the
combined state consisting of the atom in the ground state and a photon in the mode λk.
The initial conditions are ce(0) = 1 and cg,λk(0) = 0 (atom in the excited state). From the
Schrödinger equation of the system

∂

∂t
|Ψ(t)〉 = − i

~
ĤED |Ψ(t)〉 (2.29)

one obtains the approximate evolution of the excited state amplitude [59]

ċe(t) = − |deg|2
6π2ε0~c3

∫ ∞

0
dωkω

3
k

∫ t

0
dt′ei(ω0−ωk)(t−t′)ce(t

′), (2.30)

with the electric dipole matrix element deg = 〈e|d̂ |g〉. From this equation one approximately
obtains

ċe(t) = −Γ

2
ce(t) (2.31)

with the spontaneous decay rate

Γ =
|deg|2ω3

0

3πε0~c3
. (2.32)

This equation describes the well known exponential decay of the excited state population
|ce(t)|2 = exp(−Γt) with the atomic lifetime τ = 1/Γ. The combined atom-photon state in the
limit t→ ∞ is given by

|Ψ(∞)〉 = |g〉
∑

λk

gλke
−ikr 1

(ωk − ω0) + iΓ/2
|1λk〉 , (2.33)

where the atom (located at r = 0) fully decayed into the ground state |g〉 and a single photon
was emitted. This state is a linear superposition of single photon states with different wavevec-
tors k. From the state vector |Ψ(t)〉 one can obtain the probability to detect the photon at
time t at the position r, which is given by the expression [59]

pdet(r, t) = 〈ψF |E−(r, t)E+(r, t) |ψF 〉 =
|E0|2
r2

Θ
(

t− r

c

)

e−Γ(t−r/c) (2.34)

where Θ is the unit step function and

E0 = −ω
2deg sin η

4πε0c2r
(2.35)

with the angle η between the observation direction r and the atomic dipole d̂. For t = r/c
(which defines the ’wavefront’ of the emitted light field), eqn (2.34) gives the highest detection
probability of the photon. For t > r/c the detection probability drops exponentially with the
atomic decay rate Γ.

18



2.2. Generation of atom-photon entanglement

Figure 2.5.: Emission characteristics of (a) π- and (b) σ±-polarized light. According to
the transverse nature of electromagnetic radiation, π-polarized light can not
be emitted along the direction θ = 0.

2.2.2. Definition of the polarization modes

In general, an excited atomic state has multiple decay channels leading to different atomic
ground states. The initial excited state as well as the final atomic ground states have well
defined angular momenta. Therefore, conservation of angular momentum requires, that the
spin of the emitted photon also is in a defined state. If we define a quantization axis for our
system, we can decompose the angular momentum degrees of freedom of the atom and the
photon into the eigenstates of this system. For the photon this decomposition yields the three
states

|m = +1〉 =
∣

∣σ+
〉

(2.36)

|m = 0〉 = |π〉 (2.37)

|m = −1〉 =
∣

∣σ−
〉

, (2.38)

where m defines the projection of the photonic spin on the quantization axis. The three spin
eigenstates |σ+〉, |π〉 and |σ−〉 correspond to left circularly, linearly (parallel to the quantization
axis) and right circularly polarized light (see chapter A.3). Since electromagnetic radiation is
a transverse oscillating wave, the spatial modes of π- and σ±-polarized light differ from each
other (Fig. 2.5). The emission probability into the spatial mode is given by the emission
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characteristics of dipole radiation [60]. Therefrom we obtain the three polarization modes

∣

∣Σ±〉 =
√

3
16π

√

(1 + cos2 θ) ·
∣

∣σ±
〉

⊗
∑

θ,ω

gω |θ, ω〉 , (2.39)

|Π〉 =
√

3
8π sin θ · |π〉 ⊗

∑

θ,ω

gω |θ, ω〉 , (2.40)

where θ is the angle relative to the quantization axis and the first ket on the right hand side
defines the polarization state and the second ket describes the spatial and frequency mode.
According to eqns (2.39) and (2.40), π-polarized photons are not emitted along the quantization
axis, whereas the emission of σ±-polarized photons reaches its maximum probability along this
direction.

2.2.3. Spontaneous decay in multilevel systems

Figure 2.6.: Spontaneous decay of a single 87 Rb atom from the excited state |0, 0〉 with
angular momentum zero to the three possible ground states |1,±1〉 and |1, 0〉
with total angular momentum one and its projections mF = 0,±1 on the
quantization axis.

Next we include the conservation of angular momentum in our consideration of the spon-
taneous decay. Suppose we have an atom in the excited state, with zero angular momentum.
After spontaneous emission the atom is in the ground state with angular momentum F = 1
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(see Fig. 2.6). In analogy to section 2.2.1 we obtain for the final state of the atom-light system

|Ψ(∞)〉 = 1√
3

(∣

∣Σ+
〉

|1,−1〉 + |Π〉 |1, 0〉 +
∣

∣Σ−〉 |1,+1〉
)

=
√

1
8π

[

√

1
2 (1 + cos2 θ)

(∣

∣σ+
〉

|1,−1〉 +
∣

∣σ−
〉

|1,+1〉
)

+ sin θ |π〉 |1, 0〉
]

⊗
∑

θ,ω

gω |θ, ω〉 , (2.41)

where, the three atomic ground states are labeled by |1,±1〉 and |1, 0〉. The first number in the
kets describes the total angular momentum F of the state and the second number defines the
projection mF of the angular momentum on the quantization axis. The full atom-radiation
state described by eqn (2.41) is a well defined quantum state, where the angular momenta of
the atom and the photon are entangled. The phase relation of the different components of eqn
(2.41) can be obtained from the Clebsch-Gordan coefficients of the involved angular momenta1.

Equation (2.41) describes an entangled spin-1 state. However, the transverse nature of light
makes the observation of the full state impossible. On the other hand, if the system is only
analyzed along the quantization axis, the state in eqn (2.41) reduces to the entangled qubit
state

|Ψ〉 =
1√
2

(∣

∣σ+
〉

|1,−1〉 +
∣

∣σ−
〉

|1,+1〉
)

. (2.42)

The selection of a single emission direction, thus allows the generation of a maximally entangled
qubit state.

2.2.4. Experimental realization

For the experimental realization of atom-photon entanglement on needs a single localized atom,
isolated from the environment. Therefore, we use a single 87Rb atom stored in an optical dipole
trap. In the decay of the F ′ = 0 hyperfine level of the excited state 52P3/2 to the ground state
hyperfine level 52S1/2, F = 1, the entangled state defined by eqn (2.41) is generated. In order
to collect the emitted photons, we use a microscope objective, where the optical axis of the
collection optics defines the quantization axis of our system. Thus, the photons collected by
the objective are in the entangled qubit state given in eqn (2.42).

Polarization of the collected photons

Due to the finite physical dimensions, the microscope does not only collect photons emitted
along the quantization axis, but all photons emitted into a certain spherical angle defined by
the numerical aperture (NA) of the objective. For a NA of 0.38 (used in our experiment), this
corresponds to a collection efficiency of 2.5% of the σ±-polarized and 0.1% of the π-polarized
photons. Thus, approximately 2% of the collected photons originate from a decay connected
with the emission of π-polarization which would reduce the fidelity of the entangled qubit state.

1The state was generated in the decay of a spin zero particle. Thus, the sum of the angular momenta
of its constituents has to sum up to zero.
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2. Theory of atom-photon entanglement

Figure 2.7.: Collection of fluorescence photons into a single-mode optical fiber. The
emitted fluorescence light from the atom follows the classical dipole radiation
pattern emitted from the three atomic dipoles arranged along ex, ey and
ez. In order to calculate the coupling efficiency into the single mode fiber,
we evaluate the overlap of the emitted dipole radiation with the eigenmode
of the optical single-mode fiber in the far field, where the emitted radiation
can be described by a transversal electromagnetic wave.

However, in our experiment the collected fluorescence light is further coupled into a single-
mode optical fiber with a well-defined spatial eigenmode, i.e. the TEM00 Gaussian eigenmode
of the fiber. In order to calculate the coupling efficiency of the emitted photons into the optical
fiber, we consider the atomic field modes that correspond to the radiation emitted from three
atomic dipoles arranged along the unit vectors ex, ey and ez (see Fig. 2.7). Using the standard
field decomposition into π and σ±-polarization modes, the emitted field states are (see chapter
A.3 and [60])

Eσ±

a =
eikr

r
Eσ

a [er × (ex ± iey)] × er (2.43)

Eπ
a =

eikr

r
Eπ

a [er × ez] × er, (2.44)

with the normalization constants Eσ
a and Eπ

a and the unit vector er pointing along the radial
direction in the spherical coordinate system defined in Fig. 2.7. The angular dependence of
the field is already included in the vector product and is equal to the dependence given in eqns
(2.39) and (2.40). Now, we consider the mode field structure of the fluorescence light coupled
into the optical single mode fiber, that together with the collection optics defines a Gaussian
distribution of light with a beam waist w0 at the position of the atom with the corresponding
divergence angle θ0 = λ/πw0. The light coupled into the fiber can be decomposed into the
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two orthogonal polarizations σ+ and σ− with the corresponding field distributions Eσ±

f that
for small divergence angles θ0 are given by

Eσ±

f = Ef
eikr

r
e−θ2/θ2

0

(

(er × ex) × er

|(er × ex) × er|
± i

(er × ey) × er

|(er × ey) × er|

)

(2.45)

with the normalization constant Ef . The coupling efficiency of the different atomic field modes
Ea into the Gaussian target modes Ef of the fiber can be calculated by evaluating the overlap
of the two normalized modes over the half-sphere (θ = 0...π/2)

pcoupl =
1

2

∣

∣

∣

∣

∣

∫ 2π

0

∫ π/2

0
dφdθ sin θ (Ef ·E∗

a)

∣

∣

∣

∣

∣

2

. (2.46)

Evaluation of eqn (2.46) shows that the coupling efficiency of π-polarized light into both fiber
modes is zero as well as the coupling of σ±-polarization into the (wrong) σ∓ fiber mode. This is
due to the fact that in these cases the product Ef ·E∗

a is an odd function with respect to φ and
the corresponding integral is zero. Accordingly, the use of a single-mode fiber assures, that all
photons coupled into the fiber originate from a decay generating the maximally entangled state
in eqn (2.42), independent of the the collection angle of the microscope-fiber arrangement.

For the optical setup in our experiment, we measured a minimum waist of the fiber mode of
w0 = 2.2 µm at the position of the atom. This corresponds to a divergence angle of θ0 = 6.5◦.
Using eqn (2.46) we calculate a coupling efficiency pcoupl = 0.94% for σ±-polarized light into
the matching fiber mode. Averaging over all three emitted polarization modes this yields a
mean photon coupling efficiency of 0.63% that together with the transmission losses and the
detection efficiency of the single photon detectors gives rise a total detection probability of
fluorescence photons of 0.1%.

To summarize, the coupling of the atomic fluorescence into a single-mode optical fiber assures
that the detected photons belong to the same maximally entangled qubit state. Atom-photon
entanglement is verified performing correlation measurements between the atomic and pho-
tonic spin state using a polarization measurement of the photon and an atomic superposition
state detection process described in chapter 4. Both measurements are performed in the same
spin-1/2 subspace of the spin-1 system generated in the spontaneous decay. Thus, the entan-
gled atom-photon state should (in principle) be observable with fidelity one.

2.3. Summary

This chapter gave a short introduction into entangled states and their implications for the
question if physical reality can be described by local realistic theories or not. Two applications
of entanglement are presented: quantum teleportation and entanglement swapping, that form
the basic steps in many quantum information and communication protocols. The second
part of this chapter showed, that spontaneous decay is an excellent source for the generation
of entanglement between the polarization of the emitted photon and the internal degree of
freedom of the atom. Furthermore, using a single-mode optical fiber for the collection of the
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2. Theory of atom-photon entanglement

atomic fluorescence assures that only photons originating from a maximally entangled state
are detected. The experimental realization and observation of this state is the main goal of
this thesis as it presents an important step towards the realization of quantum networks as
well as for a final loophole-free test of Bell’s inequality.
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The preparation and detection of entanglement between a single atom and a spontaneously
emitted photon requires the faithfull manipulation and detection of internal atomic levels.
Therefore, the basic ingredient of our experiment is a single atom isolated from the environment
at a well defined position. In principle, atom-photon entanglement can be generated using ions
or neutral atoms. With regard to applications in quantum communication which require the
distribution of entanglement over large distances, the emitted photon should allow low-loss
transport over large distances. Thus, neutral atoms with transition frequencies in the visible
or near infrared are preferable to ions with transition frequencies mostly in the ultraviolet
spectral region. A single neutral 87Rb atom is an optimal choice for the generation of atom-
photon entanglement due to its weak coupling to the environment and the optimal internal
level structure. Furthermore, the first excited states – the D1- (795 nm) and the D2-line (780
nm) – can easily be addressed by commercially available laser diodes and the wavelength of
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3. Setup and trap characteristics

the emitted fluorescence photons allows long distance transport in standard optical fibers and
an efficient detection of single photons.

The generation of atom-photon entanglement via spontaneous decay poses two restrictions
on the possible trapping schemes of the atom. On the one hand, it is important to prepare
and analyze internal atomic states, thus the trap should not rely on dissipative forces as e.g.
radiation-pressure in magneto-optical traps (MOTs) [61, 62]. Furthermore, the trap must
provide an attractive potential for the atomic ground state with identical potential depth for
all magnetic sublevels, otherwise the different decay channels of the spontaneously emitted
photons become spectrally distinguishable, thus reducing the fidelity of the entangled state.
This restriction also excludes magnetic traps [63, 64], where the trapping potential relies on the
orientation of the atomic magnetic dipole moment relative to the external magnetic field and
thus depends on the magnetic sublevel of the atom. Another trapping mechanism is provided
by optical dipole traps [65] where the trap potential depends on the interaction of the oscillating
electric field of an incident light beam with the induced electric dipole moment of the atom.
For far red-detuned linearly polarized light this results in a conservative trapping potential
for the atom, independent of the ground state hyperfine and Zeeman structure. Furthermore,
in tightly focused laser beams a blockade mechanism occurs, setting the maximum number
of atoms inside these traps to one. Therefore, far off-resonant optical dipole traps provide a
relative simple trapping scheme and together with the blockade mechanism they are a powerfull
tool for experiments in quantum optics. Thus in our experiment, the trapping of a single atom
is realized using an optical dipole trap.

The following chapter first gives a short introduction into the physics of optical dipole traps.
Afterwards, the main setup of our experiment is presented including the dipole trap, the detec-
tion optics for the atomic fluorescence and the laser system necessary for cooling and detection
of the atom. The presence of an atom inside the trap is verified by analyzing the temporal evo-
lution of the collected fluorescence light. The fluorescence signal of the trapped atoms shows
the presence of a blockade mechanism that sets the maximum atom number in the trap to one.
Because this blockade effect would result in a considerably simpler experimental scheme we
verified its presence by measuring the second order correlation function of the fluorescence light
in a Hanbury-Brown Twiss setup. The observed photon anti-bunching verifies the presence of
only single atoms in the trap. Another characteristic – important for interference experiments
involving photons emitted from the atom – is the residual kinetic energy of the atom that gives
rise to an incoherent broadening of the fluorescence spectrum. Therefore, a spectral analysis of
the emitted fluorescence light is performed. From the spectral broadening of the fluorescence
light relative to the exciting light field, we derive an estimation of the mean kinetic energy of
the atom.

3.1. Optical dipole forces

The trapping of a single atom in an optical dipole trap represents an important step of our
experiment. Therefore, this chapter gives a short introduction into the physics of optical dipole
forces. In principle, these forces emerge from the interaction of the oscillatory electric field of
an inhomogeneous light beam with the induced electric dipole moment of the atom. Averaged
over one period of the rapidly oscillating light field this results in an attractive or repulsive
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3.1. Optical dipole forces

force on the atom, for a light field red respective blue detuned relative to the atomic transition.
Using a red detuned focused Gaussian laser beam the attractive force generates a potential
minimum at the beam focus. Thus, an optical dipole trap is generated, with the trap center
at the position of the beam focus.

3.1.1. Classical oscillator model

Consider an atom placed in a laser light field with the electric field E oscillating at angular
frequency ω. The oscillating electrical field induces the electric dipole moment d = α(ω)E in
the atom, oscillating with the same frequency as the driving light field. The value α is the
complex polarizability of the atom that depends on the frequency of the electric field and the
internal energy levels of the atom. The interaction of the induced dipole with the driving field
results in the interaction potential

Udip = −1

2
〈dE〉 = − 1

2ε0c
Re(α)Ī , (3.1)

where the brackets denote the time average over the rapid oscillatory terms and Ī = 2ε0cE
2
0

is the mean intensity of the driving field with amplitude E0. The trapping potential Udip is
proportional to the intensity of the light field and the real part of the atomic polarizability that
describes the component of the atomic dipole in phase with the driving field. The absorption
respective scattering rate is given by the imaginary part of α by

Γsc =
Pabs

~ω
= −〈ḋE〉

~ω
= − 1

~ε0c
Im(α)̄I. (3.2)

The polarizability α can be calculated from the classical Lorentz oscillator model and is given
by [66]:

α = 6πε0c
3 Γ/ω2

0

ω2
0 − ω2 − i(ω3/ω2

0)Γ
. (3.3)

Here ω0 denotes the atomic resonance frequency and Γ is the on-resonance damping rate. In a
semiclassical approach the atomic polarizability is calculated using a two-level atom interacting
with a classical radiation field. When saturation effects can be neglected (Γsc � Γ, which
is usually the case for optical dipole traps) this model yields the same result as the classical
Lorentz-oscillator approach. The damping rate Γ (corresponding to the spontaneous scattering
rate of the excited state), thereby is given by

Γ =
ω3

0

3πε0~c3
|〈e|d̂|g〉|2, (3.4)

where d̂ is the electric dipole operator connecting the atomic ground and excited states |g〉 and
|e〉. From eqns (3.3) and (3.4) we can calculate the dipole potential and the atomic scattering
rate [66]:

Udip(r) = −3πc2

2ω3
0

(

Γ
ω0−ω + Γ

ω0+ω

)

I(r) ≈ 3πc2

2ω3
0

Γ

∆
I(r) (3.5)

Γsc(r) = 3πc2

2~ω3
0

(

ω
ω0

)3 (
Γ

ω0−ω + Γ
ω0+ω

)2
I(r) ≈ 3πc2

2~ω3
0

(

Γ

∆

)2

I(r). (3.6)
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In these equations ∆ = ω−ω0 is the detuning of the light field relative to the atomic resonance.
On the righthand side of the above equations the rotating wave approximation has been applied
(neglecting the fast oscillatory terms ω0 + ω). The potential depth Udip is proportional to the
light intensity. Thus, for inhomogeneous light fields a dipole force occurs. Two possible cases
exist: For red detuned light (∆ < 0) Udip is negative and an attractive potential towards
the maximum field amplitude is created, whereas for blue detuned light (∆ > 0) a repulsive
potential occurs. Furthermore, the dipole potential is conservative which gives the important
condition of a friction force for the loading of atoms into optical dipole traps.

The origin of the dipole force can be understood in the picture of a classical atomic oscillator.
In the case of far red detuned light the atomic dipole follows the electric field (the phase
difference between the atomic dipole and the exciting field is negligible) and therefore the dipole
is oriented parallel to the electric field in order to minimize the potential energy resulting in
an attractive force. Near resonance the atomic dipole follows the electric field with a phase
difference of π/2 and above resonance the phase difference between the dipole and the electric
field increases to π. This results in the maximum dipole energy and therefore gives rise to a
repulsive potential.

3.1.2. Quantum mechanical approach

Figure 3.1.: Dressed state picture of a two-level atom with ground state |g〉, excited state
|e〉 and transition frequency ω0 interacting with a light field of frequency ω
and photon number N . The interaction between the atom and the light gives
rise to an energy shift ∆E (light shift) of the ground and excited states of
the atom.
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The consideration above gives the same result as the quantum mechanical approach for a
two-level atom. In reality, the transitions in atoms have a complex structure which can not
be described by a simple two-level model. For systems with a more difficult level structure
this results in a dipole potential, that in general depends on the particular state of the atom.
An accurate description can be obtained in the dressed state picture describing the combined
system of the atom and the quantized electromagnetic field. The effect of the far-detuned
light field on the atom can be treated as a second order perturbation in the electric field. The
interaction of the atom with the light field (given by the interaction Hamiltonian ĤED = −d̂Ê)
leads for the non-degenerate atomic states |i〉 to an energy shift [66] ∆Ei of

∆Ei =
∑

j 6=i

|〈j|ĤED|i〉|2
εi − εj

, (3.7)

where εi are the energies of the unperturbed states in the dressed state picture. If, e.g., the
atom is in the ground state |i〉 and the light field consists of N photons with frequency ω, the
unperturbed energy of the system is εg = N~ω. On the other hand, if the atom is excited to
the state |j〉 with energy ~ωj by absorbing one photon, the unperturbed energy of the atom-
photon system is given by εj = ~ωj + (N − 1)~ω = −~∆j + N~ω. For a two-level atom (see
Fig. 3.1) eqn (3.7) reduces to

∆Eg/e = ±|〈e|d̂|g〉|2
∆

|E|2 = ±3πc2

2ω3
0

Γ

∆
I (3.8)

where ∆ = ω− ω0 is the detuning of the light field relative to the atomic transition. The plus
and the minus sign correspond to the shift of the ground and the excited state, respectively.
In this picture the dipole potential is generated by an energy shift (the so-called light shift) of
the ground state caused by the interaction of the light field with the atom. This shift is equal
to the potential calculated from the classical approach in eqn (3.5). For the excited state the
we obtain a shift of equal size but of opposite sign. In the interesting case of low saturation,
the atom stays most of the time in the ground state and thus the light shift of the ground state
is the relevant trapping potential.

Level substructure

For atoms with level substructure all possible dipole matrix elements dij = 〈gi|d̂|ej〉 for transi-
tions between specific atomic ground |gi〉 and excited states |ej〉 have to be taken into account.
For a given transition these matrix elements reduce to

dij = cij ||d||, (3.9)

where ||d|| is the reduced dipole matrix element that depends only on the electronic orbital
wavefunctions and therefore is directly related to the spontaneous decay rate of the transition.
The coefficients cij are real parameters denoting the transition strength of the specific sublevels.
They depend on the laser polarization and the electronic and nuclear angular momenta involved
[67].
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Rubidium 87

Rubidium 87 is an alkali atom with nuclear spin I = 3/2. The fine structure splitting of
the first excited state (52P1/2, 52P3/2) leads to the D-line doublet with transition wavelengths
of 795 nm and 780 nm, respectively. Neglecting further excited states, eqn (3.7) allows to
calculate the dipole potential of the atomic ground state 52S1/2 with total angular momentum
F and magnetic quantum number mF . For the case of small excited state hyperfine splitting
compared to the detuning of the dipole laser field, we obtain [66]

Udip =
πc2Γ

2ω3
0

(

2 + ℘gFmF

∆2,F
+

1 − ℘gfmF

∆1,F

)

· I(r), (3.10)

where gF is the atomic Landé factor, ℘ characterizes the light polarization (℘ = 0,±1 for π-
and σ±-polarized light, respectively), and ∆1,F and ∆2,F refer to the detuning of the light field
relative to the D1 and D2 line, respectively. In the case of very large detuning compared to
the fine structure splitting (∆1 ≈ ∆2 = ∆) eqn (3.10) reduces to the result obtained for a two
level atom (see eqn (3.8)).

An important aspect of eqn (3.10) is the dependence of the dipole potential on the polar-
ization of the light field. For circularly polarized light (σ±), the degeneracy of the magnetic
sublevels of the ground state is lifted and therefore the light shift of the different sublevels
depends on the quantum number mF . For the generation of atom-photon entanglement, this
level shift is critical because (for deep trapping potentials) it gives rise to a spectral distin-
guishability of the transitions involved in the creation of the entanglement. Therefore, linearly
polarized light is the best choice in order to maintain the degeneracy of the Zeeman sublevels
of the ground state of a trapped atom.

In the case of linearly polarized light the inelastic scattering rate is given by the expression

Γsc =
πc2Γ2

2~ω3
0

(

2

∆2
2,F

+
1

∆2
1,F

)

· I(r), (3.11)

and is independent of the magnetic quantum number.
The results derived here are valid for the ground state of an alkali atom with only one

excited state. If one includes the additional excited states and takes also into account the
Zeeman splitting, the above results for the atomic ground states are still qualitatively valid.
The absolute light shift of the ground state changes about 10 percent due to coupling to higher
excited levels but is still independent of the specific Zeeman sublevel (for a more detailed
discussion see [68]).

3.1.3. Focused beam traps

The dipole potential described above allows to form a trap for neutral atoms using a red
detuned Gaussian laser beam focused to a tight spot. The light shift of the atoms is maximal
at the focus of the laser beam, thus a three dimensional confinement of the atoms is created.
In detail, the intensity profile of a Gaussian laser beam propagating along z-direction is given
by

I(r, z) =
2P

πw2(z)
e
− 2r2

w2(z) , (3.12)
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Figure 3.2.: The figure shows the 1/e2 beam radius w(z) of a Gaussian laser beam in the
focal region and a contour plot of the appropriate trapping potential.

where P is the power of the laser beam and r defines the distance from the optical axis. The
1/e2-radius w(z) of the laser beam is defined by

w(z) = w0

√

1 + z2/z2
R (3.13)

with the Rayleigh length zR = πw2
0/λ, the minimum beam radius or beam waist w0 and the

wavelength λ of the light field. In the beam focus an ellipsoidal trapping region is formed with
a potential that can be approximated near the center of the beam by the harmonic potential

U(r, z) ≈ −U0

[

1 − 2

(

r

w0

)2

−
(

z

zR

)2
]

. (3.14)

The maximum trap depth U0 for a two-level atom is

U0 =
3c2

ω3
0w

2
0

Γ

∆
P, (3.15)
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and the transversal and longitudinal trap frequencies are given by

ωr =

√

4U0

mw2
0

and ωz =

√

2U0

mz2
R

. (3.16)

Summary

A Gaussian laser beam red-detuned to the atomic transition allows to trap atoms in the beam
focus. The generated dipole trap has an elliptical shape with a tight confinement perpendicular
to the laser beam with the trap frequency ωr. Parallel to the beam direction the trap provides
only a weak potential gradient with a relative small trap frequency ωz due to the large Rayleigh
length zR � w0 of Gaussian beams (see Fig. 3.2).

3.2. Single atom dipole trap

The main ingredient for the generation of atom-photon entanglement is a single trapped atom,
with a trapping mechanism, independent of the Zeeman sublevel of the atomic ground state.
For this purpose, we use an optical dipole trap, generated by the linearly polarized light field
of a focused Gaussian laser beam, red-detuned to the transition to the first excited state. Due
to the conservative nature and the small depth of the dipole potential, the 87Rb atoms have
to be cooled in a magneto-optical trap (MOT), that also provides an adjustable density of the
background gas of cold atoms.

The fluorescence of the trapped atoms in the cooling light is collected in a confocal arrange-
ment with the trapping beam and measured by Si-avalanche photo diodes. The presence of an
atom in the dipole trap can directly be observed by the increase of the detected fluorescence.
Analyzing the fluorescence light, we obtain a lifetime of atoms inside the trap of approximately
two seconds. Furthermore, we observe only fluorescence corresponding to one or zero atoms
in our dipole trap. This is caused by the small trapping beam waist of 3.5 µm, that greatly
enhances the inelastic collision rate in the dipole trap and thus gives rise to a blockade effect
that limits the maximum atom number in the trap to one [69, 70]. This blockade mechanism
is an important aspect of our experiment because it assures that only single atoms are present
and therefore allows much simpler experimental schemes.

3.2.1. Experimental setup

In our experiment the atoms are stored in an optical dipole trap which allows a typical potential
depth of a few mK. Due to the shallow trapping potential, collisions with the background gas
lead to an immediate loss of the atom from the trap. In order to surpress the collision rate,
the experiment has to be performed in ultra high vacuum (UHV) conditions. The vacuum
is maintained by an ion getter pump (Varian, Star Cell, 24 l/s) and the experimental area is
defined by a commercial uncoated spectroscopy glass cell connected to the vacuum system by
an indium gasket. A Rubidium dispenser constantly operating slightly above threshold (2.5 A)
serves as source of 87Rb atoms. Under these conditions we achieve a background gas pressure
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3.2. Single atom dipole trap

Figure 3.3.: Schematic setup of the magneto optical trap and dipole trap. Three counter-
propagating beam pairs provide laser cooling. Together with the magnetic
quadrupole field generated by two coils in anti-Helmholtz configuration, a
magneto-optical trap is realized. The MOT provides a dissipative force to-
wards the center of the quadrupole field that overlaps with the dipole trap.
Due to restricted space around the vacuum chamber the two beams in the
plane parallel to the dipole trap axis are not perpendicular but include a
angle of 34◦.

inside the vacuum chamber of less than 10−10 mbar that should allow lifetimes of atoms in the
dipole trap up to several seconds.

Laser cooling and magneto-optical trap

Optical dipole traps provide a shallow and conservative trapping potential. Thus, a friction
force is necessary to load atoms into the trap. In our experiment the friction force is generated
by three-dimensional laser cooling generating an optical molasses [71, 72, 73]. The optical
cooling is performed using two laser systems. The cooling laser – red detuned to the transition
52S1/2, F = 2 to 52P3/2, F

′ = 3 by 5-6 linewidths (24-30 MHz) – provides the actual cooling
mechanism. The repump laser – resonant to 52S1/2, F = 1 to 52P3/2, F

′ = 2 – is necessary to
form a closed transition. Both laser systems consist of a grating stabilized laser diode locked to
atomic transition via Doppler-free saturation spectroscopy [21]. With this method we obtain a
long term frequency stability better than 2 MHz and a spectral line width of less than 700 MHz
[21]. Fine tuning of the laser frequency and power is realized using acousto optical modulators
(AOMs). Finally, the two beams are combined and guided to the actual experiment where
the power of each beam (cooling and repump light) is monitored by a photo diode to realize a
power stabilization of each light field. The light is split into three pairs of counterpropagating

33



3. Setup and trap characteristics

orthogonally circular polarized beams intersecting at the position of the dipole trap (see Fig.
3.3). In the intersection region sub-Doppler cooling mechanisms should occur [74] cooling the
atoms down to final temperatures below the Doppler limit of 87Rb of 146 µK [75, 67].

Laser cooling is only possible for atoms with a temperature below a certain threshold of
about 0.2 K. The atoms provided by the Rb-dispenser have a temperature of more than 800
K, thus, the fraction of atoms that can be cooled in the optical molasses is on the order of
10−6. For a suitable lifetime of atoms in the dipole trap, a low background gas pressure is
essential. This sets a limit on the density of cold atoms in the optical molasses, that would
result in a minimum loading time of the dipole trap on the order of 10 seconds which is too
small to ensure an efficient repetition rate of our experiments.

In order to provide a reservoir of cold Rubidium atoms with higher density we use a magneto-
optical trap (MOT) formed by the cooling and repump beams together with a magnetic
quadrupole field generated by two coils in an anti-Helmholtz configuration [67]. The mag-
netic field induces a position dependent frequency shift of the atomic Zeeman sublevels, that
together with the cooling light leads to a dissipative force towards the MOT center (see chapter
A.1.3). With the maximum current of 2 A in our experiment we can generate a magnetic field
gradient up to ∂B/dz = 11 G/cm. Together with a waist of the cooling beams of 1 mm this
allows to store typically 3 × 104 cold atoms inside the MOT (see Fig. 3.4). Changing the
magnetic field gradient of the MOT we can adjust the number of cold atoms in the MOT cloud
and thus the loading rate of atoms into the dipole trap from approximately 0.1 s−1 (for zero
field) to more than one atom per second1 for a field gradient of 2 G/cm (see [68]).

Figure 3.4.: CCD-image of the cloud of cold atoms in the magneto-optical trap (obser-
vation direction along the dipole trap axis). The vertical and horizontal
lines show light scattered by hot background gas in the cooling beams. At
the intersection region a cloud of approximately 3 × 104 cold atoms can be
observed (the atom number was estimated from the measured fluorescence).
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Figure 3.5.: Top view of the dipole trap and the detection optics. The dipole trap is
generated by a single mode laser diode focused into the vacuum chamber at
the center of the MOT. The fluorescence of the trapped atom is collected in
a confocal arrangement with the dipole trap laser and coupled into a single
mode optical fiber for spatial filtering. The photons are detected using a
Si-avalanche photo diode.

Dipole trap and detection optics

The dipole trap is generated by a laser beam from a single mode laser diode with a peak power
of 200 mW and a wavelength of 856 nm, far red-detuned to the first excited state of 87Rb
(λ = 780 and λ = 795 nm). A single-mode optical fiber guides the light to the experimental
setup and ensures a Gaussian beam profile. In order to work only with a single atom, we make
use of a blockade mechanism occurring for small optical dipole traps with a beam waist below
4 µm (see next chapter and [69, 70]) that limits the maximum number of atoms inside the trap
to one. For this purpose, the dipole trap light is focused to a waist of w0 = 3.5 ± 0.2 µm at
the center of the MOT by a commercial microscope objective (NA 0.38) located outside the
vacuum chamber (see Fig. 3.5). The intensity of the trapping light field is actively stabilized
by monitoring the light transmitted through the glass cell with a photodiode and adjusting the
dipole laser power with an AOM. We achieve typical laser powers of 30 mW at the trap region,

1In principle, our MOT parameters also allow a higher loading rate, but due to the blockade mechanism
(see next chapter) this would result in a strong decrease of the lifetime of atoms in the dipole trap.
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corresponding to a potential depth of approximately 860 µK with longitudinal and transversal
trap frequencies of 1.4 kHz and 26 kHz, respectively, and a photon scattering rate from the
trapping beam of 20 s−1.

The fluorescence light from the dipole trap region is collected with the microscope objective
and separated from the trapping beam by a dichroic mirror that is highly reflective for the trap-
ping light and has a polarization independent transmission of 90% for the atomic fluorescence
(see Fig. 3.5). In order to suppress stray light the collected fluorescence is coupled into a single
mode optical fiber for spatial filtering. The fiber guides the light to silicon-avalanche photo
diodes (Si-APDs) used for single photon detection. Band-pass filters (central wavelength: 780
nm, FWHM: 2 nm) in front of the APD further suppress stray light contributions from off
resonant light.

In order to calculate the collection efficiency of the emitted photons, we consider the mode
field structure of the fluorescence light coupled into the optical fiber, that together with the
collection optics defines a spatial distribution of light with a beam waist of 2.2± 0.2 µm at the
dipole trap center. Calculating the overlap of the Gaussian field mode of the fiber with the
electrical field distribution emitted by the single atom, we obtain a total detection efficiency
of emitted photons of approximately 0.1%, including transmission losses through the optical
components and the quantum efficiency of the APDs (see chapter 2.2.4).

3.2.2. Observation of single atoms

In order to load an atom into the dipole trap, the cooling and repump light is turned on
and the MOT field gradient is optimized to ensure a high loading rate without drastically
decreasing the trap liftime. The fluorescence from the dipole trap region is measured on a
single photon level with an APD. Every time an atom is cooled into the trap we observe an
increase of the fluorescence count rate. With no atom in the trap a background count rate of
450 counts/s is detected due to dark counts of the detector and stray light from background
gas. When an atom enters the trap the fluorescence increases to 1000-2300 counts/s depending
on the intensity and detuning of the cooling laser. Figure 3.6 shows a fraction of a fluorescence
measurement with a time resolution of 0.1 s. The presence of atoms inside the dipole trap can
be observed in real time by the occurrence of distinct steps in the fluorescence count rate.

Sub-Poissonian loading statistics

Histogramming the number of occurrences of the detected count rates for a long time measure-
ment we obtain two distinct peaks (Fig. 3.7). The first peak corresponds to the background
count rate of the APD and the second one to the fluorescence detected from a single atom
inside the trap. Assuming a Poissonian distribution of the number of trapped atoms, a third
peak at twice the single atom count rate should appear but is not observed. The absence of
this peak shows a sub-Poissonian occupation statistics of atoms in the dipole trap, i.e. the
probability to trap two (or more) atoms can be neglected. This effect occurs in microscopic
dipole traps and was first observed in [69, 70]. In detail, the blockade can be explained by
cooling light induced inelastic two-body collisions between cold atoms and is caused by two
physical processes [76, 77, 78]. On the one hand, if the two atoms are not in the absolute
ground state, even the small amount of energy from the hyperfine splitting of the F = 1 and
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Figure 3.6.: Fluorescence counts per 100 ms observed from the dipole trap region. If no
atom is inside the dipole trap we observe a background count rate of 450
s−1 and in case an atom enters the trap the count rate increases to 2200
counts per second. A blockade mechanism [69, 70] due to the small trap size
ensures that only single atoms can be loaded into the trap.

F = 2 ground states, released in an inelastic collision, is enough to eject both atoms from the
trap. Another loss effect occurs from collisions where one atom is in the excited state and a
losely bound Rb2 molecule is generated. The molecule dissociates due to spontaneous emission
of a photon and both atoms are ejected from the trap. In the radiative decay process the
molecule decays to the unbound ground state, whereas in fine structure changing collision the
attractive potential of the 2S1/2 −2 P3/2 molecular state changes to the repulsive potential of
the 2S1/2 −2 P1/2 state. In both processes the kinetic energy necessary to eject the atoms from
the trap comes from the fact that the emitted photon has a lower energy than the photon
absorbed from the cooling light during the formation of the molecule.

Due to the small size of the dipole trap the probability of these collisions is strongly increased
and the loading of a second atom into the dipole trap leads to an allmost immediate loss of
both atoms. Figure 3.6 shows an event which could be attributed to light-induced collisions.
For a short time, fluorescence corresponding to two atoms is detected and in the following
collision both atoms are lost from the trap and only the background count rate is observed.

Changing the magnetic field gradient of the MOT, it is in principle possible to increase the
loading rate into the dipole trap until it is higher than the rate of inelastic two-body collision.
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Figure 3.7.: Histogram of the fluorescence counts per 100 ms from a total measurement
time of more than five hours. The red data corresponds to the measured
number of occurrences of the respective count rate. The blue curve is a the-
oretical fit to the first two peaks assuming Poissonian occupation statistics
of the dipole trap. The fluorescence events in the first peak are caused by
the background count rate of the detector and the second and third peak
correspond to the cases with one or two atoms inside the dipole trap. The
inset shows a magnification of the region around the third peak. The prob-
ability to see two (or more) atoms inside the dipole trap is nearly zero and
therefore clearly differs from a Poissonian distribution expected for non-
interacting atoms.

Thus, it is possible to overcome the blockade and load more than one atom into the trap.
But this regime only occurs for high densities of cold background gas and therefore at much
higher field gradients of the MOT. Thus, it can easily be separated from the interesting regime
where the blockade mechanism occurs and the loading rate is acceptably high. A more detailed
discussion of the effects of the blockade mechanism for the occupation statistics of our dipole
trap can be found in [68].

The collisional blockade mainly occurs in the presence of cooling light. Without optical
cooling it is in principle possible to store more than one atom in the trap. However, in this
case, loading of further atoms into the dipole trap is forbidden due to the conservative nature
of the trapping potential. Therefore, the collisional blockade effect provides us with an elegant
mechanism to ensure that only a single atom is present in the dipole trap, which is a crucial
condition for the generation and verification of atom-photon entanglement.

38



3.2. Single atom dipole trap

Dipole trap lifetime

Figure 3.8.: Lifetime of the single atom inside the dipole trap in the presence of cooling
light (”bright” trap, red data) and without cooling light (”dark trap”, blue
data). The solid lines are exponential fits to the measured data which yield
a liftime of 2.2± 0.2 s and 4.4± 0.2 s for the ”bright” and the ”dark” trap,
respectively.

For most experiments the lifetime of the atom in the optical dipole trap is a crucial pa-
rameter. Due to the collisional blockade effect two interesting cases with different dipole trap
lifetimes exist. In the case where no cooling light is present (”dark” trap), the lifetime is dom-
inated by collisions of the trapped atom with the hot background gas and parametric heating
from fluctuations of the dipole trap potential. In the presence of cooling light (”bright” trap)
the blockade effect occurs and an additional loss channel is created: light induced inelastic col-
lissions between two cold atoms. Therefore, we expect a shorter trap lifetime for the ”bright”
trap with its additional loss channel.

The lifetime of a single atom in the dipole trap in the presence of cooling light is calculated
directly from the measured fluorescence traces (see Fig. 3.6), where a count rate above a certain
threshold corresponds to the case where the atom is still inside the trap. For the ”dark” trap,
the lifetime is determined in the following way. First the cooling-light is switched on until an
increase in fluorescence counts is detected, indicating the presence of a single atom. Then, the
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cooling and repump light is switched off for a certain time ∆t and then switched on again.
Integrating the photon count rate in the final fluorescence detection process for 100 ms allows
to distinguish if the atom is still in the trap or if it was lost. This measurement is repeated
many times for different time delays ∆t to obtain the fraction of atoms still present in the trap.

Figure 3.8 shows the fraction of atoms that survived inside the dipole trap after a certain
time. From these curves we derive a 1/e lifetime of about two seconds for the ”bright” and
approximately four seconds for the ”dark” trap2, which shows the expected higher loss rate in
the presence of cooling light. Both lifetimes are sufficiently high for our purpose because they
are two orders of magnitudes larger than the typical timescale necessary for the generation and
verification of atom-photon entanglement.

3.3. Photon statistics of the fluorescence light

The analysis of the counting statistics in the preceding chapter showed the evidence of a block-
ade mechanism that allows to store only single atoms in the optical dipole trap. Experiments
that depend on single atoms would considerably benefit from such a mechanism. Thus, it
is important to obtain a further prove for the single atom characteristic of the dipole trap.
This can be derived by analyzing the statistical properties of the atomic fluorescence light.
The properties of fluorescence scattered by a single atom differ from a system consisting of
more than one emitter. In contrast to a system with many emitters, a single atom can emit
only a single photon per time. Thus the second order correlation function of the single atom
fluorescence light should show perfect photon-antibunching.

We performed a Hanbury-Brown Twiss (HBT) measurement [79] that allows to analyze
the photon statistics of the atomic fluorescence light. Photon-antibunching in the measured
second order correlation function shows that only a single atom is trapped and thus proves the
collisional blockade indicated in the analysis of the fluorescence count rates. Furthermore, the
measured second order correlation function contains a signature of the internal and external
atomic dynamics and explicitely shows effects from the effective four level system coupled by
the cooling and repump light fields.

3.3.1. Second order correlation function of atomic systems

The coherence properties of light are usually defined with the help of the first and second
order correlation functions. Using the quantum mechanical field operators Ê+ and Ê−, the
first order correlation function is given by

g(1)(τ) =
〈Ê−(t)Ê+(t+ τ)〉
〈Ê−(t)Ê+(t)〉

. (3.17)

The brackets 〈...〉 define the mean value of the inclosed expression over time. This function
describes the coherence properties of the light field typically observed in interferometric setups.

2The survival probability for the ”dark” trap at time zero is less than one. This is due to our
measurement scheme, where a non-negligible probability exists that the atom is lost during the
initial or final fluorescence detection, which then gives the wrong result.
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Intensity correlations of a given light field at the times t and t+ τ are described by the second
order correlation function g(2)(τ) that is defined by

g(2)(τ) =
〈Ê−(t)Ê−(t+ τ)Ê+(t+ τ)Ê+(t)〉

〈Ê−(t)Ê+(t)〉2
. (3.18)

The correct order of the electric field operators in eqn (3.18) can be obtained from considering
that the joint detection of a photon at time t and a second photon at time t+ τ is described
by the expression |〈n− 2|Ê+(t+ τ)Ê+(t)|n〉|2 where |n〉 describes the number of photons in a
given mode [80].

In the photon picture the g(2)-function can be interpreted as the probability of detecting a
photon at time t + τ conditioned on a previous detection of a photon at time t, normalized
by the probability of detecting a photon in steady state. While for classical fields the relation
〈I(t)2〉 ≥ 〈I(t)〉2 – derived from Cauchy’s inequality – assures that g(2) ≥ 1 for all times τ , this
is not true for a single quantum emitter (e.g. a single atom). Because it can only emit a single
photon per time, the correlation function can take values of g(2)(τ) < 1, which is the so-called
photon-antibunching.

Photon statistics of a two-level atom

Consider the case of a single two-level atom at position r0 in a monochromatic light field.
The corresponding electric field consists of three contributions: the vacuum state, the exciting
light field and the atomic fluorescence light. Analyzing the light field at position r – far away
from the exciting laser beam – only the atomic fluorescence light contributes to the measured
correlation function. In the far field, the electric field of the fluorescence light in the Heisenberg
picture is given by the expression [80]

Ê+(r, t) = − eω2
0deg sin θ

4πε0c2|r− r0|
eπ̂

(

t− |r − r0|
c

)

, (3.19)

where deg = 〈e| d̂ |g〉 is the dipole matrix element of the atomic transition with the resonance
frequency ω0 and θ describes the angle between the atomic dipole d̂ and the observation
direction. The operator π̂ shifts the atom from the excited state to the ground state and π̂ †

describes the reverse process. In the far field, the scattered light is transversely polarized along
the unit vector e, given by the projection of d̂ onto the plane perpendicular to the observation
direction. Using eqn (3.19) and restricting us to the case of one polarization the second order
correlation function can be directly expressed by the atomic transition operators π̂ and π̂ †:

g(2)(τ) =
〈π̂†(t)π̂†(t+ τ)π̂(t+ τ)π̂(t)〉

〈π̂†(t)π̂(t)〉2 . (3.20)

Because we are interested only in the steady state value of g(2), the time retardation |r− r0|/r
is ignored. In order to calculate g(2)(τ) one has to evaluate the two-time expectation value in
the numerator of eqn (3.20) with the help of the quantum regression theorem [81]. From the
calculation one obtains [59]

g(2)(τ) =
ρee(τ)

ρee(∞)
, (3.21)
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Figure 3.9.: Simplified levelscheme of the laser cooling process [68] (neglecting the Zee-
man substructure), with the excited states |a〉 and |b〉 and the atomic ground
states |c〉 and |d〉. The cooling transition F = 2 → F ′ = 3 is driven by
the cooling laser Ωac with 10 times the saturation intensity. Off-resonant
excitation to the F ′ = 2 level (Ωbc) gives rise to a decay channel to the
F = 1 ground state. The repump laser (Ωdb) resonant to the transition
F = 1 → F ′ = 2 transfers population back from the F = 1 level into the
cooling transition. The three possible decay channels are Γac, Γbc and Γbd.

that only depends on the excited state population ρee of the atom at time τ and in the steady
state case (τ = ∞). An intuitive interpretation of eqn (3.21) can be given in the photon picture
where the possibility to detect a photon is proportional to the decay probability of the excited
state of the atom and thus to the excited state population. For given experimental parameters
the correlation function can easily be calculated using e.g. the optical Bloch equations with
the initial condition, that at τ = 0 the atom is in the ground state.

Photon statistics of a four level atom

In our experiment we analyze the photon statistics in a light configuration consisting of the
cooling and repump light field. Thus, the above assumption of a two-level system is not valid
and – ignoring off-resonant excitation of the repump laser – the incident light field couples
four different hyperfine levels of 87Rb (see Fig. 3.9). The complete description of the internal
dynamics of a laser-cooled atom is quite difficult due to the complicated intensity and po-
larization pattern in space, created in the intersection region of the cooling and the repump
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light. Due to the finite kinetic energy corresponding to a temperature of approximately 100
µK (see next chapter), the motion of the atom can be approximated by a classical oscillator
with an amplitude of several optical wavelengths. During the oscillation, the atom experiences
both, a change in intensity and polarization. This situation suggests to simplify the internal
atomic dynamics by neglecting the Zeeman substructure of the atom and treating the exciting
cooling and repump light fields as unpolarized. This allows to describe the atom by a four-level
system and the incident light as unpolarized with a total intensity given by the sum of the
three counterpropagating beam pairs. Using these assumptions one can solve the equation of
motion for the 4 × 4 atomic density matrix ρ given by

ρ̇ = − i

~
[ĤED, ρ] +R (3.22)

with the Hamiltonian ĤED in the rotating wave approximation and the relaxation term R
(see Appendix A.1.4). Analog to a two level atom (eqn (3.21)) the second order correlation
function of the four-level system with the excited states |a〉 and |b〉 reduces to [82]

g(2)(τ) =
ρaa(τ) + ρbb(τ)

ρaa(∞) + ρbb(∞)
. (3.23)

To obtain the g(2)(τ) function we numerically solve the equation of motion for the atomic
density matrix with the initial condition of an emitted photon at τ = 0. Because we do not
distinguish from which transition the first photon of a pair event was emitted, the initial atomic
populations are calculated from the steady state solution. (For a more detailed discussion see
[68].)

3.3.2. Hanbury-Brown Twiss measurement

The measurement of the second order correlation function requires the possibility to detect the
difference of arrival times of the emitted photons. The avalanche photo diodes used for single
photon detection have a dead time of about one µs. Thus, a direct measurement of the g (2)(τ)
function using only one APD is not possible at the interesting time region of the atomic lifetime
(26 ns). This problem can be avoided using a Hanbury-Brown Twiss setup [79] (see Fig. 3.10)
where the incoming fluorescence is sent on a 50/50 beamsplitter. An APD in each output port
of the beamsplitter is used to detect the single photons and a storage oscilloscope measures
the time difference τ = t1 − t2 between detection events in each of the two detectors. For
small time differences τ (much smaller than the mean time difference between two detection
events) the normalized distribution of time differences obtained with this setup is equivalent
to the second order correlation function g(2)(τ) [83]. A detection event in APD1 serves as a
start event initializing the measurement and a detection event in APD2 stops the measurement
and the time difference τ is recorded into a histogram. To minimize background contributions
coincidences are acquired only, when the fluorescence from the trap exceeds a threshold level
of 1200 counts/s, indicating the presence of a single atom inside the trap.

Measurement results

The Hanbury-Brown Twiss measurement yields a histogram of time differences τ = t1 − t2.
Using the correct normalization factor n this histogram is equal to the second order correlation
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Figure 3.10.: Hanbury-Brown Twiss setup [79] for the measurement of the second order
correlation function of the atomic fluorescence light. A 50/50 beamsplitter
sends the incoming fluorescence onto two avalanche photo diodes. A stor-
age oscilloscope histograms the differences of detection times τ = t1 − t2
of photon pair events. Due to electronical reasons one of the two detection
signals is delayed using a 70 ns delay line.

function [83]. The factor n can be calculated from the steady state probabilities of each detector
to detect a photon in the time resolution window ∆τ of the measurement apparatus and is
given by

n = r1 × r2 × ∆τ × Tmeas, (3.24)

where r1 and r2 are the mean count rates of two detectors and Tmeas is the total measurement
time of the experiment.

The measured pair correlation function g(2)(τ) in Fig. 3.11 shows two interesting timescales.
On a µs timescale the correlation function shows an exponential decay from the maximum value
1.24 at τ = 0 to the large timescale value of 1 with a time constant of 1.8 µs (two orders of
magnitude larger than the atom lifetime). The reason for this long time behavior is the diffusive
motion of the atom in the intensity modulated light field at the intersection region of the three
dimensional cooling beam configuration [84]. The combined field of the three retroreflected
cooling beams gives rise to an optical grating superimposed to the ”normal” cooling light field.
In this grating, there is a higher probability for the atom to emit a photon when it is located
at a node compared to the case where it is located at an antinode. Thus, the detection of a
photon indicates the presence of the atom at a node of the light field and the probability to
see a second photon shortly after the first detection is increased compared to the long time
average. The decay time of this enhanced fluorescence probability corresponds to the diffusion
time of the atom in the optical molasses, i.e. the time, after which the position of the atom –
initially at the node of the grating – is distributed over a period of the optical grating.

On a short timescale, the correlation function shows a minimum value of g (2)(0) = 0.52±0.14.
Taking into account accidental coincidences due to the dark count rate of 300 s−1 of each
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Figure 3.11.: Second order correlation function g(2)(τ) measured for a dipole trap depth
of 0.38 ± 0.04 mK and a cooling laser intensity and detuning of I = 103
mW/cm2 (total intensity from all 6 cooling beams) and ∆ = −31 MHz,
respectively. On a long timescale (upper picture) a small ”bunching” effect
can be seen which disappears exponentially with a time constant of τ = 1.8
µs. On a short timescale g(2)(τ) shows an oscillatory behavior caused by
Rabi flopping of the atom with a decay time corresponding to the atomic
lifetime. For τ = 0 the correlation function shows a clear signal of photon
antibunching.
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detector, we derive a corrected minimum of 0.02 ± 0.14 compatible with perfect photon anti-
bunching of the atomic fluorescence light. Therefore, only single photons are emitted from the
trap region which proves that only a single atom can be present inside the dipole trap.

Furthermore, the oscillatory behavior of the g(2)-function around τ = 0 in the measurement
in Fig. 3.11 is a signature of the Rabi-oscillations of the atom in the cooling light, where
the frequency and damping rate are in good agreement with our experimental parameters
(laser intensity and detuning). However, the amplitude of the oscillations is clearly above the
maximally allowed value of 2 for a two level atom. Thus, we have to take into account all
four atomic hyperfine levels coupled by the cooling laser system (see Fig. 3.9). In order to
include the effects of the intensity variations of the light field, the calculated g (2)(τ) function is
multiplied by the expression 1+Ae−kτ obtained from a fit to the measured correlation function
on the µs timescale.

In order to compare the theoretical correlation function with the measured data we have
to correct the measurement results for accidental coincident events caused by the background
counts of the APDs. Splitting up the measured count rates ni = si + di of the two detectors
i = 1, 2 into signal si (number of detected fluorescence photons per second) and dark count

rates di, the background-corrected correlation function g
(2)
c (τ) is obtained from the measured

function g(2)(τ) by the transformation

g(2)
c (τ) =

1

s1s2

(

n1n2g
(2)(τ) − d1d2 − d1c2 − c1d2

)

. (3.25)

The correlation function g
(2)
c (τ) obtained from this procedure is plotted in Fig. 3.12 to-

gether with the theoretical function derived from a numerical calculation for our experimental
parameters. The calculated correlation function is in good agreement with the measured data
while a simple two-level model with a maximum value of 2 can not explain the amplitude of
the observed oscillations3.

Analyzing the second order correlation function allowed us to gain information on the inter-
nal as well as the external atomic dynamics. Furthermore, the observation of perfect photon-
antibunching provides a strong evidence for the collisional blockade effect and the single atom
character of our dipole trap system, especially, if we take into account the measurements
presented in chapter 3.2.2. Therefore, we can rely on the fact that the collisional blockade
mechanism ensures that only single atoms are present in the optical dipole trap.

3.4. Kinetic energy of the single atom

The blockade effect and the resulting single atom characteristic of our dipole trap presented
in the preceding chapter simplifies the generation of entanglement between a single atom and

3The observed fluorescence for the most part is emitted from the cooling transition. Off resonant
excitation transfers population to the F = 1 ground state. Due to the small intensity of the repump
light, the population of this level is only slowly transfered back into the cooling cycle. Thus, the
presence of the F = 1 ground level reduces the long time average of the fluorescence rate while the
short timescale fluorescence is dominated by scattering from the cooling light. Thus, we observe a
higher value of the g(2)(τ) correlation function around τ = 0
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Figure 3.12.: Measured (red curve) and calculated (blue curve) second order correlation
function. The theoretical correlation function was numerically calculated
for a four level system with our experimental laser parameters [68]. For
comparison, the measured data was background correct using the known
dark count and signal rates of the photo detectors.

a single photon in an outstanding manner. However, another important characteristic for
future experiments is the spectral distribution of the emitted light field, directly connected to
the mean kinetic energy of the trapped atom. Depending on the position inside the dipole
trap, the atom experiences different light shifts. Thus, an effective incoherent broadening of
the spectrum of the spontaneously emitted photon is expected. Considering an interference
experiment with two photons from two different atoms or emission processes, the finite atomic
temperature results in different spectral distribution of the photons. This gives rise to the
possibility to distinguish them and therefore reduces the contrast of two-photon interference
experiments [85].

Analyzing the spectral properties of the light scattered by a single atom offers a powerfull
way to infer effects of the atomic motion in the dipole trap and thus allows to estimate the
kinetic energy of the atom. The resonance fluorescence spectrum has been investigated in a
number of experiments analyzing either the fluorescence of neutral atoms in atomic beams
[86, 87, 88, 89, 90], atomic clouds [91, 92] or single trapped ions [93, 94, 95], thereby verifying
the so-called Mollow triplet [96] and the subnatural linewidth of elastic Rayleigh scattering.

In our experiment a single trapped 87Rb atom is laser cooled resulting in a residual tem-
perature on the order of the Doppler temperature of Rubidium of 146 µK [75]. Due to the
Doppler effect the finite atomic temperature gives rise to a broadening of the scattered light.
We measure the spectrum of the elastic component of the atomic fluorescence light with a
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scanning Fabry-Perot resonator. Comparing the spectral width with the spectrum of the ex-
citing cooling laser allows to determine the mean atomic velocity and thus the kinetic energy
of the single atom.

3.4.1. Resonance fluorescence

A typical experiment analyzing the properties of resonance fluorescence starts with an atom
inside a scattering region and a detector at a certain distance and angle, measuring the power
spectrum of the scattered light field. In quantum mechanics the scattering of light is a second
order process consisting of the absorption of a photon at frequency ω and the subsequent
emission of a photon at frequency ωsc. In general two possible types of processes occur. If the
frequency of the emitted photon is equal to the frequency of the exciting light field (ω = ωsc)
the process is called elastic Rayleigh (coherent) scattering. Whereas the other type – inelastic
(incoherent) scattering – includes all processes where the frequency of the scattered light field
differs from the exciting light.

Coherent and incoherent scattering

In order to get an expression for the spectral distribution of the scattered light field of a two-
level atom, it is convenient to divide the scattered light into a coherent and an incoherent
contribution. Information on the first-order coherence of the scattered light is obtained by
comparing the mean intensity of the scattered field and the square of the mean field. The
ratio of the intensity of the first order coherently scattered light to the total intensity, can be
described as [96]

Rcoh =
Īcoherent
sc

Īsc
=

〈Ê−
sc(r, t)〉〈Ê+

sc(r, t)〉
〈Ê−

sc(r, t)Ê
+
sc(r, t)〉

. (3.26)

For purely coherent scattering this ratio reaches unity. Equation (3.19) connects this ratio to
the occupation of the internal states of the scattering atom. Using the solutions of the optical
Bloch equations for a two level atom we obtain in the steady state [96]

Rcoh = |g(1)(∞)| =
|ρeg(∞)|2
ρee(∞)

, (3.27)

where ρij(∞) are the steady state elements of the atomic density matrix and g (1)(τ) is the
first order correlation function defined in eqn (3.17). From the steady state solutions in eqns
(A.30) and (A.31) we obtain for the fraction of coherently scattered fluorescence light

Rcoh =
∆2 + (Γ/2)2

∆2 + (Γ/2)2 + Ω2/2
, (3.28)

where ∆ = ω0−ω describes the detuning of the frequency ω of the driving field from the atomic
resonance frequency ω0. The values Γ and Ω are the transition linewidth and Rabi-frequency,
respectively. For weak light fields Ω � Γ or large detuning Ω � |∆| the scattered light is
mostly coherent. Only close to the atomic resonance the fraction of coherently scattered light
gets smaller and a considerable part of the light is incoherent.
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Figure 3.13.: Fraction of the coherent and incoherent part of the scattered light field as
function of the intensity of the excitation light (in saturation intensities)
for the approximate detuning of ∆ = 7Γ inside the dipole trap. For small
excitation intensities essentially all scattered light is coherent, whereas for
high intensities incoherent scattering dominates.

Spectral properties of the scattered light

The coherent and incoherent part of the scattered light field differ in their spectral distribution.
To compare their spectral distributions we need the power spectrum f(ω) of the fluorescence
light that can be obtained from the first order correlation function by [96]

f(ωsc) =
1

2π

∞
∫

−∞

dτg(1)(τ)e−iωscτ . (3.29)

The correlation function g(1)(τ) can be separated into two contributions, describing the coher-
ent and incoherent part of the light, respectively. The part corresponding to coherent scattering
can (according to eqn (3.27)) be written as

g
(1)
coh(τ) = e−iωτg(1)(∞) = e−iωτRcoh (3.30)

and the corresponding Fourier transform is easily obtained. In order to obtain the full power
spectrum including both, coherent and incoherent scattering, one can solve the optical Bloch
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Figure 3.14.: Incoherent part of the fluorescence spectrum for resonant scattering (∆ =
0) for two different Rabi frequencies Ω = Γ and Ω = 5Γ. At low exci-
tation power the spectrum consists only of a single peak centered at the
laser wavelength. For stronger driving fields two side bands appear at the
positions ω ± Ω.

equations for a two-level atom and obtains [96, 88]

f(ωsc) = Rcohδ(∆sc) +

ΓΩ2ρ∞ee
2π

∆2
sc + Ω2/2 + Γ2

Γ2[Ω2/(4ρ∞ee) − 2∆2
sc]

2 + ∆2
sc[Ω

2 + ∆2 + 5
4Γ2 − ∆2

sc]
2
. (3.31)

The frequency difference between the emitted photon with frequency ωsc and the absorbed
photon (frequency ω) is ∆sc = ωsc − ω, and the steady state excited state population is given
by

ρ∞ee =
Ω2/4

Ω2/2 + ∆2 + Γ2/4
. (3.32)

In eqn (3.31) there are two distinct terms. The first term describes the power spectrum of
fluorescence light that shows first-order coherence. The coherent part has the same frequency
as the (monochromatic) exciting light field, and the spectrum is described by a δ-function.
Therefore, this process is also referred to as elastic (Rayleigh) scattering. The spectral dis-
tribution of the incoherent part – given by the second term in the eqn (3.31) – differs from
the driving frequency and thus is called inelastic. Figure 3.14 shows the inelastic spectrum for
the case of resonant excitation. For high laser powers the inelastic spectrum consists of three
peaks, one located at the laser frequency ω and two side-bands at the positions ω ± Ω, the
so-called Mollow-triplet.
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3.4. Kinetic energy of the single atom

Figure 3.15.: Possible transitions of a two-level atom interacting with a quantized radi-
ation field in the near resonant case ∆ = ω − ω0 ≈ 0. In the dressed state
picture new energy eigenstates are formed which are superposition of the
bare atomic ground and excited states |g〉 and |e〉 and the states of the
light field with the photon numbers |N〉 and |N ± 1〉. Four possible decay
channels appear with the transition frequencies ω and ω ± Ωeff .

The occurrence of side-bands in the inelastic spectrum can be explained considering the pos-
sible decay channels in the combined physical system, consisting of the quantized monochro-
matic laser field and a two-level atom (see Fig. 3.15). In the dressed state picture eigenstates
of the combined atom-photon Hamiltonian are products of the bare atomic states |e〉 and |g〉
and the photonic states |N〉 and |N ± 1〉 (where N defines the mean photon number). If the
frequency of the incident light is near resonant (∆ ≈ 0) the bare (undressed) states |g,N + 1〉
and |e,N〉 and the states |g,N〉 and |e,N − 1〉 are nearly degenerate and new eigenstates are
generated, separated by the effective Rabi frequency Ωeff =

√
Ω2 + ∆2. Thus, the atom-field

interaction generates four non-degenerate eigenstates with the possible transition frequencies
ω and ω ± Ωeff .

3.4.2. Experimental setup

We analyze the spectral properties of the light scattered in the laser cooling process. The finite
temperature of the atom gives rise to the Doppler effect, resulting in a spectral broadening of
both, the elastically and inelastically scattered light. Due to its smaller spectral width, the
Doppler broadening is most dominant for the elastically scattered part of the fluorescence light.

In our experiment the atom is excited by the cooling and repump laser field with a spec-
tral width of approximately 700 kHz [21] – one order of magnitude smaller than the natural
linewidth of the atomic transition (6 MHz). Thus, the subnatural linewidth of coherent scat-
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Figure 3.16.: Expected power spectrum for our experimental parameters (∆ = −19
MHz, ICL = 87 mW/cm2, dipole trap depth 0.62 mK). The elastic part
is plotted as a Gaussian function given by the convolution of the cooling
laser spectrum with the experimental resolution of our spectrometer. The
second plot shows the magnification of the central peak which is totally
dominated by the elastically scattered light.
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tering should be observable. Furthermore, the atomic power spectrum should be similar to
the spectrum of a two-level atom, because most of the emitted photons are scattered from
the cycling transition, driven by the cooling laser. For our experimental parameters (total
detuning: 44 MHz, cooling laser intensity: 51 saturation intensities) 80% of the scattered light
originates from coherent scattering (see eqn (3.28)). Therefore, the power spectrum – around
the exciting laser frequency – is totally dominated by coherent (elastic) scattering and effects
of inelastically scattered light can be neglected (see Fig. 3.14).

Scanning Fabry-Perot interferometer

Figure 3.17.: Setup for analyzing the spectral properties of the scattered light. A frac-
tion of the cooling light (reference laser) and the atomic fluorescence are
alternately analyzed with the same scanning Fabry-Perot interferometer
with a length of 90 cm and a finesse of 375. A beamsplitter (BS) in front
of the cavity reflects 50% of the incoming light onto an avalanche photo
diode (APD1) in order to restrict the measurement to the cases where an
atom is present inside the dipole trap.

The power spectrum of the atomic fluorescence light is given by the spectrum of the cooling
light with an additional broadening due to the Doppler effect. The power spectrum is measured
during the laser cooling process, thus we expect a residual kinetic energy of the atom on the
order of the Doppler temperature of Rubidium of 146 µK [75] and a corresponding spectral
broadening of about 500 kHz. To obtain accurate measurement results, the spectrometer must
have the capability to resolve this broadening. This condition can be fulfilled by a scanning
Fabry-Perot interferometer (FPI). The small total scattering rate of about 1000 photons per
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second gives high requirements on the transmission of the FPI that has to provide an adequate
spectral resolution while at the same time a high transmission is necessary.

In the experiment, the FPI consists of two highly-reflective mirrors (radius of curvature 1000
mm, reflectivity 99.4%) with a spacing of l = 90 cm, resulting in a free spectral range of νFSR =
166 MHz. One mirror is mounted on a piezo element to adjust the cavity length. The measured
finesse F = νFSR/∆ν = 375 allows a spectral resolution of ∆ν = 300 kHz (FWHM). The on-
resonance transmission of 44% is high enough to obtain the atomic fluorescence spectrum within
a reasonable measurement time. The measurement accuracy strongly depends on the stability
of the cavity length. Therefore, the cavity is mounted in an external tube for active temperature
stabilization. During the measurement run, residual cavity length drifts are compensated in
intervals of a few seconds.

For the spectral analysis, the photons scattered by the atom are collected by the microscope
objective, coupled into the single-mode optical fiber and guided to the FPI. A 50/50 beam-
splitter in front of the cavity reflects half of the photons onto an additional avalanche photo
diode (APD1). An increase of the detected fluorescence on APD1 indicates the presence of a
single atom inside the dipole trap and allows to restrict the measurement to the case where an
atom is inside the trap.

In order to obtain the spectral broadening, the measured fluorescence spectrum has to be
compared to the power spectrum of the incident cooling light. Therefore, a small part of the
cooling light (reference beam) can be coupled into the optical fiber from the other side of the
vacuum chamber (see Fig. 3.17). This allows to analyze both, the spectral properties of the
cooling laser and the atomic fluorescence light with the same apparatus. Thus, no systematic
errors due to different measurement techniques occur. Furthermore, the reference light allows
to correct long time cavity length drifts.

3.4.3. Measurement process

Despite the temperature stabilization, still a non-negligible thermal drift in cavity length ap-
pears. In order to minimize the effect of these temperature drifts, the following measurement
procedure is performed. First, a scan of the cavity length – using the reference beam – is
performed to determine the position of cavity resonance. In the next step, the reference beam
is switched off and the atomic fluorescence spectrum is measured by scanning the cavity across
resonance. Finally, this procedure4 is repeated to measure the reference beam spectrum in the
same way.

Using this technique, systematic errors that occur from cavity length drifts between succes-
sive scans give the same contribution to both, the laser and the fluorescence spectrum. Because
the calculation of the kinetic energy of the atom depends only on the frequency broadening of
the atomic fluorescence it is insensitive to this error source. One experimental cycle therefore
consists of four steps (determination of cavity resonance, fluorescence spectrum, determination
of cavity resonance, laser spectrum) with a total cycle time of approximately 10 seconds. In
order to obtain an adequate statistical error for the detected photon counts of the atomic
fluorescence light we performed approximately 3000 measurement cycles.

4Determination of the cavity resonance and measurement of the power spectrum with the reference
beam incident on the cavity.
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Figure 3.18.: Fluorescence (red) and cooling laser spectrum (blue). The figure shows
the background corrected, normalized cavity transmission depending on
the detuning ∆sc of the cavity resonance from the cooling laser. The error
bars show the statistical error of each data point. For the cooling laser
spectrum this error is too small to be seen in this picture. The solid lines
are fits of a Voigt profile to the measured data. The width (FWHM) of
the fitted profile is 0.90± 0.01 for the cooling laser and 1.00± 0.02 for the
atomic fluorescence, respectively.

The total fluorescence spectrum is obtained from the single measurement runs by adding
up all measurement traces and normalizing each data point by the time an atom was present
in the trap during the measurement. The cooling laser spectrum is obtained in a similar
way, whereby each single run spectrum is independently normalized to ensure equal weighting.
This procedure yields the data plotted in Fig. 3.18 showing the cooling laser and the atomic
fluorescence spectrum. A clear broadening of the fluorescence spectrum compared to spectral
distribution of the cooling light is observed.

3.4.4. Determination of the kinetic energy

The spectral broadening of the atomic fluorescence relative to the cooling light spectrum allows
an estimation of the mean kinetic energy of the atom. The velocity distribution of the atom
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in the dipole trap gives rise to a time dependent Doppler shift for the absorption and emission
of a photon by the atom. For a quantitative estimation of this effect we assume an isotropic
Gaussian velocity distribution of the atom5 of

p(v) =

√

m

2πkBT
exp

(

− mv2

2kBT

)

, (3.33)

where p(v) is the probability to obtain the velocity v, kB the Boltzmann constant and m
and T correspond to the atomic mass and temperature, respectively. Due to the Doppler
effect, a frequency shift ∆ν = v/λ occurs during the absorption or emission of a photon. In
general, the absorption (defined by the exciting laser beam) and emission direction (defined
by the collection optics) are not perpendicular to each other but instead inclose an angle φ.
Setting the the laser direction along the x-axis and the detection optics along the unit vector
eφ = cosφ · ex + sinφ · ey, the total frequency shift in an absorption-emission cycle is

∆ν =
ex · v + eφ · v

λ
=
vx(1 + cosφ) + vy sinφ

λ
, (3.34)

where ex and ey are the unit vectors along the x-axis and y-axis with the corresponding atomic
velocity components vx and vy, respectively. The probability distribution of the combined
emission and absorption Doppler shifts ∆ν can be calculated from integrating over all possible
values of vx and vy yielding ∆ν from which we obtain

pφ(∆ν, T ) =

√

mλ2

4π(1 + cosφ)kBT
exp

(

− mλ2

4kBT (1 + cosφ)
∆ν2

)

. (3.35)

In our laser cooling configuration the atom is excited by light incident from three different
directions. One beam is perpendicular to the detection axis while the other two are incident
under an angle of 73◦ and 107◦, respectively. The measured fluorescence consists of light
scattered from the three light fields where the scattering from each beam gives rise to a different
Doppler broadened spectrum. If we assume that the three beams have equal intensities at the
position of the dipole trap, the atom should scatter an equal amount of photons from each
beam. Thus, the resulting distribution of Doppler shifts is given by

p(∆ν, T ) = 1
3 [p0◦(∆ν, T ) + p73◦(∆ν, T ) + p107◦(∆ν, T )] . (3.36)

The atomic fluorescence spectrum can be described by the convolution of the power spectrum
of the laser light with the distribution of Doppler shifts in eqn (3.36). In the measurement, the
statistical error of the data points of the reference laser spectrum is two orders of magnitude
smaller than the error for the fluorescence light. This allows to directly describe the fluorescence
spectrum as the convolution

F (∆ν, T ) =
∑

i

li · p(∆νi − ∆ν, T ) (3.37)

5We expect an atomic temperature on the order of the Doppler temperature of 87Rb of 146 µK [75].
This is much larger than the energy difference between the dipole trap levels of approximately kB ·0.9
µK for the transversal and kB ·0.05 µK for the longitudinal trap axis. Therefore, the atomic motion
can be treated classically and the kinetic energy distribution is given by the Boltzmann statistics.
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of the measured and normalized laser spectrum with the distribution of Doppler shifts defined
in eqn (3.36). Here the li define the measured spectral intensity at the detuning ∆νi (relative
to the cooling laser). The convolution F (∆ν, T ) is fitted to the measured fluorescence spectrum
with the atomic temperature T as a free parameter. From this fit we obtain the mean kinetic
energy of the atom, which corresponds to a temperature of

Tatom = 105 ± 25+15
−17µK. (3.38)

The first error in this equation includes the statistical error obtained from the fitting procedure
(±12 µK) and the uncertainty in frequency calibration of the FPI (±13 µK). The other error
is systematic and arises from the lack of knowledge how the scattering from each cooling beam
contributes to the measured fluorescence spectrum. Because the exact intensity of the cooling
beams at the position of the atom is not known exactely, and because each beam gives rise
to a different Doppler broadening, a systematic error occurs in the calculation of the atomic
temperature. To include this effect in the error consideration we calculated the maximum and
minimum temperature in the extreme case where the atom scatters light from only one of the
three beams. This procedure yields the last error in eqn (3.38).

The measured temperature of 105 µK is lower than the Doppler limit of 87Rb of 146 µK
[75], which is consistent with the cooling technique in our experiment, where in the presence
of orthogonally circular polarized cooling beam pairs, sub-Doppler cooling mechanism should
occur allowing final temperatures below the Doppler limit [74].

Implications on possible experiments

Spectral indistinguishability of photons is an important condition in many quantum interfer-
ence experiments. Therefore, the mean kinetic energy is a crucial parameter because the finite
atomic temperature gives rise to an incoherent broadening of the emitted light. In principle
there are two broadening mechanisms. On the one hand, there is the direct broadening due
to the Doppler effect (see eqn (3.34)) analyzed in our experiment. This broadening is small
and can be ignored for most applications. A further broadening mechanism occurs in experi-
ments requiring a deterministic emission of single photons. Therefore, the atomic population
has to be transferred to the excited state by optical pulses shorter than the decay time of the
atom. According to the uncertainty relation this gives rise to broad frequency spectrum of the
incident light field. In this case the atom absorbs only frequency components resonant to the
atomic transition and the spectrum of the fluorescence light is (in contrast to elastic scattering)
defined by the absorption spectrum of the atom. Due to the position dependent light shift in
optical dipole traps and the finite temperature of the atom, the atomic transition frequency
changes over time which gives rise to an incoherent spectral broadening of the emitted light.
Using the classical picture of a point-like atom oscillating in an harmonic potential, we obtain
a distribution of atomic resonance frequencies with a spectral width of 4.4 MHz (FWHM) for
the measured temperature of 105 µK. Hence, an effective incoherent line broadening occurs,
one order of magnitude larger than the broadening due to the Doppler effect alone.

Now we consider the implications of this broadening on future applications as e.g. the
generation of remote entangled atoms via entanglement swapping. In this process, two photons
emitted from two different atoms are overlapped on a beam splitter. A coincidence detection of
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one photon in each output mode corresponds to the detection of the photon Bell state |Ψ−〉 and
signifies the generation of entanglement between the atoms (see chapter 2.1.5). The incoherent
broadening introduces the possibility to distinguish the photons by means of their spectrum
and reduces the interference contrast and the fidelity of the generated entangled atom-atom
state. However, for a time-resolved photon coincidence detection (duration of the photon
”wavepacket” much larger than the time resolution of the detectors) it is still possible to retain
perfect interference [85] by limiting the coincidence detection window to a certain delay time.
Using the calculation outlined in [97] for the Lorentzian spectrum of the spontaneous decay
and a Gaussian distribution of atomic resonance frequencies due to the finite temperature, a
fidelity6 of 99 % can be obtained for a coincidence window of 11 ns, however with the tradeoff
of detecting only 34 % of the two-photon events.

3.5. Summary

This chapter described the setup of the optical dipole trap used for the storage of 87Rb atoms.
The detected fluorescence light shows the presence of a blockade mechanism that limits the
maximum number of atoms in the trap to one. Measuring the second order correlation func-
tion of the atomic fluorescence in a Hanbury-Brown Twiss setup, we observed strong photon
anti-bunching verifying the presence of only a single atom inside the trap. Furthermore, the
measured correlation function shows effects of the internal and external dynamics of the atom in
the cooling light field. The predictions of a four-level model were compared with the measured
correlation function and within experimental errors we find good agreement of the calculated
predictions with the measured data.

The measured power spectrum of the single atom resonance fluorescence is dominated by
elastic Rayleigh-scattering. Due to the Doppler effect a broadening of the atomic fluorescence
spectrum relative to the exciting cooling light is observed. From this broadening we determined
the mean kinetic energy of the trapped atom corresponding to a temperature of 105 µK. For
single photon emission, this finite temperature together with the inhomogeneous light shift of
the dipole trap gives rise to an incoherent spectral broadening and thus to the possibility to
distinguish photons from different emissions. If we perform a time resolved photon detection
[85] this effect can be avoided by limiting the coincidence detection of the two photons to a
time window of approximately 11 ns.

6Possibility to obtain the expected entangled atom-atom state, if a photon coincidence was detected.
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Single atoms are a promising candidate for the storage of quantum information and allow
the generation of an entangled state between defined Zeeman sublevels of the atom and the
polarization of a spontaneously emitted single photon. While according to quantum mechan-
ics the combined atom-photon state created in the spontaneous decay is entangled, this still
remains to be verified. In order to show that the generated state is truly entangled, it is nec-
essary to analyze correlations between the polarization of the emitted photon and the internal
state of the atom in complementary measurement bases. While polarization measurements of
photons can be performed in a straightforward way using polarizers aligned along certain axes,
the measurement of the internal atomic state is more difficult. Analyzing the atomic state in
different measurement bases requires the possibility to detect coherent superposition of specific
atomic Zeeman sublevels. Therefore, an experimental scheme that allows the faithfull determi-
nation of the internal atomic superposition states is the crucial ingredient for the verification
of atom-photon entanglement.

In our experiment the atomic state measurement is realized using a combination of coherent
dark state projection together with a population transfer between the two hyperfine ground
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levels of 87Rb. Therefore, we make use of the so-called stimulated Raman adiabatic passage
(STIRAP) technique that allows coherent population transfer between atomic levels by an
adiabatic change of the intensity of the involved light fields [47, 48, 49, 50, 51, 52]. In the
tripod-STIRAP scheme [98, 99, 100, 101] used in our experiment, the polarization of the
STIRAP light fields determines which superposition of Zeeman sublevels will be transferred
from the F = 1 to the F = 2 hyperfine ground level, thus defining the atomic measurement
basis. In order to distinguish the two hyperfine levels, we use a hyperfine level detection
scheme based on a variation of the shelving technique [102], that removes an atom in the
F = 2 hyperfine ground level from the trap and, together with a final fluorescence detection,
allows to read out the hyperfine level and thus the initial atomic superposition state.

The first part of this chapter describes the hyperfine level detection, that represents the
basic detection scheme necessary for all atomic state measurements. The second part of the
chapter gives a short introduction into dark states and coherent population trapping and their
application in the STIRAP technique. The experimental realization of the population transfer
is described and the conditions for high transfer accuracy are analyzed. The last part of
this chapter describes an application of the superposition state detection scheme, where the
STIRAP technique is used to observe the precession of the magnetic moment of a single atom
in an external magnetic field.

4.1. Hyperfine level detection

The faithfull detection of hyperfine levels presents an essential part in the superposition state
detection process, necessary for the verification of atom-photon entanglement. A method,
widely used to determine the hyperfine level of trapped ions, is the so-called shelving technique
[102]. There, the presence respective absence of resonance fluorescence gives information on
the population of the various internal atomic states.

In our experiment shelving can not be applied for reasons discussed in the following chapter.
Therefore, a different detection scheme is developed that circumvents the restrictions of the
shelving technique for our experimental scheme. In this ”two step detection” a projection
laser acting as (atomic state selective) filter removes 87Rb atoms in the F = 2 hyperfine
ground level from the dipole trap. A subsequent fluorescence measurement provides the actual
atomic state detection, yielding information about the initial hyperfine level population. This
chapter describes the experimental realization of the hyperfine level detection process and its
dependence on the intensity of the projection laser. Furthermore, the accuracy – i.e. the
probability to correctly identify the atomic state – of this detection scheme is analyzed.

4.1.1. Two step detection scheme

The 52S1/2 ground level of 87Rb consists of two hyperfine levels with total angular momentum
F = 1 and F = 2. For circularly polarized light a closed transition from the F = 2, mF = 2
Zeeman ground state to the excited state 52P3/2, F

′ = 3, mF = 3 exists. In the standard
shelving technique [102] light resonant to this transition is applied. An atom initially in a
Zeeman sublevel of the F = 2 hyperfine ground level continuously scatters photons from this
light field, whereas for an atom in the F = 1 ground level no coupling to the light field occurs
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Figure 4.1.: 87Rb term scheme for magnetic quantum numbers mF ≥ 1. (a) Cycling
transition |F = 2, mF = 2〉 → |F ′ = 3, mF = 3〉 used for the fluorescence
detection of the hyperfine ground level. An atom initially in the F = 2 level
emits fluorescence light from the cycling transition, whereas no fluorescence
is emitted if the atom is initially in the F = 1 ground level. (b) If the ex-
citing laser light field is not perfectly circularly (σ+) polarized, off-resonant
excitation to the F ′ = 2 level will be possible and the atom can decay into
dark F = 1 ground level.

and no fluorescence is emitted. Thus, the presence or absence of fluorescence light indicates
wether the atom is in the F = 2 or F = 1 hyperfine ground level.

For an accurate hyperfine level detection, the atom must remain on the cycling transition
during the whole detection process. Small polarization errors of the incident light field (or
the precession of the atom in a residual magnetic field) lead to a non-vanishing probability
of off-resonant excitation to the 52P3/2, F

′ = 2 level from which spontaneous decay into the
F = 1 hyperfine ground level is possible (see Fig. 4.1). In this case the atom, initially in the
”bright” (scattering) hyperfine level F = 2, is pumped into the F = 1 level and subsequently
remains ”dark”.

In our experiment, the total detection efficiency for fluorescence photons is 0.1%. Thus,
the atom would have to undergo 20,000 excitation-emission cycles (without decaying into the
F = 1 ground level), to detect approximately 20 photons that are necessary to distinguish the
atomic fluorescence from the background count rates of our detectors. Moreover, the incident
shelving light has to be applied along one defined direction1. Hence, the scattering of photons

1Otherwise, non-circular polarization components would occur and the atom would not remain in the
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gives rise to a radiation pressure force along the direction of the laser beam and a heating
of the atomic velocity components perpendicular to direction of the shelving beam. For the
shallow potential of optical dipole traps, this radiation pressure and heating mechanism lead
to a loss of the atom from the trap [103]. Thus, the direct application of the shelving technique
is not possible.

Two step detection

In order to circumvent the problems arising from the direct fluorescence detection we chose a
different detection scheme. In this process the hyperfine level detection is realized in two steps
(see Fig. 4.2):

1. A 6 µs long circularly polarized projection laser pulse – resonant to the cycling transition
– is applied from one direction. An atom in the F = 2 hyperfine ground level scatters
photons and acquires in average one additional photon momentum ~kphoton per scattering
event. After approximately 50 scattering events the acquired linear momentum leads to
a loss of the atom from the trap. The application of the projection pulse therefore
corresponds to the use of a hyperfine level selective filter that gives two possible final
results. Either, the atom is still in the trap and thus was initially in the F = 1 hyperfine
level. Or the atom was removed from the trap by the projection pulse and thus was
initially in the F = 2 ground level.

2. In order to distinguish the two possible outcomes (atom in the trap or not), the cooling
and repump laser system of the MOT is switched on and the fluorescence from the
dipole trap region is integrated for a certain time. If the number of detected fluorescence
photons exceeds a certain threshold, this indicates the presence of an atom and allows
to conclude that the initial hyperfine level was F = 1. If the observed fluorescence
corresponds to the background rate of the APDs the atom was removed from the trap
and thus was initially in the F = 2 ground level.

4.1.2. Experimental realization

In order to test the accuracy of the hyperfine level detection scheme, optical pumping prepares
the atom in each of the two hyperfine ground levels F = 1 and F = 2 using an incident light
field resonant to the transition F = 2 → F ′ = 1 or F = 1 → F ′ = 1, respectively (see Fig. 4.2).
After the preparation, the hyperfine level detection is performed. Therefore, a projection laser
pulse removes atoms in the F = 2 ground level from the trap and a subsequent fluorescence
detection analyzes the presence of an atom in the trap. Figure 4.3 shows the distribution
of the number of fluorescence photons measured in the second step of the detection process.
The measurement shows two clearly distinguishable peaks for the cases in which the atom was
prepared in the two different initial hyperfine levels. Defining a suitable threshold value of
photon counts, we obtain the binary result ”atom in the trap” or ”no atom in the trap” and
therefrom the information about the initial atomic hyperfine level F = 1 or F = 2, respectively.

cycling transition (see Fig. 4.1).
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Figure 4.2.: Laser system and timing sequence for the preparation and detection of hy-
perfine ground levels. (a) Arrangement and polarization of the incident
laser beams. After the preparation of the atom in the initial hyperfine levels
F = 1 and F = 2, a 6 µs circularly polarized projection pulse – resonant to
the cycling transition F = 2 → F ′ = 3 – removes atoms in the F = 2 ground
state from the trap. In the final fluorescence detection stage, the cooling and
repump lasers are switched on and the fluorescence is measured for 60 ms to
decide if the atom is still in the trap or not. (b) and (c) Timing sequences of
the experiment. (b) For the preparation of the initial hyperfine level F = 2,
a 50 µs repump light pulse is applied together with a pump pulse resonant
to the transition F = 1 → F ′ = 1. (c) In order to prepare the atom in the
F = 1 ground level another pump pulse – resonant to F = 2 → F ′ = 1 – is
used together with the cooling laser.
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Figure 4.3.: Histogram of the measured fluorescence photons in the second step of the
hyperfine level detection. (a) For atoms initially prepared in the F = 2
hyperfine level we observe fluorescence corresponding to the dark count rate
of our photon detectors. (b) If the atom is prepared in the F = 1 hyperfine
level, we observe fluorescence indicating the presence of an atom in the trap.

Parameters of the detection process

A crucial parameter in the atomic hyperfine level detection is the intensity of the projection
light. For low intensities, the scattering rate is low and during the application of the projection
pulse the atom does not acquire enough momentum to leave the trap. On the other hand, for
high intensities power broadening of the atomic transition increases the probability of off-
resonant excitation. Thus, optical pumping into the F = 1 hyperfine ground level gets more
likely and the probability to remove the atom from the trap decreases. To optimize the light
intensity, we measured the probability to detect the atom in the final fluorescence measurement
as a function of the intensity of the projection light field for an atom initially prepared in the
F = 2 hyperfine level (see Fig. 4.4). The probability to remove the atom from the trap
is maximal for an intensity corresponding to approximately 20 saturation intensities, which
therefore defines the optimal intensity for the projection pulse.
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Figure 4.4.: Probability to detect the atom in the final fluorescence detection as a func-
tion of the projection laser intensity for atoms initially prepared in the F = 2
hyperfine level.

4.1.3. Accuracy of the detection process

For the verification of atom-photon entanglement, it is necessary to obtain a measure for the
reliability of the hyperfine level detection. One way to quantify the quality of the detection
process are the detection accuracies a(F=1) and a(F=2), i.e. the probabilities that the atomic
hyperfine levels F = 1 and F = 2 are correctly identified. Therefore, we measured the detection
probability of the atom in the final fluorescence detection with and without application of the
projection pulse for an initial preparation in the F = 2 hyperfine level. Therefrom we derive
the results in table 4.1.

detection probability
1. with projection pulse pdet = 0.70 ± 0.2%
2. without projection pulse p0 = 96.3 ± 0.2%

Table 4.1.: Probability to detect the atom (initially prepared in F = 2) in the final fluo-
rescence measurement with (1) and without (2) application of the projection
pulse.
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4. Detection of atomic superposition states

In order to obtain the detection accuracy from these results we assume a simple model of
the detection process. Initially, the atom is prepared in one of the two hyperfine levels with
the success probability p(F=1) and p(F=2). After the preparation, the hyperfine level detection
is performed with the two possible measurement outcomes:

1. The result ”no fluorescence” is obtained if the atom was initially in F = 2 and was
correctly identified in the detection process (a(F=2)) or if the atom was initially in F = 1
and was incorrectly identified (1−a(F=1)), e.g. due to a collisional loss of the atom from
the trap2.

2. The result ”fluorescence detected” is also obtained in two possible ways. Either, the atom
was initially in the F = 1 hyperfine ground level and was correctly identified (a(F=1)),
or the atom was in F = 2 and was not removed from the detection beam (1 − a(F=2))

3.

Using this model we can derive some lower bounds on the accuracy of the detection process.
In the measurement without detection pulse the final detection probability is independent of
the initial hyperfine level and the only loss mechanisms are collisions with background gas.
Thus, we can directly calculate the detection accuracy a(F=1) = 96.3 ± 0.2% from the second
measurement in table 4.1. The detection probability pdet in measurement 1 is given by the
expression

pdet = p(F=1)a(F=1) + p(F=2)(1 − a(F=2)). (4.1)

From this equation we can estimate the detection accuracy for the F = 2 hyperfine level:
a(F=2) > 1 − pdet = 99.3 ± 0.1%. Similar considerations also give a lower bound of the pump
efficiency of p(F=2) > 99.3%. To summarize, the measured probabilities to correctly identify
the hyperfine levels F = 1 and F = 2 are

a(F=1) > 96.3 ± 0.2% (4.2)

a(F=2) > 99.3 ± 0.1%, (4.3)

with an average accuracy of more than 97.8%.
The high accuracy in distinguishing atomic population in the two hyperfine levels F = 1

and F = 2 allows a highly reliable measurement of the population of the internal atomic levels.
Therefore, this detection scheme provides us with an accurate and easy maintainable system
for the analysis of atomic states. Especially for the detection of atomic superposition states,
where it provides the mechanism for the read-out of the information about the atomic popu-
lation.

4.2. Superposition state selective transfer

The hyperfine level detection in the preceding section provides a method to gain information
about the population of atomic hyperfine levels. However, the verification of atom-photon

2This probability includes all possible trap loss mechanisms, including collisions or parametric heating
due to power fluctuations of the trapping beam.

3This probability also includes events where e.g. a new atom enters the trap during fluorescence
detection.
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entanglement requires a measurement procedure that in principle allows to detect arbitrary
superposition states of atomic Zeeman sublevels. A possibility to realize this is the combination
of coherent dark state projection with the stimulated Raman adiabatic passage (STIRAP)
technique [47, 48, 49, 50, 51, 52], that implements a superposition state selective population
transfer between the atomic hyperfine levels. Together with the hyperfine level detection this
allows the analysis of atomic superposition states in arbitrary measurement bases.

The following chapter gives a short introduction into coherent dark states and the STIRAP
technique. Afterwards, the realization of a superposition state selective transfer using the
tripod-STIRAP [98, 99, 100, 101] method is described. Here, the polarizations of the STIRAP
light fields define which superposition of Zeeman sublevels will be transferred from the F = 1
to the F = 2 hyperfine ground level, thus defining the atomic measurement basis. In our exper-
iment the STIRAP light fields are provided by two laser diodes, independently stabilized using
Doppler-free saturation spectroscopy, from which we generate the STIRAP pulse sequence us-
ing AOMs. Finally, the transfer efficiency of defined superposition states for different STIRAP
polarizations is analyzed and the accuracy of the superposition state detection is discussed.

4.2.1. Dark states and coherent population trapping

With the occurrence of lasers, (nearly) monochromatic light sources became available emitting
light with coherence times from the nanosecond range up to several milliseconds. These co-
herent light sources offered the possibility to study many phenomena in atomic physics. One
of these effects is the occurrence of dark states, which are internal atomic states that do not
couple to an external light field. In principle different types of dark states exist. Negligible
coupling can occur if the frequency of the external light is far off-resonant relative to possible
atomic transitions or if the polarization of the incident light field is chosen such that selection
rules of atomic dipole transitions are not fulfilled. Another important type of dark states is
generated in the interaction with different light fields. If the incident light consists of two (or
more) coherent field contributions, coherent dark states can be observed, where in spite of the
incident light fields (even if they are resonant to an atomic transition) no excitation occurs.

Coherent dark states play an important role in the stimulated Raman adiabatic passage
scheme that provides a robust method for the transfer of atomic populations from one internal
atomic state to another [47, 48, 49, 50, 51, 52]. This technique can be extended to the so
called tripod STIRAP scheme [98, 99, 100, 101] that allows the population transfer of coherent
superposition states.

Coherent dark states

The most simple atomic system where various types of dark states occur consists of an excited
state |e〉 and two atomic ground states |a〉 and |b〉. Two coherent light fields (Rabi-frequencies
Ωa and Ωb) – nearly resonant to the transitions |a〉 → |e〉 and |b〉 → |e〉 with transition
frequencies ωa and ωb – are incident on the atom (see Fig. 4.5).

In the case where only the field Ωa is present, the atom is excited to the state |e〉 from
which it can decay to both possible ground states. If the atom decays to the state |a〉 further
excitation-emission processes will occur until the atom finally is pumped into the state |b〉.
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4. Detection of atomic superposition states

Figure 4.5.: Atomic system consisting of two stable ground states |a〉 and |b〉 and an
excited state |e〉. Two light fields Ωa and Ωb – nearly resonant to the tran-
sitions |a〉 → |e〉 with frequency ωa and |b〉 → |e〉 with frequency ωb – are
incident on the atom.

In this state no further coupling to the light field is possible and the atom remains ”dark”.
Therefore, the state |b〉 is called a dark state with respect to the light field Ωa.

Now we analyze the case in which both light fields are present. The atomic state is defined
by

|Ψ(t)〉 = ca(t) |a〉 + cb(t) |b〉 + ce(t) |e〉 ≡





ca(t)
cb(t)
ce(t)



 (4.4)

with the time dependend amplitudes ca(t), cb(t) and ce(t). The Hamiltonian describing the
interaction of the atomic system with the radiation field is in the interaction picture given by

ĤED = −~

2





0 0 Ωae
−i∆a

0 0 Ωbe
−i(∆b+φ)

Ωae
i∆a Ωbe

i(∆b+φ) 0



 . (4.5)

The Rabi-frequencies Ωa and Ωb are real and the initial phase difference of the two light fields
is given by the phase φ. The detuning of the light fields relative to the transition |a〉 → |e〉
and |b〉 → |e〉 is described by ∆a and ∆b, respectively. From the Hamiltonian ĤED we can
obtain three different eigenstates. One of these states consists only of contributions from the
two ground states |a〉 and |b〉 and thus is stable against spontaneous decay. For equal detuning
∆a = ∆b this eigenstate is given by

|ΨD(t)〉 =
Ωb

Ωeff
|a〉 − eiφ

Ωa

Ωeff
|b〉 (4.6)

with the effective Rabi-frequency

Ωeff =
√

Ω2
a + Ω2

b . (4.7)
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The state in eqns (4.6) is an eigenstate of the interaction Hamiltonian and thus is stationary.
Therefore, no coupling to the incident light fields occurs and the state is a dark state. The
populations of the two contributing ground states depend on the ratio of the two Rabi-frequency
Ωa and Ωb. Equation (4.6) defines the atomic dark state for any combination of Rabi frequencies
of the two light fields, including the case where only one of the two light fields is present.

The reason for the occurrence of a dark state can be understood by analyzing the state in
eqn (4.6) in the Schrödinger picture:

|ΨD(t)〉 = e−iωat Ωb

Ωeff
|a〉 − e−i(ωb−φ)t Ωa

Ωeff
|b〉 . (4.8)

The coupling |Ωaca| = |Ωbcb| of each ground state |a〉 and |b〉 to the excited state |e〉 is equal.
However, the relative phase of the two excitation amplitudes (given by the time evolution of
the atomic states |a〉 and |b〉 and the relative phase of the incident light fields) is constant
and of opposite sign. Thus, complete destructive interference of the two excitation possibilities
occurs and no population is transferred. These kind of states are called coherent dark states
because the existence of the dark state depends on a stable phase relation between the incident
light fields.

In the above consideration spontaneous decay was neglected. A closer look at the system
reveals that the spontaneous decay of the excited state |e〉 into the two ground states allows
the preparation of the atomic system in the dark state via optical pumping. If both light fields
are present the atom scatters light until it spontaneously decays into the state (4.6) and then
remains dark. This process is often called coherent population trapping (CPT).

Degenerate coherent dark states

Coherent dark states are used in our experiment for the preparation and analysis of superposi-
tion states of the 52S1/2, F = 1 hyperfine ground level of 87Rb. The F = 1 level consists of the
three Zeeman sublevels |1,±1〉 and |1, 0〉, where the first number corresponds to total angular
momentum F of the hyperfine level and the second number defines the magnetic quantum
number mF of the Zeeman sublevel. An incident light field couples these states to the excited
hyperfine level 52P1/2, F

′ = 1. In the absence of π-polarized light, a coherent dark state,
consisting of the Zeeman sublevels |1,±1〉, will be generated. (see Fig. 4.6(a)).

In our experiment the energy difference between the two participating ground states |1,±1〉
is up to two orders of magnitude smaller than the linewidth of the atomic transition or the
frequency distribution of the exciting light field. Thus, the two Zeeman sublevels are effectively
degenerate. This simplifies the mathematical description because then also the incident light
fields can be considered degenerate and can be described by a single field with the polarization
vector

P = cosα · σ− + eiφ sinα · σ+. (4.9)
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Figure 4.6.: Term structure of 87Rb used for the analysis of superposition states. (a) The
(nearly degenerate) magnetic substates |1,±1〉 of the 52S1/2, F = 1 ground
level are coupled to the excited state by the σ±-polarization components of
the incident light field. A corresponding coherent dark state (DS) consisting
of a superposition of the |1,±1〉 ground states is generated. (b) The same
situation in a different reference frame at an angle of 90◦ with respect to the
situation in (a). In this system the incident light field is π-polarized and the
dark state from (a) is the |1, 0〉 Zeeman sublevel.

The corresponding dark state is given by4

|ΨD〉 = cosα |1,−1〉 + eiφ sinα |1,+1〉 . (4.10)

In essence, the polarization of a single light field determines the coherent dark state consisting
of a superposition of the two Zeeman sublevels. Choosing the appropriate polarization of the
incident light field allows to prepare any possible superposition state by coherent population
trapping.

Changing the reference frame allows a different interpretation of degenerate coherent dark
states. If we assume equal intensity of both polarization components, rotating the reference
frame by 90◦ transforms the superposition state in eqn (4.10) into the state |1, 0〉 (see eqn
(A.48)) defined along the quantization axis of the new system (Fig. 4.6). In this reference
frame, the incident light field is π-polarized and the existence of the dark state is caused by
selection rules of atomic dipole transitions, that forbid the transition F = 1, mF = 0 to F ′ = 1,
mF = 0.

4The relative phase of the two atomic Zeeman sublevels is defined by the phase difference of the
polarization components and the Clebsch-Gordan coefficients of the involved transitions. For the
transition F = 1 → F ′ = 1 these coefficients give rise to an additional phase of π between the two
possible transitions. Including this effect in our calculation we obtain eqn (4.10).
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4.2. Superposition state selective transfer

Therefore, rotating the reference frame allows a simpler description of degenerate coherent
dark states, where the occurrence of the dark state originates from selection rules between the
involved transitions. This transformation is possible if the external magnetic field is small,
so that the inverse of the frequency splitting ∆ν of the different atomic sublevels (due to the
Zeeman effect), is smaller than the timescale necessary for the formation or analysis of the
coherent dark state.

4.2.2. Stimulated Raman adiabatic passage (STIRAP)

Coherent atomic dark states are defined by the phase difference and the relative intensities
of the involved light fields. A powerfull application of these dark states is the stimulated
Raman adiabatic passage (STIRAP) technique, whereby an adiabatic change of the relative
light intensities allows the complete population transfer between different atomic levels [47, 48,
49, 50, 51, 52].

Figure 4.7.: (a) Typical pulse sequence of the STIRAP process and the corresponding
population ρbb of the final state |b〉 and (b) corresponding level scheme. In
order to transfer population from the initial state |a〉 to the final state |b〉,
first the field Ωb is incident on the atom followed by Ωa. The population
transfer occurs during the time when the two pulses overlap.

Adiabatic following in a three level system

Looking at the coherent dark state defined in eqn (4.6) one can ask the question what will
happen, if the relative light intensity and thus the ratio of the Rabi frequencies Ωa(t) and Ωb(t)
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changes with time. Introducing the time dependent mixing angle θ by

tan θ(t) =
Ωa(t)

Ωb(t)
, (4.11)

eqn (4.6) can be rewritten as

|ΨD〉 = cos θ(t) |a〉 − eiφ sin θ(t) |b〉 . (4.12)

As initial condition we choose the case where only the light field Ωb is present (θ = 0) and
the atom is in the respective dark state |ΨD〉 = |a〉. Increasing Ωa while reducing Ωb at the
same time, the mixing angle θ changes until the light field Ωb is switched off completely and
the dark state becomes |ΨD〉 = |b〉. For an adiabatic change of the light intensities, the atom
stays in the time dependent dark state during the whole process. In essence all population –
initially in the state |a〉 – is transfered to the state |b〉 without populating the excited state.
Figure 4.7 shows the schematic pulse sequence of the STIRAP process and the change of the
population ρbb of the final state |b〉.

Efficient population transfer requires that the atom remains in an eigenstate to the time
dependent Hamiltonian during the whole transfer process. Otherwise, population transfer to
the excited state |e〉 occurs, reducing the efficiency of the process. Non-adiabatic coupling
between the different eigenstates of ĤED is small if the change of the mixing angle dθ/dt is
small compared to the inverse of the frequency separation of the corresponding eigenvalues
that for the case of zero detuning (∆ = 0) is given by Ωeff [48]. Thus, the condition for
adiabaticity can be described by

Ωeff · T � 1, (4.13)

where T describes the interaction time of the atom with the two light fields.

Tripod STIRAP

The STIRAP technique allows the complete state transfer from an initial to a final atomic
level. Including Zeeman sublevels in our consideration, the STIRAP scheme can be extended
to the analysis or preparation of atomic superposition states [98, 99, 100, 101] by combining
the occurrence of degenerate dark states (chapter 4.2.1) with the STIRAP technique.

In our experiment, the STIRAP light field Ω1 – consisting of a certain superposition of σ+

and σ− polarization components – couples an initial superposition of the states |1,−1〉 and
|1,+1〉 to the excited state F ′ = 1, mF = 0 and the beam Ω2 couples the excited state to
the final hyperfine ground level |F = 2〉 of the process. The Zeeman sublevel of the final state
|F = 2〉 depends on the polarization of Ω2 and is not important for this consideration and
thus ignored in the further discussion. Figure 4.8 shows the light fields and the atomic levels
involved in this process and also clarifies the origin of the name ”tripod STIRAP”. Regarding
the polarization of the light field Ω1, a dark state |ΨD〉 and a bright superposition state |ΨB〉
(see eqn (4.10)), orthogonal to |ΨD〉, exist. The two states are given by

|ΨD〉 = cosα |1,−1〉 + sinαe+iφ |1,+1〉 (4.14)

|ΨB〉 = sinα |1,−1〉 − cosαe+iφ |1,+1〉 , (4.15)
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Figure 4.8.: Tripod STIRAP scheme. The two polarization components of the light field
Ω1 couple to a certain superposition of Zeeman sublevels of the F = 1
hyperfine ground level. This superposition is transferred in the STIRAP
process to the F = 2 hyperfine level, while the orthogonal superposition
state remains in F = 1.

where the angles α and φ are defined by the polarization of the STIRAP light field Ω1 (see
eqn (4.9)). The state |ΨD〉 is a time independent dark state, whereas the state |ΨB〉 has a
temporal evolution given by the coherent interaction with the STIRAP light fields. In analogy
to eqn (4.12), the time evolution of the state is given by

|ΨB(t)〉 = cos θ(t)
[

sinα |1,−1〉 − cosαeiφ |1,+1〉
]

− eiφ
′

sin θ(t) |F = 2〉 , (4.16)

where φ′ is the phase difference of the two STIRAP light fields Ω1 and Ω2. The final state of the
evolution is |ΨB(∞)〉 = |F = 2〉. In essence, the polarization of Ω1 defines which superposition
|ΨB〉 of the states |1,±1〉 couples to the STIRAP light field and is transferred to the F = 2
hyperfine ground level, while the orthogonal superposition state |ΨD〉 remains unchanged and
will not be transferred.

Together with the hyperfine level detection described in section 4.1, the tripod STIRAP
technique allows to distinguish any superposition of the states |1,±1〉 by choosing a suitable
polarization of the light field Ω1. Compared to other detection schemes as e.g. Raman transi-
tion, the STIRAP scheme has the advantage of high insensitivity to changes of experimental
parameters as long as the condition of adiabaticity is fulfilled. Therefore, the STIRAP tech-
nique is an ideal experimental technique for our purpose that can be used for the detection of
internal atomic superposition states in any possible measurement basis.
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4.2.3. Experimental realization of the state selective transfer

The verification of atom-photon entanglement requires correlation measurements between the
photon polarization and the internal atomic Zeeman sublevels in different measurement bases.
Therefore, the analysis of atomic superposition states represents a crucial step in our experi-
mental scheme. This analysis is realized using the tripod STIRAP process, that transfers an
initial superposition of the Zeeman sublevels mF = ±1 of the 52S1/2, F = 1 ground level into
a superposition of the two hyperfine ground levels F = 1 and F = 2. Together with the hyper-
fine level detection this allows the analysis of internal atomic levels in arbitrary measurement
bases.

This section describes the generation of the STIRAP light fields using two laser diodes
locked on atomic transitions via Doppler-free saturation spectroscopy. The pulse sequence is
generated using AOMs allowing a minimum pulse width and transfer time down to 20 ns.
Preparing a single atom in definite superposition states, we analyzed the dependence of the
efficiency of the population transfer on the polarization of the STIRAP light field.

Figure 4.9.: STIRAP transition via the excited hyperfine level 52P1/2, F ′ = 1 in 87Rb. In
order to achieve a high detection accuracy (see section 4.2.4), both STIRAP
light fields Ω1 and Ω2 – resonant to the transitions F = 1 → F ′ = 1
and F = 2 → F ′ = 1, respectively – consist of σ− and σ+ polarization
components.
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STIRAP transition

In the STIRAP transfer, the relative phase and amplitude of the σ+ and σ− polarization
components define which superposition of the Zeeman sublevels |1,±1〉 is transferred. Due
to the transversal character of electromagnetic waves, this requires that the STIRAP light
is incident along the quantization axis of our system, defined by the collection optics of the
fluorescence light. In order to separate the STIRAP light from the atomic fluorescence (λ = 780
nm), the adiabatic transfer is accomplished using the D1 line (λ = 795 nm) of 87Rb (see Fig.
4.9). Furthermore, the level substructure of the 52P1/2 excited state consists only of two
hyperfine levels with a large frequency separation of 812 MHz. This reduces the possibility of
off-resonant transfer that could result in a lower accuracy of the STIRAP process (see chapter
4.2.4).

Figure 4.10.: Setup of the STIRAP laser system. The two beams are generated by
two laser diodes, independently stabilized using Doppler-free saturation
spectroscopy. AOMs in double-pass configuration generate the STIRAP
pulse sequence. Afterwards, the two laser pulses are combined and coupled
into a single mode fiber and sent to a second AOM stage improving the
on/off-switching ratio for the STIRAP light.
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Generation of the STIRAP sequence

According to the preceeding chapter, phase coherence of the two STIRAP light fields is essential
for an effective population transfer. In our experiment a fast population transfer on the order
of 50 ns has to be performed which is much shorter than the coherence time of our laser diodes
[21]. Due to the uncertainty principle ∆t · ∆ν < 1/2π the STIRAP pulse length corresponds
to a spectral uncertainty of approximately 3 MHz which is larger than the long-time frequency
drift of the laser diodes [103]. Thus, the short transfer time allows to fulfill the conditions of
phase coherence and two-photon resonance using two independently stabilized laser diodes for
the generation of the STIRAP pulse sequence.

Figure 4.11.: Typical STIRAP pulse sequence with pulse widths of approximately 30
respective 40 ns. The population transfer is performed in the intersection
region of the two pulses.

The diodes are frequency stabilized using Doppler-free saturation spectroscopy on the tran-
sitions F = 1 → F ′ = 1 (STIRAP1) and F = 2 → F ′ = 1 (STIRAP2) of the D1-line. The
STIRAP pulse sequence is generated by an AOM in a double pass configuration in each laser
beam. With this setup we achieve a minimum pulse length down to 20 ns (FWHM) (Fig.
4.11). After adjusting the relative polarization of the light fields, the two beams are combined
on a beam splitter and coupled into a single mode optical fiber (Fig. 4.10).

In order to fulfill the condition of adiabaticity for the STIRAP process, 104...105 saturation
intensities are necessary for the STIRAP light fields. This sets stringent conditions on the
on/off-switching ratio of the AOMs. Therefore, the combined STIRAP light field is sent
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Figure 4.12.: Experimental setup of the atomic state analysis. (a) Top view: The STI-
RAP light from a single mode optical fiber passes a half- and quarterwave
plate to adjust the light polarization and is focused to a waist of approxi-
mately 8 µm at the position of the atom in the dipole trap. A compensation
crystal corrects the birefringence of the diverse optical components. To sep-
arate the dipole trap light from the STIRAP field a dichroic mirror is used.
(b) Side view showing the vertical cooling beams, the projection laser and
the pump beams.

through a second pair of AOMs increasing the total on/off-switching ratio of the light intensity
to a value of better then 1010.

Experimental setup

Figure 4.12 shows the optical setup around the vacuum cell, including all incident light beams.
The STIRAP light for the atomic state detection is collimated from a single mode optical fiber
and passes a half- and quarterwave plate to set the polarization. A dichroic mirror separates
it from the dipole trap beam. In order to satisfy the condition of adiabaticity high STIRAP
light intensities are necessary. Thus, the light (power up to 200 µW) is focused to a waist
size of 8 µm at the position of the atom using a microscope objective. This way we achieve
up to 3 · 105 saturation intensities. For a complete state analysis, i.e. to transfer any possible
superposition state of the two atomic Zeeman sublevels |1,±1〉, the light has to be aligned along
the quantization axis defined by the collection optics for fluorescence detection. The STIRAP
light is resonant to the D1-line (λ = 795 nm) and is separated from the atomic fluorescence
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Figure 4.13.: Preparation and detection of atomic superposition states. (a) Linearly
polarized pump light prepares the atom in a coherent dark state, i.e. a
superposition of the two Zeeman sublevels |1,±1〉. (b) After the prepara-
tion, the STIRAP sequence transfers a certain superpostion state to the
F = 2 ground level. Finally, the hyperfine level detection reveals the ini-
tial atomic superposition state. (c) Timing sequence of the preparation
and detection process.

(780 nm) using two interference filters with a bandwidth of 3 nm (FWHM) in front of the
avalanche photo diodes.

Superposition state detection

In order to test the state selective STIRAP transfer, the preparation of definite initial super-
positions of the Zeeman sublevels |1,±1〉 is necessary. Therefore, coherent population trapping
– using a linearly polarized (σ+ + σ−) pump laser (see Fig. 4.13) resonant to the transition
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Figure 4.14.: Transfer probability of atomic population in the F = 1 ground level to
the F = 2 hyperfine ground level as a function of the polarization of the
STIRAP light field. For a vertically polarized light field Ω1 (α = 0◦) most
of the atomic population is transferred while for the orthogonal polarization
(α = 90◦) the atom does not couple to the STIRAP light field and remains
in the F = 1 ground level.

52S1/2, F = 1 → 52P3/2, F
′ = 1 – is used to prepare the atom in the coherent dark state

|Ψ〉 =
1√
2

(|1,−1〉 + |1,+1〉) . (4.17)

A second beam (resonant to the transition 52S1/2, F = 2 → 52P3/2, F
′ = 1) together with the

cooling light pumps residual population in the F = 2 hyperfine ground level back to F = 1. In
order to achieve a high pump efficiency residual magnetic fields have to be compensated (see
chapter 4.3 and [104, 68]).

After the preparation of the initial state defined in eqn (4.17) the atomic state detection
is performed applying the STIRAP pulse sequence. Depending on the polarization of the
STIRAP light a certain superposition of the atomic Zeeman sublevels |1,±1〉 is transfered to
the F = 2 ground level. For the initial state in eqn (4.17) optimal transfer efficiency is obtained
for a vertically polarized light field Ω1 (V = σ

+ −σ
−). After the state transfer, the hyperfine

level detection is performed to read out the atomic hyperfine ground level and to deduce the
initial superposition state of the atom.

Figure 4.14 shows the measured probability to transfer the atomic population from the
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superposition given by eqn (4.17) to the F = 2 hyperfine ground level as a function of the
polarization of the STIRAP light field. For vertically polarized light (α = 0◦) maximum
coupling of the STIRAP light to the initial superposition state occurs and most of the atomic
population is transferred. Changing the polarization angle of the light field, the transfer
efficiency decreases until for orthogonal polarization the initial superposition state is a dark
state and we observe minimum transfer efficiency.

In the measurement in Fig. 4.14 we observe a visibility of 0.57±0.01, which is mainly limited
by the preparation efficiency of the initial superposition state. For the verification of atom-
photon entanglement, a highly reliable atomic state detection is essential, thus it is inevitable
to obtain a more quantitative statement of the accuracy of the atomic state detection process.
Therefore, a more accurate initial state preparation is necessary overcoming the limits of our
optical pumping technique.

4.2.4. Accuracy of the state detection process

A high accuracy of the superposition state detection is essential for its application in the
verification of atom-photon entanglement. Thus, it is necessary to develop an experimental
procedure that allows to estimate the accuracy of the state detection scheme. In the preceding
chapter a test of the state detection was presented, but in the experimental procedure the
detection accuracy was limited by the efficiency of the preparation of the initial superposition
state.

In order to achieve a reliable measure for the transfer efficiency, the faithfull preparation
of defined superposition states is required. Preparing the initial state by optical pumping
techniques does not provide a sufficient preparation accuracy due to a large variety of error
sources5. Thus, a different preparation scheme is used. In this scheme, the initial atomic
superposition state is generated in the spontaneous decay of the excited hyperfine level 52P3/2,
F ′ = 0. Together with post-selection of the polarization of the emitted photon, this provides
an accurate preparation of the initial state and allows to measure the transfer efficiency with
higher accuracy.

Preparation of the initial superposition state

The preparation of a definite initial superposition state can be realized using the spontaneous
decay of the excited hyperfine level 52P3/2, F

′ = 0 (see chapter 2) where, depending on the
polarization of the emitted photon, the final state of the atom is in a certain superposition of
the Zeeman sublevels |1,−1〉 and |1,+1〉. Measuring the photon polarization in H/V -basis we
obtain the following atomic superposition states

H-polarization: |Ψ〉 =
1√
2

(|1,−1〉 + |1,+1〉) (4.18)

V-polarization: |Ψ〉 =
1√
2

(|1,−1〉 − |1,+1〉) . (4.19)

This preparation technique is less sensitive to experimental parameters, because for excitation
to the F ′ = 0 hyperfine level, the probability to prepare wrong excited states is greatly reduced

5as e.g. polarization errors or misalignment of the magnetic field or the pump beam direction
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(see chapter 5.1). Thus it allows the preparation of initial atomic superposition states with a
high accuracy.

Polarization effects on the transfer efficiency

After the preparation, the superposition state detection is performed to read out the atomic
state. Figure 4.15 (a) shows the measured transfer probability as a function of the STIRAP
light intensity for both superposition states: the bright state (blue data) coupling to the STI-
RAP light field Ω1 and the orthogonal dark state (red data). In the case where both STIRAP
fields are parallel linearly polarized we observe the expected behavior: after a certain threshold
intensity the transfer probability for the bright state increases and reaches the maximum value
with a transfer probability of about 94% (including errors from the hyperfine level detection)
while it stays low for the dark state.

In the measurement Fig. 4.15 (b) the atom was initially prepared in one of the two Zeeman
sublevels |1,−1〉 and |1,+1〉 and both STIRAP light fields were σ+-polarized. The transfer
probability for the bright state shows the same behavior as before. However, after a certain
threshold intensity, also for the dark state full population transfer occurs.

For a further investigation of the different behavior of the dark states in Fig. 4.15 (a) and
(b), we must perform a full analysis of the STIRAP process. Because no magnetic guiding
field is applied in our experiment, no preferred quantization axis exists. Thus, we can choose
an appropriate coordinate system that simplifies the description of the atomic system. For the
measurement with linearly polarized STIRAP light, we choose the system where the quanti-
zation axis is parallel to the polarization vector of the light field. In this system, the STIRAP
light is π-polarized (see Appendix A.2.1) and the situation in Fig. 4.9 translates to the situ-
ation in Fig. 4.16 (a), where the dark state in the new system is given solely by the Zeeman
sublevel |1, 0〉.

The short timescale of the transfer process (< 50 ns) results in a large spectral width of the
STIRAP pulses. Together with the high intensity of the STIRAP light, off-resonant transfer
of the dark state via the F ′ = 2 excited hyperfine level is possible. The level structure of 87Rb
allows to circumvent this effect by using an appropriate polarization of the STIRAP light field
Ω2. For parallel linear polarization of the two STIRAP fields, the transfer of the dark state
via the F ′ = 2 intermediate state is forbidden due to selection rules of dipole transition and
thus, both possible two-photon transitions share the same dark state (Fig. 4.16 (a)).

In the case of circularly polarized light (Fig. 4.16 (b)), we observe the opposite behavior. For
parallel polarization, no combined dark state exists, while for orthogonal circular polarization,
resonant and off-resonant transfer share the same dark state. This explains the significantly
higher transfer probability of the dark state for parallel circularly polarized STIRAP light com-
pared to horizontal polarization. Figure 4.17 shows the state transfer for orthogonal circular
polarization of the STIRAP light field, where again a dark state for both transitions occurs6.
The solid lines in Fig. 4.15 and 4.17 are obtained from numerical solutions of the optical Bloch
equation (see chapter A.1.4) and are in good agreement with our experimental data and thus
verify the validity of the above discussion.

6For high laser powers we again observe transfer of the dark state. This is due to polarization errors of
the STIRAP light that again give rise to a non-zero transfer probability via the F’=2 excited state.
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4. Detection of atomic superposition states

Figure 4.15.: Transfer efficiency for the bright (red points) and the dark state (blue
points) as a function of the intensity of the STIRAP light (in saturation
intensities) for (a) vertical and (b) σ+-polarization of both STIRAP light
fields. The solid lines are theoretical curves calculated from a numerical
solution of the optical Bloch equations (including estimated polarization
errors of the STIRAP fields). For a better fit the numerical solutions were
corrected for the reduced visibility in the measurement.
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Figure 4.16.: Possible couplings (solid lines) and forbidden transitions (dashed lines) of
the STIRAP light fields for both, ”dark” and ”bright” state in the appro-
priate reference frame. (a) For parallel linearly polarized STIRAP light,
resonant (via F ′ = 1) and off-resonant transfer (via F ′ = 2) of the dark
state is forbidden (the transitions F = 1 → F ′ = 1, and F = 2 → F ′ = 2
are forbidden for ∆mF = 0 due to selection rules of atomic dipole transi-
tions). (b) For parallel σ+ polarization, off-resonant transfer of the dark
state via the F ′ = 2 excited state is possible.

Condition for a joint dark state

The presented results show that the supression of off-resonant STIRAP transfer via the excited
state hyperfine level F ′ = 2 is important for an accurate atomic state detection. Choosing a
suitable polarization of the STIRAP laser Ω2, such that off-resonant transfer is forbidden
by selection rules of atomic dipole transitions, a highly accurate atomic superposition state
detection is possible. In order to get an expression for the necessary polarization of the light
field Ω2 in the general case, we assume that the STIRAP light Ω1 is in the polarization state

PSTIRAP1 = cosα · σ+ + eiφ sinα · σ−. (4.20)

The corresponding atomic dark state for the transition F = 1 → F ′ = 1 is given by

|ΨD〉 = cosα |1,+1〉 + eiφ sinα |1,−1〉 . (4.21)

For optimal distinguishability of the dark state |ΨD〉 from the orthogonal superposition state,
off-resonant transfer of |ΨD〉 via the F ′ = 2 excited state has to be forbidden. Due to the
higher number of degrees of freedom of the F ′ = 2 excited level (compared to the F = 1
ground level) no darkstate exists for the transfer F = 1 → F ′ = 2. However, for the transition
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4. Detection of atomic superposition states

Figure 4.17.: Dependence of the transfer efficiency on the STIRAP intensity for σ+/σ−
polarization and theoretical prediction (solid lines). In this case a common
dark state for both, resonant and off-resonant transfer exists.

F = 2 → F ′ = 2 a darkstate exists. Thus, a simultaneous dark state will occur, if the
polarization of the STIRAP light field Ω2 is chosen such, that for the initial state in eqn (4.21)
the transition F = 2 → F ′ = 2 is forbidden (see also Fig. 4.16). A calculation including the
Clebsch-Gordan coefficients of all possible transitions between the different Zeeman sublevels
yields for the necessary polarization vector of the STIRAP field Ω2:

PSTIRAP2 = sinα · σ+ + eiφ cosα · σ−. (4.22)

Therefore, for maximum detection accuracy of the atomic superposition states, the two
STIRAP light fields have to be polarized according to eqns (4.20) and (4.22). For the cases
α = π/4 and α = 0, π this yields the conditions of parallel linear and orthogonal circular
polarization already discussed in the previous section.

Detection accuracy

For the application of the state detection it is necessary to obtain an accurate measure for the
reliability of this detection method. In our setup, the preparation and analysis of well defined
circular polarization requires more optical elements, thus more polarization errors are present
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dark state detection bright state detection

APD dark counts 1.5% 1.5%

preparation of wrong excited states 0.5% 0.5%

hyperfine level detection 3.7% 0.7%

STIRAP polarization 1.0% 1.0%

off resonant transfer 0.5% 0.5%

total error 7.0% 4.2%

Table 4.2.: Origin and (estimated) value for the increase respective decrease of the
transfer probability for the different error sources occurring in the super-
position state detection of the dark and bright atomic state. The first
two entries reduce the fidelity of the preparation of the initial superpo-
sition state and thus do not directly introduce errors into the detection
scheme.

in this case7. Therefore, we limit the discussion of the detection accuracy to the case of linear
polarization, where we can assure a better polarization control.

From a measurement similar to Fig. 4.15 but with higher resolution in the region of maxi-
mum contrast, we obtain for the transfer probability of the dark and the bright state

pdarkstate = 9.1 ± 1.0% (4.23)

pbrightstate = 94.9 ± 1.0%. (4.24)

Thereby, two types of errors contribute to the reduction of the detection accuracy. Dark counts
of the avalanche photo diodes and preparation of the wrong excited state (see chapter 5.1) give
rise to errors in the preparation of the initial superposition state. On the other hand, the
limited accuracy of the hyperfine level detection and polarization errors in the STIRAP polar-
ization and the corresponding possible off-resonant transfer directly reduce the accuracy of the
superposition state detection. Table 4.2 shows the contributions of the different error sources
to the detection of the dark and the bright state.

Taking into account table 4.2, we can explain the measured transfer probability of the dark
and bright superposition states. The main contributions to the reduction respective increase of
the transfer probability occur from dark counts of the single photon detector and the limited
accuracy of the hyperfine level detection scheme (see chapter 4.1). To obtain the accuracy of
the superposition state detection, i.e. the probability that the superposition state was correctly
identified, we have to correct the measured transfer probabilities for errors in the preparation of
the initial superposition states. This yields an detection accuracy of aD ≈ 93% and aB ≈ 97%
for the dark and the bright state, respectively.

7This can be seen in in the measurements in Fig. 4.15 (a) and 4.17, that show a higher distinguishability
of the dark and bright state for linearly polarized STIRAP light
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Summary

Combining the spontaneous decay with post-selection on the polarization measurement out-
come of the emitted photon allows to prepare initial atomic superposition states with a high
fidelity. This gives the possibility to measure the detection accuracy of the atomic superposition
states, which can be realized with a mean accuracy of 95 %. The high accuracy recommends
the application of this process for the verification of atom-photon entanglement.
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4.3. Larmor precession of the atomic angular

momentum

The detection process presented in this chapter provides a powerfull tool for the analysis of
internal atomic states. Choosing an appropriate STIRAP polarization allows to perform a
projective measurement on any superposition state of the atomic qubit. The following section
presents an application of the state detection scheme that allows the observation of Larmor-
precession of a single atom in an external magnetic field.

In the experiment, the atom is initially prepared in a certain superposition state using
optical pumping. The residual magnetic field gives rise to a Zeeman splitting of the atomic
ground states that results in a time dependent phase shift, which is equivalent to the Larmor-
precession of the atomic magnetic moment. Using the superposition state detection we are
able to perform a time resolved observation of the precession process.

4.3.1. Superposition of Zeeman sublevels in a magnetic field

Figure 4.18.: Shift of the Zeeman sublevels of the atomic hyperfine ground levels F = 1
and F = 2 in a magnetic field applied along the quantization axis.

In the following analysis we first assume the case, where a single atom is located at a position
with a well defined magnetic field B · ez pointing along the quantization axis of the atom. For
low field strengths the energy shift ∆E of the Zeeman sublevels is given by

∆E = gFµBmFB, (4.25)

where µB = e~/2me is the Bohr magneton with the electron mass me, mF is the projection
of the angular momentum on the quantization axis and gF is the Landé-factor, given by
gF = −1/2 and gF = 1/2 for the F = 1 and F = 2 ground state hyperfine levels of 87Rb [67]
(Fig. 4.18). If the atom is initially in a pure Zeeman sublevel, i.e. in an eigenstate to the
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4. Detection of atomic superposition states

Figure 4.19.: Experimental setup and laboratory reference frame for the observation of
Larmor precession. The quantization axis (z-axis) is defined by the collec-
tion optics of the atomic fluorescence and the STIRAP light field.

magnetic field, the energy shift will only give rise to a time dependent global phase with no
observable effects.

Next, we consider the case, where the atom is initially in a superposition state of Zeeman
sublevels as defined by eqn (4.17). The time evolution of each sublevel is determined by the
expression exp(i∆E · t/~). Since both Zeeman sublevels shift by the same amount |∆E|, but
with opposite sign, the state evolves according to

|Ψ(t)〉 =
1√
2

(

|1,+1〉 + e2iωLt |1,−1〉
)

(4.26)

with the Larmor-frequency ωL = −eB/4me. Due to the time-dependent phase shift φ(t) =
2ωLt the superposition state changes in time, which is equivalent to the so-called Larmor
precession of the atomic magnetic moment in the external magnetic field B. The oscillation
of the superposition state can be observed in our experiment as an oscillatory change in the
transfer probability of a specific state, if the atomic state detection is applied after a well
defined delay time.

Determination of the Larmor precession

For a full description of the Larmor precession, we have to analyze the evolution of all Zeeman
sublevels of the atomic hyperfine ground level with the total angular momentum F = 1. In
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general, three special coordinate systems exist. One system is defined by the initial atomic
superposition state which in our experiment is

|ΨL(t = 0)〉 =
1√
2

(|1,−1〉 + |1,+1〉) . (4.27)

This state is an angular momentum eigenstate |1, 0〉y along the y-axis with mF = 0 (see
eqn (A.56)). The measurement basis of the atomic state detection and the orientation of
the magnetic field define the other preferred coordinate systems. In the general case the
quantization axes of the three reference frames are not parallel. To calculate the evolution
of the initial superposition state |ΨL(0)〉, we set the quantization axis along the observation
direction. In our experiment, the Larmor precession of |ΨL(t)〉 is analyzed by projecting the
state onto the two superposition states |ΨL(0)〉 and

|ΨL,⊥〉 =
1√
2

(|1,−1〉 − |1,+1〉) . (4.28)

In order to obtain the evolution of the initial state eqn (4.28), it is expressed in terms of the
energy eigenstates of the atomic system. For a magnetic field defined by

B = |B| ·





√
1 − z2 cosφ√
1 − z2 sinφ

z



 , (4.29)

the energy eigenstates are given by eqns (A.48)-(A.50), where zε[−1, 1] and φ are the cylindrical
coordinates of the system in Fig. 4.19. In the eigensystem, the time evolution of |ΨL(t)〉 can
directly be obtained from the evolution of the basis states. Therefrom, we calculate the overlap
of |ΨL(t)〉 with the initial state |ΨL(0)〉 and the orthogonal superposition state |ΨL,⊥〉, which
are given by:

|〈ΨL(0)|ΨL(t)〉|2 =
1

4

[

(z2 − 1) cos 2φ+ (z2 + 1) cosωLt−

(z2 − 1)(1 + cosωLt · cos 2φ)
]2

(4.30)

|〈ΨL,⊥|ΨL(t)〉|2 =

[

(1 − z2)

2
sin 2φ(1 − cosωLt) + z sinωLt

]2

. (4.31)

Figure 4.20 shows the calculated overlap as function of time for a magnetic field approxi-
mately aligned along the z-direction. In the case where the magnetic field is parallel to the
quantization axis (z = 1), a pure sinusoidal oscillation with the frequency 2ωL is observed
(see eqn (4.26)) and we can obtain a simple interpretation of the precession process in which
the initial state in |ΨL(0)〉 is an eigenstate along the y-axis of our system and the magnetic
field gives rise to a precession of this eigenstate around the z-axis with frequency ωL. Defin-
ing a reference frame that rotates around the z-axis with the same frequency allows a simple
description of the precession process. In this description, the atom permanently stays in the
eigenstate |1, 0〉 defined in the time-dependent rotating frame. Figure 4.21 shows this rotating
reference frame and the corresponding eigenstates.
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Figure 4.20.: Time dependend overlap of the precessing magnetic moment with the ini-
tially prepared superposition state |ΨL〉 (blue curve) and the orthogonal
superposition state |ΨL,⊥〉 (red curve). The magnetic field direction is de-
fined by φ = 0.1, z = 0.5.

4.3.2. Observation of Larmor precession

In our experiment, we analyze the Larmor precession of the angular momentum of a single
atom, that is initially prepared in the coherent dark state given by eqn (4.28). After a defined
delay time the superposition state detection is performed. Thereby, the precession of atomic
angular moment in the magnetic field can be observed as a time dependent change in the
transfer efficiency of the atomic state in the STIRAP process.

Magnetic field compensation

For a high visibility of the Larmor-precession, the initial atomic state has to be prepared with
high accuracy. In the experiment, the atom is optically pumped into the coherent dark state
given by eqn (4.28). A residual magnetic field gives rise to a precession of the atomic states that
counteracts the optical pumping process. In order to achieve a suitable pumping efficiency, the
precession time has to be smaller than the timescale of the optical pumping process. Therefore,
an initial compensation of the magnetic field is required.

For the compensation, we use the dependence of the pump efficiency on the magnetic field.

90



4.3. Larmor precession of the atomic angular momentum

Figure 4.21.: Larmor precession of the state defined in eqn (4.28) in a magnetic field
oriented along the quantization axis. In a rotating reference frame defined
by the quantization axis at the angle ωLt, the atom stays in the |1, 0〉
eigenstate. The figure shows the representation of the time dependent
eigenstate in the laboratory reference frame, as well as the corresponding
spin-1 orbital wavefunction.

Therefore, we apply pump light from one direction. The scattering of photons from the pump
beam gives rise to a light pressure and a heating of the transversal velocity components of
the atom, until it is lost from the trap or is transferred into the dark state. A residual
magnetic field gives rise to a Larmor precession of the atom and therefore no stable dark state
exists. In essence, higher magnetic fields result in a higher precession frequency and a higher
scattering rate of photons, which leads to increased trap losses during the pump sequence.
Measuring the survival probability of the atom as a function of the applied magnetic field
allows to determine the external magnetic field at the position of the atom. Using different
polarizations of the pump field all components of the magnetic field vector can be analyzed.
Using these measurements, we were able to compensate the external magnetic field. In the
end, we determined a residual magnetic field on the order of 150 mG, corresponding to a
Larmor frequency of ωL = 100 kHz, low enough to allow efficient preparation of the initial
superposition states. For a more detailed discussion of the magnetic field compensation see
[104, 68].
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Experimental process and measurement results

Figure 4.22.: Experimental process for the observation of Larmor precession. Two pump
fields – resonant to the transitions F = 1 → F ′ = 1 and F = 2 → F ′ = 1 –
together with the cooling laser, prepare the atom in the initial superposition
state |ΨL〉 (see section 4.2.3). After the preparation, the magnetic moment
undergoes Larmor precession until after a time delay ∆t = 0...5 µs the
superposition state detection projects the atom onto the two orthogonal
states |ΨL〉 and |ΨL,⊥〉.

In the experiment, the initial state |ΨL(0)〉 is prepared using optical pumping. After the
preparation, a variable time delay ∆t is inserted before the superpostion state detection (Fig.
4.22). During the time ∆t the magnetic moment of the atom undergoes Larmor precession
in the external magnetic field. After the time delay the superposition state detection is per-
formed for two different STIRAP polarizations projecting the atomic state onto |ΨL(0)〉 and
the orthogonal superposition state |ΨL,⊥〉.

Figure 4.23 shows the measured transfer probability for both STIRAP light polarizations as
a function of the time delay ∆t. In each measurement, we observe an oscillation of the transfer
efficiency for both STIRAP polarizations which is a clear signal of Larmor precession of the
magnetic moment of the atom. The orientation of the magnetic field in our experiment is not
exactly known, but in measurement (a) the z-component of the magnetic field dominates and
the observed precession is similar to the theoretically expected behavior (Fig. 4.20). From the
precession frequencies we determined the absolute magnetic field values. For the measurements
presented in Fig. 4.23 we calculated an absolute magnetic field of (a) 142 mG, (b) 75 mG and
(c) 62 mG, respectively.

The observation of the Larmor precession provides an accurate measure for the absolute
value of the magnetic field at the position of the atom. Using different initial superposition
states also the orientation of the magnetic field can be determined. Therefore, this analysis
provides a highly sensitive procedure for the measurement (and compensation) of the magnetic
fields in our experiment.
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Figure 4.23.: Time dependent overlap of the precessing atomic state with the STIRAP
eigenstates |ΨL〉 (blue curve) and |ΨL,⊥〉 (red curve) for three different
magnetic fields.
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4.4. Summary

This chapter described the realization of a detection scheme that allows to analyze coherent
superpositions of internal atomic Zeeman levels by combining coherent dark state projection
with the STIRAP technique. In essence, the polarization of the STIRAP light fields defines
which superposition of the Zeeman sublevels mF = ±1 of the F = 1 hyperfine ground level
is transferred to the F = 2 ground level. Together with the hyperfine level detection, this
scheme allows to analyze the atomic qubit in arbitrary measurement bases. The accuracy of
the detection process was analyzed in detail. Therefrom we obtain a mean detection accuracy
– the probability to correctly identify the atomic superposition state – of 95%. The high
accuracy recommends the detection scheme for the application in the verification of atom-
photon entanglement.

In the last part of this chapter we discussed an application of the state detection process,
which allows to observe the precession of the magnetic moment of a single atom in an external
magnetic field. The measured precession frequency provides a highly sensitive measure of the
residual magnetic fields at the position of the atom and therefore can be used for an accurate
compensation of magnetic bias fields.
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Entanglement is a key element for quantum communication and information applications
[23]. For future applications like quantum networks or the quantum repeater [40] it is manda-
tory to achieve entanglement also between separated quantum systems. Therefore, entan-
glement between different quantum objects like atoms and photons [46] forms the interface
between atomic quantum memories and photonic quantum communication channels [42, 43]
and allows the distribution of quantum information over arbitrary distances. Furthermore,
atom-photon entanglement allows the generation of entangled atoms at remote locations via
entanglement swapping and therefore is the key element to a final loophole-free test of Bell’s
inequality [21, 22].

This chapter describes the generation of an entangled atom-photon state and the measure-
ments necessary for the verification of entanglement. First, the single atom is prepared in the
excited hyperfine level 52P3/2, F

′ = 0. Due to conservation of angular momentum in the sub-
sequent spontaneous decay, entanglement between the polarization of the emitted photon and
the angular momentum of the atom is generated. Next, in order to verify the entanglement,
we use the superposition state detection described in chapter 4 to measure the internal atomic
state in arbitrary measurement bases. Together with a polarization measurement of the emit-
ted photon this allows to perform correlation measurements between the photon polarization
and the internal atomic state in complementary measurement bases. With this technique we
determined the density matrix of the combined atom-photon state. The results presented in
this chapter, clearly show entanglement between the two particles and allow us to obtain the

95



5. Generation and verification of atom-photon entanglement

entanglement fidelity of the generated state. Furthermore, we used the entangled state to test
Bell’s inequality in the CHSH-form [4], thereby observing a clear violation, which provides a
further verification of entanglement between the two particles.

5.1. Generation of atom-photon entanglement

Atom-photon entanglement is generated due to conservation of angular momentum in the
spontaneous decay of the excited hyperfine level 52P3/2, F

′ = 0. Thus, the faithfull preparation
of the excited state and the time resolved detection of the emitted photon present crucial
elements in the experimental realization of atom-photon entanglement.

This chapter describes the advantages of the decay of the 52P3/2, F
′ = 0 excited state in

comparison to other atomic transitions and presents the experimental scheme used to prepare
the atom in the excited hyperfine level. The time resolved detection of the emitted photons
allows to select the photons from the spontaneous emission and shows the expected exponential
decay with the excited state lifetime of 87Rb.

5.1.1. Properties of the excited state

Figure 5.1.: Possible (straight line) and forbidden (dashed lines) transitions in the prepa-
ration of the excited hyperfine level F ′ = 0. Unwanted transitions, due to
off-resonant excitation are not possible. Only off resonant excitation to-
gether with errors in polarization or optical pumping give rise to population
transfer to the unwanted excited hyperfine states F ′ = 1, mF = ±1.

In order to create a maximally entangled atom-photon state in the spontaneous decay, the
possible decay channels should form a Λ-type transition. In 87Rb this can be realized in the
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decay of the 52P3/2, F
′ = 0 excited state hyperfine level, if the emitted photons are collected

along a well defined direction into a single mode fiber (see chapter 2).

An important advantage of the F ′ = 0 hyperfine level compared to other excited state hyper-
fine levels comes from the hyperfine and Zeeman substructure of the 52P3/2 level. Excitation
to wrong Zeeman sublevels of the F ′ = 0 hyperfine level – due to inefficiencies in the optical
pumping process or errors in the polarization of the excitation light pulse – are impossible,
because no Zeeman substructure exists (see Fig. 5.1). Furthermore, due to selection rules
of atomic dipole transitions, off-resonant excitation to the excited Zeeman sublevel F ′ = 1,
mF = 0 is forbidden. Therefore, only off-resonant excitation together with inefficiencies in the
optical pumping or in combination with polarization errors of the excitation beam give rise to
population in unwanted excited states. Thus, the preparation accuracy of the F ′ = 0 excited
hyperfine level is very robust against variations in the experimental parameters. Small errors
of experimental parameters only cause a reduced preparation efficiency (i.e. the probability to
prepare the excited state). Nonetheless, the probability to prepare unwanted excited hyperfine
levels remains negligible. Therefore, the F ′ = 0 hyperfine level is an optimal choice, that allows
the generation of entangled atom-photon pairs with high accuracy.

5.1.2. Preparation of the excited state

In the experiment, the preparation of the excited hyperfine level F ′ = 0 is realized in two steps.
First, optical pumping – using two light fields resonant to the transitions F = 1 → F ′ = 1 and
F = 2 → F ′ = 1 – prepares the atom in the dark Zeeman ground state F = 1, mF = 0 (see
Fig. 5.2 (a)). To avoid populating an unwanted dark state in the F = 2 hyperfine level, we
simultaneously use the cooling light of the MOT to redistribute the atomic population in the
F = 2 ground level.

After the optical pumping, the atomic population is transferred to the excited state F ′ = 0
by a resonant optical π-pulse (see Fig. 5.2 (b)). A pulse length of approximately 20 ns assures
a narrow frequency distribution of the exciting laser pulse, much smaller than the excited state
hyperfine splitting of 72 MHz between the F ′ = 0 and F ′ = 1 hyperfine levels. This assures the
faithfull addressing of the F ′ = 0 hyperfine level. Optimum transfer efficiency is achieved in
the case where the atom undergoes half a Rabi-oscillation during the pulse duration and thus,
all population is transfered to the excited state. In order to obtain the maximum excitation
efficiency, we measured the probability to observe a photon from the spontaneous decay as
a function of the intensity of the excitation light field (Fig. 5.4). While for small excitation
power the detection probability is low, it reaches a maximum at a power of approximately 30
µW, when all atomic population is transferred to the excited state. For higher intensities the
excitation efficiency reduces because the atomic population is transfered back to the ground
state due to Rabi flopping.

The maximum probability to detect the photons from the spontaneous decay in Fig. 5.4 is
0.05%. Together with the (calculated) detection efficiency of fluorescence photons of 0.1% this
yields a preparation efficiency of the excited state for the full process (optical pumping and
excitation) of approximately 50%.
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5. Generation and verification of atom-photon entanglement

Figure 5.2.: Experimental scheme for the generation and verification of atom-photon
entanglement. (a) Optical pumping using two light fields resonant to the
transition F = 1 → F ′ = 1 and F = 2 → F ′ = 1 prepares the atom in
the F = 1, mF = 0 ground state. (b) After the optical pumping, a 20 ns
optical π-pulse prepares the atom in the excited state hyperfine level 2P3/2,
F ′ = 0. In the following spontaneous decay, the polarization of the emitted
photon is entangled with the magnetic sublevel mF = ±1 of the F = 1
hyperfine level of the atomic ground state. (c) After the detection of the
photon the atomic state detection is performed. Therefore, the STIRAP
technique transfers a certain superposition state from the F = 1 to the
F = 2 hyperfine level of the atomic ground state. Finally, the hyperfine
level detection process determines the atomic hyperfine level which allows
to deduce the initial atomic superposition state. (d) Timing sequence of the
whole process (times not to scale).

5.1.3. Generation of entanglement

In the spontaneous decay from the F ′ = 0 excited state hyperfine level an entangled state
between the polarization of the emitted photon and the angular momentum of the atom is
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5.1. Generation of atom-photon entanglement

Figure 5.3.: Experimental setup for the generation and analysis of atom-photon entan-
glement. Optical pumping into the F = 1, mF = 0 Zeeman sublevel and
a subsequent excitation prepares the atom in the excited hyperfine level
52P3/2, F ′ = 0. In the following spontaneous decay, entanglement between
the polarization of the emitted photon and the magnetic quantum number
of the atom is created. The emitted photon is coupled into a single mode op-
tical fiber. The fiber guides the light to the polarization analysis consisting
of a quarter- and a halfwave plate to adjust the photon measurement basis
and a polarizing beamsplitter with an APD in each output port. This allows
both, the polarization measurement of the photon as well as the fluorescence
detection of the single atom. After the photon detection, the STIRAP pulse
sequence transfers a certain superposition of Zeemen sublevels to the F = 2
hyperfine ground level of the atom, followed by the hyperfine level detection
scheme that allows to read out the atomic hyperfine level.

generated. Selecting only photons emitted along the z-direction (defined by our collection
optics), the combined atom-photon state after the spontaneous emission reduces to (see chapter
2.2.4)

|Ψ〉 =
1√
2

(

|1,−1〉
∣

∣σ+
〉

+ |1,+1〉
∣

∣σ−
〉)

. (5.1)

99



5. Generation and verification of atom-photon entanglement

Figure 5.4.: Probability to detect a photon from the spontaneous decay as function of
the power of the exciting laser pulse. For 30 µW the detection probability
reaches a maximum of about 0.5% compatible with the collection and pump
efficiency in our experiment [104]. The solid line represents a fit using a
two-level model with the beam focus as free parameter.

The emitted photon is collected with a microscope objective and coupled into a single mode
optical fiber guiding the light to our polarization analysis that consists of a rotatable quarter-
and a halfwaveplate and a polarizing beamsplitter with an APD in each output port (Fig.
5.3). A homebuilt timestamp card (see appendix A.5.2) allows to detect the arrival time of
photons with a time resolution of 2 ns. Integrating the measured single photon counts for
approximately 1.4 · 106 measurement runs, yields the data presented in Fig. 5.5, showing the
fluorescence observed in the optical pumping and the spontaneous decay. Fitting an exponential
decay to the measurement data we obtain a decay time of 24±2 ns. This is in good agreement
with the excited state lifetime of 87Rb of 26.2 ns.

Detecting a photon in one of the two APDs in a time window of approximately 80 ns (corre-
sponding to three atomic lifetimes) indicates the generation of an entangled state and provides
a polarization measurement of the photon. The generation of the entangled atom-photon state
is probabilistic due to the limited total detection efficiency of the spontaneously emitted pho-
tons. In 0.05% of the preparation processes a photon is detected (see Fig. 5.4). Therefore,
the pump-excitation cycle is repeated approximately 2000 times, until an emitted photons is
detected1.

1Repeating the optical pumping and excitation process leads to an increase of the kinetic energy of
the atom. Therefore, a 200 µs optical cooling process is performed after 20 pump-excitation cycles.
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5.1. Generation of atom-photon entanglement

Figure 5.5.: Fluorescence observed from the optical pumping process (blue data) and
the spontaneous decay of the excited state (red date). The photon detec-
tion events are collected from approximately 1.4 · 106 experimental cycles.
The fluorescence observed from the optical pump process shows a maximum
at the beginning of the pump sequence and decreases on a timescale of ap-
proximately 150 ns when the atom is pumped into the final Zeeman ground
state F = 1, mF = 0. After the excitation, the atomic population decays
exponentially to the ground state (red curve). From a fit with an exponen-
tial decay we obtain a lifetime of 24± 2 ns which is in good agreement with
the excited state lifetime of 26.2 ns.
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5. Generation and verification of atom-photon entanglement

5.2. Verification of entanglement

The spontaneous decay of the 52P3/2, F
′ = 0 excited state hyperfine level generates entangle-

ment between the polarization of the emitted photon and the spin degree of freedom of the
single atom. In order to verify that the generated atom-photon state is truly entangled and
not in a statistical mixture, we have to analyze spin correlations between the atom and the
emitted photon. While the polarization measurement of the single photon can be performed
in a straightforward way using polarizers aligned along suitable axes, the measurement of the
atomic state has to be performed in a more sophisticated way using the superposition state de-
tection presented in chapter 4. In this process, the polarization of the STIRAP transfer lasers
defines the atomic measurement bases. Together with the polarization analysis of the photon,
the atomic state detection enables a complete state tomography of the combined atom-photon
state.

5.2.1. Atom-photon spin correlations

For the verification of entanglement it is necessary to analyse the combined atom-photon state
in complementary measurement bases to rule out the possibility that quantum state consists
of an incoherent mixture of separable states. Therefore, we analyzed correlations between
the atomic spin state and the polarization of the photon for different photonic and atomic
measurement bases.

Correlation for the atomic measurement bases σ̂x, σ̂y and σ̂z

In order to verify entanglement, we measured correlations between the atomic angular mo-
mentum and the polarization of the photon for the three complementary atomic measurement
bases σ̂x, σ̂y and σ̂z, corresponding to a polarization of the STIRAP light field of H, −45◦ and
σ+, respectively. Figure 5.6 shows the transfer probability of the STIRAP process as a function
of the orientation of the photon polarization for the three different atomic measurement bases.
In measurement (a) and (b) the halfwave plate in the photon polarization analysis is rotated
by β and in measurement (c) the quarterwave plate was rotated by γ (see Fig. 5.3). Thus, the
measured polarization states of the photon are

|Ψph(β)〉 =
1√
2

(

∣

∣σ+
〉

± ei4β
∣

∣σ−
〉

)

(5.2)

|Ψph(γ)〉 = cos(γ ± π

4
)
∣

∣σ+
〉

+ sin(γ ± π

4
)
∣

∣σ−
〉

, (5.3)

where the ± sign correspond to the detection of the photon in APD1 or APD2, respectively.
Using eqns (5.1), (5.2) and (5.3) we can calculate the corresponding states of the atom after
the detection of the emitted photon:

|Ψat(β)〉 =
1√
2

(

|1,−1〉 ± e−4iβ |1,+1〉
)

(5.4)

|Ψat(γ)〉 = cos(γ ± π

4
) |1,−1〉 + sin(γ ± π

4
) |1,+1〉 . (5.5)
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5.2. Verification of entanglement

Figure 5.6.: Atom-photon spin correlations. The figure shows the transfer probability as
a function of the photon analyzer setting, for an atomic state detection in
(a) σ̂x-, (b) σ̂y- and (c) σ̂z-basis. The solid lines are sinusoidal fits to the
measured data.
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5. Generation and verification of atom-photon entanglement

The polarization of the STIRAP light field defines which superposition of the atomic Zeeman
sublevels |1,±1〉 is transferred to the F = 2 hyperfine ground level and which superposition
stays dark. Therefore, it defines the atomic measurement basis. For the measurements Fig.
5.6 (a)-(c) the STIRAP polarization H, −45◦ and σ+ corresponds to the atomic measurement
basis σ̂x, σ̂y and σ̂z, respectively, with the corresponding atomic dark states

|ΨD〉H =
1√
2

(|1,−1〉 + |1,+1〉) (5.6)

|ΨD〉−45◦ =
1√
2

(|1,−1〉 − i |1,+1〉) (5.7)

|ΨD〉σ+ = |1,−1〉 . (5.8)

Therefore, after the photon detection we expect minimum (maximum) transfer probability if
the atom is in a dark (bright) state relative to the STIRAP light field. The measurements in
Fig. 5.6 (a), (b) and (c) show the expected behavior, where we observe minimum (maximum)
transfer probability for β = 0◦, β = 22.5◦ and γ = 45◦, respectively, after the detection of a
photon in APD1 (APD2) corresponding to the presence of an atomic dark (bright) state.

The solid lines in the measurements are sinusoidal fits to the measured data. From the
two fits of each measurement we obtain the visibilities (defined as peak to peak amplitude)
Vσx = 0.85 ± 0.01, Vσy = 0.87 ± 0.01 and Vσz = 0.83 ± 0.01 for measurement (a), (b) and (c),
respectively. In the σ̂z basis we observe a significantly smaller visibility. This is due to the
higher degree of polarization errors present for this basis, because the atomic and photonic
systems are analyzed using circular polarization.

The measured atom-photon correlations are in good agreement with the expected behavior
and the occurrence of correlations in the three complementary measurement bases σ̂x, σ̂y and
σ̂z is a clear signature of entanglement of the combined atom-photon state.

Correlation for variable atomic basis

For applications in quantum information and communication it is also interesting to perform
atomic state measurements in bases that differ from the bases defined by the three Pauli-
matrices σ̂x, σ̂y and σ̂z. Therefore, we analyzed correlations for a fixed photon measurement
basis (β = γ = 0◦), and the atomic measurement basis was rotated in the x-y-plane by
rotating the STIRAP polarization with a halfwave plate (angle α). The data obtained from
this procedure (Fig. 5.7) shows maximum correlation for horizontal (α = 0◦) and vertical
(α = ±45◦) STIRAP polarization, whereas no correlation is observed for an analysis in the
complementary σ̂y-basis (α = ±22.5◦).

Summary

We analyzed the correlations between the polarization of the emitted photon from the sponta-
neous decay and the internal Zeeman sublevel of the atom for the three complementary atomic
measurement bases σ̂x, σ̂y, and σ̂z as wells as for a continuous variation of the atomic analyzer
setting. The high visibility of these correlations in all measurement bases clearly shows, that
the combined atom-photon state is entangled and is not a classical mixture of the possible
decay channels.
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5.2. Verification of entanglement

Figure 5.7.: Atom-photon spin correlations. The figure shows the transfer probability
of the STIRAP process as a function of the setting of the halfwave plate
defining the STIRAP polarization.

5.2.2. State tomography

The previous measurement results demonstrate that the combined atom-photon state is entan-
gled. However, to verify that the generated state is similar to the theoretically expected state
from spontaneous decay (eqn (5.1)) and to analyze the origin of the non-maximal visibility, a
full state tomography has to be performed. From measuring spin-correlations for all combina-
tions of the single particle measurement bases σ̂x, σ̂y and σ̂z, we obtain the density matrix of
the combined atom-photon state, which allows to identify the generated two-particle state and
whether it is in a coherent superposition or an incoherent statistical mixture of the two decay
channels.

Set of correlation measurements

The entangled atom-photon state is a two qubit state, therefore the corresponding density
matrix ρ is a 4 × 4-matrix. Because ρ is Hermitian and normalized, the density matrix has 15
independent real parameters, that have to be obtained from the measurement. Therefore, we
use the four single qubit operators σ̂i = Î , σ̂x, σ̂y, σ̂z (i = 0...3), that define a complete set of
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5. Generation and verification of atom-photon entanglement

orthogonal operators2 for a single qubit state (where Î is the identity). From these operators
we obtain the 16 two-qubit operators σ̂ij = σ̂i ⊗ σ̂j that again form a complete orthogonal set
for the four dimensional Hilbert space of the atom-photon state [105]. Therefore, any physical
matrix can be expanded as sum of these operators and for the density matrix ρ the expansion
yields

ρ =
1

4

4
∑

i,j=0

Tr(ρσ̂ij)σ̂ij =
1

4

4
∑

i,j=0

〈σ̂ij〉σ̂ij =
1

4

4
∑

i,j=0

〈σ̂i ⊗ σ̂j〉σ̂i ⊗ σ̂j. (5.9)

With the help of this expansion it is possible to obtain ρ experimentally from the measurement
of the 16 spin correlations 〈σ̂ij〉 = 〈σ̂i ⊗ σ̂j〉. Defining the six single-qubit matrices M̂i =
1
3 ± σ̂x,

1
3 ± σ̂y,

1
3 ± σ̂z, eqn (5.9) can be rearranged to

ρ =

6
∑

i,j=1

cij · M̂i ⊗ M̂j, (5.10)

where cij is directly the measured probability to obtain the joint result described by M̂i and
M̂j .

Atom-photon density matrix

In order to obtain the density matrix for the joint atom-photon state, we measured the two-
qubit system in every combination of the three complementary bases σ̂x, σ̂y and σ̂z and using
eqn (5.10) we obtained the atom-photon density matrix displayed in Fig. 5.8. This matrix
is similar to the ideal density matrix of the pure entangled state in eqn (5.1), where the four
central entries are equal to 0.5 and all other contributions are zero.

From the atom-photon density matrix we calculate the entanglement fidelity of the generated
atom-photon state (defined as the overlap of the measured state ρ with the theoretical state
in eqn (5.1)):

F = 〈Ψ|ρ|Ψ〉 =
1

4

(

1 +

3
∑

i=1

〈Ψ|σ̂i ⊗ σ̂i|Ψ〉
)

= 0.87 ± 0.01. (5.11)

The fidelity agrees with the visibility observed in the correlation measurements in the preceed-
ing chapter and shows the high degree of entanglement present in our system.

From the partial trace over the full atom-photon density matrix we can obtain the single
particle density matrices ρph = Trat(ρ) of the single photon and ρat = Trph(ρ) of the single atom
(see Fig. 5.9). For both cases, the off-diagonal elements vanish, corresponding to a complete
statistical mixture. In contrast, the off-diagonal elements of the full atom-photon density
matrix clearly show that the combined atom-photon state is in a coherent superposition of
the possible decay channels and not in an incoherent mixture. This is expected according to
quantum mechanics, where the single particles of an entangled pair are in no defined quantum
state but in a maximal statistical mixture, in contrast to the entangled state itself, which is a
well defined pure state.

2Two matrices are called orthogonal if Tr(σiσj) = const · δij .
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5.2. Verification of entanglement

Figure 5.8.: Real and imaginary part of the density matrix ρ of the combined atom-
photon state. The matrix is similar to the density matrix expected from the
entangled state in eqn (5.1), where the real part of the four central values
is 0.5, whereas all other contributions are zero.

5.2.3. Testing Bell’s inequality

The observed correlations in complementary measurement bases as well as the full state tomog-
raphy of the combined atom-photon state clearly verify, that the generated state is entangled.
This allows to use the entangled state for certain applications as e.g. a test of Bell’s inequality.

According to chapter 2, the predictions of local realistic theories disagree with the predictions
of quantum mechanics for entangled states. This can be observed using Bell’s inequality in the
CHSH-form

S = |〈σ̂ασ̂β〉 + 〈σ̂α′ σ̂β〉| + |〈σ̂ασ̂β′〉 − 〈σ̂α′ σ̂β′〉| ≤ 2, (5.12)

which has to be fulfilled by local realistic theories, but is violated for a certain set of correlation
measurements in quantum mechanics. Maximum violation is obtained for the STIRAP and
photon analyzer settings of α = 0◦ and α′ = 45◦ and β = −22.5◦ and β′ = 22.5◦.

For each analyzer setting (α, β), we assign the values ±1 to the binary measurement out-
comes of the atomic state and photon polarization measurements. Thus, we obtain the four
measurement quantities N++, N+−, N−+ and N−− from the total measurement number N ,
where the first and second subscript describes the result from the atomic and photonic state
measurement, respectively. From these results we can calculate the two-particle expectation
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5. Generation and verification of atom-photon entanglement

Figure 5.9.: Real part of the (a) atomic and (b) photonic single particle density ma-
trix. Only vanishing off-diagonal elements can be observed corresponding
to maximally mixed states.

values that are given by

〈σασβ〉 = 2
N++ +N−−

N
− 1 = 1 − 2

N+− +N−+

N
. (5.13)

β = −22.5◦ β ′ = 22.5◦

result +1 −1 +1 −1

α = 0◦ +1 52 379 321 153
−1 328 70 127 318

α′ = 45◦ +1 389 87 420 49
−1 99 331 65 389

Table 5.1.: Atom-photon correlation measurements. The entries in the table correspond
to the number of detected atom-photon pairs with the respective measure-
ment outcome.

Table 5.1 shows the number of atom-photon pairs that were detected with the respective
measurement outcome for the different measurement bases α, α′ and β, β′. Using eqn (5.12)
and (5.13) we calculate

S = 2.44 ± 0.05 ≥ 2. (5.14)

The measured value is larger than the maximum possible value of 2 for local realistic theories
by 8.5 standard deviations, which clearly violates Bell’s inequality and therefore contradicts

108



5.3. Summary

possible local realistic explanations. On the other hand, the violation of the inequality provides
a further prove for the entangled nature of the combined atom-photon state and the measured
violation is in good agreement with the visibility obtained from correlations measurements in
chapter 5.2.1.

5.3. Summary

This chapter described the generation and verification of entanglement between a single atom
and a single photon. Optical pumping, followed by a short excitation pulse prepared the atom
in an excited state and conservation of angular momentum in the subsequent spontaneous
decay generated entanglement between the polarization of the emitted photon and the angular
momentum of the single atom.

Polarization measurements of the single photon and the atomic superposition state detection
scheme described in chapter 4 allowed to measure correlations between the photon polarization
and the internal atomic state. From correlation measurements in three complementary bases
we obtain a mean visibility of better than 85% that clearly verifies that the generated state is
entangled. A full state tomography of the combined atom-photon state has been performed,
from which we derived the atom-photon density matrix and an entanglement fidelity of F =
87%, i.e. the overlapp of the measured density matrix with the theoretically expected state
from the spontaneous decay. The fidelity is consistent with our experimental errors and shows,
that the state generated in the spontaneous decay is indeed in a coherent superposition of the
two possible decay channels. The high fidelity of the entangled state allowed us to perform a
test of Bell’s inequality in the CHSH-form, where we obtained a value of S = 2.44 ± 0.05 for
the spin-correlation function, violating the CHSH-inequality by 8.5 standard devitations.

The measurement results presented in this chapter clearly prove, that the generated atom-
photon state is truly entangled and indeed is the state we expect from spontaneous emission.
This renders the entangled atom-photon state an ideal tool for many applications in quantum
communication and information, where it allows to close the link between atomic quantum
memories and photonic communication channels. Furthermore, it allows the generation of
entangled atoms at remote locations via entanglement swapping. The high visibility observed
in our experiment, should allow to generate an entangled state between two remote atoms
with a degree of entanglement high enough to violate Bell’s inequality. Together with the
high efficiency of the atomic state detection, this would open up the possibility of a final
loophole-free test of Bell’s inequality.
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6. Conclusion and Outlook

This thesis described the generation and verification of entanglement between the angular
momentum of a single atom and the polarization of a spontaneously emitted single photon.
A crucial step in the realization of atom-photon entanglement is the preparation of a single
atom at a well defined position, isolated from the environment. Therefore, a far off-resonant
optical dipole trap was set up, which allows to store a single 87Rb atom up to several seconds.
Due to the small volume of the trap a blockade mechanism occurs, limiting the maximum
number of trapped atoms to one. Measuring the two-photon correlation function we observed
strong photon antibunching which verifies the single atom characteristic of the dipole trap.
In addition, the spectrum of the emitted resonance fluorescence was analyzed. Due to the
Doppler effect, we observed a broadening of the single atom fluorescence spectrum from which
we determined the mean kinetic energy of the trapped atom corresponding to a temperature
of 105 µK.

Atom-photon entanglement is generated in the spontaneous decay from an excited hyper-
fine level to two possible atomic ground states that together form a Λ-type transition. For
the verification of atom-photon entanglement it is necessary to analyze correlations between
the polarization of the emitted photon and the internal state of the atom in complementary
measurement bases. Therefore, we introduced a single atom state analysis using the STIRAP
technique, where the polarization of the STIRAP light defines the atomic measurement basis.
This detection method does not require additional atomic state manipulations and thus can be
performed with increased fidelity and allowed us e.g. the observation of the Larmor precession
of a single atom in a magnetic field.

Using the atomic state detection scheme, we measured spin correlations of the atom and the
photon in complementary measurement bases. Furthermore, it allowed us to perform a full
state tomography of the combined system from which we derived the density matrix of the
atom-photon state. From these measurements we obtain a visibility of the spin correlations of
better than 85% and an entanglement fidelity of 87%, which clearly show that the generated
atom-photon state is entangled.

The atomic state detection method and the generation of high fidelity atom-photon entangle-
ment form the basic elements in future quantum information experiments as e.g. the realization
of an interface between atomic quantum computers and a photonic quantum communication
channel [46, 42, 43]. Furthermore, the faithfull preparation of defined atomic superposition
states is a crucial task of quantum information experiments. Quantum teleportation [33] of
the state of a single photon onto the atom would allow the remote preparation of arbitrary
states of an atomic quantum memory, by sending just two bits of classical information. A
similar principle can be used in the ”remote state preparation” protocol [106, 107]. Instead
of teleporting the state of an external photon, an additional (spatial) degree of freedom is
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imprinted onto the photon of the entangled atom-photon pair. A Bell-state measurement on
the resulting two-qubit state of the single photon teleports its spatial degree of freedom onto
the atom. Together with four defined unitary transformations, this allows the deterministic
preparation of arbitrary atomic qubit states.

Loophole-free test of Bell’s inequality

Figure 6.1.: Time-space diagram for the proposed loophole-free Bell test. The emitted
photons travel to an intermediate location, where a Bell state measurement
(BSM) projects the atoms onto an entangled state. The result of the BSM
is sent back to the positions of the atoms and initiates the atomic state
measurement, consisting of a random selection of the respective measure-
ment basis and the atomic state detection. In order to close the locality
loophole, the full measurement on the atomic states has to be finished, be-
fore information about the choice of measurement basis can arrive at the
second observer. In this scheme, no fair sampling has to be applied, because
every time a measurement of the entangled atom-atom state is performed,
we obtain a result.
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In addition, atom-photon entanglement is an important step towards a final, loophole-free
test of Bell’s inequality. Assuming we start with two atoms at remote locations and each of the
atoms is entangled with a single photon. The photons propagate to an intermediate location,
where a subsequent Bell-state measurement of the two photons projects the atoms into an
entangled state [34, 22]. This would realize a so-called ”event-ready scheme” [12, 20], where
every time the Bell state analyzer gives a result one knows exactly that a pair of entangled
atoms is present. Together with a detection efficiency of the internal atomic states of one –
in the sense, that every state measurement of the atom yields a result (that however can be
wrong) – and a space-like separation of the atoms relative to their measurement time, this
would allow a final, loophole-free test of Bell’s inequality (Fig. 6.1).

We can analyze the prospect of such a loophole-free Bell test with the experimental results
obtained in this thesis. If we use the visibility observed in our experiment and extrapolate
results of recent two-photon interference experiments1 [108, 109, 85], we derive an expected
atom-atom visibility of Vat−at = V 2

at−ph = 0.74±0.01 [110]. Thus, the violation of a CHSH-type
Bell inequality [4], which is achieved above the threshold visibility of 0.71, is feasible.

To close the locality loophole, the atoms have to be space-like separated with respect to
the measurement time of the atomic states. Hence, the minimum distance of the atoms is
determined by the duration of the whole measurement sequence, here mainly given by the
atomic state detection. In detail, the atomic state is analyzed by scattering photons from the
detection laser. Together with the STIRAP-process this yields an overall measurement time
of less than 0.5 µs and requires a separation between the atoms of 150 m. This separation can
easily be achieved since the transmission losses of photons at a wavelength of 780 nm in an
optical fiber or air are low.

The generation of entangled atom-photon pairs is probabilistic with a success probability
given by the total detection efficiency ηph = 0.05% of the emitted photons. This also holds
for the generation of entanglement between two distant atoms. The total success probability
for the generation of atom-atom entanglement is given by 1

4η
2
ph = 6 · 10−8 where the factor

1/4 accounts for the case where only one of the four photon Bell-states is detected. The
repetition rate of atom-photon entanglement is mainly determined by the preparation of the
initial ground state, which should (according to the measured fluorescence data in Fig. 5.5)
be possible in approximately 1 µs. Together with intermediate cooling cycles and the time
duration of the entanglement swapping process, an average cycle time of approximately 2 µs
should be possible. Including the limited lifetime of atoms in the dipole trap, this yields a
generation rate of entangled atom-atom pairs of approximated 0.4 min−1.

A loophole-free violation of e.g. a CHSH-type Bell’s inequality by three standard deviations
would require approximately 7000 atom pairs at the expected visibility of 0.74. From these
estimations a loophole-free test should be feasible within a total measurement time of 12 days
with (two times) the current setup.

1In comparison to related experiments [108, 109] using fiber beam splitters for a photon Bell-state
analysis, we assume that the use of single-mode optical fibers together with the small bandwidth of
the spontaneously emitted photons (possibly combined with a time resolved coincidence detection
[85]) allows a fidelity of about 99% for the entanglement swapping process.
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A.1. Atom-light interaction

A.1.1. Quantization of the electromagnetic field

In order to obtain the quantum mechanical description of the electromagnetic field, one asso-
ciates a harmonic oscillator with each mode λk of the radiation field, where λ = 1, 2 corresponds
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to the two orthogonal polarization modes and k is the wave vector of the light field. Using
these definitions, one can define the annihilation and creation operators

âλ,k |nλk〉 =
√
nλk |nλk − 1〉 (A.1)

â†λ,k |nλk〉 =
√
nλk + 1 |nλk + 1〉 , (A.2)

that destroy and create a photon of energy ~ωk in the mode |nλk〉, where nλk describes the
number of photons in the respective mode. The electric field operator is given by

Ê(r, t) = Ê+(r, t) + Ê−(r, t) (A.3)

with

Ê+(r, t) = −i
∑

λ,k

√

~ωk

2ε0V
eλkâλ,ke

−i(ωkt−kr) (A.4)

Ê−(r, t) = +i
∑

λ,k

√

~ωk

2ε0V
eλkâ

†
λ,ke

+i(ωkt−kr). (A.5)

Here, eλk is the unit vector along the field direction and V is the quantization volume.

Interaction Hamiltonian

Using the electric dipole approximation, the Hamiltonian Ĥ that describes a single atom
interacting with a radiation field can be separated into three parts:

Ĥ = ĤA + ĤR + ĤED (A.6)

where ĤA and ĤR are the Hamiltonians for the free atom and the radiation field which are
given by

ĤA =
∑

i

~ωi |i〉 〈i| (A.7)

ĤR =
∑

λ,k

~ωk

(

â†λ,kâλ,k +
1

2

)

. (A.8)

In eqn (A.7) |i〉 describes the internal atomic levels with energy ~ωi and the radiation field is

given by the operators âλ,k and â†λ,k. The atom-light interaction Hamiltonian in the dipole
approximation is given by

ĤED = d̂ · Ê
= e · i

∑

λ,k

∑

i,j

gijλke
i(ωi−ωj)t

(

âλ,ke
−iωkt − â†λ,ke

+iωkt
)

|i〉 〈j| (A.9)

with the elementary charge e and the electric dipole operator d̂ consisting of the components
dij = 〈i| d̂ |j〉 and the coupling coefficient

gijλk =

√

ωkt

2~ε0V
eλkdij. (A.10)
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Rotating wave approximation

For the following, we assume that the atomic energy levels |i〉 are sorted such that ωj > ωi for
j > i. Together with the fact that the dipole matrix elements d̂ii vanish due to the odd parity
of the electric dipole operator d̂, we can rearrange the terms in eqn (A.9) in the following way:

ĤED = i~
∑

λ,k

∑

j>i

(

gijλke
+iωjit |j〉 〈i| + g∗ijλke

−iωjit |j〉 〈i|
)

(

âλ,ke
−iωkt − â†λ,ke

+iωkt
)

, (A.11)

where ωji = ωj − ωi are the atomic transition frequencies. Each summand in eqn (A.11)
consists of four distinct terms. The term |j〉 〈i| · âλ,k describes the excitation of the atom

associated with the absorption of a photon while |i〉 〈j| · â†λ,k describes the inverse process.
The other two terms do not correspond to allowed absorption or emission events because they
violate conservation of energy and therefore can be neglected. Using this approximation the
interaction Hamiltonian is given by

ĤED = i~
∑

λ,k

∑

j>i

(

gijλk |j〉 〈i| âλ,ke
−i∆ωijkt − g∗ijλk |i〉 〈j| â†λ,ke

+i∆ωijkt
)

(A.12)

where ∆ωijk = ωij−ωk is the detuning of the light relative to the atomic transition. The above
approximation – the so-called rotating-wave approximation (RWA) – can also be derived in
the semiclassical description with a quantum mechanical atom in a classical electromagnetic
field by neglecting the rapid oscillatory terms.

A.1.2. Optical Bloch equations

In the interaction picture the time evolution of the density matrix σ of the combined atom-
radiation state is described by the equation

d

dt
σ(t) = − i

~
[ĤED(t), σ(t)] (A.13)

Recursive integration of this equation yields the expression

∆σ(t) = −i~
∫ t+∆t

t
dt′[ĤED(t′), σ(t)] +

+(−i~)2
∫ t+∆t

t
dt′
∫ t′

t
dt′′[ĤED(t′), [ĤED(t′′, σ(t′′)]] (A.14)

with
∆σ(t) = σ(t+ ∆t) − σ(t) (A.15)

If the interaction HED is sufficiently small and ∆t is short compared to the evolution time T of
the atomic part ρ of the density matrix, σ(t′′) in eqn (A.14) one can approximately be replaced
by σ(t). The density matrix σ of the combined system can be split up into the two single
density matrices ρ = TrRσ and ρR = TrAσ for the atom and radiation system, respectively:

σ(t) = ρ(t) ⊗ ρR + σcorrel(t). (A.16)
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Here, σcorrel(t) describes the correlation that exist between the atomic and the radiation sys-
tem. To simplify the problem we assume that the radiation state ρR is time independent
and that the correlations σcorrel(t) disappear after a (very short) correlation time τc � ∆t
and therefore can be neglected. In the case where the radiation field is the vacuum state
ρR = |0〉 〈0|, one obtains for the evolution of the atomic density matrix [81]

dρaa

dt
=

ωc>ωa
∑

c

ρccΓca −
ωa>ωc
∑

c

ρaaΓac (A.17)

and
dρab

dt
= −

(

ωa>ωn
∑

n

Γan

2
+

ωb>ωn
∑

n

Γbn

2

)

ρab, (A.18)

where the transition rates are given by

Γab =

{

2π
~

∑

k,λ | 〈a,keλ| ĤED |b, 0〉 |2δ(ωk − ωba) ωa < ωb

0 ωa ≥ ωb
. (A.19)

Bloch equations

In the above section we derived the equations of motion for a single atom in the electromagnetic
vacuum. Now we assume the case, where a coherent electric field that for simplification is
treated as classical is incident on the atom . Thus, the atom interacts with two fields: the
incident classical field and the quantum mechanical radiation field in the vacuum state. In this
approximation the Hamiltonian can be described by

Ĥ = ĤA + ĤR − d̂ · (Einc(t) + ER) (A.20)

where ĤA and ĤR are the atom and radiation Hamiltonians and Einc and ER describe the
incident field and the quantum mechnical vacuum state, respectively. The external field is
given by

Einc =
∑

k

Ek cos(ωkt) =
∑

k

Ek

2

(

eiωkt + e−iωkt
)

(A.21)

and the equation of motion in the interaction picture is

ρ̇ = − i

~
[d̂ · (Einc(t) + ER), ρ]. (A.22)

To obtain an expression for the evolution of ρ we assume that both field contributions interact
independently with the atom. In this case, the interaction of the atom with the external field
Einc is described in the RWA by

ĤẼD = d̂Einc(t) =
~

2

∑

k,j>i

Ωijk |j〉 〈i| e−i∆ωijkt − Ω∗
ijk |i〉 〈j| e+i∆ωijkt (A.23)

with
~Ωijk = −〈i| d̂ |j〉 ·Ek (A.24)
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and the detunings ∆ωijk = ωij − ωk. The full description of the atomic density matrix ρ can
be obtained by considering the interaction with the electromagnetic vacuum state, described
by the damping terms in eqns (A.17) and (A.18). In this way we obtain the equation of motion
of the atomic density matrix

ρ̇ = − i

~
[ĤẼD, ρ] +R, (A.25)

where the relaxation matrix R includes all relaxation effect from spontaneous decays and is
given by

Ra6=b = −
(

ωa>ωn
∑

n

Γan

2
+

ωb>ωn
∑

n

Γbn

2

)

ρab (A.26)

Raa =

ωn>ωa
∑

n

ρnnΓna −
ωa>ωn
∑

n

ρaaΓan. (A.27)

A.1.3. Two-level atom

Many effects in atomic physics are present in the simple case of a two-level atom consisting of
an excited state |e〉 with decay rate Γ and a ground state |g〉. The energy of the excited state
is ~ω0 and the frequency of the incident light field is ω. For the atomic state vector (|e〉 , |g〉)
the interaction Hamiltonian is

ĤẼD =

(

0 Ωe−i(ω0−ω)t

Ωei(ω0−ω)t 0

)

(A.28)

and the relaxation matrix is given by

R =

(

−Γ −Γ
2

−Γ
2 Γ

)

. (A.29)

In the stationary case (ρ̇ee = ρ̇gg = 0) one obtains the steady state solutions

ρee = 1 − ρgg =
s0/2

1 + s0 + (2∆/Γ)2
(A.30)

ρeg = ρ∗ge = i
Ω

2(Γ/2 − i∆)(1 + s0
1+(2∆/Γ)2

)
· eiωt (A.31)

where s0 is the saturation parameter defined by

s0 = 2
|Ω|2
Γ2

=
I

Is
(A.32)

with the saturation intensity Is = πhcΓ/3λ3. For low saturation (I � Is) the atomic popula-
tion is mostly in the ground state, whereas in the case of high saturation (I � Is) the excited
state population ρee approaches 1/2. From eqn (A.30) one obtains an expression for the rate
of photons scatted from the atom which is given by

γ = Γρee = Γ
s0/2

1 + s0 + (2∆/Γ)2
. (A.33)
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Optical cooling

For an atom in a traveling electromagnetic wave, a light pressure occurs due to the repeated
absorption and emission of photons from the incident light field. In average, each absorp-
tion transfers the photon momentum ~k onto the atom, while the spontaneous emission is
isotropic and therefore in average transfers no momentum onto the atom. Averaging over
many absorption-emission cycles the mean force on the atom can be described by

F = ~kΓρee = ~kΓ
s0/2

1 + s0 + (2(∆ + ωD)/Γ)2
, (A.34)

where ωD = −kv is the Doppler shift due to the atomic velocity v. For the case of two
counterpropagating light beams the total force is approximately [67]

Ftot =
8~k2∆s0

Γ(1 + s0 + (2∆/Γ)2)2
· v‖, (A.35)

where v‖ is the projection of v on the direction of the incident light fields. For negative
detuning (∆ < 0) the force opposes the atomic velocity and thus gives rise to a damping of the
atomic motion along the beam direction. This light induced damping is often called optical
cooling or laser cooling. Generalizing this one dimensional scheme to a three-dimensional beam
configuration allows to cool all velocity components of the atom.

The final atomic velocity can be calculated from the competition of the damping force in
eqn (A.35) and the heating of the atomic velocity components due to the random direction
of the spontaneous emission process. From this consideration one obtains the steady-state
kinetic energy of the atom which is [67] (~Γ/8)(2|∆|/Γ + Γ/2|∆|). For ∆ = −Γ/2 this energy
is minimal from which one obtains a minimum temperature of the laser cooling process (the
so-called Doppler temperature) of

TD =
~Γ

2kB
. (A.36)

This is the minimum temperature that can be reached with the laser cooling process described
above. Taking into account the Zeeman and hyperfine structure of the atom, further cooling
techniques exist that allow to reach temperatures below the Doppler limit [67, 74].

Magneto optical traps

A trapping scheme widely used for neutral atoms is the magneto-optical trap (MOT) [61, 62]
that relies on the position dependent Zeeman shift of the atomic transitions, induced by an
external magnetic quadrupole field. For the following discussion we consider a two-level atom
with an excited state |e〉 with angular momentum Fe = 1 and the corresponding Zeeman
sublevels me = ±1, 0. The atomic ground state |g〉 has the angular momentum Fg = 0. The
magnetic quadrupole field of the MOT generates a position dependent Zeeman shift of the
three excited state Zeeman sublevels (see Fig. A.1). Two counterpropagating, red-detuned
laser beams of opposite circular polarization are incident on the atom as depicted in Fig. A.1.
If the atom is at a position z < 0, the transition to the excited Zeeman sublevel me = +1 will
be shifted towards resonance and the atom scatters light mostly from the σ+-polarized laser
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A.1. Atom-light interaction

Figure A.1.: (a) Position dependent Zeeman shift of the atomic transitions in a linearly
increasing magnetic field (with zero field at the position z = 0) as it occurs
typically in a MOT. (b) Atomic level structure for z < 0 and (c) for z > 0.

beam. Thus, a light force towards the trap center (z = 0) appears. Similarly, an atom at z > 0
scatters light mostly from the σ−-polarized beam and is also driven towards the trap center.
Using counterpropagating laser beams from all three spatial directions a three dimensional
trapping mechanism occurs. Because the incident light fields are red-detuned relative to the
atomic transition, magneto-optical traps also provide a laser cooling mechanism for the trapped
atoms.

A.1.4. Four-level systems

In our experiment, the optical cooling process and the tripod-STIRAP scheme can not be
described by a simple two-level system, whereas these processes can be well approximated by
effective four-level systems. For a theoretical understanding of both processes we compared the
theoretical predictions of our four-level models with the measured data. This section presents
the interaction Hamiltonians and the corresponding relaxation matrices for both processes.

Laser cooling system

In the optical cooling process, the atom is approximated as a four level system with the two
excited state hyperfine levels |a〉 and |b〉 and the two ground state hyperfine levels |c〉 and |d〉.
Two light fields, the cooling light ωCL – coupling the transition |a〉 → |c〉 – and the repump
light ωRL – coupling the transition |b〉 → |d〉 are incident on the atom (see Fig. 3.9). From
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eqns (A.23), (A.26) and (A.27) we obtain for the interaction Hamiltonian

ĤEDc =









0 0 Ωcae
−i(ωca−ωCL) 0

0 0 Ωcbe
−i(ωcb−ωCL) Ωdbe

−i(ωdb−ωRL)

−Ω∗
cae

i(ωca−ωCL) −Ω∗
cbe

i(ωcb−ωCL) 0 0

0 −Ω∗
dbe

i(ωdb−ωRL) 0 0









(A.37)

and the relaxation term

R = Γ ·









−ρaa −ρab −1
2ρac −1

2ρad

−ρba −ρbb −1
2ρbc −1

2ρbd

−1
2ρca −1

2ρcb ρaa + 1
2ρbb 0

−1
2ρda −1

2ρdb 0 1
2ρbb









(A.38)

Tripod-STIRAP

Using a suitable reference frame and taking into account off-resonant transfer via the 52P1/2,
F ′ = 2 excited hyperfine level, the STIRAP process in our experiment can be well approximated
by an effective 4-level system (see Fig. 4.16). From eqns (A.23), (A.26) and (A.27)we obtain
the interaction Hamiltonian

ĤEDc =









0 0 Ωcae
−i(ωca−ω2) Ωdae

−i(ωda−ω1)

0 0 Ωcbe
−i(ωcb−ω2) Ωdbe

−i(ωdb−ω1)

−Ω∗
cae

i(ωca−ω2) −Ω∗
cbe

i(ωcb−ω2) 0 0

−Ω∗
dae

i(ωda−ω1) −Ω∗
dbe

i(ωdb−ω1) 0 0









(A.39)

and the relaxation matrix

R = Γ ·









−ρaa −ρab −1
2ρac −1

2ρad

−ρba −ρbb −1
2ρbc −1

2ρbd

−1
2ρca −1

2ρcb
1
2ρaa + 5

6ρbb 0
−1

2ρda −1
2ρdb 0 1

2ρaa + 1
6ρbb









. (A.40)

Here, |a〉 and |b〉 describe the Zeeman sublevels – involved in the STIRAP process – of the
excited hyperfine level F ′ = 2 and F ′ = 1, respectively. The participating Zeeman sublevels of
the F = 2 and F = 1 ground state hyperfine levels are described by |c〉 and |d〉, respectively.
The incident STIRAP light fields ω1 and ω2 couple the transitions from the F = 1 respective
F = 2 ground state to both excited states. Spontaneous decay of the atom into other Zeeman
sublevels is ignored.
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A.2. Spin-1 angular momentum

A.2.1. Matrix representation of the angular momentum operators

In quantum mechanics the angular momentum is represented by the operators Ĵ2 and Ĵz, that
describe (the square of) the absolute value of the angular momentum and its projection onto
the z-axis. For a spin-1 system (〈Ĵ2〉 = 2~), the operator Ĵz has three eigenstates with the
corresponding eigenvalues 0, ±1, which are given by

|Ψz〉+1 = |+1〉 (A.41)

|Ψz〉0 = |0〉 (A.42)

|Ψz〉−1 = |−1〉 . (A.43)

Representing spin-1 states by the three dimensional vectors (|+1〉 , |0〉 , |−1〉) the angular mo-
mentum operators Ĵx, Ĵy and Jz are given by the matrices

Ĵx =
~√
2





0 1 0
1 0 1
0 1 0



 , (A.44)

Ĵy =
~√
2





0 −i 0
i 0 −i
0 i 0



 and (A.45)

Ĵz = ~





1 0 0
0 0 0
0 0 −1



 . (A.46)

A.2.2. Angular momentum eigenstates

The operator of the angular momentum along the unit vector

u =





√
1 − z2 cosφ√
1 − z2 sinφ

z



 (A.47)

is given by Ĵu = Ĵ · u, where zε[−1, 1] and φ are cylindrical coordinates. The eigenvectors of
Ĵu are the corresponding angular momentum eigenstates, given by

|Ψz,α〉+1 = e−iφ 1 + z

2
|+1〉 +

√

1 − z2

2
|0〉 + eiφ

1 − z

2
|−1〉 (A.48)

|Ψz,φ〉 0 = −e−iφ

√

1 − z2

2
|+1〉 + z |0〉 + eiφ

√

1 − z2

2
|−1〉 (A.49)

|Ψz,φ〉−1 = e−iφ 1 − z

2
|+1〉 −

√

1 − z2

2
|0〉 + eiφ

1 + z

2
|−1〉 . (A.50)
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Eigenstates to Ĵx and Ĵy

From eqns (A.48-A.50) the eigenstates of Ĵx can be calculated and are given by

|Ψx〉+1 =
1

2

(

|+1〉 +
√

2 |0〉 + |−1〉
)

(A.51)

|Ψx〉0 =
1√
2

(− |+1〉 + |−1〉) (A.52)

|Ψx〉−1 =
1

2

(

|+1〉 −
√

2 |0〉 + |−1〉
)

. (A.53)

The eigenstates to Ĵy are accordingly

|Ψy〉+1 =
1

2

(

−i |+1〉 +
√

2 |0〉 + i |−1〉
)

(A.54)

|Ψy〉0 =
i√
2

(|+1〉 + |−1〉) (A.55)

|Ψy〉−1 =
1

2

(

−i |+1〉 −
√

2 |0〉 + i |−1〉
)

(A.56)
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A.3. Definition of the polarization modes

Figure A.2.: Definition of polarization states in the atomic system.

The polarization of the light emitted by a single atom can be described by a superposition
of the fields Ex, Ey and Ez

1 emerging from the three atomic dipoles oriented along the x-, y-,
and z-axis. A different basis (used throughout this thesis) can be obtained using the following
definitions

σ
+ = 1√

2
(Ex + iEy) (A.57)

σ
− = 1√

2
(Ex − iEy) (A.58)

π = Ez. (A.59)

Setting the quantization axis of our system in z-direction this is the natural basis, because
for this case the polarization states σ

± and π directly correspond to the angular momentum
eigenstates m = ±1 and m = 0. For a photon emitted in z-direction, σ

+-polarization e.g.
corresponds to positive helicity, i.e. the photon is in the spin state |mf = 1〉.

1E(x,y,z) = E(x,y,z),0 cos(ωt− k(x, y, z))
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A.4. Error estimation

In order to get an estimation for the statistical errors in the atomic state detection we use the
following method. Each atomic state measurement yields the binary result ”atom in the trap”
or ”no atom in the trap” which occurs with the probability pin and pout = 1−pin, respectively.
Repeating the measurement N times, the probability p(k) to observe k times the event ”atom
in the trap” is according to the binomial distribution given by

p(k) =

(

N

k

)

· pk
in · (1 − pin)N−k. (A.60)

In the experiment, we measure the relative frequency

p̃in =
Nin

N
(A.61)

from which we want to estimate the unknown probability pin. For a large number of measure-
ments (Np̃in, N(1− p̃in) � 7), p̃in is a good approximation of the probability pin [111] and its
scatter is given by the standard deviation of the measured distribution

σ =

√

p̃in(1 − p̃in)

N
. (A.62)

This standard deviation is used for the description of the experimental errors throughout this
thesis.
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A.5. Measurement electronics

A.5.1. Pattern generator

For the control of the experimental process a pattern generator [112] is used that allows to
switch the different laser systems on and off on a timescale of 20 ns. The pattern generator
consists of four MByte RAM organized in 64 bit words that can be loaded from a computer via
the parallel port. Each word contains 48 data bits used for the experimental control (on/off
switching of the laser beams, generation of electronic control signals), 15 bits define the address
of the next word and the last bit defines the duration of the current bit pattern (20 ns or 2 µs).
The upper 4 bits of the address of the pattern can be accessed from the outside and thus allow
the pattern generator to react to external events as e.g. the detection of the spontaneously
emitted photon.

In the experiment, the loading of atoms into the trap (typically timescale 50 ms) is controlled
by a personal computer. After the detection of a fluorescence signal exceeding the background
level (indicating the presence of an atom in the trap) the control is handed over to the pattern
generator controlling the entangling sequence and the subsequent atomic state detection.

A.5.2. Time tagging unit

The data accumulated in our experiments consists mainly of atomic fluorescence which is
detected by avalanche photo diodes. The actual data collection is realized in a time tagging
unit with four input ports that allow to distinguish four different detection events. By ascribing
a time tag (with a resolution of 2 ns) to each event, the time tagging unit generates a list of
photon events, that finally is transferred to a personal computer.

In order to identify the important detection events (as e.g. the single photon from the
spontaneous decay) we use synchronization signals that are sent from the pattern generator to
one input of the time tagging unit.
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A.6. Rubidium data

A.6.1. Hyperfine structure

Figure A.3.: Hyperfine structure of the D1 and D2 transitions of 87Rb [75].
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A.6.2. Data

Atomic number Z 37
Total nucleons Z + N 87
Relative natural abundance 27.83(2)%
Nuclear spin I 3/2
Atomic mass M 86.9092 u

Vacuum wavelength D1-transition λD1 794.979 nm
Vacuum wavelength D2-transition λD2 780.246 nm
Lifetime 52P1/2 τD1 27.70 ns
Lifetime 52P3/2 τD2 26.24 ns
Natural line width D1-transition ΓD1 2π × 5.746(8) MHz
Natural line width D2-transition ΓD2 2π × 6.065(9) MHz
Ground state hyperfine splitting νHFS 6834.68 MHz

Recoil velocity D2-transition vR 5.885 mm/s
Recoil temperature D2-transition TR 361.95 nK
Doppler velocity D2-transition vD 11.75 cm/s
Doppler temperature D2-transition TD 146 µK

Dipole matrix element D2-transition 〈J | d̂ |J ′〉 3.584(4) × 10−29 Cm
Saturation intensity
52S1/2, F = 2, mF = ±2 → Isat 1.67 mW/cm2

52P3/2, F = 3, mF = ±3

Table A.1.: Physical properties of 87Rb [75].
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A.7. Experimental setup

Figure A.4.: Photo of the main part of the experimental setup. The center of the pic-
ture shows the experimental area with the glass cell connected to the UHV-
chamber. The depicted beams are the dipole trap laser (yellow), atomic
fluorescence (red), laser cooling beams (red), optical pumping light (ma-
genta), atomic excitation beam (orange), projection laser (green) and STI-
RAP laser system (blue). Picture courtesy of Wenjamin Rosenfeld.
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Publications related to the presented work:

• Observation of Entanglement of a Single Photon with a Trapped Atom.
J. Volz, M. Weber, D. Schlenk, W. Rosenfeld, J. Vrana, K. Saucke, C. Kurtsiefer, and
H. Weinfurter
Phys. Rev. Lett. 96, 030404 (2006)

• Analysis of a Single Atom Dipole Trap
M. Weber, J. Volz, K. Saucke, C. Kurtsiefer, and H. Weinfurter
Phys. Rev. A 73, 043406 (2006).
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[94] J. T. Höffges, H. W. Baldauf, W. Lange, and H. Walther. Heterodyne measurement of
the resonance fluorescence of a single ion. J. Mod. Opt., 44:1999–2010, 1997.
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