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Abstract

Single photon-pair sources are essential for future quantum networks. To be used effec-
tively, the following requirements are essential: high photon rates, high-fidelity entangle-

ment and light-matter interfaces to quantum memories.

This work describes the setup and characterisation of a single photon pair-source based
on cavity-enhanced spontaneous parametric down conversion resonant to the Ds, to Psy,
transition of a single “°Ca* quantum memory fulfilling the upper requirements. The main
goal is the realisation of quantum state teleportation over a metropolitan fibre using the

source as a resource of entanglement.

Our experiments demonstrate the preservation of high-fidelity entanglement during con-
version to the low-loss, low-dispersion telecom wavelength range at 1550 nm and fibre
transmission over a metropolitan fibre and up to 40 km of fibre spool, including back-

conversion to the memory wavelength.

Further experiments show the excellent performance of our network protocols in trans-
ferring photon-photon entanglement to ion-photon entanglement and teleporting a spin
qubit from the ion onto a polarisation qubit of a photon. Both protocols are based on the
heralded absorption of one photon from a pair by the ion. The interface operations are
also demonstrated with quantum frequency conversion and a metropolitan fibre of 14 km

length.
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Zusammenfassung

Einzelphotonen-Paarquellen sind fiir kiinftige Quantennetze unverzichtbar. Um effektiv
nutzbar zu sein, miissen folgende Anforderungen erfiillt sein: hohe Photonenraten, hohe

Verschrankungsgiite und Licht-Materie-Schnittstellen zu Quantenspeichern.

Diese Arbeit beschreibt den Aufbau und die Charakterisierung einer Einzelphotonen-
Paarquelle auf der Basis resonatorverstiarkter spontaner parametrischer Abwértskonver-
sion, die mit dem Ds zu Pg/Q—Ubergang eines einzelnen *°Ca*-Quantenspeichers reso-
nant ist und die oberen Anforderungen erfiillt. Das Hauptziel ist die Realisierung einer
Quantenzustands-Teleportation {iber eine stadtische Faser unter Verwendung der Quelle

als Ressource der Verschréankung.

Unsere Experimente demonstrieren die Erhaltung der Verschrankung mit hoher Giite
wahrend der Konversion in den verlust- und streuungsarmen Wellenldngenbereich bei
1550 nm und der Ubertragung iiber eine stédtische Faser und bis zu 40 km Faserspule,

einschliefslich der Riickkonversion zur Speicherwellenlénge.

Weitere Experimente zeigen die hervorragende Leistung unserer Netzwerkprotokol-
le bei der Ubertragung von Photonen-Photonen-Verschrinkung auf Ionen-Photonen-
Verschrankung und bei Teleportation eines Spin-Qubits vom Ion auf ein Polarisations-
Qubit eines Photons. Beide Protokolle beruhen auf der angekiindigten Absorption eines
Photons aus einem Paar durch das Ion. Die Schnittstellenoperationen werden auch mit

Quantenfrequenzkonversion und einer 14 km langen stadtischen Faser demonstriert.

iv



Glossary

AOM Acousto-Optical Modulator. [16] [19]

APD Avalanche Photo Diode. [21] 34}, [40] [47] [48] [89}, 93] [L00], [118], [123] [164]
AR anti-reflective. [35],

AWG Arbitrary waveform generator.

BS non-polarising beamsplitter. [40]
BSM Bell state measurement. [2] [139]

DFG Difference Frequency Conversion.
DIO Digital input/output.

DM dichroic mirror.

EMCCD Electron-Multiplying Charge-Coupled Device.

FPI Fabry-Perot-Interferometer. [44] [46]
FSR free spectral range. [B1], [36], [43], [44] [46]

HALO High numerical Aperture Laser Objectiv. 14], [73] [79] [81], [82], [84]
HOM Hong-Ou-Mandel.

HR high reflection. [36] [38]

HT high transmission.

HTW University of Applied Science. [4] [5] [21], [65] [67] [T05H109] [111], [129] [131H133]
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(GLOSSARY

HVI Hard Virtual Instrument. 20

HWP half-wave plate. [33] [56]

JSA joint spectral amplitude.
KTP Potassium titanyl phosphate (KTiOPOy,).

LST laser state transfer. [72] [77] [78], [86], [89} [00}, 93] [94] [162]

ML maximum-likelihood. [87]

MOT magneto-optical trap.

OTDR Optical Time Domain Reflectometry.

PBS polarising beam splitter. [33]
PC physical contact.

PDH Pound-Drever-Hall. [16] [I8] [35]

PID proportional-integral-derivative controller.
PLL Phase-Lock Loop.

PMT photo-multiplying tube.

ppKTP periodically poled potassium titanyl phosphate. 23] 24] [33]

PPLN periodically poled Lithium-Niobate.

QFC quantum frequency conversion. BHp], 24 62 (5] B8] [64] [71] [109]

33} [136]
QKD quantum key distribution. [3} [4]

SBR signal-to-background ratio. [0}, B}, [60} [62] [64] [136], [137],
SHG second harmonic generation. [15] [39]
SM single-mode.
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SPDC spontanous parametric down conversion. [, [7, 21} 23] [24, 2631}, 33} [35],
(3| {4 {8, pI] B2 [T} 133} [135] [138| 139, [I59] [160]

SPI Serial Peripheral Interface.

SSPD superconducting nanowire single-photon detector. [106]
1 29]

TDC Time to digital converter.

TTL transistor-transistor logic.

UdS Saarland University. [4] [}
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1 Introduction

Quantum networks [I], 2] with many different quantum systems are the backbone for var-
ious quantum technology applications. Networks based on entanglement are essential for
distributed quantum computing [3, 4], quantum repeaters [5], quantum key distribution
(QKD) with entangled photons [6], networks of quantum sensors [7], timekeeping [§] or
are even discussed in the context of interstellar communication [9]. For all entanglement-
based network applications, stationary nodes or quantum memories and links between

them, i.e., flying qubits, are needed [10)].

Several systems exist to realise a stationary node, e.g. single trapped atoms and ions,
colour centres in diamonds, molecules, quantum dots, superconduction circuits, and clouds
of atoms. Using single trapped ions as quantum network nodes has many appealing
benefits. Trapped ions show good environmental protection, and their electrical and
motional quantum state is under excellent control. Additionally, they offer well-controlled
photonic interfaces with cavity enhancement |11, 2] 13] and without |14}, [15] [16] 17 18,
19]. Coherence times of up to 1 hour are reported [20, 21], 22, 23]. Furthermore, ion-based
network nodes show high-fidelity quantum-gate operations on registers of tens of qubits
[24), 25], which is especially important for quantum computing. Besides, they are excellent

for sensing, and metrology [26] 27, 28§].

Photons at optical wavelengths are the first choice for a flying qubit [29], as they can
be transmitted through optical fibres or in free space and are as fast as possible. There
are various possibilities to encode a qubit, e.g. in the polarisation degree of freedom, in
the frequency- and spatial-mode [30], in different time bins [31], or in the orbital angular

momentum [32].

Moreover, many experiments show the transmission of photons in free space over ever
greater distances. Experiments using free-space links have transmitted a qubit across a
lake (100 km) [33], between the Canary Island (143 km) [34] or even between a satellite

and its ground station (1400 km) [35]. Free-space links are unbeaten when it comes to
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losses, thus bridging large distances. Their drawbacks are the influence of atmospheric
changes, e.g., weather, the need for an obstacle-free path between the nodes, and the

beam divergence between two stations.

Another way of transmitting photons is through optical fibres, like in classical telecommu-
nication. Fibres are not influenced by the atmosphere and do not need obstacle-fee paths.
Additionally, a world-wide fibre infrastructure is already implemented, and fibre-optical
components are optimised. The main limitation is the absorption of photons inside the fi-
bre. Even at the optimal wavelength of 1550 nm the lowest reported loss is 0.1419 % [36],
which means that after a distance of 21 km only 50 % of the input photons are available.
Also, commercial products evolved, i.e. the ITU standard description G.654 specifies
losses down to 0.15 % [37]. Nevertheless, the exponentially increasing loss with the trav-
elled distance limits the communication range to a few hundred kilometres. In classical
communication, this problem is solved by in-line fibre amplifiers and repeaters. This solu-
tion is not possible for a quantum channel due to the no-cloning theorem [38], which states
that it is not possible to copy a qubit state perfectly from one system to another without
modifying the initial one. A so-called quantum repeater [5] was proposed to overcome the
limitation of fibre attenuation. The general idea is to divide the transmission channel into

shorter segments, each consisting of two stationary qubits. The first step is to entangle

these two stationary qubits, for example, by a [Bell state measurement (BSM)| between

emitted photons [39]. This process transfers the atom-photon entanglement to an entan-
glement between the two stationary nodes and is therefore called entanglement-swapping
[40, 41]. In the next step, several of these elementary building blocks are cascaded. With
entanglement swapping between neighbouring stationary nodes, the entanglement is dis-
tributed over longer and longer distances until, finally, the two outer nodes are entangled.
This technique reduces the distance the photons travel and breaks the exponential scaling
loss. However, this is only true if the entanglement swapping runs asynchronously and
successful entanglements are heralded. To ensure these prerequisites, the stationary qubit
has to store the entanglement until the neighbouring node also reports the generation of
entanglement with its partner. Without quantum memory, every entanglement-swapping
attempt must succeed simultaneously. If only one attempt fails, the protocol has to start
from the beginning. Such memoryless repeaters are called "quantum relays” [42] and do
not help to overcome the problem of photon loss. Nevertheless, they can be helpful to

facilitate other problems such as detector dark counts [43, [44].

Various repeater platforms have been proposed [45, 46]. Some of them include process-

ing nodes capable of storing quantum information and performing quantum gates [47, 48],



which have significant advantages [49]. lon-based platforms are good candidates for quan-
tum repeaters, as discussed in [50]. They combine several essential capabilities: Interfaces
between stationary qubit registers and telecom photons exist, the storage time is longer
than the remote entanglement generation time, and deterministic quantum information
processing is possible. Recently, such a repeater node was demonstrated [51]. The in-
terface wavelength of the used ion in the experiment is 854 nm. This near-IR range
wavelength limits the communication distance due to high fibre losses. The essential

requirement of having an interface in the telecom wavelength range is only possible via

lquantum frequency conversion (QFC)| which they used in their experiment.

The problem that the relevant optical transitions for the interface between photons and
stationary nodes are in the visible or near-IR range is common to most platforms. Addi-
tionally, different quantum systems (ions, atoms, colour centres, ...) work with different
characteristic wavelengths, making a direct photonic connection between them impossible.
However, heterogeneous networks could take advantage of the different complementary
strengths and functions of the different quantum systems, giving them advantages over
networks of identical nodes. A solution to both problems is the modification of the spec-
tral properties of the single photons via in nonlinear optical crystals [52, (3]. In
a recent experiment, [54], a complete quantum repeater node with kilometre-long fibres
was demonstrated, which was only possible through [QFC| The second mentioned advan-
tage of [QFC]| the ability to connect different quantum systems, was shown in different

experiments. There was a [Hong-Ou-Mandel (HOM)| experiment after frequency conver-

sion between photons from two different quantum dots [55], and photons from an atomic
ensemble and an ion [56]. In both cases, the wavelengths of the two systems are not com-
patible, and a[HOM]interference is not possible. However, through [QFC] they are brought
to the same wavelength, and the compatibility could be shown in a experiment.

Once a link between stationary nodes is established, data can be transmitted. The channel

is used to exchange a physically secure key via[quantum key distribution (QKD)| The ex-

changed key can subsequently be used to encrypt classical messages via a One-Time-pad,
which is proven to be secure [57]. The channel can also be used to exchange quantum data
directly via quantum state teleportation [58]. Several experiments report teleportation
between two photons, like the mentioned free space experiments above [33] 34} 35]. More-

over, teleportation was also shown between a photon and a stationary node, for example,

an atomic ensemble of caesium atoms [59], a rubidium [magneto-optical trap (MOT)| [60],

and a colour-centre in diamond [6I]. Also, the teleportation between two stationary nodes

has been realised, for example, between two single-atom nodes [62], [63]|, between atomic
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ensembles [64] or between two diamond-vacancy centres [65]. Additionally, the teleporta-
tion between two non-neighbouring diamond vacancy centre nodes has been demonstrated
[66].

Several experiments have shown that quantum teleportation works in a lab environment.
The next crucial step is to test the protocols under more realistic conditions, like stan-
dard communication fibres in metropolitan fibre networks. There already exists some
metropolitan networks, in which, for example, [67, 68] or a teleportation between

two photons [69] has been implemented.

The central part of this work is the realisation of a small quantum network and the distri-
bution of entanglement over long distances in a lab environment and over a metropolitan
fibre. As discussed earlier, essential elements in quantum networks are quantum photonic
interfaces between stationary quantum memories and photons. We present a photonic

interface that connects a 4°Ca™ single-ion quantum memory to the telecom C-band. The

interface is based on a memory-resonant, cavity-enhanced [spontanous parametric down|

lconversion (SPDC)| photon pair source. Connecting the source with the telecom band

is realised with bi-directional polarisation-conserving [QFC| For the quantum frequency
conversion, there is a collaboration with colleagues from the group of Christoph Becher
[70, [71]. The converter is located in the same building on another floor. A 90 m long
optical fibre connects both labs. We prove the functionality of the interface by demon-
strating high-fidelity entanglement preservation during conversion, fibre transmission over
up to 40 km and back-conversion to the memory wavelength. Furthermore, we present
two interface protocols between a single trapped “°Ca™ ion and single photons from the
entangled-pair source, the quantum teleportation of a qubit from the ion onto a single
photon and the entanglement transfer from photon-photon entanglement to ion-photon
entanglement. Both protocols are based on the heralded absorption of one photon of
the polarisation-entangled pair. In the case of the teleportation protocol, it allows us to
identify all four Bell states. Finally, we combine the protocol with the interface above
to connect the quantum memory with the telecom wavelength range, which allows for

transmission in metropolitan fibre networks. Thanks to a collaboration with a local fibre

provider, we have access to two 14 km long metropolitan fibres between the [Saarland Uni-|
versity (UdS)| and the [University of Applied Science (HT'W)|in Alt-Saarbriicken. These

are standard telecommunications fibres laid above and below ground, including several

patches and splices. These fibres enable us to test the developed network protocols and

the entanglement distribution in a non-laboratory environment. We show control over



the polarisation drifts of the fibre. Finally, we demonstrate full quantum teleportation

between an ion and a photon over this metropolitan fibre.

Structure of this thesis

In chapter [2| we summarise the basics of the ion experiment and our lab infrastructure.
In the next chapter (chapter , we present the latest implementation of the photon-pair

source and characterise its properties.

The experiments discussed in chapter [4] were performed without the ion and used the
converter to distribute entanglement over various distances. In the first experiment, we
show the preservation of entanglement in the conversion process. Afterwards, we include
20 km of optical fibre and measure the entanglement after this distance. In the following
experiment, we terminate this fibre with a retro reflector and use the bidirectional capabil-
ities of the converter to convert the photons back to the initial wavelength, thus bridging

a distance of 40 km. We also demonstrate entanglement between photons detected at the
and the after 14 km of metropolitan fibre.

In chapter , we describe the experiments in which we include the “°Ca™ ion as a stationary
quantum node. We show the entanglement transfer from photon-photon to atom-photon
entanglement, a measurement similar to [72]. Additionally, we provide an improved pro-
tocol for teleporting a spin qubit from the ion to a polarisation qubit of a photon. The
Bell measurement is based on the heralded absorption of one photon of the polarisation-
entangled pair and allows us to identify all four Bell states. Moreover, we extend the
protocol further by including the [QFC] which connects our interface to the telecom wave-

length range. Finally, we show teleportation between the ion and a photon detected at

the [HTW] 14 km apart.

The last chapter then summarises the work of this thesis and gives an outlook on further

improvements and experiments planned in the future.
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List of publications

During the time of this thesis, the following scientific articles were published:

e Polarisation-entangled photon pairs from a cavity-enhanced down-conversion source

in Sagnac configuration [73]

e Quantum State Teleportation from a Single Ion to a Single Photon by Heralded
Absorption [74]

e Telecom Quantum Photonic Interface for a *°Ca™ Single-Ton Quantum Memory [75]

e Quantum teleportation with full Bell-basis detection between a “°Ca® ion and a

single photon [70]



2 The 49Ca™ ion as a quantum node

The fundamental unit for quantum information processing and communication is called
a qubit. All experiments in this field need a physical system that stores and processes
this information. One of the most straightforward systems is the polarisation state of a
single photon. The problem is that photons always travel at the speed of light, which
makes information storage very challenging. A suitable system for stationary operations,
such as storing and processing, is a single trapped ion. The experimental control over the
internal dynamics, as well as the motion of the particle, has been developed and refined
over many years [77]. Furthermore, such a system is well isolated from the environment.

There are many different ions available, all with their advantages and disadvantages.

In our group, we are using the singly ionised calcium isotope 40. Because of the single
valence electron, the ion can be treated as a hydrogen-like system, simplifying its theo-
retical description. As shown in figure [2.1] the transitions between the relevant electronic
levels are well addressable by available laser systems. The figure also includes the Landé
factors of the energy levels and the Einstein coefficients of the transitions. The exact

wavelengths and line widths of the transitions and the lifetimes of the excited states are
compiled in table [2.1]

We can divide the level scheme into two so-called lambda schemes, Si, — P, — D3/, and
S1js—Psj,—Dsy,. We use the first for laser cooling, which is necessary for long storage times,
and the second for quantum logic. Especially the Zeeman sublevels of the Sy, ground
state and the metastable D/, state are of interest in defining a qubit. Furthermore, the
P, — Ds), transition at 854 nm is well suited for addressing by single photons from a
source or the creation of single photons.

This chapter will lay out the essential technical facts about the ion experiment. Detailed
descriptions of the entire toolkit, including cooling and pumping schemes, state detection
and the coherent manipulation possibilities, are given in the theses of Jan Huwer [81] and

Christoph Kurz [82]. Details about the spectrum of emitted photons are found in the
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Figure 2.1: Relevant energy level scheme for the *°Ca*-ion. The black bars represent
the Zeeman sub-levels, and the arrows between the levels indicate the optical

transitions with their wavelengths and Einstein A-coefficients.

factors of the levels are also displayed.

The Landé

Table 2.1: Summary of the relevant data of the calcium ion. The wavelengths were mea-
sured with a wavelength meter WS7-60 from HighFinesse GmbH. [78]

level ‘ lifetime 7 ‘ transition ‘ wavelength ‘ Aifor

S/ stable

Py, | 7.098(20) ns[79] | — Dsp | 866.45211(15)nm | 1.44(7) MHz [79)
— Sy, 396.959 15(3) nm | 20.97(7) MHz [79]

Py, | 6.924(19)ns[79] | — Ds;, | 854.44337(15)nm | 1.350(6) MHz [[79)]
— Dy, | 850.03561(14) nm | 0.1520(9) MHz [[79]
— S 393.48075(3) nm | 21.49(6) MHz [79]

Ds, | 1.168(9) s[80] — Sy, 732.5905(2)nm | 0.1353(13) Hz [80]

Ds;, | 1.176(11) s[80] — Si, | 729.34765(11)nm | 0.1363(10) Hz [80]

thesis of Matthias Kreis [83]. We will refer to further theses conducted in the group, such
as the ones of Stephan Kucera [72], Pascal Eich [84], Christoph Kurz [82], Philipp Miiller
[85], Hubert Lam [86] and Omar Elshehy [87].



2.1 THE ION TRAP SETUP
2.1 The ion trap setup

The ion trap setup consists of a vacuum vessel containing the Paul trap (see section .
An p-metal box surrounds the vacuum vessel for shielding magnetic fields [86]. A picture
of the current setup is shown in figure (a) and (b). Directly mounted at the vacuum
vessel is a pair of Helmholtz coils on each axis to compensate for the magnetic field of
the earth and define a quantisation axis. If the u-metal box is closed, no compensation
is needed. Additionally, we have permanent magnets mounted on a ring holder, like in
[22]. We use these to generate the magnetic field for the Zeeman splitting. In good
approximation, the field is homogeneous around the trap centre, and comparable to one
of the coils [87]. Also on the ion table is a strong pulsed laser at 535nm, which is used
to load the trap via ablation. This loading technique is not yet fully implemented. For
loading single ions, we use ovens attached to the Paul trap (see section . Around the
vessel are also several optical elements needed to address the ion under different angles

with different lasers and collect the emitted light of the ion.
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397 nm
fluorescence

(b) View into the p-metal box with the vacuum vessel. (c) A string of ions.

Figure 2.2: Picture of the ion trap table and a camera picture of an ion string. (a) View
along the|High numerical Aperture Laser Objectiv (HALO)|axis. The vacuum
vessel with the trap is placed inside the p-metal box. The fibre couplers for the
lasers under 45° and 90° (not visible in the picture) are mounted on a vertical
breadboard. In red, we show the beam path of the photons, and in blue, the
beam path of the 397 nm fluorescence. (b) Vacuum vessel with Helmholtz
coils inside the p-metal box. The view is perpendicular to (a). (c¢) Camera
picture of a string of ions.
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2.1 THE ION TRAP SETUP

2.1.1 Linear Paul trap

When using single ions as quantum memories, it is essential to confine them in every
dimension. Earnshaw’s theorem [88] states that it is impossible to trap a charge in a
static electrical field. So-called radio-frequency traps, which use dynamic electrical fields,
solve this problem. Wolfgang Paul and Hans G. Dehmelt received the Nobel Prize for
developing and applying this ion trap technique. Therefore, such traps are also called

Paul traps.

The linear trap used in our experiment consists of four longitudinal electrodes in the form
of a blade (see figure [2.3). These electrodes form the edge of a cuboid. The diagonally
opposed electrodes are electrically connected and share the same potential Ugrp. The
voltage oscillates with the frequency wgrpr between its positive and negative maximum,
with frequencies typically in the radio frequency range. This electric field confines the
particle in two dimensions. The confinement in the last dimension, along the centre axis
of the cuboid, is facilitated by a static electric field Uy;,. Depending on the resulting force
on this axis, the particles align in a string (see figure [2.2 (¢)).

The electric potential in the centre of the trap is written as

(222 —2® —y*) + % cos (wrrt) (2 — y?) (2.1)
0

OéUtip

O(x,y,2) = 52
0

Here [y and ry are the minimum distance between the trap centre and the end tips or
longitudinal electrodes. Due to the geometry of the trap, some shielding effects come in,
which reduce the effective size of the end tip potential and are denoted by a numerical
factor of a < 1.

From the potential (equation ({2.1))), we derive the equation of motion for a particle with

charge e and mass m:

U Usi .
F, = —e% =—e (% cos (wrrt) — a ;px) =mi (2.2)
! o g
U Usi "
F, = —e%f’z) = —¢ (¥ cos (wrpt) — a ;py) = mjj (2.3)
o o
Us
F, = eGCD(g;y’Z) =—e¢ <2al2tp ) =mz (2.4)
0
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2 THE *°CAT ION AS A QUANTUM NODE

(a) View along trap axis. (b) Side view

Figure 2.3: Schematic of a linear Paul trap. The dark grey edges in (a) are the blade
electrodes of the trap. The teal-coloured parts are the two [HALOg The red
points and lines represent the compensation electrodes. The orange parts in
(b) are the end-tip electrodes.

wRFt:O wRthﬂ'

N
//

Figure 2.4: Oscillation saddle potential (radial term) according to equation ({2.1)) for two
instances. The trapped particle would sit in the middle of the potential. If
the particle moves away from the centre, it experiences an oscillating force.

With the substitutions

A , = 2.5
@ by 2 ml%w%{F (2:5)
2€URF
= — r = 5 z = 26
@y ¢ mriwip g (2:6)
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2.1 THE ION TRAP SETUP

these equations transform into a Mathieu differential equation

dQQ?i
dt?

+ (a; — 2¢; cos (wrrt)) %xi =0 (2.7)

Under the condition |a;|,¢? << 1 the Mathieu equation have a stable solution

x;(t) = cos (w;t) (1 - %COS (wRFt)) (2.8)
with
2
WRF 4
= S+ L 2.9
w 5 Vet (2.9)

This term for the frequency is a superposition of two oscillations, a fast one and a slow
one. The fast motion oscillates with the driving radio frequency and is called micromotion.

The slow motion is orientated in the radial direction and is called secular motion.

The parameter for the current trap setup are rg = 0.8mm, lp = 2.5mm, o = 0.183
[82, 89], Utip = 4OOV, URF ~ 1.5 kV, WRF = 21 x 25.890 MHz.

Additionally, there are four compensation electrodes beside the blades of the trap (see
figure [2.3). Electric stray fields and imperfections of the trap lead to additional forces on
the ion and displace it from the equilibrium position. We use the electrodes to move the
ion inside the trap potential. The improved alignment in the trap potential minimises the
micromotion of the trapped particle, which is important for optimising the cooling and

the coherent manipulations.

2.1.2 Optical access: HALO

The Paul trap and a pair of are connected to the top flange of the vacuum vessel.
For sub-micrometre positioning of the objectives, these are mounted on xyz translation
staged'] The objective consists of four lenses to reach the diffraction limit for the relevant
wavelength range between 400 nm and 870 nm. The design reaches a numerical aperture
of 0.4, resulting in an opening angle of 47.2° and coverage of a solid angle of 4.17%. The
key facts for the upper and lower limit of the wavelength range are written in table [2.2]
More detail is found in [90].

I Attocube: ANPx100, ANPz100
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2 THE *°CAT ION AS A QUANTUM NODE

Table 2.2: Key facts of the [HALOs|

| 397nm | 866nm
transmission 95.7% | 98.8%
back focal length | 13.7mm | 15.1 mm
focal spot size 1.2 pm 2.6 pm
working distance | 11.8 mm

The focal spot size in the centre of the trap enables addressing individual ions and col-
lecting their fluorescence. In the experiments of this thesis, one [HALQ] is aligned for
optimal coupling of single photons at 854 nm. We use the same [HALQ] for collecting the
fluorescence of the ion at 397 nm. For this wavelength, the is too far from the
ion, resulting in a focused beam. The other [HALQ] is set for optimal collection of the
fluorescent light at 393nm. Light at 854 nm, transmitted through both is thus

divergent.

2.1.3 Photo-ionisation & ion loading

Inside the vacuum chamber, in the direction of the trap centre, there are two resistive-
heater tube ovens with metallic granules. It releases a beam of neutral Ca atoms through
the trap by heating them. In order to trap a particle, at least one of the neutral atoms
has to be ionised. A two-photon resonance-enhanced photoionisation process does this.
A first beam excites the 45215, — 4s4p' P, transition at 422.67nm. A second beam at
370 nm excites the 4s4p' P, state to a high Rydberg state. The remaining energy for
releasing the electron comes from the strong electric field of the Paul trap. Although this
process takes only nanoseconds, capturing a single ion takes about 5min - 10min. An
increased waiting time leads to an arbitrary number of trapped ions. More details are
found in [90]. For lowering the trapping time, there is also a calcium target for ablation

loading [91] inside the trap, but the technique still needs to be fully implemented.

2.2 Laser system

We use laser systems for the 393 nm, 397 nm, 729 nm, 850 nm, 854 nm and 866 nm

transitions, as well as a 375 nm and 422 nm laser for photoionisation. A laser at 852 nm
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2.2 LASER SYSTEM

serves as a reference laser. Besides the laser at 729nm, all others come from "Toptica
Photonics AG* and are extended-cavity diode lasers with a Littrow configuration for
optical feedback. All lasers have a free-running spectral linewidth of about 150 kHz. In

the following, we compile the main facts of the different laser systems:
e 423 nm Step 1 of photoionization. The laser is free-running.
e 375nm Step 2 of photoionization. The laser is free-running at a fixed wavelength.

e 852nm Toptica DL pro. Cs resonant fundamental laser [92] for transfer locking
scheme. Locked to the Si, — Py, transition of Cs via saturated absorption spec-

troscopy in a vapour cell.

e 393 nm Toptica DL pro. Excites Si, — Ps, transition. Stabilised by transfer lock
to the 397 nm laser.

e 794nm Toptica TA-SHG pro.Frequency doubled to 397 nm by [second harmonic|

lgeneration (SHG)|in a bow-tie resonator. The laser excites the Si, — Py, transition.

Used as a cooling laser for pumping and fluorescence detection. Transfer-locked to

the 852-nm reference laser.

e 866 nm Toptica DL pro. Excites Si, — D3, transition. Used as repump laser in

the cooling scheme. Transfer-locked.

e 850 nm Toptica DL pro. Resonant to the Ps, — Ds, transition. Mainly in use

before the purchase of the 393 nm laser. Transfer-locked.

e 854nm Toptica TA-SHG pro. Resonant to the P3, — Ds, transition. Transfer-
locked. It is also frequency doubled to 427 nm. This wavelength is used as a pump

for the photon pair source.

e 729 nm M? Solstis. Resonant to the Si, — Ds;, quadrupole transition. Stabilised
to an ultra-high finesse cavity, resulting in a linewidth below 32(2) Hz. More details
are below and in [8I]. Much cleaner spectrum compared to the Diode laser below.
Unfortunately, we could not operate this laser reliably over long periods due to

several technical deficiencies.

e 729 nm Toptica TA pro. Resonant to the Si, — Dss, quadrupole transition. Sta-
bilised to an ultra-high finesse cavity, as explained above. Most measurements with

the ion are performed with this laser.
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2 THE *°CAT ION AS A QUANTUM NODE

We use|Acousto-Optical Modulators (AOMs)|to fine-tune the laser frequencies in the MHz

range, stabilise the laser powers, and switch the light. For monitoring the wavelengths,

we use a HighFinesse WS7 wavemeter.

2.2.1 Transfer lock

Addressing individual transitions in the Ca™ ion requires a laser linewidth below the
natural linewidth and a stable absolute frequency. A transfer-locking scheme fulfils both
needs. We reach a low linewidth by locking the laser to a Fabry-Pérot resonator and the
long-term stability to a fixed frequency by locking the resonator to another laser that
in turn is stabilised to a resonance in Cs with the help of a Cs vapour cell as a stable

reference. Figure [2.5| shows a schematic overview of the schema.

The first step in the locking scheme is stabilising the 852nm laser to the mentioned
Cs vapour cell. Next, we transfer the stability of this laser to a Fabry-Pérot resonator
(F =~ 500, vpsg = 1 GHz, Av &~ 2 MHz) by stabilising its length using the [Pound-Drever-
technique [93]. Finally, we lock another laser to this resonator. For each

laser, we have a separate transfer resonator.

Setting up the Fabry-Pérot resonators in a confocal configuration allows easy coupling
under different angles and reduces coupling overhead [92]. However, the obtained
signal is insufficient for some lasers. In the confocal configuration, we observe changes in
the resonance frequency and changes in the shape and offset of the PDH]|signal depending

on the angle of incidence. A single-mode configuration solves this problem and gives a

cleaner signal [83].

A combination of a fast piezo-actuator and the slow thermal expansion of a spacer achieve
the stabilisation of the resonator length. Using thermal expansion guarantees long-term
operation and makes it possible to compensate for air pressure changes and hold the piezo

around its zero position.

Additionally, the 393nm and the 794nm cavity are in a vacuum to prevent changes in the
optical path length caused by air pressure changes on the timescale of days. The observed

pressure change is around 0.1 mbar per day [83].

For the generation of an error signal for the [proportional-integral-derivative controller]
(PID), we use the technique [93]. The regulation is performed via self-build hard-

ware, the “cavity locker”, consisting of a microcontroller and a Raspberry Pi, communi-
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2.2 LASER SYSTEM
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Raspberry Pi Raspberry Pi
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Figure 2.5: Schematic overview of the transfer-locking scheme. The resonators are sta-
bilised to the 852 nm laser via the "cavity locker”. The 852 nm reference is
stabilised with the help of a Cs vapour cell. The individual lasers are then
stabilised to the corresponding resonator.

cating via the [Serial Peripheral Interface (SPI)| protocol. The microcontroller runs two
feedback loops—one for the slow thermal expansion and one for the piezo. The user
interface runs on the Raspberry Pi, which is accessible over the network. More details
are shown in the thesis of Matthias Kreis, who built the device [83]. With the presented
technique, the resulting linewidth of the lasers is in the range of 100 kHz-300 kHz. More

details on the locking scheme are found in [92], 94].

2.2.2 Qubit laser at 729 nm

Due to the high demands on the linewidth and stability of the qubit laser, which addresses
the Sy, — Dsj, quadrupole transition, the laser uses another stabilisation scheme. We

17



2 THE *°CAT ION AS A QUANTUM NODE

lock the laser directly to a passively stable ultra-high finesse resonator (F ~ 480 000). The
spacer between the two mirrors is made of ultra-low-expansion glass. The whole cavity is
mounted in an ultra-high vacuum to reach the best isolation from the environment. The
whole chamber is additionally temperature-stabilised. The setup features a linewidth of
4kHz and a [free spectral range (FSR)| vpsp ~ 1.9 GHz. The locking is realised by the
technique and a fast feedback loop module from Toptica (FALC 110). The drift due
to the ageing of the spacer material is measured to be 80 mHzs ™! and the laser linewidth
is below 32(2) Hz.|81].

2.3 Magnetic field

Good control over the magnetic fields and dynamic stray fields at the position of the ion is
mandatory for all our experiments. Initially, the static field was produced by three pairs
of coils, one on each axis. These coils are driven by an "Aim TTi QL 355" power supply.
The long term stability is below 100 pA at 3 A[82]. Therefore, the expected magnetic field
noise should be below 10nT.

Three additional techniques are used to decrease magnetic field fluctuations and compen-

sate for dynamic stray fields.

Feed-forward optimization. The main contribution of the dynamic stray fields comes
from the power line and therefore shows oscillations at 50 Hz and its harmonics. Additional
smaller coils (=~ 20 windings) are added to the main field coils for compensation. These
superimpose a specific ac magnetic field onto the dc-field of the main coils. A computer-

controlled analogue output generates the signal for the compensations coils. A power

line-locked [Phase-Lock Loop (PLL)| generates the triggers for the waveform generation.

The parameter for amplitude and phase are measured in a Ramsey-type experiment (see
section [5.2]). For more details, see [95].

Permanent magnets. We now use permanent magnets to reduce external noise and the
noise from the coils. A pair of rings is placed on both sides of the vacuum chamber with
several small permanent magnets inside. These small magnets produce a homogenous

field comparable to the field from the coils. Details are found in [87].

Magnetic shielding. A suitable way to increase the coherence time of the stored qubits
is to suppress ambient magnetic fields. We archived this by an enclosure (1000 x 655 x 470

mm?) out of heat-treated p-metal, which surrounds the whole trap apparatus. The walls

18



consist of two layers of 1 mm p-metal and an air gap of 2mm. This cuboid is placed on
the optical breadboard around the trap. For optical and electrical access, there are some
holes in the box. Details are found in [86]

The setup for the measurements of this thesis uses magnetic shielding with permanent
magnets to produce the quantisation fields. The coils, excluding the active compensation
coils, are switched off. With the described setup, we reach an significant improvement in
decoherence time. We reach an coherence time in the Sy, ground state of about 20ms
and in the Ds), state of about 3.5ms. This is an improvement of 18dB / 13 dB, compared

to the old setup without magnet shielding but feed-forward optimisation.

2.4 RF coil

Additionally to the lasers, which drive the optical transitions, there is a magnetic field
coil under the vacuum chamber to directly manipulate the Zeeman sublevels of the Si,
state. The coils have a diameter of 16 cm with two windings. An additional capacitor is
installed for resonant enhancement, forming an LC circuit. By tuning the capacitance,
the resonance is tuned to match the atomic resonance of 27w x 8 MHz at approximately
0.28 mT of static magnetic field produced by the permanent magnets. The realized Rabi
frequency is ~ 27 x 100 kHz. More details are found in [82].

2.5 Control unit

The experiments done with the ion consist of complex sequences of laser and RF pulses.
Therefore complete control over the frequency, amplitude and phase of the RF signals is
needed. The switching of the lasers is realised via[AOMg| with a centre frequency between
100 MHz and 300 MHz. Additionally, it must be possible to react in nearly real-time to

events, like detecting a photon.

A commercially available system called HYDRA fulfils these requirements. The system is
produced by "Signadyne" (now part of Keysight), a spin-off of Marc Almendros, a former

group member, who built the initial control unit in his thesis [96].
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2 THE *°CAT ION AS A QUANTUM NODE

A PXI rack with various available cards is the basis of this system, making it easily
expandable. An external Rubidium atomic clockﬂ synchronises all RFs signals and serves
as the time base for HYDRA. Programming and interaction with the device happen in two
parts. The sequence itself, meaning the programming of the timing of the pulses, is done

with a GUI program from Signadyne, which uses a flow-chart-like programming language.

This program generates an [Hard Virtual Instrument (HVI)| which is run directly on a
PXI card. A PC connected to HYDRA acts as an interface and processes the data.

The interaction happens via a GUI. The scripts are written in Matlab by our group.
Therefore, variables and results are stored in the Matlab environment and are available

for the following sequences. The current configuration has the following specifications:

e |Arbitrary waveform generator (AWG)|

— 1x Signadyne SD-PXE-AOU-H0002-1G / Keysight M3202A: in total 4 channels
with 1 GSa/s, 400 MHz bandwidth

— 2x Signadyne SD-PXE-AOU-H3344-1G: in total 8 channels with 500 MSa/s,
200 MHz bandwidth

e [Time to digital converter (TDC)

— Signadyne SD-PXE-TDC-H3345-1G: 8 channels: 320 ps time resolution

e [Digital input/output (DIO)|

— Signadyne SD-PXE-DIO-H0002-1G: 64 digital I/O channels, 800 MBit /s

Attached to HYDRA are two additional devices. A microcontroller reads out the [Electron-
Multiplying Charge-Coupled Device (EMCCD)| camera to discriminate the different ions

in a string and processes the information in a sequence. The second device is a custom-
made analogue input card that reads the signals from various photodiodes. These photo-
diodes are necessary to stabilise the different laser light amplitudes. The diploma thesis

of Stephan Kucera [97| shows more details.

2Stanford Research Systems, FS725
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2.6 SINGLE-PHOTON DETECTION
2.6 Single-photon detection

Single-photon detection is a crucial point in all the experiments of this thesis. There are

different types of detectors involved.

We use a[photo-multiplying tube (PMT )| to detect the fluorescence counts. A multi-mode

fibre first collects the light and guides it to the detectors. The quantum efficiency of the

tube used is around 25 %. The timing resolution is around 280 ps.

To detect the emitted 393 nm photons, we use [Avalanche Photo Diodes (APDs)|[] These

are coupled free space and are specified to have a quantum efficiency of 50 %. The timing

resolution is around 1 ns.

The detection of the photons at 854 nm generated by the [SPDC|source (chapter [3)) is also
realised using [APDs’l These have a specified quantum efficiency of 40 % at 854 nm and

are free-spaced coupled. The timing resolution is around 1 ns.

For the detection of converted photons at 1550 nm, we use [superconducting nanowire]
isingle-photon detectors (SSPDs)| The detectors in the labs of AG Becherﬂ have a quantum
efficiency of 75 %, the ones installed at the HTW['|show a quantum efficiency of 85 %. The

timing resolution is below 90 ps.

For imaging the ion, there is an [EMCCDFf}, a low light level camera, to image the ion.
Such a picture from a string of ions is shown in figure b). The pixel size of the camera

is 16 pm. The optics between the ion and the camera lead to a magnification of about 20.

Together we reach a spatial resolution of 800 nm.

3Hamamatsu Photonics K.K. 7422P-30 SEL
4Laser Components COUNT-10B
SExcelitas SPCM-AQRH

6Single Quantum EOS

"Quantum Opus One

8 Andor iXon DV887DCS-BV
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3 Photon-pair source

Single photon-pair sources are a fundamental resource in quantum communication sys-
tems. They require on-demand photon creation, high photon rates, low transmission
losses, pure entangled quantum states, and tunable spectral and polarisation properties
to match any quantum-network technology. Most of these requirements have already been
realised in separate systems. The current work is to combine as many of these points in

a single device as possible.

The main goal of our approach is to interface a single “°Ca* ion as a quantum node with
single photons as quantum information carriers. We present a source based on[SPDC]in a
nonlinear crystal. In this process, a single pump photon decays into two photons, highly
correlated in time, energy and polarisation. The available and addressable transitions
in the ion and the choice of pump lasers and conversion crystals limit the wavelength
range of the [SPDC] photons to the near IR. Already in the predecessors of the source
presented here [98, [72] , a wavelength of 854 nm was chosen, which addresses the Ps/, to
Ds/, transition in the *°Ca™ ion. This choice has some benefits in transmission in optical

fibres, and in the properties of the Zeeman sub-structure of the Ca™ ion [99].

The starting point for the source design of this thesis is the source described in [72].
It already implemented state-of-the-art features to reach high purity states and spectral
brightness. The nonlinear crystal is placed inside a macroscopic resonator. This con-
figuration leads to a spectral redistribution of the emission into the resonator modes,
simplifying the filtering to a single mode and increasing the brightness. With a spectral
brightness of 4.5 x 10* pairs/(s mW MHz), it was one of the brightness photon-pair sources
published [100] [10T], [02]. Additionally, the resonator was placed inside an interferometer,
which guarantees high entanglement purity and fidelity in the range > 98 %, comparable
to other interferometric sources like [103] 104, T05].

This chapter describes our new photon-pair source, which is based on type-II conversion

in a |periodically poled potassium titanyl phosphate (ppKTP)| crystal, and highlights the
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3 PHOTON-PAIR SOURCE

improvements made to the previous source version and the characterisation. We start in
section [3.1] by calculating the quantum state of the [SPDC]| source. In section [3.2.10, we
show the calculation of the [signal-to-background ratio (SBR)|and discuss the background

correction applied in the experiments presented in the following chapters. The last section

(3.2) shows the new design and its characterisation.

3.1 SPDC quantum state

Generally defined, the dielectric polarisation P is the sum of material responses to different

electric field orders. Higher order effects are mainly present in nonlinear optical media,

such as [ppKTP| or [periodically poled Lithium-Niobate (PPLN)| The general expression

for the polarisation is

P =¢ Z YWE" = g [X(l)E+ YPE? + YO E? + ] (3.1)
i=1 D Po g
L NL

wherein ™ is the electric susceptibility, a tensor of (n + 1)-th order. Here we are

interested in the terms Pyr,, and more specifically, in second-order terms, as these describe

two-photon processes, such as [SPDC| [SHG] or [QFC| [SPDC] is the process in which a

pump photon spontaneously splits into two photons inside a nonlinear medium. The

generated photons show strong correlations in time, energy and polarisation. In [QFC] a
classical pump field is mixed with single photons to convert it to the sum or difference
frequency. Lastly, in a [SHG] process, two photons of the same frequency interact with
the nonlinear material to generate a new photon with twice the energy/frequency of the

initial photons.

Here, we will focus on [SPDC| We apply some simplification to the y-tensor and then
derive an expression for the quantum state via perturbation theory. We start with an
expression for the t-th component of the second-order polarisation in the Einstein sum

convention.

Pz‘(Q) (wn + wm) = &0 Z Xz(]21)€ (wn + W,y Wh, wm) Ej (w") L (Wm) exXp (_i (w” + wm) t)

(3.2)
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3.1 SPDC QUANTUM STATE

Then we are going to reduce the number of independent components. We use the fact
that the susceptibility describes all properties of the medium. Hence, the tensor reflects

the structural symmetries of the medium. We use the following three symmetries:

e Intrinsic permutation symmetry. We can interchange the indices of the two

frequencies and the corresponding indices of the tensor [106]

Xg;l (Wn + Wi, Wn, W) = X% (Wn, + Wiy Wiy W) (3.3)

e Lossless optical media fulfil full permutation symmetry

Xk (Wn ~+ Wiy Wny W) = X Wy =Wy W+ Win) = Xy (Wi We + Wiy —wn) (34)

e [f the frequencies of the involved fields are much smaller than the resonance fre-
quency of the medium, the Kleinman-symmetry [107] is valid, meaning x? is

independent of the frequency.
We therefore define a new 3 x 6-matrix

1
dijk = 5)(5]2;1 (3.5)

with the remaining indices

jk\n 922 33 2332 31,31 1221
1\1 29 3 4 5 6

The nonlinear polarisation is then expressed as a simple matrix product

dyy dia dig dia dis dig
P, (wn+wm):4€o dig doa dog dos dis dio

E, (wn) E, (W) + E, (wn) Ey, (W)
dis dos dgz dog diz d ! !
15 d24 d33 d23 d13 (36 E, () E. () + E. (wn) Es ()
By (wn) By (wm) + Ey (wn) By (W)
(3.6)
The phase-matching conditions
T, = hws + Fic, and hky = hiks + ks (3.7)
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represent the conservation of energy and momentum that must be fulfilled.

By fixing the geometry of the described system, this expression is written as a scalar
equation
Par (wn, + wi) = 4deodeg B (wn) E (W) (3.8)

with the effective susceptibility deg.

As an example, we look at the susceptibility for [Potassium titanyl phosphate (KTiOPO,)|

[108]

0 0 0 0 dy 0 0 0 0 0 610
d=l0 0 0 dys 0 Ol=]0 0 0 76 0 0 %. (3.9)
dyy dy dz O O 0 24 44 169 0 0 0

Depending on the polarisation of the three light fields, the process is categorised

into three groups
e type-0: The three light waves have the same polarisation.
e type-1: The pump light has orthogonal polarisation to the two generated fields.

e type-2: The polarisation of the generated waves are orthogonal.

3.1.1 Quantum state

We use the time-dependent perturbation theory to derive the quantum state of the SPDC
source. The derivations of this chapter follow the explanations given in [109] 110} 111].
We start with the Hamilton operator for the electric field
O L OV B A
= dr(soE-E+B-H>+§ BrPE (3.10)
v v

J/ S/
-~ -~

Hy Hy

We divide the Hamilton operator into a part Hy, which represents the electromagnetic field

in free space, and a part ]:]1, which describes the interaction with the dielectric medium.

26



3.1 SPDC QUANTUM STATE

For the process, we have to look at the interaction Hamiltonian and second-order

terms for the susceptibility. Again in Einstein’s sum convention, we get

~ €
HI = ?0 /dg’I"XZ(»JZ»])ﬁEi(wl)Ej(Wg)Ek<W3) (311)
|4

In the frame of the second quantisation, we replace the classical electrical field with the

following operator

E(r,t) = iz 1/ 27?:; (dk exp (i(k-r—wkt)) — h.c) Uy (3.12)

where V' is the quantisation volume, uy is the polarisation vector for the mode with wave

vector k, and ay is the annihilation operator. We transform the sum into integrals over

the quantisation volume for a big quantisation volume. Furthermore, we will take

W (t)) = lap(w)) Ok, Ory) (3.13)

as the ground state of the perturbation calculation. We have the coherent state of the

pump |ap(w)) and the vacuum state for the so-called signal- and idler photon |0g,, O, ).

Additionally, we make the following assumptions, the pump field has a fixed polarisation
along the z-axis, and the propagation direction is also along the z-axis. Therefore, we get

the simplified Hamiltonian

0
- i h3L3
Hy = ~ 351 / Q—SQ/dZ /// dky dky dks wklkawk3xg?,1(wkl,ka,wk?,)
“L

xdkldLQdLS exp (i (k1 — ko — k3) z) exp (=1 (wp, — Wiy — Wiy ) T) (3.14)

Finally, we perform the integration over the length of the crystal L and get

0
/dz exp (1Akz) = gexp (_1A21<:L) sinc (#) : (3.15)

with the quasi-phase-matching with poling period A

2
Ak:kl—kg—kg—% (3.16)
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The time-dependent [SPDC] state is given as

W(t»spDc - ﬁ(t7t,) W(t/» (3.17)

with the time evolution operator in first order

¢

A 1 A

Ult,ty =1+ i /dTHI(T) +... (3.18)
tl

By using the Fourier transformation for the d-function, representing the conservation of
energy
Aw = wy — wy — ws (3.19)

and performing the integration over the frequencies of the pump field, we get the first-

order time evolution operator

. 1 | RLA 2
U=1-— W 2_50 // dCL)Q d(.Ug\/(WkQ + WkS)WkQWkSXEj;(WkQ + Wk3,Wk2,Wk3)

iIAKL AkL
x&kld;rwd,ts exp (—1 ) ) sinc (T) . (3.20)

If the pump beam is a bright laser, the effect of the annihilation operator aj, on the

corresponding initial state is given by

Uy, [ap (W) = ap(wr) lap(W)) . (3.21)

The function ap(w) describes the spectral amplitude distribution of the pump. The
corresponding pump spectral density ‘ap(w)’2 is normalized to 1. The pump spectral
amplitude can be approximated by a delta distribution, if the spectral width of the pump
is much smaller than the bandwidth of the generated photons [112].

We then evaluate the [SPDC] state via equation (3.17)) and get

(1)) sppc = 10,0) + n/dws/dwiap (Wi + ws) V (wi + ws) wiws
0 0
iAkL AkL
X exp (—1 5 ) sinc (T) at (ws) @l (w;) ]0,0) (3.22)
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=10,0) + /dws/dwi\ll (Wi, ws) dl (ws) dj» (w;)0,0) (3.23)
0 0

where 1 summarises all prefactors and W (w;,ws) is the [joint spectral amplitude (JSA)|

of the signal and idler photon. This function determines the essential properties of the
[SPDC] process, like the spectra of signal and idler photons and the spectral correlations
between them. As seen from equation (3.22)), the is the product of the pump spectral

amplitude and a phase-matching function f(w;,ws). The phase-matching function is

f(w;, ws) o sinc (%) exp (—iAkL> . (3.24)

2

The modulus squared of this phase-matching function

AkL )2 (3.25)

’f(wiyws)’2 o sinc (T
defines the spectrum of signal and idler photon. For a typical source with a[KTP|crystal
length of around 2 cm, the spectral width is therefore 200 GHz. One problem is that the
atomic transitions are in the order of a few MHz. Thus, the atom acts as a narrow filter,
resulting in low photon rates. In order to improve the rate, one can modify the spectrum

with an optical resonator.

3.1.2 Resonant SPDC

This section will briefly examine the modification of the [JSA]if we place the conversion
crystal inside a two mirror resonator. The extension to any other resonator configuration
works the same way. We start with the amplitude U of a wave inside an ideal resonator
consisting of two planar mirrors with distance d and a medium with refractive index n.
The amplitude U is the superposition of all the single amplitudes Uy, where k is the round

trip number
U=> Us. (3.26)
k=1
In each round trip, a wave with frequency w collects a phase

B 2wnd
¢

¢

+AD, (3.27)
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where the factor A® incorporates the phase jump at the mirrors. So a single amplitude

1s written as

Uy =ée°U_, . (3.28)

If we take losses a; inside the crystal with length d into account, the wave is attenuated
by a factor of exp (—asjid) per round trip. Together with losses at the two mirrors, we

rewrite this term to

Up = /Ri(w)Ry(w)e iU, . (3.29)

Here R;(w), Ro(w) are the reflectivities of the first and second mirrors, respectively.

For a sufficiently large number of round trips, equation (3.26) is interpreted as geometrical

series, and we get [113]

\/(1 — Rls,i) (1 - R2S,i) exp <_%>
L= \/mexp (—as,d) exp (M)

U=U, =

)

(3.30)

for the intensity.

For a[SPDC]| process, where the crystal resides inside a resonator, we have to modify the

[JSA] correspondingly

v (wi; ws) = Us<ws>Ui<wi)aP(ws + Wi) V (wi + ws>wiws€7iA§L sinc (%) . (331)

The resonator modifies the spectrum of the source and can therefore be used to match

the linewidth to the atomic transitions.

We describe the resonator by the finesse

F_T Ry (w)Ra(w) (3.32)

a 1-— Rl(W)RQ(LU) ’

the [FSRI 5
TC
Wp = e (3.33)
and the linewidth
wWr
ow = —. 3.34
W= (334
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3.1 SPDC QUANTUM STATE

3.1.3 Cluster effect

The modified spectrum (3.31]) results in a comb-like structure for signal- and idler pho-
tons within the phase-matching bandwidth of the crystal. Both photons are generated

simultaneously, so they must fulfil energy conservation.

The generated photons have orthogonal polarisation in the type-II [SPDC]| process. To-
gether with the birefringence properties of the crystal, this results in a slightly different
for the two photons. Hence, only for specific frequencies both photons have a res-
onance (see figure [3.1p) and b)) and therefore experience a resonant enhancement. For
other frequencies only the signal or the idler photon has a resonance, due to energy con-
servation. The generation of these photon-pairs is suppressed. This effect is called a
cluster[114) [I15]. The distance between two clusters is given as

Wr 1

AI/Dluster = ‘WF = WFE (335)

‘WF,S — WF; ‘nz - ns]

where wp is the mean [FSR] of the modes. The phase-matching bandwidth of the crystal
further influences the photon-pair generation (see figure d)). Thus, it is possible
that only a single cluster is supported, with little impact on the central mode. In our
experiment, the cluster effect is useful to suppress the generation of photons in non-ion-
resonant modes. The ideal case would be that only one cluster mode is supported, as

then filtering would no longer be necessary.
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Figure 3.1: a): Resonator mode structure for the signal photon. b): Resonator mode
structure of the idler photon. c¢): Combined resonator mode structure for
both photons. The conservation of energy results in forming a cluster where
both photons are resonant. d): Combined resonator mode structure with the
conversion bandwidth of the crystal added, resulting in just one cluster within
the bandwidth.
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3.2 Setup and characterisation of the photon pair

source

This section describes the design of the photon pair source and shows the characterisation
of the generated photon pairs. As in [72], we aim to generate orthogonal linear polarised
photon pairs that address the Dsj, — Py, transition in the **Ca™ ion at 854 nm. Therefore,
we choose type-II phase-matching conditions and use a [ppKTP]crystal for the conversion.
For pumping the crystal, we choose a wavelength of 427 nm. The crystal is placed inside
a 3-mirror-ring resonator, resonant for the signal and idler photons. This setup enhances
the conversion and tailors the spectral properties to fit the atomic transition. Due to the
cluster effect, the spectrum contains only a few modes, making single-mode filtering much

more effortless.

3.2.1 Photon-pair source

A schematic and a picture of the source is shown in figure 3.2 We use a non-polarising
50:50 beam splitter to split the polarised pump light into two beams with approximately
the same power. The crystal converts only one polarisation, so we fine-tune the

converted power with an additional half-wave plate (HWP)|in one arm. The beams are

aligned so that they counterpropagate through the nonlinear crystal, forming an interfer-
ometer. For focusing the beams, we use an f = 250 mm lens in each arm, resulting in
a beam waist of 95 pm (see figure [3.4(b)). As mentioned above and explained in more
detail in the next section, the crystal sits inside a signal- and idler-resonant 3-mirror ring
resonator (see also figure . One mirror (M,y) is designed as output; therefore, the
generated photon-pairs from both pump directions leave the resonator at this mirror but
under different angles, 0° and 30°. The two directions have different beam waists at the
position of the outcoupling mirror, leading to different beam waists of the output photons
(see figure . Therefore, we place a telescope with two lenses in the 30° beam to achieve
approximately the same beam waists. In this output, the polarisation of signal- and idler

photon gets interchanged by an[HWP] Finally, we overlap the photons from both outputs

on a [polarising beam splitter (PBS)| The setup erases all distinguishability between the

photons [103], T04] and avoids the background of unsplit pairs inherent in single-direction
SPDC| generation [98, [72, [116].
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3 PHOTON-PAIR SOURCE

Figure 3.2: Schematic and picture of the source. The blue lines indicate the path of the
pump beam, whereas the red lines show the beam path of the photons. (a)
The stabilisation of the resonator and the interferometer is achieved by piezo-
driven mirrors (PM). During the stabilisation runs, the photons are switched
off by an optical chopper. We use two [APD]for the detection of single photons
and another one for detecting the interferometer fringes. HWP/QWP: half-
/quarter-wave plate, PBS: polarising beamsplitter, BS: non-polarising beam-
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Ms+piezo

laser
427nm

PPKTP ‘
Ml Mout

Figure 3.3: Schematic of the 3-mirror-ring resonator. We pump the crystal inside
the resonator from two counter-propagation beams at 427 nm. Photons are
outcoupled at mirror M,,; under different angles (0° and 30°). The stabilisa-
tion is achieved by a piezo-driven mirror (M3) and the technique (see

section .

3.2.2 Resonator design

ppKTP crystal The most crucial part of the source is a [ppKTP)| crystal designed
for the [SPDC| process from 427nm to 854nm. The crystal has the dimensions
3.5mm x 1 mm x 20 mm (y, z, z) and is grown with two different poling periods (14.575 um

and 14.45pm), each 1 mm wide.

The poling period originates from a periodic poling fabrication technique that matches
the phases of all three waves inside the crystal. During the growth of the crystal, strong
electric fields are induced to control the direction of the ferroelectric dipoles. The direction
of the dipoles results in a periodic inversion of the nonlinear coefficient and a structure

with periodicity A, the so-called poling length.

The crystal fulfils quasi-phasematching at ~ 24°C and =~ 58°C. The crystal facets are

coated with an [anti-reflective (AR)| coating for 854nm to reduce photon losses. We tune

and stabilise the temperature of the crystal with a Peltier element in the range between
15°C and 80°C. Positioning of the crystal inside the resonator and relative to the coupling
lenses is possible with a 5-axis translation Stageﬂ (pitch, yaw, x, y, and z). S. Kucera used
and characterised the crystal in a previous version of the source; hence further details are
found in his PhD thesis [72]. For the work of this thesis, we use the bigger poling period
at an operation temperature of 1" = 22.5310°C.

Resonator The resonator consists of two curved mirrors (M, Myy; R = 50 mm) and

a flat mirror (M;) attached to a piezo actuatol’] One curved mirror (M) is partially

IThorlabs PY005/M
2Piezomechanik, HPSt 150/14-10/12 VS22
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reflective ( Ry = 95.8 %, Ry = 96.7 %) and acts as outcoupling mirror. The other mirrors
have a fhigh reflection (HR)| coating with a specified reflectivity of > 99.9 %. Additionally,

the curved mirrors have an [AR] coating for the pump wavelength at 427 nm, reducing

pump losses.

A design goal is to minimise the optical path length because it maximises the [FSR] and
the spacing of the cluster modes. We like to recycle most parts of the previous version
of the source. For that reason, we stay with the machined monolithic base plate to
achieve sufficient mechanical stability and the commercially available mirror holdersﬂ of
the previous setup. The distance between the curved mirrors stays the same, and the flat
mirror is placed as close as possible to the crystal without cutting off the spatial resonator

modes. Together this results in the following lengths:

| My — Moy | = 69 mm

We simulated the 1/e beam radius inside the resonator and crystal for the two polarisations
in the sagittal and tangential plane using the ray matrix formalism for Gaussian beams
[117]. The results are shown in figure [3.4[(a). We achieve a beam waist for the signal and
idler photon of 62um. The beam waist is slightly larger than in the previous resonator.
Unwanted effects such as grey-tracking and thermal lensing [I18], [119] should, therefore,

not play a role in our setup [120].

To determine the optimal beam waist for the pump beam, we first measure the beam
waist of the [ SHG|light, if we pump the source with the lock light. From this measurement
we conclude that the optimal beam waist is approximately twice the the waist of the
produced photons. Further criteria that determine the beam waist are enough room to
place the lens on the base plate and a commercially available lens with proper focal length.
With these boundary conditions, we decided for a lens with a focal length of f = 250 mm
in each pump beam and reach a beam waist of 96pm inside the crystal. The simulation
of the pump beam path for both directions is shown in figure 3.4(b).

3My, Myys: Newport 9810-5-K; M3: Liop-Tec SR100-HS-100-3
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Figure 3.4: Calculation of the beam waist inside the resonator for one round trip (a) and
for the pump beam (b). The calculation is performed for the two orientations.
For the resonator, we also include both polarisations. The red lines show the
waist for horizontal polarisation and the black for vertical polarisation. Solid
lines correspond to the sagittal plane and dashed lines to the tangential plane.
The position of the crystal is marked with the grey shaded area. The blue
vertical lines show the positions of the curved mirrors, the orange line the
position of the flat mirror, the teal lines the refraction of the curved mirrors
and the brown lines the position of lenses.
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3.2.3 Stabilisations

We achieve long-term stability of the photon generation by using several stabilisations.

Crystal temperature We use a Peltier element mounted under the crystal holder to
control the temperature of the crystal. The temperature is tuned between 15°C and 80°C
with a stability of 0.1 K. Consequently, we can operate the source with both poling periods
at maximum conversion efficiency. We choose the same poling period as in the previous
version of the source [72] and detune the temperature to get a proper frequency spacing

as explained in the following paragraphs.

Resonator length We use a piezo actuator attached to mirror Mj; to stabilise the
resonator length. Similar to the previously explained transfer cavities, the[SPDC|resonator
uses the [PDH] technique to produce the error signal. Therefore, we modulate the current
of the 854 nm laser with an additional 20 MHz signal. Using the residual transmission of
mirror M; as in S. Kucera’s thesis [72] was not feasible. Mirror M; has a coating for
the locking beam wavelength, thus only very little light enters the resonator, resulting in a
very weak signal. For unknown reasons, we observed jumps in the offset of the
signal. The amplitude of these jumps was bigger than the amplitude of the signal
itself, making locking over long times impossible. To overcome this problem, we switch to
the reflection of the outcoupling mirror M. The lower reflectivity of this mirror leads
to a signal with a much bigger amplitude. This has been shown to lead to a significant
improvement in stability. The drawback of this method is that we need an additional
optical element, a GP (reflectivity of 4 %), in the photon beam, leading to additional 4 %

loss.

We use diagonally polarised light, split equally on the [PBS| Due to the /2 waveplate in
one source output, both directions have the same polarisation on the outcoupling mirror.
Having lock lights from both directions enables the later-explained locking scheme for the

interferometer.

Resonator frequency At least one polarisation mode of the resonator should be ion-
resonant. We reach this by using an ion-resonant locking beam. Due to the birefringence of
the crystal, the second polarisation mode is then shifted in frequency. The best conversion

efficiency is reached when one half of the pump frequency is symmetric between the two
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854 nm
fion = fsignal flaser fion + 480 MHz = fidler
160 MHz .
240 MHz 3 240 MHz
f
2f f
427 nm \ \
160 MHz
2 fion faor faor+AOM f

Figure 3.5: Frequencies and detunings of the laser beams used with the source. The
upper frequency axis shows the range of the 854nm laser. The lower axis is
the range of the 427 nm laser. The fundamental laser runs at frequency faser-
The frequency-doubling results in f4o7. The ion resonance is at the frequency

fion'

frequencies of the produced modes. As explained in chapter 2.2 the locking beam, as
well as the pump beam are produced by the same laser using [SHG| thus having a fixed
frequency spacing. Therefore, we have to choose a proper frequency splitting between
the polarisation modes, which is also well accessible by [AOMg We choose a splitting of
480 MHz between the polarisation modes. An overview of the used frequencies is shown

in figure [3.5]

The fundamental laser runs at frequency flaser, 160 MHz detuned to the ion resonance. As
mentioned in chapter the laser is frequency-doubled (f427), and we use an additional
AOM to detune the frequency by 160 MHz. Subsequent frequency halving in the SPDC
process results in a detuning of 240 MHz from the ion resonance, which is precisely half

the frequency difference of the two polarisation modes.

Interferometer stabilisation In the first version of the interferometric source, de-

scribed in |72}, 121, (73], we used residual reflections from |high transmission (HT)| optical

elements (dichroic mirror, outcoupling mirror) to stabilise the Mach-Zehnder interfer-
ometer, formed between the first non-polarising beamsplitter (BS)| and the for the

recombination of the photons. This technique has two main issues: i) The old locking

scheme was based upon the assumption that the [PBS| for the photons acts more or less
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as a for the pump beam. Together with different polarisation modes inside the pump
interferometer, it turns out that the lock was not stable and reliable enough. ii) The
stabilisation of the path length with piezo actuators attached to two separate mirrors
leads to a beam displacement inside the interferometer, resulting in intensity fluctuations.
Additionally, the stabilised beam path was not precisely the photon beam path, which
resulted in undetectable path length changes.

In the version of the source used in this thesis, we used the [SHG| light produced by
the locking beam to overcome these problems. As mentioned in the description of the
stabilisation of the resonator length, we get lock light in both output directions of the
resonator if we use diagonal light at the input of the PBS| The two locking beams produce
a few hundred picowatts of 427 nm light superimposed on the input [BS], forming a Mach-
Zehnder interferometer. The stabilised interferometer is now identical to the one used in
the process, so we have a much more stable operation.

As mentioned, the power of the SHG|light is in the sub-nanowatt range, and there needs to
be more than the sensitivity of conventional photodiodes for light detection in this power
range. Therefore, we use a single-photon detector (APDJ|) with a low-pass filter to convert

the [transistor-transistor logic (TTL)| pulses to an analogue signal needed for the locking

electronics. An additional advantage of this locking scheme, compared to the previously
used one, is that the locking is now independent of the pump power. The following section

will discuss the connection between the interferometer and the state phases.

3.2.4 Relationship between state and interferometer phase

The state phase ¢ depends on the interferometric phase i e A detailed calculation is

shown in Appendix [A]l For the frequencies shown in figure [3.5] we have

© = Pinter - (336>

Figure shows the measured dependency between the interferometer phase and the
photonic state phase. For the measurement, we stabilise the interferometer to a particular
phase and perform a tomography measurement on the photonic state. Details about the
tomography measurement are found in section [3.2.9) We then get the best state phase

from the density matrix reconstruction. The measurement result shows a phase shift of
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Figure 3.6: Dependency of the photonic state phase from the interferometer phase. Sta-

bilisation is not possible in the grey-shaded areas because the slope of the
fringe (upper plot) is too low.

m/2. We observed changes in this offset on the timescale of months, which still needs to

be understood.

Because of the fringe signal, the slope of the locking signal change with the phase. Around

the minima and maxima, therefore, no locking is possible (grey shaded areas in figure

59).

3.2.5 Output state of the source

The output state of the source is constructed out of the two amplitudes of the two pump

directions. The output state of each pump direction is given as

W) = a yaly [0im,05v) (3.37)

where ¢ = 1, 2 stands for the respective pump direction and aj, gy is the bosonic creation
operator of a single photon in the corresponding polarisation mode. As described earlier,

we superimpose both pump directions on a[PBS| In general, the different pump directions
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have different pump powers (due to imperfections of the , different losses, ...) and
different conversion efficiencies. Therefore, we use a weight factor C; for the different
directions and write the input state at the [PBS as

1
Vorte:

The transforms now the input state according the following rules [122]

GJ{,H = \/YTHCLQ,H - \/R_HCLTB,H
a;H = \/R_HGL,H + \/T_HGTB,H
a;v = \/Fvaix,v - \/R_VanfB,V
ag,v = \/R_VGL,V + \/ITVCLE,V

with the transmission and reflection coefficents of the polarisation modes T4y, Rp,-. The

|¢in> =

[CMI,H&J{,V + 02€i¢a;Ha;v] 01,1, 01,v, 02,1, 02,y)

(3.38)

complete output state after the [PBS|is then given by

|tout) = \/ﬁ {(le/m + Coe?y RHRV> aly yalyy
+ (Cl\/m - C2€i¢\/m> GL,HGTB,V

(O Ty — o T ) iy

+ (Cl\/m-l— 02€i¢\/I-ZTTV> aTAyvaL,H] 04.1#,04v,05H,081)

(3.39)

In the case of an ideal (Ty = Ry =1 and Ty = Ry = 0 ) this equation is simplified

and we get
1

Ve

For equal weights and the correct phase, this is equivalent to the |U™) or |[U~) Bell state.

‘wout> =

(Clagﬂa;y—CQei‘ﬁaL,VaL,H) 10417, 04y, 05, Opy) . (3.40)

Therefore, a critical step in the alignment of the source is to ensure that we have equal
efficiencies for the photons and equal losses in the pump. Both parameters are indepen-
dently measured by a signal-idler cross-correlation measurement as shown in [3.10] With
the additional waveplate in one of the pump arms, we tune the coincidence rate of each

arm to be equal. A proper alignment adjusts the efficiencies in the photon arm.

42



‘ 3.2 SETUP AND CHARACTERISATION OF THE PHOTON PAIR SOURCE

Table 3.1: Resonator properties for the two polarisation-axis H and V.
pOl. H FSR ‘ Rout ‘ .F ‘ (SCL) ‘ Lint ‘ MNesc
2m - 1.8496 GHz | 95.77% | 104(2) | 27 - 17.6(3) MHz | 1.51% | 73.5%

H
V || 27 -1.8293GHz | 96.68 % | 152(3) | 27 - 12.0(2) MHz | 0.65% | 83.5%

Coming from equation (3.39) and setting €y = Cy we calculate the maximal reachable
fidelity with one of the two mentioned Bell states

_ 2
(¢#+1) (VIuRy + VRiTy)

F = (0 o) (W[ %) = | (3.41)

Equation (3.41)) shows that for a non-ideal beamsplitter, the fidelity of the |¥~) state
is always lower than the fidelity of the |¥U~) state. The we use is specified with
Ty /Ty = 1000, which means that the does not limit our state fidelity.

3.2.6 Resonator linewidth and escape probability

The resonator linewidth can be measured using the two-photon correlation or a stabilised
laser. In this section, we look at the second method. We scan the resonator length by
applying a triangular voltage to the piezo at mirror M3. The transmission through the
resonator is measured by a photodiode, placed in the 0° output of mirror M;. We send
H-polarised or V-polarised light through the resonator by choosing the right photon path.
The results for two subsequent measurements (H and V) are shown in figure The two
maxima correspond to the fundamental mode of the resonator. The small side peaks next
to the central peak correspond to some higher modes. These cannot be avoided because
we do not optimise the beam shape. Under the assumption of linear behaviour of the
piezo actuator and the calculated [FSR], we readout the linewidth dw and the finesse F
out of a fit to the scan. The reflectivity of the outcoupling mirror was already measured
in [72]. With these variables, we calculate the expected internal loss Ly, and the escape

probability
1— Rout

Lint + 1— Rout ‘

Nesc = (3.42)

All values are summarised in table B.1l

The measured linewidth is in good agreement with the linewidth of the produced [SPDC]|

photons in sec. [3.2.8] The errors in the measured variables result from taking the mean
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Figure 3.7: Scan of the |[SPDC]| resonator with different input polarisations. The upper
plot shows the transmission for an H-polarised input and the lower one for a
V-polarised input.

and standard deviation over the whole piezo range of 100V (7 [FSRs). The deviation is
mainly explained by the non-linearity of the piezo actuator and the uncertainty in the real
[FSRI Unfortunately, removing the compensation crystal did not reduce the internal losses.
We consider that the coating of Mj is not as good as specified and leads to additional
losses. Nevertheless, we narrowed the linewidth of the photons, which was one design

goal.

3.2.7 Cluster structure

We first simulate the cluster structure for the estimated parameters of the source. The

result is shown in figure 3.8

Then, we measure the spectrally resolved cluster structure. Therefore we need a tun-
able narrow-band filter. This filter is a monolithic |Fabry-Perot-Interferometer (FPI)|

constructed from a single plano-convex lens similar to [123, 124]. We use N-BK7

glass for the substrate. This material shows a suitable thermal expansion coefficient
(a = 7.1 x 107K™1), enabling us to tune the frequency over the whole FSR within a
temperature range of ~ 20°C. The lens is coated on both sides with an [HR] coating
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Figure 3.8: Spectral envelope of generated photon pairs calculated from the measured
resonator specifications. Part a) shows the bandwidth of the crystal, including
the cluster structure. Part b) is zoomed in to show the details of the cluster.
Part c) is even more zoomed to show the width of the cluster modes.

(R =99.35%), resulting in a finesse of F = 481.7. Our setup includes two of these filters
with different lens thicknesses. The first lens has a linewidth of dw; = 27 -111.7 MHz and
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Figure 3.9: Photon count rate behind the while scanning the temperature /frequency.
The red line shows a fitted sum of Gaussian functions.

a[FSR]of wp,1 = 27 -53.956 GHz. The second one has a linewidth of dw, = 27 - 51.17 MHz
and a [FSR] of wpy = 27 - 24.65 GHz. We stabilise the [FPI| by stabilising the temperature
of the lens to < 1mK (=3 MHz).

To measure the cluster structure, we detune filter one by 0.05 K for each data point and
record the transmitted counts for 2s. After each measurement, we wait for 30 s until the
temperature is stable again. Figure 3.9 shows the measurement result. The plotted signal
(blue squares) is the convolution between the transmission of the spectral filter and the
spectral envelope of the photons. The peak width is, therefore, mainly given by the filter
linewidth. The red curve is a fit for the data. We use the sum of five Lorenzians as a
fit function. From the fit, we extract the spacing of the peaks, which correspond to the
[FSR] of the source resonator, matching the predictions and is 1.88 GHz. The linewidth is
dw = 27 - 119 MHz and matches the filter linewidth. For the experiments, we use only
the signal in the central peak that corresponds to ~ 58 % of the whole signal (sum of all
peaks).

3.2.8 Photonic time structure

The time structure of the photons is revealed by measuring the temporal signal-idler
cross-correlation. The measurement is done separately for each pump direction. The

total pump power was 20 mW, and we used no filter in the output. The results are shown
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Figure 3.10: Multi mode ¢® correlation for the two pump directions. Independent from
the pump direction, there is always the longer photon in one arm and the
shorter photon in the other arm.

in figure [3.10] The resulting data is a double exponential function. The fit is drawn in
red. From the fit, we get the decay times (or wave packet widths) of the two outputs,
which differ slightly because of the different losses of the two polarisation modes. For
the first pump direction (fig [3.10[(a)) we see a decay time of 14.28ns and 10.74ns. For
the second pump direction (fig 3.10[(b)) we get 14.17ns and 10.75ns. Additionally to
the decay times themselves, we see that each output is mapped to only one wave packet
width. Therefore, the superposition erases the distinguishability between the photons in

the frequency degree of freedom.

SM

Out of the measurement data, we also extract the generated single-mode pair rate R,

as well as the efficiencies for a photon detection n; and 7y, where these depend on the
detector efficiency. We measure the rates R; and R, and calculate the coincidence rate

C. The parameters we are looking for are then given by

Ry =mRN. (3.43)
Ry = ma B3y, (3.44)
C = mia Ry, (3.45)
RSN = Nese,Hese, v ehopper Roatr (3.46)

with the escape probability of the two polarisations 7es /v and the chopper duty cycle
Tehopper- FOT Our source, we get a generated single-mode pair rate Rggfr = 7.2 x 10* %
and efficiencies 71 &= 9% and 1, =~ 18 %. The efficiencies include the detection efficiency of

the Excelitas [APDs The available photon-pair rate outside the resonator, including the
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Table 3.2: Comparison of different [SPDC|sources. dv: linewidth of the produced photons,
LN: Lithiumniobat

Author(s) [Ref.] ov (MHz) | material | wavelengths (nm) | RSN (22s)
Luo et. al. [100] 66 LN 532/890/1320 3 x 10
Tsai and Chen [101] 6.7 407 /852,780 1.06 x 10°
Niizeki et. al. [126] 2.4 LN 757/1514/1514 | 3.94 x 10°
Moqanaki et. al. [127] 10.9 426/852/852 4.7 x 10

Table 3.3: Fidelity and purity for the two Bell-states, which the source can produce.

with background correction || without background correction
state fidelity purity fidelity purity
(W) || 98.68(3) % 98.46(6) % 91.95(6) % 85.8(1) %
|[Ut) | 98.17(3) % 97.67(6) % 94.45(5) % 90.6(1) %
optical chopper, is RSM = 3.7 x 10% % With the maximum available pump power of

20 mW, 740 x 103 %irs with a bandwidth of about 13 MHz are thus available. Compared
to the previous version, we increase the photon-pair rate by a factor of 1.6. This is an
excellent value compared to other sources, as seen from table[3.2] A more complete

list and comparison is found in [125].

3.2.9 Polarisation entanglement

To verify the entanglement, we perform quantum state tomography. In the measurement,
we place one in each output arm of the source, followed by a set of a half-waveplate,
a quarter-waveplate and a linear polariser, the projection setup. The detector, an [APD]
is placed in each arm behind the projection setup. For a full tomography, 16 different
basis combinations have to be measured [128]. For each, we measure the two-photon
correlations. The signal is the sum of all events in a time window of £56 ns around the
maximum. The background is calculated as described in section [3.2.11], far away from the
maximum. Accidental coincidences from overlapping photons dominate the background.
This background increases with the pump power. We subtract the background from the

signal to specify the source performance and the maximal reachable state.

With the signal determined in this way, we reconstruct the density matrix via a maximum-
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Figure 3.11: Reconstructed density matrix for to different phase settings. ¢@ier = 90°
results in a |[¥~) Bell-state, a phase of ¢iyer = —90° results in a |[U) Bell-
state.

likelihood algorithm [129]. Using a maximum-likelihood algorithm ensures that the final
state is physical. Using a linear reconstruction, for example, could lead to unphysical
results. We then calculate the fidelity to a given state and the purity from the density

matrix.

The reconstructed density matrix for a [¥'~) and a |U*) state is shown in figure[3.11] For
a state with phase ¢ = 270°, the density matrix is later shown in figure ) Table

summarises the fidelity and the purity of both measurements. We generate both Bell-
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states with equal fidelity. The slightly different fidelities and purities of the two states

results from improper polarisation calibration and fluctuations in the state phase.

3.2.10 Signal-to-Background ratio

A critical number for all measurements including the source is the [SBR] because it in-
fluences the characterising variables of the experiments. Therefore, this section briefly
summarises the results from [72]. We usually perform time-resolved correlation measure-
ments between different photons in the experiments. The photons of the source show a
thermal distribution, which means the generation is probabilistic. Additionally, the res-
onator gives rise to an exponential decay of the photon time structure. The result is an

overlap of photons from different pairs. The amount of overlap compared to the observed
photon is defined as the [SBR]

The number of coincidences S in a correlation measurement, like the one of the previous
section, for a given generated pair rate R, in a time bin At for a measurement time of
T is given as

S = mneRpair (1 - B_At/27> T, (3.47)

where 7, and 7, are the detection efficiencies for the two photons. The exponential
resonator decay which determines the 1/e temporal width of the photon wave packets is
described by the /e time 7.

The total number of background events for a specific bin size At for the measurement time
T is given by the product of the number of detected events in both channels corrected by
the number of coincidences S. For low dark-count rates and large measurement times it
is given by

B =mn R AT (3.48)

Putting together the two equations (3.47) and (3.48) gives the

S 1—e
SBR= - = ————+— 3.49
B~ RaAt (349)

Figure [3.12) shows that it is possible to improve the for a given pair rate by reducing
the bin size At, but this goes at the cost of available coincidences. For the experiment,

we record the photon counts of the two output arms of the source and calculate the
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Figure 3.12: The and the coincidence rate are plotted in dependence of the coinci-
dence time window At. The data was recorded with a pump power of 20 mW.
We take the Poissonian noise of the measured coincidences for the error bars.
The theoretical calculations according to equation for the SBR and
equation for the coincidence rate are shown as a dashed line. The
photon pair rate Ry, is the only fit parameter.

signal-idler coincidence function for a variable coincidence time window At. When At is
equals to the /e width of the photon wavepacket, we reach an of about 30. For a
coincidence window that covers 99.97 % of the photon, the drops to value of about
10.

When designing a [SPDC]| source, the maximal reachable [SBR] can be tuned by the expo-
nential decay time 7. In the previous version of the source, there was an compensation
crystal inside the resonator to compensate for the birefringence of the conversion crystal.
By removing the crystal and shortening of the resonator, we reduce the time 7 and there-
fore increase the The mean linewidth is reduced from 7 = 17.8ns to 7 = 12.53 ns.
The [SBR] improvement is between a factor of 1.5 to 3, depending on the size of the

coincidence time window.
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3 PHOTON-PAIR SOURCE

3.2.11 Background correction for the photonic entanglement

measurements

The background explained in the previous section, resulting from the temporal overlap
of successive photons, together with the detector background is non-negligible. The mea-
sured quantum state properties will therefore deviate from the intrinsic values of the
source. In order to specify the best possible fidelity of our produced states, we have to ap-
ply some background corrections. For applications, the non-background corrected values
have to be used because the accidental coincidences, resulting form overlapping successive
photons, can not be avoided and give rise to an intrinsic limitation of sources.

Figure shows two typical correlation measurements for a polariser setting which
results in maximal correlation and one with minimal correlation. The red area around
zero in the time window At is the detected signal (C'). The background (B) is taken as
average over the same time window for values 7 < —150ns and 7 > 150ns (black area).
Subtracting the background from the detected signal will result in negative, unphysical
values. To avoid this, we use the background correction of [72]. We treat the background
as Poisson-distributed Pg. We assume that signal and background are independent. The
probability of detecting the signal C'is then the sum over all combinations with C' = B+.S.
With the assumption that all combinations have the same probability, we get the expected

value for our signal S as

(S) = Zgﬁ k| Clut) (3.50)
ZSzO PB(C - S)

This procedure ensures that the signal S is always positive and physical.

3.3 Summary

This chapter presents the design and characterisation of our photon-pair source based on
type-1I conversion in a[ppKTP|crystal. The generated photons at 854 nm have orthogonal
polarisation and are, in contrast to the previous version of the source, no longer degenerate.
This is no limitation for the experiments presented in this thesis and future experiments.
Through [QFC| as presented in the next chapter, the wavelength can be shifted to any
desired wavelength. The measured parameters of the source are a linewidth of dwy =
27-17.6(3) MHz and dwy = 27-12.0(2) MHz, as well as a finesse of F3 = 104(2) and Fy, =
152(3). The difference in the finesse, as well as in the results in a cluster structure
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Figure 3.13: Measured single mode ¢® correlation with a bin size of 1ns. Coincidences
are expected in the time window At around zero (red area). The black part
of the curve is treated as the background.

with approximately three modes, whereby around 58 % of the photons are generated
in the central mode. The usable single-mode photon-pair rate outside the resonator
is RM = 3.7 x 10* % With the maximum available pump power of 20 mW, we
can produce 740 x 103 %irs with a bandwidth of about 13 MHz. We characterise the
entanglement in dependence of the interferometer phase and get a mean fidelity of 98 %

with background correction (91 % without background correction) for both Bell states.

The presented and characterised source is then used in quantum network experiments
with a quantum frequency converter and a single trapped “°Ca* ion, presented in the

following chapters.
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4 Quantum communication

experiments without quantum node

The experiments of this chapter realise and characterise the distribution of entanglement
over various distances. As a resource of entanglement, we use the photon-pair source
described in chapter The source and the calcium ion operate in the near-infrared
regime at 854nm. A wavelength in the near-infrared is a significant issue for long-haul
entanglement distribution because fibre loss limits the entanglement rate. An unsuitable
wavelength is a common problem for most quantum systems. Many other state-of-the-art
quantum systems have also their interface transitions in the near IR or the visible regime
[18, 130, 131]. It is advantageous to use telecom regime wavelengths (1260 nm - 1625 nm)
to improve the transmission rate because the fibre absorption for these is minimal (see
figure . One remedy for the described issue is the use of quantum frequency conversion
(QFC) [52]. This technique preserves all properties of the photons except of the frequency,
which is shifted. By choosing the pump frequency, the target frequency can be determined,
which also enables the interconnection of different quantum systems, which without

would not be compatible due to different transition wavelengths.

The first section of this chapter will shortly describe the quantum frequency converter,
built by M. Bock from the Becher lab and operated by T. Bauer. A full description and
all specifications are found in the dissertation of M. Bock [70]. In section [4.2] we describe
the four different measurement setups we investigated and the results of the measure-
ments. The experiment of the last section (section uses the converter to demonstrate

entanglement distribution in a non-laboratory environment over a metropolitan fibre.

We published all results except the experiments with the metropolitan fibre in [75].
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Figure 4.1: Attenuation of a standard glass-clad silica fibre with low OH-content from
Thorlabs GmbH. Red line: Dy, — Ps/y transition in Ca™, green line: centre
of the telecom O band, blue line: centre of the telecom C band.

4.1 The quantum frequency converter

In the following section, we will briefly describe the important parts of the converter. First,

we summarise the key facts of the device, followed by a more detailed description of the

photon path through the converter. The setup is based on |Difference Frequency Conver-|
ision (DFG)|in a|[PPLN|waveguide [132]. To achieve[DFG| the photons at 854 nm are over-

lapped with a strong pump at 1904 nm. The waveguide then stimulates the conversion to

a photon at 1550 nm. This conversion process is strongly polarisation-dependent. A setup
in a Sagnac-configuration [133] [134] (see figure enables polarisation-independent con-
version. An additional benefit of this configuration is that all fields have the same optical
path; hence, no active stabilisation between the two polarisations is needed. Furthermore,

the configuration allows for bi-directional conversion with the same efficiency.

After the photons generated in our lab arrive at the converter, they first pass a bandpass
filter. Afterwards, they are overlapped with the pump light. Then, both fields are split
into the orthogonal polarisation components H and V on a [PBS An achromatic [ HWP)]

rotates the H-polarised component to V so that all beams have the same polarisation in the
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Figure 4.2: Schematic of the quantum frequency converter including the filtering and pro-
jection setup (adapted from [70]). The converter is set up in a Sagnac config-
uration. TDFL: Thulium-doped fibre laser, LPF: low-pass filter, BPF: band-
pass filter, VBG: volume-Bragg grating, DM: dichroic mirror, HWP: half-wave
plate, SNSPD: superconducting nanowire single photon detector, WP: Wol-
laston prism.

waveguide. The counterpropagating beams are coupled into the same waveguide, where
the conversion occurs. The converted 1550 nm photons from the original V-component
also pass the achromatic waveplate and are thereby rotated to H. Finally, all beams are

overlapped again on the initial [PBS| closing the Sagnac loop. The back- or unconverted

light is filtered out by |dichroic mirrors (DMs)|and a bandpass filter. The pump beam gets
separated by a second

The broad, intrinsic conversion background, which results mainly from anti-Stokes Raman
scattering[132, [135] [136], can significantly be reduced by a narrowband filtering stage.
This filtering stage consists of a bandpass filter (filter bandwidth of 12nm), a volume
Bragg grating (filter bandwidth of 25 GHz) and a Fabry-Pérot etalon (FSR= 12.5 GHz,
FWHM= 250 MHz). Spatial filtering happens by means of 10m of optical fibre. Alto-
gether, this leads to a background rate of 24s~! in front of the detectors.

27



4 QUANTUM COMMUNICATION EXPERIMENTS WITHOUT QUANTUM NODE

The external conversion efficiency, measured between the 854 nm coupler and the end of
the 1550 nm fibre, is 57.2 %.

4.2 Entanglement distribution over large distances

In the following experiments, we show the preservation of photon-photon entanglement
in four different settings. Except for the first, all setups include to bridge large
distances, and the last setup additionally includes back conversion to 854 nm, as depicted
in figure [£.3] From the two photons, the non ion-resonant one (480 MHz shifted) is
converted to the telecom range. We measured the entanglement for all configurations
with four different source pump powers (5 mW, 10 mW, 15 mW and 20 mW) and a state
phase of ¢ = 270°; due to the alignment of the source, it was not possible to use a phase
of ¢ = 0° or ¢ = 180° (see section [3.2.5).

4.2.1 Experimental setup

Setup a) The first experiment (figure 4.3p)) is for the characterisation of the source,
and it is identical to the setup of the previous chapter (chapter . We filter each output of
the source separately by a[FPI. A projection setup after the [FPI projects the photons.

Setup b) In the next setup )) we send the detuned photons through 90 m of single-
mode fibre to the labs of Prof. Becher, where we convert the photons to the telecom range.
The state tomography is then performed between a 854 nm and a 1550 nm photon. We
do not actively stabilise the polarisation of the fibre connecting the two labs because it

turned out that the drifts are slow, so a recalibration after 2 h is sufficient.

Setup ¢) The third setup (figure [4.3f)) includes 20 km of single-mode fibre between the
converter and the state detection stage. We wound the fibre onto a spool and put the spool
inside a temperature-stabilised enclosure, slowing down polarisation drifts. This passive
stabilisation and recalibration every hour was sufficient to maintain high polarisation
fidelity (> 99 %). This configuration shows the supremacy of the telecom wavelength
range. Sending light at 854 nm through this distance of fibre would result in an attenuation
of —70dB [137], which would make this experiment impossible. The converted light, in

contrast, experiences only an attenuation of —3.4dB [13§].
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Figure 4.3: Schematic of the different measurement setups (adapted from [75]). a) The
state is measured directly at the source. b) One photon is frequency-converted
and measured directly after the conversion. c¢) After the conversion, we insert
20 km of fibre. d) A retroreflector terminates the 20 km fiber and so the photon
is converted back to 854 nm.

Setup d) For the last experiment (figure [4.3[1)) in this series, we use the fact that the
converter is bi-directional, i.e., we terminate the 20 km fibre with a retroreflector pigtail.
By this, the light travels the distance back, gets converted to 854 nm and is then split by
a fibre beam splitter to guide the light to the detection setup in the photon lab. This
setup shows that our interface can integrate a quantum memory with transitions in the
near-infrared range like the Ca ion with communication through telecom fibres. Filtering
is only performed for the 854 nm photons. This enables us to remove the converter’s filter
stage and gain efficiency. Using the fibre beam splitter reduces the intrinsic efficiency to

25%. An optical circulator could improve the intrinsic efficiency by a factor of three.

For the 854nm photon detection, we use the Excelitas and the in the lab
of the AG Becher for the telecom photons, as described in section [2.6]
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4.2.2 Polarisation control

For the measurement, we must first calibrate the polarisation rotations in both paths
from source to projection. Depending on the setup, this includes the converter and the
fibre link. We deterministically generate photons with linear (H) polarisation by blocking
one pump direction of the interferometer. Additionally, we insert a quarter-wave plate in
the outputs of the source, rotating the polarisation to R. We then perform single-qubit
tomography with the detection setups with four different projection settings for each
input polarisation. From this, we calculate the rotation matrix M, which is applied to

the projection bases and transforms them accordingly.

4.2.3 Results

We perform quantum state tomography for all setups and pump powers and calculate
the fidelity and purity of the reconstructed density matrix. A density matrix for each
measurement setup, for a detection window of At = 57,6an and a pump power of 20 mW,
is shown in figure 4.4, We use the recorded counts directly to calculate the (see
section . Thus, we summarise the coincidences for the HH, HV, VH and VV
measurements and divide it by four times the mean background. Figure |4.5 show the

summarised results.

The coloured dot-dashed lines in figure show the background corrected results (see
section [3.2.11]). These fidelities represent the best possible value for each configuration.
The deviations between the different measurement setups result from different polarisation
calibrations and drifts of the polarisation during the measurements. We use these values

to calculate the expected theoretical fidelity for a given pair rate according to [72]

L+ Fy/onc - SBR

F=(Up[¥) ="—F"cmm

(4.1)

We show the result as a coloured dashed line. All measurements are near to their theo-
retical boundary. For a given pump power of the photon-pair source, we see only a slight
deviation (within the error bars) between the different configurations. This result indi-
cates the high process fidelity of the converter itself. Polarisation drifts of the included
optical fibres and fluctuations of the photonic state phase explain the deviation of the

measured fidelities between different configurations.
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real part imaginary part

(a) [SPDC]| source

real part imaginary part

(b) ISPDC|source with conversion

real part imaginary part

(c) ISPDC]| source with conversion and 20 km of fiber.

real part imaginary part

(d) [SPDC|source with back conversion including 40 km of fiber.

Figure 4.4: Each subplot shows a density matrix, which corresponds to one measurement
setting. The evaluation is done for a detection window of At = 57 ean and a
pump power of 20 mW
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Figure 4.5: Measurement results for and fidelity for two selected detection windows.
The coloured dot-dashed lines in the fidelity plots represent the background-

corrected fidelity for the four different settings, whereas the dashed line is the
theoretically best possible fidelity calculated from the non-background cor-

rected fidelity. The black dashed line in the [SBR] plots shows the theoretical
expectation. The error bars for the fidelity are based on a Monte Carlo simu-

lation, and the error bars for the [SBR] take Poissonian noise into account.
The chosen time window for plots a) and b) is 1.57pean. For the last two plots,

the time window is HTean-
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Figure 4.6: Detected coincidence rates for a detection window of At = 1.57ean and At =
STmean for the four different measurement settings.

Table 4.1: Efficiencies of the individual components of setup d).

part ‘ efficiency ‘ total efficiency

Fiber-fiber couplings 76 % 76 %
Fiber-BS (2x) 50 % 25%
Transmission 854nm fiber (2x) 87 % 75.7%
Conversion (2x) 57.2% 32.7%
Transmission 20km fiber (2x) 42 % 17.6 %
Retroreflector 87 % 87 %

Overall: source output to APD 0.7%
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4 QUANTUM COMMUNICATION EXPERIMENTS WITHOUT QUANTUM NODE

We calculate the black dashed line for the plot from equation for the given
pair rate. The error bars of the measured [SBR]is calculated by taking Poissonian noise
into account. If we take more of the photonic wavepacket into account, the SBR] decreases
because more of the temporal shape of the photons overlap. Due to the lower [SBR] we
also see a slightly decreased fidelity. The measured coincidence rate for all pump powers
and the different measurement settings are shown in figure [£.6] The numbers fit well with

the measured efficiencies of the different setup components, summarised in table 4.1}

In summary, the measurements show the preservation of the entanglement with high
fidelity through one or two conversion steps and distribution over up to 40 km of optical
fibre. The adds low noise to the generated photon pairs and thus enables the
experiments in the next chapter, where we show a proof-of-principle demonstration of
a quantum photonic interface connecting a quantum network node based on a °Ca*

single-ion memory.
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4.3 Metropolitan fibre experiments

In the following section, we will show the preservation of photon-photon entanglement,
this time between two remote stations, separated by 14 km of metropolitan fibre. We
place the detection setup at the [HTW] The route of the fibre through the city is shown in
fig (a). The fibre runs under and over the ground and has several splices and patches,

as seen from an |[Optical Time Domain Reflectometry (OTDR)| measurement (see figure
(b)) The overall damping is approximately 11.5dB. Measurements have shown, that

an active polarisation stabilisation is needed.

4.3.1 Polarisation stabilisation

For stabilising the polarisation over the metropolitan fibre, we use two reference lasers at
1550 nm with orthogonal polarisations (H and D). First, the beams from both lasers are
combined into a single fibre. Then, they are coupled via the 1 % input of a 99:1 beam
combiner into the metropolitan fibre. The 99 % input is used for the photons. At the
end of the fibre, we install an in-fibre piezo-controlleif| to compensate for the polarisation
drifts of the fibre. The polarisation controller is then again followed by an optical switch,
which guides either the photons to a polarisation projection setup similar to the already
presented ones and a set of or the reference lasers to a polarimeter. A schematic

of the setup is shown in figure [4.8

Measurements without stabilisations have shown that the polarisation in the fibre is only
stable for a few minutes due to environmental effects. Therefore, we decide to limit the
measurement time to 30 s. After this time, we restart the stabilisation process. If the start
value of a stabilisation process is too bad, we register it so we can discard the previous
measurement. The stabilisation process works as follows: We activate both switches to
route the lasers to the polarimeter. Then we switch on the first laser and run a gradient
descent algorithm on the piezo controller to optimise the first polarisation. The algorithm
stops if a certain threshold is reached or after 100 optimisation runs. Limiting the number
of runs ensures that the other polarisation stays relatively high. After the optimisation of
the first laser is finished, it is switched off, and we send the second polarisation, repeating
the optimisation. We repeat the procedure until both polarisations are above a specific

threshold, resulting in a compensated, stable polarisation rotation over the fibre.

1PolaRITE III PCD-M02-854
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(a) Map of Saarbriicken with the route of the metropolitan fibre (red line). Bilder
©2023 AeroWest,CNES / Airbus,GeoBasis-DE/BKG,GeoContent,Maxar
Technologies, Kartendaten (©)2023 GeoBasis-DE/BKG ((©)2009), Google.
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Figure 4.7: Route and fibre attenuation of the metropolitan fibre. The attenuation, is
plotted in dependence of the distance from the [UdS] The jump in attenuation
at around 7 km is probably a lossy fibre-fibre connection.

66



‘ 4.3 METROPOLITAN FIBRE EXPERIMENTS

e
from converter

K |H > 99:1 beam
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YayP beam combiner
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Figure 4.8: Schematic of the fibre stabilisation. Two lasers with polarisation H and D are
send via the 1 % input of a 99:1 beam combiner through the metropolitan
fibre. After the fibre, the polarisation can be adjusted via an in-fibre piezo-
controller. Afterwards, another optical switch guides the light either to a
detection setup or to a polarimeter.

After the polarisation over the metropolitan fibre is stable, we must calibrate the polari-
sation rotation on the whole path from the source to the detection setup at the [ HTW] We
switch back to single photons from the source and perform single qubit tomography, as
described earlier. Drift on all fibres except the metropolitan one show slow polarisation
drifts. In order to still achieve stable polarisation over the entire distance, we run an
optimisation of the polarisation of the metropolitan fibre between each basis combination

of the tomography.

4.3.2 Results

We verify the entanglement by performing a quantum state tomography. We use a similar
setup as in the measurement of the previous section. Instead of the 20 km fibre spool,
we now connect the metropolitan fibre to the HTW] The filtering and projection setup is
identical to the one we used in the previous experiments. Because of a different alignment

of the source, we now use the |¥~)-Bell state. We measure 16 basis combinations but run
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real part

imaginary part

Figure 4.9: Not background corrected, reconstructed density matrix for the entanglement
measurement over the metropolitan fibre and a detection window of At =

DTmean. We use a pump power of 15 mW.

Table 4.2: Fidelity and purity over the metropolitan fibre for different detection windows.

with background correction || without background correction
state At fidelity purity fidelity purity
1.5Tmean || 96.9(3) % 94.8(5) % 93.3(4) % 88.3(7) %
[W=) || BTmean || 96.6(2) % 94.1(4) % 90.9(3) % 84.3(5) %

a polarisation optimisation after each projection set. The setpoint for the polarisation

stabilisation is a fidelity of 99 %.

A maximum-likelihood reconstruction reveals the density matrix shown in figure

From the density matrix, we calculate the fidelity and the purity. The results for different

detection windows At are summarised in table [4.2]

A background corrected fidelity of 97% compared to 98 % without conversion and

metropolitan fibre is a clear sign that the stabilisation is working as expected and the

polarisation drifts of the fibre can be compensated. Compared to the measurements

shown previously, the missing fidelity is explained by some inaccuracy in the rotation

matrices or fluctuations of the polarisation between two stabilisation steps.
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4.4 SUMMARY
4.4 Summary

This chapter presents the distribution of entanglement in different settings with distances
of up to 40 km, including a metropolitan fibre of 13 km. The entanglement is well preserved
in all settings. Except for the metropolitan fibre, we reach the theoretical maximum
possible fidelity. The causes of losses are well known, and solutions for improvements will
be implemented where possible. For example, lossy fibre-fibre couplings are gradually

replaced by splices.

The fluctuations of the polarisation over the metropolitan fibre are a considerable chal-
lenge for polarisation qubits. The presented approach already shows a good performance.
Stabilising the polarisation every 30s is sufficient to reach background corrected fidelities
over 98 %. The additional time for a stabilisation step is only a few seconds, thus negli-
gible. Nevertheless, we are testing different stabilisation methods; for example, it might
be possible to use two different wavelengths, one above and one below 1550 nm. If there
is no cross-talk between the wavelength channels and the wavelength dependency of the

drifts can be predicted, then the stabilisation could run continuously.

The experience gained in the experiments in this chapter is used in the ion experiment to

realise quantum state teleportation in three of the presented settings.
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5 Quantum communication

experiments with a single ion

In the previous chapters, we presented the characterisation of the photon-pair source, the
preservation of entanglement in the process, and the distribution of entanglement
over large distances. In this chapter, we show the use of the photon pair source and the
gained knowledge in different quantum communication experiments with a single ion as a
quantum node. The goal is the entanglement transfer from photon-photon entanglement
to ion-photon entanglement over the metropolitan fibre. To achieve this goal, we had to
investigate two simpler experimental setups: the direct detection of the partner photon
at 854 nm and detection in the labs of Christoph Becher, including The final setup
includes [QFC] the metropolitan fibre and the detection at the

In the first section of this chapter, we describe the protocol used for the entanglement
transfer and the quantum state teleportation. The teleportation measurement, which is
based on previous works of our group [16] [72], 82], will be presented in detail in chapter
6l In the following section (section [5.2)), we show characterisation measurements used to
determine the coherence time of the ion and the 393 nm detection efficiency. In the first
experiment, which we describe in section we use weak laser pulses instead of single
photons to characterise the protocol and the newly implemented back-reflection stage. In
the initial protocol, it was only possible to detect two out of four Bell states. The newly
implemented back-reflection stage enables the detection of the missing two Bell states. In
the following section (sec. , we present the entanglement transfer from photon-photon

to ion-photon entanglement in three different settings.

We published the measurements for the entanglement transfer and the teleportation (see
section |6.3) with detection at 854 nm in [76].
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Figure 5.1: Relevant atomic energy levels and transitions for the used protocol. The teal
circles at the |£5/2) , states indicate the initial superposition and the starting
point of the protocol. An incoming 854 nm photon excites the ion to the short-
lived Py, state, from where the ion decays to the Si, ground state in most
cases. The corresponding polarisations for absorption of an 854 nm photon
travelling along the magnetic field direction and for collecting a 393 nm photon
travelling against the magnetic field direction are depicted next to the arrows.

5.1 Protocol for the quantum state teleportation

In this section, we will describe the protocol for quantum state teleportation, which is also
used for the photon-photon to atom-photon entanglement transfer. The laser sequence
and the used levels of the ion are identical for both measurements. The protocol is first

verified by replacing the photon-pair source with a laser. In this case, we call it

istate transfer (LST)| The relevant levels of the ion and the corresponding transitions are

shown in [5.1]

The protocol starts with the preparation of a superposition of the outer Ds/» Zeeman
sublevels (see section 5.1.1])

|0)p = a|=52)p + Be® [43/2) jaf* +18]" =1 (5.1)

The phase factor ¢g consists of a constant offset due to the preparation and a time-
dependent part wrt, resulting from the Larmor precession with frequency wy. The Larmor
precession results from the energy splitting of the Zeeman sublevels. In the case of the[LST|
and the entanglement transfer we have a = = 1/v2. For the teleportation measurement,
we want to teleport an arbitrary state out of the ion. Therefore, the coefficients vary. We
validate the protocol with « =0, =1, aswellasa=1,=0and a =3 =1/va.
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delay 80ns

B
—

729 nm APD |V)393

Figure 5.2: Setup of the ion. The 854 nm photons are focused onto the ion with the [ HALO|
Non-absorbed photons are split from the 393 nm photons via a dichroic mirror,
are collected with asingle-mode (SM)|fibre and are sent back with a total delay
of 160 ns.

If the electron is in the Ds/, state, the ion can absorb incoming photons at 854 nm; it is
the so-called receiver mode. The state of the incoming photon expressed in the circular
basis |R) ,|L) with amplitude factors v and § if]]

[W)gss =7 [R)gss + 0 | L)gsy |’Y|2 +|5|2 =1 (5.2)

We focus the photons with the first [HALO] onto the ion along the magnetic field axis. We
refer to a propagation direction along the magnetic field direction as first passage. The
initial version of the protocol had only this first passage, and the new part is a second
passage. If a photon is not absorbed, we collect it and send it back with a time delay of
160 ns. The delay allows us to distinguish between the two passages because the time of
a coincidence between 854 nm and 393 nm photons is different. In the second passage,
we use the second [HALQ| to focus the photons again onto the ion. Figure [5.2] shows the
setup of the ion part of the experiment. The difference between first and second passage
is that now the photons counter-propagate to the magnetic field direction, which changes
the transition-polarisation mapping. Normally, the atom is described in a stationary
spherical system (z2(®), (@) 2(a%)) whereas the photon is described in a moving Cartesian
coordinate system (2", y®" »(Ph))  The relationship between both coordinate systems
is shown in figure 5.3} In the following, we will briefly describe how the polarisation of
photons map to an atomic transition. The applied magnetic field defines the quantisation

axis of the ion. Therefore, we fix the z(*)-axis of the atomic coordinate system to be

IThis is an abbreviated notation for a one-photon state in which we have also assumed post-selection
of a successful event.
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at)

A

2

Figure 5.3: Relationship  between the atomic (2(®), y(@) »(@)) and  photonic
(:v(ph), y®Ph) o ph) red) coordinate systems. The photonic system is ro-
tated with respect to the atom system by the angels ), and ¢j. The 2(%) axis
points in direction of the wave vector & (blue) of the incoming photon. The
2(Ph) axis is defined by the quantization axis defined by an external magnetic
field. The unity vectors of the helicity base are shown in teal.

parallel to the magnetic field axis B = (0,0, B). We choose the z("")-axis of the photonic
system to be collinear with the wave vector k of the incoming light. Therefore, in general,

the photonic and atomic systems are rotated by the angles ) and ¢y to each other (see

figure .

We must transform one coordinate system into the other to describe the interaction. With

the basis vectors of the helicity base

1
1
e, + iey) =—F11i (5.3)

1
€+1 :_E(
0

[\

\/_
1 1 !
e = 7 (e, — iey) = 7 z)i (5.4)

(5.5)
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we write the transformation between photon and atom base as [139]

. 0 a in (0 a i 0 a

eﬂl) = ¢'% gin? (g) e(_f) + Slri/(ik)e(() Y4 eI cos? (f) eg—f) (5.6)
. 0 a in (6 a i : 0 a

e(_pf) = €% cos? (5]6) e(_f) - Slri/%k)e(() Yt e sin? (§> eif) (5.7)

or for the opposite transformation direction

o 6 (8
esrf) = ¢lox <c052 (f) eﬂo — sin’ (gk) e(pp> (58)
a i : 4 0
e(,lt) = e 1% (sm2 (Ek> egflh) + cos® (f) e“@) . (5.9)

For our setup, we always work in the table plane, which means the elevation angle ¢
always equals zero. The azimuth angle, defined between the direction of the magnetic

field and the photon wave vector, changes depending on the passage.

For the first passage we have 8, = 0, which gives us

eﬁhl = egflt) (5.10)
e = el (5.11)

Therefore, for the first passage, we have the direct translation
| R)g50 — Odsa [ L)ss54 = Ossa (5.12)

of the photon polarisation to the atomic transition.

For the second passage we have 6, = m, which gives us

et = el 5.13)
e = el (5.14)

which translated to
|R)gs4 — s34 |L)gsq — Ogss - (5.15)

After the absorption, the ion is in the exited, short-lived P, state. There are three
possible decay channels. With a probability of 93.47 % the ion decays to the Si, ground
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state, emitting a photon at 393 nm in the state |¢);95. The detection of this photon
heralds a successful absorption of the 854 nm photon. In the protocol, we only take
heralded events into account. With a probability of 0.66 %, the ion decays to the D/,
state and with a probability of 5.87 % back to the D5/, state. In the first case, we get no
herald, which lowers the efficiency of the protocol. In the second case, another photon
can re-excite the ion. According to [72], this lowers the fidelity of the protocol because
all following absorptions lead to an incoherent contribution to the final state. Depending
on the absorption rate, the fidelity loss is between 0% (low number of absorptions) and
3% (large number of absorptions). With our photon pair source, we are in the range of
0.3 % fidelity loss, due to back decays.

The heralds are collected in the opposite direction of the magnetic field for both passages.

Applying the above formalism, we see the mapping
[ R) 393 = 0303 L) 393 — 0303 (5.16)

between transition and polarisation.

The described process is summarised in one Raman process operator for the first passage
199]

~ 1st

Rgsap = L) 395 1=Y/2) g (Rlgsy (—5/2] + [ R) 595 [+1/2) g (Llgs, (+5/2| (5.17)

and one for the second passage

N 2nd

R854,D = |L>393 |_1/2>S <L|854 <_5/2|D + |R>393 |+1/2>s <R|854 <+5/2|D (5.18)

Similar to the initial state (equation ), the final ground state superposition oscillates
with the corresponding Larmor frequency. However, this time dependence does not affect
the protocol, which can be explained in the following way. We stabilise the magnetic field
so the Larmor frequency is constant. Therefore, the detection timestamp of the herald
determines the phase of the Larmor precession at the moment of absorption. This phase is
then taken into account in the data evaluation. In principle, it is also possible to correct
the phase. To this end, the phase must be calculated in real-time, and the reference
oscillator has to be shifted by this value. The experiment control we use does not allow

this calculation, but the future version should have this feature.
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1 1
]—%>S|+2>s ]—%>S|+2>s
(a) (b)
Figure 5.4: Pulse schema for the generation of a coherent superposition in the Dy, state.
(a) The sequence start with the electron in the [Si,,m = —1/2) ground state.

(b) The following RF 7/2-pulse creates an equal superposition. (c¢) Two sub-
sequent m-pulses at 729 nm creates the superposition in the outer Ds/, states.

5.1.1 Pulse sequence

We must translate the previously described formalism into a sequence of laser pulses to
run the experiment. In table [5.1] we summarise the pulses and their timings. The
uses weak laser pulses instead of single photons within the exposure window. The strength
of these pulses is adjusted so that, on average, there is less than one absorption per pulse,

ensuring that we see the effect of the second passage.

The sequence starts with 200 ps Doppler cooling with the 397 nm laser. The 866 nm laser
is used for repumping the population out of the Ds/, state. Driving the |Si,, m = +1/2)
to [Dssp,m = —%) transition at 729nm together with an additional 854 nm laser results
in frequency-selective optical pumping to the |Sy,, m = —1/2) state. Optical pumping is
performed for 162 ps. In the case of the teleportation measurement, we then wait for an

open window of the source-chopper to continue.

After the trigger from the source electronics, we generate a superposition of the ground
state by applying an RF 7/2-pulse, see also figure ) Two subsequent m-pulses at
729nm create the intended superposition in the outer Ds, levels (figure [5.4f)).

After creating the superposition, we start the exposure to 854 nm photons and open the
gates for all detectors. Additionally, we keep track of the time 7 between the exposure
start and the detection of a herald. In the case of the the laser pulses start at a

random delay within the window.
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Table 5.1: Timings of the different pulses and detection windows in the teleportation

sequence.
o
5 o 3
o) = =
= = Z| B
o0 o @ [ ) e
a0 .S =
z | £ E 5 2|8 2
8 g = ] & ®
S = 2, = ol 3| =2 =
- A < ol e IS 2
g =2 2 s | o ¥ 5 s
S - 2 Z E|E] 2 =
S & = B ®E| B A,
200ps | 162pus | 3 x5pus | 350 s S5ps | 2 x (10ps + 50 ps)
397 nm laser
866 nm laser
729 nm laser
854 nm laser
RF-coil ™ /2, O
854 nm photons | | IHEE Bl | ] ]
393 nm APD
397 nm PMT
854 nm APD

If we detect a 393 nm photon, we abort the waiting, stop the watch and apply an RF =«
spin-echo pulse. Then, we wait 7¢ = 3 X 7p in order to wait for re-phasing. The factor of
three comes from the differences in the Larmor frequency between the Ds/, and the Si,
state. After the spin-echo waiting time, we apply an optional RF 7/2-pulse. This pulse

closes the spin-echo sequence and rotates the state for a tomography measurement.

Finally, we perform the projection and state readout. For this purpose, we first shelve the
population of the |Si,, m = —1/2) state to the |Ds/,, m = —3/2) state and perform fluores-
cence detection. Then we shelve the population back and perform another fluorescence

detection.

Triggering the spin-echo pulses directly by detecting a 393 nm photon is impossible with
our electronics. Therefore, we check every 500 ns whether absorption has occurred. The
loop time is chosen as an integer multiple of the difference between the two Larmor

frequencies. This way, we avoid fractional phase accumulations.
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5.1.2 Expected efficiencies

In the following section, we will shortly discuss the different contributions to the efficiency
of the protocol. The main limitations of the protocol are the absorption efficiency of the
854 nm photon and the collection and detection efficiency of the 393 nm photon. Other
parts of the total efficiency are the internal efficiency of the scheme itself and losses of the

different components together with couplings to optical fibres.

Absorption efficiency of the 854 nm photons: The emission pattern of the ion
has a dipole form. The in front of the ion only collects a fraction of this pattern.
Taken into account the solid-angle of the we obtain an overlap of 7, = 6 % for the
o-transitions [89]. We send the photons via optical fibres to the trap, whose beam profile
is, to a good approximation, Gaussian. The ion only accepts light within its dipole pattern
from which only a part is covered by the [HALO] If the beam waist of the incoming beam
fits the radius of aperture of the[HALO] the overlap of the incoming light with the fraction
of the dipole pattern is estimated as sy ~ 40 % [84]. The oscillator strength, given by
the Einstein coefficients Agsq/T" = 5.87%, is the third contribution to the absorption
efficiency. Hence the maximal reachable absorption efficiency is

Agsy _3

Tabs854 = TISM o~ = 1.41 x 10 (5.19)

Collection and detection efficiency of the 393 nm photons: The heralds are
collected via the second [HALO] and are projected via a Wollaston prism. Finally, we send
them to a free-space with a quantum efficiency of napp 303 &~ 55 %. Losses are much
bigger in the blue wavelength range, and we expect them to be in the range of 10 %. So

the detection efficiency for the blue photons is

Ndet,303 = NoT)APD,393Moss,393 = 2.97 %0 (5.20)

Internal efficiency: As mentioned earlier the branching ratio of the P, state plays
an essential role for the protocol. The first part of the internal efficiency is therefore

Nevertheless, without the second passage, the main contribution comes from the fact that
the ion only absorbs 50 % of the incoming polarisation. The second passage enables us to

recover this 50 % for an ideal setup. To show this, we expand the Raman process operator
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for the first passage (equation (5.17))) and second passage (equation ([5.18))) by a term for
the unabsorbed photons:

O}BSD = RBD + [R) g |+5/2) p (Rl (52 p + [ L) g |=5/2) p (Ll (/2[5 (5.21)

A 2nd

Opp = RB o+ |R) g [=%2) p (Bl (=52l p + [L) 5 [+/2) p (Ll g (+7/2] (5.22)

We start the derivation with the absorption of a photon in state |¥) (equation (5.2))) from
the ion in state |¢) (equation (5.1)). The joint state of the system is

|4) = 19) |¥) = oy [R) g [=5/2), + Be“P'y [R) 5 [+3/2)

| (5.23)
+ad|L) g |=5/2) p + B PO L) g |+7/2)

on which we apply the Raman operator for the first passage. The result is an absorbed

and an unabsorbed part of the form

AT iw
OB,D |A) = a7 ’L>393 ‘_1/2> + fe“rts ‘R>393 “"1/2)5;
—I\P>

. o (5.24)
+ G B)p [+5R)p + a0 | L)g | )y

—|‘1’>

nonabs

We directly calculate the absorption probability from the absorbed part by projecting the
herald and the ion. The teleportation measurement schema describes the details (section
. We get the four combinations

(| (H[9) ops = % (a’y + Bei“’Dté) (5.25)
I ) (5.26)
(= (H|9) ops = 212 (ow - 56"””5) (5.27)
(=1 V1) s = % (av + Be"”Dté) (5.28)

The absorption probability for the first passage is then given by
st
P;bs :|<+| <H|¢ abs| +| +| V|¢ abs| +| H|¢ abs| +| _| V|¢>abs|
1 )
=3 (’a'y + Be“"Dt(S )

- ’a'y — Bent§
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= o’? + B*? (5.29)

The equation shows that we get a maximal achievable absorption probability of 50 % for

the superposition with a = g = 1/v2.

For the second passage, we apply the corresponding Raman operator and get the output

state

~ ond

OB D |¢>nonabs ad |L>393 |_1/2>s + 5@ith7 |R>393 |+1/2>S (5.30)

The equation shows that the photon will be absorbed in the second passage, no matter
the Larmor phase or time delay between the first and the second passage. Finally, we

project the herald and the atom and get the four results

(+ 10}, = 5 (a6 + Gent) (5.31)
([ (VD) s = 212 (—oaS + /6’6“”"57) (5.32)
(~1 {H10) g, = 5 (28— et (5.33)
(| (V16 = 5 (a6 + B0 (5.34)

The absorption probability for the second passage is then:

PaQ;;d ‘<+| <H|¢ nonabs‘ +‘ +| V|¢ nonabs‘ +‘ _l H|¢ nonabs‘ +‘ _| V|¢>nonabs|
= % (aé + Bepty +‘oz(5 — ety 2)
= a?0? + §*y° (5.35)

We again get an absorption probability of 50 % for the equal superposition. In total, we
get an absorption probability of

p=pPp2 (5.36)

abs abs

and by that, double the intrinsic efficiency of our protocol.

For the actual experiment, the efficiency of the back-reflection part is limited by the
collection efficiency of the fibre coupling. The second [HALQ]is placed for the optimal col-
lection of the heralds. However, we also use it to collect the transmitted 854 nm photons.

This shifted position cuts the beam and leads to some aberrations, which reduce the fibre
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coupling efficiency. The maximal reachable fibre coupling from the second to the

fibre is NraLo/sber = 40 % and enters twice into the efficiency. We use a partially trans-

mitting mirror (R=98 %) as a retroreflector which is pressed to a [physical contact (PC)|

fibre connector end. This gives an efficiency of ngg = 90 %. Together, we get a total

efficiency of the back-reflection part of

Tback = 7712{ALO/ﬁber77BR =14.4%. (5.37)

The total protocol efficiency is therefore expected to be

A A _
Mtotal, 18t = ’OSM%% 0-5% No71APD 3937 oss, 303 A 1.96 < 10 ° (5.38)
T 393
internal
A A _
ntotaLQnd = 775‘M77<7%54 nback% 770”APD,393771055,39§ ~ 5.64 x 10 6 (539)
854 internal 3‘&)’

5.2 Characterisation measurements

Two characterisation measurements are performed before each experiment to check for

the best performance.

Ramsey experiment: The first measurement quantifies the magnetic field fluctuation
and, by this, the coherence time of the ion in the Ds/, state. For reference, we also repeat

this measurement without the 729 nm pulses. The sequence is the following:

1. We start with optical pumping to the [Si,, m = —1/2) state and apply an RF 7/2-

pulse afterwards. The pulses create an equal superposition in the ground state.

2. Two subsequent 7-pulses at 729 nm transfer this superposition to the outer Ds,

Zeeman sublevels.

3. After a certain waiting time, which is our scanning parameter, we transfer the

population back to the Sy, state with two m-pulses at 729 nm.
4. Then we apply a spin-echo RF 7 pulse and wait three times the scanning parameter.

5. After the rephasing, we apply the second RF 7/2-pulse with a variable phase offset

which finishes the Ramsey sequence.
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Figure 5.5: Visibility of the RF and 729 nm Ramsey measurement. The black dots are
the measurement values, and the black dot-dashed line is a Gaussian fit to the
data. The blue values correspond to the 729nm visibility, and the blue dashed
line is a Gaussian fit. From the fit we extract the /e visibility to be 13.79ms
for the RF and 2.67 ms for the 729 nm measurement.

6. Finally, we perform state projection on the Si/, state using the previously described

electron shelving technique with fluorescence detection.

We scan the phase between 0° and 360° for every waiting time in the excited state. From
the resulting fringe, we extract the visibility. Figure [5.5| shows a typical result. From a
Gaussian fit, we determine the coherence time [140]. The /e coherence time for the 729
nm Ramsey is 2.67ms and for the RF Ramsey it is 13.79ms. The plot shows that the
curves do not start at 1. We identify imperfections of the 7 pulses at 729 nm, resulting
from power fluctuations and sidebands in the laser spectrum, as the main reason for this.

The pulse efficiency of the 729 nm pulses is typically in the range of 98 %.

The plot shows that the 729 nm visibility is almost constant in the range between 0 and

500 ps. The exposure time in the experiments is within this time range.

393 nm detection efficiency: The second measurement determines the detection ef-

ficiency of the 393 nm photons, which includes the detector efficiency, the collection
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efficiency of the and losses in the optical components. After the Doppler cooling
we apply a 729 nm m-pulse on the |S,, m = —1/2) to |Dsj,,m = —5/2) transition. After
that, we switch on the 854 nm laser. The pulse is chosen long enough that we ensure
the generation of a 393 nm photon. The 393 nm is projected and detected, as in the
measurement, protocol. To calculate the efficiency, we compare the number of detected
393 nm photons with the number of generated photons. The number of generated pho-
tons is given by the number of preparations and the photon generation efficiency. We get
an efficiency of 1.61 %, which contains the collection efficiency, all coupling efficiencies,

transmission losses and the quantum efficiency of the detector.

5.3 Laser state transfer

As proof of principle measurement of the newly implemented back-reflection part, we first

perform a laser state transfer[I8| with 854 nm laser pulses instead of single photons.

5.3.1 State reconstruction

We verify the photon-to-atom state mapping by sending light with fixed polarisation
{|H),|V), |D),|A),|R), | L)} and performing quantum-state tomography of the
atomic ground-state qubit for each of these input polarisations. Out of the data, we can

reconstruct the atomic quantum state with the method described below.

We describe the atom in the basis { | =) = | Sijp,m = —=1/2), | +) = | Sip,m = +1/2) }.

The density matrix in this basis is then

) a
p=al=)(=[+BH) FH+v[=) FH +rx[+H) (-] = (5.40)

vE B
and is reconstructed by two measurements. In the first measurement, we get the diagonal
elements by projecting on the eigenstates |[4+) and |—). The second measurement projects

the ion onto the superposition state

w@) = (1= +* 1) (5.41)

The superposition state is produced by the mentioned optional RF 7/2 pulse after the

spin-echo waiting time and before the projection. As explained earlier, phase ® consists

84



5.3 LASER STATE TRANSFER

of a constant and oscillating part. The oscillating part A® is determined by the product
between the effective Larmor frequency and the time difference between the preparation
of the superposition in Ds, and the detection of the 393 nm photon. The effective Larmor
frequency is measured independently, and we perform spectroscopies of all relevant tran-
sitions between different measurement runs. A phase histogram of all detected events for
each polarisation reveals a sinusoidal curve, which gives the probabilities for each phase

difference

Fitting the described phase histogram by a sinusoidal function

14 Vsin (A® — dy)
2

P(V,Ad, &) = (5.42)

gives the visibility V' and an offset phase ®,. The phase difference and superposition
phase are related by A® = & + 7/2. We then rewrite (5.42) to

1+ Vecos (P — D)

P(V,(I)7CI>0) - 2

(5.43)

Putting together the probabilities at & = 0 and ¢ = 7/2 and the expectation values of the
density matrix gives
a+p a+p

(W) pW(0) = ——+R(y)  and  (W(72)|p[¥(2)) = —

+S(y) (5.44)

Using the fact that the trace of a density matrix equals one gives us

3= W) +18(7) = 5 exp (i) (5.45)

Fitting a sinusoidal function to binned data leads to an intrinsic reduction in visibility.

To take this into account, we use an adjusted fit function of the form

VN 1
P(V,®,®p) = ——sin  — ) sin(A® — dp) + - (5.46)
2w N 2

with the number of bins N, in the corrected data.
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Figure 5.6: Measurement results for the for first and second passage. The first row
is without RF 7/2 pulse and thus the projection to the eigenstates. The other
rows show the oscillations due to the Larmor precession. Second row: green
|H) / blue |V'), third row: red |D) / black |A), last row: magenta |R) / yellow
|L).

86
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5.3.2 Results

The results for the measurement are shown in table [5.6] where the probability to detect
the ion in the [Si,,m = +1/2) state is plotted. The left column shows the data for the
first passage, and the second column for the second passage. We set the phase offset for
the | H) polarisation for the first passage, as well as for the |V') polarisation for the second

passage, to zero. We then use these common offsets for the remaining evaluations.

The first row shows the projections on the eigenstate without the RF pulse. This mea-
surement gives us the diagonal elements o and /3 of the density matrix in equation (5.40)).
For the linear input polarisations, the values are close to the ideal value of 50 % and for

the circular polarisations near zero and one, respectively.

The other rows are for the different orthogonal pairs of input polarisation and show
oscillations with the Larmor phase. We extract the off-diagonal element + from these
measurements in the superposition basis. The solid line shows a fit to the data and gives
us the visibility V' and the phase offset ®(, which are listed in table of the Appendix.
Orthogonal polarisations show a phase shift of ~ 7 where between the different sets
of polarisation, we see a phase-shift of ~ 7/2. We get a mean visibility for all linear
polarisation fringes of 91.9 % for the first and 87 % for the second passage. The circular
polarisations show a residual oscillation with 14.7 % for the first and 6.75 % for the second
passage. We do not expect any oscillation for the circular bases in the ideal case. The
existence of oscillations in these is explained by a slight rotation of the input polarisation

to the atomic reference frame and the polarisation effects of the optical elements.

The plots for the orthogonal polarisation projection of the 393 nm photons are found in

figure of the Appendix.

From the above-shown probabilities, we reconstruct the process y-matrix [I4I] via a
imaximum-likelihood (ML)| algorithm. Using a algorithm has the advantage that

the resulting density matrix is physical, which is not necessarily the case if one uses a

linear reconstruction on noisy data. The resulting matrices in the {1, 0,,0,,0, } for the
different projection settings and both passages are shown in figure [5.7 We identify the
process fidelity as the value of the maximum peak and summarise the values in table
b2

Some further investigation for explaining the reduced visibility of the fringes and the

reduced process fidelity will be given in section [5.4.4]
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x|
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(€) |V)3g3.first (d) |V)493,5econd

Figure 5.7: Reconstructed process matrix for the four different projection settings. (a)
shows the projection of the 393 nm photon to H for the first passage and (b)
for the second passage. Subfigure (c) is the projection of the 393 nm photon
to V for the first passage and (d) for the second passage.

5.3.3 Summary

This experiment shows the functionality of the protocol. From the process matrices for the
second passage, we see that the mapping of the polarisation ends in other states than in
the first passage. This will later be used to get the complete four Bell state teleportation.
The following section will use the same protocol with the photon pair source to realise a

teleportation measurement.
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Table 5.2: Summarised process fidelities for the measurement.
projection | fidelity
|H ) q05.first | 92.7%
V) 305-first | 95.0%
|H)495,5econd | 91.4%
|V')393,5econd | 90.9 %

5.4 Entanglement transfer

The previously explained and tested protocol is now used with the photon pair source
described in chapter |3| to transfer the entanglement between the two photons of a pair
to atom-photon entanglement. The ion acts in receiver mode, and the protocol is an

alternative to the direct atom-photon entanglement generation shown in [71].

In relation to the previous experiment, additional care must be taken regarding polarisa-
tion. The initial polarisation qubit is very sensitive to changes in the birefringence of the
optical fibre guiding the photons from the source to the trap and the detectors. The data
acquisition for the experiment runs for approximately two weeks, and the polarisation
rotation has to be constant over the whole time. We use a reference laser and a reference
path to check and compensate for the polarisation drifts. The polarisation is set with an

in-fibre polarisation controller based on piezo actuators and a manual fibre paddle.

We measure three different settings. The first transfer creates entanglement between the
ion and the partner photon directly, and the second setup converts the partner photon
to the telecom wavelength range and thus creates entanglement between the ion and a
telecom photon. The third setup also includes the but sends the photons through
a 13 km long metropolitan fibre. Therefore, photon detection happens in another part
of the city. For the last setup, additional stabilisations of the polarisation have to be

implemented.

The complete setup for the first set is shown in figure 5.8, One source output (B) is
connected to a projection stage consisting of a half- and a quarter-waveplate and a Wol-
laston prism as a polariser. Both outputs of the prism are then detected by an[APD] The
other photon (A) of the pair is sent to the ion via a single-mode fibre. The mentioned
controllers set the polarisation. Afterwards, the photons are focused on the ion via the
[HALO] After applying the protocol, we use the measurement results to characterise the

joint atom-photon state between the photon and the ion.
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The second setup is shown in figure [5.13 Photon B is now first sent to a setup,
where the wavelength is converted to 1550 nm. Afterwards, the photon is again projected
by a projection stage consisting of a half- and a quarter-waveplate and a Wollaston prism
as a polariser. Here both outputs are detected by [SSPDsl Photon A is again sent to the

ion. The setup is similar to the previously described one.

The third setup is shown in figure [5.16 Photon B is converted to the telecom wavelength
range and sent to the[HTW] The setup for photon A is identical to the previously described

ones.

In the sections of this chapter, we will first describe how we reconstruct the ion-photon
state and give details to the polarisation control. Details for stabilising the metropolitan
fibre are found in chapter 4.3.1. Then we will show and discuss the results for the three

different measurement setups.

5.4.1 State reconstruction

The evaluation steps needed for the reconstruction are very similar to the one for the
[LST] We need a topographically complete set of measurements, which are the 16 tensor
products {6, ® 6, | 4,5 =0,...,3} of the Pauli spin operators |82} [129].

According to [82], we write the expectation value of the density matrix as

(2

(o @ 6™) = tr (&(i"“) ® 6P p) (5.47)

h ~ (ion h ~ (ion
= >\|0>;ph)P(|0>§P )) <Ui( )> + >\|1>;ph)P(|1>§p )) <Ui( )>

0y

(5.48)

e

The eigenvalues )\|0><_ph>, Ay correspond to the Pauli spin operators. The states \O)gph)
J J

1)
and |1>§ph) are the eigenstates, and P (]O};ph) ) and P(| l)gph)) are the measured probabilities

and (c;°)
0y
J
are the conditioned mean values of the atomic spin operators under the condition that

of detecting the qubit in the corresponding eigenstates. ((fi(ion))

1§
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the photonic qubit is measured in the [0); or [1); state. The so-defined expectation values

are simplified, and we get

<JAO(i0n) Q ffo(ph)> -1 (5.49)

(657 @ 6, V) = P(|0){™") (g:) " + P(I1){™) (g:) " (5.50)
‘0>(_Ph) |1>(Dh)

(600 @ 6,7) = P(0)™) — P(1)") (5:51)

(6:0 @ 3,PV) = P(|0){™") (g:) " — P(I1){"™) (6,)"" (5.52)
0)7" 157"

Using the method described in sec. we reconstruct the atomic density matrix py,

under the condition of a photon detected in |0), or |1),. Then we calculate the expectation

value by (6;) = tr (dpat).

The final atom-photon two-qubit density matrix is then given by

3

1 R
P=7 Z (0:®05),0: ® 0 (5.53)
i,j=0

5.4.2 Polarisation control

We use two different techniques for polarisation control for the outputs of the source.
We adjust the measurement basis for output B of the source (projection). The rotation
matrix is measured with single photons via a single qubit tomography. For output A,
we compensate the polarisation rotation induced by all components. The rotation is

measured with the help of a reference laser and a polarimeter. More details are found in

Appendix [C.1]

5.4.3 Error correction

Our collected data is based on projective measurements in a defined basis. We estimate
the probability p to detect the wanted state |¢) and not the orthogonal state |¢,). To
calculate this probability, we use a Bayesian approach [72}, 82, [85]. We update the prior

distribution with the finite number of measurements to get the posterior distribution of
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p. Out of the distribution, we get the expectation value (p) and the standard deviation
Ap. The advantage of the Bayesian approach is that

0<(p) <1, (5.54)

and the uncertainty is always larger than zero (Ap > 0). This approach can be used for
several corrections of the measurement data, like background events, detection efficiencies
or both together. A detailed description of the procedure is shown in [72]. For the
entanglement transfer, we correct only for background events, similar to section [3.2.11],
and in the case of the teleportation measurement, we additionally correct for the detection

efficiency of the detectors.

This error correction method requires tremendous computational effort because several
distributions must be evaluated. To face the problem of different amounts of data in the
first and second passage, we rewrite the initial code of [72] in a more efficient programming

language (C++) and use multi-threading where possible.
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fibre polarisation
controller

PBS

99:1
APD

. fibre paddles
polarimeter

=) 729 nm APD

Figure 5.8: Experimental setup for the measurement. Photons from output port A of the
source (5) are sent to the ion. Photons from port B are sent to a projection
and detection setup. A fibre polarisation controller and a fibre paddle control
the polarisation rotation on the path to the ion. A 99:1 beam splitter connects
the reference polarimeter.

5.4.4 Entanglement transfer without conversion

For this experiment, we use a pump power of the source of 15mW and an exposure
window of 350 ps, which gives a good trade-off between measurement time, decoherence
and expected final state fidelity. The average fidelity over the entire measurement time was
(U] p|¥~) = 91.64(2) % and we expect no significant visibility reduction due to magnetic
field fluctuation according to figure The same measurement was also done with the
|0y = \/Li (|[HV) —i|VH)) state as photonic input state. The results are presented
in Appendix [C.3] We perform a tomographic set of measurements on photon B and
the ion to verify the entanglement. The projection setup is set to the six polarisations
{1 H)gsar | V)gsas | Ddgsasr | Adgsar | R)gsas | L)gsg }- As in the measurement, we
perform the protocol with and without the optional RF pulse. We count clicks of the 393
nm and 854 nm as coincidence if they lie in a window of +84 ns, corresponding to
99 % of the two-photon wave-packet. Coincidences of the second passage are delayed by

160 ns and counted if they are within the same window size.

The results of the measurement are shown in figure [5.9, where the probability to detect
the ion in [Si/,,m = +1/2) is plotted. We combine the signal from both 393 nm detectors

to increase the number of events. The data for each projection is shown in Appendix [C.2]

93



5 QUANTUM COMMUNICATION EXPERIMENTS WITH A SINGLE ION

Table 5.3: Phases and visibilities of the sinusoidal fits for the data shown in figure
first passage second passage
projector || with correction | w/o correction with correction | w/o correction

Phase Vis Phase Vis Phase Vis Phase Vis
() () () (°)

|H) 183(5)  0.75(5) | 183(5) 0.68(5) || 183(7) 0.80(8) | 183(8)  0.41(5)
V) 4(3) 0.76(4) | 4(3) 0.68(3) || 355(10) 0.8(1) | 354(11) 0.38(7)
|D) 89(2) 0.59(2) | 89(2) 0.55(2) 280(9) 0.41(6) 280(9) 0.26(4)
|A) 272(3)  0.67(3) | 272(3)  0.62(3) || 90(9) 0.46(7) | 90(9) 0.29(4)
|R) 227(14) 0.10(2) | 227(14) 0.09(2) || 216(72) 0.2(2) | 216(72) 0.1(1)
|L) 32(14)  0.16(4) | 32(14)  0.15(4) || 157(285) 0.1(3) | 158(280) 0.0(1)

The left column shows the data for the first passage, and the right column for the second

passage.

The red bars in the measurements of the eigenstates (first row) are with corrections, the
grey ones without. Besides some deviations in the projection to |H), the result is near
the ideal case discussed for the measurement. We also see that the error corrections
make little to no difference for the first passage, as we have enough signal. For the second
passage, we get much bigger error bars, and the error correction effect is much more
significant. The number of signal events for the second passage is around 13 % of the ones

from the first passage, which is in good agreement with the efficiency estimation.

The following rows in the figure correspond to the projection of a superposition state. The
coloured points are the corrected data, whereas the grey ones are without corrections. The
coloured solid lines are a sinusoidal fit to the corrected data, whereas the grey dashed line
is the fit to the not corrected data. We get the visibility and the phase offset from the fit.
The results are summarised in table [5.3] We observe the same phase shift between the
different sets of polarisation as in the measurement.

We get a mean visibility for all linear polarisation fringes of 66.5% with corrections
(63.3 % without corrections) for the first and 60.8 % with correction (33.5 %) for the second
passage. The circular polarisation show a residual oscillation with 12.5% (12 % without

corrections) for the first and 15 % (5% without corrections) for the second passage.

We reconstruct the density matrices out of the results of the fit and the histograms,
according to the described procedure in section The reconstructed density matrix
for the first and second passage are shown in figure [5.10, The fidelities and purities are

summarised in table [£.4]
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Figure 5.9: Measurement results for the photon-photon to atom-photon entanglement
transfer evaluated for a waiting time of 350 ps for the first and second passage.
The first row is without RF 7/2-pulse. The other rows show oscillations due to
the Larmor precession. Second row: green |H) / blue |V), third row: red |D)
/ black |A), last row: magenta |R) / yellow |L). Grey bars and lines show the
data without corrections.
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real part imaginary part

0.019(3)  0.049(4) —0.016(9)  —0.03(1) 0 —0.015(2) —0.017(4) —0.010(5)
0.049(4) 0.497(3) —0.35(1)  0.036(9) 0.015(2) 0 —0.011(5)  0.022(4)

( —0.016(9) —0.35(1)  0.460(3) —0.048(4) ) ( 0.017(4)  0.011(5) 0 —0.003(2) )
—0.03(1)  0.036(9) —0.048(4)  0.025(3) 0.010(5) —0.022(4)  0.003(2) 0
(a) First passage

real part imaginary part

0.46(2) —0.08(2) —0.04(7) —0.31(2) 0 —0.005(7) —0.03(3) —0.01(1)
—0.08(2)  0.04(2) —0.09(2) —0.01(7) 0.005(7) 0 0.01(1) 0.01(3)
—0.04(7) —0.09(2)  0.06(2)  0.06(2) 0.03(3)  —0.01(1) 0 —0.007(7)
—0.31(2) —0.01(7)  0.06(2)  0.44(2) 0.01(1)  —0.01(3)  0.007(7) 0

(b) Second passage

Figure 5.10: Corrected reconstructed atom-photon density matrix for the first and second
passage.
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Table 5.4: Overview of the

state fidelities and purities for a detection window size of

5.4 ENTANGLEMENT TRANSFER

350 ps.
passage with correction | w/o correction
first fidelity 82.4(10) 78.0(9)
purity 72(1) 65(1)
fidelity 76(2) 52(1)
second purity 64(5) 36(1)

Table 5.5: Overview of the state fidelities and purities for a detection window size of 50 s.

passage with correction | w/o correction
frst fidelity 89(2) 84(2)
purity 83(3) 74(3)
fidelity 77(5)
second purity 65(9)

Discussion

In the following section, we will discuss some error sources which could explain the reduced
fidelity and visibility.

First, we evaluate the entanglement transfer with events in the first 50 ps only. Figure
shows the results. We see a significant increase in visibility for the fringes of the
first passage. The visibility of the fringes of the second passage and a projection to |H)
/ |V) slightly decrease, whereas the visibility for a projection to |D) / |A) increases. The
insufficient signal counts explain this visibility reduction for the horizontal and vertical

polarisations.

We get the fidelities and purities from a quantum state reconstruction summarised in table
. Due to the low signal, a not corrected reconstruction for the second passage was not
possible. For the first passage, the fidelity increases by 6.7 % compared to the evaluation
with a detection window of 350 ps. From the visibility of the Ramsey measurement, we
infer the maximum process fidelity to 96 %. Together with the photon-state fidelity of
91.64(2) %, we expect a final state fidelity of 87 %. The reconstructed value for a waiting

time of 50 ps agrees with this value.

To further investigate the problem, we vary the time offset from which measurement data

is taken into account. The time window remains fixed at 50 ps. As mentioned above,
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Figure 5.11: Measurement results for the photon-photon to atom-photon entanglement
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transfer evaluated for a waiting time of 50 ps for the first and second passage.
The first row is without RF 7/2-pulse. The other rows show oscillations due
to the Larmor precession. Second row: green |H) / blue |V'), third row: red
|D) / black |A), last row: magenta |R) / yellow |L). Gray bars and lines
show the data without corrections.
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Figure 5.12: Reconstructed fidelity for different waiting time and offset configurations. (a)
shows the dependence on the time offset. The second passage is not plotted,
because there is not enough data. In (b) we vary the waiting time.

we have insufficient signal events for the second passage. Therefore we exclude it in this
analysis. The corresponding plot is shown in figure We observe a nearly linear

decrease in fidelity with increasing time offset.

The same decrease in fidelity is observed if we vary the time window size instead of the
time offset. The result is shown in figure[5.12bl For the second passage, we see an increase
in fidelity first because the number of events increases. At a time window size of 150 s
we have the maximum fidelity for the second passage. After that, the fidelity decreases

in the same way as in the first passage.

Therefore, we claim that the fidelity is mainly limited by decoherence due to magnetic field
fluctuations, even though the effect is more substantial than expected from the Ramsey

measurement.
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Figure 5.13: Experimental setup for the measurement with conversion. Photons from
output port A of the source (5) are sent to the ion. Photons from port B are
sent to a quantum frequency converter (QFC) and are then detected by a
[SSPD)] for each projection. A fibre polarisation controller and a fibre paddle
control the polarisation rotation on the path to the ion. A 99:1 beam splitter
connects the reference polarimeter.

5.4.5 Entanglement transfer with conversion to 1550 nm

For the reasons mentioned above, we use a source pump power of 15 mW, but we in-
crease the exposure window to 400 us. The average fidelity over the entire measurement
time between the 854 nm photon and the 1550 nm photon was (U~ | p |[W~) = 88.18(4) %,
which is around 3% lower than in the experiment without conversion. The deviation
can be explained by a misalignment of a pump direction of the source. This was cor-
rected during the measurement period. The projection setup is set to the six polari-
sations { | H)y550, | V)issor | D)issor | Aissor | B iss0r | L) 1sso - We count clicks of the
393 nm[APDs| and the 1550 nm as coincidence if they lie in a window of £84 ns.

The delay of the second passage does not change and is, therefore, still 160 ns.

The fibre connecting the source with the converter and the converter with the detectors is
more unstable, than in the previous setup. Therefore, we measure a new rotation matrix
approximately every 30 min in an automated way. Thereby the interferometer also relocks

after this time and compensates for power drifts in the locking beam of the source.

Figure shows the results for the measurement and the probability of detecting the ion

100



5.4 ENTANGLEMENT TRANSFER

Table 5.6: Phases and visibilities of the sinusoidal fits for the data shown in figure m
first passage second passage
projector || with correction | w/o correction with correction w/o0 correction

Phase Vis Phase Vis Phase Vis Phase Vis
(°) (°) () (°)

[H) 175(3)  0.78(4) | 175(3)  0.68(3) || 187(9) 087(10) 190(11) 0.37(7)
V) 354(2)  0.76(2) | 354(2) 0.66(2) || 5(11)  0.8(1) | 6(13)  0.33(7)
D) 01(4)  0.69(4) | 91(4)  0.61(4) || 249(12) 0.8(1) | 250(13) 0.31(7)
| A) 274(5) 0.73(5) | 274(5)  0.65(4) || 103(15) 0.5(1) | 102(15) 0.23(6)
IR) 208(5) 0.21(2) | 298(5) 0.19(2) || 1(51)  0.2(1) | 1(51)  0.08(7)
L) 116(7) 0.20(3) | 116(7)  0.18(2) || 265(10) 0.35(6) | 265(10) 0.19(4)

in the |Si/,, m = +1/2) state. We combine the data for both 393 nm detectors to increase
the signal. The data for each projection is shown in Appendix [C.4]

The left column shows the data for the first, and the right column the data for the second
passage. The first row shows the projection to the eigenstates, where the red bars are with
corrections and the grey ones are without. For the first passage and a projection of the
partner photon to |H)- and |A) polarisation, we see some deviation from the ideal value
of 50 %. Nearly the same deviation is seen in the orthogonal polarisation for the second
passage, which is expected because we inverse the mapped polarisation inside the ion. A
mismatch in the polarisation compensation and an imbalance of the source interferometer
explain both deviations. The statistics for the second passage are much worse. Therefore,

we see a more prominent effect of the error correction.

The other rows show the projection to the superposition state. The coloured points
display the corrected data, and the grey ones the not corrected values. Fitting a sinusoidal
function to the data gives the visibility V' and the phase offset ;. The summarised results
for all fringes are shown in table[5.6] The observed phase shifts between the different sets
of polarisations are the same as in the and the measurement without conversion.
The phase of the fringes for a projected polarisation of |D) and |A) show some deviation

caused by some polarisation mismatch of the back-reflection part.

For the first passage, we observe a mean corrected visibility for all linear polarisation
fringes of 71.2% (65 % without corrections). For the second passage, we get a mean
corrected visibility of 71 % (31 % without corrections). The circular polarisations show a
corrected residual visibility of 20.5 % (19.5 % without corrections) for the first and 27 %

(13.5 % without corrections) for the second passage.

101



5 QUANTUM COMMUNICATION EXPERIMENTS WITH A SINGLE ION

first passage second passage
100 - 100
=
e
RS = = <
° | = =
— C\\I 50 EErannunnn CCCRLERT ECRREE - EEREEN - - ‘RELERLEERLEE | g 50
n - -
B} o X
< o o
a
° -l
; 0 0
H \'} D A L
100 100
< S
q 50 q 50
x x
o o
g
3 100 100
)
@ - S —_
S ’\ Py S
= pug & =
2 || ¥ so; 4 q s0f
< + - ’ +
= - — Ve .‘/‘ = -
@ h
= 0 ) X )
0 12 x s 32« 27
Ad®
100 100
S S
q s0f § 50
x x
o o
0 : : : 0 : : :
0 12« g 32« 27 0 12« g 32 x 27
Ad® Ad

Figure 5.14: Measurement results for the photon-photon to atom-photon entanglement
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transfer with conversion evaluated for a waiting time of 400 ps for the first
and second passage. The first row is without RF 7/2-pulse. The other rows
show oscillations due to the Larmor precession. Second row: green |H) /
blue V'), third row: red |D) / black |A), last row: magenta |R) / yellow |L).
Grey bars and lines show the data without corrections.



5.4 ENTANGLEMENT TRANSFER

Table 5.7: Overview of the state fidelities and purities

passage with correction | w/o correction
first ﬁdel‘lty 84(1) 78.5(9)
purity 81(2) 71(1)
fidelity 80(3) 51(2)
second || ity 73(6) 36(1)

The results of the sinusoidal fits and the bar probabilities of the diagrams are then used to
reconstruct the density matrix. The reconstructed density matrix for the first and second
passage are shown in figure [5.15] Table summarise the results for all the different
settings. We get a corrected mean fidelity of 80.9% (64.8%). These values agree very
well with the previous measurement, so we conclude that the conversion process induces

no infidelity.

Discussion

The reconstructed density matrix in figure [5.15] reveals some imbalance between the two
positive central peaks (red). This imbalance is explained as follow: (a) The two 854 nm
detector channels showed a notable imbalance, which was corrected after the measurement
for the entanglement transfer. (b) Over the measurement time for the entanglement
transfer, one arm of the pump interferometer starts to misalign. The last mentioned
point already leads to an imbalance between produced H and V photons in the photonic
state, which is then transferred to the ion state. Nevertheless, the state fidelity with and
without corrections is better than without conversion. The improvement in fidelity is
explained by the improved polarisation stabilisation procedure and by periodic relocking

of the pump interferometer of the source.
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real part imaginary part

( 0.018(4) —0.079(4) 0.032(6) —0.01(1) ) ( 0 —0.064(2) —0.059(2) 0.027(6) )
—0.079(4)  0.338(4) —0.37(1) —0.017(6) 0.064(2) 0 0.012(6) 0.034(2)
0.032(6)  —0.37(1) 0.610(4)  0.051(4) 0.059(2) —0.012(6) 0 0.067(2)
—0.01(1) —0.017(6) 0.051(4)  0.035(4) —0.027(6) —0.034(2) —0.067(2) 0
(a) First passage
real part imaginary part

0.44(2)  0.08(2)  0.04(3) —0.36(4) 0 0.068(9)  0.00(1) —0.01(2)
0.08(2)  0.03(2) —0.05(4) —0.01(3) —0.068(9) 0 —0.04(2) —0.08(1)
0.04(3) —0.05(4)  0.09(2) —0.11(2) —0.00(1)  0.04(2) 0 —0.041(9)
—0.36(4) —0.01(3) —0.11(2)  0.43(2) 0.01(2)  0.08(1)  0.041(9) 0

(b) Second passage

Figure 5.15: Corrected reconstructed density matrix between ion and the 1550 nm photon
for the first and second passage.
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5.4 ENTANGLEMENT TRANSFER

5.4.6 Entanglement transfer with conversion to 1550 nm and

metropolitan fibre

In this experiment, we use a pump power of 15 mW and an exposure window of 400 ps.
The initial photon-photon fidelity between one 854 nm photon and a 1550 nm photon
detected at the HTW]was (U |0 T) = 83.6(3) %. The projection setup is set to the six
polarisations { | H) 550, | Viss0: | D)issor | Aissor | B isser | L)isse b To classify two
clicks as coincidence, we again use a window of +84 ns. The delay for the second passage

is again 160 ns.

As mentioned in chapter the polarisation of the metropolitan fibre is only stable on
a timescale of one minute. Therefore, we run a stabilisation process approximately every
40 s. To compensate for polarisation drifts over the whole path from source to the [ HTW]
we measure a new rotation matrix every 30 minutes. In the stabilisation process, we also
relock the interferometer of the source, compensating for power fluctuations of the locking

beams.

The results of the measurement are shown in figure [5.17, as before we combine the data
of both 393 nm detectors to increase the signal. The data for each detector is found in
Appendix We depicted the probability to detect the ion in the |S\;,, m = +1/2) state.
We show only the data for the first passage. Due to a calibration error in the polarisation
of the back-reflection, we do not see the expected behaviour for the second passage. The
collected data for the second passage are nevertheless shown in the appendix (see figure
|C.16| and [C.17)). The projection to the eigenstates is shown in the first row. Red bars

are with; grey bars are without corrections. The imbalance between the polarisations |H)

and |V), as well as |D) and |A), is much smaller than in the measurement without the
metropolitan fibre. The balance of the bars indicates that the polarisation calibration in

this measurement run is more accurate than in the previously shown set.

The projections to the superpositions are shown in the following rows. Coloured points
are corrected; grey ones are not corrected. As before, a sinusoidal fit reveals the visibility
V' and the phase offset ®;. We summarised the results for all fringes in table 5.8 The
phase shift between the different sets of polarisations differs from the measurements before
because we use the ' state as input. In detail, this means the fringes for a projection

of the partner photon to |D) and |A), as well as |R) and |L) are interchanged.

For all linear polarisation fringes, we observe a corrected mean visibility of 72.8 % (65.8 %
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Figure 5.16: Experimental setup for the measurement with conversion and detection at
the HTW] Photons from output port A of the source (S) are sent to the ion.
A fibre polarisation controller and a fibre paddle control the polarisation on
the path to the ion. A 99:1 beam splitter connects the reference polarimeter.
Photons from port B are sent to a quantum frequency converter (QFC) and
are then detected by a [SSPD] for each projection at the [HTW] after 14 km
of metropolitan fibre. The fibre stabilisation lasers are inserted after the
converter by a 99:1 beam splitter.

Table 5.8: Phases and visibilities of the sinusoidal fits for the data shown in figure m

first passage

projector with correction w /o correction

Phase (°)  Vis | Phase (°)  vis
|H) 169(5)  0.85(6) 169(5)  0.74(5)
V) 345(8)  0.70(9) 345(8)  0.61(8)
|D) 247(5)  0.71(5) 247(5)  0.62(4)
|A) 73(8) 0.74(9) 73(8) 0.66(8)
|R) 32(48) 0.2(1) 32(48) 0.2(1)
|L) 284(50)  0.2(2) 284(50)  0.2(1)

without corrections). For the circular polarisations, we observe a corrected mean visibility
of 20 % (20 % without corrections).

The results are shown in figure We use this data to reconstruct the density matrix.

The density matrix for the first passage is shown in figure [5.18 We summarise the results
in table
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Figure 5.17: Measurement results for the photon-photon to atom-photon entanglement
transfer to the [HTW] evaluated for a waiting time of 400 ps for the first
passage only. The first row is without RF 7/2-pulse. The other rows show
oscillations due to the Larmor precession. Second row: green |H) / blue |V),
third row: red |D) / black |A), last row: magenta |R) / yellow |L). Grey
bars and lines show the data without corrections.
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real part imaginary part

0.58(1)  0.10(2)  0.04(4) —0.35(2) 0 —0.065(8) 0.03(2)  0.100(10)

0.10(2)  0.03(1) —0.02(2)  0.01(4) 0.065(8) 0 —0.018(10)  —0.03(2)

0.04(4) —0.02(2)  0.01(1) —0.00(2) —0.03(2)  0.018(10) 0 —0.004(8)

—0.35(2)  0.01(4) —0.00(2)  0.38(1) —0.100(10) 0.03(2) 0.004(8) 0
(

a) First passage

Figure 5.18: Corrected reconstructed density matrix between ion and the 1550 nm photon
detected at the [ITW]for the first passage.

Table 5.9: Overview of the state fidelities and purities

passage with correction | w/o correction
first fidelity 83(2) 79(2)
purity 79(4) 71(3)

Discussion

The main limitation in this setup is the coincidence rate between detected 393 nm photons
and 1550 nm photons. The photon rate at the is in the range of ~ 150057},
which is approximately 1/30 of the rate of the previous measurement setup. The success
probabilities and the number of coincidences are summarised in table [6.10] The mean
polarisation fidelity of the metropolitan fibre was 99.4(8) %. Hence, we expect nearly no
decreased fidelity due to the fibre drifts. The lower photon-photon fidelity is compensated

by lower decoherence and better pulse efficiency of the 729 nm pulses, as seen by a Ramsey-
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5.5 SUMMARY

Table 5.10: Summary of the fidelities and purities of the entanglement transfer measure-
ments for all three described settings.

854 nm 1550 nm 1550 nm @ HTW
passage w corr. | w/o corr. || w corr. | w/o corr. || w corr. | w/o corr.
o | Adelity [824(10)% | 78.009)% | S4(D) % | 785(0) % || 832) % | 19(2) %

purity 72(1) % 65(1)% | 81(2)% | TL(1)% | 79(4)% | 71(3)%
o || Bdelity [ 76(2)% | 52(1)% |[80(3)% | 51(2)%
purity 64(5) % 36(1)% || 73(6)% | 36(1)%

type experiment. Hence, the observed fidelity is nearly the same as in the measurement

before.

5.5 Summary

In this chapter, we presented our protocol for transferring photon-photon entanglement
to atom-photon entanglement. The protocol was performed in three different settings. In
the first setting, we detected the partner photon in our labs. In the second setting, we
included to 1550 nm and detected the converted partner photon in the labs of the
working group of Christoph Becher. In the last setup, we detected the converted partner
photon after 14 km of metropolitan fibre at the [HTW] The heralded absorption process
thereby enables the protocol.

The resulting fidelities are all on the same level. We summarise the achieved fidelities
and purities for the three settings in table [5.10] The high-efficiency quantum frequency
converter thereby adds low background to the photon pair source. It thus enables the
demonstrated quantum photonic interface in the low-loss, low-dispersion telecom wave-
length range. It makes the connection of remote quantum network nodes based on *°Ca™
single-ion memories possible. Furthermore, the fibre stabilisation enables the connection
of remote quantum nodes over standard telecommunication fibres and adds nearly no
infidelity to the transferred entanglement. The main limitation is the attenuation of the

metropolitan fibre link, which only the provider can improve.
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6 Quantum state teleportation

In this chapter, we show how to use the protocol presented in the previous chapter to
realise quantum state teleportation [58]. The goal is the implementation of a full quantum
state teleportation protocol, using all four Bell states, from a quantum bit at the [UdS| to
one at the [ HTW] Similar to the previous chapter, we first carried out two simpler setups:
the teleportation to a qubit at 854 nm in our labs and the teleportation to a qubit at
1550 nm in the labs of Christoph Becher, which includes The final setup includes
and the metropolitan fibre to teleport the qubit to the [HTW]

In the first section of this chapter, we describe the general formalism of quantum state
teleportation. In section [6.2] we map the general formalism to our system and show that
the heralded absorption, together with a projection of the ion and the partner photon,
constitutes a Bell-state measurement. In section [6.3] we show how our protocol is used
to read out the atomic state by a teleportation measurement, employing the photon-pair
source as a resource of entanglement. This technique is an alternative approach to the
direct readout of the ion via the emission of a photon [I5] [18]. The following measurement
setup (section [6.4) is identical to the previous one, with the difference that the non-
absorbed photon is now converted to the telecom range. This setup performs a direct
readout to the telecom range and is the basis for quantum teleportation over long ranges.
A real-world experiment is then reported in section Here we use a metropolitan fibre

that runs 14 km across Saarbriicken. The photon-pair source and the ion are placed at
the [UdS], whereas the detection happens at the HTW]in Alt-Saarbriicken.
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output photon

classical )
O [y o) (o) information
D
9)p
qubit

photon-pair source

Figure 6.1: Schematic of quantum state teleportation. A photon-pair source (S) emits
an entangled photon pair into the channels A and B. Photons in channel A
are sent to a Bell state measurement (BSM) with a third qubit |¢),. The
measurement outcome is the classical information needed to restore the initial
qubit by a unitary operation (U) on the photon in channel B.

6.1 General quantum state teleportation

An overview of the teleportation protocol is depicted in figure An essential part is a
resource of entanglement, for example, an entangled photon pair source whose particles

are in an entangled state

_ 1 i
) an = 75 (1004 @10)5 + 1), @[0)5) (6.1)
with a phase factor ¢. One of these particles is sent to location A, which is commonly
named Alice. The other one is sent to position B or Bob. Alice wants to transmit to Bob

the qubit
[#)p =|0)p +B|1)p laf? +18* =1, (6.2)

which is stored on a third particle. For teleporting her qubit, she has to perform a Bell
state measurement (BSM), i.e. the projection of photon A and her qubit D onto one of

the following so-called Bell states:

‘q)i>A, = (|O> ®[0)p £ ([1), ® |1>D> (6.3)

Sl-5l-

(U5 ap = (\0> ®[1)p = (1), ®1[0)p) (6.4)
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Table 6.1: Unitary operations needed to restore the initial information of a teleportation
schema in dependence of the measured Bell state.

Bell state | Unitary transformation | Unitary transformation ¢ = 180° Final state
“I]+>A,D 10) 5 (0] g +e7 1) (1] 02 al0)p +B811)y
“II_>A,D 10) (0] 5 _e_i¢|1>3 (1 —0o al0)p +B1)y
|(I)+>A,D 1) 5 (0l +e70)5 (1] 5 —ioy al0)p +B11) g
|CI)7>A7D 1) 5 (015 —e7?10) 5 (1] 5 Oz al0)p+ B(1)p

The joint initial state of all three particles is written as

9@ lebp = 5 (04 @ 115+ €2 1,2 1005) © (al0)p +BI5) - (65)

We rewrite this equation using the definition of the four Bell states:

1 .
9400 16l = 5 (10 44105) © 19,
— (@10)5 = B 11)5) @ 197 )4
+ (5 0) + e |1>B> D[P%) 4 p

~ (31005 e ) @10 )4 )

(6.6)

This formula shows that the projection of photon A and qubit D onto one of the four
Bell states transfers the information (amplitudes « and () initially stored on qubit D to
photon B. However, a unitary operation is needed to restore the initial information. The
information about the needed operation is two-bit classical information, which needs to be
transferred to Bob. This transmission of classical information limits the communication
speed to the speed of light. The unitary operations with the corresponding Bell states are
summarised in table [6.1]

6.2 Teleportation for the atom-photon system

We now map the general formalism to our atom-photon system. Our photon-pair source

produces the general entangled state

09) a5 = 5 (IH) A IV)g + ¥ 1V) 4 |H) ) (6.7)

Sl

2
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between the two output ports A and B. We rewrite this state in the |R) / |L) basis, as
it is easier to describe the absorption by the ion in the circular basis. The state has the

form
|qu>A,B = ﬁ ((1 + 61@) (|R>A [R) 5 — L) |L>B) 68)
~ (1-e) (R ILhs ~ 104 1R)5))

One photon, in our case photon A, is sent to the ion, the other one to a detection setup
(see figure |5.8)). The qubit state

[o)p = al=*/2)p + Bl+5/2)p laf* +15* =1 (6.9)

is the information we like to teleport onto photon B. The joint state of the whole system

|q)>j0int = |\IJ<P>A,B ® ’(p>D (610)
== () (a1, = 20410
= (1) (1L ~ |04 1R05) ) @ (@l + B149p) (611

As for the general case, we rewrite the joint state with the definition of the four Bell

states
+ _ b 5/9 —5/y
%) 4,0 = 75 (1F)4 1425 £ 14152 (612
+ = i —5/9 5/9
Q%) 4p = NG (IR) 4 |=%2)p £ L) 4 14+5/2) ) - (6.13)

We conclude with the following joint state

L) (@lRhg = 6100 5) + (1= ) (B1R)s —alL)s) ) @170,

s s eiSO) (BIR)g —alL)p) + (1 - ew> (@|R)y = BIL)p) | @ [¥7) 4 p

|

( )

(1 + ew) («|R),+ BIL) ) — (1 - ei“’) (BIR) g+ IL>B)) ®(P7) 4 p
( )
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T ((1 +69) (8IR)p +alL)y) — (1-€%) (alR), +6|L>B)) ® I\P‘>A,D)
(6.14)

This formula shows again that the projection of photon A and qubit D onto one of the
four Bell states transfers the information initially stored on the ion to photon B. Table
[6.2] shows the unitary operation needed to restore the initial information for a state phase

of p = .

Table 6.2: Unitary operation to restore the initial information of a teleportation schema
in dependence of the measured Bell state and the state phase of the initial
photonic state.

Bell state Transformation Transformation for ¢ =
|0 —(1-€%)o. —i(1+€%) 0, —0,
W) (1 — ei‘p) oo +1 (1 + 615") Ox 0o
|DT) (1+€¥) o, —i(l—¢€¥)o, —ioy
|®7) (1 + eis") oo +1 (1 — ei“") Ox —0,

The data shown in section [6.3] and [6.4] are also for this state phase. In this case, the joint

state simplifies to

)09 16 ((BIR ~aln)y) @00,
—(BIR) s+ |L)p) @97,
+ («|R —B\LB)®|\D+
—(a|R)z+ B|L) ) ® [¥7) ) (6.15)

he BSM]for the atom-photon system consists of three steps. The first step is the heralded
absorption of photon A. The second step is the projection of the emitted 393 nm Raman

photon onto a linear polarisation

21 |R>393 + ‘L>393 174 |R>393 ‘L>393
= = 6‘16
‘ >393 \/5 | >393 1\/— ( )

In the last step, the ion needs to be projected onto a superposition of the S)/, Zeeman

levels

_ s+ HY2)s =g — [+
’+>S - \/5 ’ >S - i\/§ : (6'17)
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Combining the Raman process operators (c.f. equation ((5.17)) and (5.18))), describing the
heralded absorption in the first and second passage of the photon, and the projection

operators from above gives

~ 1st 1
<H|393 <+|S RA,D = E <(I>+|A,D
e 1, (6.18)
<V|393 <_|SRA,D = ﬁ <<D |A,D

i

~ 1st _
<H|393 <_|SRA,D = \/5 <‘I) |A,D

o 1 (6.19)
Viggs (g Ry p = —= (&~
Vg (+s Rap = 75 (8
A2nc1 1 4
(Hl395 (+|gRap = E (V"4 p
\ gnd 1 . (6.20)
<V|393 <_|SRA,D = E <‘I’ |A,D
A2nd 1 _
<H|393 <_|5 RA,D = E <\IJ |A,D
, gnd 1 (6.21)
(Vlsgs (+lsRap === (Y |4p -

iv2
We get eight combinations, of which always two project to the same Bell state. The first
passage only projects on the |®*) states, thereby limiting the efficiency to 50 % if one
only uses one passage. The second passage only projects on the |U*) states and therefore

enables the projection onto all four Bell states.
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6.3 RESULTS FOR THE TELEPORTATION TO 854 NM
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Figure 6.2: Experimental setup for the teleportation measurement. Photons from output
port A of the source (S) are sent to the ion. Photons from port B are sent
to a projection and detection setup. A fibre polarisation controller and fibre
paddles control the polarisation rotation on the path to the ion. A 99:1 beam
splitter connects the reference polarimeter. The teal arrow indicates the tele-
portation direction, beside of this the figure is similar to figure

6.3 Results for the teleportation to 854 nm

The measurement setting is identical to the entanglement transfer of section [5.4.4l The

scheme of the experimental setup is shown in figure [6.2] We prepare the atomic state

l)p = a|=52)p + B |+52)p (6.22)

with either o = e =1/v2, a = 1,8 =0 or a = 0,8 = 1. For the measurements shown

in this section, we use the
1

V2

state as photonic input state. The same measurement was also performed with the

|w™) (|HV) — |[VH)) (6.23)

1

V2

state. The results for that input state are presented in Appendix

|W) (|HV) —i|VH)) (6.24)

As in the measurements shown in the previous chapter, the superposition phase is deter-
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6 QUANTUM STATE TELEPORTATION

mined by the Larmor frequency and the detection time of the 393 nm photon. Hence, we
probe the protocol with different but known phases in each run. The results are again
histograms in dependence on the reconstructed phase for each of the photonic state pro-
jections. In contrast to the fringes and bar charts of the entanglement transfer, we plot
the probability to detect the different projection states of photon B conditioned on the
result of the [BSMl

The coloured data points are again with corrections (in this case, we also correct for
imbalances in the detection efficiencies of the [APDs]). The grey data points are without
corrections. We fit the data with a sinusoidal function to extract the visibility V' and
the phase-offset ®y. Similar to the entanglement transfer, we get a high visibility in the
|H) and |D) measurements and a small remaining oscillation for the |R) measurement.
Furthermore, we observe a phase-shift of 7 between the |®T) and the |®~) state and
the |UT) and the |U~) state. If we compare the |¥) with the |®) results, we observe
a phase shift of 7 only in the |D) measurement between |®*) and |¥*) and |®~) and
|W~). The phase shifts between the different states correspond to the expectation. Table
summarises the phases and visibilities of each measurement basis. The corresponding
plots are shown in figure The measurements in the energy eigenstates |+5/2) show
clearly a probability of 50 % for a projection to a linear polarisation. The second passage

shows some deviation which results mainly from the low signal.

In the first passage, we transfer the information from the |—3/2) state to the right-circular
component of the target photon and from the |45/2) state to the left-circular component.

In the second passage, the situation is interchanged.

The deviations from the ideal probabilities and the reduced visibility for the second pas-
sage is explained by some polarisation mismatch. We cannot precisely set the polarisation
rotation of the back-reflection part to a unity rotation, which might come from polarising
effects of the optical components and some cut-offs of the beam profile. Additionally, the
polarisation is modified by some fibre paddles, which act only appropriately like an ideal

quarter- or half-waveplate.
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6 QUANTUM STATE TELEPORTATION

Table 6.3: Phases and visibilities of the fringes for the teleportation measurement.

projector with correction w/o correction
Bell 854 || Phase (°)  Vis | Phase (°)  Vis
|H) 14(6) 0.69(6) 14(6) 0.64(6)
D) |D) 280(9)  0.65(9) | 280(9) 0.61(8)
|R) 58(17)  0.16(5) | 58(18)  0.15(4)
|H) 174(6)  0.79(6) | 174(6)  0.74(6)
D) |D) 80(9) 0.64(9) 80(9) 0.61(9)
|R) || 189(19) 0.12(4) | 189(19) 0.11(4)
|H) 164(4)  0.71(4) | 164(3)  0.46(3)
|U+) |D) || 268(16)  0.4(1) | 268(19) 0.29(9)
|R) || 228(76) 0.1(2) | 228(76)  0.1(1)
|H) 19(11) 0.7(1) 19(13)  0.36(7)
|U—) |D) || 102(15)  0.4(1) | 102(20) 0.26(9)
|R) || 77(866)  0.0(2) | 81(859)  0.0(1)

Finally, we reconstruct the quantum process matrices. We use a [MI] algorithm. As
shown in the calculations of section [6.2], two measurements each result in the same Bell
state. We combine these measurements for the reconstruction to increase the signal.
The corresponding individual evaluations for the eight different cases are shown in the
appendix (see figure and figure ). The corresponding process matrices for the
combined evaluation are shown in figure [6.4, For the Bell states corresponding to the
first passage, we see that either a o, or a o, rotation needs to be applied to restore the
initial state. For the Bell state corresponding to the second passage, we either get the
correct state directly or need a o, rotation. We identify the height of the corresponding
entry as the process fidelity and summarise the results in table [6.4] As discussed in
section [5.4.4] magnetic field fluctuations are the main sources of the loss of fidelity and
the reduced fringe visibility. For the second passage, we are mainly limited by the losses

of the back-reflection part and the accuracy of the polarisation setting.

Table 6.4: Summarised process fidelities for the four different Bell states.

state | fidelity w corrections | fidelity w/o corrections
|&7) 84(8) % 83(7) %
|DT) 86(7) % 85(6) %
|w—) 77(12) % 66(6) %
|U+) 76(8) % 69(5) %
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6.3 RESULTS FOR THE TELEPORTATION TO 854 NM

(c) Projection to |®T) (d) Projection to [¥T)

Figure 6.4: Reconstructed process matrices of the quantum state teleportation. (a) and
(b) show the result for a projection to the |®~) and |®*) Bell state, (¢) and
(d) for a projection to the |¥~) and |¥T) Bell-state.
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6 QUANTUM STATE TELEPORTATION

6.3.1 Protocol efficiencies and success probabilities

We calculate the protocol efficiency from the recorded events and the number of trials. In

total, we perform
Nyun = 511670 886 (6.25)

runs, where one run is equal to one exposure window. In these runs, we detect
Ncoinc,ﬁrst = 89838 (626)

coincidences between the 393 nm photons and the 854 nm photon for the first passage

and

Ncoinc,second = 11322 (627)

coincidences for the second passage.

The success probability per exposure window and passage is calculated as

Ncoinc rs _
Tlsuce,run,first = N—ﬁt =1.76 x 10 4 (628)
Ncoinc,second _
Tlsuce,run,second = N— =2.21 x 10 5 . (629)

We further calculate the total exposure time by multiplying the number of runs and the

photon exposure time Texp photon = 300 1S to get
Tiotexp = NrunTexpphoton = 1.79 x 10° s = 49.75h. (6.30)

In order to calculate the success probability per photon pair, we first need the number of
generated photons. Out of the brightness of the source of 5.17 x 10* m;wb and the used
pump power of 15mW. We generated

Npair = 1.388803 x 10" (6.31)

photon pairs in the total exposure time. Then, we calculate the success probability per

photon to be

Ne

Tlsucc,pair,first — M = 6.47 % 10_7 (632)
Npair
Nc in n _
TJsuce,pair,second — %ecod =8.15x 10 8 . (633)
pair
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6.3 RESULTS FOR THE TELEPORTATION TO 854 NM

Finally, we calculate the absorption probability 7,,s of the 854 nm photons. The prob-
ability of detecting the partner photon, including the detection efficiency of the [APDs]
spectral filtering and all optical components, is nss4p5 = 12.60 %. This number is cal-
culated out of the photon-photon correlation. For the 854 nm photons sent to the ion,
we have to consider the coupling efficiency to the trap ngsqa = 30.00 %. The efficiency
to detect a 393 nm heralding photon is measured independently. Coincidences between
absorption herald and arm B photon within a gate of 84 ns are taken into account, cor-
responding to 7yae = 99.9% of the 854nm photon wave packet.We get an efficiency of
N393 = 1.64 %. The absorption efficiency is then given by

Marst = —— e 5 108 (6.34)
1854,A71854,B71393 gate
Tlabs,second = !lsuce,pair second =132 x 10_4 . (635)

1854,A71854,B71393 gate

These numbers agree with the previous measurement of our ion trap setup [142], 102, [72].
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Figure 6.5: Experimental setup for the measurement with conversion. Photons from out-
put port A of the source (S) are sent to the ion. Photons from port B are
sent to a quantum frequency converter (QFC) and are then detected by a
[SSPD)] for each projection. A fibre polarisation controller and a fibre paddle
control the polarisation rotation on the path to the ion. A 99:1 beam splitter
connects the reference polarimeter. The teal arrow indicates the teleportation

direction, beside of this the figure is similar to figure [5.13|

6.4 Results for the teleportation to 1550 nm

The measurement setting for the teleportation including is identical to the entan-
glement transfer with conversion (section [5.4.5)). The input state for the teleportation is
thereby identical as in the measurement presented before. A scheme of the measurement

setup is shown in figure [6.5]

In figure [6.4] we show the histograms and fringes. In table [6.5] we summarise the phases
and visibilities from a sinusoidal fit to the data. The fringes for detecting the superposition
state are similar to the measurement without conversion. The eigenstates show much
more deviation from the ideal values, especially the histograms for the second passage.
Some misalignment in the detection setup behind the converter, which was corrected after

measuring the |—5/2) , |H) / |V) basis, explain this.

From the fringes, we reconstruct the quantum process matrices. We combine the mea-
surement data for a projection to the same Bell state to increase the signal. The eight

individual results are shown in Appendix [D.3] The process matrices are depicted in figure
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6.4 RESULTS FOR THE TELEPORTATION TO 1550 NM

Table 6.5: Phases and visibilities of the fringes for the teleportation measurement with

projector with correction w /o correction
Bell 854 || Phase (°)  Vis | Phase (°) Vis
|H) || 345(12)  0.8(1) | 345(13) 0.7(1)
|7) |D) || 264(10)  0.7(1) | 264(10) 0.7(1)
|R) 112(33)  0.2(1) | 112(32) 0.2(1)
|H) || 182(11)  0.8(1) | 182(11) 0.7(1)
| D) |D) 102(7)  0.68(7) | 102(7) 0.63(7)
|R) || 301(28) 0.2(1) | 301(27) 0.21(10)
|H) || 200(15)  0.9(2) | 199(28) 0.4(2)
| o) |ID) || 270(19)  0.6(2) | 271(34) 0.3(2)
|R) 58(64) 0.1(1) 60(54) 0.06(6)
|H) || 358(15)  0.7(2) | 358(27) 0.4(2)
|w—) |D) 76(30) 0.5(2) 77(43) 0.3(2)
|R) || 242(20) 0.21(7) | 242(25)  0.14(6)

Table 6.6: Summarised process fidelities for the four different Bell states depicted in figure

2 state | fidelity w corrections | fidelity w/o corrections
|D~) 86(8) % 86(6) %
|DT) 86(7) % 85(6) %
|U—) 78(12) % 67(8) %
|U) 82(12) % 67(8) %

[6.6] As expected, the required unitary operations to restore the initial state are identical
to the previous measurement. For the Bell states corresponding to the first passage, either
a 0, or a o, rotation needs to be applied, and for the Bell states corresponding to the

second passage, we either get the correct state directly or need a o, rotation.

The process fidelities are summarised in table The results for the first passage are
on the same level as in the case without projection. The second passage is slightly better

than before.
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6 QUANTUM STATE TELEPORTATION

(a) Projection to |®7) (b) Projection to |¥™)

(c) Projection to |®T) (d) Projection to [¥)

Figure 6.6: Reconstructed process matrices of the quantum state teleportation with con-
version. (a) and (b) show the result for a projection to the |®~) and |®*) Bell
state, (¢) and (d) for a projection to the |U~) and |U*) Bell-state.
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6 QUANTUM STATE TELEPORTATION

6.4.1 Protocol efficiencies and success probabilities

The calculation of the protocol efficiency and success probabilities is carried out identically

to the previous section. We summarise the corresponding values in table [6.7]

Table 6.7: Protocol efficiency and success probabilities for the teleportation with conver-

sion.
number of runs Ny, 404 915 226
coincidences, first passage Neoine,first 65762
coincidences, second passage Ncoinc second 9133
total exposure time Tio exp 44.99 h
number of generated photons Npai, 1.256 047 x 10
7854,A 30.00 %
7854,B 9.40 %
7393 1.64 %
success probability per exposure window, first passage Nsucc run,first 1.62 x 1074
success probability per exposure window, second passage Nsucc,run,second 2.26 x 107°
success probability per photon, first passage 7suce pair,first 5.24 x 1077
success probability per photon, second passage Nsuce,pair,second 7.27 x 1078
absorption efficiency, first passage 1.13 x 1073
absorption efficiency, second passage 1.57 x 1074
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Figure 6.8: Experimental setup for the measurement with conversion and detection at the
HTW| Photons from output port A of the source (S) are sent to the ion.
A fibre polarisation controller and a fibre paddle control the polarisation on
the path to the ion. A 99:1 beam splitter connects the reference polarimeter.
Photons from port B are sent to a quantum frequency converter (QFC) and
are then detected by a[SSPD] for each projection at the HTW] after 14 km of
metropolitan fibre. The fibre stabilisation lasers are inserted after the con-
verter by a 99:1 beam splitter. The teal arrow indicates the teleportation
direction, beside of this the figure is similar to figure @

6.5 Results for the teleportation to the HTW

The setting for the presented measurement is similar to the entanglement transfer to the
[HTW] A scheme of the measurement setup is shown in figure [6.8] In contrast to the
previous teleportation measurements, the photons are now in the

1

V2

Bell state because the locking point of the source interferometer was much more stable.

Uty = — (|[HV) + |VH)) (6.36)

The teleported states are identical to the previously shown teleportation measurements.
We repeat the evaluation steps for the data as described earlier. The histograms and
fringes are shown in figure The visibilities and phases for a sinusoidal fit to the data

are summarised in table [6.8]
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6.5 RESULTS FOR THE TELEPORTATION TO THE HTW

Table 6.8: Phases and visibilities of the fringes for the teleportation measurement with
conversion and detection at the [ITW]

projector with correction w/o correction
Bell 854 || Phase (°) Vis Phase (°)  Vis
|H 333(2) 0.62(2) 333(2)  0.57(2)

[©7) |D
R
|H

|[®T) |D

55(5)  0.76(6) | 55(5)  0.70(5)
265(129)  0.1(1) | 265(129) 0.1(1)
179(8)  0.88(9) | 179(8)  0.80(8)
270(6)  0.68(6) | 270(6)  0.63(6)

)
)
)
)
)
) )
[H) | 183(17)  0.4(1) | 179
) )
)
)
)
)

IR) | 253(17) 0.34(10) | 253(17) 0.31(9)

( 19 0.3(1)

k%s) D) || 151(38)  0.4(3) | 152(46)  0.3(2)
IR) || 319(105)  0.2(3) | 319(83) 0.2(4)

[H) [ 291(36) 0.3(2) | 294(40) 0.3(2)

) D) || 354(26)  0.4(2) | 356(28)  0.3(1)
IR) | 113(32)  0.3(1) | 117(38) 0.3(2)

Table 6.9: Summarised process fidelities for the two different Bell states.
state ‘ fidelity w corrections ‘ fidelity w/o corrections
|D~) 80(6) % 78(6) %
|DT) 87(5) % 86(5) %

Finally, we reconstruct the quantum process matrices out of the fitted fringes. Measure-
ment data corresponding to a projection to the same Bell state are combined. Figure
shows the resulting process matrices. Due to the different Bell state of the photons,
we get a different mapping between the result of the Bell measurement and the applied
unitary operation. In the case of the |®~)-state, we have to apply no rotation, and in the

case of the |®T)-state, we have to apply a o, rotation.

The extracted process fidelity is summarised in table [6.9] The results for a projection to
the |®T)-state is on the same level as in the measurements before, and the fidelity for the

other state is slightly worse.

Due to a calibration error in the polarisation of the back-reflection, we do not see the
expected behaviour for the second passage. Hence, the data is not shown, because no

process matrix could be reconstructed.
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6 QUANTUM STATE TELEPORTATION

(a) Projection to |®7) (b) Projection to @)

Figure 6.10: Reconstructed process matrices of the quantum state teleportation with con-
version. (a) and (b) show the result for a projection to the |®~) and |®T)
Bell state.

6.5.1 Protocol efficiencies and success probabilities

The calculation of the protocol efficiency and success probabilities is carried out identically
to section [6.3] We summarise the corresponding values in table [6.10]

Table 6.10: Protocol efficiency and success probabilities for the teleportation with conver-
sion and detection at the m

number of runs Ny, 710093 240
coincidences, first passage Neoine,first 5489
coincidences, second passage Ncoinc second 793
total exposure time Tio exp 78.90h
number of generated photons Ny, 3.054 821 x 10
7854,A 33.00 %
1854,B 0.11%
1393 1.80 %
success probability per exposure window, first passage Nsucc run,first 7.73 x 107°
success probability per exposure window, second passage Nsucc,run,second 1.12 x 1076
success probability per photon, first passage 7suce pair,first 1.80 x 10®
success probability per photon, second passage Nsuce, pair second 2.60 x 1079
absorption efficiency, first passage 2.75 x 1073
absorption efficiency, second passage 3.97 x 107
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6.6 SUMMARY

Table 6.11: Summary of the process fidelities of the teleportation measurement for all
three described settings.

854 nm 1550 nm 1550 nm @ HTW
state | w corr. | w/o corr. || w corr. | w/o corr. | w corr. | w/o corr.
D7) || 84(8)% | 83(7)% | 86(8)% | 86(6)% | 80(6)% | 78(6)%
7Y [ 86(7)% | 85(6)% | 36(7)% | 85(6)% | 87(5)% | %6(5)%
DY ([ 77(12)% | 66(6)% | 78(12)% | 67(3)%

0 [ 76(8)% | 69(5)% | 82(12)% | 67(3)%

6.6 Summary

In this chapter, we presented the results for full quantum state teleportation protocol,
using all four Bell states, based on the heralded absorption of one photon of a[SPDC| pair.
We performed the protocol in three different settings. In the first setup, we teleported
the qubit stored in the ion to a photon at 854 nm, which we detected in our lab. In the
second setup, we included and teleported the qubit to a photon at 1550 nm. The
detection happened in the labs of Christoph Becher. We included the metropolitan fibre
in the last setup and teleported the qubit to the [HTW]

The resulting process fidelities for the teleportation measurements are summarised in
table [6.11] The quantum frequency converter adds low background to the photon pair
source. It thus enables the demonstrated quantum photonic interface in the low-loss, low-
dispersion telecom wavelength range. It makes the connection of remote quantum network
nodes based on “°Ca* single-ion memories possible. Furthermore, the fibre stabilisation
enables the connection of remote quantum nodes over standard telecommunication fibres
and adds nearly no infidelity to the transferred entanglement or the teleported state. The

main limitation is the attenuation of the metropolitan fibre link.

The described protocol and the measurements illustrate how SPDC photon pair sources,
as a resource of entanglement, and single atoms as quantum memories can be integrated
into a quantum network. It will enable us to establish remote entanglement for quantum
repeater operations over the metropolitan fibre link. Furthermore, the protocol shows the

power of heralded operations to reach high fidelities despite a low success probability.
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7 Summary and outlook

Quantum communication is a rapidly evolving field that has the potential to revolutionise
the way we exchange information and secure data. In the future, it is expected that
quantum networks will connect multiple quantum devices over long distances, enabling
the creation of large-scale quantum communication networks or a quantum internet. One
essential building block for such a network is a quantum repeater, which makes it possible
to overcome the limitation of fibre attenuation. Especially single ion platforms show
impressive progress in network operations, including a first repeater implementation, [143,
51), 144] and in quantum processors [145], [146]. Once a connection between two stationary
nodes is established, data can be transmitted. For quantum data transmission, quantum
state teleportation is a suitable protocol. The channel can also be used to exchange
encryption keys via[QKD] The protocols and interfaces developed in this thesis target the

ion platform.

In this context, the main goal of this thesis was to demonstrate full quantum state tele-
portation over a metropolitan fibre, using all four Bell states, based on the heralded
absorption of one photon of a pair. We applied several improvements to the pho-
ton pair source to reach this goal and proved the preservation of entanglement, including

quantum frequency conversion and over long distances.

In the following sections, we review and discuss the most important experimental results

as well as possible directions and challenges for future works.

7.1 Summary

The central element of all experiments of this thesis is the photon-pair source, described
and characterised in-depth in chapter The source produces photons at 854 nm and
pairs

reaches a single-mode pair rate of 7.2 x 10* ST

This is an improvement in the brightness of 1.6 compared to the previous version of the

for a pump power of up to 20 mW.
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source [72]. One photon of the pair is resonant to the Psj, to Ds), transition in *°Cat.
Additionally, the signal-to-background ratio (SBR) is improved, and the stabilisation is
much more reliable. The source reaches fidelities with a maximally entangled state of up to

99 %, and we can choose between the [¥+) and |U~) Bell state or any phase in-between.

To use our source, for example, in quantum networks, the entangled photon pairs must
be transmitted over long distances. The fibre attenuation at the photon wavelength is
here the main limitation. Our solution to this problem is [QFC| where one photon is
converted to the low loss, low-dispersion wavelength range at 1550 nm. In chapter [4]
we showed the preservation of the entanglement between the photons of a pair in four
different settings with distances up to 40 km. We also demonstrated the back conversion
to 854 nm with the same converter. The results revealed that the conversion process
and the long distances do not influence the fidelity of the state and that we reached the
maximum possible fidelity in all settings only limited by the [SBR]of the source itself. By
employing this interface, we could extend our quantum network infrastructure towards
further fundamental operations, like the shown teleportation measurement described in
chapter 5 In chapter [5, we presented our protocol for an atom-photon entanglement
transfer and a full quantum state teleportation measurement, using all four Bell states.
Both measurements are based on the heralded absorption of one photon of a pair. In
our protocol, we operate the ion in the receiver mode of the programmable atom-photon
quantum interface introduced in [I8]. Additionally, we demonstrated the atom-photon
entanglement transfer in three different settings, including and a metropolitan fibre.
In chapter [0, we used the protocol to measure teleportation from a qubit stored on the
ion to a single photon. The measurement was also performed in three different settings,
including and a metropolitan fibre. In both cases, extends our protocol to the
telecom wavelength range and enables us to bridge large distances. The conversion, as
well as the metropolitan fibre, influence the state fidelities of the transfer and the process

fidelity of the teleportation only slightly.

7.2 Discussion & Outlook

The long-term goal for quantum communication is to realise a worldwide quantum in-
ternet. One crucial step towards this goal is the realisation of a quantum repeater, for
which efficient light-matter interfaces are essential. Our photon pair source and the pre-

sented teleportation protocol aim precisely in this direction. Furthermore, a full quantum
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teleportation, which uses all four Bell states, is an important communication protocol
once a connection between two parties is established. The qubit rate and fidelity have
to be maximised for all network operations. In the case of our source, both parameters
are connected: If we increase the qubit rate by increasing the pump power, the fidelity
decreases, which has implications for further improvements. Increasing the qubit rate by
increasing the pump power will lower the state fidelity. Therefore, in order to increase
the efficiency and maintain high fidelity, it is only possible to reduce losses in the photon
paths, for example, by optimising the spacial beam shape of the output of the source or
by repairing two lossy splices, which decrease the coupling to the ion to 85 %. Another
possibility to improve the source is the replacement of the non-optimal flat mirror, which

will decrease losses inside the resonator and increase the photon-pair escape probability.

Further improvements can be reached by modifying the length of the photon wave packet
by redesigning the resonator, where the optimal parameters depend on the application
and the technical limitations of the resonator. For example, shorter photonic wave pack-
ets would improve the [SBR] because of less temporal overlap between two subsequent
photons and hence less accidental coincidences. At the same time, this shortening would
reduce the spectral overlap with the ion and would thereby lower the absorption proba-
bility. Conversely, longer photonic wave packets would optimise the absorption signal but

increase the background of accidental coincidences.

Apart from the source, there is great potential for improvement, especially in the ion
experiment. Here we have high fidelities but very low absorption rates. Even the best-
achieved detection efficiency at 854 nm with in-vacuum lenses is only 0.024 [19]. An optical
resonator around the ion would exploit the vacuum-modification effects to enhance the
emission into and the absorption from a specific optical mode. Schupp et al. [I31] have
shown a setup with a 20 mm long cavity resonant to the Ps, - Ds/, transition. They
could demonstrate strongly increased coupling efficiency, but their operations are still
slow because of the large cavity size. We are working on a new trap with a ~ 100 times
shorter fibre cavity resonant with the mentioned transition. In the teleportation protocol,
this cavity would drastically increase the absorption of incoming photons. Another im-
provement would be to increase the collection efficiency of the heralding 393 nm photons.
This improvement is possible with a second cavity, resonant to the P, - S/, transition.
Placing one fibre cavity around the ion is already challenging due to the dielectric surface,
which disturbs the electric field of the trap. A second resonator for the heralds would be

even more challenging because UV optics are generally harder to handle.

137



7 SUMMARY AND OUTLOOK
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Entanglement swapping

Cascading of repeater segments
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Figure 7.1: Quantum repeater scheme with sources. The scheme starts with an
entangled photon-pair source in between two stationary nodes. Each node
consists of an ion trap with two ions. First, entanglement between the inner
ions are generated through heralded absorption. In the next step, several
repeater nodes are cascaded, and entanglement between the outer nodes is
established via further swapping operations by local gates between two ions.

The increased absorption probability through the implementation of a fibre cavity reso-
nant to the Ps, - Ds/, transition would also enable repeater operations as presented in
figure If the second photon is converted back to the ion wavelength after, for ex-
ample, the metropolitan fibre, it can be absorbed by a second ion, establishing ion-ion
entanglement. This entanglement swapping is the basic function of a quantum repeater.
Trapping a second ion and performing entanglement swapping is straightforward and was
already shown [147]. For the realisation of a repeater, the source would be placed between
two ion traps, with two ions each. Then, we would apply the described protocol for en-
tangling the two inner ions. Once the other ion is entangled similarly, the entanglement
can be swapped over the whole distance. The heralding enables thereby asynchronous

operation.
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The main limitation of the mentioned scheme is the detection probability of the herald.
Therefore, a scheme which only uses the emission from the ion has some benefits. In this
protocol, one would use the direct emission of a photon from the ion [71],84]. In figure[7.1]
the direction of the red arrows is reversed, and the source is replaced by a[BSM| The[BSM]

swaps the entanglement from ion-photon to ion-ion entanglement. One drawback of this

scheme is that, so far, only a partial Bell state analysis could be performed for photonic
qubits[148, [39]. In these experiments, two of the four Bell states or, probabilistically, three
Bell states [149] could be detected. The efficiency of these methods is 50 %, the optimum
when using only linear optics [I50]. To detect all four Bell states, hyperentanglement is
needed [I57].

Another use case of the source would be to create hybrid entanglement by entangling
a trapped ion with a colour centre in diamond, for example, a negatively-charged tin-
vacancy centre (SnV ™) [152] 153]. We could use our protocol and the conversion process
as described on the ion side. For the SnV~, another converter is needed to transfer the
emitted photons to the same wavelength in the telecom range. A between both
telecom photons will then entangle the ion with the colour centre. Special care has to
be taken on the spectral properties of the photons, mainly their linewidth and temporal
profile. The natural linewidth of the SnV~ is 20 MHz and thus similar to the linewidth
of the source. Therefore, a measurement should show a sufficient interference

contrast.

7.3 Conclusion

In the detailed investigations of this work, we improved the brightness, the [SBR] and the
stability of the source. We could show the feasibility of the entanglement distribution over
long distances, including controlling the polarisation of a metropolitan fibre. Furthermore,
we demonstrated, for our knowledge for the first time, full quantum state teleportation,
using all four Bell states, from a single trapped *°Ca* to a polarisation qubit of a
photon. Several future improvements are readily identified. As the next step, we will
investigate protocols in absorption and emission at 854 nm and one fibre resonator around
the ion, as described above. The knowledge gained can also be transferred and used there.
In summary, the *Ca® platform has enormous potential as a network node or a quantum

repeater and for the mentioned protocols.
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APPENDIX A: RELATIONSHIP BETWEEN STATE AND INTERFEROMETER PHASE: CALCULATION

A Relationship between state and interferometer

phase: Calculation

In order to see the dependence of the state phase on the interferometric phase and get
an expression for it, we consider the setup shown in figure [A.2l We first calculate an
expression for the state phase and for the interferometer phase separately. Finally, we use

the two expressions to express the state phase using the interferometer phase.

State phase

The total phase of the photonic state ¢ is the sum of the phase of the pump ¢, and the
phase of the signal and idler photons ¢; ,:

©=@p+ s+ i (A1)

The phase of the pump results directly from the optical path difference between the first
and the conversion crystal plus an additional phase due to the m (thickness dy,

reflective index n,,)

d
@, = ky (Lp — L) + zlnpwp. (A.2)

The path differences between conversion crystal and second [BS| determine the phase of
the signal and the idler photons. The m (thickness dy, refractive index n, ;) gives rises
to another phase-shift:

d
Psi = ks,i (L/B - L;&) + ins,iws,i . (A3)
Cc

Substituting the expressions for the phases in equation (A.1) yields

d d
o=k,(Lp—La)+ks (L' — L)) +k (Ly— L))+ zln,,w,, + ?2 (nsws +nyw;) . (A.4)

We then use the phase-matching condition for the [SPDC| process (3.7)) and rewrite (A.4))

to get
" d d
o= "2 (Lo + Ip) = (Lat L)) + sy + F mss ms) - (A5)
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Figure A.2: Simplified schematic of the light path for calculating the phase factor of the
photonic state. Adapted from [104].

Interferometer phase

To calculate an expression for the interferometer phase, we now repeat the previously made
considerations with the expressions for the [SHG] instead of the [SPDC| Both directions of
the locking beam have vertical polarisation at the cavity mirror, and the crystal fulfils a
quasi-phase-matching for a type-1I [SPDC]| process. We measured the polarisation of the
produced [SHG light and identified it as vertically polarised. Therefore, we have type-0
phase-matching for the [SHG] process.

The phase factor of the lock light is given as
/ / dy
o=k (LB - LA) + ?nlwl (A6>
The phase of the produced [SHG] light is given as

d
osuc = ksuc (Lp — La) + ?lnSHGWSHG (A7)

Since two red photons are needed to create one [SHG| photon, we get a factor of two in

the phase of the lock light. The total phase is then given as

Pinter — YSHG + 290l (AS)

d d
= ksng (LB - LA) + 2k (ng - Li4) + anlwl + zlnSHGwSHG . (AQ)
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Using the phase matching condition for the [SHG] light

ksna = 2k, (A.10)
we rewrite (A.9) and get
_ WsHG , ) do dy
Pinter = ((LB + L) — (La+ LA)> + 2?nlwl + ~ "ISHGWSHG - (A.11)

The frequencies and detunings for our setup are described in section |3.2.3] We express
the frequencies in ((A.11)) and (A.5)) in the following way

W] = Wion
W; = Wion T 5&)7«
Wp = wyor + 27 - 160 MHz

WSsHG = wp + 5wb

Finally, we express the photonic state phase in dependence on the SHG phase

® = Pinter + Poft (A12)
with
(wa ’ ’
o= 22 (Lo + L) — (L4 + 14) (13
d
+ _QWion (nz - ns) + _2ni5wr
C C

dl 1
+ ?wp (np - ngH(;) - ?nSHGéwb

For the given frequency shifts dw, = 480 MHz and dw, = 480 MHz, the offset is in the
order of a few degrees. Additionally, the differences in the refractive index are neglectable.

In good approximation, we therefore conclude with

®Y = Pinter - (A14>
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B Laser state transfer

This section depicts further results and plots for the [LST| measurement and the values for

the phases and visibilities.

Table B.1: Phase and visibility of the fringes for the |5/, m = +1/2) state

first passage second passage

projector w /o correction w /o correction

Phase (°) Vis Phase (°) Vis
|H) |H) 8(1) 0.93(1) 174(4) 0.86(5)
|H) |V) 197(1) 0.91(1) 7(4) 0.87(4)
|H) |D) 101(2) 0.92(2) 89(4) 0.85(4)
|H) |A> 286(2) 0.89(2) 285(4) 0.84(4)
|H) |R) 59(24) 0.09(4) 251(160) 0.03(10)
‘H) ‘L> 244(17) 0.22(6) 16(34) 0.07(4)
VY [H) || 184(1) 0.933(9) | 345(4) 0.95(4)
vy vy |o14(1)  091(1) || 187(3)  0.88(3)
V)Y D) | 278(2)  0.94(2) || 256(2)  0.90(2)
VY |A) 101(2) 0.92(2) 101(4) 0.81(5)
V) |R) || 194(18)  0.13(4) | 52(38)  0.10(7)
V) L) || 52(20)  0.15(5) | 207(38)  0.07(4)
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393 nm photon projection |V) 393 nm photon projection |V')
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Figure B.3: Measurement results for the for first and second passage. The first row
is without RF 7/2 pulse and thus the projection to the eigenstates. The other
rows show the oscillations due to the Larmor precession. Second row: green
|H) / blue |V), third row: red |D) / black |A), last row: magenta |R) / yellow

IL).
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C Photon-photon to atom-photon entanglement

In the following section, we show additional plots and evaluations for the entanglement
transfer settings of the main text. Additionally, we give more details about the polarisation

control.

C.1 Polarisation control

We use two different techniques for polarisation control for the outputs of the source.
We adjust the measurement basis for output B of the source (projection). In order to
measure the polarisation rotation matrix of the whole path from the source to the 854 nm
[APDg we perform a single-qubit tomography with the detection setup. We determinis-
tically generate photons with horizontal polarisation if we block one pump direction of
the source. Furthermore, an additional quarter-wave plate directly after the source en-
ables us to generate photons with right-circular polarisation. The two input polarisation
with four projections each enables us to calculate the rotation matrix M and to adjust
the measurement basis accordingly. As we use only a short fibre for this connection, the
polarisation is very stable, and we only need to measure a new rotation matrix after a

few days.

For output A, we compensate the polarisation rotation induced by all components. As
mentioned, we use a reference laser for this. We sent the laser out of the back-reflection
direction. The polarisation is set by minimising the absorption of the ion if it is pre-
pared in one of the outer Ds/, states. Thus the polarisation at the position of the ion
is right-circular. An optional quarter-waveplate, calibrated with a polarimeter, rotates
this polarisation horizontally. The reference laser is sent to a reference polarimeter placed
on the trap table connected by the 1% output of a 99:1 fibre beam-splitter. The 99 %
output is connected to the fibre to the source. With the two input polarisations, we first
compensate the polarisation to the reference polarimeter and then to another polarimeter
in front of the source. By this, both polarimeters show the input polarisation. The last
step is to send another laser in the photon direction. The polarisation of this laser is set
by a setup similar to the projection setup. By this, we are able to produce an arbitrary
input polarisation. The light is reflected from the retroreflector and then detected at the
reference polarimeter. Additional fibre paddles in the delay fibre of the back-reflection
parts enable us to compensate for the polarisation of the back-reflection part. Because we

previously set the polarisation of the path from source to trap and from trap to reference

164



APPENDIX C: PHOTON-PHOTON TO ATOM-PHOTON ENTANGLEMENT

point to unity, we only see the polarisation rotation of the back-reflection part. The fibre

connecting the source and the trap has a length of ~ 15m. If the temperature in the

laboratory is stable, it is sufficient to readjust the polarisation once a day to compensate

for slow drifts in polarisation.

C.2 Without conversion |¥ ™)

In the following section, we will show the plots for each of the 393 nm detectors separately

and the corresponding density matrix reconstruction.

Table C.2: Phases and visibilities of the fringes for the data shown in figure and .

first passage second passage
projector with correction w /o correction || with correction | w/o correction
Phase Vis Phase Vis Phase Vis Phase Vis
() () () ()
|H) |H) || 176(3) 0.75(4) | 176(3) 0.70(3) || 165(10) 0.9(1) | 162(11) 0.45(8)
|H) |V) || 359(3) 0.78(4) | 359(3) 0.72(4) || 1(10) 082(8) 2(13) 0.43(8)
|H) |D) || 82(1) 0.591(10) | 82(1) 0.56(1) || 277(22) 0.4(1) | 278(23) 0.21(8)
|H) |A) || 266(3) 0.69(3) | 266(3) 0.65(3) || 81(15) 0.6(2) | 81(14) 0.31(8)
|H) |R) || 239(31) 0.10(5) | 239(31) 0.09(5) || 138(133) 0.1(3) | 147(150) 0.1(2)
|H) |L) || 32(21) 0.16(6) | 32(21) 0.15(5) | 189(95) 0.1(2) | 188(101) 0.1(1)
VY |H) || 353(2) 0.77(3) | 353(2) 0.71(2) || 9(9) 088(9) 6(11)  0.56(10)
VY |V) || 170(4) 0.74(5) | 170(4) 0.68(4) || 135(19) 0.7(2) | 139(21) 0.3(1)
VY |D) || 257(4) 0.63(4) | 257(4) 0.60(4) || 84(22) 0.6(2) | 83(23) 0.3(1)
VY |A) || 80(2) 0.66(2) | 80(2) 0.62(2) || 260(21) 0.6(2) | 259(22) 0.3(1)
VY |R) || 4(25) 0.11(5) | 4(26) 0.11(5) || 55(51) 0.3(3) | 54(49) 0.2(1)
VY L) || 186(13) 0.19(4) | 186(13) 0.18(4) || 184(124) 0.2(4) | 171(196) 0.0(2)
Table C.3: Overview of the state fidelities and purities
passage 393 nm projection || with correction | w/o correction
fidelity |H) 82.7(7) 79.0(7)
frst purity 72(1) 66(1)
fidelity V) 82.4(5) 78.6(5)
purity | 72(2) 66(1)
fidelity 17 74(4) (2)
o | pusity |H) 61(7) 35(2)
SeCOnE | TR delity ) 79(4) 56(2)
purity 71(7) (2)
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393 nm photon projection |H)
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Figure C.4: Measurement results for the photon-photon to atom-photon entanglement
transfer evaluated for a waiting time of 350 ps for the first and second passage.
The 393 nm photon is projected to |H). The first row is without RF 7/2-pulse.
The other rows show oscillations due to the Larmor precession. Second row:
green |H) / blue |V), third row: red |D) / black |A), last row: magenta |R) /
yellow |L). Grey bars and lines show the data without background correction.
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393 nm photon projection |V) 393 nm photon projection |V')
first passage second passage
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Figure C.5: Measurement results for the photon-photon to atom-photon entanglement
transfer evaluated for a waiting time of 350 ps for the first and second passage.
The 393 nm photon is projected to |V'). The first row is without RF 7/2-pulse.
The other rows show oscillations due to the Larmor precession. Second row:
green |H) / blue |V), third row: red |D) / black |A), last row: magenta |R) /
yellow |L). Grey bars and lines show the data without background correction.
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real part imaginary part

0.020(5)  0.050(6)  —0.01(2) —0.033(9) 0 —0.019(3) —0.019(6) —0.010(5)
0.050(6)  0.511(5) —0.350(9) 0.04(2) 0.019(3) 0 0.024(5)  0.022(6)
( —0.01(2) —0.350(9)  0.442(5) —0.045(6) ) ( 0.019(6) —0.024(5) 0  0.004(3) )
—0.033(9) 0.04(2) —0.045(6)  0.026(5) 0.010(5) —0.022(6) —0.004(3) 0
(a) First passage
real part imaginary part

0.42(3) —0.08(3) —0.03(8) —0.33(4) 0 0.010(9) 0.03(3) 0.03(2)
—0.08(3)  0.07(3) —0.09(4) —0.03(8) —0.010(9) 0 00202 —0.01(3)
—0.03(8) —0.09(4)  0.11(3)  0.05(3) —0.03(3) —0.02(2) 0 —0.009(9)
—0.33(4) —0.03(8)  0.05(3)  0.40(3) —0.03(2)  0.01(3) 0.009(9) 0

(b) Second passage

Figure C.6: Background corrected reconstructed atom-photon density matrix for the first
and second passage, and the 393 nm projected onto |H) .
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real part imaginary part

(1)
0.478(5)  —0.34(1) 0.05(1) 0.010(3) 0  0.060(5) 0.005(5)
—0.34(1)  0.483(5) —0.052(7) 0.002(5) —0.060( 0 —0.012(3)
(7

0.017(5)  0.047(7)  —0.03 —0.03(1) 0 —0.010(3) —0.002(5) —0.004(5)
(7)
(1) 0.023(5) 0.004(5) —0.005(5)  0.012(3) 0

0.05(1)  —0.052
(a) First passage

real part imaginary part

0.49(2) —0.08(3) —0.05(9) —0.32(5) 0 —0.03(1) —0.07(4)  0.07(2)
—0.08(3)  0.03(2) —0.03(5)  0.04(9) 0.03(1) 0 0032  0.00(4)
—0.05(9) —0.03(5)  0.03(2)  0.07(3) 0.07(4) —0.03(2) 0 —0.00(1)
—0.32(5)  0.04(9)  0.07(3)  0.45(2) —0.07(2) —0.00(4)  0.00(1) 0

(b) Second passage

Figure C.7: Background corrected reconstructed atom-photon density matrix for the first
and second passage, and the 393 nm projected onto |V') .
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C.3 Without conversion |¥?)

The measurements shown in

5.4.4

input state. We used an exposure window of 200 ps.

were also repeated for the |U?) =

1
V2

(|HV) —i|VH))

In contrast to a |¥~) input state, we expect no oscillations in the |D) / |A) projection

basis, but in the |R) / |L) projection basis. Additionally, for the measurement without

an RF pulse, we expect the contrast to be in the |D) / |A) projection basis.

Table C.4: Phases and visibilities of the fringes for the data shown in fig. and .

first passage second passage

projector || with correction | w/o correction with correction w /o correction

Phase Vis Phase Vis Phase Vis Phase Vis

() () () ()
|H) |H) || 173(2) 0.83(2) | 173(2) 0.76(2) || 173(10) 0.8(1) | 172(11) 0.49(9)
|H) |V) || 351(3) 0.84(3) | 351(3) 0.78(3) || 341(10) 0.8(1) | 343(12) 0.45(9)
|H) |D) || 349(11) 0.19(3) | 349(11) 0.18(3) || 4(25) 0.4(2) | 4(25) 0.3(1)
|H) |A) || 213(25) 0.10(4) 213(25) 0.10(4) || 194(45) 0.1(1) | 194(51) 0.08(7)
|H) |R) || 82(2) 0.75(2) | 82(2)  0.69(2) || 273(10) 0.7(1) | 273(9) 0.47(8)
|H) |L) || 263(5) 0.83(6) | 262(5) 0.77(5) || 77(15)  0.5(1) | 76(16) 0.28(9)
(VY |H) || 354(3) 0.85(3) | 354(3) 0.78(3) | 1(12) 0.8(1) | 360(12) 0.43(8)
[Vy |V) | 178(3) 0.85(3) | 178(3) 0.78(3) || 180(14) 0.8(2) | 177(16) 0.4(1)
VY |D) || 181(19) 0.16(5) | 181(19) 0.15(5) || 185(29) 0.19(10) | 185(28) 0.12(6)
V) |A) || 349(33) 0.10(6) | 349(33) 0.10(6) || 111(52) 0.3(2) | 111(49) 0.2(1)
V) |R) || 268(4) 0.77(5) 268(4) 0.72(4) || 97(11)  0.8(1) | 98(11) 0.48(10)
(VY |L) | 90(3) 0.81(3) | 90(3)  0.75(3) || 250(10) 0.7(1) | 251(11) 0.44(8)

The density matrices are shown in figure and fig. looks complicated but is as
expected, and the fidelity achieved is comparable to the measurements shown in the main
part. The achieved fidelities are summarised in table [C.5

Table C.5: Overview of the state fidelities and purities

passage 393 nm projection || with correction | w/o correction
fidelity |H) 86(1) 81.5(10)
first purity 77(2) 70(2)
fidelity v 86(1) 81(1)
purity 75(2) 68(2)
fidelity i) 78(4) 56(2)
second purity 69(8) 42(2)
fidelity i% 83(5) 58(2)
purity 74(9) 42(2)
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first passage second passage
00— 0w—————
g
S -
=] Q Q
S| < T i
(@) — — I
— Q Q 50 ku LTI T EEsssnEEREEEER EEEnnnn -.I-«
2z : I !
< o o
’Q i
o
I 0
= H VvV D A R
100
Q 2
8 8
* *
a a
g
kS 100 - - - 100
+~
< Py —_
kS &2 2
~ = 'Y =
0 N - - - - N
BN X X
Q o o
<
= L \
= 0
= 0 12 x x 32x 2=
Ad
100 - - — 100
S N W # S
8 50 : § 50
* & *
a 3 VL . a
0 : : 0
0 12 « ™ 32« 2
Ad

Figure C.8: Measurement results for the photon-photon to atom-photon entanglement
transfer evaluated for a waiting time of 200 ps for the first and second passage.
The 393 nm photon is projected to |H), and we use |[¥?) as the input state.
The first row is without RF 7/2-pulse. The other rows show oscillations due
to the Larmor precession. Second row: green |H) / blue |V'), third row: red
|D) / black |A), last row: magenta |R) / yellow |L). Grey bars and lines show
the data without background correction.
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393 nm photon projection |V')
first passage

393 nm photon projection |V)
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Figure C.9: Measurement results for the photon-photon to atom-photon entanglement
transfer evaluated for a waiting time of 200 ps for the first and second passage.
The 393 nm photon is projected to [V'), and we use |¥*) as the input state.
The first row is without RF 7/2-pulse. The other rows show oscillations due
to the Larmor precession. Second row: green |H) / blue |V'), third row: red
|D) / black |A), last row: magenta |R) / yellow |L). Grey bars and lines show
the data without background correction.
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real part imaginary part

0.20(1) 0.042(8)  0.03(1) —0.20(1) 0 —0.190(2)  0.191(4) —0.004(5)
0.042(8)  0.18(1) —0.21(1) —0.03(1) 0.190(2) 0 0.063(5) —0.199(4)
0.03(1) —0.21(1)  0.32(1) —0.034(8) —0.191(4) —0.063(5) 0 0.223(2)
—0.20(1) —0.03(1) —0.034(8)  0.30(1) ) ( 0.004(5)  0.199(4) —0.223(2) 0 )
(a) First passage
real part imaginary part

0.16(4)  0.02(4)  0.01(4) —0.19(4) 0 0.130(10) —0.20(1)  —0.02(2)
0.02(4)  0.24(4) —0.20(4)  0.03(4) —0.130(10) 0 0.12(2) 0.11(1)
0.01(4) —0.20(4)  0.38(4) —0.01(4) 0.20(1) —0.12(2) 0 —0.215(10)
—0.19(4)  0.03(4) —0.01(4)  0.21(4) 0.02(2) —0.11(1) 0.215(10) 0

(b) Second passage

Figure C.10: Background corrected reconstructed atom-photon density matrix for the first
and second passage, and the 393 nm projected onto |H). For an ideal density
matrix, the red coloured bars should have a height of 0.25 and the blue
coloured bars a height of —0.25.
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real part imaginary part

0.22(1)  0.022(8) 0.01(1)  —0.21(1) 0 —0.198(2)  0.199(4) —0.018(6)
0.022(8)  0.22(1) —0.21(1) 0.00(1) 0.198(2) 0  0.048(6) —0.196(4)
0.01(1) —0.21(1) 0.29(1) —0.028(8) —0.199(4)  —0.048(6) 0 0.197(2)
—0.21(1)  0.00(1) —0.028(8) 0.27(1) 0.018(6)  0.196(4) —0.197(2) 0

(a) First passage

real part imaginary part

0.21(4)  0.01(3)  0.03(4) —0.17(5) 0  0.16(1) —021(1) —0.02(2)
0.01(3)  0.14(4) —0.23(5)  0.06(4) —0.16(1) 0 0022  0.16(1)
0.03(4) —0.23(5)  0.32(4)  0.03(3) 0.21(1) —0.02(2) 0 —0.22(1)
—0.17(5)  0.06(4)  0.03(3)  0.33(4) 0.02(2) —0.16(1)  0.22(1) 0

(b) Second passage

Figure C.11: Background corrected reconstructed atom-photon density matrix for the first
and second passage, and the 393 nm projected onto |V'). For an ideal density
matrix, the red coloured bars should have a height of 0.25 and the blue
coloured bars a height of —0.25.
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C.4 With conversion

APPENDIX C: PHOTON-PHOTON TO ATOM-PHOTON ENTANGLEMENT

This section shows the evaluation of the entanglement transfer with conversion for each
393 nm detector separately. The phases and visibilities of the data shown in fig.
and are summarised in table

The reconstructed density matrices for the first and second passages are shown in fig.
and [C.15] In table [C.7] we summarise the purities and the fidelities of the entanglement

transfer.

Table C.6: Phase and visibility of the sinusoidal fits of the data shown in figure and

o3k
first passage second passage
projector || with correction | w/o correction || with correction | w/o correction
Phase Vis Phase Vis Phase Vis | Phase Vis
() () () (°)
|H) |H) || 184(4) 0.77(5) | 184(5) 0.71(5) || 211(15) 0.7(1) | 212(19) 0.3(1)
|H) |V) || 6(2) 0.77(2) | 6(2) 0.71(2) || 30(20) 0.6(2) | 29(23) 0.3(1)
|H) |D) || 101(8) 0.67(8) | 101(8) 0.62(8) || 265(21) 0.6(2) | 267(22) 0.3(1)
|H) |A) || 283(3) 0.72(3) | 283(3) 0.66(3) || 120(23) 0.4(1) | 120(24) 0.18(7)
|H) |R) || 302(16) 0.22(6) | 302(16) 0.21(6) || 54(60) 0.1(1) | 54(61)  0.07(7)
|H) |L)y || 125(11) 0.17(3) | 125(11) 0.16(3) || 249(47) 0.2(1) | 249(47) 0.10(9)
VY |H) || 358(3) 0.76(3) | 358(3) 0.69(3) || 5(13) 0.8(2) | 6(17) 0.4(1)
VY |V || 175(1)  0.74(1) | 175(1)  0.67(1) || 182(12) 0.8(1) | 181(13) 0.39(8)
VY |D) 273(5) 0.71(5) 273(5) 0.65(5) || 61(14) 0.7(1) | 63(17) 0.37(10)
VY A) || 98(1) 0.71(2) | 98(1) 0.65(2) || 279(18) 0.6(2) | 281(23) 0.3(1)
VY |R) || 131(17) 0.20(6) | 131(17) 0.19(6) || 162(90) 0.2(3) | 164(94) 0.1(1)
VY |L) || 301(12) 0.20(4) | 301(12) 0.19(4) || 106(20) 0.5(2) | 106(21) 0.3(1)
Table C.7: Overview of the state fidelities and purities
passage 393 nm projection || with correction | w/o correction
fidelity ) 84(1) 79(1)
first purity 82(2) 75(2)
fidelity 1% 84(1) 79.1(9)
purity 78(2) 71(1)
fidelity I 67(5) 47(3)
o L pusity ) 57(6) 35(2)
SeCOnE | TR delity » 81(5) 54(3)
purity V) 78(8) 39(2)
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Figure C.12: Measurement results for the photon-photon to atom-photon entanglement
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transfer with conversion evaluated for a waiting time of 400 ps for the first
and second passage. The 393 nm photon is projected to |H). The first row
is without RF 7/2-pulse. The other rows show oscillations due to the Larmor
precession. Second row: green |H) / blue |V), third row: red |D) / black
|A), last row: magenta |R) / yellow |L). Grey bars and lines show the data
without background correction.



APPENDIX C: PHOTON-PHOTON TO ATOM-PHOTON ENTANGLEMENT

393 nm photon projection |V) 393 nm photon projection |V')
first passage second passage
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Figure C.13: Measurement results for the photon-photon to atom-photon entanglement
transfer with conversion evaluated for a waiting time of 400 ps for the first
and second passage. The 393 nm photon is projected to V). The first row
is without RF 7/2-pulse. The other rows show oscillations due to the Larmor
precession. Second row: green |H) / blue |V), third row: red |D) / black
|A), last row: magenta |R) / yellow |L). Grey bars and lines show the data
without background correction.
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real part imaginary part

0.020(5)  0.050(6) —0.01(2) —0.033(9) 0 —0.019(3) —0.019(6) —0.010(5)
0.050(6)  0.511(5) —0.350(9) 0.04(2) 0.019(3) 0 0.024(5)  0.022(6)
—0.01(2) —0.350(9)  0.442(5) —0.045(6) 0.019(6) —0.024(5) 0 0.004(3)
~0.033(9) 0.04(2) —0.045(6)  0.026(5) 0.010(5) —0.022(6) —0.004(3) 0

(a) First passage

real part imaginary part

0.42(3) —0.08(3) —0.03(8) —0.33(4) 0 0.010(9) 0.03(3) 0.03(2)
—0.08(3)  0.07(3) —0.09(4) —0.03(8) —0.010(9) 0 0022 —0.01(3)
—0.03(8) —0.09(4)  0.11(3)  0.05(3) —0.03(3) —0.02(2) 0 —0.009(9)
—0.33(4) —0.03(8)  0.05(3)  0.40(3) —0.03(2)  0.01(3) 0.009(9) 0

(b) Second passage

Figure C.14: Background corrected reconstructed density matrix between ion and the
1550 nm photon for the first and second passage and the 393 nm projected
onto |H).
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real part imaginary part

0.017(5)  0.047(7)  —0.03(1)  —0.03(1) 0 —0.010(3) —0.002(5) —0.004(5)
0.047(7)  0.478(5) —0.34(1)  0.05(1) 0.010(3) 0  0.060(5)  0.005(5)

( —0.03(1) —0.34(1)  0.483(5) —0.052(7) ) ( 0.002(5) —0.060(5) 0 —0.012(3) )
—0.03(1)  0.05(1) —0.052(7)  0.023(5) 0.004(5) —0.005(5)  0.012(3) 0
(a) First passage
real part imaginary part

0.49(2) —0.08(3) —0.05(9) —0.32(5) 0 —0.03(1) —0.07(4)  0.07(2)
—0.08(3)  0.03(2) —0.03(5)  0.04(9) 0.03(1) 0 0032  0.00(4)
—0.05(9) —0.03(5)  0.03(2)  0.07(3) 0.07(4)  —0.03(2) 0 —0.00(1)
—0.32(5)  0.04(9)  0.07(3)  0.45(2) —0.07(2) —0.00(4)  0.00(1) 0

(b) Second passage

Figure C.15: Background corrected reconstructed density matrix between ion and the
1550 nm photon for the first and second passage and the 393 nm projected

onto |V).
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C.5 With conversion and metropolitan fibre

This section separately evaluates the entanglement transfer with conversion and

metropolitan fibre for each 393 nm detector. The phases and visibilities of the data
shown in fig. [C.16] and [C.I7] are summarised in table [C.§

For the data of the second passage, we reduce the number of bins to four to get a better
signal. We see some oscillation in the |[H) / |V) and |D) / |A) basis. However, the phase
shift between them is wrong because of the calibration error. We do not try to reconstruct

a density matrix for the mentioned reason.

The reconstructed density matrices for the first passage are shown in figure|[C.18] In table
we summarise the purities and the fidelities of the entanglement transfer.

Table C.8: Phase and visibility of the sinusoidal fits of the data shown in figure and

A/
first passage second passage
projector || with correction | w/o correction with correction | w/o correction
Phase Vis | Phase Vis Phase Vis | Phase Vis
() () () ()
|H) |H) || 174(6) 0.90(6) | 174(6) 0.84(6) || 195(47) 0.2(2) | 187(55) 0.3(3)
|H)Y |V) || 344(8) 0.63(8) | 344(8) 0.57(7) || 314(46) 0.5(3) | 315(58) 0.6(4)
|H) |D) || 252(8) 0.79(8) | 251(9)  0.72(9) || 184(339) 0.1(3) | 201(266) 0.1(5)
|H) |A) || 84(12) 0.7(1) | 84(12) 0.6(1) || 336(83) 0.5(6) | 333(83) 0.5(6)
|H) |R) || 23(63) 0.2(3) | 23(63) 0.2(2) 135(538) 0.1(10)
|H) |L) || 307(83) 0.1(2) | 307(83) 0.1(2) || 359(187) 0.1(3) | 6(207)  0.1(5)
(VY |H) | 359(11) 0.7(1) | 359(12) 0.7(1) || 12(51) 0.4(3) | 16(43) 0.6(4)
[Vy [V) | 178(9)  0.8(1) | 179(9)  0.7(1) | 197(95) 0.2(4) | 175(86) 0.4(6)
VY D) || 79(7) 0.71(7) | 79(7) 0.65(7) || 351(86) 0.2(3) | 350(113) 0.2(3)
V)Y |A) || 264(10) 0.9(1) | 264(10) 0.8(1)
V) |R) || 232(40) 0.2(2) | 232(39) 0.2(1) || 208(82) 0.2(3) | 216(60) 0.5(5)
V) L)y || 123(38) 0.2(1) | 124(38) 0.2(1) || 337(23) 0.17(7) | 335(35) 0.5(3)

Table C.9: Overview of the state fidelities and purities

passage 393 nm projection || with correction | w/o correction
fidelity |H) 85(3) 81(3)
first purity 82(6) 75(5)
fidelity V) 86(3) 82(3)
purity 82(6) 74(5)
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Figure C.16: Measurement results for the photon-photon to atom-photon entanglement

transfer with conversion and metropolitan fibre evaluated for a waiting time
of 400 ps for the first and second passage. The 393 nm photon is projected to
|H). The first row is without RF 7/2-pulse. The other rows show oscillations
due to the Larmor precession. Second row: green |H) / blue |V'), third row:
red | D) / black |A), last row: magenta |R) / yellow |L). Grey bars and lines
show the data without background correction.
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Figure C.17: Measurement results for the photon-photon to atom-photon entanglement
transfer with conversion and metropolitan fibre evaluated for a waiting time
of 400 ps for the first and second passage. The 393 nm photon is projected to
|V'). The first row is without RF 7/2-pulse. The other rows show oscillations
due to the Larmor precession. Second row: green |H) / blue |V'), third row:
red | D) / black |A), last row: magenta |R) / yellow |L). Grey bars and lines
show the data without background correction.
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real part imaginary part

0.62(2)  0.08(2)  0.07(7) —0.37(3) 0 —0.06(1)  0.033)  0.07(1)
0.08(2)  0.03(2) —0.02(3)  0.01(7) 0.06(1) 0 —0.01(1) —0.02(3)
0.07(7) —0.02(3)  0.01(2)  0.02(2) —0.03(3)  0.01(1) 0 —0.02(1)
( —0.37(3)  0.01(7)  0.02(2)  0.34(2) ) ( —0.07(1)  0.02(3)  0.02(1) 0 )
(a) First passage |H)
real part imaginary part

0.54(2) 0.12(2)  0.04(4) —0.38(3) 0 —0.07(1) 0.05(2)  0.03(2)
0.12(2) 0.02(2)  0.00(3)  0.02(4) 0.07(1) 0 —0.03(2) —0.04(2)
0.04(4) 0.00(3)  0.01(2) —0.02(2) —0.05(2)  0.03(2) 0 0.01(1)
—0.38(3) 0.02(4) —0.02(2)  0.42(2) —0.03(2)  0.04(2) —0.01(1) 0

(b) First passage |V)

Figure C.18: Background corrected reconstructed density matrix between ion and the
1550 nm photon for the first passage.
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D Atom to photon quantum-state teleportation

In the following section, we show additional plots and evaluations for the teleportation

measurements of the three settings of the main text. Additionally, we present the tele-

portation without conversion with another input state.

D.1 Without conversion |¥™)

In the following section, we will show the plots for the teleportation measurement with-

out conversion evaluated for each of the 393 nm detectors separately.

The phases and

visibilities for the data shown in fig. [D.21] and [D.22] are summarised in table [D.10] We

use the |U~) Bell state as a photonic entanglement resource.

The reconstructed density matrices for the eight different projection combinations are
shown in figure [D.19 and [D.20, The process fidelities are summarised in table [D.11]

Table D.10: Phases and visibilities for the data shown in fig. |D.21| and |D.22l
first passage

second passage

projector with correction | w/o correction || with correction | w/o correction
393 854 || Phase  Vis Phase  Vis Phase Vis | Phase Vis
(°) () (°) (°)

|H) || 358(6) 0.72(6) | 358(6) 0.67(6) || 357(16) 0.8(2) | 355(18) 0.4(1)

|—)s |H) |D) || 266(4) 0.65(4) | 266(4) 0.62(4) || 80(24)  0.3(1) | 80(24) 0. 19(8)
|R) || 52(39) 0.13(9) | 52(40) 0.12(9) || 200(137) 0.1(3) | 200(134) 0.1(1)

|H) || 354(4) 0.72(5) | 354(4) 0.67(4) || 1(8) 0. 77(7) 4(12)  0.42(8)

[+)g [V) |D) || 258(4) 0.66(4) | 258(4) 0.62(4) || 74(12)  0.7(1) | 74(12) O. 38(8)
|R) || 20(7) 0.18(2) | 20(7) 0.17(2) || 311(86) 0.2(3) | 314(99) 0.1(2)

|H) || 178(4) 0.81(5) | 178(4) 0.75(4) || 166(8) 0.88(10) | 168(10) 0.48(8)

+)g |H) |D) || 81(5) 0.63(5) | 81(5) 0.59(5) || 272(13) 0.7(1) | 271(14) 0.32(8)
|R) || 210(20) 0.12(4) | 210(20) 0.11(4) || 154(122) 0.1(2) | 158(125) 0.1(1)

|H) || 169(4) 0.78(5) | 169(4) 0.73(5) || 158(7) 0.77(7) | 158(8) 0. 43(6)

=) [V) |D) || 79(5) 0.63(5) | 79(5) 0.60(4) || 266(33) 0.4(2) | 266(34) 0.3(1)
|R) || 163(19) 0.14(4) | 163(19) 0.13(4) || 255(57) 0.3(3) | 250(61) 0.2(2)
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x|
x|

x|
x|

(c) Projection to |[®T) = |+) ¢ ® |H) 494 (d) Projection to |®T) = |=) ¢ ® |V )93

Figure D.19: Reconstructed process matrices of the quantum state teleportation without
conversion. (a) and (b) show the result for a projection to the |®~)-state
and (c¢) and (d) for a projection to the |®T)-state.

Table D.11: Summarised process fidelities for the 8 different measurement outcomes de-

picted in fig. [D.19 and [D.20]

Bell state | passage state fidelity w correction | fidelity w/o correction
o) =5 ® [H) g S77) % 850 %
) | | @ V) 87(7) % 85(6) %
ot | & s M | 88(6)% 86(6) %
o) )5 ® Vg 87(7) % 85(6) %
T) | g s |  BO0% 550 %
) |5 | e ® Vi 86(7) % 71(6) %
WS s )y | 88010)% 70(7) %
) s Vi | 80(14)% 67(9) %

185



APPENDIX D: ATOM TO PHOTON QUANTUM-STATE TELEPORTATION

(a) Projection to [¥7) = | =) ¢ ® [H)594 (b) Projection to |U7) = [4+)g ® [V ) 393

x|

(¢) Projection to [¥1) = |4+) g ® |H) 395 (d) Projection to |¥F) = |—=)g ® |V)305

Figure D.20: Reconstructed process matrices of the quantum state teleportation without
conversion. (a) and (b) show the result for a projection to the |¥U~)-state
and (c) and (d) for a projection to the |¥*)-state.
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Figure D.21: Histograms and fringes for the three input states and the Bell state

of the first passage. The data is evaluated for

a waiting time of 350 ps. Grey bars and lines show the data without correction. The coloured ones with correction.
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Figure D.22: Histograms and fringes for the three input states and the Bell state of the second passage. The data is evaluated
for a waiting time of 350ps. Grey bars and lines show the data without correction. The coloured ones with
correction.



APPENDIX D: ATOM TO PHOTON QUANTUM-STATE TELEPORTATION

D.2 Without conversion |\Il’)

Here, we present the results for the teleportation measurement with the |¥%)-state as a

photonic resource of entanglement. The measurement is performed without conversion.

The data is evaluated for each of the 393 nm detectors separately. The phases and
visibilities for the data are shown in fig. |D.25 and |[D.26| are summarised in table

The reconstructed density matrices for the eight different projection combinations are
shown in figure [D.23] and [D.24] The process fidelities are summarised in table [D.13] In

contrast to process matrices with a Bell state as input, where we get a single Pauli matrix

as a unitary operation, we get a combination of two for each projection. Therefore, we

also must plot the real and imaginary parts of .

Table D.12: Phases and visibilities of the fringes for the data shown in figure and

projector

first passage

with correction

w /o correction

second passage

with correction

w/o correction

393 854 || Phase Vis | Phase Vis || Phase Vis | Phase Vis
(°) (°) (°) (°)
|H) || 353(3) 0.84(4) | 353(3) 0.77(3) || 340(6) 081(6) 339(6) 046(4)
|—)g [H) |D) || 172(26) 0.11(5) | 172(25) 0.11(5) || 226(41) 0.4(3) | 224(46) 0.3(2)
|R) || 263(4) 0.83(5) | 263(4) 0.77(5) || 91(14) 0.7(2) | 92(16) 0.4(1)
|H) || 355(2) 0.86(2) | 355(2) 0.79(2) || 7(8) 0. 84(9) 5(7) 0. 49(6)
|+)s [V) |D) || 186(11) 0.12(2) | 186(12) 0.11(2) || 311(61) 0.2(2) | 311(66) 0.1(1)
|R) || 266(2) 0.74(3) | 266(2) 0.69(2) || 83(7) 0. 65(8) 84(8) 0. 39(5)
|H) 171(2) 0.83(2) 171(2) 0.77(2) || 175(12) 0.8(2) | 176(12) 0.5(1)
|+)g [H) |D) || 14(19) 0.16(5) | 14(19) 0.15(5) || 324(29) 0.3(2) | 323(31) 0.2(1)
|R) || 81(3) 0.75(4) | 81(3) 0.70(3) || 260(8) 062(8) 260(9) 036(6)
|H) || 177(4) 0.84(5) | 177(4) 0.77(4) || 172(19) 0.8(2) | 169(22) 0.4(1)
=) |V) |D) 349(14) 0.15(4) 349(14) 0.14(4) || 12(36) 0.3(2) | 12(37) 0.2(1)
|R) || 91(3) 0.84(3) | 91(3) 0.77(3) || 266(12) 0.8(2) | 267(12) 0.5(1)
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(c) Projection to [®F) = |4+) g ® |H) 395

real part imaginary part

0.5 < 0.5
<@

0.0 "."" 0.0

~ 0.5 ‘ 0.5

(d) Projection to [®F) =|—) g ® [V) 395

Figure D.23: Reconstructed process matrices of the quantum state teleportation without
conversion. (a) and (b) show the result for a projection to the |®~)-state
and (c) and (d) for a projection to the |®T)-state.
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Figure D.24: Reconstructed process matrices of the quantum state teleportation without
conversion. (a) and (b) show the result for a projection to the |¥~)-state
and (c¢) and (d) for a projection to the |U™)-state.

191



APPENDIX D: ATOM TO PHOTON QUANTUM-STATE TELEPORTATION

Table D.13: Summarised process fidelities for the 8 different measurement outcomes de-

picted in fig. [D.23] and [D.24]

Bell state | passage state fidelity w correction | fidelity w/o correction
) s ® [HYsen 91(3) % 88(3) %
) |y | e ® Vs 00(3) % 87(3) %
of) | E | [ ® |H)u 90(3) % 87(3) %
o) 95 © [V 05 92(3) % 89(3) %
T [ g |[)s@ | SI0D% )%
) | e @ V) 85(6) % T1(4) %
|5 | e @ H) 86(7) % 72(5) %
o) s ®[Viges | 85(11) % 70(6) %
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Figure D.25: Histograms and fringes for the three input states and the Bell state of the first passage. The data is evaluated for
a waiting time of 200 ps. Grey bars and lines show the data without correction. The coloured ones with correction.

NOLLVIHOdATAL ALVIS-WAINVAD NOLOHd OL WOLY (I XIANAddY



V61

P (%)
P (%)
P (%)

50

]
=~
&
=~

P (%)

— 0 0 0
I@ ) 12 x x 23x  2x 0 12 x x 237 2x 0 12 x x 23x  2x 0 12 x x 237  2x
Ad Ad A® N
~ 100 100 100 100
—~
& .
= G - - -
Q Q - q q
+ D & 5 & 50 E £ 50 £ 50
©
~
Q 0 0 0 0
+ [) 12 x x 237 2= 0 12 x x 237 2m 0 12 x x 237 2m 0 12 x x 23x  2m
A® A® A®
Q 100 100 100
—
~
I — — i — i — - I
o Q - Q Q
| ’R> z £ 50 £ 50 £ 50
854 o o T o o .
N———
0 0 0
0 12 x x 23x  2x 0 12 x x 237 2x 0 12 x x 23x  2x 0 12 x x 237 2x

100

Q
) g g
= B
? o o
Q
~ z 9
x B
T - -

Figure D.26: Histograms and fringes for the three input states and the Bell state of the second passage. The data is evaluated
for a waiting time of 200ps. Grey bars and lines show the data without correction. The coloured ones with
correction.
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APPENDIX D: ATOM TO PHOTON QUANTUM-STATE TELEPORTATION

D.3 With conversion

This section presents additional results for the teleportation measurements with conver-

sion to 1550 nm. The data shown here is evaluated for each of the 393 nm detectors

separately.

The phases and visibilities for the data shown in fig.

summarised in table [D.14]

D.29| and [D.30] are

The reconstructed density matrices for the eight different projection combinations are
shown in fig. and [D.28. The resulting process fidelities are summarised in table

Table D.14: Phase and visibility of the fringes for the teleporation measurment

first passage

second passage

projector with correction | w/o correction || with correction | w/o correction

393 854 || Phase  Vis Phase  Vis Phase  Vis Phase Vis
() ) () ()

|H) || 4(5)  0.79(6) | 4(5)  0.72(5) || 352(29) 0.5(3) | 356(26)0.21(10)

=g |H) |D) || 278(4) 0.75(4) | 278(4) 0.68(4) | 81(13) 0.6(1) | 80(12) 0.26(6)

|R) || 128(65) 0.2(2) | 128(66) 0.2(2) || 212(21) 0.3(1) | 213(29) 0.16(8)

|H) || 355(4) 0.74(4) | 355(3) 0.67(3) || 0(10)  0.8(1) | 358(8) 041( )

|+) s [V) |D) || 276(3) 0.71(3) | 276(3) 0.64(3) || 72(20) 0.7(2) | 71(24) 0.3(1)
|R) || 130(56) 0.2(2) | 130(57) 0.2(2) || 293(25) 0 5(2) 294(32) 0.2(1)

|H) || 186(3) 0.77(3) | 186(3) 0.70(3) || 180(16) 0.7(2) | 178(19) 0.3(1)

|+)g [H) |D) || 107(8) 0.66(8) | 107(8) 0.60(8) || 241(31) 0.6(3) | 244(30) 0.2(1)
|R) || 300(57) 0.3(3) | 300(57) 0.3(3) || 73(48) 0.2(2) | 75(59) 0.1(1)

|H) 177(6) 0.79(7) 177(6) 0.70(6) || 190(14) 0.8(1) | 190(14) 0.39(9)

I=)s V) |D) || 96(3) 0.72(3) | 96(3) 0.65(3) || 273(11)0. 65(10) 273(10) 0.31(5)
|R) || 303(41) 0.2(2) | 303(42) 0.2(1) | 21(82) 0.2(3) | 21(100) 0.1(2)

195



APPENDIX D: ATOM TO PHOTON QUANTUM-STATE TELEPORTATION

Table D.15: Summarised process fidelities for the 8 different measurement outcomes de-

picted in fig. [D.27 and [D.28]

Bell state | passage state fidelity w correction | fidelity w/o correction
[©7) | =) © [H)sq5 89(9) % 86(6) %
|d7) )7 [4+)5 ® [V) 593 87(7) % 85(6) %
|[©7) = [+) s © | H ) g5 86(8) % 84(7) %
[27) [ =5 @ V) 303 88(8) % 85(5) %
) | = | )s®Hy | A0 % 63(0) %
U) S | s ® V) 82(13) % 68(8) %
|Ut) % [+) g @ |H) 395 76(20) % 66(13) %
) 5@ Vg | 8200)% 67(6) %

(a) Projection to [®7) = |—)g ® |H) 395 (b) Projection to |[®7) = [+) g ® |V)393

x|

(d) Projection to [®F) = |—) g ® |V )305

(c) Projection to [®F) = |4+) ¢ @ |H) 595

Figure D.27: Reconstructed process matrices of the quantum state teleportation with con-
version. (a) and (b) show the result for a projection to the |®~)-state and
(c) and (d) for a projection to the |®T)-state.
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x|

1.0 1.0
0.5 = 0.5 =
0.0 0.0

(¢) Projection to [¥F) = |4+) ¢ ® [H) 395 (d) Projection to [¥F) = |=)g ® [V) 395

Figure D.28: Reconstructed process matrices of the quantum state teleportation with con-
version. (a) and (b) show the result for a projection to the |¥~)-state and
(c) and (d) for a projection to the |U™)-state.
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Figure D.29: Histograms and fringes for the three input states and the Bell state of the first passage for the measurement
with conversion. The data is evaluated for a waiting time of 400 ps. Grey bars and lines show the data without
correction. The coloured ones with correction.
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Figure D.30: Histograms and fringes for the three input states and the Bell state of the second passage for the measurement
with conversion. The data is evaluated for a waiting time of 400 ns. Grey bars and lines show the data without
correction. The coloured ones with correction.
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APPENDIX D: ATOM TO PHOTON QUANTUM-STATE TELEPORTATION

D.4 With conversion and metropolitan fibre

In this section, we present additional results for the teleportation measurements with

conversion to 1550 nm and the metropolitan fibre. The data shown here is evaluated for

each of the 393 nm detectors separately.

As mentioned in the main text, we have no

usable data for the second passage. The phases and visibilities for the data shown in fig.
[D.32] are summarised in table [D. 16l

The reconstructed density matrices for the four different projection combinations of the

first passage are shown in fig. [D.31] The resulting process fidelities are summarised in

table [D.15]

Table D.16: Phase and visibility of the fringes for the teleporation measurment

first passage
projector with correction w /o correction
393 854 || Phase (°) Vis | Phase (°) Vis
|H) || 332(21) 0.17(6) | 325(26) 0.3(2)
|—)s |H) |D) || 358(520) 0.1(8) | 357(354) 0.1(9)
|R) || 319(510) 0.0(2) | 135(375) 0.1(5)
|H) || 26(48) 0.4(3) | 10(51) 0.6(5)
+)g [V) |D) || 315(177) 0.1(3) | 315(200) 0.1(2)
|R) || 10(88) 0.1(1) | 4(79) 0.4(5)
|H) || 164(59) 0.3(3) | 166(55) 0.4(4)
+)s |H) |D) || 160(33) 0.3(2) | 164(36) 0.3(2)
|R) || 1(381) 0.1(4) | 5(339) 0.1(7)
|H) || 163(135) 0.2(5) | 165(124) 0.3(8)
=) s [V) |D) || 154(52) 0.4(3) | 153(49) 0.3(2)
|R) || 178(114) 0.2(4) | 184(93) 0.4(7)

Table D.17: Summarised process fidelities for the 8 different measurement outcomes de-

picted in fig. [D.31]

state

fidelity w correction

fidelity w/o correction

Bell state | passage
@)
@) =
|dF) =
|&F)

86(9) %
(5) %

89(8) %
(9)

83(9

82(6
85(7
85(9

) %o
) %
) %o
) %
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(c) Projection to [®1) = |+) g ® |H) 394 (d) Projection to [®F) =|—) g ® [V) 395

Figure D.31: Reconstructed process matrices of the quantum state teleportation with con-
version and metropolitan fibre. (a) and (b) show the result for a projection
to the |®~)-state and (c) and (d) for a projection to the |®T)-state.
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Figure D.32: Histograms and fringes for the three input states and the Bell state of the first passage for the measurement with
conversion and metropolitan fibre. The data is evaluated for a waiting time of 400 ps. Grey bars and lines show
the data without correction. The coloured ones with correction.
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