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1 Introduction

Was the world wave function waiting to jump for thousands of millions of years

until a single-celled living creature appeared? Or did it have to wait a little longer

for some more highly qualified measurer- with a Ph.D.? asked J.S. Bell [1] in 1981

and pointed out the main focus in the understanding of quantum mechanics. Espe-

cially entangled states [2], which means non-separable two or many particle states,

give raise to vivid discussions. Many of the founders of quantum mechanics, namely

Schrödinger and Einstein [2, 3], opposed to the Copenhagen interpretation of quan-

tum mechanics proposed by Bohr et. al. [4]. This interpretation reveals that the

observer forms a single, indivisibly combined system with the object to be observed.

This system can not be analysed correctly by dividing it into separate and distinct

parts. As a consequence, quantum theory generally makes no prediction about the

result of a single measurement, only the probability of the result can be calculated

[5].

Contrary to this Einstein intended to rescue local realism [3] and in an Gedanken-

experiment he motivated, together with Podolsky and Rosen [3], the extension of

quantum mechanics by additional parameters that nowadays are called local hidden

variables (LHV). Later on, Bell was able to predict that there is an upper bound for

the expectation value of spin correlation measurements using a simplified version of

the EPR Gedankenexperiment by Bohm [5]. This upper bound is not conform with

the predictions of quantum mechanics [6]. Bell distilled inequalities that revealed

parameters, which could be tested by experiments. A violation of these inequalities

could now reveal whether nature obeys local realism or not.

The first experiments testing Bell’s inequality were performed using entangled pho-

ton pairs generated in the cascade decay of calcium atoms [7, 8]. In an improved

experiment Aspect et al. [9, 10] also addressed, for the first time, the problem of
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1 Introduction

locality by performing a fast, though non-random switching of the measurement

bases [11].

Up to now, there have been many experiments testing Bell’s inequality and prac-

tically all observations were in favour of quantum mechanics. However, all these

experiments were subject to two major loopholes and therefore still allow in princi-

ple a local realistic description of the experiment.

The first one is the so-called locality loophole. It considers a possible remote in-

teraction between two distant measurement apparatus or two entangles particles

[5] as long as the two measurement events are not space-like separated [1]. In 1998,

Weihs et. al. [12] performed the first experimental violation of Bell’s inequality under

strict relativistic locality conditions with entangled photons. With this experiment

the locality loophole was closed, but due to the low detection efficiency of single pho-

tons, one still has to assume that the detected sample of photons behaves like the

whole ensemble. This fair sampling assumption gives rise to the next loophole, the

so-called detection loophole. The detection loophole describes, that the measured

sub-ensemble behaves according to quantum mechanics while the entire ensemble

still can be described by local realistic theories.

Atoms can be detected with high efficiency [13, 14] in contrast to photons. In 2001

Rowe et. al. [14] performed a test of Bell’s inequality using two entangled ions and

were thus able to close the detection loophole. However the distance between the

two ions in this experiment was vanishingly small, so the locality loophole was left

open.

Still, a final loophole free test of Bell’s inequality has to be performed because

no experiment has closed both loopholes simultaneously until now. Hence, strictly

speaking, a local realistic description of nature can not be fully ruled out so far.

One possibility to perform such a loophole free test could be to combine the high

detection efficiency of the internal states of single atoms [15, 16] with a space-like

separation of two independent setups. The key ingredient for such a test is the

entanglement between atoms and photons [13, 16]. In this way, one can combine

long-distance entanglement mediated by the photons and the high detection effi-

ciency of the atomic states.

Now, in the onset of the experiment described in this thesis, we start with two
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atoms at a distance far enough to ensure space-like separation. Next, each atom is

entangled with a single photon and the two photons are guided to an intermediate

location. A Bell state measurement on the photons swaps the entanglement [17, 18]

onto the atoms and we can detect the state of each atom with high efficiency. To

close the locality loophole, the detection of the internal state of the atoms must

be faster than the speed of light times the distance between the atoms. This can

be realised in the future via an enhanced, so-called ionisation detection of the atoms.

Overview The work done in this thesis contributes mainly to the grand project of

a loophole free test of Bell’s inequality. The necessary steps for the trapping and de-

tection of a single atom in an improved optical dipole trap are described. This new,

second trap allows a significantly tighter focus and thus higher collection efficiency

compared to the previous setup [13, 15, 16, 19].

The second chapter gives a short introduction into the main physical background

important for our experiment. In the third chapter the decay used to generate atom-

photon entanglement and estimations concerning the planned, improved detection

scheme for the internal atomic states now based on ionisation detection are ex-

plained. The fourth chapter describes the main experimental steps achieved during

this thesis. Hereby, the focus lies on the setup of the magneto-optical trap and the

optical dipole trap which will be used for the trapping of a single atom. Further-

more, the laser system, necessary for trapping, detection and ionisation of the atom,

will be presented. At the end of the chapter, first results observing a single atom

in the optical dipole trap will be discussed. Finally, the fifth chapter sums up the

calculations and the experimental results towards a final loophole-free test of Bell’s

inequality.
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2 Theory

The long-term goal of our experiment is the accomplishment of a loophole free

test of Bell’s inequality with two entangled atoms. Therefore this chapter will give

a short overview about entanglement [2, 5] and the derivation of Bell’s inequality

[6] inspired by the Einstein-Podolsky-Rosen paradoxon [3]. The second part gives

an overview about the atomic structure of 87Rb [20] and its interaction with light

[21, 22].

2.1 Entanglement

I will describe in this chapter the properties of spin-1/2 systems (qubits) within the

framework of quantum mechanics. The objections of Einstein, Podolski and Rosen

in their famous paper [3] to the Copenhagen interpretation of quantum mechanics

[4] are presented and a derivation of Bell’s inequality shows that the prediction of

quantum mechanics can not agree with the assumption of local realism. The next

step will be a possible application of entanglement of two qubits and furthermore

entanglement swapping and teleportation [18].

2.1.1 Spin-1/2 system

In contrast to a classical bit, in quantum mechanics a two-level system, the so-

called qubit, is allowed to be in a superposition state, which can be written as

|Ψ〉 = α |0〉+ β |1〉 (2.1)

4



2.1 Entanglement

with α, β ∈ C are the quantum mechanical amplitudes. If we consider a spin-1/2

system we can write the qubit as

|Ψ〉 = α |↑〉+ β |↓〉 . (2.2)

The probability to measure |↑〉(|↓〉) is given by |α|2 (|β|2), respectively, and the

normalisation condition requires |α|2 + |β|2 = 1. A global phase does not affect the

outcome of the measurement, so we can rewrite eq. 2.2

|Ψ〉 = cos
θ

2
|↑〉+ eıφ sin

θ

2
|↓〉 (2.3)

with θ, φ ∈ R.

In this way every quantum mechanical system with a two-dimensional degree of

freedom is equivalent to a qubit. Its state can be represented on the surface of a

Bloch sphere [23], determined by the angles θ and φ (see fig. 2.1).

The measurement process in quantum mechanics is described as the projection of

|Ψ〉 onto the eigenstates of a Hermitian operator A with the expectation value

〈A〉 = 〈Ψ| A |Ψ〉. For a spin-1/2 system the Pauli-matrices

σx =

(
0 1

1 0

)
, σy =

(
0 ı

−ı 0

)
, σz =

(
1 0

0 −1

)
(2.4)

form a set of complementary operators with the eigenvalues ±1 and the correspond-

ing eigenstates

|↑〉x =

√
1

2
(|↓〉z + |↑〉z) (2.5)

|↓〉x =

√
1

2
(|↓〉z − |↑〉z) (2.6)

|↑〉y =

√
1

2
(|↓〉z + ı |↑〉z) (2.7)

|↓〉y =

√
1

2
(ı |↓〉z + |↑〉z) (2.8)

where |↑〉z and |↓〉z are the eigenstates of σz.
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|↓>y

|↑>x

|↓>z

|↑>z

|↓>x

|↑>y

x

z

y

θ

φ

|Ψ>

Figure 2.1: The Bloch sphere: Every qubit state can be represented as a point on

the surface of the sphere and is defined by the spherical angles θ and φ.

2.1.1.1 Bell states

If we extend our considerations to a two qubit system we get a four dimensional

Hilbert space. This Hilbert space is not separable if the two qubits are entangled1

which means that the combined wave function |Ψ〉 can not be described as a tensor

product of the sub-states, hence

|Ψ〉 6= |Ψ〉a ⊗ |Ψ〉b . (2.9)

One important feature of these states is that the state |Ψ〉 is a well defined quantum

state in contrast to the single sub-systems |Ψ〉a or |Ψ〉b. We can not consider the

maximally entangled sub-systems |Ψ〉a or |Ψ〉b separately. The outcome of a mea-

surement on just one sub-state |Ψ〉a is random for every measurement basis A. On

the other hand we know the outcome of the measurement on |Ψ〉b in a definite basis

B with certainty, if we know the result of the measurement of |Ψ〉a in the basis A.

For two spin-1/2 systems we can find a set of four separable eigenstates |↑〉z |↑〉z,
1This can be realised in the spontaneous decay of a spin-0 particles as proposed by Bohm [5].
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2.2 Bell’s inequality

|↑〉z |↓〉z, |↓〉z |↑〉z and |↓〉z |↓〉z and define a new basis of four maximally entangled

states, the so-called Bell states:∣∣Ψ−〉 =

√
1

2
(|↑〉z |↓〉z − |↓〉z |↑〉z) (2.10)

∣∣Ψ+
〉

=

√
1

2
(|↑〉z |↓〉z + |↓〉z |↑〉z) (2.11)

∣∣Φ−〉 =

√
1

2
(|↑〉z |↑〉z − |↓〉z |↓〉z) (2.12)

∣∣Φ+
〉

=

√
1

2
(|↑〉z |↑〉z + |↓〉z |↓〉z) (2.13)

|Ψ−〉 is the antisymmetric singlet state and the other three are symmetric triplet

states. This means that exchanging the particles gives a global minus-sign on the

state (anti-symmetric) or the state remains the same (symmetric).

We can write the states 2.10-2.13 in complementary bases σx and σy. If we consider,

e.g., |Ψ+〉 we can write the transformations∣∣Ψ+
〉

=

√
1

2
(|↓〉x |↓〉x + |↑〉x |↑〉x) (2.14)

=

√
1

2

(
|↓〉y |↓〉y − |↑〉y |↑〉y

)
. (2.15)

In this way it is shown that an entangled state remains entangled when changing the

measurement basis as it is not possible to find a basis in which the state is separable.

This correlation of the two entangled systems is one of the key elements of quan-

tum mechanics. The discussion about the physical reality behind the measurement

results on entangled states led to the EPR paradoxon and the development of Bell’s

inequality.

2.2 Bell’s inequality

2.2.1 Einstein-Podolski-Rosen paradox

Analysing the states2 2.10-2.13 one observes a characteristic property. If we mea-

sure only one qubit in a basis A, the result is completely random, but if we measure

2Schrödinger called this state in 1935 entangled (verschränkt) [2].
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2 Theory

both in the same basis the result of the first qubit determines the result of the second

with certainty. The reason for this was discussed controversially from the beginning

of quantum mechanics [3, 4] until the present. The Copenhagen interpretation stated

that for a quantum mechanical system a physical property does not exist in a com-

mon sense until it is measured. The measurement process (the observation) provides

the system with the property.

Einstein’s objection against the interpretation that a observer has to be taken into

account led to the publication of the article Can quantum mechanical description of

physical reality be considered complete? [3] together with Podolski and Rosen. They

proposed three claims that should be fulfilled by a physical theory:

1. Completeness: every element of the physical reality must have a counterpart in

the physical theory [3].

2. Realism: If, without in any way disturbing a system, we can predict with cer-

tainty (i.e. with probability equals to unity) the value of a physical quantity,

then there exists an element of physical reality corresponding to this physical

quantity [3].

3. Locality: The real factual situation of the system S2 is independent of what is

done with the system S1, which is spatially separated from the former [24].

They proposed a Gedankenexperiment with two in space and momentum entangled

particles. Separated in space one performs a momentum and position measurement,

respectively. Measuring the position of particle 1 one can, according to quantum

mechanics, predict with certainty the outcome of a position measurement of particle

2, hence this position is an element of physical reality. In the same way one can

show that the momentum of particle 2 is an element of the physical reality as well,

resulting in a strong contradiction with the Heisenberg uncertainty principle.

This was in contradiction to quantum mechanics and N. Bohr replied [4] that the

definition of an element of reality has to be made with the experimental apparatus

included. Hence it is not justified to speak of the simultaneous reality of complemen-

tary degrees of freedom. He rejected their conclusion of quantum mechanics being

incomplete. There was no result in this discussion as it ended because of Einstein’s

8



2.2 Bell’s inequality

death. Einstein was a big authority in theoretical physics so people tried to justify

his claims. They developed theories with hidden variables, i.e. variables attached

on the particle that are not described by quantum mechanics, but are an object of

physical reality. These local hidden variables (LHV) should completely determine

the measurement results of the particles.

The momentum-space entanglement in EPR’s Gedankenexperiment was mathemat-

ically difficult due to the infinite dimensions in the corresponding Hilbert space.

Bohm developed a similar formulation using spin-1/2 particles in the spin singlet

state |Ψ−〉 generated by the decay of a spin-0 system that were easier to deal with

[5]. Based on these considerations Bell derived his inequality [6].

2.2.2 Bell’s inequality

The question Bell considered is: Do theories with local-hidden variables make

predictions different from those of quantum mechanics? Until 1964 there was no

criterion to distinguish between local realism and quantum mechanics, but J.S. Bell

pointed out [6] that theories, based on Einstein’s local realism principle, must predict

measurement outcomes in disagreement with the predictions of quantum mechanics

and he derived an inequality using these observables that allows to distinguish the

predictions of quantum mechanics from LHV theories.

For the derivation we assume a large number of spin-1/2 particles in a LHV-world3

and a certain fraction of them has the following properties [22, 25]:

• If Sz is measured, we obtain a plus sign with certainty.

• If Sx is measured, we obtain a minus sign with certainty4.

3To distinguish particles in a LHV world and in a quantum mechanical world, states of the former

are written as |±〉 and quantum mechanical states are written as |↑↓〉.
4Proponents of alternative theories agree that we are not able to determine Sx and Sz simulta-

neously, but we do not assert to be able to measure them simultaneously. We just label our

particles (i.e. hidden variables) with a definite value in more than one direction.
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2 Theory

A particle that satisfies these requirements belongs to the state5 |+z,−x〉. This is

diametrically opposed to quantum mechanics but the source provides particles in

the state |+z,−x〉 and |+z,+x〉 with equal probability. Performing an Sz and Sx

measurement the predictions of quantum mechanics for ||↑〉z〉 are reproduced by the

provided ensemble.

Now we assume we have two particles. The entire system is supposed to be in the

singlet state, so in order to reproduce the predictions of quantum mechanics the two

particles have to be in the following states:

particle 1 particle 2

|+z,−x〉 ↔ |−z,+x〉 (2.16)

|+z,+x〉 ↔ |−z,−x〉 (2.17)

|−z,+x〉 ↔ |+z,−x〉 (2.18)

|−z,−x〉 ↔ |+z,+x〉 (2.19)

and all states should be equally populated with 25% each. According to EPR’s

locality assumptions we can conclude:

If observer A, let’s call her Alice, measures Sz on particle 1 of 2.16, her result is

+1 with certainty. This is independent of the measurement of observer B, Bob, to

ensure that the outcome of Alice’s measurement does not depend on the basis Bob

chooses to measure (locality condition).

We have no contradictions to the predictions of quantum mechanics so far, but, if we

extend our model, it will lead to predictions different from the quantum mechanical

ones.

We consider now three measurement bases defined by three unit vectors â, b̂, ĉ

that in general are not mutually perpendicular. If we now consider |−a,+b,+c〉 as a

particle in a defined state and perform measurements on it we get the results

• −1 along â

• +1 along b̂

5This is just one particle, but it has two variables that define its state. This is exactly what a

local hidden variable theory would say.
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2.2 Bell’s inequality

Population particle 1 particle 2

N1 |+a,+b,+c〉 |−a,−b,−c〉
N2 |+a,+b,−c〉 |−a,−b,+c〉
N3 |+a,−b,+c〉 |−a,+b,−c〉
N4 |+a,−b,−c〉 |−a,+b,+c〉
N5 |−a,+b,+c〉 |+a,−b,−c〉
N6 |−a,+b,−c〉 |+a,−b,+c〉
N7 |−a,−b,+c〉 |+a,+b,−c〉
N8 |−a,−b,−c〉 |+a,+b,+c〉

Table 2.1: All possible anticorrelated spin states with hidden variables and their

populations Ni ∈ [0, 1].

• +1 along ĉ

The particles still have to fulfil relations similar to eq. 2.16-2.19. In our case particle

2 has to show perfect anticorrelations of the measurement results [26] and has to be

in the state |+a,−b,−c〉. With permutations we get the eight states in tab. 2.1 that

are mutually exclusive and have the population Ni.

Alice now measures e.g. S1 · â to be +1 on particle 1 and Bob the same for S2 · b̂
on particle 2, so the system must be either in the state 3 or 4 according to tab. 2.1.

The population of every single state is non-negative and hence we must have

N3 +N4 ≤ (N2 +N4) + (N3 +N7). (2.20)

P(|+a,+b〉) is the probability that Alice measures S1 · â the result +1 and Bob

obtains the result +1 for measurements in the bases S2 · b̂. Apparently we get

P(|+a,+b〉) =
(N3 +N4)∑8

i=1Ni

(2.21)

P(|+a,+c〉) =
(N2 +N4)∑8

i=1Ni

(2.22)

P(|+c,+b〉) =
(N3 +N7)∑8

i=1Ni

. (2.23)

11



2 Theory

θab

θ

â-direction

b-direction

c-direction

Figure 2.2: Definition of the angles between the measurement directions â, b̂ and ĉ.

Rewriting eq. 2.20, we get the inequality

P(|+a,+b〉) ≤ P(|+a,+c〉) + P(|+c,+b〉) (2.24)

that should be fulfilled by every theory based on EPR’s locality and realism prin-

ciple. This inequality is one version of Bell’s inequality that allows now to distinguish

between EPR’s locality and realism principle and quantum mechanics [22, 25].

2.2.3 Quantum mechanical predictions

We now want to calculate the terms in eq. 2.24 in the framework of quantum

mechanics. In contrast to the above, we are not talking about fractions of particle

pairs Ni/
∑8

i=1Ni with different properties, but have the whole ensemble in the

singlet state ∣∣Ψ−〉 =

√
1

2
(|↑〉z |↓〉z − |↓〉z |↑〉z) , (2.25)

which shows anticorrelation in any measurement basis.

If Alice finds S1·â to be positive than Bob must get a negative sign when he measures

S2 · â. To evaluate the probability P(|+〉a |+〉b) we set the quantisation axis b̂ to
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2.2 Bell’s inequality

enclose an angle θab with respect to â as shown in fig. 2.2. Bob’s particle has to be

in an eigenstate of S2 · â with negative eigenvalue, so the probability that the S2 · b̂
measurement yields a positive value is sin2 θab

2
and we get

P(||↑〉a , |↑〉b〉) =
1

2
sin2 θab

2
, (2.26)

where the factor 1/2 comes from the fact that Alice’s measurement result +1 has the

probability 1/2. In the same way we get the values for P(||↑〉a |↑〉c〉) and P(||↑〉c , |↑〉b〉)
and putting these terms into Bell’s inequality we obtain

sin2 θab

2
≤ sin2 θac

2
+ sin2 θcb

2
. (2.27)

If we choose â, b̂ and ĉ to lie in a plane and ĉ bisect the angle defined by â and b̂:

θac = θcb = θ (2.28)

θab = 2θ, (2.29)

we get

sin2 θ ≤ 2 sin2 θ

2
. (2.30)

In this way eq. 2.27 is violated for

0 < θ <
π

2
(2.31)

and thus the quantum mechanical predictions are not compatible with Bell’s in-

equality as we get, for example, for θ = π
4

0.500 ≤ 0.292. (2.32)

This is obviously a wrong statement. With this inequality we now have a way to

decide experimentally if physical reality can be described by means of local realism

or not.

2.2.4 Loopholes

The violation of 2.27 was observed in many experiments [9, 10, 11, 12, 14]. How-

ever, a violation of this inequality does not necessarily rule out all LHV theories.

What one has to take care of are two loopholes that arise in all of these experiments:
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Figure 2.3: Space-time diagram of the experimental process in a suggested loophole

free Bell test: Each atom emits a photon which polarisation is entangled

with the internal atomic state. At the junction of the two photons a Bell

state measurement (BSM) is performed. If the two photons are in the

state |Ψ−〉, classical information is sent back and the state of the atoms

is measured whereby the entire procedure to measure the state of the

atom must been completed within the time τmeasurement < c · (x1 − x2).

14



2.2 Bell’s inequality

1. Detection loophole: If only a certain subset of the entangled particles is de-

tected, one has to assume that they are a representative sample of the entire

ensemble. In order not to have to rely on this fair sampling assumption a large

fraction of the entangled particles must be detected.

2. Locality loophole: One fundamental request of Einstein was the independence

of the measurement processes, when the two particles are far separated. If

one assumes that no interaction faster than the speed of light is possible this

requires that the two experimental apparatus’ have to be space-like separated

with respect to their measurement time (see fig. 2.3).

The experiments to observe a violation of Bell’s inequality used either entangled

photons [12] or entangled trapped ions [14]. The detection efficiency of ions is very

high but the distance between the two ions was too small to close the locality

loophole. In the former experiment entangled photons were used under strict locality

conditions but the detection efficiency was very low.

2.2.5 Applications of entanglement

The concept of entanglement is not just interesting for the fundamental concepts

of nature but also has some practical implications. It is the basic ingredient for

almost all quantum information applications [18]. This chapter will give a short

introduction into the main applications namely quantum teleportation and entan-

glement swapping.

2.2.5.1 Quantum teleportation

One problem in quantum information experiments is the transfer of an unknown

quantum state to a remote location. Measuring the unknown state and sending the

result to Bob is not possible as the measurement will destroy the quantum state

and the information necessary for its reconstruction is lost6. With the quantum

6After the measurement the particle is in an eigenstate of the Hamiltonian applied, not in the

original state.
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entangled
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local unitary
transformation

|ψ1>
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|ψ23>

|Φ->
|Φ+>

|Ψ+>
|Ψ->

measurement result

Alice Bob

Figure 2.4: Principle of quantum teleportation: The initial state |ψ1〉 expands the

Hilbert space of the entangled pair. The result of the Bell state mea-

surement of Alice is reported classically to Bob and with a local unitary

transformation |Ψ1〉 is transfered to particle 3.

teleportation protocol [27] we can overcome this problem and we can transfer the

unknown state |Ψ〉1 = (α |↑〉+ β |↓〉)1 from Alice to Bob without sending the particle

itself. In this protocol Alice and Bob initially share a pair of entangled particles in

the state |Ψ−〉.
Assuming the initial particle to be in the state |Ψ〉1 and labelling the entangled pair

by 2 and 3, we can write the combined three particle state in the following way:

|Ψ〉 = |Ψ〉1 ⊗ |Ψ〉23 = (α |↑〉+ β |↓〉)1 ⊗ (|↑〉 |↓〉 − |↓〉 |↑〉)23 /
√

2 (2.33)

reformulating we get

|Ψ〉 =
1

2

[∣∣Ψ−〉
12

(−α |↑〉3 − β |↓〉3)

+
∣∣Ψ+

〉
12

(−α |↑〉3 + β |↓〉3)

+
∣∣Φ−〉

12
(+α |↓〉3 + β |↑〉3)

+
∣∣Φ+

〉
12

(+α |↓〉3 − β |↑〉3)
]

(2.34)

If now Alice performs a measurement of the initial particle 1 and particle 2 from
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entangled
pair 2

entangled
pair 1

Bell state
measurement

classical information local unitary
transformation

|ψ23>|ψ01>

|ψ03>

Figure 2.5: Principle of entanglement swapping: Two entangled atom-photon pairs

are generated. The photons 1 and 2 are subjected to a Bell state mea-

surement. This measurement projects the two atoms 0 and 3 onto an

entangled state |Ψ03〉.

the entangled state in the Bell basis, particle 3 is left in one of the four states of

eq. 2.34. E.g. if Alice measures |Ψ−〉12 particle 3 is in the state |Ψ〉 = α |↑〉 + β |↓〉
(neglecting a global phase). For the other three possible outcomes Bob has to perform

one of three unitary transformations U necessary to transform the state of particle

3 into the original state of particle 1 (see fig. 2.4). For this, Alice has to send the

measured result (2 bit of classical information) to Bob, but not more.

The unitary transformations are the following. If Alice measures |Ψ+〉12 Bob has

to flip the sign of the particle, for |Φ−〉12 he has to flip the spin and for |Φ+〉12

both transformations have to be applied. In this way the initial state of particle 1

is reconstructed on the remote particle 3.

2.2.5.2 Entanglement swapping

We now take two entangled pairs with which we can expand the teleportation

mechanism to create two entangled particles that never interacted before [17]. The

difference to the former case is that particle 1 itself now is a part of an entangled

17
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pair in the state |Ψ−〉01 as shown in fig. 2.5. The entire state 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

)
(2.35)

Then the particles 0 and 3 are in one of the four Bell states 2.16-2.19, if Alice

performs a Bell state measurement on the particles 1 and 2. Applying the unitary

transformation U on one side conditioned upon measurement outcome the initial

state |Ψ〉01 gets teleported onto the state |Ψ〉03 as in the preceding chapter.

The entanglement swapping protocol is very important for applications in quantum

communication and quantum computing, namely the setup of a quantum network

and quantum repeater [28].

2.3 Quantum mechanical basics of 87Rb

We use 87Rb in our experiment. This element is an alkaline metal with only one

valence electron (e−). The structure of the atomic transitions is well suited for our

experiment as it approximates a Λ decay scheme [13, 15, 16]. It can be trapped in

a magneto-optical trap and in an optical dipole trap and hence we can get a single
87Rb atom for the experiment.

2.3.1 Fine structure

The transitions
∣∣52S1/2

〉
→
∣∣52P1/2

〉
and

∣∣52S1/2

〉
→
∣∣52P3/2

〉
from the ground to

the first excited state form a fine-structure doublet that is not degenerate. It occurs

as a result of the coupling between the orbital angular momentum L and the spin

angular momentum S of the valence electron. In order to obtain the new angular

momentum eigenstates (see in Eq. A.5), we can define a new operator

J = L ⊕ S (2.36)

and the corresponding eigenvalues lie in the range

|L− S| ≤ J ≤ L+ S. (2.37)
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2.3 Quantum mechanical basics of 87Rb

Applying J on a state |Ψ〉 of 87Rb we get

J 2 |Ψ〉 = J(J + 1)~2 |Ψ〉 (2.38)

Jz |Ψ〉 = mJ~ |Ψ〉 . (2.39)

The energy of every particular level is shifted according to the value of J .

In our case of 87Rb in the ground state
∣∣52S1/2

〉
the valence e− has the principal

quantum number n = 5. The spin of the e− is 1/2 and hence in the ground state L =

0 leads to J = 1/2. In the first excited state, the spin-orbit coupling causes a split of

the energies (≈ 0.0295eV or ≈ 14.7nm) between the transition
∣∣52S1/2

〉
→
∣∣52P1/2

〉
and

∣∣52S1/2

〉
→
∣∣52P3/2

〉
, where L = 1 and hence we have a fine structure with two

levels,
∣∣52P1/2

〉
and

∣∣52P3/2

〉
. They are easily distinguishable in ordinary absorption

spectroscopy measurements and belong to the D1- and D2-line, respectively. This

nomenclature is based on the transitions of sodium where they were first observed

experimentally and led to the postulation of an electron spin in the year 1925 [29].

2.3.2 Hyperfine structure

The total electron angular momentum J also couples to the total nuclear angular

momentum I which is I = 3/2 for 87Rb . We get the total angular momentum of

the atom by

F = J ⊕ I (2.40)

and as above

|J − I| ≤ F ≤ J + I. (2.41)

For the 87Rb ground state
∣∣52S1/2

〉
and the excited state

∣∣52P1/2

〉
, F can take values

F = 1 or F = 2 and for the exited state,
∣∣52P3/2

〉
, F can take all the values

F = 0, 1, 2, 3.

The energy shifts of these levels are in the GHz range, hence much smaller than the

fine structure. The Hamiltonian describing the hyperfine structure for each of the

D-line components is [30]

Hhfs = AhfsI · J +Bhfs

3(I · J )2 + 3
2
(I · J )− I(I + 1)J(J + 1)

2I(2I − 1)J(2J − 1)
. (2.42)
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Magnetic Dipole constant, 52S1/2 A52S1/2
h · 3.41734130545215(5) GHz [31]

Magnetic Dipole constant, 52P1/2 A52P1/2
h · 408.328(15) MHz [32]

Magnetic Dipole constant, 52P3/2 A52P3/2
h · 84.7185(20) MHz [33]

Electric quadrupole constant, 52P3/2 B52P3/2
h · 12.4965(37) MHz [33]

Table 2.2: 87Rb D-transition hyperfine structure constants

The energy shift between the single levels denotes as

∆Ehfs =
1

2
AhfsK +Bhfs

3
2
K(K + 1)− 2I(I + 1)J(J + 1)

2I(2I − 1)2J(2J − 1)
(2.43)

with K = F (F +1)−I(I+1)−J(J+1). Ahfs and Bhfs are the magnetic dipole and

the electric quadrupole constants, respectively, and are listed in Table 2.2. These

values arise from high accuracy measurements described in [31, 32, 33].

2.3.3 Zeeman-effect

For each hyperfine level with quantum number F (see Eq. A.13), there exist 2F+1

magnetic sublevels that are degenerate. This degeneracy is broken by applying an

external magnetic field, and the interaction is described by the Hamiltonian

HB =
µB

~
(gSS + gLL+ gII)

=
µB

~
(gSSz + gLLz + gIIz) . (2.44)

In the case of 2.44 we took the ~B-field to be along the z-direction. Whenever

the energy shift caused by the magnetic field is small compared to the hyperfine

splitting, 2.44 reduces to

HB = µBgFFzBz (2.45)

with the Landé gF -factor quoted in fig. 2.6.

2.4 Interaction of light with a single atom

Until now we considered only an isolated free atom. Next we extend our consid-

erations to an atom in an electro-magnetic field. Since light fields affect the internal
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Figure 2.6: Level scheme of 87Rb (not to scale)
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states of the atom I will sketch theoretical aspects of light-matter interaction which

are relevant for the understanding of various experimental techniques [21, 34, 35].

2.4.1 The interaction Hamiltonian

The time-dependent Schrödinger equation for an atom interacting with an elec-

tromagnetic field is

HΨ(r, t) = ı~
∂Ψ(r, t)

∂t
. (2.46)

The Hamiltonian H = H0 +H′ is composed of the Hamiltonian of the free atom H0

and the Hamiltonian H′ which describes the interaction with the electro-magnetic

field. For H0 we get a complete set of orthogonal spatial eigenfunctions φk(r) with

the eigenvalues ~ωk. Therefore one can decompose any Ψ(r, t) in the basis of the

φk(r)

Ψ(r, t) =
∑

k

ck(t)φk(r)e
−ıωkt. (2.47)

Inserting this into Eq. 2.46 we get

ı~
dcj
dt

=
∑

k

ck(t)H′
jke

ıωjkt (2.48)

with H′
jk = 〈φj|H′ |φk〉 and ωjk = ωj − ωk. As the classical electric field E(r, t) =

E0 cos(kz−ωlt) interacts with the electric dipole d of the atom the Hamiltonian H′

can be written as

H′ = E(r, t) · d = E0 · d cos(kz − ωlt) (2.49)

assuming the volume of interaction of the electric field with the atom is smaller than

the wavelength of the light (electric dipole approximation). Now we get

H′
jk = 〈φj|E0 · d cos(kz − ωlt) |φk〉

= 〈φj|E0 · d |φk〉 cos(kz − ωlt)

= ~Ωjk cos(kz − ωlt)

where we defined the Rabi-frequency as Ωjk = 1
~ 〈φj|E0·d |φk〉. These Rabi-frequencies

describe the coupling strength between the atom and the electro-magnetic field de-

pending on the transition dipole moment 〈φj|d |φk〉.
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Figure 2.7: Rabi-oscillations of a two-level system without spontaneous decay. For

increasing detuning δ the amplitude of the oscillations decreases and the

frequency Ω′ increases.

2.4.2 Rabi oscillations

If we consider a two level atom with the ground state |g〉 and the excited state

|e〉 the state of the atom can be written as

|Ψ(t)〉 = cg(t) |g〉+ ce(t) |e〉 (2.50)

with |cg|2 + |ce|2 = 1. We want to drive the system to the excited state with an

electro-magnetic wave E(r, t) = E0 cos(kz − ωlt). The electro-magnetic field has a

detuning δ = ωl − ωge to the atomic transition frequency. Inserting this into eq.

2.48 and neglecting terms oscillating with eı(ωl+ωge) compared to oscillation terms

eı(ωl−ωge) we get the population probabilities7

cg(t) =

(
cos

Ω′t

2
− ı

δ

Ω′ sin
Ω′t

2

)
e

ıδt
2 (2.51)

ce(t) = −ı Ω
Ω′ sin

Ω′t

2
e−

ıδt
2 (2.52)

with Ω′ =
√

Ω2 + δ2. This frequency is called Rabi frequency. On resonance , i.e.

δ = 0, the Rabi frequency is equal to the frequency with which the population

7This approximation is called rotating wave approximation (RWA) [21].
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probabilities |cg|2 and |ce|2 oscillate (see fig. 2.7).

If we apply a light pulse of length Tπ = π
Ω

for δ = 0, starting in the ground state |g〉
the probability that the atom is in the excited state |e〉 is unity. These pulses are

called π-pulses.

2.4.3 Optical Bloch equations

So far we did not consider spontaneous decay of the atom from the excited state

|e〉. To describe this effect we have to introduce the density operator [21]

ρ = |Ψ〉 〈Ψ| , (2.53)

that is Hermitian. All information about a system in a pure state is stored in the

wave function |Ψ〉. We can determine the expectation values of the operator A by

〈A〉 = 〈Ψ| A |Ψ〉 (2.54)

If we expand the wavefunction in a basis set {|φn〉} we can write |Ψ〉 as

|Ψ〉 =
n∑

i=1

ci |φi〉 . (2.55)

In this way the matrix elements of ρ become

ρij = 〈φi| ρ |φj〉 = 〈φi|Ψ〉 〈Ψ|φj〉 = cic
∗
j (2.56)

and the normalisation of the wavefunction yields Tr(ρ)=〈Ψ|Ψ〉 = 1.

The diagonal matrix elements are the probabilities |cj|2 ∈ [0, 1] to be in the state

|φi〉, whereas the off-diagonal elements cic
∗
j are called coherences depending on the

phase difference between ci and cj.

In this way we can rewrite eq. 2.54

〈A〉 =

〈∑
i

ciφi

∣∣∣∣∣A
∣∣∣∣∣∑

j

cjφj

〉
= Tr(ρA) (2.57)

and for the pure state we get

ρ =

(
cec

∗
e cec

∗
g

cgc
∗
e cgc

∗
g

)
. (2.58)
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ρ contains n2 independent parameters even as ρ is Hermitian.

If we now consider a statistical mixture of several states {|Ψn〉} we can not describe

the system with a single, pure wavefunction. The density operator hence reads

ρ =
∑

i

pi |Ψi〉 〈Ψi| , (2.59)

where pi is the statistical probability that the system is in the state |Ψi〉.
The time evolution of ρ has to satisfy the Schrödinger equation 2.46

ı~
∂ρ

∂t
=
∑

i

pi (H |Ψi〉 〈Ψi| − |Ψi〉 〈Ψi|H) (2.60)

and hence we get for the time evolution of the density matrix:

ı~
dρ

dt
= [H, ρ] . (2.61)

Now we can use the density operator to describe spontaneous decay. The sponta-

neous decay from the excited state leads to additional loss from |e〉 to |g〉 in addition

to the coherent dynamic and the time evolution of the excited states becomes

dρee

dt
= −γρee. (2.62)

The set of differential equations we obtain for our case of a two level atom in the

rotating frame, using RWA,

dρgg

dt
= γρee +

ı

2
(Ω∗ρ̃eg − Ωρ̃ge)

dρee

dt
= −γρee +

ı

2
(Ωρ̃ge − Ω∗ρ̃eg)

dρ̃ge

dt
= −

(γ
2

+ ıδ
)
ρ̃ge +

ıΩ∗

2
(ρee − ρgg)

dρ̃eg

dt
= −

(γ
2
− ıδ

)
ρ̃eg +

ıΩ∗

2
(ρgg − ρee) (2.63)

with ρ̃ge = ρgee
ıδt. These equations are called the optical Bloch equations (OBE).
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2.4.3.1 Steady-state solutions of the Optical Bloch equations

We can use some relationships of the four differential equations to come to a steady

state solution of eq. 2.63. First of all we have ρgg + ρee = 1 because of population

conservation and dρgg

dt
= −dρee

dt
. Using the fact ρge = ρ∗eg and defining the population

difference w = ρgg − ρee we see that

dρ̃eg

dt
= −

(γ
2
− ıδ

)
ρ̃eg +

ıΩw

2
(2.64)

dw

dt
= −γw − ı

(
Ωρ̃∗eg − Ω∗ρ̃eg

)
+ γ (2.65)

which are different from the equations 2.51 and 2.52 not including spontaneous decay

as shown in fig. 2.7.

First of all we want to get the steady-state solution so we set all the time derivatives

to zero
dρ̃eg

dt
= 0 =

dw

dt
(2.66)

and we get

w =
1

1 + s
(2.67)

ρ̃eg =
ıΩ

2(γ
2
− ıδ)(1 + s)

. (2.68)

The saturation parameter s is given by

s =
|Ω|2

2
∣∣(γ

2
− ıδ

)∣∣2 =
|Ω|2/2

δ2 + γ2/4
(2.69)

Introducing an on-resonance (δ = 0) saturation parameter

s0 =
2|Ω|2

γ2
=

I

Is
(2.70)

the last equation becomes

s =
s0

1 + (2δ/γ)2
(2.71)

with the saturation intensity given by

IS =
2π2~c
3λ3τ

, (2.72)
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Figure 2.8: Steady state population of |e〉 depending on the detuning δ for various

saturation parameters.

where τ is the lifetime of the excited state. In this way one can rewrite the population

of the excited state for t→∞

ρ∞ee =
1

2
(1− w) =

s

2(1 + s)
=

s0

1 + s0 + (2δ/γ)2
(2.73)

We can distinguish between the two cases, s � 1 and s � 1. For low intensities

mainly the ground state is populated, as lims→0 ρee = 0. Increasing the intensity of

the driving field i.e. the laser power, the excited state population ρee saturates to

1/2.

We can calculate the scattering rate Γ, the number of photons scattered by the atom

and re-emitted isotropically during the decay back to the ground state, when the

absorption and decay rate are equal.

Γ = γρ∞ee =
s0γ/2

1 + s0 + (2δ/γ)2
=

s0

1 + s0

γ/2

1 + (2δ/γ′)2
(2.74)

with the power-broadened line width γ′ =
√

1 + s0γ of the transition.

On resonance the maximum scattering rate is Γ = γ
2
. This occurs as on resonance

half of the population is in the excited state in contrast to off-resonant excitation
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|δ| > 0. With higher intensities s0 the linewidth of the absorption line is broadened

due to power saturation (see fig. 2.8).

2.5 Trapping of a single atom

To realise our experiment with a single atom, a technique for single atom trapping

is required. This is done in two steps. The first one is to trap a cloud of atoms

(≈ 20000, see fig. 4.14) inside a magneto-optical trap. This provides us with a

reservoir of cold atoms from where atoms can be loaded into an optical dipole trap

(ODT) formed by a far red-detuned laser beam focused to 1 µm. For such tight

beam focus a blockade mechanism [36] prevents loading of more than one atom into

the trap.

2.5.1 Magneto-optical trap

The magneto-optical trap is widely used for the trapping of neutral atoms. It

employs both optical and magnetic fields and was first demonstrated in 1987 [37].

The trap is operated with an inhomogeneous magnetic field and exploits the Doppler

shift for cooling and the Zeeman splitting for trapping.

2.5.1.1 Trapping mechanism

I will explain the process of trapping in a magneto-optical trap on a simplified

model of an atom. In this case the atom has only one magnetic sublevel in the ground

state and three sublevels in the excited state. The magnetic field is a quadrupole

field with a zero point and a linearly increasing field in its direct vicinity. The

sublevels of the excited state split due to the Zeeman effect (see Eq. 2.44) and

the transition frequencies are changed by ωZ = µ′B/~ with µ′ = (geme − ggmg)

the effective magnetic moment of the used transition (see fig. 2.6). For the two

counterpropagating circularly polarised laser beams of equal intensity, detuned by δ

below resonance, the absorption rate of the atoms changes as the appropriate levels

get shifted towards resonance or become more off-resonant. Thus an atom at rest has

an equal radiation pressure from both sides only in the zero point of the magnetic
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Figure 2.9: Schematic arrangement for a magneto-optical trap [21]

field. This leads to an confinement at the origin. The second effect is the Doppler

shift. When the atom is moving towards the incident beam it is closer to resonance.

In this way, it absorbs more light coming from this direction and is slowed down.

This leads to overall cooling of the atom velocity.

In the terms of fig. 2.9 and 2.10, an atom moving to the right at a position z > 0

absorbs with higher probability light from the σ− beam. This way, the atom is

decelerated, since a photon is absorbed from the right side, but the re-emission

is isotropically. Hence the atoms experience a force back to the origin. The same

happens on the other side when z < 0 with the signs changed.

The force experienced by the atom can be written as

~F± = ±~~kγ
2

s0

1 + s0 + (δ±/γ)2
(2.75)
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Figure 2.10: Position dependent Zeeman-shifts in a magneto-optical trap:

z < 0: The me = −1 gets lifted off-resonant (left).

z = 0:The Zeeman levels are degenerate (middle).

z > 0: The me = −1 is shifted towards the light field frequency (right).

with the detuning

δ± = δ ∓ ~k · ~v ± µ′B/~. (2.76)

As we have to trap 87Rb atoms, the level scheme is more complicated as in the

description above. The main difference is the hyperfine structure, so 87Rb can absorb

off-resonant light and get excited into the
∣∣52P3/2, F = 2

〉
state (see fig. 2.11). From

there it can decay to the
∣∣52S1/2, F = 1

〉
state. In this case it would stop scattering

light. To counteract this we excite it back to
∣∣52P3/2, F = 2

〉
with repump light as

illustrated in fig. 2.11 and keep the atom in the cooling cycle.

2.5.2 Optical dipole trap

The trapping of a single atom is a crucial step in our experiment. Provided with

a reservoir of cold atoms by the magneto-optical trap we load the optical dipole

trap with a single atom.This chapter gives a short introduction about the trapping

mechanism and the forces that arise from the interaction with off-resonant laser

light.

A light beam induces a dipole moment of the atom due to the oscillatory electric

field and this generates a potential either attractive or repulsive, depending whether
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F=3

F=2

F=2

F=1

F=1

F=0

5 2S1/2

5 2P3/2

780.241nm

Cooling Repump

Figure 2.11: Level scheme of 87Rb for the magneto-optical trap

the light field is red or blue detuned from the atomic transition. We are using a red

detuned optical dipole trap, so the force is attractive and the trap centre is at the

position of the highest electric field, i.e. the focus of the laser beam.

2.5.2.1 Oscillator model

In an optical dipole trap the oscillating electric field of the trap beam induces a

dipole moment d = α(ω)E oscillating with the same frequency ω as the driving field

E. Here α is the complex polarisability of the atom, different from the polarisabilities

of Tab. 3.2 as these are valid only for the DC stark shift. On the basis of the classical

Lorentz oscillator model [38] one can derive

α = 6πε0c
3 Γ/ω2

0

ω2
0 − ω2 − ı(ω3/ω2

0)Γ
. (2.77)

with ω0 being the atomic transition frequency and Γ the on-resonance damping

rate. Semiclassically α can be computed with a two level atom interacting with a
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radiation field. The potential of the interaction between the electric field and the

dipole moment is

Udip = −1

2
〈dE〉 = − 1

2ε20c
<(α)I (2.78)

with I = 2ε0cE
2
0 indicating the mean intensity of the trap beam and the brackets

denote the time averages over the fast oscillating terms. Here we see that the poten-

tial is proportional to the intensity and the real part of the polarisability, whereas

the imaginary part of the polarisability is proportional to the scattering rate

Γsc =
Pabs

~ω
= −

〈
ḋE
〉

~ω
= − 1

~ε0c
=(α)I (2.79)

When Γsc � Γ the Lorentzian and the semiclassical picture have the same results.

The damping rate Γ is given by

Γ =
ω3

0

3πε0~c3
| 〈e| d̂ |g〉 |2, (2.80)

where d̂ is the electric dipole operator connecting the ground and excited states.

Putting all together we can get the dipole potential and the scattering rate in the

RWA

Udip = −3πc2

2ω3
0

(
Γ

ω0 − ω
+

Γ

ω0 + ω

)
I(r) ≈ 3πc2

2ω3
0

Γ

∆
I(r) (2.81)

Γsc =
3πc2

2~ω3
0

(
Γ

ω0 − ω
+

Γ

ω0 + ω

)2

I(r) ≈ 3πc2

2~ω3
0

(
Γ

∆

)2

I(r) (2.82)

with ∆ = ω − ω0 the detuning of the trap beam relative to the atomic resonance.

Dipole traps often use a focused laser beam so the intensity gets maximal in the

focus. We have to distinguish two cases:

• ∆ < 0: Udip is negative and the atom gets attracted to the maximum of the

so-called red detuned light field,

• ∆ > 0: Udip is positive and the atom experiences a repulsive force out of the

focus.

In our case ∆ < 0 and we get a conservative potential as drawn in fig: 2.12. Scattering

light of the MOT beams effects friction and an atom is loaded from of the magneto-

optical trap into the optical dipole trap.
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z

z

y

Udip

r

Figure 2.12: The upper figure shows the waist of the focused laser beam around the

origin and the lower figure shows the potential induced by the light field

in the z-y-plane. In our setup we get a maximum trap depth of 1 mK
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2.5.2.2 Quantum mechanical approach

In a fully quantum mechanical description the dipole trap effect can be treated as a

second-order perturbation effect [22] of the atom with the perturbation Hamiltonian

HED = −d̂Ê. For non-degenerate states we get an energy shift ∆Ei of

∆Ei =
∑
j 6=i

| 〈j|HED |i〉
Ei − Ej

(2.83)

with Ei as the eigenvalues of the unperturbed Hamiltonian in the dressed state

picture (see fig. 2.13).

We have a light field of frequency ω and photon number N . In the first case, the

atom is in the ground state |i〉 and the light field consists of N photons, so the

unperturbed energy Ei of the system is Eg = N~ω. In the second case, the atom is

excited to the state |j〉 with the eigenvalue ~ωj by absorbing one photon, the energy

of the unperturbed system Ej = ~ωj +(N−1)~ω = ~∆j +N~ω, where ∆j = ωj−ω0

is the detuning of the light field to the atomic transition.

If we look at a simplified two level atom, eq. 2.83 becomes

∆Eg/e = ±| 〈e| d̂ |g〉 |
2

∆
|E(~r)|2 = ±3πc2

2ω3
0

Γ

∆
I(~r) (2.84)

for the ground and excited states respectively.

The potential is the same as in the classical picture, but here the origin of the

attractive force is generated by the light shift. As the atom is at low saturation

mainly in the ground state the light shift of the ground state causes the relevant

trapping potential.

Multi-level atoms: In the real experiment the atomic structure is more compli-

cated. To get the trapping potential right we have to include the substructure into

our calculations. We take all possible matrix elements d̂ij = 〈gi| d̂ |ej〉 into account

and introduce the reduced dipole matrix element ||d|| depending on the wavefunc-

tion of the e− and directly related to the decay rate of the transition we are dealing

with. So the matrix elements reduce to

dij = cij||d||. (2.85)
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|e, N>

|e, N+1>
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∆E

ħω0

dressed statebare state

Figure 2.13: Dressed state picture:

The interaction between the atom and the light gives rise to an energy

shift ∆E (light shift) of the ground |g〉 and excited |e〉 state. The bare

states have the transition frequency ω0 and the light field’s frequency

is ω.

The coefficients cij ∈ R specify the transition strengths of the specific sublevels.

These depend on the applied light field polarisations and the angular momenta of

the respective atomic levels [21, 22].

We can neglect higher excited states in our calculations for the dipole potential [15].

Rubidium-87 Neglecting further excited states than the first one, we can calculate

the dipole potential according to eq. 2.83. This is the case if the hyperfine splitting of

both the 52S1/2 and 52P3/2 states are smaller than the detuning ∆ of the trap laser.

For the ground state 52S1/2 with the total angular momentum F and the magnetic

quantum number mF , we get for the dipole potential

Udip =
πc2Γ

2ω3
0

(
2 + ℘gFmF

∆2,F

+
1− ℘gFmF

∆1,F

)
· I(r) (2.86)

with gF the atomic Landé factor, ℘ = ±1, 0 for σ±- or π-polarised light and ∆1,F

and ∆2,F is the detuning to the D1 and D2 line respectively [38].
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Because of the different potentials for certain magnetic sublevels it is important for

our trap to shine in only linearly polarised light. Otherwise we would loose the spec-

tral indistinguishability of the decay channels used for atom-photon entanglement

[15].

For the scattering rate we get for linear polarised light

Γsc =
πc2Γ2

2~ω3
0

(
2

∆2
2,F

+
1

∆2
1,F

)
· I(r). (2.87)

2.5.2.3 Single atom dipole trap with a Gaussian beam

We can create a three dimensional confinement of the atoms if we focus down the

trap light, see fig. 2.12. For a Gaussian TEM00 mode propagating along the z-axis

we get the intensity

I(r) =
2P

πw2(z)
e
− 2r2

w2(z) . (2.88)

Here P is the power of the laser beam and r is the distance from the optical axis.

The waist w(z) of the beam is the 1/e2 radius and given by

w(z) = w0

√
1 + z2/z2

R (2.89)

with the Rayleigh length zR =
πw2

0

λ
, the beam waist w0 and the wavelength λ. With

all these one can calculate the maximum trap depth U0 for a two level atom

U0 =
3c2

ω3
0w

2
0

Γ

∆
P. (2.90)

If we focus the trap beam down to a w0 ≤ 5µm a blockade mechanism occurs and

the number of atom trapped inside the optical dipole trap is either zero or one

[19, 36]. This is caused by light-induced two-body collisions.

When this two-body collisions occur, two processes can take place. First, the atom

is not in the 52S1/2, F = 1, the absolute ground state, but in the 52S1/2, F = 2 state.

The transition energy released in an inelastic collision is enough to eject both atoms

out of the trap, even the transition energy is small. On the other hand, when the

atom is in the excited state a loosely bound Rb2 molecule can be formed. The recoil
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2.5 Trapping of a single atom

of the spontaneously emitted photon kicks out both atoms of the trap while the

molecule dissociates.

In the first case, the collision changes the attractive potential of the 52S1/2 → 52P3/2

molecular state to the repulsive 52S1/2 → 52P1/2 state potential. In the later, the

molecule decays to the unbound ground state. The kinetic energy, necessary to leave

the trap, arises in both processes from the fact, that the emitted photon of the Rb2

molecule has a longer wavelength than the photon absorbed during the formation

of the molecules.
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3 From theory to experiment

In our experiment we want to use the spontaneous decay of a single 87Rb atom to

generate spin-entanglement between the atom and the emitted photon, thereby in-

terfacing quantum memories (atoms) and quantum information channels (photons).

To perform a loophole free test of Bell’s inequality we aim to use the entanglement

swapping protocol as described in 2.2.5.2 to generate entanglement between two re-

mote atoms. For this purpose we need two entangled atom-photon pairs, whereby

the atoms are trapped at remote locations. In order to close the detection and lo-

cality loophole at the same time we need a highly efficient and ultra-fast atomic

state detection technique. While ordinary fluorescence techniques, based on the de-

tection of several scattered photons, proof to be highly efficient [16], the respective

measurement duration is limited for dipole transitions in the UV to NIR range by

several 10 µs. This would require a separation of the atoms by many 100 km. To

overcome this drawback, we propose to use a state-selective laser ionisation process

[22, 39, 40, 41] which should allow to perform projective spin measurements on a

single trapped 87Rb atom in the sub-µs domain.

In this chapter I will present the decay scheme for the generation of atom-photon

entanglement [13] and all relevant experimental (respective theoretical) aspects of

the atomic state detection.

3.1 Decay-scheme

Suppose a single optically trapped 87Rb is prepared in the first excited state∣∣52P3/2, F
′ = 0

〉
(see fig. 3.1). This state has zero angular momentum and decays

into the ground state
∣∣52S1/2, F = 1

〉
with angular momentum of F = 1. Due to

conservation of angular momentum the polarisation of the emitted photon gets non-
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52P3/2

52S1/2

F=1
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F=2
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F’=0
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|1, -1> |1, 0> |1, +1>
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Figure 3.1: From the excited state
∣∣52P3/2, F

′ = 0
〉

the single 87Rb atom can sponta-

neously decay into the ground state
∣∣52S1/2, F = 1

〉
that has an angular

momentum of F = 1 with the projections mF = 0,±1 onto the quanti-

sation axis

classically correlated to the magnetic quantum number mF = 0, ±1 of the F = 1

hyperfine ground state. Hence we get the entangled atom-photon state

|Ψ〉 =

√
1

8π

[√
1

2
(1 + cos2 θ)

(∣∣σ+
〉
|1,−1〉+

∣∣σ−〉 |1,+1〉
)

+ sin θ |π〉 |0, 0〉

]
⊗
∑
θ,ω

gω |θ, ω〉 , (3.1)

where the atomic ground states are labelled by |F,mF 〉, the photonic polarisation

states by |σ±〉 and |π〉 and θ describes the emission angle of the single photon with

respect to the quantisation axis. The spatial and frequency mode of the emitted

photon is described by
∑

θ,ω gω |θ, ω〉 [16]. If one restricts the observation of the

photon (see appendix A.2.1.3) to the quantisation axis (or any other well defined

axis) π-light is not observed and we get

|Ψ〉 =

√
1

2

(∣∣σ+
〉
|1,−1〉+

∣∣σ−〉 |1,+1〉
)

(3.2)

39
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Although the atom and the photon are spin-1 particles with this trick we reduce

the Hilbert-space of each particle to a system with two degrees of freedom, i.e. a

qubit, and get a maximally entangled atom-photon Bell state.

3.2 State detection of a single atom

In order to verify the entanglement between the atom and the photon, we must be

able to read out the internal state of the atom. This state detection scheme consists

of three steps (see fig. 3.2).

In a first step a stimulated adiabatic Raman passage (STIRAP) to the
∣∣52S1/2, F = 2

〉
state is performed. With this technique one defines the measurement basis of the

atom. After the transfer, the atom is illuminated with laser light resonant to the

cycling transition
∣∣52S3/2, F = 2

〉
→
∣∣52P3/2, F = 3

〉
. Together with a laser pulse at

a wavelength of 473 nm the atom is excited to the continuum thereby breaking it

up into an electron and a Rb+ ion. In the third step these ionisation fragments are

detected with so called channel electron multipliers (CEM). With this techniques

it should be possible to detect the atomic spin state within less than 1 µs with a

minimum efficiency of 0.95.

3.2.1 STIRAP

To analyse the Zeeman superposition state in arbitrary measurement bases we

can use an extension of a stimulated adiabatic Raman passage the so-called tripod-

STIRAP [15]. In contrast to Raman transitions with nearly resonant pulses of precise

duration, this process is robust against moderate variations of the interaction param-

eters (intensity, pulse duration) of the STIRAP system, as long as the adiabaticity

is maintained.

If one considers an atom with two ground states |1〉 and |3〉 and an excited state |2〉
coupled by an electro-magnetic field Ω12 (see fig. 3.3) two specific states exist with

the following properties:

• The atom is initially in the state |3〉 then nothing will happen. The light does

not couple to |3〉, no transfer between the two ground states occurs and no
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52P3/2
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ΩP ΩSCycling
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e- Rb+

Figure 3.2: State selective ionisation after the Λ-decay. Starting at the Zeeman-

sublevels the atom gets transfered with an stimulated adiabatic Raman

passage to the state
∣∣52S1/2, F = 2

〉
, excited to the state

∣∣52P3/2, F
′ = 3

〉
and further on ionised.
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|1>
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Figure 3.3: Left: The state |1〉 is a bright state in a 3-level system, if we apply only

Ω12 whereas |3〉 is a dark state with respect to the applied light field.

Right: STIRAP transition of the two magnetic sublevels∣∣52S1/2, F = 1,mF = ±1
〉

to the hyperfine state 52S1/2, F = 2 of
87Rb.
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3.2 State detection of a single atom

light is scattered. Therefore state |3〉 is called dark state.

• If the atom is initially in the state |1〉, orthogonal to the state |3〉 it will be

excited to the state |2〉. Via spontaneous emission the state |3〉 gets populated

and after a sufficiently large number of scattering events all the population

gets transfered into |3〉. This process is called optical pumping and the initial

atomic state is called a bright state.

Knowing this, one can think about the energy-degenerated Zeeman sublevels

mF = ±1 of the hyperfine ground level F = 1 of 87Rb (see fig. 3.3). If the light

field with a specific polarisation does not couple to the initial ground state super-

position the atom is in a dark state, whereas the light field with the orthogonal

polarisation couples to the state.

More general, one can show that if two laser fields ΩP+ and ΩP− couple to the

transitions |+1〉 → |3〉 and |−1〉 → |3〉, respectively, the relative phase ξ defines a

dark (|ΨD〉) and a bright (|ΨD〉) superposition state

|ΨD〉 = cosα · |−1〉 − sinα · eıξ |+1〉 (3.3)

|ΨB〉 = cosα · |−1〉+ sinα · eıξ |+1〉 (3.4)

and therefore the atomic measurement basis. In our experiment the light fields ΩP+

and ΩP− are generated by one laser field propagating along the quantisation axis

z. Because this polarisation can be decomposed into a superposition of σ+- and

σ−-polarisation with a relative phase and amplitude given by the polarisation, this

allows to distinguish between different superpositions of the Zeeman sub-levelsmF =

±1

Theoretical model: In the tripod stimulated adiabatic Raman passage the atom

is described as a four level system with the two initial atomic ground states |±1〉, the

excited state
∣∣52P3/2, F = 3

〉
= |2〉 and the state we want to transfer to

∣∣52S1/2, F = 2
〉

=

|3〉 (see fig. 3.4). In the rotating wave approximation and neglecting spontaneous

decay from the
∣∣52P3/2, F = 3

〉
state, the Schrödinger equation for the probability

amplitudes is given by
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Figure 3.4: The three Gaussian pulses ΩS, ΩP+ and ΩP− are a possible realisation

of the STIRAP. With these pulses a superposition of the states |+1〉 and

|−1〉 can be transfered adiabatically to the state |3〉.

d

dt
C(t) = −ıW(t) ·C(t) (3.5)

with |Ψ(t)〉 = c−1 |−1〉+ c2 |2〉+ c+1 |+1〉+ c3 |3〉 and

C(t) =


c−1

c2

c+1

c3

 (3.6)

and the time evolution operator

W(t) =


0 ΩP+(t) 0 0

ΩP+(t) 0 ΩP−(t) ΩS(t)

0 ΩP−(t) 0 0

0 ΩS(t) 0 0

 . (3.7)

If we add the constant phase factors to the atomic states we get, without loss of
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3.2 State detection of a single atom

generality, the new states: ∣∣∣−̃1
〉

= |−1〉∣∣∣+̃1
〉

= e−ı(ΦP−−ΦP+ ) |+1〉∣∣∣2̃〉 = e−ıΦP+ |2〉∣∣∣3̃〉 = e−ıΦS |3〉

and can define ΩP+(t), ΩP−(t) and ΩS(t) as real Rabi frequencies of the pump and

Stokes pulses (see fig 3.2). The four eigenstates of W(t) are then

Φ1(t) =


cos θt

0

− sin θt

0

 , Φ2(t) =


sinφt sin θt

0

sinφt cos θt

− cosφt



Φ3(t) =


cosφt cos θt

1

cosφt cos θt

− sinφt

 , Φ4(t) =


cosφt sin θt

−1

cosφt cos θt

sinφt

 .

The entire state |Ψ〉 can be written as a linear superposition of the eigenvectors |Ψ〉 =∑4
i=1 biΦi. The time dependency of these states depends on the time dependent light

fields ΩP+(t), ΩP−(t) and ΩS(t):

tan θt =
ΩP+(t)

ΩP−(t)
(3.8)

tanφt =
ΩS(t)√

Ω2
P+(t) + Ω2

P+(t)
(3.9)

We want to transfer the state 3.4 to |3〉. Looking at the eigenvectors Φi(t) of W(t),

for the states Φ1(t) and Φ2(t) the amplitude of the excited state is 0. Then no

spontaneous decay can occur which makes the state important for us. Φ1 and Φ2

are called the adiabatic eigenvectors1. In our experiment we want to transfer well

1An adiabatic change of state happens if the eigenstates change as the time evolution operator,

hence d
dtbi = 0
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defined superposition states. This requires that the ratio of ΩP+ and ΩP− is constant

over time. In this way θt and therefore the state Φ1 only depend on the light field

polarisation, defined by the fields ΩP+ and ΩP− . For the transfer |±1〉 → |3〉 we

start with the Stokes pulse ΩS and after a certain time the two pump pulses ΩP± as

shown in fig. 3.4 are switched on adiabatically while the Stokes pulse ΩS is switched

off. As the Rabi frequencies ΩP+ and ΩP− are the same, we therefore get for the

angles in 3.9

φt→−∞ =
π

2
, φt→∞ = 0 (3.10)

tan θt =
ΩP+(t)

ΩP−(t)
= const. ⇒ θt→∞ = const. (3.11)

In this way the atomic state |Ψ〉B in eq. 3.4 is transfered to |3〉 depending on the

population of the initial state and the polarisations of the STIRAP pulses.

With the angles 3.11 the populations Pi of the various states |i〉 become

P3(t→∞) = | cosα sin θ∞ + sinα cos θ∞e
ı∆|2 (3.12)

P−1(t→∞) + P+1(t→∞) = 1− P3(t→∞) (3.13)

The phase between the pump pulses φP+ − φP+ and the atomic state ξ determine

the phase ∆ = ξ − (φP+ − φP+) [42].

Adjusting the phase φP+ − φP+ of the pump pulses defines which superposition

is transfered to |3〉 and provides an opportunity to analyse any superposition of the

states |±1〉 if we fulfil the condition for an adiabatic change of atomic population,

i.e., the angles 3.9 change slowly ( d
dt
θt � Ω(t) � d

dt
φt) compared to the effective

Rabi frequency

Ωeff (t) =
√

Ω2
P+(t) + Ω2

P−(t) + Ω2
S(t). (3.14)

Experimentally this is realised by high laser power leading to high Rabi frequencies

to keep the overall time of the analysis short.

With the STIRAP technique the atomic state
∣∣52S1/2, F = 1

〉
can be transfered very

fast within less than 50 ns and with a high accuracy to the
∣∣52S1/2, F = 2

〉
state for
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3.2 State detection of a single atom

Ionisation cross section σp[m
2] wavelength [nm] ref.

(1.4± 0.1) · 10−21 413.1 [43]

(1.3± 0.1) · 10−21 406.7 [43]

(1.0± 0.3) · 10−21 440 [44]

(1.5± 0.2) · 10−21 476.5 [45]

(1.1± 0.3) · 10−21 425.6 [40]

Table 3.1: Ionisation cross section of the 52P3/2 state of 87Rb for different wave-

lengths.

any superposition of the magnetic sublevels |±1〉. In this way the measurement basis

of the atomic state can be selected. Together with the polarisation measurement of

the emitted photon this detection process allows to verify the entanglement between

the atom and the photon [13, 16].

3.2.2 Ionisation

With the STIRAP technique the Zeeman qubit |F = 1,mF = ±1〉 is in a coher-

ent manner mapped onto two non-degenerate hyperfine ground levels |F = 1〉 and

|F = 2〉 of the 52S1/2 ground state. In order to read out the atomic hyperfine levels

we plan to state-selectively ionise the atom. Therefore a detection laser pulse excites

the atom (if it was transfered to F = 2) to the
∣∣52P3/2, F

′ = 3
〉

state, from where a

laser at a wavelength of 473 nm couples it to an unbound continuum state breaking

it up into a photoelectron e− and a Rb+-ion.

The main property of an ionisation process is that the final state |f〉 belongs to the

continuum. Therefore the transition rate Γi→f from a bound state to a continuum

state is given by Fermi’s golden rule

Γi→f =
2π

~
| 〈f |H′ |i〉 |2ρ(Ei + Ep), (3.15)

where Ei = −~ωion = −Eion is the ionisation energy of the initial state |i〉, Ep = ~ωp

the energy of a photon of the ionisation laser, H′ the interaction Hamiltonian (see
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Figure 3.5: Calculated ionisation probability W of a 87Rb atom as a function of

time t for the parameters: laser power P = 100 mW, beam waist 1 µm,

wavelength λp = 473 nm and ionisation cross section σp = 1.5 ·10−21 m2.

e.g. eq. 2.49)) and ρ the density of states within [Ei, Ep]. If we want to express the

transition rate Γi→f as a scattering cross-section one can do this with the help of

the photon flux density Φ = Ip

~ωp
, i.e. the number of photons travelling through the

cross section per unit time,

Γi→f (ωp, Ip) = σp(ωp)Φ. (3.16)

The ionisation energies of the 52S1/2 and 52P3/2 states are 4.2 eV and 2.6 eV,

respectively. For the 52P3/2 state this corresponds to a transition wavelength of

λ < 479 nm.

In order to estimate the time needed to ionise the trapped 87Rb atom, we get for

the mean transition rate

Γi→f = Γion =
Ipfσp

Ep

. (3.17)

Because the atomic transition
∣∣52S1/2, F = 2

〉
→
∣∣52P3/2, F

′ = 3
〉

is saturated by

the detection laser, we can estimate the mean population f of the
∣∣52P3/2, F

′ = 3
〉

state to be 0.5. In a simple rate-equation model the probability to ionise the trapped
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3.2 State detection of a single atom
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Figure 3.6: Time t needed to obtain an ionisation probability W of 99.9% as a func-

tion of the power P of the blue laser at a wavelength of λP = 473

nm, for a beam waist w0 = 1.0µm and an ionisation cross section of

σ = 1.5 · 10−21m2. For a laser power of 100 mW the ionisation time is

121.6 ns.
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3 From theory to experiment

Ground state polarizability α0(5
2S1/2) h · 0.0794(16)Hz/(V/cm)2 [46]

D1 scalar polarizability α0(5
2P1/2) h · 0.201706(16)Hz/(V/cm)2 [47]

D2 scalar polarizability α0(5
2P3/2) h · 0.21410(8)Hz/(V/cm)2 [48]

D2 tensor polarizability α2(5
2P3/2) −h · 0.0406(8)Hz/(V/cm)2 [48]

Table 3.2: Scalar polarisabilities of the 52S1/2 ground and the 52P1/2, 52P3/2 excited

states and the tensor polarizability of the 52P3/2 state.

atom is given by [45]:

dW (t)

dt
= −ΓionW (t)

W (t) = 1− e−Γiont

= 1− e
− Ipσp

2Ep
t

(3.18)

Fig. 3.5 shows the calculated ionisation probability as a function of time. For λp =

473 nm the ionisation cross section can be well approximated by σp = 1.5 · 10−21 m2

[45]. Using 100 mW of laser power focused down to a waist of 1 µm we can ionise

the atom after 120 ns with a certainty of 99.9% (see fig. 3.6).

3.2.3 Detection of the ionisation fragments

After the ionisation pulse we have to detect whether the atom was ionised or not.

Therefore we have to detect the fragments of the ionised atom.

For this purpose we use two opposing channel electron multipliers (CEM) which are

used for the detection of the photoelectron and the Rb+-ion, respectively. Therefore

we have to apply an electric field between the two detectors, so that the e− and the

Rb+ are accelerated to the respective CEM.

Analogous to a magnetic field causing the Zeeman effect, the applied electric field

gives rise to the DC Stark effect. For a static electric field Ez (i.e. the shift is small

compared to the hyperfine splitting), the energy shift [20] of the Zeeman sublevels
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Figure 3.7: The symmetry axis of the CEMs is perpendicular to the observation

direction of scattered fluorescence light.

is given by

∆E|J,I,F,mF 〉 = −1

2
α0E

2
z −

1

2
α2E

2
z ×

× [3m2
F − F (F + 1)] [3X(X − 1)− 4F (F + 1)J(J + 1)]

(2F + 3)(2F + 2)(F (2F − 1)J(2J − 1)
,(3.19)

with

X = F (F + 1) + J(J + 1)− I(I + 1). (3.20)

and α0 and α2 being the scalar and tensor polarizability (See tab. 3.2). The second

term depending on the tensor polarisability α2 in nonvanishing only for j = 3/2 lev-

els. The first term shifts all the magnetic sublevels with a given j together. Especially

for the 52S1/2, F = 1 ground state the DC-Stark effect shifts all magnetic sublevels

by the same amount. This important property guaranties that even if we apply elec-

tric acceleration field gradients of 10 kV/cm the atom-photon entanglement remains

unaffected.

Summary As a conclusion we can say that it is possible to detect the magnetic sub-

levels of a single 87Rb atom in the
∣∣52S1/2, F = 1

〉
state within 1 µs via state-selective

ionisation. The atom-photon entanglement is not disturbed by the implementation

of CEM due to the DC Stark shift. In this way we should be able to generate atom-
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3 From theory to experiment

photon entanglement detection with a fast and high-efficient state detection of the

atom.
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4 Experimental setup

In the preceding chapter I described theoretical aspects which are necessary for

the understanding of our experiment. In this chapter I will introduce our experiment

and will show the experimental steps to trap a single 87Rb atom optically.

One vital ingredient towards the trapping of a single 87Rb atom is the stable

operation of an optical dipole trap (ODT). Using a microscope objective with a

high numerical aperture we obtain a comparable high detection efficiency of pho-

tons scattered by the single atom. To ensure that only a single atom is trapped

a blockade mechanism [36] is used which prevents double occupancy. Accordingly,

this requires a large solid angle of the detection and trapping optics in a confocal

arrangement and has been a main design criterion of our detection optics as the colli-

sional blockade mechanism can be observed only for focal spot diameter < 5 µm [36].

To load the optical dipole trap we initially prepare a magneto-optical trap (MOT),

providing us with a reservoir of cold atoms. To ease the optical access to the dipole

trap region and to save laser power the design of the magneto-optical trap is chosen

to be a retro-reflecting MOT.

After the installation and characterisation of the magneto-optical trap, the setup

of the optical dipole trap is described. This is realised by a confocal arrangement

in which we overlap simultaneously the trapping and the ionisation beam with the

fluorescence detection. Once the atom is caught in the trap, in a first approximation,

the lifetime of the atom is only limited by the collision rate with atoms from the

hot background gas. To reduce this background pressure we assemble an ultra-high

vacuum (UHV) chamber together with a glass cell as the experimental area. The

setup of the vacuum is presented in the beginning of this chapter. Afterwards the
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Figure 4.1: Schematic topview of the magneto-optical trap and the confocal dipole

trap setup on the vacuum table:

The cooling and repump light is transfered from the optical table to

the vacuum table in a polarisation maintaining fibre. The beam is split

up into four beams with three 50/50 beam splitters (BS). Three of the

beams are used for the magneto-optical trap and the fourth is guided

to an polarising beam splitter. There the cooling and repump light is

separated and the intensities of both are monitored with a photo diode

accordingly. A control circuit stabilises the power of the cooling and

repump light individually by regulating the amplitude of the respective

AOM signal. This is done with an electronic circuit shown in fig. A.4 of

the appendix.
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Figure 4.2: Schematic setup of the vacuum chamber pumped by a Varian VacIon

Plus 20 ion getter pump. The temperature sensor outside the vacuum

chamber is only installed during the bakeout procedure to monitor the

temperature close to the Indium seal between the glass cell and the

flange.

devices, which we further need for the trapping of a single 87Rb atom are presented.

4.1 Vacuum chamber

For pressures p ≤ 10−9 mbar we expect a lifetime of the atom in the trap of τ ≥ 1

s. For the enclosure of the magneto-optical trap and the optical dipole trap we us

a glass cell (see fig. 4.2). It is sealed to a milled flange with a 2mm Indium (In)

wire (a schematic drawing is given in fig. 4.2). On one outer surface of the glass

cell reflecting coating is applied to enable back reflection of the trap beams for the

MOT. This is done to achieve maximum optical access to the experimental area,

as we will place the objective of the confocal microscope as close as possible to the

glass cell, right in between the coated areas. Hence we are able to collect light from
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4 Experimental setup

the atom using the full numerical aperture (NA=0.6) of the microscope objective.

To provide a controlled vapour pressure of Rb, dispensers are mounted inside the

UHV chamber. As pure Rb metal has a vapour pressure at room temperature of

6.7 · 10−7 mbar [20] we can not use pure Rb. To circumvent a possible sublimation,

Rb is mixed with other alloys inside the dispensers. We installed two different types,

one SAES getters1 and one Alvatec2 dispenser.

The SAES device contains the anhydrous alkali metal salt Rb2CrO4 together with a

reducing agent alloy consisting of Zr 84%-Al16% (St101). Heating up the dispenser

to a temperature of Tdispenser ≈ 650 ◦C, a reduction reaction between the chromate

and the alloy starts and pure Rb begins to evaporate. The Alvatec dispenser contains

high melting intermetallic alkali compounds. It is sealed with Indium and the RbBi

alloy is stored under a pure argon atmospere.Both dispensers have in common that

they are heated up via ohmic, resistance heating with typical evaporation currents

of 6-7 A. The advantage of the Alvatec dispenser is that it evaporates less atmo-

spheric contaminations than the SAES dispenser. Therefore we can achieve a higher

partial pressure of Rb at a lower total pressure. We tested the SAES dispenser by

heating with a current of 3 A and 7 A, respectively. For the first heating procedure,

some surface deposits are evaporated. However for higher currents, pure Rb gets

evaporated along with additional impurities which are evaporated out of the bulk

of the material (see fig. 4.3).

After assembling the entire vacuum chamber we carried out a bakeout procedure

to clean the apparatus. Due to the low melting point of Indium (156.6 ◦C) the max-

imum temperature for the bakeout was chosen to 100 ◦C measured at the transition

flange close to the glass cell (see fig. 4.2). To avoid high temperature gradients in

the system we increased the temperature by 2.5 K per hour. In fig. 4.4 one can see

the progress of the pressure in time. Every time the pressure rises we increased the

temperature by 5 K.

After cooling down the apparatus again we reached a final pressure of 9.5 · 10−10

mbar. The remaining bias pressure seems only to be limited due to internal leaks.

1http://www.saesgetters.com
2http://www.alvatec.com
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Figure 4.3: Heat up of the SAES dispenser. At the time t = 100s we apply a current

of I = 3A and the pressure rises fast. Hence we evaporate only surface

deposits and clean the dispenser. After t = 850s we rise the current to

7A. The pressure rises slowly, reaches an equilibrium and stops increasing

at p ≈ 2 · 10−7 mbar.
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Figure 4.4: Pressure during bakeout of the vacuum chamber. The pressure rises ev-

ery time we increased the temperature by 5K. During the first night

(between 1750min and 2500min) and after 50h we see an exponential

decay of the pressure for nearly 5 days.

Right: Pressure during the cooling down cycle from 100 ◦C to room tem-

perature. The peaks occur as we turned on the dispenser to clean them.

In the end we reach a residual bias pressure of 9.5 · 10−10 mbar.
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Figure 4.5: Cavity signals of the Cooling (left) and Repump (right) Laser.

Small external leaks have been detected with a mass spectrometer sensitive to He-

lium and closed with a Vacseal3 spray.

4.2 Laser system

4.2.1 Cooling and repump laser

As depicted in fig. 2.11 we have to use two different laser frequencies for our MOT,

the cooling and the repump laser. The corresponding laser systems are set up on

a second, separate mobile table. Light is transferred via polarisation maintaining

fibres to the experimental setup on the vacuum table.

The cooling laser consists of a compact grating stabilised diode laser at a wavelength

of 780 nm with a linewidth of 0.6 MHz [49]. The grating can be tilted via a piezo-

electric actuator. By tuning this additional external cavity one can continuously

tune the laser frequency for several GHz without mode hopping. The temperature of

the laser resonator is stabilised by a commercially available temperature controller

adapted to the setup4. The setup of the entire laser table is shown in fig. A.2. To op-

erate the MOT properly the frequency of the laser diode is locked on a Doppler-free

saturation spectroscopy signal (see fig. 4.6)[50, 51]. To check whether the laser op-

erates on a single, transverse mode, we monitor the mode structure with a confocal

3http://www.2spi.com
4Thorlabs ITC 102
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Figure 4.6: Spectroscopy signal and the dispersive locking signal [50] of 87Rb transi-

tions
∣∣52S1/2, F = 2

〉
→
∣∣52P3/2, F

′ = 1, 2, 3
〉
. The laser is locked on the

crossover of the lines F = 2 → F ′ = 1 and F = 2 → F ′ = 3.

scanning Fabry-Perot interferometer (FPI). The corresponding transmission signal

recorded by a photo diode (PD) is shown in fig. 4.5.

The finesse of a cavity is

F =
π

2 arcsin
(

1−√ρ

2 4
√

ρ

) ≈ π

1−√ρ
≈ 2π

1− ρ
(4.1)

where ρ is the reflectivity of the mirrors. In our case it is 98.9% and we reach a finess

of 570. The free spectral range of the cavity used for both cooling and repump light

is

FSR =
c

4L
. (4.2)

With L = 5 cm we get a free spectral range of 1.5 GHz.

We lock the cooling laser to the crossover (CO) signal between the 52P3/2, F
′ = 1

and 52P3/2, F
′ = 3 states (see A.3). In this way the laser remains stable and locked

for up to 10h . The lock systems controls the wavelength of the laser by tilting the

grating of the external laser resonator with a piezoelectric actuator. The respective

spectroscopy signals for the cooling laser is shown in fig. 4.6.

To shift the frequency to the cycling transition
∣∣52S1/2, F = 2

〉
→
∣∣52P3/2, F

′ = 3
〉
,

we use an acousto-optical modulator (AOM) double pass setup at a frequency of

97 MHz. With the AOM we can adjust the detuning ∆ of the cooling laser up to
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Figure 4.7: Spectroscopy signal and the regulation signal [50] of 87Rb for the transi-

tions
∣∣52S1/2, F = 1

〉
→
∣∣52P3/2, F

′ = 0, 1, 2
〉
. The laser is locked on the

CO12

several natural linewidths [50, 52].

In a MOT, there is also off-resonant excitation to the F ′ = 2 state (see fig. 2.11)

and a consecutive decay channel into the non-resonant F = 1 ground state.

To avoid losing atoms in this (dark) state we shine in additional light, so-called

repump light, to excite the atom back to the 52P3/2, F
′ = 2 state. In this way atoms

are pumped back into the cooling cycling process.

The repump laser is locked to the CO signal between the F ′ = 1 and F ′ = 2 levels

of the 52P3/2 state (see fig. 4.7). To shift the frequency to the repump transition

52S1/2, F = 1 → 52P3/2, F
′ = 2 we use an AOM in a single pass configuration setup

at a frequency of 79 MHz.

To ensure a perfect spatial overlap of the cooling and repump light at the MOT

setup, the light is overlapped on a polarising beam splitter (PBS), coupled into a

polarisation maintaining single mode optical fibre and guided to the vacuum table.

Polarisation maintaining optical fibres ensure that two well defined, perpendicular

linear polarisations can be guided without phase shifts due to stress induced bire-

fringence. For proper alignment the incoupled polarisation is rotated such that it

hits the preferential axis. After the incoupled polarisation is aligned in a proper way,
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Figure 4.8: Cavity signal of the dipole trap Laser.

the outcoupled polarisation is stable5 within 1.1%.

4.2.2 Dipole trap Laser

For the dipole trap a diode laser system similar to the cooling and repump setup

[49] is established but at a wavelength of 853 nm. Here we do not need a frequency

stabilised laser system and hence no RF spectroscopy for locking (see fig. A.2) is

applied.

We collimate the laser light inside the laser head and compensate the ellipticity of

the beam with an anamorphic prism pair. To protect the diode against any back

reflections that can cause damage to the diode6 an optical isolator with an isolation

of -39.5 dB is installed in front of the laser diode. To monitor if the laser operates on

a single longitudinal mode we observe the transmission signal of a scanning Fabry-

Pérot interferometer (see fig. 4.8). This time a cavity with a calculated finesse of

600 and a free spectral range of 750 MHz is used.

To control the depth of the dipole potential we use an AOM and couple the dipole-

5Technical note: For the optimisation, knowing that we shine in a defined linear polarisation we

put a polariser after the fibre and adjust it in a way that the transmitted intensity is minimal.

Than we heat up the fibre and see the polarisation turned inside the fibre. The ratio ∆U
U0

of the

maximum of the oscillations ∆U and the mean intensity U0 without polariser define the 1.1%
6These reflections are mainly caused by coupling into the optical fibre.
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Figure 4.9: Cavity signal of the Laser Quantum (left) and the Shanghai Dream

(right) lasers.

The Laser Quantum laser is running stable on a few modes. In contrast

the Shanghai Dream laser is that unstable that the cavity signal does

not show any orderliness as the modes are hopping too often.

light into a polarisation maintaining fibre guiding it to the experimental area on the

MOT-table.

4.2.3 Ionisation Laser

In order to instantaneously photoionise 87Rb from the
∣∣52P3/2, F

′ = 3
〉

state, we

need a laser at a wavelength up to 479 nm (see fig. 2.6) and sufficient output power

(350 mW). In this wavelength regime only a few commercial laser systems are avail-

able with an output power of 350 mW (all diode-pumped frequency-doubled solid

state lasers). The first laser (manufactured by Shanghai Dream Lasers7) had severe

defects. On the one hand, the pump light at a wavelength of 956 nm was not filtered

out. There was still 30mW infra-red light in the output beam. On the other hand

the specified TEM00 mode could not be observed. Typically, two spatially separated

intensity peaks occurred.

7www.dreamlasers.com
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Figure 4.10: Comparison of the Laser Quantum laser system (left column) and the

Shanghai Dream Laser system (right column):

The upper row shows the power fluctuations measured with a photo

diode (PD) as a function of time. In the left graph mainly a flat line i.e.

a stable intensity occurs whereas in the right graph high peaks occur

followed by an exponential-decay like shape. The largest peak of the

graph is approximately 10 times higher than the average of the signal.

In the lower row, the respective power spectrum is shown. The Laser

Quantum output power is sampled with a time resolution of 1 ns. Ac-

cording to the sampling theorem the highest resolvable frequency is

500 MHz. The power spectrum is flat from 10 kHz up to 500 MHz.

Only 6 noise spikes at 50, 120, 280, 330 and 450 MHz can be identified.

In contrast to that, the power spectrum of the Shanghai Dream laser

system is completely different. The power spectral density between 2.5

kHz and 5 MHz is nearly proportional to the inverse of the frequency.

This behaviour characterises so-called pink noise [53].
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Moreover the main problem were the power and wavelength fluctuations (see fig.

4.9) due to the well known spiking behaviour [54]. Despite several exchanges of the

complete laser system by the producing company they were still not able to supply

a laser system satisfying their own specifications. Therefore we tested a second laser

manufactured by Laser Quantum8. The spatial mode is a single TEM00 mode and

both, the time resolved signal and the cavity signal are stable on a short time scale

(see 4.9 and 4.10). As the spatial mode is constant now, the coupling into a single

mode fibre is significantly more efficient. We compared the two laser systems by

measuring power fluctuations up to 1 GHz with a fast photo diode. The power

spectrum of the Shanghai Dream laser shows pink noise in a range from 2.5 kHz up

to 5 MHz (see fig. 4.10). In comparison with the Laser Quantum system there is

neglectable noise up to a range of 500 MHz.

4.3 Magneto-optical trap

In this section all the steps are described that are necessary to assemble the MOT

adapted to our experimental needs as cold atoms in the magneto-optical trap are

the basic reservoir for loading the optical dipole trap with a single atom.

4.3.1 Optics

The retro-reflecting magneto-optical trap consists basically of three incident beams

that are backreflected into themselves (see 4.1) and an applied, external magnetic

quadrupole field. To ensure equal intensities of the incident as well as of the retro-

reflected beams the laser beams have to be focused down slightly (see fig. 4.11). This

arises from non-neglectable reflection losses at the uncoated surfaces of the glass cell

as the retro-reflecting beams pass them several times.

As described in section 2.5.1 we need circular polarised light at the centre of the

MOT. For the horizontal beams not only the reflection losses on surfaces have to be

considered but also the dependence of these losses on the polarisation of the light.

8www.laserquantum.com
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f=-50mm

f=150mm

a

 ∆x/2
θ

telescope
centre of
 the MOT

Figure 4.11: Sketch of the Galilean telescope: The telescope remains at the position

a relative to the MOT. ∆x is the distance the light travels to the retro

mirrors and back to the centre of the MOT. For the vertical beam we

measure ∆x = 300mm, so the focus of the telescope is calculated to be

at a distance f = 2.88m apart from the telescope.

The transmission coefficient for p and s polarised light9 are Tp ≈ 1 and Ts = 0.86.

In this way we can write:

Ein = T 2
pEp + ıT 2

sEs

Eout = ıTpT
3
sEp + TsT

3
sEV

= TpTs

(
ıT 2

sEp + T 2
pEs

)
9Light is p polarised when the plan of the incident, the reflected and transmitted beams are

parallel to the polarisation of the incident light.
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and the intensities are

Iin = T 4
p + T 4

s

Iout = T 2
p T

2
s

(
T 4

p + T 4
s

)
= T 2

p T
2
s Iin.

Accordingly, we see that we have to adjust Iout = 0.862Iin to balance the intensities

of the counterpropagating beams.

Similar considerations have to be done for the vertical beam. This time, the intensity

losses do not depend on the polarisations as all the beams are perpendicular to the

surfaces and the intensities. For the vertical beam we get

Iout = 0.964Iin = 0.78Iin.

The control of the focus is realised with a Galilean telescope shown in fig. 4.11

4.3.2 Quadrupole coils

The magnetic quadrupole field of the magneto-optical trap is generated by two

coils in anti-Helmholtz configuration. Each coil consists of 121 windings, so we can

produce the required magnetic field gradient with moderate currents of 4 ampere

at maximum. In this manner we are able to operate the coils air cooled, reaching a

field gradient of ∂ ~B
∂z

= 21 G
cm

at 3A. The temperature of the coils reaches up to 55 ◦C

at the surface if a current of 3 A is applied. As the wire used for the coils withstands

temperatures up to 150 ◦C there is no danger in destroying the coils even if we op-

erate the magneto-optical trap at higher field gradients corresponding to a current

of 4 A.

The coils are mounted on a three dimensional translation stage. Therefore, the centre

of the magnetic field can be manually adjusted to the intersection of the counterprop-

agating beams of the MOT. To compensate various unwanted magnetic stray fields,

three pairs of coils in Helmholtz configuration are set up around the experimental

area.
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cold atom cloud

Figure 4.12: The cloud of cold 87Rb atoms inside the magneto-optical trap. The

image is taken with an infra-red camera.

4.4 Determination of the atom number

To observe a cloud of cold atoms as shown in 4.12 we used the following parame-

ters.

• Current of the quadrupole coils: Icoils = 3 A

• Current of the SAES dispenser: Idispenser = 6 A

• Pressure in the UHV chamber: p = 2.1 · 10−8 mbar

• Detuning of the cooling laser ∆ = −12 MHz

• Intensity of the all six cooling beams 65 mW/cm2

• Intensity of the repump light 0.7 mW/cm2

To characterise the magneto-optical trap more precisely with these parameters we

have measured the number of trapped atoms. For this purpose, we collect the flu-

orescence light scattered by these atoms. Each atom scatters 1.7 · 107 photons per
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second isotropically as s0 = I
Is

= 19 [21] with Is = 3.4 mW/cm2.

We want to collect the scattered light with an achromatic lens into a multi-mode

fibre. The fibre has a diameter of 50 µm. The coupling lens is adjusted such that the

focus is in the origin of the cloud at a distance of 90 mm. With this configuration

a region of the magneto-optical trap with 0.36 mm diameter is mapped onto the 50

µm diameter of the fibre core. The estimated diameter of the cloud is 1 mm so we

collect only the light of the atoms in a cylinder of 0.36 mm diameter and a height of

1 mm. The numerical aperture of the achromatic lens is 0.040. The collected light

is guided to an Avalanche Photo Diode (APD) operated in Geiger-mode. The de-

tection efficiency of the APD is assumed to be 10%. To make sure that only atomic

flourescence light is detected we insert interference filters in front of the APD. To

assure that the APD is working linearly we insert a neutral density filter with an

optical density of 3.0, i.e only one out of thousand photons is transmitted.

If we consider the geometry of the setup (see fig. 4.13), the losses and the detection

efficiency, the probability to detect one scattered photon is 3.9 · 10−8.

To determine the number of trapped atoms we record the counts of the APD as the

magneto-optical trap is switched on. This is done for various currents. The temporal

behaviour of the atom number during the loading stage is shown in fig. 4.14. We

performed this procedure for three magnetic field gradients.

For a magnetic field gradient of ∂ ~B
∂z

= 21 G
cm

for a current Icoils = 3 A. With this

current we can trap 29000 atoms in the entire MOT cloud. The number of atoms

decreases to 23000 for ∂ ~B
∂z

= 14 G
cm

(2 A), and 15000 ∂ ~B
∂z

= 7 G
cm

for 1 A.

These results show that the magneto-optical trap is sufficiently dense so we can load

the optical dipole trap in an adequate time.

4.5 Optical dipole trap

The next step in the experiment is to set up a confocal microscope with which

we can focus down the dipole laser beam to generate the dipole potential (shown

in fig. 2.12), the ionisation beam for the state selective ionisation and collect at the

same time the fluorescence light of the trapped atom. For this purpose we use a
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APD

Figure 4.13: Setup to measure the atom number inside the MOT. The fluorescence

light of the trapped atoms is collected by a lens coupled into a multi

mode fibre at a distance of 90mm and guided to an APD operated in

Geiger-mode. The numerical aperture of the system is 0.040 and with

an efficiency of the APD of 0.1 we get the atom numbers shown in

fig. 4.14 with an overall detection efficiency of 3.9 · 10−8 per scattered

photon.
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1 2 3 4 5 6
t@sD

2´106

4´106

6´106

8´106

n@cm-3
D

Figure 4.14: Loading of the MOT. The density of trapped atoms n inside the

magneto-optical trap for three different currents of the quadrupole coils

(∂ ~B
∂z

= 21 G
cm

, ∂ ~B
∂z

= 14 G
cm

, ∂ ~B
∂z

= 7 G
cm

) reaches an equilibrium after 0.7

s. The background pressure was p = 2.1 · 10−8 mbar and the SAES

dispenser was operated at a current of Idispenser = 6 A.
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x@mmD

1

2

3

4

5

PD-voltage @VD

Figure 4.15: Recorded intensities depending on the x-position of the razor blade in

the focus, for 780 nm, 850 nm and 473 nm. The solid line shows a fit of

the data on eq. 4.3. One can see that our estimation of a TEM00 mode

is wrong and we have to consider higher modes. This is seen from the

plateaus that occur outside the focus area.
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wavelength z0 W0 M2 NA

780 nm 0.027 mm 1.99µm 1.313 0.417

850 nm 0.023 mm 2.18µm 1.415 0.477

473 nm 0.025 mm 2.28µm 2.124 0.561

Table 4.1: Characterisation of the confocal microscope

commercial microscope objective10 with a numerical aperture of 0.6 and a working

distance of 13 mm. The schematic setup is shown in fig. 4.1.

In and outcoupled light is guided from and to the confocal microscope with optical

fibres. For proper coupling aspheric lenses are used. Dichroic mirrors are used to

overlap the different beams before they reach the objective. Both dichroic mirrors

transmit fluorescence light independent of its polarisation.

Due to chromatic aberration of the microscope objective the (longitudinal) z-

position of the foci differ for each wavelength. To compensate the chromatic aber-

ration we slightly change the divergence angles of the incoming nearly collimated

beams using precise translation mounts for the achromatic lenses collimating the

beams.

To measure the exact position of the focus we set up a 1:1 telescope with an identical

objective. To simulate the glass cell of the vacuum we put an optical window in front

of the focusing objective. In the focus of the telescope we assemble two step motors

with a minimum step width of 500 nm. These stepper motors move a razor blade

through the focus. We record the transmitted intensity of each wavelength with a

photo diode (PD) and the result is shown in fig. 4.15.

Assuming a TEM00 mode in the focus we get the intensity function

I(x) = I0

∫ x

−∞

∫ ∞

−∞
e
− 2(x2+y2)

w2
0(z) = y0 + y1erf

(√
x− x0

w2
0

)
. (4.3)

We fit the values for w0 and x0 and their errors, whereas y0 and y1 describe the

background and the intensity of the used laser light, respectively. A characteristic

plot of the recorded data in the foci is given in fig. 4.15.

10Thales Optem High Resolution 20x
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-0.15 -0.1 -0.05 0.05 0.1 0.15 0.2
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Figure 4.16: Results of the waist scan for every single beam, i.e. 780 nm, 850 nm and

473 nm. The step size in z-direction is 0.5 µm. The straight lines are

numerical least-square fits to the function 4.5. The calculated values

are given in tab. 4.1.
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In this plot one can see that the measured profiles do not correspond to a perfect

TEM00 mode as plateaus arise in the areas outside the foci.

To further characterise now the quality of an optical system one can use the concept

of M2 [55]. In contrast to an idealised Gaussian beam every real beam consists not

only of a TEM00 mode but also of higher modes and therefore the beam is M times

larger than a Gaussian beam (M = 1) everywhere. Hence we can say11 that

w0 =
W0

M
. (4.4)

The beams propagate in the z-direction and the waists W (z) are

W (z) = 2W0

√
1 +

(z − z0)2

z2
R

. (4.5)

where the Rayleigh length zR is given by

zR =
πw2

0

λ
=
πW 2

0

M2λ
(4.6)

Here λ is the wavelength of the considered light beam.

The numerical aperture of the objective is given by

NA = sin θ =
4λ

π

M2

2W0

(4.7)

and for each beam the results are given in 4.1. The detection efficiency of the ob-

jective for the fluorescence light is therefore estimated to be 3.3%.

4.5.1 Experimental results

To load the optical dipole trap, the cooling and repump light are turned on and

the dipole trap beam provides the potential needed to trap a single atom. The

quadrupole coils are operated at a current of 3A to generate a field gradient of 21

G/cm. In this way we ensure that the trap is loaded with a sufficiently high loading

rate.

11We use the convention that uppercase quantities refer to real beam while lowercase letters refer

to an idealised Gaussian beam.
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Figure 4.17: Time resolved behaviour of the fluorescence counts out of the trap re-

gion. In case there is no atom inside the trap, the count rate is 1000

s−1, whereas the count rate increases to 4000 s−1 when a single atom

inside the trap is present.
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Figure 4.18: Histogram of the fluorescence counts per 10 ms for a total measurement

time of 10.4 h. The first peak around a countrate of 10 per 10 ms

corresponds to the count rate caused by stray light and dark counts of

the APD [15]. The second is caused by a single atom inside the trap. In

the inlet, a magnification of the second peak and a Gaussian fit on the

count rate are shown. The trigger to distinguish the two cases of “one

atom” and “zero atom” is set to 33 counts per 10 ms, therefore there

are no data points below 33 in the inlet.

The scattered photons are collected with the microscope objective and coupled into

a single mode optical fibre and guided to a avalanche photo diode (APD). In the case

that a single atom is present we see an increase of the fluorescence light recorded by

the APD. The time-resolved signal of the APD is shown in fig. 4.17. The background

signal is 1000 counts/s whereas with an atom inside the dipole trap, the countrate

increases to 4000 counts/s. Hence we collect additional 3000 photons per second

from the atom.

By histogramming the count rate over a measurement time of 10.4 h we get two

distinct peaks. The first peak is caused by the dark count rate of the APD module

and by resonant stray light inside the vacuum chamber. The second peak occurs due
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Figure 4.19: The lifetime of the atom in the trap is mainly limited by collisions

with the hot background gas. In this measurement the pressure was

≈ 1.2 · 10−8 mbar which corresponds to a 1/e-life time of ≈ 20 ms.

to the fluorescence light of the trapped single atom (See fig. 4.18). The nonexistence

of a third peak around a count rate of 7000 counts per second indicates that there

is only one atom in the trap [15, 16, 19, 50].

The life time of the atom inside the optical dipole trap is limited by collisions with

hot background gas. As all the results shown in this chapter are preliminary and

rather uncalibrated, rough measurements, the lifetime of the atom is only 20 ms (see

fig. 4.19). Assumingly, this is mainly limited by collisions with atoms out of the hot

background at the considerable high pressure of ≈ 1.2 · 10−8 mbar. The dark count

rate is very high as the dispensers were turned off so there were very few atoms

present. Therefore the event rate of a single atom is lower by a factor 103 as the

dark count events.

Summary We assembled a magneto-optical trap that provides us with a reservoir

of 29000 atoms at a magnetic field gradient of 21 G/cm. This is sufficient to load the

optical dipole trap with a single atom. The dipole trap is loaded with only one atom
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whereas the life time of the atom in the trap has to be increased up to 1 s. Further

calibrations and characterisations of the optical dipole trap have to be made, but

we have shown that we have only a single atom inside the trap.
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In this thesis, a possible loophole free test of Bell’s inequality is proposed and first

steps towards this goal are presented. For this experiment, it is essential to achieve

an extensive control of two remote, single atoms, swap the entanglement between

them and detect the state of the atom with high accuracy within 1 µs.

In the framework of this thesis, the installation of a magneto-optical trap and a

single atom optical dipole trap is realised as a first ingredient towards this test. In

our current setup, the magneto-optical trap is fully aligned and characterised. The

design is chosen to be very compact for enhanced optical access. It is operating sta-

ble and provides a sufficient reservoir of cold atoms for the optical dipole trap that

is designed in a confocal microscope arrangement together with the detection optics

for the fluorescence light as well as the ionisation beam. The trap beam, with re-

spect to the D2-line of 87Rb far red-detuned, is focused down to a waist of w0 = 2.18

µm and provides a trap potential of 1 mK. The fluorescence beam collects the light

corresponding to a focus of w0 = 1.99 µm. This way, we see the scattered light of the

trapped atom with a high efficiency of an accordant numerical aperture of 0.417. In

a first run, the lifetime of the trapped atom inside the optical dipole trap exceeds

20 ms. For future enhanced operation cycles of the optical dipole trap, this has to

be increased, e.g., by lowering the background pressure level significantly compared

to the present one. The next steps in the experiment will be the installation of the

optics for the atomic preparation. With this, we can prepare the trapped atom in

the 52P3/2, F = 0 state, the starting point for our Λ decay. Furtheron, the STIRAP

laser system has to be implemented and the detection system for the ionisation frag-

ments. Moreover, in a further step the Bell state analyser has to be set up.

To close the locality as well as the detection loophole we want to ionise the atom
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state-selectively. With the new ionisation laser system, the state-selective ionisation

is possible within 120 ns with an efficiency of 99.9%. In order to achieve this, differ-

ent laser systems had been tested and characterised according to their specifications

and the intensity noise is suppressed up to a frequency of 500 MHz. Together with

the detection of the ionisation fragments and the stimulated adiabatic Raman pas-

sage (STIRAP), the entire state detection of the atom will require approximatelly

400 ns [56].

The performance estimations of the state-selective ionisation shows that the local-

ity loophole can be closed if the two atoms are separated by 300 m. The detection

efficiency of the channel electron multipliers is estimated to 96.5 % for coincidence

detecting the electron and the ion [57, 56], allowing us to close the detection loop-

hole.

We can estimate the efficiency to detect the photon of the entangled atom-photon

pair to be ηph = 2.8h. This also holds for two atom-photon pairs and we get the

total probability for the generation of an atom-atom pair ηatom−atom = 1
4
η2

phtfibre =

1.4 · 10−6. The factor 1
4

arises due to the fact that we detect only the photonic state

|Ψ−〉 out of the four Bell states 2.10 to 2.13 and tfibre is the transmission probability

of the fibre after a length of 300 m, i.e. 72 %. In the actual setup we can run the

preparation cycles with a mean repetition rate of 40 kHz. In this way, we are able

to generate one atom-atom pair within approximatelly 18 s. The visibilty of the

atom-photon entanglement is 0.86 [13, 16, 35, 58, 59]. If we consider the errors of

the Bell state measurement and of the APD’s we get a visibility of the atom-atom

entanglement of 0.75 [56].

For these values, approximately 2000 atom pairs are required for the loophole-free

test of Bell’s inequality in the formulation of CHSH [60] for a violation by three

standard deviations. From these estimations a loophole-free test should be feasible

within 10 hours of total measurement time.
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A.1 Addition of angular momenta

In the next step we want to connect two different Hilbert subspaces spanned by

two angular momentum operators A1 and A2 with the properties

[A1i,A1j] = ı~A1k (A.1)

[A2i,A2j] = ı~A2k (A.2)

[A1k,A2l] = 0 (A.3)

We now define the new operator of total angular momentum

A = A1 ⊗ 1 + 1⊗A2 (A.4)

that we will write in a more common way as

A = A1 +A2 (A.5)

that naturally fulfils the commutator relation [Ai,Aj] = ı~εijkAk and is therefore

an angular momentum operator as well. The difference occurs as A is the generator

for the entire system and we have now two options for choosing our base kets:

The first option is to define our base kets as eigenkets of the operators A2
1, A2

2, A1z

and A2z designated as |j1j2;m1m2〉. They commute with each other and we get the

defining equations as

A2
1 |j1j2;m1m2〉 = j1(j1 + 1)~2 |j1j2;m1m2〉 (A.6)

A2
2 |j1j2;m1m2〉 = j2(j2 + 1)~2 |j1j2;m1m2〉 (A.7)

A1z |j1j2;m1m2〉 = m1~ |j1j2;m1m2〉 (A.8)

A2z |j1j2;m1m2〉 = m2~ |j1j2;m1m2〉 (A.9)
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The second option are the base kets as eigenkets of the operators A2, A2
1, A2

2, Az

and we denote the base ket as |j1j2; jm〉 and get

A2 |j1j2; jm〉 = j(j + 1)~2 |j1j2; jm〉 (A.10)

A2
1 |j1j2; jm〉 = j1(j1 + 1)~2 |j1j2; jm〉 (A.11)

A2
2 |j1j2; jm〉 = j2(j2 + 1)~2 |j1j2; jm〉 (A.12)

A2
z |j1j2; jm〉 = m~ |j1j2; jm〉 (A.13)

As A2 does commute neither with A1z nor A2z we can’t add it to the set of operators

of our first option, nor vice versa, so we’re left with two bases of mutually compatible

observables.

The next step now will be to connect the two bases and we’ll end up with the

Clebsch-Gordan-coefficients.

|j1j2; jm〉 =
∑
m1

∑
m2

|j1j2;m1m2〉 〈j1j2;m1m2|j1j2; jm〉 (A.14)

with
∑

m1

∑
m2
|j1j2;m1m2〉 〈j1j2;m1m2| = 1 for given j1 and j2. The elements of

this unitary transformation matrix 〈j1j2;m1m2|j1j2; jm〉 are the Clebsch-Gordan-

coefficients with the properties

• m = m1 +m2

• |j1 − j2| ≤ j ≤ j1 + j2

• 〈j1j2;m1m2|j1j2; jm〉 = 〈j1j2; jm|j1j2;m1m2〉

•
∑

j

∑
m 〈j1j2;m1m2|j1j2; jm〉 〈j1j2;m′

1m
′
2|j1j2; jm〉 = δm1m′

1
δm2m′

2

•
∑

m1

∑
m2
〈j1j2;m1m2|j1j2; jm〉 〈j1j2;m′

1m
′
2|j1j2; j′m′〉 = δjj′δmm′

Sometimes they are also written in terms of Wigner’s 3-j symbol

〈j1j2;m1m2|j1j2; jm〉 = (−1)j1−j2+m
√

2j + 1

(
j1 j2 j

m1 m2 m

)
(A.15)

and for our purpose we can find them all in the literature i.e. [61]
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A.2 Spontaneous decay as a source of entanglement

In our experiment we want to use the spontaneous decay of a single 87Rb atom

as an EPR source. In this way we can get entanglement between different species,

i.e. an atom and a photon because of the conservation of angular momentum. Using

two different species we can get an interface between quantum memories (atom)

and quantum communication (photon). In this section I will describe the theory of

spontaneous decay and will introduce our decay channels as the source of the EPR

pairs.

A.2.1 Spontaneous decay in a two-level system

A.2.1.1 Interaction Hamiltonian

The Hamiltonian of an atom interacting with a radiation field can be described

by a Hamiltonian separated into three parts

H = HA +HR +HED (A.16)

where HA are HR the Hamiltonian of a two-level atom and the radiation field,

respectively, and are given as

HA =
∑

i

~ωi |i〉 〈i| (A.17)

HR =
∑
λ,k

~ωk

(
â†λ,kâλ,k +

1

2

)
(A.18)

with the atomic states |i〉 and the radiative field creation and annihilation opera-

tors â†λ,k and âλ,k. The Hamiltonian for the interaction of the radiative field and the

atom is

HED = E(r, t) · d = e · ı
∑
λ,k

∑
i,j

gijλke
ı(ωi−ωj)t

(
âλ,ke

−ıωkt − â†λ,ke
ıωkt
)
|i〉 〈j| (A.19)

with the coupling coefficient

gijλk =

√
ωkt

2~ε0V
êλk 〈i| d̂ |j〉 . (A.20)
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We can rearrange the terms of eq. A.19 such that ωj > ωi ∀j > i and knowing

that the dipole matrix elements 〈i| d̂ |i〉 vanish because of the fact that d̂ has odd

parity. We get:

HED = ı~
∑
λk

∑
j>i

(
gijλke

ıωjit |j〉 〈i|+ g∗ijλke
−ıωjit |i〉 〈j|

) (
âλ,ke

−ıωkt − â†λ,ke
ıωkt
)

(A.21)

where ωji = ωj − ωi are the atomic transition frequencies. In eq. A.21 there are

four different terms. The term |j〉 〈i| âλ,k describes the excitation of the atom while

absorbing (annihilating) a photon. On the other hand |i〉 〈j| â†λ,k describes a decay

process of the excited atom. The other two terms would violate the conservation

of energy and therefore are neglected. This approximation is called rotation-wave

approximation (RWA) [21] and with ∆ωijk = ωij − ωk the detuning of the light

relatively to the atomic transition and the Hamiltonian is finally

HED = ı~
∑
λk

∑
j>i

(
gijλk |j〉 〈i| âλke

−ı∆ωijkt − g∗ijλk |i〉 〈j| â
†
λke

ı∆ωijkt
)

(A.22)

A.2.1.2 Atom in a radiative field

The two-level atom interacting with the radiative field can be described by a

combined atom-field state rewriting eq. A.22

|Ψ〉 = ce(t) |e〉 |0〉+
∑
λk

cg,λk(t) |g〉 |1λk〉 . (A.23)

where ce(t) is the time dependent amplitude of the excited state and cg,λk(t) the am-

plitude of the combined atom-photon in the mode λk state. Here we see the crucial

step that the atom (state |e〉 |0〉) is entangled with the radiative field (|g〉 |1λk〉),respectively.

A.2.1.3 Polarisation modes

Until now we just talked about an idealised two level system, but now we consider

a real atom with multiple decay channels that lead to different atomic ground states,

whereas in the decay the photon can carry away some angular momentum. In detail I
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Figure A.1: The emission characteristics of π- (cyan) and σ±- (magenta) polarised

light. The polarisation axis is along the z-axis. θ is the off-axis angle.

Our detection optics is in the same direction, hence we can not detect

π polarised light.

will explain the properties of angular momentum in section 2.3. Until now we define

a quantisation axis for our system and we can decompose the angular momentum

degrees of freedom of the atom and the photon into eigenstates of this system. As

the main focus of this work is on the state detection of the atom I will keep this

part rather short [13, 15, 16].

m defines the projection of the photonic spin on the quantisation axis and in this

way we get the three basis states for the emitted photon

|m = +1〉 =
∣∣σ+
〉

(A.24)

|m = 0〉 = |π〉 (A.25)

|m = −1〉 =
∣∣σ−〉 , (A.26)

where |σ+〉(|σ−〉) are left(right) circularly and |π〉 linearly i.e. parallel to the quan-

tisation axis polarised light. The emission characteristics of dipole radiation leads

to different emission probabilities in space depending on the angle relative to the
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polarisation axis (see fig. A.1) and we get for the three polarisations [62]

∣∣Σ±〉 =

√
3

16π
(1 + cos2 θ ·

∣∣σ±〉⊗∑
θ,ω

gω |θ, ω〉 (A.27)

|Π〉 =

√
3

8π
sin θ · |π〉 ⊗

∑
θ,ω

gω |θ, ω〉 . (A.28)

Because of the dependence on the emission angles of these distributions we do

not detect any |π〉 photons as they are not emitted along the quantisation axis, in

contrast to the |σ±〉 that have a maximum in this direction.

A.3 The mobile lab

To close the locality loophole the distances between the two entangled atoms has

to be bigger than the time we need to measure times the speed of light

x1 − x2 ≥ cτmeas. (A.29)

To realise this we have to be able to move our experiment to other buildings after

its initial installation in rooms of the physics department. Therefore we took care of

• using only mobile shelves

• reducing the number of different cable tracks

• centralise the power supply when possible

The first item was done by our workshop. They built two carriers on wheels where

the optical tables are put. The entire carrier is made of non-magnetic stainless steel.

The damping is done by six small bicycle tires between the carrier and the bread-

board.

When the entire experiment is ready we have to move and we have to pass the spatial

bottle neck of the elevator. This elevator can carry only one of the two experimental

tables not mentioning all the electronics, so we have disconnect all power supply ca-

bles and data cables in an organised way. For the power supply we installed a split

box that divides a three phase current into three normal 230V connectors. With one
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Voltage max. Currency max. Power

+5V 10A 50W

-5V 10A 50W

+15V 10A 150W

-15V 10A 150W

+24V 20A 480W

Table A.1: Characteristics of the central power supply installed in the electronics

cabinet

of these split boxes on each table we can supply each table with max. 11kW and we

have only one cable to disconnect.

Most of the data cables are ordinary BNC connected 50Ω cables. We arranged them

in a bus system of ten cables each bus. This bus system is easily extendable and

the mobility is guaranteed as we do not have to disconnect every wire coming from

various components. We just have to unplug the single buses going from the table

to the electronics cabinet.

This electronics cabinets will gather all the electronics controlling our experiments

and again, they are on wheels. Only the electronics for the laser systems is placed

on the table itself, all other devices are installed into these cabinets. The first cab-

inet related to the experiment until now has a central power supply and there are

only entire cable buses between the single components (tables, cabinets). This de-

sign of the experimental setup leads to some temperature problems, as we installed

all the amplifiers of acousto-optical modulators (AOM’s) in the cabinet. They are

very sensible to over heating and therefore we installed four ventilators each with a

conveyance-mass of ≈ 100m3/h, two blowing into the amplifier section, two out of

it. Because of the generation of noise, we decided to let always two of them run in a

series connexion. We installed the same ventilator array at the central power supply

that provides all the electronics with the maximum output currencies described in

tab. A.1
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A.4 Laser system

The following figures give an overview about the design of the optical table and

the frequencies chosen by the AOM’s.
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Figure A.2: Sketch of the optical table:

To save space on the table a sketch of all laser systems and AOM lines

is made. In this way we can find out the optimal arrangement of all

components.
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Figure A.3: Diagram of the laser frequencies:

This graph shows the relative frequencies to various transitions depend-

ing on the laser lock.
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A.5 Power stabilisation
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Figure A.4: Circuit diagram of the intensity stabilisation. This electronic device is

used to stabilise the cooling, repump and the dipole trap laser.
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A.6 Photos of the setup

Figure A.5: Long term exposure (10 min) image of the vacuum chamber with a high
87Rb vapour pressure.
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Figure A.6: Topview of the confocal microscope with the different beams, red fluo-

rescence, yellow dipole trap beam, blue ionisation beam
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[23] Dariusz Chruściński. Geometric aspects of quantum mechanics and quantum

entanglement. Journal of Physics:Conference Series, 30:9–16, 2006.

[24] A. Einstein. Philosopher-Scientist. Open Court, La Salle, Illinois, 1970.

[25] Eugen G. Wigner. On hidden variables and quantum mechanical probabilities.

Americal Journal of Physics, 38(8):1005–1009, 8 1970.

[26] F. A. Bovino, A. M. Colla, G. Castagnoli, S. Castelletto, I. P. Degiovanni, and

M. L. Rastello. Experimental eavesdropping attack against ekert’s protocol

based on wigner’s inequality. Phys. Rev. A, 68(3):034309, Sep 2003.
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