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1. Introduction

At the beginning of the 20th century, puzzling physical phenomena for example the black body
radiation or the photoelectric effect couldn’t be explained by any available theory and weren’t in
agreement with the classical laws of physics. This made it obvious, that the state of the science
and the fundamental understanding of the world needed revision. During the development of
quantum mechanics it became apparent that these problems could only be solved by leaving be-
hind the classical and intuitive picture of nature, but allowing for radically different approaches
in the conceptual and mathematical sides. One of the new properties of quantum mechanics was
entanglement, which gives rise to effects which Einstein called “spooky action at a distance”[11].
Entangled particles have the special feature that their quantum state can’t be described indepen-
dently of each other. In fact, particles that interacted with each other retain a type of connection
which correlates any measurement results of one of the particles immediately to the result ob-
tained from the other particle. Einstein, Podolsky and Rosen argued against the completeness
of quantum mechanics in their famous EPR-paradox paper in 1935 [12]. In this paper they de-
mand that every physical theory must adhere to unique properties. First is the concept of locality
which means that separated events can’t influence each other faster than with the speed of light.
Further, they required completeness of the theory, i.e. that it is in agreement with any physical
experiment. The last property is the concept of realism, which demands that a physical system
must have a distinct state and measurement result before it is measured and can’t be defined by
the measurement process itself. Hence, the riddle of quantum mechanics in their postulate could
only be solved if it contained what was later called local-hidden-variables (LHV). However, in
the 1960s, John Bell proposed a theorem that could rule out the LHV postulate for quantum me-
chanics [3] . In that work, Bell argues that the statistical predictions of quantum mechanics are
in contradiction with that of a local realistic theory. This discrepancy is expressed in his famous
inequality, which gives an upper limit for correlation measurements on two spin % particles pre-
dicted by local realistic theories. Later, Clauser, Horne, Shimony and Holt (CHSH) formulated
an alternative inequality for testing Bell’s theorem in order to test the possibility of the existence
of local hidden variables [10]. By now, it was possible to test Bell’s inequalities in several ex-
perimental schemes including some with closing of all essential loopholes [16, 13, 8, 23]. These
experiments indicated strong evidence against the existence of LHV theories and hence led to
the conclusion that no local realistic extension for quantum mechanics is possible.

Besides the fundamental and philosophical controversy about the concept of entanglement, the
properties of quantum states gave rise to new fields of research such as quantum information and
communication theory. The vision behind a large quantum communication network is to enable
the transmission of quantum information - in form of a quantum state - between any two physi-



1. Introduction

cally separated points which would allow for the application of distributed quantum computing
and secure quantum communication [1, 18, 4] Compared to a classical computer, a quantum
computer has the potential to solve a certain type of problems more efficiently by using quantum
entanglement and secure quantum communication provides unconditionally secure exchange of
information between two nodes which often relies on the properties of entanglement. The general
structure of a quantum network consists of numerous nodes each containing a quantum memory.
Further, it is required to have channels between the nodes over which the information can be
transmitted. The transmission of the quantum information between the quantum memories is
done by photons which can be sent over long distances with little decoherence.

The setup in this work represents the most simple form of a quantum network which consists of
two nodes which are connected by a quantum channel. The nodes are located in two laboratories
which are separated by 400 m distance and 700 m fiber link. In each of the labs we trap a Rubid-
ium 87 atom which represents the quantum memory. In order to create entanglement between
the two nodes, which is impossible for atoms in a direct interaction, we establish entanglement in
each lab between the spin of the atom and the polarization state of a photon from a spontaneous
emission process of the atom. For eventually entangling the atom-atom pair, we make use of the
so called entanglement swapping protocol [28] which allows to create entanglement between two
arbitrary physically separated particles. This is done by sending the photons to a measurement
setup which projects them onto a maximally entangled Bell-state. In consequence the atoms are
themselves projected onto an entangled state.

An important requirement for quantum networks is to achieve a large distance between the nodes.
However, increasing the distance brings several difficulties as for example the preservation of
the coherence time of the atomic state and the transmission losses of the photons in the optical
fibers. Moreover, the rate for generating atom-atom entanglement in schemes based on entan-
glement swapping is also limited by the efficiency for collecting the photons from the quantum
memories. The main challenge for the collection efficiency is the performance of the collection
optics. In our experiment we employ a high NA microscope objective to collect photons from
the spontaneous emission process of an atom and couple them into a single mode fiber. Due to
the bad performance of the currently used collection optics which is in particular not diffraction
limited for the wavelength of the photons, allows for only less than 1% of all emitted photons to
be used in our experiment.

This work presents an upgrade of the photon collection setup with a new high NA custom de-
signed microscope objective. In the beginning this work gives an overview of the current ex-
periment and the general theory for creating atom-atom entanglement by using an entanglement
swapping scheme. The following chapter discusses the general atom-atom entanglement event
rate generation for the experiment and points out limitations of the current setup for achieving
even longer distances of entanglement. Chapter 4 contains calculations on the coupling effi-
ciency of photons which are emitted by the trapped atom into a single mode-fiber. This is done
for two cases, a simplified approach considering unpolarized photons and a full treatment which
includes the dipole emission characteristics of the quantum memory. The final chapter presents
the experimental details for the new microscope objective setup regarding used optical elements
and techniques for aligning the setup.
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2. Overview of the experiment

Achieving long-distance atom-photon entanglement as well as atom-atom entanglement is a com-
plicated process involving several experimental steps. In the following chapter I will describe the
current scheme for the generation of entanglement over a distance of 700m fiber and 398m spa-
tial separation as well as the involved techniques. This scheme was developed over the last 17
years and eventually lead to a statistically significant, event-ready Bell test closing all essential
loopholes, namely the detection and locality loophole [23].

2.1. Atomic system - Rubidium 87

The atom used in this experiment is Rubidium 87. This choice has several reasons. 8'Rb is an
alkaline metal and therefore only has one valence electron. The level structure and its properties
are thoroughly understood and its transitions accessible by existing commercially available laser
systems. The atomic ground state is 55 and the first excited state excited state 5P. Due to the
fine structure induced by the electron spin, the first excited state splits into two sub-levels 52 P;
and 5P, . Further, 87Rb has a nuclear spin of I = % which additionally splits the ground state
into the hyperfine structure levels 525, 2 F'=1and 525, 2 = 2 and the excited states in
F'=1,2(5%Pi5) and F' = 0,1, 2, 3 (5% P52) respectively. The hyperfine structure sub-levels in
turn consist of 2F'+1 Zeeman sublevels which are denoted for the ground state as F' with | F, m )
and as F” with |F’, my) for the excited state. The qubit used in the experiment consists of the
Zeeman sublevels |[F' = 1,mp = +1) and |F' = 1, mp = —1) of the ground state. Together with
|F" = 0,mp = 0) of the excited state, this forms a so called A-system which is beneficial for the
employed entanglement scheme and will be discussed in a later part in more detail.

2.2. Trapping single atoms

Experiments on single atoms require a precise and stable localization of the atom for a certain
time along with a good isolation from its environment. In our experiment this is achieved by us-
ing an ultrahigh vacuum (UHV) which is able to achieve pressures of about 1071 mbar. A glass
cell is attached to the main part of this UHV-setup, containing a metal vapor dispenser which
evaporates Rubidium atoms when it is heated. Inside the glass cell the atoms are trapped with an

11



2. Overview of the experiment

optical dipole trap (ODT) which has a trapping potential in the order of k5 - 1 mK. However, in
order to successfully trap the atoms an additional cooling step is required. A magneto optical trap
(MOT) is used to cool the atoms close to or even below the Doppler limit, which makes it possi-
ble to load the atoms into the ODT. The following chapter will explain the trapping mechanism
used in the experiment in further detail.

2.2.1. Optical dipole trap

A simple way for trapping cold atoms is to use a single tightly focused 1"’ My, Gaussian beam,
creating an attractive potential for the atoms. The underlying effect of this attractive potential
is the AC-Stark shift. A laser beam that is far detuned to a transition between a ground and an
excited state will shift the ground state by:
RQ?* -

AE, = T I
where () is the on-resonance Rabi-frequency, I the average intensity of the light field and 6 =
w4 — wr, the detuning, i.e the difference between the atomic transition frequency and the fre-
quency of the laser used for the dipole trap. For a far red detuned laser (6 > 0) the energy level
of the ground state is lowered which results in an attractive potential for the atom. The spatial
dependency of this energy shift is given by the intensity distribution of the Gaussian beam. For
a beam propagating in z-direction, the distribution is given by:

2

2 _2?
I(r,z)=I— e " (2.1)

Twg
Where [, denotes the intensity at the position » = 0 and z = 0 and wy is the minimal transversal
size of the Gaussian beam waist. At a general position z along the beam, the local waist size

behaves according to:

where

2
Wy

ZR — b\
is the so called Rayleigh length. Concerning the 8"Rbatom used in our experiment, the atomic
sublevel structure is more complex involving several transitions. Thereby, the dipole potential in
general depends on the specific sub-state of the atom. But whenever the optical detuning is large
compared to the hyperfine splitting of the excited states, the following equation for the trap depth
holds for the respective Zeeman state[14]:

12



2.2. Trapping single atoms

2
Usip (7) = AE = % : <2 + Pil”; TF 41 ﬁ;w) I(7) 2.2)
Here g is the atomic Landé factor of the respective Zeeman-state m g, I' the spontaneous scatter-
ing rate, w the resonance frequency, A g, A, p the detunings of the light field to the D, and D,
lines and P the polarization of the light (P = 0 for linear polarization and P = +1 for circular
polarization). An example for a trapping potential created by a focussed T'E My, Gaussian beam
is shown in figure 2.1.

If the thermal energy kg’ is much smaller than the trapping potential Uyg;,, the dipole potential
can be well approximated by a simple cylindrically symmetric harmonic oscillator [27]. In that
case the oscillation frequencies of a trapped atom are given by:

AU,

Q, = >
muwyg
2

0, = U‘;
TTLZR

where m is the mass of the atom, €),. the trapping frequency in radial direction and €2, the trapping
frequency along the axis of the beam direction. The trap geometry, together with the cooling light
leads to the so called “collisional blockade”-effect [24]. For a trap volume that is small enough,
collisions of excited atoms become the dominant mechanism for atom losses, whereby the atom
number will be reduced until there is only one atom left in the trap.

The influence of the trap geometry and the impact of the thermal atom motion inside the trap on
the photon collection efficiency will be discussed in more detail in Chapter 4.

2.2.2. Magneto optical trap (MOT)

In order to trap an atom in the optical dipole trap, the kinetic energy of the atom has to be suffi-
ciently small, i.e. smaller than the conservative trapping potential of the dipole trap. The reduc-
tion of the kinetic energy will be done by radiation pressure using the Doppler effect [15, 9]. The
principle is the absorption and subsequent spontaneous emission of photons. The momentum
transfer by the absorption is directed in the propagation of the photon whereas the momentum
transfer of the spontaneously emitted photon is isotropic. When this is done by using red detuned
laser beam which hit the atom cloud from 6 directions, it results in an effective velocity depen-
dent force which eventually deccelerates the atoms. The minimal temperature for Rubidium
atoms by using Doppler-cooling is 146m. The cooling light in our experiment is red detuned
to the closed transition 525, o |F' = 2) — 52Py5 |F" = 3). In addition, we use a repump beam
which is resonant to the transition 5%S; 5 |F' = 1) — 52P; /5 | F” = 2) and which has the purpose

13
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Figure 2.1.: Schematic drawing of a focussed 17" E M, gaussian beam and the corresponding trap-
ping potential [27].

to put the atoms decaying to the 525, |F' = 1) state back into the cooling cycle. In order to
not only have a velocity dependent dissipative force but also a position dependent force, a mag-
netic quadrupole field is generated by coils in anti-Helmholtz configuration around the vacuum
cell. The magnetic field gradient causes a position dependent shift of the atomic Zeeman states.
Together with appropriate polarization of the cooling beams this results in a velocity dependent
cooling mechanism which additionally leads to spatial confinement.

2.3. Atom-Photon entanglement

In our experiment, the requirement for creating entanglement between two atoms is first of all to
create independent atom-photon entanglement in two separate traps. As the way to create atom-
photon entanglement is similar in both traps, the following part will describe the experimental
scheme for atom-photon entanglement in one of the two traps.

The trapped single Rb*"-atom will be prepared in the 5% P 5 |F' = 0) state. Now, the atom can
spontaneously decay in the three different states 525 o|F = 1,mp = —1), |[F = 1,mp = 0)
and |F' = 1,mp = +1) (see figure 2.2). Due to angular momentum conservation, the spin of
the emitted photon is |¢T) |¢~) or |7) which corresponds to left circular, right circular and
linearly polarized light. The spatial modes of |7)- and |o*)-polarized light differ from each
other since electromagnetic radiation is a transverse oscillating wave [26]. The probability of the
atom emitting into a certain spatial mode is given by the emission characteristics of the dipole

14



2.3. Atom-Photon entanglement

1,-1)

1,+1)

1,0)

Figure 2.2.: Atom-photon entanglement scheme. Spontaneous decay of the excited state
52Ps)5 | F" = 0, mp = 0) via either emitting a o) or |0 ~) polarized photon. The 7
polarized light to the |F' = 1, mp = 0) state is automatically filtered out due to the
orientation of the quantization axes[26].

radiation [17]. The spatial dependence of emission of |7)- and |0*)-polarized light is shown in
figure 2.3. Here, the z-direction denotes the quantization axis. The emission into the spatial mode
is dependent on the angle  relative to the quantization axis. The probability to emit 7-polarized
light scales with ~ sinf and thereby no mw-polarized photon is emitted into the quantization
axis. However, for o*-polarized light the intensity scales with ~ 1 + cosf and hence has a
maximum probability to be emitted along the quantization axis. Since the microscope objective
collecting the photons in our experiment defines the optical axis and thereby the quantization
axis, in theory no m-polarized light will be collected during the experiment. This is not the case
if the position of the atom and thereby the emission is shifted from the quantization axes. This
effect will be investigated in Chapter 4.2. However when leaving out these effects and analyzing
the emission at the quantization axis we obtain for the final atom-light system the following
maximally entangled state of the atomic qubit and the polarization state of the emitted photon:

W) = (Jo™) |1, =1) + |o7) |1, +1)) (2.3)

Sl

2.3.1. Atomic state readout

For the atomic state readout a novel approach was developed [19] in order to fast and efficiently
detect and analyze the state of the atom, which is a prerequisite for the verification of atom-
photon and atom-atom entanglement. The procedure for the atomic state readout consists of
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2. Overview of the experiment
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Figure 2.3.: Dipole emission characteristics of a) 7- and b)o®-polarized light. The emission
intensity is dependent on the angle 6 relative to the quantization axis. There is no
emission of m-polarized light in z-direction whereas o=-polarized emission in this
direction is maximal [26].

two main steps. At first, the atom whose state is within qubit subspace {|1,—1),|1,+1)} is ex-
cited by a so called readout laser (5512F =1 — PyoF" = 1) with a fixed polarization, which
is either | ™) or |0~). Depending on the atomic state, only a certain superposition of the states
will be excited by the readout laser due to transition selection rules. For example a |c™) polar-
ized readout laser would excite the 5251 /5 |1, —1) state but would leave the 525 5 |1, +1) state
unaffected, since the corresponding excited state |52 Py o, [ = 1, mp = +2) doesn’t exist. The
one state that gets excited is called “bright state” (|U) ;) and the orthogonal unaffected state is
called “dark state” (|¥) ). If the lifetime of the excited state was too short, i.e. it decayed be-
fore the ionization to the 525, 2k = 2 state, the atom can’t be ionized anymore. Therefore, we
use a so called Cycling-Laser (780nm) which re-excited the atom from the 52.5; 2F = 2 to the
52 Py /2F" = 3 state from which it can be ionized again (see figure 2.4) .

The second step for the atomic state readout is ionization by a simultaneously applied laser pulse
at 473 nm. The duration and success probability for the ionization is dependent on the power of
the laser beam. After the state selective ionization of the atomic state, the ionization fragments
are detected by two so called Channel Electron Multipliers (CEMs). The ionization fragments,
being an ion and an electron, are accelerated towards the CEMs by applying a strong electric
field. Once they hit the active area of the CEMs secondary electrons are released which are am-
plified within an avalanche which, in turn is then amplified and leads to a small current pulse.
If either the electron or the ion will be detected it is thereby possible to determine whether the
atomic state was in the bright- or dark state. The combined detection efficiency of the CEMs for
detecting one of the two ionization fragments (electron or ion) is = 0.98. The performance
of the state-selective ionization can be described by the ability to distinguish between dark and
bright state which we call contrast. It is given by the probability to correctly detect the atoms in

16



2.3. Atom-Photon entanglement

ionization threshold MLMLL%
1 ionization (473nm)

F3 [ 1 1

5Py, F1=2
32 pi=q
F'=0

Figure 2.4.: Atomic state readout scheme.The polarization of the readout laser determines
whether the atomic state gets excited and subsequently ionized. This process is
called Zeeman state selective ionization. Additionally, the cycling laser re-excites
atoms which decayed before the ionization [19].

the dark state minus the probability for wrong detection in the bright state. The resulting contrast
that is achieved in the state-selective ionization scheme is 93.8%.

2.3.2. Entanglement swapping

In order to generate atom-atom entanglement between separate atoms we employ the entangle-
ment swapping protocol [28]. Starting with two independent and spatially separated entangled
atom-photon pairs it is possible to achieve atom-atom entanglement without any direct interaction
between the two atoms. The basic principle of entanglement swapping is based on a joint Bell-
state measurement of the photons which projects them onto an entangled state. In our experiment
this is realized by two-photon-interference at a fiber beam splitter. After that, the polarization
of the photons is measured by using polarizing beam splitters and avalanche photo diodes which
swaps the entanglement of the atom-photon pair into an entanglement between photon-photon
and atom-atom. For this scheme it is crucial to have indistinguishable photons, i.e. they must
be in the same quantum state concerning all degrees of freedom except for polarization. Since
the origin of the photons in our case is the same atomic transition and the excitation scheme is
synchronized we are able to ensure a spectral and temporal mode overlap of the photons close to
unity. An overview of the scheme is depicted in figure 2.5.

17



2. Overview of the experiment

From this it follows that the atom-atom entanglement scheme can only successfully be employed
if there are two independent and timed entangled atom-photon pairs in the first place. Therefore,
every change of generation efficiency of these pairs will have immediate impact on the overall
event success probability. Critical parameters are for example the transmission losses in fibers,
detection efficiency of the detectors and especially the collection efficiency of the spontaneously
emitted photons. The success probability for atom-atom entanglement will further be reduced
when aiming for even longer distances than the one currently achieved.

The following chapter will point out the limitations of the current setup for achieving the goal of
increasing the entanglement distance from 400 m up to 20 km. Further, the approach for realizing
long-distance entanglement by implementing a high NA microscope objective is introduced.

Bell state measurement » IW+>F> P® |W+>A A

12 172

1"‘APD‘2"
«N_H»
n PBS. 21

fiber ¥, .8 W o
BS

11 11

polarization
trap 1 controller trap 2

Figure 2.5.: Sketch of the atom-atom entanglement scheme. The basic principle is to create
atom-photon entanglement in two separate traps, followed by a coincidental Bell
state measurement (Coincident detection of two photons). This leads according to
the entanglement swapping protocol to atom-atom entanglement without any direct
interaction.
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3. Towards long-distance
entanglement between atoms

After successful demonstration of entanglement of atoms separated by 400 m, the next step to-
wards other applications, such as quantum networks would be to significantly extend the distance
between the two entangled atoms. However, increasing the distance will have drastic impact on
the generation rate of atom-atom entanglement in our experiment. The reasons for that and pos-
sible upgrades for the setup will be discussed in this chapter.

3.1. Generation rate of remote atom-atom entanglement

For possible future applications of entangled atomic quantum memories such as distributed quan-
tum computing or secure quantum communication, it will be necessary to extend the distance
between the atomic memories. So far, in the frame of the experiment, we were able to create
atom-atom entanglement over a distance of 400 m and 700 m fiber length. The increase of the
distance between the entangled atom-atom pair gives rise to several difficulties. One of the prob-
lems at longer distances is the small rate of generating remote entanglement in schemes based
on entanglement swapping. Currently, the event rate is determined by several factors which are
mainly:

e The photon detection efficiency by the avalanche photo diodes

e Transmission losses in the optical fibers

e Photon collection efficiency from the quantum memory

e The propagation time of the signal
The generation rate for atom-atom entanglement can be calculated as the product of the success
probability P of coincidental atom-photon entanglement and the repetition rate f. of an atom-

photon entanglement attempt. The sequence of such an attempt and the corresponding time
lengths for the current setup are depicted in figure 3.1.
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two-photon
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_— T T )
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Figure 3.1.: Experimental sequence and timings to entangle two Rubidium atoms in two separate
traps. Once there are two atoms loaded in both dipole traps, the previously described
pumping and excitation scheme is repeated until successful atom-photon entangle-
ment in both traps is achieved. Each excitation cycle will heat the atom hence there
will be a cooling period after 40 excitation repetitions [7].

The event rate can then be estimated as:

1 1
Re:fe'Psg_'

2 U 4 3us + 3

’ 77201 ’ nget " T fiber 3.1

U

Wl
e}

where 350us is the time needed for cooling the atom again after a repetition of 40 excitation
cycles. The atom in the trap is heated during the preparation-excitation cycles where it scatters
many photons of the pumping excitation beams and hence needs to be cooled again. The 3
ps yield from the preparation of the atom in the 5°S) o F' = 1|mp = 0) state. The Bell state
measurement is in one of the labs, thus the photon and the success signal together take the
distance 2d, where d is the distance between the two labs with a propagation speed of %c in the
optical fiber.

The other part that determines the event rate for a successful atom-atom entanglement event is
the success probability. It is dependent of the collection efficiency n.,;, which is a measure for
the fraction of photons that can be collected by the objective during the spontaneous emission
of the atom, the transmission through the optical fiber 74, and the photon detection efficiency
nge: Of the avalanche photo diodes. n., and ng4.; both enter quadratically since for a successful
atom-atom entanglement event, it is necessary to have a successful atom-photon event in each of
the two traps in the first place. Hence, for a successful event we need to collect two photons and
detect two photons during the BS-measurement.

The current experimental setup yields around two events per minute with 700m fiber length
between the two traps. The fiber length distance we are aiming for is in the order of 20km.

20



3.2. Photon conversion to the telecom band

The photon collection efficiency is currently in the order of 12, = 0.92% and the absorption in
optical fibers at a wavelength of 780nm is 3.5%. As shown in figure 3.2 the event rate drops
exponentially with the fiber length and we estimate to get one event per year at 20 km distance.
This makes the current setup unsuitable for long-distance entanglement. However, there are
several improvements possible in order to enable long-distance entanglement at a reasonable
event rate.

10!

100_

10—1_

events per minute

10—2_

- current setup

103 : : ,
1072 1071 100 10! 102

fiber length (km)

Figure 3.2.: Events per minute for the current setup with a photon wavelength of 780nm. The
gray line shows the current length of the optical fiber with 700m which yields around
2 atom-atom entanglement events per minute.

3.2. Photon conversion to the telecom band

The Rb atomic quantum memory we use in the experiment as a quantum storage system has the
advantage of having a long coherence time and its transitions accessible by existing commercially
available laser systems. However, the main disadvantage that makes it less suitable for long-
distance entanglement is the optical transitions being in the near infrared. The attenuation of
light propagating through an optical fiber strongly depends on the wavelength. There are several
processes connected to possible loss mechanism in fibers, which are mainly:

e Rayleigh scattering, which is the dominant process for wavelengths in the visible regime.
The basic principle is that light scatters on material inhomogeneities which are smaller
than the wavelength. The losses scale with ~ %
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3. Towards long-distance entanglement between atoms
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Figure 3.3.: Events per minute at wavelengths 780nm and 1522nm. The grey dashed line shows
the current event rate at a distance of 700m. The blue dotted line shows the point
from which the conversion to 1522nm pays off (40% photon conversion efficiency,
80% photon detection efficiency) which is after 1.5km. At a fiber length of 20km
with photons in the telecom band one obtains ~ 0.06 events per minute which is
marked by the orange line.

e Absorption, which is caused by the conversion of electromagnetic wave energy into other
forms of energy, f.e lattice vibrations and occurs at wavelengths > 1600 nm

e Material impurities, which lead to absorption losses. The most important impurity in mod-
ern optical fibers is induced by water in form of hydroxyl ions.

However, there is a promising regime with minimal attenuation, which is in the so called tele-
com band at ~ 1550 nm. Here the losses are 0.2% (1522 nm) compared to 3.5% for the current
780 nm photon wavelength. By adapting the approach in [5], where they demonstrated the con-
version of photons emitted by trapped ions to the telecom band, we intend to convert the photon
emitted from our Rb quantum memory at a wavelength of 780nm to the telecom band at 1522nm.
It has been shown that the non classical properties of the single photons, especially the polariza-
tion and indistinguishability are preserved. The external conversion efficiency is expected to be
as high as 40%. The other advantage in the telecom band is that it becomes possible to use
superconducting single photon detectors (SSPD) which are specified to have a photon detection
efficiency nge; of 80%, compared to the currently used avalanche photo diodes which have an
efficiency of 40%.

Figure 3.3 depicts the estimated event rate over distance after the telecom conversion assuming a
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3.3. High NA microscope objective

conversion efficiency of 40% and photon detection efficiency n4.; of 80%, compared to the event
rate at 780 nm and 40% photon detection efficiency. The losses of the conversion are compen-
sated by lower attenuation after a distance of 1.5 km, which is represented by intersection of the
two solid plotted lines. At a fiber length of 20 km the converted photons yield an estimated event
rate of ~ (.06 events per minute.

This would already be a significant improvement compared to the current setup, yet this event
rate still wouldn’t yield high enough statistics for feasible atom-atom entanglement over long
distances. Further improvement towards long-distance entanglement has to be achieved by in-
creasing the photon collection efficiency from the atomic quantum memory.

3.3. High NA microscope objective

As discussed in Chapter 2, a microscope objective is used for confocally focusing the dipole
trap, the ionization laser beam and for collecting the spontaneously emitted entangled photons.
Currently, we use a standard commercial objective (Mitutoyo G Plan Apo 50) with a numerical
aperture (NA) of 0.5 which is corrected for the 3.5 mm glass wall between the objective and the
focal spot. The numerical aperture of an optical system is a measure for the angle under which
the objective can collect light or emit light. It is given by:

NA=n-sin(0) (3.2)

where 6 is the half angle of the cone that can enter or exit the objective and n the refractive
medium in which the objective is imaging. Even though the objective is specified for a diffraction
limited imaging up to an NA of 0.5, this is only the case in the visible regime. As the objective
is not diffraction limited for the wavelength of the fluorescence collection, only a small part
of the full aperture can be used for coupling into a single-mode fiber without being limited by
aberrations. In general, it is important for the photon collection efficiency to distinguish between
the collection of the photons by the objective and the coupling of the collected photons into a
single mode fiber.

e The photon collection is determined by the ability of the objective to collect photons of
the atom in the trap. It is dependent on the possible diameter of the focal spot for the
fluorescence collection and hence the beam size of the respective collimator.

e The photon coupling into the single mode fiber, i.e. the fraction of the collected photons
that are coupled into the single-mode fiber and hence can be used in the experiment, is de-
pendent on several things. First, one needs to consider all the transmission losses through
the optical elements, such as the microscope objective, dichroic filters and mirrors. Sec-
ondly, the coupling is strongly dependent on the overlap of the wavefront after the objective
and the Gaussian mode of the optical fiber (see Chapter 4). The effective overlap is mainly
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3. Towards long-distance entanglement between atoms

dependent of the quality of the optics involved, being the microscope objective and the
fiber collimator.

A good estimate for the general ability of an objective to collect photons is the solid angles
resulting from the NA that can be achieved by the respective objective. Since the photons during
spontaneous emission are emitted isotropically (not the case if polarized photons are considered,
see section 4.2), the solid angle determines the amount of photons which can be collected by a
segment of a unit sphere. It is given by:

(3.3)

where 6 is the half angle of the cone that can enter or exit the objective. The current objective was
measured [19] to use an NA of 0.267 which corresponds to a collection of 1.63% of all emitted
photons. The resulting collection efficiency 7)., can be estimated in the following way:

Patom—photon

Neol = 2
3 Ndet - npump(Tobjective : Toptics)

0.0022
- — 0.92%
2.0.6-0.8-0.75 ’

where FPutom—photon 15 the success probability for atom-photon entanglement, 7,.; the photon
detection efficiency, 7,um, the efficiency for pumping in the excited state, Ti,pjecrive and Topyics the
transmission through the objective and the remaining optics and the factor of % since 7 polarized
light is not used.

For the new objective we aim to use an NA of 0.35 — 0.50. We may not be able to exploit
the full NA of 0.5 due to several reasons. The first reason is, that the coupling efficiency of a
collimated plane wave into a single-mode fiber has an upper limit, which is given by the overlap
of a Gaussian beam with the top-hat shaped plane wave after the objective. This limit will be
discussed in Chapter 4. Further, the collimator size used for coupling the light into the single
mode fiber doesn’t allow us to employ the full NA and the collimator lens can also introduce
aberrations. However, since the objective is diffraction limited for the fluorescence wavelength
we expect to have maximal overlap between the single-mode fiber and the collimated plane wave
after the objective. In addition, the objective is specified for a transmission of > 90%. Table 3.1
shows our estimated improvement for the photon collection efficiency for the new objective. The
difference between collected photons and the collection efficiency comes from the overlap limit
and the thermal movement of the atom in the trap and we expect a reduction of 35% (see Chapter
4). The result would be an overall improvement of the atom-atom entanglement rate by a factor
of 6-29 compared to the current setup.
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3.3. High NA microscope objective

| NA | collected photons | 7y |

atom-photon ent.

|

atom-atom ent.

|

0.294 47 - 1.18% 0.92% - -
0.35 47 - 3.16% 2.43% | =~ 2.5 - nyq (expected) | 6 - 1,4 (expected)
0.50 47 - 6.69% 4.96% | ~ 5.4 - 1,4 (expected) | 29 - Q14 (expected)

Table 3.1.: Estimates for the factor of improvements of the photon collection efficiency in one
trap and in both traps. Limiting factors are the efficiency for the coupling into the
single mode fiber, the size of the collimator and aberrations induced by the collimator
lens. In order to compare the two objectives, we assume the used NA for the current
objective to be 10% as this was the optimal waist to aperture ratio found in Chapter

4.

Figure 3.4 shows the event rate for atom-atom entanglement including photon conversion to
telecom band and the new objectives. It can be seen, that the new objective could more than
compensate for the losses during the conversion to the telecom band and eventually yields an
event rate of 0.5 events per minute at 20 km distance. This is calculated for an overall im-
provement by a factor of 10 compared to the current setup. However as discussed earlier, this
is a conservative number and we hope to have a larger increase of photon collection efficiency.
Nevertheless, already an event rate of 0.5 events per minute would allow us to generate and to
characterize long-distance entanglement of atoms.
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3. Towards long-distance entanglement between atoms
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Figure 3.4.: Events per minute for wavelengths 780nm (old objective), 1522nm (old objective)
and 1522nm including the new objectives. The gray dashed line shows the current
event rate at a distance of 700m. The new objective could more than compensate for
the conversion losses to the telecom yielding an estimate of 0.5 remote entanglement
events per minute, for a fiber length of 20km shown by the green dashed line.
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4. Photon coupling efficiency

In this chapter we investigate the coupling efficiency of photons which are emitted by the trapped
atom into a single-mode fiber. The parameters which influence the coupling are the aperture size
of the collecting objective, the beam size of the fiber collimator, as well as the position of the
atom with respect to the focal plane and axis of the objective. In the optimal case, the atom
position is longitudinal in the focal plane of the objective and transversal in the center of the
round objective entrance pupil. However, due to residual thermal energy of the atom, its position
will vary with respect to the optimal position. The impact of the atom position in the trap on the
photon coupling efficiency will be investigated for longitudinal and transversal displacements
separately. Further, a more precise approach will be conducted which includes the emission
characteristics of dipole radiation. Eventually, longitudinal and transversal displacements are
combined and the coupling efficiency will be calculated for different polarizations. The involved
optics are assumed to be free of aberrations. This is very well fulfilled for the objective (Chapter
5.1) The not customized fiber collimator however is not optimized for our experiment and might
induce aberrations.

4.1. Calculation of the fiber coupling efficiency for a
point source

4.1.1. Optimal case

We first consider the simplest case, where the atom position in the trap is at the optical axis of
the objective and in the focal plane, the photon emission of the atom can be approximated as a
point source of 780nm light which is converted into a collimated plane wave by the objective
(see figure 4.1). In a first approximation, we assume the intensity distribution of the collimated
beam after the objective to be uniform over the objective pupil. The mode which gets coupled
into the fiber is a collimated Gaussian (7"E M ). There we do not consider polarization emission
characteristics of the atomic dipole.

The resulting coupling efficiency of the plane wave emitted by the atom and the well-defined
spatial eigenmode (T'F M) of the optical fiber, can be expressed in cylinder coordinates as:
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Focal plane Microscope objective
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\ Single-mode fiber
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Figure 4.1.: The atom is at the axis of the objective and in the focal plane. The emission of the
atom is approximated as a point source. The spherical waves get then converted by
the objective into a collimated plane wave and coupled into a single-mode fiber.
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where Fyq,s; denotes the Gaussian eigenmode of the fiber after collimation to a beam waist wy
and F,,, the normalized top-hat shaped electric field emitted by the atom and collected by the
objective with a pupil radius R.

Figure 4.2 shows the resulting normalized coupling efficiency 02(}"2—8) as a function of the ratio
of the radius of the objective pupil and the waist of the fluorescence collection. It can be seen,
that the maximum achievable coupling efficiency is 81.45% which gives the upper limit for in
other respects perfect coupling conditions regarding the position and alignment of the atom to the
objective. The according optimal waist to objective pupil ratio is 89.3%. One way to overcome
this limit would be to adapt the collimation optics in such a way, that the Gaussian eigenmode
of the fiber is transformed into a top-hat mode, i.e. a uniform intensity distribution over the size
of the objective pupil. While being difficult to implement, this would be a possible upgrade for
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Figure 4.2.: Coupling efficiency of a Gaussian beam with top hat shaped aperture of the objective
as a function of the waist of the beam and the objective pupil radius. The maximal
coupling efficiency is 81.45% with a optimal waist to objective pupil ratio of 89.3%.
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4. Photon coupling efficiency

future iterations of the setup in order to exceed the currently achievable overlap between the
mode of the collected light and the mode of the optical fiber.

4.1.2. Thermal velocity distribution of the atom in the trap

The case discussed in 4.1.1 considers the case of the atom exactly at the optical axis and in the
focal plane of the objective. However, this is not the case in the real experiment. The cooling of
the atom has low but however not vanishing temperature limits and thus the atom has residual
thermal energy. According to measurements, the temperature of the atom is 45,1 K. At these low
temperatures and thereby low thermal energy of the atom the dipole trapping potential of 3.2 mK
can well be approximated by a three-dimensional harmonic oscillator. The spatial probability
distribution of the atom in radial and longitudinal direction is in thermal equilibrium a Gaussian
shape given by:

Pu(2) =\ g 4.2)
2
mS2 2kgT

Py (r) = 27rk;BTTe maF 4.3)

where m is the mass of the atom, kp the Boltzmann constant z the longitudinal position, r the
radial position, 7" the temperature and €2, . the respective trap frequency. The trap frequency
is basically the oscillation rate of the atoms in the trap and is usually computed via harmonic
approximation in the trap center. Due to symmetry properties of the trap we distinguish between
radial (x- and y-direction) and longitudinal (z-direction) trap frequencies. They are given by:

4

Q, = UOQ (4.4)
mwg
2

Q= Ug (4.5)
mzR

In our experiment the trap depth is Uy = 3.2mK- kg, the temperature of the atom 7" = 45/, the
waist of the dipole trap wy = 1.92m which corresponds to a Rayleigh length of zz = 13.6um.
The standard deviations of the spatial atom position has the following form, again in radial and
longitudinal direction:

4 —7 4 —7 kgT
f— . = . p— . 1 .
o =1/ 5 Oz \/ 5 \/ 10 wo = 74.51nm (4.6)
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4.1. Calculation of the fiber coupling efficiency for a point source

Focal plane Microscope objective
Collimator lens

Opt. axis m 2

Transversal . .
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Figure 4.3.: The atom is displaced from the optical axis due to its thermal energy. For radial
displacement this leads to a transversal tilt of the emitted plane which reduces the
coupling efficiency.

[kgT
o, = 2?]0 zr = 1.13um 4.7)

The following part will investigate the impact of transversal displacement of the atom relative
to the optical axis. The photons emitted from the atom in the focus can be approximated as
plane waves at the surface of the objective, i.e. there is no tilt between the plane waves and the
objective. However, if there is a displacement of the atom due to its thermal energy, the result is
a different photon emission point of the atom. This leads to a tilt in the plane waves relative to
the objective axis (see figure 4.3)

The phase profile of the tilted plane wave has the following form:

1
VT Ry

Eotom = O (Ry —r) e W) (4.8)

where W is the phase shift induced from the tilt. It is given by:

U(r, @) = k-7 cosp (4.9)

with k; = 27” - sin(«v) being the transversal k-vector, « the angle between the plane wave and the
optical axis surface (see figure 4.3) and r - cos(y) describing the plane wave in polar coordinates.
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4. Photon coupling efficiency

Plot a) in figure 4.4 shows the overlap of the T'E M, Gaussian eigenmode of the optical fiber
with the plane wave emitted by the atom. The x-axis shows the ratio of Gaussian waist to ob-
jective entrance pupil. The y-axis shows the corresponding fraction of the plane wave that is
coupled into the fiber, i.e. the coupling efficiency. As already discussed in 4.1.1 the limit of the
coupling probability between a plane wave and a Gaussian beam is 81.45% with ’L];—g = 89.3%.
Whenever the atom is displaced due to, e.g., thermal motion inside the trap, the emitted plane
wave gets a phase shift as given in equation 4.8. The phase shift reduces the coupling efficiency
and also shifts the optimal %—g—ratio. In plot a) in figure 4.4 we plotted the coupling efficiencies
for several atom displacements in transverse direction. It can be seen that there is a reduction in
coupling efficiency as a function of displacements. An atom position of o,.(= 74.51nm) radially
away from the optical axis only reduces the coupling efficiency by 5% as compared to a displace-
ment of 4 - o, which already yields a reduction of 20%. For a good estimation for the coupling
efficiency it is necessary to account for the probability that an atom is actually displaced to a
certain position. Therefore, we integrate over the individual coupling efficiency for different dis-
placements by weighting with the 2-D radial position probability density function of the thermal
distribution function of the atom in the trap (see equation 4.2). This is done by expressing the
plane wave and the thermal distribution as a function of displacement Ar. The resulting integral
has the following form:

w 5.0 27 [e'e]
Ouweighted (EZ) = |/ dAr/ d(p/ dTE;auss (r,wo) Eatom (1, AT, ) Py (A1) - 7~2|2
0 0 0
(4.10)

The lower plot in figure 4.4 shows the resulting collection efficiency which is weighted with
the probability density function for the position of the atom in the trap in radial direction. The
maximal achievable overlap is 75.13% for an optimal ratio of }‘%—g = 88.05%. The graph also
depicts the actual waist used in the new microscope objective setup, which is slightly smaller
than the optimal one and has a %g-ratio of 72%. The reasons for using this particular waist are
discussed in more detail in Chapter 5.1.1.1. With this approach we eventually obtain an estimate

for the maximal radial coupling efficiency of 70.05% with the new microscope objective setup.

4.1.3. Longitudinal atom displacement

Besides radial displacement, the atom has an additional degree of freedom in the trap, which is
the movement in z-direction, i.e., moving outside of the focal plane of the microscope objective.
In that case, the wavefront of the atom after the objective can be described as a spherical wave
with curvature I?.. The curvature and thereby the resulting phase shift is dependent on the dis-
placement in z-direction (see figure 4.5). The electric field emitted by the atom after the objective
has the following form:
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Figure 4.4.: (a) Overlap integral of the 7'/ M, eigenmode of the optical fiber with the plane
wave emitted by the atom as a function of the Gaussian waist wy and the entrance
pupil radius of the objective ;. The chosen displacements are given with re-
spect to the calculated thermal distribution with o, = 75 nm. Further, the optimal
Z—gvalue and the corresponding coupling efficiency is depicted. (b) Overlap integral
is weighted by the probability density function for the atom position in z-direction.
The resulting maximum overlap is 73.23% with B = 72%.

33



4. Photon coupling efficiency

Focal plane Microscope objective

.
w7

longitudinal ingle-mode fiber

displacement
Az

L
%

spherical wave Convergent/divergent
spherical wave

Figure 4.5.: The atom is displaced from the focal plane due to its thermal energy. For longitudi-
nal displacement this leads to a change of curvature of the spherical wave after the
objective which reduces the coupling efficiency.

1
VT Ry

Botom = O (Ry —7) - e k) (4.11)

where WV is the phase shift induced by the displacement in z-direction. It is dependent on the
curvature of the spherical wave R, which itself is dependent on displacement Az in the focal-
plane and the focal length f.

A 27 72
\IJ(T,RC)_QW-X_T-RC(1/1+E—1> (4.12)

(4.13)
R, results from the lens formula:

1 1 1

YR

Figure 4.6 shows the resulting coupling efficiency for several longitudinal displacements as a
function of }g—g. Clearly the coupling efficiency shows similar behavior as for transverse displace-
ment, i.e. an optimal ’I‘%’—g-ratio of 88.05% with an overlap of 81.45% and decreasing overlaps
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4.1. Calculation of the fiber coupling efficiency for a point source

for larger displacements. However, a displacement of o, by a factor of 15 larger than o, only
reduces the coupling to 73%. This means, that in terms of absolute distances, a longitudinal atom
position shift is less crucial compared to a transverse drift. The reason for that is the larger depth
of focus in longitudinal direction than the field of view in transversal direction. In longitudinal
direction from the focus, the beam size is increased by /2 after the Rayleigh length, which is
zr = 13.6 um. In transverse direction, the beam has only a waist of 800 nm and thereby changes
faster with distance. From that follows, when considering the same absolute displacement, the
atom plane remains in sharper focus in longitudinal - than in transverse direction. However, due
to similar reasons, the longitudinal extension of the thermal distribution is larger than the radial.

In order to include the probability for the atom being displaced from the focal point, we again
weight the overlap integrals for different displacements with the 1-D probability density function
for the thermal atom distribution (equation 4.2) in z-direction. A similar calculation as in equa-
tion 4.10, now integrating over Az yields an averaged overlap integral which is depicted in figure
4.6. With an actual }Uz—g—ratio of 72% this yields an on average longitudinal overlap of 73.23%.

Conclusion

From the previously described approach to determine the coupling efficiency of the photon emis-
sion of the atom in the trap we conclude two things. First, no matter how good the quality of
our optics is, the coupling efficiency of the photons into the single mode fiber will always be
limited to the maximal threshold for the overlap of a Gaussian beam and a top-hat function of
81%. Thermal motion of the atom in the trap further reduces this value. In order to overcome this
limit it would be necessary to convert the Gaussian beam into a flat top-hat profile, i.e. a uniform
intensity distribution with the radius of the objective aperture. However, at the time this thesis
was written, no industrial available converter was found that could be used for our beam size and
wavelength.The second thing we conclude is on the sensitivity for the alignment precision when
overlapping the dipole trap and the fluorescence collection. As shown in the figure 4.4 and 4.6,
errors in the positioning of the atom become critical above a displacement of ~ 150 nm in radial
direction and ~ 1pm in z-direction. Hence the alignment precision has to be more thoroughly
conducted in radial direction and must not exceed an error of ~ 150 nm. The alignment proce-
dure and the effects that we have to take into account for reaching this precision will be described
in Chapter 5.

35



4. Photon coupling efficiency

1.0
a) — Ar=0
Ar = 1o
— Ar=20
—— Ar=140
0.8

-]

Cougling effici%ncy

0.2

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
w,/R,
1.0
—— Weighted overlap
0.8
_____________________ .
SN ey !
o 1
C 1
1
% 0.6 1
— 1
= 1
() 1
) |
= |
a '
8 0.4 :
1
O |
1
1
1
1
0.2 !
1
1
1
1
1
1
: 1
0.0 - !
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
w,/R,

Figure 4.6.: (a) Overlap integral of the 7'/ M, eigenmode of the optical fiber with the plane
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wave emitted by the atom as a function of the Gaussian waist wy and the entrance
pupil radius of the objective Ry.The chosen displacements are given with respect
to the calculated thermal distribution with o, = 1.13 um. Further, the optimal
Z—gvalue and the corresponding coupling efficiency is depicted. (b) Overlap integral
is weighted by the probability density function for the atom position in z-direction.
The resulting maximum overlap is 73.23% with B = 72%.



4.2. Dipole nature of the atomic emission

4.2. Dipole nature of the atomic emission

The previously described ansatz is a simple and intuitive approach to determine the photon cou-
pling efficiency into a single-mode fiber. However, the main disadvantage is that longitudinal
and transverse atom displacement effects have to be considered separately. Further, especially
for our experiment, it is necessary to consider polarized photons as this is the property which
contains the information of the photon we are interested in. Thus, it is necessary to include the
dipole emission characteristics of the atom. This has the consequence, that the distribution of the
photon emission can no longer be assumed to be spherical, but is dependent on the angle and the
polarization of the emitted photons.

4.2.1. Analytical expressions for the dipole emission
characteristics

The emission of an atomic dipole can be described by a superposition of the electric fields F,, E,
and £/, which are oriented along the unit vectors e, e, and e respectively (see figure 4.7). The
emission modes of the three orthogonal linear atomic dipoles oscillating along x (H-polarization),
y (V-polarization) and z (7-polarization), are given by [26, 17]:

ezk:r

EF = —_Fl(e, x e,) x €] (4.14)
r
v eikr v
E) = . E; (e, X ey) X €]
- eikr -
ET = . ET (e, X e;) X e,]

where B2, EV and ET are the normalization factors and e, the unit vector pointing along the
radial direction in the spherical coordinate system defined in figure 4.7. Here, z defines the
optical axis of the objective and x and y the plane perpendicular to the optical axis. @ is the polar
angle in spherical coordinates and ¢ the azimuth angle (see figure 4.7). We use the following
definition for the radial unit vector in spherical coordinates:

stnb - cosp
e, = | sinf - sing
cost
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Figure 4.7.: The fluorescence light follows the classical dipole radiation from an atomic dipole
arranged along the unit vectors e, e, and e,. The x and y plane define the plane
perpendicular to the optical axis of the objective.[26].

Normalization constants

In a later part of the investigation we want to allow displacements of the atom in x, y and z-
direction which is more comfortable to do in Cartesian coordinates. Therefore, we like to for-
mulate our description of the atomic dipole emission in Cartesian coordinates. To arrive at a
normalized electric field distribution in the primary plane of the objective, one has to consider
two things. First, we have to normalize the cross product and thereby the electric field distribu-
tion in x, y and z-direction.

2 Y+ 22
(er X em) X €p| = 1-— sin29 . COSQQO = m (415)
2 2 2
2 2 Lo, At
(erxey)xer = COS 0+COS SO'SZRQ—m
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Figure 4.8.: (a) The spherical projection describes the conversion from an angle element of a
sphere onto an surface element in a plane. (b) Derivation of the scaling factor by
considering an infinitesimal small part of the intersection, where the spherical wave
can be approximated plane.

(e, X e,) X e,

Furthermore, when transforming the spherical description of the dipole emission into Cartesian
coordinates, we have to keep in mind the projection factor. The projection describes the mapping
of a sphere onto a plane and hence gives a scaling factor for a change in angle to a corresponding
surface element.The basic idea of the transformation of an angle element onto the plane is de-
picted in figure 4.8 (a). For calculating the scaling factor, we consider infinitesimal small regions
of the intersection between primary plane of the objective and wavefront. In that case, the rela-
tionship between the length of the wavefront and the corresponding projection onto the primary
plane of the objective is given by 1/cos (6), i.e. that the length of the projection in the plane is
larger by cos (0) compared to the length of the corresponding angle element of the sphere (see
4.8 (b). This scaling factor is independent of ¢ and r since the previously stated argument is
valid for any arbitrary intersection of the wavefront with the primary plane of the objective.

Combining the equations for the normalization of the scaling factor and 4.15 with eqn. 4.14
gives the normalized description of the atomic dipole emission (for more detail derivation see
Appendix A ):
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These formulas for the dipole emission characteristics are a normalized representation for the
polarization dependent emission pattern of the atom in our experiment.

4.2.2. Photon collection of the objective

As described previously, the coupling of photons into the single mode fiber is determined by the
amount of photons which can be collected by objective and the subsequent coupling efficiency
into the single mode fiber of the collected light. The following part will discuss and calculate the
amount of photons that can be collected by the objective considering the NA of the objective and
the emission pattern.

The time-averaged power radiated per unit solid angle by the oscillating dipole with a specific
polarization is given by the Poynting vector projected in radial direction. As derived in [17], it is
calculated as:

dP 2

a” (er X €p) X €| (4.19)
where e, denotes the unit vector for the respective oscillating dipole moment e, e, and e,. As
an exemplary case we will consider in the following the atom to be oscillating in e direction (i.e.
H-polarization). Then formula 4.19 yields:

dP
2"~ (e, X €p) X er|2: c0s*0 + sin?0 - sin*p (4.20)
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4.2. Dipole nature of the atomic emission

The respective normalized fraction of H-polarized photons that are collected by the objective
with an NA of 0.5 and hence an opening angle 6 = 30°(=7%) is then given by:

f027r dy fO% (cos?0 + sin®0 - sin?p) - sind - dOdyp

fo% de [ (cos?0 + sin?0 - sin?p) - sind - dOdp

Nphoton(NA = 0.5) = =0.094  (4.21)

that means, that 9.4% of all emitted H-polarized photons of the atom can be collected by the
objective. Comparing the amount of photons collected per unit solid angle when consider-
ing unpolarized photons with a spherical emission pattern as estimated in section 3.3 yields
Nphotontnpolarized( NA = 0.5) = 6.7%. The rise in collected photons comes from the predomi-
nant emission of H-polarized photons into the direction of the quantization axis, which is in the
experiment defined by the objective. Hence the polarization dependent intensity on the primary
plane of the objective is not uniform but has a shape across the objective which is similar to
a Gaussian. Figure 4.9 a) shows the intensity across the plane of the objective pupil in x- and
y-direction for the x-component of E, which corresponds to the H-polarized photons from the
dipole oscillating in x. The x and y position is given in pupils coordinates for an NA of 0.5.
The green line shows a Gaussian with the same parameters in both plots. Clearly, the shape is
different in x and y-direction, with a larger extension in y-direction as this can also be seen in
the 2D plot in (b). The asymmetry of the intensity distribution stems again from the angle de-
pendence of the atomic dipole emission for H-polarized photons. When the dipole is oscillating
in x-direction, the emission in x goes to zero for # — 90, whereas the emission in y-direction is
only reduced by the spherical projection factor of the emission on the 2D primary plane of the
objective. Hence the reduction in intensity is faster in x as in y-direction.

The behavior for V-polarized photons is completely similar to the H-polarized case, with only
being rotated by 90°, i.e. the ellipse has its larger extension in x-direction than in y-direction.
The absolute numbers for the collection and intensity remain the same.

4.2.3. Calculation of the collection efficiency for an atomic dipole

We consider the simplest case, where the atom position in the trap is at the axis of the objective
and in the focal plane. By the vector description of the atomic emission including the normalized
dipole emission characteristics we are able to evaluate the expected collection efficiency for the
microscope objective. In that case, the resulting collection efficiency for H-polarized emission
of the atom can be expressed by:

s v/ Ro—y? pRo )
O (§> — |/\/_/ E;aussEatomde‘dm 4.22)
0 —+/Ro—y? J —Ro
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Figure 4.9.: a) Cross section of the H-polarized photon intensity on the primary plane of the ob-
jective in x-y direction. The red line depicts the photon intensity and the green line
a Gaussian fit with the same parameters for both plots. b) 2D plot of the photon in-
tensity distribution on the primary plane of the objective. The shape for H-polarized
photons is an ellipse with a larger extension in y direction.
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4.2. Dipole nature of the atomic emission
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where Fyq,ss 15 the Gaussian eigenmode of the fiber after passing the objective and Egop, the
atomic dipole emission at the front side of the objective (i.e. z = f). The result is the fraction of
the H-polarized photons that are coupled into the fiber as H-polarized photons which is shown in
figure 4.10. The resulting maximal collection efficiency is 8.07% with an optimal waist to objec-
tive pupil ratio of 85.44%. This number for the collection efficiency is the maximum achievable
value, considering no further losses, such as quality of the fiber collimator, transmission losses
in the optics or the thermal distribution of the atom in the trap. The coupling efficiency for the
case of atomic dipole emission characteristics is 85%. This is about 6% more than the previously
considered case for unpolarized photons and hence a spherical emission pattern. This is a con-
sequence of the less flat like shape of the emission for H-polarized photons and thereby larger
overlap with the Gaussian T'E M, eigenmode of the optical fiber.

Due to symmetry reasons, we will get the same result for the collection efficiency for V-polarized
photons. When considering the atom at rest in the origin, i.e., to have no thermal distribution in
the trap, the collection efficiency for m-polarized photons will always be zero. This is due to the
fact that the emission pattern of m-polarized light is antisymmetric with respect to quantization
axis and hence the objective axis. Evaluating the integral in equation 4.22 yields the product of
an antisymmetric function (m-emission) and a symmetric function (Gaussian eigenmode) inte-
grated over the spherical objective aperture which is always zero, independent of the collection
angle of the objective.

Conclusion

Describing the atomic emission including the normalized dipole emission characteristics allows
us to precisely quantify the photon collection rate of the objective and the coupling efficiency
into the single mode fiber. Hence we are able to give an absolute number for the photon col-
lection efficiency reachable by the new objective. Assuming to have no other losses due to for
example bad fiber collimator quality or other transmission losses, we get a maximal possible
photon collection efficiency of 8.07%. Table 4.1 compares the results for the two approaches for
the atomic emission description. It clearly shows that the more realistic case, which considers
polarized photons, yields a higher photon collection efficiency for two reasons. The first one
is the predominant emission of H- and V-polarized photons into the direction of the objective
and hence results in a larger photon collection rate. The second reason is the larger coupling
efficiency into the single mode fiber, which is due to the shape of the intensity distribution. The
intensity distribution of polarized photons has a larger overlap with the Gaussian eigenmode of
the single-mode fiber compared to the top-hat intensity distribution of unpolarized photons.
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4. Photon coupling efficiency

Figure 4.10.: Photon collection efficiency for the atomic dipole emitting H-polarized photons.
The maximal collection efficiency is 8.07% with an optimal ratio of the waist wq of

The current state of the model is missing transverse and longitudinal displacement of the atom
due to thermal effects. This needs to be considered in a future extension of the model and will
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reduce the achievable photon collection efficiency.

Table 4.1.: Summarized results for the photon collection efficiency comparing the atomic emis-
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5. High NA microscope optical setup

The setup for the new microscope objective has to fulfill several functions. It must contain the
necessary optics to overlap three wavelengths, from the ionization beam, dipole trap and fluo-
rescence collection and the optical elements in order to perform the experiment under optimal
conditions. The best performance is achieve for the case of maximal collection efficiency for
the emitted photons by the trapped atom, strong focused dipole trap for trapping the atom and
a fast and efficient ionization of the atom for the atomic state readout. The following chapter
describes all the elements that are used in the setup and their characterized performance. Be-
sides the quality of the optical elements that are used, it is crucial to match several alignment
requirements in order to ensure diffraction limited operation of the new microscope objective.
Several alignment techniques were elaborated for the setup and the methods will be explained in
the following chapter. At the end of the chapter we will describe how we overlap the foci of the
three wavelengths on the optical axis of the objective.

5.1. Optical setup

The microscope objective setup consists of three main components. The optical dipole trap laser
for trapping the atom (A = 859 nm), the fluorescence collection optics (A = 780 nm) for collect-
ing the emitted single photons of the " Rb atom during the entanglement generation process and
the fluorescence light during the cooling procedure. Further the ionization laser (A = 473 nm) is
needed for the atomic state readout. All three wavelengths are focused by a confocal microscope
objective to the center of the vacuum glass chamber. The optical dipole trap then determines the
position of the atom. In order to have maximum collection of the scattered photons by the atom,
it is crucial to overlap the focus of the fluorescence collection optics with the position of the atom
and hence the dipole trap. In addition, the ionization laser needs to be focused on the same spot
in order to have a maximal ionization rate, as it depends on the light intensity. The focusing is
achieved by the new custom designed microscope objective' with an numerical aperture of 0.5
and a working distance of 14 mm. It is specified to be diffraction limited for all the three wave-
lengths and has a transmission of > 90%. Further, it compensates for the 3.5 mm thick vacuum
glass cell.

In order to test and characterize the setup in a separate lab, it was necessary to provide testing

"Photon Gear NIR Atom Imager
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Figure 5.1.: Sketch of the optical setup for the new microscope objective which focusses the
dipole trap and the ionization beam to the center of the vacuum glass cell. The
fluorescence is collected by the same objective and coupled into a single-mode fiber.
The dichroic mirrors separate the three different wavelenghts from the optical axis
of the objective.

lasers, that correspond to the ones which are used in the main experiment (dipole trap and ioniza-
tion). Therefore, we built up diode laser systems for each wavelength which are then connected
to the respective fiber collimators of the new microscope objective setup. To simulate the fluores-
cence we use a laser which is counter-propagating to the actual fluorescence in the experiment.
Hence we reverse the experimental scheme by focusing a 780 nm laser to the center of the vac-
uum glass cell. In this case, the focus size can be seen as a measure for the effective field of
view of the fluorescence collection optics and thereby is a measure for the ability to collect the
photons. Once the testing and alignment of the setup is completed, we will disconnect the fiber
end which is connected to the lasers meanwhile keeping the end of the fiber in the collimators in
order to preserve the alignment. Eventually, we will connect the fibers of the new objective setup
with the fiber ends of the main experiment.

Another important component beside the microscope objective are the dichroic mirrors which
superimpose the paths of all three wavelengths onto the optical axis of the microscope objective.
The dichroic mirrors are coated in such a way that they either reflect or transmit the respective
wavelength. In our setup we have two dichroic mirros. One of them is highly reflective for the
dipole trap and highly transmissive for the ionization laser and the fluorescence collection. The
other one is highly reflective for the fluorescence collection and highly transmissive for the ion-
ization laser.

The entire structure for the new microscope objective is built on a separate breadboard. This
design allows us to test, align and optimize the setup completely independent of the main exper-
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5.1. Optical setup

iment, which is good for two reasons. First, the objective setup of the real experiment can still
be used in the meantime in order to proceed with the experiment. Once the new setup is ready
we will incorporate it in the real experiment by exchanging the two objective setups. Therefore,
the height of the optical axis in the new setup is in agreement with the current setup. The other
reason is that several tests and alignment procedures can’t be executed in the environment of the
real experiment, such as measuring and overlapping the foci of the three beams because the focal
position is in the vacuum cell which makes it not possible to perform a knife-edge measurement.
A schematic drawing of the microscope objective setup is shown in figure 5.1.

5.1.1. Laser optics

The following part describes each component of the setup, i.e. fluorescence collection, ionization
laser and the optical dipole trap, and the corresponding optics in more detail. In particular, the
key properties of each part that are crucial for the performance of the objective are elaborated.

5.1.1.1. Fluorescence collection - Spherical aberrations

Collimator - Monochromatic lens system The beam size and the quality of it are es-
sential parameters for our experiment, in particular for the fluorescence collection it determines
how much of the NA of the microscope objective can be used and how much of the light that is
collected by the objective can be coupled into the single mode fiber. For the fluorescence beam
we considered two collimators. The first one is a monochromatic Schéfter-Kirchhoff collima-
tor’> with a focal length of 50 mm. The resulting beam size is 4.35 mm which corresponds to
a Rayleigh length of 2z = 76 m. During the characterization of the beam quality, i.e. beam
profiling with a CCD camera it was found, that this collimator induces severe spherical aberra-
tions in the Gaussian beam profile. The shape of the distortion in the beam was dependent on the
distance between the CCD camera and the collimator. Since these aberrations will have impact
on the coupling efficiency for the light coming from the objective into the single-mode fiber af-
ter the collimator, it was necessary to asses the severity of the aberrations. For that we adapted
an approach shown in [25] in order to quantify the aberrations, i.e. to find the parameters that
describe the properties of the phase front of the electric field coming from the collimator.

A general description of the electric field of Laguerre-Gaussian modes when assuming a circular
symmetric phase (I = 0) is given by:

2 2r? . . 2 .

260FC-L-4-M50L-02
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5. High NA microscope optical setup

where Lp denotes Laguerre gaussian mode, R (z) the radius of the curvature of the beam’s
wavefront at position z and £ (z) the Guoy phase. The Guoy phase itself is given by:

& (2) = (2p — 1) arctan ( S ZO) (5.2)

<R

When we now assume the collimator to induce spherical aberrations due to lens imperfections,
the electric field of the Gaussian beam after the collimator is given by:

Econ. = Erc(o,0) - €D (iPrens) - €xp (1@ass.) = Z CoErc(pi=0) (5.3)
p=0
with 12
,
(blens = _2_
/

being the phase shift induced on the Gaussian beam when propagating through a lens, and

A 2
Patb = S (—4 - 2—2)

Wy wy

describing the phase shift of the spherical aberrations with a parameter .S, which denotes the
strength of the aberrations. The spherical aberrations are caused by lens imperfection and as
a result of the Gaussian beam transmitting through the lens, they are imprinted onto the phase
of the electric field. Since the guoy phase is a function of the Gaussian mode, and the electric
field itself is a function of the sum over all Gaussian modes, the difference in the Guoy phase
of higher Gaussian modes A¢ induces the changes in the intensity profile in dependence of the
propagation distance. Our experimental scheme in order to determine the S parameter consists
of two steps. At first, we are measuring the intensity profiles of our Gaussian beam after the
collimator at several distances where we see an evolution of the intensity distribution in the
beam. Since the Rayleigh length of our collimated beam is 76 m which makes it complicated to
track the intensity profile, we introduce a thin lens with a long focal length, assuming that the
thin lens negligibly alters the spherical aberrations of the initial wavefront. By that it becomes
more suitable to measure the intensity profile evolution of the beam at several positions around
the focus. The second step is to simulate the evolution of the beam for several distances z and
different strengths S by using diffraction integrals. By comparing the evolution of the intensity
profile of the simulated- and experimental data, we can determine the corresponding parameter .S,
for which they have the best agreement (see figure 5.2). We found out, that for our collimator we
get an estimate for the S parameter of 0.7. We want to stress here, that this approach only yielded
an estimate for the parameter, since it can be seen that the agreement of data and simulation
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is not perfect and it might need higher order terms of S to completely accurately describe the
aberrations. However, the evolution of the shape distortion is alike from which we conclude that
we give an estimate value for .S.

With the determination of the severity of the spherical aberrations we are able to estimate the
resulting overlap between the phase front created by the collimator and the Gaussian eigenmode
of the fiber by calculating the overlap integral, as already discussed in Chapter 4. Since the
Schifter-Kirchhoff collimator, without considering the movement of the atom in the trap, only
yields a coupling efficiency of 70%, we decided to use a different collimator.

Collimator - Spherical lens system The other fiber collimator® we characterized con-
tains a four element, air-spaced spherical lens design with a focal length of 40mm. We character-
ized the beam again using again a lens with a long focal lens as described previously. However,
we didn’t see any distortion at any position around the focus. We concluded, that the spheri-
cal aberrations coming from the collimator are significantly smaller compared to the Schifter-
Kirchhoff aspheric lens collimator. This is why we eventually decided to use the beam with the
better quality, however having a 0.7mm smaller waist. But as calculated in Chapter 4 this only
costs us 5% of the coupling efficiency, which is why we rather use a collimator with a better beam
quality. For future iterations of the objective setup, it is desirable to design a custom collimator
with the optimal waist size according to our objective and without causing spherical aberration
in order to maximize the coupling efficiency.

5.1.1.2. Optical dipole trap

The collimator* for the optical dipole trap contains a bi-aspheric lens and has a focal length of
18.4 mm. The waist that is created by this collimator has a size of wy = 1.28 mm before the
objective. The beam parameters of the dipole trap before the objective and the define the trap
geometry in the experiment, which in our case leads to a focal size of 2 um corresponding to a
Rayleigh length of zp = 13.6 um at a wavelength of 859 nm. Unfortunately, also this collimator
produces aberrations which lead to an asymmetric Gaussian profile before the objective. This
can lead to deviations of the trap potential and the electric field distribution in the focus after the
objective which will reduce the fidelity of the atomic state by disturbing the compensation mech-
anism of external magnetic fields [7]. In consequence drifts in the magnetic fields around the
atom lead to energy shifts in the atomic state due to the Zeeman effect and thereby lead to a time
evolution of the atomic state, which then reduces the fidelity. So far, we were not able to quantify
the asymmetric Gaussian profile of the dipole trap beam before the objective. Furthermore, we
couldn’t see any significant asymmetry in the measurement of the dipole trap focus (see section
5.4). This could either be due to the fact that the aberration are not present in the focal area of

3Thorlabs C40FC-B
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Figure 5.2.: Experimental and simulated intensity profiles for a gaussian beam with spherical
aberrations at several positions as a function of the guoy phase. The plotted simu-
lated data is for an S parameter of 0.7 which yielded the best agreement between
measured- and simulated data.
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the dipole trap. In that case the problem of the aberration are not crucial for us. Another reason
for not seeing them in the focal area could be the way of our measurement. Since we use knife-
edge method for measuring the focus, we effectively sum over the intensity distribution in every
direction. This could misleadingly wash out the aberration effect in our focus measurement data
while still being actually present. In any case it is recommended for future iterations to design
the collimator custom and specifically adapting the needs of the experiments.

The choice of polarization for the dipole trap and its stability are crucial for the coherence time
of the atomic state. As described in [7], it is thereby necessary to have a linear polarization of the
dipole trap. This is provided by setting the polarization by a polarizer before the dichroic mirror
which directs the dipole trap beam to the objective and after the broadband dielectric mirror’
which is used to align the beam. The polarizer is chosen to only transmit //-polarized light with
an extinction ratio of Wloo[r It is also important to keep the intensity of the dipole trap as stable
as possible. We do that, by using the small fraction of the light that gets transmitted through the
otherwise high reflective dichroic mirror. Since the dichroic mirror has two layers, one being
the anti-reflective coating and the other one being the dichroic filter, both layers produce trans-
mission. The reflective coating transmits 0.69% and the dichroic filter 1.5% of the overall light
intensity that is hitting the dichroic mirror. Since we have higher intensity in the dichroic filter
transmission as in the reflective coating we use that light and focus it onto a fast photodiode
which will in the main experiment be connected to a feedback loop to stabilize the laser power.

5.1.1.3. lonization laser

The ionization laser has the weakest requirements in terms of beam quality, polarization preser-
vation and transmission losses through the optical elements. It is operated at a wavelength of
473 nm. For collimation we also use a bi-aspheric lens system with a focal length of 18.4 mm.
Again, we encounter spherical aberrations when using aspheric lenses. However, in the case of
the ionization laser this doesn’t have a large impact on the experiment. The only requirement
we have is that there is enough power at the position of the atom in the trap in order to ionize
the atom fast enough which will be the case if it is properly aligned. Thereby, we don’t expect
any major difficulties coming from the aberrations in the ionization beam if the alignment is
good. However, the aberrations distort the beam profile in such a way, that it gets complicated to
determine the center of the beam and thereby makes it hard to overlap it with other beams.

5.1.2. Dichroic mirrors

In order to superimpose the three laser beams onto the same optical path we use dichroic mirrors
which are coated in such a way, that they either transmit or reflect the respective wavelength.

5Thorlabs BB1-E03
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5. High NA microscope optical setup

During transmission and reflection the dichroic mirrors have to fulfill two important require-
ments. First, the indistinguishability of the s- and p-polarized light, i.e. that the same fraction
of both polarization is transmitted/reflected by the dichroic. This is specifically important for
the fluorescence photons undergoing the BS-measurement, since we can only compensate for
unitary transformations of the polarization without any losses. The information of the entangled
atom-photon pair is stored in the polarization of the photon and the atomic state of the atom.
Hence a non-unitary change of the polarization would alter the information and thereby reduce
the fidelity of the atom-photon entanglement. Therefore, all dichroics are optimized for hav-
ing identical s and p-polarization transmission and reflection for the respective wavelengths. As
shown in figure 5.3, an equal transmission of s- and p-polarization is given with at least 99.9%.

The second important requirement is the absolute preservation of the polarization by the mirrors
which is particularly important for the optical dipole trap. As discussed earlier, changes in the
linear polarization of the dipole trap will reduce the coherence time of the atomic state. The
preservation of the polarization of the dipole trap laser was measured in the following way (see
figure 5.4). Directly after the fiber we maximize the fraction of /-polarization in the beam by
using a A /2-plate. The dichroic mirror was placed on a rotation stage in 45° to the incoming beam
by aligning it to the row of hole of the breadboard. Right before the dichroic mirror we place a
H-polarizer in order to fix the polarization to H and right after the dichroic mirror a V' -polarizer
to test the change of polarization by the dichroic mirror. Since in general polarizers not only
absorb but also scatter the light of the polarization they filter out, it is important to measure the
intensity not directly after the polarizer but at some distance. When now comparing the power
before the dichroic mirror and after the V'-polarizer we can calculate the extinction ratio, i.e. the
ratio of light that doesn’t change the polarization when being reflected by the dichroic mirror.
Further we can calculate the angle by which the polarization is changed on the Bloch-sphere.
As shown in figure 5.5, we repeat this for several angles of the dichroic mirror which is highly
reflective for 850 nm. We find the optimal angle of incidence is at 45° with an extinction of
60000 and a maximal linear drift of the polarization of 0.26° on the Bloch sphere. These rates
are sufficient for the stability of the dipole trap linear polarization. Further it shows, that our
alignment precision for the angle of incidence on the dichroic mirror is not very critical.

The same measurement was repeated for the dichroic mirror using

5.2. Knife-edge method

The foci that we measure after the objective are in the order of 800 nm which makes it impos-
sible to measure them with a CCD camera. Still, the measurement of the foci is mandatory for
overlapping the three wavelengths on the same spot. Further, we will need it for the verification
of our alignment method as discussed in section 5.3. Therefore we use a knife-edge method
to determine the focal position and the focus size. The basic principle of a knife-edge method
is that the total power in a beam is recorded while a sharp edge is translated through the beam
(see figure 5.6). Our power recording device is a photodiode on which we place a gold structure
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Figure 5.3.: a) Transmission of the s- and p-polarization on the dichroic that is high reflective
for the dipole trap laser and high transmissive for the fluorescence collection. b)
Transmission of the s- and p-polarization on the dichroic that is high reflective for
the fluorescence collection and high transmissive for the ionization laser. In all cases,
an equal transmission of s- and p-polarization is given with at least 99.9%.
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plate. The first H-polarizer fixes the polarization and right after the dichroic mirror
a V-polarizer to test the change of polarization by measuring the remaining intensity
on a photodiode. The preservation was measured for several angles of the dichroic
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Figure 5.5.: Polarization preservation of the optical dipole trap beam after being reflected by
the dichroic mirror for several angles of incidence. The graph shows extinction
ratios and the corresponding change in polarization on the Bloch sphere. We get a

minimum extinction ratio of m which is sufficient for the experiment.
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Figure 5.6.: Knife-edge method for measuring the foci after the objective. As a sharp edge we
use a gold structure which is placed on a photodiode. The gold-structure is translated
through the beam while the photodiode records the resulting intensity profile. From
that we can reconstruct the Gaussian focus.

which defines the sharp edge. As a translation stage we use piezo motors in transverse direction
and a step motor in longitudinal direction. Both have a possible step size of 20 nm. For a Gaus-
sian beam, the integrated power as a function of the x position on the photodiode and a fixed y
position is given by the following equation:

x

o0 2(12+y2) o
I(x) =yo+ i/ / e & =yo+ @/167“1”(M (5.4)

Tw? (2) . w (2)

Where yy and y; are background light power and the power of the laser respectively. When now
applying a least square fit with this function via the measured data, one obtains the Gaussian
waist of the focus. By repeating this procedure at different longitudinal positions it is possible to
determine the longitudinal focal position z, of the foci. This is done by fitting the function

M* (2 — z)?

w(z) = wo\/l + # (5.5)
“R

to the measured data for the waist w (z) at different z-positions. The parameter M? describes

how close a laser beam is to only contain single mode 7'F M, parts, which in consequence is a

measure for how small a beam can be focused [2].
An example for a scan in x-direction and a M/? measurement is shown in figure 5.7.
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Figure 5.7.: Left) Knife-edge scan in x-direction. Right) //? measurement: repetition of a scan
in x-direction for several focal position z.

This scheme for measuring the foci will be used throughout the remaining chapter at several
parts.

5.3. Alignment requirements

For diffraction limited operation of the microscope objective we have to meet several alignment
requirements. The following part describes the requirements and the method that we elaborated
in order to achieve them.

5.3.1. Incoming beam

The first requirement concerns the angle between the incoming beam and the objective, which
needs to be smaller than 1.37°. This number derives from the specification of the objective by
which it stills operates diffraction limited, for a displacement of the focus due to an angle in the
incoming beam. Our approach in order to match this requirement is to overlap the incoming
beam with its back reflection by introducing a mirror in front of the objective (see figure 5.8).
This is done in the following way:

e The design of the objective is such that we can screw tube optics on the front side. By
placing a mirror at the very end of the tube optics we ensure that the mirror is perpendicular
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Microscope objective

Iris .
Iris
:>|
Collimator -

Mirror attached on objective
by tube thread

Figure 5.8.: Procedure for the alignment requirement of the incoming beam. Overlap the back
reflection of the incoming beam by introducing a mirror in front of the objective.

to the optical axis. Further, we place an iris on the front side of the tube optics and another
iris of the same size on top of our reference laser collimator, the fluorescence collection.

e In the next step we adjust the the height of the collimator and the objective to be in the
same plane as the current microscope setup in the main experiment.

e The beam coming from the collimator needs to pass the center of the iris on the front side
of the objective. The beam then gets reflected by the mirror back to the iris in front of the
collimator. If the back reflected beam passes the center of the iris on the collimator, we
achieve an estimated accuracy of < 0.1° under the condition, that the mirror is perpendic-
ular to the optical axis.

e The two remaining lasers are then overlapped with the reference laser by overlapping them
on a CCD camera at 0.5m and 9m distance.

5.3.2. Glass cell

The second requirement concerns the alignment of the vacuum glass cell towards the objective
which derives from the specification for the compensation of the glass thickness. The angle
between the glass cell and the objective must be smaller than o < 0.1° (see figure 5.9). Our
approach is to overlap the reflections coming from the objective and the glass cell and look at the
resulting interference pattern. The detailed procedure is as follows:

e First we mount the glass plate on a translation stage right after the objective and fix it on a
mirror mount. By that we are able to move the glass plate in longitudinal direction and we
are able to introduce tilts in transversal direction.

e As a pre-alignment we move the glass as close to the objective, so that only a cleaning
tissue with 50um thickness fits between glass plate and objective. From that we move
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glass plate

microscope on mirror mount

comp. plate beamsplitter objective

—
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Figure 5.9.: Alignment scheme for the angle between the vacuum glass cell and the objective.
By introducing a beamsplitter we overlap the reflections of the objective with the
reflections coming from the vacuum glass plate on a CCD camera. The vacuum in
the real experiment is mimicked for test purposes by an identical glass plate in terms
of coating and thickness.

the glass plate 3 mm away from the objective which corresponds to the distance in the
experiment.

e A beamsplitter and a compensation plate (to compensate for the path difference induced
by the beamsplitter) are placed in front of the objective. An incoming beam produces
back reflections from the objective and the glass plate which we overlap by means of the
beamsplitter on a CCD camera (see figure 5.9).

e When now looking at the interference pattern in figure 5.10, we see two things. There are
static concentric ring structures, i.e. they don’t depend on the angle of the glass plate. They
are interference fringes only coming from the lenses inside the objective. However, we see
an additional interference pattern with less contrast, if there is an angle between glass plate
and objective. Depending on the orientation of the angle, the interference fringes either
go from top to bottom (horizontal tilt) or left to right (vertical tilt). A tilt of the glass
plate in both directions result in diagonal interference fringes (as shown in the right picture
in figure 5.10). The fringes become more visible when carefully pushing or pulling the
breadboard which leads to a movement of the interference fringes.

e By the mirror mount we are able to adjust the glass plate in such a way, that we get rid
of the additional interference pattern and hence also of the angle between glass plate and
objective.

In the real experiment we won’t have the possibility to easily tilt the vacuum glass chamber as
we did in the test case, where the glass plate was placed on a mirror mount. Therefore, we
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Figure 5.10.: Interference pattern for the overlapped back reflections coming from the objective
and the glass plate. The left picture shows only the concentric ring structure which
is independent of the orientation of the glass plate. The right side shows additional
diagonal interference fringes coming from the interference of objective and glass
plate back reflection.

designed two possible options for aligning the glass plate to the objective once inserted in the
main experiment.

The first one is a wedge which we move below the breadboard in order to lift it up (see figure
5.11 (a)). The advantage is, that the stress induced on the breadboard is small which is good for
the alignment preservation of the setup. The disadvantage is we can’t place a wedge in front of
the breadboard due to the geometry of the main experiment. This means, that depending on the
angle direction we have to adjust, we may have to tilt the vacuum which is heavy and thereby
unpractical.

The second approach is to use screws which are attached to the breadboard by a lever and pressed
to the floor next to the breadboard (see figure 5.11 (b)) . When doing that at every side of the
breadboard we are able to life it by adjusting the screws accordingly. The advantage of this
method is the large degree of freedom we have for moving the breadboard. However, the stress
on the breadboard due to the lever is large and might have impacts on the alignment which needs
to be verified.

Verification of the alignment

So far we presented two alignment criteria for the incoming beam and the vacuum glass cell.
However, we need verification, that we actually meet the alignment requirements for diffraction
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Figure 5.11.: Two options for lifting the breadboard in order to align the glass plate to the ob-
jective once the setup is inserted in the main experiment. (a) A wedge lifts the
breadboard. (b) Screws on each side lift the breadboard.

limited operation of the objective. The condition for successful alignment is determined by the
ability of the objective to focus the incoming beam into a high quality focus, i.e. minimized
focal spot size and an almost Gaussian shaped focus. In order to verify our previous alignment
approach we look at the focus after the objective. The focus is measured as described in section
5.2. Figure 5.12 shows a graph of such a measurement, where we record the total power in the
beam after the objective as a sharp edge is translated through the beam using a piezo controlled
translation stage. In our case the sharp edge is a gold structure which is placed on a photodiode.
By that, we measure the intensity of the beam as a function of the position on the edge. Whenever
the incoming beam is misaligned or the glass cell is tilted, the focus size will get larger and be
smeared out at the edges as shown in figure 5.12. The smearing at the position of the focus de-
pends on the corresponding tilt of the glass cell and the angle of the incoming beam respectively.
This means we have a third condition for good alignment.

The procedure for verifying our alignment methods is as follows:

e Align the angle between glass plate and objective by looking at the focus after the objec-
tive. Adjust the glass plate until there is a minimal focus size and no smearing at the edges.
The way to do that is to identify the threshold value in all directions, for which the induced
tilt on the glass plate creates smearing of the focus and then adjust the glass plate exactly
in the center of these limits. By the fine threaded screws at the mirror mount we are able
to adjust the glass plate with a precision of 0.02°.

e [f the alignment method of looking at the interference pattern yields the same result, i.e.
good alignment, the requirement on the alignment can be assumed to be matched. An
example plot for a good focus measurement, after adjusting the glass plate is shown in
figure 5.13.

Once the objective setup is incorporated in the main experiment we won’t have the possibility to
measure any foci inside the vacuum chamber. For that reason it is important to ensure, that with
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Figure 5.12.: Plots for the measured intensity as a function of the position on the photodiode in
the focal plane. (a) The glass plate is tilted towards the objective which induces
smearing at the edges of the focus (b) The glass plate is tilted in the opposite di-
rection as in (a). The smearing happens then on the opposite side of the focus.

the alignment methods shown in part 5.3.1 and part 5.3.2 we are able to match the alignment
requirements.

5.4. Overlapping the foci

The overlapping of the foci of the three wavelengths is essential for an optimal performance of
the setup. As discussed in chapter 4, the photon collection efficiency is crucially reduced if the
atom is displaced with respect to the optical axis. This is the case if the focus of the dipole
trap which defines the position of the atom, is not overlapped with the photon collection optics.
Additionally, the ionization beam needs to be overlapped with the dipole trap in order to provide
fast and efficient ionization of the atom, which has an impact on the ionization time and thereby
on the readout fidelity. Since the foci of the lasers are smaller than 1um , we use a knife-edge
measurement as described in chapter 5.2.

In order to have a common focal point of the three wavelengths, the objective is designed in
such a way, that the ionization beam needs to be divergent, the dipole trap convergent and the
fluorescence collection collimated before the objective. We achieve that by using the the col-
lection optics to be our collimated reference laser and adjust the collimation lenses of the other
wavelengths accordingly. If the focus of one of the other lasers is closer to the objective, it is
required to make the incoming beam more divergent and analogically, if the focus is after the
reference focus, the incoming beam needs to be more convergent (see figure 5.14). Practically,
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Figure 5.13.: Focus measurement after adjust the glass plate and the incoming beam. The focus
has a Gaussian like shape and no smearing artifacts are visible. From that result we
conclude that the alignment requirements are met.

focus - reference

_ laser
divergent

convergent objective

Figure 5.14.: The foci z-position of the three wavelengths may differ due to chromatic aberra-
tions of the objective. This is resolved by adjusting the collimation lenses of the
incoming beams depending on the foci displacement.

in order to move the focus closer to the objective it is necessary to expand the distance between
the fiber end and the collimation lens. To move the focus further away of the objective, we need
to shorten the distance between the fiber and the collimation lens.

Secondly, the foci may not be overlapped due to transverse displacement. This is caused by
either an absolute offset or an angle between the incoming beams. In order to resolve this, we
measure the foci at several z-positions and adjust the angle and offset of the incoming beam in
such a way, that they overlap at all z-positions. Figure 5.15 and 5.16 show the final alignment
with a M?-measurement in horizontal and vertical direction. Plot a) shows the //? measurement
and plot b) the vertical/horizontal position of the minimal Gaussian waist of the beam at each
z-position. In z-direction, the foci overlap up to a precision of 300 nm. The difference in the
absolute z-position value differs for a vertical and horizontal scan direction. The reason for
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that isn’t yet completely understood. Either, the focus of all wavelengths has an astigmatism
or there is a problem with the definition of the absolute position in the measurement apparatus.
However, the foci are overlapped in z-direction for both measurement directions, which is the
crucial criterion for the performance of the setup. Further, the foci are overlapped in transverse
direction with a precision of 50 nm in x- and y-direction. The transverse overlap of the beams
remains basically the same for different z-positions, which indicates that they are parallel to each
other. The drift of the vertical position may be due to a tilt in the mounting of the photodiode.
The sudden drift of the horizontal position after the focus can’t be explained yet. The results of
the measurements are given in table 5.1.

’ Wavelength \ 2 z(nm) \ 20,y(nm) \ zo(nm) \ yo(nm) \ wo(nm) \ M? ‘
780 nm 0 0 0 0 774 1.2
859 nm 200 4100 | 200 & 100 | 50 £ 30 | 50 4 30 2058 1.1
473 nm 300 4+ 100 | 200 £100 | 254+ 30 | 30 £+ 30 664 1.1

Table 5.1.: Precision of the final alignment result for the fluorescence optics, dipole trap and
ionization beam. The fluorescence optics is defined as the reference beam and hence
defined as the zero point.

Conclusion

The overlapping of the foci is an important measure for the expected performance of the new
microscope objective. In particular the size of focus of the fluorescence collection gives an in-
dication on the amount of photons that can be collected by the objective. The measured focus
of 774 nm is the smallest focus that was so far measured for the experiment (compare [19]) and
among other reasons gives hope for a significant improvement on the collection efficiency. Fur-
ther, we don’t expect to have significant losses for the coupling efficiency due to our alignment
precision. As calculated in 4, we expect to loose 5% by a displacement of 50 nm in transverse
direction and 2% in by a displacement of 300 nm, which is the limit of our experimental ability
to overlap the beams.

5.4.1. Future verification of the alignment

After successful alignment of the microscope objective setup, we need to incorporate it in the
main experiment. During the transportation process and commissioning of the setup, it may
happen that in particular the transverse alignment drifts from the previously overlapped configu-
ration which was achieved during the knife-edge alignment process. Therefore, while still being
optimal aligned, we measure the beam profile of the three wavelengths before the objective by
introducing a mirror in front of the objective. This is done exemplary shown here for the near
field at a distance of 0.5 m and for the far field at 3m distance. For the fluorescence collection we
determine the center of mass of the intensity distribution and keep the it as a reference position
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Figure 5.15.: Final focus scan in vertical direction. Plot a)}/? measurement - Beam radius w(z)
measured for several longitudinal positions for fluorescence collection (blue) dipole
trap (orange) and ionization beam (green) with a least square fit to the measured
data. The foci are overlapped in z-direction with an accuracy of 300 nm Plot b)
shows the corresponding vertical positions for the respective w(z). The three beams
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are overlapped with an accuracy of 50 nm.

64




5.4. Overlapping the foci

a) 0.015- —— Fit 780, w = 774.9nm, z0 = 9.7um, M2 = 1.17
Fit 859, w = 2041.8nm, z0 = 9.5um, M2 = 1.04
— —— Fit 473, w = 655.2nm, z0 = 9.4um, M2 = 1.04
e
€ 0.010
i
D
o J
= 0.005
b 0-000 T T T T T T T T T
) -0.03 -0.02 -0.01 o0.00 0.01 0.02 0.03 0.04 0.05
'g‘ —}— x0 (780nm)
£ 0.04211 T ot
C p
-90.0420
% 0.04191
(@]
£0.04181
8
C p
O0.0417
N
'C0.0416 +— - - - : . ; . !
_8 -0.03 -0.02 -0.01 o0.00 0.01 0.02 0.03 0.04 0.05

longitudinal Position [mm]

Figure 5.16.: Final focus scan in horizontal direction. Plot a)}/? measurement - Beam radius

w(z) measured for several longitudinal positions for fluorescence collection (blue)
dipole trap (orange) and ionization beam (green) with a least square fit to the mea-
sured data. The foci are overlapped in z-direction with an accuracy of 300 nm Plot
b) shows the corresponding horizontal positions for the respective w(z). The three
beams are overlapped with an accuracy of 50 nm.
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on the camera. From figure 5.17 it can be seen, that the center of mass of the other beams is
at first sight not the same as for the reference laser, even though well aligned when performing
a knife-edge measurement. However, it is not trivial to overlap the beams by only using the
beam profiling since beams are aberrated and not collimated. Hence, figure 5.17 gives a useful
reference for future verification of the transverse alignment by overlapping the beams on a CCD
camera, once the setup is incorporated in the main experiment.

Fluorescence ' o
collection Dipole trap lonization

Near
field

Far field
3m

Figure 5.17.: Beam profile of the three beams before the objective in the near (0.5m) and far field
(3m). The cross determines the center of mass of the intensity distribution of the
fluorescence collection. It can be seen, that for the overlapped case, the relative
position of the two remaining beams is slightly displaced. This gives an indication
for future alignment verification.

5.4.2. Strongly focused beams

The waist sizes of the foci measured in section 5.4 are not in agreement with the theoretical waist
size for Gaussian optics after a focusing lens. The following section discusses two issues which
can lead to a deviation from the paraxial expectation for the waist size in the focus. In Gaussian
optics, the minimal waist size for a Gaussian beam after a focusing lens is given by:

-
wy = ﬁ (5.6)

where ) is the wavelength, f the focal length and w the waist of the beam before the lens. The
theoretical waist for the fluorescence collection laser is 689 nm which clearly differs from the
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measured value of 774 nm. There are several reasons for not measuring the expected waist size
for Gaussian optics:

e The formulation of Gaussian optics in the paraxial approximation isn’t valid for a Gaussian
beam which is focused to very small spot sizes in the order of the wavelength. However, the
foci of the beams in our experiment are in the order of 600 — 800 nm. Hence, the paraxial
approximation is not valid for the large divergence angles. A more accurate description of
strong focused laser beams can be found in [6, 21] and in particular for Gaussian beams in
[22].

e The interaction of highly focused linearly polarized optical beams with a knife-edge in-
duces material dependent spatial shifts of the reconstructed intensity distribution due to
plasmonic effects. As described in [20] this is caused by interaction of the highly focused
beam with the eigenmodes of the metal-insulator-metal-structure of the knife-edge mate-
rial.

Ultimately, it is difficult to combine all of the effects to an expected value for the waists sizes.
However, we expect that the discrepancy in the waist size doesn’t impact the quality of the
overlapping result and hence will induce no reduction of the setup performance.
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6. Summary and Outlook

This thesis describes the characterization and experimental steps for the implementation of a
new high NA microscope objective for increasing the photon collection efficiency of the current
experiment. This is an essential ingredient for increasing the atom-atom entanglement event rate
which is necessary for generating entanglement over longer-distances.

The first part of the thesis discusses aspects on the general photon collection rate of the objective
and the subsequent coupling into a single mode fiber with a Gaussian eigenmode. Assuming
polarized photons, it was found that maximally 8.07% of all photons emitted by the atom can be
coupled into the single mode fiber with an optimal waist to objective pupil ratio of 85.44%. This
would yield an enhancement of the photon collection efficiency by a factor of 8.7 compared to
the current rate. Limiting factors for the photon collection efficiency are the quality of the optics,
as for example the fiber collimator and thermal movement of the atom in the trap.

The second part describes experimental details of the new microscope objective setup which
contains the optical dipole trap, the ionization beam and the optics for the fluorescence collection.
All the used elements in the setup are described and the performance is characterized. By means
of a knife-edge method we are able to measure the foci after the objective, which are in the order
of 800 nm. Thereby, we are able to overlap the three wavelengths with a precision of 300 nm in
longitudinal direction and 50 nm in transverse direction. The overlap precision and the size of
the foci are a promising hint on a significant enhancement of the photon collection efficiency.

Outlook

The characterization of the new microscope objective setup and the calculations on the possible
photon collection efficiency improvements have to be verified in the actual experiment. There-
fore, it is necessary to incorporate the setup into the main experiment. After that, the experi-
mental scheme for atom-atom entanglement has to be performed with the new objective, which
includes trapping single atoms and detecting single photons coming from the spontaneous emis-
sion process of the atom. After upgrading both labs with a new microscope objective, it becomes
possible to measure the actual enhancement factor on the atom-atom entanglement event dis-
tribution. That measurement will finally validate our effort to optimize the performance of the
microscope objective setup and is the experimental prove for our alignment techniques and the
characterization of the optics.

The other important step on our route for long-distance entanglement of atoms is to frequency
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convert the photons to the telecom waveband. After a successful and efficient conversion, in-
cluding the preservation of important single photons properties such as the coherence times, it
will be possible to transmit photons through an optical fiber with low attenuation of the signal.
The upgrade to a high NA custom designed microscope objective and the optimization of the ob-
jective setup combined with a frequency conversion of the photons is an important step towards
longer distances of atom-atom entanglement rate. Including the proposed and realized improve-
ments it will be possible to create atom-atom entanglement over distances on the order of 20 km
at a reasonable event rate.
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A. Dipole emission characteristics -
Calculations

Calculations for the derivation of the normalized electric field components of the atomic dipole
emission characteristics:
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