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Abstract

The scope of this thesis is the development of efficient and low-background polarization-
preserving quantum frequency converters (PPQFC) and their integration into trapped-
atom based quantum network nodes to demonstrate building blocks of a quantum net-
work (QN). We constructed four PPQFC devices to transduce the emission wavelengths
of single trapped 40Ca+-ions at 854 nm and neutral 87Rb-atoms at 780 nm to the low-loss
telecom bands between 1260 nm and 1625 nm. Upon the conversion process, the quan-
tum information encoded in the photon polarization has to be preserved. To this end, we
rely on difference frequency generation in ridge waveguides, which are inserted into po-
larization interferometers arranged in Sagnac- or Mach-Zehnder-type configuration. For
the conversion of single and entangled photons we achieved external device efficiencies
between 26.5 % and 57.4 %, low background levels, which allow for signal-to-background
ratios above 20, and process fidelities > 99.5 %. Employing the PPQFC devices, we were
able to demonstrate several key elements of long-distance QNs: photon-photon entan-
glement over 40 km of fiber via 2-step QFC with a fidelity of 98.9 %, ion-telecom-photon
entanglement with high fidelities up to 97.8 %, an atom-to-telecom-photon state trans-
fer, and the distribution of atom-photon entanglement over 20 km of fiber with a fidelity
of 78.9 %. These results hold great promise to extend small QNs with ≥ 2 nodes to a
metropolitan scale.
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Kurzdarstellung

In dieser Arbeit werden effiziente und hintergrundarme polarisationserhaltende Quan-
tenfrequenzkonverter (PPQFC) entwickelt und in Quantennetzwerkknoten basierend auf
gefangenen Atomen integriert, um Bausteine eines Quantennetzwerks (QN) zu demon-
strieren. Wir haben vier PPQFC gebaut um die Emissionswellenlängen von einzel-
nen 40Ca+-Ionen bei 854 nm und neutralen 87Rb-Atomen bei 780 nm in die verlustar-
men Telekombänder zwischen 1260 nm und 1625 nm umzuwandeln. Im Konversion-
sprozess muss die Quanteninformation, kodiert in der Polarisation der Photonen, erhal-
ten bleiben. Dazu nutzen wir Differenzfrequenzerzeugung in Kantenwellenleitern, welche
in Polarisationsinterferometer in Form von Sagnac- oder Mach-Zehnder-Aufbauten in-
tegriert werden. Für die Konversion einzelner und verschränkter Photonen erreichten
wir externe Geräteeffizienzen zwischen 26.5 % und 57.4 %, geringe Hintergrundbeiträge,
die Signal-zu-Hintergrund-Verhältnisse über 20 ermöglichen, sowie Prozess-Fidelities
> 99.5 %. Mit Hilfe der Konverter konnten wir eine Reihe von Kernelementen von lan-
greichweitigen QNn zeigen: Photonen-Photonen-Verschränkung über 40 km Faser mit-
tels 2-Schritt QFC mit einer Fidelity von 98.9 %, Ion-Telekom-Photon-Verschränkung
mit hohen Fidelities bis zu 97.8 %, einen Atom-zu-Telekom-Photon Zustandstransfer,
und die Verteilung von Atom-Photon-Verschränkung über 20 km Faser mit einer Fi-
delity von 78.9 %. Diese Resultate sind vielversprechend um kleine QN mit ≥ 2 Knoten
auf die Längenskala einer Stadt auszuweiten.
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Chapter 1

Introduction

The discovery of quantum mechanics and the development of a mathematical framework
to describe the related physical effects at the beginning of the 20th century is one of
the great achievements in modern science and opened a large number of new research
fields ranging from atomic, nuclear and particle physics to modern solid-state physics
or quantum chemistry. Apart from this, quantum mechanics enabled the development
of ground-breaking technologies, which have become an integral part of our everyday
lives. Two prominent examples are the semiconductor-based classical information pro-
cessing or the laser, both being an outcome of modern solid-state, atomic and optical
physics. Due to the enormous impact of these inventions, they are sometimes referred
to as the result of the “first quantum revolution”. However, although quantum mechan-
ics is certainly the underlying physical principle of these technologies, they do neither
incorporate the isolation, control and manipulation of individual quantum objects, such
as single atoms, photons or artificially-created atom-like systems in solid-state mate-
rials, nor the specific preparation, processing and measurement of nonclassical states,
e.g. coherent superposition or entangled states. This has only been achieved during
the last 30 years, triggered by major breakthroughs mainly in atomic physics, laser
physics, material science and high-speed low-noise electronics. It enabled the exper-
imental implementation of theoretical proposals originating from a new research field
labeled as quantum information processing (QIP) [1]. In analogy to classical informa-
tion processing, where information is encoded in bits being the basic unit with the two
logical values 0 and 1, QIP relies on quantum bits (qubit) formed by two orthogonal
basis states, which are commonly represented by the state vectors |0〉 and |1〉. While
the state of classical bits is restricted to the values 0 or 1, qubits can also take ar-
bitrary coherent superposition states |Ψ〉 = α|0〉 + β|1〉 with α and β being complex
coefficients that satisfy |α|2 + |β|2 = 1. Moreover, in the case of more than one qubit,
they can form an entangled state, for instance a two-qubit maximally entangled Bell
state |Ψ−〉 = 1/

√
2 (|01〉 − |10〉). The above mentioned individual quantum objects may

serve as qubits if they can provide at least two distinct energy levels, which form the
computational basis states |0〉 and |1〉. On top of this, these levels have to fulfill several
requirements related to the initialization and readout capability of the state, its coher-
ence time, and the possibility to perform gates between different qubits (for details see
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2 1. INTRODUCTION

the DiVincenzo criteria [2]). The availability of physical qubits and the possibility to
prepare them in superposition or entangled states allows for the realization of several
novel and promising applications, thus, we refer to this quantum technology as “second
quantum revolution” [3]. In the context of an European initiative to boost quantum
technology, the so-called “Quantum Flagship” [4,5], the applications were organized in
four categories: quantum computation, simulation, sensing/metrology and communica-
tion, which we will explain in more detail in the following.

� Quantum computation: A quantum computer employs a large number of
qubits and a set of universal one- and two-qubit gates to implement various quan-
tum algorithms, which commonly provide – for a certain well-defined task – a
significant advantage or speedup compared to classical algorithms [6]. These algo-
rithms typically rely on the controlled quantum interference between components
of large entangled superposition states to amplify the desired result. Prominent
examples are Shor’s algorithm for prime number factorization [7] or Grover’s al-
gorithm for database search in large, unsorted lists [8]. Currently, the most ad-
vanced approaches to realize a quantum computer are based on superconducting
qubits [9,10] or trapped-ion qubits [11,12] and driven forward by academic groups
as well as several startup and established digital market companies (e.g. IBM,
Google, Alibaba, AQT or IonQ to name a few).

� Quantum simulation: The idea of quantum simulation goes back to a vision-
ary lecture by Richard Feynman [13]: he underlined the problem of simulating
interacting quantum many-body systems with classical computers due to an unfa-
vorable scaling of the required computational power and memory with the number
of particles N in the system (the number of coupled equations scales with 2N ).
These systems are, however, interesting if one wants to approach e.g. the physics
of (exotic) quantum materials [14] or tackle quantum chemistry calculations of
molecules [15]. Feynman suggested to design an artificially well-controlled quan-
tum many-body system to simulate the dynamics of the target system instead.
Over the past years, experimental progress allowed for the simulation of various
physical models (e.g. Ising or Hubbard models) with different hardware platforms,
among them trapped ions [16], cold atoms in optical lattices [17], Rydberg atoms
in optical tweezer arrays [18], or photonic circuits [19].

� Quantum sensing/metrology/imaging: The field of quantum-enhanced sens-
ing, metrology and imaging covers a much broader range of applications than
simulation or computing. The general characteristics are that sensors are con-
structed from single or ensembles of quantum objects, which are potentially pre-
pared in nonclassical states, and provide an advantage in terms of precision, sen-
sitivity or measurement speed. The physical platforms for quantum sensing are
manifold: they range from optical single-ion or optical-lattice atomic clocks [20]
to gravitation-wave detectors enhanced by squeezed light [21], phase estimation
beyond the standard quantum limit with ensembles of atoms/ions [22] or pho-
tons [23], magnetic-field sensing and imaging with solid-state spins in color centers
in diamond [24,25] and many others.



1. INTRODUCTION 3

Quantum Internet

Distributed 
quantum 

computing

Entanglement 
based QKD 

Remote access 
to quantum 
computers

Quantum 
network of

atomic clocks

Quantum-
assisted stellar 

telescopes
.....

Figure 1.1. Artist impression and possible applications of the quantum in-
ternet. The artist impression has been adapted from a news article of QTech, Delft [31].

� Quantum communication: In this field quantum information is distributed
between remote locations by means of so-called flying qubits – usually photons
at optical wavelengths – which are transmitted through quantum channels con-
necting the distant places. In the near future, the main application is quantum
cryptography being a cryptography method whose security is approved by the
laws of quantum mechanics [26–28]. It combines quantum random number gen-
erators (QRNGs) to generated secret keys and quantum key distribution (QKD)
to broadcast them in a secure way [4]. On a longer perspective, the vision is the
realization of a quantum network or quantum internet to distribute entanglement
between remote locations, which could be employed as resource for various appli-
cations [29, 30]. Since the main purpose of this thesis is the development of tools
for quantum networks, we will take a closer look at this in the following.

Quantum Networks and Repeaters

An artist’s impression of a quantum network spanned across Europe is shown in Fig. 1.1:
it consists of stationary quantum network nodes (QNN) where quantum information is
stored or processed. These nodes are interconnected by quantum channels in order to
distribute entanglement between the nodes by means of photonic qubits. As soon as
entanglement between QNNs is established, it can be employed as resource for inter-
esting applications, among them entanglement-based QKD schemes [32–35] with the
most advanced one being fully device-independent QKD [36–38]. The latter relies on a
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loophole-free Bell test and copes with minimal assumptions on the experimental appa-
ratus enabling the highest security so far. Furthermore, one can imagine the connection
of spatially separated quantum computers (distributed quantum computing) [39, 40],
remote access to quantum computers/blind quantum computing [41–43] or a quantum
network of atomic clocks [44,45] or stellar telescopes [46,47], where entanglement distri-
bution enables an improvement of the performance of these devices. A major limiting
factor for the achievable entanglement rates in a quantum network – and also for the
secret key rates in QKD – are transmission losses in the quantum channels. It has
been shown by Takeoka et al. [48, 49], that there is an ultimate limit of the rate – the
so-called TGW-bound – which solely depends on the channel loss and is independent of
the particular scheme (one exception is the recently developed twin-field QKD proto-
col [50], which allows for rates slightly above this bound). In practical fiber-based QKD
implementations, where the losses scale exponentially with the distance, this results in a
limit of a few hundreds of kilometer. Higher distances could be achieved with satellites:
here the loss does not occur isotropic over the channel, but is mainly located in the
atmosphere [35,51]. However, satellites also have some drawbacks such as the enormous
costs and technical effort or the limited broadcasting time due to the movement of the
satellite with respect to the ground stations. While the problem of attenuation in opti-
cal fibers is solved in classical communication with repeater stations realized by in-line
Erbium-doped fiber amplifiers, this is not applicable in quantum communication due to
the no-cloning theorem [52]. To this end, Briegel et al. suggested in 1998 the so-called
quantum repeater [53]. To understand the general idea, we consider one possible scheme
of such a repeater, which is the one we aim for in this work, and illustrated in Fig. 1.2
(adapted from [54]). The elementary building block is a repeater node consisting of two
QNNs. Each QNN emits a photon being entangled with an internal degree of freedom of
the QNN. The photons from both sides are sent to a central station where a projective
Bell state measurement (BSM) is performed [55]. This results in the entanglement of the
two QNNs with each other, being known as entanglement swapping [56,57]. In the next
step, several repeater nodes are cascaded. By performing further entanglement swap-
ping steps, either via local projective measurements of two QNNs or the re-emission of
photons in combination with further BSMs, entanglement is finally generated between
the outer QNNs. The benefit is that the photons must not travel along the whole dis-
tance, but solely along the the distance between two adjacent QNNs, i.e. it is possible
to break the rate-distance limit in case of highly-efficient individual building blocks. It
is important to note that the advantageous scaling with the distance is not provided if
the entanglement creation between the QNNs in each repeater node must succeed in a
synchronous way, i.e. at the same time in each node. Instead, the entanglement creation
must be asynchronous and heralded: this means the detection of two photons at the
BSM heralds entanglement between the QNNs, which has to be maintained or stored
until each repeater node reports successive entanglement generation.
In the last years, many different physical systems were investigated as candidates
for QNNs, and elementary building blocks and protocols such as light-matter entan-
glement or photon-mediated matter-matter entanglement were demonstrated. One
class of QNNs relies on single isolated quantum systems, among them single trapped
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Figure 1.2. Principle idea of quantum repeaters. The scheme the work in this thesis
aims at starts with repeater nodes consisting e.g. of two stationary quantum network nodes
(QNN) and a central photonic Bell-state measurement (BSM). First, entanglement between the
QNNs and flying qubits is generated. A photonic BSM swaps the light-matter entanglement to
a matter-matter entanglement. In the next step, several repeater nodes are cascaded and via
further swapping operations (e.g. again by the emission of photons or by local gates between
two QNNs) entanglement between the outer QNNs is established.

ions [58–61], single trapped atoms [62–65], color centers in diamond [66–71] or quan-
tum dots [72–75]. These systems are particularly interesting for the repeater scheme
presented in Fig. 1.2. However, it should be mentioned that a plethora of alternate re-
peater schemes such as the DLCZ-protocol [76] as well as schemes combining single- or
entangled-photon sources with absorptive memories, which allow for temporal, spectral
or spatial multiplexing of the stored photons [77–79], exist. These schemes typically
employ ensembles of quantum systems, e.g. atomic clouds [80–83] or rare-earth ions in
crystals [84–86].

Atomic Systems as Quantum Network Nodes

Over the course of this work, we utilize single trapped neutral atoms or ions as QNNs.
They can be considered as natural qubits in contrast to artificially-created qubits e.g. in
solid-state materials. Trapped ions are widespread and intensively explored in QIP, for
instance in quantum simulators or computers [11,16], but also as QNNs due to a whole
range of appealing benefits. Among them are a good protection from the environment,
the high level of control over their electronic and motional quantum states or the fact
that ions of the same species are truly identical and feature the same optical properties
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(a feature, which is indeed unique for ions and atoms, as solid state systems typically
suffer from effects such as spectral diffusion, dephasing or crystal strain rendering those
systems distinguishable to a certain degree). In the context of QNNs, trapped ions offer
well-controlled light-matter interfaces, either in free-space [58,61,87–89] or enhanced by
optical cavities [59, 90, 91] as well as high coherence times up to 1 hour [92–95]. More-
over, it is possible to load more than one ion into the trap. The combination with
single-qubit addressing enables high-fidelity quantum gates, either between the same
ion species [96–98] or mixed-species [99], which are useful for local operations in quan-
tum repeaters, entanglement distillation (a similar scheme as in [100] for solid-state
qubits), decoherence-free subspace encoding [101] or the combination of different ion
species optimized for communication and memory tasks [102]. However, it should be
mentioned that not all of these properties can be accessed at the same time (at least up
to now), and they are not unique for trapped ions. Moreover, ions also suffer from draw-
backs related to scalability and miniaturization, or lower repetition rates compared to
competitive solid-state systems. In analogy to trapped ions, neutral atoms are another
well-established candidate for QNNs. They avoid one particular drawback of almost
all ions species, namely the efficient generation of Fourier-limited photons: the optical
transitions which allow for this task are typically located in the blue or ultraviolet (UV)
spectral region where losses in optical fibers are huge (> 50 dB). On top of this, we will
see at a later point that photons in this spectral region are quite unfavorable for the
frequency conversion techniques developed in this thesis. Wavelengths above 600 nm
are much better for this task, but suffer from poor branching ratios, i.e. lifetime-limited
photon generation is quite inefficient in free-space, making optical cavities inevitable.
Regarding this issue, neutral atoms - in particular Rubidium and Cesium - proved to
have an advantage, since they enable the emission of near-Fourier-limited photons entan-
gled with the atom at 780 nm and 852 nm, respectively [62]. Apart from this, the light-
matter interface can also be enhanced via cavity-coupling [65,103] (even strong coupling
to a cavity has been demonstrated [104–106]), and multiple atoms can be trapped close
to each other where quantum gates can be implemented either via photons mediated by
an optical cavity [107] or by exciting the atoms to Rydberg states [108–110]. We will
see later in this thesis that – in comparison to trapped ions – neutral atoms suffer from
shorter trapping times and lower fidelities of the state preparation and readout. Thus,
both approaches have their advantages and drawbacks and are worth to further develop.

Telecom Interfaces for Network Nodes

All above mentioned experiments represent important steps towards the realization of
a quantum repeater. However, they share a common drawback: the wavelengths of the
optical transitions on which photons are emitted or absorbed are not at telecom wave-
lengths between 1260 nm and 1625 nm where attenuation losses in fibers are minimal.
Instead, we find wavelengths between 350 nm and 1000 nm, i.e. in the UV, visible or
near-infrared (NIR) spectral region. To get an idea about the order of magnitude: in
the telecom C-band at 1550 nm the loss in Corning’s SMF-28 ultra-low loss fiber [111]
is 0.17 dB/km, i.e. the transmission through 20 km is roughly 46 %. In contrast, at
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780 nm and 640 nm, the photon wavelengths of the network links in [112] and [68], we
find losses of 4.0 dB/km and 8.0 dB/km corresponding to transmissions of 10-6 % and
10-14 %, respectively. In fact, already the distances of 700 m [112] and 1.3 km [68] re-
duce the entanglement generation rate by factors 0.5 and 0.09, which makes the use
of longer fibers impossible. One way out are QNNs with transitions at telecom wave-
lengths. A prominent example are Erbium ions in a solid-state matrix, with those several
promising experiments were recently performed: on the one hand quantum memories
were demonstrated with ensembles of ions in fibers, waveguides or nanophotonic struc-
tures [113–115], however, up to now they still reveal lower efficiencies and coherence
times compared to other approaches. On the other hand, Purcell-enhanced photon
emission from single (or only a few) Erbium ions coupled to nanophotonic, fiber or bulk
cavities has been demonstrated [116–119], but with a limited control of the internal
degrees of freedom of the ions. Apart from Erbium ions, transitions in the telecom can
be found between higher-lying states in neutral Rubidium atoms, which can be used
e.g. for cavity-assisted heralded absorption schemes [120] or frequency conversion of an
incident red photon to telecom wavelengths as demonstrated in cold atomic clouds via a
stimulated four-wave mixing process [121,122]. Quantum dots grown with specific semi-
conductor materials [123,124] as well as defects centers in silicon carbide [125] allow for
single-photon emission at telecom wavelengths, however, their performance is not yet
competitive to their counterparts emitting between 800 nm and 1000 nm. Furthermore,
quantum dots suffer from short spin coherence times (< 10 µs) so far. Apart from these
approaches, the gap between the telecom regime and the network nodes can be bridged
by frequency non-degenerate (entangled) photon pair sources with one photon at telecom
wavelengths and one resonant to the transition of the QNN [126–130]. The combination
of pair sources with absorptive quantum memories or heralded-absorption schemes [131]
also allows for the realization of quantum repeaters in modified schemes [54].

Quantum Frequency Conversion

In the scope of this thesis, we tackle the issue of telecom compatibility by another
approach: we modify the spectral properties of single photons via quantum frequency
conversion (QFC) based on χ(2)-nonlinear optical interactions in solid-state crystals
[132,133]. The general idea is to transduce the center wavelength of an incoming photon
wavepacket between two specific wavelengths by means of a tailored nonlinear process
stimulated by strong classical light fields without affecting the remaining classical and
nonclassical properties of the photons (e.g. first- and second order coherence, temporal
shape, phase, polarization or orbital angular momentum). After the first experimen-
tal demonstration in 1992 [133], it took roughly twenty years of development in order
to achieve a suitable performance of the QFC devices to allow for the preservation of
nonclassical properties of photons from quantum emitters at reasonable conversion effi-
ciencies. These developments include waveguide structures in χ(2)- or χ(3)-media, which
allow for conversion efficiencies >10 % of the total device, and techniques to suppress
background at the single-photon level induced by the strong classical field [134, 135].
Employing χ(2)-based QFC devices, the preservation of first- and second-order coher-
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Figure 1.3. Quantum frequency conversion as a tool in quantum networks.
(A) Quantum frequency conversion (QFC) from transition wavelengths of the QNNs in the
visible or NIR spectral region to telecom wavelengths helps to minimize attenuation in optical
fibers. (B) Dissimilar QNNs, whose light-matter interfaces do not operate the same wavelengths,
can be connected via QFC to a common bus wavelength, ideally in the telecom regime.

ence properties [136–141], nonclassical temporal photon-photon correlations [142–144],
energy-time entanglement [145,146], photon-photon time-bin entanglement [147], indis-
tinguishability between consecutive photons from the same emitter [148–150], orbital
angular momentum entanglement [151], nonclassical temporal correlations between pho-
tons and atomic ensembles [152–154], or light-matter entanglement [72, 155] has been
demonstrated. In a recent impressive experiment [82] a complete quantum repeater node
including kilometer long fibers (scheme see Fig. 1.3a) was demonstrated: two ensemble-
based memories were entangled over up to 50 km of fiber by translating the emitted
photons to telecom wavelength employing two independent QFC devices and a subse-
quent BSM. Another benefit of QFC is shown in Fig. 1.3b: in principle it is not possible
to connect QNNs, which operate at different system wavelengths, since the BSM relies
on Hong-Ou-Mandel (HOM) interference and is only efficient for perfectly indistinguish-
able photons. This can be solved via QFC to a common bus wavelength in the telecom
regime. First promising experiments in this direction showed HOM interference after
frequency conversion between previously distinguishable photons [156,157] and a quan-
tum state transfer from a cold-atom DLCZ memory operating at 780 nm to a solid-state
atomic frequency comb memory with a system wavelength of 606 nm via the telecom
C-band [158]. Note that also χ(3)-based QFC devices consisting of ring resonators in
Si3N4 were recently developed and combined with quantum light sources [159–161].
A downside of the χ(2)-based approach is its polarization dependency: only one po-
larization component can be efficiently converted, while the efficiency of the second
component is virtually zero. This prevents the conversion of photonic qubits encoded
in the polarization degree of freedom. However, polarization qubits are widely-used
and well-established in QIP since the polarization state can be easily measured and
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manipulated, and the polarization state is independent of the acquired optical phase.
Furthermore, in particular Zeeman qubits in neutral atoms or ions can be mapped quite
well to photonic polarization qubits and vice versa. One solution is the conversion of
polarization qubits to time-bin qubits employing unbalanced Mach-Zehnder interfer-
ometers and electro-optical modulators [82,147], however, this creates additional losses
and complexity. Therefore, we decided to follow a second route: the development of
polarization-preserving quantum frequency converters (PPQFC), being the main exper-
imental work in this thesis. This approach has been chosen by several other groups
around the world resulting in a series of PPQFC devices, which differ by the respective
configuration to achieve polarization independence, the wavelength combinations, and
the overall performance [162–168]. In combination with sources of nonclassical light,
these devices enabled the preservation of photon-photon [163,167] and light-matter en-
tanglement [165,166] after PPQFC as well as the distribution of the latter over km long
fibers [90,168].

Aim and Outline of this Thesis

The work in this thesis builds on earlier work by A. Lenhard, who constructed in his
PhD thesis a polarization-dependent QFC device connecting 854 nm, a transition wave-
length in a trapped 40Ca+-ion, to the telecom O-band at 1310 nm and performed first
experiments combining the QFCD with an ion trap and a SPDC source [169]. This
converter is completely rebuilt to allow for polarization-preserving operation as well as
an improved efficiency and background. Subsequently, elementary building blocks of
a quantum repeater such as atom-telecom-photon entanglement and atom-to-telecom-
photon quantum state transfer are demonstrated to verify the functionality and fea-
sibility of our approach. Based on the experience with this prototype converter, an
improved QFC device for conversion of Ca+ photons at 854 nm to the telecom C-band
is designed, constructed and tested with entangled photons from a SPDC source. As a
first step to scale-up our approach, a complete QFC system for an elementary Rb-atom
quantum network link consisting of two QNNs is presented. The thesis is completed by
a first test of this system, namely the distribution of atom-photon entanglement over
20 km of fiber. The contents of this thesis is organized as follows:

� In Chap. 2 we provide the fundamental concepts required to understand the ex-
periments and data analysis of the thesis. We focus on the basics of QFC, in
particular on nonlinear three-wave mixing processes in waveguides, the processes
inducing background at the single-photon level, and several schemes to enable
polarization-preserving operation. In the second part, we briefly introduce the
mathematical description of quantum states and processes as well as the tomo-
graphic reconstruction methods to characterize them. The chapter is completed by
a list of figures of merit and requirements to scale-up QFC for quantum networks.

� Chap. 3 is divided in three parts: in the first part we thoroughly describe the setup
and alignment of our prototype PPQFCD connecting 854 nm to the telecom O-
band at 1310 nm. We determine important figures of merit and prove polarization-
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preserving operation by means of quantum process tomography. Furthermore, we
introduce the single-photon detectors for telecom wavelengths utilized throughout
this thesis. The second part is dedicated to a revised and improved converter for
854 nm, which transduces photons to the telecom C-band at 1550 nm. We perform
a similar characterization as for the O-band converter with a focus on the technical
novelties. Finally, we employ the C-band converter in combination with a source
of polarization-entangled photon pairs at 854 nm to demonstrate entanglement
preservation during PPQFC. On top of this, the advantage of QFC to the telecom
regime is proven by the distribution of photon-photon entanglement over up to
40 km of spooled fiber.

� In Chap. 4 we present a complete device generating entanglement between a trap-
ped-ion Zeeman qubit and the polarization state of the frequency-converted pho-
ton at 1310 nm. First, we take a closer look at the trapping and coherent manip-
ulation of 40Ca+-ions as well as the experimental sequence to create ion-photon
entanglement at 854 nm. The latter is characterized in terms of state fidelity, gen-
eration rate and signal-to-background ratio (SBR). Next, we combine the ion trap
with the PPQFCD connecting 854 nm to the telecom O-band, verify the preserva-
tion of light-matter entanglement during PPQFC and compare the results before
and after conversion.

� Chap. 5: employing the same experimental setup as in Chap. 4, we here implement
a different protocol, namely a direct quantum state transfer from a trapped-ion
qubit onto the polarization state of a telecom photon. After the description of the
general idea and sequence, the functionality of the protocol is verified by quantum
process tomography.

� The QFC system to extend an elementary Rb-atom based quantum network link is
presented in Chap. 6. Starting from the requirements of the final goal – atom-atom
entanglement over several km of fiber – we derive design criteria and specifications
of the system. Subsequently, we provide design and characterization of the indi-
vidual components of the system, namely a master laser system, two PPQFCDs,
a narrowband spectral filtering stage, and a BSM for telecom wavelengths.

� In Chap. 7 an experiment to establish entanglement between a single trapped Rb-
atom and a telecom photon traveled through up to 20 km of fiber is described. We
first take a look at the Rb-atom QNN, in particular the Rb level scheme, setup
and trapping techniques, the sequences to generate entanglement and readout the
atomic state, as well as the coherence properties of the atomic qubit. Subsequently,
we proceed with the combined setup including atom trap and PPQFCD and the
analysis of atom-photon entanglement over 50 m, 10 km and 20 km of fiber with
respect to fidelity, success probability and SBR.

� Finally, we summarize the results of this thesis and provide an outlook on further
technical developments and potential future experiments in Chap. 8.



Chapter 2

Fundamental concepts

In this chapter we present the fundamental concepts required to understand the exper-
iments in this thesis as well as a series of analysis techniques to process experimental
data. The chapter is organized as follows: in Sect. 2.1 we first introduce the basic non-
linear optical processes to implement quantum frequency conversion. Two prominent
challenges in QFC are concerned with their efficiency and conversion-induced back-
ground (CIB). Thus, we take a closer look at both in Sect. 2.1.1 and 2.1.2, respectively.
In this context, we will find out that the underlying nonlinear processes of QFC are
inherently polarization-dependent, preventing conversion of polarization qubits. Thus,
we give in Sect. 2.1.3 an overview of a series of experimental schemes to modify QFC
devices for polarization-preserving operation.
In Sect. 2.2 we investigate quantum states and processes starting with a brief overview
of their mathematical description and visual representation (Sect. 2.2.1 and 2.2.2). The
basic technique to measure and quantify quantum states and processes utilized in this
thesis is full tomographic reconstruction combined with maximum-likelihood estima-
tion, which we introduce for states and processes in Sect. 2.2.3 and 2.2.4, respectively.
If we intend to verify a special class of entangled states, the so-called Bell states, a valu-
able tool are Bell test experiments offering certain advantages compared to tomographic
reconstruction. A brief introduction is given in Sect. 2.2.5.
As mentioned in the introduction, we develop quantum frequency conversion devices
(QFCDs) to install them in small-scale quantum network experiments, which comes
along with some challenges and requirements. Thus, we identify a plethora of require-
ments and figures of merit in order to assess QFC devices in this context in Sect. 2.3.

2.1 Quantum frequency conversion

The central goal of QFC is to transduce light at the single-photon level efficiently be-
tween two frequencies or wavelengths, respectively. Within the scope of this thesis,
one wavelength is determined by atomic transitions in the near-infrared (NIR) spectral
region around 780 nm and 854 nm, while the second is located in the telecom bands
between 1310 nm and 1550 nm where the attenuation in optical fibers is lowest. The
energy difference between the two regimes still corresponds to optical wavelengths, i.e.

11
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it is appealing to choose an all-optical approach based on nonlinear optical interactions
in solid-state materials. In the following section we introduce the relevant nonlinear
processes, namely difference frequency generation, sum frequency generation and spon-
taneous parametric down-conversion, as well as some important fundamental concepts
in nonlinear optics. In order to render those processes efficient, waveguide (WG) struc-
tures are required. Thus, we take a look at the WG geometry and the resulting spatial
modes in which light can propagate. Sect. 2.1.1 follows the textbooks of Boyd [170],
Suhara/Fujimura [171] and Marcuse [172]. A much more detailed introduction to non-
linear optics in waveguides in the context of QFC can be found in the PhD theses of A.
Lenhard [169] and S. Zaske [173].

2.1.1 Nonlinear optics in waveguides

Basics of three-wave mixing

As already mentioned, nonlinear interactions between light and matter are the key to
implement frequency conversion. In classical electromagnetic field theory, the response
of a dielectric material to a time-dependent incident electromagnetic field ~E(t) is rep-
resented by the polarization ~P (t). Its i’th component is determined by ~E(t), and the
material-dependent dielectric susceptibility χ is given by the following equation:

Pi(t) = ε0
∑
j

χ
(1)
ij Ej(t)

↑
Linear optics

+ ε0
∑
j,k

χ
(2)
ijkEj(t)Ek(t)

↑
2nd-order nonlinear opt.

+O
(
~E3(t)

)
↑

higher-order
nonlinear opt.

(2.1)

The first term linearly depends on the electric field and gives rise to the complex re-
fractive index; hence it is responsible for phenomena such as refraction, absorption,
dispersion, or birefringence. However, if the strength of the electric field increases,
terms quadratically depending on ~E(t) as well as higher order terms become relevant.
For our application we are solely interested in the quadratic term and neglect higher-
order terms from now on. Note that the second-order susceptibility χ(2) has non-zero
elements merely for materials with a broken inversion symmetry. In general, χ(2) is
a 3rd-rank tensor with 27 elements, which couples all electric field components to all
polarization components. Due to symmetries, this number is reduced to 10 indepen-
dent elements, though. Furthermore, for lithium niobate (LN, LiNbO3), which is the
nonlinear material utilized in this thesis, many of these elements are zero. In fact, we
end up with no more than three non-zero elements stated in the reduced dil-notation :

d33 = 1
2χ

(2)
333 ≈ 25 pm/V, d22 = 1

2χ
(2)
222 ≈ 2.1 pm/V and d31 = 1

2χ
(2)
311 = 1

2χ
(2)
131 = 1

2χ
(2)
113 ≈

4.3 pm/V [174,175]. Note that the exact absolute values depend on the wavelength com-
bination and material properties (e.g. doping, stoichiometry, etc.). However, the crucial
point is that d33 is exceeding the other two elements by roughly one order of magnitude.
We can access d33 if ~E(t) and ~P (t) are oriented in z - direction, i.e. if all fields are linear
polarized in parallel to the c-axis of the crystal. It follows that nonlinear interactions
are considerably reduced if all fields are linear polarized but perpendicular to the c-axis
(d22), or if one field is oriented in parallel and the other two perpendicular (d31). This
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Figure 2.1. Quantum and classical three-wave mixing in nonlinear media.
Energy diagrams of the three-wave mixing processes relevant for the experiments in this thesis.
The QFCDs mainly utilize difference frequency generation (DFG) to down-convert input photons
with frequency ω1 to the target frequency ω3 stimulated by a strong classical pump field at
ω2 = ω1 − ω3. The inverted process is called sum-frequency generation (SFG), where lower
energy input photons are up-converted due to mixing with the pump field. A purely quantum-
mechanical process is spontaneous parametric down-conversion (SPDC): An input photon at ω1

spontaneously decays with small probability (< 10-5) to two lower energy photons, which are
non-classically correlated in time.

fact is the physical origin of the polarization selectivity of the frequency conversion pro-
cess under consideration, and constitutes one of the main experimental challenges in
this thesis. Note that even though the nonlinear interaction is nonzero for orthogonal
polarization, we cannot simultaneously access d33 and d22 due to a phenomenon called
phasematching, as we are about to see. Therefore, we restrict our description to d33

and the second-order nonlinear polarization simplifies to

P (2)
z (t) = 2ε0d33E

2
z (t). (2.2)

In the context of QFC, we are interested in so-called three-wave mixing processes, which
we observe if an electric field with two frequency components ω1 and ω2 described as
Ez(t) = E1e

−iω1t+E2e
−iω2t+cc. propagates through the nonlinear crystal. The E-field

introduces a nonlinear polarization P
(2)
z (t), which in turn results in a third electric field

E3e
−iω3t oscillating in phase with P

(2)
z (t). We compute P

(2)
z (t) as

P (2)
z (t) ∝ 2ε0d33 · [E2

1e
−i2ω1t + E2

2e
−i2ω2t + cc. (SHG) (2.3)

+ 2E1E2e
−i(ω1+ω2)t + cc. (SFG) (2.4)

+ 2E1E2e
−i(ω1−ω2)t + cc. + ... ] (DFG) (2.5)

We find that P
(2)
z (t) has contributions oscillating at new frequencies ω3, which are for

instance twice the original frequencies ω3 = 2ω1 ∨ 2ω2 denoted as second-harmonic
generation (SHG), the sum ω3 = ω1 + ω2 or difference ω3 = ω1 − ω2 of the original
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frequencies labeled as sum- and difference frequency generation (SFG/DFG), respec-
tively. In the context of QFC, the processes of interest are DFG and SFG. Both are
illustrated in Fig. 2.1 along with the corresponding energy diagrams. We employ DFG
to down-convert photons at an input frequency ω1 in the NIR spectral region (“signal”)
to a lower energy target photon at telecom wavelengths with frequency ω3 = ω1 − ω2

(“idler”) stimulated by a classical pump field with frequency ω2 (“pump”). We can
already infer from the energy diagram that energy conservation has to be fulfilled1,
implying that down-conversion of one photon from input to target frequency generates
a photon at the pump frequency, too. For convenience, we rename the signal as input
field and the idler as target or converted field in the following. Although the majority
of our QFCDs are designed to down-convert photons to the telecom band, the inverse
process, in which photons are up-converted to a higher energy by means of SFG, is also
interesting for some quantum network schemes relying on photon-mediated quantum
state transfer. We will demonstrate in Sect. 3.3 that QFCDs can be bi-directional, i.e.
they simultaneously support DFG and SFG.
We can understand DFG as a stimulated process since we require the classical pump
field with comparably large intensity to stimulate the conversion of an input photon
to two lower energy output photons. However, the process also spontaneously occurs
with a low probability of < 10-5, which is known as spontaneous parametric down-
conversion (SPDC). The corresponding energy diagram can be found in Fig. 2.1; note
that for SPDC the historical attribution of signal, idler and pump is usually permuted
as the field with the highest energy stimulates the process. It is important to mention
that SPDC can be solely described by quantum mechanics: in this picture we consider
SPDC still as a stimulated process, but instead of a classical field it is stimulated by
the vacuum field. The process is widely used in quantum optics since the two down-
converted photons possess interesting nonclassical properties. For instance, signal and
idler photons are correlated in time and frequency due to energy conservation and their
simultaneous creation. Moreover, they are entangled with respect to energy and time,
and for special nonlinear crystals also in the polarization degree of freedom. Within the
scope of this thesis, we use SPDC to characterize our nonlinear crystals and to generate
polarization-entangled photon pairs.
In the next step, we derive quantitative predictions on the electric field and intensity
of the converted field exemplarily for the DFG process. To this end, we have to solve
- in analogy to linear optics - Maxwell’s equations in matter. We start from the wave
equation for optical nonlinear, non-magnetic dielectric media

∂2

∂z2
E(z, t)− n2

c2

∂2

∂t2
E(z, t) = µ0

∂2

∂t2
P (2)(z, t), (2.6)

which we solve for all three scalar frequency components of the electric fields Em with
m = 1 (input), 2 (pump) or 3 (target) using the ansatz

Em(z, t) = Am(z)eikmz−ωmt + cc. (2.7)

1This is proven in nonlinear optics by the Manley-Rowe-relations, see [170].
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The variables ωm and km are connected to each other by the dispersion relation km =
nmωm/c with nm = n (ωm) being the frequency-dependent linear refractive index. Insert-
ing Eq. 2.7 into 2.6 yields the so-called coupled amplitude equations

∂A1(z)

∂z
= iκ1 ·A2(z)A3(z) · e−i∆k′z

∂A2(z)

∂z
= iκ2 ·A1(z)A∗3(z) · ei∆k′z

∂A3(z)

∂z
= iκ3 ·A1(z)A∗2(z) · ei∆k′z (2.8)

with κm = 2ωmdeff/nmc and the effective nonlinear coefficient deff = d33. The parameter
∆k′ is the so-called phase mismatch

∆k′ = k1 − k2 − k3 =
n1ω1

c
− n2ω2

c
− n3ω3

c
(2.9)

and commonly interpreted as momentum conservation of the DFG-process. In general,
the coupled amplitude equations have to be solved numerically, yet we can analytically
calculate the intensity of the converted field I3(L) behind a crystal of length L with
only a few assumptions. If the amplitudes of the incoming fields A1 and A2 remain
unaltered in the crystal, i.e. in the limit of small conversion efficiencies, we get

I3(L) ∝ |A3(z)|2 = κ2
3 |A1|2 |A2|2 L2sinc2

(
∆k′L

2

)
. (2.10)

We find that the converted intensity I3(L) is maximal if the phase mismatch equals
zero, while conversion quickly becomes inefficient for ∆k′ 6= 0. We can understand this
as follows: if ∆k′ = 0 is not fulfilled, the converted field runs out of phase with respect
to the incoming fields. Hence, the converted wavelets created at different positions
z along the crystal destructively interfere, which is depicted in Fig. 2.2a: the black
curve represents I3(z) for ∆k′ 6= 0 and reveals an oscillatory behavior with a period
of 2Lc = 2π/∆k′. In the case of perfect phasematching (∆k′ = 0) the sinc2-term
equals one and I3(z) increases quadratically with the position z in the crystal (red
curve). However, perfect phasematching (PM) is in general not possible as energy and
momentum conservation cannot be fulfilled simultaneously for dispersive media with
n1 6= n2 6= n3 (see Eq. 2.9).
To this end, we rely on the well-established technique of quasi-phasematching (QPM)
[176]. In QPM, the permanent ferroelectric domains, which are the physical origin of
the nonlinear polarization in deff - direction, are periodically flipped by means of high
electric fields applied to the crystal. This results in a periodic sign change of the
nonlinear coefficient deff, and in turn leads to a π phase shift of the converted electric
field. If the poling period Λ equals 2Lc, the wavelets constructively interfere and I3

increases with z (see blue curve in Fig. 2.2a). In the momentum conservation picture,
QPM adds an additional term 2π/Λ resulting in ∆k = k1 − k2 − k3 − 2π/Λ, i.e. by
choosing an appropriate poling period the phase mismatch can be compensated for
a particular wavelength combination. Note that QPM reduces deff by a factor 2/π,



16 2. FUNDAMENTAL CONCEPTS

ω1

ω2

ω3

Λ B

1

2

3

45

 

nair

nLN, WG

nLT, substrate

nair nair

b

d

x

y

A

0 2 4 6 8

z/Lc

Perfect phase
matching

Quasi phase
matching

No phase
matching

In
te

ns
ity

 I
3(

z)
 [a

.u
.]

I3(L)

Figure 2.2. Quasi-phasematching and waveguide geometry. (A) illustrates the
principle of quasi-phasematching (QPM). Without PM, the converted intensity oscillates in the
crystal with a period 2Lc determined by the phase mismatch ∆k′ while it increases quadratically
for perfect PM (∆k′ = 0). The idea of QPM is to periodically invert the ferroelectric domains
with a periodicity Λ = 2Lc. This results in a periodic sign change of deff and accordingly in a π
phase shift of the converted field every z = Lc. Thus, we obtain constructive interference and
the intensity of the converted field monotonically increases with z. (B) Geometry of our ridge
waveguides (WGs) with height d and width b. Important for the mode calculation are 5 regions:
The WG made of lithium niobate (LN, region 1), the substrate made of lithium tantalate (LT,
region 2), and the surrounding air (region 3,4,5).

therefore it is less efficient than ideal PM (see Fig. 2.2a).
We mentioned earlier that PM hinders conversion of orthogonal polarizations since we
cannot simultaneously access d33 and d22. This can be explained by the birefringence
of lithium niobate: the two orthogonal polarizations possess different refractive indices
resulting in dissimilar phase mismatches. Thus, it is very unlikely that PM is achieved
for both polarizations in a crystal with a single poling period.

The assumptions mentioned above to solve the coupled amplitude equations are not
suitable to describe quantum frequency conversion since the input field does not stay
constant but is depleted during conversion. To cover the (desirable) regime of high
conversion efficiencies, we now consider a weak input field A1(z) � A2(z) with the
initial condition A1(z = 0) = Ain, a strong pump field that does not experience depletion
(∂A2(z)/∂z = 0), a weak converted field with A3(z = 0) = 0, and perfect phase matching
∆k = 0. We find the solutions

A1(z) = Ain · cos
(√

κ1κ3|A2|2 z
)

A3(z) = Aout · sin
(√

κ1κ3|A2|2 z
)
, (2.11)

that enable us to define the conversion efficiency as the ratio between the converted
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intensity behind the crystal I3(L) and the input intensity Iin. We obtain

ηcon =
I3(L)

Iin
=
|A3(L)|2

|Ain|2
=
Pout

Pin
· sin2

(√
ηnorPL

)
(2.12)

with P = |A2|2 being the pump power and ηnor = κ1κ3 a normalized coupling constant.
Typically, we are not interested in the the power conversion efficiency but rather the
photon-to-photon conversion efficiency, which we simply calculate as ηcon,pho = ηcon ×
ω1/ω3. In the ideal case, ηcon,pho equals one when sin2

(√
ηnorPL

)
= 1, but becomes

reduced in realistic setups because of unavoidable losses or non-perfect spatial mode
overlap. Hence, we introduce an additional parameter ηmax yielding the pump-power
dependent photon-to-photon conversion efficiency

ηcon,pho = ηmax · sin2
(√

ηnorPL
)
. (2.13)

We find that the efficiency increases up to a certain power P = 1
ηnor

(
π

2L

)2
and subse-

quently decreases due to back-conversion. Note that a quantum mechanical treatment
of DFG where classical field amplitudes are replaced by ladder operators yields the same
result [173].

Lithium niobate as material platform

The material of choice for all our QFCDs as well as for an homebuilt cw optical para-
metric oscillator (OPO) is LN for several reasons: it offers one of the highest nonlinear
coefficients deff among nonlinear solid-state materials [174] and possesses a high trans-
parency over a broad spectral range from ≈ 350 nm to > 4 µm [177]. Its ferroelectricity
allows for QPM via periodic poling [178] and manufacturing methods are well-matured
so that high-quality WG structures are commercially available. A common problem in
nonlinear optics for many years was photorefractivity; to avoid this our LN crystals are
doped either with Zn or MgO (≈ 5 mol%) [179,180]. Note that all our crystals are z-cut,
i.e. the highest deff can be accessed if all light fields are polarized perpendicular to the
cut crystal surface and propagate in in-plane direction.

Waveguides

Up to now, we considered nonlinear processes in bulk material. In order to achieve con-
version efficiencies around unity in bulk material, pump powers in the order of > 50 W
are required. This is rather inconvenient, in particular if we deal with pump wavelengths
> 2 µm. To this end, we enhance the power efficiency by utilizing optical waveguides,
which spatially confine all light fields in transverse directions. Waveguides offer two
advantages: on the one hand the small mode volume results in higher pump field am-
plitudes A2(z) at a given power compared to bulk. On the other hand, if the WGs are
designed and manufactured to enable spatial single-mode operation of input, target and
pump field, we attain a large mode overlap of all three fields along the entire crystal.
Note that the latter is impossible to achieve with focused beams in bulk crystals. In the
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following section we briefly derive the spatial distributions of guided modes in WGs.
We employ so-called ridge waveguides, which are bonded on a substrate made of lithium
tantalate and surrounded by air on the three remaining sides. There is no full analytical
solution of Maxwell’s equations for this geometry, however, with some approximations
an analytical solution can be found [172, 181]. To this end, we consider the geometry
sketched in Fig. 2.2b: the WG is assumed to be rectangular with width b and height d.
The whole cross section is split in five relevant regions, in which Maxwell’s equations
are analytically solved. The calculations reveal that within the WG core (region 1)
vertically and horizontally polarized guided modes exist. In the context of QFC we are
merely interested in the vertical modes, though. Their relevant field components are
calculated by

Ex =
iA

κxβ

(
n2

lnk
2 − κ2

x

)
sin (κx (x+ ξ)) cos (κy (y + η))

Hy = iA

√
ε0
µ0
n2

ln

k

κx
sin (κx (x+ ξ)) cos (κy (y + η)) (2.14)

with A being the amplitude, k the vacuum wavenumber and β =
√
n2

lnk
2 − κ2

x − κ2
y the

effective refractive index taking WG dispersion into account. The transverse wavenum-
bers κx and κy as well as the displacement factors ξ and η are fully determined by the
geometry and refractive indices of all five regions. They are obtained by numerically
solving the following equations deduced from the boundary conditions

tan (κxd) =
n2

lnκx

(
n2

airγ2 + n2
ltγ3

)
n2

ltn
2
airκ

2
x − n4

lnγ2γ3

tan (κyb) =
κy (γ4 + γ5)

κ2
y − γ4γ5

(2.15)

with the parameters γi defined as

γ2
2 =

(
n2

ln − n2
lt

)
k2 − κ2

x

γ2
3 =

(
n2

ln − n2
air

)
k2 − κ2

x

γ2
4 = γ2

5 =
(
n2

ln − n2
air

)
k2 − κ2

y. (2.16)

In general, there exist multiple solutions for κx and κy, each connected to different
guided modes. For the lowest κx and κy corresponding to the relevant fundamental
mode we compute ξ and η to

tan (κxξ) = −n
2
airκx

n2
lnγ3

and tan (κyη) = −γ5

κy
. (2.17)

Eventually, we obtain the spatial intensity distribution of the fundamental mode via the
z-component of the Poynting vector
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2
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∗
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2
ExH

∗
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The calculated intensity distributions for each wavelength are of particular interest
since we will employ them to optimize the coupling of free-space beams to the WG in
Sect. 3.2.2.

2.1.2 Background processes in QFC

It is well known that the strong pump laser with powers in the order of few hundreds of
milliwatts induces background at the single-photon level leaking both into the input and
converted output channel. If the background is too strong, it will alter or even erase the
classical and nonclassical properties of the converted photons [182], such as first- and
second-order coherence, indistinguishability or entanglement. Moreover, background
generated around the input wavelength propagates backwards and might disturb the
performance of QNNs, e.g. by provoking infidelities in fluorescence-based atomic-state
readout schemes or by directly interacting with the nodes2. The origin of conversion-
induced background (CIB) is manifold: on the one hand the pump laser itself, being
roughly 16 orders of magnitude more intense than the converted photons, can leak into
the output channel. Although its wavelength is different, the single-photon detectors
may still respond to it. On the other hand, a series of processes generate background
in a broad spectral region, and potentially exactly at or in close proximity to the target
wavelength. Typically, those processes are quite inefficient, however, if we assume for
instance an efficiency of 10−10 we are still about six orders of magnitude above the
single-photon flux. In this section, we therefore introduce the relevant processes and
conclude with some techniques to suppress background in QFCDs.

Raman scattering

A prominent background source in QFC is spontaneous Raman scattering, which has
been observed in LN for the first time in [183] and investigated in QFCDs in-depth
in [134,135,173,184]. The basics of Raman scattering are illustrated in Fig. 2.3a. Stokes
Raman (SR) scattering of the pump laser releases a scattered photon at lower energy
νsr < νpump and one phonon, while anti-Stokes Raman (ASR) scattering annihilates
a phonon yielding a higher energy photon νasr > νpump. Both processes can affect
QFC as sketched in Fig. 2.3c: the strong pump field stimulates conversion of input pho-
tons to the target wavelength. Depending on the wavelength combination, either the
pump or target wavelength is the longest wavelength, hence ASR or SR scattering is
present at the target wavelength. The spectrum of Raman scattering is characterized
by multiple peaks with Lorentzian line shapes [185]. Measurements of Raman spectra
in LN waveguides revealed that the center positions of the peaks are reliable and in
agreement with literature values obtained in bulk LN [173]. However, the number of
peaks occurring in the spectrum as well as their relative heights and widths depend
on a plethora of parameters, e.g. excitation wavelength and polarization, stoichiometric

2This may occur in particular for QNNs relying on cavity QED in the strong coupling regime, which
are sensitive to incident single photons [70,105]
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Figure 2.3. Conversion-induced background due to Raman scattering. (A)
Energy level diagrams of the two elementary Raman scattering processes of the pump field.
Stokes Raman (SR) scattering creates phonons and lower energy photons whereas anti-Stokes
Raman (ASR) scattering annihilates phonons and generates photons at higher energies. (B)
The temperature-dependent phonon occupation probability npn for different phonon energies
|∆ν| =

∣∣νpump − νsr/asr

∣∣. ASR scattering is proportional to npn while SR scattering scales with
1+npn. (C) Schematic spectrum showing a QFC process affected by background due to Raman
scattering. Depending on the wavelength combination, the target wavelength is affected either
by SR or ASR background.

composition, crystal orientation, doping of the nonlinear material or crystal tempera-
ture. Particularly interesting for the selection of wavelength combinations of QFCDs is
the range of the Raman spectra. In [173] SR and ASR scattering have been observed
until ≈ 1100 cm-1. However, Pelc et al. [135] measured even an extended range of ASR
scattering ranging at least until – 1600 cm-1. They stated that the occurrence of ASR
from – 1000 cm-1 to – 1600 cm-1 cannot not be explained by their model, since they did
not observe peaks but a “Raman pedestal” featuring a lower slowing rate than expected
from a Lorentzian fit to the multi-peak structure below – 1000 cm-1. These observations
lead to two conclusions relevant for QFC: first, if possible it should be avoided to choose
target wavelengths located within the peak structure, i.e. with a separation < 1000 cm-1

from to pump wavelength. Second, in case of separations above 1000 cm-1 Raman back-
ground cannot be completely excluded, but its intensity is significantly lower (roughly
two orders of magnitude) compared to the peaks.
So far we discussed the situation for DFG. Nevertheless, SFG is prone to Raman back-
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ground, too. While ASR background is usually not present anymore at the higher
energy target wavelength for the majority of viable wavelength combinations in LN,
a frequently observed effect is up-converted Raman background (see Fig. 2.3c). This
effect appears if SR or ASR background is generated around the lower energy input
wavelength. Once it is generated in the WG, it will be subsequently up-converted and
we obtain broadband background around the target wavelength. Its bandwidth is de-
termined by the Raman spectrum and the acceptance bandwidth of the SFG process
(in the order of few tens of GHz).
The relative peak heights in Fig. 2.3c insinuate that the ASR scattering rate is lower
than the SR scattering rate, which is related to the temperature. While SR scattering
creates phonons, ASR annihilates them and hence requires the presence of phonons. If
we decrease the temperature, we start to freeze out phonons, i.e. higher energy phonon
states are not occupied anymore, lowering the ASR rate at these phonon energies. In the
extreme case of T = 0 K, ASR background is completely suppressed. To quantify this,
we consider the spontaneous Raman scattering rates Rsr and Rasr [186]. Both rates de-
pend on the occupation of the relevant phonon modes determined by the Bose-Einstein
distribution npn (|∆ν| , T ) = (exp (~|∆ν|/kBT)− 1)−1 with the crystal temperature T and
the phonon mode energy |∆ν| =

∣∣νpump − νsr/asr

∣∣. For the rates we obtain

Rsr ∝ ν4
sr (1 + npn (|∆ν| , T )) = ν4

sr ·
1

1− e−
~|∆ν|
kBT

, (2.19)

Rasr ∝ ν4
asr · npn (|∆ν| , T ) = ν4

asr ·
1

e
~|∆ν|
kBT − 1

, (2.20)

Rasr

Rsr
=
ν4

asr

ν4
sr

· e
−~|∆ν|
kBT . (2.21)

We find that Rsr and Rasr scale in a different way with the phonon occupation, and
their ratio is determined by the Boltzmann factor. While this is hardly relevant for
low phonon energies or high temperatures, it becomes crucial in the opposite situation:
for T → 0 K or |∆ν| → ∞ the anti-Stokes scattering rate approaches zero whereas
the Stokes rate converges to a constant non-zero value. Even at room temperature
ASR is still significantly weaker than SR scattering. As an example we consider the
DFG-process 1/710 nm - 1/1550 nm = 1/1310 nm realized in a QFC experiment in our
group [137]. For a phasematching temperature of 22 ◦C and ∆ν = 35.4 THz the ra-
tio Rasr/Rsr is approximately 0.014. Note that the Raman scattering spectrum is also
temperature-dependent, however, in the temperature range we are interested in, the
phonon occupation is the dominant effect [187].
In this context, it seems promising to take advantage of the temperature dependence
in order to reduce ASR background by deceasing the crystal temperature [188]. To
estimate the achievable gain, Fig. 2.3b shows the phonon occupation probability npn in
dependence on the temperature at different phonon energies. Two important tempera-
tures are highlighted: in our standard free-space configuration we are able to cool to the
dew point of water around 290 K for our lab conditions – which should not be undershot
to prevent damage of the WG – by means of thermoelectric elements. In an advanced
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evacuated setup cooling down to 77 K would be possible with liquid nitrogen (LN2).
We find that npn and therefore Rasr indeed decrease with temperature as expected.
Nevertheless, we find that the effect is comparably weak for lower phonon energies.
This is not surprising since lower temperatures are necessary to freeze-out low energy
phonons. As an example we consider two DFG-processes implemented in this thesis:
1/854 nm - 1/1904 nm = 1/1550 nm with ∆ν = − 1200 cm−1 and 1/780 nm - 1/1600 nm
= 1/1522 nm with ∆ν = − 320 cm−1. Decreasing T from 323 K to 290 K reduces ASR
background by a factor of 1.84 (1.17) for the 854 nm- (780 nm)-process, and cooling with
LN2 to 77 K results in factors of 2.61× 107 and 91.0, respectively. Thus, large spectral
separations between pump and target offer two benefits: first, the temperature scaling
of ASR background is more favorable, i.e. we strongly suppress the background by de-
creasing temperature. Second, we pick up less ASR background at larger separations
(higher phonon energies) in general as indicated by Eq. 2.20. A further remark: the
wavelengths in our QFCDs are typically fixed. As a consequence, this strategy is only
applicable if poling periods to achieve phasematching at low temperatures are available.

Nonlinear processes

A second class of background processes arises from undesired nonlinear interactions
caused by fabrication tolerances of the QPM grating. The effect has been discovered
and investigated thoroughly in [184, 189, 190]. In a perfect QPM grating with poling
period Λ the domains are inverted every l = Λ/2 resulting in the predicted sinc2 (∆kL/2)
behavior of the converted intensity I3(L) (see Eq. 2.10). Due to fabrication tolerances,
random duty-cycle (RDM) errors occur, though. This means the position of the n-th
domain boundary zn randomly deviates from its ideal position zn,0 = nl. Accordingly,
the length of the n-th domain is lc = zn+1 − zn and the length deviation is given by
δl = lc − l. In the case of RDM, the length variation is assumed to be Gaussian
distributed with a standard deviation σc. Hence, the converted intensity from Eq. 2.10
needs to be modified [184] to

I3(L) ∝ e−π2σ2
c/2l

2 · sinc2

(
∆kL

2

)
+

1

N

(
1− e−π2σ2

c/2l
2
)
. (2.22)

The first term describes the typical sinc2 (∆kL/2) behavior with an efficiency reduced
by the factor exp

(
−π2σ2

c/2l
2
)
. The second term is independent of ∆k and inversely

proportional to the number of domain boundaries N . For σc 6= 0 this term is nonzero
and we get a flat QPM pedestal across the entire spectral region. The pedestal is several
orders of magnitude (> 4) weaker than the sinc2-peak but stronger than the sinc2-wings
far away (> 50nm) from the central peak. This means we observe background over the
whole spectral region because of a series of weakly phasematched processes induced by
the pump light.
A prominent background process is broadband SPDC generated at energies below the
pump light ranging until the edge of the transmission window of LN (> 4 µm). As il-
lustrated in Fig. 2.4a SPDC background affects QFC wavelength combinations where
λpump < λtarget (see e.g. in [141, 142, 191, 192]). Note that, in analogy to Raman scat-
tering, SPDC background can also appear around the higher-energy input wavelength
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Figure 2.4. Conversion-induced background due to nonlinear-optical pro-
cesses. (A) Random duty-cycle errors in the QPM grating lead to a broadband phase matching
pedestal, which supports SPDC of pump photons even though with low probability. This may
overlap with the target wavelength in the case of λpump < λtarget. (B) A plethora of narrow lines
distributed over the whole Vis/NIR spectral region appears because of weakly phasematched
processes due to random duty-cycle errors in the QPM grating, higher-order quasi-phasematched
processes or even cascading of both.

by means of up-conversion.
Apart from SPDC, nonlinear interactions cause a plethora of narrow peaks in the spec-
trum as sketched in Fig. 2.4b. Among those are weakly phasematched SHG or third-
harmonic generation of the pump field enabled by the QPM pedestal. Further narrow
peaks can arise from nonlinear processes phasematched by higher-order QPM. Typi-
cally, we only consider first-order QPM where the additional term in the momentum
conservation is kqpm = 2π/Λ. In higher-order QPM this term equals 2πm/Λ with
m ≥ 2 and therefore enables phasematching for different wavelength combinations with
a reduced efficiency. A third possibility are cascaded processes combining all nonlin-
ear processes and Raman scattering. Although each step lowers the overall efficiency,
cascaded processes could still be relevant at the single-photon level. Depending on
the individual contributing effects, cascaded processes lead to narrow peaks as well as
broadband background.

Techniques for background suppression in QFC

With the knowledge about potential background sources we present in this section two
techniques to substantially reduce CIB below the level of the single-photon input sig-
nal. Note that this does not necessarily imply that the rate of detected background
photons Rbg is lower than the converted telecom photon rate Rcon. The majority of
the photon sources in this thesis are synchronous, i.e. the arrival time of each photon is
– within its lifetime – exactly determined by an external trigger. Hence, it is possible
to detect the converted photons in a gated fashion with a short time window ∆t (typ.
< 1 µs). In turn, any generated background photon arriving at the detector outside the
detection gate does not contribute to the overall background. In this case, the signal-
to-background ratio (SBR) is not determined by the detected photon rates, but by the
probability to detect a background photons within ∆t given as pbg = Rbg · ∆t. Since
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Figure 2.5. Background suppression techniques (A) Long-wavelength pumping en-
sures that two dominant background sources, Stokes Raman background and SPDC background
appearing at lower energies with respect to the pump, do not overlap with the target wavelength.
Thus, we can easily cut them off by standard bandpass filters due to the comparable large spec-
tral distance (> 80 nm). (B) Background at or in close proximity to the target wavelength is
reduced by narrowband spectral filtering. A broadband suppression outside the filter window
guarantees cancellation of a plethora of background sources, which are far away from the target
wavelength, but still within the detection window of our single-photon detectors.

the generation of background photons is typically unconditional, which means that they
are not correlated with the converted photons but occur uniformly distributed instead,
Rbg can be much larger than Rcon and still yield a SBR � 1 provided proper gating.
The first technique for background suppression is long-wavelength pumping, i.e. λpump >
λinput/λtarget. Fig. 2.5a shows the main advantage: Stokes Raman scattering and SPDC
background located at lower energies compared to the pump do not appear at or around
the target wavelength. Thus, our devices are merely affected by ASR and nonlinear
background. Furthermore, we mentioned in Sect. 2.1.2 the benefits of a large spectral
separation between pump and target in terms of ASR. Although this approach is highly
recommended, we will see in Chap. 6 that it cannot be realized for each device due to
fixed input wavelengths and technical limitations regarding the pump laser systems.
The second technique is strong spectral filtering featuring a narrowband transmission
window and a broadband suppression region outside of it as sketched in Fig. 2.5b. “Nar-
rowband” here implies filter bandwidths between few tens of MHz and few tens of
GHZ while “broadband” spans a region > 1000 nm. The latter is required to eliminate
all background sources far away from the target wavelength (e.g. SR or SHG back-
ground), which are still within the detection window of our single-photon detectors
ranging roughly from 700 nm to 1800 nm. In particular, this includes the pump field be-
ing much stronger than all other contributions, which makes a suppression of > 200 dB
feasible. With the narrowband filter we reduce the amount of ASR and nonlinear back-
ground in the proximity of the target wavelength. The required bandwidth is usually
determined by the amount of background for a given wavelength combination as well as
by the brightness and spectral width of the photon source. Typically, we need to find a
trade-off between small filter bandwidths, which are beneficial in terms of background,
and large bandwidths to avoid filtering out the converted photons. Thus, the filter
bandwidth has to be separately determined for each QFCD to achieve a sufficiently
large SBR and feasible measurement periods.
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Figure 2.6. Two-crystal schemes. Three possible schemes for PPQFC utilizing two
nonlinear crystals. The polarization of each beam at different positions is marked by dots (V-
polarized with respect to the optical axis) and arrows (H-polarized). The c-axis of the PPLN
crystal points into the plane, i.e. conversion is allowed for V-polarized light. The functionality
of each configuration is described in the main text. The figures are adapted from experimental
setups by Kaiser et al. [167] (Mach-Zehnder config., A), Krutyanskiy et al. [164] (Cascaded
crystal config., B) and Ramelow et al. [163] (Crossed-crystal config., C).

2.1.3 Schemes for polarization-preserving frequency conversion

One of the main objectives of this thesis is the implementation of polarization-preserving
quantum frequency conversion to accomplish conversion of photonic polarization qubits.
We know from Sect. 2.1.1 that the underlying three-wave mixing processes are inherently
polarization-dependent. Although our WGs support guided modes for both orthogonal
polarizations, conversion is only enabled for V-polarized light, whose electrical field
component oscillates perpendicular to the substrate plane. To overcome the polarization
dependence, various schemes have been developed during the last years by our group
and other groups around the world. In this section we introduce six possible schemes
and present advantages and disadvantages of each. Based on the number of required
nonlinear crystals, the schemes are divided in two categories: one-crystal and two-crystal
schemes. We start with the two-crystal schemes depicted in Fig. 2.6.

Mach-Zehnder configuration. The most intuitive scheme is the polarization Mach-
Zehnder configuration (PMZC) sketched in Fig. 2.6a. Arbitrarily polarized input light
and the diagonally (D) or anti-diagonally (A) polarized pump laser are overlapped with a
dichroic mirror (DM). Both fields are split into their orthogonal polarization components
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(H-polarization corresponds to arrows and V-polarization to dots) by an achromatic
polarizing beamsplitter (PBS) and coupled into two separate nonlinear WGs. To ensure
conversion of both components, the not convertible V-pol. is rotated to H by means
of an achromatic half-wave plate (HWP). This operation is inverted behind the WG
and both converted components are overlapped again on a second PBS. The advantage
is that both interferometer arms are independent of each other, i.e. it is possible to
align each arm individually and equalize conversion efficiencies for H and V quite easily.
Besides, each polarization component needs to pass only a single WG, which is a benefit
in terms of efficiency. A disadvantage is the rather high demand for optical components,
though. Moreover, to preserve the phase of arbitrary superpositions of H and V, the
path length difference between the interferometer arms has to be sub-wavelength stable,
which requires an active stabilization and therefore increases complexity. The PMZC
has been experimentally realized by Kaiser et al. in a fully fiber-based approach [167].

Cascaded-crystal configuration. The cascaded-crystal configuration (CaCG, Fig.
2.6b) relies on the fact, that ridge WGs support guided modes of H- and V-polarized
light. Both input polarization components and the D-polarized pump laser pass two
cascaded WGs; while the V-component is converted in the first WG, the H-component
is converted in the second. To this end, the polarizations of all three fields have to
be rotated by 90◦ between the WGs either by an achromatic HWP or geometrically
with a Fresnel rhomb. Clear advantages are a reduced demand for optical components
(compared to the PMZC) and the absence of an interferometer, hence the phase relation
between H and V is intrinsically stable if the pump laser possesses a sufficiently high
frequency stability. However, the CaCG is rather prone to coupling losses as all three
fields transmitted through the first WG must be recoupled to the second WG. This
might be lossy in particular if the spatial profiles of H- and V-modes do not perfectly
overlap due to a non-symmetric WG geometry. The experimental implementation of
the CaCG by Krutyanskiy et al. can be found in [164].

Crossed-crystal configuration. This configuration (CrCG) is quite similar to the
CaCG. Instead of using a HWP to rotate the polarization of all three fields by 90◦,
the second WG itself is rotated by 90◦. The CrCG, as depicted in Fig. 2.6c, has been
implemented by Ramelow et al. [163] with two bulk crystals, hence the conversion effi-
ciency is roughly a factor 500 lower than for WG structures. However, there is no reason
preventing the use of WGs in this configuration3. The advantages and disadvantages
are identical to those of the CaCG.

We conclude that all presented two-crystal schemes enable PPQFC, which has been
demonstrated in the respective publications. The schemes of the second category require
merely a single WG crystal; their setups are displayed in Fig. 2.7. At the beginning of
this work we were restricted to those schemes since we had only a single WG crystal

3Note that an arrangement of both WGs in close contact as shown in Fig. 2.6c might become
intricate. It might be preferable to arrange the WGs in a similar way as in the CaCG.
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Figure 2.7. Single-crystal schemes. Three possible schemes for PPQFC utilizing a
single nonlinear crystal. The polarization of each beam is again indicated by dots (V-polarized)
and arrows (H-polarized); frequency conversion is merely allowed for V-polarized light. In the
scope of this thesis, we implemented single-crystal Mach-Zehnder (B) as well as Sagnac (C)
configurations, while double-pass configuration (A, figure adapted from Albota et al. [162])
could not be realized for technical reasons.

available. However, over the course of this work, we became aware of several convincing
advantages of single-crystal schemes, thus, all our QFCDs are based on these.

Double-pass configuration. The double-pass configuration (DPC) sketched in Fig.
2.7a can be considered as a folded version of the CaCG. Both both input components are
coupled along with the D-polarized pump laser to the WG, enabling conversion of the V-
component. Instead of using a second crystal, all fields are backreflected and recoupled
to the same WG. The required 90◦ polarization rotation of all three fields to convert
the H-component in the second pass is guaranteed by an achromatic quarter-wave plate
(QWP) acting as HWP in double-pass. Due to its similarity with the CaCG, advantages
and disadvantages are the same except a reduced demand for optical components. The
DPC was implemented in the experiment by Albota et al. [162] in a slightly different
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setup using a bulk crystal embedded in an enhancement cavity for the pump laser.

Single-crystal Mach-Zehnder configuration. In the single-crystal version of the
polarization Mach-Zehnder interferometer (SCMZC, see Fig. 2.7b) both polarization
components are coupled into the same WG from opposite directions instead of using two
separate WGs in both arms. To enable conversion in both directions, the V-polarized
pump laser is coupled from one side into the WG and its transmitted fraction is subse-
quently backreflected and recoupled in opposite direction. In principle, it is possible and
advisable for symmetry reasons to couple the pump laser also via an interferometer loop
featuring a PBS into the setup. However, this requires roughly twice as much pump
power (which is not available in our experiment) since we have to divide the power
among both arms. The SCMZC features the same advantages as the PMZC (individ-
ual alignment for both arms and a single pass through the WG for each component)
but with fewer optical components and a reduced demand for pump power. Neverthe-
less, the SCMZC still necessitates active stabilization of the interferometer path length.
Moreover, we will see in Sect. 3.1.1 that the asymmetric pump laser setup causes the
attainable conversion efficiency to decline. Note that our first PPQFC device designed
to convert photons emitted by 40Ca+-ions at 854 nm to the telecom O-band at 1310 nm,
is constructed in a SCMZC (see Sect. 3.1).

Sagnac configuration. Fig. 2.7c illustrates PPQFC in a Sagnac interferometer. In
this scheme, there is only a single interferometer loop for all three fields. Input and D-
polarized pump are overlapped with dichroic mirrors and subsequently split into their
polarization components using an achromatic PBS for all three wavelengths. The H-
component is rotated by 90◦ and all fields are coupled into the same WG from opposite
directions. The converted light propagates along the same path as the pump light until
they are separated by a DM. In fact, we are most in favor with this configuration since
it unites the advantages of all other schemes. It enables the best possible conversion
efficiencies for three reasons: (I) each polarization component passes the WG only once
(II) all modes in the WG have the same polarization, which avoids losses caused by
different spatial modes, and (III) the setup is highly symmetric minimizing dissimilar
losses of both polarization components. Moreover, it requires the least number of optical
components and - more important - since all three fields propagate along the same path,
the interferometer is intrinsically phase-stable. This means the phase between H and V
is independent of the interferometer path length as well as the frequency stability of the
pump laser. To prove this, we consider the two - in general unequal - path lengths L1

and L2 ranging from the PBS to the WG facet. Due to phasematching, the phase of the
converted light is determined by the initial phases of input and pump in the following
way:

φcon, init = φinp − φpump (2.23)
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with constant offsets being neglected for simplicity. Thus, we find for the total phase
acquired by the converted light in the H- and V-arm

φcon, H/V = kconL1/2 + φcon, init, H/V

= kconL1/2 + kinpL2/1 − kpumpL2/1 + φdisp, H/V (λ, T ) (2.24)

with the factor φdisp, H/V (λ, T ) taking all dispersive elements (PBS, HWP, WG) with
wavelength- and temperature-dependent refractive indices into account. We calculate
the phase difference ∆φcon = φcon,H − φcon,V with ∆L = L1 − L2 and the momentum
conservation kcon = kinp − kpump to

∆φcon = kcon∆L− kinp∆L+ kpump∆L+ φdisp, H (λ, T )− φdisp, V (λ, T )

= φdisp, H (λ, T )− φdisp, V (λ, T ) . (2.25)

We find that the phase difference is independent of the interferometer arm lengths L1

and L2. Only large wavelength or temperature changes introduce dispersion resulting
in phase shifts varying in time. Due to the mentioned advantages, all PPQFC devices
except the one presented in Sect. 3.14 connecting 854 nm to 1310 nm are implemented
in Sagnac configuration. In parallel to our work, PPQFC in Sagnac configuration was
achieved by Ikuta et al. [166].

2.2 Quantum states and processes

With the basic knowledge on PPQFC, we will focus in this section first on quantum
states - in particular one- and two-qubit states - and later on quantum processes being
the framework to describe the action of PPQFC on quantum states. We briefly intro-
duce the mathematical and graphical description of states and processes, and define the
parameters used in the experimental chapters to assess the quality of both. The required
experimental techniques to characterize states and processes and to measure the param-
eters are subsequently explained. The section is based on the textbooks of Chuang &
Nielsen [1] and Fox [193] as well as on [194] and [195]. A more detailed introduction to
quantum states and tomographic techniques in the context of quantum information can
be found in [196], while further details on process tomography are explained in [197].

2.2.1 Description of quantum states

Single qubits exist in a two-dimensional Hilbert space spanned by the two orthogonal
basis states |0〉 = (1, 0)T and |1〉 = (0, 1)T , which correspond to the states 0 and 1 of a
classical bit in computer science. In contrast to classical bits, qubits are allowed to be
in any coherent superposition of the basis states

|Ψ〉 = α|0〉+ β|1〉 (2.26)

4Implementation of this device in Sagnac config. was hindered by technical limitations. Details will
be given in Sect. 3.1.
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Figure 2.8. Bloch sphere representation of photonic and atomic qubits. (A)
The Bloch sphere (or Poincaré sphere) for photonic polarization qubits. The six basis states are
composed of the two eigenstates right- and left-circular (|R〉 = |0〉 and |L〉 = |1〉) located at the
poles and the superposition states |H〉, |V 〉, |D〉 and |A〉 on the equator. Pure quantum states
are represented as Bloch (Stokes) vectors with length one and angles ϑ and ϕ. (B) The Bloch
sphere of atomic qubits. The eigenstates are |↑〉 and |↓〉 while superposition states in x- and
y-direction are denoted as |+〉x/y and |−〉x/y, respectively.

with complex numbers α and β satisfying the normalization condition |α|2 + |β|2 = 1.
We can express the qubit state |Ψ〉 also in a geometrical form by two real parameters ϑ
and ϕ:

|Ψ〉 = cos (ϑ/2) |0〉+ eiϕsin (ϑ/2) |1〉 (2.27)

This gives rise to a very useful graphical representation of quantum states on the so-
called Bloch sphere, which is illustrated in Fig. 2.8 for photonic polarization qubits (a)
and atomic qubits (b). Each state |Ψ〉 is represented by a vector ~r pointing on the Bloch
sphere surface with polar coordinates (|~r| = 1, ϑ, ϕ), i.e. all possible qubit states reside
on the surface of the Bloch sphere. The basis states |0〉 and |1〉 are commonly located
at the poles while the superposition states with equal coefficients |α| = |β| = 1/

√
2

are on the equator. Note that the Poincaré-sphere known from classical optics to vi-
sualize the polarization of light is mathematically equivalent to the Bloch sphere. In
the case of polarization qubits, we choose right-circular (|0〉 = |R〉) and left-circular
(|1〉 = |L〉) as basis states. In principle, this choice is arbitrary, but it will prove con-
venient later on when dealing with joint states of atomic and photonic qubits. Accord-
ingly, the four linear polarization states being collinear with the two axes of the coordi-
nate system within the equatorial plane are defined as |H〉 = 1/

√
2 (|R〉+ |L〉) , |V 〉 =

−i/
√

2 (|R〉 − |L〉) , |D〉 = (1−i)/2 (|R〉+ i|L〉) and |A〉 = (1+i)/2 (|R〉 − i|L〉). Atomic
qubits are represented by the two electronic states |↑〉 and |↓〉 (e.g. Zeeman states
in trapped ion), the superposition states in x- and y-direction are likewise defined
as |+〉x = 1/

√
2 (|↑〉+ |↓〉) , |−〉x = −i/

√
2 (|↑〉 − |↓〉) , |+〉y = (1−i)/2 (|↑〉+ i|↓〉) and

|−〉y = (1+i)/2 (|↑〉 − i|↓〉).
The description is valid for pure quantum states, which might occur in a closed system
completely decoupled from the environment. In realistic experimental conditions, qubits
couple to the environment resulting in decoherence of the state. We take this into ac-
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count by using the density matrix formalism describing an ensemble of quantum states.
In fact, this represents quite well what is actually done in the experiment: to measure
quantum states we repetitively generate the state in a huge number of experimental
runs, perform projective measurements in each run, and subsequently reconstruct its
density matrix, which we then assign to the state. Hence, we consider quantum states
as a statistical mixture ρ of pure quantum states |Ψi〉 occurring with probability pi

according to

ρ =
∑

i

pi|Ψi〉〈Ψi| (2.28)

with
∑

i pi = 1 and pi > 0. A physically meaningful density matrix has to fulfill the
conditions: (I) ρ is normalized: Tr(ρ) =

∑
j ρjj = 1, (II) ρ is a Hermitian operator

with ρ = ρ† and (III) ρ is a positive semidefinite operator, i.e. all eigenvalues are
non-negative. We call ρ a pure state if we have only a single term with pi = 1, hence
ρ = |Ψ〉〈Ψ|, and a mixed state if more than one term contributes with pi < 1.
In order to visualize density matrices on the Bloch sphere, we rewrite ρ as a linear
combination of the Pauli matrices

σI =

(
1 0
0 1

)
σx =

(
0 1
1 0

)
σy =

(
0 −i
i 0

)
σz =

(
1 0
0 −1

)
, (2.29)

which form a complete basis of the complex vector space of 2 × 2 Hermitian matrices.
With ~σ = (σx, σy, σz)

T we decompose ρ as

ρ =
1

2
(σI + ~r · ~σ) with ~r =

〈σx〉〈σy〉
〈σz〉

 =

Tr (ρσx)
Tr (ρσy)
Tr (ρσz)

 . (2.30)

We find that the Bloch vector ~r is determined by the expectation values of the Pauli
operators

〈
σx/y/z

〉
= Tr

(
ρσx/y/z

)
, which correspond to the Stokes parameters S1/2/3

in the Poincaré sphere. In case of pure states, ~r is identical to the vector with polar
coordinates (|~r| = 1, ϑ, ϕ) mentioned above. For mixed states we get |~r| < 1, i.e. the
Bloch vector lies within the sphere (a maximally mixed state is characterized by |~r| =
0). Note, that in the Pauli-matrix decomposition the particular choice for the linear
superpositions on the x- and y-axis becomes clear: the states |H/V 〉 and |D/A〉 are the
eigenstates of the σx- and σy-matrices, respectively.
For two qubits, we expand the two-dimensional Hilbert spaces of the single qubits H1,2

to a four-dimensional Hilbert space by means of the tensor product. For the total
Hilbert space Htot and accordingly any state |Ψtot〉 we obtain

Htot = H1 ⊗H2 and |Ψtot〉 = |Ψ1〉 ⊗ |Ψ2〉. (2.31)

However, a class of two-qubit states exists, which we cannot factorize as a product
of states of the individual subsystems, i.e. |Ψtot〉 6= |Ψ1〉 ⊗ |Ψ2〉 although the total
Hilbert space is the tensor product of the subsystem Hilbert spaces. These states
are called entangled states, which we mentioned already in the introduction to be of
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particular interest as resource in quantum network applications and quantum computers.
A prominent and important example of two-qubit entangled states is given by the four
maximally entangled Bell-states

|Ψ−〉 =
1√
2

(|01〉 − |10〉) |Ψ+〉 =
1√
2

(|01〉+ |10〉)

|φ−〉 =
1√
2

(|00〉 − |11〉) |φ+〉 =
1√
2

(|00〉+ |11〉) . (2.32)

One criterion why the Bell states are maximally entangled is the amount of mixedness
in the individual subsystems, which is quantified via the reduced density matrices. The
Bell states themselves are obviously pure states. The situation is different, though, if
we measure only the state of one qubit and ignore the second one. Mathematically,
this corresponds to a partial trace over the measured qubit yielding the reduced density
matrix of the remaining qubit. If we trace-out the second qubit from the Ψ− Bell-state

Tr2

(
|Ψ−〉〈Ψ−|

)
=

1

2
Tr2 (|01〉〈01| − |01〉〈10| − |10〉〈01|+ |10〉〈10|)

=
1

2
(|0〉〈0|+ |1〉〈1|) (2.33)

we find a maximally mixed state. We obtain the same result if we partially trace-out
the first qubit, hence, maximally entangled states are characterized by maximally mixed
states of the individual subsystems. A second criterion proving that the Bell states are
maximally entangled is the Bell parameter, which we introduce in Sect. 2.2.5.
In the following experimental chapters we will generate one- and two-qubit states - in
particular entangled states - and measure their respective density matrices. To assess
their quality we employ two parameters, the fidelity F and purity P. The latter is
defined as

P (ρ) = Tr
(
ρ2
)

(2.34)

and quantifies the amount of mixedness of a density matrix. In case of pure states
we find ρ2 = ρ and the purity equals one, while for maximally mixed states we get
P = 1/2N with N being the number of qubits. In contrast, the fidelity F (ρ, ρ′) is a
relative measure and denotes the probability to find a measured state ρ compared to
the desired state ρ′, i.e. we interpret F (ρ, ρ′) as the overlap between two quantum states.
The fidelity is generally defined as

F
(
ρ, ρ′

)
=

[
Tr

(√√
ρ′ρ
√
ρ′
)]2

, (2.35)

and also valid for two mixed states. Within the scope of this thesis, the desired state is
always a pure state ρ′ = |Ψ〉〈Ψ|. Hence, Eq. 2.35 simplifies to

F
(
ρ, ρ′

)
=
[
Tr
(√
|Ψ〉〈Ψ|ρ|Ψ〉〈Ψ|

)]2
=
[√

Tr (ρ′ρ)Tr
(√
|Ψ〉〈Ψ|

)]2
= Tr

(
ρ′ρ
)

(2.36)
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using ρ′ =
√
ρ′ (related to ρ′2 = ρ′ for pure states). In fact both measures are of

particular interest for us. The fidelity is well-suited to asses how close our generated
entangled states are for instance to a desired Bell state. Nevertheless, the fidelity might
be illusive, since unitary rotations, which are commonly caused by the experimental
setup, decrease the fidelity while the purity is only weakly affected or even unaltered.
Thus, it is helpful to calculate the maximum achievable fidelity Fmax for a given purity
to get an idea if the non-perfect fidelity is mainly caused by unitary rotations or an
imperfect purity. To this end, we model the density matrix as

ρ = Fmax|Ψ〉〈Ψ|+ (1−Fmax) |Ψ⊥〉〈Ψ⊥| (2.37)

with the desired pure state |Ψ〉 and its orthogonal pure state |Ψ⊥〉 [128]. We easily
verify that ρ fulfills Tr (|Ψ〉〈Ψ|ρ) = F . We calculate the purity of ρ as

P = F2
max + (1−Fmax)2 (2.38)

and subsequently the maximum achievable fidelity for a given purity with

Fmax (P) =
1

2

(
1 +
√

2P − 1
)
. (2.39)

2.2.2 Description of quantum processes

Next we take a closer look at quantum processes. Imagine the situation illustrated in
Fig. 2.9: we prepare photonic qubits in a certain input polarization state ρin and send
them through a PPQFC device yielding the converted output state ρout. In quantum
mechanics the transformation from one state to another one is typically represented
by unitary operations. However, these operations are not suitable for us since the
PPQFC device might introduce decoherence (e.g. due to phase fluctuations in interfer-
ometric schemes), which is a non-unitary operation. Additionally, unequal conversion
efficiencies for different polarization states result in polarization-dependent or qubit-
state-dependent loss, being a non-trace-preserving operation, actually. A formalism to
describe quantum processes also involving non-unitary transformations in a correct way
is based on the concept of completely positive maps E . They map the input state to
the output state according to

ρout = E (ρin) =
∑

i

Ei ρinE
†
i (2.40)

in the so-called operator-sum representation with the Kraus operators Ei. However,
from an experimental point of view it would be desirable to have a set of numerical
parameters instead of several non-fixed operators Ei. To this end, we choose the Pauli
matrices as fixed operators and rewrite ρout using Ei =

∑4
m=1 eimσm to

ρout =
4∑

m,n = 1

χmn σn ρin σ
†
m (2.41)



34 2. FUNDAMENTAL CONCEPTS

ρin ε ρout = ε(ρ
in
) 

Quantum process

Figure 2.9. Principle of quantum processes. An input quantum state ρin is sent
through a device represented by the process E yielding the output state ρout = E (ρin).

where the χmn =
∑4

i=1 eime
∗
in are the entries of the so-called process matrix, a positive

semidefinite and Hermitian matrix. The process matrix completely describes the pro-
cess, i.e. as soon as we know all entries χmn we are able to predict the output state for
arbitrary input states. In our case, the quantum process ideally represents the identity
operation: then all entries of χ are zero except χ00 = 1. All unitary operations and
decoherence effects result in a decrease of χ00 and an increase of the remaining elements.
To quantify how close a process is to a desired operation, we calculate the process fi-
delity Fpro. It denotes the overlap between a measured process matrix χmeas and the
ideal matrix χid according to

Fpro (χmeas, χid) =

[
Tr

(√√
χidχmeas

√
χid

)]2

=
χid =1

χmeas,00. (2.42)

Hence, if the desired operation is the identity, the process fidelity equals the χ00-entry.
A further measure to assess quantum processes is the average fidelity Favg. To this end,
we choose six input states arranged in an regular octahedron on the Bloch sphere (an
obvious choice are the six basis states) and calculate for each the overlap fidelity between
the measured output state and the ideal one related to the identity operation [198]. The
average fidelity is defined as the mean value of the six overlap fidelities

Favg (Emeas (ρin) , Eid (ρin)) =
1

6

6∑
n=1

F (Emeas (ρin,n) , Eid (ρin,n)) . (2.43)

Interestingly, process fidelity and average fidelity are directly related to each other [199]
by the equation

Favg =
2Fpro + 1

3
, (2.44)

in the case of a single-qubit process. Typically, we use this relation as a consistency
check to validate our reconstruction methods.
We mentioned above that the process does not necessarily have to be trace-preserving,
e.g. in case of qubit loss. If the process does not alter the state but only introduces
isotropic loss ηloss, we expect the identity process matrix with χmeas,00 to be decreased
by the factor ηloss. For state-dependent loss, e.g. polarization-dependent loss of the state
|R〉, additional entries in χ become non-zero since all superposition states α|R〉+ β|L〉
are pulled towards |L〉. However, in the experiment we typically apply post-selection.
This means we consider only those photons which we detect. Implicitly, this correspond
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to a normalization of the non-trace-preserving process matrix since the reconstructed
density matrix of the output state has a trace of one [200]

ρout =
E (ρin)

Tr (E (ρin))
. (2.45)

In this context, the trace of E (ρin) can be interpreted as the probability not to loose
the photon. If the losses are isotropic, i.e. Tr (E (ρin)) is the same for all input states
ρin, we find that ρout ∝ E (ρin). Hence, isotropic loss does not alter the state and
we still consider this as a trace-preserving process. In contrast, state-dependent losses
where Tr (E (ρin)) depends on the input state remain non-trace-preserving. Due to the
normalization in Eq. 2.45 we cannot easily identify a non-trace-preserving contribution.
We will see later in this chapter how to reconstruct such a process based on post-selected
data.
The Bloch sphere representation introduced for quantum states is well-suited to visualize
quantum processes, too. We will further investigate this in Sect. 2.2.4.

2.2.3 Tomographic reconstruction of quantum states

So far we know that quantum states and processes are described by their corresponding
density or process matrix. In the next two sections we want to investigate how we obtain
the respective matrices by means of tomographic reconstruction methods combined with
maximum-likelihood estimation. Starting with quantum states, we remember Eq. 2.30
where the density matrix is determined by the expectation values of the Pauli matrices

ρ =
1

2

σI +
∑

i=x,y,z

ri σi

 with ri = 〈σi〉 = Tr (ρσi) . (2.46)

Thus, we are able to infer quantum states of single qubits by measuring expectation val-
ues in the three bases σx, σy and σz, in analogy to a polarization measurement of classical
light via the Stokes parameters. To this end, we frequently repeat the state preparation
to obtain a large number of identical copies, and perform projective measurements with
respect to six projectors Πk = (|R〉〈R|, |L〉〈L|, |H〉〈H|, |V 〉〈V |, |D〉〈D|, |A〉〈A|), which
are described as positive-operator valued measures (POVM). Similarly, the projectors
of atomic qubits are Πk = (|↑〉〈↑|, |↓〉〈↓|, |+〉x〈+|x, |−〉x〈−|x, |+〉y〈+|y, |−〉y〈−|y). A pro-
jective measurement implies that we record detection events Nk for each projector and
normalize them with the total number of detected events per basis setting Nbasis. We
obtain the relative frequencies fk according to

fk =
Nk

Nbasis
=

NΠk

NΠR/H/D
+NΠL/V/A

with k = R,L,H, V,D,A, (2.47)

which denote the probability to find the respective projector Πk. The relative frequencies
enable us to calculate the expectation values to

〈σx〉 = fH − fV 〈σy〉 = fD − fA and 〈σz〉 = fR − fL (2.48)
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and subsequently the density matrix according to Eq. 2.30. This method is called “quan-
tum state tomography” (QST). Keep in mind that we have to perform projective mea-
surements in certain directions on the Bloch sphere. We will clarify in the following
experimental chapters how to implement those for atomic and polarization qubits.
Being a procedure to measure single-qubit states, we can straightforwardly extend it to
multiple qubits. As an example for 2-qubit states, the density matrix is decomposed as

ρ =
1

4

σ(1)
I ⊗ σ

(2)
I +

3∑
i,j=1

rij σ
(1)
i ⊗ σ

(2)
j

 with rij =
〈
σ

(1)
i ⊗ σ

(2)
j

〉
. (2.49)

The rij are the expectation values of the joint Pauli operators σ
(1)
i ⊗ σ

(2)
j acting on

the 2-qubit Hilbert space. We find that we have to perform projective measurements
in 32 = 9 different basis settings corresponding to 62 = 36 POVMs Πk = Πi ⊗ Πj =
(|RR〉〈RR|, |RL〉〈RL|, ..., |AD〉〈AD|, |AA〉〈AA|). We obtain the expectation values and
subsequently the density matrix in a similar fashion as in the single-qubit case.
The linear reconstruction of density matrices according to Eq. 2.30 and 2.49 suffers
from a distinct disadvantage: due to experimental imperfections such as count rate
fluctuations, finite statistics or calibration errors in the projective measurements, the
reconstructed density matrix occasionally becomes unphysical, i.e. it might have nega-
tive eigenvalues or Bloch vectors outside the sphere with |~r| > 1. For this reason, we
avoid linear reconstruction and apply maximum-likelihood estimation (MLE) instead.
The idea of MLE is to identify the physical density matrix ρest, which fits best to the
experimental data by finding extrema of a likelihood functional L

ρest = arg max
ρ

L (fk, pk(ρ)) . (2.50)

The functional L incorporates the measured relative frequencies fk, the estimated fre-
quencies pk (ρ) = Tr (ρΠk), and the required constraints to force the estimated state
to be physical. Note that this could turn out to be a disadvantage of MLE since the
result is always physical even if the data does not support this. Especially for noisy
data or poor counting statistics, even the closest physical matrix can be still “far away”
from the measurement data, i.e. the estimated frequencies significantly differ from the
measured ones. Thus, it is always advisable to keep track of the discrepancies between
measured and estimated frequencies as a validation of the reconstructed matrix.
The MLE algorithm implemented in this thesis is based on an iterative approach devel-
oped by Jez̆ek et al. [195] and relies on the likelihood functional

L (fk, pk(ρ)) =
∑

k

fk ln (pk)− µTr (ρ) . (2.51)

The distance between fk and pk obeys the form of a log-likelihood measure, which
has proven to be well-suited for this task [195, 201]. The parameter µ is a Lagrange
multiplier to ensure that the trace of the estimated density matrix is equal to one.
According to Eq. 2.50 we have to maximize L with respect to ρ, however, a numerically
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less demanding procedure is to find the maximum from an extremum condition by
varying L with respect to ρ. We obtain a set of nonlinear equations

R(n) =
∑

k

fk

pk

(
ρ(n)

) Πk

µ(n) =
√

Tr
(
R(n)ρ(n)R(n)

)
ρ(n+1) = µ−2

(n)R(n)ρ(n)R(n) (2.52)

which are artificially symmetrized to meet the constraints on Hermitian and positive-
semidefinite density matrices. Eq. 2.52 can be iteratively solved with Matlab starting
from an unbiased completely mixed density matrix ρinit = 1/2N 1 with N being the
number of qubits. We compute the estimated state in less than a second for 1- and
2-qubit states.
Finite statistics of the measured detection or coincidence events results in statistical er-
rors of the reconstructed density matrix as well as the deduced fidelity and purity. We
obtain error bars by means of Monte Carlo simulations [202]. To this end, we assume
Poissonian statistics of the detection/coincidence events (i.e. the standard deviation is
given by the square root of the number of events) and simulate new sets of frequen-
cies fk from Poissonian-distributed random numbers. Hence, we obtain several equally
probable density matrices from which we calculate mean value and standard deviation
of all entries as well as fidelity and purity.
A final remark regarding the number of measured projectors for 1- and 2-qubit QST:
in principle it is sufficient to measure a subset of selected projectors corresponding to
the number of independent parameters of the density matrix [194]. Since the density
matrix is Hermitian and has a trace of one, it possesses 4N - 1 independent parameters,
hence we need 4N measurements taking normalization with the total number of detected
events into account. However, we typically rely on complete QST with 6N projector
measurements since this offers the advantage of a symmetric likelihood functional L.
For incomplete QST further modifications of the MLE to counteract the asymmetry are
necessary [203].

Influence of the signal-to-background ratio on quantum states

An inevitable opponent during measurements of quantum states - in particular in case
of photonic qubits - are background events. Typically, these events are uncorrelated in
time and independent of the current measurement basis setting. Hence, they occur as
white noise altering the reconstructed states and fidelities towards statistical mixtures.
In this section, we show exemplary for 2-qubit QST that we are able to determine the
SBR and precisely quantify its effect on the reconstructed fidelities and purities during
post-processing. Moreover, we briefly explain how to subtract background from raw
data in order to reconstruct background-corrected density matrices.
To estimate the influence of the SBR on fidelity and purity, we recall the model for
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background-free density matrices (Eq. 2.37)

ρbgf = Fbgf |Ψ〉〈Ψ|+ (1−Fbgf) |Ψ⊥〉〈Ψ⊥| (2.53)

with the desired state |Ψ〉, its orthogonal state |Ψ⊥〉 and the background-free fidelity
Fbgf. If the state is subjected to background, we get an additional term 1

41 · SBR−1,
which represents white noise and is proportional to the inverse SBR and the maximally
mixed 2-qubit density matrix 1/41. This makes sense if we imagine for instance SBR =
1: then we have equal contributions of a maximally mixed state and the background-free
state ρbgf. We calculate the normalized state with background ρwbg as

ρwbg =
Fbgf |Ψ〉〈Ψ|+ (1−Fbgf) |Ψ⊥〉〈Ψ⊥|+ SBR−1 · 1

41

Tr
(
Fbgf |Ψ〉〈Ψ|+ (1−Fbgf) |Ψ⊥〉〈Ψ⊥|+ SBR−1 · 1

41
)

=
Fbgf |Ψ〉〈Ψ|+ (1−Fbgf) |Ψ⊥〉〈Ψ⊥|+ SBR−1 · 1

41

1 + SBR−1 . (2.54)

From this, we obtain the fidelity Fwbg in dependence on the background-free fidelity
(and vice-versa)

Fwbg = Tr (ρwbg |Ψ〉〈Ψ|) =
Fbgf · SBR + 1

4

1 + SBR
(2.55)

Fbgf =
Fwbg · (1 + SBR)− 1

4

SBR
. (2.56)

As an example, we consider two extreme cases: if SBR→∞ we calculate Fwbg = Fbgf

as expected. In contrast, a SBR of zero results in Fwbg = 1/4, which is the fidelity
between pure and maximally mixed 2-qubit states. Furthermore, we find that the
highest absolute loss of fidelity occurs for Fbgf = 1. During experiments it is quite
helpful to get a rough estimation on the loss of fidelity for a given SBR without prior
knowledge about the fidelities. Hence, we set Fbgf = 1 and obtain the following equation
denoting the worst-case decrease in fidelity

Fwbg =
↑

Fbgf=1

4 · SBR + 1

4 (1 + SBR)
= 1− 3

4 (1 + SBR)
. (2.57)

The dependence of the purity on the SBR is computed in a similar way; with the
background-free purity Pbgf = F2

bgf + (1−Fbgf)
2 we compute

Pwbg =
Pbgf · SBR2 + 1

2 · SBR + 1
4

(1 + SBR)2 . (2.58)

Another possibility to calculate background-free fidelities and purities is to subtract the
background from the number of coincidences in each basis before the quantum state
reconstruction. Within this thesis, we typically apply both methods in order to cross-
check our results. First, we investigate how to determine the signal S and background
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Signal S
Background B

Coincidences C

Coincidence 
window 𝜏C

Background
 window 𝜏BG

C = ∑𝜏C
Ci

BG = ∑𝜏BG
BGi 

B = BG*𝜏C/𝜏BG

Figure 2.10. Coincidence measurement from 2-qubit QST. Time-correlated de-
tection events of a large number of photonic qubits from a 2-qubit QST. The relevant signal
coincidences are in the central peak while we observe uncorrelated background coincidences out-
side. We get the number of coincidences C by integrating over the time window τc. In contrast,
the background coincidences B are obtained by integrating over a large time window τbg outside
the correlation peak, and rescaling the result with the factor τc/τbg. Signal coincidences are
accordingly calculated to S = C −B.

coincidences B from experimental data. During 2-qubit QST we record time-resolved
detection events of qubit 1 and 2 for a large number of prepared 2-qubit states in
different basis settings. The time tags of the detection events are correlated with each
other yielding the number of coincidences in a certain time window from which we
calculate the relative frequencies. Fig. 2.10 displays an exemplary temporal correlation
function where the coincidences are sorted into time-bins of 1 ns width. We find an
uncorrelated background floor (gray bars) and a bunching peak containing the relevant
coincidences S. We first determine the total number of coincidences C by adding up
all coincidences in a certain time window τc, which incorporates the whole bunching
peak. In order to get the number of background coincidences B (blue bars), we sum
up coincidences in a large window τbg ≈ 10 τc sufficiently far away from the bunching
peak. Subsequently, we rescale the number with the factor τc/τbg. The large window
is advantageous in case of non-perfect statistics to obtain small error bars of the mean
value. Accordingly, the signal coincidences are calculated as S = C − B and the SBR
as S/B. Note that to estimate the SBR of a 2-qubit QST, we commonly sum-up the
correlation functions obtained in all measurement basis settings.
At first view it might be obvious to simply subtract B from C. However, an issue
arises if we consider a projector for which we do not expect any signal coincidences,
e.g. |HH〉〈HH| for a Ψ− Bell-state. In the case of low event numbers and non-perfect
counting statistics, we might calculate a larger mean value of B than the number of co-
incidences C, which results in negative values for S. To avoid this, the background sub-
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traction (BGS) needs to take into account the finite statistics (which is unfortunately dis-
regarded surprisingly often in literature). The method we apply is thoroughly described
in the appendix of S. Kucera’s PhD thesis [204], i.e. we explain it only briefly. Signal
and background events are considered as independent processes, hence the probability
to measure S′ signal and B′ background coincidences is P (S′ ∧ B′) = PS(S′) · PB(B′)
assuming Poissonian distributions PS and PB with mean values S and B, respectively.
The probability to get C coincidences is given by the sum of all possible combinations
B′ + S′ = C

P(C) =
∑

B′+S′=C

PS(S′) · PB(B′) =
C∑

S′=0

PS(S′) · PB(C − S′). (2.59)

Subsequently, we calculate the expectation value of the signal coincidences with the
assumption that the number of signal coincidences are equally distributed (PS = const.)
to

〈S〉 =
C∑
S=0

S · PB (C − S) . (2.60)

This method has the advantage that S = 〈S〉 is always positive and the minimum value
of S cannot be smaller than its standard deviation determined by C and B. Thus, we
never underestimate S by chance in case of bad statistics. Instead, good statistics are
a prerequisite to measure small values of S at all.

2.2.4 Tomography of quantum processes

The process matrix χ is measured by a similar tomographic technique as quantum
states. The idea is to prepare multiple input states ρin, apply the unknown process
E , and reconstruct the corresponding output states ρout = E (ρin) by means of single-
qubit QST. For a single-qubit process, χ is a 4 × 4 matrix, which is determined by
2 × 16 complex =̂ 32 real parameters. However, χ is Hermitian, which reduces the
number of independent parameters to 16, and for trace-preserving matrices we end
up with 12 parameters. Thus, a set of four input states incorporating each principle
axis of the Poincaré-sphere (e.g. |H〉, |V 〉, |D〉, |L〉) is enough to reconstruct χ via
linear inversion [205], since each state provides three expectation values. In analogy
to quantum states, linear inversion is prone to experimental imperfection resulting in
non-physical process matrices, so we again make use of MLE.
We mentioned in Sect. 2.2.2 that state-dependent loss is described by non-trace-pre-
serving process matrices. We will see below that the reconstruction of such processes
is possible with a modified MLE algorithm. However, if χ is non-trace-preserving,
the number of independent parameters is increased by four to 16. One possibility to
handle these additional parameters is to measure the efficiency, which corresponds to
the first Stokes parameter S0 of each input state. Typically, S0 is not specified in
quantum information since all density matrices are assumed to be trace-preserving.
Measurements of the efficiency are quite sensitive to intensity fluctuations, though. A
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more reliable alternative is a complete quantum process tomography (QPT) with six
input states equally distributed over the Poincaré sphere, e.g. the six basis states |H〉,
|V 〉, |D〉, |A〉, |R〉, |L〉. Note that this offers – in analogy to QST – the additional
advantage of a symmetric likelihood functional in the MLE. Thus, all QPTs performed
in this thesis rely on six input states.

MLE of trace-preserving processes

The MLE algorithm proposed in [195] relies on an alternative description of quantum
processes employing a positive-semidefinite operator S, which is isomorphic to the map E
(referred to as Choi-Jamio lkowski isomorphism [206]). The Choi-matrix representation
features the advantage that MLE can be realized in a very similar way as for quantum
states. In this formalism, we assume input states ρin in the Hilbert space H and output
states ρout in a separate Hilbert space K. While E (ρin) maps the input state to the
output state according to Eq. 2.41, S acts as an operator on the higher-dimensional
Hilbert space H ⊗ K. We obtain the output state by applying S to the input state
ρTin ⊗ 1K in the H⊗K-space and partially tracing-out over the input space H

ρout = E (ρin) = TrH
[
S
(
ρTin,m ⊗ 1K

)]
. (2.61)

The index m denotes the input states ρin,m with m = 1...6. The trace-preservation
constraint on E requires that TrH (ρin) = TrK (ρout) for every possible input state, i.e.
the constraint on S is given by TrK(S) = 1H. We obtain the estimated S-matrix by
maximizing the likelihood-functional

Sest = arg max
S

L (fmk, pmk(S))

with L (fmk, pmk(S)) =
∑
m,k

fmk ln (pmk)− Tr (ΛS) (2.62)

where fmk are the relative frequencies measured via single-qubit tomography. The index
k denotes the respective POVM Πmk = (|R〉〈R|, ..., |A〉〈A|). The estimated frequencies
pmk(S) are given by

pmk(S) = TrK (ρout,mΠmk) = Tr
[
S
(
ρTin,m ⊗Πmk

)]
. (2.63)

The term Tr (ΛS) in Eq. 2.62 with Λ = λ⊗1K takes into account the trace preservation;
i.e. λ is a matrix of Lagrange multipliers. Varying the likelihood functional with respect
to S yields the set of equations

K(n) =
∑
m,k

fmk

pmk

(
S(n)

) (ρTm ⊗Πmk

)
Λ(n) =

√
TrK

(
K(n)S(n)K(n)

)
⊗ 1K

S(n+1) = Λ−1
(n)K(n)S(n)K(n)Λ

−1
(n), (2.64)
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which are again iteratively solved starting from a completely mixing process matrix
Sinit = 1/2N 1H ⊗ 1K (for an N-qubit process). Error bars are obtained analogous
to quantum states via Monte-Carlo simulation. Eventually, we have to calculate the
process matrix from the estimated S-matrix. The Choi-matrix can be described in the
χ-matrix representation using a different basis (instead of the Pauli basis). Hence, we
obtain the process matrix via basis transformation, which is described in Appendix A.

MLE of non-trace-preserving processes

The algorithm presented above is also capable of reconstructing non-trace-preserving
process matrices if we drop the respective constraint by eliminating the term Tr (ΛS)
in Eq. 2.62. Accordingly, the iteration step for S simplifies to S(n+1) = K(n)S(n)K(n).
However, if we omit the trace-preservation, the MLE might reconstruct process matrices
with a trace larger than one, i.e. some input states are amplified instead of attenuated.
To guarantee Tr(χ) ≤ 1 we have to normalize the highest efficiency – associated to the
state that does not suffer from state-dependent loss – to one (remember that isotropic
does not affect the process matrix due to the normalization according to Eq. 2.45). To
this end, we divide the S-matrix by the highest eigenvalue of TrK(S) after each iteration
step

S(n+1) = S(n+1)/max
[
ev
(
TrK

(
S(n+1)

))]
. (2.65)

Furthermore, we have to take into account another issue: of course the input states have
Tr (ρin) = 1, and due to post-selection – by means we do the evaluation conditioned
on an event – the output density matrices have a trace of one, too. This means the
trace is apparently “preserved”, although the process might be non-trace-preserving.
However, as we performed a complete QPT with six input states, we can extract the
individual efficiencies of each measured output state (the Stokes parameter S0) and
rescale it with the respective efficiency. The procedure is as follows: the iterative
MLE algorithm is embedded in an additional outer loop. During the first iteration

step we estimate the matrix S(1) using the relative frequencies f
(0)
mk of the measured

output states. Subsequently, we calculate the expected output states and the respective

efficiencies η
(1)
m from S(1) given by the trace of each state

η(1)
m = Tr

(
ρ(1)

exp,m

)
= Tr

[
S(1)

(
ρTin,m ⊗ 1K

)]
. (2.66)

Next we rescale the measured output states f
(1)
mk = η

(1)
m · f (0)

mk and proceed to the next
iteration steps until all efficiencies ηm converge. This procedure yields the correctly
scaled output states, which we expect from state-dependent loss, and the corresponding
non-trace-preserving process matrix χ. Finally, we divide the χ-matrix by its trace ac-
cording to Eq. 2.45 to account for the post-selection issue in experiments. Note that the
normalized χ-matrix does not represent any physical process anymore, it merely mimics
the post-selection process and, hence, delivers correct results for our experimental data.
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Figure 2.11. Representation of quantum processes. (A) - (F) Bloch sphere rep-
resentations of exemplary chosen quantum processes. If we choose the six basis states as input,
the colored dots denote the respective output states. In case of non-unity processes, the whole
sphere will be rotated, shrunken, displaced or distorted. In detail, the spheres represent the
following processes: (A) Identity operation. (B) Unitary π/4-rotation around the R - L axis.
(C) Isotropic depolarization. (D) Pure dephasing without population transfer between the
eigenstates. (E) and (F) State-dependent qubit loss of 50 % for L - polarized light. In this case
the sphere is mapped to itself, but the superposition states are distorted as shown in (E). The
process does not preserve the trace, however, assuming trace-preservation in the reconstruction
algorithm outputs a wrong estimation, see (F).

Visualization of quantum processes

To represent a given quantum process matrix on the Bloch sphere, we first simulate
a large number of input states equally distributed over the sphere. Next we calculate
according to Eq. 2.41 the output states and plot a new Bloch sphere, which might be
– depending on the process – rotated, shrunken, displaced or distorted with respect to
the input sphere. Fig. 2.11a - f illustrates some examples for different processes. The
gray spheres are the output Bloch spheres and the colored dots represent the six basis
states. The process matrices describing these examples are obtained by employing the
above explained reconstruction methods with the six basis states of the Poincaré-sphere
as input states and the respective theoretically calculated output states. Fig. 2.11a dis-
plays the identity operation where the sphere and all states are mapped to themselves.
Fig. 2.11b is an example for a unity rotation around the z-axis corresponding to a π/4-
shift of the qubit-phase. Isotropic depolarization introduces mixedness and therefore
shrinks the sphere as shown in Fig. 2.11c. This occurs for instance in long, unstabilized
fibers suffering from temperature- or stress-induced random polarization rotations. If
the eigenstates are unaltered while the phase information is partially lost, we speak
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about pure dephasing as sketched in Fig. 2.11d. This is a prominent process for atomic
Zeeman qubits, whose phase is very sensitive to magnetic field fluctuations while pop-
ulations transfer between both states is not likely to occur. In Fig. 2.11e we simulate
polarization-dependent loss of 50 % for L-polarized light and reconstruct χ with the
algorithm for non-trace-preserving processes. This process does not shrink, displace or
rotate the sphere; it is still mapped to itself since the output states are fully polarized.
We expect that |R〉 and |L〉 are unaltered while the superposition states are “pulled”
towards |R〉. This is confirmed by Fig. 2.11e: the sphere is distorted and the superpo-
sition states are not located at their original position anymore. In contrast, if we apply
the algorithm for trace-preserving processes, we get a wrong estimation as illustrated
in Fig. 2.11f. We find that the superposition states are shifted towards |R〉, but far less
than they should. Moreover the sphere is shrunken indicating depolarization of |L〉 and
a “population” transfer from |L〉 to |R〉, which we certainly do not expect.

2.2.5 Bell test experiments

An alternative experimental method to verify maximally entangled Bell-states are Bell
tests, which we briefly introduce below. Their origin goes back to 1935 when Einstein,
Podolsky and Rosen asked the question if the physical reality described by quantum
mechanics can be complete [207] (the so-called EPR paradox). They found that the
measurement of non-commuting observables of a joint quantum state consisting of two
particles is inconsistent with the principles of realism and locality. As they assumed any
physical theory must obey these principles, they concluded that QM cannot be complete
as of yet. Subsequently, it was suggested to introduce local hidden variables (LHV) to
modify quantum mechanics. If those variables are known, results of measurements on
two-particle states could be predetermined and quantum mechanics can be formulated
as a local-realistic theory (LRT). However, in 1964 John Bell deduced statistical bounds
on measurement results of two-particle states for theories governed by LHV, which do
not hold for quantum mechanics [208]. He formulated his famous inequality that needs
to be fulfilled for LHV-theories but is violated by quantum mechanics. In the following
we show how to experimentally test this inequality.
A typical Bell test experiment is sketched in Fig. 2.12. An EPR-source generates pairs
of spatially separated qubits in a maximally entangled Bell state, which are sent to
the observers Alice and Bob. Each observer performs projective measurements in one
out of two - in the ideal case randomly selected - basis settings a ∈ {α, α′} on Alice’s
side and b ∈ {β, β′} on Bob’s side. Note that in the example of entangled photons
all settings are typically located in the plane containing the linear polarizations of the
Poincaré-sphere (H,V,D,A) with α, ..., β′ being the angles with respect to one of the
basis states. The projective measurements delivers the respective outcomes x, y ∈ {0, 1}
corresponding to the two orthogonal projectors per basis setting. We repeat those trials
for a large number of Bell states and record the number of detected coincidences Nx,y

a,b in

the respective basis setting a, b, which are either correlated N0,0
a,b/N

1,1
a,b or anti-correlated
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Alice

Basis setting:
a = α, α'

Outcome:
x = 0,1

Basis setting:
b = β, β'

Outcome:
y = 0,1

Bob

EPR Source

S

Figure 2.12. Principle of Bell test experiments. An EPR source generates two
qubits in a maximally entangled Bell state, which are distributed to Alice and Bob. Both
perform projective measurements randomly in one out of two particular basis settings a = α, α′

and b = β, β′, respectively. Correlations of the measurement outcomes in all combinations of
bases a and b yield the Bell parameter S.

N0,1
a,b/N

1,0
a,b . Subsequently, we calculate correlators 〈σaσb〉 defined as

〈σaσb〉 =
N0,0

a,b −N
0,1
a,b −N

1,0
a,b +N1,1

a,b

N0,0
a,b +N0,1

a,b +N1,0
a,b +N1,1

a,b

. (2.67)

We find that the correlator equals +1 if the measurement outcomes are correlated and
−1 in case of anti-correlations. The Bell inequality in an experiment-friendly form has
been proposed by Clauser, Horne, Shimony and Holt in [209] and is therefore known a
CHSH-inequality

S =
∣∣〈σασβ〉+

〈
σασβ′

〉∣∣+
∣∣〈σα′σβ〉 − 〈σα′σβ′〉∣∣ ≤ 2 (2.68)

with S being the so-called Bell parameter. According to Bell’s theorem, this inequality
has to be fulfilled, i.e. S must not exceed a value of 2 in case of a LRT. However, if we
consider the correlators as quantum mechanical expectation values of the measurement
operator σασβ, and take one of the four Bell states, we find in some particular basis
settings (e.g. α = 0◦, α′ = 90◦, β = −45◦, β′ = 45◦ in the case of Ψ− Bell-states)
the following correlator values: 〈σ0◦σ−45◦〉 = 〈σ0◦σ45◦〉 = 〈σ90◦σ−45◦〉 = 1/

√
2 and

〈σ90◦σ45◦〉 = −1/
√

2. Hence, we calculate S = 2
√

2 and therefore a violation of Bell’s
inequality. Note that 2

√
2 is the maximum value of S, a further reason why Bell states

are considered as maximally entangled.
The first experimental Bell test violating Bell’s inequality has been performed by Freed-
man and Clauser [210] with photons from an atomic cascade in Calcium. From then
on a large number of Bell tests were conceived in different physical systems, among
them SPDC sources [211–216], trapped ions [217, 218] and atoms [112] or NV centers
in diamond [68]. The main purpose of those experiments was the closure of a series of
loopholes, which would allow for violations of Bell’s inequality with LRTs due to ex-
perimental imperfections or communication between Alice and Bob; for an overview on
this topic see [219]. Apart from the fundamental aspect of Bell test experiments, they
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provide a quite beneficial alternative to QST to verify entangled Bell states since they
feature an important advantage: they neither rely on a series of assumptions (e.g. the
Hilbert space dimension) made in QST nor on maximum-likelihood estimation yielding
merely the most-likely state. In contrast, a Bell parameter surpassing the value of two
– directly deduced from experimental raw data – unambiguously verifies the respective
Bell state. Interestingly, this paves the way to certify entangled states, or even the de-
vices in quantum networks and computers, e.g. EPR-sources, converters, measurement
setups, detectors or quantum gates, with a minimum number of assumptions. This
technique is known as device-independent certification [220,221].

2.3 Integrating QFC devices into quantum networks:
Challenges, requirements and figures of merit

In this section we take a closer look on the question whether QFC could be a useful
technique as telecom interface for quantum network links or even small-scale quantum
networks consisting of more than two QNNs. To this end, we have to be able to scale up
the number of devices without considerably decreasing the performance of the network
links and without increasing the complexity and error-proneness, which might render
the respective experiments impossible. We identified a “wish list” of requirements and
figures of merit itemized in Tab. 2.1 to assess QFCDs with respect to their potential
to be scaled-up for quantum network experiments and applications. We divide them
into five categories: (I) The first category incorporates the well-established conversion
metrics. The external device efficiency (EDI) is defined as the “fiber-to-fiber” efficiency
of the complete QFCD, i.e. the ratio between converted photons leaving the output fiber
and input photons entering the launch fiber. Hence, it takes into account the conver-
sion efficiency within the WG and all passive optical losses (e.g. coupling efficiencies,
transmission of optical elements and filters, etc.). CIB and process fidelity have been
explained already in Sect. 2.1.2 and 2.2.4. The presence of those metrics in the wish list
is obvious: the efficiency affects the entanglement generation rate between QNNs while
background and process fidelity determine the quality of the entanglement. (II) In the
second category we summarize the pump laser properties. Due to energy and momentum
conservation the frequency and phase of the pump laser is imprinted on the converted
photon. However, many quantum network links rely on quantum interference of indis-
tinguishable photons (e.g. [112]), phase-sensitive single-photon interference (e.g. [69]) or
absorption/reflection of photons by QNNs (e.g. [65]). This requires the pump lasers of
all QFCDs to be frequency-stable (if necessary even phase-locked) below the character-
istic linewidth of the QNNs (depending on the system this may vary between several
GHz and a few kHz). Furthermore, the output power of the pump laser should be stable
to avoid efficiency fluctuations or drifts. With currently achievable experimental param-
eters, the overall entanglement generation rate in quantum networks is expected to be
several orders of magnitude lower compared to classical communication networks, i.e.
quantum network experiments will certainly take quite some time. Hence, the perfor-
mance of the pump laser should be reliable enough to allow for a continuous operation of
the network without considerable maintenance downtimes (“24/7-operation”). Ideally,
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we would have a turn-key system available, which can be operated without any expert
knowledge on the laser itself. (III) A further important requirement is the integration
in existing QNNs. At least in the near future, it will not be unusual that QFCDs are
not constructed at the site of the nodes. Moreover, the nodes may be operated within
an existing network infrastructure that the QFCDs must be adapted to. Therefore,
the devices should be compact and fully transportable standalone systems that neither
interfere with the operation of the QNNs nor require any specific infrastructure.

Table 2.1. Requirements and figures of merit to scale-up QFCDs for quantum networks

Category Figure of merit/Requirement

(I) Conversion metrics

High external device efficiency

Low conversion-induced background

High process fidelity of qubit conversion

(II) Pump laser properties

High frequency and power stability

Reliable 24/7-operation

Turn-key system

(III) Integration in existing QNNs
Compact and transportable system

Stand-alone system and operation

(IV) Miniaturized devices
Integration into 19-inch racks

Integration on a single chip

(V) Advanced functionalities

Bi-directional operation (SHG and DFG)

Photon bandwidth manipulation

Conversion to multiple frequency channels

Dispersion cancellation

(IV) The next step in this direction is the miniaturization of QFCDs enabling reduced
space requirements and fast relocation of the devices. At first we may think about
integrating all components, i.e. lasers, electronics and optical setups, into standardized
19-inch racks, which are well-established in classical telecom infrastructure. The ulti-
mate goal in miniaturization is the on-chip integration. While this has already been
achieved for polarization-dependent frequency QFCDs [159,222,223], it is much more so-
phisticated for PPQFC. (V) Eventually, we can imagine some advanced functionalities,
partly going beyond the capabilities of the devices presented in this thesis. One aspect
is bi-directional operation, i.e. the device acts simultaneously as up- and down-converter
with equal performance. This might be interesting for network links relying on emission
and absorption of photons [65]. Photon bandwidth compression and stretching by means
of dispersion engineering [224] or chirped pump pulses has great potential to connect
dissimilar quantum systems featuring different linewidths of their optical transitions
(e.g. semiconductor quantum dots and atomic systems). Furthermore, by utilizing sev-
eral pump lasers with different wavelengths, conversion in different frequency channels
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is possible. This may find application in multiplexing or routing in quantum networks.
Broadband photons typically suffer from dispersion in optical fibers resulting in distor-
tion of the spectral and temporal wavepacket [225]. By using chirped pump pulses, we
can compensate for this and therefore cancel out dispersive effects. Note that this list is
for sure not complete; there might be many more ideas to develop QFC further towards
a useful tool in quantum networks.



Chapter 3

Polarization-preserving quantum
frequency conversion of 40Ca+-resonant

photons to the telecom bands

Contributions: The experiments in this chapter have been performed
at Saarland University under the joint supervision of Prof. Christoph
Becher and Prof. Jürgen Eschner.
The QFCD to the telecom O-band in its polarization-dependent version
was originally constructed by Andreas Lenhard. The polarization-pre-
serving QFC was designed, constructed and operated by M.B. with
advice from Stephan Kucera (S.K.), Benjamin Kambs (B.K.) and Jonas
Becker. The interferometer path length stabilization was implemented by
M.B. with help from Sebastian Rühle as part of his bachelor thesis. All
measurements and simulations in Sect. 3.1 were performed and evaluated
by M.B. The group of J. Eschner represented by S.K. and Jan Arenskötter
(J.A.) contributed to all experiments in this chapter by providing laser
light at 854 nm as well as hard- and software for polarization control and
measurement.
The polarization-preserving QFC to the telecom C-band was designed
by M.B. Construction and characterization were conceived by M.B.
and Tobias Bauer (T.B.) as part of his master thesis. The simulation
program for the trichroic waveguide coupling was developed by M.B. and
extensively modified and improved by T.B. with help from B.K.
The experiment in Sect. 3.3 was conceived by M.B., T.B., J.A., and S.K.
The entangled photon-pair source was developed and operated by S.K.
and J.A. while the QFC was operated by M.B. and T.B. All data were
analyzed by M.B. and T.B.

Part of the results from Sect. 3.1 are published in Nat. Commun. 9, 1998
(2018).
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The development of polarization-preserving quantum frequency conversion devices
(PPQFCDs) constitutes one of the core elements of the experimental work in this thesis.
In this chapter we present two PPQFCDs being designed to connect 854 nm, the wave-
length of the dipole transition 42P3/2 ⇔ 32D5/2 in trapped 40Ca+-ions, to the telecom
O- and C-band. The first converter addressing the O-band at 1310 nm (henceforth re-
ferred to as “O-band converter”) is a modification of an existing polarization-dependent
device [146,169] and can be seen as the prototype version for our PPQFC. This means
we develop alignment procedures and characterization techniques, and we outline the
critical components to achieve the best possible performance based on this converter.
A detailed description of the setup and a comprehensive characterization of the lat-
ter can be found in Sect. 3.1. Note that all experiments in Chap. 4 and 5, in which
PPQFC is combined with a trapped-ion QNN to demonstrate building blocks for quan-
tum networks, employ this converter. The target wavelength of 1310 nm, which is less
favorable than 1550 nm in terms of absorption losses in fibers, is historically justified:
in the scope of an earlier experiment it was planned to measure two-photon interference
between converted photons from trapped ions and silicon-vacancy centers in diamond.
The latter have a transition wavelength of 737 nm, which allows for low-background
QFC solely to the O-band. Another argument for the O-band might be the coexistence
of quantum and classical signals in a fiber network, e.g. for QKD in a metropolitan
area, since the DWDM channels of the classical communication are mainly located in
the C-band [226,227].
Without the restriction to the O-band we designed a new generation of converters to
translate 854 nm to the telecom C-band at 1550 nm (henceforth referred to as “C-band
converter”). This converter is considerably improved with respect to all relevant figures
of merit, which is outlined in Sect. 3.2 together with the setup and characterization
of the device. In Sect. 3.3 we test the C-band converter with nonclassical light, more
specifically polarization-entangled photon pairs emitted by an SPDC source. We will
demonstrate the preservation of entanglement after PPQFC even if the converted pho-
tons are transmitted through up to 40 km of optical fibers.

3.1 Polarization-preserving QFC from 854 nm to the
telecom O-band

We start with the frequency converter translating 854 nm to the telecom O-band at
1310 nm by means of the DFG process 1/854 nm - 1/2456 nm = 1/1310 nm. As dis-
cussed in Sect. 2.1.3, there are six different schemes for PPQFC available, each with
certain advantages and disadvantages. However, it has been shown that only the single-
crystal Mach-Zehnder configuration is feasible for our specific wavelength combination
for several technical reasons: all two-crystal schemes can be disregarded since only
one WG chip was available at the beginning of the project. The double-pass con-
figuration requires polarization-independent guiding and efficient recoupling of both
polarization components of all three fields simultaneously. Several tests with light at
854 nm revealed that the WG supports both polarizations, but the intensity distribu-
tion of the two orthogonally-polarized spatial modes are quite dissimilar; most likely
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caused by a non-square WG cross section. This renders simultaneous recoupling of both
modes almost impossible. The Sagnac configuration requires a PBS, which operates at
854 nm, 1310 nm and 2456 nm. Such a PBS is quite difficult to manufacture, since the
polarization-splitting layer has to be designed to possess similar Brewster angles for
three widely separated wavelengths. Moreover, light at 2456 nm is considerably ab-
sorbed by the glass substrate and the reflecting layer [228]. Apart from this, all schemes
except the SCMZC need twice the pump power at 2456 nm (about 2 W in total). Since
the pump laser system delivers only 1 W, conversion efficiencies would be reduced ap-
proximately by a factor 2/3. Based on these findings, we chose the SCMZC for this
particular wavelength combination.

3.1.1 Implementation of PPQFC in a single-crystal Mach-Zehnder
configuration

In this section we present a detailed description of the experimental setup and the main
components as well as their characterization. Fig. 3.1 illustrates a schematic represen-
tation of the complete setup.

Nonlinear waveguide

The heart of the converter is a zinc-doped periodically-poled lithium niobate (Zn:PPLN)
ridge waveguide chip designed for the DFG-process 1/854 nm - 1/2456 nm = 1/1310 nm
(NTT Electronics). The 40 mm long chip consists of 12 ridge WGs with lateral dimen-
sions of 9 µm× 16 µm. They are arranged in six groups with different poling periods
ranging from 22.60 µm to 22.85 µm in steps of 50 nm. The two WGs in each group
differ slightly in their width. Both end facets are polished and possess anti-reflective
(AR) coatings for all three wavelengths to minimize reflection losses. To achieve phase-
matching, the WG temperature can be tuned and actively stabilized by means of a
Peltier element. Precise positioning of the chip with respect to the coupling lenses is
possible with a 5-axis translation stage. This particular chip was already utilized in
the polarization-dependent version of this converter constructed by A. Lenhard; hence
temperature tuning properties, spectra of down-converted photons, spatial mode profiles
and further details regarding the nonlinear material can be found in his PhD thesis [169].
Note that throughout this work we always employed the second WG in the third group
(Λ = 22.70 µm) at an operating temperature of T = 31 ◦C.

Pump laser at 2456 nm

Efficient down-conversion to the O-band - both for single photons and for classical light
- relies on the performance of the continuous-wave (cw) pump laser at 2456 nm, which
has to meet certain requirements:

(I) An output power of at least 1 W to achieve maximum conversion efficiency.

(II) A spatial single-mode operation to guarantee efficient coupling to the fundamental
WG mode.
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(III) A narrow linewidth on the time-scale of the single photon wavepacket to avoid
altering its linewidth or temporal shape. A kHz linewidth on microsecond time-
scales would be desirable.

While the requirements can be easily fulfilled in the visible (VIS) or short-wave part of
the near-infrared spectral region where diode and solid-state lasers are well-established,
it is more challenging at 2456 nm. At the beginning of the 854 nm-conversion project
the only solution was an optical parametric oscillator, a device that has been used
already in former QFC experiments in our group [134, 137] (nowadays Cr2+:ZnSe/S-
based solid-state lasers are commercially available and implemented in recent QFCDs
in our group [148, 156, 225]). Here we employ a home-built OPO delivering 1 W of
single-mode, single-frequency output power at 2456 nm. The OPO is pumped by a
diode laser at 1081 nm (DL Pro, Toptica Photonics) amplified with an ytterbium-doped
fiber amplifier (LEA Photonics) with 15 W maximum output power. The OPO consists
of a 40 mm long PPLN crystal inside a signal-resonant bow-tie ring cavity. Tuning
of the idler wavelength from 2310 nm to 2870 nm is achieved by changing the poling
period, the crystal temperature or the cavity length via a piezo actuator. The tuning
range allows for covering the whole telecom O-band from 1260 nm to 1360 nm with the
converted light. Note that the OPO system described in [169] has been completely
disassembled after a total failure of the ytterbium-doped fiber amplifier. Afterwards we
revised the optical and mechanical design of the OPO. The latest version of the setup
and its optical properties are presented in Appendix B.

Frequency converter setup

As mentioned in Sect. 2.1.3, the idea to overcome the polarization selectivity of the
DFG-process using a single-crystal Mach-Zehnder configuration is a polarization inter-
ferometer, which is illustrated in Fig. 3.1 and works as follows: arbitrarily polarized
input light at 854 nm is coupled out of a SM fiber and split into H- and V-polarized
components by a PBS. Subsequently, a HWP rotates the not convertible H-polarized
light by 90◦ to V. Both beams are coupled via dichroic mirrors (Layertec), featuring
high reflectivity (HR) for 854 nm and high transmission (HT) for 1310 nm and 2456 nm,
into the same WG from opposite directions. To focus the free-space beam to the fun-
damental WG mode, we employ aspheric lenses (AL) made of zinc selenide with a focal
length of 11 mm and a broadband AR-coating for all three wavelengths on both sides
(II-VI Infrared). Zinc selenide is the material of choice in this case because of lower
absorption losses at 2456 nm (< 1 % per lens) compared to standard glass.
The pump field is guided in free-space from the OPO to the converter. In fact, a single-
mode (SM) fiber to clean-up the spatial mode would be desirable, but mid-IR fibers
are expensive, lossy (≈ 0.2 dB/m) and require expensive optics for in-/outcoupling. The
beam passes a combination of an HWP and a rutile polarizer for power control and
to align the polarization to V. To achieve best possible coupling to the fundamental
mode, we employ a magnifying telescope made of two AR-coated spherical calcium
fluoride (CaF2) lenses. A 1600 nm longpass filter acts as clean-up filter to remove back-
ground at the single-photon level around the target wavelength. Since we intend to
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Figure 3.1. Setup of the Mach-Zehnder-type PPQFC. Schematic illustration of
the setup for polarization-preserving quantum frequency conversion from 854 nm to the telecom
O-band at 1310 nm in a single-crystal Mach-Zehnder configuration. All essential components
are shown. Further details on the setup are given in the main text. The optical setup of the
continuous-wave optical parametric oscillator (cw-OPO) can be found in Appendix B. Abbrevi-
ations: HWP: half-wave plate, PBS: polarizing beamsplitter, LP: longpass filter, ZnSe AL: zinc
selenide aspheric lens, Zn:PPLN: zinc-doped periodically-poled lithium niobate, BPF: bandpass
filter.

convert 854 nm light in the WG in both directions, the pump field needs to be aligned
in double-pass configuration. To this end, the transmitted pump field is collimated,
backreflected by a silver mirror, and recoupled to the same WG.
Both converted components are separated using dichroic mirrors (HR for 1310 nm and
HT for 2456 nm) from the pump and superimposed on a second PBS after reversing the
prior rotation from H to V with another HWP. Coupling into a SM fiber (SMF-28e+)
is realized with an AR-coated aspheric lens (f = 8 mm) and a magnifying telescope for
optimized mode-matching. Furthermore, we have two spectral filters for the converted
light in the output arm, a free-space bandpass filter and a tunable fiber Bragg grating.
We will discuss spectral filtering and CIB later in this section.

An obstacle limiting the device efficiency in nearly all existing QFCDs is the simultane-
ous coupling of multiple beams with different wavelengths to the WG fundamental mode.
This is hindered by chromatic dispersion in the aspheric WG-coupling lenses resulting in
wavelength-dependent focal lengths; e.g. for our ZnSe lenses we get f854 = 10.423 mm,
f1310 = 10.816 mm and f2456 = 11.014 mm. Hence, we cannot achieve simultaneous
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optimal coupling relying on collimated beams. In fact only one beam can be collimated
while all others must be converging or diverging. In Sect. 3.2.2 we will present an ad-
vanced method to solve this problem, which requires precise knowledge of the initial
beam parameters, though. Since a beam profiler working at wavelengths > 1700 nm
was not available, the beam parameters of the pump beam could not be measured.
Instead, we apply a brute-force method to align the QFC:

(I) We start by coupling 854 nm light in the H-arm to the WG. The advantage is
that 854 nm can be conveniently visualized with infrared sensor cards; hence WG
coupling is easily established from scratch. By monitoring the transmitted power
and mode profiles, we optimize the lateral WG and AL positions to eliminate
astigmatism.

(II) Next we couple the 2.4 µm beam to the WG exploiting the 854 nm light, which
is already coupled, as guide beam. This step is the most challenging one because
liquid-crystal sensor cards for 2.4 µm respond only slowly and weakly, and need a
long time to recover. Besides, they do not visualize 854 nm, hence good overlap
of both beams over long distances (several meters) is essential at this point. We
found a coupling efficiency of only 60 % in the first try indicating that a telescope
for beam shaping is necessary. Since the beam parameters were unknown, com-
binations of five standard spherical lenses (SL) with different focal lengths were
tested. The best coupling efficiency of 89 % is achieved employing a magnifying
telescope with focal lengths f1 = 75 mm and f2 = 100 mm of the lenses and a
distance of 173 mm between them. Note that the distances between the WG and
ALs are determined by the optimum for 2.4 µm and subsequently fixed. This has
proven successful since 2.4 µm is by far the most inconvenient field in terms of
beam characterization, beam shaping and handling.

(III) In the next step we align the pump in double-pass configuration by recoupling
the transmitted beam into the same WG. To establish recoupling and to optimize
its efficiency, a pellicle beamsplitter has proven quite helpful. It can be inserted
into the incident beam to monitor the recoupled power without causing aber-
rations or beam displacement. From this we estimate a recoupling efficiency of
approximately 96 %.

(IV) With the pump beam aligned we optimize the 854 nm coupling to the WG. Un-
fortunately, the distances between ALs and WG are unknown, i.e. we cannot
calculate the best beam parameters by means of matrix optics. On top of this,
the beam parameters of incident and transmitted pump beam are dissimilar since
the WG acts as spatial mode filter. Thus, the respective distances between the
two ALs and the WG are slightly different. The consequence is an asymmetry in
the setup certainly being a disadvantage of the SCMZC. We know that both pump
beams are almost collimated, i.e. the distance between ALs and WG is roughly
f2456. Thus, high coupling efficiencies for 854 nm require non-collimated beams.
To achieve optimal coupling, we tested a series of ALs for fiber-outcoupling avail-
able from Thorlabs (ranging from f = 4.5 mm to f = 15.3 mm). For each lens
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we varied the distances between AL and fiber facet as well as between the WG-
coupling AL and the fiber-coupling AL to generate a non-collimated beam with
the correct divergence and a focal point at the correct position. With the best
combination consisting of an AL with f = 13.86 mm (C560TME-B, Thorlabs)
and a distance between both lenses of 745 mm, we achieve coupling efficiencies
of 79.7 % (78.2 %) for the H(V)-arm. The limiting factor is most-likely the non-
perfect overlap between the Gaussian input mode and the elliptical mode of the
WG. A further improvement might be possible with telescopes made of cylindrical
lenses, which is in our setup complicated due to space limitations in the 854 nm
beam path.

(V) Finally, we repeat the same alignment procedure for the converted light. The
best solution would be to measure all beam parameters with a beam profiler and
calculate the best combination of lenses and distances. However, the beam profiler
was broken and under repair at that time. It turned out to be the simplest
solution to use another magnifying telescope (f1 = 35 mm and f2 = 100 mm,
dSL-SL: 201 mm) in order to collimate the beam. Subsequently, the converted
light is coupled into a telecom fiber using an AL with f = 8 mm (A240TM-C,
Thorlabs). We measure fiber-coupling efficiencies of 82.0 % (77.8 %) for the H(V)-
arm, again limited by the elliptical WG mode as well as the asymmetry of the
setup.

External device efficiency

An important figure of merit of QFCDs is the conversion efficiency, whereby two mea-
sures are well-established: the external device efficiency (EDI) ηdev already mentioned
in Sect. 2.3 and the internal conversion efficiency ηint. The latter gives the probability
that an input photon is converted to a target photon within the nonlinear WG. Hence,
it gives an idea of the spatial mode overlap between pump and input field as well as
transmission losses in the WG. We mentioned in Sect. 2.1.1 that we are only interested
in photon-to-photon conversion efficiencies, i.e. if we compare macroscopic intensities
of classical light measured with calibrated power meters, we need to take the wave-
length ratio into account. Accordingly, the EDI, which includes all optical losses and
non-perfect efficiencies in the setup, is defined as

ηdev =
P 1310

output fiber

P 854
input fiber

· λ1310

λ854
. (3.1)

Fig. 3.2a shows the external device efficiencies of both interferometer arms ηdev,H and
ηdev,V in dependence on the pump power P at 2456 nm. The data points can be fitted
quite well by the theoretical curve (Eq. 2.13)

ηdev(P ) = ηdev,max · sin2
(√

ηnorP L
)
. (3.2)

In a perfectly symmetric setup with respect to forward and backward conversion, we
would expect the two curves to overlap. Unfortunately, the setup is not fully symmetric:
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Figure 3.2. External device efficiency. (A) Measurement of the external device ef-
ficiencies ηdev,H(ηdev,V) with H(V)-polarized 854 nm input light at different pump powers P
(measured behind the rutile polarizer). The data are fitted according to Eq. 2.13. The converter
operates at the intersection point (P = 695 mW) where ηdev,H and ηdev,V equal 26.5 %. (B) The
external device efficiencies measured for different linear input polarizations with a fixed pump
power of 695 mW. As expected the device efficiency ηdev is - within the error bars - indepen-
dent of the input polarization, while ηdev,H(ηdev,V), which are obtained by blocking the opposite
interferometer arm, obey sin2(cos2)-functions.

due to absorption losses in the lenses and dichroic mirrors behind the WG, the backward-
propagating pump power is lower. Thus, the curve of the V-polarized arm (blue data
points) is shifted to higher pump powers. Nevertheless, we identify an operating point
at the intersection of both curves, which ensures equal EDIs of 26.5 % for H- and V-
polarized light. Its absolute value is determined by a series of single efficiencies and
transmissions, which we individually measured with classical light to identify the major
sources of loss. We separately investigate both polarization components since most
single efficiencies and transmissions are dissimilar due to the asymmetric setup. All
individual efficiencies/transmissions of both arms are listed in Tab. 3.1. For H-polarized
light the EDI is given by

ηdev,H = ηint,H ·ηwg,H ·Tdichroic,H ·Tbpf ·Toptics,H ·ηfiber,H ·Tfbg ·fasym = 26.5(2) %. (3.3)

For the internal efficiency ηint,H we find 96.6(5) %. Note that such a measurement
is typically prone to errors since it is estimated from the efficiency measured behind
the AL and accordingly necessitates to precisely determine the transmissions of the
ALs. However, if we compare ηint,H with the signal depletion of 97.4 %, which is an
upper bound of ηint,H, the measured efficiency seems to be realistic within the error
bars. The WG and fiber coupling efficiencies already mentioned above are represented
by ηwg,H and ηfiber,H. T dichroic,H denotes the joint transmission and reflection losses of
the three dichroic mirrors (1x reflection of 854 nm, 1x transmission of 1310 nm and 1x
reflection of 1310 nm). The rather poor transmission of 81.6 % is explained by non-
standard angles of incidence (AOI), for which the dielectric coatings are not optimized
(all coatings are designed for 45◦ AOI). Further transmission losses are introduced by the
bandpass-filter with T bpf = 97.1 % and the fiber Bragg grating with T fbg = 69.5 %. All
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Table 3.1. Individual efficiencies and transmissions of the H- and V-arm of the O-band
converter.

Efficiency/transmission Abbreviation H-arm V-arm

Internal conversion efficiency ηint 96.6(5) % 89.6(5) %

Waveguide coupling efficiency ηwg 79.7 % 78.2 %

Dichroic mirror transmission T dichroic 81.6 % 86.6 %

Bandpass filter transmission T bpf 97.1 %

Optical elements transmission T optics 82.5 % 83.6 %

Fiber coupling efficiency ηfiber 79.7 % 77.8 %

Fiber Bragg grating transmission T fbg 69.5 %

Asymmetry-correction factor fasym 92.4 % –

transmission losses in the remaining optical elements (fiber coupling lenses, ZnSe-lenses,
polarizing beamsplitters, telescope lenses, etc.) are combined in T optics,H. Although each
element has a fairly high transmission (> 98 %), the large number of elements results in
a significant contribution of T optics,H = 82.5 %. Eventually, the H-arm features a slightly
higher device efficiency due to the asymmetric setup. To ensure an equal conversion
efficiency for both polarization components, we deliberately decrease the efficiency with
the second HWP. We account for this with an asymmetry-correction factor fasym =
92.4 %. Note that another possibility would be to increase the pump power, however,
we observed an unstable operation of the OPO at higher powers.
The external conversion efficiency of the V-polarized arm is calculated in an analogous
manner, yielding

ηdev,V = ηint,V · ηwg,V · Tdichroic,V · Tbpf · Toptics,V · ηfiber,V · Tfbg = 26.6(2) %. (3.4)

Comparing the numbers of both arms (see Tab. 3.1), dissimilar Tdichroic and a decreased
internal efficiency of the V-arm catches the eye, while all other efficiencies and trans-
missions only reveal slight variations. The decrease of ηint,V is caused by a reduced
amount of pump power in the backward-propagating direction being directly apparent
in Fig. 3.2a: at the operating point the blue curve has not yet reached the maximally
attainable efficiency.

As a first test towards polarization-preserving operation we will prove that the EDI
is independent of the input polarization. To this end, we operate the converter at
695 mW pump power to ensure equal efficiencies for H- and V-polarization. Next we
choose a linear input polarization and rotate it in the HVDA-plane of the Poincaré-
sphere (the equatorial plane in Fig. 2.8a) using a HWP. Fig. 3.2b illustrates the EDI
(black data points) as well as the individual device efficiencies per arm (orange and
blue data points) for different HWP angles (the 90◦- rotation of the HWP corresponds
to a 360◦- rotation in the HVDA-plane). As desired ηdev is independent of the input
polarization within the error bars, which is confirmed by a fit with a constant function
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(red solid line). In contrast, the efficiencies per arm, which we obtain by blocking the
opposite arm, obey sin2/cos2-functions (orange/blue solid lines) as predicted by Malus’
law. Note that this measurement does not prove polarization-preserving operation, yet.
It does not contain any information about the phase relation between H and V, hence
we cannot make any assumption whether the converter preserves superpositions of H
and V.

Conversion-induced background

A figure of merit at least as important as the EDI is the amount of CIB. Fortunately, our
wavelength combination is quite beneficial in terms of background due to three aspects:
first, we operate in the long-wavelength pumping regime (cf. Sect. 2.1.2). Second, the
2.4 µm pump field is spectrally separated by – 3560 cm-1 from 1310 nm. Although ASR
background has been observed in lithium niobate at least until – 1600 cm-1, no further
peaks appear beyond – 1600 cm-1. Since the ASR rate exponentially decreases with
the energy difference (Sect. 2.1.2), we claim that ASR background is negligible around
1310 nm. Third, we are able to separate the strong pump field itself quite easily from
the converted light by means of standard bandpass filters due to the large spectral
distance and its location in the long-wave part of the NIR. The background spectrum
between 900 nm and 1700 nm of this particular WG has been investigated already by A.
Lenhard in his PhD thesis. He identified a plethora of peaks, which are attributed to
nonlinear optical processes, e.g. SHG of the pump or cascaded processes (for details see
Sect. 2.1.2 and [169]). Fortunately, no peaks appeared within a 20 nm window around
1300 nm. Nevertheless, we still observe a considerable amount of background in this
region, which points towards a broadband background floor. The origin was never
clarified, but one possible explanation is SR and/or SPDC background stemming from
the frequency-doubled pump. To eliminate the majority of background sources, we
utilize a multi-stage narrowband filter system consisting of the following parts:

(I) A 1600 nm longpass filter (Edmund Optics) to clean-up the pump light generated
by the OPO. This is necessary to remove leaking OPO pump light at 1086 nm
creating SR and SPDC background as well as light around the target wavelength
generated in the OPO by undesired nonlinear processes.

(II) A broadband interference bandpass filter with a bandwidth of 25 nm (BPF, central
wavelength: 1300 nm, Edmund Optics) in the output arm.

(III) A narrowband tunable fiber Bragg grating with a bandwidth of 25 GHz (FBG, cen-
tral wavelength tunable from 1307–1317 nm, Advanced Optics Solutions GmbH ).

The filter system enabled an unconditional background count rate of 7.98 cps measured
at 695 mW of pump power without 854 nm input light. Note that detector dark-counts
were separately measured and subtracted. If we take the detection efficiency of 70 %
into account, we obtain a generated background count rate of 11.4 cps. We will see that
it is sufficiently low for all experiments involving trapped-ion QNNs in Chap. 4 and 5.
Note that “unconditional” implies in this context that we do not apply any time-gating
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or -filtering, but we consider this value as a time-averaged count rate of detection events
randomly distributed in time.

3.1.2 Path length stabilization

Polarization-preserving operation requires that not only the relative amplitude of arbi-
trary superpositions of H and V remains unaltered, but also their relative phase. This
implies that the two individual pathways of the converter must be interferometrically
stable on a sub-wavelength scale. To this end, we implement an active path length
stabilization employing a PID loop: we send classical light generated by a frequency-
stabilized laser through the interferometer, measure the acquired relative phase, and
apply the feedback signal to a piezo actuator connected to one of the mirrors. A
frequency-stabilized laser is advisable for this task, since we did not make special ef-
fort to balance the path length of the interferometer arms. Hence, frequency changes
of the stabilization laser will shift the whole interference pattern to slightly different
path length differences. For instance, an unbalance of 5 cm and a frequency change of
100 MHz leads to a 15 nm shift of the path length difference for a 854 nm laser, which
already causes an error of roughly 2 % in the path length difference.
Before we take a closer look at the technical details, we need to understand how to
obtain an interference signal, which we use as PID error signal. Although we routinely
call our QFCD an interferometer, first-order interference is not observed behind the
second PBS. While a standard interferometer features non-polarizing beam splitters,
we have polarizing beam splitters and, accordingly, orthogonally polarized light in the
arms, which does not reveal interference. Nevertheless, with some slight modifications
we obtain an interference-like signal1. To calculate the signal, we employ Jones calcu-
lus: we start with diagonally polarized input light of power P ; the corresponding Jones
vector is ~Jinp = 1/

√
2 (a, a)T with | ~Jinp|2 = |a|2 = P . The interferometer introduces a

time-dependent phase shift φ(t) = 2π
λ ∆s(t) between H and V due to fluctuations of the

path length difference ∆s(t). We calculate the Jones vector behind the second PBS
with the Jones matrix MPhase to

~JPBS = MPhase · ~Jinp =
1√
2

(
a

aeiφ(t)

)
with MPhase =

(
1 0

0 eiφ(t)

)
. (3.5)

The trick to obtain an interference-like signal is to insert a quarter-wave plate (QWP)
behind the PBS, aligned at 45◦ with respect to the horizontal plane (alternatively a
HWP aligned at 22.5◦), followed by another PBS. The QWP acts as follows:

~JQWP = MQWP,45· ~JPBS =
1√
2

(
1 −i
−i 1

)
· ~JPBS =

1

2
ei
φ(t)

2

(
ae−i

φ(t)
2 + aei

φ(t)
2
−iπ

2

ae−i
φ(t)

2
−iπ

2 + aei
φ(t)

2

)
(3.6)

1A more precise denomination for our setup would be “polarization interferometer” to avoid con-
fusion with “normal” interferometers. However, for the sake of simplicity we just call it interferometer
since the polarization interference and the normal interference signals have the same shape and proper-
ties.
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The last PBS splits H- and V-components of ~JQWP; if we measure the output power
PH and PV in both ports we get

PH =

∣∣∣∣12eiφ(t)
2

(
ae−i

φ(t)
2 + aei

φ(t)
2
−iπ

2

)∣∣∣∣2 =
1

2
P (1 + sin(φ(t))) with P = |a|2,

PV =

∣∣∣∣12eiφ(t)
2

(
ae−i

φ(t)
2
−iπ

2 + aei
φ(t)

2

)∣∣∣∣2 =
1

2
P (1− sin(φ(t))) . (3.7)

This is exactly what we want, namely an output signal which depends on the path
length difference. However, PH and PV are still sensitive to the overall power of the
stabilization laser and therefore prone to errors. A power insensitive measure is the
contrast

C =
PH − PV

PH + PV
= sin(φ(t)) = sin

(
2π

λ
∆s(t)

)
, (3.8)

which solely depends on the path length difference. Note that Eq. 3.8 is only valid
if both photodetectors feature balanced efficiencies and no offset voltages (e.g. caused
by stray light). In case of different efficiencies ηpd1/2 and offset voltages voff1/2, P is
replaced by ηpd1/2P + voff1/2 and the contrast is computed to

C =
P (∆η + η̄ sin(φ(t))) + ∆v + v̄ sin(φ(t))

P (η̄ + ∆η sin(φ(t))) + v̄ + ∆v sin(φ(t))
(3.9)

with ∆η =
ηpd1−ηpd2

2 , η̄ =
ηpd1+ηpd2

2 , ∆v = voff1−voff2
2 and v̄ = voff1+voff2

2 . We find a
contrast with a reduced visibility, which is sensitive to fluctuations of the offset voltage
and not independent of the power anymore. Thus, special effort should be made in the
experiment to avoid those effects by means of stray light shielding, hard- or software
based offset subtraction and gain balancing using neutral density filters and variable-
gain photodiodes.
To meet the first requirement of the active stabilization, a frequency-stabilized laser, we
rely on lasers from the ion trapping group. The idea is to utilize a laser which is not
converted, but transmitted through the conversion setup. The light is supplied via a
second SM800 fiber connecting the converter and the ion lab, i.e. available wavelengths
are 850 nm, 729 nm and 866 nm. We performed tests with these lasers by coupling them
into the interferometer via the second input port of the first PBS. Although the second
part of the interferometer is optimized for 1310 nm, we got enough leakage to measure
interference-like signals at the second output port of the second PBS. While the 850 nm
laser was still converted with an efficiency of nearly 10-7 resulting in background at the
single-photon level, and the 729 nm laser was reflected by the AR-coatings of the WG,
the 866 nm laser worked out and revealed a proper interference signal.
However, we became aware of the main obstacle of this scheme while performing quan-
tum process tomography with converted light: we observed drifts of the phase of the
converted light on an hour time-scale. We identified frequency drifts of the pump
laser as the main issue, since the phase of light generated via difference frequency
generation is determined by the phase of input and pump light. If we change the
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Figure 3.3. Path-length stabilization of the interferometer. (A)/(B) Schematic
representations of the setups for active path length stabilization of the SCMZC. The setup in
(A) has been utilized for all experiments in this chapter as well as the ion-telecom-photon
entanglement in Chap. 4. The setup in (B) is a modified version to allow for synchronization to
an external trigger, which is required for the atom-photon state transfer in Chap. 5. Details on
the setups are explained in the main text. (C) The contrast at different piezo actuator voltages.
A fit to the data reveals a visibility of 98.9 %. Inset: the raw signals of the two photodiodes, which
are used to calculate the contrast. (D) displays the performance of the active stabilization. If
the stabilization is switched on, the contrast obeys a Gaussian distribution around the setpoint
(see inset) with a standard deviation of σ = 0.0496.
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pump laser frequency, we also change the relative phase difference between the forward-
and backward-propagating pump light in the WG since the backward-propagating light
passes an additional 60 cm long free-space distance (in principle a similar effect as that
for an unstabilized laser mentioned above). Thus, we imprint different phases on the
converted light in the two arms even if the interferometer itself is stabilized. As an esti-
mation: a π phase shift requires a 250 MHz frequency shift, which is definitely realistic
for an unstabilized OPO.
To solve this issue, we can either stabilize the OPO frequency to a few MHz, or we
use the 854 nm laser for stabilization since 854 nm will be down-converted and therefore
acquires the correct phase shift. The first option is technically fairly difficult to realize,
but the second option complicates the setup, too. To protect the single-photon detec-
tors against the macroscopic intensities of the stabilization laser, we rely on a triggered
scheme employing a chopper wheel as sketched in Fig. 3.3a. The 854 nm laser emerges
from a SM fiber and passes through a homebuilt chopper wheel (manufactured from a
blackened hard drive disk, rotation speed 10 Hz), which blocks single-photon path and
laser path in an alternating way with a duty cycle of 87.5 % (10 %: laser path open,
2.5 %: both paths blocked). Polarizer and QWP guarantee a correct input polarization
in the DARL-plane. The laser is coupled into the interferometer by a 99:1 fiber beam
splitter with 99 % transmission for the single photons and 1 % for the laser. 2 % of
the light is separated behind the second PBS with a bulk optic 98:2 beam splitter to
measure the path length difference by means of a QWP, a PBS and two indium gallium
arsenide (InGaAs) photodiodes (PDA10CS, Thorlabs). The analog output signals are
acquired by a NI DAQ card (USB-6002, National Instruments), which also generates
the analog PID output signal. The latter is amplified to 0-300 V with an high-voltage
amplifier and applied to a ring piezo actuator (Piezomechanik) connected to one of the
WG coupling mirrors in the 854 nm path. Data processing including the PID controller
is implemented in Labview. Furthermore, data acquisition and PID calculation have to
be synchronized with the chopper wheel; to this end an Arduino reads out the position
sensor of the chopper wheel and sends a timed trigger pulse to the DAQ card.
Fig. 3.3c shows the contrast while the piezo actuator is tuned. A sinusoidal fit to the
curve confirms the expected course and reveals a visibility of 98.9 %. The deviation
from 100 % is most probably caused by slightly different detection efficiencies and a non-
perfect input polarization, however, this is sufficient for our purpose. The photodiode
output signals are displayed in the inset. As expected both signals follow sin2-functions
and reveal a π phase shift with respect to each other. As locking point we choose the
zero-crossing where the slope has its highest value. A time trace of the contrast over
200 s with active stabilization is depicted in Fig. 3.3d. We observe a Gaussian-distributed
contrast around the locking point with a standard deviation of σstab = 0.0496. This
translates - together with the measured visibility - to a phase uncertainty of π · 0.016.
In Sect. 3.1.4 we will thoroughly investigate how phase fluctuations impact the perfor-
mance of QFCDs.
During the experiments with our trapped-ion QNN (Chap. 5), a further issue arose:
stabilization laser light at 854 nm is reflected from the WG facet and coupled back into
the single-photon input channel. This has proven critical in the atom-to-photon state
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transfer since the light is resonant with the ion’s respective dipole transition and there-
fore disturbs the protocol. A way out is to synchronize the stabilization to the sequence,
i.e. during the stabilization cycle we perform laser cooling of the ion being unaffected
by resonant 854 nm light. To this end, we need devices which we can switch on purpose,
hence, we replaced the chopper wheel by an acousto-optic modulator (AOM) and two
microelectromechanical (MEMS) switches as sketched in Fig. 3.3b. In detail, the 854 nm
input path contains an AOM in double-pass configuration cascaded with a MEMS switch
to suppress any leakage in the “off”-state. In the output arm, another MEMS switch
guides the light either to the single-photon detectors or to the InGaAs photodetectors.
A single MEMS switch (specified suppression > 60dB) has proven to be sufficient to
reduce the number of detected photons to < 10. Note that the QWP in front of the
PBS and photodiodes is not necessary since the required rotation is realized in the fiber.
The performance of this stabilization scheme is the same as that of the chopper-based
scheme.

3.1.3 Single-photon detectors for telecom wavelengths

In this section we briefly introduce our single-photon detectors for telecom wavelengths.
All experiments in this thesis are performed with commercial superconducting nanowire
single-photon detectors (SNSPD). The operating principle of our SNDPDs is as follows:
the detector chip consists of a thin layer of niobium nitride (NbN) arranged as a mean-
dering nanowire. A telecom fiber (SMF-28) is aligned right above the nanowires so that
the whole fiber output can be absorbed by the meander structure. The nanowire chip is
housed in a closed-cycle cryostat operating at 2.5 K in order to reach superconductivity.
Now, a constant electrical bias current slightly below the critical current is applied to
the wires. As soon as a single photon is absorbed by the meandering nanowires, the
superconductivity quenches locally - leading to a so-called “hotspot” - which gives rise
to a resistive region. This redirects the current to an amplifier connected in parallel
(the amplifier has a much lower input impedance than the resistive region) and creates
a voltage pulse serving as detection signal. Some advantages of SNSPDs compared to
InGaAs avalanche photodiodes are the fast recovery time < 10 ns after a detection event
because of the small heat input, and the low timing jitter of ≈ 70 ps (record values are
even below 10 ps [229, 230]). Moreover, the photon absorption process can be quite
efficient and well-protected from the environment resulting in high system detection
efficiencies (SDE) > 90 % and ultra-low dark-count rates (DCR) down to < 1 cps [231].
Of course these advantages come at the cost of a larger technical overhead due to the
cryogenic system. Further technical details on SNSPDs can be found in [232,233].
Our current system (EOS, Single Quantum) hosts four detector chips within the cryo-
stat, two of them specified with 75 % SDE at 1310 nm and a DCR of 300 cps, and two
chips with 25 % SDE at 1310 nm and a DCR of 300 cps. However, SDE and DCR are
tunable via the bias current applied to the nanowires, which is illustrated in Fig. 3.4:
it displays the relative detection efficiencies (RDE) and DCR of the two highly effi-
cient detector chips at 1310 nm (Fig. 3.4a & b) and 1550 nm (Fig. 3.4c & d) at different
bias currents. Since we are not able to reliably measure absolute detection efficiencies,
we only measure RDE, i.e. we send an arbitrary photon flux to the detector and re-
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Figure 3.4. Properties of the SNSPDs for telecom photon detection. (A)/(B)
Logarithmic plots of the relative detection efficiency at 1310 nm (RDE, red data points), dark-
count rate (DCR, black data points) and SBR (blue data points) of the two highly-efficient
detector chips at different bias currents. The SBR has no absolute scale (this depends on the
brightness of the photon source), but it is solely the quotient of RDE and DCR to illustrate the
theoretical case for a background-free single-photon input, e.g. from a trapped ion. The increase
with lower bias currents is caused by a different scaling of RDE and DCR. (C)/(D) The same
measurements at 1550 nm.

fer the detected count rate to the rate at one particular bias current, which we define
as 100 %. At 1310 nm the absolute efficiency at this point is extracted from the data
sheet. The values at 1550 nm are not specified, but an estimation from the manufac-
turer was provided. This estimation is consistent with observations made throughout
several experiments performed in our group (either in this work or in [225]) by compar-
ing measured and expected single-photon count rates. We find in Fig. 3.4, that RDE
and DCR go down with lower bias currents, indeed, but their scaling differs. While the
RDE at 1310 nm is reduced by one order of magnitude, the DCR is reduced by three
orders. Thus, the signal-to-background ratio of the detector, which is proportional to
the ratio between RDE and DCR, increases with decreasing bias currents (blue dots
in Fig. 3.4). Note that the SBR has no absolute scaling, which would depend on the
brightness of the single-photon source. We can interpret the blue dots as theoretical
case of a photon input without constant background floor, e.g. a perfect single-photon
source without QFC. In fact, this effect features an advantage: in case of dark-count
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Figure 3.5. Setup for quantum process tomography. (A) Schematic experimental
setup to perform quantum process tomography. Note that most components associated with
the path length stabilization were omitted for the sake of simplicity.

sensitive measurements, the SBR can be considerably increased if we renounce the high
detection efficiency and accept an increased measurement time. Unfortunately, the ef-
fect is much weaker (but still present) at 1550 nm because the detectors are optimized
for 1310 nm and the photon energy, which is proportional to the heat input on the
detector, is smaller at longer wavelengths.

3.1.4 Conversion of arbitrarily polarized light

To complete the O-band converter characterization, we demonstrate polarization-pre-
serving conversion of arbitrarily polarized light by means of quantum process tomog-
raphy, which we already introduced in Sect. 2.2.4. The schematic setup is depicted in
3.5: we generate input polarization states at 854 nm with a combination of polarizer,
HWP and QWP. This combination allows for generation and projection of arbitrary
polarization states since we are able to rotate any possible state on the Poincaré-sphere
onto a certain linear polarization with rotatable HWP and QWP (in this order from the
perspective of the polarizer). The waveplates are mounted on stepper motors (ST4118,
Nanotec) and controlled by an Arduino with an angular resolution of 0.1125◦. By send-
ing commands to the Arduino via its serial interface or via an ethernet link, we can
remotely change the waveplate angles. In particular the ethernet link has proven useful
to control several motors in different labs from one PC. The 854 nm light is guided
through a 90 m long fiber link connecting the ion and converter lab. Although the
fiber passes through maintenance areas and entrance halls of the building that lack any
air-conditioning, it has a remarkable stability with respect to unitary polarization rota-
tions. This has been investigated in more detail in [169]. Behind the converter follows
a free-space setup for projective measurements of the polarization state. Similar to the
state preparation unit it consists of two ethernet-controlled zero-order waveplates, but
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Figure 3.6. Principle and results of quantum process tomography. For quantum
process tomography, a huge number of input states ρin at 854 nm in six different polarizations H,
V, D, A, R & L (see Poincaré-sphere on the left) is prepared. For each input state, we measure
the Bloch vector of the converted state by means of single-qubit tomography (Poincaré-sphere
on the right). Subsequent maximum-likelihood estimation yields the process matrix. The red
bar represents the identity operation, which is the only non-zero entry in case of an ideal process.
Its value is denoted as process fidelity, yielding Fpro = 99.75(6) %.

employs a Wollaston prism (WP10-C, Thorlabs) instead of a polarizer. The latter is
well-suited for projective measurements since both orthogonally polarized output beams
possess a suppression of 10-5 for the complementary polarization (for comparison: typ-
ical values for PBS are 10-3 of the transmitted and 10-2 of the reflected beam). We
couple both beams to AR-coated SM fibers connected to the SNSPDs. The SDE of the
SNSPDs is polarization dependent, it can be reduced by up to 50 % for the wrong input
polarization. Hence, we use homebuilt manual fiber polarization controllers to optimize
for maximum SDE. Note that it is advisable that all waveplates in all labs are oriented
in the same direction with respect to the optical axis, and have the same direction of
rotation. Otherwise complex basis exchanges occur, which are potentially non-unitary
and typically hard to debug.
Before we perform QPT, we need to correct for all unitary polarization rotations caused
by the SM fibers and the QFCD, whose interferometer phase is not necessarily stabilized
at the setpoint where the input phase is exactly preserved. To this end, we first measure
the rotation matrix of the whole setup Mrot and multiply it to the Stokes vectors of the
respective measurement bases, i.e. we perform QPT in a rotated measurement basis,
which exactly compensates the unitary rotation of the setup. The rotations matrix is
determined with classical light by sending 36 different polarization states equally dis-
tributed over the Poincaré-sphere through the setup and measuring the Stokes vector of
each output state. A subsequent singular value decomposition yields the rotation ma-
trix (details can be found in the appendix of [204]). QPT starts with the preparation
of a huge number of photonic input states ρin at 854 nm in the six basis states (|H〉,
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Figure 3.7. Long-term stability of the process fidelity. Measurement of the process
fidelity over 6 hours, a typical time scale for experiments with trapped ions. The fidelities are
reconstructed with and without trace-preservation to identify polarization-dependent loss.

|V 〉, |D〉, |A〉, |R〉 & |L〉). The Stokes vectors of the input states are displayed as red
arrows in the left Poincaré-sphere in Fig. 3.6. We attenuate the laser until the SNSPDs
display count rates well above the DCR and measure the Stokes vector of the respective
converted output states by means of single-qubit tomography. The reconstructed vec-
tors are shown as blue arrows in the right Poincaré-sphere in Fig. 3.6. We find that the
output Stokes vectors are only slightly distorted from the input vectors, which already
suggests preservation of the polarization state with high fidelity. To quantify this, we
reconstruct the process matrix, which is shown in Fig. 3.6. As desired the χ00-entry
corresponding to the identity operation (marked as red bar) is dominant while all other
entries are close to zero. We know from Sect. 2.2.2 that the value of the χ00-entry is
identified as process fidelity; we find Fpro = 99.75(6) %, which verifies polarization-
preserving operation with high fidelity. The error bars are deduced from Monte Carlo
simulations assuming Poissonian statistics of the detected counts.
The experiments with trapped ions typically involve integration times of several hours,
i.e. it is important to know if the process fidelity is sufficiently long-term stable. To this
end, we record the process fidelity over a period of six hours. The result is shown in
Fig. 3.7: we identify slight fluctuations of the fidelity between 99.75 % and 99.55 %, being
most probably caused by polarization drifts in the 90 m long fiber or power fluctuations
of the input light. Nevertheless, the fidelity does not drop below 99.5 % and returns to
its original values, hence we cannot identify long-term drifts that progressively degrade
Fpro. For our reconstruction we assume equal conversion efficiencies of both polariza-
tion components, which implies a trace preserving process. It is conceivable, however,
that for instance power fluctuations of the OPO or drifts in the coupling efficiency in
one arm lead to polarization-dependent loss (PDL), which might cause errors in the
reconstruction process. To quantify the impact of PDL, we also reconstruct the process
matrix without the constraints for trace preservation. In Fig. 3.7 we only find slight
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differences between both reconstruction methods, and those are in particular smaller
than the error bars. Thus, we conclude that PDL is not the dominant error source in
this case.

Robustness against phase and efficiency-ratio fluctuations

In this section we clarify the question whether the measured values of the process
fidelity are limited by the QFCD itself or by external factors such as polarization drifts
in the 90 m long fiber, the angular resolution of the waveplates, or the precision of
our technique to compensate unitary rotations. Within the QFCD, we identify phase
fluctuations stemming from the non-perfect active path length stabilization and drifts
of the conversion efficiencies of both arms relative to each other as two possible error
sources. The latter is interpreted as PDL or efficiency mismatch and is quantified by
the ratio of the conversion efficiencies of H and V γeff = ηdev,V/ηdev,H. To quantify
their impact, we perform a series of simulations with their results displayed in Fig. 3.8.
The general idea is to simulate process matrices for a QFCD being affected by the error
sources mentioned above, and calculate with those matrices converted output states in
case of a maximally entangled input state. From the output state we deduce purity and
fidelity in order to assess the influence of the error sources. In detail, the simulation is
carried out as follows:

(I) We assume a huge number of photons at the input wavelength sent through the
converter. Each photon is initially in a maximally entangled Bell-state with an-
other particle, e.g. a second photon or a trapped atom. Purity and Bell-state
fidelity of the initial state ρin are accordingly 100 %.

(II) The first step is to simulate process matrices for unitary phase rotations and
unequal conversion efficiencies of H and V. To this end, we proceed in a similar
way as in QPT: we choose the six basis states |H〉, |V 〉, |D〉, |A〉, |R〉 & |L〉 as
input states and we mimic the action of the frequency converter by multiplying a
Mueller matrix to the respective Stokes vectors in order to obtain the “converted”
output states

~S
(1...6)
out = MPhRot/EffRat · ~S

(1...6)
in . (3.10)

The Mueller matrices for unitary phase rotations around the x-axis φx and effi-
ciency ratios γeff take the following form:

MPhRot, x (φx) =


1 0 0 0
0 cos (φx) sin (φx) 0
0 −sin (φx) cos (φx) 0
0 0 0 1

 (3.11)

and

MEffRat (γeff) = ηdev,H ·


1/2 (1 + γeff) 1/2 (1− γeff) 0 0
1/2 (1− γeff) 1/2 (1 + γeff) 0 0

0 0
√
γeff 0

0 0 0
√
γeff

 (3.12)
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Note that the output Stokes vectors in case of efficiency ratios unequal to one have
to be normalized to the overall intensity by dividing them through the first entry
S0

~S
(1...6)
out = ~S

(1...6)
out /S

(1...6)
0,out , (3.13)

which mimics the post-selection process in a real experiment.

(III) Next, we reconstruct the process matrix χ with the six input and calculated out-
put states by means of maximum-likelihood estimation. Unitary phase rotations
are trace-preserving while efficiency mismatches are reconstructed without the
constraints for trace preservation. Note that, although the output Stokes vectors
are calculated and free of experimental imperfections, linear inversion as described
in [205] fails in the case of non-trace-preserving process matrices.

(IV) Eventually, we calculate the density matrix of the converted output state ρout

with the simulated process matrix χ according to Eq. 2.41. From ρout we compute
the Bell-state fidelity Fout = Tr (ρout|Ψ〉 〈Ψ|Bell) and the purity Pout = Tr

(
ρ2

out

)
,

which are displayed in Fig. 3.8a-d on the y-axis. Note that in this particular case
the Bell-state fidelity equals the process fidelity. Of course we cannot generalize
this for arbitrary input states. For instance, the polarization state |H〉 is insensi-
tive to PDL or phase drifts and therefore Fout remains unaltered although Fpro

is smaller than one. We will see in Chap. 4 that a non-perfect process fidelity
degraded by PDL might even improve the Bell state fidelity.

We start with the simulation of time-independent phase rotations; the results are de-
picted in Fig. 3.8a. As expected, the fidelity is 100 % for zero phase rotations and drops
to zero for a π phase rotation. On the contrary, the purity remains constant since
time-independent unitary operations do not degrade the purity. The absolute values of
few exemplary process matrices are shown to illustrate how process matrices of unitary
rotations look like. These results are not really surprising and could be easily obtained
without an elaborate simulation, however, it verifies that our method delivers correct
results. A more interesting case is represented in Fig. 3.8b. Now we assume that the
interferometer phase fluctuates over time, being modeled by a Gaussian distribution
with standard deviation ∆φx and a mean value of zero. We obtain the output state
by means of Monte Carlo simulations: we repeat steps (II) – (IV) 5000 times for
each standard deviation ∆φx. In each step, the phase rotation φx is a random number
deduced from the Gaussian distribution. The final density matrix entries from which
fidelity and purity are calculated are the mean values of all 5000 individual entries. We
find in Fig. 3.8b that the purity decreases for increasing phase uncertainty, too. The
reason is that random phase fluctuations over time introduce mixedness and accordingly
reduce the purity. The extreme case would be a random phase resulting in a statistical
mixture with P = 1/4. However, we find that fidelity and purity are rather robust
against phase fluctuations. If we consider the standard deviation of the active path
length stabilization of σstab = π · 0.016 (cf. Sect. 3.1.2), we get Fphase = 99.94 % and
Pphase = 99.88 %, which is still remarkably high.
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Figure 3.8. Robustness of fidelity and purity against phase and efficiency-
ratio fluctuations. Simulations to quantify the impact of fluctuations of the interferometer
phase φx and the ratio of conversion efficiencies of H and V γeff = ηdev,V/ηdev,H on the fidelity
and purity of entangled states. In all figures we assume that we send a photon through a QFCD,
which is maximally entangled with another particle, i.e. initial purity and Bell-state fidelity are
100 %. Fidelity and purity on the y-axis accordingly denote those of the converted states calcu-
lated from the simulated process matrices. In this particular case the output fidelity is identical
to the process fidelity. (A) shows fidelity and purity in dependence on constant phase differences
along with a few exemplary process matrices. As expected, the fidelity equals zero for π phase
shifts, while the purity is unaffected by constant phase differences since unitary operations do
not decrease the purity. (B) Monte Carlo simulation of fidelity and purity assuming Gaussian-
distributed phase fluctuations with a standard deviation ∆φ. Now the purity is also reduced
because random phase fluctuations introduce mixedness. (C) The same situation as in (A)
but for different efficiency ratios. (D) Monte Carlo simulation of fidelity and purity assuming
Gaussian-distributed efficiency-ratio fluctuations with a standard deviation ∆γeff.

We repeat similar simulations for different efficiency ratios starting again with the time-
independent case. We observe in Fig. 3.8c that the purity remains constant as expected,
while the fidelity drops for increasing γeff. To verify our results, we multiply γeff to the
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light-matter Bell-state |Ψ〉 = 1√
2

(|H, ↑〉 − |V, ↓〉) in the following way:

|Ψ〉eff =
1√

1 + γ2
eff

(|H, ↑〉 − γeff · |V, ↓〉) . (3.14)

If we calculate the Bell-state fidelity of this state, we get the same results as the simula-
tion. The inset of Fig. 3.8c shows a magnification of the upper part for small γeff. Again
we find a high robustness of the fidelity; F is still above 99.8 % for an efficiency ratio of
0.85. A worst-case number for the O-band converter observed in the experiments is a
drop to 0.9 during one day caused by drifts of the OPO output power or the fiber/WG
coupling efficiencies. This corresponds to a fidelity of Feff = 99.93 %. Finally, the de-
pendence of fidelity/purity on Gaussian-distributed fluctuations of γeff (see Fig. 3.8d) is
obtained by Monte Carlo simulation. Due to OPO output power fluctuations we esti-
mate a standard deviation of ∆γeff = 0.02 corresponding to a fidelity of F = 99.997 %,
i.e. the impact of this effect is negligible.
To conclude, we simulated that the O-band converter degrades the fidelity in the worst-
case to F = Fphase × Feff = 0.9994 × 0.9993 = 0.9987, which is still higher than the
absolute values and the long-term drifts of the measured process fidelities. Thus, we
believe that the non-perfect initial fidelity is probably limited by the polarization com-
pensation scheme: due to short integration times this scheme might be prone to laser
power fluctuations. The loss of fidelity on long time-scales (≈ hours) is caused most
probably by polarization drifts in the fiber connecting the labs. However, those issues
have not been investigated in more detail within this thesis.

3.2 Polarization-preserving QFC from 854 nm to the
telecom C-band

We have seen that it is possible to achieve high-fidelity polarization-preserving opera-
tion of a QFCD with high efficiency and low background. We will prove that this is
sufficient to serve as telecom interface for trapped-ion QNNs in Chap. 4 and 5, where
we employ the O-band converter to demonstrate ion-telecom-photon entanglement and
an atom-to-telecom-photon state transfer. However, if we assess the O-band converter
with respect to our scaling criteria presented in Chap. 2.3, we identify some drawbacks.
The first drawback is the cw-OPO at 2.4 µm: the wavelength is rather inconvenient in
terms of handling and availability of SM fibers. Furthermore, the whole OPO system is
anything but a turnkey system since we cannot adjust output power and wavelength in
a convenient and reliable way. After switching off and on, both are different than before
and typically cannot be restored to their original values. On top of this, the OPO is not
protected from backreflected pump-light by means of an optical isolator, as none have
been available at this wavelength. As a consequence mode-hops frequently occur, which
frustrates frequency- and power-stable operation. In combination with a downtime of
almost 50 % over the course of this thesis (mainly caused by several failures of the Yb-
doped fiber amplifier) 24/7-operation is illusory. Note that the OPO could be replaced
by a commercially available Cr2+:ZnSe/S solid-state laser, which has proven itself in
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24/7-operation [156]. However, also these lasers showed to be extremely sensitive to
backreflections and not more stable in terms of frequency and output power than our
OPO [225]. Another drawback of the O-band converter is the space requirement. OPO
and converter require a complete optical table and the possibilities for miniaturization
(e.g. to fit into a 19-inch rack) are fairly limited, thus, transportability is complicated
to facilitate. For the integration in existing experiments a standalone system would
be desirable. To this end, one wants to get rid of the path length stabilization, which
causes issues such as leakage of stabilization light into the single-photon input channel
or synchronization overhead.
Thus, we started in 2018 the construction of a new QFCD translating 854 nm to the
telecom C-band via the DFG-process 1/854 nm - 1/1904 nm = 1/1550 nm. This par-
ticular wavelength combination has been already implemented by Krutyanskiy et al.
in [164], from which we essentially adopted the choice of the pump laser and spectral fil-
ters. However, we employ a different configuration and improved the device in terms of
device efficiency and background. The C-band converter features two key advantages:
on the one hand, coherent light at 1904 nm is conveniently generated by a commer-
cially available thulium-doped fiber laser system with sufficiently high power and good
spectral properties. On the other hand, the device enables construction in an intrinsi-
cally phase-stable and symmetric Sagnac configuration, i.e. the experimental overhead
is substantially reduced bringing standalone and miniaturized devices within reach.

3.2.1 Experimental setup

Sagnac interferometer

The schematic drawing of the setup is shown in Fig. 3.9. The core part is the Sagnac
interferometer consisting of the WG chip, aspheric coupling lenses, HWP, four mirrors
and a PBS. The latter is custom-made (B. Halle Nachfl.) in order to act as PBS
for all three wavelengths and to minimize losses by means of broadband AR-coatings.
Caused by a manufacturing-process related uncertainty of the thickness of the reflective
layer, the optimal reflection angle with respect to extinction ratio is not necessarily
90◦ (corresponding to 0◦ AOI) [228]. We measured the appropriate extinction ratios
γex,t = TH/TV (γex,r = RV/RH) of the transmitted (reflected) output port for all three
wavelengths in dependence on the AOI. We find an optimum at 0◦ (by chance) where
all γex are > 200 except for γex,r,854 = 175 and γex,r,1904 = 73. In fact, the non-
perfect extinction ratios do not degrade the process fidelity but only the conversion
efficiency. If we assume for instance γex,r,854 = 100, the reflected port contains 1 % of the
“wrong” polarization component. However, this fraction is not repolarized by the PBS
but possesses still its original polarization [228]. Hence, the polarization selectivity of
the DFG-process inhibits frequency conversion, which reduces the efficiency but avoids
undesired polarization mixing.
All mirrors in the Sagnac interferometer are silver-coated mirrors being reflective over a
broad wavelength range as well as less angular sensitive and expensive than custom-made
dielectric mirrors; of course at the cost of slightly reduced reflectivities. It follows an
achromatic HWP (700-2500 nm, B. Halle Nachfl.) in the H-arm and two WG coupling
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Figure 3.9. Setup of the Sagnac-type PPQFC for 40Ca+-ion wavelengths.
Schematic representation of the setup for PPQFC from 854 nm to the telecom C-band at
1550 nm in a Sagnac configuration. New abbreviations: TDFL: thulium-doped fiber laser,
TDFA: thulium-doped fiber amplifier.

ALs made of glass with focal length f = 11 mm and custom AR-coatings for all involved
wavelengths (Layertec). The Zn:PPLN ridge WG chip is quite similar to that used in
the O-band converter, i.e. a 40 mm long crystal with 12 WG in six groups with poling
periods Λ = 22.4 µm ... 22.65 µm with a pitch of 50 nm. An essential difference is the
lateral dimension of 12.9 µm× 14 µm for the first and 12.9 µm× 13 µm for the second WG
in each group. The advantage is an almost non-elliptical fundamental WG mode, which
renders possible high coupling efficiencies of the incident beams (details are presented in
the next section). Besides, the mechanical design of the WG and AL holder is simplified.
Both ALs are mounted on XYZ translation stages (MDE122, Elliot Martock). For the
WG holder the X and Z axis degrees of freedom, which have proven to be unnecessary,
are omitted. A detailed characterization of this particular chip in terms of temperature
tuning properties and SPDC spectra as well as pictures of the mechanical design can
be found in the master thesis of T. Bauer [234]. The experiments in this thesis are
performed with the first WG of the sixth group (Λ = 22.65 µm) featuring the lowest
phasematching temperature of T = 19 ◦C. The 854 nm input and 1550 nm converted light
are both coupled from SM fibers (SM780-HP and SMF28 Ultra) via dichroic mirrors
into the Sagnac interferometer and subsequently to the WG.
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Pump laser and frequency stabilization

The pump light at 1904 nm is generated by a thulium-doped fiber laser (TDFL, model
AP-SF, AdValue Photonics) and amplified up to 2 W by a thulium-doped fiber amplifier
(TDFA, model AP-AMP1, AdValue Photonics). The TDFL offers temperature tuning
of the output wavelength from 1903.8656 nm to 1904.1657 nm, which corresponds to
target wavelengths between 1549.9352 nm and 1550.1341 nm (exact input wavelength:
854.44333 nm). Fast frequency tuning by 400 MHz is enabled via a piezo actuator with
a bandwidth of 1 kHz. The laser linewidth is < 50 kHz in 100 µs according to manufac-
turer’s data. The collimated output beam first passes a spherical lens for mode-matching
to the WG. A subsequent HWP and an optical isolator are necessary for power adjust-
ment and to prevent damage of the amplifier due to backreflections. The latter is critical
since the Sagnac configuration in principle acts as a mirror, i.e. almost the total power
is backreflected to the amplifier. Another HWP is employed to change the pump laser
polarization, which determines the ratio of pump powers in the H- and V-arm γpump

= PH/PV and helps to equalize the conversion efficiencies in both arms. To cut off
background around the target wavelength generated in the amplifier or the fibers, we
use a 1600 nm longpass filter (Edmund Optics).
In the next section we will explain the necessity of spectral filtering down to 250 MHz
FWHM. Hence, the laser frequency has to be stable up to few MHz in order to avoid
degradation or fluctuations of the EDI. Unfortunately, we observed drifts up to 50 MHz
over a few hours estimated from the power transmitted through the filter. To mini-
mize the drift, we actively stabilize the frequency of the laser using a wavelength me-
ter (Wavemeter (WM), WS6-200, High Finesse). Although the absolute accuracy of
the WM is merely specified to 200 MHz, we measured a much better accuracy below
10 MHz utilizing a reference laser at 780 nm, being absolutely stabilized by doppler-free
spectroscopy of an atomic Rubidium vapor. We believe that the significantly better
performance is caused by the stable environment in our lab (mainly temperature and
humidity) and by thorough fixation of the WM and the SM fiber connected to it in
order to avoid polarization drifts and spatial aberrations to the interferometer inside
the WM. Unfortunately, our WM only detects light between 330 nm and 1750 nm, i.e.
we cannot detect the pump light directly. We take advantage of the - in principle unde-
sired - weakly phasematched SHG in the WG, which delivers roughly 200 nW of 952 nm
light. The SHG light is separated from the 854 nm input light using a bandpass filter
(FBH850-40, Thorlabs), collimated and beam-shaped with two spherical lenses, coupled
to a SM fiber, and guided to the WM. Due to the limited SHG power, the PID update
rate is merely 2 Hz, which is sufficient, however, to compensate for long-term drifts.
The PID loop is implemented in Labview and feedback is applied to the TDFL’s piezo
actuator using a DAQ card for analog output signal generation.

Spectral filtering and quantum state analysis

Just like for the O-band converter, we need to apply spectral filtering to reduce the
amount of CIB. In fact, the C-band wavelength combination is a little less advantageous
in terms of background: the spectral separation between pump and target wavelength
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is – 1200 cm-1, i.e. ASR background is still present (see Sect. 2.1.2). For our particular
wavelength combination, ASR has been identified as the main background source by
Krutyanskiy el al. via temperature-dependent measurements confirming the expected
Boltzmann distribution [164]. In order to reduce ASR background to less than 100 cps,
narrowband spectral filtering down to 250 MHz is required. This is realized by a combi-
nation of an interference bandpass filter with FWHM = 12 nm (FBH1550-12, Thorlabs),
a reflective volume Bragg grating (VBG, Optigrate) with FWHM = 25GHz, and an air-
spaced plane-plane etalon with a free spectral range of FSR = 12.5 GHZ and FWHM
= 250 MHz (SLS Optics). Note that the FSR of the etalon matches the FWHM of the
VBG to suppress neighboring etalon modes. In principle, even a larger etalon FSR or
a smaller VBG FWHM is desirable, however, large efficiencies of both components are
merely possible with the given values. A calculation using the theoretical spectra of
both filters indicates that the background transmitted through all neighboring modes
together contributes to ≈ 30 % of the total background. At this point the question may
arise why we use VBGs instead of FBGs being well-established at telecom wavelengths.
The reason is the transmission loss: while VBGs show reflectivities around 97 %, FBG
filter systems are much worse with transmissions between 60-70 %. This is not caused
by the FBG itself as its reflectivity is typically > 95 %, but by the fiber optic circulator
built-in the filter system.
As shown in Fig. 3.9, the bandpass filter is inserted in the Sagnac setup in front of the
fiber coupler, while VBG and etalon are “outsourced” to the state projection setup.
In fact, VBG and etalon are very sensitive to beam divergence and feature the best
reflection/transmission only for well-collimated beams. Since we do not have collimated
beams in the Sagnac setup but in the projection setup, the best position is there.
In the experiment we observed drifts of the resonance frequency of the etalon, which we
attribute to its dependence on air pressure and air temperature. Both measures affect
the refractive index of air and, thus, the FSR of the etalon. Note that the etalon temper-
ature itself has a negligible effect since the spacers are made of low-thermal expansion
glass (ULE glass, Corning). With our parameters λ = 1550 nm and Letalon = 12 mm
we are able to estimate the resonance frequency shift with respect to the frequency of
the converted light via

∆νres = νconv −
⌊
νconv

νfsr

⌋
· νfsr with νfsr =

c

2L · n (pair, Tair)
(3.15)

to 51.3 MHz/hPa and 182 MHz/◦C. The temperature- and pressure-dependent refractive
indices are extracted from NIST’s “refractive index of air calculator” based on the
Ciddor equations [235]. While the temperature dependence is less critical since our
labs are temperature-stabilized to within ≈ 0.2 ◦C, the pressure dependence is a serious
problem: air pressure drifts of 10 hPa are not unusual in case of weather changes, i.e.
the resonance frequency is shifted by twice the linewidth. To remove both effects, we
insert the etalon into an evacuated vacuum t-piece with AR-coated windows on both
end ports and a valve to connect a vacuum pump at the third port. The leakage rate is
estimated to be 10−8 m3Pa/s, i.e. the increase in pressure is about 10 hPa/month. After
evacuation, we did not observe anymore significant drifts of the transmitted intensity
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related to air pressure over a period of 9 hours. Further details on the design of the
vacuum chamber as well as characterization measurements can be found in [234].
Behind the spectral filters follows the setup to perform quantum state analysis, which is
identical to that of the O-band converter. A motorized flip mirror guides the light to a
polarimeter (Thorlabs) to measure the rotation matrix of the whole setup with classical
light.

3.2.2 Trichroic waveguide coupling

The challenge to achieve simultaneous optimal coupling of all three fields to the fun-
damental WG mode (denoted as trichroic coupling) has been discussed already in
Sect. 3.1.1: due to chromatic dispersion of the aspheric WG coupling lenses (ALwg),
best possible coupling cannot be reached with incident collimated beams, even if they
possess different beam diameters. In fact, only one beam could be collimated if the dis-
tance between WG facet and ALwg matches the respective focal length. Here, we devise
an optimization routine to achieve best possible trichroic coupling employing a com-
parable simple optical setup with minimal demand for optical components (e.g. lenses
or telescopes). Note that we commonly speak about trichroic WG coupling although
the converted field is generated in the WG and coupled to a fiber, actually. However,
the scheme is fully bi-directional, i.e. we can arbitrarily swap fiber and WG coupling
if we merely deal with fundamental modes. In our routine we allow all fields to be
non-collimated, which offers an advantage: the incident beams rarely possess the cor-
rect diameter since standard AL from Thorlabs’ stock are not available with arbitrary
focal lengths, i.e. we would need to change the diameter of the collimated beam with
telescopes, which are obsolete in our scheme. The idea of the routine is illustrated in
Fig. 3.10a and consists of the following steps:

(I) We first calculate the electric fields Ewg(x, y) and intensities Swg(x, y) of the fun-
damental WG modes for each wavelength according to equations 2.14 and 2.18
with the WG height and width from the datasheet. Graphical representations of
Swg are shown in the first row in Fig. 3.10b.

(II) In the second step we optimize the coupling of the converted field by maximizing
the spatial mode overlap ηmode between the incident beam and the fundamental
WG mode. The spatial mode overlap is defined as the normalized overlap integral
of Ewg and the E-field of the incident beam at the WG facet Ein according to

ηmode =

∣∣∫ E∗in (x, y, ~p)Ewg (x, y) dA
∣∣2∣∣∫ E∗in (x, y, ~p)Ein (x, y, ~p) dA

∣∣2 · ∣∣∫ E∗wg (x, y)Ewg (x, y) dA
∣∣2 . (3.16)

We know that a non-collimated beam, characterized by a certain divergence and
distance between ALwg and the focal point, is required to maximize ηmode. The
idea is to generate such a beam merely with a fibercoupler placed at the correct
distance dal,1550 to the ALwg, and, to match the correct divergence, with an ap-
propriate fiber coupling lens AL1550 with the distance dfib,1550 to the fiber facet.
This setting is illustrated in Fig. 3.10a together with the 1550 nm beam waist ω(z)
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and the simulated modes of all incident beams at the WG facet.
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depending on the position z along the optical axis. The E-field at the WG facet
is fully determined by the mode-field diameter (MFD) of the fiber and the above
mentioned parameters, i.e. Ein = Ein(~p) with ~p being a set of parameters ~p =
(dfib,1550, fal,1550, dal,1550, dwg). Note that the MFD and fal,wg,1550 are fixed and
do not appear in ~p. For the optimization, we first calculate Ein by means of ray
transfer optics method, subsequently the spatial mode overlap ηmode and, finally,
we numerically minimize 1 – ηmode by varying the parameters dfib,1550, dal,1550 and
dwg within certain constraints. The constraints are for instance for dal,1550 given
by a maximum value of 3 m to avoid huge optical path lengths and a minimum
value of dmin,1550 = 600 mm due to the length of the interferometer plus further
space limitations. The parameter fal,1550 is not completely “free”, but fixed to
certain values given by all standard aspheric lenses available from Thorlabs’ stock.
We repeat this procedure for each available fal,1550 and select in the end the com-
bination with the best spatial overlap. Note that we can perform this step also
with the input or pump field, however, the converted wavelength is in between the
other wavelengths and therefore a good starting point.

(III) In the third step we repeat the same procedure for the 854 nm beam with the
slight difference that the distance dwg between WG facet and ALwg is now a fixed
parameter.

(IV) Finally, we perform the optimization for the pump light. The TDFA output is
not a fiber-to-free-space port but a collimator, though. So we add a plano-convex
spherical lens (made of CaF2) in order to obtain a non-collimated beam. (see
Fig. 3.10a)

The whole optimization routine is implemented in Matlab and features a user-friendly
graphical user interface (details can be found in [234]). Fig. 3.10a displays the results of
the optimization along with all relevant optical components and distances. The three
graphs show the final beam waists of the fields in dependence on the position z along
the optical axis. It is clearly visible that none of the beams is collimated but has a
focal point somewhere in the setup. All parameters are listed in Tab. 3.2. We find
very high spatial mode overlaps of 99.5 % (99.3 %) for input (converted) field and a
slightly reduced overlap of 93.5 % for the pump light. We confirm this by the intensity
distribution of the calculated fundamental WG modes Swg(x, y) and incident beam free-
space mode at the WG facet Sin(x, y) illustrated in Fig. 3.10b. While the 854 nm and
1550 nm modes match quite well to each other, a slight discrepancy can be identified for
1904 nm. Non-perfect coupling efficiencies of the pump light are acceptable since we are
able to partially compensate those with higher laser powers. Note that the routine has
been further improved in the meantime: we do not fix dwg after step (III) anymore, but
we conduct the whole optimization routine for a large number of different dwg and select
the best combination afterwards. Thereby we pushed the mode overlap for 1904 nm to
96.0 %.
To confirm the simulation results by measurements, we constructed the Sagnac con-
figuration according to the calculated lenses and distances. The first step is to align
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Table 3.2. Results of the trichroic WG coupling optimization routine. The highest spatial
mode overlaps ηmode are simulated for the given combinations of aspheric/spherical lenses and
distances. Note that Thorlabs specifies the focal lengths of their lenses at design wavelengths of
780 nm or 633 nm. Due to chromatic dispersion the focal lengths in the table differ from their
specified values.

WL [nm] Lens, f [mm] dfib [mm] dal [mm] dwg [mm] ηmode

854 A260-B, 15.34 15.733 906 – 99.5 %

1550 A240-C, 8.174 8.388 866 11.5268 99.3 %

1904 LA5835-D, 1021 – 1888 – 93.5 %

the whole interferometer with 854 nm light. The strategy is to align one interferom-
eter arm in terms of high transmission through the WG and a mode profile close to
the fundamental WG mode, simultaneously. Next, the second AL behind the WG is
precisely aligned with respect to the WG to minimize astigmatism and to avoid non-
perpendicular AOI leading to chromatic dispersion. The same procedure is repeated the
other way round. Once both arms are aligned, one can slightly vary the position of the
fibercoupler to gain the last few percent of coupling efficiency. The achieved coupling
efficiencies ηwg are listed in Tab. 3.3: we measure 96.2 % (97.1 %) for the H(V)-arm at
a distance of 890 mm. If we keep in mind that ηwg also incorporates attenuation loss
in the WG, reflection losses of the AR-coatings on the end facets, imperfections of the
WG geometry and aberrations of the molded aspheric lenses, the measured efficiencies
are in good agreement with the simulated overlap. The 2 % deviation of the distance
dal,854 is most probably caused by uncertainties in the fiber MFD. To prove that we
mainly couple to the fundamental mode, we measured the spatial intensity distribution
of the transmitted beam, which has been collimated with the ALwg, with a beam pro-
filer. The result is shown in Fig. 3.11a: we merely identify the fundamental mode and
no significant higher-order contributions. The respective x- and y- cross-sections are
fitted with Gaussian distributions revealing only slight deviations from the ideal course
in the wings. If we take a closer look at the widths σx = 286(5) µm and σy = 309(5) µm
extracted from the fits, we find almost equal values indicating an highly symmetric
Gaussian profile. In fact, the larger width in y-direction is even expected since the
mode confinement in y is lower because of the substrate. Besides, the near-Gaussian
spatial mode profiles and high coupling efficiencies are a clear evidence for the excellent

Table 3.3. Comparison between measured and simulated results.

WL [nm] ηmode simu. ηwg,H meas. ηwg,V meas. dal simu. dal meas.

854 99.5 % 96.2 % 97.1 % 906 mm 890 mm

1550 99.3 % 96.9 % (ηfib,H) 96.9 % (ηfib,V) 866 mm 850 mm

1904 93.5 % 89.4 % 88.9 % 1888 mm 1940 mm
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Figure 3.11. Output modes of the 854 nm and 1550 nm fields. The spatial mode
profiles of the transmitted input field at 854 nm without pump field (A) and the converted field
at 1550 nm (B) behind the WG. Each beam has been collimated with the ALs and measured
with a beam profiler. We find no higher-order modes but only the fundamental WG mode
indicating proper mode-matching of the incident beams. The small charts illustrate the x and
y cross-sections through the mode. Gaussian fits to the data reveal near-Gaussian WG mode
profiles being consistent with the simulations.

quality of our WGs, certainly a key requirement to achieve those results.
Subsequently after the 854 nm alignment, the pump light is coupled to the WG and
frequency conversion is established. During the alignment, special attention needs to
be paid to chromatic dispersion within the Sagnac interferometer. If the three-color
beam does not impinge perfectly perpendicular onto an optical component, the three
beams suffer from displacement or even divergence with respect to each other caused
by dissimilar refraction angles. This is definitely the case for the WG and ALs since the
WG facets are not cut perfectly perpendicular with respect to the optical axis. Thus,
the 854 nm beam for instance might be coupled perfectly from both sides to the WG,
while it is not possible to simultaneously achieve this for 1904 nm without misaligning
one arm. We compensate for this chromatic dispersion by deliberately misaligning one
ALwg in the x-y plane in order to introduce additional chromatic dispersion counteract-
ing the original one.
For pump and converted light we observe similar results as for 854 nm, i.e. the coupling
efficiencies are a few percent below the calculated mode overlap at an optimum distance
slightly different from the simulated value. The reasons are the same as mentioned
above. Note that the efficiencies for the 1550 nm light are fiber-coupling efficiencies; the
WG coupling efficiencies are expected to be very similar due to the bi-directionality,
though. We also measured the spatial mode profile of the generated 1550 nm light be-
hind the WG (see Fig. 3.11b). Just as for the 854 nm beam, only the fundamental mode,
obeying a symmetric Gaussian distribution, is apparent. All in all, we conclude that
all experimental results agree quite well with the simulated data from our optimiza-
tion routine. An additional benefit of the routine is the minimal demand for optical
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components, which avoids losses and simplifies miniaturization of QFCDs.

3.2.3 Performance of the device

In this last section, we investigate the performance of the PPQFCD, i.e. external device
efficiency, CIB and process fidelity. The EDI is again determined by a series of indi-
vidual efficiencies and transmissions, which are listed in Tab. 3.4 for the H- and V-arm.
T optics,854 accounts for transmission losses in the 854 nm path mainly caused by the
silver mirrors, PBS and HWP. The ALs for WG coupling have a transmission of T al,854

= 93 % at 854 nm, which is surprisingly low since all lenses are AR-coated; there is no
explanation so far. At 1550 nm we find a significantly higher transmission of T al,1550 =
98.1 %. In total we have three of those in the setup: one for WG coupling and two for
fiber in- and outcoupling. The spectral filters account for a joint transmission of T filter

= 88.3 % with the individual transmissions T bpf = 96 %, T vbg = 98.5 and T etalon =
93.4 %. The fiber coupling efficiency is divided in two parts: the incoupling efficiency
ηfiber = 96.9 % and the transmission of the output facet T fibfac = 96.5 % , which is limited
by Fresnel reflections amounting to 3.5 %. The input facet is AR-coated and does not
suffer from reflection losses. The internal efficiency ηint and transmission losses in the
1550 nm path T optics,1550 are pretty hard to measure in a Sagnac configuration, hence
we are only able to measure the device efficiency and calculate back the product ηint ·
T optics,1550. We measure 93.3 % (88.0 %) for the H(V)-arm. We believe that the differ-
ence is mainly caused by the HWP since its transmission and rotation angle is quite
sensitive to its position, the wavelength, and the angle with respect to the optical axis.
Since we optimized this for 854 nm, it might be not ideal for 1550 nm. Nevertheless, if
we divide the higher value (93.3 %) by the reflectivity of two silver mirrors at 1550 nm
(98.5 % per mirror) and the PBS transmission (T ≈ 98 %) we obtain internal efficiencies
around 97 %, similar to the O-band converter. We end up at external device efficiencies
of 60.1 % (57.2 %) for the H(V)-arm, which are to our knowledge the highest values
reported so far for a QFCD. An interesting remark at this point: if we take a closer
look at Tab. 3.4, we find that it is neither straightforward nor simple to further increase
the EDI to let’s say > 70 %. We can go up to 66 % (from 57.2 %) by replacing all silver
mirrors by custom dielectric mirrors, which improves T optics,854 and T optics,1550, and by
employing a custom fiber with AR-coatings on both end facets. All other numbers are
already very close to the maximum, i.e. they cannot be further improved (e.g. WG or
fiber couplings) or an improvement requires highly customized or post-selected devices
to gain the last few percent, which might be possible for the spectral filters, aspheric
lenses, PBS and HWP. Hence, even an increase of ηdev to 75 - 80 % would require ex-
traordinary financial efforts. Further extensions towards unity device efficiency seem to
be unrealistic for fabrication of small series devices.
The pump-power dependent device efficiencies are shown in Fig. 3.12. We find a much
better overlap of both curves compared to the O-band converter due to the higher sym-
metry of the Sagnac configuration. A further advantage of the Sagnac configuration
is that we are able to to conveniently equalize ηdev,H and ηdev,V by changing the ratio
between the pump power in each arm γpump = PH/PV by means of the pump laser
polarization. Operating points of PH = 485 mW and PV = 625 mW ensure ηdev,H =
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Table 3.4. Individual efficiencies and transmissions of the H- and V-arm of the C-band
converter.

Efficiency/transmission Abbreviation H-arm V-arm

Opt. elements transmission, 854 nm T optics,854 92.3 %

AL transmission, 854 nm T al,854 93.0 %

Waveguide coupling efficiency ηwg 96.2 % 97.1 %

AL transmission, 1550 nm (3x) (T al,1550)3 94.4 %

Bandpass filter transmission T bpf 96.0 %

Fiber in/out-coupling efficiency ηfiber · T fibfac 93.5 %

Volume Bragg grating transmission T vbg 98.5 %

Etalon transmission T etalon 93.4 %

Int. eff. and opt. el. trans. (est.) ηint · T optics,1550 93.3 % 88.0 %

External device efficiency ηdev 60.1 % 57.2 %

ηdev,V = 57.2 %.
Next, we investigate the background: we already mentioned in Sect. 3.2.1 that ASR is
the dominant background source in this DFG-process. Fig. 3.12b displays the gener-
ated and detected CIB count-rates (Rcib, gen/det) at different total pump powers P tot =
PH + PV. We measured Rcib, det with the detection setup shown in Fig. 3.9 including
the projection setup using two SNSPDs. We operate SNSPD 1 (2) at a bias current
of -6.25 µA (-16.7 µA) corresponding to 35(3) % (31(3) %) SDE and a measured DCR
of 60.5(3) cps (54.0(3) cps). All measured CIB count-rates are dark-count subtracted
and time-averaged over 15 min to get sufficiently low Poissonian error bars. The or-
ange and blue data points in Fig. 3.12b represent Rcib, det of each SNSPD while the
green data points denote the sum of both. The reason for different CIB count-rates of
both SNSPDs is mainly the dissimilar SDEs. The most interesting number is Rcib, gen

(black data points). To this end, we divide Rcib, det by the SDE and the transmission
of the projection setup of ηpro = 88 %. The considerably larger error bars (larger than
1/ηproηsde) are caused by the additional uncertainty of the SDEs. At the operating
point P tot = 1110 mW we find Rcib, gen = 24(3) cps, which compares well with the O-
band converter (Rcib, gen = 11.4 cps) taking into account the more than twice as high
EDI. In principle, we expect for ASR background a linear dependence on the pump
power following the literature [134]. However, because DFG and SFG obey the same
phasematching condition, ASR background around 1550 nm is up-converted to 854 nm
subsequently after it is generated in the WG. Since the spectral-filter bandwidth is small
compared to the acceptance bandwidth of the DFG-process (≈ 80 GHz), phasematching
is ensured for the entire detectable ASR background. This results in a reduction of the
ASR background at 1550 nm of almost a factor of 2 at the operating point where the
internal conversion efficiency has its maximum. The effect has been already observed
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Figure 3.12. External device efficiency and conversion-induced background.
(A) Measurement of the external device efficiencies ηdev,H and ηdev,V in dependence on the pump
powers per arm PH and PV. Due to different device efficiencies of both arms the curves do not
overlap. However, the arms are pumped with different powers since we are able to change the
ratio γpump = PH/PV by adjusting the pump laser polarization. At PH = 485 mW and PV =
625 mW we achieve ηdev,H = ηdev,V = 57.2 %. (B) The detected and generated CIB count-rates
(Rcib, det/gen) in dependence on the total pump power P tot = PH + PV. Rcib, gen excludes the
SNSPD detection efficiency and transmission losses in the projection setup. At the operating
point (1110 mW) we measure Rcib, gen = 24.2 cps caused by ASR scattering. In principle, we
expect a linear dependence on the pump power (black dashed line) for ASR background, however,
up-conversion of the ASR flattens the curves. The solid lines are fits with the respective model
presented in the main text.

by Maring et al. [142,236] and modeled as

Rcib (P ) =

∫ L

0
αasrP

(
1− ηmax

int · sin2
(

(L− x)
√
ηnorP

))
dx

= αasrPL

(
1− 1/2 ηmax

int +
1/2 ηmax

int

L
√
ηnorP

sin
(
L
√
ηnorP

)
cos
(
L
√
ηnorP

))
(3.17)

comprising a linear term αasrPL related to ASR background and a nonlinear term
related to up-conversion of ASR background. Fits to the data with this model (solid
lines in Fig. 3.12b) indicate good agreement. Note that αasr is the only free parameter
while ηnor is extracted from the pump-power dependent device efficiency, L = 40 mm,
and ηmax

int is assumed to be 95 %. For comparison, the dashed black line shows the
expected linear course disregarding up-conversion to 854 nm.
If we compare our CIB rate with that measured by Krutyanskiy et al. [164] (Rcib, gen

= 58 cps) we find an unexpected discrepancy (the majority of the components such as
WGs, pump laser, spectral filters are identical). Taking into account their EDI of 30 %,
we expect for our device Rcib, gen = 110 cps assuming that the background suffers in the
same way from the lower efficiency. One reason for the discrepancy are the different
phasematching temperatures (19 ◦C vs. 38 ◦C), corresponding to a factor 1.43 in the
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Figure 3.13. Process fidelity and long-term stability. (A) Bloch-sphere represen-
tation of the process matrix measured via QPT. (B) The process fidelity over 3.5 hours. We
observe an excellent long-term stability without any significant drops of the process fidelity.
Note that this includes the 90 m long fiber connecting the converter and ion lab.

ASR background, i.e. we expect Rcib, gen ≈ 77 cps. In fact, the remaining difference
stems from the dissimilar configurations. In their CaCG, the whole pump power is
transmitted through both WGs, so let’s say 2N background photons are created. In
the Sagnac configuration we pump both arms with about half P tot, hence N/2 photons
per arm and N photons behind the PBS. Since we found the ASR background behind
the WG to be almost unpolarized, roughly one half of the background takes the second
output port of the PBS, so we end up at N/2. With the additional factor four we expect
about 20 cps, close to our generated CIB rate.
To finish the characterization of the C-band converter, we prove polarization-preserving
operation by means of quantum process tomography. Fig. 3.13a illustrates the Bloch
sphere representation of the measured process matrix with Fpro = 99.81(3) %. As
expected we find only slight deviations from the ideal sphere caused by a rotation
around the x-axis. The long-term stability of the process fidelity is shown in Fig. 3.13b.
We observe an excellent long-term stability, most probably due to less polarization drifts
in the 90 m long fiber connecting the labs. The better overall process fidelity compared
to the O-band converter is attributed to the absence of the phase stabilization, a higher
power stability of the pump laser and the improved polarization rotation measurement
utilizing a polarimeter.

3.3 QFC of polarization-entangled photons from a SPDC
source

Until now we characterized our PPQFCDs merely with coherent light, either at macro-
scopic intensities or at the single-photon level. The next step is to convert nonclassi-
cal light and demonstrate the preservation of quantum correlations after PPQFC. To
this end, we employ a photon-pair source based on cavity-enhanced SPDC, which has
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been constructed and operated by J. Eschner’s group. The source emits narrowband,
nearly-degenerate polarization-entangled photon pairs at 854 nm with one photon being
resonant with the 42P3/2 ⇔ 32D5/2 transition in 40Ca+-ions and the second photon
being 480 MHz detuned. We briefly introduce the source in Sect. 3.3.1 and subsequently
explain the complete experiment consisting of source and converter. In Sect. 3.3.2 we
demonstrate preservation of polarization entanglement during PPQFC with high fi-
delity, even if the telecom photons are transmitted through kilometer-scale fibers with
lengths of 20 km and 40 km.

3.3.1 Narrowband entangled photon pair source at 854 m

The source is based on SPDC in a type-II2 periodically-poled KTP (PPKTP) crystal
designed to create frequency-degenerate photons at 854 nm. The SPDC process requires
pump light at 427 nm generated by cavity-enhanced SHG of a frequency-stabilized diode
laser. The main purpose of the source is to deliver entangled photon pairs for heralded
absorption experiments with trapped Ca+-ions [131], i.e. the photons have to match the
linewidth of the atomic transition ∆ω = 2π · 22.5 MHz. Since the SPDC spectrum is
rather broadband (≈ 150 GHz depending on the crystal length), it is possible to either
apply strong spectral filtering, which considerably reduces the pair rate, or to insert the
nonlinear crystal into an optical resonator. The latter results in a comb-like spectrum
where the spectral density is reordered into narrowband teeth and is therefore favorable
in terms of ion-resonant pair rate.
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Figure 3.14. Narrowband entangled photon-pair source. Simplified schematic rep-
resentation of the cavity-enhanced SPDD-source delivering narrowband polarization-entangled
photon pairs at 854 nm (adapted from [204]). Setup and functionality will be explained in the
main text. A much more detailed scheme can be found in [237].

The scheme of the source is shown in Fig. 3.14: the crystal is surrounded by a 14.7 cm
long 3-mirror ring cavity with two HR-mirrors and one partially reflecting outcoupling-
mirror (RH = 95.8 %, RV = 96.7 %). The cavity length is actively stabilized to be reso-

2Type-II phasematching means that a vertically-polarized pump photon creates two orthogonally
polarized (H and V) down-converted photons.
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nant with the P3/2 ⇔ D5/2 transition. Due to birefringence, the orthogonally-polarized
modes are not degenerate, but separated by 480 MHz, and they possess different finesses
(H: 119, V: 145) and accordingly different linewidths of 15.4 MHz (H) and 12.8 MHz (V).
This is a problem since absorption of both polarizations from the ion is frustrated, and
dissimilar linewidths render the photons partially distinguishable and therefore decrease
the entanglement fidelity. To overcome those issues, the source is arranged in a stabi-
lized Mach-Zehnder interferometer. The 427 nm light is split in two parts and pumps
the crystal from two sides. The clockwise and counter-clockwise propagating photons
leave the cavity at the outcoupling mirror under different angles and are superimposed
at a PBS, i.e. each output beam has contributions from both input ports with orthog-
onal polarizations. Due to an HWP inserted in one output arm, the two contributions
from each input port stem from the same polarization modes within the cavity and
are indistinguishable in terms of linewidth and absolute frequency. Note that Sagnac
configurations are widely used for this purpose in the literature [238,239], which cannot
be realized in our source for technical reasons.
In its current configuration, the source generates entangled photon-pairs with an ion-
resonant pair rate of 5× 104 pairs/s·mW and a Bell-state fidelity around 98 %. Theoretical
background, further technical details and a complete characterization of a previous
(slightly different) version of the source can be found in S. Kucera’s PhD thesis [204]
and J. Arenskötter’s master thesis [237].

3.3.2 Experiment and results

The experimental setup for PPQFC of entangled photons is sketched in Fig. 3.15. We
define the signal photons generated by the SPDC source as those resonant with the
ion’s optical transition while the idler arm contains the detuned photons. The source de-
scribed in Sect. 3.3.1 is not yet in single-mode operation, i.e. it emits photons in multiple
longitudinal cavity modes. Since the narrowband spectral filters of the PPQFC transmit
only one longitudinal mode, the signal and idler count rates would be highly asymmet-
ric. In this case the majority of the photons is not correlated with each other and
contributes to uncorrelated background coincidences known as accidental background.
In fact, accidental background is always present in cw-pumped SPDC sources due to
coincidences between photons from consecutively emitted pairs with a time difference
smaller than the width of the coincidence peak. However, the accidental background
is lower if the second arm is filtered, too (for details see [204]). To achieve this, the
signal photons first pass a filter lens (FSR: 50 GHz, FWHM: 100 MHz) to get rid of
all adjacent cavity modes. The filter lenses are monolithic Fabry-Pérot cavities (FPI)
made out of plano-convex glass lenses with HR-coatings on both end facets [240, 241].
The main advantage compared to air-spaced FPIs is a comparable simple stabilization
of its resonance frequency; it only requires a temperature stabilization of the whole
lens. Subsequently, we project and detect the signal photons with silicon avalanche
photodiodes (APD, Excelitas Technologies). The idler photons are frequency-converted
in three different schemes a), b) and c) corresponding to different fiber lengths. In
scheme a) we demonstrate preservation of entanglement during QFC. To this end, the
idler photons are guided to the PPQFC via the 90 m long fiber connecting the labs and
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Figure 3.15. Setup for conversion of entangled SPDC-photons. The setup to
demonstrate preservation of polarization entanglement during QFC using photon pairs from a
SPDC source. The signal photon is projected and detected with silicon APDs in the source
lab, while the idler photon is guided to the QFC lab. The labels a), b) and c) denote different
measurement schemes: In a) and b) we immediately send the photons to the PPQFC and
project/detect them at 1550 nm with the SNSPDs. In b) we additionally insert a 20 km long
fiber between converter and projector. In c) we demonstrate entanglement over 40 km of fiber
in the following way: first, the photons pass a 50:50 fiber beam splitter. One half of the photons
is down-converted to 1550 nm, transmitted through 20 km of fiber and backreflected employing
a fiber optic retroreflector. They pass again the 20 km fiber and are up-converted to 854 nm.
The doubly-converted photons are projected and detected with a projection setup connected to
the second input port of the beam splitter.

projected/detected at 1550 nm with the SNSPDs. The PPQFC setup and polarization
compensation method are identical to those presented in Sect. 3.2.1. Additional spectral
filtering to remove adjacent cavity modes is not required at 1550 nm since narrowband
filtering is already implemented to suppress CIB. The SNSPD output pulses are sent
through BNC cables installed in parallel to the fiber to the source lab and recorded by
a 2-channel time-tagging electronics (Picoharp 300, PicoQuant). Scheme b) intends to
prove preservation of entanglement over more than 20 km of fiber. To this end, we insert
a 20 km long spooled telecom fiber between the PPQFC and the projection setup. The
fiber spool is within a closed polystyrene box and temperature-stabilized to 0.1 ◦C to
suppress temperature-induced polarization rotations. Using classical light, we measure
a transmission of 42 % including both fiber-fiber connectors, which matches well to the
expected attenuation of 0.18 dB/km in the used fiber. In c) we extend the fiber length
to 40 km and additionally demonstrate bi-directional operation of the PPQFCD. In this
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scheme, the idler photons are split with a 50:50 BS. One half is lost, while the second
half is down-converted, transmitted through the 20 km-fiber and reflected employing
a fiber optic retroreflector (P1-SMF28ER-P01-1, Thorlabs). Thus, the photons pass
again the fiber and are subsequently back-converted to 854 nm. We confirmed by trans-
mission measurements with classical light as well as the photon count rates that the
PPQFCD possesses the same EDI in both directions, which underlines the advantage
of the Sagnac configuration. The second input port of the BS guides the photons to a
further projection setup for 854 nm. The filter lens suppresses adjacent modes as well as
up-converted ASR background. Note that a fiber optic circulator might be preferable
to avoid loosing 75 % of the photons, however, we cope with this loss due to the high
brightness of the source.

Results

We verify entanglement via quantum state tomography. Correlation of the signal and
idler detection events reveals the signal-idler cross correlation with the typical bunching
peak related to the nonclassical temporal correlation (see Sect. 2.2.3 or [204]). We obtain
the number of coincidences per basis setting C by summing up all coincidences in a
50 ns window around the peak center corresponding to almost 100 % of the peak area.
From those numbers we reconstruct the density matrix by means of maximum-likelihood
estimation as described in Sect. 2.2.3. Before we present the results, we take a closer
look at the SBR. As mentioned above, cw-pumped SPDC sources are always affected
by accidental coincidences. The number of signal coincidences S is proportional to the
pair rate Rpair and the probabilities ηs,i to detect signal and idler photons according to

S ∝ ηsηiRpair. (3.18)

On the contrary, the background is determined by the product of the detected signal and
idler count rates Rdet,s,i, which depend on the pair rate as well as detector dark-counts
and CIB:

B ∝ Rdet,sRdet,i with Rdet,s,i = ηs,iRpair +Rdcr,s,i +Rcib,s,i. (3.19)

In our experiments ηs,iRpair is much larger than Rdcr,s,i and Rcib,s,i, i.e. accidental co-
incidences is the dominant background source while detector dark-counts and CIB are
negligible. Thus, we assume B ∝ ηsηiR

2
pair and get

SBR =
S

B
∝ 1

Rpair
. (3.20)

We find that the SBR does not depend on ηs,i since losses in one channel decrease signal
and accidental coincidences in the same way. Hence, QFC does not alter the SBR as
long as Rdcr and Rcib are much lower than the signal count rates ηs,iRpair. For our mea-
surements we calculate the SBR as explained in Sect. 2.2.3 and quantify its influence on
Bell-state fidelity and purity according to Eq. 2.56. Besides, we reconstruct density ma-
trices from background-subtracted raw data. Since the background is very sensitive to
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Figure 3.16. Preservation of photon-photon entanglement during PPQFC.
The measured density matrices for different measurement schemes, which are illustrated by the
drawings in the left column. As expected we find Ψ− Bell-states. All density matrices are
reconstructed from background-subtracted data. The matrices without background subtraction
(BGS) can be found in Appendix C.
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count rate fluctuations and may differ between the measurements, background subtrac-
tion (BGS) is a valuable tool to verify the functionality of our PPQFCD by comparing
fidelities and purities before and after QFC.
The density matrices reconstructed from background-subtracted data of all measure-
ment schemes are illustrated in Fig. 3.16, while the respective Bell-state fidelities, pu-
rities and SBRs are listed in Tab. 3.5. All density matrices without BGS can be found
in Appendix C. We first take a look at the performance of the source without PPQFC
represented by the first density matrix in Fig. 3.16. Ideally, we expect the Ψ− Bell-state
1/
√

2 (|HV 〉 − |V H〉) with four non-zero density matrix entries: two diagonal elements
with equal heights of 0.5 denoting the “population” terms {|HV 〉〈HV |, |V H〉〈V H|}
(red bars) and two off-diagonal elements with equal heights of −0.5 identifying the co-
herences {−|HV 〉〈V H|,−|V H〉〈HV |} (blue bars). The density matrix clearly indicates
a Ψ−-state with a high fidelity of 98.0(1) % and a purity of 96.9(2) %. If we calculate
the maximum achievable fidelity limited by the purity according to Eq. 2.39, we find
Fmax = 98.4 %, hence the fidelity is mainly limited by the purity and not by unitary
rotations of the state. Fidelity and purity without BGS are calculated as 76.9(3) %
and 61.9(4) %, respectively. The fidelities are still well above the classical threshold of
50 %, but significantly lower in comparison with the background-corrected values. Un-
fortunately, the SPDC source was in a non-perfect condition when the measurements
were conceived since it suffered from regular failures and uncertainties of the cavity lock
resulting in pair rate fluctuations. Moreover, the SBR was low because of non-perfect
optical alignment of the output beams. With Eq. 2.56 and 2.58 we are able to calculate
the expected fidelity and purity with the measured SBR of 2.26; we get 99.9 % and
101.08 % for fidelity and purity, respectively, and hence slightly overestimate both mea-
sures. We attribute this to the pair rate fluctuations resulting in different SBRs for each
basis setting. In this situation the ansatz of a maximally mixed contribution from the
background assumed for Eq. 2.56 and 2.58 is not valid anymore. Besides, fluctuating
pair rates result in non-physical density matrices, i.e. the MLE might find a density
matrix, which is the most-likely one, but not well-supported by the experimental data.
Next, we measure entanglement between a photon at 854 nm and a frequency-converted
photon at 1550 nm (scheme a)) as shown in Fig. 3.15. The respective density matrix
reveals a background-corrected fidelity of 97.29(03) % and a purity of 98.9(1) %, which

Table 3.5. Bell-state fidelities, purities and SBR of entangled photons from a SPDC source
in the four different measurement schemes.

Scheme Fidelity with Ψ− Bell-state Purity SBR

w/ BG sub. w/o BG sub. w/ BG sub. w/o BG sub.

854 - 854 98.0(1) % 76.9(3) % 96.9(2) % 61.9(4) % 2.26

854 - 1550 97.29(3) % 78.7(1) % 98.9(1) % 65.9(1) % 1.86

854 - 1550, 20 km 98.33(3) % 74.0(1) % 98.7(1) % 58.2(1) % 2.15

854 - 854, 40 km 98.9(1) % 75.8(3) % 99.4(1) % 61.8(4) % 2.02
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proves the preservation of polarization entanglement during PPQFC. Interestingly, the
purity is higher than before, while the fidelity is worse. The decrease in fidelity is due
to unitary rotations, which is visible in the density matrix due to the presence of unde-
sired entries. The origin is most probable non-perfect compensation of the polarization
rotation between source and converter lab. Nevertheless, we infer from the high pu-
rity that PPQFC does not introduce significant depolarization. If we consider fidelity
and purity without BGS, we find slightly higher values compared to the source without
QFC although the SBR is decreased to 1.86. In fact we do not have an explanation for
this result, but it is most likely related to pair-rate fluctuations or the slightly different
spectral filter setup.
In the third measurement we add the 20 km fiber into the telecom path (scheme b))
yielding fidelities and purities very similar to those without the fiber. This time the
purity is slightly reduced whereas the fidelity is higher. Unfortunately, the pair-rate
fluctuations of the source do not allow for precise conclusions on the influence of the
converter or the fiber since all values are not fully consistent. Moreover, it is difficult to
give reliable error bars since the assumptions of Poissonian-distributed detection events
is not fulfilled, i.e. the error bars in Tab. 3.5 are expected to be too small. Nevertheless,
fidelities and purities clearly prove entanglement even without BGS. Besides, all values
are rather similar, hence a significant degradation due to the converter cannot be iden-
tified.
Surprisingly, the best results are obtained in the most complex measurement demon-
strating two-step QFC and photon-photon entanglement over 40 km of fiber. We find a
fidelity of 98.9(1) % and remarkably high purity of 99.4(1) %. In the absence of unitary
rotations the purity would enable a maximum fidelity of even 99.7 %. Those results are
quite promising since neither the 40 km fiber, being prone to temperature-induced po-
larization rotations, nor the double-pass through the converter degrades the purity. An
explanation for the higher purity might be that we measured scheme c) at comparable
long integration times (several hours instead of a few minutes), hence fluctuating pair
rates are potentially averaged out. Moreover, the cavity-lock of the source has been im-
proved before this measurement resulting in a more stable operation. Note that during
the preparation of this thesis, the source has been further improved in terms of stabil-
ity and SBR enabling raw fidelities larger than 90 %, too. We conclude that PPQFC
enables entanglement distribution over large kilometer-scale fiber distances with high
fidelity. As a comparison: while the transmission through the 40 km fiber is 17.5% at
1550 nm, it is 10-14 at 854 nm completely preventing a measurement of entanglement.

3.4 Summary and discussion

In this chapter we presented two PPQFCDs translating photons at 854 nm resonant
with the 42P3/2 ⇔ 32D5/2 transition in trapped 40Ca+-ions to the telecom O-band
and C-band at 1310 nm and 1550 nm, respectively. We employ difference-frequency
generation in nonlinear WGs made of lithium niobate stimulated by strong classical
cw pump lasers at 2456 nm and 1904 nm, respectively. The O-band converter is con-
structed in a single-crystal Mach-Zehnder configuration to overcome the polarization
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dependence of the DFG-process. We simultaneously achieved for both polarization
components an EDI of 26.5 %, which compares well with values from polarization-
dependent [82, 137, 141, 142, 148] and polarization-preserving [164, 166] QFCDs in the
literature. Furthermore, we proved that the efficiency of 26.5 % is independent of the
input polarization, a prerequisite for polarization-preserving operation. An uncondi-
tional CIB count rate of 11.4 cps was observed, which is to our knowledge the lowest
CIB of a QFCD reported so far in the literature. Next, we introduced the schemes to ac-
tively stabilize the interferometer path-length difference as well as our superconducting-
nanowire single-photon detectors for telecom wavelengths. Both are required to prove
polarization-preserving operation by means of quantum process tomography. A max-
imum process fidelity of 99.75(6) % and a sufficiently good long-term stability with
Fpro > 99.5 % over six hours has been observed. To quantify the influence of the con-
verter on Fpro we performed Monte-Carlo simulations revealing that neither interferom-
eter phase fluctuations nor efficiency mismatches between the polarization components
considerably decrease F in our case.
In the second part we presented the setup and complete characterization of the C-band
converter being a clearly improved version of the O-band converter. To ensure polar-
ization preservation, an intrinsically phase-stable Sagnac configuration is employed. In
order to boost the EDI, we developed an optimization routine to improve the coupling
of input, target and pump field to the fundamental WG mode by maximizing the over-
lap integral between WG mode and incident beam. With this method we achieved
coupling efficiencies larger than 96 % for 854 nm and 1550 nm. Relying on optimized
optical components, the EDI is 57.2 % for both polarization components being to our
knowledge the highest device efficiency achieved so far for a QFCD. At the same time,
the converter features process fidelities around 99.8 % stable over several hours and low
background of 24(3) generated cps, which is almost identical to the O-band converter
taking the dissimilar device efficiencies into account.
As a first field test, we converted nonclassical light, namely narrowband polarization-
entangled photons at 854 nm emitted by an SPDC source, to 1550 nm and demonstrated
preservation of polarization entanglement during PPQFC. We briefly introduced the
source generating photon pairs in a Ψ− Bell-state with a raw fidelity of 76.9(3) % and
a background-subtracted fidelity of 98.0(1) %, as well as the joint setup consisting of
source and PPQFCD. First, we demonstrated polarization entanglement between a
photon at 854 nm and a telecom photon with a raw (background-subtracted) fidelity of
78.7 % (97.3 %). The background mainly stems from accidental coincidences generated
by the source while the contribution of the converter is negligible. Second we extended
the range between the photons by inserting 20 km of fiber into the telecom channel.
We still observed entanglement with high fidelity of 74.0(1) % (raw) and 98.33(03) %
(bg-sub.). Finally, we increased the fiber length to 40 km by means of a double-pass
through the fiber and the PPQFCD yielding entanglement between a 854 nm-photon
and a doubly-converted 854 nm-photon with fidelities of 75.8(3) % (raw) and 98.9(1) %
(bg-sub.). The latter verifies that PPQFC enables entanglement distribution over large
fiber distances of more than 40 km and on top a completely bi-directional operation of
the PPQFCD.
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Table 3.6. Requirements and figures of merit to scale-up QFCDs for quantum networks:
Performance of the O- and C-band converter.

Figure of merit/Requirement O-band converter C-band converter

High external device efficiency 4 4

Low conversion-induced background 4 4

High process fidelity of qubit conversion 4 4

High frequency and power stability (pump) 8 4 8

Reliable 24/7-operation (pump) 8 4

Turn-key pump laser system 8 4

Compact and transportable system 8 8

Stand-alone system and operation 8 4

Integration into 19-inch racks 8 8

Integration on a single chip 8 8

Bi-directional operation (SHG and DFG) 8 4

Photon bandwidth manipulation 8 8

Conversion to multiple frequency channels 8 8

Dispersion cancellation 8 8

We finish this chapter by assessing both converters with respect to our criteria for
QFCDs in quantum networks introduced in Sect. 2.3. Tab. 3.6 displays the complete
list featuring check marks and x-marks indicating if they are fulfilled by the respective
QFCD. Starting with the conversion metrics, both devices feature high process fideli-
ties around 99.8 %, which is higher than the best atom-photon entanglement fidelities
reported for QNNs so far [59,89], hence high process fidelity is fulfilled. A similar argu-
ment holds for the CIB, which is in the same range as dark-count rates of state-of-the-art
superconducting detectors for telecom wavelengths. We will find in the next chapter
that the amount of background limits the SBR of single photons emitted by QNNs to
nearly 300. To asses the EDI it is helpful to investigate at which fiber distance QFC
starts to become beneficial, i.e. at which distance the attenuation losses at the original
wavelength are higher than the device efficiency and the losses at the target wavelength.
Assuming attenuation coefficients of 3.5 dB/km at 854 nm, 0.3 dB/km at 1310 nm and
0.18 dB/km at 1550 nm, we calculate 1.8 km and 730 m for the O-band and C-band con-
verter, respectively. Both values are below typical distances between QNNs expected for
inter-city quantum networks of > 10 km [82,242]. Regarding the pump laser properties,
the integration in existing experiments, and efforts towards miniaturization, we already
pointed out at the beginning of Sect. 3.2 that the O-band converter does not fulfill any
of those requirements mainly due to the OPO-based pump laser (this may change if the
already mentioned Cr2+:ZnSe/S lasers are available with an improved performance with
respect to frequency and power stability). On the contrary, the TDFL/TDFA-system
at 1904 nm pumping the C-band converter is a convenient turn-key system designed for
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24/7-operation. Its output power is stable within a few percent and its frequency is
actively stabilized. However, we added a x-mark on this requirement since in quantum
networks a much better frequency stability (≈ kHz) and potentially even a phase-lock
might be necessary, which requires a much more sophisticated stabilization scheme.
Due to the absence of an active stabilization, the C-band converter can be operated
completely independent as a stand-alone system. Up to now, no efforts towards minia-
turization were made; the converter still requires about one third of an optical table.
Ongoing promising work on an improved optical/mechanical setup intends to integrate
the whole system including spectral filters and state projection into a 19-inch rack. All
advanced functionalities except the already mentioned bi-directional operation of the
C-band converter are out of reach with the current devices, but could be implemented
in future devices since we currently do not see any fundamental obstacles.



Chapter 4

High-fidelity entanglement between a
trapped ion and a telecom photon via

quantum frequency conversion

Contributions: The experiments in this chapter have been per-
formed at Saarland University in the labs of Prof. Christoph Becher
and Prof. Jürgen Eschner, who jointly supervised the experiments.
Matthias Bock (M.B.) and Pascal Eich (P.E.) conceived the exper-
iments and analyzed the data with support from Stephan Kucera
(S.K.). The QFCD was operated by M.B. whereas the ion trap
was operated by P.E. The ion-photon entanglement sequence has
been developed and implemented by P.E., Matthias Kreis and S.K.
with advice from Philipp Müller. The software tools to extract the
histogramized ion-photon state correlations from the raw data were
developed by S.K. while the MLE-based quantum state reconstruction
has been implemented by M.B.

The main results in this chapter are published in Nat. Commun. 9,
1998 (2018) and in the PhD thesis of Pascal Eich [243].

In this chapter we present a complete device generating entangled states between a
Zeeman qubit in a trapped 40Ca+-ion and the polarization state of a telecom photon as
an elementary building block for quantum networks. To this end, we combine a trapped-
ion QNN with our PPQFCD connecting 854 nm to the telecom O-band at 1310 nm. We
characterize the device with respect to entanglement generation rates and SBR, and
verify light-matter entanglement at 854 nm and 1310 nm, i.e. before and after PPQFC,
via QST. The chapter is organized as follows: in Sect. 4.1.1 we first introduce our
trapped-ion QNN and briefly explain how we trap and manipulate 40Ca+-ions. Next,
we present the experimental sequence and results of entanglement generation between
a single ion and the polarization state of an emitted photon at 854 nm (Sect. 4.1.2).
Finally, we describe the complete device combining the trapped-ion QNN with PPQFC
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Figure 4.1. Ion trap and 40Ca+-ion level scheme. (A) The level scheme of
40Ca+-ions with all relevant levels and optical transitions. The transitions at 393/397 nm and
850/854/866 nm are dipole-allowed while those at 729/732 nm are quadrupole transitions. gj de-
note the Landé-factors and A the Einstein coefficients. (B) Picture of the ion trap setup outside
the vacuum chamber. Ions are stored in a linear Paul trap made of blade-shaped electrodes.
Photon collection from the ion is realized with high-aperture laser objectives (HALOs) mounted
on piezo translation stages. Both figures were created by S. Kucera [204]

and demonstrate the preservation of light-matter entanglement during PPQFC with
high fidelity (Sect. 4.2).

4.1 Quantum node based on single trapped 40Ca+-ions

In this thesis, we utilize 40Ca+-ions, a well-studied ion species for QIP, whose level
scheme including the Landé-factors gj and all relevant optical transitions with their
respective Einstein coefficients A, is shown in Fig. 4.1a. The ion has a long-lived ground
state (S1/2) and two short-lived excited states P3/2 and P1/2 with a lifetime of about
7 ns. Ground and excited states are connected via optical dipole transitions at 393 nm
and 397 nm, which are utilized for Doppler cooling, fluorescence-based state-readout,
and as excitation path for light-matter entanglement generation. Moreover, Ca+-ions
possess two metastable states D3/2 and D5/2 with a lifetime of roughly 1.17 s. All states
have several Zeeman sublevels; for the sake of clarity they are not shown in Fig. 4.1a.
The D-states are connected to the ground state via quadrupole transitions at 729 nm
and 732 nm and to the P -states via dipole transitions at 850 nm, 854 nm and 866 nm.
While the transition at 854 nm is our photonic interface, coherent manipulation of the
ion for high-fidelity state readout or the preparation of atomic qubits makes use of the
quadrupole transition at 729 nm.

4.1.1 Trapping and coherent manipulation of single ions

In this section we briefly introduce the ion trap and the tools to perform coherent
manipulation and atomic-state analysis. The setup has been developed by the Eschner
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group over many years, hence a much more detailed description can be found in the
PhD theses of P. Eich [243], S. Kucera [204], C. Kurz [244], and J. Huwer [245].
We store ions in a linear Paul trap depicted in the inset of Fig. 4.1b. The trap consists of
four blade-shaped stainless-steel electrodes mounted on marcor holders. Two opposite
electrodes are grounded whereas a radio frequency (RF) voltage with ν ≈ 25.9 MHz is
applied to the two remaining electrodes to generate the oscillating potential for the
radial confinement of the ions. The axial confinement is ensured by a constant voltage
applied to two end-tip electrodes. The radial and axial trap frequencies are determined
by the trap geometry and the amplitudes of the RF and static voltages, and given as
ωrad ≈ 2π ·3.7 MHz and ωax = 2π ·1.166 MHz, respectively. To load the trap with single
ions, neutral Ca-atoms are dispensed by an resistive-heater oven and ionized in two
steps using a narrowband frequency-doubled laser at 422.67 nm and a broad UV-LED
emitting around 380 nm [246].
Photon collection from the ion employs two high-aperture laser objectives (HALOs) as
shown in Fig. 4.1b. The Paul trap is located in the middle between the two HALOs,
the axis through the HALOs is defined as 0◦-axis. To ensure optical access under 90◦,
the trap is mounted at an angle of 22.5◦ with respect to the 90◦-axis (an alternative are
holes in the end-tip electrodes). Both HALOs are mounted on xyz-translation stages
for precise positioning with respect to the ion. The HALOs allow for diffraction limited
imaging and are AR-coated for all transition wavelengths. They have a numerical
aperture (NA) of 0.4 corresponding to an opening angle of about 47.2◦ and a covered
solid angle of Ω = 4π · 4.17 %. During the experiments in this thesis, one HALO is
aligned to achieve best coupling of emitted 854 nm-photons into a SM fiber, whereas
the second HALO is optimized for collection of fluorescence light at 397 nm.
We can apply magnetic fields in all three directions by means of three coil pairs mounted
to the flanges outside the vacuum chamber. We perform all experiments with a magnetic
field of 2.8 Gauss along the axis through the HALOs, which defines the quantization
axis (z-axis) of the ion. The coil pairs on the x- and y-axis are used to compensate for
the earth magnetic field as well as further stray fields originating e.g. from magnetic
mirror mounts or electrical devices. A well-known source of decoherence of atomic
Zeeman qubits with different magnetic quantum numbers m is magnetic field noise (in
all three directions). For instance, time-dependent z-fields change the energy difference
between the qubit states and accordingly influence the temporal evolution of the qubit
phase. Although the evolution is coherent, it may differ for each prepared superposition
state, which effectively destroys the phase coherence (so-called shot-to-shot dephasing)
and typically limits the T2-time of the ground-state Zeeman qubit to a few hundreds
of microseconds. Prominent frequency components in the noise are the 50 Hz power-
line frequency and its higher harmonics. The components at 50 Hz and 150 Hz are
compensated by an active feed-forward control loop lifting the coherence time of the
ground-state qubit to T2 ≈ 800 µs. Note that the constant magnetic field in z-direction
acts as a guiding field, i.e. field noise in x- or y-direction, whose amplitude is typically
much weaker than the constant z-field, is strongly suppressed since they have only a
tiny influence on length and direction of the total field vector. Hence, the dominant
contribution originates from field noise in z-direction.
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Cooling and coherent manipulation

For cooling and coherent manipulation on the optical dipole and quadrupole transitions,
frequency-stabilized external cavity diode-lasers (ECDLs) are utilized. The following
lasers are used during the experiments in this thesis:

(I) 397 nm: Laser light at 397 nm is generated by a frequency-doubled, amplified
diode laser at 794 nm. We employ this laser for Doppler cooling and fluorescence-
based state readout.

(II) 866 nm: The laser at 866 nm is required as repumper of the metastable D3/2-
state, which gets populated during Doppler cooling and fluorescence readout with
397 nm.

(III) 393 nm: Light at 393 nm is utilized to excite the ion on the S1/2 ⇔ P3/2 transition
for the generation of single photons at 854 nm (cf. Chap. 5).

(IV) 854 nm: We use the 854 nm laser as repumper of the D5/2-state and to excite
the ion on the D5/2 ⇔ P3/2 transition for single-photon generation at 854 nm.
Moreover, this laser is frequency-doubled to 427 nm serving as pump laser for the
SPDC source employed in Chap. 3.

(V) 729 nm: Coherent manipulation on the S1/2 ⇔ D5/2 transition for optical pump-
ing, state preparation and Zeeman-selective state readout is performed with the
729 nm laser (Rabi frequency up to Ω ≈ 2π · 250 kHz).

All lasers interacting with dipole transitions have to possess linewidths much below the
natural linewidths in the order of a few MHz, and a sufficient long-term stability to
enable experiments over several days. We achieve this by locking the laser frequency
with the so-called transfer-lock scheme [247]. The scheme is based on a master laser,
which is frequency-stabilized to an absolute reference. In our case this is a diode laser at
852 nm locked to a hyperfine transition of the Caesium D2-line by means of Doppler-free
saturation spectroscopy of an atomic vapor. The stability of this laser is transferred to
all other lasers using a series of optical cavities, whose lengths are locked to the 852 nm
laser via the Pound-Drever-Hall (PDH) technique. The cavities are doubly-resonant for
852 nm and the wavelength of the slave laser we intend to stabilize (e.g. 854 nm), i.e. if
we lock the slave laser frequency to a cavity resonance (again via the PDH-technique),
the absolute frequency stability of the master laser is effectively transferred to the slave
laser. Typical values of the achieved stability are in the order of a few hundreds of
kHz. Note that we employ the scheme in Chap. 6 in a very similar configuration to
stabilize the pump laser of the QFCDs for 780 nm, hence a more detailed description
is given there. Coherent manipulation on a quadrupole transition has significantly
higher demands on the spectral properties of the laser: the linewidth as well as the
long-term stability should be in the Hz-regime. Thus, the 729 nm laser is locked to a
high-finesse ultra-low expansion (ULE) cavity (Finesse ≈ 480000, linewidth ≈ 4 kHz).
The temperature-stabilized cavity is placed within an evacuated chamber and mounted
on an active vibration-isolation platform resulting in a low drift rate of 80 mHz/s. Note
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that it would be an arbitrary coincidence if the longitudinal cavity modes are exactly
located at the respective optical transitions, i.e. we use AOMs to tune the lasers to the
correct frequency.
Coherent manipulation on the magnetic dipole transition S1/2,m = −1/2 ⇔ S1/2,m =
+1/2 with a frequency of roughly 2π · 7.8 MHz is achieved with a RF-field generated by
a coil below the vacuum chamber (Rabi frequency Ω ≈ 2π · 100 kHz).

The experiment is controlled on a sub-microsecond time-scale by a PXI-based com-
mercially available system (“Hydra”, Signadyne, now: Keysight Technologies), which
is synchronized to an external atomic clock. The system features a series of arbitrary
waveform generators (AWG) to control amplitude, frequency and phase of the lasers
via AOMs, a 8-channel time-to-digital converter (TDC) with 320 ps resolution to record
detection events from the APDs or SNSPDs, and 64 digital input/output channels, e.g.
for amplitude control of the lasers or trigger signals to synchronize external devices to
the sequence. Fast experimental sequences of laser/RF-pulses and state-readout cycles
are programmed using flow-charts and directly executed on the PXI cards. Different
sequences (e.g. the main experiment sequence or intermediate spectroscopy sequences)
are initialized by an attached PC using Matlab scripts. For the measurements including
QFC, the output pulses from the SNSPDs as well as trigger pulses for the interferometer
path length stabilization are transmitted between the telecom lab and the control unit
via 90 m long BNC cables laid alongside the optical fibers. In fact, the cable length
is already critical since electronic pulses are considerably attenuated. Thus, the input
threshold of TDC has to be lowered almost to the minimum to record the SNSPD pulses.
In future experiments involving even longer distances, optical communication systems
will have to be implemented to replace BNC cables.

4.1.2 Ion-photon entanglement at 854 nm

Entanglement generation scheme and experimental setup

In this section we proceed with the generation and verification of entanglement between
two Zeeman states of the D5/2-manifold and the polarization of a spontaneously emitted
photon at 854 nm. The principle idea of the entanglement generation scheme is sketched
in Fig. 4.2a. We start in the S1/2 ground-state and excite the ion to the short-lived
P3/2-state with a π-polarized laser at 393 nm perpendicular to the quantization axis.
Spontaneous decay to the D5/2-state leads to entanglement between the Zeeman states
|↓〉 =

∣∣D5/2,m = −3/2
〉

and |↑〉 =
∣∣D5/2,m = +1/2

〉
, and the polarization states |σ+〉

and |σ−〉 of the emitted 854 nm-photon. For photon collection along the quantization
axis – determined by the static magnetic field – |σ+〉 and |σ−〉 correspond to |R〉 and
|L〉, respectively. Since the two transitions have different Clebsch-Gordan coefficients
(CGC) of

√
6/15 for σ+ and

√
3/15 for σ−, the decay probabilities differ by a factor two.

Thus, the theoretically expected ion-photon entangled state is not a Bell-state, but the
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Figure 4.2. Setup and level scheme for ion-photon entanglement generation.
(A) Ion-photon entanglement at 854 nm is generated via spontaneous decay from the P3/2- to
the D5/2-state after excitation with a π-polarized laser at 393 nm perpendicular to the quan-
tization axis. Since the emitted photons are collected along the quantization axis, π-polarized
photons (gray arrow) are suppressed. (B) Schematic setup of the trapped-ion QNN. A detailed
explanation of the setup is given in the main text.

asymmetric state

|Ψ〉asym =

√
2

3

∣∣σ+, ↓
〉

+

√
1

3

∣∣σ−, ↑〉
=

√
2

3
|R, ↓〉+

√
1

3
|L, ↑〉 . (4.1)

The experimental setup is shown in Fig. 4.2b. We collect the emitted photons at 854 nm
with one of the HALOs. The photons pass a demagnifying telescope and are coupled to
a SM fiber with an efficiency of 39 %. Behind the fiber, a combination of QWP, HWP
and QWP is used to compensate for unitary rotations induced by the fiber and optical
elements in the beam path (e.g. HALO, viewport, dichroic mirrors,...). To perform
tomography of the polarization state, we use the known setup consisting of motorized
half- and quarter-wave plates, polarizer and a silicon APD (SPCM-AQR-14, Perkin
Elmer) with 30 % SDE and a DCR of 117.7 cps.
We mentioned earlier that the HALO covers a solid angle of 4π · 4.17 %, hence we
may naively assume a collection efficiency of 4.17 %. However, we have to account for
different spatial dipole emission patterns of π- and σ-transitions as well as destructive
interference effects due to the SM fiber coupling. A detailed description of this can be
found in the PhD-thesis of P. Eich [243], here we sketch briefly the main results. We
define the ion reference frame with the quantization axis as z-axis and the x-axis in
the optical table plane. An observer at the location (θ, ϕ) with the azimuthal angle
θ with respect to the z-axis and the polar angle ϕ defined in the x-y plane detects
emitted photons with a certain polarization. The latter is defined in its own reference
frame with the z-axis being parallel to the ~k-vector of the photon. We obtain for the
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position-dependent, normalized amplitudes for π- and σ-polarized emission

~Aπ = −
√

3

8π
sin(θ)~eH,ph and ~Aσ+/− =

√
3

8π

eiϕ

2
(cos(θ)~eH,ph ± i ~eV,ph) (4.2)

with the unit vectors ~eH,ph and ~eV,ph for H- and V-polarized light, which correspond to
the unit vectors in the ion reference frame in θ- and ϕ-direction, respectively. We find
that the π-emission pattern is doughnut-like shaped with maximal intensities perpen-
dicular to the z-axis, in which the atomic dipole oscillates, and minimal intensities along
the z-axis. In contrast, σ-emission has its maximum along the quantization axis. For
θ = 0◦, σ+ and σ− correspond to R- and L-polarized light, respectively. To calculate
the free-space collection efficiencies ηfs, we integrate the spatial emission patterns over
the opening angle (47.2◦) of the HALO for symmetric collection along the quantization
axis, yielding

ηπfs =

∫ 47.2◦/2

θ=0

∫ 2π

ϕ=0

∣∣∣ ~Aπ(θ, ϕ)
∣∣∣2 sin(θ) dθ dϕ ≈ 0.51 %

ησ
+/−

fs =

∫ 47.2◦/2

θ=0

∫ 2π

ϕ=0

∣∣∣ ~Aσ+/−(θ, ϕ)
∣∣∣2 sin(θ) dθ dϕ ≈ 6.02 %. (4.3)

Hence, we collect 0.51 % and 6.02 % of the total emitted intensity in 4π for π- and
σ-transitions, respectively. For the calculation of the fiber-coupling efficiency we have
to consider the complex electric fields ~Eπ/σ+/− ∝ ieikr · ~Aπ/σ+/− , which includes the
phase information and gives rise to interference effects at the fiber facet. Calculating
the overlap between the electric fields and the fiber mode indicates that σ-polarized
photons can be coupled with maximal 40 % efficiency to the fiber, whereas π-polarized
photons are completely suppressed due to destructive interference [243]. The latter
can be intuitively understood from the rotational symmetry of ~Aπ with respect to ϕ,
i.e. the contributions from ϕ and ϕ + π cancel each other. In our case, we take ad-
vantage of this since a contribution from the π-transition results in a reduction of the
Bell-state fidelity of the ion-photon state. Taking into account the CGCs for σ- and
π-decay (σ+:

√
6/15, σ−:

√
3/15, π:

√
6/15), the final collection probability for σ-emission

is 0.6 × 6.02 % ≈ 3.61 %. The measured coupling efficiency to the SM fiber is 39 %,
which is consistent with the calculated overlap and results in a total collection efficiency
ηcoll ≈ 1.4 %.

Actually, the scheme to create ion-photon entanglement introduced above is simpli-
fied a lot and necessitates a more detailed treatment. The first issue arises from the
unfavorable branching ratio between the 854 nm- and 393 nm-transitions. Considering
the Einstein coefficients A393 = 21.49 MHz, A854 = 1.35 MHz and A850 = 152 kHz (see
Fig. 4.1a) we find that the ion decays with a probability of about 93.4 % via the 393 nm-
transition and only with 5.9 % via the desired 854 nm-transition. Thus, for excitation
with a resonant and sufficiently short (shorter than the P3/2-state lifetime of 7 ns) π-
pulse at 393 nm, the entanglement generation rate at 854 nm would be quite low. The
best possibility to solve this issue are cavity-mediated Raman transitions where the
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branching ratio is manipulated in favor of the 854 nm-transition by means of cavity
QED techniques [59]. However, this approach is technically sophisticated and requires
many years of development. Thus, we generate single photons not by π-pulse excita-
tion, but via spontaneous Raman-scattering employing “quasi-cw” excitation with a 3 µs
long off-resonant 393 nm-pulse. The efficiency to generate a photon at 854 nm within
the 3 µs is close to 100 % for a sufficiently high laser power, since we re-excite the ion
after each decay to the ground state until it decays to the metastable D5/2-state where
it cannot be excited anymore. The dynamics of this process is quantified by simulations,
which can be found in P. Eich’s PhD thesis [243]. The scheme is beneficial in terms of
generation efficiency, but it suffers from two disadvantages: first, the time-bandwidth
product of the emitted photons is not at the Fourier-limit anymore, since the photons
end up in a temporally mixed state. The wavepacket is at least a factor 17 longer than
expected from the natural linewidth1. The second issue is the creation of a statistical
mixture of two ion-photon entangled states as illustrated in Fig. 4.3b. If the ion decays
back to |S1/2,m = +1/2〉 under emission of a σ−-photon at 393 nm, it is re-excited to
|P3/2,m = +1/2〉, which results in the generation of an entangled state with a different
atomic qubit. The emitted photons related to this qubit cannot be distinguished from
the desired photons and lower the fidelity of the desired entangled state. To solve this
problem, we detect the population in the “wrong” atomic-qubit states via fluorescence
readout and discard those events in the QST. A detailed description of this method is
presented in the following section.

Experimental sequence

The experimental sequence is illustrated in Fig. 4.3a. It starts with 8.25 µs of Doppler
cooling on the S1/2 ⇔ P1/2 transition including repumping of population from the D5/2-
and D3/2-manifold with laser light at 854 nm and 866 nm, respectively. The comparable
short cooling time is sufficient since the scheme does not rely on resonant excitation
pulses, which typically heat up the ion. After cooling, the ion is in a mixture between
the two ground-state Zeeman levels. Note that optical pumping to one of the Zeeman-
states is possible, but not helpful. The states get mixed anyway due to the above
mentioned back-decay during the excitation cycle. It follows a 3.05 µs long π-polarized
excitation pulse at 393 nm to excite the ion to P3/2. Spontaneous Raman-scattering of
a single 854 nm-photon creates a mixture of the two ion-photon entangled states

|Ψ〉asym =

√
2

3
|R, ↓〉+

√
1

3
|L, ↑〉 and (4.4)

|Ψ〉unde =

√
1

3

∣∣R,D5/2m = − 1/2
〉

+

√
2

3

∣∣L,D5/2m = + 3/2
〉

(4.5)

1In fact, this is almost uncritical for ion-photon entanglement apart from a larger amount of uncor-
related background due to the longer wavepacket. However, the effect significantly reduces the visibility
of Hong-Ou-Mandel interference of photons from independent trapped ions and accordingly the success
rate of photonic Bell-state measurements, which is associated with the generation rate of remote ion-ion
entanglement.
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Figure 4.3. Experimental sequence for ion-photon entanglement generation.
(A) Timeline of the experimental sequence showing all lasers and detectors. Doppler cooling and
photon generation are repeated until a photon is detected by the APD, which triggers the atomic-
state readout. (B) Spontaneous decay via the 393 nm-transition to |S1/2,m = +1/2〉, subsequent
excitation to |P3/2,m = +1/2〉 and decay via the 854 nm-transition leads to a mixture of two
entangled states. (C) – (G) Pulse sequences of the fluorescence-based atomic-state readout.
The π/2-pulse on the RF-transition is optional and only applied for σx/σy-measurements.
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with |Ψ〉unde being the undesired second entangled state. In addition, there is a small
probability of 0.66 % for a decay from P3/2 to the D3/2-manifold upon emission of a
photon at 850 nm. These photons are also collected and detected, i.e. we have to detect
population in D3/2 and discard these events during the atomic-state readout to avoid a
decrease in fidelity.
The atomic-state analysis is performed conditioned on the detection of a photon within
the 3.05 µs time window. In case of no detection event the sequence restarts with
Doppler cooling. Note that this represents the post-selection process mentioned in
Sect. 2.2.2: for the evaluation we only consider the cycles in which the photonic qubit
is detected. The readout sequence starts with a coherent transfer of the atomic qubit
to the ground-state Zeeman qubit by two 50 µs long π-pulses at 729 nm (Fig. 4.3c).
Projective measurements in the superposition bases (σx/y) require an additional basis
rotation. To this end, we apply a 10 µs long π/2-pulse on the RF-transition with a fixed
phase to rotate orthogonal superposition states to the respective eigenstates, i.e. the
phase of the superposition state is translated to population of the eigenstates according
to √

1/2|m = −1/2 +m = +1/2〉 → |m = +1/2〉 (4.6)√
1/2|m = −1/2−m = +1/2〉 → |m = −1/2〉. (4.7)

Subsequently, the population is shelved back to D5/2 by two pulses at 729 nm (Fig. 4.3d).
In case of a σz-measurement the population transfer is still performed and the RF pulse
is replaced by a 10 µs waiting time to obtain the same time delays. Next, we read out
the atomic state by means of fluorescence detection, which correspond to the atomic σz-
measurement (see Fig. 4.3e/f/g). We first transfer the population from |D5/2,m = −1/2〉
(one of the undesired qubit states) to the ground state and switch on the cooling lasers at
397 nm and 866 nm. Scattered photons at 397 nm are collected with the second HALO,
coupled to a multi-mode fiber, and detected with a photomultiplier tube (PMT). If
the detected counts integrated over 200 µs surpass a certain threshold, we record a
“bright”-event, i.e. a positive measurement outcome of the respective projector. In this
particular case, we want to detect and eliminate the undesired state, hence we omit
bright-events for the QST. The reason, that we start with one of the undesired states,
is to eliminate in the same step detection events from erroneously emitted photons at
850 nm. The emission of 850 nm-photons and decay to D3/2 results in a bright-event
since the D3/2-states are part of the cooling cycle. Finally, we read out the two qubit
states |↓〉 and |↑〉 as well as the second undesired state by further π-pulses at 729 nm
followed by fluorescence detection. The whole sequence without atomic-state analysis
takes 11.3 µs (8.25 µs for Doppler cooling and 3.05 µs for photon generation), yielding a
maximum achievable repetition rate of nearly 88.5 kHz. In the experiment the rate will
be lower due to the state analysis conditioned on the detection of a photon; the exact
value depends on the number of detected photons.
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Photon wavepackets and generation rates

Prior to the characterization of the entangled state via QST, we take a closer look to
the photon wavepacket as well as entanglement generation rates and SBR. Fig. 4.4a
shows the measured wavepacket obtained via time-correlated single photon counting
(TCSPC) employing the sequence trigger as start and detection events of the APD as
stop trigger. We find the expected one-sided exponential decay with a time constant
(1/e-width) of 240(2) ns extracted from a fit to the data (red solid line). Hence, the
length of the wavepacket exceeds the excited state lifetime of 7 ns by a factor 34. The
lower limit would be a factor 17 determined by the branching ratio between 393 nm and
854 nm-transitions, which prevents the generation of Fourier-limited photons in quasi-
cw excitation. The difference between the two factors stems from a limited laser power
at 393 nm, which does not allow for driving the transition in saturation [243].
Note that we did not measure the wavepacket separately, but added up all individual
measurements from the QST in different basis settings. Thus, the displayed numbers
actually correspond to coincidences between the sequence trigger and photon detection
events conditioned on bright-events from the desired atomic qubit in the atomic-state
readout (i.e. detected photons stemming from a decay to the second atomic qubit or
the D3/2-state under emission of a 850 nm-photon are already discarded).
To maximize the SBR in the evaluation, we apply time-filtering of the detected co-
incidences. We take into account all coincidences within a 300 ns long time window
displayed in Fig. 4.4a. The window incorporates 69.6 % of the coincidences of the whole
wavepacket and is a good trade-off between SBR, which decreases with larger time
windows, and the amount of signal coincidences. First, we deduce the entanglement
generation rate γ854

gen from the time-filtered number of coincidences. To this end, we only
consider signal coincidences excluding background stemming from APD dark-counts
(the subtraction is performed as described in Sect. 2.2.3). With 114200 coincidences in
4132 s we obtain for the detected rate

γ854
det =

114200

4132 s
= 27.6 Hz. (4.8)

The entanglement generation rate is calculated by dividing the detected rate by the
efficiency of the projection and detection setup, yielding

γ854
gen =

27.6 Hz

Tpol,trans · fpol,ab · ηfiber · ηapd
= 256 Hz (4.9)

with the transmission of the polarizer Tpol,trans = 78 %, the quantum efficiency of the
APD ηapd = 30 %, and the coupling efficiency to the fiber between projector and APD
ηfiber = 92 %. The factor fpol,ab = 50 % takes into account that the polarizer absorbs
photons orthogonally-polarized to its orientation, i.e. on average one half of the photons
is absorbed. As a check for consistency, we measured all individual efficiencies and
transmissions between ion trap and detectors to estimate the theoretically expected
rate. With a repetition rate of γ854

rep ≈ 58 kHz we calculate

γ854
gen, theo = γ854

rep · ηcoll · fmix · f850 · fwindow ≈ 254 Hz. (4.10)
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Figure 4.4. Photon wavepackets at 854 nm (A) Time-correlated coincidences between
the sequence trigger and detected photons conditioned on bright-events from the atomic-state
readout. An exponential fit gives a time constant of 240(2) ns. QST takes into account coin-
cidences within the displayed 300 ns long time interval corresponding to 69.6 % of the whole
wavepacket. (B) Time-correlated coincidences for joint σz-measurements of both qubits. (C)
The same is in (B) but now both qubits are projected to superposition bases. The oscillations
represent the Larmor precession of the atomic qubit, whose period is much shorter than the
length of the photon. We can consider this as a read-out in a rotating basis, i.e. one setting is
sufficient to extract all atomic σx/σy-measurements.

being in very good agreement with the measured rate. The individual terms denote the
collection efficiency from the ion ηcoll = 1.4 %, and the fraction of the coincidences within
the 300 ns time-window fwindow = 69.6 %. Since the entanglement generation scheme
creates a statistical mixture of two entangled states with different Zeeman qubits in the
D5/2-manifold, half of the photons arises from a decay to the second qubit, which we
take into account with fmix = 50 %. Moreover, decay to the D3/2-state and emission of
a photon at 850 nm further reduces the efficiency for 854 nm-photon generation. With
the Einstein coefficients of the two transitions A854 = 1.35 MHz and A850 = 0.152 MHz,
respectively, we get for the correction factor f850 = A854/ (A854 +A850) = 89.9 %.
We calculate a SBR of 29.5, determined by the number of signal coincidences (114200
in 4132 s) divided by the number of background coincidences B854 = 3868 within the
300 ns window. In contrast to the experiments with the SPDC source, the background is
solely determined by APD dark-counts. We confirm this by calculating the theoretically
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expected background from the measured DCR of the APD (Rdcr, apd = 117.7 cps). We
find

B854
theo = Rdcr, apd · 300 ns · γ854

rep · fmix · f850 · 4132 s = 3803 (4.11)

being in good agreement with the measured number. We mentioned in Sect. 2.1.2 that in
the case of triggered single-photon sources with time-gating the probability to detect a
dark count within the time window – given by Rdcr, apd ·300 ns – is the relevant measure.
This is the reason why we achieve a SBR much larger than one although Rdcr, apd > γ854

det .

Ion-photon entanglement

Leading to the characterization of ion-photon entanglement, four exemplary photon
wavepackets of different basis settings are illustrated in Fig. 4.4b & c. For a σz- mea-
surement of both qubits (without the optional RF-pulse in the state analysis) we only
expect coincidences for joint projections onto |R〉 and |D,−3/2〉 or |L〉 and |D,+1/2〉.
This is clearly visible in Fig. 4.4b for a projection to |L〉 in terms of a large contrast
in coincidences conditioned on bright-events from the two atomic states. A different
outcome appears in Fig. 4.4c: it displays the wavepackets for a readout of both qubits
in superposition bases (with RF-pulse). If we consider the entangled state given in
Eq. 4.1, we do not expect – in a fixed basis setting – oscillations in time, but a similar
result as in Fig. 4.4b. However, the atomic qubit is formed by Zeeman states with an
energy splitting proportional to the static magnetic field applied along the quantization
axis. Hence, if we prepare a superposition state, its relative phase oscillates in time
with the Larmor frequency ωL = ∆E/~ = gµB∆mB/~, which is in the order of a few
MHz. Accordingly, the entangled state becomes time-dependent

|Ψ〉asym (t) =

√
2

3
|R, ↓〉+

√
1

3
eφ0+iωL(t−temit) |L, ↑〉 (4.12)

with temit being the emission time of the photon. This time is relevant since the relative
phase starts to oscillate only after the entangled state is created via the emission of a
photon. In the experimental sequence the atomic-state readout is initialized at a fixed
time treadout with respect to the sequence trigger at t = 0, which is independent of temit.
Thus, the probabilities to find the photon for instance in |H〉 and the atomic qubit in
one of the states |+〉x or |−〉x at time treadout are

pH,+ (treadout) = |〈H,+x |Ψasym〉|2 =
1

4
+

√
2

6
cos (φ0 + ωL∆t)

pH,− (treadout) = |〈H,−x |Ψasym〉|2 =
1

4
−
√

2

6
cos (φ0 + ωL∆t) (4.13)

with ∆t = treadout − temit. We find that the probabilities oscillate with the Larmor
frequency in dependence on the emission time, which explains the findings in Fig. 4.4c.
The non-perfect visibility stems from the dissimilar CGC; if we assume a Bell state,
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Figure 4.5. Conditioned probabilities of the atomic ground-state read-
out. The background-corrected probabilities to find the ion in one of the ground states
|S1/2,m = ±1/2〉 conditioned on the detection of a photon in a certain basis setting. In the
upper part the ion is measured in the eigenbasis (without the π/2-pulse on the RF transition).
As expected, we find a large contrast in the respective photonic eigenbases |R〉/|L〉, whereas
the probabilities for the photonic superposition bases are around 33 % and 66 %, which is re-
lated to the different Clebsch-Gordan coefficients (CGC). In the lower part we read-out in the
atomic superposition basis. Due to Larmor precession of the atomic qubit, we effectively read-
out in multiple bases. Their number is determined by the number of bins in which we sort
the coincidences with respect to their Larmor phase (in this case 36). The graphs show bal-
anced probabilities for projection to |R〉/|L〉 and the typical parity oscillations for |H〉/|V 〉 and
|D〉/|A〉.
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the probabilities are given as pH,+ = 1/2 cos2 (φ0+ωL∆t/2). We can interpret this effect
either as a time-dependent entangled state, or as a time-independent state measured
in a rotating readout basis. This means the oscillations can be considered as parity
oscillations commonly observed for entangled states. As shown in Fig. 4.4c, we resolve
many oscillation periods since the photon wavepacket is much longer than the Larmor
period of around 100 ns. We use this to our advantage because a single measurement
contains all outcomes in σx- and σy-direction. A projective measurement of the photon
to one of the other linear polarization states reveals a similar outcome. As an example,
the probabilities for projection to |D〉 are given by

pD,+/− (treadout) =
1

4
±
√

2

6
sin (φ0 + ωL∆t) , (4.14)

i.e. the oscillating coincidences are phase-shifted by π/2 with respect to |H〉. Accord-
ingly, the phase shifts are π and 3π/2 for projection to |V 〉 and |A〉, respectively. Note
that the capability to resolve the oscillations relies on a sufficiently good time resolution
of the single-photon detectors and can be considered as an erasure of the which-path
information caused by the energy difference of the two optical transitions.
An overview of the results from all basis settings is presented in Fig. 4.5. To obtain those
graphs, the coincidences within the time window are sorted with respect to their Larmor
phase into histograms of 36 bins. A free parameter is the initial phase φ0, which depends
on the travel time of the photon, and determines the phase of the final entangled state.
It is chosen to maximize the fidelity with the desired state |Ψ〉asym. Note that we plotted
the conditioned probabilities instead of the number of coincidences. The probabilities
are calculated via Bayesian inference, which is explained in detail in [204]. We employ
it merely to get a suitable graphical representation of the parity oscillations, though2.
The MLE algorithm to reconstruct the density matrices instead utilizes the raw coinci-
dences and the respective relative frequencies. The upper part of Fig. 4.5 displays the
probabilities – averaged over all 36 bins – to find the ion in one of the eigenstates for
different photonic projectors. The large contrast between the probabilities of |R〉 and
|L〉 is clearly visible and in good agreement with the theoretical values (black bars),
whereas the linear polarizations yield probabilities around 33 % and 66 % for |↑〉 and
|↓〉, respectively. The difference of a factor two represents the asymmetric CGCs. In
the lower part the probabilities for a projection to the atomic superposition bases are
depicted. The four graphs on the left represent a projection to linear polarization states,
which reveal parity oscillations featuring the respective phase shifts of π/2, π and 3π/2.
In contrast, a projection to |R〉 and |L〉 yields equal probabilities for all possible atomic
superpositions, hence, no oscillations appear in this case.

The reconstructed density matrices with and without BGS are illustrated in Fig. 4.6a
and Fig. 4.6b, respectively. The asymmetric CGCs are clearly visible in the different
heights diagonal elements (red bars). Nevertheless, we can already infer by eye a high
purity of the entangled state because undesired contributions, which are represented by

2If we plot the coincidences in the same way, the fringes are distorted and cannot be fitted with
sinusoidal functions due to the exponential decay of the photon wavepacket.
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Figure 4.6. Density matrices of ion-NIR-photon entangled states. Real and
imaginary part of the reconstructed density matrices of the entangled state between ion and
854 nm-photon (A) with and (B) without background subtraction. The different heights of
the diagonal elements (red bars) are related to the dissimilar CGC of the σ+- and the σ−-
transitions. The fidelities with the expected state (Bell state) are 98.2(2) % (95.4(2) %) and
96.1(2) % (93.4(2) %) with and without BGS, respectively.

the gray bars, are small compared to the red and blue bars. To characterize the func-
tionality of the sequence, we first evaluate the reconstructed state including BGS. We
achieve a fidelity with the expected (asymmetric) state of Fasym = 98.2(2) % and a pu-
rity of P = 96.5(3) %. The maximum fidelity for the given purity according to Eq. 2.39 is
Fmax(P) = 98.2(3) %, which verifies that the fidelity is solely limited by decoherence and
not by unitary rotations of the state. Decoherence is caused by polarization-dependent
loss in the optical elements between ion trap and projector, the limited coherence time
of the atomic qubit, and non-perfect π-pulses on the quadrupole transition degrading
the fidelity of the atomic-state readout. Furthermore, we calculate the fidelity with the
Ψ+ Bell-state. The Bell-state fidelity of the ideal asymmetric state is given as

FBell, max =
〈
Ψ+

∣∣ ρasym

∣∣Ψ+
〉

=
1

2

(
2

3
+

1

3
+

2
√

2

3

)
= 97.14 %. (4.15)

Interestingly, the fidelity is still quite high despite the large asymmetry. The recon-
structed ion-photon state has a Bell-state fidelity of FBell = 95.4(2) % being consistent
with Fasym × 0.9714.
In a realistic quantum repeater scenario the numbers without BGS are the relevant
measures. In this case we deduce a purity of P = 92.4(4) % and fidelities of Fasym =
96.1(2) % and FBell = 93.4(2) %. The fidelities are again in good agreement with the
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maximum achievable fidelity limited by the purity (cf. Tab. 4.1). As a cross-check we
compute the background-free fidelity from the SBR of 29.5 according to Eq. 2.56. The
value Fbgf(Fasym) = 98.5(2) % is slightly higher than the fidelity obtained via BGS.
This is expected because the BGS method is designed to underestimate fidelities in case
of non-perfect counting statistics (see Sect. 2.2.3), resulting in a reduction of the “best
possible” value on the order of its standard deviation.
We conclude that – even without BGS – all fidelities are many standard deviations
above the classical threshold of 50 %, as well as above the threshold of 70.7 % necessary
to violate Bell’s inequality. All fidelities and purities are again summarized in Tab. 4.1.

Table 4.1. Reconstructed fidelities and purities at 854 nm.

Reconstruction Fasym [%] FBell [%] P [%] Fmax(P) [%] Fbgf (Fasym) [%]

w/ bg subt. 98.2(2) 95.4(2) 96.5(3) 98.2(3) –

w/o bg subt. 96.1(2) 93.4(2) 92.4(4) 96.0(4) 98.5(2)

4.2 Preservation of ion-photon entanglement during QFC

With the trapped-ion QNN as source of light-matter entanglement and the O-band
converter presented in the Sect. 3.1 we have all ingredients to implement a complete
device generating entanglement between a matter qubit and a telecom photon. The
combined setup is illustrated in Fig. 4.7a: we employ a flip mirror in the ion lab to
couple the emitted photons to the 90 m long fiber connecting ion and converter lab.
The PPQFCD is operated in the same configuration as during the process tomography
in Sect. 3.1.4. The whole experiment is controlled from the ion lab: the waveplate angles
are set via the ethernet link by the control PC, and detection events from the SNSPDs
are sent to the ion lab via 90 m long BNC cables and recorded by the Hydra.
First, we take a look at the converted photon wavepackets. Fig. 4.7b displays the total
time-correlated coincidences from all basis settings together with the 300 ns-window in
analogy to 854 nm. An exponential fit reveals a time constant of 258(2) ns, which is
slightly higher compared to 240(2) ns without QFC. The temporal profile of photons
generated via spontaneous Raman-scattering strongly depends on power and detuning
of the 393 nm laser. During the experiment the laser was not actively stabilized, but
tuned by hand each 10 minutes by monitoring the temporal profile of scattered 393 nm-
photons. Hence, frequency drifts of the 393 nm laser are the most probable explanation
for the different time constants. The additional delay caused by the fiber and BNC cables
between the labs shifted the photon towards the end of the 3 µs long photon generation
and detection period, which explains the abrupt cut-off. In Fig. 4.7c & d exemplary
photon wavepackets for individual basis settings are shown. We obtain similar results
as in the unconverted case, i.e. a large contrast between the coincidences if both qubits
are projected to the eigenbases, and an oscillatory behavior with a high visibility for
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Figure 4.7. Setup for ion-telecom-photon entanglement and photon
wavepackets. (A) Schematic representation of the joint setup combing the trapped-ion QNN
and the O-band converter to generate entanglement between a trapped ion and a telecom pho-
ton. (B) The time-correlated coincidences summed up from all measurement bases. The time
constant of the wavepacket is slightly increased to 258(2) ns (before QFC: 240(2) ns); most prob-
ably due to power- or frequency drifts of the 393 nm laser. The SBR after QFC is 24.3 calculated
from the time-filtered coincidences in a 300 ns long time interval. (C) and (D) Time-correlated
coincidences for projective measurements of both qubits in the (C) eigenbases and (D) super-
position bases analogous to those presented in Fig. 4.4 for 854 nm.

projection to superposition bases.
With the time-filtered number of coincidences from the total photon wavepacket in
Fig. 4.7a we compute entanglement generation rate and SBR in an analogous way as in
Sect 4.1.2. We obtain for the detected rate

γ1310
det =

193120 events

7779 s
= 24.8 Hz. (4.16)

Note that we employ two SNSPDs to simultaneously detect both orthogonal polarization
components instead of a single APD at 854 nm. To compare the detected rates before
and after conversion we have to account for this factor 2. We get γ1310

det /2 · γ854
det = 45 %,
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which is significantly higher than the EDI of ηdev = 26.5 % and caused by the higher
quantum efficiencies of the SNSPDs. The entanglement generation rate at 1310 nm is
calculated to

γ1310
gen =

24.8 Hz

Tproj ·
ηsnspd1+ηsnspd2

2

= 43.5 Hz (4.17)

with the transmission of the projection setup Tproj = 86.5 % and the quantum efficien-
cies of the SNSPDs ηsnspd1 = 70(2) % and ηsnspd2 = 62(2) %. To check for consistency,
we calculate the theoretically expected rate from the individual transmissions and ef-
ficiencies in the telecom setup measured with classical light. We get for the overall
transmission of the converter

T1310 = Tfiber · ηdev · ηstab = 17.6 % (4.18)

with ηstab = 87.5 % being the duty cycle of the path-length stabilization and Tfiber =
75.8 % the transmission of the fiber between the labs, which includes fiber coupling,
attenuation loss, and the fiber-fiber connector to the converter. With a sequence repe-
tition rate of γ1310

rep ≈ 61.7 kHz (the rate is slightly increased compared to γ854
rep because

the atomic-state analysis is performed less often due to the lower detected event rate)
the expected generation rate is

γ1310
gen, theo = γ854

gen, theo · γ1310
rep /γ854

rep · T1310 ≈ 47 Hz (4.19)

being consistent with the measured number.
With the number of background events B1310 = 7953 we calculate a SBR of the time-
filtered coincidences of 24.3. Interestingly, the SBR is – compared to the case without
QFC – only slightly decreased although the detected rates at 1310 nm and 854 nm differ
by a factor 0.45. However, at the same time the background is reduced by roughly a
factor of two, which partially compensates the losses.
At telecom wavelengths the background has two contributions: a major part (on average
93.5 %) stems from detector dark-counts and a minor part (on average 6.5 %) from the
CIB of 11.4 cps. Hence, we obtain for the total background count-rate at 1310 nm

R1310
dcr = Rdcr, snspd1 +

Rdcr, conv

2
· ηsnspd1 +Rdcr, snspd2 +

Rdcr, conv

2
· ηsnspd2

= 58.7 cps +
11.4 cps

2
· 0.7 + 56.4 cps +

11.4 cps

2
· 0.62 = 122.6 cps (4.20)

and accordingly for the theoretically expected total background

B1310
theo = R1310

dcr · 300 ns · γ1310
rep · fmix · f850 · 7779 s = 7935, (4.21)

which is again in good agreement with the measured value.

To characterize the full quantum interface, we measured the density matrices of the
ion-photon state after frequency conversion. From background-subtracted data we re-
construct the density matrix in Fig. 4.8a yielding fidelities of Fasym = 97.6(1) % and
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Figure 4.8. Density matrices of the ion-photon state after PPQFC. The re-
constructed density matrices (A) with and (B) without BGS. The fidelities with the expected
state (Bell state) are 97.6(1) % (94.6(2) %) and 95.0(2) % (92.1(2) %) with and without BGS,
respectively.

FBell = 94.6(1) %, and a purity of P = 95.6(3) %. The result clearly verifies entangle-
ment between the atomic qubit and a telecom photon. Compared to the unconverted
ion-photon state, Fasym is decreased by 0.6 %. We mainly attribute this to the non-
perfect process fidelity (max. contribution ≈ 0.35 %) and to slow polarization drifts of
the fiber connecting the labs.
If no BGS is applied, we reconstruct the density matrix in Fig. 4.8b with Fasym =
95.0(2) %, P = 90.5(3) %, and FBell = 92.1(2) %. Note that the fidelities are still well
above the classical threshold of 50 %. We already mentioned that 6.5 % of the back-
ground stems from CIB and 93.5 % from detector dark-counts. Hence, we expect only
a tiny influence of CIB on the fidelity since the SBR would be 374 in the absence
of detector dark-counts. To verify this, we mimic the case of background-free detec-
tors and subtract only 93.5 % of the total background. We obtain Fasym = 97.4(1) %,
P = 95.2(3) %, and FBell = 94.4(1) %, i.e. the fidelities are merely reduced by 0.2 %,
which confirms our expectation. All fidelities and purities are summarized in the first
part of Tab. 4.2. Similar to the measurement without QFC, the maximum fidelities for
the given purities Fmax(P) as well as the background-free fidelities Fbgf (Fasym) show
perfect agreement with the respective reconstructed fidelities.

An interesting feature of the PPQFCD is that it renders possible the generation of max-
imally entangled states. To this end, we utilize the converter to introduce polarization-
dependent loss of 50 % for the σ+-polarized photons to compensate for the dissimilar
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Figure 4.9. Generation of ion-photon Bell-states by polarization-dependent
loss. (A) The scheme to compensate for the different Clebsch-Gordan coefficients by intro-
ducing polarization-dependent loss in the PPQFCD. The EDI for σ+-polarized photons – corre-
sponding to the transition with the larger CGC – is decreased by a factor two. To this end, the
second HWP is set to 22.5◦, so half of the photons leave the PBS via the second output port.
(B) The reconstructed density matrix with BGS. The asymmetry in the heights of the diagonal
elements has disappeared and we obtain fidelities of 97.8(1) % (w/ bg-sub.) and 93.4(2) % (w/o
bg-sub.) with the Ψ+ Bell-state.

CGCs. The idea is sketched in Fig. 4.9a: we align the polarization of the 854 nm-photons
so that the orthogonal polarization-states in the interferometer arms are exactly σ+ and
σ−. Next, the EDI of the σ+-arm is decreased by a factor two by setting the second
HWP to 22.5◦. As a result, 50 % of the photons leave the PBS at the second output
port and are absorbed by a beam block. Thus, we balance the CGCs at the expense of
one third of the photons; accordingly generation rates and SBR have to be multiplied
by 2/3. The measured density matrix with BGS is displayed in Fig. 4.9b. The asym-
metry in the diagonal elements has disappeared, and we obtain FBell = 97.8(1) % and
P = 95.8(3) % (without BGS: FBell = 93.4(2) %, P = 87.7(3) %; all other numbers are
listed in the second part of Tab. 4.2). The density matrix verifies that we have created

Table 4.2. Reconstructed fidelities and purities at 1310 nm.

Reconstruction Fasym [%] FBell [%] P [%] Fmax(P) [%] Fbgf (Fasym) [%]

Raw state after PPQFC
(
|Ψ〉asym

)
w/ bg subt. 97.6(1) 94.6(1) 95.6(3) 97.7(3) –

w/ snspd bg subt. 97.4(1) 94.4(1) 95.2(3) 97.5(3) 97.6(1)

w/o bg subt. 95.0(2) 92.1(2) 90.5(3) 95.0(3) 97.9(2)

Bell-state generation via CGC compensation

w/ bg subt. – 97.8(1) 95.8(3) 97.9(3) –

w/ snspd bg subt. – 97.6(1) 95.5(2) 97.7(2) 97.9(1)

w/o bg subt. – 93.4(2) 87.7(3) 93.4(3) 97.9(2)
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a Bell state between ion and telecom photon with high fidelity. Interestingly, in this
measurement run the fidelity is only reduced by 0.4 % in comparison with the uncon-
verted value and, thus, also in accordance with the process fidelity, which we attribute
to a better polarization stability of the 90 m long fiber.

4.3 Summary and discussion

In this chapter, we presented a complete device generating light-matter entanglement
between a trapped-ion QNN and a telecom photon. We started with an overview of
our trapped-ion node followed by the experimental sequence to generate entanglement
between two Zeeman sublevels of the D5/2-manifold and the polarization of a spon-
taneously emitted photon at 854 nm. We achieve an entanglement generation rate of
256 Hz, which is roughly one to two orders of magnitude lower than state-of-the-art
cavity [90] or free-space trapped-ion QNN [61, 89]. The higher rates of the other free-
space nodes are explained by a higher NA of the objective for photon collection (NA
= 0.6), faster experimental sequences employing ultrafast laser pulses and optimized
laser cooling/state preparation, and by utilizing different optical transitions in other
ion species for photon generation. Note that similar results can be expected in our
setup with an improved sequence and by emitting single photons at 393 nm instead
of 854 nm. However, it is quite challenging to convert single photons from 393 nm to
telecom wavelengths with high efficiency and low background [144,248,249].
Light-matter entanglement is verified by QST of the joint ion-photon state yielding
fidelities with the theoretically expected state – which is not a Bell state but slightly
asymmetric due to different CGCs of the optical transitions – of 98.2(2) % and 96.1(2) %
with and without subtraction of background stemming from detector dark-counts, re-
spectively. The numbers are in good agreement with other trapped-ion QNNs, but
among the highest fidelities for light-matter entanglement compared to neutral-atom or
solid-state QNNs. Further improvements to lift the fidelity towards 100 % are state-of-
the-art commercially-available SNSPDs with negligible DCRs (< 1 cps) and efficiencies
> 80 % at 854 nm, an improved atomic coherence e.g. by reducing magnetic field noise
with a µ-metal shielding [94], or a 729 nm laser with better spectral properties to im-
prove the fidelity of the atomic-state readout.
In the next step we connected the trapped-ion QNN with the O-band converter to
demonstrate ion-telecom-photon entanglement. We achieved an entanglement gener-
ation rate of 43.5 Hz in perfect agreement with the transmission and efficiencies at
telecom wavelengths. Significant improvements are possible by utilizing the C-band
converter with more than twice the device efficiency, or improved fiber-fiber connectors
(e.g. E2000 connectors, see Chap. 6). The SBR was measured to be 24.3 limited by de-
tector dark-counts and CIB. Interestingly, converter background is only responsible for
6.5 % of the background, hence a SBR of 374 would be possible with ideal single-photon
detectors. It is worth to note that this number does not decrease with increasing fiber
lengths since the background is just as attenuated as the signal. Thus, a reduction
of detector dark-counts is a major prerequisite to achieve reasonable SBRs over fiber
distances of several tens of kilometers. An increase to 200 is already possible with our
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detectors by operating them at lower bias currents (see Sect. 3.1.3). Besides that, re-
cent progress in the development of NbTiN-based SNSPDs with milli-Hertz DCRs is
very promising in this direction [250]. A further increase of the SBR to > 1000 requires
spectral filters with smaller bandwidths. Commercial fiber Bragg gratings offer band-
widths down to 1 GHz without a significant decrease in transmission (Advanced optical
solutions GmbH ), which is well above the photon bandwidth of 23 MHz, but reduces
the background roughly by a factor 25.
Finally we verified that PPQFC preserves ion-photon entanglement via QST of the
converted ion-photon state yielding purity-limited fidelities of 97.6(1) % with BGS,
97.4(1) % with subtraction of the detector part of the background and 95.0(2) % with-
out BGS. A comparison of fidelities before and after PPQFC reveals a decrease of 0.8 %
(0.2 % stemming from converter background, 0.6 % due to Fpro and drifts in the fibers).
Further improvements of the fidelity are possible with an active polarization stabiliza-
tion of the complete photonic channel. Nevertheless, we can claim the PPQFC has only
a slight influence on purity and fidelity and therefore represents a promising device for
quantum network applications. As a nice feature, we demonstrated the generation of
ion-photon Bell states by utilizing the PPQFC to compensate for the asymmetric CGCs
via PDL. We achieved Bell-state fidelities of 97.8(1) % (w/ bg subt.) and 93.4(2) (w/o
bg subt.), which are among the highest fidelities for entanglement between telecom light
and matter reported so far. In particular, these values bring ion-ion entanglement with
fidelities in the order of 90 % within reach, being clearly above the threshold to real-
ize a loophole-free Bell test [112], self-testing of quantum network links [221] or fully
device-independent QKD [251].





Chapter 5

Direct quantum state transfer from a
trapped ion onto a telecom photon

Contributions: The experiments in this chapter have been per-
formed at Saarland University in the labs of Prof. Christoph Becher
and Prof. Jürgen Eschner, who jointly supervised the experiments.
Stephan Kucera (S.K.) and Matthias Bock (M.B.) conceived the
experiment; while M.B. operated the QFCD, S.K. was in charge
of the ion trap. The experiment was originally initiated by Pascal
Eich (P.E.), who designed the experimental sequence and performed
first tests with help from Matthias Kreis, S.K. and M.B. The data
was analyzed by M.B. and S.K. The software tools to extract the
histograms from the raw data were developed by S.K. and modified
by P.E., whereas the maximum-likelihood estimation for state and
process reconstruction was implemented by M.B.

After demonstration of ion-telecom-photon entanglement, we realize a different quan-
tum network protocol, namely a state transfer from a trapped ion onto a telecom photon.
Analogous to atom-photon entanglement, quantum state transfer enables entanglement
distribution and quantum communication between remote QNNs as proposed in [252].
The original proposal relies on atoms strongly coupled to optical cavities, which en-
ables efficient emission (absorption) of photons from the first (second) QNN. Experi-
ments towards this goal employ neutral atoms [65, 253], ions [254] or superconducting
qubits [255–257]. However, we can also imagine alternative approaches without opti-
cal cavities. They rely for instance on heralded absorption in order to eliminate the
influence of low absorption probabilities on the process fidelity [131, 258], or ensemble-
based absorptive quantum memories with efficiencies comparable to cavity QED sys-
tems [158,259,260]. In this chapter, we demonstrate one part of a state transfer between
two QNNs: the direct transfer of an initial atomic qubit onto the polarization state of a
telecom photon. We first introduce the protocol and sequence in the trapped-ion QNN.
Subsequently, we present the results both at 854 nm and after PPQFC at 1310 nm.
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Initial atomic qubit Photon emission at 854nm QFC to 1310nm
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Figure 5.1. Scheme of the atom-to-telecom-photon quantum state transfer.
The scheme starts with the preparation of an initial atomic qubit formed by the two Zeeman
sublevels |D5/2,m = ±3/2〉. Excitation with a π-polarized laser at 854 nm and spontaneous decay
to the |D5/2,m = ±5/2〉 states creates an ion-photon entangled state, whose amplitudes and
phase are determined by the initially prepared state. The gray arrows denote undesired decay
paths. PPQFC of the emitted photon to the telecom O-band and a projective measurement of
the atomic state in the superposition basis projects the initial qubit onto the telecom photon.

5.1 Protocol and experimental sequence

The idea of the protocol is sketched in Fig. 5.1. We start at time t0 by preparing an initial
atomic qubit in the D5/2-manifold spanned by the states |−3/2〉 =

∣∣D5/2,m = −3/2
〉

and
|+3/2〉 =

∣∣D5/2,m = +3/2
〉

of the form

|Ψ〉init =
1√

α2 + β2

(
α|−3/2〉+ e

i
(
φ0+ωL

3/2
(t−t0)

)
β|+3/2〉

)
(5.1)

with full control over the coefficients α and β, and the initial phase φ0. Due to the energy
splitting between |−3/2〉 and |+3/2〉, the phase of the superposition state oscillates with
the respective Larmor frequency ωL

3/2. Subsequently, the initial state is excited to the
P3/2-manifold with a π-polarized laser at 854 nm. The ion decays with a probability
of 3.9 % to the states |±5/2〉 =

∣∣D5/2,m = ±5/2
〉

under emission of a single photon at
854 nm. The probability of 3.9 % is determined by the branching ratios and CGCs with
respect to other decay paths (gray arrows in Fig. 5.1), which we explain in more detail
later in this section. After emission, the ion ends up in the intermediate state

|Ψ〉inter =
1√

α2 + β2

(
α|−5/2, R〉+ e

i
(
φ0+ωL

3/2
(temit−t0)+ωL

5/2
(t−temit)

)
β|+5/2, L〉

)
, (5.2)

which is an entangled ion-photon state. Its relative amplitudes and phase are deter-
mined by the coefficients of the initial state. To map the initial state onto the photon
polarization, the ion is projected – at a fixed time tproj – to one of the superposition
states |−5/2〉 ± |5/2〉 in order to erase the information about the initial qubit from the
ion sub-system. Hence, we obtain for the final photon state
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|Ψ〉photon =
1√
2

(〈−5/2| ± 〈5/2|) |Ψ〉inter

∝ 1√
α2 + β2

(
α|R〉 ± ei

(
φ0+φ′+temit

(
ωL

3/2
−ωL

5/2

))
β|L〉

)
(5.3)

with φ′ = ωL
3/2t0 + ωL

5/2tproj. In comparison to |Ψ〉init the Larmor precession introduces

an additional constant phase shift φ′ between |R〉 and |L〉 and a phase shift depend-
ing on the emission time of the photon (similar as for ion-photon entanglement in the
previous chapter). The protocol is finalized by PPQFC of the emitted photon to the
telecom O-band. Note that we call the protocol a direct state transfer in contrast to a
teleportation-based scheme, which relies on an entangled photon-pair source and her-
alded absorption [261].

The experimental sequence is sketched in Fig. 5.2. It starts with 10 µs of Doppler cool-
ing (including the 854 nm laser to repump the D5/2-manifold) followed by 50 µs of op-
tical pumping to |S1/2,m = −1/2〉. The most apparent optical pumping scheme would
be purely σ-polarized light at 397 nm to polarization-selectively depopulate the state
|S1/2,m = −1/2〉. However, since we collect fluorescence light at 397 nm along the quan-
tization axis, we cannot send laser light along this axis without destroying the PMTs.
For this reason, optical pumping is performed by frequency-selective depopulation of the
state |S1/2,m = +1/2〉 via the quadrupole transition (see Fig. 5.2a). Subsequent repump-
ing of |D5/2,m = −3/2〉 with the 854 nm laser results either in a decay to the desired
state |S1/2,m = −1/2〉 being decoupled from the 729 nm laser, or to |S1/2,m = +1/2〉,
which starts the pump cycle anew.
In the next step the initial atomic qubit is prepared (Fig. 5.2c). To this end, we apply a
5 µs long π/2-pulse with phase φRF on the RF-transition in the ground-state followed by
two π-pulses at 729 nm (each 8 µs long) to transfer the population from the S1/2-states
to |−3/2〉 and |+3/2〉, respectively. While the initial phase φ0 of the atomic qubit is
determined by the phase of the RF-pulse, the coefficients α and β can be controlled by
varying the length of the RF-pulse between 0 and π.
Photon generation using a π-polarized laser at 854 nm and photon detection is scheduled
in a subsequent 2.5 µs window. The projective measurement of the ion to |−5/2〉 ± |5/2〉
is conditioned on a detection click of the APD (854 nm) or SNSPD (1310 nm); in case
of no click the sequence is restarted. Fig. 5.2d illustrates the photon generation with
the desired decay path to the outer D5/2-states marked as red arrows. Due to the re-
spective branching ratio and CGCs, this decay only occurs with a probability of 3.9 %.
In the majority of the attempts the ion decays to the S1/2-states under emission of a
photon at 393 nm (93.5 %), the remaining D5/2-states (1.95 %), or the D3/2-manifold
under emission of a 850 nm-photon (0.66 %, not shown in Fig. 5.2d). Some of these
undesired decay paths are uncritical, whereas others alter the process fidelity. Hence,
we have to distinguish and discard those from desired events. The decay path to the
inner Zeeman states (|−1/2〉 and |+1/2〉) is most uncritical: although we may detect the
emitted 854 nm-photon or get a dark count, the successive state projection is selective
for the outer Zeeman states. If there is no population in these states, we only obtain
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Figure 5.2. Experimental sequence of the atom-photon state transfer. (A)
Timeline of the experimental sequence showing all lasers and detectors. The first four steps are
repeated until a photon is detected by the APD, which serves as trigger for the atomic-state
detection. (B) Optical pumping to |S1/2,m = −1/2〉. (C) Preparation of the initial atomic
qubit. (D) Excitation with a π-polarized laser at 854 nm and all possible decay paths. The
desired decay to |D5/2,m = ±5/2〉 is marked with red arrows. (E) – (G) Fluorescence-based
atomic-state readout in the superposition basis.
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dark-events and the detected photon is discarded1. The decay path back to the initial-
qubit states results in a statistical mixture of the states because of the incoherent nature
of the spontaneous Raman process. If the ion is subsequently re-excited and decays to
the outer Zeeman states, the final photonic state is a mixed state, too. This effect is un-
avoidable and lowers the process fidelity, which we will discuss at a later point (further
details and simulations can be found in the PhD thesis of P. Eich [243]). The remaining
decay path to S1/2 is critical, too. Although the emitted photon at 393 nm is not de-
tected by the APD, a dark count in the time window can initialize the state projection.
Since the S1/2-states are part of the cooling cycle, population in these states induces a
false bright-event from the fluorescence readout. We take this into account by means
of an additional fluorescence-readout step of 50 µs length to eliminate the ground-state
population before the actual state projection (Fig. 5.2e). Note that the decay path to
D3/2 is also eliminated in this step since population in D3/2 is repumped by the 866 nm
laser, which also results in a bright-event.
The state projection to |−5/2〉±|5/2〉 works in a similar way as in the ion-photon entangle-
ment experiment: the population from the outer Zeeman states is frequency-selectively
transferred to the S1/2-states by two π-pulses on the quadrupole transition. A π/2-pulse
on the RF transition rotates the “+” and “–” superposition states to |S1/2,m = +1/2〉
and |S1/2,m = −1/2〉, respectively (Fig. 5.2f). Finally, we successively detect both su-
perpositions via fluorescence readout; during the first readout step (+ detection) the
population of the “–” superposition is shelved to D5/2 employing π-pulses at 729 nm
(Fig. 5.2g).

To perform the experiment, we employ the same setup as for the ion-photon entangle-
ment (cf. Fig. 4.7a) except two differences: we replaced the projection setup at 854 nm
by the Wollaston-based setup with two APDs (see Fig. 3.15), and we use the modified
phase-stabilization scheme explained in Sect. 3.1.2. As mentioned, back-reflected stabi-
lization light at 854 nm disturbs the initial-qubit preparation by repumping population
from the D5/2-manifold to the ground state. To solve this issue, we synchronized the
stabilization to the sequence, i.e. we introduced each 50 ms an extra time window of
5 ms to execute the stabilization. During this time the actual sequence is interrupted
and replaced by laser cooling.

5.2 Results

The performance of the state transfer is characterized by quantum process tomography.
To this end, we conduct three experimental runs: two runs in which we prepare the
initial atomic qubit in the eigenstates |−3/2〉 and |+3/2〉, and one run starting from a
balanced superposition state with α = β = 1/

√
2 and φRF = 0. One superposition state

is enough for QPT as its Larmor precession guarantees that we can can extract multiple
input states (in this case 12, being determined by the number of histogram bins). In each

1In fact this is not 100% correct since a decay from D5/2 to S1/2 leads to a false bright-event.
However, the duration of the state projection (< 200 µs) is well below the lifetime of the D5/2-state
(1.17 s), hence this contribution is negligible.
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Figure 5.3. Single-qubit density matrices of input and output states. Density
matrices of four different initial atomic states and the respective photonic output states at
854 nm and 1310 nm. The first and second rows show the eigenstates, whereas the third and
fourth row display two exemplary (out of 12) superposition states. The initial-qubit matrices
represent the theoretically expected states, while the photonic density matrices are measured
by quantum state tomography.

run we perform full single-qubit tomography of the emitted photonic polarization qubit.
The whole data evaluation is similar to Chap. 4 employing the process reconstruction
algorithms presented in Sect. 2.2.
We start with the SBR and success probability of the protocol, which we extract from
the whole data set of the QPT. We post-select events in a 350 ns long time window,
which includes 86 % of the photon wavepacket. At 854 nm we collected 30286 signal and
612 background events in 29362 s yielding a SBR of 49.5. The higher SBR in comparison
to the previous chapter (SBR: 29.5) is caused by a lower DCR of the second APD in
the projection setup. Taking into account the sequence repetition rate of 7.66 kHz, we
calculate a success probability, i.e. the probability to detect a photon per excitation
try, of 1.35 ×10−4. We find a good agreement with the theoretical value of 1.28 ×10−4

determined by the collection efficiency (ηcoll ≈ 1.4 %), the efficiency of the desired decay
path to the outer Zeeman states (ηdec = 3.9 %), the fraction of the photon wavepacket
within the time window (fwindow = 86 %), the transmission of the projection setup
plus some fiber-fiber connectors (Tproj ≈ 85 %), and the mean efficiency of the APDs
(ηapd = 32 %). After PPQFC we measured 12135 signal and 326 background events in
33345 s, hence the SBR is 37.2. The discrepancy to 24.3 in the ion-photon entanglement
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experiment is explained by a lower bias current of the first SNSPD in order to balance
the SDEs of both SNSPDs to 62 %. At this current, the DCR is almost reduced to one
half of the previous value. The success probability in this measurement is 4.5 ×10−5,
which agrees well with the expected value of

p1310
theo = ηcoll · ηdec · fwindow · Tfiber · ηdev · Ttomo · ηsnspd = 5.1× 10−5. (5.4)

The small deviation is most probably caused by an additional fiber-fiber connector,
whose transmission was not independently measured.
A selection of reconstructed single-qubit density matrices of the emitted photons at
854 nm and 1310 nm is illustrated in Fig. 5.3. The first column contains four initial
atomic states: the two eigenstates |−3/2〉 and |+3/2〉 as well as two representative bal-
anced superposition states with different phases. Note that these density matrices cor-
respond to the theoretically expected states. We resigned to measure them since it
has been already shown that atomic states can be prepared with high fidelity [244].
The second and third column show the measured photonic output states at 854 nm and
1310 nm. From the single-qubit matrices we extract the average fidelity according to
Eq. 2.43, i.e. we calculate the mean value of the overlap fidelities of the two eigenstates
and four superposition states equally distributed on the equatorial plane of the Bloch
sphere. The results are listed in Tab. 5.1: without BGS we obtain at 854 nm average
fidelities of 95.7(10) % (95.1(10) %) for projection of the ion to the + (–) superposition
state and at 1310 nm values of 93.6(17) % (94.4(16) %), which verifies that the protocol
works with high fidelity.

Table 5.1. Average and process fidelities of the atom-to-photon quantum state transfer before
and after PPQFC

Measurement Favg [%] Fpro [%] Fpro [%] Fpro(Favg) [%]

w/o bg subt. w/ bg subt. calculated

854 nm, Superposition + 95.7(10) 94.2(5) 95.1(6) 93.6(15)

854 nm, Superposition – 95.1(10) 93.2(7) 94.0(8) 92.7(15)

1310 nm, Superposition + 93.6(17) 91.2(13) 92.6(13) 90.4(26)

1310 nm, Superposition – 94.4(16) 91.1(12) 92.3(11) 91.6(24)

Besides the average fidelity, we reconstruct the process matrix and specify the process
fidelity. The process matrices of the + superposition at 854 nm and 1310 nm including
their Bloch sphere representation are plotted in Fig. 5.4. We find high process fidelities
of 94.2(5) % (854 nm) and 91.2(13) % (1310 nm) confirming a successful state transfer
onto the photon polarization state (the values for the – superposition are in a similar
range and can be found in Tab. 5.1).
The imperfection in fidelity is caused by a series of error sources. (I) one source is the fi-
nite SBR; to quantify its influence we reconstruct the density matrices using background-
corrected data. We obtain Fpro = 95.1(6) % at 854 nm and Fpro = 92.6(13) % at
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Figure 5.4. Quantum process tomography of the state transfer. (A) Real and
imaginary part of the reconstructed process matrix at 854 nm. The process fidelity is 94.2(5) %.
(B) The Bloch sphere representation of the process matrix. (C) and (D) Process matrix and
Bloch sphere representation at 1310 nm. The process fidelity is decreased to 91(13) %, most
probably due to polarization drifts between ion trap and projection setup.

1310 nm, i.e. fidelity losses of 0.9 % and 1.4 %, which are - within the error bars - in
good agreement with the measured SBRs. (II) The back-decay to the initial state
accounts for a decrease of 0.6 % for the time-filtering window of 350 ns. We estimate
this from a simulation based on a rate-equation model, which can be found in the PhD
thesis of P. Eich [243]. (III) Another source of infidelity is the coherence time of the
atomic superposition-states. The main contribution of the coherence time stems from
the waiting time in the outer Zeeman states, which are most sensitive to magnetic field
fluctuations due to the large ∆m. With the coherence time of the state |−5/2〉+ |5/2〉 of
178 µs [204] and the waiting time of roughly 68 µs we calculate a reduction in process
fidelity of 3.5 %. (IV) The remaining 0.8 % (at 854 nm) are most probably attributed
to PDL in the optical elements between trap and detector, a limited phase resolution
due to the comparably rough binning of 8.8 ns (12 bins per Larmor oscillation with pe-
riod 105 ns), a non-perfect fidelity of the atomic state readout, and a unitary rotation,
which is identified in the Bloch sphere representations in Fig. 5.4b/d and has not been
well-compensated during the experiment. (V) The loss of fidelity at 1310 nm is much
higher than expected from the process fidelity of the PPQFCD. Since the duration of
the experiment was almost three days, we believe that the main issue are slow polar-
ization drifts in the fiber connecting the labs. In future experiments with integration
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times of several days, it is advisable to implement an automatized stabilization scheme
of the polarization rotation (c.f. [112]).
Finally, as a cross-check between average and process fidelities, we calculate the ex-
pected process fidelity from Favg according to Eq. 2.44. The results are listed in the last
column in Tab. 5.1. Within the error bars the expected fidelities are in good agreement
with the reconstructed ones without BGS.

To conclude, we successfully implemented a direct atom-to-photon state transfer from
an initial atomic-qubit formed by two Zeeman states of the D5/2-manifold onto the
polarization state of a spontaneously emitted photon at 854 nm. Using PPQFC we
extended the protocol to telecom wavelengths towards a state transfer between remote
QNNs. We characterized the protocol via QPT and found process fidelities of 94.2(5) %
and 91.2(13) % at 854 nm and 1310 nm, respectively. Furthermore, we calculated average
fidelities of 95.7(10) % (854 nm) and 93.6(17) % (1310 nm), which are in good agreement
with the process fidelities and cross-validate our reconstruction methods. All fidelities
compare well with other implementations of the scheme with trapped atoms or ions
[65, 254]. The success probability to detect a photon per excitation trial is 1.35 ×10−4

at 854 nm and 5.1×10−5 1310 nm and mainly limited by the collection efficiency (1.4 %),
the intrinsic efficiency of the protocol (3.9 %) and the external device efficiency of the
QFC (26.5 %). In terms of success probability we cannot compete with the cavity-
assisted experiments with trapped atoms or superconducting qubits [255–257] enabling
values above 10 % (an exception is the trapped-ion experiment [254] with a comparable
success probability; although the cavity enables higher efficiencies, strong time-filtering
was necessary to minimize infidelities due to back-decay to the initial state, which was
encoded in the ground-state Zeeman qubit). The protocol can be improved in the future
in two directions: on the one hand we can lift the process fidelity by a higher atomic
coherence time, an active stabilization of the polarization rotation in all SM fibers, and
the elimination of PDL in the optics around the trap. On the other hand, higher success
probabilities are possible with an optical cavity, which offers a larger collection efficiency
as well as a larger intrinsic efficiency of the protocol by changing the branching ratio in
favor of the 854 nm transition.





Chapter 6

PPQFC system for an elementary
Rubidium-atom based quantum network

link
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schemes and software for the cavity locking electronics. The classical
polarization analysis on the BSM platform has been implemented by
R.G. and T.v.L. All experimental results in this chapter were measured
and analyzed by M.B.

Part of the results from this chapter are published in Phys. Rev. Lett.
124, 010510 (2020).

In this chapter we present the design, construction and characterization of a PPQFC
system devised as telecom interface for extending an elementary quantum network link
in the city-center of Munich [112,221]. The network link is based on two remote traps for
single 87Rb-atoms, each capable of creating entanglement between an atomic Zeeman-
qubit and the polarization state of a single photon at 780 nm. The traps are connected
by a 700 m long fiber link in order to generate atom-atom entanglement via entanglement
swapping employing a photonic BSM. To extend the network link to larger fiber lengths
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– and eventually to larger physical distances – we designed a transportable system
consisting of two PPQFCDs to convert single photons at 780 nm to the telecom S-band
at 1522 nm, and a photonic BSM for telecom wavelengths.
The chapter is organized as follows: in Sect. 6.1 we sketch the idea of the final experiment
– atom-atom-entanglement over km long fibers – and deduce a series of design criteria
for the QFC system. Afterwards we present the setup and characterization of the three
parts of the QFC system, namely the master laser system, the PPQFCD, and the BSM
for telecom wavelengths, in Sect. 6.2 and 6.3, respectively. The section on the PPQFCD
furthermore includes a characterization of the nonlinear WGs, an investigation of Raman
background, which is the critical source of background in this DFG-process, and the
implementation of a narrowband spectral filter system with a bandwidth as low as
27.3 MHz to sufficiently suppress Raman background.

6.1 Design criteria of the QFC system

A sketch of the experiment to establish atom-atom entanglement over kilometer-scale
fibers is shown in Fig. 6.1a. Single 87Rb-atoms are trapped in two distinct optical
dipole traps (ODT) located at two remote laboratories in the city-center of Munich
(see Fig. 6.1c). The labs – labeled as “Lab 1” and “Lab 2” – are separated by 398 m
and connected via a 700 m long fiber link. Note that the distances were chosen on
purpose to close the locality loophole in a recently performed loophole-free Bell test [112].
Each atom trap is designed and optimized for light-matter entanglement generation
according to the scheme in Fig. 6.1b. An atomic Zeeman qubit formed by the states
|↓〉 = |S1/2, F = 1,mF = −1〉 and |↑〉 = |S1/2, F = 1,mF = +1〉 is entangled with the
polarization of a single photon at 780 nm via resonant excitation followed by spontaneous
emission in free-space. The photons from both traps are fiber-coupled and guided to
PPQFCDs located in the two labs in close proximity to the traps. Each of the converted
photons is then forwarded through telecom fibers with a length of up to 10 km, which in
the first step are realized by fiber spools, in addition to the fiber link between the labs.
A central BSM consisting of a 50:50 fiber BS, two PBS and four single-photon detectors,
which is adapted from an equivalent setup for 780 nm [64], renders possible projective
measurements of the photons to Ψ− and Ψ+ Bell-states, and heralds the creation of
atom-atom entanglement. Fig. 6.1c shows a map with the two labs in Munich: each lab
is additionally equipped with QRNG required for a loophole-free Bell test or device-
independent protocols. The BSM for 780 nm is located in lab 1 as well.

The complexity of the experiment sets higher demands on the QFC system compared
to the trapped-ion experiments, which we already discussed in Sect. 2.3. Recalling the
categories of figures of merit to scale-up QFCDs listed in Tab. 2.1, we realize that pump
laser properties as well as the integration into existing QNNs become relevant in addition
to the conversion metrics. To fulfill the requirements related to these categories, we first
have to choose a suitable wavelength combination of the DFG-process. We decided for
a pump laser at 1600 nm, i.e. single photons at 780 nm are converted to the telecom
S-band at 1522 nm, being a trade-off between the following criteria:
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Figure 6.1. Atom-atom entanglement over kilometer-scale fibers. (A) The
scheme to entangle two single trapped 87Rb-atoms in remote traps over several kilometers of
fiber. The single atoms in both traps emit photons at 780 nm, which are entangled with internal
electronic states and frequency-converted to the telecom S-band at 1522 nm. The converted
photons are transmitted through fibers with lengths of several kilometers, interfere in a fiber-
BS at a central BSM, and are detected to swap atom-photon to atom-atom entanglement.
Both PPQFCDs are pumped by a single master laser at 1600 nm, which guarantees frequency
indistinguishability of the converted photons, a requirement for the quantum interference at
the BSM. (B) The scheme for entanglement generation between two Zeeman sublevels of the
S1/2, F = 1 ground-state of a 87Rb-atom and the polarization state of a spontaneously emitted
photon at 780 nm. (C) Overview of the elementary quantum network link in the city center of
Munich (figure taken from [112]). It consists of two atom traps in different buildings, which are
separated by 398 m (air distance) and 700 m of fiber. The BSM is located in lab 1.

(I) The target wavelength should be as close as possible to the telecom C-band around
1550 nm where attenuation in optical fibers is minimal.

(II) To achieve a sufficiently low amount of CIB, the QFC should operate in the long-
wavelength pumping regime. Moreover, the frequency difference between pump
and target wavelength should be as large as possible to minimize ASR background
around the target wavelength.

(III) The BSM relies on quantum interference of the photons from both traps. To
allow for a large interference visibility, the frequency-converted photons must be
indistinguishable with respect to their central wavelength as well as their spec-
tral and temporal shape. The demand on the shape requires a single-frequency
pump laser with a linewidth substantially smaller than the photon linewidth of
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5.1 MHz. To obtain identical central wavelengths of independently converted pho-
tons, two alternative configurations are obvious: (I) a single master laser, which
is distributed to the QFCDs located at each node, (II) separate pump lasers for
each converter whose frequencies are absolutely stabilized with a precision much
below the photon linewidth.

(IV) The pump lasers have to deliver 2 W of single-frequency output light in order
to achieve high internal conversion efficiencies approaching 100%. Moreover, the
lasers must satisfy the properties listed Tab. 2.1 (high power stability, reliable
24/7-operation, turn-key system). The latter is specified in particular as com-
plexity (and potentially also the measurement periods) increases along with an
increasing number of nodes, hence requirements on the reliability of all compo-
nents also increase.

Pump lasers with wavelengths ranging from 1565 nm to 2050 nm can be used to convert
780 nm to the telecom bands if restricted to the long-wavelength pumping regime. To
meet the requirements on spectral properties, output power and long-term stability, a
MOPA configuration (Master Oscillator Power Amplifier) comprised of a narrowband,
tunable seed laser (e.g. single-frequency diode or fiber lasers) and a fiber amplifier is a
suitable candidate. This cuts the wavelength range into two windows; one from 1565 nm
to 1605 nm covered by Erbium-doped fiber amplifiers (EDFA) [152, 166] and one from
1900 nm to 2050 nm where Thulium-doped fiber lasers (TDFL/TDFA) are available [82].
While the wavelength combinations with TDFLs offer superior background properties
in the QFC, Erbium-based systems are far more developed and allow for target wave-
lengths in or close to the C-band. Thus, we chose 1600 nm as pump wavelength, which
corresponds to the largest possible frequency separation between pump and target wave-
length (1522 nm) within the Erbium gain spectrum. In fact, polarization-dependent
and polarization-preserving QFCDs based on this particular wavelength combination
have already been implemented by the Imoto group (Osaka University) to convert non-
classical light from SPDC sources [147, 150] and atomic ensembles [154, 166]. Another
advantage is that 1600 nm can be conveniently transmitted with low losses through op-
tical fibers, i.e. even if the nodes are separated by several kilometers, a single master
laser in combination with EDFAs is sufficient to supply all QFC devices. Hence, spectral
indistinguishability of the frequency-converted photons is guaranteed.
To account for a comparatively easy integration into existing quantum optics exper-
iments, the QFC system consists of a series of mobile standalone platforms. Each
platform has a top layer with the optical setups, which are placed on honeycomb bread-
boards and covered by black hardboards for laser safety and stability reasons. The
breadboards are mounted on a substructure made of item profiles with one or multiple
layers occupied with control electronics. To reduce mechanical vibrations, all platforms
are decoupled from the environment with sorbothane isolators. Number and size of the
isolators are optimized with respect to low cut-on frequencies (around 30 - 50 Hz) for a
given weight of the platform.
In total, the system consists of four platforms, namely a master laser system to provide
frequency-stabilized light at 780 nm and 1600 nm for the DFG-process (I), two PPQFC
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devices to equip both nodes in the network link with a telecom interface (II & III), and
a platform to perform a BSM at telecom wavelengths (IV). In the following sections
we present these platforms in more detail. A selection of photographs of the individual
platforms can be found in Appendix D.

6.2 Master laser system

The operation of the QFC system requires two lasers: one at 780 nm serving for align-
ment and benchmarking of the QFCDs, and one at the pump wavelength (1600 nm) to
drive the DFG-process. We will find out later in this section, that narrowband spectral
filtering of the frequency-converted photons down to 27 MHz is necessary to reduce ASR
background; i.e. both lasers should be frequency-stabilized to an absolute long-term sta-
bility in the sub-MHz regime. Hence, the master laser platform contains - in addition
to the lasers - optical and electronic components to realize the frequency stabilization
as well as optical components to distribute both lasers to the other platforms, which is
illustrated in Fig. 6.2a. In the following, we briefly explain the individual components
and laser locking scheme; a detailed description can be found in the Bachelor thesis of
T. Bauer [262].
Both lasers are tunable, single-frequency diode lasers (DL pro, Toptica Photonics).
The 780 nm laser is utilized – in addition to the alignment of the QFCDs – to pro-
vide an absolute frequency reference to lock the 1600 nm laser via the transfer-lock
scheme. The reason is that the 780 nm laser can be conveniently stabilized via spec-
troscopy of an atomic Rb-vapor, whereas narrow optical transitions (< 1 MHz) for
spectroscopy are not easily available around 1600 nm. The wavelength of the 780 nm
laser is stabilized to 780.23314 nm, corresponding to the 87Rb hyperfine transition
52S1/2, F = 1↔ 52P3/2, F

′ = 0, by Doppler-free saturation spectroscopy using an com-
mercial vapor cell (Cosy, TEM Messtechnik). Note that this is the transition on which
the single photons for light-matter entanglement generation are emitted (cf. Fig. 6.1b).
In Fig. 6.2b we find the 87Rb Doppler-free spectroscopy signal (red curve) with the al-
lowed hyperfine transitions between the lower ground-state S1/2, F = 1 and the excited
states P3/2, F

′ = 0, 1, 2. The unlabeled peaks are the crossover-resonances commonly
appearing in Doppler-free spectroscopy. The combination of the positions of each peak
obtained via a multi-peak Lorentzian fit and the literature values of the hyperfine split-
ting (from [263]) gives rise to the frequency scale on the x-axis. The gray dashed line
indicates the transition S1/2, F = 1 ↔ P3/2, F

′ = 0 on which the laser is locked. To
achieve a top-of-fringe lock, we employ a lock-in technique: a sinusoidal modulation of
the diode current with a frequency of 200 kHz induces sidebands onto the laser. A subse-
quent demodulation of the spectroscopy signal with the modulation frequency gives rise
to a dispersive error signal, which is equivalent to the derivative, and features a linear
slope with a zero-crossing at the peak position (blue curve in Fig. 6.2b). Since we lock
to one of the weakest hyperfine transitions, we need a rather high amount of laser power
to get a proper error signal. Thus, the transitions are considerably power-broadened
by a factor 4-5 compared to the natural linewidth. In the locked mode we estimate an
absolute stability of ≈ 800 kHz rms from a long-term measurement of the error signal.
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Figure 6.2. Master laser system. (A) Schematic illustration of the optical setup of the
master laser system showing all essential components. All cube beam-splitters and unlabeled
wave plates are PBS and HWPs, respectively. (B) 87Rb Doppler-free spectroscopy signal (red
curve) and dispersive error signal (blue curve) with three hyperfine transitions from F = 1 to
F ′ = 0, 1, 2 and three crossover resonances. The laser frequency is locked to the transition
F = 1↔ F ′ = 0. (C) The PDH error signal of the 780 nm laser if the cavity length is scanned.
Based on the time trace of the error signal, the linewidth of the cavity, and the gradient of
the PDH signal, we estimate a frequency uncertainty of the cavity resonance of σ = 91 kHz
relative to the 780 nm laser. A similar calculation for the 1600 nm laser (graphs not shown)
yields a frequency uncertainty of 75 kHz relative to the cavity. (D) Wavelength of the 1600 nm
laser over several hours in the free-running and locked mode measured with a wavemeter. Since
the accuracy of the wavemeter is only specified to 200 MHz, we can merely make qualitative
conclusions on the stability implying that the measured uncertainties cannot be considered
reliable.

The confocal transfer cavity for the stabilization of the 1600 nm laser is doubly resonant
for 780 nm and 1600 nm, has a free spectral range of 500 MHz (L = 150 mm), and theo-
retical finesses of roughly 280 at 780 nm (measured: 243) and 310 at 1600 nm (measured:
266). Its design is similar to that in [247], i.e. the main part is a length-adjustable lens
tube. One of the mirrors is glued on a homebuilt mount with an external thread to
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screw it into one of the ends of the tube. The second mirror is not firmly connected
to the mount screwed into the tube, but detached by a rubber O-ring. Three piezo
actuators are used to press the mirror against the O-ring, which enables fine tuning of
the cavity length. Coarse tuning of the length is facilitated by an active temperature
stabilization of the lens tube using heating wires. If the cavity is not evacuated, its
optical path length depends on the refractive index of air. In turn, this leads to slightly
differing optical path lengths at both wavelengths due to chromatic dispersion. This
becomes critical if fluctuations of the air pressure or temperature change the refrac-
tive indices. In this case we obtain a relative change between the effective lengths at
780 nm and 1600 nm resulting in frequency shifts of the 1600 nm laser even if the cavity
length is locked [264]. To minimize the influence of air pressure and temperature, the
whole cavity is placed within an evacuated chamber. The lock of the cavity length to
the 780 nm laser is realized via the PDH technique: 130 µW of 780 nm light pass an
EOM (Qubig), which modulates sidebands at 19.4 MHz onto the laser, a PBS, QWP
and a spherical lens with f = 350 mm to achieve optimal mode-matching to the cavity.
The combination of PBS and QWP separates the beam reflected by the cavity from
the incident beam and forwards it to a photodiode. Commercial electronics (Qubig)
demodulate the photodiode signal with the modulation frequency yielding the PDH
signal displayed in Fig. 6.2c. A homebuilt electronics system (a revised version of that
presented in [264]) then uses the PDH signal to lock the cavity length by applying fast
feedback to the piezo actuators and slow feedback to the temperature. To assess the
performance of the lock, we extract the uncertainty of the resonance frequency with
respect to the 780 nm laser from a comparison of the PDH signal recorded in the locked
state over 30 min with the PDH signal obtained by scanning the cavity length (inset
of Fig. 6.2c). We find an uncertainty of σ = 91 kHz, which is well below the absolute
stability of the 780 nm laser. The 1600 nm laser is locked to the cavity via the PDH
technique, too. The optical setup is similar to that of the 780 nm light; in this path the
cavity coupling-lens has a focal length of 500 mm. The generation of the PDH signal
and the locking is performed by the digital control electronics of the DL pro. Instead
of using an EOM, the sidebands are created via a modulation of the diode current with
12.5 MHz. A similar evaluation of the error signal yields a frequency uncertainty with
respect to the cavity of σ = 76 kHz.
A disadvantage of the transfer-lock scheme is that we achieve absolute accuracy only
within one FSR since we cannot distinguish between different longitudinal modes of the
cavity. Hence, an additional absolute reference at 1600 nm is required. To distinguish
between two neighboring cavity modes with the 1600 nm laser is comparatively uncrit-
ical since the absolute accuracy of the measurement device solely needs to be better
than the FSR divided by two, i.e. 250 MHz. This is fulfilled by our wavelength meter
(WS6-200, High Finesse), which has a specified accuracy of 200 MHz. Note that the
actual accuracy in the stable environment of our labs is significantly better (< 10 MHz,
Sect. 3.2.1). However, the situation becomes more complex if we lock the cavity length
to the 780 nm laser on a different longitudinal mode. The cavity is resonant if the
laser frequency equals multiples of the free spectral range, i.e. ν780 = n · FSR and
ν1600 = m · FSR with the mode numbers n and m. Due to a limited accuracy of the
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temperature stabilization, it may happen that we lock the cavity length to the next but
one mode resonant to the 780 nm laser, i.e. we get n′ = n+ 2 with ν780 = n′ ·FSR’. The
frequency shift that occurs for the mode m′ = m + 1 of the 1600 nm laser due to the
change of the cavity length is given as

∆ν1600 = (m+ 1) · FSR’−m · FSR = (m+ 1) · FSR · n

n+ 2
−m · FSR

=
n− 2m

n+ 2
· FSR. (6.1)

We find that if the mode numbers and accordingly the frequencies of the two lasers differ
by a factor two, the frequency shift equals zero. Since ν780 is quite close to 2·ν1600 in our
case, we only obtain a small frequency shift of 17 MHz. Thus, an absolute accuracy of at
least 8.5 MHz is necessary to verify that the cavity is locked to the correct longitudinal
mode resonant to the 780 nm laser. To ensure this precision with the wavemeter, we
calibrate it with the 780 nm laser about 2-3 times per week in order to compensate for
long-term drifts of the absolute accuracy caused by environmental effects (e.g. temper-
ature, humidity, air pressure,...).
We stabilize the laser to 1600.1419 nm, which corresponds to a wavelength of the con-
verted light of 1522.7106 nm. With the absolute stability of the 780 nm laser and the
relative frequency uncertainties of the transfer-lock, we estimate a stability of nearly
1 MHz. Unfortunately, we do not have the possibility to measure the long-term stabil-
ity with a precision below 1 MHz. To get a rough idea and to obtain an upper bound
of the stability, we record the wavelength of the 1600 nm laser over several hours in
the free-running as well as the locked mode with the wavemeter. The result is shown
in Fig. 6.2d: it is clearly visible, that the free-running laser reveals a much larger drift
of its wavelength (3σfree = 69.5 MHz) compared to the uncertainty of the locked laser.
However, the exact numbers are not reliable and should be merely considered as a qual-
itative statement.
As shown in Fig. 6.2a, the light of both lasers, which is not sent to the Cosy cell, trans-
fer cavity or wavemeter, is coupled to SM fibers and guided to the other platforms for
different purposes. For both lasers we have 50:50 beam splitters to distribute alignment
and pump light to the two PPQFCDs. In addition we employ the 1600 nm laser to
lock the length of two 27.3 MHz-broad cavities, which are part of the spectral filtering
stage, and located on the BSM platform. Further details on this will be explained in
Sect. 6.3.3.

6.3 Polarization-preserving QFC for the Rubidium
D2-line

We proceed with the description of the PPQFCDs, which are constructed in Sagnac
configuration for the same reasons as mentioned in Sect. 3.2 for the C-band converter for
854 nm. Both devices are designed and set up to be identical; moreover all components
were simultaneously ordered and are from the same batch. We will see that merely
slightly different WG properties cause discrepancies of the device efficiency and CIB in
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the range of a few percent. Since many issues are similar to the C-band converter for
854 nm (e.g. alignment, properties of optical components,...), we here only present those
aspects which were omitted in the previous chapters, or are unique to this wavelength
combination.

6.3.1 Nonlinear waveguide chips

The two PPLN waveguide chips are almost identical to those for 854 nm: both chips
are 40 mm long and contain six WGs with three poling periods (18.15 µm, 18.20 µm and
18.25 µm) and two different lateral geometries of 7.8 µm× 9.4 µm and 7.8 µm× 9.8 µm.
We already mentioned that we are able to tune and stabilize the WG temperature in
order to achieve best possible phasematching for a given wavelength combination. To
identify suitable WGs and their operating point, we couple a few mW of optical power at
the input wavelength to the WGs and measure SPDC spectra at different temperatures
with an optical spectrum analyzer (OSA, model AQ6370B, Yokogawa). A representative
spectrum of the signal field of each chip is shown in Fig. 6.3a & b (black trace). The idler
field is at wavelengths > 1700 nm and therefore outside the sensitivity range of the OSA.
A suitable WG is characterized by a spectrum, which shows good agreement with the
theoretically expected sinc2-function determined by the phasematching condition. A
sinc2-behavior is clearly visible in Fig. 6.3a & b, however, we also identify asymmetries.
In general, symmetric spectra are not expected since the phase mismatch ∆k′ does not
scale linear with the wavelength. This is confirmed by simulations (red trace), which
calculate the phase mismatch taking wavelength combination, temperature-dependent
refractive indices, WG dispersion, and WG geometry into account (the simulations were
performed by B. Kambs, Saarland university; for details see [225]). The deviations of
the measured spectrum may result from imperfections in the WG geometry or random
duty-cycle errors of the QPM grating [265]. Nevertheless, those deviations are small
and we infer a high quality of the WGs. The maximum efficiency of the DFG-process
is attainable at the top of the sinc2-curve, hence, we record the peak wavelength at
different temperatures to identify an ideal operating point. The results are shown in
Fig. 6.3b & c: we see that all WGs enable frequency conversion to the whole S-band,
the C-band until 1550 nm, and partly even to the E-band down to 1360 nm. A similar
simulation as above again yields theoretical curves (solid lines) in good agreement with
the data points.
Both converters are operated with the G3WG2 (the WGs whose spectra are shown
in Fig. 6.3a & b) at temperatures of 44.4 ◦C (lab 1) and 52.1 ◦C (lab 2), respectively.
Since none of the WGs possess spectra with huge deviations from the sinc2-curve, we
selected the third group due to the lowest phase matching temperatures (mainly for
convenience, we do not significantly benefit in terms of CIB in this temperature range
as mentioned in Sect. 2.1.2). Moreover, the second WG of this group enables larger
coupling efficiencies for input and pump field on both chips. Note that the 780 nm laser
was not yet locked to the correct wavelength during the measurements, but only roughly
set to the correct value with the OSA, which explains slight deviations between the final
optimal temperatures and those in Fig. 6.3b & c.
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Figure 6.3. Temperature-tuning curves and spectra of the waveguides.
(A)/(B) SPDC spectra of the second WGs in the third group, which are employed in all
following experiments. The black points are measurement data, the red solid lines are simula-
tions (performed by B. Kambs, [225]). (C)/(D) The center wavelengths of the spectra of all
six WGs on each chip at different temperatures for a pump wavelength around 780.23 nm. The
solid lines are again simulations.

6.3.2 Investigation of Raman background

CIB is here – in contrast to the Ca+-converters – a major issue and significantly limits
the performance of the QFC system. The reason is the comparable small spectral sep-
aration between pump and target field of 9.526 THz (– 317.8 cm-1) resulting in a large
amount of ASR background (cf. Sect. 2.1.2). We quantify this by a measurement of the
ASR spectrum of the converter with the OSA. In order to obtain a realistic estimation
of the amount of scattered photons, we meet the following crucial points: (I) The pump
laser is set to the final pump wavelength of 1600.14 nm. (II) The WG is already aligned
in Sagnac configuration; all fields are coupled in both directions and the pump powers
per arm are set to maximum conversion efficiency. (III) The only spectral filter is a
shortpass filter (edge at 1538 nm, corresponds to – 252 cm-1) to suppress the pump laser.
Fig. 6.4a displays the spectrum from – 700 cm-1 to – 252 cm-1, i.e. in the range between
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Figure 6.4. Investigation of Raman background. (A) The anti-Stokes Raman
spectrum measured behind the converter with an excitation wavelength of 1600.14 nm. In the
areas marked by gray dashed lines the noise level of the optical spectrum analyzer is approached;
there Raman scattering is still present, but roughly one order of magnitude below the noise
level [134]. The gray dashed line close to the right margin indicates the onset of the SPF to
suppress the pump laser. The blue and red solid lines are multi-peak Lorentzian fits. (B) The
ASR spectrum measured with a large integration time around the target wavelength of the QFC
process, which is marked by the red vertical line.

1439 nm and 1538 nm. A multi-peak structure is clearly visible; Lorentzian fits (blue
and red solid lines) reveal center positions of – 631, – 554, – 329, – 270 and – 246 cm-1

(the last value of – 246 cm-1 is outside the measurement range; its position is extracted
from [173]). Similar center positions were measured in ASR spectra [134,135,173,184] or
the respective SR spectra [173,266]. A comparison of the measurements reveals that not
all peaks appear in each measurement, moreover their relative intensities significantly
vary. For instance the peak at – 631 cm-1 is not present in [134] but very pronounced
in [135]. As mentioned in Sect. 2.1.2, these findings could be related to different exci-
tation wavelengths. Note that additional peaks are expected to appear between – 350
and – 530 cm-1 as well as beyond – 660 cm-1, however, their intensity is below the noise
level of the OSA. The spectrometer equipped with a LN2-cooled InGaAs CCD-camera,
which has a much lower noise level and was employed to measure the spectra in [173],
was demounted and not available for the present measurements.
A more quantitative prediction of ASR background around the target wavelength is
derived from Fig. 6.4b. It displays the ASR background between 1515 nm and 1530 nm
measured in the highest sensitivity mode of the OSA, i.e. the noise level is reduced to
0.1 pW by means of long integration times, a small spectral resolution of 2 nm, and an
internal chopper. By design, the target wavelength 1522.71 nm is in a local minimum
between the peaks at – 329 and – 270 cm-1. The power on the y-axis is defined as power
per resolution, i.e. we find a power density of [1.4(1) pW]/2 nm = 0.70(5) pW/nm at
the target wavelength. This corresponds to Rcib, gen = 41.4 photons/MHz bandwidth
assuming that the background is equally distributed in the 2 nm-window. If we compare
this to 0.1 photons/MHz of generated background in the C-band converter (filter band-
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width: 250 MHz), and keep in mind that collection efficiencies and temporal lengths of
the photons emitted by trapped ions and atoms are in a similar order of magnitude, it is
obvious that narrowband filtering down to the small MHz-regime is required to achieve
acceptable SBRs.

6.3.3 Narrowband spectral filtering system

In order to find an optimal filter bandwidth, we have to consider the spectral density
of the background, the linewidth of the photon as well as the technical realizability
of the filter system. The first two issues are addressed in Fig. 6.5a: it displays the
theoretically expected background count-rate (black solid line) and the transmission of
a spontaneously emitted photon with a linewidth of 5.1 MHz (blue solid line) at different
filter bandwidths. The detected background count-rate is calculated as

Rbcr = Rdcr, snspd1 +Rdcr, snspd2 + ∆νfil · 41.4 cps/MHz ·
ηsnspd1 + ηsnspd2

2
. (6.2)

It is composed of the SNSPD dark-counts and the generated converter background,
which is multiplied by the average SDE. We use the values associated with the bias
currents at which the SNSPDs are operated in the following experiments, namely SDEs
of 36 % and 32 %, and DCRs of 63 cps and 53 cps, respectively. At large filter bandwidths
Rbcr is dominated by ASR background being approximately linear dependent on ∆νfil

up to roughly 50 GHz, whereas a saturation effect caused by the constant detector DCR
appears at small filter bandwidths. While a small filter bandwidth is appealing to
suppress ASR background, it also affects the transmission of the emitted photons: if
the filter bandwidth approaches the photon linewidth, we start to absorb part of the
photons. To calculate the photon transmission, we assume the filter transmission to
be a Lorentzian function with FWHM = ∆νfil, which is valid in our case as we will
see later in this chapter. The filter function is multiplied with a Lorentzian-shaped
photon with FWHM = 5.1 MHz yielding the shape of the transmitted photon. Finally,
the area of the transmitted photon is divided by that of the original photon. The
result is shown in Fig. 6.5a: if the filter bandwidth equals the photon linewidth, the
transmission is reduced to 50 %, however, surprisingly the effect is already significant
for filter bandwidths much broader compared to the photon. For instance even at ∆νfil

= 100 MHz the transmission is merely 94.3 %. This can be understood by the fact that
Lorentzian functions only slowly decay compared to Gaussian functions. Therefore, a
considerable part of their total area resides outside the transmission window of the filter
leading to strong absorption. A good measure to identify a suitable operating point is
the SBR of the filter given as the ratio between Tpho and Rbcr (red solid line in Fig. 6.5a).
An absolute scale is not provided since this depends on the photon source. However,
we are mainly interested in its trend, which reveals a maximum around 7 MHz. Thus,
a good trade-off is a filter bandwidth around 30 MHz: it is only a factor 1.5 below
the maximal possible SBR, it still allows for a photon transmission > 80 %, i.e. we
do not degrade the entanglement generation rate much, it does not considerably alter
the temporal shape of the photon wavepacket, and it is possible to construct such a
filter with high overall transmission as we will see below. Note that the red and blue
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Figure 6.5. Narrowband spectral filtering stage. (A) Transmission probability of an
emitted and converted photon with a linewidth of 5.1 MHz (blue line), background count-rate
(black line) and theoretical scaling of the SBR (red line) at different filter bandwidths. The
background count-rate is composed of CIB and detector dark-counts. The red and black dashed
lines are calculated for improved SNSPDs (details see main text). The final filter bandwidth
of 27.3 MHz is indicated by the vertical gray dashed lines. (B) Scheme of the spectral filtering
stage consisting of cavity, VBG and interference filters. (C) Theoretical transmission spectrum
of the cavity (red line) and measured reflection spectrum of the VBG (black line) around the
target wavelength. (D) Joint transmission spectrum of the cavity and VBG.

dashed lines are for improved SNSPDs with state-of-the-art performance with a SDE of
70 % and a DCR per detector of 10 cps. In this case even more narrowband filtering is
beneficial in terms of SBR since the influence of the DCR is further reduced.
We implement narrowband filtering with a broadband suppression in a similar way as
in the C-band converter (cf. Sect. 3.2.1). As shown in Fig. 6.5b we combine short- and
bandpass filters with a VBG and an air-spaced FPI. The broadband interference filters,
in detail one BPF (Center wavelength: 1535 nm, FWHM: 30 nm, Omega optical) and
two shortpass filters (1560 nm cut-off) are mainly intended to remove residual pump
laser and ASR induced by the pump laser originating from the WG and fibers. The
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narrowband part should possess a single transmission window and a suppression as
high as possible outside this window. To this end, we combine a VBG (Optigrate) with
a FWHM of 25 GHz and a FPI acting as filter cavity (FC) with a FSR of 18.2 GHz
and a linewidth of 27.3 MHz (a detailed description and characterization of the FPI
will be given below). The respective reflection/transmission spectra of VBG and FPI
are sketched in Fig. 6.5c. The VBG spectrum has been measured by the manufacturer
whereas the FPI spectrum is calculated. The FSR of the FPI is chosen such that the first
two neighboring longitudinal modes are outside the central reflection peak of the VBG
to minimize leakage through these modes. Although a higher FSR might be desirable
to further suppress leakage, the finesse of the FPI is limited to about 660 given by
the mirror coatings, i.e. a larger FSR would result in a larger FWHM of the modes.
To quantify the leakage, the joint transmission spectrum of VBG and FPI is shown in
Fig. 6.5d. An integration over all neighboring peaks yields that they contribute 25.2 %
to the overall transmission. Note that small deviations from this number may result
from undesired transverse cavity modes, however, the first and second order mode are
already suppressed with > 1:500 with respect to the fundamental mode. Thus, their
contribution is negligible.
The operating point of the filter system is marked as gray dashed lines in Fig. 6.5a,
revealing a photon transmission of 81.8 % and an expected CIB count-rate of Rcib, gen =
1130 cps (Rbcr = 500 cps). If we include leakage through neighboring modes, we obtain
a value of Rcib, gen = 1510 cps (Rbcr = 630 cps).

Narrowband filter cavity

The filter cavity is formed by the same mirrors as the transfer cavity, which are triply-
resonant for 780 nm, 1522 nm and 1600 nm. They have a radius of curvature of 150 mm
and a reflectivity of 99.53 % at 1522 nm, which corresponds to a theoretical finesse of
670. To achieve a FSR in the order of 18 GHz, the cavity should posses a length of about
8.3 mm, i.e. it is not confocal anymore but still clearly in the stability regime. The de-
sign is quite similar to the transfer cavity, which relies on a length-adjustable lens tube
as spacer between the mirrors. The lens tube features two advantages: first, the cavity
mirrors are surrounded by the lens tube rendering the cavity rather insensitive to airflow
and acoustic waves. Second, the adjustable tube allows for convenient coarse tuning of
the the cavity length. This is useful to set the length to the desired FSR, which cannot
be done precise enough during the assembly of the cavity. The whole cavity is clamped
to a mirror mount for precise alignment with respect to the incident beam. The mount
is placed on a separate optical breadboard, which is isolated from the main board with
sorbothane feets to protect the cavity from mechanical vibrations. The optical setup of
the cavity is shown in Fig. 6.6a. The converted light exits a SM fiber and is coupled to
the cavity mode with a spherical lens. The optimal spatial mode-matching is calculated
using the same method as for the WG coupling yielding the focal lengths and distances
between the SL and AL in front of the fiber. We obtain a combination of an AL with
fAL = 11 mm and an SL with fSL = 250 mm resulting in a measured cavity transmission
of 96.5 % in resonance at 1522 nm. This number is most probably limited by a tilt or
a non-perfect centering of the mirrors as well as losses in the coatings, for which the
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Figure 6.6. Characterization of the filter cavities. (A) Scheme of the filter cavity
setup. The cavity length is locked employing the 1600 nm laser, which is also transmitted through
the cavity and separated from the converted light by the VBG. (B) Dispersive error signal of the
cavity length stabilization. The lock point is the first EOM sideband, whose frequency distance
to the carrier is optimized for maximal transmission of the converted light. (C) Transmission
signal for a cavity length scan: it shows the longitudinal modes of the converted light (large peak)
and the carrier and EOM sidebands of the stabilization laser. Using the EOM driving frequency
as reference, we obtain a linewidth of 27.3 MHz. Inset: Length scan over two longitudinal modes.
No transverse modes are visible; a closer investigation reveals a suppression of > 1:500.

mirrors have not been optimized.
To maintain maximum transmission of the emitted photons, the cavity length has to be
actively stabilized since it is not designed as a ULE cavity. To this end, we employ the
frequency-stabilized 1600 nm laser. The cavity length is stabilized on the transmitted
1600 nm light; here we take advantage of the sidebands already modulated onto the
laser to implement a laser-power-insensitive lock-in scheme. The sideband frequency of
12.5 MHz is chosen on purpose as trade-off, being (I) much larger than the transfer
cavity linewidth of 1.7 MHz resulting in a suitable PDH signal, and (II) smaller than
the FC linewidth (27.3 MHz) to get a suitable lock-in signal. At the master laser plat-
form (see Fig. 6.2a) the 1600 nm laser first passes a bandpass filter (center wavelength:
1600 nm, FWHM: 50 nm, Edmund optics) to remove amplified spontaneous emission
(ASE) at 1522 nm, which is otherwise transmitted through the cavity and results in
additional background counts. Next, it is coupled to a fiber-based electro-optical modu-
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lator with a bandwidth of 10 GHz (MPZ-LN-10, iXblue). The EOM is required because
it is quite unlikely to find a FSR being a divisor of the pump and target frequency with
a precision of < 1 MHz (much smaller than the FC linewidth). A numerical calcula-
tion yields only two FSRs in a range between 12 and 35 GHz located at roughly 12.9
and 19.3 GHz1. Moreover, a double resonance cannot be reached by tuning the pump
laser since the frequency of the converted light is inevitably shifted by the same value
in opposite direction due to the DFG-process. To solve this issue, we use the EOM,
which is powered by a home-build driver whose output frequency can be tuned between
150 MHz to 350 MHz by a voltage-controlled oscillator (for details see master thesis of
T. Bauer [234]). Now, the cavity is not locked to the carrier, but to one of the first- or
second-order sidebands. In this situation, we need to solely find a cavity length featuring
resonance frequencies at 1522 nm and 1600 nm with a separation covered by the tuning
range of the driver. This provides enough flexibility to find a suitable cavity length
within roughly 100 different FSRs. The 1600 nm light is guided with a fiber from the
master laser platform to the filter setup, overlapped with the converted light on a DM
and coupled to the cavity using a spherical lens with f = 300 nm (see Fig. 6.6a). The
transmitted laser is split from the converted light by the VBG and detected with an In-
GaAs photodiode. The electrical signal is demodulated with the modulation frequency
of 12.5 MHz employing home-built electronics, yielding a dispersive error signal for the
PID lock as shown in Fig. 6.6b. The lock itself is performed by a commercially-available
digital locking electronics (Laselock, TEM Messtechnik). Behind the VBG, two SPF
are inserted to fully suppress the stabilization light as well as remaining pump light
from the converter.
A characterization measurement of the cavity is shown in Fig. 6.6c. The inset shows
two longitudinal modes measured with the converted light. A zoom into the base-
line (not shown in the figure) reveals two remaining transverse modes with a suppres-
sion of > 1:500 with respect to the longitudinal modes, which verifies proper spatial
mode-matching of the incident beam. The cavity length is calculated according to
Lcav = Rcurv (1− cos (πdlo-tr/dlo-lo)) (see [267]) with the radius of curvature Rcurv and
the distances between the longitudinal and first transverse mode dlo-tr and two longi-
tudinal modes dlo-lo. We obtain a cavity length of 8.24 mm corresponding to a FSR
of 18.2 GHz. The linewidth is derived from a Lorentzian fit of the longitudinal mode
to 27.3 MHz (Fig. 6.6c). The frequency scale is provided by the transmitted 1600 nm
laser since the distance between sidebands and carrier is determined by the modulation
frequency of 270.28 MHz. From FSR and linewidth we compute a finesse of 666 in good
agreement with the theoretical value of 670.
The transmission of the whole filter system as shown in Fig. 6.6a is measured to be
90.7 %, determined by the transmission of the filter cavity (96.5 %), spherical lenses
(2 × 98.8 %), shortpass filters (2 × 99.4 %) and the diffraction efficiency of the VBG
(97.4 %).

1Although 19.3 GHz is close to the desired FSR of 18 GHz, it is quite challenging to find the correct
longitudinal mode.
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6.3.4 Sagnac-type PPQFCD and Bell-state measurement

Experimental setups

The optical setup of the PPQFCDs is shown in Fig. 6.7a. The input light at 780 nm
is coupled out of a SM fiber (780HP) with an aspheric lens (f = 8 mm), overlapped
with the pump laser on a DM, and coupled to the Sagnac interferometer. The latter
consists of similar optical/optomechanical components as in the C-band converter (see
Sect. 3.2.1), i.e. a custom-made PBS for all three wavelengths, an achromatic HWP
(both from B. Halle Nachfl.), two AR-coated aspheric lenses (f = 11 mm) and the
PPLN waveguide. Instead of four silver mirrors, we utilize only two in order to min-
imize losses due to their non-perfect reflectivity. However, this configuration is much
more challenging to align and therefore not recommended2.
The pump light is generated by an EDFA (CEFA-L-PB-HP-PM-33, Keopsys), which
amplifies the weak seed laser guided via a SM fiber from the master laser system to
the QFC device. A fiber polarizer ensures that only correctly linear-polarized light is
fed into the EDFA. The amplified light with a power around 1.2 W is coupled out of a
polarization-maintaining fiber with an aspheric lens (f = 11 mm) and spectrally filtered
by a stack of three bandpass filters (center wavelength: 1600 nm, FWHM: 50 nm, Ed-
mund optics) to eliminate ASE at the target wavelength. A subsequent PBS cleans-up
the pump-light polarization, which is polluted with light not guided in the correct axis
of the PM fiber. The overall power is controlled by a HWP and PBS; another HWP
is employed to set the pump-laser polarization and, accordingly, the relative power in
the interferometer arms. The converted light is separated by another DM and subse-
quently coupled to a SM telecom fiber with an AR-coated end facet. The majority of
the spectral filtering system is outsourced to the BSM platform for technical reasons:
first, mode-matching to the filter cavity is simplified due to a clean spatial mode exiting
the SM fiber between the PPQFC and the BSM platform. Second, we can place both
filter setups associated with the two converters in close proximity to each other on the
BSM board, hence, we need to distribute the stabilization laser only to the BSM board.
Moreover, the technical overhead for stabilization is reduced since we profit from a series
of synergies in the electronics. Only the bandpass filter is placed on the QFC platform to
avoid erroneous detection of remaining pump light by the power meter during alignment.
We optimized the trichroic WG coupling with the same method as described in Sect. 3.2.2.
Unfortunately, the simulated aspheric lenses and distances between the lenses did not
provide the desired results, but 10-15 % lower coupling efficiencies. The reason for this
large discrepancy was never clarified, the most probable explanation are deviations in
the WG dimensions with respect to the values provided by the manufacturer. Thus,
a suitable combination of ALs and distances was identified with the iterative method
applied for the O-band converter (see Sect. 3.1.1). In detail, we achieve WG-coupling ef-
ficiencies of 90 % at 780 nm with fal, 780 = 8 mm and dal, 780 = 844 mm, 87 % at 1600 nm
with fal, 1600 = 11 mm and dal, 1600 = 1250 mm, and a fiber-coupling efficiency of the
converted light of 91 % with fal, 1522 = 8 mm and dal, 1522 = 875 mm. Interestingly, these

2In fact, the C-band converter was constructed after the Rb-converters. Hence, the four-mirror
configuration has been chosen from the experience of aligning the Rb-converters.
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Figure 6.7. Setup and performance of the PPQFCDs and BSM. (A) Schematic
representation of the setup for polarization-preserving quantum frequency conversion from
780 nm to the telecom S-band at 1522 nm in a Sagnac configuration. (B) The external de-
vice efficiencies ηdev,H and ηdev,V of the converter in lab 1 at different pump powers per arm.
To compensate for small asymmetries in the setup, the arms are pumped with different pow-
ers. We achieve equal device efficiencies of ηdev,H = ηdev,V = 57 %. (B) Detected background
count-rates (black dots), total device efficiency (blue dots) and theoretically expected SBR (red
line) in dependence on the total pump power. The black and blue solid lines are fits to the data
with the appropriate model (main text). The green vertical line indicates the operating point
of the converter during the experiment. (D) Optical setup of the platform containing the BSM
and the spectral filtering stage.
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parameters are far away from the simulated ones (fal, 780 = 15.3 mm, fal, 1522 = 15.3 mm,
fal, 1600 = 18.8 mm), however, we believe that multiple sets of parameters enable com-
parably good results; the simulation solely selects the best combination.

The final platform containing the BSM and the main part of the spectral filters is
sketched in Fig. 6.7d. It is located in a third laboratory nearby the atom lab 1 and
connected to both atom labs via SM fibers. Both fibers are connected to the input
fibers of the BSM via fiber-fiber connectors. Note that we do not employ FC/APC
connectors – which are commonly used in most academia labs – but E2000-connectors
(Diamond SA), instead. Apart from a much more convenient handling in terms of dirt
and damage protection, the connectors feature a mechanical design which allows for an
excellent reproducibility of efficient fiber-to-fiber coupling. Moreover, the fiber cores are
actively centered with respect to the cladding in order to minimize transmission losses
due to non-overlapping cores to below 0.1 dB. Additionally, we can easily insert km long
spooled fibers in different lengths, each equipped with E2000-connectors, between input
fibers and BSM. The input part consists of a non-polarizing 50:50 fiber-BS with three
polarization controllers (PCD-M02, General Photonics) in the two input and one of the
output ports. The latter allow for voltage-controlled manipulation of the polarization
state on the whole Poincaré-sphere and are required for the automatized polarization
compensation. To achieve a large visibility of the HOM interference, the BS should
possess a low PDL and a splitting ratio as close as possible to 50:50. To this end,
we ordered several BS from different companies and selected the best splitter. In the
worst combination of input and output ports, it features a PDL of 0.05 dB, a splitting
ratio of 49.7:50.3 and an excess loss of 0.16 dB. These values are sufficiently good to
allow for HOM visibilities larger than 99.9 % [268]. Both beams exit the fibers and
pass the spectral filters as described in Sect. 6.3.3. The stabilization laser at 1600 nm is
distributed to both filter cavities employing a non-polarizing beam splitter. Behind the
filter system two motorized flip mirrors switch the beam to the classical polarization
analysis, which is part of the automatized polarization compensation and implemented
utilizing PBS, non-polarizing BS and photodetectors. The setup is very similar to
the polarization analysis at 780 nm; a detailed description of its setup as well as the
design of the complete polarization compensation can be found in [269]. Subsequently,
the light passes the projection setups being implemented in a similar way as in the
previous chapters. All four beams are coupled to AR-coated fibers and guided to the
detectors. The last SPF is inserted directly in front of the fiber-coupler to avoid leakage
of stray light into the fibers. The projection setup has an overall transmission of 92.2 %,
determined by the transmission through the waveplates and prism (97.8 %) and the fiber
coupling (94.3 %).

Performance of the PPQFCDs

On the PPQFC platform we achieve an external conversion efficiency of 62.8 %. It is
determined by the coupling of the input light to the WG (90 %), internal efficiency
(96.2 %), and SM fiber in- and out-coupling (91 % × 96.5 % = 87.8 %). As for the
854 nm-converters, the passive losses in all optical components (mainly PBS, HWP, as-
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pheric lenses, silver mirrors and bandpass filter) sum up to a non-negligible contribution
of 82.6 %. All individual efficiencies and transmissions are in a similar range as for the
C-band converter, thus, we do not provide a detailed breakdown. Including the trans-
mission of the outsourced spectral filter system of 90.7 %, we obtain an EDI of 57 %.
All numbers are given for the H-polarized component; for the V-polarized component
we find deviations of the individual efficiencies and transmissions in the small percent
regime due to slight asymmetries in the interferometer as well as polarization-dependent
loss (cf. Sect. 3.2.3). For the same reasons, the maximum device efficiency is shifted to
a higher pump power per arm as shown in Fig. 6.7b. Nevertheless, by careful align-
ment and an appropriate setting of the pump power in both arms to 175 mW (H) and
188 mW (V), we obtain equal efficiencies for both polarization components. Note that
we require much less pump power to achieve maximum conversion efficiency compared
to the C-band (625 mW) and O-band converter (695 mW). This is mainly caused by two
reasons: first, the normalized coupling constant ηnor is proportional to the frequencies
of input and converted light, i.e. ηnor is larger for the present wavelength combination.
Second, the WG cross section is decreased compared to the other converters resulting
in higher field intensities and accordingly in a reduced demand for pump power.
The total detected background count-rate Rbcr, composed of CIB and the DCR of both
SNSPDs (Rdcr = 116 cps), at different total pump powers is presented in Fig. 6.7c (black
data points). In analogy to the C-band converter, we observe a nonlinear course of the
ASR background due to up-conversion of ASR in the WG. Based on the model from
Sect. 3.2.3 we fit the data according to Eq. 3.17 with the coefficient αasr as free parame-
ter (black solid line) yielding an excellent agreement with the data. As expected, at the
operating point marked by the dashed green line where the conversion efficiency has its
maximum, Rbcr is reduced by roughly 50 % compared to the case without the nonlinear
contribution (black dashed line). There we detect Rbcr = 793 cps; if we subtract the
SNSPD dark-counts and divide the number by the average SDE of 34 %, we end up
at a generated CIB rate of Rcib, gen = 667 cps/0.34 = 1990 cps. This is slightly higher
than the anticipated rate of 1510 cps calculated in Sect. 6.3.2. The difference is most
probably caused by the OSA, which has not been calibrated with respect to the absolute
power scale for several years. Moreover, the power density of the OSA is calculated for
a Gaussian distribution, whereas we have a Lorentzian filter window, which may also
explain the discrepancy.
Despite the high CIB compared to the 854 nm-converters, it is low enough to achieve a
SBR of 32.3 for single photons emitted by the Rb-atom quantum node (see Sect. 7.2.2).
If “SBR-critical” measurements are performed, a slight improvement at the cost of de-
vice efficiency is possible since ηdev and Rbcr scale in different ways. The theoretically
expected scaling of the SBR is calculated as

SBR =
β · ηdev(P )

Rbcr(P )
(6.3)

and shown as red solid line in Fig. 6.7c. The parameter β is a scaling factor, which is
adjusted until the measured SBR of 32.3 (red dot) is hit at the operating point. We
find that a slight improvement to SBR≈ 35 is possible at roughly 80 % of the maximum
efficiency. However, for simplicity reasons the converter was operated at maximum
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efficiency throughout the course of this work.
All numbers for efficiency and background as well as the respective curves in Fig. 6.7b & c
are measured with the converter in lab 1. The second converter in lab 2 features almost
identical properties, so we here renounce a detailed presentation of the results. The
converter has a device efficiency of 57.4 % and a few percent more background because
a higher overall pump power is required to achieve the maximum conversion efficiency in
both arms. Note that we do not present results from a quantum process tomography. In
fact, QPT was performed with one of the converters revealing process fidelities similar to
the C-band converter, however, we do not gain further insight by the process matrices.

6.4 Summary and discussion

In this chapter we presented a complete QFC system to extend an existing metropoli-
tan quantum network link based on two traps for single Rb-atoms. We presented the
planned experiment – telecom-heralded atom-atom entanglement over 20 km of fiber
– and derived a series of design criteria to achieve a sufficiently good performance in
terms of conversion metrics as well as stability and reliability of the pump laser. The
whole system is constructed on mobile stand-alone platforms to be transportable and
compact enough for an integration into the network link. A master laser platform pro-
vides frequency-stabilized light with absolute stabilities of about 1 MHz for alignment
and pumping of the DFG-process. The distribution of a single pump laser offers the
advantage of frequency indistinguishability of the converted photons. Two PPQFCDs in
Sagnac configuration translate input light at 780 nm to the telecom S-band at 1522 nm
employing a pump laser at 1600 nm. This wavelength combination is the best trade-
off between the availability of a reliable laser system (diode laser with good spectral
properties and EDFAs to provide enough power) and the impact of CIB. The dominant
background process of the present wavelength combination is anti-Stokes Raman scatter-
ing due to the comparably small spectral distance between pump and target wavelength
of only – 317.8 cm-1. We quantified ASR scattering by measuring spectra around the
target wavelength from which we estimated a background count-rate per spectral width
of 41.4 cps/MHz. To achieve a feasible SBR in the network link, a spectral filtering
stage with a broadband suppression and a narrow filter width of 27.3 MHz was imple-
mented. The generated background count-rate of the converter was measured with the
SNSPDs to be 1990 cps at the operating point, which corresponds to 73 cps/MHz. The
disagreement to the value extracted from the spectra stems from leakage through the
filter outside the transmission window as well as uncertainties in the power calibration
of the spectrometer. The EDI was measured to be 57 %, comparable to that of the
C-band converter for 854 nm. The QFC system is complemented by a fourth platform
to perform a photonic Bell-state measurement as well as projective measurements at
telecom wavelengths.
We again finish the chapter by assessing the QFC system with our criteria to scale-up
QFCDs for quantum networks listed in Tab. 6.1. If we take a look at the conversion met-
rics, we find that the PPQFCDs feature a similar performance as the C-band converter
except for the CIB. So we can add check marks to the device efficiency and process fi-
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Table 6.1. Requirements and figures of merit to scale-up QFCDs for quantum networks:
Performance of the QFC system for an Rb-atom quantum network link.

Figure of merit/Requirement QFC system

High external device efficiency 4

Low conversion-induced background 4 8

High process fidelity of qubit conversion 4

High frequency and power stability (pump) 4

Reliable 24/7-operation (pump) 4

Turn-key pump laser system 4

Compact and transportable system 4

Stand-alone system and operation 4

Integration into 19-inch racks 8

Integration on a single chip 8

Bi-directional operation (SHG and DFG) 4 8

Photon bandwidth manipulation 8

Conversion to multiple frequency channels 8

Dispersion cancellation 8

delity with the same arguments as in Sect. 3.4. Although the background is low enough
to demonstrate atom-photon entanglement over 20 km with a SBR of about 25, future
applications, e.g. device-independent certification or QKD, might require larger SBRs.
Therefore, we add a check mark and a x-mark to this item. We already mentioned in
Sect. 6.1 that the QFC system has been designed in particular with respect to a highly-
reliable frequency-stabilized pump laser system consisting of turn-key components. The
same holds for the compactness, transportability and stand-alone operation: to per-
form the experiment in the next chapter, the QFC system was transported to Munich
and integrated into the atom experiment without significant intricacies, hence we add
check marks to all those items. As for the C-band converter, all items in the cate-
gories “Miniaturized devices” and “Advanced functionalities” are technically feasible,
but not yet implemented. In principle, a bi-directional operation is possible with the
Sagnac configuration, however, the converter generates up-converted ASR background
at 780 nm with a similar intensity as the ASR at 1522 nm. Thus, additional narrowband
spectral filtering is required.



Chapter 7

Long-distance distribution of
atom-photon entanglement at telecom

wavelength

Contributions: The experiments in this chapter have been
performed at the Ludwig-Maximilians-Universität Munich in the labs
of Prof. Harald Weinfurter (H.W.).
Matthias Bock (M.B.), Tim van Leent (T.v.L.) and Robert Garthoff
(R.G.) conceived the experiment and analyzed the data with advice
and technical support from Kai Redeker, Wenjamin Rosenfeld (W.R.)
and Wei Zhang (all LMU Munich except M.B.). The QFCD was
operated by M.B. while the atom trap was operated by T.v.L and
R.G. The experiments were jointly supervised by H.W., W.R. and
Prof. Christoph Becher.

The main results in this chapter are published in Phys. Rev. Lett.
124, 010510 (2020).

In this chapter we present entanglement between a single trapped atom and a telecom
photon that traveled through fibers up to 20 km length, which is an intermediate step
towards the realization of the full long-distance quantum network link illustrated in
Fig. 6.1. To this end, the complete QFC system introduced in the previous chapter was
transported to the LMU Munich and installed in the labs of Harald Weinfurter. All
experiments in this chapter were performed with the atom trap in lab 1 (see Fig. 6.1c).
This chapter is organized as follows: first we introduce the 87Rb quantum network link,
the schemes for entanglement generation and atomic-state readout, the experimental
sequence and the coherence properties of the atomic qubit (Sect. 7.1). The experimental
setup and the control sequences were developed over the years by several members of
the Weinfurter group, hence, a profound description can be found in the PhD theses
of K. Redeker [270], D. Burchardt [271], N. Ortegel [272], and J. Hofmann [268] (the
first two theses contain the most recent description). In Sect. 7.2 we show the combined
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experimental setup including PPQFC as well as the results on long-distance atom-
photon entanglement.

7.1 Single trapped Rubidium atoms as quantum nodes

7.1.1 Overview

In the context of this thesis we employ neutral 87Rb-atoms. Rubidium is an alkaline
atom with a single valence electron and possesses, accordingly, a hydrogen-like energy
level structure. Fig. 7.1a shows the relevant energy levels of the valence electron: it has
a long-lived ground state 52S1/2 and two short-lived excited states 52P1/2 and 52P3/2

with lifetimes of 26.70(4) ns and 26.24(4) ns, respectively. Excited and ground states
are separated by optical dipole transitions at 795 nm and 780 nm labeled as D1- and
D2-line. The nuclear spin of I = 3/2 results in a hyperfine splitting with respect to the
quantum number F associated with the total angular momentum. Additionally, each
hyperfine state consists of 2F + 1 Zeeman sublevels with quantum number mf ranging
from −F to F . The atomic qubit, which will be entangled with an emitted photon later
on, is encoded in two Zeeman sublevels of the ground state |↓〉 = |S1/2, F = 1,mF = −1〉
and |↑〉 = |S1/2, F = 1,mF = +1〉. In contrast to the trapped-ion QNN, we typically do
not apply strong magnetic bias fields along the quantization axis, but only small fields
in the order of tens of mG. Hence, the Zeeman sublevels only reveal a small energy
difference and we do not observe Larmor precession on the time scale of the length of
the photon.
The colored arrows in Fig. 7.1a represent resonant and off-resonant laser beams, which
are applied to the atom for different purposes. The cooling, repump and far off-resonant
dipole trap (at 852 nm) lasers are employed for cooling and trapping, the pump 1-1 and
2-1 are required for initial-state preparation by optical pumping, the excitation laser for
the generation of atom-photon entanglement, and the cycling, readout and ionization
lasers for the atomic-state readout. All beams are generated by five lasers in total: three
frequency-stabilized diode lasers of which two at 780 nm and one at 795 nm, a homebuilt
free-running diode laser amplified by a commercial tapered amplifier delivering a few
hundreds of mW at 852 nm, and a pulsed diode laser at 473 nm for ionization. Note
that two diode lasers at 780 nm are sufficient since the total hyperfine splitting between
the P3/2 states F ′ = 0 and F ′ = 3 is around 500 MHz and can be conveniently covered
by AOMs. Only the large ground-state splitting of nearly 6.8 GHz as well as laser power
issues makes two individual lasers necessary.

A simplified schematic setup of the atom trap is shown in Fig. 7.1b. Single Rb-atoms
are trapped using a far off-resonant tightly focused optical dipole trap (ODT) [273]
within a ultra-high vacuum (UHV) glass cell. A dispenser provides a flux of hot Rb
atoms emitted into the trapping region of the ODT. The ODT features a depth of the
potential well of about kB · 1 mK (for comparison: the depth of ion traps is >10000 K),
so the atoms are too hot and their density is too low to be trapped in the shallow ODT
potential at room temperature. To this end, we cool and confine a cloud of several thou-
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Figure 7.1. Level scheme of neutral 87Rb-atoms and atom trap. (A) The
relevant electronic energy levels of 87Rb-atoms including the hyperfine but excluding the Zeeman
splitting. The colored arrows denote the relevant optical transitions addressed by lasers. All
lasers operate at the D1-line at 795 nm or the D2-line at 780 nm except the far off-resonant
dipole trap laser at 852 nm and the ionization laser at 473 nm. Details on the purpose of each
laser are given in the main text. (B) Simplified experimental setup of the atom trap.

sand atoms in a small volume with a diameter of roughly 1 mm with a magneto-optical
trap (MOT) [274]. In the MOT the atoms are cooled in three dimensions to a few tens
of µK via Doppler cooling with six beams (one pair of counter-propagating beams per
direction) as well as polarization gradient cooling. Doppler cooling is performed on the
cycling transition S1/2, F = 2⇔ P3/2, F

′ = 3 using the cooling laser being red-detuned
by 18 MHz. Due to off-resonant excitation to F ′ = 2 the atom can decay to S1/2, F = 1,
which is a dark-state in the cooling cycle. To maintain the cycle, we additionally over-
lap the cooling with the repump laser to repump the atoms from S1/2, F = 1 into the
cooling/cycling transition. To spatially confine the cold atoms, coils outside the vacuum
cell arranged in an anti-Helmholtz configuration generate a magnetic quadrupole field,
whose field gradient leads to a position-dependent Zeeman shift. In combination with
a circular polarization of the six laser beams, this results in a force towards the trap
center in each direction.
The ODT is generated by a single far red-detuned Gaussian laser beam at 852 nm being
focused down to a waist of 2 µm with a custom designed high-NA objective (NA = 0.4).
Due to the high power of the dipole trap beam (≈ 50 mW), the atoms in the focus expe-
rience a light shift of the dipole transition depending on the power of the beam, which
leads to a position-dependent potential. In case of red-detuned lasers the potential is
attractive, i.e. there is a force towards the highest field intensity, which confines the
atom in three dimensions in the focal region of the beam. The strong focusing of the
laser beam has another desired effect, namely the so-called collisional blockade effect:
in the small trapping volume collisions between the atoms are the dominant loss mecha-
nism. This prohibits trapping of more than one atom. Note that the axial confinement
is one order of magnitude weaker compared to the radial one because of the geometry
of the Gaussian laser beam. Depending on the trap laser power, the radial and axial
trap frequencies are ωrad = 2π · 65...92 kHz and ωax = 2π · 9...13 kHz, respectively. With
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these techniques we achieve lifetimes of τlife ≈ 3.5 s in the dipole trap.
The collection of fluorescence photons from the atom relies on a confocal microscope
configuration employing the same objective as the dipole trap. The photons are sepa-
rated from the dipole laser (and from the ionization laser, which is also focused onto the
atom with the objective) with dichroic mirrors and coupled to a SM fiber. The photons
are guided to the BSM and detected by a set of four APDs. The APDs detect either
photons scattered by the cooling and pump lasers or single photons entangled with the
atoms in order to analyze atom-photon entanglement1 or generate atom-atom entangle-
ment by employing an entanglement swapping protocol. The photons scattered by the
cooling laser are necessary to distinguish if an atom is in the trap, which is part of the
loading sequence as well as the atomic-state readout. The trap also features in-vacuum
channel electron multipliers in order to perform fast state readout in < 1 µs (instead of
40 ms in case of fluorescence detection) for a loophole-free Bell test [112,275]. However,
for the sake of simplicity we rely on the more robust fluorescence readout during all
experiments in this chapter. Note that the current high-NA objective has been imme-
diately implemented before the experiments in this chapter and features a collection
efficiency increased by a factor 2.5 compared to previous experiments.
In analogy to the experiments with the trapped-ion QNN, we have to compensate the
unitary polarization rotation between the atom and the photon projection setup. To
this end, a laser at 780 nm at the same frequency as the emitted photons, named com-
pensation laser, is sent from the backside of the trap through the whole setup to the
BSM. Its polarization is modulated in time with 10 Hz between V and D using a liquid
crystal variable retarder (LCR). Motorized flip mirrors in front of the photon projec-
tion setup reflect the light to a polarimeter. The compensation is performed either
with manual polarization controllers (lab 1) or in an automatized manner employing a
dynamic polarization controller in combination with a gradient descent algorithm (lab
2). In fact, two polarization states are sufficient to compensate for arbitrary unitary
rotations in the case of negligible PDL.

7.1.2 Generation and analysis of atom-photon entanglement

The timeline of the experimental sequence for entanglement generation and verifica-
tion is illustrated in Fig. 7.2a. We start with loading an atom into the dipole trap,
i.e. the MOT and dipole trap laser are switched on until we record an increase of the
integrated fluorescence counts (40 ms time window) above a certain threshold. This
procedure may take up to 1 s; afterwards the MOT coils are switched off and the atom
is cooled for 350 µs. Subsequently, we perform 3 µs of optical pumping to the state
|S1/2, F = 1,mF = 0〉 employing the pump 1-1 and 2-1 lasers with appropriate polar-
izations [271]. Next, atom-photon entanglement is generated according to the scheme
sketched in Fig. 7.2b: a resonant laser pulse with a FWHM of 22 ns excites the atom to
the state |P3/2, F

′
= 0,mF = 0〉 with a probability of about 80 % [270]. The short-lived

excited state (τ = 26.24 ns) spontaneously decays back to one of the three ground states

1The measurement of atom-photon entanglement requires projection to different bases, which is
realized by additional motorized waveplates in the BSM
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depending on the fiber length. If a photon is detected, we proceed with the atomic-state
readout, otherwise another excitation trail or cooling is conceived. (B) Atom-photon entan-
glement at 780 nm is generated via spontaneous decay after resonant excitation to the state
|P3/2, F

′
= 0,mF = 0〉 with a π-pulse at 780 nm. (C) The atomic-state readout is based on

Zeeman-state selective ionization employing a linear-polarized laser at 795 nm and an ionization
laser at 473 nm. If the atom is ionized, it leaves the dipole trap, which can be discriminated via
fluorescence detection. To avoid false events due to the undesired decay to |S1/2, F = 2〉 before

ionization, an additional cycling laser at 780 nm excites the atom to the state |P3/2, F
′

= 3〉,
which is ionized, too.

under emission of a σ+/−- or π-polarized photon. For collection along the quantization
axis we only detect σ+/−-polarized photons since π-polarized photons destructively in-
terfere at the facet of the SM fiber. Equal CGCs of the two σ-polarized decay paths
result in a maximally entangled state between the atomic qubit and the photon polar-
ization

|Ψ〉ape =

√
1

2
(|↓, L〉+ |↑, R〉)

=

√
1

2
(|− x, V 〉+ |+ x, H〉) =

√
1

2
(|+ y, A〉+ |− y, D〉) . (7.1)
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After excitation, a variable waiting time up to 102 µs is introduced. Its duration depends
on the fiber length, which determines the travel time of the photon to the detector. If
we record an event by one of the single-photon detectors within a hardware-gated time
window, the atomic-state readout is initialized. In case of no click the excitation se-
quence is restarted with optical pumping. After 40 excitation tries without a detected
photon, there is an intermediate 350 µs long cooling step to avoid negative influences on
the lifetime in the trap or the atomic coherence due to heating by the resonant pump
and excitation pulses.
The scheme of the atomic-state readout based on Zeeman-selective ionization is shown
in Fig. 7.2c: it starts with a linear-polarized readout pulse at 795 nm to transfer the pop-
ulation from a selected superposition state to the excited state |P1/2, F

′
= 1,mF = 0〉.

Simultaneously, we sent a laser pulse at 473 nm to the atom, which exclusively ion-
izes the excited state. An ionized atom immediately leaves the dipole trap, i.e. we can
distinguish if the selected ground-state superposition has been excited or not via fluores-
cence detection. Due to the short lifetime of the excited state the atom might decay to
|S1/2, F = 2〉 before ionization resulting in a false decision. Thus, an additional cycling

laser at 780 nm transfers the population to the state |P3/2, F
′

= 3〉, which is ionized,
too. The state-selectivity relies on coherent effects in the coupled three-level lambda-
type system, namely the existence of dark- and bright-states in the ground state being
related to coherent population trapping. In our case, the tuning knob is the polarization
of the readout laser, which we define as superposition of H- and V-polarized light

JReadout = cos(α) · V + e−iϕ sin(α) ·H. (7.2)

Accordingly, we can derive two orthogonal atomic superposition states of which one is
transferred to the excited state by the readout pulse (bright-state) and the other is not
(dark-state):

|Ψ〉Bright = cos(α)
1√
2

(|↓〉+ |↑〉)− sin(α)
i√
2
eiϕ(|↓〉 − |↑〉) (7.3)

|Ψ〉Dark = sin(α)
1√
2

(|↓〉+ |↑〉) + cos(α)
i√
2
eiϕ(|↓〉 − |↑〉). (7.4)

The most intuitive example is purely circular-polarized light, e.g. σ+-light with α = π/4
and ϕ = π/2. In this case, the bright- (dark-) state is |↓〉 (|↑〉), which is consis-
tent with the selection rules since σ+-polarized light cannot excite the state |↑〉 to
|P1/2, F

′
= 1,mF = 0〉. Consequently, a readout of atomic superposition bases requires

a linear-polarized readout pulse. It is straightforward to verify that H/V readout
light corresponds to the bright- (dark-) states |−/+〉x (|+/−〉x), while D/A corre-
sponds to |−/+〉y (|+/−〉y). The fidelity of this readout scheme is 97 %, limited by

off-resonant excitation of the dark-state to |P1/2, F
′

= 2〉 and a mixture of the bright-
and dark-state caused by spontaneous decay from the excited to the ground state
before ionization. It is important to note that population in the third ground state
|m0〉 = |S1/2, F = 1,mF = 0〉 is excited and ionized, too. Thus, the readout scheme can
be considered as a projective measurement to the dark-state. During the experiments,
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we measure the atomic state only in superposition bases albeit full state reconstruction
additionally requires readout in the eigenbasis. However, we will see later that it is still
possible to estimate a lower bound of the fidelity with an appropriate model.

7.1.2.1 Coherence properties of the atomic qubit

In analogy to the trapped-ion experiments we employ two Zeeman states with different
mF-numbers as atomic qubit. Hence, the qubit is prone to magnetic-field noise. How-
ever, several effects render the situation in the Rb-atom QNN more complex. In the
following we briefly explain the decoherence mechanisms and the techniques to coun-
teract those.
The first issue arises from the fact that we have a spin-1 system in the ground state with
the states |↓〉, |↑〉 and |m0〉 = |S1/2, F = 1,mF = 0〉. For a magnetic field in z-direction,
these states are eigenstates resulting in a Larmor precession of the phase of an initially
prepared superposition state. Accordingly, the effect of field noise in z-direction is the
same as described in Sect. 4.1.1 for the trapped-ion qubit, namely shot-to-shot dephas-
ing. The situation is different for fields in x- or y-direction: now the eigenstates are
superposition states of |↓〉, |m0〉 and |↑〉. Calculating the temporal evolution of the
qubit superposition states |+〉x and |−〉x, which are initially prepared at time t = 0, in
a magnetic field ±Bx yields

|+〉x(t) = |+〉x(0) (7.5)

|−〉x(t) = |−〉x(0) cos(ωLt)± i|m0〉 sin(ωLt). (7.6)

We find that |+〉x is an eigenstate being insensitive to x-fields (comparable to |m0〉
in a z-field), whereas |−〉x is a superposition of the two field-dependent eigenstates.
This results in a population transfer between |−〉x and |m0〉. Since the state |m0〉 is
ionized during the atomic-state readout, x-field noise is detected as false events and
therefore a source of decoherence of the state |−〉x. However, the observation of this
decoherence depends on the basis of the atomic-state readout. If we assume for instance
a H-polarized readout pulse (readout angle: α = 90◦), the state |−〉x is the bright state
and ionized anyway, i.e. population transfer to |m0〉 does not lead to false events. In
contrast, a readout with V-polarized light (α = 0◦) features |−〉x as dark-state and
is, accordingly, maximally sensitive to x-field noise. All other readout bases can be
described as superpositions of H and V, so noise partly influences these bases with
respect to their overlap with V.
The calculation for a magnetic field ±By in y-direction is performed in a similar way,
yielding

|+〉x(t) = |+〉x(0) cos(ωLt)∓ |m0〉 sin(ωLt). (7.7)

|−〉x(t) = |−〉x(0). (7.8)

The result is the same except that |+〉x and |−〉x are swapped. Accordingly, y-field noise
only affects the state |+〉x and is primarily detected for a readout angle of α = 90◦, while
readout at α = 0◦ is insensitive to noise.
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Static and time-dependent magnetic fields with different strengths and frequency com-
ponents can originate from a series of external sources, e.g. the earth magnetic field,
the subway being in close proximity to the lab (60 m), or electrical devices and power
supplies around the trap. In order to compensate for these external fields, an active
stabilization is implemented: a magnetic-field sensor is placed in close proximity to the
atom (2 cm) to measure the magnetic fields in all three directions. With the help of
three coil pairs around the trap, which are arranged in Helmholtz configuration, we
can apply magnetic fields in all three directions. Hence, we can stabilize the fields at
the position of the atom to arbitrary values (max. ± 500 mG) using a PID loop with a
bandwidth of 200 Hz with an uncertainty of < 0.5 mG rms.
Apart from external sources, a major contribution to the decoherence emerges from the
dipole trap. In particular, two effects lead to an additional effective magnetic field

~Beff (~r) =
πc2Γ

2ω3
0µB

(
1

∆2,F
− 1

∆1,F

)
·

 0
Plong (~r)
PODT

 · I (~r) (7.9)

with Γ and ω0 being the decay rate and transition frequency of the central D-line,
1/∆2,F (1/∆1,F) the detuning of the ODT with respect to the D1-(D2-)line, and I (~r) the
intensity profile of the focused ODT laser. The first effect occurs if the ODT is not
perfectly linear polarized but slightly elliptical, for instance caused by birefringence of
the objective or glass cell. The ellipticity is quantified by PODT; for linear polarized light
PODT equals zero, whereas PODT = ±1 for circular polarization. The consequence of an
elliptically polarized ODT is a Zeeman-state dependent AC Stark-shift, which can be
considered as an effective magnetic field in z-direction (see Eq. 7.9). This contribution
is reduced to < 1 mG by a careful adjustment of the ODT polarization in combination
with a stabilization of the air temperature in the box containing the atom trap to 0.1 K
to avoid temperature-induced birefringence. The value of < 1 mG is lower than the ex-
ternal magnetic fields and in the same order as the uncertainty of the magnetic-field
stabilization.
The second effect is related to the appearance of longitudinal electric-field components
Ez(~r) in the focal region of the ODT. These field components are caused by the tight
focusing and even occur if the laser is initially purely linear-polarized. A detailed cal-
culation reveals that the (desired) component Ex(~r) has a phase shift unequal to zero
with respect to Ez(~r), i.e. the resulting polarization can be considered as an elliptical
polarization of a light field propagating in y-direction. This elliptical polarization –
labeled as Plong(~r) – depends on the relative amplitude and phase of Ex(~r) and Ez(~r),
and induces just like PODT a Zeeman-state dependent AC Stark-shift. Accordingly,
we obtain an effective magnetic field Blong(~r) in y-direction, which is proportional to
Plong(~r)·I(~r) (see Eq. 7.9). Regarding the atomic coherence, we identify a few important
properties of Blong(~r): first, Blong is zero in the y-z-plane at x = 0, which includes the
optical axis, and has its maximum at x ≈ 1/

√
2ω0 and y = z = 0. Second, the absolute

values of Blong are plane symmetric with respect to the y-z-plane at x = 0, but the phase
of Ez(~r) has different signs for positive and negative x-values. Hence, the direction of
Blong is inverted on both sides of the y-z-plane. Since we do not cool the atom to the
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Figure 7.3. Coherence properties of single Rb-atoms. The time evolution of atomic
superposition states. The atoms are initially prepared in |Ψ〉(0) = |−〉x (A) and |Ψ〉(0) = |+〉x
(B) via generation of atom-photon entanglement and subsequent projection of the photon to
|V 〉 and |H〉, respectively. The y-axis denotes the population of the dark-state, which equals
|−〉x for a V-polarized readout pulse (blue dots) and |+〉x for H (orange dots). The solid lines
are simulations [276]. The loss of contrast at longer waiting times is caused by decoherence due
to magnetic-field noise. If the photon is projected to |H〉 and the readout-laser polarization set
to H, magnetic fields in y-direction stemming from the elliptical polarization of the ODT-light
near the focus are clearly visible. After each transverse oscillation period of the atom in the
ODT (≈ 42 µs), the state rephases and the original coherence is restored.

motional ground state, it oscillates in the harmonic trap potential with an amplitude
determined by its thermal energy. The initial energy obeys a thermal distribution and
is different for each atom, i.e. each atom moves along different trajectories. The latter
is relevant for the state evolution of the atomic qubit in the optically induced effective
y-fields, thus, we obtain decoherence on a time-scale of the transverse oscillation period.
However, due to the sign change of Blong, the temporal evolution of the state cancels
out after one full transverse oscillation period. At this time the atoms rephase, i.e.
the accumulated phase goes to zero independent of the particular atom trajectory. A
perfect rephasing only occurs if the atom merely moves in transverse direction, how-
ever, since it also oscillates in z-direction – roughly with a ten times lower frequency –
the rephasing becomes worse for multiple oscillation periods. Moreover, the trap is not
perfectly harmonic, which results in energy-dependent trap frequencies and smears out
the sharp rephasing points.

A measurement of the coherence properties is shown in Fig. 7.3. If the photon is pro-
jected to |V 〉 the atom ends up in |−〉x (Fig. 7.3a). A state readout with H- or V-
polarized light at 795 nm at different waiting times yields the time-dependent dark-state
populations (orange and blue dots). They show decoherence on a time scale of a few
hundreds of µs due to z- and x-field noise. The solid lines are simulations based on the
atomic dynamics [276]. In contrast, if the atom is projected to |+〉x, it is sensitive to
noise in y-direction In case of a readout with V-polarized light. As expected we identify
an oscillatory behavior of the orange data points with a rephasing point at roughly
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45 µs. Note that it is difficult to give a single number for the coherence time due to the
non-isotropic influence of the different effects.
We further improve the coherence shown in Fig. 7.3a by applying a guiding field in
y-direction in the order of a few tens of mG to suppress the influence of field noise
in the other two directions. A guiding field in y-direction is feasible since huge fields
stemming from the dipole trap, which are hard to compensate for, are present in the
direction anyway. Note that the guiding field leads to Larmor oscillations of the curves
in Fig. 7.3b. Thus, the guiding field amplitude is set to a value where the high-contrast
points of the Larmor oscillation exactly overlap with the rephasing time determined by
the transverse trap frequency. Additionally, via control of the dipole trap power and
the guiding field amplitude, we can shift the high-contrast points in time to match them
for instance to the waiting time associated with a certain fiber length.

7.2 Atom-photon entanglement over up to 20 km of fiber

7.2.1 Experimental setup

In order to demonstrate atom-photon entanglement over long fiber distances, we com-
bine the trapped-atom QNN with part of the previously described QFC system as
depicted in Fig. 7.4. The fiber-coupled photons emitted by the atom first pass a MEMS
switch (SN-2x2-4, Sercalo microtechnology), which guides the photons either to a sin-
gle APD or to the PPQFCD. The switch is necessary because we collect fluorescence
photons at 780 nm for entanglement generation as well as for the loading sequence and
state readout, which rely on photons scattered by the cooling, pump and repump lasers,
with the same objective. This is uncritical at 780 nm since we are able to detect all
photons with the APDs. However, the narrowband spectral filters of the QFC system
only possess significant transmission for photons emitted on the excitation transition,
i.e. we cannot utilize the SNSPDs for atom trapping and state readout. Accordingly, it
is necessary to implement a switch, which guides the photons to a single APD during the
loading sequence and state readout, or to the PPQFCD during the excitation sequence.
To solve this issue, we tested several approaches: we first used an AOM as a fast switch,
but its thermal properties negatively influenced the polarization stability. Although the
AOM was operated in a pulsed mode with a tiny duty cycle, we observed time-dependent
relative polarization rotations between the photons and the compensation laser. This
results in a phase uncertainty of the entangled state and consequently in a decrease of
fidelity. Another approach were partially-reflecting beam splitters to extract – at the
cost of SBR – 10 % of the fluorescence photons for trapping and state readout. The lower
amount of fluorescence photons was still sufficient to clearly distinguish if an atom is in
the trap with APDs featuring a DCR of < 10 cps. Unfortunately, this approach suffered
from up-converted anti-Stokes Raman background at 780 nm, which went back into the
input arm of the converter, was reflected at various optical elements in the trap, and
generated additional background counts on the single APD. Despite the poor overall
transmission, the background level was measured to be as high as the fluorescence level.
We modified the single APD with the monolithic filter cavities already built in the pho-
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Figure 7.4. Setup for long-distance atom-photon entanglement. Schematic
representation of the joint setup for atom-photon entanglement over up to 20 km of fiber. It
combines the atom trap, the frequency converter and the quantum state analysis for telecom
photons.

ton pair source in Sect. 3.3. At 780 nm they provide a finesse of 150 and a linewidth of
500 MHz. Although the up-converted ASR background was suppressed, the additional
losses caused by the cavity (T ≈ 70 %) further decreased the overall fluorescence level.
This led to an increased amount of false decisions, in particular for long waiting times
where we effectively cool less and therefore scatter less photons. A third approach was
a second set of optics for fluorescence collection placed at the backside of the trap. Due
to a limited optical access it was not possible to built a setup for collection into a SM
fiber, but only into a multi-mode fiber. This led to a large background fluorescence level
due to stray light from the cooling lasers rendering state detection impossible.
The best and most robust option was the above mentioned MEMS switch, since up-
converted ASR background is completely suppressed due to a negligible cross-talk be-
tween the channels (> 100 dB suppression). Its major disadvantage is the switching time
of about 1 ms. It hinders the detection of fluorescence photons generated during cooling
and optical pumping, which are typically recorded to verify that the atom did not fall
out of the trap during the excitation sequence. This is not an issue for atom-photon
entanglement, since the high event rate results in a high probability to detect a photon
in a 200 ms time window being well below the lifetime of the atom in the trap (even
for the large waiting time of 102 µs at 20 km of fiber). Thus, we rarely loose the atom
during the excitation sequence. However, it becomes critical for atom-atom entangle-
ment where the event rate is several orders of magnitude lower. To allow for atom-atom
entanglement with MEMS switches, the sequence has to be modified at the cost of event
rate, e.g. with intermediate 20 ms long checking periods after 120 ms of excitation tries.
During the excitation sequence, the emitted photons are sent to the PPQFCD and af-
terwards coupled to a 50 m long fiber connecting the atom lab to another lab where the
BSM and SNSPDs are located. Additionally, we can insert 10 km and 20 km of spooled
fibers into this path. To avoid polarization drifts in the long fibers, the spools are placed
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within the temperature-stabilized box containing the atom trap. The stability of 0.1 K
has proved to be sufficient to eliminate drifts to perform overnight measurements tak-
ing several hours. The 50 m long fiber is directly connected to one of the two branches
of the BSM – without the fiber-BS and polarization controllers – for spectral filtering
and state analysis. Note that the automatized polarization compensation was not yet
operational during the experiments in this chapter. Instead we used the polarimeter as
monitor for a manual compensation. Finally, the photons are detected by the SNSPDs
as described in the previous chapters.

7.2.2 Results

We measured atom-telecom-photon entanglement in three different configurations: after
50 m (A), 10 km (B), and 20 km (C) fiber length. Furthermore, a reference measurement
at 780 nm (R) was performed to assess the influence of the QFC. In measurements R and
A we implemented an electronic delay of about 51 µs between a photon detection event
and the atomic-state readout to mimic the waiting time of the 10 km-fiber. Hence, the
influence of decoherence on the fidelity is comparable among R, A and B. The results
are displayed in Fig. 7.5; the appropriate numbers are summarized in Tab. 7.1.
In all measurements we achieve an entanglement generation rate of 35 events per minute,
mainly limited by the loading time of about 1 s, since we loose the atom during the
state readout in roughly half of the cases. Note that for our parameters (repetition
rate, success probability, loading rate) the generation rate is not sensitive to the success
probability, i.e. the probability to detect a photon per excitation attempt. The photon
wavepackets of measurements A, B and C, each containing > 15000 events collected
within a few hours, are shown in Fig. 7.5 on the left. Fits of the exponential decay reveal
excited-state lifetimes of 26.7(6) ns, 26.0(4) ns and 26.4(5) ns being in good agreement
with the literature value of 26.24(4) ns [263]. For the further evaluation we post-select
events in a 50 ns-window (marked by blue dashed lines) corresponding to about 74 % of
the total photon wavepacket. This window was chosen to obtain a good tradeoff between
the number of detected events and the SBR. From the post-selected data we calculate

success probabilities of p
(R)
suc = 3.764 × 10−3, p

(A)
suc = 1.276 × 10−3, p

(B)
suc = 0.221 × 10−3

and p
(C)
suc = 0.173×10−3. As a consistency check, we estimate the theoretically expected

probabilities as

p
(A)
suc,theo = p(R)

suc · Tmems · ηdev · Tfilter · Tproj · ηsnspd, A/ηapd = 0.83× 10−3,

p
(B)
suc,theo = p

(A)
suc,theo · Tfib,10 km · Tfib,fib · ηsnspd, BC/ηsnspd, A = 0.23× 10−3,

p
(C)
suc,theo = p

(B)
suc,theo · Tfib,20 km/Tfib,10 km = 0.16× 10−3, (7.10)

taking into account the transmissions of the MEMS switch (Tmems = 75 %), projection
setup (Tproj = 92.2 %), 10 km-fiber (Tfib,10 km = 63 %), 20 km-fiber (Tfib,20 km = 42.0 %)
and further fiber-fiber connectors (Tfib,fib = 90 %) as well as the EDI (ηdev = 57 %), the
photon transmission of the filter system (Tfilter = 81.8 %), and the average quantum
efficiencies of the APDs (ηapd ≈ 50 %) and SNSPDs (ηsnspd, A = 34 % for measurement
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A, ηsnspd, BC = 17 % for measurement B and C). We find a good agreement for measure-
ments B and C, whereas the measured success probability for A is higher than expected.
We attribute this to drifts of the laser powers in the atomic-state preparation and exci-
tation cycles, which were thoroughly optimized before measurement A and might have
been non-perfect during the other measurements. The same observation is valid for the
SBR: in principle, the SBR should be similar for all telecom measurements because the
main background contribution, CIB, is attenuated in the fibers just like the converted
photons. In particular, we operated the SNSPDs during measurements B and C at a
lower bias current where the DCR is reduced by one order of magnitude (cf. Sect. 3.1.3),
i.e. we even expect a slightly higher SBR. We do not observe this in the measured val-
ues listed in Tab. 7.1, being related to the discrepancies in the success probabilities. We
confirm this via the theoretical values, which are determined by the probabilities pbg to
detect a background count in the 50 ns-window, and given as

SBR
(A)
theo =

p
(A)
suc

p
(A)
bg

=
p

(A)
suc

50 ns ·
(
R

(A)
cib, det +R

(A)
dcr, snspd1+2

) = 32.1,

SBR
(B)
theo =

p
(B)
suc

50 ns ·
(
R

(B/C)
cib, det · Tfib,10 km · Tfib,fib +R

(B/C)
dcr, snspd1+2

) = 21,

SBR
(C)
theo =

p
(C)
suc

50 ns ·
(
R

(B/C)
cib, det · Tfib,20 km · Tfib,fib +R

(B/C)
dcr, snspd1+2

) = 23.7, (7.11)

with R
(A)
dcr, snspd1+2 = 116 cps, R

(B/C)
dcr, snspd1+2 = 18 cps, R

(A)
cib, det = 0.34 × 1990 cps =

677 cps and R
(B/C)
cib, det = 0.5×R(A)

cib, det. All values agree well with the measured ones, the
slight underestimation may result from different operating points of the QFCD at lower
pump powers. Note that the background is – in contrast to the converters for 854 nm –
dominated by CIB being a factor 6-12 stronger than the detector dark-counts.

To verify atom-photon entanglement, we measure the photon polarization state in the
two linear bases |H〉/|V 〉 and |D〉/|A〉 at different atomic readout angles α by varying
the 795 nm laser polarization. Actually, the density matrix reconstruction via QST
also requires projective measurements in |R〉/|L〉, which is currently not possible for
technical reasons. However, the two linear bases are enough for an estimation of the
fidelity. The respective atom-photon state correlations for measurements A, B and C
are illustrated in Fig. 7.5 on the right side. The data points denote the population of the
dark-state of a given readout angle (quoted in Fig. 7.5a below the x-axis) conditioned
on the detection of a photon in a certain basis setting. The occurrence of oscillations
in all settings with π/2 phase shifts already indicates the presence of entanglement.
We quantify this by fitting the data with sinusoidal curves (solid lines) to obtain the
visibilities. The fits reveal that the visibility for a projection of the photon to |V 〉
(atom in |−〉x, red curves) is almost the same in each measurement (A: 89.9(14) %,
B: 88.1(14) %, C: 90.6(10) %), while all other visibilities decrease with increasing fiber



164 7. LONG-DISTANCE ATOM-PHOTON ENTANGLEMENT

Table 7.1. Results of the four atom-photon entanglement measurements. R is a reference
measurement at 780 nm while A, B and C denote measurements at 1522 nm in different config-
urations. They are related to the figures shown in Fig. 7.5a/b/c.

Measurement (R) (A) (B) (C)

Wavelength 780 nm 1522 nm 1522 nm 1522 nm

Fiber length 5 m 50 m 10 km 20 km

Readout delay 51 µs 51 µs 51 µs 102 µs

Success probability 3.764× 10−3 1.276× 10−3 0.221× 10−3 0.173× 10−3

SBR 934.2 32.3 23.2 25.1

Estimated fidelity 89.7(7) % 88.1(11) % 84.2(10) % 78.9(13) %

Bell parameter 2.49(3) 2.41(3) 2.37(4) 2.12(5)

length. This is explained by a loss of atomic coherence: as mentioned in Sect. 7.1.2, we
apply a guiding field in y-direction to suppress magnetic-field noise in x- and z-direction,
i.e. the atomic state |−〉x is insensitive to field noise on our time-scale. In contrast, the
state |+〉x is affected by the y-fields stemming from the transverse oscillation in the trap
being the dominant decoherence effect. Although the waiting time coincides with one of
the rephasing points, we suffer from the non-perfect rephasing (see Fig. 7.3b). Note that
the minimum data point of the |H〉-curve at the readout angle α = 0◦ is not affected
by decoherence since we do not detect y-field noise for α = 0◦ (cf. Sect. 7.1.2). The
curves for projection to |D〉/|A〉 are also prone to decoherence because the resulting
atomic state has an overlap with |+〉x. Moreover, the readout angles α = 45◦ and
α = 135◦ where the maximum/minimum points are located also possess a contribution
from α = 0◦, i.e. decoherence is observed in the maximum and minimum points. A
similar outcome is expected for a projection to |R〉/|L〉 with the same argument.
Subsequently, we calculate the average visibility Vavg as the mean value of the visibilities
of all six basis states. To this end, we assume the visibilities in the third basis |R〉/|L〉
to be equal to the |D〉/|A〉 basis. We find (estimated) average visibilities of 87.4(13) %,
85.8(13) %, 81.1(12) % and 74.7(16) % for measurements R, A, B, and C, respectively.
In order to estimate the Bell-state fidelity from Vavg, we model the state in the 2 × 3
space spanned by |R〉, |L〉 and |↓〉, |m0〉, |↑〉 as

ρ = Vavg |Ψ〉 〈Ψ|ape +
1

6
(1− Vavg)1 (7.12)

with |Ψ〉ape being the desired atom-photon entangled state. The third ground state
|m0〉 has to be taken into account since it can be populated by means of magnetic field
noise in x- or y-direction. In Eq. 7.12 we assume isotropic decoherence towards white
noise in the 2 × 3 space, which is not fully correct in our case, but justifiable since we
consider all six basis states for the average fidelity. Accordingly, a lower bound of the
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Figure 7.5. Verification of atom-photon entanglement over several kilome-
ters of fiber. Results of atom-photon entanglement measurements after (A) 50 m of fiber
including an additional electronic delay of 50µs before the state readout, (B) 10 km and (C)
20 km of fiber. On the left side, each subfigure displays a small schematic picture of the setup
as well as the photon wavepacket with the 50 ns time windows containing the data, which are
post-selected for the evaluation. On the right side the atom-photon state correlations in two
photonic superposition bases (|H〉/|V 〉 and |D〉/|A〉) for different readout angles of the atomic-
state analysis are plotted. The solid lines are sinusoidal fits; from their visibility we estimate
the overlap fidelity.
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fidelity with |Ψ〉ape is given by

F ≥ 〈Ψ| ρ |Ψ〉ape =
1

6
+

5

6
Vavg, (7.13)

yielding fidelities of ≥ 89.7(7) % (R), 88.1(11) % (A), 84.2(10) % (B) and 78.9(13) % (C).
Note that we do not apply any background subtraction throughout this chapter. The
fidelity without QFC is limited by imperfections of the atomic-state readout (3%) and
the atomic coherence (7%). A comparison of measurement R and A with fidelities of
89.7(7) % and 88.1(11) %, respectively, yields the influence of the QFC in terms of SBR
and process fidelity since waiting time and fiber distance are quite similar. According to
Eq. 2.56, we expect a loss of fidelity of 1.9 %, which is supported by the experimental data
within the error bars. In measurement B, the reduction in fidelity to 84.2(10) % is larger
than anticipated merely from the SBR (2.7 %). The remaining 3 % are most probably
caused by drifts in the experiment, e.g. polarization rotations in the (unstabilized) long
fiber, magnetic fields, or laser power of the pump and excitation beams. The different
fidelities of measurements B of 84.2(10) % and C of 78.9(13) % can be attributed to the
decoherence of the atomic qubit caused by the longer waiting time. Hence, for atom-
photon entanglement over 20 km the decoherence contributes in total 11 % in fidelity
loss while the SBR is responsible for 2.5 %.
Additionally, all four measurements include the basis settings to measure the CHSH Bell
parameter S: |H〉/|V 〉 and |D〉/|A〉 for the photons, and α = 22.5◦ and α′ = 157.5◦ for
the atomic-state readout. We obtain S-parameters of S(R) = 2.49(3), S(A) = 2.41(3),
S(B) = 2.37(4) and S(C) = 2.12(5), which reveal a clear violation of Bell’s inequality.

7.3 Summary and discussion

To sum up, we demonstrated in this chapter entanglement between a Zeeman qubit
in the 52S1/2, F = 1 ground-state manifold of a single trapped Rb-atom and the po-
larization state of a telecom photon traveled through up to 20 km of fiber. To this
end, we modified an existing Rb-atom QNN with part of the QFC system introduced
in Chap. 6. In the combined setup we achieved success probabilities, i.e. the probabil-
ity of a photon detection event per excitation try, of 1.276 × 10−3 directly behind the
PPQFC, 0.221 × 10−3 after 10 km and 0.173 × 10−3 after 20 km of fiber. The num-
bers are consistent with the individual efficiencies and transmissions and mainly limited
by the collection efficiency from the atom (≈ 1 %), the EDI (57 %) and the average
SDE of the SNSPDs (≈ 34 % for the measurement behind the PPQFCD, ≈ 17 % for the
measurements with the long fibers). An optimization of the success probability by a
factor 5-6 is possible by employing state-of-the-art SNSPDs with efficiencies > 80 % and
the replacement of some lossy fiber components (MEMS switch, fiber-fiber connectors).
Note that the success probabilities are comparable to those of the trapped-ion QNN
in Chap. 4 and, hence, in the typical order of magnitude of free-space QNNs equipped
with high-NA objectives for photon collection (cf. Sect. 4.3). The generation rate in all
measurements – including those with the long fibers – is limited by the loading rate of
the trap to 35 events per minute. This results from a saturation effect since the success
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probabilities are high enough that the atom is likely to be shot out of the trap during
the state analysis in below a second after loading. The rate is a few orders of magnitude
lower compared to other QNNs, however, the influence of the loading rate is heavily di-
minished for atom-atom entanglement. There the success probability is proportional to
the square of the current probabilities and therefore low enough to avoid the saturation
effect.
In the measurements including QFC we achieved SBRs between 23.2 and 32.3, again in
good agreement with the success probabilities and expected background in the photonic
detection. The main contribution to the background is CIB, which is the reason that the
SBR is not significantly reduced in the measurements with the long fibers since it also
suffers from the same attenuation in the fibers. The remaining fluctuations are caused
by drifts in the setup affecting the success probability. Causing a loss of fidelity of about
3 %, the SBR can be considered as the main obstacle for advanced device-independent
protocols since it is non-trivial to improve it in the current setup.
Finally, we analyzed the atom-photon entanglement without QFC and with QFC af-
ter 50 m, 10 km and 20 km of fiber. From joint projective measurements of atom and
photon we calculated the Bell parameter and estimated lower bounds of the fidelity
with the expected Bell state. At short fiber distances (but with an electronic delay
between a photon detection event and the state analysis corresponding to the waiting
time of 10 km fiber) we obtained values of F ≥ 89.7(7) %, S = 2.49(3) without QFC
and F ≥ 88.1(11) %, S = 2.41(3) with QFC. Here the loss of fidelity is explained by the
limited SBR. After 10 km and 20 km of fiber we measured F ≥ 84.2(10) %, S = 2.37(4)
and F ≥ 78.9(13) %, S = 2.12(5), respectively. While all numbers are reduced because
of drifts, we clearly see the influence of the atomic coherence at 20 km, which accounts
for a fidelity loss of 11 % in total.
For future, more demanding experiments the SBR and the coherence time must be im-
proved. Regarding the SBR, one possibility is a even higher NA of the objective to
improve the collection efficiency. A further reduction of Raman background by at least
one order of magnitude could be realized by operating the PPLN waveguide at cryogenic
temperatures < 100 K (see Sect. 2.1.2). Despite promising recent results demonstrating
SHG at cryogenic temperatures [277], this approach still adds complexity and a large
technical overhead to the QFCDs. Another possibility are smaller filter bandwidths,
however, an improvement of the SBR by one order of magnitude is not even realistic
employing ideal single-photon detectors because the filter starts to absorb the emitted
photons at the same time (see Sect. 6.3.3). An alternative is to change the target wave-
length to the telecom O-band by utilizing e.g. the DFG-process to 1/780 nm - 1/1930 nm
= 1/1310 nm with a thulium-based laser system as pump source [82]. The large spec-
tral separation between pump and target wavelength of – 2450 cm-1 suppresses ASR
background by several orders of magnitude and makes spectral filtering to the MHz-
regime unnecessary. However, due to the large attenuation of the 1930 nm light in fibers
(≈ 20dB/km) it is not possible to use a single master laser, but independent TDFLs
must be stabilized to ultra-stable high-finesse cavities.
To improve the coherence time, several strategies can be applied: first, the dominant
contribution at the present time-scale (< 1 ms) stems from the position-dependent effec-
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Figure 7.6. Expected atom-photon and atom-atom entanglement fidelities.
Simulated entanglement fidelities at different fiber lengths for the current setup as well as a future
one with an improved atomic coherence. The black data points represent the measurements in
this chapter. While the SBR and the imperfect atomic-state readout limit the fidelity at short
distances, the atomic coherence is the limiting factor at longer distances > 10 km. The loss of
fidelity at distances > 100 km for the improved setup stems from detector dark-counts.

tive magnetic fields in the dipole trap. This effect can be circumvented by a standing-
wave dipole trap to spatially confine the atom much stronger (see e.g. [104]). Beyond
this, the influence of external magnetic field noise could be suppressed via a µ-metal
shield or by decoupling the qubit from magnetic fields employing a combination of
a Raman transfer to (first-order) magnetically-insensitive clock states (e.g. the states
|S1/2, F = 1,mF = +1〉 and |S1/2, F = 2,mF = −1〉) and a spin-echo sequence [278]. It
has been shown that these approaches enable coherence times up to a few hundreds of
milliseconds, which is enough to enable atom-photon entanglement over 100 km without
significant decoherence.
An estimation of the expected atom-photon (blue curves) and atom-atom (orange
curves) entanglement fidelities at different fiber lengths is shown in Fig. 7.6. The gray
dashed lines denote three important threshold of the fidelity, namely the classical thresh-
old at 50 % as well as two values where the Bell parameter surpasses 2.0 and 2.11. The
latter are related to the violation of Bell’s inequality and the threshold to allow for
self-testing of the quantum network link, respectively [220, 221]. The solid lines are
calculated for the current setup (the results of measurements A, B and C are shown
as black dots), while the dashed lines assume a future setup with an improved atomic
coherence. At small fiber lengths, the dashed and solid lines overlap since the fidelities
are mainly limited by the imperfect atomic-state readout and the SBR. We find that
self-testing is possible until 5 km and a loophole-free Bell test until 10 km even with the
current setup. With the future setup, this can be extended to about 100 km. For longer
fibers, detector dark-counts are the main source of background, which results in a quick
decrease of the fidelities.



Chapter 8

Summary and Outlook

In the first part of this chapter we will summarize the most important experimental
results presented throughout this thesis. In the second part, we give an outlook on the
next reasonable steps towards robust long-distance quantum network links capable of
establishing high-fidelity entanglement between remote matter qubits. On that account,
we suggest further improvements of our QFC devices and illustrate possible atom and
ion experiments. Furthermore, we present some ideas to perform self-testing of our
QFCDs, realize hybrid entanglement between two dissimilar quantum network nodes
(QNN), and to demonstrate the preservation of nonclassical, negative Wigner functions
during QFC.

8.1 Summary

The core of the work presented in this thesis was the development of in total four high-
performance polarization-preserving quantum frequency converters to equip trapped-
atom QNNs with a telecom interface that brings long-distance quantum networks in
reach. In particular, we focused on trapped 40Ca+-ions and neutral 87Rb-atoms with
transition wavelengths at 854 nm and 780 nm, respectively, which we connected to the
telecom O-, C- and S-band. On top of the construction and characterization of the QFC
devices, we performed a series of experiments combining those with the trapped-atom
QNNs or an entangled photon pair source to establish photon-photon entanglement
distributed over up to 40 km of fiber, light-matter entanglement over up to 20 km of
fiber and a quantum state transfer from a matter qubit onto a photonic qubit at telecom
wavelengths. We here sum up the most important achievements:

PPQFC devices for 40Ca+-ion network nodes. We designed, constructed and
characterized two PPQFCDs connecting the Ca-ion emission wavelength 854 nm to the
telecom O-band at 1310 nm and C-band at 1550 nm (in the following, all numbers are
listed in this order). Both converters rely on the nonlinear-optical process of difference-
frequency generation in a PPLN waveguide employing strong cw pump lasers at 2456 nm
and 1904 nm, respectively. To overcome the polarization dependency, the waveguides

169
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are inserted into polarization interferometers, either arranged in a single-crystal Mach-
Zehnder (O-band converter) or an intrinsically phase-stable Sagnac configuration (C-
band converter). Both devices were characterized with respect to their efficiencies,
conversion-induced background, and polarization-preserving properties. We measured
external device efficiencies of 26.5 % and 57.2 %. While the O-band converter com-
pares well with other state-of-the art QFCDs, the efficiency of the C-band converter
is about a factor two above these numbers, which has been achieved by an optimiza-
tion routine to allow for high waveguide-coupling efficiencies as well as improved optical
components featuring low losses. Undesired nonlinear processes (O-band converter)
induced by the pump laser and anti-Stokes Raman scattering (C-band converter) of
the pump in the waveguide result in conversion-induced background, which has been
quantified to 11.4 cps and 24 cps after spectral filtering down to 25 GHz and 250 MHz,
respectively. Taking the higher external device efficiency of the C-band converter into
account, both numbers are comparable with respect to their influence on the SBR and
allow for SBRs of > 200 assuming state-of-the-art trapped-ion QNNs. The preservation
of arbitrary polarization states of the input light was confirmed by means of quantum
process tomography. We found process fidelities of up to 99.75 % and 99.85 % with
a high long-term stability over several hours in which the fidelity never drops below
99.5 % and 99.75 %. These numbers are above the best achieved light-matter entangle-
ment fidelities and therefore not a limiting factor as of yet. Moreover, we confirmed by
simulations that imperfections of the PPQFCD do not significantly decrease the fideli-
ties. Instead, the observed limitations are caused by a non-perfect compensation of the
polarization rotation of the whole setup or polarization drifts in a 90 m long fiber con-
necting different labs. Eventually, we demonstrated the conversion of nonclassical light,
namely polarization-entangled frequency-degenerated photon pairs at 854 nm emitted
by a cavity-enhanced SPDC source, which delivers 5× 104 pairs/s·mW ion-resonant pho-
ton pairs with a fidelity of about 98 %. Via PPQFC of the idler photons, we measured
photon-photon entanglement in three different configurations: directly after PPQFC,
after PPQFC and 20 km of fiber, and after 40 km of fiber via back-reflection and two-
stage PPQFC. In all measurements, we obtained background-corrected fidelities with
the |Ψ−〉 Bell-state above 97.4 % and purities above 97 %, which proves preservation
of polarization entanglement during PPQFC. Without background subtraction we mea-
sured fidelities between 74 % and 79 %, being still clearly above the classical threshold of
50 %. All values are consistent with the measured SBRs around 2 limited by accidental
coincidences of the source.

Ion-telecom-photon entanglement and ion-to-telecom photon state transfer.
We performed two experiments to demonstrate basic operations of a quantum network
by combining a trapped-ion QNN with the PPQFC connecting 854 nm to the telecom
O-band. We started with the generation of entanglement between an atomic Zeeman
qubit and the polarization state of a telecom photon. We first characterized the ion-
photon entanglement at 854 nm without QFC, which we create with a rate of 256 Hz
and a SBR of 29.5, limited by the collection efficiency and detector dark-counts, respec-
tively. Due to different Clebsch-Gordan coefficients of the transitions, the entangled
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state is not a Bell state, but an asymmetric state with a maximum Bell-state fidelity of
about 97 %. Nevertheless, quantum state tomography of the ion-photon state reveals
Bell-state fidelities of 95.4(2) % and 93.4(2) % with and without background subtrac-
tion, being in good agreement with the measured purity and SBR and clearly above
the classical threshold of 50 %. The fidelities with respect to the asymmetric state are
even > 96 %. In the next step, we combined ion trap and O-band converter and created
ion-telecom photon entanglement with a rate of 43.5 Hz and a SBR of 24.3. In this mea-
surement, the background is still mainly determined by detector dark-counts, but has a
minor contribution (6.5 %) stemming from conversion-induced background. We proved
preservation of light-matter entanglement after PPQFC by means of fidelities with a
Bell-state above 92 % and the asymmetric state above 95 %. The loss of fidelity of 0.6 %
and 1.1 % (with and without background subtraction) compared to the values without
QFC can be explained by the process fidelity, polarization drifts in the fibers and the re-
duced SBR. Eventually, we employed the converter to introduce polarization-dependent
losses in order to compensate for the unequal Clebsch-Gordan coefficients. With this
method, we increased the Bell-state fidelities to > 93.4 % without and 97.8(1) % with
background subtraction, respectively.
In the second experiment we implemented a quantum state transfer from an atomic Zee-
man qubit onto the polarization state of a telecom photon utilizing the same setup as for
ion-photon entanglement. The protocol relies on the preparation of an initial qubit in
the D5/2-manifold followed by excitation and photon emission on the 854 nm-transition
and subsequent PPQFC to the O-band. The protocol succeeds with probabilities of 1.35
×10−4 (854 nm) and 5.1 ×10−5 (1310 nm) per excitation try, which is in good agreement
considering the accumulated impact of all individual efficiencies and transmissions. We
characterized the protocol via quantum process tomography and found process fidelities
> 93.2 % at 854 nm and > 91 % at 1310 nm, mainly limited by the atomic coherence,
SBR and back-decay to the initial qubit. The results were confirmed by measurements
of the average fidelities extracted from the single-qubit density matrices of the photonic
output state.

PPQFC system for 87Rb-atom network nodes. With the experience and tech-
niques developed for the converter transducing 854 nm to 1310 nm, we designed a com-
plete QFC system to extend an elementary quantum network link based on single 87Rb-
atoms by a telecom interface connecting 780 nm to the S-band at 1522 nm. The design
is based on several criteria to meet the requirements determined by the network link
in terms of conversion metrics and pump laser stability/reliability, as well as to allow
for full transportability and the integration into the network link. The system consists
of four mobile platforms, whose design and characterization was presented in Chap. 6.
The first platform contains two frequency-stabilized lasers at 780 nm and 1600 nm with
a long-term stability of about 1 MHz, which serve as master lasers for alignment, bench-
marking and pumping of the PPQFCDs. The two PPQFCDs (one for each atom trap)
are constructed in Sagnac configuration and represent the second and third platform.
The nonlinear waveguides are designed for the DFG-process 1/780 nm - 1/1600 nm =
1/1522 nm and were characterized in terms of their spectral and temperature tuning
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properties in order to find suitable operating points. We investigated the spectra and
power density of the dominant background source of this wavelength combination – anti-
Stokes Raman scattering – and designed a narrowband filter system based on these find-
ings. Via a combination of interference filters, a Bragg grating and a frequency-stabilized
Fabry-Pérot cavity, we achieved a bandwidth of 27.3 MHz with a suppression window
of several hundreds of nanometers, and an overall transmission of 90.7 %. This enabled
external device efficiencies of 57 % and generated conversion-induced background count-
rates of about 2000 cps for both QFC devices. The fourth platform features the filtering
system, which has been separated from the QFC platforms for technical reasons, and
the optical components to perform an automatized compensation of the polarization ro-
tation in the whole setup as well as projective measurements of the converted photons
or a photonic Bell-state measurement.

Distribution of atom-photon entanglement over 20 km of fiber. Finally, the
integration of the QFC system into the existing network link in Munich enabled the dis-
tribution of atom-photon entanglement over up to 20 km of fiber. We gave an overview
of the Rb-atom QNN with a focus on the experimental sequence, the coherence proper-
ties of the atomic Zeeman qubit, and the joint setup featuring the atom trap and QFCD.
We analyzed atom-photon entanglement in four different configurations: at 780 nm and
after PPQFC at 1522 nm – each with an electronic delay corresponding to the waiting
time of 10 km of fiber before the projective measurement of the atomic state – as well as
after 10 km and 20 km of spooled fibers. From TCSPC measurements of the converted
photon wavepacket we derived success probabilities to detect a photon per excitation
trial between 0.173× 10−3 and 1.276× 10−3, and SBRs between 23.2 and 32.3 being in
good agreement with the reference measurement at 780 nm, all individual efficiencies and
transmissions, and the detected background. The latter has a major contribution from
conversion-induced background (≈ 95 %) and a minor one from detector dark-counts
(≈ 5 %). We verified entanglement via projective measurements of the atomic and pho-
tonic qubit in several basis settings, from which we calculated the Bell parameter and
estimated a lower bound of the Bell-state fidelity. We obtained fidelity bounds between
90 % at 780 nm and 79 % after 20 km of fiber. The loss of fidelity stems from the limited
SBR and the atomic coherence caused by the waiting time of about 100 µs associated
with the travel time of the photon through the fibers. Nevertheless, all fidelities are
well above the classical threshold of 50 % as well as 70.7 %, which corresponds to a Bell
parameter of 2. The latter is supported by the measured Bell parameters ranging from
2.12(5) to 2.49(3).

8.2 Outlook and future prospects

Further development of the QFC devices. The next steps in the development
of the QFCDs for 780 nm and 854 nm are determined by the open issues listed in the
tables of requirements and figures of merit presented in Sect. 2.3, 3.4 and 6.4. The
integration into a 19-inch rack is currently approached in our group. While the lasers,
electrical components and the projection setup can be conveniently mounted in a rack,
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the main obstacle is the space requirement of the Sagnac interferometer. To this end,
the optimization algorithm of the trichroic waveguide coupling has already been revised
by T. Bauer to simultaneously find the parameters for best possible coupling and min-
imal distances between waveguide and fiber-couplers. This enabled the construction of
the Sagnac interferometer on a breadboard, which fits into a 19-inch rack. The inte-
gration on a single chip with butt-coupled fibers at the entrance and exit represents a
much more challenging task. In principle, all essential ingredients, among them on-chip
polarization-dependent QFC, which relies on reverse-proton-exchanged waveguides to
realize butt-coupling of fibers, S-bends as well as wavelength-dependent directional cou-
plers [82, 222, 223], or polarization control of single photons employing electro-optical
components attached to Ti-indiffused waveguides [279, 280] were demonstrated on LN
chips. However, combining all components – each featuring low losses – on a chip with
the additional constraint on a certain wavelength combination and simultaneous phase-
matching in more than one poled region is expected to be non-trivial. Photon band-
width manipulation could be implemented either with dispersion-engineered QFC [224],
chirped pump pulses, or via an electro-optic time lens [281]. However, these techniques
are so far restricted to certain wavelength combinations and/or to bandwidths in the
GHz regime. The reason is that all techniques rely on dispersion, which is negligible
in the case of MHz-broad photons. The same argument renders dispersion cancella-
tion unnecessary, even for several hundreds of km fiber MHz-broad photons are not
significantly broadened [225]. Conversion to multiple frequency channels within the
phasematching bandwidth can be easily achieved with more than one seed laser or fast
frequency-tuning using an AOM or EOM. The main obstacle are the narrowband fil-
ters at the telecom wavelength. This could be solved by choosing the network protocol
mentioned in Chap. 5, which relies on emission and absorption of photons by the QNNs.
Here the absorptive QNN acts as a spectral filter, i.e. filtering at telecom wavelengths
is not required [158].
Another direction is the development of two-stage frequency converters for QNNs based
on color centers in diamond. The majority of the color centers currently explored
as QNNs possess transition wavelengths between 500 nm and 750 nm (e.g. nitrogen-
vacancy: 637 nm, silicon-vacancy: 737 nm, germanium-vacancy: 602 nm, tin-vacancy:
620 nm). DFG-processes connecting the telecom C-band to these wavelengths require
pump laser wavelengths between 970 nm and 1410 nm, i.e. we are not in the long-
wavelength pumping regime anymore and may suffer from a comparable large amount
of background (see e.g. [141,142,192]). One possible solution to avoid narrowband spec-
tral filtering is a two-step process: by using a pump laser with double the wavelength,
we convert the input light in one waveguide to an intermediate wavelength and in a
second waveguide to 1550 nm. Two examples: for the silicon-vacancy center emitting at
737 nm and the tin-vacancy at 620 nm the pump lasers have to operate around 2815 nm
and 2067 nm, respectively. Both can be generated with Cr2+:ZnSe/S lasers and enable
conversion-induced background rates comparable to those of the C-band and O-band
converters.
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Figure 8.1. Self-testing of a quantum frequency converter.

Self-testing of frequency converters. During the last years, it has been theoret-
ically proposed to employ Bell’s theorem to perform a so-called self-testing or device-
independent certification of building blocks for quantum computers or quantum net-
works, such as quantum states and measurements [282,283] as well as quantum channels
or entangling gates [220]. Considering our frequency converters as such a building block,
and in particular as a one-qubit identity channel, we can apply the protocol described
by Sekatski et al. [220] to perform self-testing of our QFCDs. The basic idea relies on a
(loophole-free) Bell test experiment since the measurement of the S-parameter can be
performed – in contrast to quantum state or process tomography – device-independently.
This means that no prior knowledge about the functionality of the channel is required
and that we only make minimal assumptions on the input state and the measurement
setup, e.g. in terms of Hilbert space dimension or calibration of the projection/detec-
tion setup (both are for instance necessary assumptions for a state tomography). The
scheme to certify a QFC device is sketched in Fig. 8.1: an EPR source generates entan-
gled Bell-states. One of the qubits is sent to Bob, while the other qubit passes the QFC
and is detected at Alice’s side. From measurements of the Bell parameter of the input
and output state, i.e. with and without QFC, we can calculate the self-testing fidelity of
the quantum channel. The detailed analysis presented in [220,284] reveals that the Bell
parameter of the output state must significantly surpass a threshold of 2.11 to obtain a
self-testing fidelity larger than zero.
Our idea for an experimental realization employs the C-band converter together with
the trapped-ion QNN as EPR source generating atom-photon entangled states with
high fidelity. The qubit on Bob’s side is the atomic qubit, while the emitted photonic
qubit can be directly characterized at 854 nm, or frequency-converted and measured
at 1550 nm. However, two obstacles hinder the experimental realization of the original
proposal. First, a device-independent certification necessitates the closure of the detec-
tion loophole, i.e. we have to collect, convert and detect a photon with more than 71 %
efficiency (assuming an efficiency of 100 % for the atomic qubit). Without advanced
schemes such as heralded qubit amplification [285,286] this threshold is far out of reach
with the current setup. To this end, it has been proposed to perform self-testing un-
der the fair sampling assumption, which is not fully device-independent anymore and
requires further assumptions on the detection system [287], but still preferable com-
pared to tomographic methods. The second issue is related to the asymmetric state
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being generated by the trapped-ion QNN. In principle, all bounds on the fidelity men-
tioned above are calculated for maximally entangled Bell states, however, a modification
of the protocol in [220] allows for robust self-testing with non-Bell states with higher
demands on the Bell parameter of the output state [288]. Another possibility is to in-
troduce state-dependent loss (e.g. in the QFCD as shown in Sect. 4.2) to compensate for
the asymmetry. During the final stage of the preparation of this thesis, we performed
experiments in this direction yielding a Bell parameter of 2.670(36) after frequency con-
version including the compensation for the asymmetric state, which is a first evidence
that self-testing of our QFCDs is feasible.

Further experiments with trapped-ion network nodes. The first obvious exper-
iments are the retake of the experiments in Chap. 4 and 5 including 20 km fiber utilizing
a recently developed spin-echo sequence, the C-band converter, and a set of state-of-
the-art SNSPDs with > 70 % SDE and < 10 cps DCR being delivered in the near future.
Moreover, by combining the trapped-ion QNN with the cavity-enhanced SPDC source
and the C-band converter, it is possible to employ heralded absorption [131] to realize
heralded ion-telecom-photon entanglement [204] or a teleportation-based quantum state
transfer of an atomic Zeeman qubit onto a telecom photon [261]. On a longer perspec-
tive, one could aim at experiments including a second ion, either in the same trap or in a
second remote trap. Two ions in the same trap along with the possibility to collect and
couple photons from each ion to individual fibers as well as entangling gates between
the ions, enable the implementation of a single-sequential repeater node [289], being
realistic already with the currently available ion trap. In contrast, remote entanglement
of two ions relies on quantum interference of the photons from both traps and requires
optical cavities in order to generate Fourier-limited photons.

Extending the network link in Munich: towards long-distance atom-atom en-
tanglement, device-independent protocols and multiple network nodes. The
next step in Munich is the demonstration of telecom-heralded atom-atom entanglement
over several kilometers of spooled fibers as illustrated in Fig. 6.1. First promising results
obtained during the final stage of this thesis revealed the successful creation of telecom-
heralded atom-atom entanglement over 700 m of fiber (i.e. without km long fibers but
with QFC) with a Bell parameter of about 2.2, and over 22 km with S = 2.08. This
confirms that the BSM at telecom wavelengths as well as the automatized compensation
of the polarization rotation works. Furthermore, a Bell parameter of 2.2 with sufficient
statistics allows for self-testing of the network link according to the protocol in [221].
However, the demonstration of device-independent QKD [251] requires a Bell parameter
of about 2.4, which calls for an improvement of either the SBR or the fidelity of the
atomic-state readout (cf. Sect. 7.3). Going beyond spooled fibers, a further atom trap
can be constructed at the Max-Planck-Institut für Quantenoptik (MPQ) in Garching,
which is about 20 km apart from the LMU. Although we can mimic this experiment
already with the current setup by inserting spooled fibers into the photonic channel
and the classical communication channels of the herald and synchronization signals, the
step towards deployed fibers will surely provide some challenges. Regarding the QFC
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Figure 8.2. Entanglement of a trapped ion and a SnV center in diamond.
(A) The scheme to entangle a Ca-ion with a SnV-center via QFC to a common bus wavelength
at 1550 nm. Further details will be given in the main text. (B) Level scheme of the Ca-ion: ion-
photon entanglement is generated between two Zeeman states and the photon polarization with
a cavity-QED system. (C) Level scheme of the SnV-center: the qubit states are two Zeeman
states of the lower ground state. Spin-photon entanglement is generated in the time-bin degree
of freedom by means of Raman transitions and resonant excitation.

system, it might be necessary to investigate the linewidth of the 1600 nm laser on a
millisecond time-scale. Since the laser is most probably not exactly located between
the atom traps, a broadening of the linewidth to 1 MHz already causes a significant
decrease of the HOM visibility. Thus, it might be necessary to narrow the linewidth by
means of a high-finesse ultra-low expansion cavity or a self-heterodyne technique. On a
longer perspective one could think about more than two QNNs via a connection to the
cavity-based Rb-atom QNNs of the group of G. Rempe at the MPQ. Experiments in this
direction include the entanglement of three single-atom QNNs, a three-node network
with a central node featuring two atoms coupled to one cavity [107] or the storage of
photons from the free-space QNNs in a recently-developed heralded quantum memory
based on crossed fiber-cavities [253].

Towards hybrid entanglement: entangling a trapped ion with a color cen-
ter in diamond. A further idea for a novel experiment aims at the entanglement or
a quantum state transfer between dissimilar network nodes, e.g. between atomic and
solid-state systems. Only in few cases a solid-state system can be found whose system
wavelength exactly matches (or can be tuned to) the atomic wavelength; possible can-
didates are for instance quantum dots [290,291] or ZnO semiconductor defects [292]. In
general, the transition wavelengths of the nodes are different and QFC to a common bus
wavelength can be applied as mentioned in the introduction. As an example, we could
aim for the entanglement of a trapped 40Ca+-ion Zeeman-qubit with the spin state of a
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negatively-charged tin-vacancy center in diamond (SnV-, details see e.g. [293, 294]) via
a BSM at 1550 nm. The proposed scheme is shown in Fig. 8.2: the experiment has three
major requirements: a trapped-ion QNN where the ion is coupled to a short fiber cavity,
a SnV--center QNN capable of generating spin-photon entanglement, and a QFC system
to convert the photons emitted by both QNNs to 1550 nm in a qubit-preserving way.
A major difficulty in connecting dissimilar systems are the unequal spectral properties
of the photons apart from the central wavelength, mainly their linewidth and temporal
profile. Fortunately, the SnV- center has a natural linewidth around 20 MHz, being in a
similar range as the 854 nm-transition linewidth of 23 MHz. In the ideal case (no further
broadening mechanisms), this guarantees sufficiently large HOM interference contrasts
(> 90 %) without the need for strong temporal filtering.
In the trapped-ion QNN, entanglement can be generated employing a scheme compa-
rable to the one described in Chap. 4. However, we already mentioned that back-decay
via the 393 nm-transition hinders the generation of lifetime-limited photons. Thus, an
optical cavity to drive cavity-mediated Raman transitions is required. Since the emit-
ted photons should possess linewidths in the order of the natural linewidth, a cm long
cavity as in [59] with linewidths in the kHz-regime is not recommended. Instead, a
short fiber cavity (e.g. L ≈ 250 µm, Finesse: ≈ 30.000) is advisable. Note that such
a cavity is too broad to individually address Zeeman levels of the D5/2-manifold via
Raman transitions, thus, a suitable combination of detuning from the excited state and
393 nm-laser polarization must be identified to obtain Bell states.
The SnV- center features two ground and two excited states with energy differences of
about 850 GHz and 3000 GHz, mainly caused by spin-orbit coupling (see Fig. 8.2c). The
line center of the four dipole-allowed transitions is at around 618 nm. The usage of the
two ground states as qubit states is not advised due to fast (ps time-scale) phonon-
mediated thermalization processes, which causes a fast decay of the population from
the upper to the lower ground state (the inverse process is unlikely at 2 K since phonons
at 850 GHz are frozen-out). Hence, a magnetic field is applied, which splits each state
in two orthogonal spin states. Phonon-mediated transitions between these states are
forbidden (except phonon-mediated transitions via the upper ground state, which could
be minimized by operating at 2 K and with an appropriate Zeeman splitting), i.e. we
can encode a qubit in the two spin states of the lower ground state. Unfortunately,
due to selection rules of the optical transitions between ground and excited states, it
is not feasible to directly create spin-photon entanglement in the polarization degree
of freedom. A common choice for color centers in diamond is the time-bin degree of
freedom, where the protocol works as follows: after optical pumping to the state |↓〉, a
balanced superposition between |↓〉 and |↑〉 is created by means of Raman transitions
(manipulation of the qubit states via microwaves would also work, but has proven chal-
lenging with group-IV vacancy centers due to the high power required for driving the
transition interfering with the cooling inside a (dilution) cryostat [295, 296]). Next, a
single photon is generated on the optical transition |↓〉 ↔ |A〉 via π-pulse excitation
on the same transition. After a waiting time sufficiently longer than the excited state
lifetime, the population of the qubit states is inverted by a π-pulse on the Raman tran-
sition, and another photon is generated in the same way as mentioned above. This
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results in entanglement between the spin qubit and the time-bin of the photon. Note
that it would be desirable to generate time-bin entangled photons in the trapped-ion
QNN as well, however, this requires a narrow cavity where Raman transitions between
individual Zeeman states can be driven.
The QFC system and BSM works as follows: for the photons emitted by the ion we
employ the C-band converter (see Sect. 3.2), while the SnV--photons at 620 nm can be
converted to 1550 nm in the above mentioned two-stage process with a Cr2+:ZnSe/S-
laser operating at 2067 nm. The respective DFG-processes are 1/620 nm - 1/2067 nm =
1/886 nm and 1/886 nm - 1/2067 nm = 1/1550 nm. Indistinguishability of the converted
photons with respect to the center wavelength can be ensured by a frequency stabiliza-
tion of both pump lasers, either via transfer-locks or detection of the frequency-doubled
pump light with a state-of-the-art wavelength meter with 2 MHz absolute accuracy
(model WS8-2, High Finesse). The BSM at 1550 nm can be conveniently performed in
the time-bin degree of freedom as the fast recovery time of SNSPDs makes only two
detectors necessary to measure Ψ− and Ψ+ Bell states [297]. Since the photons from
the ion are entangled with respect to their polarization, the entanglement has to be
converted to time-bin. To this end, the standard configuration consisting of an un-
balanced Mach-Zehnder interferometer with two PBS to separate the two polarization
components in time, and a subsequent Pockels cell, which rotates the polarization of
one of the photons by 90◦ to equalize the polarization of both, is inserted before the
BSM.

Preservation of nonclassical Wigner functions during QFC. We mentioned in
the introduction, that the preservation of various classical and nonclassical properties of
photons during QFC has been already demonstrated. However, one important property
remained elusive so far, the nonclassical Wigner function of a single-photon Fock state.
The latter is the quasi-probability distribution of the quantum state in phase space
spanned by the quadratures X and P , which features for a single-photon Fock state a
rotationally symmetrical shape with negative values around the center (see e.g. [298]).
Wigner functions are commonly measured via balanced homodyne detection. There the
challenge is that losses between the single-photon source and detectors, which result in
an increase of the zero-photon contribution in the photon statistics, diminish the nega-
tivity of the Wigner function. In fact, a total loss 50 % is the threshold where the Wigner
function becomes non-negative, thus, even the combination of our QFC devices with
highly-efficient single-photon sourced based on SPDC [298] or single atoms in optical
cavities [299] is not efficient enough to be above this threshold. For this reason, it was
up to now only possible to verify the preservation of non-negative, loss-tolerant Wigner
functions of squeezed states during QFC [300]. One way out is an alternative measure-
ment technique developed by Laiho et al. [301]: in the case of a rotationally symmetrical
Wigner function, it is possible to probe that of a pulsed single-photon source point by
point. To this end, Laiho et al. employed loss-tolerant photon-number resolving detec-
tors to measure the photon statistics of a single-photon Fock state generated by a her-
alded SPDC source at different displacements α. From the photon statistics, the value
of the Wigner function for a certain displacement, which corresponds to the distance to
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the origin in phase space, can be calculated. A variation of the displacement thus allows
for a point by point probing. They utilized time-multiplexed detectors (TMD), which
are capable of resolving the photon number of pulsed sources with standard binary de-
tectors [302], however, also more recently developed superconducting transition edge
sensors (TES) would allow for this task. The preservation of negative Wigner functions
during QFC employing this loss-tolerant technique could be performed as follows: we
start with a pulsed heralded single-photon source operating at 780 nm or 854 nm, similar
to that in [301], where a mode-locked titanium sapphire laser is frequency-doubled and
subsequently down-converted in a KTP waveguide. The signal photons are converted
with one of the QFCDs described in this thesis and detected with a TMD for telecom
wavelengths or a TES. The required displacement is in [301] realized by overlapping a
small fraction of the pump laser of the source (attenuated to the single-photon level) in
different intensities with the single photons on a fiber-based PBS. To measure the ideal
Wigner function of a Fock state, it is important that the pump laser has a large spectral,
spatial and temporal overlap with the photons (verified by HOM interference), thus, in
the scheme including QFC the pump laser of the source must be frequency-converted to
telecom wavelengths, too. To this end, a second QFCD for 854 nm or 780 nm, where the
particular waveguide is chosen to obtain the best spectral overlap with the first QFCD,
can be utilized.





Appendices

181





Appendix A

Calculation of the process matrix from
the Choi-matrix

The maximum-likelihood estimation presented in Sect. 2.2.4 outputs the Choi-matrix S,
which is isomorphic to the positive map E describing the process, but less intuitive and
descriptive than the process matrix χ associated with E . Thus, we here present how to
transform the S-matrix to the χ-matrix representation. As a reminder, the quantum
process is described by the map E

ρout = E (ρin) =
4∑

m,n = 1

χmn σn ρin σ
†
m (A.1)

with χmn being the entries of the process matrix and σn/m the Pauli matrices. However,
the Pauli matrices are only one possible basis and we can rewrite the map E in a different
basis. In fact, if we choose a particular orthogonal basis An with

A1 =

(
1 0
0 0

)
A2 =

(
0 1
0 0

)
A3 =

(
0 0
1 0

)
A3 =

(
0 0
0 1

)
, (A.2)

we find that the matrix elements χmn are identical to the entries of the S-matrix. Hence,
we can describe E as

ρout = E (ρin) =

4∑
m,n = 1

SmnAn ρinA
†
m (A.3)

and calculate the process matrix χ from the S-matrix (and vice versa) via a basis
transformation. To this end, we write the A-matrices as linear combination of Pauli
matrices

Ai =

4∑
j = 1

Mjiσj (A.4)

with Mkl being the entries of the transformation matrix M . For a given set of two bases,
we can calculate these entries via

Mkl =
1

2
Tr (σkAl) . (A.5)
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Inserting Eq. A.4 into Eq. A.3 yields

ρout =
4∑

m,n = 1

SmnAn ρinA
†
m =

4∑
m,n = 1

Smn

(
4∑

i = 1

Minσi

)
ρin

 4∑
j = 1

M∗jmσ
†
j


=

4∑
i,j = 1

 4∑
m,n = 1

Min SmnM
∗
jm

 σi ρinσ
†
j =

4∑
i,j = 1

χij σi ρinσ
†
j . (A.6)

Thus, we obtain the following expression to transform the S-matrix into the χ-matrix
utilizing the transformation matrix M :

χ = M SM † (A.7)



Appendix B

Infrared-pumped optical parametric
oscillator at 2456 nm

The laser system at 2456 nm to drive the DFG-process in the O-band converter is made
up of a home-built cw optical parametric oscillator (OPO) being is a modified version
of the device presented in the PhD thesis of A. Lenhard [169]. A detailed description of
OPOs in general as well as all components and a characterization of those can be found
there. All essential components (e.g. cavity mirrors, dichroic mirrors, PPLN crystal)
are identical to [169], we solely changed the mechanical design to improve power and
frequency stability, and the optical setup since the Ytterbium-doped fiber amplifier
(YDFA), which provides the pump light of the OPO, has been replaced by a new model
equipped with a different collimator.
The optical setup is illustrated in Fig. B.1. The OPO is pumped by a diode laser at
1081 nm (DL Pro, Toptica Photonics). Part of the light is coupled to a single-mode fiber
connected to a wavemeter for coarse adjustment of the wavelength. The remaining light
is coupled to a fiber-based isolator, which is connected to a YDFA (LEA Photonics)
providing maximal 15 W output power. The amplified light passes two magnifying
telescopes with magnifications of 3 (f1 =50 mm, f2 = 150 mm) and 2 (f1 =75 mm,
f2 =150 mm), and a combination of HWP and PBS for power control. Another lens
with f = 84 mm couples the pump light to the four-mirror ring cavity arranged in Bow-
tie configuration. The heart of the OPO is a 40 mm long temperature-stabilized PPLN
crystal with seven poling periods (Λ = 31.7µm ... 32.7µm), which allows for tuning
of the idler wavelength from 2310 nm to 2870 nm. The cavity mirrors are mounted on
top-adjustable mirror mounts to be able to align the cavity without having to open
the housing (see Fig. B.1b). Wavelength tuning of the OPO is achieved by changing
the poling period, the crystal temperature, the position of an intra-cavity etalon or
the cavity length using a piezo actuator. The output light at 2456 nm is collimated
with a spherical AR-coated CaF2-lens with f = 125 mm, separated from the remaining
pump light with a DM and guided in free-space to the O-band converter. To monitor
the idler wavelength, we measure the pump wavelength and the erroneously generated
(non-phasematched) SFG light of the pump and the intra-cavity signal field around
693 nm using a wavemeter.
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Figure B.1. Setup and output power of the optical parametric oscillator.
(A) Experimental setup of the OPO to generate laser light at 2456 nm. (B) Photograph of the
OPO cavity. During operation the OPO is covered by a lid not shown in the figure. (C) Idler
power versus pump power.

During all experiments in this thesis, the OPO was operated at 2456 nm using a poling
period of Λ = 32.6µm at a crystal temperature of 49◦C. A measurement of the idler
power in dependence on the pump power is displayed in Fig. B.1c. A stable operation
of the OPO in terms of power and idler wavelength is possible until an output power of
1.3 W (measured directly behind the dichroic mirror, this correspond to about 750 mW
at the beginning of the QFCD). From a linear fit we extract a laser threshold of 2.4 W
and a photon conversion efficiency of 97.1 %, which verifies a proper alignment of the
OPO and is consistent with the performance of previous versions of the device.



Appendix C

Density matrices of photon-photon
entanglement without

background-subtraction

In Fig. C.1 we show the density matrices of the photon-photon entangled states re-
constructed from raw data without background subtraction (in contrast to Fig. 3.16
which contains only the background-subtracted matrices). The entangled photons at
854 nm are produced by a SPDC source and frequency-converted in different measure-
ment schemes. The schemes are sketched in the left column of Fig. C.1. In detail, we
measured

(I) entanglement between two 854 nm-photons generated directly by the source with-
out QFC with a fidelity of F = 76.9(3) % and a purity of P = 61.9(4) %.

(II) entanglement between a 854 nm-photon and a frequency-converted photon at
1550 nm with F = 78.7(1) % and P = 65.9(1) %.

(III) entanglement between a 854 nm-photon and a frequency-converted photon trav-
eled through 20 km of fiber with F = 74.0(1) % and P = 58.2(1) %.

(IV) entanglement between two 854 nm-photons while the second photon was down-
converted to 1550 nm, traveled through 40 km of fiber, and again up-converted to
854 nm in the same QFCD. We achieved F = 75.8(3) % and P = 61.8(4) %.
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Figure C.1. Preservation of photon-photon entanglement during PPQFC.
The measured density matrices for different measurement schemes without background subtrac-
tion. All density matrices correspond to Ψ− Bell-states.



Appendix D

Photographs of the QFC system for
Rb-atom wavelengths

Here we show a series of photographs of the QFC system for the Rb-atom quantum
network link. As mentioned in Sect. 6.1, it consists of four mobile platforms: the master
laser platform, two PPQFCDs and a platform which incorporates the BSM and the
spectral filters.
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E. Figueroa, J. Bochmann, and G. Rempe, “An elementary quantum network of
single atoms in optical cavities,” Nature 484, 195–200 (2012).

[66] E. Togan, Y. Chu, A. S. Trifonov, L. Jiang, J. Maze, L. Childress, M. V. G.
Dutt, A. S. Sørensen, P. R. Hemmer, A. S. Zibrov, and M. D. Lukin, “Quantum
entanglement between an optical photon and a solid-state spin qubit,” Nature
466, 730–734 (2010).

[67] H. Bernien, B. Hensen, W. Pfaff, G. Koolstra, M. S. Blok, L. Robledo, T. H.
Taminiau, M. Markham, D. J. Twitchen, L. Childress, and R. Hanson, “Heralded
entanglement between solid-state qubits separated by three metres,” Nature 497,
86–90 (2013).
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Bereitstellen der Photonenpaarquelle und unsere gemeinsamen Experimente zum Ver-
schränkungserhalt nach Konversion. Von Matthias Kreis habe ich viel Unterstützung
bei den Cavitylockern bekommen; zudem hat er bei fast allen Experimenten im Hin-
tergrund gewirkt, u.A. beim Erstellen von Sequenzen oder der Weiterentwicklung der
Ionenfallen; vielen Dank. Eine besondere Freude war es mir mit Pascal Eich zusammen-
zuarbeiten. Pascal als hartnäckiger und konsequenter Pessimist (“Bei uns im Labor iss
äänfach alles maximal beschissen”, “Wie sieht die Messung aus? Beschissen nemm ich
aan.”) und ich als das absolute Gegenteil haben uns da hervorragend ergänzt. Das Hin-
und-her spielen der Bälle sowie das gegenseitige Hochschaukeln haben zu jeder Menge
lustiger Situationen geführt (“Här uff die ganze Geräte so zu lowe, immer wenn isch
das mache gehn die kurz deno kabutt!”). Ich bin am Schluss aber doch froh und muss
auch mit einer gewissen Genugtuung feststellen, dass der Optimismus gesiegt hat und
alles so gut wie erhofft (z.T. sogar noch besser) funktioniert hat. Ein weiterer Dank
geht an Stephan Kucera, eine stete Quelle neuer Ideen, mit dem ich nahezu die kom-
pletten 6 Jahre zusammengearbeitet habe, und mit dem ich definitiv die optimistische
Zeitrechnung, die unkomplizierte Art schnell Probleme zu lösen und den Spirit, dass wir
das alles irgendwie zu Laufen bekommen, geteilt habe. Highlights waren sicher unsere
Messsessions, bei denen wir trotz z.T. völliger Übermüdung immer noch überraschend
effizient waren, vlt. wegen der erheiternden Mischung aus Erfreuen über jeden kleinen
Fortschritt (“Ahh, das sieht gut aus; ein Traum.”) und gegenseitigen Rumgemeckere.
Aber auch das ein oder andere Feierabendbier/-whiskey, die vielen Konferenzreisen und
gemeinsamen Skiausfahrten (sowohl privat als auch dienstlich verordnet in Obergurgl)
werden mir in guter Erinnerung bleiben.
Zum anderen geht ein großes Dankeschön an Prof. Harald Weinfurter und sein Team
an der LMU München, die mich für unser gemeinsames Projekt insgesamt 16 Wochen
in ihre Gruppe aufgenommen haben. Wenjamin Rosenfeld war Senior-Postdoc am Ex-
periment, mit ihm habe ich während der Planungsphase des Experiments viel zusam-
mengearbeitet; vielen Dank für deinen großen Einsatz dieses Projekt zu realisieren und
meine vielen Fragen zum Atomexperiment zu beantworten. Florian Fertig und Seb Ep-
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pelt sind als Doktorand und Masterstudent kurz vor der zweiten Messsession neu zum
Experiment dazu gestoßen, haben aber von Anfang an mit viel Elan und Begeisterung
mitgezogen; ich bin mir sicher, dass die Verschränkung zwischen München und Garching
mit eurem Einsatz funktionieren wird. Robert Garthoff hat als Senior-Doktorand viel
Erfahrung und Ruhe mitgebracht und zudem das große Projekt der Modifizierung der
Falle mit neuen Objektiven umgesetzt, ohne die alle Atom-Experimente in dieser Arbeit
nicht durchführbar gewesen wären. Wei Zhang hat als Postdoc nicht nur eine enorme
Hartnäckigkeit und Arbeitsmoral im Labor an den Tag gelegt, sondern mir auch den
chinesischen Humor sowie die Dimension von “full” nach dem Essen nähergebracht. Die
meisten Experimente habe ich mit Tim van Leent, der ebenfalls Doktorand am Atom-
experiment ist, durchgeführt. Lustigerweise kann vieles, was ich oben über Stephan
geschrieben habe, auch 1:1 auf Tim übertragen werden. Lediglich Tims Zeitrechnung
ist noch deutlich optimistischer, trotz vollem Einsatz war “2 Minutes”, “Almost there”
oder “Today will be the day” nur fast immer einhaltbar. Vielen Dank zudem an euch
alle für eure Gastfreundschaft inklusive einer Einführung in das gastronomische Angebot
und die Kneipenlandschaft in München-Downtown sowie fast tägliche Besuche in ver-
schiedenen Eisdielen. Zudem möchte ich der Generalin des Head Office, Frau Gabriele
Gschwendtner, für die unkomplizierte Bereitstellung eines Schlüssels danken.
Ein großes Dankeschön geht an unsere Sekretärin Elke Huschens, ohne die wir (ich zu-
mindest) sicher ziemlich verloren wären und die, ohne zu übertreiben, die Arbeit für
zwei Sekretärinnen erledigt hat. Deine unumstößliche gute Laune (trotz vielen Situa-
tionen, die zum Verzweifeln waren) sowie die kleinen Kommentare mit spitzer Zunge
kurz vor Verlassen des Büros werden mit definitiv in Erinnerung bleiben. Ich hoffe, dass
es nach meinem Abschied ohne die vielen 1., 2. und letzten Mahnungen nicht zu lang-
weilig geworden ist. Ich wünsche dir in jedem Fall alles Gute für deinen wohlverdienten
Ruhestand und noch viel erlebnisreiche Reisen.
An dieser Stelle darf natürlich Michael Schmidts Team der feinmechanischen Werk-
statt bestehend aus Titan Monosteri, Gereon “The Rock” Pink, Jürgen Pola, Peter
Wagner, Didi und Armin Seel nicht fehlen (auch wenn diese in einer anderen Dok-
torarbeit schockierenderweise bereits einmal vergessen wurden). Ohne die zahlreichen
präzise und oft in atemberaubender Geschwindigkeit (oft von dem “Lieblingsgesell” der
AG Becher) gefertigten Bauteile wären viele unserer Aufbauten nicht realisierbar gewe-
sen. Einige der Bauteile wurde sogar zu einem Exportschlager in den Freistaat Bayern
und erfreuen sich dort größter Beliebtheit. In besonderer Erinnerung werden mir unsere
halbjährlichen Meetings im Sommer und vor Weihnachten bleiben, bei denen wir immer
ein tolles Programm auf die Beine gestellt haben (u.A. mit Gastauftritten von Marcel
Reich-Ranicki Jr. zu verschiedenen literarischen Themen) und danach noch gemütlich
auf 1-2 Bier mit Schwenker oder Fleischkäse zusammengekommen sind.
Nicht zu vergessen ist unser Monsieur Löw aus der Elektronikwerkstatt. Selbst das Ab-
holen eines Widerstands konnte sich zu einem einstündigen Aufenthalt werden, da Mon-
sieur Löw immer sehr unterhaltsame, ab und an aber auch ernste Geschichten auf Lager
hatte. Die Bandbreite dabei war enorm: von Lebensweisheiten über die Demonstratio-
nen von Kamptechniken oder das bashing einiger Bewohner des E26 Gebäudes war alles
dabei. Ich danke ihnen für die zahlreichen Reparaturen von elektronischen Geräten
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sowie die Möglichkeit ihr Equipment benutzen zu dürfen und mich in ihrem umfangre-
ichen Lager bedienen zu dürfen. Auch ihnen wünsche ich alles Gute für den wohlverdi-
enten Ruhestand. Mit dem Nachfolger Günni Schmidt hatte ich leider nur einen kleinen
zeitlichen Überlapp, trotzdem war es mir immer eine Freude bei vielen kleinen Gelegen-
heiten über unsere gemeinsame Leidenschaft für Lauf- und Radmarathons zu quatschen
(zudem war dies eine perfekte Gelegenheit das Schreiben dieser Arbeit etwas zu prokras-
tinieren). Ich bin mir aber sicher, dass Günnis frischer Wind, sein Enthusiasmus und
seine Expertise noch viele Projekte der AG vorantreiben werden.
Das Leben wäre wohl etwas trist wenn es nur aus Uni bestehen würde, daher möchte auch
eine großen Dank an meine Freunde in Auersmacher und den umliegenden Subgemein-
den, von der KAS und aus meiner alten Schule für die notwendige Ablenkung bei zahlre-
ichen Geburtstagen, Festen, Ausflügen, gemütlichem Beisammensein im Gasthaus, Sky-
pe-Kneipenabende oder sonstigen Events richten. Das Besondere in Auersmacher ist
die sehr lebendige Vereinslandschaft, die natürlich einiges an zeitlichem Aufwand (und
eigentlich den gesamten Jahresurlaub) für das ehrenamtliche Engagement erfordern,
dafür aber ein Vielfaches an Lebensfreude zurückgeben. Danke hier an alle Musiker
des Saar Wind Orchestras und Angehörige der freiwilligen Feuerwehr für die tolle Zeit.
Besonders erwähnen möchte ich das Ferienfreizeit-Team unserer Kirchengemeinde: in
keinem sonstigem “Urlaub” ist es wohl möglich ab der ersten Minute völlig abzuschal-
ten und in einen im Vergleich zum normalen Leben orthogonalen Modus zu wechseln,
vielen Dank an euch. Eine quantitative Analyse aller meiner Urlaubanträge würde ver-
mutlich ergeben, dass die Ferienfreizeit die einzigen Urlaubstage zwischen Mitte April
und Mitte November sind, der Rest ging komplett für den schönsten und geselligsten
Sport der Welt drauf: Skifahren. Ob privat oder als Skilehrer in unserem Skiclub, ob
Kaiserwetter mit fantastischem Paranoma in den Dolomiten oder Regen in La Brin, ob
Ausbildungsfahrt oder LB-Skitour, ich habe bisher noch keinen einzigen gebrauchten
Skitag erlebt, wofür ich alle Mitfahrern danken möchte. Alles in allem bin mir sicher:
das vollständige Ausmaß an völlig verrückten und abgefahrenen Erlebnissen und Aktio-
nen in all den Jahren würde an der Uni wohl doch für einiges an Erstaunen sorgen...
Das wichtigste im Leben ist die Familie, ein großer Dank geht daher an meine Eltern, die
mich über die gesamte Zeit der Promotion voll unterstützt (sowohl moralisch als auch
organisatorisch oder finanziell wenn es mit dem Doktorandengehalt in der Wintersaison
mal etwas eng wurde), mich in meinem Tun bestärkt haben, und auch Verständnis hat-
ten wenn es im Labor mal wieder etwas länger wurde. Nur durch eure Unterstützung
war es mir möglich gleichzeitig an der Uni Vollgas zu geben und mich trotzdem noch
in den Vereinen und Institutionen ehrenamtlich zu engagieren. Ebenso möchte ich ins-
besondere meine Schwester Annika, meinem Schwager Tobias, Opa Erwin und Inge sowie
meiner Oma Maria, die den Abschluss dieser Promotion leider nicht mehr erleben durfte,
sowie meiner restlichen Familie von ganzen Herzen für die vielen schönen Stunden bei
Festen, Feiern und Geburtstagen (und nicht zu vergessen das traditionelle Mittagessen
jeden Samstag bei Oma) und die kontinuierliche Unterstützung in den ganzen Jahren
bedanken.
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