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1. Introduction

The development of quantum mechanics in the �rst half of the last century, raised
vast discussions whether indeed a nonlocal or non deterministic theory could be the
fundamental description of nature. On the one hand, quantum mechanics has proven
to be an extremely powerful tool to describe experimental results. On the other hand,
entanglement of remote particles, which is intrinsically contained in quantum mechanics,
violates basic assumptions one would expect a complete theory of the world to ful�l from
the experiences of daily life. These assumptions are often referred to as locality, and
reality. Locality assumes that there can not be a causal connection between space-
like separated events and is a very fundamental assumption of many well-established
theories like general relativity. Reality, states that all quantities that can be predicted
with certainty from the theory, have a counterpart in the real world. Combined with
the requirement of completeness, it states, that all properties in the real world, exist
independently from observation or interaction with other parts of reality.
One of the most important formulations of the contradiction between quantum me-

chanics and intuitive expectations on a model of our physical reality, was formulated
in the famous Einstein-Podolski-Rosen (EPR) paradox [13]. The conclusion of this trio
was that the quantum mechanical description of the world cannot be complete in the
sense, that an underlying theory can be found, that will restore locality and reality. Such
theories are nowadays called local hidden variable (HV) theories.
Decades later, John Bell derived under the assumptions of locality and reality an

inequality, that gave an upper bound to certain correlation measurements in any local
realistic HV theory [5]. In a reformulation [10], this inequality provided an experimental
test, whether the world the experiment is done in, can be described completely by a local
realistic theory. These experiments require the preparation of an entangled state of two
distant systems and simultaneous measurements of two non commuting observables of
these.
Additional di�culties for these Bell tests, arise from the necessity of the di�erent

measurements to be space like separated and achieve a detection e�ciency above 2
3
. If

these requirements are not ful�lled, so called loopholes for local HV theories remain. In
the last years several "loophole-free" violations of Bell's inequality were realised [15, 18,
33], proving the inability of local realistic theories to describe the real world completely.
The philosophical implications of these results remain open for discussion however,

nowadays the peculiar properties of entangled systems are rather regarded as a possibility
for technological development instead of a fundamental problem of the scienti�c world
view. Quantum algorithms promise an exponential speed-up in certain computational
problems and quantum cryptography o�ers inherently secure communication protocols
[6, 21].
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1. Introduction

To enable distributed quantum computing and for many quantum cryptography proto-
cols, sharing an entangled state between distant nodes is required. This can be achieved
by a quantum network, consisting of nodes that can be entangled with each other via
quantum links [21]. Quantum repeater methods can be used to entangle nodes, that are
not directly connected [8]. In order to connect di�erent cities in such a network with
a feasible number of nodes, link lengths up to 100 km are desired. Additionally, longer
distances between entangled nodes, will allow to shrink the parameter-space for local
realistic theories by Bell tests with increased space-like separation.
One limitation on the achievable length of the quantum link, are growing times for

classical communication between the nodes, that require longer coherence of the com-
bined node state. Also to share a state between two not directly connected nodes, both
have to remain coherent, until the link is established. For these two reasons, the coher-
ence time of the used quantum memory is a crucial quantity of any quantum network
link.
This work was conducted at an experiment, implementing a quantum network link over

a distance of 398 m with a system of two entangled atoms, trapped in tightly focussed
optical dipole traps. The distance between the two nodes is planned to be increased
to 20 km in the near future. In order to achieve this goal, a longer coherence time of
the atomic qubit is required. Currently it is limited by longitudinal �eld components
originating from a strongly focussed optical dipole trap. This e�ect can be cancelled by
using a standing-wave trap con�guration, promising an increase in coherence time by up
to two orders of magnitude.
Chapter 2 will explain details of the experiment.Chapter 3 will introduce the main de-

coherence mechanism and approaches to reduce it at the cost of repetition rate. Chapter
4 will explain the possibility to cancel the e�ect entirely with a standing wave dipole
trap, consisting of two counter-propagating beams. Criteria for the alignment and phase
stabilisation of the two beams will be derived. Chapter 5 will present two setups, that
were built in the scope of this work, to test the achievable precision of the alignment
by �bre coupling and stabilisation of the relative phase between the beams with two
acousto-optic modulators.
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2. Experimental Setup

To realize a quantum network link, entanglement needs to be shared between two dis-
tant nodes. In the experiment described here, these nodes consist of two single 87Rb
atoms, separated by 400 m. The experiment was built over the past 20 years, leading to
successful atom-photon entanglement [39] and �nally a loophole free violation of Bell's
inequality [33] [9]. To achieve this, a high �delity of the entangled state and a fast
readout of the quantum memories was required. During the Bell test, the �delity was
83% and the state readout was done within 800ns.
In this chapter the basics of this experiment will be summarized together with current

limitations of the system. Sections 2.1 and 2.2 will explain the atomic system used
as well as the trapping setup. Section 2.3 will shortly explain the control of magnetic
�elds in the setup. Section 2.4 will describe how the entanglement between the nodes is
generated. Section 2.5 explains the readout of the quantum memory and section 2.6 will
summarize the requirements arising when increasing the distance between the nodes,
and current limitations of the setup.

2.1. Atomic Quantum Memory

The quantum node consists of a single 87Rb-atom, chosen because of its well known,
hydrogen-like level structure. The nuclear spin of 87Rb is I = 3

2
, therefore its ground

state 5S1/2 is split into the hyper�ne levels F=1 and F=2 [36]. The 5P1/2 and 5P3/2 split
up into F'=1,2 and F'=0,1,2,3 respectively.
The atomic qubit is encoded in the Zeeman states F=1, mF=±1 = |1,±1〉 of the

ground state, noted |↑〉z / |↓〉z respectively, according to the convention for a two state
system for the eigenstates of the σz Pauli-matrix. As the degeneracy of the Zeeman
states can be lifted by optical and magnetic �elds, precise control of these is essential
to achieve a high quality quantum memory. The eigenstates of the Pauli σx/y operators
are noted |↑〉x/y / |↓〉x/y (also see Table A.1).
For a level scheme see �gure 2.1.

2.2. Trapping the Atom

In order to e�ciently control the state of the atom, drive transitions and collect scattered
light, its spatial position has to be controlled precisely. In the described experiment, this
is achieved by holding a cloud of cooled atoms in a magneto-optical trap (MOT) inside
a ultra high vacuum (UHV) glass cell, allowing optical access from many directions. A
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2. Experimental Setup
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Figure 2.1.: Scheme of relevant levels in 87Rb

strongly focussed optical dipole trap (ODT) picks out one atom, that is consequently
used in the experiments.

2.2.1. Magneto Optical Trap

In order to load an atom in the shallow potential of the ODT, which is only several
mK deep, it has to be cooled to roughly that temperature range �rst. This is done
in a MOT, using three perpendicular pairs of counterpropagating, circularly polarized
cooling lasers, which are 18MHz red detuned to the 5S1/2 F=2 → 5P3/2 F'=3 transi-
tion. In this con�guration an atom will preferably absorb light from a beam that is
propagating against the direction it moves in, and therefore get decelerated by the mo-
mentum exchange with the photons. This process is called Doppler-cooling, and one
can reach temperatures down to 146µK for 87Rb [36]. In this speci�c con�guration also
polarization gradient cooling occurs, resulting in even lower temperatures [12].
The cooling transition is closed, however there is a �nite probability for an atom to

be excited o�-resonantly to the 5P3/2 F'=2 state, and then decay to the ground level.
In order to still cool e�ciently, all cooling lasers are thus overlapped with additional
repump lasers, resonant to the 5S1/2F = 1 → 5P3/2 F'=2 transition, from where they
can decay spontaneously back into the lower state of the cooling transition.
Additional to the cooling, the atom cloud has to be con�ned in a potential. In the

MOT, this is achieved by a magnetic quadrupole �eld with a minimum at the centre.
As the cooling lasers are red detuned to the cooling transition, the Zeeman-shift due
to the magnetic �eld will bring the transition frequency closer to the cooling laser's
frequency. As the magnetic �eld is increasing towards the outside of the trap, this will
result in a position-dependent scattering rate. This increase in scattering rate outside
the centre, resulting in more momentum transfer, will produce an e�ective potential for

4



2.2. Trapping the Atom

the atoms, with a minimum at the centre of the MOT, where the magnetic �eld is zero.
The transition will get more resonant to the cooling lasers, because of their circular
polarization, that only addresses the mF states, that approach each other in a magnetic
�eld.

2.2.2. Dipole Trap

Next, a single atom from the cooled and con�ned cloud is loaded into the optical dipole
trap. It consists of a laser beam with a wavelength λ = 852nm, detuned to both the
D1 and D2 line, focused by a high NA objective to 1.92µm waist. The far red detuned
ODT light will create an AC-Stark shift of the ground state, introducing an intensity
dependent potential for the atom[22]. Thus the atom can be stored in the centre of the
focus. The energy shift of the mF = 0/± 1 ground states can be calculated as:

∆E(~r) = −πc
2Γ

2ω3
0

(
1− PgFmF

δ1,F

+
2 + PgFmF

δ2,F

)
· I(~r), (2.1)

where Γ is the decay rate and ω0 the frequency of the atomic transition, gF the Landé
factor, δ1,F and δ2,F the detunings to the D1 and D2 line, I(~r) the light �eld intensity
and P quanti�es the circularity of the light's polarization with P = ±1 for σ± light, and
P=0 for linear polarization. For the exact de�nition see App. B. Note the qubit-states
are shifted di�erently in a circular polarized light �eld. This e�ect will be discussed in
more detail in Section 3.1.4. For this reason the ODT lights polarization is set to linear
by a polariser, see App. A for a de�nition of polarisations and coordinate system.

Trap Geometry

From Equation 2.1 it is obvious that the potential is proportional to the intensity of the

ODT light �eld, which can be approximated by a Gaussian beam I(~r) = 1
2
cε0

∣∣∣~E(~r)
∣∣∣2

with the electric �eld of a linearly polarized beam in TEM00 mode [41]:

~E(~r) = E0 · êx
w0

w(z)
exp

(
−x

2 + y2

w(z)2
+ iϕ00(~r)

)
, (2.2)

with the maximum value of the electric �eld: E0, the unity vector in x direction êx, and
the minimum waist of the beam w0 = 1.92 µm for this experiment. The coordinate
system is such, that the beam propagates in z-direction and x is the horizontal direction
in the laboratory (see App A). The beam waist, dependent on the position along the
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2. Experimental Setup

optical axis z, is given by:

w(z) = w0

√
1 +

(
z

zR

)2

, (2.3)

it is the radius around the beam axis, within which 1− e−2 of the total power is trans-
mitted. zR =

πw2
0

λ
= 13.6µm is the Rayleigh length, i.e. the distance from the focus,

where w(z)=
√

2w0.

The phase of the Gaussian beam in TEM00 mode consists of several terms:

ϕ00(~r) = ωt+ kz + k
x2 + y2

2R
− arctan

(
z

zR

)
(2.4)

The �rst two terms ωt + kz with k=2π
λ
, are the normal phase evolution of a plane

wave. Note that this beam is propagating along the z-axis in negative direction. The
third term: k x2+y2

2R
with R = z(1 +

z2R
z2

), introduces the curvature of the wavefront. The

last term, arctan
(

z
zR

)
is the Gouy-phase, that introduces a phase shift of π between

the far �elds on both sides of the focus; this becomes larger in higher order transversal
modes.

Calculating the intensity, and collecting all constant factors into the maximum trap
depth U0 one can write the potential, the atom experiences as:

U(~r) = −U0
1

1 + z2

z2R

exp

(
−2(x2 + y2)

w(z)2

)
(2.5)

In order to derive longitudinal and transversal oscillation frequencies of the atom's move-
ment in the trap, this potential can be approximated by a three dimensional harmonic
oscillator potential. The spring constants kx = ky = 4U0

w(z)2
, and kz = 2U0

z2R
are calculated

by approximating the x,y and z dependent part of the potential to second order. This is
valid for atomic temperatures well below the trap depth. By changing the power of the
laser, U0 can be varied between kB·0.3mK and kB·3.2mK, corresponding to maximally
60mW, what is easily possible with commercial laser diodes. From this, the longitudinal
(z) and transversal (x/y) trap frequencies can be calculated to lie in the range:

ωT =

√
kx
m

= 2π · 36...118 kHz

ωL =

√
kz
m

= 2π · 3.6...11.8 kHz

(2.6)
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2.3. Control of magnetic �elds

Mind that the Gaussian-shaped potential was approximated by a harmonic oscillator,
with the same oscillation frequency, for all energy levels. In the real potential, di�erent
atoms, will have slightly di�erent oscillation frequencies. Also ωT still has a dependency
on the z-position, as it is inverse proportional to the local waist w(z), but this e�ect will
be minimal within the values of z, the atom can reach.

Trap Operation

The ODT is loaded by overlapping the centre of the MOT with the ODT focus. By
keeping the cooling lasers on, while the atoms move through the conservative potential
of the ODT, an atom can be trapped in the minimum of the potential. If the ODT is
tightly focused, the allowed volume for the atom becomes very small. In this case, the
collisional blockade e�ect limits the maximum number of atoms in the trap to a single
one [34].
Since the atom is located in the focus of the objective, the objective can also be used to

e�ciently collect �uorescence light emitted by the atom. This is used to detect successful
loading of an atom in the ODT. Cooling light, scattered by the atom, is collected by the
high-NA Objective, coupled out of the ODT-Beam with a dichroic mirror and transferred
to an avalanche photo diode (APD) by a single mode �bre. The count rate of this APD
increases signi�cantly when an atom is loaded. Figure 2.2 shows a sketch of the described
setup.
Once an atom is loaded in the dipole trap, it is transferred in the 5S1/2F = 1,mF = 0

state by optical pumping with two lasers and the experimental sequence is started [9].
During this, several laser pulses are applied to the atom. Since this can lead to heating
and loss of the atom the cooling lasers are turned on again at certain points of time.
When this is the case, also the �uorescence is checked again and if it has dropped, the
setup automatically stops the sequence and loads a new atom before continuing. Of
course the probability to loose the atom is higher, if the ODT potential is lower. More
details on the experimental sequence can be found in Section 3.3.2.

2.3. Control of magnetic �elds

Magnetic �elds can lift the degeneracy of the mF states, in which the atomic qubit
is encoded, and therefore create a time evolution of the state. If the magnetic �elds
�uctuate uncontrolled, this can lead to decoherence. In and around the laboratory,
there are several sources of constant and �uctuating magnetic �elds, like the �eld of the
earth, public transportation lines and power supplies of lab-equipment. To compensate
for these, three pairs of coils are centred around the glass cell and a 3D magnetic �eld
sensor is placed 2 cm away from the position of the atom. These coils can generate
a magnetic �eld of up to ±500mG in any direction. They are controlled by an active
stabilization, that uses the signal from the magnetic �eld sensor to keep the �eld close
to the atom at a constant value. This feedback loop has a bandwidth of up to 200Hz,
allowing to reduce the magnetic �eld �uctuations to 0.5mG(rms) [9, 23, 25].

7



2. Experimental Setup

fluorescence

collection

(780 nm)
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cooling 

 repump

glass cell 
(UHV)

objective
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Figure 2.2.: Setup to focus the ODT and collect the �uorescence light

2.4. Entanglement Generation

The aim of this experiment is to create entanglement between two distant atoms. Usu-
ally some kind of interaction is necessary for the generation of entanglement. But since
atoms in optical traps are rather immobile systems it is more feasible, to �rst generate
entanglement between the atoms and a more mobile system like a photon. In this exper-
iment, this atom-photon entanglement is achieved via a spontaneous decay. Then the
two photons are brought together and the entanglement is transferred to an atom-atom
entanglement via the entanglement swapping protocol. This process will be explained
in the next two sections.

2.4.1. Atom-Photon Entanglement

Entanglement is generated between the atomic Zeeman state and the polarization of a
photon. For this purpose, the atom is prepared in the F=1, mF=0 ground state.
First the atom is excited to the 5P3/2, F = 0 state, which spontaneously decays back

into one of the ground states 5S1/2, F = 1,mF = 0/ ± 1 with a lifetime of 26.2ns. To
preserve angular momentum, the polarization of the emitted photon, has to be σ± if
the atom ends up in the mF = ∓1 state and π in case of mF=0, see Chapter A for
de�nitions of the polarizations. After this process the atomic state and the polarization
of the photon are entangled [39]. Due to di�erent radiation characteristics of the π
photons, only the σ± photons are collected by the high-NA objective and coupled into
a single mode �bre. The �bre used here, is the same as the one used for the atomic
�uorescence detection, therefore an e�cient collection of the �uorescence light, indicates
also e�cient collection of the entangled photon. Figure 2.3 illustrates the described
process. Since the Clebsch-Gordan-coe�cients of the decay channels are equal, the
resulting two particle state provided a photon collection can be written as [39]:
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2.4. Entanglement Generation

excitation 

P3/2
2

S1/2
2

F=2

F=1

-2 -1 0 1 2 m
F

F’=1

F’=0

Figure 2.3.: Generation of atom-photon entanglement via spontaneous decay through
di�erent channels.

|ψ〉atom,photon =
1√
2

(
|↑〉z

∣∣σ−〉+ |↓〉z
∣∣σ+
〉)

(2.7)

This can be expressed in di�erent bases of the polarization:

|ψ〉atom,photon =
1√
2

(|↑〉x |V 〉+ |↓〉x |H〉)

=
1√
2

(
|↑〉y |M〉+ |↓〉y |P 〉

) (2.8)

From this, it is obvious, that by measuring the photon polarization in di�erent bases,
one can prepare the atom in di�erent states.

2.4.2. Atom-Atom Entanglement

In order to entangle two atoms at a distance, atom-photon entanglement is generated in
two distant atom traps simultaneously. Both photons are brought together and measured
in the maximally entangled Bell-basis [26]. The interferometric Bell State Measurement
(BSM) can distinguish between the two di�erent Bell states:

∣∣Ψ±〉
photon,photon

=
1√
2

(|HV 〉 ± |V H〉) (2.9)

9



2. Experimental Setup

and gives a signal in case of successful detection [19]. The other two Bell states:

∣∣Φ±〉
photon,photon

=
1√
2

(|HH〉 ± |V V 〉) (2.10)

cannot be distinguished and are therefore ignored if measured. The BSM setup is shown
in �gure 2.4.
This is an implementation of the entanglement swapping protocol, leaving the two

atoms in one of the following two entangled states [20] [30]:

∣∣Ψ±〉
atom,atom

=
1√
2

(|↑ ↓〉x ± |↓ ↑〉x) (2.11)

Note that the BSM gives a heralding signal when the entangled state has been pre-
pared.
In order to project the photons on an entangled state, a good spatial and temporal

overlap at the input of the BSM is essential. The spatial overlap is ensured, by the usage
of a �bre beam splitter (BS). For the temporal overlap, the photons have to arrive at
the BSM setup at exactly the same time. As this setup is located in the same lab, as
one of the traps (trap 1), the photon from the other trap (trap 2), will arrive with a
delay of 3.6 µs due to the 700 m �bre, connecting the two labs. In order to still achieve
a good temporal overlap of the photons, the excitation in trap 1 is done 3.6µs later than
in trap 2.

2.5. Atomic State Readout

After preparing the desired atomic state it can be observed, i.e. it is read out, via a
state selective ionization process. By applying a σ+ polarized light pulse, resonant to
the 5S1/2, F = 1 → 5P1/2, F

′ = 1 transition, the mF = −1, 0 states can be transferred,
while the mF = +1 state is not, due to conservation of angular momentum. A second
beam ionizes the atoms in the 5P1/2, F

′ = 1 level. See �gure 2.5 for an illustration. After
applying the ionization pulse, the ion and electron are detected with channel electron
multipliers [17] [29] or the �uorescence light of the cooling beams is collected again to
check whether the atom is still in the trap or has been ionized. This procedure reaches a
maximum detection e�ciency of 96% corresponding to the probability of the dark state
to not be ionized.
In the case of σ+ polarization of the readout pulse, mF = −1, 0 are called bright state,

while the mF = +1 is a dark state. For di�erent polarizations χro, the bright and dark
states are di�erent superpositions of the mF states, such that the measurement basis
can be chosen by the polarization of the readout beam. To test whether the atom is in
a certain state, χro is set such, that the state is the dark state and a Pi-pulse is applied.
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fibre BS

PBS
HSPCM 1

H
SPCM 2

VSPCM 2
V

SPCM 1

entangled entangled

Figure 2.4.: Setup of the BSM: single photon counting modules (SPCMs) are con-
nected to an FPGA, counting coincidences of photon detections. Simul-
taneous events in 1H and 2V or in 1V and 2H indicate a projection of the
photons on |Ψ−〉. Simultaneous events in the same output port of the BS
hence 1H and 1V or in 2H and 2V indicate a projection of the photons on
|Ψ+〉. Like this, the atoms are projected on an entangled state.

Then one checks, whether the atom is still in the trap or has been ionized. The readout
laser is aligned counterpropagating the the ODT beam.

As the readout polarization sets the basis, in which the atomic qubit is measured, one
can also label the atomic states by the polarization, for which they are a dark state:

|ΨH〉 =
i√
2

(|1,−1〉 − |1, 1〉) = |↑〉x

|ΨV 〉 =
1√
2

(|1,−1〉+ |1, 1〉) = |↓〉x
(2.12)

Where H and V denote horizontal and vertical linear polarization, as de�ned in �gure
A.2. Other states and corresponding readout polarizations are summarized in Table A.1.

2.6. Towards Longer Distances

To realize a useful quantum network, link lengths of roughly 100km are required [21].
The next goal of our experiment is to approach this order of magnitude. In this section,
requirements arising for these distances will be discussed shortly.
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2. Experimental Setup

5P1/2

5S1/2

F=2

F=1

-2 -1 0 1 2 m
F
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+Readout s

Ionization

bright state dark state

Figure 2.5.: Illustration of the Readout process

2.6.1. Coherence Requirements

Useful quantum networks will also require classical communication between the nodes
e.g. to distribute the result of the BSM to the two nodes. Moreover, a quantum link
with several nodes, via the repeater protocol, can only work, if all nodes remain coherent
until the entanglement is generated between the two �nal nodes. In our experiment, the
atomic state has to remain coherent, at least until the photon sent out has reached
the BSM-setup, was detected and an electric signal was sent back to the trap. For the
current setup, with a 700m �bre, this time is roughly 7 µs, but it will grow linearly
with the separation of the traps. Therefore coherence times of 100-200µs are required in
order to increase the distance to 20km. To make sure, to be well within the boundaries,
200µs will be used in further considerations.
The minimum �delity at 200µs should be such, that it is still possible to violate Bell's

inequality with a single link. This is a reasonable boundary, because this can never be
achieved with a classical system and thus de�nitely proves the entanglement [5]. To
violate Bell's inequality in the CHSH formulation, the so called S-value has to be larger
than Slow = 2 [10], while the maximum value is Smax = 2

√
2. As our system consists of

2 nodes, and S is directly proportional to the �delity of the entire system, the minimum
�delity, of each atom Fmin,atm has to be:

Fmin,atm =

√
Slow
Smax

≈ 84.1% (2.13)

For quantum communication applications and to achieve statistically signi�cant re-
sults, actually values above 90% would be preferable. Therefore, in considerations here,
the coherence time will be the time until the �delity of the state has dropped to 90%.
This limit is chosen by us for our experiment. In general a quantum network with multi-
ple channels can work with lower �delities in each channel. By entanglement distillation
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2.6. Towards Longer Distances

Figure 2.6.: Possible Atom-Atom entanglement event rates with and without the
Quantum frequency conversion(QFC)

[37] one entangled stated with high �delity can be extracted from several states with
low �delity. But as our experiment currently only o�ers a single channel, these high
�delities are required.
For the Bell test measurements in 2017, the �delity of the atom-atom state was 83%

corresponding to an individual value of 91% at a delay time of 11 µs [33]. Limitations
of the �delity will be discussed in detail in chapter 3.

2.6.2. Photon collection losses

The main limit on the entanglement generation rate of the experiment, is the photon
collection e�ciency. If the photon, emitted during the spontaneous decay, is not col-
lected, the BSM is not possible and the atoms cannot be entangled. The photon losses
consist of the photons, not being collected by the objective, and the ones, lost in the
�bre.
The losses in the �bre will exponentially increase for longer distances, and for the

current setup the entanglement rate will drop to almost zero for distances around 10
km (see �gure 2.6). The losses in the �bre occur mainly, because the photon wave-
length is 780nm and thus far away from the optimum range of commercial �bres at
1550nm. Therefore a polarization maintaining frequency conversion to this wavelength
has recently been implemented and atom-photon entanglement through a 20 km �bre
was veri�ed [38]. Figure 2.6 shows the improvement in event rate, especially at large
distances due to the more e�cient �bre transfer.
Additionally a new objective is currently being installed, increasing the collection

e�ciency from 5% to 9% in each trap.
Thus the photon losses and the coherence time are currently imposing the technical

limits of the quantum link. This thesis will present several approaches to increase the
coherence time.
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3. Decoherence Mechanisms

In this chapter the main decoherence e�ects on the atomic qubit are explained. Di�erent
parameter con�gurations to minimize these e�ects will be discussed, together with new
solutions that are currently being implemented.
Section 3.1 will explain the evolution of the qubit states in a magnetic �eld. Section

3.2 will present certain polarization e�ects of the ODT, that e�ectively create a magnetic
�eld around the focus. The evolution of the atomic qubit states in these, will be analysed
in section 3.3. Section 3.4 will explain di�erent ways to reduce this evolution.

3.1. State evolution of a spin 1 system

The atomic qubit is encoded in two Zeeman states of a spin 1 system, which obtain
di�erent energy shifts from external magnetic �elds, resulting in state evolutions. The
evolution of the di�erent qubit states in an external magnetic �eld

~B = B0

bxby
bz

 , (3.1)

with the normalized components bx, by, bz and the magnitude B0, can be calculated
from the Hamiltonian of the system in the basis (|1, 1〉 , |1, 0〉 , |1,−1〉):

Ĥ =
µBgF
~

~B ~̂F =

 bz
1√
2
(bx − iby) 0

1√
2
(bx + iby) 0 1√

2
(bx − iby)

0 1√
2
(bx + iby) −bz

 , (3.2)

with the Bohr magneton µB, the Landé factor of the hyper�ne state gF ,
√
b2
x + b2

y + b2
z =

1, and the angular momentum operators of a spin 1 system [24]:

Fx =
~√
2

0 1 0
1 0 1
0 1 0

 , Fy =
~√
2

0 −i 0
i 0 −i
0 i 0

 , Fz = ~

1 0 0
0 0 0
0 0 −1

 (3.3)

The used quantization axis is the z-axis of the coordinate system explained in Ap-
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3. Decoherence Mechanisms

pendix A. Using cylindrical coordinates (bz, φ), de�ned by:

bx =
√

1− b2
z cos(φ),

by =
√

1− b2
z sin(φ),

(3.4)

and the Larmor frequency ωL := 1
~gFµBB0 the Hamiltonian can be diagonalized with

the eigenvalues λ± = ±~ωL , λ0 = 0 and eigenstates:

|Φ±〉 =

−
1
2
(bz ± 1)e−iφ)

−
√

1−b2z
2

1
2
(bz ∓ 1)eiφ)

 , |Φ0〉 =

−
√

1−b2z
2
e−iφ

bz√
1−b2z

2
eiφ

 (3.5)

As these form an orthogonal basis, an arbitrary state can be expressed as a superposition
of them with coe�cients c+, c−, c0 and will undergo a time evolution:

|Ψ(t)〉 = e−iĤt/~ |Ψ0〉 = c− |Φ−〉 eiωLt + c0 |Φ0〉+ c+ |Φ+〉 e−iωLt (3.6)

To illustrate this, the time evolution of the states |ΨH〉, |ΨV 〉 as de�ned by Equation
2.12 and |Ψ0〉 := |1, 0〉 in di�erent magnetic �elds will be calculated.

3.1.1. Magnetic �eld in x-direction

For a �eld in x-direction, ~B =

±B0

0
0

, hence bz = 0, φ = 0/π and the eigenstates of

the system become:

|Φ+〉 =
1

2

 ∓1

−
√

2
∓1

 , |Φ−〉 = −1

2

±1√
2
±1

 , |Φ0〉 =
1√
2

∓1
0
±1

 (3.7)

and therefore

|ΨH(t)〉 = |ΨH〉
|ΨV (t)〉 = |ΨV 〉 cos(ωLt)± i |Ψ0〉 sin(ωLt)

(3.8)

|ΨH〉 is still an eigenstate of the system, but |ΨV 〉 will rotate into |Ψ0〉 and back with
the larmor frequency.
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3.1. State evolution of a spin 1 system

3.1.2. Magnetic �eld in y-direction

For a �eld in y-direction, ~B =

 0
±B0

0

, hence bz = 0, φ = ±π
2
and the eigenstates of

the system become:

|Φ+〉 =
1

2

±i√2
∓i

 , |Φ−〉 =
1

2

 ∓i−√2
±i

 , |Φ0〉 =
1√
2

±i0
±i

 (3.9)

and therefore

|ΨH(t)〉 = |ΨH〉 cos(ωLt)∓ i |Ψ0〉 sin(ωLt)

|ΨV (t)〉 = |ΨV 〉
(3.10)

|ΨV 〉 is still an eigenstate of the system, but |ΨH〉 will rotate into |Ψ0〉 and back with
the larmor frequency.

3.1.3. Magnetic �eld in z-direction

For a �eld in z-direction, ~B =

 0
0
±B0

, hence bz = ±1, φ = 0 and the eigenstates of the

system become:

|Φ+〉 = −1

2

1± 1
0

1∓ 1

 , |Φ−〉 =
1

2

1∓ 1
0

1± 1

 , |Φ0〉 =

 0
±1
0

 (3.11)

and therefore

|ΨH(t)〉 = |ΨH〉 cos(ωLt)± |ΨV 〉 sin(ωLt)

|ΨV (t)〉 = |ΨV 〉 cos(ωLt)∓ |ΨH〉 sin(ωLt)
(3.12)

Neither |ΨV 〉 nor |ΨH〉 is an eigenstate of the system. They will both rotate into each
other, and back.

Figure 3.1 illustrates the situation for di�erent magnetic �elds.
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3. Decoherence Mechanisms

Bx YH Y0 YV

By YH Y0 YV

Bz YH Y0 YV

Figure 3.1.: Illustration of the state evolution in di�erent magnetic �elds

3.1.4. Circular Dipole Trap Polarization

As mentioned in section 2.2.2, circular polarization of the ODT results in a di�erent
potential depth for each mF state. The energy shift of each state relative to the mF = 0
state can be calculated from equation 2.1:

∆EmF (~r) = −πc
2

2

Γ

ω3
0

(
−PgFmF

δ1F

+
PgFmF

δ2F

)
· I(~r), (3.13)

with δ1,F and δ2,F the detunings to the D1 and D2 line, the circularity of the light P, as
de�ned in Appendix B. Expressing it by the potential seen by every state equally U(~r)
(equation 2.5) yields [9]:

∆EmF (~r) = RcircgFmFP · U(~r), (3.14)

with Rcirc =
δ1,F−δ2,F
2δ1,F+δ2,F

. This energy shift is equivalent to the Zeeman e�ect of a magnetic
�eld pointing in propagation direction of the beam [11], de�ned as:

~Beff (~r) =
∆EmF (~r)

µB
~ez (3.15)

The description in terms of this e�ective magnetic �eld will be used in the following
considerations, as it allows to compare the e�ects of circular polarization and external
magnetic �elds on the atomic states.
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3.2. Polarization E�ects of a Strongly Focussed ODT

Mind that all state evolutions described in this and the previous sections are coherent
processes, that do not limit the �delity. Considering a magnetic �eld of known strength,
one can measure the state after an arbitrary number of full larmor rotations and will
obtain the input state.

3.2. Polarization E�ects of a Strongly Focussed ODT

The formalism of Gaussian optics as described in section 2.2.2, is a powerful tool, for a
wide range of parameters. However due to the paraxial approximation, it is not valid
for beams focussed to several µm waist because of their large divergence. In these cases,
the polarisation of the beam in�uences its shape and vice versa.
Since the ODT is tightly focussed it is important to further investigate the deviations

from Gaussian optics in this case. Richards, Bovin and Wolf derived exact di�raction
integrals to calculate the electric �elds in the vicinity of the focus of a linear polarized
plane wave, created by a lens with focal length f [7][3]. We followed these derivations,
with the extension that a collimated Gaussian beam was used as input [32]. This yields
the components of the electric �eld in the vicinity of the focus:

Ex(r, φ, z) = E0 · (F0(r, z) + F2(r, z) cos(2φ))

Ey(r, φ, z) = E0 · F2(r, z) sin(2φ)

Ez(r, φ, z) = E0 · 2iF1(r, z) cos(φ)

, (3.16)

with the coordinate system as de�ned in Appendix A, E0 the electric �elds amplitude
and the di�raction integrals:

F0(r, z) =

∫ α

0

dθ exp(
−f 2 tan(θ)2

w(f)2
)
√

cos(θ)(1 + cos(θ)) J0(kr sin(θ))eikz cos(θ) sin(θ),

F1(r, z) =

∫ α

0

dθ exp(
−f 2 tan(θ)2

w(f)2
)
√

cos(θ) sin(θ) J1(kr sin(θ))eikz cos(θ) sin(θ),

F2(r, z) =

∫ α

0

dθ exp(
−f 2 tan(θ)2

w(f)2
)
√

cos(θ)(1− cos(θ)) J2(kr sin(θ))eikz cos(θ) sin(θ),

(3.17)

with the waist expected from Gaussian optics at the position of the lens w(f) and
J0, J1, J2 being the Bessel-J functions of the �rst kind. The integrals sum waves from
in�nitesimal rings in the lens plane, with the opening angle θ seen from the integration
point, up to the aperture of the lens α. F2 slightly changes the focus sizes in x- and
y-direction, however for waists larger than 1µm these changes are negligible, since it is
more than an order of magnitude smaller than F2 or F1. In this range, F0 and F1 can
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Figure 3.2.: Real part of the x and y component of the electric �eld in the focal plane
(z=0). Mind the factor of 103 between the amplitudes

also be approximated such, that Ex and Ez have the �eld distribution of the TEM00 and
the TEM01 mode [32]. Therefore, the �eld distribution of Ex, as given in equation 2.2
is still valid, while:

Ez(~r) = E0 ·
i

zR

x

1 + z2

z2R

exp

(
−x

2 + y2

w(z)2
+ iϕ01(~r)

)
(3.18)

with the de�nitions for the Gaussian beam as in equation 2.2 and:

ϕ01(~r) = ωt+ kz + k
x2 + y2

2R
− 2 arctan

(
z

zR

)
. (3.19)

Surprisingly, the light �eld of the focussed beam gets o� axis a longitudinal polarisa-
tion component near the focus, that is propagating in the TEM01 mode. This can be
understood intuitively, by the fact that the linear polarization vector, that is perpendic-
ular to the propagation direction, gets slightly tilted because of the strong divergence.
Resulting in a longitudinal component with di�erent sign on both sides of the x=0 plane.
That is why the Ez component is in the TEM01 mode, while the transverse polarization
is still propagating in TEM00. Figure 3.2 shows the distribution of the electric �eld
amplitudes in the transversal plane at the focus position.
The factor i in equation 3.18 for Ez corresponds to a π

2
phase shift, that ensures that
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Figure 3.3.: E�ective magnetic �eld of the ODT for w0 = 1.9µm, U0=2.7mK, in the
xz-plane (left) and xy-plane(right). White ellipses show the area within
which the probability to �nd a Tatm=50µK atom is 95 %.

the Ex and Ez components start in phase in the far �eld, although the Gouy phase of
the Ez component has a factor of 2 relative to the Ex component. Therefore, there is a
phase di�erence between the two components of the polarisation, that can be written as:
δ = arctan

(
z
zR

)
+ π

2
. This results in a phase shift of exactly π

2
in the focus. Therefore,

the tightly focussed ODT beam propagating in z-direction will produce an electric �eld
like an elliptically polarized beam propagating in y-direction (see Appendix B). As the
TEM01 mode has a phase di�erence of π between the two nodes on each side of the beam,
the elliptical polarizations on both sides of the beam, rotate in di�erent directions.

As described in 3.1.4 the e�ect of circular polarization in the ODT on the atomic state
is the same as the Zeeman shift of a magnetic �eld pointing in propagation direction.
Therefore, the polarization e�ects due to the strong focussing can be treated as an
e�ective magnetic �eld in y direction, de�ned as in equation 3.15:

By,eff (~r) =
Rcirc

µB
· P · U(~r) (3.20)

with Rcirc as de�ned in section 3.1.4, P as explained in Appendix B, and the potential
of the dipole trap as de�ned in equation 2.5. Mind that also P has a dependency on the
position. The spatial distribution of this e�ective magnetic �eld is shown in �gure 3.3
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3.3. Evolution of the Atomic State in the E�ective

ODT �eld

After preparing an atom in a certain state, the atom will oscillate in the trap. Along
its trajectory, the atom sees di�erent �elds at each position, and since the atomic state
is prepared at a random position, all state evolutions are unique. When averaging over
many experimental runs, this causes a quick dephasing of the atomic state, on the time
scale of the trap frequency [9].
Luckily, rephasing to the prepared state occurs, since the trap is highly elliptical, due

to the Gaussian shape of the potential. Therefore, the longitudinal oscillations of the
atom, are much slower than the transversal and the e�ective �eld is antisymmetric with
respect to the z-axis. So an atom moving back and forth in one transversal oscillation will
see the same �elds on both sides of the z-axis, but with a di�erent sign. Therefore, the
state will also evolve back an forth equally for all initial conditions. This causes rephasing
after one oscillation period, such that atoms will always be back in the initially prepared
state after one oscillation period of its movement in the trap.
This rephasing process is limited by three facts:
Firstly the trap potential is not harmonic but Gaussian. Therefore atoms with di�er-

ent kinetic energies have di�erent oscillation periods. As energy of the atom is thermally
distributed the exact rephasing time cannot be known, and a measurement will be an
average over many atomic trajectories. Also the trap frequency will slightly vary for
di�erent z-positions (see equation 2.2.2). This error will accumulate for longer waiting
times, because the rephasing times of di�erent atoms will spread out more and more,
resulting on average in a reduced �delity at later rephasing points.
Secondly, the atom also oscillates along the optical axis, and therefore does not see

exactly the same �elds during one transversal oscillation. This e�ect is minimal for
one oscillation, but it will also accumulate for a higher number of oscillation periods.
However it is independent of the duration of one oscillation.
Thirdly, the �elds may not be exactly symmetric on both sides of the beam. Imperfect

alignment of the ODT beam to the objective, will introduce asymmetries in the focus,
resulting in slightly di�erent �elds on both sides of the beam.
The resulting evolution of the atomic state is shown in �gure 3.4.

3.3.1. Simulation

Figure 3.4 shows the evolution of two di�erent state populations with measured points
and the graph from a simulation. The simulation takes random initial positions and
velocities from a thermal distribution with temperature Tatm in the ODT potential and
simulates the resulting trajectory with a high temporal resolution. Then the evolution
of four di�erent initial states is calculated by evaluating the approximated expression for
the e�ective magnetic �eld (equation: 3.20, with 3.18) at every point of the trajectory,
deriving a larmor precession for every time step and applying that rotation on the atomic
state. This is done for up to 20 000 trajectories and �nally the state evolution is averaged
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prepared

preparedV

Figure 3.4.: Evolution of the state population in the e�ective �elds of the ODT sim-
ulated (lines) and measured (points). ΨV is not a�ected by the e�ective
By �eld (see section 3.1) U0 = kB · 3.2mK, Tatm = 45µK, w0 = 1.9 µm)

over these.
The simulation also takes �uctuations of the external magnetic �eld into account.

These occur due to imperfections in the compensation of external �elds and the control
of the magnetic coils. These �uctuations are assumed to be Gaussian distributed, with
standard deviations measured in [23]. In the simulation, they are implemented by adding
a random value from the given distribution to the magnetic �eld. This value is constant
during one trajectory, as these �uctuations are on a much slower time scale.
The measurement points in �gure 3.4 are taken by preparing one atom in either ΨH or

ΨV , by measuring the emitted photon in the HV-basis and then reading out the atomic
state with ΨH as a dark state after a certain delay time. To get the state population,
may atoms are measured and the average is taken.

3.3.2. Parameter con�guration for the Bell Test

For the loophole free Bell Test, a high �delity in both traps at the same time was required,
as the state readout has to be done simultaneously. Therefore, the �rst rephasing points
of both traps had to be the same. As trap 2 has a communication time of 3.6µs to trap
1 and the BSM (see section 2.4.2), the depth of trap 2 was chosen lower, resulting in a
lower trap frequency. As the �rst rephasing time of trap 1 was limited to 11µs by the
laser power, the frequency of trap 2 was chosen to be 14.5 µs corresponding to kB ·3.2mK
and kB · 1.8mK trap depth.
In order to achieve a maximum event rate of atom-atom entanglement the protocol

sketched in �gure 3.5 was implemented. It is designed to overcome the following chal-
lenges: Firstly, the photon collection and BSM has a very low success probability of
only η = 7 · 10−7 to give a two photon event, from one excitation try [9]. Therefore
multiple excitation tries are required, before one atom-atom entanglement is generated.
Secondly, the atom is heated during the excitations and state preparations by optical
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Figure 3.5.: Illustration of the timing scheme, used during the Bell-test

pumping. Therefore, it needs to be cooled after several tries. Thirdly, the readout of the
atomic states has to be at the same time in both traps, to close the locality loophole.

Thus, after both atoms are cooled and loaded into the ODT, 40 excitations are per-
formed, whereby the atom in trap 1 is always excited 3.6 µs later. After each excitation
step both traps wait for a heralding signal from the BSM to arrive. For trap 2, this also
takes 3.7 µs. If the BSM is successful, both traps wait until the atoms have rephased and
then read out the atomic state in a set basis. The trap parameters are chosen such, that
this will happen at the same time for both traps. If the BSM does not give a heralding
signal, another excitation attempt is performed in both traps. After 40 excitation tries,
a cooling period of 350 µs is applied. If the atom is lost due to the destructive readout
or thermal movement, a new atom is loaded, before the protocol is continued.

Altogether this yields an excitation rate of 52.2·103 1
s
, and 2.2 atom-atom entangle-

ments per minute. This will be increased with more e�cient photon collection optics by
a factor of 4 (see 2.6.2).

3.4. Increasing the coherence Time

Currently the atom traps are separated by 400 meters, which results in a communication
time of 7µs. When increasing the distance between the atoms this time will grow linearly.
Decoherence induced by magnetic or optical �elds should be eliminated entirely to reach
distances above 10 km. The e�ects of optically induced �elds can be eliminated entirely
by using a standing wave dipole trap. This approach is explained in detail in chapter
4. In this section, methods to reduce di�erent decoherence e�ects of the atomic state
are presented. Most of them will also be required in combination with a standing wave
trap, to suppress residual �uctuations of the ambient magnetic �eld.
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Figure 3.6.: Simulated evolutions of the population of the state ΨH , with gaussian dis-
tributed magnetic �eld �uctuations in x- and y-direction with standard
deviation σ = ∆Bmax

2 = 10mG and a guiding �eld in z-direction. Fluc-
tuations along the z-axis are turned o�. As the guiding �eld introduces
fast oscillations to the state evolution, only the envelopes are shown.

3.4.1. Magnetic Guiding Field

When applying a bias magnetic �eld, the in�uence of small �uctuations perpendicular
to this �eld is suppressed and the direction of the total magnetic �eld vector will be
approximately along the bias �eld. Hence the state evolution is mainly de�ned by the
guiding �eld and one can achieve higher �delities, by measuring the state after an integer
number of larmor rotations [27].
Fluctuations parallel to the guiding �eld, will still change the �elds amplitude and

therefore the frequency of the larmor precession.
Without �uctuations along the guiding �eld, the possible coherence times, achievable

with this method are limited by the ratio of the guiding �elds strength to the amplitude
of the �uctuations. Figure 3.6 shows the evolution of the state population for di�erent
guiding �eld strengths. The curves are calculated without �uctuations parallel to the
guiding �eld, to show the ideal case, when these are eliminated by other means, which will
be described in section 3.4.3. Currently residual �uctuations of the ambient magnetic
�eld in the experiment are gaussian distributed with a standard deviation of 0.3 mG
[23]. The ratio of these to the guiding �eld will �nally limit the coherence time, when
all other magnetic e�ects are eliminated. A guiding �eld roughly 10 times stronger than
the �uctuations will keep the loss introduced by decoherence below 5 % for 200 µs. Note
that when the �uctuations are of the same order of magnitude as the guiding �eld, the
guiding �eld even reduces the �delity.
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3. Decoherence Mechanisms

In the current trap setup, various e�ects limit the maximum guiding �eld. Firstly,
the Larmor precession induced by the guiding �eld has to be much slower than the state
readout, which takes 160 ns. A state contrast of more than 99 %, averaged over the read-
out time, requires a minimal larmor precession time of 2 µs, corresponding to a guiding
�eld of maximally 350mG. Secondly, the polarization gradient cooling will become less
e�cient when a magnetic �eld is applied, resulting in higher atomic temperatures [14].
Thirdly, for the initial state preparation by optical pumping, the mF=0 ground state
should be a dark state [40], which is not the case if a magnetic �eld in x- or y-direction
is present (see section 3.1). Signi�cant changes in the state preparation e�ciency were
found experimentally for magnetic �elds above 50 mG in these directions. Therefore,
this is the maximum usable magnetic �eld in these directions.
For these reasons, we limit the guiding �eld to 250mG in z-direction enabling sup-

pression of �uctuations up to 25mG in x- and y-direction during coherence times up to
200 µs.

3.4.2. Lower Atomic Temperature and Potential Depth
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Figure 3.7.: Averaged di�erences in By,eff the atom sees as de�ned in the text at
di�erent temperatures Tatm for two di�erent trap depths. The maximum
di�erence the guiding �eld can suppress is 25mG (grey line).

As the e�ective �eld of the ODT is proportional to the laser intensity, lowering the
trap depth results in lower optically induced e�ective magnetic �elds. However, in
the shallower trap, it also becomes more likely for the atom to leave the trap because of
thermal movement. Additionally the atom is heated, during the entanglement generation
process. For too shallow trap depths, this heating can be enough to kick the atom out
of the potential, causing the experimental procedure to abort.
For this reason, the atom also has to be cooled more when lowering the trap depth,

resulting in a lower repetition rate of the entanglement generation.
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3.4. Increasing the coherence Time

Figure 3.7 shows 〈∆By,eff〉MBD, the maximum di�erence in e�ective magnetic �eld an
atom will see, averaged over the Maxwell-Boltzmann distribution (MBD), for di�erent
temperatures of the atom. During the Bell-test experiments U0 = 3.2mK, and Tatm ≈
45µK were used. The �gure shows, that by ramping down the trap depth to 0.3 mK
and cooling the atom to around 8 µK one can achieve �eld �uctuations, that can be
suppressed with a guiding �eld of 250 mG. This was achieved by adding cooling periods
to the protocol in �gure 3.5 and ramping down the trap adiabatically, what reduced the
atom temperature even further.

Because of the additional cooling periods, the repetition rate of the experiment dropped
by a factor of 4 to less than one event per minute. Therefore, this method is not suited
for an applicable quantum network link.

3.4.3. State Transfer

By lowering the trap depth and applying a magnetic guiding �eld in z-direction, deco-
herence due to magnetic �uctuations in x and y direction can be suppressed, but the
qubit is still sensitive to magnetic �uctuations along the guiding �eld. This can be ad-
dressed by a Zeeman selective state transfer, to a basis that is less sensitive to magnetic
�uctuations along the z-axis [27].

In our experiment, this can be achieved via transferring the population in the F=1
mF=+1 state to the F=2, mF=1 state, forming the new basis |1,−1〉, |2, 1〉 as shown in
�gure 3.8. The relative energy shift in a magnetic �eld along the z-axis Bz of these two
states can be calculated as:

∆E = ∆hf + 2gIµBBz, (3.21)

with the hyper�ne splitting of 87Rb ∆hf ≈ ~ · 6.8GHz, the nuclear factor gI , and the
Bohr magneton µB [27]. Hence the sensitivity to magnetic �elds in z-direction of the
new basis is reduced by the factor gI

gF
≈ 1/504.8.

The state is transferred by a stimulated Raman transition with two σ± polarised
photons, blue detuned to the transition to the 5P1/2 F'=2 manifold. The Zeeman state
selectivity is realised, by the guiding �eld in z-direction, shifting the mF states of the
ground-level F=1 and F=2 manifolds such that only the transfer of the F=1 mF=+1
state will be in resonance with the di�erence frequency of the two laser �elds. The state
is transferred back to the qubit basis (F=1, mF = ±1) just before the readout. Figure
3.8 illustrates the transfer.

This scheme is currently being implemented, achieving transfer e�ciencies of around
98%.
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Figure 3.8.: Level scheme of the stimulated Raman transition for the state transfer.
The Zeeman state selectivity is achieved by the detuning ∆1 + ∆2 of the
unwanted transition.

3.4.4. Summary

Figure 3.9 summarizes the e�ect of the di�erent presented methods on the state evolu-
tion.
A lower ODT and more cooling can never produce coherence times longer than 100µs

even if the e�ective �eld of the ODT was not present (see blue curve in �gure 3.9, top
left). Cooling the atom more reduces the amplitude of the de- and rephasing process (see
also �gure 3.4), but can not suppress it completely. A lower ODT results in lower trap
frequencies, therefore the rephasing oscillations get slower. Interestingly, the amplitude
is hardly a�ected by this. Apparently the slower oscillations of the atom, in the weaker
�elds introduce the same amount of state rotation as the faster oscillations in the stronger
�elds (compare blue and red curves in �gure 3.9 top left).
A guiding �eld of 250mG can suppress the e�ect of ambient magnetic �uctuations in

x- and y-direction, but not the e�ective �elds of a high ODT. By cooling the atom to
8µK, coherence times of up to 140 µs can be achieved (see Figure 3.9, b).
By adding the state transfer, also magnetic �uctuations in z-direction can be sup-

pressed by a factor of 500, resulting in coherence times of more than 250 µs if the atom
is cool enough (see Figure 3.9, c).
The e�ect of ramping down the trap, cooling more, a guiding �eld and the state

transfer on the state contrast after 200 µs is summarized in �gure 3.10. It is clearly
visible, that for very low temperatures and trap depths, more than 90% contrast can be
achieved.
Unfortunately, as mentioned before, ramping down the trap and additional cooling

decreased the rate of atom-atom entanglement. Therefore other techniques to reduce
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Figure 3.9.: Simulated evolutions of the state population if ΨH is prepared with dif-
ferent trap parameter con�gurations. Without a guiding �eld (a), with
a guiding �eld Bz=250 mG (b), with guiding �eld and state transfer (c).
As the guiding �eld introduces fast oscillations (b) and (c) show only the
envelope of the curves. The black curves show the state evolution without
any optically induced e�ective magnetic �elds.
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Figure 3.10.: Fidelity after 200 µs with successful state transfer, when varying the
guiding �eld and the trap depth for three di�erent atom temperatures.
Mind that for Tatm=50µK and the lowest trap depths the atom will
probably be lost during the entanglement generation.

the e�ective magnetic �elds to less than 25mG are required. This can be provided by a
standing wave dipole trap, as presented in chapter 4.
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4. Standing Wave Dipole Trap

As explained in section 3.4, a guiding �eld of 250 mG in z-direction in combination with
a state transfer, can eliminate the e�ect of all magnetic �uctuations smaller than 25 mG,
on the coherence time of the atomic qubit. This leaves the e�ective �elds of the ODT
as the currently largest source of decoherence. As presented in section 3.4 they can be
reduced to 25mG at the cost of repetition rate due to ramping down the ODT depth
and prolonged cooling periods. In order to avoid this, a standing wave can be used. As
the e�ective �elds have a di�erent sign on both sides of the beam (see �gure 3.3) they
cancel, if a perfectly aligned, counter-propagating beam is used.

This chapter will explain this approach. The idea how to implement it in the setup
is to split the ODT-beam with a single mode �bre BS and use these two beams to
ensure a stable phase relation up to path length �uctuations and the same wavelength.
Both beams will be focussed with identical high NA objectives, collimated again by the
objective of the counter propagating beam and guided to the �bre coupler of the other
beam. In order to ensure good spatial overlap, �bre back-coupling into the �bre of the
other beam will be used as criterion. The setup is sketched in �gure 4.1.

Section 4.1 will explain the new geometry of the ODT potential, in the standing wave
con�guration. Section 4.2 will explain how exactly the e�ective �elds will cancel. Section
4.3 will discuss the e�ect of di�erent misalignments of the beams on the e�ective �elds
and show the e�ect of the residual �elds on the atomic state. Section 4.4 will explain how
the atom can be centred inside the trap and section 4.5 will shortly present a protocol
how to load an atom in the new trap and estimate its duration.

The planned experimental setup, requirements and corresponding tests will be dis-
cussed in chapter 5.

4.1. Geometry of a Standing Wave Dipole Trap

An additional, counter propagating ODT-beam, results in a spatial modulation of the
light �eld intensity. In order to describe the modulation mathematically, the electric
�eld of a second Gaussian beam propagating in positive z-direction is added to the �eld
in Equation 2.2. Ideally, the counter-propagating �eld is also H polarised and therefore
described by exactly the same expressions as the original beam, with the only di�erence:
z → −z, . This results for the x component of the composed electric �eld in:
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Figure 4.1.: Schematic of the planned standing wave dipole trap setup. The beams
will be aligned by optimizing the coupling e�ciency into the out-coupler
of the counter-propagating light �eld, which is monitored at the observe
coupling e�ciency port. Further details can be found in chapter 5.
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with all de�nitions as in section 2.2.2, r = x2 +y2, in the coordinate system as de�ned in
Appendix A and ∆ϕ, the phase di�erence between the two beams. For equal intensity,
equal polarization and perfect alignment, this yields the following potential:

USW (x) =− U0SW · IN(~r)

=− U0SW
1
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)2
e
− 2r2
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)
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2

]
,

(4.2)

with the normalized intensity distribution IN , where like in section 2.2.2 all constant
factors have been absorbed into U0SW , which is the maximum potential depth. Mind
that overlapping two beams, with both the intensity to create a potential of depth U0

on their own will result in U0SW = 4U0.
USW (x) is the e�ective potential of the running wave (RW) trap (see Equation 2.5),

modulated with the cosine-term. This introduces a pocket structure in z-direction,
splitting the potential into pockets with a spacing of λ

2
. The other phase terms in the
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Figure 4.2.: Potential of the SW trap with U0SW= kB·2.7mK. White ellipse shows the
furthest points 95 % of all T = 50µK atoms can reach in a RW trap of
same depth, corresponding to 15 pockets of the SW trap.

cosine cause deformations of the outer pockets. Changing the phase di�erence between
the beams ∆ϕ moves the pockets along the optical axis. In this way, once the atom is
trapped in one pocket, it can be moved by changing the relative phase of the beams. If
this phase varies randomly, the pockets will shake with the respective frequency, which
leads to heating or even loss of the atom. Therefore, active control and stabilisation of
the phase di�erence between the beams is desired.
Figure 4.2 shows the potential of the SW trap, together with the area, where 95% of

the 50µK atoms would be in a RW-trap of half the depth. By �rst turning on one beam,
the collisional blockade e�ects ensures loading of a single atom [34]. Then the second
beam will be ramped up slowly compared to the trap frequencies, trapping the atom
in one of the pockets that lie within the white ellipse in �gure 4.2. For the sketched
example these would be the central 22 pockets. In general, the furthest point 95% of all
atoms can reach is calculated from solving U(0,0,z) = U0 + E95 as:

zmax = zR

√
E95

U0 − E95

, (4.3)

with the Rayleigh-length zR and E95 = − ln(1− 0.95)kBT is the energy where the in-
tegral of the Boltzmann distribution reaches 0.95. The number of pockets, is given by
this distance, divided by λ

2
. Analogously, in the following, the con�nement area will be

used. It is de�ned as the area, where the potential depth is lower than E95.
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4. Standing Wave Dipole Trap

In the SW trap, the atom will now be con�ned most tightly in z-direction, while
this was the loosest direction in the RW trap. An approximate expression for the new
trap frequency in longitudinal direction can be found by approximating the expression
U0SW · cos2(kz) to second order [16]:

ωL =

√
2U0SWk2

m
= 2π · 12.6...41.0MHz. (4.4)

The potential in the transversal plane is not a�ected by the second beam.

4.2. Elimination of Circular Polarisation

The expression for the longitudinal component of the polarization of the counter-propagating
beam is also very similar to the one derived in section 3.2.Again like in the x-component
z is replaced by −z but because of this, the factor of i in Equation 3.18 has to be −i here,
to ensure that there is no phase shift between the Ez and the Ex component in the far
�eld, where the beam originates. Intuitively this can be seen, because the phase di�er-
ence between the two components is proportional to − arctan

(
z
zR

)
and would therefore

be π
2
for the far �eld in negative z-direction without this compensating factor. Therefore,

the combined longitudinal component of both beams will be:
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(4.5)

where the factor of -1 was written as eiπ to make it obvious that the phase di�erence
between Ez and Ex equals π everywhere compared to arctan

(
z
zR

)
+ π

2
for the RW (see

section 3.2). Thus the elliptical polarization in the focus is completely eliminated, al-
though the longitudinal components are still present. But as they now also have a spatial
phase shift relative to the transversal components, they are minimal, in the centre of
the pockets, where the atom will be. Mind that, the polarization vector will still point
in di�erent directions at di�erent positions along the optical axis and even will point
completely in longitudinal direction at the minima of the intensity, but the e�ective
magnetic �eld will be zero everywhere.

4.3. The E�ect of Misalignments

The calculations presented in the previous section were under the assumption of per-
fectly overlapped beams. In a real experiment this will not be the case. Therefore, the
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4.3. The E�ect of Misalignments

e�ect of imperfect overlap of the two beams on the e�ective magnetic �eld has to be
studied. In the following subsections all plots of the e�ective magnetic �eld are for a
trap depth U0SW= kB· 3.2mK. This value is chosen for good comparability with the
current experimental setting, presented in section 3.3.2, but the trap can be operated
with lower values as well, resulting in a linear decrease of the e�ective magnetic �eld.
In the following contour-plots of the e�ective magnetic �eld, colorbar-scalings are kept
constant for the di�erent plots, to allow good comparability between the pictures.
The e�ective magnetic �elds are calculated by evaluating the approximated expres-

sions for the electric �elds in x- and z-direction (equations 2.2 and 3.18) for both beams,
in an individual coordinate system. The coordinate system of the �rst beam is as pre-
sented in Appendix A. The �elds introduced by the second beam are calculated by
applying a coordinate transformation on the �rst beam, depending on the misalignment
parameters. Then the electric �elds are added and the e�ective magnetic �eld is derived
according to equation 3.20.
The e�ect of the misalignment on the geometry of the potential is taken into account

in the shape of the ellipses, indicating the position of the atom, but will not be discussed
in detail, as it is very small for the presented parameter ranges.

4.3.1. Transversal Displacement

-1.5-1.0 -0.5 0.0 0.5 1.0

 0.0

-0.6

 0.6

x/w0

z/
l

-0.3

 0.3

0.0 15 30 45-15

B  [mG]yeff

y/
w

0

Figure 4.3.: The E�ective magnetic �eld for ∆x = 0.1w0 (left) ∆y = 0.1w0 (right).
Note that the left �gure shows the xz-plane (y=0) and right the xy-plane
(z=0). Black ellipses indicate the con�nement area for atomic tempera-
ture T = 50µK with U0SW= kB·3.2mK

The beams can be displaced transversally relative to each other. The resulting �elds
of such a misalignment are shown in �gure 4.3.
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4. Standing Wave Dipole Trap

Figure 4.4.: Maximum e�ective magnetic �eld introduced by beam misalignment in
x-, y- (a) and z-direction (b). The values increase linearly in (a). The
oscillations in(b) occur due to the fact, that the values of By,eff are always
taken at a constant position, while the structure in �gure 4.5 is moving
when Z0 is changing because the phase of the beams in the calculation
programme is de�ned relative to their focus position. The small dips at
the zero-crossing of the oscillations can be explained by the change in
shape, that occurs for the outer lying maxima. However, the amplitude
of the oscillations is growing linearly.

A displacement in y-direction (∆y) only creates minimal �elds, that additionally have
a zero-crossing at the position of the atom. Therefore the di�erences the atom will see
are minimal and are easily suppressed by a guiding �eld.
A displacement along the polarization axis (∆x) will create large e�ective �elds with

a maximum at the position of the atom. But also these have a rather �at top, such that
the di�erences in magnetic �eld, the atom will see, are not substantial. The magnetic
�eld o�set, can be cancelled on average by a magnetic compensation �eld along the y-
axis. The �eld can be set accurately by minimizing the Larmor precession of the atomic
state. The height of the maxima will slowly decay in z-direction, but only by 10% of the
maximum value within the area where the atoms will be con�ned.
Up to a misalignment of 0.4w0 the maximum e�ective �eld will increase approximately

linearly for both misalignment parameters, see �gure 4.4.

4.3.2. Longitudinal Displacement

If the foci of the beams are at di�erent longitudinal positions with distance ∆z this will
cause alternating �elds on both sides of the z-axis, as shown in �gures 4.5 and 4.6. In
this case, the atom can be in the regions of high gradient, but the maximum �uctuations
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4.3. The E�ect of Misalignments

in magnetic �eld are only 15mG, what is still in the range that can be suppressed with
a guiding �eld. As visible in �gure 4.4 the �elds will increase linearly, in z0.
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Figure 4.5.: E�ective magnetic �eld for a misalignment of ∆z = 0.1zR in the y=0
plane for U0 =kB·3.2 mK. Black ellipses indicate the con�nement area
for atomic temperature T = 50µK.
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Figure 4.6.: Pro�le of e�ective magnetic �eld if ∆z = 0.1zR. Pro�le is taken along
the line x=w0/2, y=0. Black lines indicate ±zmax as de�ned in equation
4.3 for U0 = 3.2µK.

4.3.3. Angular Misalignment

An angle between the beams in x-direction (αx), will result in a �eld distribution as
shown in �gure 4.7. Around the pockets in which the atom will be trapped, elliptical
regions of e�ective magnetic �eld with alternating sign arise. These �elds can exhibit a
signi�cant gradient in the region where the atom will bee. Outside the focal plane the
regions high of e�ective magnetic �eld will get deformed, moving the area of high �eld
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Figure 4.7.: E�ective magnetic �eld for αx = 0.5° around the focus (left) and around
zmax (right) as de�ned in equation 4.3 for U0 = kB·3.2 mK. Black ellipses
indicate the con�nement area for atomic temperature T = 50µK.
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Figure 4.8.: Pro�le along the z-axis of e�ective magnetic �eld if αx = 0.5. Black lines
indicate zmax as de�ned in equation 4.3 for U0 = 3.2µK.

closer to the atom. Additionally, the maximum values of the �eld, will increase outside
the focus, before they decrease again (see �gure 4.8).
A misalignment angle in y-direction (αy) will cause �elds, as sketched in �gure 4.9.

This image is taken in the z = zmax plane because the �eld amplitudes will decay towards
the focus, as shown in �gure 4.10. As shown, these e�ective �elds are very low compared
to misalignment along the polarization axis and the highest amplitudes lie outside the
area the atom can reach.
The e�ective �elds will increase linearly for both misalignment parameters (see �g-

ure4.12).
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Figure 4.9.: E�ective magnetic �eld if αy = 1.0, in the z = zmax plane, as de�ned in
equation 4.3 for U0 =kB·3.2 mK. Black ellipse indicates the area where
95% of all 50µK atoms will be con�ned. Black spot shows the axis of the
pro�le in �gure 4.10
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Figure 4.10.: Pro�le of e�ective magnetic �eld if αy = 1.0. Pro�le is taken along the
line x=y=w0/2, as shown in �gure 4.9. Black lines indicate ±zmax as
de�ned in equation 4.3 for U0 = 3.2µK. Inset shows zoomed in version
around the focus. The atom will be trapped at positions z=0 and integer
multiples of z/λ = 1/2.
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4.3.4. Di�erent Focus Waists
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Figure 4.11.: E�ective magnetic �eld if the the waists of the beams di�er by w02
w01

= 0.95
for U0 =kB·3.2 mK. (a): in the y=0 plane; black ellipses indicate the
con�nement area for atomic temperature T = 50µK. (b): Pro�le along
the line y=0, x=w0

2 . Black lines indicate ±zmax as de�ned in equation
4.3

Also the focus size of the two beams can di�er. This will lead to e�ective �elds as
shown in �gure 4.11, with the atom seeing signi�cant gradients in e�ective magnetic
�eld, even for the small di�erence of just 5% of the waist. As visible in �gure 4.12 the
absolute height of the maxima, will increase linearly with the ratio w02

w01
.
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Figure 4.12.: E�ective magnetic �eld approximately at the position of its maximum,
plotted against misalignment parameters αx and αy (a) and w02

w01
(b).

The values increase linearly in a) and b) for growing misalignments.

4.3.5. Di�erent Intensities of the Beams

Finally, not only the geometric parameters of the beams can di�er, but also their powers
P1 and P2 can be unbalanced. The �elds introduced by such a mismatch, are shown in
�gure 4.13. The maximum di�erences in these �elds are well below 25 mG, even for the
rather pessimistic choice of 10% di�erence in power. By a simple active stabilisation it
should easily be possible to achieve better balance of the powers. As visible in �gure
4.14, the maximum �eld amplitudes are also linear in the ratio of the beam powers and
will thus be even lower in this case.
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a) b)

Figure 4.13.: E�ective magnetic �eld if the the powers of the beams di�er by P2
P1

= 0.9
for U0 =kB·3.2 mK, in the y=0 plane (a) and along the line y=0, x=w0

2
(b). Black ellipses indicate the con�nement area for atomic temperature
T = 50µK

Figure 4.14.: E�ective magnetic �eld approximately at the position of its maximum,
plotted against the ratio of the beam powers.

4.3.6. Summary

As shown in the previous sections, a relative displacement in x-direction (i.e. the po-
larization axis), an angle between the beams in x-direction and di�erent waist sizes will
cause the highest e�ective magnetic �elds at the position of the atom.
The �rst e�ect can be cancelled with a compensating magnetic �eld in y-direction.

The latter two will require a precise adjustment of the beam alignment and a guiding
�eld to suppress residual e�ective magnetic �eld e�ects.
All other misalignments will, within reasonable boundaries, only create e�ective �eld

�uctuations below 10mG around the position of the atom and can therefore easily be
taken care of by a guiding �eld. All these �elds will scale roughly linear with the
misalignment parameter and the trap depth. Therefore, even if the misalignment is
larger than assumed here, the �elds can be reduced again, by decreasing the trap depth.
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Figure 4.15.: E�ective magnetic �eld with misalignments as given in table 4.1 a). Left:
Contourplot in the y=0 plane; Black ellipses indicates the area where
95% of all 50µK atoms will be con�ned. Right: pro�le along the z-axis.
Black lines indicate position of ±zmax. Inset same parameters as b),
zoomed in to ±zmax. Horizontal line indicates amplitude of e�ective
magnetic �eld in central pocket.

∆x ∆y ∆z αx αy
w02

w01

P2

P1

a) 0.2w0 0.2w0 0.1zR 0.5° 1.0° 0.9 0.9
b) 0.1w0 0.1w0 0.1zR 0.5° 0.5° 0.95 1

Table 4.1.: Misalignment parameters chosen for an exemplary calculation.

The trap depth of kB· 3.2 mK was chosen to reduce the rephasing time, however aiming
for long distance entanglement, lower trap depths appear to be favourable. Executing a
currently implemented experimental sequence with a trap depth of kB·1 mK should be
possible.
Combining the misalignments creates an e�ective �eld distribution as shown in �gure

4.15, which results in �eld di�erences the atom will see as shown in �gure 4.16. The
maximum �uctuations stay below 25mG, what a guiding �eld can suppress for atom
temperatures up to 60 µK. So this regime can be reached without additional cooling
periods as introduced in section 3.4.2). Interestingly, a small increment in the displace-
ment in x-direction will even reduce the �uctuations, as then the maximum of the �eld
will move closer to the pocket where the atom is trapped, exposing it to the �at top of
the �eld distribution, instead of its slope.
Simulations of the resulting state evolution are shown in �gure 4.17. With the mis-

alignment parameters in table 4.1 a) and a trap depth of U0 =kB· 3.2 mK, it is not
possible to meet the coherence requirements, but lowering the trap depth to U0 =kB·
1.0 mK already results in an almost ideal evolution. The long term evolution with these
optimal parameters is shown in �gure 4.18, suggesting coherence times up to 1.5 ms for
the chosen con�guration. All simulations are done with the atom in the central pocket.
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Figure 4.16.: Di�erences in By,eff the atom sees averaged over the MBD for di�erent
temperatures (Tatm), as in �gure 3.7 with the graph for a SW trap
with misalignments as given in table 4.1 a) added. Standing wave trap
average is done over all pockets visible in �gure 4.15. The maximum
di�erence the guiding �eld can suppress is 25mG (grey line).
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b) Byeff = 0
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Figure 4.17.: Envelopes of the simulated evolutions of the state population in the
dipole trap, if ψH is prepared, for di�erent trap parameters. Misalign-
ments as in table 4.1 a) (top) and b) (bottom). In a), one set with lower
trap depth is added. Every parameter con�guration, is run with three
di�erent compensation �elds, showing that small errors in the strength
of compensation �eld, will only have a limited e�ect. All evolutions are
calculated with state transfer and Bz=250mG guiding �eld like in �gure
3.9 c).
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Figure 4.18.: Envelopes of the simulated evolutions of the state population in the
dipole trap, if ψH is prepared, with trap parameters as in table 4.1 a)
and optimum compensation �eld, for up to 1.5ms.
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4.4. Loading the Atom in the Central Pockets

As visible from �gure 4.15b), the o�set in e�ective magnetic �eld can vary between
di�erent pockets, furthermore a higher ∆z will increase this e�ect, as the focal plane
will be further in the slope of the envelope. For the misalignment chosen in table 4.1 a),
only trapping the atom reproducibly in one of the central three pockets, will reduce the
di�erences in e�ective magnetic �eld to the values in �gure 4.16.

The graphs in �gure 4.17 suggest that the coherence time only weakly depends on
the compensation �eld. Variations of ±5 % seem to have only a little in�uence. This
suggests, that also such di�erences in the o�set �eld, might have only little in�uence.
Thus this criterion can also be reduced to the central 5 pockets.

Beside the reduced e�ective �eld �uctuations also the e�ciency to collect photons and
couple them into the �bre will be increased in the central pockets, compared to the outer
ones.

As mentioned above, the atom �rst has to be trapped in the RW trap, to ensure loading
of only a single atom. For the current maximum trap depth of kB·3.2mK zmax equals
2.9 µm. However, using readily available laser powers, trap depths up to kB·16 mK can
be realised with a single beam. Resulting in stronger con�nement and, reducing zmax to
1.3 µm. Hence shortly ramping up the RW trap, can load the atom most certainly into
the central 7 pockets of the SW potential.

Using the harmonic approximation of the ODT-potential, the longitudinal thermal

distribution of the atom within the trap is Gaussian with the width σL =
√

kBT
m
· 1
~ωL

,
where ωL is the longitudinal trap frequency from equation 2.6 [16]. Therefore, the
probability to �nd the atom in one of the three central pockets after turning on the
second beam can be calculated as

P (p = ±1, 0) =

∫ λ
2

−λ
2

dzN exp

(
− z2

2σ2
L

)
= erf

(
λ

2zR

√
U0

kBTatm

)
= 0.58, (4.6)

where the pockets p haven been labelled by their number, along the z-axis, with 0 in the
centre, N is a normalisation constant and erf() the error function.

So the atom will be in the central 3 pockets in 58 % of all cases. In these three pockets,
the maximum e�ective magnetic �elds are 120 mG - 125 mG. But in the other cases, the
atom will be in the pockets p=±2,±3, seeing e�ective �eld di�erences of up to 20mG,
allowing a less precise compensation �eld.

This section will explain how the position of the atom in the SW-trap can be deter-
mined and presents two suggestions how to prepare it in one of the central pockets.
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4.4. Loading the Atom in the Central Pockets

N0 N±1 N±2 N±3

214 211 202 189

Table 4.2.: Mean expected count rates N±p if the atom is in pocket ±p

4.4.1. Detecting the Position of the Atom

Currently, the �uorescence of the atom of the cooling lasers is used to detect, whether
an atom is loaded into the ODT (see section 2.2.2). The �uorescence light is collected by
the high-NA objective and coupled into a single mode �bre, guiding it to single photon
detectors. The count rate of the detectors increases signi�cantly, when an atom is loaded
into the trap. The count rate is integrated over 40 ms to distinguish whether or not an
atom is trapped.
When there is no atom in the trap, 18 counts are registered on average. They consists

of dark counts of the APD and scattering of cooling light [40]. With an atom in the trap,
this increases to around 200, depending on the detuning of the cooling lasers. Hence the
counts produced by the atom are 182 on average.
The count rate also depends on the position of the atom in the trap, as this will

in�uence the e�ciency of the photon collection by the objective and the coupling into
the �bre. The values given above, are the average over the thermal distribution of the
atom in a RW trap. But in a SW trap, the atom will be localized in one pocket. Hence
the number of �uorescence counts will be increased for the central pockets, as the mode
overlap of the emission pro�le with the �bre mode will be better. On the other hand,
it will be reduced in the outer lying pockets. This behaviour is also approximately
symmetric around the central pocket.
Therefore, it is possible to determine whether the atom is in one of the central pockets,

from the counts of the �uorescence measurement. For each pocket, the expected count
rate is di�erent, but all of them will follow a poisson distribution, given by:

Pp(k) =
Nk
p e−Np

k!
, (4.7)

where p is the pocket index, Np the expected number of counts from that pocket and k
the number of registered counts in 40ms integration time. The expected mean number
of counts for the di�erent pockets in the current setup is given in table 4.2 and can be
calculated by integrating the mode overlap of the atoms emission pro�le with the �bre
mode. These numbers can also be tuned by adjusting the settings of the �bre coupler,
e.g. optimizing them to be most sensitive for the central pocket. Calculations for these
numbers and their dependency on the �bre coupler parameters can be found in [35].
The distributions up to the fourth pocket are shown in �gure 4.19
In order to decide whether the atom is in the central pockets a value of the counts

after 40ms integration time has to be chosen. Above this value one will assume that the
atom is in the central pockets. This value should be so high, that the probability that
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the atom is actually not in the central pockets but in the next one in this case, is below
4%.
To prepare the atom reliably in the central three pockets, only events with more than

Nacc±1=228 counts should be accepted, while for the central �ve pockets, events with
Nacc±2=213 or more counts can be accepted. Both values are visualized by the black
lines in �gure 4.19.
The picture shows, that the probability to detect 228 counts is very low, even if the

atom is in the central three pockets, as this value is higher than the mean values of the
distributions of pockets 0 and ±1. Therefore, it will only be possible to localize the atom
in the central 5 pockets.
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Figure 4.19.: Probability distributions of the �uorescence count rates, if the atom is
in di�erent pockets. Black lines show the necessary values to verify with
more than 96% probability that the atom is in the central 3 (dashed)
and the central 5 (solid) pockets .

4.4.2. Moving the Atom to the Centre

As the atom will only be in the central three pockets in 58% of the cases, a method to
prepare it there deterministically is needed.
One possibility to achieve this is to turn on the SW, and measuring the �uorescence.

If the atom is found to be in the central pockets, the process is �nished. If this is not the
case, the SW can be turned o� and on again, and the �uorescence can be remeasured.
After a �nite number of tries, the atom will be in one of the central pockets.
The probability for a successful preparation in the pockets with index up to p can be

calculated as:

48



4.4. Loading the Atom in the Central Pockets

Psucess(p) =

p∑
p′=0

P (p′)Pp′(k > Nacc±p′), (4.8)

where the probability to prepare the atom in pocket ±p, P(p) can be calculated by
adjusting the boundaries of the integral in equation 4.6. The probability to get more
than Nacc±p counts, if the atom is in pocket ±p, can be derived from integrating equation
4.7.

This yields a success probability of 12% for the central three, and of 42% for the
central �ve pockets. The probability that T tries are needed for a successful preparation
can be calculated as:

Pprep,p(T ) = Psucess(p) · (1− Psucess(p))T−1 (4.9)

Thus for the central 5 pockets, on average 2.38 tries will be required for a successful
preparation, but to prepare it in the central three pockets will require 8.69 tries on
average. Every try will require at least 40ms for the �uorescence collection.

The exact count rates highly depend on di�erent parameters of the experiment, like
the detuning of the cooling light. Therefore, the exact numbers for the probabilities
here might vary. But the general behaviour, that the central 3 pockets, are hard to
distinguish from the central one, will stay the same.

Hence the process can also be improved, by increasing the number of scattered pho-
tons by temporarily decreasing the detuning of the cooling light. E.g. if N0=500, the
probability to successfully prepare and detect in the central three pockets becomes 20%
for every try.

Moving the Pocket with the Atom

Another option to prepare the atom in the central �ve pockets would be to move the
pockets of the standing wave by a controlled phase shift. The problem of this method is
that, it is not possible to determine from the �uorescence counts in which direction the
atom has to be moved. Additionally, even when the atom is in the central �ve pockets,
the probability to get more than 213 counts is only 47 %. Therefore, it can also easily
happen that the atom will be moved, even when it is in the central �ve pockets.

For these two reasons a protocol employing this method will require on average more
�uorescence collection intervals and hence take longer than the probabilistic method
discussed above.
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4.5. Trap Operation

Based on the �ndings in this chapter the following protocol to operate the SW trap is
suggested:

� step 1: An atom is cooled and trapped in the RW potential of beam 1. This is
necessary to make sure, only a single atom is loaded into the trap, which approxi-
mately takes 1s.

� step 2: Beam 1 is ramped up to maximum power, to con�ne the atom in the centre
of the focus. All ramps have to be slow compared to the trap oscillation frequency,
to ensure adiabaticity and thus avoid heating of the atom by the ramping procedure
[16]. This results in a ramping time of approximately 0.1ms.

� step 3: Beam 2 is ramped up in roughly 0.1ms, trapping the atom in one of the
pockets.

� step 4: The �uorescence is collected, to determine the position of the atom. If
the counts are below 100, the atom was lost during the ramping process and one
has to go back to step 1. If the counts are above 100, but below 213, an atom
has been trapped, but is not in the central 5 pockets. Therefore, one has to ramp
down Beam 2 and go back to step 3. If the number of counts is above 213, one
can assume that the atom is in the central �ve pockets.

� step 5: The depth of the potential can be adapted to the requirements of the
experiment. E.g. decreasing it slowly, will result in an even lower temperature of
the atom, what might increase the coherence time. So the �nal adjustment of the
potential depth will again take 0.1ms.

Altogether the average time required to load an atom can be calculated as:

t = 1s+ 0.1ms+ 2.38 · (0.1ms+ 40ms+ 0.1ms) = 1095.776ms, (4.10)

where the factor of 2.38 arises from the fact, that on average 2.38 tries will be required
to load the atom in the central �ve pockets.
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In this chapter, several test setups implemented in this work to reach the requirements
found in chapter 4 and results will be described.
As concluded in section 4.3 the spatial overlap of the two trapping beams has to

be very good, i.e. all misalignment parameters from section 4.3 have to be minimized.
Fibre to �bre coupling will be used to ensure good spatial overlap of the two beams. This
overlap criterion will be veri�ed by knife edge measurements of the two foci, described
in section 5.1.
Secondly, the relative phase of the two beams has to be controlled precisely to ensure

stability of the SW trap potential. Changes in the relative phase, will move the pockets
of the SW potential and can heat the atom. Furthermore the atom has to be loaded into
one of the central pockets reproducibly to reduce the e�ective �eld �uctuations the atom
sees and enhance the photon collection e�ciency. To achieve phase stability between the
two beams, control of the phase of at least one beam is desired. The protocol to load the
atom in one of the central pockets, derived in section 4.4, additionally requires control
of the powers of both beams. A test setup to achieve these two controls employing
acousto-optic modulators (AOMs) is presented in section 5.2.

5.1. Spatial Overlap

To couple a laser beam into a single mode �bre, good spatial overlap with the mode
transmitted by the �bre is required. The coupling e�ciency, de�ned as η = Pin

Pout
where

Pin and Pout are the power of the beam in the �bre and before the �bre, is directly
proportional to the overlap integral of the electric �elds of the �bre mode Efib(~r) and
the beam EB(~r) :

|〈Efib|EB〉|2 =

∣∣∣∣∫ d~r Efib · E∗B
∣∣∣∣2, (5.1)

where E* stands for the complex conjugate of E and the integral is over the mode area.
For the TEM00 mode, both electric �elds can be approximated by a Gaussian beam
�eld distribution as described in equation 2.2. The �bre mode also de�nes the �eld
distribution of a beam transmitted by the �bre. Therefore, the coupling e�ciency of
light emitted from one �bre and coupled into another can be used as an overlap criterion
for the beams.
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Hence, the coupling e�ciency is a precise measure for the spatial overlap close the
the �bre couplers, but to verify, whether this criterion is sensitive enough to ensure
perfect overlap of two micrometer-sized foci, an experimental setup was developed and
implemented in the scope of this work. It will be described and analysed in this section.

5.1.1. Setup

ODT - Laser 850nm

50/50 BS

Mitutoyo 
objective
f = 4 mm f = 36mm

Alt 
objective

Teleskope 

90/10 BS 90/10 BS

fibre coupler B

90/10 BS

PD A PD B

PD C

fibre coupler R

1

2

3

Figure 5.1.: Setup for measuring the overlap of two beams, depending on the coupling
e�ciency.Numbers in circles indicate positions where beam pro�les in
�gure 5.2 were taken. Light beams are schematically shown o�set from
actual position for clarity.

A schematic of the experimental setup is shown in �gure 5.1. Light from a 850nm
diode laser is split into two beams by a 50/50 �bre BS. One beam (labeled blue (B)) is
coupled out of the �bre with a waist of 0.56mm and focussed by a high NA objective 1

with a focal length of fM=4mm and a working distance of dw = 14mm to approximately
3 µm waist size. Behind the focus, the beam is collimated again by another high-NA
objective using the design by Alt, presented in [2]. It has a focal length of fA=36mm.
After recollimation, the beam is split by a 90/10 BS, of which the transmitted 10%

part is focussed onto a photodiode (PD B). The re�ected beam, is reduced by a 2:1
telescope, consisting of two one inch lenses in cage optics, with focal lengths f1= 60mm
and f2=30mm. Finally it is coupled into a �bre again, with the coupler red (R). After
the �bre coupler, 10% of the light are coupled out with a �bre BS and guided to PD C.
This signal is used to measure the power coupled back into the �bre.
The second beam (labeled red (R)) shares the same beampath, but counter-propagating.

It is enlarged by the telescope and partly focussed on a photodiode (PD A) after passing
through the two objectives.

1Mitutoyo, G Plan Apo 50, NA=0.5, corrected for a glass plate with a thickness of 3.5 mm between

the objective and the focal spot.
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Figure 5.2.: Transversal intensity distributions of the B beam (top row) and R Beam
(bottom row) numbers in circles, correspond to positions shown in �gure
5.1 where the pro�les were taken; together with intensity pro�les in x-
direction (black) and Gaussian �ts (blue) to �nd the waist of the beam
at that position. In (c) & (d) the deviation introduced by the telescope
is clearly visible.

The telescope is required, to account for the di�erent focus sizes of the beams, intro-
duced by the di�erent working distances of the objectives. Note that the extra optical
components will introduce additional aberrations, causing deviations from a Gaussian
beam pro�le. Resulting pro�les of both beams before and after passing through the two
objectives are shown in �gure 5.2.

To characterize the beam pro�les around the focus positions knife edge measurements
are performed. Two sharp razor knifes are mounted on a three dimensional stage driven
by step motors with around 10nm precision. These can be moved into the beams from
two directions (x and y), blocking them partly and therefore reducing the power on
photodiodes PD A and PD B. The mounted knifes are shown in �gure 5.3. Intensities
on the two photodiodes are recorded together with the position of the knife. By �tting
the integrated intensity distribution of a Gaussian beam to the measured intensities,
and positions of the knife edge, the waist at the position of the knife can be derived.
By doing this scan once in x-direction and once in y-direction, the waist of the beam in
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y

x

Figure 5.3.: The beam pro�le characterization setup, consisting of two razor blades,
to perform knife edge measurements in two dimensions. Arrows indicate
coordinate system.

both directions can be measured. By moving the knife edge along the beam, waists at
di�erent z-positions can be taken. From these, the minimal waist w0 of the beam can
be derived again by �tting a Gaussian longitudinal intensity pro�le to these.

Alignment

To achieve high coupling e�ciency, precise alignment of all optical elements is crucial.
Both objectives and lenses have to be hit central and perpendicular in order to minimize
aberrations, causing deviations from the Gaussian beam �eld distribution and reducing
the overlap with the ideal �bre modes.
To achieve this, �bre coupling is used as an alignment parameter for every single

element. The following alignment procedure is used:

� step 1: A mirror and an iris are mounted on the side of the Mitutoyo objective
pointing towards the B coupler and the re�ection of the B beam is aligned such
that it would hit the iris central and be coupled back into the �bre, observing the
coupling e�ciency at the free output of the 50/50 BS.

� step 2: The mirror and the iris are mounted on the Alt-Objective, which itself is
mounted on a three axis translational- and a tip and tilt-stage. With these degrees
of freedom, the Alt Objective is positioned and oriented such, that the B beam is
again coupled back into the �bre. Both objectives mounted are shown in �gure
5.4.
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5.1. Spatial Overlap

� step 3: The beam is collimated behind the Alt-objective by moving that along
the beam axis. This is veri�ed by recording the beam pro�le at di�erent positions
behind the objective with a CCD camera and positioning the objective such, that
the waist is the same at di�erent z-positions. One of the beam pro�les is shown in
�gure 5.2 (b).

� step 4: The telescope is positioned by the same method relative to the B beam:
an iris is installed in front of it and a mirror on the back. Back-coupling to the
initial �bre through all the elements, is optimized.

� step 5: The red coupler is aligned by optimizing the power on PD C.

This alignment procedure ensures that the beams propagate through the centre of all
elements, minimizing spherical aberrations. They will however still occur, due to the
large beam diameters at some positions.

Figure 5.4.: Picture of the two objectives, Mitutoyo (silver) with the mounted mirror
and iris in tube optics; Alt objective in the background (black).

5.1.2. Measurement Procedure

To eliminate backre�ections from the knife edges and the objectives caused by the not
measured beam, shutters are introduced in both beams, blocking each beam in front of
its out-coupler while measuring the other one.
The following measurement protocol is used:
First the knife edge is moved completely into the beam in x-direction, at a z-position

0.2mm away from the focus. Then it moves out of the beam, in steps of 3 µm. After
every step, �rst the R-beam is blocked, while the B-beams intensity is recorded on PD
B. Then the B-beam is blocked, recording the R-beam on PD A. While the knife edge
is moving, both blockers are opened again.
After this x-scan a y-scan with the same parameters is done. This procedure is re-

peated at all z-positions visible in �gure 5.5.
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The coupling e�ciency is measured by comparing the values of PD B and PD C. Here
the coupling e�ciency is de�ned as the power just before the coupler R divided by the
power, coupled into the �bre. Therefore, a correction factor F has to be used to derive
the coupling e�ciency from the measured power at the positions of the photodiodes.
This factor is the power in front of coupler R divided by the power at the position of
PD B. With these, the coupling e�ciency is calculated as:

η =
10 · PC
F · PB

, (5.2)

with the powers at the photodiodes PB and PC , correspondingly, taken at a position,
where the knife has moved out of the beam entirely. The factor of 10 arises because
PD C is installed at the 10% port of a 90/10 �bre BS. The value of η is taken at every
z-position and averaged. The highest achievable coupling e�ciency was 59% with a
standard deviation of 1%.
To characterize the precision of the alignment criterion, the z-scan was repeated for

12 di�erent coupling e�ciencies, all achieved by intended misalignment in x-direction,
by tilting the BS in front of PD B.

5.1.3. Evaluation of the Results

The expected power on the photodiodes for di�erent transversal positions of the knife
edge can be calculated by integrating a Gaussian intensity distribution over the area,
not covered by the knife:

P (x) =

∫ ∞
−∞

dy

∫ x

−∞
dx′

4P0

πwx(z)wy(z)
exp

(
−2(x′ − x0)2

wx(z)2
− 2(y − y0)2

wy(z)2

)
=P0 · erf(

√
2(x− x0)

wx(z)
),

(5.3)

x and y being the coordinates of the transversal plane and z pointing along the beam
axis towards the Mitutoyo objective, a normalization constant P0, the position of the
knife edge x, the position of the beam axis (x0, y0), di�erent local waists of the beam
in x- and y-direction wx(z) and wy(z) as de�ned for equation 2.2 and the error function
erf(). Di�erent waists in x- and y-direction are required because most real beams will
not be rotationally symmetric like the ideal �eld distribution presented in equation 2.2,
because of imperfections of the optical elements in the path.
After every x- and every y-scan x0 and wx(z) or y0 and wy(z) for both beams are

found from �tting the above function P(x) to the measured distribution.
Later, the beam axes are found, by applying a linear �t ax(z) = m · z + t, with

parameters m and t to the x0 and y0 values of both beams. Also, a Gaussian waist
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Figure 5.5.: M2 �ts, beam axis and measured positions (crosses) and waists (cir-
cles) of both beams, in x- and y-direction. Fitted waists are w0xB =
2.6µm, w0xR = 4.7µm, w0yB = 2.6µm, w0yR = 5.3µm. Errorbars are
uncertainties of the erf-�ts.

dependence is �tted to the found local waists for both beams, in x- and y-direction.
According to the following function:

w(z) = w0

√
1 +

(
M(z − z0)λ

πw0

)2

, (5.4)

where the minimum waist w0, its position along the z-axis z0, and M are �t parameters.
By adding the additional degree of freedom M, it is possible to �nd beam divergences,
di�erent from the expected value for a Gaussian beam with waist w0 [4]. Fitted function
and measurement results with maximum coupling e�ciency are shown in �gure 5.5. All
�t parameters are summarized in tables D.1 and D.2.
To illustrate the transversal positions of the beams relative to each other, ellipses with

the corresponding beam waists as axes are drawn in �gure 5.6.
Finally, the temperature stability of the entire setup was analysed. For this, the

air temperature close to the table and the coupling e�ciency were monitored for 39
hours. During this time, the knife edge measurements were also running, in order to
identify movement of the beams. Results for all 3 parameters are shown in �gure 5.7.
Both, the coupling e�ciency and the beam centre distance show a strong dependency
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d = 0.64mm d = 2.23mm d = 4.16mm

Figure 5.6.: Ellipses with corresponding beam waists as axes, at beam positions in
the focal plane for 3 di�erent coupling e�ciencies. The beam centre
distances d are calculated from the misplacements of the beams in x- and
y- direction.

on the air temperature. Fluctuations of 0.5K can reduce the coupling e�ciency by more
than a factor of 2, but these �uctuations occur on a time scale much slower than one
experimental run. After implementing the standing wave into the atom trap setup, air
temperature �uctuations are reduced by active stabilization to 0.1K. Additionally, the
beam paths will be signi�cantly shorter, to reduce the temperature dependency. If these
two e�ects turn out to be not su�cient, to minimize the �uctuations to below 10%,
active pointing stabilization is required.
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Figure 5.7.: Air temperature variations, Coupling e�ciency and beam centre distance
as shown in �gure 5.6, monitored for 39 hours.

5.1.4. Discussion

The measured minimal waists of the R-beam are much larger than the ones of the
B-beam. This might be due to deviations from the ideal Gaussian behaviour of the

58



5.1. Spatial Overlap

R-beam, possibly originating from the telescope. This can also be seen by comparing
the �t values of M, shown in �gure 5.8: For the �ts to beam B, M is roughly around
one, indicating nearly ideal Gaussian behaviour, while from beam R, the values of M are
around 1.8. Therefore the divergence of beam R seems to be much larger than expected
for a Gaussian beam. These deviations from the TEM00-mode, can also be the reason
for the low achievable coupling e�ciency.
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Figure 5.8.: a): M from the �ts with di�erent coupling e�ciencies. b): relative angle
of the two beams in both transversal directions.
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Figure 5.9.: Numerical evaluations of the overlap integral from equation 5.5 for dif-
ferent beam centre distances, with two combinations of waist sizes and
the beam centre distances derived from the �ts. Errorbars correspond to
the 1% standard deviation coupling e�ciency measurements. Evaluated
curves are rescaled to �t with highest measured value

Interestingly, the misalignment, introduced by tilting the 90/10 BS closer to PD B,
does not a�ect the angle between the beams, but only the positions of the beam axes.
In �gure 5.8 b) the angle between the beams in both directions are plotted against the
coupling e�ciency. They vary signi�cantly, but if this was caused by the misalignment
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∆x ∆y ∆z αx αy
w02

w01

0.25w0 0.25w0 0.25zR 0.4° 0.4° -

Table 5.1.: Misalignment parameters derived from the measurement with η=59%.

the x angle would have to increase constantly for lower coupling e�ciencies. This is not
the case, so the variations are rather caused by thermal movements of the measurement
setup.
An expected coupling e�ciency can also be calculated by evaluating the overlap inte-

gral of the electric �elds ~EB and ~ER, of the two beams:

∣∣∣〈 ~EB∣∣∣ ~ER〉∣∣∣2 =

∣∣∣∣∫ d~r ~EB · ~ER
∗
∣∣∣∣2, (5.5)

with the integral running over the entire space and ~EB
∗
being the complex conjugate

of ~EB. As the coupling e�ciency into the �bre does not depend on the polarization of
the beam, both electric �eld vectors can be treated as scalars. By assuming Gaussian
�eld distributions in both beams this integral can be evaluated numerically for di�erent
parameters.
Figure 5.9 shows two curves of the expected coupling e�ciency against the beam centre

distance and the results of the knife edge measurements. The curves are calculated with
di�erent waists in x- and y-direction, but for the sake of readability, only the x-waists
are given in the legend. Both curves are rescaled by a constant factor, to �t with the �rst
measurement point. This is justi�ed by the idea, that this factor quanti�es the fraction
of the R-beam, that has no overlap with the Gaussian mode any more. This fraction is
lost for the �bre coupling, but the rest is still overlapping with the unperturbed beam
and shows the expected dependence on the beam centre distance. This explanation is
supported by the fact, that the green curve �ts much better to the data than the orange
one.
As the perturbed beam is the one that propagated through the telescope, the devi-

ations are probably introduced by the latter. Therefore a future setup with identical
objectives and without the telescope is planned.
From the presented results, values for the misalignment parameters discussed in section

4.3 can be derived. The values are shown in table 5.1. For ∆x and ∆y the distance of
the beams is used, together with the waist of the B-beam. ∆z is the average of the x and
y scan. For αx and αy the larger relative beam angle is taken. w02

w01
can not be derived

from these measurements, as w0R is not really known.
All these values are chosen rather pessimistic. They are also expected to become sig-

ni�cantly smaller when two identical objectives are used and higher coupling e�ciencies
are reached. But they are already close to the exemplary values chosen for the simu-
lations in section 4.3.6, for which successful enhancement of the coherence time can be
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achieved.

5.2. Phase Stability

Thermal �uctuations and acoustic vibrations in optical components causing small de-
viations in the optical paths of the two beams will result in variations in the relative
phase of the two SW-trap beams. Therefore, an active stabilization of the relative phase
is necessary.
The relative phase of two beams can be measured by overlapping them on the active

area of a photodiode, for example as shown in �gure 5.11 and recording the PD signal.
A right handed coordinate systems is used, with the centre of the PD at the origin.
As usually, the z-axis is pointing in propagation direction of the beams, the x-axis is
parallel to the optical table and the y-axis perpendicular to it, pointing upwards. The
expected signal on the PD, is the spatial intensity distribution of two overlapped beams
propagating in the same direction, integrated over the transversal plane, and evaluated
at the z-position of the PD. The choice z=0 in the plane of the photodiode, simpli�es
the expected power on the photodiode in case of perfect overlap to:

PPD(t) =P0 · cos2(
∆ϕ(t)

2
)

=
P0

2
· (1 + cos(∆ϕ)),

(5.6)

where ∆ϕ(t) is the phase di�erence between the two beams and P0 the added power of
both. To avoid heating of the atom by movements of the trap, during an experimental
procedure, it should be constant for the duration multiple excitation attempts. Here the
requirement 0.1ms will be used.
An acousto-optic modulator can be used to shift the frequency of light by up to

200 MHz and can switch the the power within 20ns. It consists of a crystal, which is
actuated by a piezo-crystal. Driving this piezo with a periodic signal, causes a running
acoustic wave in the crystal. This will introduce a periodic modulation of the refractive
index of the crystal, e�ectively producing a moving lattice for the laser beam, from
which it is di�racted. Because of the movement of the lattice, the di�erent orders
of the di�raction pattern, are shifted in frequency. The ±nth order is shifted by ±n
times the driving frequency, with the positive orders beeing di�racted in direction of
the lattice movement, hence away from the piezo introducing the acoustic waves. For
e�cient transmission usually only the �rst orders are used. To achieve the best possible
performance with an AOM the beam is focussed into the optical crystal and collimated
again afterwards. By varying the power of the driving signal the transmission of the
AOM is controlled.
An AOM allows to control the power and phase of a laser beam. Therefore, a setup

to test whether the phase can be stabilized by AOMs was designed. It will be presented
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in this section together with the obtained results.

5.2.1. Setup

ODT - Laser
 850nm

BS 1 (50/50)

BS 2 (50/50)

PD 1
PD 2

AOMB

AOMR
R - coupler 

function generator 

B - coupler 

200 MHz source 

red Pitaya 

M1

Figure 5.10.: Phase stabilisation setup. Lenses around the AOMs are not shown for
reasons of clarity.

The setup is shown in �gure 5.10. The beam from the ODT laser is split in two beams
by a �bre beamsplitter (BS 1) and coupled out of the �bre. Both beams pass through an
AOM, increasing their frequency by 200 MHz. The AOM at the red (R) beams coupler
is driven by a constant source. The driving frequency of the AOM at the blue (B) beams
coupler, is tuned by an active stabilization mechanism. This AOM will be called the
controlled AOM in the following.
Then, 50% of both beam powers are coupled out of the path by the beamsplitter BS

2, re�ected at mirror M1, and overlapped on a Photodiode (PD 1), as shown in �gure
5.10. Mind that in the shown con�guration only 25% of the (R) beam are reaching the
PD, reducing the achievable contrast of the interference signal. This can be accounted
for, by reducing the power of the B beam by the AOMB.
The rest of the beams will each pass through the AOM of the other beam, thereby

again get the frequency shifted by the driving frequency and coupled into the �bre again.
At BS 1, both are overlapped and guided on another photodiode (PD 2).
To ensure good spatial overlap at the position of BS 2, the �bre to �bre coupling

was optimized before putting in BS 2. When adding BS 2, its orientation was aligned
such, that it did not a�ect the �bre coupling e�ciency. This was also required to enable
good spatial and directional overlap of the Beams on PD 1, which is essential for good
interference contrast.
The phase stabilization was done by a digital proportional-integral-derivative (PID)

unit, running on a RedPitaya. A RedPitaya is a multi-functional electronic measure-
ment device, based on a �eld programmable gate array (FPGA). It can be used as an
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oscilloscope, function generator and spectrum analyser, up to frequencies of 50MHz. It
provides two input and two output channels. Thanks to its python interface, it is also
easily possible to adapt it to di�erent requirements. In this work, the pid unit, from the
python package pyrpl was used [28].
The signal from the two PDs are read out by the RedPitaya, while the RedPitaya

also controlled the driving frequency of the controlled AOM via a remotely controllable
function generator. The function generator was set such, that it would change the
frequency of the driving signal, depending on the voltage output of the RedPitaya. Like
this, the driving frequency could be set to de�ned values or be used as output of the
PID unit.
If the frequencies of the beams di�er by ∆f , their interference signal at PD 1 will

vary from minimum to maximum within t= 1
2∆f

. Therefore, to stabilize the beams for
several ten milliseconds, their frequency di�erence must be smaller than 10Hz. Hence
the 200MHz driving signal of the controlled AOM has to be adjusted, with a precision
of 10Hz. If this precision is not reached, the pockets of the SW will always move.
Therefore, a high quality function generator had to be used for this test setup, limiting
the applicability of this method for the experiment.

5.2.2. Analysis of the Setup

The power measured by PD 1 will depend on the phase di�erence between the beams at
the position of the PD ∆ϕPD1 (see equation 5.6). It is connected to the phase di�erence
at the position of BS 2 ∆ϕBS1 via:

∆ϕPD1 = ∆ϕBS1 + 2kl +
π

2
, (5.7)

with the distance between BS 2 and the mirror M l. The phase di�erence of π
2
is obtained

from the di�erent number of re�ections each beam undergoes [1] and the propagation
of the R-beam from the BS to the mirror and back. The propagation from BS 2 to PD
1 does not introduce a phase di�erence, as it is the same optical path for both beams.
Figure 5.11 illustrates the acquisition of the phase di�erence.
Therefore, if the distance l is su�ciently stable, the phase di�erence at the position of

PD 1 is directly related to the phase di�erence of the two counter-propagating beams.
If the latter is varying over time, also the signal on PD 1 will vary, e.g. if the AOMs are
driven at frequencies that di�er by ∆f :

∆ϕBS1(t) = 2πt∆f, (5.8)

hence the signal on PD 1 will oscillate at the frequency di�erence of the two beams.
The signal of PD 2 will have a very similar dependence on the phase di�erence of the
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Figure 5.11.: Illustration of the phases obtained by both beams before hitting PD 1.

beams at the position of BS 1. But as both beams in such a Sagnac-con�guration will
have travelled along the exact same optical path at that position, this phase di�erence
will be intrinsically stable. Therefore PD 2 is expected to give a constant signal, even
when the AOMs are driven at di�erent frequencies, as both beams will pass through
both AOMs.

5.2.3. Measurements

The signal on both PDs was recorded with di�erent settings for the controlled AOM.
Firstly, the driving frequency was set constant to 200 MHz. This yielded the signal

shown in �gure 5.12 (a): the interference signal on both PDs is oscillating at a varying
frequency. This is probably due to imperfections in the uncontrolled AOM driver, which
is not producing a perfectly constant frequency. Hence the frequency di�erence between
the beams is varying, causing the oscillations in the interference signal.
Secondly, to verify the control over the interference signal, the frequency of the con-

trolled AOM was varied in a triangle shape. It was varying by ± 38kHz from the set 200
MHz of the other AOM, with a period of 1ms. This measurement is shown in �gure 5.12
(b): when the frequency of the controlled AOM approaches the 200 MHz, the oscillation
of the interference signal becomes slower. When the frequencies di�er he most, also the
interference signal oscillates fastest.
Finally, the PID unit of the RedPitaya was activated with the signal of PD 1 as input,

to stabilise the phase of the two beams. This yielded the �at curves shown in �gure 5.12
(c), showing that the phase between the beams can indeed be stabilized by controlling
the AOMs. The values used for the stabilisation were p = 15, i = 2000. The value to
stabilize on was 0.1 in the units used in �gure 5.12. The behaviour of the curve did not
change signi�cantly for longer recording times, up to 1s.
The interference contrast, de�ned by:
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Figure 5.12.: Signal on both PDs, with both AOMs running constant (a), the con-
trolled AOM varying its frequency by ± 38kHz around 200 MHz in a
triangle shape with a 1ms period (b) and with the PID unit acting on
the signal on PD 1 (c).

C = 1− Pmin
Pmax

, (5.9)

with the power at the maxima, Pmax and minima Pmin is 83 % for PD 1 and 94 % for
PD 2.

Analysis of the Signal on PD 2

The signal on PD 2 was actually expected to be constant, even when the AOMs are
driven at di�erent frequencies, as the optical path is always the same for both beams,
and there should also be no frequency di�erence, as both beams pass through both
AOMs. The measured signal can be explained by a mistake in the setup.
Both AOMs could have been aligned such, that only for the beams leaving the coupler,

the �rst order was used, but for the beam pointing towards the coupler, the 0th order
was used, resulting in no frequency shift by the second AOM for both beams. Therefore,
the di�erent frequencies visible at PD 1, would also occur on PD 2.
As shown in �gure 5.13, it still would have been possible to achieve e�cient �bre

coupling, if the mistake was done in both AOMs.
In this case, the beams would not be overlapped between the AOMs. This could also

explain the much lower achievable interference contrast on PD 1.
Unfortunately, the alignment procedure was not documented su�ciently precise, to

65



5. Experimental tests

allow the identi�cation of such a mistake, but this is currently the only model, that can
explain the data.

 850nm
ODT - Laser

BS 1 (50/50)

st  
+1 order 

th0  order 

st  +1 order 

th
0  order 

Figure 5.13.: Illustration of the suggested error in the setup. Lenses on the other sides
of the AOMs, BS 2 and PD 1 are not shown for reasons of simplicity.

5.2.4. Summary

Even though it could not be �nally identi�ed, whether the suspected mistake in the
alignment happened, it was shown, that an AOM, controlled by the RedPitaya PID can
stabilize the phase of two laser beams, propagating in free space.
As mentioned above, the applicability of this method is limited, due to the required

precise control of the AOM driving frequency. Additionally as visible in �gure 5.12
(a), the usage of standard AOM drivers, introduces additional noise into the system,
the stabilisation has to compensate for. Therefore, driving both AOMs from one source,
where one channel can be tuned would be preferable. This was however not implemented.
For these reasons, in the �nal setup, the phase will be stabilised by a �bre-stretcher

and an attenuator will be used to control the power of the second beam. An additional
test setup to try these methods is planed.
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In this work the possibility to eliminate the decoherence e�ect of an atomic qubit,
encoded in the mF = ±1 levels of the ground state of a 87Rb-atom, due to e�ective
magnetic �elds in a strongly focussed ODT with a standing wave trap is investigated.
In a linear polarized, tightly focussed ODT polarization e�ects create light �elds,

which a�ect the di�erent mF states of the ground level of the trapped atom in the
same way as a magnetic �eld. This, together with residual �uctuations of the ambient
magnetic �eld results in quick decoherence of a prepared state (see section 3.1).
The e�ect of magnetic �elds in x- and y-direction up to 25 mG, on the atomic state can

be eliminated by using a guiding �eld in z-direction. The e�ect of magnetic �uctuations
in z-direction can be reduced strongly by transferring the atomic qubit to another basis,
that is less sensitive to magnetic �elds in z-direction. Thus, reducing the di�erences in the
optically induced e�ective magnetic �eld below 25 mG will enable complete cancellation
of this decoherence e�ect.This can be achieved by lowering the dipole trap depth, and
applying longer cooling periods on the atom. These approaches were described in section
3.4.
But as this solution will result in a reduced repetition rate of the state preparation, it

is preferable to cancel the e�ective �elds entirely by using a standing wave trap con�g-
uration. If the ODT consists of two perfectly overlapped beams, the e�ective �elds will
cancel entirely. For non-perfect overlap, residual �elds will remain. Their dependency
on di�erent misalignment parameters was described in section 4.3 and requirements on
the alignment precision were derived.
In the standing wave potential, it is preferable to trap the atom in the central pockets

to reduce di�erences in the residual e�ective magnetic �eld. It was found that this case
can be identi�ed by the �uorescence collected from the atom, and that on average 2.38
tries will be required to trap the atom in one of the central �ve pockets (see section 4.4).
Based on these theoretical considerations, a setup was built to test whether the align-

ment criteria found in chapter 4 could be met by using coupling to single mode �bres.
With the non ideal setup, including objectives of di�erent focal length and a telescope to
compensate for that, the measured alignment parameters met the derived requirements
up to maximally a factor of two, promising coherence times above 1 ms. Furthermore the
in�uence of thermal �uctuations on the �bre coupling e�ciency and the beam overlap
was analysed, yielding that in the temperature stabilized environment of the experi-
ment, active stabilisation will probably not be required. This test setup was described
in section 5.1.
Additionally to the spatial overlap, active stabilisation of the relative phase of the

beams will be required. One realisation of the phase stabilisation employing AOMs was
built and tested as described in section 5.2. It was shown, that AOMs can be used for
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6. Summary and Outlook

the phase stabilisation, but if driven from di�erent sources, will introduce additional
phase noise. Therefore, a �bre stretcher in combination with an attenuator will be
tested in further experiments. A �bre stretcher will introduce only limited phase noise,
however the attenuator will respond much slower than the AOMs. Yet, since increasing
the intensities of the trap beams has to be done adiabatically anyway, the speed of the
AOMs is not required.
Altogether the cancellation of the decoherence e�ect in a standing wave dipole trap,

was shown in simulations and he realizability of this method with available tools was
demonstrated. Hence, coherence times longer than 1 ms seem to be within reach in the
near future.
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A. Coordinate System and

Polarizations

This chapter will introduce the coordinate system used in this work, and de�ne the
photonic polarizations. These conventions are taken from [31]. The coordinate system
is sketched in Figure A.1. Its origin is at the ideal position of the atom, hence the focus
of the ODT. The axes are de�ned as follows:

� z-axis : along the optical axis of the objective pointing from te focus to the objective

� x-axis : perpendicular to the z-axis, parallel to the experimental table surface.
Pointing towards the front wall of the glass cell.

� y-axis: perpendicular to the two other axis, pointing upwards

If cylindrical coordinates are used, φ is measured from the positive x- towards the
positive y-axis, the z-axis remains unchanged:

x = r · cos(φ)

y = r · sin(φ)
(A.1)

Di�erent polarizations of the readout beam or the photon emitted by the atom, are
de�ned in Figure A.2 b). For the de�nition of the left- and right handedness, the
historical convention, with view towards the source is applied. Note that the z-axis also
has to be the quantization axis, to ensure the relations between the polarizations and

ODT 

(852 nm)

(UHV)
glass cell 

objective x

z

y

x

top view side view

F

experiment  table

Figure A.1.: Coordinate System used in this work from two di�erent views.
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A. Coordinate System and Polarizations
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F=2

F=1

-2 -1 0 1 2 m
F

F’=1

+s
-s

p

a) b)

Figure A.2.: a) E�ect of linear and circular polarization on the atomic states.
b)De�nition of di�erent polarizations relative to the setup.

readout state qubit state atomic state emitted pol. χro

|ΨH〉 |↑〉x
i√
2
(|1,−1〉 − |1, 1〉) H H

|ΨV 〉 |↓〉x
1√
2
(|1,−1〉+ |1, 1〉) V V

|ΨP 〉 |↑〉y
1√
2
e
iπ
4 (|1,−1〉 − i |1, 1〉) - +

|ΨM〉 |↓〉y − 1√
2
e−

iπ
4 (|1,−1〉+ i |1, 1〉) + -

|ΨL〉 |↑〉z |1, 1〉 σ− σ+

|ΨR〉 |↓〉z |1,−1〉 σ+ σ−

Table A.1.: List of atomic states, labeled by readout polarization, for which they are a
dark state, qubit states, decomposition in mF states, pol. of the emitted
photon and readout pol χro.

atomic states, sketched in Figure A.2 a). Table A.1 summarizes the relations between
polarizations, and certain atomic states.
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B. Quanti�cation of the Circularity

of Light

The AC-Stark shift of di�erent atomic mF states in an ODT, highly depends on the
circularity of the ODT light [22]. In equation 2.1 the circularity is quanti�ed by the
parameter P. This chapter will explain the de�nition of this parameter.
The electric �eld vector of a laser beam in one plane orthogonal to the propagation

direction can be written as [41]:

~E =

 Ex cos(ωt)
Ey cos(ωt+ ∆ϕ)

0

 (B.1)

Where the z-axis is along the propagation direction, x and y are in the transversal plane.
ω = 2πc

λ
is the frequency of the laser and λ its wavelength. The Intensity of the laser

beam at this position is I = 1
2
cε0(E2

x + E2
y), with the components of the electric �eld

in x and y direction Ex, Ey. In general the tip of this electric �eld vector will rotate
in an ellipse. Orientation and ellipticity ε of this ellipse can be tuned by varying the
parameters Ex, Ey and ∆ϕ. Observing the in�uence of ∆ϕ, one can already see here, that
maximum circularity will be reached for ∆ϕ = π

2
and with ∆ϕ = 0/π the polarization

will be linear, for any combination of Ex and Ey. P is now de�ned by:

P = sign(∆ϕ)
√

1− ε2 = sign(∆ϕ)

√√√√1−

(
|A|2 − |B|2

|A|2 + |B|2

)2

= sign(∆ϕ)
2|A||B|
|A|2 + |B|2

(B.2)
with A and B being the major and minor half axis of the ellipse. ε can easily be
measured, by placing a rotatable polariser in the beam and recording the highest and
lowest transmitted Power (Ph, Pl). Then ε = Ph−Pl

Ph+Pl
[22]. The situation is illustrated in

Figure B.1

Calculating the Semi Axes

A and B are the extrema of the length of ~E over t. To simplify expressions, ωt will be
used as one variable here and the values, that extremize ~E are called ωtextr. Like this,

71



B. Quanti�cation of the Circularity of Light

Ey

Ex

A

B

Figure B.1.: Polarisation ellipse for Ex = Ey and ∆ϕ = π
4

calculating A and B is straightforward by derivating the expression:

∣∣∣ ~E∣∣∣ =
√

(Ex cos(ωt))2 + (Ey cos(ωt+ ∆ϕ))2 (B.3)

The squareroot can be neglected for the derivative due to its strictly monotonic be-
havior.

d
∣∣∣ ~E∣∣∣2
dωt

= −2E2
x cos(ωt)sin(ωt)− 2E2

y cos(ωt+ ∆ϕ)sin(ωt+ ∆ϕ) (B.4)

Using the identities:

sin(a) cos(a) =
1

2
sin(2a)

sin(a+ b) = cos(a) sin(b) + sin(a) cos(b))
(B.5)

this simpli�es to

d
∣∣∣ ~E∣∣∣2
dωt

= −sin(2ωt)(E2
x + E2

ycos(2∆ϕ))− cos(2ωt)E2
ysin(2∆ϕ) (B.6)

72



such, that the condition
d| ~E|2
dωt

:= 0 yields:

ωtextr =
1

2
arctan

(
−

E2
ysin(2∆ϕ)

E2
x + E2

ycos(2∆ϕ)

)
(B.7)

As ~E is running on an ellipse, minima and maxima of its length, should alternate with
a periodicity of π

2
, therefore one can use the values at ωt = ωtextr and ωt = ωtextr + π

2

for A and B in equation B.2.
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C. List of Abbreviations

Abbreviation long term

ODT Optical dipole trap
MOT Magneto-optical trap
APD Avalanche Photodiode
BSM Bell-State-Measurement
UHV ultra high vacuum
QFC quantum frequency conversion
MBD Maxwell-Boltzmann distribution
RW running wave
SW standing wave
AOM acousto-optic modulator
PID proportional integral derivative
FPGA �eld programmable gate array
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D. Tables

D.1. Physical Constants

Abbreviation name value

c speed of light in vacuum 2.99792458 · 108m
s

~ = h
2π

reduced plancks constant 1.054571726 ·10−34 Js
kB Boltzmann constant 1.38066 ·10−23 J

K

ε0 vacuum permittivity 8.8541878128 · 10−12 As
V m

µB Bohr magneton 9.274009994 ·10−24 J
T

D.2. Physical Properties of 87Rb

Abbreviation name value

m mass 87 · 1.66 · 10−27kg
I nuclear spin 3

2
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D. Tables

D.3. Fit Parameters from the Knife Edge

Measurements

η z0B w0B MB
z0R w0R MR mB

tB mR
t0R

[µm] [µm] [µm] [µm] [µm] [µm]
0.59 -4.1 2.6 1.00 -7.0 4.7 1.66 -0.0105 -31.5 -0.0057 -31.1
0.5 -4.0 2.6 0.99 -5.7 5.0 1.74 -0.0089 -31.2 -0.0043 -29.9
0.49 -2.8 2.5 0.98 -8.1 4.6 1.62 -0.0103 -32.4 -0.0061 -31.4
0.42 -3.4 2.4 0.95 -6.8 4.9 1.72 -0.0094 -31.9 -0.0045 -30.4
0.36 -2.7 2.7 1.02 -6.8 4.8 1.70 -0.0084 -31.3 -0.0041 -29.4
0.33 -2.1 2.7 1.01 -6.0 4.6 1.65 -0.0088 -30.3 -0.0042 -28.4
0.31 -3.7 2.6 0.98 -6.5 4.7 1.66 -0.0101 -30.1 -0.0058 -28.1
0.24 -4.9 2.6 0.97 -6.0 4.5 1.62 -0.0090 -30.7 -0.0047 -28.3
0.2 -5.7 2.6 1.01 -5.9 4.7 1.69 -0.0101 -30.7 -0.0061 -28.1
0.15 -4.6 2.7 1.02 -5.8 4.5 1.63 -0.0094 -31.3 -0.0052 -28.3
0.09 -4.4 2.7 1.04 -4.0 4.8 1.72 -0.0093 -31.4 -0.0057 -27.8
0.05 -4.0 2.7 1.01 -2.8 4.8 1.71 -0.0096 -31.4 -0.0065 -27.2

Table D.1.: Fit Parameters derived from the x-scans for the B(lue) and R(ed) beam

η z0B w0B MB
z0R w0R MR mB

tB mR
t0R

[µm] [µm] [µm] [µm] [µm] [µm]
0.58 -22.9 2.6 1.07 -11.1 5.3 1.85 0.0211 -31.8 0.0287 -31.8
0.49 -23.9 2.4 0.99 -8.9 5.2 1.80 0.0203 -31.2 0.0277 -30.6
0.49 -23.6 2.6 1.10 -14.5 5.4 1.92 0.0202 -33.4 0.0270 -32.8
0.41 -22.8 2.6 1.07 -13.6 5.4 1.88 0.0214 -32.7 0.0285 -31.9
0.34 -23.5 2.6 1.08 -12.6 5.3 1.85 0.0223 -32.1 0.0281 -31.1
0.33 -24.0 2.5 1.04 -12.0 5.3 1.84 0.0213 -31.5 0.0272 -30.4
0.31 -24.9 2.6 1.09 -15.6 5.4 1.87 0.0204 -31.7 0.0269 -31.4
0.24 -25.3 2.5 1.05 -15.2 5.4 1.90 0.0205 -31.4 0.0274 -31.3
0.23 -24.4 2.6 1.10 -15.7 5.5 1.91 0.0206 -31.9 0.0271 -32.0
0.15 -24.0 2.5 1.06 -15.4 5.4 1.89 0.0207 -31.6 0.0278 -31.7
0.08 -23.9 2.5 1.05 -14.0 5.4 1.90 0.0205 -31.7 0.0276 -31.7
0.05 -23.5 2.4 1.01 -12.6 5.3 1.88 0.0197 -31.5 0.0270 -31.7

Table D.2.: Fit Parameters derived from the y-scans for the B(lue) and R(ed) beam
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