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A B S T R A C T

The field of quantum information science and technology brings com-
pletely new ways of working with information using the laws of
quantum physics. These promise improvements in computing capabil-
ities, simulations of quantum systems, sensing, and communication.
Connecting several quantum devices into a quantum network would
provide a powerful platform for distributed quantum computing, re-
mote quantum sensing and communication. The envisioned quantum
networks consist of a matter-based nodes, for storing and processing
of quantum information, which are connected by photonic channels.
The resource that is being distributed in such networks is quantum
entanglement which can then be used for the aforementioned appli-
cations. A challenge today is to develop and demonstrate the basic
building blocks and functionalities of quantum networks in the lab.

Trapped ions are considered a promising candidate platform with
which to enable quantum networks thanks to their capability to process
and store quantum information as well as to interface with optical
photons. Despite being one of the first systems to be entangled over
distance using photons, trapped ions have never been entangled over
a distance beyond several meters.

This thesis presents a two-node quantum network of trapped ions
separated by 230 m over the university campus in Innsbruck. The
trapped-ion network nodes are placed in two buildings and do not
share any common resources, such as lasers, or control systems. At the
core of each node is a linear Paul ion trap, surrounded by an optical
cavity to enhance the collection of photons generated by the ions.

Three main results are presented in this thesis. First, the design and
construction of one of the network nodes is presented. The ion-trap
vacuum chamber assembly and steps towards reaching ultra-high
vacuum are described. Second, the observation of indistinguishable
photons from two independent trapped-ion network nodes is pre-
sented. Indistinguishability is characterized via the Hong-Ou-Mandel
interference experiment and its theoretical description is provided. Fi-
nally, heralded entanglement between an ion in each node by means of
the detection of photons is experimentally established and supported
by theoretical models.
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Z U S A M M E N FA S S U N G

Quanteninformationswissenschaft und -technologie bringen neue Mög-
lichkeiten Information unter Verwendung der Gesetze der Quanten-
physik zu verarbeiten. Dies verspricht Verbesserungen in den Be-
reichen Rechenleistung, Simulation von Quantensystemen, Sensorik
und Kommunikation. Die Verbindung mehrerer Quantengeräte zu
einem Quantennetzwerk ist für verteiltes Quantenrechnen, entfernte
Quantensensorik sowie Kommunikation notwendig. Die in dieser Ar-
beit vorgestellten Quantennetzwerke bestehen aus materiebasierten
Netzwerkknoten zur Speicherung und Verarbeitung von Quanten-
information. Die Knoten sind wiederum durch photonische Kanäle
zum Austausch von Information miteinander verbunden. Das Ziel
bei diesen Netzwerken ist die Verteilung von Quantenverschränkung,
welche als Ressource für die oben genannten Anwendungen dient.

Dank ihrer Fähigkeit Quanteninformation zu verarbeiten und zu
speichern sowie mit optischen Photonen zu interagieren, gelten ge-
fangene Ionen als vielversprechende Plattform zur Realisierung von
Quantennetzwerkknoten. Obwohl sie zu den ersten Quantensystemen
gehören, die in räumlich getrennten Fallen mithilfe von Photonen
verschränkt wurden konnte bisher noch keine erfolgreiche Verschrän-
kung über eine Entfernung von mehreren Metern bei gefangenen
Ionen nachgewiesen werden.

Diese Arbeit präsentiert ein Quantennetzwerk, bestehend aus zwei
Knoten mit gefangenen Ionen die über eine Distanz von 230 m auf dem
Universitätscampus in Innsbruck verteilt sind. Die materiebasierten
Netzwerkknoten befinden sich in zwei separaten Gebäuden und teilen
keine gemeinsame Hardware wie Laser oder Steuerungssysteme. Im
Kern jedes Knotens befindet sich eine Ionenfalle, welche von einem
optischen Resonator umgeben ist um die Effizienz der Erzeugung
einzelner Photonen durch die Ionen zu verbessern.

Diese Arbeit präsentiert drei wesentliche Ergebnisse. Zunächst wird
der Aufbau von einem der beiden Netzwerkknoten detailliert vorge-
stellt. Der Knoten besteht aus einer linearen Paul-Falle, die sich in einer
Vakuumkammer befindet und von einem optischen Resonator umge-
ben ist. Die Montage der Ionenfalle und der Vakuumkammer sowie die
Schritte zur Erreichung eines Ultrahochvakuums werden ausführlich
beschrieben. Das zweite Hauptergebnis dieser Arbeit ist die Beobach-
tung von ununterscheidbaren Photonen, die aus zwei unabhängigen
Netzwerkknoten mit gefangenen Ionen stammen. Die Ununterscheid-
barkeit wird durch ein Hong-Ou-Mandel-Interferenzexperiment cha-
rakterisiert und durch eine theoretische Beschreibung untermauert.
Schließlich wird durch den experimentellen Nachweis von Photonen-
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koinzidenzen die angekündigte Verschränkung zwischen einem Ion
in jedem Knoten realisiert.
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1
I N T R O D U C T I O N

Since the beginning of the human race, communication has been a
crucial part of human interaction. Even before language or writing was
used, people were sharing information necessary for their survival.
The primitive methods for sending messages such as signal fires
or drums were used in many places around the world. Famous
examples are native Americans or ancient Chinese protecting the
Great Wall. In Homer’s Iliad, the fall of the city Troy is announced
with fire signals. Sailors used semaphores, hand signals, and flags for
sharing information. Such "primitive" means of communication are
still used in the modern times, though with more advanced technology.
For example, light signals are used in airports to provide crucial
instructions for pilots [1].

Information has always been an invaluable resource. With the inven-
tion of computers, it became more accessible and empowered people
to harness its full potential. Rapid development of computational
power boosted progress in every aspect of human exploration. The
best computers in the world help in drug design, improving the safety
of new vehicles, or studying the climate. The invention of the internet
in the 1960s, and especially the world wide web in 1989, enabled
fast exchange of information across the globe which changed our
everyday lives. Our lives happen also on the internet, where we share
knowledge, interact with friends and perform financial transactions.
Whilest performing these tasks we rely on security provided by classi-
cal communication encryption1. Breaking this encryption is beyond
the capabilities of even the most powerful computers2.

Advances in understanding quantum physics brought major achieve-
ments in the 20th century including the transistor [3] and laser [4]:
powering the computer revolution and opening new possibilities in
studying quantum phenomena. In the past decades, a completely new
approach to store, process and share information has emerged and the
associated research field is known as quantum information science. Here,
information is encoded in degrees of freedom of quantum systems
and both encoding and manipulation of that information can exploit
all the weird and counter-intuitive properties of quantum physics,
such as superposition or entanglement. The field advertises new pos-
sibilities and advances in computing [5] and simulations [6] as well
as improvements in time keeping [7] and sensing [8]. In the field of

1 Currently, the most advanced encryption standard is the AES-256 [2]
2 Computational time required to break the encryption using brutal force approach

exceeds the current age of the universe by many orders of magnitude
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introduction 2

communication, quantum information offers fundamentally secure
communication through quantum cryptography [9].

The rapid development of quantum information science and tech-
nology in the last 30 years can be attributed to the development of
laboratory techniques that enable the manipulation of single quanta.
The Penning trap [10] and Paul trap [11] are notable advances since
they enabled storage and manipulation of single atomic ions. Quan-
tum information experiments utilize not only single trapped ions [12,
13], but also many other quantum systems, such as neutral atoms
[14], solid state systems based on color centers in diamond [15], quan-
tum dots [16], superconducting circuits [17] and other systems. The
first quantum technologies are commercially available. In 2007, the
state elections in Geneva, Switzerland, were secured by quantum
cryptography [18]. The first small-scale quantum computers, based
on superconducting technology3, NV centers4 or trapped ions5 are
available for customers.

Today, the internet involves a network of billions of classical tech-
nological devices, such as PCs, mobile phones or tablets. In the envi-
sioned quantum internet [23, 24], quantum devices will be connected
together in a network for scalable quantum computing, worldwide
communication, or distributed sensing. The envisioned quantum net-
work consists of matter-based nodes in which quantum information
is stored and processed. Those nodes are connected together by pho-
tonic channels in which photons distribute quantum information and
entanglement between the nodes [23].

Some of the fundamental building blocks of future quantum net-
works have been demonstrated using a range of different physical
systems including, including trapped ions [25–28], neutral atoms [29],
and color centers in diamond [30]. In those works entanglement of
remote quantum matter is established via traveling photons. The most
advanced realization of a quantum network to date is a three-node
system of color centers in diamond [31].

Trapped ions are, together with superconducting circuits, a highly
promising platform for quantum information processing [32, 33].
Trapped ions are well controlled and manipulated using laser pulses
and have been proven able to store quantum information over time
scales on the order of minutes [34]. Trapped ions are used as quan-
tum simulators [35] and quantum computers [32], in which quantum
algorithms such as the Shor algorithm have been demonstrated [36].
They are used for precise time keeping [37], even in space [38]. The
capability to establish ion-photon entanglement [39] and use that to
entangle ions in remote traps has been achieved [25, 40]. Those re-
sults, in combination with the established ability to perform quantum

3 e.g. IBM Quantum System One [19]
4 e.g. XEEDQ [20]
5 e.g. Alpine Quantum Technologies [21], IonQ [22]
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processing on multiple ion-qubits in same trap, makes the trapped
ion platform highly promising for realizing future quantum network
nodes. However, trapped ions have not yet been entangled over dis-
tances greater than a few meters [25, 40] and have employed common
resources, such as lasers, to achieve those short quantum links.

The aim of this thesis is to establish a two-node quantum network of
trapped ions that are placed in remote buildings and don’t share any
common resources. Our approach is to couple the ions to an optical
cavity to increase the photon collection probability and enable the
generation of indistinguishable photons at near infrared wavelength.

The last chapter of this thesis presents the entanglement of two ions
across that network. The rest of the thesis presents two key steps
towards that final result. First, the construction of one of the two
ion-trap nodes. The other node already existed prior to the beginning
of this PhD project [41] and consists of a linear Paul ion trap with
an integrated optical cavity for collecting 854 nm photons from a
trapped calcium ion. That system was the first, and at the time of the
beginning of this thesis, the only ion-cavity system to have successfully
generated ion-photon entanglement. The first milestone of this thesis
was, therefore, to build another ion-cavity system with at least equal
capabilities. The second key step is the observation and modeling of
two-photon interference between photons generated by two remote
ion-trap network nodes. The visibility of two-photon interference
sets the maximum achievable quality of remote ion entanglement in
our experiments and had not previously been observed for photons
produced by ions in cavities. An outline of the structure of this thesis
is now provided.

Chapter 2 begins by briefly introducing the basic unit of quantum
information — the qubit — as well as the basic terminology necessary
for the thesis. Next, two-photon interference on a beamsplitter is
introduced and described mathematically. The chapter ends with a
description of how two-photon interference can be used to establish
entanglement between two remote systems by the process known as
entanglement swapping.

The first part of Chapter 3 introduces key components of our ion
trap network. First, the calcium ion confined in a trap is introduced.
The level structure of the ion and implementation of a qubit is pre-
sented. Operations that prepare the ion in a specific electronic state
are described in the section. Furthermore, the process that generates
single photons out of the trapped ion coupled with an optical cavity
is described. The second part of the chapter is dedicated to presenting
a theoretical model for the two-photon interference experiment. The
model is used to simulate the wavepacket shape of photons from
the two participating network nodes and the interference visibility of
these two photons. The model accounts for distinguishability arising
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from spontaneous scattering during the photon generation process as
well as more technical imperfections encountered in the experiment.

Chapter 4 presents the construction of one of the network nodes.
The design of a vacuum chamber and its components is described
in detail. A special focus is put on presenting the methods used for
assembling the vacuum system, establishing ultra high vacuum and
designing the helical resonator required for high-voltage supply of the
ion trap.

Chapter 5 describes the two-photon interference experiment, in
which the photons originated from the separate network nodes. First,
the experimental apparatus is presented, followed by the executed
experimental sequence. The next part is dedicated to the pre-requisites
necessary for performing the experiment, including remote synchro-
nization, frequency matching of the remote cavities and independent
calibrations of key experimental parameters. Section 5.5 presents the
results of two-photon interference, otherwise known as a Hong-Ou-
Mandel experiment. The measurement outcomes are compared to
predictions of theoretical model presented in the previous chapter and
are used for predictions for further experiments.

Chapter 6 presents the entanglement of two remote ions in our
network. The chapter begins with a short introduction, followed by
the subsequent research paper and supplementary material in their
published forms.

Chapter 7 concludes the results presented in this thesis and presents
an outlook to further steps for building quantum networks with
trapped ions.



2
B A C K G R O U N D C O N C E P T S

The basic unit of quantum information is the qubit and one of the
main functions of envisioned quantum network is to establish en-
tanglement between qubits in remote nodes. The first part of this
chapter introduces the qubit and its realizations. The concept of a
qubit is then used to introduce entanglement. The second part of
this chapter describes the concept of photon indistinguishability and
means of its measurement. Specifically, the experiment of two-photon
interference on a beamsplitter is described and different photon input
states are discussed. Finally, the process of entanglement swapping is
described, which is used in Chapter 6 to establish entanglement across
our network.

2.1 quantum information, entanglement, and qubit

2.1.1 Qubit

Classical computers process information in form of binary digits, or
bits. One bit is the smallest unit of classical information. In a binary
system a bit can be in only one of two possible states: 0 or 1. These
states describe two discrete values e.g., true or false, on or off. In
classical computers, bits can be realized by two discrete voltage levels
or a charged and uncharged capacitor. The quantum analogy of a
classical bit is a two-level quantum system, or quantum bit, with states
|↓〉 and |↑〉. In contrast to a classical bit, a qubit can exist in any linear
combination of the two states. We can write an arbitrary superposition
state of a qubit as

|ψ〉 = α |↓〉+ β |↑〉 , (2.1)

where α, β are complex coefficients satisfying |α|2 + |β|2 = 1. The
qubit can be visualized on a unit sphere by a vector pointing from the
center towards the surface of the sphere. In spherical coordinates the
vector is given by two angles ϕ and ϑ

|ψ〉 = cos (ϑ/2) |↓〉+ eiϕ sin (ϑ/2) |↑〉 . (2.2)

A qubit can be and has been realized in a broad range of two-level
quantum systems. Electron spin [42] or nuclear spin [43], collective
excitation in atomic ensembles [44], or transmons in superconducting
circuits [45] are just a few examples of physical implementation of
a qubit in a stationary system. A qubit can be also realized using
various degrees of freedom of single quanta of light: photons [46]. For

5
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example, the number of photons in a given mode, the arrival time
of photons or the polarization can all be used to realize a two level
quantum system.

In this thesis, mainly two different implementations of a qubit will
be used. First, a qubit is encoded into two states of the single outer
valence electron in a trapped calcium ion. There are many possibilities
for different qubit encoding with the ion’s electronic structure and
we use several of them in the results in Chapter 6. All employed
encodings have an energy splitting and the lower of the two is referred
to as the ground state and the upper is referred to as the excited state.
The second qubit implementation used is the polarization of a single
photon. Two levels of a polarization qubit are e.g., horizontal linear
polarization |H〉 and vertical linear polarization |V〉 of the photon.

2.1.2 Multiple qubits and entanglement

In certain cases, the state of a system consisting of N qubits can be
described as a tensor product of each individual qubit state vector ψi

|Ψ〉 = |ψ1〉 ⊗ |ψ2〉 ⊗ . . .⊗ |ψN〉 . (2.3)

However, not every state can be written in this form. The commonly
used definition of entanglement is: If a state |Ψ〉 cannot be written as a
product state of its constituents in the form of Equation 2.3, it is entangled
[47]. An example of such a state is

|Ψ〉 = 1√
2
(|↓〉 |↑〉 − |↑〉 |↓〉) , (2.4)

which is known as Bell state, named after the physicist John Bell.
The amount of entanglement in a two-qubit state can be quantified
by a range of measures, including concurrance [48], negativity [49]
and entanglement of formation [50]. Equation 2.4 is an example of a
maximally entangled two-qubit state.

2.2 photon indistinguishability

One of the main goals of this thesis is to establish entanglement
between ions trapped in remote network nodes. To establish entangle-
ment we use photons emitted by different nodes and a process known
as entanglement swapping [51]. For ideal operation of the entanglement
swapping process, the photons emitted by the remote nodes must be
indistinguishable: that is, it must not be possible to identify which
node emitted a given photon.

The extent to which a quantum emitter produces indistinguishable
photons can be assessed by performing a two-photon interference
experiment. Here, two photons impinge on opposite input ports of a
beamsplitter. If the two photons are perfectly indistinguishable, they
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bunch into a single output port of the beamsplitter. The purely quan-
tum phenomenon of two-photon interference was first studied already
in the 1980s [52]. Theoretical works of beamsplitter transformations
were published in a close chronological order by Prasad, Scully, and
Martiensen who first derived the unitary transformation of a lossless
beamsplitter [53] and Ou, Hong, and Mandel [54] who expressed the
transformation of a beamsplitter for a linear superposition of coherent
states. Fearn and Loudon studied the lossless beamsplitter with a
focus on quantization of the input and output modes [55]. Experi-
mental realizations of two-photon interference followed shortly after
the theoretical studies. The famous paper by Hong, Ou, and Mandel
[52] presents the interference of two photons produced by parametric
down-conversion on a beamsplitter in which the famous "coincidence
dip" was observed.

Today, the two-photon interference visibility is generally regarded as
a key performance metric for quantum emitters, in which a maximum
visibility of 1 corresponds to photons that are completely indistin-
guishable. Indistinguishability of photons originating from a variety
of different physical systems have been studied. Quantum interference
of single photons from solid state systems based on color centers in
diamond, such as Nitrogen-Vacancy (NV) centers [56–58] and Silicon-
Vacancy (SiV) centers [59] was observed. Two-photon interference
has been studied with quantum dots [60–63]. The phenomenon was
also observed with single photons from atomic ensembles [64, 65],
as well as with neutral atoms coupled to optical cavity [66]. Indis-
tinguishability of photons collected in free-space from trapped ions
was also studied [67–69]. More recently, the interference of photons
originating from two different systems — trapped Ba+ ion and Rb
atomic ensemble — was observed [70]. At the beginning of my PhD
studies, two-photon interference had not been observed for photons
emitted by trapped ions into optical cavities.

2.2.1 A simple model of two-photon interference

This subsection presents a simple model of two-photon interference.
Consider an experimental setup involving a beamsplitter with two
input ports labeled as a and b, and two output ports labeled a′ and
b′, as sketched in Figure 2.1(a). Each output port is monitored by a
single photon detector, labeled Da′ and Db′ . The four modes a, b, a′,
and b′ are each associated with bosonic annihilation operators â, b̂, â′,
and b̂′, respectively. In the case of a lossless beamsplitter, a photon
entering the beamsplitter through one of the input ports is either
reflected with probability |r|2 or transmitted with probability |t|2,
satisfying |r|2 + |t|2 = 1, where r and t are reflection and transmission
probability amplitudes, respectively.
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Figure 2.1: Setup to measure two-photon interference on a beamsplitter.
(a) Two photons enter a beamsplitter from two input ports a and
b. The two output ports a′, b′ are monitored by single photon
detectors Da′ and Db′ . (b) Four possible scenarios can occur. Both
photons can be transmitted or reflected by the beamsplitter, re-
sulting in them leaving in different output ports, or one photon
is reflected and the other transmitted leading to bunching into a
single output port. If the two photons are perfectly indistinguish-
able, they will always bunch and leave the beamsplitter together
through one of the output ports a′ or b′.

indistinguishable photons

Consider two indistinguishable photons entering the beamsplitter through
input ports a and b. By indistinguishable it is meant here that the
photons are identical in every way except that they are injected into
different input ports. The expression

|ΨIn〉 = |1, 1〉a,b = â†b̂† |0, 0〉a,b (2.5)

describes the quantum state of the photons in front of the beamsplitter
in the Fock basis where the operators are bosonic creation operators
for the photons in the corresponding modes. The beamsplitter changes
the input state according to the following transformations

â† ÛBS−−→ tâ′
† − irb̂′

†
(2.6a)

b̂† ÛBS−−→ tb̂′
† − irâ′

†
(2.6b)

Intuitively, four output scenarios are possible, as can be seen in Fig-
ure 2.1(b). The two photons can both be transmitted or reflected by
the beamsplitter. In these cases, both photons leave in different output
ports, resulting in simultaneous detection events at both detectors
Da′ and Db′ , so called coincidence events. In the other two cases, one
photon is reflected and one is transmitted by the beamsplitter. In those
cases, both photons will leave together in one output port and only
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one detector will register a detection event (click). The output state
after the beamsplitter, calculated using Equation 2.5 together with
Equation 2.6a and Equation 2.6b, is given by

|Ψout〉 = ÛBS |ΨIn〉 = ÛBS(â†b̂† |0, 0〉a,b) =

= (tâ′
† − irb̂′

†
)(tb̂′

† − irâ′
†
) |0, 0〉a′,b′ =

=
[
(t2 − r2)â′

†
b̂′

† − irt(â′
†
â′

†
+ b̂′

†
b̂′

†
)
]
|0, 0〉a′,b′ .

(2.7)

In the last equation, the first term with â′
†
b̂′

†
corresponds to the cases

in which the two photons leave the beamsplitter in different output
ports, while the second term corresponds to the cases in which the
photons bunch into the same output port.

In the case where r2 = t2 = 1/2 (a balanced beamsplitter), the first
term in Equation 2.7 vanishes and the output state is given by

∣∣Ψ50:50
out

〉
= − i

2

(
â′

†
â′

†
+ b̂′

†
b̂′

†
)
|0, 0〉a′,b′ . (2.8)

In this case, the photons will always bunch into a single output port of
the beamsplitter, as the other cases destructively interfere. The above
result, that the photons always bunch together in the beamsplitter
output ports, is in general only valid under the initial assumption that
the photons are indistinguishable in all degrees of freedom (e.g., their
frequency, polarization, spatial mode, temporal mode etc.).

distinguishable photons

Two distinguishable photons arriving on the beamsplitter are now
considered. For that, a new degree of freedom to the input modes a
and b that makes the two photons fully distinguishable is introduced.
By ’fully’ distinguishable it is meant that the two different photon
states are orthogonal. Two orthogonal linear polarizations: horizontal
(labeled "H") and vertical (labeled "V") and corresponding subscripts
for the bosonic operators are used. The input state is thus given by

|ΨIn〉 = |H, V〉a,b = ˆaH
†b̂V

† |0, 0〉a,b . (2.9)

By applying the transformation of Equation 2.6a and Equation 2.6b
for a balanced beamsplitter (r2 = t2 = 1/2), the following output state
is obtained

|Ψout〉 =
1
2

(
ˆa′H

†
b̂′V

† − â′V
† ˆb′H

† − i ˆa′H
†
â′V

† − i ˆb′H
†
b̂′V

†) |0, 0〉a,b . (2.10)

One sees that the probability that both detectors fire (a coincidence
detection event) is 50%.

The two-photon interference experiment provides a means to mea-
sure the extent to which two photons can be made indistinguishable.
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First, in an experiment one lets two fully distinguishable photons
arrive on a beamsplitter and estimates the coincidence probability
C⊥. For that, the photons are made orthogonal in a chosen degree
of freedom, e.g., by displacing their temporal arrival time or rotating
their relative polarization. Then the intentional distinguishability is
removed and the new coincidence probability C‖ is estimated. The
ratio

V = 1− C‖

C⊥
(2.11)

is known as the two-photon interference visibility. Fully indistinguish-
able photons yield V = 1, while fully distinguishable photons yield
V = 0. Intermediate values refer to partially indistinguishable pho-
tons. This two-photon interference experiment was first performed
by Hong, Ou, and Mandel in 1987 [52], and often is called Hong-Ou-
Mandel interference, or shortly HOM interference.

2.2.2 Bell states on a beamsplitter

In the previous subsection, beamsplitter input states consisting of
photons in a product state were considered. Let’s have a look now
at what happens if photons in an entangled state are sent onto the
balanced beamsplitter (r2 = t2 = 1/2). Specifically, consider injecting
two photons, one in each input port, that are prepared into any one of
the four Bell states:

∣∣Φ±
〉
=

1√
2

(
|H, H〉a,b ± |V, V〉a,b

)
(2.12a)

and

∣∣Ψ±
〉
=

1√
2

(
|H, V〉a,b ± |V, H〉a,b

)
. (2.12b)

The Bell states form an orthonormal basis for the Hilbert space of
two-qubit states. Therefore, any pure two-photon state can be ex-
pressed as a linear superposition of the four Bell states. Consequently,
once the transformation of Bell states by the beamsplitter is known,
transformation of any two-photon input state by a beamsplitter can
be worked out. In the following, the transformation of each Bell state
is presented.

|Φ± 〉 arriving on a beamsplitter

The input Bell states |Φ±〉 can be written using creation operators as

∣∣Φ±
〉

a,b =
1√
2

(
ˆaH

† ˆbH
† ± âV

†b̂V
†
)
|0, 0〉a,b . (2.13)
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By applying the beamsplitter transformations of Equation 2.6a and
Equation 2.6b, the output state is given by

∣∣Φ±
〉

a,b
ÛBS−−→ 1√

2

[
1
2

(
ˆa′H

† − i ˆb′H
†) ( ˆb′H

† − i ˆa′H
†)±

1
2

(
â′V

† − ib̂′V
†) (

b̂′V
† − iâ′V

†)] |0, 0〉a′,b′ ,
(2.14)

which simplifies to

−i
2
√

2

[(
ˆa′H

† ˆa′H
†
+ ˆb′H

† ˆb′H
†)±

(
â′V

†
â′V

†
+ b̂′V

†
b̂′V

†)] |0, 0〉a′,b′ =

=
−i

2
√

2

(
|HH, 0〉a′,b′ + |0, HH〉a′,b′ ± |VV, 0〉a′,b′ ± |0, VV〉a′,b′

)
,

(2.15)

where e.g., |HH, 0〉a′,b′ represents two horizontal photons in mode a′

and no photon in the mode b′. The last equation shows that if two
photons arrive on a beamsplitter in Bell state |Φ+〉 or |Φ−〉, the two
photons will always bunch and leave through the same output port.
This is a direct consequence of the Hong-Ou-Mandel effect described
earlier.

|Ψ+ 〉 arriving on a beamsplitter

The Bell state |Ψ+〉 from Equation 2.12b can be re-written using cre-
ation operators as

∣∣Ψ+
〉

a,b =
1√
2

(
ˆaH

†b̂V
†
+ âV

† ˆbH
†
)
|0, 0〉a,b . (2.16)

By applying the beamsplitter transformation, the following state is
obtained at the output

∣∣Ψ+
〉

a,b
ÛBS−−→ 1√

2

[
1
2

(
ˆa′H

† − i ˆb′H
†) (

b̂′V
† − iâ′V

†)
+

1
2

(
â′V

† − ib̂′V
†) ( ˆb′H

† − i ˆa′H
†)] |0, 0〉a′,b′ ,

(2.17)

which simplifies to

− i√
2

(
ˆa′H

†
â′V

†
+ ˆb′H

†
b̂′V

†) |0, 0〉a′,b′ = −
i
2

(
|HV, 0〉a′,b′ + |0, HV〉a′,b′

)
.

(2.18)

In this case, the two photons also bunch into the same output port of
the beamsplitter, however the photons are orthogonally polarized.

|Ψ− 〉 arriving on a beamsplitter

First, the |Ψ−〉 state is re-written using the creation operators as

∣∣Ψ−
〉

a,b =
1√
2

(
ˆaH

†b̂V
† − âV

† ˆbH
†
)
|0, 0〉a,b . (2.19)
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By applying the beamsplitter transformation, the following state at
the output is obtained

∣∣Ψ−
〉

a,b
ÛBS−−→ 1√

2

[
1
2

(
ˆa′H

† − i ˆb′H
†) (

b̂′V
† − iâ′V

†)−

1
2

(
â′V

† − ib̂′V
†) ( ˆb′H

† − i ˆa′H
†)] |0, 0〉a′,b′ ,

(2.20)

which simplifies to

1√
2

(
ˆa′H

†
b̂′V

† − â′V
† ˆb′H

†) |0, 0〉a′,b′ =
1
2

(
|H, V〉a′,b′ − |V, H〉a′,b′

)
. (2.21)

One sees that photons arriving on a beamsplitter in |Ψ−〉 will always
exit in opposite output ports: they antibunch. Overall, the calculation
shows that the only input Bell state that leads to photons exiting in two
different ports is the |Ψ−〉 and can lead to simultaneous (coincident)
detector events of detectors Da′ and Db′ .

2.3 entanglement swapping

Establishing an entangled pair of qubits between remote network
nodes is one of the principal goals of this thesis. The interaction of two
photons on a beamsplitter was studied in the previous section. In this
subsection, the use of such an interaction for generating entanglement
between two network nodes is studied.

Different methods can be used to achieve entanglement between
two remote quantum systems using traveling photons. In the DLCZ
protocol [71], the detection of a single photon is used to entangle two
systems. The protocol was experimentally realized with ensembles of
trapped neutral atoms [72–74]. Entanglement of remote NV centers
using the single photon detection scheme was also performed by
Bernien et.al. [58] and Hensen et.al. [30]. With yet another method,
Ritter et al. [75] used direct photon transmission and absorption to
entangle two single rubidium atoms in optical cavities.

In the experiments presented in this thesis, we use the two-photon
method to establish entanglement between our remote ions. The
method was first presented by Zukovski et al. in [76], based on work of
Yurke and Stoler [77]. Here, entanglement of two independent systems
may be established in the cases in which two photons are detected and
exploits the two-photon interference effect of the previous subsection.
The method was carried out experimentally with atomic ensembles
[73] and with two trapped ytterbium ions a few meters apart [25]. The
principle of entanglement swapping based on two-photon interference
is described in the following subsection.
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2.3.1 Entanglement swapping based on two-photon interference

Let the goal be to maximally entangle two remote stationary qubits A
and B, one in each node. Those qubits are referred to as "memories"
for convenience. Each quantum memory has two states |↑〉 or |↓〉.
Each memory is first entangled with a traveling photon via e.g., direct
emission. For the photon, the polarization degree of freedom is chosen
to carry the quantum information. Two orthogonal polarization states
|H〉 and |V〉 are used in the following paragraphs. The fully entangled
pairs, consisting of one quantum memory and a separate photon can
be written as

|Ψ〉A =
1√
2
(|↓〉A |H〉A + |↑〉A |V〉A)

|Ψ〉B =
1√
2
(|↓〉B |H〉B + |↑〉B |V〉B) .

(2.22)

Here, the left ket vector denotes state of the quantum memory, while
the right vector describes state of the photon. The input state of the
experiment can be described as

|Ψ〉In = |Ψ〉A ⊗ |Ψ〉B , (2.23)

which can be re-written as

|Ψ〉In =
1
2
(|↓〉A |↓〉B |H〉A |H〉B + |↑〉A |↓〉B |V〉A |H〉B +
+ |↓〉A |↑〉B |H〉A |V〉B + |↑〉A |↑〉B |V〉A |V〉B) .

(2.24)

This state can now be re-written in the Bell state basis for the photonic
part of the state using the following identities:

|H〉A |H〉B =
1√
2

(∣∣Φ+
〉

AB +
∣∣Φ−

〉
AB

)
(2.25a)

|H〉A |V〉B =
1√
2

(∣∣Ψ+
〉

AB +
∣∣Ψ−

〉
AB

)
(2.25b)

|V〉A |H〉B =
1√
2

(∣∣Ψ+
〉

AB −
∣∣Ψ−

〉
AB

)
(2.25c)

|V〉A |V〉B =
1√
2

(∣∣Φ+
〉

AB −
∣∣Φ−

〉
AB

)
, (2.25d)

where |Φ±〉 and |Ψ±〉 are defined in Equation 2.12a and Equation 2.12b,
respectively. One obtains

|Ψ〉In =
1

2
√

2

[
(|↓〉A |↓〉B + |↑〉A |↑〉B)

∣∣Φ+
〉

AB +

+ (|↓〉A |↓〉B − |↑〉A |↑〉B)
∣∣Φ−

〉
AB +

+ (|↑〉A |↓〉B + |↓〉A |↑〉B)
∣∣Ψ+

〉
AB +

+ (|↑〉A |↓〉B − |↓〉A |↑〉B)
∣∣Ψ−

〉
AB

]
.

(2.26)
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Those two photons are sent into separate input ports of the experimen-
tal setup shown in Figure 2.1(a) for the case of a balanced beamsplitter.
In Section 2.2.2 we already calculated the beamsplitter transformation
for input Bell states and determined that only |Ψ−〉 can lead to a
coincident detection event in the output ports. That is, in the case of a
coincident detection event, two photons in Equation 2.26 are destroyed
but the full state collapses into the two atom entangled state.

|Ψ〉Coin. =
1√
2
(|↑〉A |↓〉B − |↓〉A |↑〉B) . (2.27)

This non-deterministic measurement is equal to projecting the two
photon input state via the operator M = I ⊗ |Ψ−〉 〈Ψ−|, where I is
the one qubit identity operator followed by tracing out the photon
state. In the absence of any losses the probability of this projection
occurring is

pswap = 〈ΨIn

∣∣∣M† M
∣∣∣ ΨIn〉 =

1
4

. (2.28)

One sees that the heralded interaction of two halves of an entangled
memory-photon pairs (the two photons) can result in swapping the
quantum entanglement to two previously independent systems that
do not share a common past (the atoms).



3
K E Y C O M P O N E N T S O F T H E I N N S B R U C K I O N T R A P
N E T W O R K A N D M O D E L

The first part of this chapter focuses on briefly summarizing estab-
lished techniques that we use for manipulating the trapped ion and
for producing single photons from the ion via an optical cavity. The
second part of this chapter is dedicated to the theoretical model used
for modeling the two-photon interference experiments presented in
Chapter 5.

3.1 calcium ion in a linear paul trap

The two nodes of our quantum network are called the "IQOQI node"
and the "UIBK node". Both nodes of our quantum network use single
trapped calcium ions, specifically 40Ca+. This isotope of calcium is
the most naturally abundant (96.941% natural occurance fraction [78])
and has no nuclear spin. Both nodes ionize neutral calcium using
an isotope-selective two-photon process [79]. In this process, one of
the two outer valence electrons are removed. Specifically, we use a
diode laser tuned to 422 nm that excites the valence electron from the
ground state 4s 1S0 to the excited state 4p 1P1. This first step selects the
isotope that will be ionized and trapped. In the second step the excited
electron receives enough energy to be transferred to the continuum
[80]. Sufficient energy corresponds to a photon wavelength of 390 nm,
however we use laser light at 375 nm.

The ion is trapped in each node using a 3D radio frequency linear
Paul trap. Details on the IQOQI trap are presented in Chapter 4.
Details on the UIBK trap can be found in [41, 81, 82]. The single
trapped calcium ion has three orthogonal harmonic modes of motion
in the trap. To give an example, the modes in the IQOQI trap used in
the experiment presented in Chapter 5 are ωx ≈ ωy = 2π × 2.0 MHz
in the radial direction, and ωz = 2π × 0.927 kHz in the axial direction.
A static magnetic field of approximately 4 Gauss is applied in the
trapping regime to define the quantization axis. Figure 3.1 shows
an energy diagram of the single outer valence electron in 40Ca+,
revealing the relevant energy levels used in our experiments as well
as the transition wavelengths and excited state lifetimes.

The motional state of the ion is prepared via Doppler cooling using
two laser fields. Laser light at 397 nm drives the 42S1/2 → 42P1/2
transition with excited state lifetime 7.1 ns. The second laser field
at 866 nm drives the transition 32D3/2 → 42P1/2. This repumps the
cases when the electron decays from 42P1/2 to 32D3/2. A more de-

15
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Figure 3.1: Energy level scheme of the 40Ca+ ion. Each energy level is split
in the presence of a magnetic field of a few Gauss as a conse-
quence of Zeeman effect. Colored arrows represent transitions
between levels and their wavelengths are labeled. The lifetime τ
of each excited state is shown.
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tailed description of Doppler cooling in a similar system to ours is
described for example in Section 4.2 of Cornelius Hempel’s thesis [47].
After Doppler cooling in the IQOQI trap during the experiments pre-
sented in Chapter 5, the expectation value of the number of motional
quanta in the lowest frequency axial mode of ωz/2π = 0.92 MHz was
measured to be 11± 2 [83].

There are methods to further decrease the ion temperature below the
values achieved by Doppler cooling. Techniques of Electromagnetically-
induced-transparency (EIT) cooling [84], resolved sideband cooling
[85], Raman sideband cooling [86], or polarization gradient cooling
[87] are commonly used to reach sub-Doppler temperatures or even
motional ground state of trapped ions. In the work presented here we
do not employ any of these.

After Doppler cooling, the electronic state of the ion is prepared via
optical pumping. At IQOQI this is done via circularly polarized laser
light at 397 nm. The UIBK node uses a different method of preparing
the electronic state of the ion using a 729 nm laser. Details of both
methods can be found in e. g., Section 4.3 of [47]. As a result, both
systems are initialized in one of the Zeeman sub-levels of the electronic
state 42S1/2. The probability of finding the electron in the target state
is typically on the order 99% or higher.

Two states connected by the 729 nm electric quadrupole transition
are used for encoding a qubit. The ground state is chosen in the
42S1/2 manifold and the excited state is chosen in the 32D5/2 manifold.
The excited state lifetime τ = 1.17 s [88] is far longer than the times
required to implement single and two-qubit operations, which are
on the order of microseconds [89]. This optical qubit implementation
is used in state-of-the art experiments with trapped ions, including
quantum simulators with 10 [90], 20 [91], or even 51 ions [92]. It
has been also used in quantum processors [93] demonstrating fault-
tolerant gate operations [94].

A 397 nm laser driving the S1/2 → P1/2 transition is used in com-
bination with an 866 nm repumper laser driving the D3/2 → P1/2
transition to perform Doppler cooling and to determine the state of
the qubit. If the electron is in the S1/2 manifold, it will be driven
by the lasers and scatter many 397 nm photons per second into free
space. A fraction of those 397 nm photons are collected by detectors
(Photomultiplier tube and EMCCD camera) such that the ion appears
as bright. When the electron is in the D5/2 manifold, it does not un-
dergo the laser driven transitions and thus no photons are generated.
The ion then appears dark on the detectors. This method provides
state readout with nearly unit fidelity [95]. The method is used in the
presented experiments to determine the presence of an ion in the trap
after Doppler cooling and to detect the state of the ion in experiments
presented in Chapter 6.
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3.2 photon generation process

The two ion-trap nodes in this thesis are each equipped with an in-
vacuum optical cavity to collect single 854 nm photons, which are
emitted near-resonantly with the P3/2 → D5/2 transition. The ion in
each system is confined in the center of the ion-trap and is placed
simultaneously at the position of the waist of the cavity. The cavities
are constructed in a near concentric geometry such that the waist of the
cavity mode lies in the center of the cavity. More details on the cavity
systems can be found in the PhD thesis of Josef Schupp (IQOQI node)
[83] and of Konstantin Friebe (UIBK node) [82]. What follows now is
a condensed summary of the photon generation process used in both
network nodes.

A cavity mediated Raman transition (CMRT) is utilized to generate
a single 854 nm photon from a trapped ion. The scheme was the-
oretically proposed by Law and Kimble in [96] and experimentally
demonstrated with trapped ions by Keller et al. [97]. In the following
paragraphs, the concept of the CMRT process will be introduced using
a model of a three-level atom coupled to a cavity and driven by a laser.
Detailed studies of the process can be found in PhD thesis of Carlos
Russo [41] and of Josef Schupp [83].

Three levels, creating a Λ− type configuration with two ground
states |s〉 and |d〉 and one excited state |p〉, are used in the process.
The |d〉 ↔ |p〉 transition is coupled by a longitudinal vacuum mode
of the cavity. The |s〉 ↔ |p〉 transition is driven by a laser field with
Rabi frequency Ωdrive. The atom is located in the waist w0 of the
optical cavity, which itself consists of mirrors T1 and T2. The situation
is depicted in Figure 3.2. The state |p〉 spontaneously decays to the
|d〉 state or the |s〉 state with decay rates γpd and γps, respectively.
Both the cavity and the driving laser are detuned from nearby atomic
transitions by ∆cavity and ∆drive, respectively. The vacuum cavity mode
is coupled to the atomic dipole moment with coupling strength g
given by [83]

g =

√
cγrD5/2

2l Ãe f f
Gmζ = g0Gmζ, (3.1)

where ζ accounts for the projection of the cavity polarization onto
the atomic dipole moment, Gm =

√
10/15 is the Clebsch-Gordan

coefficient describing the transition amplitude between the state |p〉
and |d〉, rD5/2 is a branching ratio, γ is total spontaneous emission
rate of the excited state P3/2, l is the cavity length and Ãe f f = Ae f f /σ

is effective mode area, with σ being the absorption cross-section and
Ae f f = πw2

0/4, where w0 is the cavity waist.
When both the drive laser and the cavity are detuned by the same

amount (∆ = ∆drive = ∆cavity) from the excited state |p〉, the system
finds itself in Raman resonance between the states |s〉 and |d〉.
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Figure 3.2: Cavity-mediated Raman photon generation process in a three-
level model of 40Ca+ ion. Ground state |s〉; metastable state |d〉,
and excited state |p〉. The detuning ∆ = ∆drive = ∆cavity. The
cavity-photon generation competes with spontaneous emission
from the short-lived |p〉 state (decay rates γps and γpd).

In the ideal case, the single photon generation process goes as
follows. In the beginning, the ion is prepared in a ground state |s〉, see
Figure 3.2. A drive laser pulse applied to the ion transfers the electron
from |s〉 to |d〉 and a single 854 nm photon is emitted into the vacuum
mode of the cavity.

The CMRT competes with spontaneous decay. During the process,
the electron can be off-resonantly excited to the |p〉 state. From there
it can spontaneously decay back to the |s〉 state by emitting a 393 nm
photon into free space. In that case, the drive laser has another chance
to generate a cavity photon via the CMRT. Alternatively the |p〉 state
can decay to the |d〉 state. Once in the |d〉 state, the drive laser cannot
re-excite the electron and the Raman process fails. In the ideal case, a
generated cavity photon will exit the cavity via the designated output
mirror, whose transmission is carefully chosen. Unwanted losses in
the cavity mirrors and substrates can cause the cavity photon to be
lost. In our network nodes, the atomic decay rate γ dominates over the
cavity decay rate κ and the ion-cavity coupling rate g: That is γ� κ, g.
To reduce the probability of spontaneous scattering occurring during
the Raman process, the detuning ∆ of the drive laser and of the
cavity from the |p〉 state is chosen to be much larger than both the
drive strength Ωdrive and the decay rate γ: ∆� Ωdrive, γ. Under this
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condition the excited state can be adiabatically eliminated and the
system treated as having effectively two levels: |s〉 and |d〉 [98–100]1.
The effective coupling rate of the Raman process is given by [41]

Ωe f f =
gΩdrive

|2∆| . (3.2)

Furthermore, the spontaneous decay rate is reduced to the effective
value

γe f f =

(
Ω
2∆

)2

γ, (3.3)

where γ is the total decay rate of the excited state |p〉.
The CMRT process used in the experiments of Chapter 5 uses

the specific transitions depicted in Figure 3.2. The 854 nm cavity
photon generated on the employed σ− transition is projected onto
the plane given by the cavity axis and magnetic field. As a result,
in our experimental setup, the photon leaving the cavity is vertically
polarized.

The CMRT can be extended to produce photons entangled in their
polarization with the electronic state of the ion [39, 81]. Here, a
second Raman transition is driven simultaneously which leads to
the generation of a horizontally polarized photon and leaves the
electron in a second (32D5/2,−3/2) Zeeman sub-level. When driven
simultaneously with balanced coupling strengths, this bichromatic
CMRT process implements the transformation

|s〉 → 1√
2

(
|d〉 |V〉+

∣∣d′
〉
|H〉

)
, (3.4)

where |d〉 and |d′〉 are the Zeeman sub-levels D5/2,−5/2 and D5/2,−3/2,
respectively, and |H(V)〉 represents a single photon with horizontal
(vertical) polarization. This bichromatic CMRT was first presented in
[39] and became a standard tool for generating ion-photon entangle-
ment in Innsbruck [101, 102].

3.3 3-level model of photon distinguishability in our

system

This subsection presents a model for the distinguishability of photons
produced via the cavity-mediated Raman photon generation process,
for two independant network nodes. The development of the model
was led by members of the group of Prof. Nicolas Sangouard, in
collaboration with our teams in Innsbruck. The model is an extension
of a previous one developed for a single ion-cavity node, in which
the interference of two sequentially-produced photons was considered

1 However, as will be shown, finite population of the excited state during our experi-
ments remains a limiting factor.
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[69]. In summary, the photon generation process is modeled using
a three level approximation for the internal electronic states of the
ion with independently tunable parameters for each node. In case of
matching parameters for both nodes, the only imperfection considered
in the model that limits the predicted two-photon interference visibil-
ity is the spontaneous emission of photons from the excited electronic
state of each atom. As will be shown in the experiments presented
in Chapter 5, the limiting factor on the interference visibility in our
ion-cavity systems is unwanted spontaneous emission from the ion
during the cavity-mediated photon generation process. During the
photon generation process, spontaneous decay events from the short-
lived excited state (|p〉) onto the final state manifold (|d〉) act only as
losses—no cavity photon is emitted through the Raman process if such
an event occurs. In contrast, following any number of spontaneous
decay events from |p〉 back to the initial state (|s〉) during the Raman
laser pulse, a cavity photon can still be subsequently generated while
the Raman laser remains on. Every spontaneously scattered photon
carries away the information that the cavity photon has not yet been
emitted. Consequently, the cavity photons impinging on the beam-
splitter are each in a (temporally) mixed state and therefore they do
not bunch perfectly when interfered at a beamsplitter.

3.3.1 The Master equation

The atomic model is restricted to a Λ-system formed by three lev-
els |s〉 , |p〉 and |d〉 (see Figure 3.3) corresponding to sublevels of
SJ=1/2,mj−1/2, PJ=3/2,mj=−3/2 and DJ=5/2,mj=−5/2 (or DJ=5/2,mj=−3/2) that
are of direct importance for the experiment, respectively. The model
is valid for any three-level atom. The atom is initially prepared in
the state |s〉. The |s〉 → |p〉 transition is off-resonantly driven by a
laser with frequency ωL = ωps + ∆ − δs, where both ∆ and δs are
negative. The frequency δs = Ω2/4∆, is the AC Stark-shift of the |s〉
state due to the laser field with Rabi frequency Ω. Let a and a† be
the bosonic annihilation and creation of the cavity field, respectively,
whose frequency is given by ωC = ωpd + ∆. The Hamiltonian of the
laser-atom-cavity system is given by

H = ωCa†a + ωps |p〉〈p|+ ωds |d〉〈d|

+
1
2
(eiωLt + e−iωLt)(Ωt |s〉〈p|+ Ωt |p〉〈s|)

+ g(|d〉〈p|+ |p〉〈d|)(a† + a),

(3.5)

where h̄ is set to one and g is the ion-cavity coupling strength discussed
in Section 3.2 and further in Section 5.4. The Hamiltonian can be sim-
plified by noting that the cavity mode is initially empty |0〉. Therefore,
the system remains in the three level manifold {|s, 0〉 , |d, 1〉 , |p, 0〉},
where the last ket element describes the cavity photon number. Under



3.3 3-level model of photon distinguishability in our system 22

Figure 3.3: Scheme of the Λ system relevant for the theoretical model
and the experiment. The transition between |s〉 and |p〉 is off-
resonantly driven by a laser with frequency ωL, detuned from the
|s〉 to |p〉 transition by |∆|. The laser field induces AC Stark Shift
|δS|. States |p〉 and |d〉 are coupled by the field of a cavity with
frequency ωC. Note that in Figure 3.2, the AC-Stark shift δS is set
to zero for simplicity.

the rotating wave approximation, the Hamiltonian in this subspace is
thus given by

Ht =




0 0 Ωt/2

0 δs g

Ωt/2 g −∆ + δs


 , (3.6)

All cavity loss processes are captured by the rate κ, which includes
e.g., transmission through the cavity mirrors, as well as any scat-
tering and absorption losses in the mirror and mirror substrates.
For the atom-cavity system, this process corresponds to a loss term
L1 =

√
2κ |d, 0〉〈d, 1| . Finally, there are two scattering terms L2 =√

2γsp |s, 0〉〈p, 0| and L3 =
√

2γdp |d, 0〉〈p, 0| corresponding to the two
spontaneous decay paths from the |p〉 state. With this in hand, we can
write down the master equation for the atom-cavity system

$̇t = −i [Ht, $t] +
3

∑
i=1

(
Li$tL†

i −
1
2
{L†

i Li, $t}
)

, (3.7)

where $t now is defined on a four level manifold including |d, 0〉 . Ht

is extended trivially on the added level via Ht |d, 0〉 = δs |d, 0〉 , that is,
|d, 0〉 is not coupled to the other three levels. Hence, the atom-cavity
system evolves in the {|s, 0〉 , |d, 1〉 , |p, 0〉}-manifold until it is brought
to the state |d, 0〉 either by the scattering term L3 or via the cavity loss
process L1.
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3.3.2 Emitted photon

The state of the photon emitted from the cavity into the desired
mode is now studied. In the following, the photon state is computed
in two steps. First, the sub-normalized wave-function of a photon
conditioned on the atom-cavity system being in the state |s, 0〉 at
time s and no scattering events L2 and L3 happening at later times is
obtained. Second, the full master equation is solved to compute the
probability of scattering via L2 happening at time s. Such a scattering
event projects the system back onto |s, 0〉.

3.3.2.1 Conditional pure photon wave-function

Let us start by addressing the wave-function of a photon conditioned
on the atom-cavity system being in the state |s, 0〉 at time s and no
scattering events L2 and L3 happening at later times. To do so, the
evolution of the atom-cavity system conditioned to the case with no
scattering needs to be solved. The Lindbladian part of the master
equation (Equation 3.7) describes random noise processes affecting the
system. In particular, the terms Li$tL†

i dt corresponds to a scattering
happening during an infinitesimal time interval dt. In contrast, the
conjugate term − 1

2{L†
i Li, $t}dt corresponds to no scattering happening

during dt. Its role can be thought of as reducing the probability to
find the system in the pre-scattered state $t+dt → $t − 1

2{L†
i Li, $t}dt.

Hence, to describe the evolution of the system conditioned on no
scattering, all the terms Li$tL†

i are dropped and their conjugate terms
− 1

2{L†
i Li, $t} in the master equation (Equation 3.7) are kept. Such an

evolution preserves the purity of a state, which can be written in the
form of the Schrödinger equation with a non-Hermitian Hamiltonian

˙|Φt〉 =
(
−iHt −

1
2 ∑

i
L†

i Li

)
|Φt〉 . (3.8)

With the initial condition |Φs〉 = |s, 0〉 , this equation can be solved to
give the system state

∣∣Φt|s
〉

conditioned on the event corresponding to
no scattering at time t ≥ s. In particular, for a (piece-wise) constant
Rabi frequency, the solution reads

∣∣Φt|s
〉
= e(−iH− 1

2 ∑i L†
i Li)(t−s) |s, 0〉

which can be computed numerically. To obtain the amplitude of the
photon emitted from the cavity at a given time we project the atom-
cavity state at that time into

√
2κ 〈d, 1|. In the laboratory frame, this

gives

|ψs〉 =
∫ ∞

s
ψs(t) a†

t |0〉 dt,

ψs(t) =
√

2κ e−iωCt 〈d, 1|Φt|s〉.
(3.9)

The photonic state |ψs〉 is sub-normalized. Its norm

ppure(s) = 〈ψs|ψs〉 (3.10)
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is the probability that no scattering event happens after time s (given
the initial condition). The normalized conditional state thus reads
|ψs〉 /

√
ppure(s). Note that ppure(0) is the probability that a photon

is emitted without a single scattering during the evolution and the
corresponding state is labeled |Ψ0〉 = |Ψs〉 /ppure(0).

3.3.2.2 Scattering probability

The full master equation (Equation 3.7) is now solved and the atom-
cavity density matrix $t for all times is obtained. For a (piecewise)
constant Rabi frequency, the solution can be obtained analytically by
vectorizing the master equation and the density matrix. The probabil-
ity of scattering back to |s, 0〉 at time s is computed from this state as

P(s) = Tr
(
$s L†

2L2
)
. (3.11)

Note that the average number of L2 scattering events per experi-
mental run is simply given by the time integral of the scattering rate

∫ ∞

0
P(s)ds, (3.12)

and equals the expected number of laser photons scattered on the
|p〉 → |s〉 transition. In our experiments, these are the ultraviolet
photons emitted on spontaneous decay from |p〉 state back to initial
|s〉 state. After such a scattering event the system is brought back to
the initial state.

3.3.2.3 The photon state

The normalized state of the emitted photon that leaves the cavity at
rate κ is given by

ρ = |ψ0〉〈ψ0|+
∫ ∞

0
P(s) |ψs〉〈ψs| ds + P0 |0〉〈0| , (3.13)

where |ψs〉 is given in Equation 3.9 and P(s) in Equation 3.11. The first
term |ψ0〉〈ψ0| describes a pure cavity photon emitted without a single
scattering event occur (L2, L3). This happens with probability ppure(0).
The integral collects all the possibilities where the last |p〉 → |s〉
scattering process occurs at time s and no scattering events happen at
later times. Any such history happens with probability P(s)ppure(s)

and yields a photon in the state |ψs〉 /
√

ppure(s). Finally, the last term
P0 |0〉〈0| with

P0 = 1− Tr
(
|ψ0〉〈ψ0|+

∫ ∞
0 P(s) |ψs〉〈ψs| ds

)

= 1− ppure(0)−
∫

P(s)ppure(s)ds
(3.14)
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collects the cases where no photon is emitted into the cavity. If the
laser pulse is not turned off, this term can be alternatively computed
as the overall probability of the |p〉 → |d〉 scattering

P0 =
∫ ∞

0
Tr(L†

3L3 ρt). (3.15)

The first two contributions of Equation 3.13 can be combined together
by defining

P̄(s) = P(s) + 2δ(s), (3.16)

where δ(s) is the delta-function with 2
∫ ∞

0 δ(s)ds = 1. The photon
state ρ in Equation 3.13 then reads

ρ =
∫ ∞

0
P̄(s) |ψs〉〈ψs| ds + P0 |0〉〈0| . (3.17)

3.3.3 Effect of non-zero laser linewidth

The effect of non-zero laser linewidth on our model is now described.
The laser frequency linewidth, taken as half-width at half maximum,
denoted as γlaser introduces a phase noise which creates an additional
loss term in the master equation (Equation 3.7) and changes it to

$̇t = −i [Ht, $t] +
4

∑
i=1

(
Li$tL†

i −
1
2
{L†

i Li, $t}
)

, (3.18)

where L4 =
√

2γlaser |s, 0〉 〈s, 0| is a collapse operator corresponding to
dephasing due to the non-zero laser linewidth. This dephasing term
also alters the scattering probability in Equation 3.11 to

P(s) = Tr
(
$s L†

2L2
)
+ Tr

(
$s L†

4L4
)
. (3.19)

The rest of the model remains unchanged.

3.3.4 Photon statistics

Now the Hong-Ou-Mandel (HOM) interference of two photons de-
scribed by Equation 3.17 is modeled. Specifically, each photon enters
into a different input port of a 50/50 beamsplitter. In the following
the input and output modes of the beamsplitter are the same as in Sec-
tion 2.2. Output port detectors Da′ and Db′ as shown in Figure 2.1(a)
are considered with unit efficiency.

3.3.4.1 Single click rates

First, the case of a single photons injected into one of the ports is
considered. This serves to provide an expression of the single photon
detection probability from a single photon source (up to a factor
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1/2 due to the beamsplitter). The probability density that a photon
in the state ρ (Equation 3.17) triggers a click on the detector Da′ at
time t is given by ps(t) = 1

2 Tr
(
ρ a†

t |0〉〈0| at
)
. The 1/2 factor comes

from the 50/50 beamsplitter. Direct application of Equation 3.17 and
Equation 3.9 gives

ps(t) = ε
1
2

∫ ∞

0
P̄(s)|ψs(t)|2ds, (3.20)

where 0 ≤ ε ≤ 1 is a factor that describes the total efficiency of the
path, beginning after the cavity output mirror. The same result is
obtained for the detector Db′ .

3.3.4.2 Coincidence rates

The twofold coincidence rate when one photon is sent into each
input of the beamsplitter can now be computed. For two photons
with orthogonal polarization, corresponding to states ρa and ρb⊥ , the
probability to get a click at time t1 in the detector Da′ and a click at
time t2 in the detector Db′ is given by

pC⊥(t1, t2) = p(a)
S (t1)p(b⊥)S (t2) + p(a)

S (t2)p(b⊥)S (t1) (3.21)

simply because there is no interference.
Next, two input photons with the same polarization ρa and ρb are

considered. They are respectively characterized by P̄a(sa) with ψ
(a)
sa and

P̄b(sb) with ψ
(b)
sb accordingly to Equation 3.17. The twofold coincidence

probability with detector Da′ clicking at time t1 and detector Db′

clicking at t2 is computed as pC‖(t1, t2) = Tr (ρa ⊗ ρb Πt1,t2) where
Πt1,t2 is the projector onto the state

1
2
(a†

t1
+ b†

t1
)(a†

t2
− b†

t2
) |00〉 (3.22)

and e.g., a†
t1

is the bosonic creation operator for the input mode a at
time t1, as in Equation 3.9. From Equation 3.17 and Equation 3.9 we
find

pC‖(t1, t2) =
1
4

∫ ∞

0
P̄a(sa)P̄b(sb)×

|ψ(a)
sa (t1)ψ

(b)
sb (t2)− ψ

(a)
sa (t2)ψ

(b)
sb (t1)|2dsadsb,

(3.23)

where the term under the integral reads

|ψ(a)
sa (t1)ψ

(b)
sb (t2)− ψ

(a)
sa (t2)ψ

(b)
sb (t1)|2 =

|ψ(a)
sa (t1)|2|ψ(b)

sb (t2)|2 + |ψ(a)
sa (t2)|2|ψ(b)

sb (t1)|2

− ψ
(a)
sa (t1)ψ

(a)∗
sa (t2)ψ

(b)∗
sb (t1)ψ

(b)
sb (t2)

− ψ
(a)∗
sa (t1)ψ

(a)
sa (t2)ψ

(b)
sb (t1)ψ

(b)∗
sb (t2).

(3.24)

The last two terms are responsible for a destructive interference and
bunching of the incident photons, which reduces the coincidence rate
as compared to the orthogonal case.
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3.3.4.3 Visibility of the Hong-Ou-Mandel pattern

The absolute detection times t1 and t2 are not relevant for computing
the visibility of the Hong-Ou-Mandel (HOM) interference pattern.
What matters is the difference between the detection times

τ = t1 − t2. (3.25)

We define the coincidence rate as a function of this delay between the
clicks

pC‖(⊥)(τ) =
∫

pC‖(⊥)(t2 + τ, t2) dt2. (3.26)

Furthermore, detection window T is defined, by accepting only the
coincidence events with a delay |τ| ≤ T falling inside this window.
For a fixed window T the HOM interference visibility is defined as

V(T) = 1− R(T) (3.27)

where R(T) is the ratio between the coincidence probabilities for
parallel and orthogonal photons (polarizations) with a bounded delay
|τ| < T

R(T) =

∫ T
−T pC‖(τ)dτ
∫ T
−T pC⊥(τ)dτ

. (3.28)

3.3.5 Constant frequency offset of two photons

Here, a fixed frequency offset between the two interfering photons is
considered. The frequency difference affects the phase of the photonic
wavefunction as the phase is proportional to its frequency. This effect
is modeled by modifying the wavefunction of one of the participating
photons ψs(t) in Equation 3.9. Specifically, the factor ωC is replaced
with ωC + 2πδ f , where δ f is a constant offset of the photon’s frequency.
As a result the last two terms in Equation 3.24, which are responsible
for interference in the coincidence probabilities, each pick up a phase.
Let the photon wavefunctions of the photons at times t1 and t2 be
written using

ψ
(a)
sa (t1) = a(t1)eiωat1

ψ
(a)
sa (t2) = a(t2)eiωat2

ψ
(b)
sb (t1) = b(t1)eiωbt1

ψ
(b)
sb (t2) = b(t2)eiωbt2 ,

(3.29)

where a(t) and b(t) are amplitudes and ωa and ωb are frequencies of
the photons a and b, respectively. When substituted into Equation 3.24,
the last two terms will each pick a phase. One term picks a phase

ei(φa(t1)−φa(t2)−φb(t2)+φb(t1)) (3.30)
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and the other picks phase

e−i(φa(t1)−φa(t2)−φb(t2)+φb(t1)). (3.31)

Here, φk(tj) is a phase of a photon k at time j. By substituting ω f =

ωa −ωb, an oscillation term cos(ω f (t2− t1)) appears in Equation 3.24,
where ω f = 2πδ f is the frequency difference. Then the coincidence
rate is calculated.

Modifying the model in a described way, by replacing ωC → ωC + δ f
is equivalent to adding a constant frequency offset to one of the
photons once it leaves the cavity. This is not a process that we expect
to be happening during our experiments. However, as will be shown
in Chapter 5, it provides a useful simplified model for describing the
results of our experiments.
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D E V E L O P M E N T O F T H E " I Q O Q I " I O N - C AV I T Y
N E T W O R K N O D E

At the heart of each of our network nodes is an ion trap with an
integrated optical cavity. The system is operated under vacuum to
minimize interactions between the ion and background gas molecules.
This chapter presents the construction of the IQOQI node of our quan-
tum network. The structure of the chapter is now briefly described.
First the design and components of the vacuum vessel are presented.
Second, the top flange assembly, which carries the ion trap, and the
bottom flange assembly, carrying the optical cavity setup and an
atomic oven, are described. Third, the process used to achieve ultra-
high vacuum (UHV) are described, necessary for operating the trap.
The last part of this chapter is dedicated to the design and construction
of a helical resonator which delivers radio-frequency voltage to the
ion trap.

4.1 vacuum vessel

A 3D drawing of our vacuum system is depicted in Figure 4.1. The
vacuum vessel, inside which our ion-trap and optical cavity are placed,
has been designed such that sufficient optical access is provided for
bringing necessary laser light for manipulating the ion’s electronic
state, stabilizing the length of the cavity and collecting photons emitted
into the optical cavity. To keep the pressure of the system in the UHV
regime, we attach an ion pump and a non-evaporable getter to our
chamber, as described in a later subsection. The vacuum chamber
consists of two parts. The main part, custom made by the Kimball
company is based on the MCF600-sphcube model, contains the ion
trap and the cavity. The second part, referred to as "the cross", has an
ion pump, a valve and one viewport. The "cross" was made by the
company VACOM and has part number X63RS-304.

All items of the vacuum chamber are attached using con-flat (CF)
flanges of various standardized sizes ranging from DN16 up to DN100.
The CF attachment enables reaching UHV or even XHV conditions.

Standard viewports

Optical access to the trap is achieved by attaching glass viewports to
the vacuum chamber. These viewports are made of 316LN stainless
steel with quartz glass which is anti-reflection coated at wavelengths
necessary for operating experiments with 40Ca+ ions, as described

29
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Figure 4.1: A 3D drawing of the IQOQI node vacuum system. The vacuum
setup, containing the ion trap and optical cavity, is shown from
four perspectives. To get a scale, the golden helical resonator
on top of the chamber is 259.9 mm tall and the front flange in
the top left figure is size DN100. NEG - Non Evaporable Getter.
The CapaciTORR Z400 NEG has not been fully activated (as of
February 2023).
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below. In total 16 viewports are attached to the vacuum chamber.
Fourteen of our viewports were made by the company VACOM and
are specified to withstand a baking temperature of up to 200◦C. Four
viewports are on DN16 flanges and have glass diameter 16 mm. Eight
viewports are mounted on DN40 with glass diameter 35 mm. One of
these viewports, located on the top left side from DN100 viewport (see
"Front view" in Figure 4.1), is not anti-reflection coated. One viewport
has the size DN100 with glass diameter 98 mm. All the aforementioned
viewports are attached to the main part of our vacuum chamber. One
viewport of size DN63 with glass size of 68 mm is placed on the cross.
The quoted parameters of reflections by VACOM are:

• R < 1% at wavelengths range 393− 398 nm

• R < 0.3% at 729 nm

• R < 0.1% at 780 nm

• R < 0.2% at 851 nm

• R < 0.5% at 866 nm

These parameters apply to both surfaces of the viewports. The cal-
culated reflection curves provided by the manufacturer are shown in
Figure A.1 of Appendix A.

Two viewports of the size DN40 that are placed in the direction of
the optical cavity were made and anti-reflection coated by the company
UKAEA. These optical viewports have been selected for their high
optical quality as desired for transmitting single photons collected
from the optical cavity out of the vacuum chamber. The result of the
anti-reflection coating of these two viewports is reported in Figure A.2
of Appendix A

Inverted viewport

The inverted viewport is an element that enables an objective with
high numerical aperture (NA) to be placed as close to the ion as
possible without the need for it to be placed under vacuum. Our
objective (Silloptics GmbH1) is designed for a working distance (ion-
objective distance) of 59 mm. To achieve such a small distance, a
viewport that recesses into the chamber is attached to the chamber.
The viewport is welded into the center of a DN100 flange, but the
glass itself corresponds to the DN40 size. A tube of diameter 54.5 mm
recesses into the chamber. While the last glass surface of the objective

1 The objective was manufactured many years before my PhD for the ’quantum sim-
ulation’ team at IQOQI and was ordered by Jan Benhelm. It is a five lens objective
allowing both imaging of collected 397 nm photons as well as single-ion focusing of
729 nm laser light.
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is 59 mm from the ion, the last glass surface of the inverted viewport
is only 39.2 mm away from the ion.

The main purpose of the objective is to collect 397 nm photons
emitted by the ion. The anti-reflection coating of the inverted viewport
has therefore been designed for this wavelength. Additionally, the
objective is also used for 729 nm laser light and thus the viewport
is also antireflection coated for this wavelength. The production
and antireflection coating of the inverted viewport was done by the
company UKAEA. The result of the antireflection coating is shown in
Figure A.2 in Appendix A.

Combined ion pump and NEG

While with externally attached turbomolecular pumps, pressures on
the order 10−9 mbar can be reached, achieving and maintaining UHV
conditions is possible by employing ion pumps and getters after
separating the vacuum chamber from the outer environment. Ion
pumps use electric and magnetic fields to ionize the background gas
and trap the positively charged ions, as well as negative electrons,
inside. The action of the ion pump generates a measurable current
across the device, which can be used to estimate the pressure inside
the vacuum chamber.

Getter pumps use reactive alloys, typically made of titanium or
zirconium, to dissociate active gases, like O2, N2, CO, CO2, H2O, or
even H2. The particles are then permanently trapped in the structure
of the getter in the form of a stable compound.

Both types of pumps are used in our setup. First, the SAES Nex-
TORR D500 combined ion pump with non-evaporable getter (NEG)
is mounted on a DN60 flange made of 304 grade stainless steel and
attached to one port of an extension cross of our vacuum chamber
(Figure 4.1). The D500 is equipped with two magnets which limit the
maximum bake-out temperature to 150◦C. If the magnets are removed,
as was done in our case, the maximum bake-out temperature increases
to 250◦C. The pump is connected and operated using a controller
(NIOPS-04) via cables designed for a maximum temperature of 200◦C.
The combined ion pump and NEG is specified to reach a pumping
speed for hydrogen of 500 l/s if the NEG is properly activated.

Additionally, another NEG (SAES CapaciTorr Z-400) was attached
to the chamber to further improve the vacuum in our chamber. This
additional getter pump is placed into an extension tube to increase the
distance to the optical cavity, in order to protect it from heat generated
during NEG activation, where it can reach temperatures of up to
550◦C. This Z-400 is mounted on a DN40 flange made of 316 LN
stainless steel and can be baked at temperatures up to 400◦C. When
properly activated, this getter is specified to reach pumping speeds
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greater then 530 l/s. Its activation is controlled by a special controller
(CAPACITORR CF 35 D 400/B 200).

Both the ion pump and the NEG need to be activated during the
bake-out process in order to reach their maximum pumping speed.
The activation procedure for NEGs requires heating up the element
up to 500◦C and above, and keeping it at this temperature for approx-
imately an hour. The activation of the ion pump and NEGs attached
to our chamber was performed during the bake-out of the chamber
described later in Section 4.4.

The pumping capabilities of any NEG deteriorates over time as the
active area saturates. If the pumping speed is not sufficient anymore,
a reactivation of this element by heating it up again is necessary, and
can be carried out via the controller box. Under certain circumstances
this can be done even without opening the vacuum chamber.

Valve

The vacuum chamber is isolated from the outer environment using a
mechanical valve (VAT 54132-GE02-0001). This valve is made of 316L
steel with CF flanges of size DN40 and is attached to our cross with a
DN63 flange via a reducer flange (VACOM ZL063040-316). The valve
was closed on January 16th 2018 and has not been opened since (as of
February 2023).

4.2 top flange assembly and the ion trap

Our ion trap is based on a well established design of a radio frequency
(RF) linear Paul three-dimensional blade trap, used in Innsbruck and
elsewhere, which enables trapping multiple ions in a string along the
trap axis. The distance of over 1 mm in all directions between blade
electrodes enables optical access for all lasers necessary for manipulat-
ing the ion, while keeping scattered light low. Most importantly for
cavity QED experiments it allows for the mode of the cavity to clear
the trap without clipping.

The ion trap is attached to a DN100 flange and is inserted into
the vacuum chamber from the top port. The ion-trap assembly is
depicted in Figure 4.2 and we refer to it as the "Top Flange" assembly.
A detailed schematic of the trap is shown in Figure 4.3. The trap
consists of four blade electrodes aligned around the radial direction
of the trap where RF field is applied to two opposing blades to create
a confining potential in the radial direction of the trap. Two other
blades are connected to a DC field, provided by a single 1.5 V AA
battery to break the radial symmetry of the trapping potential. In the
axial direction, the ions are trapped using positive DC fields applied
to endcap electrodes. Any stray fields that would cause the ion to
be pushed out of the RF zero potential in the radial direction can be
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Figure 4.2: A drawing of the top flange (size DN100) assembly carrying the
ion trap.

compensated by a set of double-rod electrodes in two perpendicular
planes of the trap. Each DC electrode is controlled separately using a
high voltage power supply.

Previous experience with traps made of stainless steel electrodes
and ceramic (Macor) holders showed high temperatures during their
operations, reaching up to 150◦C [103]. In contrast, our trap is made
out of gold-coated titanium blades and end cap electrodes, and sap-
phire holders, which have proven to achieve close to room temperature
operation [104]. Those materials were used for the trap in the "preci-
sion" ion-trapping group formerly in Lab 2 at IQOQI, in which mixed
species of trapped aluminum and calcium ions were used for pre-
cise frequency measurements [105] and implementation of ultra fast
quantum gates [106].

As shown in Figure 4.3, the ion trap assembly has a height 80.28 mm.
This includes also the length of copper electrodes that bring the RF
field onto the blades. The ion trap itself has height of 27.85 mm
and a maximum width 28.00 mm, given by the bigger of the two
sapphire holders. The distance between the two endcap electrodes is
5.00 mm. In the radial direction, the distance between two opposing RF
blades is 1.60 mm. Copper RF electrodes are attached to feedthroughs
that are welded into the flange. The DC potential is brought to the
endcap and compensation electrodes using Kapton® insulated single-
core coax cable (LewVac KAPWC1X025). The core of the cable is
made of silver-plated copper wire of diameter 0.25 mm. The wire is
shielded by a braided tube against noise and the braid is grounded
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Figure 4.3: Different views of the ion trap assembly. The top three panels
show the trap in an axial view (vertical direction) with significant
dimensions labeled in mm. The bottom right panel shows a cut
of the trap in the radial plane.

through the titanium holder to the main chamber (Figure 4.2). These
cables are suitable for use in UHV conditions and have maximum
bake-out temperature of 260◦C. The Kapton wires can bring DC
voltages up to 2 kV, or AC voltages with 600 Vrms, to the trap. Their
maximum current rating is 2 A. The wires are attached to the top
endcap electrode, as well as to compensation electrodes, using barrel-
type clamps. The attachment to the bottom endcap electrode is done
by winding the wire around the the outer side of the bottom endcap
electrode and clamping it with a washer and a nut. Attachement to the
copper feedthroughs is done using barrel type connectors. Each DC
potential is brought through a separate copper feedthrough enabling
independent control of each potential2. The connection of each trap
electrode to its feedthrough is schematically depicted in Figure 4.4.

The trap is attached to a titanium holder which is then fixed to the
top CF100 flange. The design and dimensions of this holder are shown
in Figure 4.5. A target for producing neutral Ca atoms is attached
to that holder for possible ablation loading of ions into the trap (not
shown in Figure 4.5). A photograph in Figure 4.6 shows the assembled

2 DC feedthroughs depicted in Figure 4.2 were later trimmed to minimize any electronic
noise that they might pick up.
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Figure 4.4: A schematical drawing of connection of each electrode of the
trap to a feedthrough. C1, C2, and C3 mark the compensation
electrodes, TE is top endcap electrode, BE is bottom endcap
electrode. View is from the inside of the chamber looking out.

top flange before it was inserted into the vacuum chamber. Before the
second bake-out, unused copper feedthroughs were trimmed.

4.3 bottom flange assembly and the optical cavity

The second crucial part of our vacuum system is the optical cavity
assembly which is attached to a DN100 flange and is inserted into
the vacuum chamber from the bottom port. This flange contains the
cavity and the atomic oven and we refer to it as the "bottom flange".
Its assembly is depicted in Figure 4.7.

Figure 4.5: A drawing of the Titanium trap holder. This holder connects the
ion trap assembly of Figure 4.3 to the top flange ofthe vacuum
chamber, as shown in Figure 4.2. All dimensions are in mm.
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Figure 4.6: A photograph of the top flange assembly with the ion trap at-
tached to a titanium holder. Endcap electrodes and compensation
electrodes are connected to feedthroughs using Kapton insulated
braided wires and barrel connectors. Radio frequency signals are
brought in via two thick copper wires, hidden from view in the
middle of the central titanium tower structure. Unused copper
feedthroughs were trimmed before the second bake-out.

Atomic oven

Neutral calcium atoms are loaded into our trap using a resistively-
heated atomic oven, generating a stream of neutral atoms. The atomic
oven in our system contains two elements: calcium and barium. The
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oven was made by the company AlfaVakuo e.U.3 and contains 30 mg
of barium with purity 99.9% and 40 mg of calcium with purity 99.98%.

The "oven launching" system that attaches the atomic oven to the
bottom flange, and aligns the oven with the trapping region, is shown
schematically in Figure 4.7. The atomic oven is surrounded by a tita-
nium shield to protect the optical cavity from radiated heat generated
while the oven is being heated during ion loading and from deposition
of atoms on the cavity. A small aperture is drilled into the titanium
shield and it is aligned with a hole in the bottom sapphire holder of
the trap to enable the neutral atoms to enter the trapping region. The
oven is attached to a Macor piece which is attached to two pillars that
bring the setup to the correct height4. The ends of the oven are then
attached to copper feedthroughs.

Figure 4.7: A drawing of the bottom flange assembly with atomic oven and
optical cavity assembly. The atomic oven (AlfaVakuo) is attached
to copper feedthroughs using grub screws. The height of the
oven is given by two stainless steel pillars and a Macor holder.
The atomic oven is covered with a Titanium shield with a small
aperture and is aligned with an aperture in the lower sapphire
trap holder to allow for a stream of neutral atoms to enter the trap.
The trap is not attached to the bottom flange and is here shown for
clarity. The optical cavity setup is attached to 3 nanopositioning
translation stages (Attocube), as further described in Figure 4.8

3 Manufacturer part number: AS-Ba30/Ca40-3C
4 While assembling the setup, we found that the setup needs to be lifted, which we

achieved by inserting several washers between the pillars and the Macor holder.
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Optical cavity

The collection efficiency of single photons emitted by the ion is en-
hanced using cavity quantum electrodynamics (CQED) effects by
coupling the trapped ion into a vacuum field of an optical resonator.
The full description of the construction and development of our optical
cavity is presented in PhD thesis of Josef Schupp [83] and a detailed
study of the ion-cavity setup as a single photon source was presented
in our paper [102]. A short summary of the optical cavity parameters
and construction is now presented.
The optical cavity was designed and constructed with a focus on
achieving the best possible extraction efficiency of photons out of the
cavity. Our Faby-Perot cavity consists of two mirrors and is in the
near-concentric regime. The following mirror and cavity parameters
are taken from [83]. The details on measurement of these properties
can be found in Chapter 4 and Appendix A of [83]. The mirrors are
coated for reflection at 854 nm, which is the transition wavelength
between the 3D5/2 and 4P3/2 levels of the 40Ca+ ion at 854 nm. The
two coated fused silica spherical mirrors have a radius of curvature
RC = 9.984(7)mm. The total length of the cavity is 19.906(3)mm.
The waist of the cavity field is 12.31(8) µm and is in the center of the
cavity.

The main parameters determining the probability of a photon, which
has already been emitted into the cavity, leaving through a preferred
mirror are the transmissions of each mirror and unwanted scattering
and absorption losses. The transmission of each mirror at 854 nm of
T1 = 2.9(4)ppm and T2 = 90(4)ppm, where the subscript denotes
the two different mirrors, were measured at the time of assembly. The
total internal losses of the cavity are L = 23(4)ppm.

Each mirror is glued to a homemade piezo stack which allows for
fine length adjustment and stabilization of the cavity. These piezos are
glued to a rigid titanium U-shaped holder. Two collimation lenses are
mounted to the same U-shaped holder for collimating the outgoing
photons and mode-matching of incoming laser beams. The U-shaped
mount allows for a small tilt of the cavity axis up to ±5◦ with respect
to the trap (ion string) axis. The final setup has a measured tilt of
4.1(1)◦, see Section 4.1.2 of [83].

The rigid mount carrying the optical cavity is attached to three
piezo stages (2× Attocube ANPx311/RES/UHV and 1× Attocube
ANPx321/RES/UHV) enabling nano-scale positioning of the cavity
waist with respect to the position of an ion, in all three dimensions.
These translation stages, made of titanium, are non-magnetic and
suitable for operations under UHV conditions. The stages can be
baked at temperature up to 150◦C. The translation stage ANPx321

moves the cavity in a horizontal plane in a direction perpendicular to
the cavity axis. One of the two ANPx311 stages moves the cavity in a
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Figure 4.8: A drawing of the bottom flange assembly with the cavity setup.
The two cavity mirrors are glued to piezos and to the U-shaped
holder which is attached to a vertical translation stage. An L-
shaped titanium piece attaches that upper assembly to a stack of
two translation stages for positioning in the x-y plane. The whole
assembly is placed on 4 pillars attached to a DN100 flange. Two
collimation lenses are attached to the cavity U holder. The trap is
not attached to the bottom flange and is here shown for clarity.

horizontal plane along an axis approximately parallel with the cavity
axis, while the other one is mounted vertically via an L-shaped piece
and translates the cavity in a vertical direction. Figure 4.8 illustrates
the cavity setup.

The three translation stages are connected to a D-Sub type feedthrough
in the bottom flange via a Kapton insulated cable provided by the
company Attocube. The piezos for fine length control of the cavity
are connected to copper feedthroughs using Kapton insulated braided
wire and fixed to a barrel type connector. A photograph of the assem-
bled bottom flange is shown in Figure 4.9. The Attocube translation
stages are controlled using ANC350/RES controller and can be posi-
tioned with sub-nanometer precision. Voltage to the piezos for fine
length adjustment are provided from a battery box and from a length
stabilization PID circuit.
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Figure 4.9: A photograph of assembled bottom flange system with the
optical cavity and atomic oven.

4.4 creating ultra high vacuum

One of a big challenges when working with trapped ions is to keep
them isolated from their environment. For example, a collision with a
background gas molecule with enough energy can cause ion crystals
to break apart, chemical reactions, or even ejection of an ion from the
trapping potential. We therefore operate ion traps under ultra-high
vacuum, meaning pressures below 10−9 mbar. At such pressures, the
mean free path of the residual gas particles, which are predominantly
hydrogen, reaches hundreds of kilometers. The quality of a vacuum is
a crucial parameter, directly affecting the performance of the experi-
mental setup. When preparing parts which were put into the vacuum
chamber I largely followed the procedures described in document the
"LIGO Vacuum Compatibility, Cleaning Methods and Qualification
Procedures" [107]. I also benefited from discussions with P. Obšil who
built an ion-trap setup himself, reaching pressures below 10−11 mbar
and reaching one of the best conditions for room-temperature trapped-
ion experiments [108]. Reaching UHV conditions is a demanding task
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Figure 4.10: Mating top and bottom flange assembly inside the vacuum
vessel. The optical cavity on the bottom flange surrounds the
trap. The cavity is placed on three translation stages enabling
precise positioning.

that requires precise work. Ideally, one would work in clean room
environment when preparing a UHV system. Such a room was not
available, therefore a small working area was thoroughly cleaned and
equipped with a HEPA filtering system. The assembly of all vacuum
parts happened in this area. Only parts and tools that were cleaned as
described further in this chapter were allowed to be brought into this
area.

Before any item is placed into our vacuum chamber, it has to be
thoroughly cleaned to remove any grease, oil residuum from manu-
facturing, or other dirt. These contamination can lead to out-gassing,
compromising the ability to reach UHV. The procedure of cleaning of
in-vacuum parts is described in detail in Appendix B.
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When attaching a viewport or any flange, a silver-plated copper
gasket was used and the bolts were tightened to a desired torque
using a specific pattern given by the size of the flange. The tightening
pattern differs for different flange sizes. Silver-plated stainless steel
screws were used to enclose our chamber. This silver layer on top of
stainless steel is intended to make it easier to re-open the chamber if
necessary. We have however noticed that the silver layer started falling
off the screws, and the small silver dust contaminated our vacuum
chamber. As the chamber was evacuated for a leak check purposes,
the small particles, while traveling at high speed, scratched some of
the viewports, leaving traces on the coating, as well as staying on the
surface of the viewports. The debris was removed by carefully picking
it with cotton sticks with methanol. Afterwards, the surface of each
viewport was checked and if necessary, cleaned with methanol, or
replaced.

To evacuate the vacuum chamber we employed several external
pumping stations. First the system was evacuated with a Pfeiffer
Vacuum pump station, consisting of an oil-sealed two-stage rotary
vacuum pump (Pfeiffer Vacuum DUO 2.5) for generating coarse and
medium vacuum and a turbo-molecular drag pump (TMU 071 P). The
turbo-molecular pump is connected to the vacuum chamber using a
bellows with DN40 flanges. To decrease the gas flow in the initial stage
of pumping, a solid gasket with a 0.5 mm diameter hole in the middle
was placed between the pump bellows and the vacuum chamber.
During bake-outs the bellows was baked at 180◦C using a heat tape,
while carefully monitoring the temperature of the turbo-molecular
pump to check that it did not exceed 90◦C.

Before each bake-out, the chamber was pumped down to a pressure
below 5× 10−6 mbar and a leak check was performed by spraying
helium into all joints and monitoring the presence of helium inside the
vacuum system using a Residual Gas Analyzer (RGA, SRS RGA100)
attached to the pump station. No leak could be found.

The baking process was performed twice. First the system was
baked without the optical cavity and the performance of our trap was
tested. This allowed to bake the chamber at 190◦C, limited by the
viewports and the ion pump. The timeline for this bake-out is shown
in Figure 4.11. The temperature was slowly ramped up to 190◦C. After
three days of baking the NEG of the combined ion pump was put into
conditioning mode, heating it up to 250◦C. This local heat source did
not cause the temperature of the rest of the setup to exceed 200◦C as
measured by the thermostat of the oven containing the chamber. This
second phase of baking lasted for 3 days, taking the total baking time
to 6 days. Then the apparatus was cooled down to room temperature.
At this point we re-assembled magnets onto the ion pump and ramped
the temperature to 150◦C. The system was kept at this temperature
for approximately 1 hour and during that time the degassing process
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Figure 4.11: Order of events during the first bake-out without the optical
cavity. Hollow diamonds represent a break in the timeline. The
timeline is not to scale and key time periods are described in the
main text.

of the ion pump was performed, by turning it on and off several
times. When the temperature of the chamber dropped to 90◦C, the
NEG was put into activation mode, heating it up to 550◦C within
30 min and kept at this temperature for 1 hour. During this process
mainly hydrogen was released into the chamber, as observed on the
RGA. After the NEG activation was finished, the vacuum chamber was
separated from the outer environment by closing the valve attached
to our cross. Then the ion pump was started. The indicated current
initially dropped to 3 nA and within the next 12 hours dropped down
to 0 nA, indicating that the pressure inside the vacuum chamber was
below 4× 10−10 mbar.

The second bake-out, with ion cavity in place, was carried out
following the same scheme, only the maximum temperature of the sys-
tem was set to 80◦C. During the second bake-out it was decided that
the second NEG (CapaciTorr Z-400) would not be activated, however
the baking process itself lead to partial activation of the element.

4.5 helical resonator

Trapping ions in a linear Paul trap requires applying radio frequency
(RF) voltage to the electrodes that create confinement in the radial
direction, perpendicular to the ion string. A resonating circuit is used
to enhance the amplitude of the RF voltage across the blades of the trap.
Such a resonating circuit consists of the trap itself as the dominating
capacitive element and a metal coil as an inductive element, creating
together a quarter wave resonator. A typical helical resonator in
Innsbruck has the coil placed inside a conductive cylindrical shield
that is connected to a DC ground. One end of the coil is firmly
attached to the shield while the other end is connected to a pair of
blades in the ion trap. There is a gap between the top lid of the shield
and the coil to prevent voltage flash-overs, while a gap between the
coil and the bottom of the resonator allows for magnetic field passage
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Figure 4.12: Schematic of the helical resonator attached to our vacuum
chamber. Image produced by Solidworks. Radio Frequency
is brought into the top BNC connector. The bottom two
feedthroughs go to opposite blade pairs of the ion-vacuum ion
trap. The unconnected feedthrough is in fact connected to a
battery that lies outside of the cylindrical shield, which raises its
voltage 1.5 V above DC ground.

reducing losses in the conductor [109]. The coil itself is a thick copper
wire wound into a helix. The total length of the wire corresponds to
a quarter of the resonance wavelength. When searching for optimal
parameters for the resonator, a detailed analysis presented by Siverns
et. al. [110] was used, in which the authors provide a semi-empirical
model for calculating parameters of such a helical resonator.

Our helical resonator is placed on the top flange of the vacuum
chamber (see Figure 4.1 for reference). The helical coil is placed
inside a grounded cylindrical copper shield. The top end of the coil
is fixed and electrically connected to the shield, while the bottom
end of the coil is attached to a feed-through bringing the signal to
a pair of blade electrodes in the ion trap. The RF signal, provided
by a signal generator5 and amplified by 40 dB with an amplifier6, is
brought to the coil via a slider with pin-point contact. This way we
can optimize the impedance matching by changing the length of the
coil on the grounded side. A schematic of our resonator can be seen
in Figure 4.12.

5 Rohde&Schwarz SMA100A
6 MiniCircuits type LZY-22+



4.5 helical resonator 46

The main unknown parameter in our helical resonator system was
the total capacitance of the setup consisting of the trap, connecting
wires and even the coil itself. The capacitance of our trap assem-
bly with wiring was measured to be 5 pF in air. This value was
obtained using an LCR meter7 connected to two opposing blades of
the trap assembly. For our first trapping attempts we used a helical
resonator which had the parameters presented in the first column of
Table 4.1. The resonance frequency predicted by the model in [110] was
43.6 MHz, while the experimentally measured resonance frequency
was 35 MHz. The difference is consistent with a total capacitance for
the resonator-trap system of Ctotal ≈ 12 pF.

A new helical resonator with lower resonance was designed to
obtain higher radial motional frequency of ions (as ωrad ∝ VRF

Ω , where
VRF is the amplitude of the applied RF field and Ω is the frequency
of the oscillating RF field). Given geometrical constraints on the top
vacuum flange that fix the diameter of the resonator shield, and the
desire to use the existing slider with fixed coil pitch and diameter, the
only free parameter left was the height of the coil (number of turns).
Using the estimated total capacitance of the system (Ctotal ≈ 12 pF)
15 turns was calculated to achieve resonance frequency of 25 MHz.
Thanks to the presence of the slider, the number of turns can be slightly
changed, whilst slightly changing also the resonance frequency. The
calculated range of frequencies achievable with this new resonator is
plotted in Figure 4.14. This plot shows that the resonance frequencies
lie between 22 MHz and 25 MHz, depending on the position of the
slider. After attaching the new resonator to the trap, an optimal point
at 23 MHz was found. Consequently, for approximately the same RF
power sent to the resonator, the radial secular frequency of ions in
the trap increased from ωrad = 2π × 1 MHz with the old resonator to
ωrad = 2π × 2 MHz with the new one. The parameters of our new
helical resonator are summarized in Table 4.1. A schematic of the new
resonator is depicted in Figure 4.13

Since copper readily oxidizes, the resonator was coated with 35.5 µm
film of silver, topped by 0.5 µm of gold8. The silver plating has been
shown to improve the quality factor by up to 3% [109] but we did not
verify this in our system.

7 ISO-TECH LCR Meter LCR819

8 Both coatings done by the company Ögussa
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Old resonator New resonator

Dimension Size [mm] Size [mm]

Shield outer diameter D 84 84

Shield height B 182 255

Coil diameter d 40.4 40.4

Coil height b 76.5 155

Coil wire diameter d0 5 5

Pitch τ 10 10

Resonance frequency f [MHz] 35 23

Table 4.1: Comparison of the physical properties of the old and new helical
resonators used to bring RF voltage to the ion-trap. The reso-
nance frequency is calculated from model from [110]. For the old
resonator we used capacitance 5 pF measured by LCR meter, while
the new resonator calculation uses capacitance of 12 pF based on
estimations from measured resonance frequency of the old res-
onator.

Figure 4.13: A schematic drawing of the new helical resonator. The res-
onator consists of a coil made of 5 mm thick copper wire. There
are 15 turns of this coil with a pitch of 10 mm. The coil is placed
inside a copper shield. On top, the whole system is closed
with a cap with BNC connector. There is an aluminum spacer
between the CF100 flange and the resonator setup to ensure
physical access to other feedthroughs on the flange. The RF
signal is brought to the coil via a BNC connector and plastic
slider with a copper contact point which serves for fine tuning of
the resonance frequency and optimizing the Q factor. The whole
setup is fixed with 3 M3 grub screws to the spacer, while the
spacer is attached with additional screws to the CF100 flange.
All dimensions are in mm.



4.5 helical resonator 48

Figure 4.14: Calculated resonance frequency of the new helical resonator.
The resonance frequency was calculated as a function of the
total coil height. The calculation uses the model of [110] and the
parameters of the second column in Table 4.1. The red colored
area shows the tuning range of the designed resonator. Black
lines show the central resonance frequency of the first resonator
that we built.



5
I N D I S T I N G U I S H A B L E P H O T O N S F R O M R E M O T E
N E T W O R K N O D E S

During my PhD we established a two-node quantum network where
each node consisted of an ion trap with an integrated optical cavity.
Chapter 4 presented the construction of one of those ion-trap nodes,
known as the "IQOQI node". The second participating node of the
network, known as the "UIBK node", is located in a remote building
within the same "Technik" campus of the University Innsbruck. The
two buildings are connected via several hundred meters of optical
fiber.

Chapter 6 presents the entanglement of ions in the remote traps
using the two-photon detection method described in Section 2.3. The
quality of that entanglement is dependent on the degree to which the
photons produced by each node are indistinguishable [70]. The first
major experimental goal involving our two remote network nodes
was to observe and understand the two-photon interference contrast,
which serves as a measure of photon indistinguishability. As described
in Section 2.2.1, the two-photon interference contrast can be measured
by performing a "Hong-Ou-Mandel" (HOM) experiment.

This chapter reports the results of a HOM experiment between
photons produced by our two remote nodes and is structured as fol-
lows. In Section 5.1, an overview of the entire experiment is presented.
Details on the participating trapped-ion network nodes and the exper-
imental setup used for the two-photon interference are presented. The
optical fibers connecting the two remote nodes and classical commu-
nication channels between the two nodes are described in this section
too. In Section 5.2, the procedure of running the HOM experiment,
including the experimental sequence run by each node, is presented.
Section 5.3 presents pre-requisites and calibrations necessary for run-
ning the experiment, the frequency matching of ion cavities, temporal
wavepacket synchronization, transmissions of the optical fibers con-
necting the two nodes and a frequency beat between two remote lasers.
Section 5.4 presents experimental parameters used for simulations of
the two-photon interference contrast. Section Section 5.5 presents the
experimental results and comparison to the theoretical simulation.

49
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5.1 experimental setup

5.1.1 Overview

An overview of our two-node quantum network is shown in Figure 5.1
as well as details on the key pieces of equipment and information
channels. The two participating nodes are in two buildings at the
Campus Technik in the western part of Innsbruck. One node, run by
the team of Prof. Tracy Northup is in the Viktor-Franz-Hess Haus of
the University of Innsbruck. This node is called the "UIBK node". The
IQOQI node, run by Asst. Prof. Ben Lanyon is in a lab located in the
ICT building, where the Institute of Quantum Optics and Quantum
Information of the Austrian academy of Science, is located. Two
optical fiber bundles, each of length 510(2)m, are laid across the
campus connecting the two nodes.

Both nodes use atomic ions that are held in a macroscopic linear
Paul trap, with an integrated optical cavity to enhance the collection
of single 854 nm photons from the ion. Each node uses their own set
of lasers to control the state of the ion and to trigger the emission of
photons via the cavity mediated Raman transition (CMRT) described
in Chapter 3. Single photons generated by the UIBK node are sent
across to IQOQI through one of the optical fibers inside one of the
two fiber bundles.

Each node has its own independent homemade central piece of
classical computing hardware for experimental control, known as
a Pulsebox [111], which executes the local sequence of operations
(mainly laser pulses). To achieve synchronization, the UIBK node’s
Pulsebox triggers execution of the experimental sequence of laser
operations at IQOQI by sending an electronic TTL pulse. The electronic
pulse is translated into an optical signal using an optocoupler and
is transmitted through one of the other fibers of the bundles to the
IQOQI lab where it is translated back into an electronic TTL signal
using a complementary optocoupler.

Ideally, each node produces a single-mode and fiber-coupled single
photon which is then guided to a small breadboard with an optical
setup known as the coincidence board (or "HOM board"). The co-
incidence board is located in the IQOQI lab that also contains the
IQOQI node. The spatial modes of the two photons are overlapped on
a beamsplitter on the HOM board and subsequently detected by one
single photon detector in each output port of the beamsplitter. If the
two single photon wavepackets arriving on the balanced beamsplit-
ter from two nodes are overlapped in time, and all other degrees of
freedom are the same, they should bunch into a single output port of
the beamsplitter and no simultaneous clicks of the two detectors are
detected. The following subsections present the key elements of our
network in more detail.
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Figure 5.1: An overview of the two-node quantum network. a) Satellite
image of the campus Technik (Google Earth. Image Landsat/-
Copernicus). Bundle 1 and 2 are optical fiber bundles connecting
labs in each building. b) The UIBK lab: Calcium ion (red ball),
trapped in a macroscopic linear Paul trap (golden blade elec-
trodes) and at the position of the waist of an optical cavity (two
mirrors). Laser pulses, controlled via Pulsebox 1, control the gen-
eration of photons into the cavity. The photon is guided through
a 510(2)m long single mode optical fiber to IQOQI. Pulsebox 1

sends a TTL pulse to IQOQI via optical fiber using an optocoupler.
The IQOQI lab: Laser pulses, controlled via Pulsebox 2, trigger
generation of a photon into the cavity. The photon is coupled
into a 15 m long single mode optical fiber. Sequence execution
of Pulsebox 2 is triggered by the TTL pulse arriving from the
UIBK lab. Photons from both nodes are guided to an optical
setup for Hong-Ou-Mandel interference (HOM board). Photon
polarization is matched using a polarizing beamsplitter (PBS)
and the detection rate from each side is optimized using a set of
λ/2 and λ/4 waveplates. The two photons are brought onto a
balanced beamsplitter BS (ThorLabs BS011). Each output port of
the BS is monitored by a detector (SNSPD, Scontel FCOPRS-CCR-
2TW+2SW85) and the photon detection events are counted by a
Time Tagger (Swabian TimeTagger 20).
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5.1.2 The ion-trap network nodes

Each ion-trap network node is in a room temperature vacuum chamber
and employs the same basic design. A macroscopic linear Paul blade
ion-trap is attached to the top flange of the vacuum chamber, hanging
down via a rigid attachment. The ion trap is oriented such that the
ion’s principle axial motional mode is in the vertical direction. An
optical cavity, placed inside the vacuum chamber, surrounds the ion
trap and is oriented such that its axis is a few degrees away from
horizontal and therefore close to perpendicular to the ion string,
should more than one ion be loaded. The optical cavity is attached to
the bottom flange of the vacuum chamber via piezo nano-positioning
stages, enabling translation in all 3 spatial axes.

Both cavities are 20 mm long and in the near-concentric regime,
resulting in a microscopic waist at the position of the ion1. Both nodes
use a resistively-heated oven to produce neutral calcium atoms that
are isotope-selectively ionized using a two-photon ionisation process
involving lasers at 422 nm and 375 nm. The selected isotope is 40Ca+.

In the following I will use a Cartesian coordinate system with three
orthogonal directions x, y, and z. The vertical z direction in both
nodes points along the axial centre of mass motion of the ion, defined
by the line connecting the DC endcap electrodes of the ion trap. The
cavity axis in each node is tilted a few degrees from the direction of
the x axis in the x− z plane. The tilt at the UIBK node is 4◦[113] and
4.1(1)◦ at the IQOQI node [102]. At each node, the atomic quantization
axis is set to be parallel to the direction of an applied static magnetic
field. The magnetic field is perpendicular to the x axis and points in a
direction 45◦ to the z axis and in the y/z plane. At the UIBK node, a
magnetic field of 4.17 G is created by DC currents in coils attached to
the outside of the vacuum chamber. At the IQOQI node, a magnetic
field of 4.22 G is created by rings of permanent magnets attached to
the outside of the vacuum chamber. Figure 5.2 shows a conceptual
schematic of the ion-cavity nodes, focusing on relative geometries
of their principle components. At each node, the 393 nm Raman
laser is parallel to the magnetic field axis. It is circularly polarized
to maximize coupling strength on the |s〉 =

∣∣42S1/2, mj = −1/2
〉

to
|p〉 =

∣∣42P3/2, mj = −3/2
〉

transition.
At the UIBK node, Doppler cooling of the ion is performed using

397 nm laser beams from two directions (Figure 5.2), combined with
an 866 nm beam from a single direction. Optical pumping of the ion
is performed involving a 729 nm laser beam at a 45 degree angle to
the z axis.

1 For the details on the cavity length and waists, see the supplementary material of
our paper [112], the thesis of Josef Schupp [83] (IQOQI) and the thesis of Konstantin
Friebe (UIBK) [82].
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At the IQOQI node, Doppler cooling is performed using a single
beam path at 45 degrees to the z axis and in the x/z plane, in which
both 397 nm and 866 nm laser light are sent. Optical pumping is done
using circularly-polarized 397 nm light propagating in a direction
parallel to the magnetic field axis.

5.1.3 The coincidence board (HOM board)

For interference of the two remotely-generated photons, an optical
setup was built on an optical breadboard of dimensions 45× 45 cm in
the IQOQI lab. A schematic of this board is presented in Figure 5.3.
Single photons from the IQOQI node are guided to the input port
"IN IQOQI" via a single-mode (SM) optical fiber, where they are
outcoupled into free space and collimated (Schäfter+Kirchhoff 60FC-
4-M8-10). Photons are then reflected on a mirror (ThorLabs BB1-
E03), pass a quarter waveplate (QWP, CeNing) then a half waveplate
(HWP, CeNing) in manual rotation mounts. Those waveplates allow
optimization of the polarization to maximize transmission through
a subsequent polarizing beamsplitter (PBS, CeNing). An identical
setup was built for the second input path "IN UIBK" of the board.
Afterwards, the spatial modes of photons from both input ports are
overlapped on a balanced beamsplitter (ThorLabs BS011)2. After
reflecting off its own mirror (ThorLabs BB1-E03) each output mode
then passes a bandpass filter before being coupled into a single mode
optical fiber (Schäfter+Kirchhoff 60FC-4-M8-10). Photons are guided
in single mode output fibers to superconducting nanowire single
photon detectors (SNSPDs, Scontel FCOPRS-CCR-2TW75+2SW85).
The detector efficiencies and dark count rate (DCR) are presented in
Table 5.1. Because the detectors are polarization sensitive, a mechanical
polarization controller (ThorLabs FPC560) is placed into each fiber
path to optimize the detection efficiency. The SNSPDs are placed in

2 The transmission of the beamsplitter cube at 854 nm is, according to specification
51.4% for the S-polarization, and 52.5% for the P-polarization. The reflectance is
41.3% for the S-polarization, and 39.6% for the P-polarization. The values were not
measured in the setup. The propagating light was set to be P-polarized.

SNSPD1 SNSPD2

Efficiency (%) 87 88

DCR (1/s) 0.3(1) 0.5(1)

Table 5.1: Efficiency and free-running dark count rate (DCR) of the 854
nm detectors. The detectors are superconducting nanowire single
photon detectors (SNSPD, Scontel FCOPRS-CCR-2TW75+2SW85).
Presented values were obtained by Scontel’s field service engineer
during installation using a calibrated single photon source.
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Figure 5.3: A schematic drawing of the coincidence board (HOM board).
A photon from each node is brought to the setup via an optical
fiber. The photons are first launched into free space using a beam
collimator. Before the photons are overlapped on a beamsplitter
(BS), each passes through a set of waveplates (QWP, HWP) and
a polarizing beamsplitter (PBS) to ensure parallel polarization.
Each output of the BS is coupled to a single mode fiber that carries
the photons to an SNSPD detector. A bandpass filter at 854 nm is
placed in front of each fiber coupler to reduce background. The
SNSPDs are in a cryostat located in the basement of the IQOQI
building, below the experimental setup. Because the detectors
are polarization sensitive, polarization modulators PC1 and PC2

are used in each path to maximize the detection efficiency. The
photons are guided to the detectors through 20 m shielded single
mode fibers. The detected photons are converted into a TTL
signal, brought from the detectors to a Time Tagger using SMA
cables.

the basement of the ICT building, below the IQOQI lab. Two 20 m-
long shielded optical fibers (ThorLabs 780HP) are used between the
laboratory and the detectors. Connections between these fibers and
output fibers of the coincidence board are made through fiber mating
sleeves (ThorLabs ADAFCPM1). Signals produced by the SNSPDs
are TTL pulses which are brought back into the laboratory using two
10 m SMA cables. The detection events are logged by a Time Tagger
(Swabian TimeTagger 20) with a resolution of 1 ps.

5.1.4 The fiber bundle

The transfer of optical signals between the two participating nodes
of our quantum network is done using two optical fiber bundles laid
across the campus. Each bundle consists of 7 optical fibers with make
and model numbers presented in Table 5.2. Each fiber is physically
labeled with a color. The individual fibers were made by StockerYale
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Label Type Wavelength(nm)

White (Weiss) SMF 28 1330, 1550

Yellow (Gelb) SMF 28 1330, 1550

Orange S&Y-SCSM-780-HP1 780-970

Green (Grün) S&Y-SCSM-780-HP1 780-970

Blue (Blau) S&Y-SCSM-633-HP1 600-760

Black (Schwarz) S&Y-PMF-820-B1 800-980

Red (Rot) S&Y-PMF-633-B1 630-780

Table 5.2: Table of optical fibers in each of the two fiber bundles connecting
the UIBK laboratory and the ICT building containing the IQOQI
node.

and the whole system was sold by company Laser2000. The specifi-
cation sheet of the used optical fibers are in Appendix C. The fiber
bundles have one end in the basement of the ICT building. Additional
20 m long optical fibers are needed to connect the IQOQI node with
the fiber bundles. The other end of the fiber bundles terminate directly
in the UIBK node laboratory, thus only a few meter fibers are used to
connect the node with the bundles. We use the fiber bundles for the
following signals:

1. Single photons (Bundle 2, Orange)

2. Laser light at 786 nm for frequency beat (Bundle 1, Green)

3. Cavity length reference 854 nm laser light (Bundle 2, Green)

4. TTL signals encoded into 1330 nm light using an optocoupler
(Bundle 1, White)

5.1.5 Classical communication

In the HOM experiment, a TTL pulse is used to synchronize experi-
mental sequences run in the two participating nodes. While the UIBK
node is running freely, constantly repeating the programmed experi-
mental sequence, the execution of a sequence at IQOQI is triggered
upon detection of an electronic TTL pulse sent by the UIBK Pulsebox.
That TTL signal is sent between the nodes using the optical fiber
link. Two optocoupler boxes (Terahertz Technologies TTI LTX-7215)
are placed at each end of the fiber link. The device translates the
electronic signal into an optical signal at 1330 nm wavelength on one
side of the fiber link (Bundle 1, fiber "White"). When the optical signal
reaches the second optocoupler unit on the other side of the fiber, it is
translated back to an electronic signal. The TTL pulse is then brought
into the Pulsebox at IQOQI using a 20 m BNC cable. The pulse is
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split into two arms, one goes to the Pulsebox and one into the Time
Tagger where the incoming pulse is registered for further evaluation.
The IQOQI Pulsebox waits until the trigger pulse is received and only
then begins the sequence execution, as described in more detail in
Section 5.2. This approach ensures that if the IQOQI node executes its
sequence, the UIBK node executes one as well.

5.2 experimental details and pulse sequence

The experimental sequence for the Hong-Ou-Mandel experiment is
described here. First, both nodes prepare their ion in the ground state

|s〉 =
∣∣∣4S2

1/2, mj = −1/2
〉

via Doppler cooling and optical pumping.
When the ion is in that state, it is ready for photon generation. Each
node then attempts to produce one photon using the CMRT (see Sec-
tion 3.2), realized using a 393 nm laser photon generation pulse. The
timing of the first photon generation pulse at each node is chosen such
that the temporal wavepackets of the photons arrive on a beamsplitter
synchronously. This first pair of photons are henceforth referred to
as the "synchronous pair". Both nodes then re-initialize the ion to the
ground state and generate another photon. This time, the timing is
chosen such that the temporal wavepackets of the photons are dis-
placed in time on the beamsplitter such that they do not overlap at all.
This second pair of photons are henceforth referred to as the "asyn-
chronous pair". The exact laser pulse sequences at each node are not
the same and are now described separately. A graphical interpretation
of the experimental sequence is depicted in Figure 5.4.

The IQOQI node sequence. Each execution of a sequence begins
with initialization. At the very beginning of the initialization phase, a
40 µs pulse of the Raman laser is generated, measured and stabilized
to set the power of the Raman pulse such that the driving strength
is constant throughout the duration of the experiment. Then, a 20 µs
pulse of 854 nm light empties the D5/2 state. Next, the ion is Doppler
cooled for 2 ms, using 397 nm and 866 nm laser light. At this point,
the IQOQI node waits until the TTL trigger pulse from UIBK node
arrives. While the system is waiting, the Doppler cooling beams are
kept on. Once the TTL pulse is received in this time window, the
Doppler cooling lasers are switched off and photon generation begins.

During the photon generation phase, first, the ion is re-pumped by
20 µs of 854 nm and 866 nm laser light, followed by a Doppler cooling
stage of duration 20 µs. Next, the ion is pumped into ground state

|s〉 =
∣∣∣4S2

1/2, mj = −1/2
〉

using a 130 µs long pulse of σ-polarized
397 nm laser light, together with 866 nm laser light. Then the first
photon (synchronous photon) is generated by a 20 µs Raman pulse at
393 nm. Simultaneously a TTL signal is raised, collected by a Time
Tagger, marking the photon generation pulse in the collected data.
Next, the ion is Doppler cooled for 50 µs and pumped back to the
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ground state for 130 µs. Next, a second Raman pulse of duration
20 µs is applied to generate the second, asynchronous photon. This
entire photon generation phase is repeated 15 times before another
initialization and synchronization is performed. The sequence at
IQOQI is now complete. The sequence at IQOQI is repeated 160, 000
times, attempting to produce 2, 400, 000 pairs of photons.

The UIBK node sequence. The sequence running at UIBK node is
very similar to the one executed at IQOQI. Each sequence execution
at UIBK begins with Doppler cooling of the ion. When the ion is
cooled, a TTL pulse of duration 5 µs is sent to IQOQI to trigger the
sequence execution. The UIBK sequence then waits for the pulse to
propagate to IQOQI and trigger the sequence execution. Next, the
sequence continues with the photon generation phase. This consists
of 30 µs of Doppler cooling and re-pumping from the D5/2 state using
854 nm laser light and 866 nm laser light. Optical pumping, involv-
ing five 729 nm laser pulses each 5 µs long, then prepares the ion in
the electronic ground state. Next, the first (synchronous) photon is
generated by applying a 20 µs Raman pulse to the ion. The arrival
time of the UIBK photon wavepacket at the HOM board is set by a
wait time before this pulse. Next, the ion is shortly Doppler cooled
for 30 µs and repumped from the D5/2 state and optically pumped to
the electronic ground state using 729 nm pulses. The sequence then
waits for 50 µs before the second (asynchronous) photon is generated
by applying a second Raman pulse of 20 µs duration. This photon
generation phase is repeated 15 times and only then the sequence
starts over. Simultaneously with each UIBK Raman pulse, a TTL pulse
is sent to the Time Tagger, marking each photon generation attempt.

The photon detection events, along with other pulses marking
specific events in the sequence, are recorded by the Time Tagger. The
channel assignments are presented in Table 5.3

Channel Event

0 Start of IQOQI sequence

2 SNSPD1 detection event

3 IQOQI Raman pulse marker

5 UIBK Raman pulse marker

6 SNSPD2 detection event

Table 5.3: Events collected during the sequence execution and their assign-
ments to channels of the Time Tagger.
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Figure 5.5: A comparison of jittering of sequence start in a triggered regime.
Histogram of time differences between arrival time of the trigger
pulse and a TTL pulse marking IQOQI synchronous photon
generation. The red distribution shows the "old" trigger function
of the IQOQI Pulsebox with 200 ns jitter (10 ns bins). The green
distribution was achieved with the new trigger function and has
a range of 12 ns (0.5 ns bins).

5.3 pre-requisities and key calibrations

Temporal synchronization of the remote wavepackets

The purpose of the beamsplitter on the interference board is to erase
the which-path information for the two photons and thus requires
both temporal and spectral synchronization of the photon wavepack-
ets. Temporal synchronization of the wavepackets on the beamsplitter
is achieved in two steps. First the experimental sequence is run and
various sequence events and markers are recorded on the Time Tagger
(Table 5.3). The time difference between the TTL pulse marking the
start of the IQOQI sequence (Channel 0) and the first of a train of
IQOQI Raman pulse markers (Channel 3) was evaluated. At first, the
analysis showed a 200 ns jitter, as can be seen in green in Figure 5.5.
The origin of the jitter was traced to the Pulsebox at IQOQI and its
implementation of triggering. A new triggering method was subse-
quently activated in the Pulsebox that reduced the jitter to 12 ns, small
enough to be neglected in our experiments, as can be seen in red in
Figure 5.5.

The second step was to match the arrival times of the single photon
wavepackets at the beamsplitter. This was achieved by carefully adjust-
ing the length of sequences executed in each node until the start of the
wavepackets in the data were overlapped. Wavepacket synchroniza-
tion was verified by running the experimental sequences, bypassing
the beamsplitter and sending the photons from each node to a separate
detector. Figure 5.6 shows a histogram of detection events (wavepack-
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Figure 5.6: Single photon wavepackets from each node detected in the
IQOQI lab, using separate detectors. Histogram of detection
events (wavepackets) collected during the experiment with the
beamsplitter in the HOM board (Figure 5.3) effectively removed,
bringing photons from each node directly to a different detector.
The detection events are plotted with respect to the IQOQI Raman
marker TTL pulse, marking generation of the "synchronous"
photon. The first, "synchronous" pair is overlapped in time, while
the second, "asynchronous" pair is intentionally displaced in time
by 40 µs.

ets) collected during a sequence execution with bypassed beamsplitter.
The first photon from the IQOQI node is seen to be time-synchronized
with photon arriving from UIBK node (synchronous pair), while the
subsequent photons are intentionally displaced in time (asynchronous
pair). The lower efficiency of the UIBK photons is caused by the
propagation through the fiber link between the buildings as well as
the higher losses in the UIBK cavity mirrors.

Frequency matching of the remote cavities

Frequency matching of the remote photons requires matching the
resonant frequencies of the remote cavities. This is achieved via a
calibration procedure described further in this paragraph in which a
frequency reference is shared between the two buildings. Specifically,
an 854 nm laser that is set to be resonant with the UIBK ion cavity is
distributed over the optical fiber link to IQOQI prior to performing
an experimental run. That distributed 854 nm laser light is injected
into the IQOQI ion cavity and its length is changed by adjusting the
frequency of the 806 nm locking laser until a maximum transmission
signal is observed on a photodiode placed at the output of the IQOQI
ion cavity.

The locking laser at 785 nm at UIBK is hidden from drifts of its ref-
erence cavity using a feedback setup described later in this subsection.
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Nevertheless, a drift of the UIBK ion cavity at 854 nm of 200 kHz/hr
was observed by measuring the frequency of the 393 nm Raman laser
that maximizes photon generation rate. This drift is significant com-
pared to the cavity linewidth of (140± 3) kHz and thus has to be
compensated for before each experimental attempt.

Frequency beat between the Raman lasers

A frequency beat between the UIBK and IQOQI Raman lasers at
786 nm (the fundamental wavelengths, before doubling to 393 nm) was
established. This measurement served to determine the linewidths
and to characterize drifts of the transfer cavities3. Later the beat was
used to compensate for drifts of the UIBK transfer lock cavity. The
IQOQI Raman laser at 786 nm has previously been proven to have a
linewidth 87(1)Hz at a drift rate of 200 mHz/s [114], which are both
much smaller that corresponding values of the UIBK Raman laser.
This beat was not required for the experiment in Chapter 6 as the local
cavity stabilization had been improved.

The two 786 nm lasers, one from the UIBK node and one from the
IQOQI node, were overlapped on a beamsplitter placed in the UIBK
node laboratory. The signal is sent onto an amplified photodiode.
The central frequency of the detected beat signal was analyzed by
a spectrum analyzer, or its central frequency was determined by
a frequency counter4. Observations of the beat revealed a drift of
40 Hz/s. This is attributed entirely to the drifts of the UIBK transfer
cavity. To compensate for this and stabilize the beat signal, a digital
feedback to an AOM in the UIBK Raman laser path at 786 nm based
on constant monitoring of the frequency beat was established.

When initializing the feedback, we first set a target frequency by
reading the initial frequency of the beat. When the frequency of the
beat differs from the target value, the digital feedback loop changes
the frequency of the frequency generator driving the AOM in the
UIBK 786 nm laser path such that the beat frequency is kept constant.
Additionally, we use the drift to provide feedback for the ion-cavity
locking laser at UIBK that is stabilized to the same transfer lock cavity.
A scheme of the beat and feedback setup is shown in Figure 5.7.

Transmission efficiency of the fiber bundle at 854 nm

Single photons used in our quantum network have a wavelength of
854 nm. Besides the long optical fiber bundles between the buildings,
the total fiber path includes additional shorter optical fibers. One 1.5 m
long fiber is placed on each input port of the HOM board, enabling
classical light to be easily sent into the board for alignment, or to use

3 The fundamental of each Raman laser is locked to a "transfer lock" cavity, alongside
the laser used to lock the ion-cavity length at each node.

4 TTi TF930
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Figure 5.7: Experimental setup for frequency beat between two Raman
lasers at 786 nm786 nm786 nm with feedback to UIBK lasers. The two lasers
are overlapped on a beamsplitter (BS). Polarization of each of
the lasers is optimized using a quarter waveplate (QWP) and a
half waveplate (HWP). The overlapped light is then detected on
a photodiode and a center of frequency beat signal is registered
by a frequency counter connected to a computer (Raspberry Pi).
Based on the drift of the center line of the beat, a program adjusts
the frequency of function generators driving AOMs in laser paths
of the UIBK 786 nm and 785 nm lasers. For a determination
of laser linewidth (paragraph "Raman laser linewidth (γlaser)" in
Section 5.4.1) the detected beat signal is analyzed with a spectrum
analyzer instead of a frequency counter.
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Position Power STD Percent of input

µW µW %

UIBK input 404.8 1 100

IQOQI basement 207.7 0.5 51.2

IQOQI lab 172.8 0.9 42.7

IQOQI HOM board 164.6 0.5 40.7

Table 5.4: Measured powers of an 854 nm laser through the single mode
fiber link between the UIBK node and the HOM board at IQOQI.
The entire path consists of 510(2)m single mode fiber (Bundle 2,
Orange), a 20 m fiber between ICT basement and IQOQI node, and
1.5 m fiber at the input of HOM board. All fibers are joined using
mating sleeves (ThorLabs ADAFCPM1).

the board for other experiments. One 5 m fiber is present in the UIBK
lab, connecting the setup with the fiber link. One 20 m long fiber
connects the basement of the ICT building, where the bundles end at
IQOQI node, with the HOM board. Fibers are joined together using
mating sleeves (ThorLabs ADAFCPM1) that introduce additional loss
of < 0.5 dB per unit in the distribution channel. There are 3 such
connectors in the fiber path taken by the UIBK photon. We measured
the total transmission of the fiber path traveled by the UIBK photon
by injecting laser light at 854 nm provided by a fiber-coupled Toptica
DL Pro laser diode placed in the UIBK laboratory. The power was
measured at different points along the fiber link using an optical
powermeter5. The measurement shows total transmission of the entire
fiber link to be 40.7%. The input power was measured as a power at
the end of fiber that brings the light from the laser source, before the
first mating sleeve connecting the fiber to the fiber bundle at UIBK
node. Powers measured at different points of the link are presented in
Table 5.4.

5.4 experimental parameters

Both participating nodes use a cavity mediated Raman transition
(CMRT) introduced in Section 3.2 to generate single photons. This
process couples the initial electron state |s〉 =

∣∣42S1/2, mj = −1/2
〉

to the metastable final state |d〉 =
∣∣32D5/2, mj = −5/2

〉
via the inter-

mediate excited state |p〉 =
∣∣42P3/2, mj = −3/2

〉
, as can be seen in

Figure 3.2. The |s〉 to |p〉 transition is driven by the Raman laser at
393 nm and with Rabi frequency Ω. The |p〉 to |d〉 transition is driven
with the vacuum cavity field at 854 nm with maximum ion-cavity cou-

5 Thorlabs PM100D with sensor S130VC; SN 16022905
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pling strength g0. Both these drives are detuned from their respective
transitions by ∆. More details on these parameters are now given.

5.4.1 Parameters calibration

Calibrated values of experimental parameters for the HOM experi-
ments presented in this chapter are shown in Table 5.5. By calibration,
it is meant that the values have been determined based on additional
measurements as described in the subsequent paragraphs.

Ω/(2π) g0/(2π) ∆/(2π) κ/(2π) γlaser/(2π)

MHz MHz MHz MHz kHz

UIBK 40± 1.2 1.53± 0.01 403± 5 68.4± 0.6 27.06± 0.44

IQOQI 40± 0.5 1.53± 0.30 403± 5 70± 2 0.087± 0.001

Table 5.5: Independently calibrated parameters for the remote HOM experi-
ment.

Raman laser Rabi frequency (Ω)

The Rabi frequency Ω of the 393 nm laser is determined by measuring
the AC Stark shift, δAC, of the Raman transition caused by the laser
field. The Rabi frequency is then given by [83]

Ω =
√

4δAC∆, (5.1)

where ∆ is the detuning of the Raman laser from the |s〉 to |p〉 transi-
tion. This formula is a first order approximation of the full expression
[83] for the AC Stark shift induced on an energy level of an atomic
dipole transition and is valid in case ∆� Ω, as it is in our case. The
measurement of δAC proceeds as follows. First, the frequency of the
CMRT at the target laser power is determined by measuring the center
of the spectroscopic line. In this measurement we scan the frequency
of the Raman laser while monitoring the cavity-photon count rate
and then determine the position of maximum count rate. Second, the
center of the line is measured again but this time for a vanishingly
small laser power, which reveals the unshifted line frequency. The
difference between the two center line frequencies give δAC.

The measurements yielded ΩIQOQI/(2π) = 40± 0.5 MHz for the
transition driven at the IQOQI node, and ΩUIBK/(2π) = 40± 1.2 MHz
at the UIBK node.
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Maximum ion-cavity coupling strength (g0)

The calibration of the maximum ion-cavity coupling strength g0 is de-
scribed now. The coupling strength was defined earlier in Section 3.2,
Equation 3.1. At IQOQI, a value of g0/(2π) = 1.53± 0.01 MHz was
determined by measurement of the frequency spacing between various
modes of the cavity to kHz precision, together with knowledge of
atomic state lifetimes and branching ratios, as described in detail in
Chapter 4 of [83]. At UIBK, a value of g0/(2π) = 1.53± 0.30 MHz
was estimated in Chapter 4 of [82] using properties of the cavity and
of the atomic transitions.

Cavity decay rates (κ)

The cavity decay rate of the mode used for the single photon gener-
ation at 854 nm, κ, was determined at both nodes via a ring-down
measurement, as described in [41]. Laser light at 854 nm is coupled
into the cavity and its frequency is swept across the resonance of the
chosen TEM00 mode. Triggered on a predetermined cavity output
level measured on a photodiode in transmission, the laser is rapidly
switched off and the light stored in the cavity decays exponentially
in time and is recorded by the photodiode. The cavity decay rate is
obtained from the cavity decay time τ = 1/(2κ).

These measurements were performed several months prior to the
HOM measurements, however the decay rates are not expected to
change within statistical precision over these timescales. The IQOQI
cavity decay rate of κ = 2π× 70± 2 kHz was obtained and is presented
in Chapter 4.1.1 of [83]. The decay rate of the UIBK cavity of κ =

2π × 68.4± 0.6 kHz was obtained and is presented in Chapter 4.4.1 of
[82].

Raman detunings (∆)

The detuning of the Raman laser from the |s〉 to |p〉 transition was
measured at the IQOQI node using a wavemeter (HighFinesse WSU10).
Specifically, the CMRT process is set up to continuously generate
cavity photons in the presence of 866 nm and 854 nm repumping
lasers. The electronic state of the ion is measured, by the electron
shelving technique, as the Raman laser frequency is scanned over the
Raman resonance all the way to direct resonance with the |s〉 to |p〉
transition. The frequency difference between these two spectroscopic
features, measured with the wavemeter, yields the detuning ∆ =

2π × (−403± 5)MHz. The uncertainty is set largely by the lifetime
of the |p〉 state.

At UIBK, the same value of ∆ is assumed. This can be justified
with the following arguments. First, as the results of the two photon
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interference experiment will show, the UIBK and IQOQI cavities had
the same frequency to within less than a few hundred kHz. Second,
the magnetic field difference between the two nodes causes shifts in
the |s〉 to |p〉 transition on the order of a few hundred kHz at most.
Both of these differences are well within the uncertainty of the value
∆/(2π) = −403± 5 MHz.

Raman laser linewidth (γlaser)

The linewidth of the Raman laser at IQOQI was determined by per-
forming a beat measurement between its fundamental wavelength of
786 nm and a frequency comb. The measurement was performed by
Helene Hainzer and is reported in her Master thesis [114]. The result
of the measurement revealed a full-width at half-maximum (FWHM)
beat linewidth of 87± 1 Hz over a 12 s integration time. The linewidth
of the Raman laser at 393 nm is then taken as twice this value. This
linewidth plays a negligible role in the CMRT given its timescale of a
few ten microseconds and is not considered in any modeling.

The linewidth of the Raman laser at UIBK was determined via beat
measurements between the fundamental (786 nm) of that laser and the
fundamental of the IQOQI Raman laser at the same wavelength sent
over the optical fiber link. The setup is shown in Figure 5.7, except
that instead of a frequency counter we used a spectrum analyzer to
collect the data. The result of this measurement is shown in Figure 5.8.
A beat note with FWHM of 13.53± 0.22 kHz over 10 s acquisition time
at 786 nm was measured, corresponding to 2γlaser = 27.06± 0.44 kHz
at 393 nm.

5.4.2 Parameters used in simulation

Simulations of the remote HOM experiment were performed using the
theoretical model presented in Section 3.3.4. Here, model parameters
and specific values used are presented below.

Spontaneous decay from the |p〉 = 42P1/2,mj=−3/2 state competes
with the CMRT process. The decay rate γps = 2π × 10.7 MHz is from
the state |p〉 to ground state |s〉. The decay rate γpd = 2π × 0.75 MHz
describes the total decay from the state |p〉 to the states

∣∣32D5/2,−5/2
〉
,∣∣32D5/2,−2/2

〉
and

∣∣32D5/2,−1/2
〉
, as well as to the

∣∣32D3/2,−3/2
〉

state
and the

∣∣32D3/2,−1/2
〉

state.
Table 5.6 presents an overview of other key parameter values used

in the HOM simulations to generate the models presented later in
Figure 5.9, Figure 5.10, and Figure 5.11. The Raman Rabi frequency
(Ω), detunings (∆), and cavity linewidths (κ) used for simulations are
all the ones found by independent calibrations, as described earlier
and shown in Table 5.5. The simulations use a jitter of the UIBK Raman
laser frequency of γlaser = 2π× 15 kHz, approximately consistent with
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Figure 5.8: Frequency beat between two Raman lasers at 786 nm, each
at different node of the network. Experimental data (green
points) are fitted with a Gaussian function (solid line), revealing
a FWHM = 13.53± 0.22 kHz.

the independently calibrated value of γlaser = (13.53± 0.22)kHz, taken
3 months prior to the HOM experiment.

Ω/(2π) ge f f /(2π) ∆/(2π) κ/(2π) γlaser/(2π) ε

MHz MHz MHz kHz kHz

UIBK 40 0.52 403 67.8 15 0.01

IQOQI 40 0.69 403 70 0 0.08

Table 5.6: Parameters of the remote HOM experiment used in the simula-
tions based on model presented in Chapter 3

The theoretical model of Section 3.3 uses the symbol g for the ion-
cavity coupling strength parameter. When simulating the HOM ex-
periment we use the parameter ge f f , that is g = ge f f . In the following
paragraphs the definition of ge f f and its value used for the simulation
will be presented. As described in Chapter 3, the cavity mediated
Raman transition (CMRT) can be described as driving an effective
two-level atomic transition with the Hamiltonian parameterized by an
effective Rabi frequency

Ωe f f =
Ωge f f

∆
, (5.2)

where Ω is the Raman laser Rabi frequency on the |s〉 to |p〉 transition
and ∆ is the overall CMRT detuning from the |p〉 state. The parameter
ge f f is the effective ion-cavity coupling strength, defined as

ge f f = α · Gm · ζ · g0. (5.3)
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Here α is a factor between 0 and 1, which has been introduced in
addition to Equation 3.1 to account for experimental imperfections,
Gm is the Clebsh-Gordan factor for the |s〉 to |p〉 transition and ζ is a
geometrical factor due to the projection of the cavity polarization onto
the atomic dipole moment and g0 is the maximum ion-cavity coupling
strength that could be achieved in the experiment, set by atomic and
cavity properties (Section 5.4). As described in Section 5.1.2, the Raman
laser in both nodes points along the quantization axis and has circular
polarization set to maximally drive the |s〉 =

∣∣42S1/2, mj = −1/2
〉

to
|p〉 =

∣∣42P3/2, mj = −3/2
〉

transition. The relevant Clebsh-Gordan
coefficient is Gm =

√
10/15. At both nodes, photon polarization

along the quantization axis is denoted as being horizontal. At both
nodes, the cavity axis is modelled as being perpendicular to the
quantization axis, which is accurate up to a few degrees tilt. The
polarization of the photon generated in the cavity during the HOM
experiment is vertical (V), as determined by the projection of the |p〉 =∣∣42P3/2, mj = 3/2

〉
to |d〉 =

∣∣32D5/2, mj = −5/2
〉

dipole moment onto
the plane perpendicular to the cavity axis, corresponding to a cavity-
projection parameter of ζ =

√
0.5.

Lastly, the factor α has to be defined for each node. This factor cap-
tures any effects that reduce the achieved ion-cavity coupling strength
in the experiment other than the Clebsch-Gordan and cavity projection
factors. At IQOQI we use α = 0.78, at UIBK we use α = 0.59. The
values of α were determined for both nodes by comparing simulations
with measured single photon wavepackets for each node separately.
Here, the simulations are done using a master-equation model of an
18-level atom and cavity system with all the aforementioned parame-
ters. More information on the 18-level model can be found in Chapter
5.4 of [83] and Chapter 3 of [115]. The α parameters found provide a
match between the simulated and measured single photon wavepack-
ets at each node. The wavepackets are taken from the asynchronous
photons generated in the HOM experiments. These parameters are
therefore not independently calibrated from the data.

The α parameter at IQOQI is consistent with what we would expect
due to the finite temperature of the ion after Doppler cooling. The
dominant effect of being outside the ground state on cavity-photon
generation is due to a change in the coupling of the Raman laser to
the ion. Specifically, for a motional mode with phonon number n, the
Raman laser Rabi frequency can be approximated by Ωn ≈ Ω(1− η2n),
where η is the Lamb-Dicke parameter. The approximation holds for
η2(2n + 1) � 1 (the Lamb-Dicke regime). For the full expression
without approximation see e.g., Ref. [116]. Outside of the ground
state, the coupling of the 393 nm Raman laser to the axial motional
mode (η = 0.13) causes the most significant reduction of the Rabi
frequency. Taking the full expression [116], and using 10 and 5 as
the average phonon numbers in our axial and radial modes after
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Doppler cooling, respectively, yields α = 0.78. Those average phonon
values are consistent with direct measurements made via sideband
and carrier Rabi flops (taken days before the HOM experiment) which
yielded 11(2) and 8(2) for the axial and radial mode, respectively [102].

In contrast, the α parameter used in simulations of the UIBK
wavepacket (0.59) is lower than one that can be expected due to the ion
temperature measurements after Doppler cooling, which yield similar
estimates for the phonon occupation numbers as for the IQOQI node.
The cause of the lower-than-expected ion-cavity coupling strength at
UIBK is not clear.

5.5 results

The Hong-Ou-Mandel experiment with remotely generated photons
was performed on February 12th and 13th 2020. Results from the
experimental run at 00:46:41 on February 13th 2020 are described first
in this section. This experimental run is further called "004641" in
the coming text. The 004641 run lasted 1428 seconds (≈ 24 minutes).
During the run, the total number of sequential photon generation
attempts (synchronous and asynchronous) was ATI = 1101648 by the
IQOQI node and ATU = 1191326 for the UIBK node. We attribute the
difference to cases in which either the trigger communication failed,
or the IQOQI Pulsebox was not ready to be triggered.

The temporal profile of photon detection events collected during the
"004641" run, conditional on both nodes attempting to generate pho-
tons, is depicted in Figure 5.9(a). The first peak, seen between t = 0 µs
and t = 30 µs, corresponds to the time window when the synchronous
photons are expected to be detected. Photon counts from both nodes
contribute to that peak. Two distinct peaks, one around 240 µs and one
around 290 µs correspond to the asynchronously-generated photons
from each node separately: first from the IQOQI node and then from
the UIBK node. Since these asynchronous peaks do not contain pho-
tons from both nodes, we henceforth refer to them as single photon
wavepackets.

The background count rate summed over the two detectors is 2.8±
0.2 cts/s and was estimated by counting the number of detection
events in the 50 µs time window between 100 µs and 150 µs, outside of
photon generation processes. This background is negligible compared
to the signal generated by photons created during the sequence.

Figure 5.9(b) presents the detected asynchronous single photon
wavepacket from the IQOQI node and compares it with the simula-
tion produced by the model of Section 3.3. The simulation shows
the modeled single photon wavepacket using Equation 3.20 and the
parameters presented in Section 5.4 and Table 5.6 for the IQOQI node.
The theoretical model and experimental data show a close qualitative
agreement. An estimate for the probability of detecting an asyn-
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chronous photon from IQOQI, PI , is calculated by integrating the
number of detected counts in the IQOQI single photon wavepacket
(Figure 5.9(b)), and dividing by the number of generation attempts,
ATI , yielding PI = (670± 2)× 10−4, or 6.70(2)%.

Figure 5.9(c) shows the detected asynchronous single photon wave-
packet from the UIBK node and compares it to the same theoretical
model of Section 3.3, using Equation 3.20 with parameters specific for
the UIBK node that are presented in Section 5.4 and Table 5.6. There is
qualitative agreement between the theoretical model and the measured
data for the first part of the wavepacket. However, there is a clear
mismatch in the later part of the wavepacket. A possible explanation is
that a cavity length jitter at the UIBK node is responsible for this effect.
A detailed analysis and model of the effect of cavity jitter at the UIBK
node on two-photon interference was not done until later, during the
remote ion entanglement presented in Chapter 6. An estimate for the
probability of detecting an asynchronous photon from UIBK, PU , is
calculated by integrating the number of detected counts in the UIBK
single photon wavepacket (Figure 5.9c), and dividing by the number
of generation attempts, ATU , yielding PU = (800 ± 9) × 10−5, or
0.800(9)%, where the uncertainties derive from attributing Poissonian
photon counting statistics to the number of photons detected.

To evaluate the distribution of coincident detection events between
the two detectors we first choose a time window (gate) in which the
corresponding photons are expected to arrive based on the sequence
timing and the histogram of all recorded events. For the synchronous
pair we consider a time window between 0 and 30 µs. For the asyn-
chronous photons we consider a time window between 240 and 312 µs
(see Figure 5.9(a)). Then we calculate the probability density ρc(τ) for
observing a two-photon detection event in a given trial as a function of
the detection time difference τ = t2− t1. The plotted values, presented
in Figure 5.10 (a), are calculated as

ρc(τ) =
1

∆tk

∫

gate
dt1

∫ t1+τ+∆t

t1+τ
dt2N(t1, t2), (5.4)

where N(t1, t2) is the number of two-photon clicks that occurred
between times t2 and t1, ∆t is the bin size, and k is number of at-
tempts. We label the coincidence probability density of synchronous
photons with a superscript ‖ and coincidence probability density
of asynchronous photons with ⊥. Clear suppression of the coinci-
dence detection events for the synchronous photon pair is seen in
Figure 5.10(a) for arrival time differences below 5 µs. In contrast,
the asynchronous coincidences are seen to peak at a value consistent
with the arrival time difference between the asynchronous photon
wavepackets.

In order to quantify the visibility of the HOM dip, the coincidence
distribution of the asynchronous photons in Figure 5.10(a), peak-
ing at τ = ±42 µs, is shifted to τ = 0 and summed over positive
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Figure 5.9: Histogram of photon detection events during the remote HOM
experimental run 004641. (a) Temporal profile of photon detec-
tion events (crosses with joined lines, errorbars of the size of
data points) recorded during the execution of the experimental
sequence. The used time bin is 1 µs, referenced to the first Ra-
man pulse of the UIBK node. The first peak between 0 and 25 µs
represents the temporal profile of detector clicks (wavepacket)
of the synchronous photons. The peaks between t = 240 µs and
t = 310µs represent wavepackets of asynchronous photons. (b)
Blue data points: zoom in of the panel (a) showing the asyn-
chronous single photon wavepacket from IQOQI. Red line: the-
oretical simulations based on 3-level model as described in the
main text. (c) Orange data points: zoom-in of the asynchronous
single photon wavepacket from the UIBK node. Red line: theoret-
ical simulations based on 3-level model as described in the main
text. The counts are the sum of the two detectors on the HOM
board.
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and negative branches. These time-shifted asynchronous coincidence
counts represent the expected coincidence distribution for fully dis-
tinguishable photons arriving synchronized at the beamsplitter. The
time-shifted asynchronous coincidence counts and synchronous co-
incidence counts are presented in Figure 5.10(b). The experimental
data are compared to a theoretical model presented in Section 3.3.4.
The model for distinguishable (temporally displaced) photons was
presented in Equation 3.21 and the model for indistinguishable (tem-
porally synchronous) photons was presented in Equation 3.23. Param-
eters used for the model are given in Table 5.6. Qualitative agreement
is seen between the experimental data and the theoretical model.

To determine the visibility of two-photon interference, we first
define the integrated coincidence probability for synchronous (C‖)
and time-shifted asynchronous (C⊥) photons as

C‖,⊥(T) =
∫ T

−T
(ρ
‖,⊥
c (τ))dτ, (5.5)

where T is total coincidence window of interest. The visibility is then
defined as

V(T) = 1− C‖(T)
C⊥(T)

. (5.6)

A comparison between visibility V(T) extracted from the data and
the one from the model, given by the Equation 3.27, is presented in
Figure 5.10(c). The measured visibility for the smallest coincidence
window of 1 µs is V(1 µs) = 0.95± 0.02. To identify the limits to this
value, more data would be required to reduce the statistical uncertainty.
A decline in visibility with increasing coincidence window is evident
in both the data and the model. One phenomenon that we consider
and can lead to the drop of visibility is the laser phase noise in the
UIBK node of γlaser = 27 kHz (see paragraph "Raman laser linewidth
(γlaser)" in Section 5.4.1). The green dashed line in the visibility plot
in Figure 5.10(c) shows the predicted drop of visibility when the
laser phase noise at UIBK is set to 0. The model clearly predicts that
eliminating the laser phase noise should have no significant effect on
the visibility. The remaining modeled imperfections that compromise
visibility are spontaneous scattering from each ion during the Raman
processes and mismatches between the single photon wavepackets
produced by different nodes.

We take the following approach to distinguish between the two
aforementioned imperfections. Firstly, the theoretical model can pre-
dict the single photon states generated in the cases in which no sponta-
neous scattering event occurs during photon generation. The predicted
interference visibility of two such "temporally-pure" photon wavepack-
ets, in addition to no laser phase noise, is shown as a solid red line in
Figure 5.10(c). The model clearly predicts that spontaneous scattering
is the dominant factor that limits the interference visibility in the HOM
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Figure 5.10: Results of Hong-Ou-Mandel experiment run 004641. (a) Coinci-
dence probability density of temporally synchronous (ρ‖, green
dots) and asynchronous (ρ⊥, black dots) photons. Time bin 1 µs.
(b) The same plot as in the top panel after ρ⊥ corrected for 42 µs
shift. Solid lines represent theoretical model described in Sec-
tion 3.3. (c) Visibility of the HOM interference calculated using
Equation 5.6 compared to theoretical model of Section 3.3.4.3
with all considered imperfections (blue solid line), without laser
jitter (green dashed line, largely hidden behind the blue line),
and without both laser jitter and spontaneous scattering (solid
red line). The biggest difference between the model including
all imperfection and model without laser jitter is 0.0023 reached
for 19.5 µs coincidence window.
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experiment. The remaining predicted slight drop in the red line with
increasing coincidence window can be assigned to temporal shape
mismatch of the two "temporally-pure" photons.

The rate of spontaneous scattering events can be reduced in either
node by increasing the effective coupling rate ge f f of the photon
generation process. The methods to increase that rate are discussed
and modeled in our paper [102] and would require e.g., a change in
quantization axis direction or employing entangled superradient states
of multiple ions, as demonstrated in the UIBK node cavity [113]. The
reduction of ge f f due to ion temperature has been discussed earlier in
Section 5.4.2. Ground state cooling of the ion’s motional states offers
a possibility to increase the α parameter to 1, as demonstrated in the
IQOQI node [102] and thus increasing ge f f .

5.5.1 Two-photon interference in the case of a cavity frequency mismatch

Another experimental run was performed approximately 1 hour prior
to the "004641" run presented in the previous section. The data set
is called "233201". The process of matching frequency of the optical
cavities, as described in Section 5.3, paragraph "Frequency matching
of the remote cavities" is performed before each experimental run to
bring the two photons from the participating nodes into resonance
with each other. For the experimental run "233201" this happened at
22:40, about 50 minutes before we started the execution of the run.
The procedure was repeated also directly after the experimental run.
The second calibration measurement revealed a relative frequency
difference of the two cavities of 0.2 MHz, where the precision is set by
the combination of the linewidths of the cavities and the lasers used
to lock them.

Since the two cavities were found to be off-resonant, we wanted
to know whether the Raman processes at either node were also run
off-resonantly. The answer to this question will determine how to
correctly simulate the interference data from this experiment. To deter-
mine whether the Raman processes were run resonantly during this
experimental run, we compare single photon wavepackets collected
in the run "233201" with those collected during the experimental run
"004641". A Raman process that is 0.2 MHz off-resonant would result
in a notable difference between the wavepackets.

Figure 5.11(a) compares the measured IQOQI node’s wavepackets
collected during the "004641" and "233201" runs6. The comparison of
the two wavepackets with theoretical model reveals no change in ex-
perimental parameters other than the total efficiency which increased

6 The simulations presented in Figure 5.11 do not include the smallest spontaneous
decay rate to the D3/2 state. However, we found that this shifts the amplitudes in
modeled wavepackets by an amount on the same order as the error bar amplitudes
in individual data points and does not affect the comparison between wavepackets.
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by 1.8% in the "004641" run. The results in Figure 5.11(a) show no
evidence for an off-resonant Raman process at IQOQI during either
experimental run.

Wavepackets from the UIBK node taken in the "004641" and "233201"
runs are compared in Figure 5.11(b). A change consistent with an
overall efficiency increase of 13% in the "004641" run can be observed.
In the Figure 5.11(c) we re-scaled the data collected during the "233201"
experimental run by this amount to overlap with the data set "004641"
and compared it to a common theoretical prediction, yielding a good
qualitative match for both sets. There is then also no evidence for
a change in the UIBK Raman resonance process between the two
runs and thus the only additional imperfection in the "233201" run,
compared to the "004641" was the two cavities being off resonant.

The two-photon coincidence data from the 233201 run, plotted in
Figure 5.12, show a strong peak in the detected synchronous coinci-
dences at approximately ±3.5 µs time difference. This is a signature of
photon anti-bunching. Figure 5.12 also presents the theoretical model
as before, but now extended to include a DC offset between the two
cavity frequencies as described in Section 3.3.5. A value of the DC
offset of 160 kHz is used, which was found to match the position of
the bunching peaks in the data. The model predicts oscillations in
coincidences of the synchronous photon pair with a period given by
1/(2δ f ), where δ f is the frequency offset. For 160 kHz one expects the
first peak at 3.13 µs.

This frequency offset compromises the interference visibility and
should be avoided in future experiments. One approach would be to
perform the resonance check and recalibration more often. Further
learning about the origin of the relative cavity drift would enable
designing strategies for reducing it.

While further investigation of the origin of the relative cavity drift
is required and beyond the scope of this thesis, the following possible
explanation of the phenomenon is offered. Recall that a beat between
Raman lasers at 786 nm is used to stabilize drifts of the UIBK Raman
laser, described in Section 5.3. The underlying cause is expected to
be drifts in the cavity used to lock the UIBK Raman laser and the
UIBK ion-cavity locking laser at 786 nm. To correct for these effects
a feedback, described in Section 5.3, is implemented to two AOMs
in the laser paths. We know that the beat lock was at least partially
engaged since the frequency of the beat was recorded and constant
within 3 kHz during the "233201" measurement. However, if feedback
wasn’t engaged to the AOM controlling the 785 nm cavity locking
laser then the UIBK ion-cavity frequency drift at 785 nm would be
40 Hz/s, which over 60 mins yields 144 kHz. Although we have no
reason to otherwise think that feedback to that AOM was not applied,
the predicted effect is consistent with the results.
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Figure 5.11: Photon wavepacket comparison between two experimental
runs. (a) IQOQI wavepackets compared with the same theo-
retical predictions using the same parameters up to an overall
efficiency factor. Specifically, the simulated wavepackets differ
only by a 1.8% lower overall efficiency for the "233201" run. (b)
UIBK wavepackets compared with the same theoretical predic-
tions using the same parameters up to an overall efficiency. The
simulated wavepackets differ only by a 13% lower overall effi-
ciency for the "233201" run. (c) UIBK wavepacket of experimental
run "233201" rescaled by a factor 1.13 and UIBK wavepacket of
experimental run "004641" are both plotted alongside a common
theoretical model. The theoretical model used to produce the
simulations is described in Section 3.3.4.
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Figure 5.12: Two-photon interference with frequency mismatched pho-
tons in experimental run "233201". (a) Coincidence probability
density of temporally synchronous (ρ‖, green dots) and asyn-
chronous (ρ⊥, black dots) photons. Time bin 1 µs. (b) The same
plot as in the top panel after ρ⊥ corrected for 42 µs shift. Solid
lines represent theoretical model described in Section 3.3 with
160 kHz DC offset of photon frequency.

Second, at each node, the Raman resonance condition at 854 nm
is sometimes seen to drift away by many tens of kHz, even though
the cavity remains locked to its laser who’s center frequency is stable
to less than a kHz over the same timescale. The Raman resonance
drift is strongest after loading ions from the atomic oven and reduces
the longer time that passes since loading. The problem is therefore
likely to be temperature related. It seems as though the cavity length
at 854 nm changes differently with temperature than at the locking
wavelength (806 nm at IQOQI and 785 nm at UIBK). How long one
should wait to obtain a satisfactorily stable Raman resonance condition
after loading is different for each node. At UIBK one waits typically
an hour after loading. A good practice at IQOQI is to wait 30 minutes
after loading.



5.5 results 79

5.5.2 Predicting the fidelity of remote ion-ion entanglement

The two-photon interference data presented so far in this thesis can be
used to predict the quality and rate at which entanglement between
two remote ions could be established using the two-photon entan-
glement swapping method presented in Section 2.3. For the detector
arrangement shown in Figure 2.1, the only input state that can lead to
coincidences is the singlet state of photons |φ−〉. This, however is only
true in case of perfectly indistinguishable photons (visibility V = 1).
In the case of imperfect visibility one can show that the maximum Bell
state fidelity F(T) with which ion-ion entanglement can be achieved
given a two-photon interference visibility V(T) is given by

F(T) =
1 + V(T)

2
, (5.7)

where T is the coincidence detection window [70]. This model does
not include infidelity due to other imperfections, such as detector dark
counts or infidelities in the generation of ion-photon entangled states.
Nevertheless, it still provides a useful upper limit on performance as
limited by the interference visibility. In the following calculations, the
results of experimental run "004641" presented in Figure 5.10 (during
which no cavity mismatch was evident) will be considered.

The heralding rate for remote entanglement Rswap is given by

Rswap(T) = 0.5RgenC⊥(T), (5.8)

where Rgen is the photon generation attempt rate at which each ion-
trap network node attempts to generate a photon and C⊥ is the
coincidence probability at which fully distinguishable (asynchronous)
photon pairs are detected. The factor 0.5 in Equation 5.8 arises from
the fact that in the photonic Bell state measurement we are able to
detect two out of four possible Bell states. Practically, achieving
that rate requires modifying the scheme described in Section 3.3.4 to
include four detectors at the output ports of the beamsplitter (each
pair following a PBS, as shown in Chapter 6).

The predicted ion-ion entanglement fidelity F(T) and C⊥(T), cal-
culated from the interference data of experimental run "004641" pre-
sented in Figure 5.10 is shown in Figure 5.13. One can see that ion-ion
entanglement is predicted for all lengths of the coincidence window,
but that there is a trade off between entanglement fidelity and remote
heralding rate, which is according to Equation 5.8 directly proportional
to the plotted coincidence probability C⊥.

In total 1, 101, 648 attempts to synchronously generate photons were
performed in the experimental run "004641" over a total duration of
1428 s. This yields an overall attempt rate Rgen = 771/s. This attempt
rate includes ion preparation and all wait times. It gives a conservative
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Figure 5.13: Predicted Bell state fidelity of our remote ion entangled
state and coincidence heralding rate. Left axis: Predicted fi-
delity of remote ion-ion entanglement using formula F(T) =
(1 + V(T))/2. Blue circles and solid lines show data and model,
respectively, from the experimental run "004641" shown in Fig-
ure 5.10(c). Right axis: Coincidence probability for different
coincidence window length. Orange solid line shows the theory,
orange circles show data.

estimate for Rgen since e.g., the generation of the asynchronous pair
can be omitted or replaced with the generation of another synchronous
pair and thus doubling the Rgen. Moreover, the time necessary for pho-
ton generation can be further reduced by optimizing the sequence pa-
rameters and wait times. A 100 µs average time for photon generation
should be achievable, yielding Rgen ≈ 10000/s, however, limitations
in our current experimental control hardware will reduce the average
attempt rate to Rgen ≈ 6000/s. Figure 5.14 presents how the predicted
heralding rate of remote ion entanglement Rswap changes with the
photon pair generation rate Rgen. Different target ion-ion fidelities
are shown with different lines, as labeled. For example, if we choose
Rgen = 6000/s, we expect to achieve remote ion-ion entanglement with
a fidelity of F(1 µs) = 0.98 at a heralding rate Rswap(1 µs) = 0.2/s. If
the entire wavepacket is used and Rgen = 6000/s, then the fidelity
of the swapped state drops to F(20µs) = 0.70, but the maximum
heralding rate increases to Rgen(20µs) = 3.1/s.
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Figure 5.14: Predicted rate of achieving remote ion entanglement states as
a function of photon pair generation rate. For each target re-
mote ion entanglement fidelity F the corresponding coincidence
probability C⊥ was obtained from Figure 5.13. The Equation 5.8
was then used to obtain the heralding rate as a function of Rgen.
Dashed vertical line Rmax

gen marks our estimated limit for the
attempt rate, given our current experimental control hardware.



6
E N TA N G L E M E N T O F I O N S 2 3 0 M A PA RT

In this chapter our paper "Entanglement of trapped-ion qubits sepa-
rated by 230 meters" is presented in the form that was published in
Physical Review Letters on February 2

nd
2023 [112]. The paper reports

on successful entanglement of two remote ions in our quantum net-
work. One ion is at Node A (the UIBK node of this thesis) and one
ion is at Node B (the IQOQI node of this thesis). The data were taken
on July 21

st
2021.

Before performing the experiment, several changes were made to the
experimental configuration used for the Hong-Ou-Mandel interference
measurements presented in the previous chapter of this thesis. The
major changes are now briefly summarized.

First, the ’HOM board’ setup of Figure 5.3 in previous chapter was
modified. Specifically, the PBSs in each input path of beamsplitter were
moved to the output paths and two additional single photon detectors
were added to allow for monitoring both transmitted and reflected
ports of those PBSs. In this configuration, the upgraded HOM board
can now distinguish two out of four photonic Bell states, as discussed
in Section 2.3. In the following paper, the HOM board is referred to as
the PBSM, which stands for photonic Bell state measurement.

Second, a system to compensate for time-varying polarization dy-
namics observed in the optical fiber between the buildings was imple-
mented using half-wave plate (HWP) and quarter-wave plates (QWP).
Specifically, three motorized waveplates, in configuration QWP - HWP
- QWP, were introduced into the PBSM input path of the photon from
UIBK. The compensation system operates by periodically performing
process tomography of the fiber channel. Specifically, we characterize
the process implemented by the fiber on a single photon polarization
qubit. We use the output to set the wave plate angles that together act
to, as far as possible, undo the process implemented by the channel.
This process tomography is repeated periodically to correct for any
changes in the process implemented by the channel over time.

Third, the Raman process at both nodes, described in Section 3.2 was
extended to a "bichromatic Raman process" (or "bichromatic CMRT")
as first demonstrated in [39]. In this scheme, two Raman processes
are driven simultaneously, ideally taking an electron prepared in the
same ground state to different sub-levels of the D5/2 manifold. Cavity
photons generated in these two processes are orthogonally polarized
and, if both processes occur with equal probability, ideally generate a
maximally entangled final ion-photon state.

82
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Fourth, the synchronization of remote sequence execution was up-
graded. The synchronization introduced for the HOM experiment of
previous chapter was extended to a two-sided hand shake to ensure
that both nodes are executing the sequence simultaneously and that
the ion qubits are measured in a known basis if a photon heralding
signal occurs.

Fifth, after obtaining the heralding signal for potential remote-ion
entanglement, quantum state tomography is performed to determine
the final state of the two remote ion-qubits. For that, the measurement
basis of the ions is changed using 729 nm laser operations, as men-
tioned at the end of Section 3.1. Finally, the three-level model, used for
simulating the HOM experiment of the previous section was extended
to a four level model to describe the bichromatic CMRT process.

An overview of each author’s contribution to this paper is written at
the end of the main paper. In the following paragraphs an expanded
overview of my contribution is presented.

I constructed and aligned the PBSM board and established and first
tested the classical remote connections for sequence synchronization.
Together with members of the UIBK node team (Simon Baier, Maria
Galli, Markus Teller), I participated in developing the final form of the
remote sequence synchronization: the two-way handshake described
in the Section IV. of the Supplementary material to the paper.

I developed and implemented the scheme for compensating the
polarization drifts in the fibers between the buildings. The script auto-
matically performs full quantum process tomography measurement
by preparing six input polarization (single photons prepared by Node
A) and measuring the transformed polarization state by projecting it
into three bases at Node B. The script uses the measurement outcomes
to estimate the completely positive map of the transformation [117,
118] implemented by the fiber on the traveling photons by means of
maximum likelihood estimation [119]. The script then searches for the
nearest unitary transformation. This transformation is then inverted
and decomposed into the settings of three waveplates in the path to
undo the polarization transformation induced by traveling through
the optical fiber. Prior to implementing this compensation scheme, I
analyzed the polarization dynamics of light sent through the deployed
optical fiber.

Martin Meraner and I developed what is referred to as the "Co-
incident Logic Board", which is responsible for triggering ion state
detection in the case of various detection patterns. The board has two
operational modes. The first mode raises a TTL trigger in the case
where two, and only two, detectors fire. The second mode generates a
TTL signal when one detector fires, which is used to characterize ion-
photon entangled states and is also used during the fiber polarization
compensation. Switching between the two modes can be performed
remotely for fluent transition between the two types of experiment.
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In the following section, the paper is presented as it was published
and consists of 7 pages of the main text with references followed by
17 pages of supplementary material.



Entanglement of Trapped-Ion Qubits Separated by 230 Meters

V. Krutyanskiy ,1,2 M. Galli ,2 V. Krcmarsky,1,2 S. Baier ,2 D. A. Fioretto,2 Y. Pu ,2 A. Mazloom,3 P. Sekatski,4

M. Canteri ,1,2 M. Teller,2 J. Schupp ,1,2 J. Bate,2 M. Meraner,1,2 N. Sangouard,5 B. P. Lanyon ,1,2,* and T. E. Northup 2

1Institut für Quantenoptik und Quanteninformation, Österreichische Akademie der Wissenschaften,
Technikerstraße 21a, 6020 Innsbruck, Austria

2Institut für Experimentalphysik, Universität Innsbruck, Technikerstraße 25, 6020 Innsbruck, Austria
3Department of Physics, Georgetown University, 37th and O Streets NW, Washington, D.C. 20057, USA

4Department of Applied Physics, University of Geneva, 1211 Geneva, Switzerland
5Institut de Physique Théorique, Université Paris-Saclay, CEA, CNRS, 91191 Gif-sur-Yvette, France

(Received 3 September 2022; accepted 20 December 2022; published 2 February 2023)

We report on an elementary quantum network of two atomic ions separated by 230 m. The ions are
trapped in different buildings and connected with 520(2) m of optical fiber. At each network node, the
electronic state of an ion is entangled with the polarization state of a single cavity photon; subsequent to
interference of the photons at a beam splitter, photon detection heralds entanglement between the two ions.
Fidelities of up to ð88.0þ 2.2 − 4.7Þ% are achieved with respect to a maximally entangled Bell state, with
a success probability of 4 × 10−5. We analyze the routes to improve these metrics, paving the way for long-
distance networks of entangled quantum processors.

DOI: 10.1103/PhysRevLett.130.050803

The realization of quantum networks [1,2] that link cities
and countries would open up powerful new applications in
information security [3], distributed computing [4,5],
precision sensing [6,7], and timekeeping [8]. These appli-
cations require distributed quantum network nodes that,
first, can be entangled via the exchange of photons over
long distances and, second, can store and process quantum
information encoded in registers of qubits. A handful of
experiments have demonstrated remote entanglement of 2
quantum-logic-capable qubits, including ions in linear Paul
traps [9,10], optically trapped neutral atoms [11,12], color
centers in diamond [13], quantum dots [14,15], and super-
conducting qubits [16]; furthermore, three-node entangle-
ment of color centers was recently achieved [17]. These
elementary networks have been extended to entangle
quantum systems in separate buildings: two diamond color
centers 1.3 km apart [18] and two neutral atoms 400 m
apart [19,20].
Quantum network nodes based on trapped ions [21]

promise high-fidelity quantum-gate operations on registers
of tens of qubits [22,23], coherence times exceeding one
hour [24], efficient interfacing with telecom-wavelength
photons [25,26], and precision sensing and metrology [27–
29]. Building on the first demonstration of remote-ion
entanglement [9], significant improvements in both rate and
fidelity [10,30] have recently enabled device-independent
quantum key distribution [31] and enhanced time-
keeping [32], and a multispecies node has been demon-
strated [33]. Remote entanglement of trapped ions more
than a few meters apart has not previously been reported.

In this Letter, we report on the entanglement of two
trapped ions separated by 230 m. The two ions are in
separate buildings, connected via 520(2) m of optical fiber,
and controlled by independent lasers and electronics. Their
entanglement is heralded by the coincident detection of two
infrared photons that travel through the fiber. In contrast to
implementations based on spontaneous emission [9,10,12–
15,17,19,20,30,33], our photon generation method is based
on a cavity-mediated Raman process providing tunable
entangled states [34] and high efficiency [35], which are
advantageous for establishing long-distance entangle-
ment [36]. Remote ion-ion entanglement is characterized
by quantum state tomography and analyzed for a range of
time windows for coincident detection. A detailed model is
developed that captures the observed trade-off between the
fidelity of remote entanglement and the heralding effi-
ciency and shows how significant improvements can be
made in the future.
Each node in our quantum network [Figs. 1(a) and 1(b)]

consists of a single 40Caþ atom confined in a linear Paul trap
and coupled to a 20 mm cavity for photon collection at
854 nm. A photon is generated at each node via a bichro-
matic cavity-mediated Raman transition [Fig. 1(c)] [34].
Here, a Raman laser pulse applied to the ion ideally
generates the maximally entangled ion-photon state jψki ¼
1=

ffiffiffi
2

p ðjDVi þ eiθk jD0HiÞ, where jDi and jD0i are
the respective Zeeman states j32D5=2; mj ¼ −5=2i and
j32D5=2; mj ¼ −3=2i, jVi and jHi are the vertical and
horizontal polarization components of a photon emitted
into the cavity vacuum mode, and θk is a phase set at node
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k ∈ fA;Bg. The photon exits the cavity and is coupled into
a single-mode optical fiber. Two photons, one from each
node, arrive at a photonic Bell-state measurement (PBSM)
setup, where their spatial modes are overlapped on a
balanced beam splitter [37–39]. Coincident detection of
orthogonally polarized photons ideally heralds the max-
imally entangled ion-ion states

jΨ�i ¼ 1=
ffiffiffi
2

p
ðjDAD0

Bi � eiϕjD0
ADBiÞ; ð1Þ

with phase ϕ ¼ θA − θB, where subscripts indicate the ion
node. The state jΨþi is obtained if the two coincident
detection events occur in the same output mode of the beam
splitter, while jΨ−i is obtained if coincident detection
occurs in opposite output modes.
Which-path information for the two photons can be

erased in the PBSM, which requires both temporal and
spectral indistinguishability of the photon wave packets.
Each node has control software and hardware that executes
a finite-length and node-specific remote entanglement
sequence: a list of operations to perform. Each control
system is referenced to its own 10 MHz global positioning
system clock source. Temporal synchronization of the two
sequences to within a 30 ns jitter is achieved via a
handshake between the control systems at the start of each
sequence. The handshake signal is sent over a dedicated
optical fiber in a fiber bundle connecting the two labs,
which also contains the fiber for single-photon distribution.

Offsets in the arrival times of temporal photon wave
packets at the PBSM, e.g., due to optical path differences,
are compensated for by introducing sequence delays.
Spectral indistinguishability of the photons requires

matching the resonant frequencies of the remote cavities.
This is achieved via periodic calibration at 20 min intervals:
854 nm laser light that is resonant with the cavity at Node A
is sent to Node B over a third fiber in the bundle, and the
length of the Node B cavity is adjusted until it is resonant
with this light. Also at 20 min intervals, the polariza-
tion rotation of the fiber that carries single photons is
characterized and corrected for (see the Supplemental
Material [40]).
The remote entanglement sequences at each node con-

tain a loop in which up to 20 attempts are made to establish
ion-ion entanglement. Each attempt contains 0.3 ms of state
initialization, via Doppler cooling and optical pumping,
followed by a Raman laser pulse of 50 μs to generate a
photon. In the case of coincident detection of orthogonally
polarized photons within a 50 μs window that encompasses
the single-photon wave packets, the sequence exits the
loop, and the ion qubits are measured. Ion-qubit measure-
ment consists of laser-driven single-qubit rotations to set
the measurement basis, followed by state detection via
electron shelving for 1.5 ms, at which point the sequence is
concluded.
The remote ion-ion state is characterized via quantum

state tomography, for which the sequence is repeated for all
nine combinations of the Pauli measurement bases for 2 ion
qubits [52]. Tomographic reconstruction, via the maximum
likelihood technique, yields the density matrices ρ�ðTÞ,
where ρþ and ρ− are reconstructed for the coincidences
corresponding to ideally jΨþi and jΨ−i, respectively, and T
is the maximum time difference for which entanglement is
heralded between coincident photons. A fidelity F�ðTÞ≡
hΨ�jρ�ðTÞjΨ�i > 0.5 proves entanglement of the remote
ions. Uncertainties for F�ðTÞ and for all quantities derived
from the density matrices are obtained via Monte Carlo
resampling (see the Supplemental Material [40]). Data were
acquired over seven hours, including interspersed calibra-
tions. For each basis measurement setting, 17 min of data
were acquired on average. In total, 13 656 928 attempts
were made to generate remote entanglement, resulting in
4470 coincidence events within the interval ½t ¼ 5.5 μs; t ¼
23 μs� [Fig. 2(a)], corresponding to a 0.033% probability of
two-photon coincidence per attempt, which we define as
the success probability. Here t ¼ 0 indicates the start of the
50 μs detection window, and the narrower interval has been
chosen to improve signal to noise. The remote entangle-
ment rate during the data acquisition time is thus 0.49 s−1.
The fidelities of the reconstructed states are Fþð17.5 μsÞ¼
ð58.7þ1.7−2.1Þ% and F−ð17.5μsÞ¼ð58.0þ2.0−2.9Þ%,
where T ¼ 17.5 μs corresponds to all possible coinciden-
ces within the 17.5 μs window.

(a) (c)

(b)

FIG. 1. The two-node quantum network. (a) Satellite image
(Google Earth, image: Landsat/Copernicus). Nodes A and B are
located in separate buildings, connected via a 520(2) m optical-
fiber link and have a 230 m line of sight separation. (b) Nodes
consist of an ion, a linear Paul trap (four yellow electrodes), and a
cavity comprised of two mirrors. The PBSM setup contains a
beam splitter (BS), polarizing beam splitters (PBSs), and photon
detectors. (c) Energy-level diagram for 40Caþ. When an ion is in
state jSi and no photons are in the cavity, a laser pulse contain-
ing two tones generates the ion-photon entangled state
1=

ffiffiffi
2

p ðjDVi þ eiθjD0HiÞ, where jVi and jHi are the polarization
components of a cavity photon and θ is a phase [34]. The
frequency difference Δ2 − Δ1 is equal to the one between
jD0i ¼ 32D5=2, mj ¼ −3=2 and jDi ¼ 32D5=2, mj ¼ −5=2.
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When we take a subset of the data corresponding to
coincidences separated by smaller values of T, entangled
ion-ion states are generated with higher fidelity, at the cost
of a lower success probability [Fig. 2(b)]. The density
matrices shown in Fig. 2(c) correspond to T ¼ 1 μs, for
which we recorded 555 coincidence events, that is, a

remote entanglement rate of 3.5 min−1. The fidelities of
the reconstructed states are Fþð1 μsÞ¼ð88.0þ2.2−4.7Þ%
and F−ð1 μsÞ ¼ ð83.3þ 3.3 − 6.4Þ%. We optimize F�
over the phase ϕ in Eq. (1) because we did not deter-
mine θA and θB independently; this optimization yields
ϕ ¼ 82.2°. We then fix this value of ϕ for all subsequent
data points. In Fig. 2(d), we plot the measured fidelities for
values of T between 0.75 μs and 17.5 μs.
A decrease in fidelity as T increases is to be expected:

For example, spontaneous emission during the Raman
process provides information on which ion generated
which cavity photon [53–55], that is, scattering introduces
which-path information. To predict our experimentally
determined fidelities, we have developed an empirical
model for the ion-ion density matrix heralded by two-
photon detection. The model contains photon distinguish-
ability [56] along with two other sources of infidelity:
detector background counts and imperfect ion-photon
entanglement. The values of F�ðTÞ calculated using this
density-matrix model are plotted in Fig. 2(d) along with the
measured values. We will first explain the contributions of
photon distinguishability to this model and will afterward
discuss the other sources of infidelity (see the Supplemental
Material [40]).
To account for photon distinguishability, we employ a

2-qubit dephasing channel, which reduces the off diagonal
elements of the ideal density matrices jΨ�ihΨ�j (see the
Supplemental Material [40]). The probability for dephasing
in the channel is parametrized by the Hong-Ou-Mandel
(HOM) interference visibility, which provides direct infor-
mation about photon indistinguishability [58]. For unit
visibility, no dephasing occurs, while for a visibility of
zero, all off diagonal matrix elements are zero.
The HOM visibility is extracted from the photon

coincidence data by sorting all events in which photons
are detected at opposite ports of the balanced beam splitter
into two sets: coincidences with identical polarization and
with orthogonal polarization. Photons with identical polari-
zation will exit the balanced beam splitter at the same
output port if they are otherwise indistinguishable, gene-
rating a HOM dip in coincidence counts at the two output
ports [59]. Orthogonally polarized photons are distinguish-
able and thus exhibit no HOM effect; their cross-correlation
function allows us to normalize the HOM dip and thereby
to calculate the interference visibility. In Fig. 3(a), the
number of coincidence events is plotted for both sets of data
as a function of the time difference τ between photon
detection events, for a time bin δ ¼ 0.5 μs. The HOM dip at
τ ¼ 0 can be clearly observed. The interference visibility is
then obtained from the data of Fig. 3(a) via the following
procedure: First, the number of expected coincidences
between photons and detector background counts is sub-
tracted from the number of measured coincidences for each
time bin. Next, the datasets are corrected for the detector
efficiencies, which have been independently measured

FIG. 2. Entanglement between ion qubits. (a) Single-photon
wave packets measured at each node in a separate calibration
experiment. Shown are histograms of photon counts per 1 μs time
bin for ion-entangled photons from Node A only (orange) and
Node B only (green). The gray region indicates when the Raman
laser pulse is on. The dashed black lines indicate the window
within which coincidence events are evaluated during entangle-
ment experiments. (b) Success probability for a coincidence event
heralding either jψþi or jψ−i to occur as a function of T.
(c) Experimentally reconstructed density matrices ρþðTÞ and
ρ−ðTÞ, for T ¼ 1 μs. Bar heights indicate amplitudes of matrix
entries; colors indicate phases. Amplitudes of the entries for
jΨ�ihΨ�j are outlined for comparison. (d) Fidelity F� as a
function of T. Markers indicate measured values; error bars
correspond to 1 standard deviation. Solid lines show an empirical
model discussed in the main text, with shaded regions indicating
uncertainties. Dashed lines show a partial model omitting photon
distinguishability.
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(see the Supplemental Material [40]). We define Nk;kδ and
N⊥;kδ as the corrected numbers of coincidences for the time
bin centered at τ ¼ kδ for k ∈ Z, where the symbols k and
⊥ indicate identical and orthogonal photon polarization,
respectively. Finally, the interference visibility is calculated
as a function of the coincidence window T:

VðTÞ ¼ 1 −
P

ð−Tþδ=2Þ≤kδ≤ðT−δ=2ÞNk;kδ
P

ð−Tþδ=2Þ≤kδ≤ðT−δ=2ÞN⊥;kδ
. ð2Þ

In Fig. 3(b), VðTÞ is plotted for coincidence windows up to
17.5 μs, as in Fig. 2(d), and for 0.5 μs time bins. The
maximum visibility corresponds to 101(6)% for
T ¼ 0.25 μs; this value is above 100% because the back-
ground-corrected value for Nk;kδ is negative, while con-
sistent with zero within 1 standard deviation.
Our empirical model also includes detector background

counts and imperfect ion-photon entanglement. For back-
ground counts, we use a white-noise channel based on the
independently measured count rates of the four detectors.

For ion-photon entanglement, we assume that imperfec-
tions translate as a 2-qubit depolarizing channel on the ion-
ion state (see the Supplemental Material [40]). Ion-photon
entanglement was characterized in a calibration measure-
ment at each node via quantum state tomography imme-
diately prior to ion-ion entanglement, and fidelities of
ð92.9þ 0.4 − 0.5Þ% and ð95.5þ 0.6 − 0.9Þ% with respect
to a maximally entangled state were obtained at Nodes A
and B, respectively.
The empirical model is used to calculate the theoretical

fidelities of Fig. 2(d): The solid lines are calculated from
the full model, taking into account all three sources of
infidelity, while the dashed lines are calculated when
photon distinguishability is excluded from the model.
Different values are predicted for Fþ and F− due to the
use of superconducting nanowire detectors at two of the
four beam splitter outputs, which have lower dark-count
rates than the single-photon-counting modules at the other
two outputs. Based on the agreement between measured
and modeled fidelities in Fig. 2(d), we conclude that the
model captures the relevant properties of our setup and that
the observed decline in fidelity as a function of T is due to
the corresponding decline in visibility.
For insight into how, in the future, visibility could be

maintained for larger coincidence windows—thereby
increasing the probability to establish remote entanglement
with a given fidelity—we have developed a master-equa-
tion model based on that of Ref. [55]. This model considers
three independently estimated noise processes that result in
non-transform-limited (and therefore distinguishable) pho-
tons at each node: frequency jitter of the Node A cavity by
60–100 kHz, Raman-laser phase noise, and spontaneous
emission. We refer to the first two of these processes as
technical noise. All parameter values used in the model
are statistically consistent with independent estimates
and determined via comparison of the model to measured
single-photon wave packets (see the Supplemental Material
[40]). The predicted visibility is plotted in Fig. 3(b): Green
lines indicate the full model, including upper and lower
estimates of the frequency jitter. It can be seen that the
model is consistent with the visibility data.
We now look to the master-equation model to understand

the impact of future improvements. Setting the technical
noise contributions of cavity jitter and laser phase noise to
zero, as shown in orange in Fig. 3(b), improves the model
visibility. In addition, selecting only those ion-photon
entanglement events for which no spontaneous emission
occurs, corresponding to transform-limited or “pure” pho-
tons, leads to the most significant improvement in the
model visibility (blue line). The remaining visibility
imperfections are due to mismatch between the temporal
wave packets of the transform-limited photons produced at
each node (see the Supplemental Material [40]).
With regard to the technical noise contributions, we

expect to suppress both cavity jitter and laser phase noise to
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FIG. 3. (a) Number of coincidences recorded for orthogonal
(blue) and parallel (red) polarization projections of photons from
Nodes A andB, for the same dataset as in Fig. 2, where the axes are
scaled by the ratio of detector efficiencies. Data are plotted as a
function of the time difference τ between photon detection events,
binned in 0.5 μs intervals. Error bars indicate Poissonian statistics.
(b) Diamonds show the two-photon interference visibility calcu-
lated from the coincidence data after correction for background
counts and detector efficiencies, using Eq. (2). The shaded region
indicates the propagation of Poissonian uncertainties. Lines show
a master-equation model discussed in the main text.
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negligible levels by improving the lock electronics and the
passive cavity used as a laser reference at Node A.
Meanwhile, temporal wave packet mismatch can be
addressed through amplitude shaping of the Raman laser
pulse [60]. It is spontaneous emission that poses the most
significant challenge. Using our existing setup, multi-ion
superradiant states can be harnessed to boost the fraction of
photons generated without prior spontaneous decay [53]; in
future ion-cavity nodes, further gains can be obtained
through judicious choice of the mirror properties and cavity
geometry [35]. All these steps will increase the probability
to generate transform-limited photons in each entanglement
attempt. Additional steps can be taken to increase the
attempt rate, namely, in the short term, implementing more
efficient cooling and state detection protocols, and in the
long term, coupling ions to fiber-based cavities with
stronger coherent coupling and faster decay rates [61]. It
is notable that the success probabilities shown in Fig. 2(b)
are comparable to those achieved over a few meters in
Ref. [10], and that in future long-distance networks limited
by photon travel time, it will be success probabilities that
determine entanglement rates [36].
In conclusion, we have verified entanglement over the

longest trapped-ion network to date, with fidelities up to
ð88.0þ 2.2 − 4.7Þ% with respect to a maximally entangled
state. A trade-off between fidelity and coincidence-window
length was explained with the help of two models: an
empirical model for the two-ion density matrix and a
master-equation model to predict the interference visibility.
Based on these models, we anticipate that we will be able to
obtain significantly higher rates across this cavity-mediated
network while maintaining high fidelities. Furthermore,
efficient, low-noise and entanglement-preserving telecom
wavelength conversion of the 854 nm photons used in the
present Letter has been achieved [25,26], opening the
possibility to extend the quantum channel to hundreds of
kilometers. While the experiments presented here relied on
just one ion at each node, a particular strength of the
trapped-ion platform is the capability for quantum-
information processing with dozens of addressed qubits
in a single trap [22,23] and fidelities sufficient for fault-
tolerant gate operations and error correction [62,63]. This
capability provides a route to robust logical qubit encodings
at network nodes [64], separate communication and infor-
mation processing functionalities within each node [5,21],
and quantum repeaters requiring Bell state measurements
and either purification or error correction [65].

The data available in Ref. [66] includes raw tomographic
data, calibration data, experimental parameters and
sequences.
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I. ION-TRAP NETWORK NODES

Overview. The ion-trap network nodes are both in
room-temperature vacuum chambers and employ the
same basic design. Specifically, a macroscopic linear Paul
trap is rigidly suspended from the top flange of each vac-
uum chamber; thus, the ion’s motional mode along the
trap’s axis of symmetry (the axial mode) is vertical, and
the two other modes (radial modes) lie in the horizon-
tal plane. An in-vacuum optical cavity around the ion
trap is mounted via nanopositioning stages on the bot-
tom flange of each chamber; the cavity axis is a few de-
grees off horizontal. Both cavities are 20 mm long and in
the near-concentric regime, corresponding to microscopic
waists at the ion location. Ions are loaded into each trap
using a resistively heated oven of atomic calcium and a
two-photon ionization process driven by lasers at 422 nm
and 375 nm. Details on Node A can be found in [1–3].
Details on Node B can be found in [4–6].

Cavity parameters. At Node A, the transmission of
the cavity mirrors at 854 nm was measured to be
13(1) ppm for the output mirror and 1.3(3) ppm for the
second mirror [2], with a probability of 20(2) % that a
photon in the cavity mode leaves the cavity through the
output mirror [7]. At Node B, the measured transmis-
sion values at 854 nm are 90(4) ppm for the output mirror
and 2.9(4) ppm for the second mirror, and the proba-
bility that a photon leaves through the output mode is
78(3) % [5]. The decay rates of the cavity fields, mea-
sured via cavity ringdown, are κA = 2π× 68.4(6) kHz [3]
and κB = 2π × 70(2) kHz [5].

Trap frequencies. At Node A, the frequencies of
the axial and radial modes are (ωax, ωr1, ωr2) = 2π ×
(1.13, 1.70, 1.76) MHz. At Node B, they are 2π ×
(0.92, 2.40, 2.44) MHz [5].

Ion-cavity geometry. For the remaining discussions in
this section, we use a Cartesian coordinate system with
three orthogonal axes: x, y and z. At each node, the z
axis is the ion trap’s axis of symmetry, defined by the
line connecting the trap’s DC endcap electrodes, which

∗ Correspondence should be send to ben.lanyon@uibk.ac.at

is the axis of the ion’s motion at frequency ωax. The
xz plane is defined as the plane containing both the z
axis and the cavity axis. The cavity axis subtends an
angle with respect to the x axis of 4° at both Node A
and Node B [2, 6, 8].

Quantization axis. At each node, the atomic quan-
tization axis is chosen to be parallel to the axis of an
applied static magnetic field. This magnetic-field axis is
set to subtend an angle of 45° with respect to the z axis
and to be perpendicular to the cavity axis; at Node B, it
is likely that it is a few degrees off from perpendicular.
At Node A, a magnetic field of 4.2303(2) G is set by DC
currents in coils attached to the outside of the vacuum
chamber. At Node B, a magnetic field of 4.1713(4) G is
set by permanent magnets attached to the outside of the
vacuum chamber. Both field strengths are measured via
Ramsey spectroscopy of a single ion.

Laser beam geometry. A bichromatic laser field at
393 nm drives the cavity-mediated Raman transition.
At each node, the propagation direction of the Raman
laser field is parallel to the magnetic-field axis. The
field is circularly polarized in order to maximize the
coupling strength on the |S〉 ≡

∣∣42S1/2,mj = −1/2
〉

to

|P 〉 ≡
∣∣42P3/2,mj = −3/2

〉
transition. This coupling is

depicted in Fig. 1c of the main text.

At Node A, Doppler cooling and state detection are
implemented using 397 nm laser fields along two axes and
a 866 nm field along a third axis. Optical pumping and
ion-qubit rotations are implemented using a 729 nm field
that lies in the xz plane at an angle of 45° with respect
to the z axis.

At Node B, Doppler cooling is implemented using a sin-
gle beam path that lies in the xz plane at an angle of 45°
with respect to the z axis, along which both 397 nm and
866 nm laser fields are sent. Optical pumping is imple-
mented using a second, circularly polarised, 397 nm laser
field in a direction parallel to the magnetic-field axis. Ion-
qubit rotations are implemented using a 729 nm field at
an angle of 45° with respect to the z axis.
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II. FIBER-OPTIC CHANNELS

Fiber bundles. The laboratories in which Nodes A
and B are located are connected with two optical fiber
bundles, each of which contains eight single-mode opti-
cal fibers. The bundles are installed along the same path
between the laboratories, which follows underground cor-
ridors but includes a section several tens of meters in
length that is exposed to outdoor air. Three optical sig-
nals are sent between the laboratories using the fiber bun-
dles, each in a different fiber:

1. 854 nm single photons,

2. 1550 nm laser light carrying digital trigger signals,

3. 854 nm laser light that is used to match the reso-
nance frequencies of the cavities.

Signal 1 is sent through one of the bundles. Signals 2 and
3 are sent through different fibers in the other bundle.
None of the fibers are polarization maintaining.

Stabilization of fiber polarization dynamics. Signal 1
consists of single photons that travel from Node A
over one fiber bundle and through local fiber extensions
to reach the photonic Bell-state measurement (PBSM)
setup introduced in the main text. Every 20 minutes
during attempts to generate remote ion entanglement,
the polarization rotation of this fiber channel is char-
acterized and corrected for, a process that takes a few
minutes.

The polarization rotation is characterized via quan-
tum process tomography, for which six input states are
injected sequentially into the channel: single photons
with horizontal, vertical, diagonal, antidiagonal, right-
circular, and left-circular polarizations. The single pho-
tons are produced at Node A via a monochromatic cavity-
mediated Raman process that is repumped continuously
at 854 nm; this process generates linearly polarized pho-
tons with a measured contrast ratio of 10.5:1. After exit-
ing the vacuum chamber, the photons pass through mo-
torized waveplates, which we use to prepare the six input
states.

For each input state, the output state is analyzed us-
ing existing components at the PBSM setup (a polariz-
ing beam splitter and photon detectors) along with ad-
ditional waveplates. We perform measurements in suf-
ficiently many bases to reconstruct each output state
via quantum state tomography. A numerical search
is then carried out over the data from all six states
to find the nearest unitary polarization rotation, which
we identify as the transformation of the fiber chan-
nel. Finally, at the input to the PBSM setup, the an-
gles of three waveplates—a half-waveplate sandwiched by
two quarter-waveplates—are set so that collectively, the
waveplates implement the inverse of the unitary oper-
ation, thereby correcting for the transformation of the
channel.

III. PHOTONIC BELL-STATE MEASUREMENT
(PBSM) SETUP

A simplified schematic of the PBSM setup is shown
in Fig. 1b of the main text. The three waveplates de-
scribed in the previous paragraph are not depicted in
the figure. They are located between the output fiber
coupler from Node A and the nonpolarizing beamsplit-
ter. Two additional waveplates—also not depicted—are
located between the output fiber coupler from Node B
and the nonpolarizing beamsplitter. They consist of a
quarter-waveplate and a half-waveplate and are used for
calibration and analysis of the ion–photon state from
Node A.

As shown in Fig. 1b, the PBSM setup has four single-
photon detectors: two for each output mode of the
nonpolarizing beamsplitter. In one of the beamsplit-
ter output paths, the two detectors are single-photon
counting modules (SPCMs); in the other output path,
they are superconducting nanowire single-photon detec-
tors (SNSPDs).

To determine the background counts and efficiency for
each detector, we execute the same sequence as used for
ion–ion entanglement (described in detail in Sec. IV) with
one difference: photon detection does not terminate the
photon-generation loop. In order to evaluate the val-
ues from each node separately, we block the beam path
from the other node. First, we define the background
window as the interval [t = 70 µs, t = 100 µs], where, as
in the main text, t = 0 indicates the start of the 50 µs
detection window. No photons generated by an ion are
expected in this window as the Raman laser pulse has
been off for at least 20 µs. We determine the mean value
of background counts per second as well as the proba-
bility of a background count during the detection win-
dow pbg−detr , where the detection window is defined as
[t = 5.5 µs, t = 23 µs].

Next, we determine the mean photon number within
the detection window and subtract pbg, yielding the prob-
ability pkdetr

of detecting a photon at detector r due to the
Raman process at node k ∈ {A,B} within this window.
All values are summarized in Tab. I. These values are
used in the empirical model of Sec. VIII in order to eval-
uate the influence of background counts on the ion-ion
density matrices.

IV. EXPERIMENTAL SEQUENCES

Initialization and handshake. At each node, we im-
plement a finite-length and node-specific sequence. The
sequences at both Nodes A and B begin with Doppler
cooling a single ion for at least 1.52 ms. Subsequently,

1. Node A sets TTLA→B high on a 1550 nm commu-
nication channel to Node B (Signal 2 in Sec. II).

2. Upon receipt of the high TTLA→B , Node B sets
TTLB→A high on another communication channel
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detector r
background

(1/s) pbg−detr (%) pAdetr (%) pBdetr (%)

SPCM1 9.69 0.017 0.08 1.30

SPCM2 9.37 0.016 0.12 1.96

SNSPD1 0.25 0.0004 0.19 2.82

SNSPD2 2.00 0.0035 0.24 3.62

TABLE I. Background counts, background-count probabil-
ity within each detection window, and background-subtracted
detection probability for each node, for each of the four de-
tectors. In Sec. III, we describe how these values were deter-
mined.

on the same optical fiber to Node A. (The optical
multiplexer supports four communication channels
on one fiber.)

3. Upon receipt of the high TTLB→A, Node A sets
TTLA→B to low.

4. Upon receipt of the low TTLA→B , Node B sets
TTLB→A to low, completing the handshake.

Appropriate wait times are added between the opera-
tions to allow for processing and signal travel time at
both nodes. The shortest time for a handshake is about
10 µs. We estimate remote clock-frequency mismatch of
at most 50 mHz, which has a negligible effect on sequence
synchronization given the maximum sequence length of
11.9 ms.

Following the handshake, the sequences at both nodes
enter a photon generation loop.

Photon generation loop. Each iteration of the loop
consists of the following operations:

1. Doppler cooling,

• Node A: 63 µs

• Node B: 60 µs + wait time

2. optical pumping,

• Node A: 280 µs

• Node B: 60 µs + wait time

3. a bichromatic Raman laser pulse,

• Node A: 50 µs

• Node B: 50 µs

4. a wait time for a signal that heralds coincident pho-
ton detection to be received at both nodes.

Each iteration lasts 420 µs. The loop is iterated up to
20 times. In the absence of coincident photon detec-
tion within any of the 20 iterations, the intialization and

handshake are repeated. In the case of coincident detec-
tion of two photons produced within the same iteration,
the loop is terminated, and the sequences proceed to ion-
qubit measurement.

Ion-qubit measurement. Measurement of the ion’s
electronic state at each node proceeds in three steps:

1. A 729 nm π-pulse maps the state |D〉 ≡∣∣32D5/2,mj = −5/2
〉

to |S〉 at Node A. As a re-
sult, information that was encoded in a superpo-
sition of |D〉 and |D′〉 ≡

∣∣32D5/2,mj = −3/2
〉

at
each node is now encoded in a superposition of |S〉
and |D′〉. At the same time, at Node B, a 729 nm
π-pulse maps the state |D〉 ≡

∣∣32D5/2,mj = −3/2
〉

to |S〉, so that the encoding is in a superposition
of |S〉 and |D〉. It is irrelevant whether |D′〉 or |D〉
is used for the measurement encoding; the exper-
imenters at the two nodes just happened to make
different choices.

• Node A: 5.2 µs

• Node B: 11.1 µs

2. An optional 729 nm π/2-pulse is implemented on
the |S〉 to |D′〉 transition at Node A and on the
|S〉 to |D〉 transition at Node B [9]. The pulse is
implemented when the ion-qubit is to be measured
in the Pauli σx or σy basis; we set the optical phase
of the pulse to determine in which of the two bases
the measurement is made. The pulse is not imple-
mented when the ion-qubit is to be measured in the
σz basis.

• Node A: 4.3 µs

• Node B: 7.81 µs

3. A projective fluorescence measurement on the
397 nm 42S1/2 ↔ 42P1/2 transition determines
whether the ion is in |S〉 or |D′〉 at Node A, and
whether it is in |S〉 or |D〉 at Node B. A photomul-
tiplier tube is used to collect fluorescence.

• Node A: 1.5 ms

• Node B: 1.5 ms

V. SUCCESS PROBABILITY FOR REMOTE
ENTANGLEMENT

The entanglement between ion qubits reported in the
main text is heralded by the coincident detection of pho-
tons at two of the four detectors. Specifically, for the
target Bell state |Ψ+〉, we evaluate coincident events at
the detector pair {SPCM1,SPCM2} and at the detec-
tor pair {SNSPD1,SNSPD2}. For the target Bell state
|Ψ−〉, we evaluate coincident events at the detector pairs
{SPCM1,SNSPD2} and {SPCM2,SNSPD1}. We can use
the probabilities pkdetr

and pbg−detr defined in Sec. III to
calculate the expected success probability Ps, that is, the
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probability to herald ion–ion entanglement per entangle-
ment generation attempt:

Ps = Ps,|Ψ+〉 + Ps,|Ψ−〉,

where

Ps,|Ψ+〉 = (pA
detSPCM1

+ pbg−detSPCM1
)(pB

detSPCM2
+ pbg−detSPCM2

)

+(pB
detSPCM1

+ pbg−detSPCM1)(pA
detSPCM2

+ pbg−detSPCM2)

+(pA
detSNSPD1

+ pbg−detSNSPD1
)(pB

detSNSPD2
+ pbg−detSNSPD2

)

+(pB
detSNSPD1

+ pbg−detSNSPD1
)(pA

detSNSPD2
+ pbg−detSNSPD2

)

and

Ps,|Ψ−〉 = (pA
detSPCM1

+ pbg−detSPCM1
)(pB

detSNSPD2
+ pbg−detSNSPD2

)

+(pB
detSPCM1

+ pbg−detSPCM1)(pA
detSNSPD2

+ pbg−detSNSPD2)

+(pA
detSPCM2

+ pbg−detSPCM2
)(pB

detSNSPD1
+ pbg−detSNSPD1

)

+(pB
detSPCM2

+ pbg−detSPCM2
)(pA

detSNSPD1
+ pbg−detSNSPD1

)

are the expected success probabilities for the target states
|Ψ+〉 and |Ψ−〉. This calculation yields 0.032 % for the
values in Tab. I. As this value is consistent with the
measured success probability of 0.033 % for ion–ion en-
tanglement reported in the main text, we have confidence
that the parameters in Tab. I accurately capture the con-
ditions during our entanglement experiments.

Next, we break down the probabilities pkdetr
in Tab. I

into their individual components. For each component,
we provide our best estimate of the probability on the
day that the ion–ion entanglement data were acquired.

At Node A, the following probabilities are associated
with individual steps of the experimental sequence, be-
ginning with photon generation and ending in photon
detection:

• P1A = 0.75(27): probability for a photon to be
generated in the cavity within the relevant 17.5 µs
window, for each attempt.

• P2A = 0.11(2): probability that a cavity photon is
transmitted through the designated output mirror,
rather than being scattered, absorbed, or transmit-
ted through the less transmissive mirror [3].

• P3A = 0.79(2): probability that a photon at the
cavity output is coupled into single-mode fiber.

• P4A = 0.399(7): probability that a photon is trans-
mitted along the fiber channel between Node A and
the PBSM setup.

• P5A = {0.255(3); 0.215(3); 0.157(3); 0.207(3)}:
probabilities that a photon arriving at the PBSM
setup will be transmitted to each of the four fiber-
coupled detectors, including fiber-coupling efficien-

cies. The four values correspond to the four detec-
tors in the order they appear in Tab. I, with the
polarization optimized in each case.

• P6A = 0.5: theoretical probability for a photon that
is maximally entangled with an ion to be directed
to a specific output of a polarizing beamsplitter.

• P7A = {0.45(5); 0.45(5); 0.87(2); 0.87(2)}: proba-
bilities that a photon will be detected at each of the
four detectors (that is, detector efficiencies). The
four values correspond to the four detectors in the
order they appear in Tab. I.

The product

P1AP2AP3AP4AP5AP6AP7A =

{0.0015(7); 0.0013(6); 0.0018(8); 0.0024(10)} (S1)

gives the total probabilities within each entanglement at-
tempt to detect a photon from Node A at the four de-
tectors. We can now compare these four values with the
four values in the column pA

detr
of Tab. I; we find that

the two sets of probabilities agree within uncertainties.
Note that the large uncertainty for P1A and thus the large
uncertainties in Eq. S1 are due to slow drifts in the rela-
tive position of the ion and the cavity mode during data
acquisition over several hours.

At Node B, the corresponding probabilities are

• P1B = 0.67(1),

• P2B = 0.78(2) [5],

• P3B = 0.76(3),

• P4BP5B = {0.235(3); 0.256(3); 0.135(3); 0.225(3)},
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• P6B = P6A,

• P7B = P7A.

Here, we obtain

P1BP2BP3BP4BP5BP6BP7B =

{0.022(3); 0.024(3); 0.024(2); 0.040(2)}. (S2)

The values in Eq. S2 agree with the values in the column
pB

detr
in Tab. I within uncertainties, with the exception

of the value for SPCM1.
We estimate that the following improved values can be

achieved within our current setup, where the ∗ symbol
indicates an estimated improvement:

• P1A∗ = P1B∗ = 0.940(2), a value that was achieved
at Node B following ground state cooling of the
ion’s axial mode of motion [5].

• P2A∗ = 0.15(3), P2B∗ = P2B, where the new value
at Node A corresponds to the transmission proba-
bility when the cavity is locked to a different longi-
tudinal mode [3]. Although here we are considering
improvements to the current setup, we note that re-
placing the cavity at Node A would lead to more
dramatic improvements, such that P2A∗ and P2B∗
would be roughly equal.

• P3A∗ = P3B∗ = 0.9, due to improved fiber-coupling
optics.

• P4A∗ = 0.65, corresponding to the transmission of
854 nm light over 520 nm, as specified by the fiber
manufacturer.

• P5A∗ = P4B∗P5B∗ = {0.45; 0.45; 0.45; 0.45}, due to
improved mode-matching within the PBSM.

• P6A∗ = P6B∗ = P6A = P6B,

• P7A∗ = P7A∗ = {0.87 ± 0.02; 0.87 ± 0.02; 0.87 ±
0.02; 0.87 ± 0.02}, corresponding to replacing the
two SPCM detectors with SNSPD detectors.

These target values would lead to an improvement in Ps

by a factor of 34(6), to 1.1(2) %.

VI. ION–ION STATE FIDELITIES

In this section, we explain how uncertainties are calcu-
lated for the ion–ion state fidelities presented in the main
text.

As described in the main text, the joint state of two
remote ions is characterized via quantum state tomogra-
phy, yielding the density matrices ρ±(T ), where ρ+ and
ρ− are reconstructed for the coincidences that should her-
ald the Bell states |Ψ+〉 and |Ψ−〉, respectively, and T is
the maximum time difference between coincident pho-
tons for which entanglement is heralded. The state ρ+

is obtained if coincident detection occurs either in the

output path of the beamsplitter in which the SNSPDs
are placed or in the output path in which the SPCMs are
placed, while ρ− is obtained if coincident detection occurs
in opposite beamsplitter outputs, i.e., for the two combi-
nations of a coincidence at one SPCM and one SNSPD.
The fidelity is determined according to the expression
F±(T ) ≡ 〈Ψ±|ρ±(T )|Ψ±〉.

We use Monte Carlo resampling [10] to obtain the un-
certainties in F±(T ): Recall that ρ±(T ) is determined
from a set of measurement outcomes, which we can ex-
press as a vector. It is assumed that noise on these mea-
surement outcomes is due to projection noise. We numer-
ically generate M = 200 vectors of “noisy” observations
based on a multinomial distribution around the experi-
mentally recorded values. For each of these vectors, we
reconstruct a density matrix just as for the experimen-
tal data, via the maximum likelihood technique. As a
result, for each state ρ±(T ) reconstructed directly from
the raw data, we have M states reconstructed from sim-
ulated data. We calculate the value of some quantity of
interest, e.g., the fidelity F±(T ), not only for ρ±(T ) but
also for the associated M states, yielding a distribution
D of values with mean Fm and standard deviation δ. The

uncertainties are then given by F±(T )
+(Fm+δ−F )
−(F−Fm+δ).

If F±(T ) is optimized over the phase φ of the Bell
state, then this calculation is carried out for each value
of φ.

VII. ION–PHOTON STATE FIDELITIES

Here, we provide more details on the calibration mea-
surement of ion–photon entanglement that was carried
out at each node immediately prior to ion–ion entangle-
ment.

For the ion–photon state generated at Node B, photons
were analyzed using the PBSM setup, details of which
are given in Sec. III. Specifically, photon counts were
recorded on the two SNSPDs. For the ion–photon state
generated at Node A, photons were analyzed using a sep-
arate setup in the Node A laboratory.

For each ion–photon state, measurements are made in
all nine combinations of the Pauli measurement bases
for two qubits [11]. The measurement basis of the pho-
ton is changed using waveplates in the photon analy-
sis path. Tomographic reconstruction via the maximum
likelihood technique yields the ion–photon density ma-

trices ρion−photon
k for k ∈ {A,B}. The fidelities given

in the main text are calculated as 〈Ψθ
k|ρion−photon

k |Ψθ
k〉,

where
∣∣Ψθ

k

〉
= 1/

√
2
(
|DV〉+ eiθ|D′H〉

)
is the maximally

entangled two-qubit state nearest to the state ρion−photon
k ,

found by numerical optimization over θ.

The method used to determine uncertainties in these
fidelities is described in Sec. VI, where we replace the
vector of ion–ion measurement outcomes by a vector of
ion–photon measurement outcomes.
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VIII. EMPIRICAL MODEL FOR THE ION–ION
DENSITY MATRIX

The target states for ion–ion entanglement are the two
Bell states in Eq. 1 of the main text:

|Ψ±〉 = 1/
√

2
(
|DAD′B〉 ± eiφ |D′ADB〉

)
. (S3)

The corresponding density matrices are ρ± = |Ψ±〉 〈Ψ±|.
Here we describe an empirical model for the density ma-
trix ρ heralded by two-photon detection in our experi-
ments. For this model, we adapt ρ± to account for three
sources of infidelity: detector background counts, pho-
ton distinguishability due to spontaneous emission, and
imperfect ion–photon entanglement.

We first account for detector background counts. We
define pmn as the probability to detect the ion at Node A
in state m and the ion at Node B in state n in a single ex-
perimental trial, where m,n ∈ {D,D′}. In the absence of
detector background counts and all other imperfections,
pDD = pD′D′ = 0. We write

pDD = pph−bg/4 + pbg−bg/4,

pD′D′ = pDD,

pDD′ = pph−ph/2 + pph−bg/4 + pbg−bg/4,

pD′D = pDD′ , (S4)

where pph−bg, pbg−bg, and pph−ph are the probabilities
to detect a coincidence in a single experimental trial be-
tween a photon and a background count, between two
background counts, and between two photons. The scal-
ing factors account for the chance to measure a certain
ion-ion correlator given a coincidence. An underlying as-
sumption of Eqs. (S4) is that when a coincidence due to
one or two background counts occurs, it is equally likely
to find the two ions in each of their four possible states.
This assumption is valid for the Bell states considered
here, and it will still be valid when we introduce a depo-
larizing channel to model imperfect ion-photon entangle-
ment later in this section.

The ion–ion density matrix that accounts for back-
ground counts is given by

ρ±bg =
1∑

m,n pmn

|D′AD′B〉 |D′A,DB〉 |DA,D
′
B〉 |DA,DB〉






pD′D′ 0 0 0 〈D′A,D′B|
0 pD′D ±e−iφpph−ph/2 0 〈D′A,DB|
0 ±eiφpph−ph/2 pDD′ 0 〈DA,D

′
B|

0 0 0 pDD 〈DA,DB|
(S5)

The matrix ρbg can also be expressed as

ρ±bg =
1∑

m,n pmn

(pph−ph

2
ρ± +

ptot−bg

4
1

)
, (S6)

where ptot−bg = pph−bg + pbg−bg and 1 is the two-qubit
identity matrix. Here one sees more clearly that the
background-count model acts to add white noise to the
ion-ion state.

In general, for a given detector combination det1 and
det2, one can write the coincidence probabilities as:

pph−ph = pA
det1 × pB

det2 + pB
det1 × pA

det2

pph−bg = (pA
det1 + pB

det1)× pbg−det2

+ (pA
det2 + pB

det2)× pbg−det1

pbg−bg = pbg−det1 × pbg−det2 (S7)

where pkdetr
is the probability of detecting a photon at

detector r emitted by node k ∈ {A,B} and pbg−detr is

the probability to get a background count within the de-
tection window at detector r. Note that we use four de-
tectors, two of which are SNSPDs and two of which are
SPCMs. Background counts and efficiencies have been
measured independently for each detector (Sec. III), from
which we calculate the probabilities in Eq˙ (S7).

Second, we account for photon distinguishability us-
ing a two-qubit dephasing channel. We define a com-
pletely dephased density matrix, for which we set the
off-diagonal elements of ρbg to zero:

ρbg,dephase =
1∑

m,n pmn



pD′D′ 0 0 0

0 pD′D 0 0
0 0 pDD′ 0
0 0 0 pDD




(S8)

The probability for dephasing in the channel is parame-
terized by the Hong-Ou-Mandel interference visibility V .
The density matrix ρ±dist accounts for both background
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counts and photon distinguishability:

ρ±dist = V × ρ±bg + (1− V )× ρbg,dephase. (S9)

As discussed in the main text, the value of V is experi-
mentally determined as a function of the coincidence win-
dow for photon detection. In the absence of background
counts or other imperfections, Eq. (S9) predicts an ion–
ion state of the form ρ±(1 + V )/2 + ρ∓(1 − V )/2. An
equivalent model of the effect of photon distinguishability
on entanglement swapping is derived in the Supplemental
Material of Ref. [12]; see in particular Eq. (S29).

Finally, we account for imperfect ion–photon entangle-
ment at Nodes A and B, for which we introduce a two-
qubit depolarizing channel. We define F ′ip,k to be the fi-
delity of ion–photon entanglement with respect to a max-
imally entangled state at node k, where F ′ip,k has been
corrected for background counts, and we define ρdepol to
be a completely depolarized density matrix:

ρdepol =
1

4
1. (S10)

If we assume that the infidelity 1−F ′ip,k is due to depolar-
izing noise, and that the entanglement-swapping process
that creates ion–ion entanglement between Nodes A and
B is perfect, then the fidelity of ion–ion entanglement
with respect to a maximally entangled state is given by
[13]

F ′ii =
1

4

(
1 + 3

(
4F ′ip,A − 1

3

)(
4F ′ip,B − 1

3

))
. (S11)

We can then describe the depolarizing channel that gen-
erates the state with fidelity F ′ii with a parameter λ [14]:

ρ± = λ× ρ±dist + (1− λ)× ρdepol, (S12)

where

λ =
4F ′ii − 1

3
. (S13)

We thus arrive at the density matrix ρ from which the
fidelities plotted in Fig. 2d of the main text are calcu-
lated:

F±model =
〈
Ψ±
∣∣ ρ±

∣∣Ψ±
〉
. (S14)

In Fig. 2d, the fidelities are plotted as a function of co-
incidence window. To calculate ρ for a given coincidence
window T , we take into account the visibility V (T ) and
the background counts that (on average) occur within
the detection window. The depolarizing correction is
treated as independent of T . The uncertainties given
in the fidelity values predicted by the empirical model in

Fig. 2d only consider the uncertainty in V (T ). To cal-
culate the dashed lines in Fig. 2d, we omit the second
step in this model—the dephasing channel parameter-
ized by the visibility— and determine ρ only taking into
account detector background counts and imperfect ion–
photon entanglement.

The ion–photon entanglement fidelities at Nodes A
and B without background-count subtraction are given
in the main text. After background-count subtraction,
these values are F ′ip,A = (93.8 + 0.4− 0.5)% and F ′ip,B =

(95.6 + 0.7− 0.8)%.

IX. MASTER-EQUATION MODEL FOR
TWO-PHOTON INTERFERENCE VISIBILITY

A. The master equation

We present in this section the master-equation model
of the ion–cavity system. We start with the Hamiltonian,
then review the noise terms, and conclude the section
with the master equation that is relevant for the descrip-
tion of the experiment.

Ultimately the model is used to predict the visibility
of the interference obtained by combining on a beam-
splitter two photons emitted from the two nodes of the
ion-trap quantum network (Fig. 3b of the main text).
As a first step, we calculate the joint ion–photon states
produced at each node. Then the ions are traced out and
the interference visibility is computed from the marginal
states of the two photons.

1. Hamiltonian of the bichromatic cavity-mediated Raman
transition

We start by presenting our model for a single 40Ca+

ion trapped inside a cavity and driven by laser light. We
restrict the atom model to a simple four-level system that
includes the sublevels of direct importance for the exper-
iment: |S〉 , |P 〉 , |D〉 , and |D′〉 (see Fig. 1). The ion is
initially prepared in |S〉. The |S〉−|P 〉 transition is driven
off-resonantly with a bichromatic laser field with frequen-
cies ω1 and ω2 and Rabi frequencies Ω1 and Ω2. The
bichromatic field is detuned from the |S〉−|P 〉 transition
frequency ωPS by ∆1 = ω1 − ωPS and ∆2 = ω2 − ωPS .
In addition, an exchange interaction between the ion and
the cavity couples the |P 〉−|D〉 transition to the emission
and absorption of a photon with vertical polarization into
the cavity and the |P 〉 − |D′〉 transition to the emission
and absorption of a photon with horizontal polarization.
The cavity has frequency ωc. The vertically and horizon-
tally polarized cavity modes are described with bosonic

operators â†v or â†h, and the corresponding coupling con-
stants are denoted g1 and g2.
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FIG. 1. Representation of the energy levels |S〉 , |P 〉 , |D〉 ,
and |D′〉 relevant for the experiment. The frequencies of the
bichromatic laser field are denoted ω1 and ω2, with corre-
sponding Rabi frequencies Ω1 and Ω2 and detunings ∆1 and
∆2 from |P 〉. The cavity frequency is ωc, and g1 and g2 are
the cavity coupling constants. The Stark shift due to the
bichromatic field is δs. (Note that in Fig. 1 of the main text,
δs is set to zero for simplicity.)

The Hamiltonian H of the ion-cavity system is given by

H/h̄ = ωc(â†hâh + â†vâv) + ωPS |P 〉〈P |+ ωDS |D〉〈D|+ ωD′S |D′〉〈D′|

+
1

2

(
Ω1e

iω1t + Ω1e
−iω1t

)(
|S〉〈P |+ |P 〉〈S|

)
+

1

2

(
Ω2e

iω2t + Ω2e
−iω2t

)(
|S〉〈P |+ |P 〉〈S|

)

+ g1

(
|D〉〈P |+ |P 〉〈D|

) (
â†v + âv

)
+ g2

(
|D′〉〈P |+ |P 〉〈D′|

)(
â†h + âh

)
.

(S15)

Note that the energies of the ion levels are defined with respect to |S〉. An effective Hamiltonian with a simpler form
can be obtained by noting that the cavity is initially empty and consequently, the atom-cavity system remains in the
four level manifold {|S, 0〉, |P, 0〉, |D, 1v〉, |D′, 1h〉}, where 0 and 1 are cavity photon numbers and subscripts indicate
polarization. The corresponding Hilbert space is labelled HC . Below, we shorten the notation to |D, 1v〉 = |D, 1〉
and |D′, 1h〉 = |D′, 1〉 as there is no ambiguity with the polarization of the cavity photon. Under the rotating wave
approximation, the effective Hamiltonian HC

t is given by

HC
t /h̄ = −∆1 |P, 0〉〈P, 0|+

(
∆c1 −∆1

)
|D, 1〉〈D, 1|+

(
∆c2 −∆1

)
|D′, 1〉〈D′, 1|

+
1

2

(
Ω1 + Ω2e

i(ω2−ω1)t
)
|S, 0〉〈P, 0|+ 1

2

(
Ω1 + Ω2e

−i(ω2−ω1)t
)
|P, 0〉〈S, 0|

+ g1

(
|D, 1〉〈P, 0|+ |P, 0〉〈D, 1|

)
+ g2

(
|D′, 1〉〈P, 0|+ |P, 0〉〈D′, 1|

)
.

(S16)

In the rotating frame |P 〉L.F. → eiω1t |P 〉R.F., |1〉L.F. → eiωct |1〉R.F., |D〉L.F. → ei(ω1−ωc)t |D〉R.F., and |D′〉L.F. →
ei(ω1−ωc)t |D′〉R.F., where L.F. and R.F. stand for lab frame and rotating frame. Here, we have introduced the cavity
detunings ∆c1 = ωc − ωPD and ∆c2 = ωc − ωPD′ , with ωPD = ωPS − ωDS and ωPD′ = ωPS − ωD′S . In the subspace
HE spanned by {|D, 0〉 , |D′, 0〉}, the Hamiltonian is simply

HE/h̄ =
(
∆c1 −∆1

)
|D, 0〉〈D, 0|+

(
∆c2 −∆1

)
|D′, 0〉〈D′, 0| . (S17)

In the experiment, the detunings are calibrated with respect to the observed resonance frequency. It is thus
natural to define the detunings ∆′1 = ∆1 − |δS | and ∆′2 = ∆2 − |δS | that incorporate the AC Stark shift δs =
Ω2

1/(4∆1)+Ω2
2/(4∆2) calculated for the |S〉−|P 〉 transition. In terms of the new detunings, the Hamiltonian is recast

to

HC
t /h̄ = −(∆′1 + |δs|) |P, 0〉〈P, 0|+

(
∆c1 −∆′1 − |δs|

)
|D, 1〉〈D, 1|+

(
∆c2 −∆′1 − |δs|

)
|D′, 1〉〈D′, 1|

+
1

2

(
Ω1 + Ω2e

i(ω2−ω1)t
)
|S, 0〉〈P, 0|+ 1

2

(
Ω1 + Ω2e

−i(ω2−ω1)t
)
|P, 0〉〈S, 0|

+ g1

(
|D, 1〉〈P, 0|+ |P, 0〉〈D, 1|

)
+ g2

(
|D′, 1〉〈P, 0|+ |P, 0〉〈D′, 1|

)
,

HE/h̄ =
(
∆c1 −∆′1 − |δs|

)
|D, 0〉〈D, 0|+

(
∆c2 −∆′1 − |δs|

)
|D′, 0〉〈D′, 0| .

(S18)
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The total Hamiltonian is denoted Ht = HC
t +HE .

2. Noise terms

In addition to the Hamiltonian evolution, there are
noise terms that affect the dynamics of the system. We
review them below.

Spontaneous decay of the ion. To account for sponta-
neous decay of the P level to S, D or D′ (outside of the
cavity mode), we introduce the noise operators

Lsp =
√

2γsp |S, 0〉〈P, 0| ,
Ldp =

√
2γdp |D, 0〉〈P, 0| ,

Ld′p =
√

2γd′p |D′, 0〉〈P, 0| ,
(S19)

where γsp, γdp, and γd′p are atomic polarization decay
rates. These operators pick a phase in the rotating frame.
However, these phases do not influence the master equa-
tion (see Eq. (S23)) and can thus be ignored.

Laser noise. A finite coherence time of the Raman
drive laser can be modelled by a process in which each of
the Rabi frequencies Ω1 and Ω2 (which originate from the
same laser field) has a small chance to acquire a random
phase eiϕt at each moment of time. Since the level |S, 0〉
only couples to other levels by absorbing a laser photon,
the laser phase noise can be accounted for in the master
equation by introducing a dephasing channel that reduces
the coherences |S, 0〉〈P, 0|, |S, 0〉〈D, 1|, and |S, 0〉〈D′, 1|.
This is done by introducing the noise operator

Lss =
√

2γss |S, 0〉〈S, 0| . (S20)

Cavity jitter. The cavity jitter stems from slow drifts
of the cavity frequency away from the reference frequency
between recalibration steps, which we attribute to im-
perfect active stabilization of the cavity length. The res-
onator is a massive system, so that the cavity length
drifts on timescales much slower than the duration of the
Raman pulse. Therefore, we assume the cavity frequency
ωc to be fixed during a single iteration of the experi-
ment (i.e., an attempt to generate a single photon). On
the other hand, ωc can change from one iteration to the
next. We thus assume that for each iteration, the cavity
frequency is a Gaussian random variable with standard
deviation γclj , which is well justified because the data
analysis of the run sequence is unordered. That is, at
each iteration, ω̂c is sampled from the Gaussian distribu-
tion

p(ω̂c) =
1√
2π

exp

(
− (ω̂c − ωc)2

2γ2
clj

)
. (S21)

Concretely, this means that we solve the dynamics of
the two ion–cavity systems for fixed values of ω̂c that
are sampled from p(ω̂c). The final state is a mixture of
these solutions. In practice, to compute the model for ω̂c,

we take a discrete ensemble of 2kmax + 1 equally spaced
values ωk = wc + ∆k for |k| ≤ kmax, then renormalize
the distribution by a constant such that it sums to one:∑
k p(ωk) = 1, that is, the contribution of each frequency

in the ensemble is weighted by the distribution. For the
numerical analysis below, we take kmax = 6 for Node A
(yielding 13 possible values for ω̂c), and we neglect the
effect of the cavity lock jitter for Node B (fixing ω̂c = ωc)
as it is estimated to be an order of magnitude smaller.

Photon emission The possibility for the photon to
leave the cavity gives rise to two noise operators

L4 =
√

2κ |D, 0〉〈D, 1|
L5 =

√
2κ |D′, 0〉〈D′, 1|

(S22)

with κ the cavity field decay rate. In our rotating
frame, the noise operators are time dependent: L4 =√

2κ |D, 0〉〈D, 1| e−iωct, L5 =
√

2κ |D′, 0〉〈D′, 1| e−iωct.
For the master equation, however (see Eq. (S23)), the
phase of the noise operators plays no role. Note that
the noise channels L4 and L5 encompass all cavity decay
processes, including transmission, scattering, and absorp-
tion at both mirrors. Only a fraction of these photons
are transmitted through the output mirror and sent to
the PBSM.

3. The master equation for the full dynamics

To capture not only the unitary dynamics of the ion-
cavity system but also decoherence and photon emission
from the cavity, we use the master equation

%̇t = −i [Ht, %t]/h̄+
∑

i

(
Li%tL

†
i −

1

2
{L†iLi, %t}

)
, (S23)

where the density matrix %t is defined
on the six-level subspace H spanned by
{|S, 0〉, |P, 0〉, |D, 1〉, |D′, 1〉, |D, 0〉, |D′, 0〉}. The in-
dex i includes all the terms described above, that is,
i = sp, ss, dp, d′p, 4, 5. The probability density (rate)
for a noise event Li to occur at time t is denoted by

Pi(t) = trLi%tL
†
i . The event leaves the system in the

state

%t|i =
Li%tL

†
i

trLi%tL
†
i

. (S24)

B. Photon envelope and scattering rates

In this section, we solve the dynamics of the master-
equation model developed in Sec. IX A for the ion–cavity
system. As we will see, it is enough to model the system’s



10

state inside the four-dimensional subspace HC for this
purpose. Below, the density matrix is thus restricted to
this subspace.

Knowledge of the ion–cavity state is sufficient to pre-
dict the scattering rates and the temporal envelopes of
photons leaving the cavity. Through a comparison be-
tween the prediction of our theoretical model and the ex-
perimental data for the photon temporal envelopes, we
are able to fix free parameters in the model, including
the cavity loss, cavity jitter and the overall detection ef-
ficiency.

1. Ion-cavity dynamics

In the master equation given in Eq. (S23), different
noises play different roles. The terms Lsp and Lss leave
the system in a state in theHC subspace where it can still
emit a photon. However, if the noise events Ldp, Ld′p, L4,
or L5 occur, no photon can be emitted afterwards as the
system is projected into HE . Since we are only interested
in the evolution branch that can lead to the emission of
a photon, we solve the master equation with the system
remaining inside HC , that is,

%̇t =− i [HC
t , %t]/h̄+

∑

i=sp,ss

(
Li%tL

†
i −

1

2
{L†iLi, %t}

)

−
∑

i=dp,d′p,4,5

1

2
{L†iLi, %t}.

(S25)

Note that the solution of this equation is not trace pre-
serving, as it ignores the branches where Ldp, Ld′p, L4, or
L5 happen. In fact, the trace of %t gives the probability
that none of these noises have happened before time t.

2. Photon envelope

We are primarily interested in the emission of a photon
from each cavity to the PBSM setup when the ion-cavity
system is initially in state %0 = |S, 0〉〈S, 0|. If a pho-
ton is generated in the cavity mode, it leaves the cavity
with rate 2κ. To compute the probability that a photon
of a given polarization (horizontal or vertical) is emit-
ted at time t, it is thus sufficient to solve the master
equation (S25) for the initial state %0 = |S, 0〉〈S, 0| and
compute

pv(t) = 2κ 〈D, 1| %t |D, 1〉
ph(t) = 2κ 〈D′, 1| %t |D′, 1〉 .

(S26)

The envelope of this photon is thus defined by the func-
tions pv(t) and ph(t). In the presence of cavity jitter,
the photon envelopes are the weighted averages over the
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FIG. 2. Single-photon temporal wavepacket emitted from
Node B and detected on the PBSM setup. Orange squares
and blue circles correspond to vertical and horizontal polariza-
tions. Squares and circles represent experimental data; error
bars are calculated from Poissonian statistics. Lines are the
envelopes found theoretically, which have been multiplied by
η = 1/10.5 ≈ 0.095.

different cavity frequency values

p̄v(t) =
∑

k

p(ωk) pv(t|ωk),

p̄h(t) =
∑

k

p(ωk) ph(t|ωk),
(S27)

where pv(t|ωk) and ph(t|ωk) give the probabilities that a
photon of a given polarization leaves the cavity at time t
for a fixed cavity frequency ωk. The photon envelopes of
Eq. (S26) and Eq. (S27) can be compared with the time
histograms of click events obtained at the PBSM setup.
For these measurements, data are taken when only one
node is sending photons, while the other is blocked.

In Fig. 2, we compare our model with data obtained
from Node B. To obtain agreement between the ob-
served detection rates and the model, we have multi-
plied the predicted emission rate p̄h(v)(t) by a factor
1/10.5 ≈ 0.095, which corresponds to the overall detec-
tion efficiency η, including detector efficiencies, photon
loss in the channel, and scattering and absorption losses
contained in the noise channels L4 and L5.

In Fig. 3, we compare our model with data obtained
from Node A. Here as well, the predicted emission rates
at time t are multiplied by a prefactor that accounts for
the detection efficiency. In contrast to the comparison
in Fig. 2, here we include cavity jitter, that is, we use
Eq. (S27) instead of Eq. (S26). All parameters used for
the numerical simulation are reported in Tab. II.
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Node Ω1 Ω2 g ∆1 ∆2 κ γsp γdp + γd′p γss γclj η
A 43.8 30.9 0.77 412.8206 419.8574 0.0684 10.74 0.75 0.01 0.06 – 0.1 0.069– 0.08
B 24.76 21.05 1.2 414.0917 421.2091 0.07 10.74 0.75 0 0 0.095

TABLE II. The parameters that are used in the theoretical model to simulate the experimental data. All parameters have units
of MHz and must be multiplied by 2π. In order to obtain the coupling strengths g1 and g2 shown in Fig. 1, we multiply g with
the relevant atomic transition strength and with the projection of the transition polarization onto the photon polarization [2].
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FIG. 3. Single-photon temporal wavepacket emitted from
Node A and detected a few meters away. Orange squares and
blue circles correspond to vertical and horizontal polariza-
tions. Squares and circles represent experimental data; error
bars are calculated from Poissonian statistics. Lines are the
envelopes found theoretically, which have been multiplied by
η = 1/14.47 ≈ 0.069 (above) and η = 1/12.46 ≈ 0.08 (below).
Cavity jitter has been added with γclj = 0.06 (above) and
γclj = 0.1 (below). Both parameter regimes are consistent
with the data, that is, are within the uncertainties of experi-
mentally determined values for η and γclj .

3. Scattering rates

To compute the interference visibility in the next sec-
tion, we need to predict the scattering rates of the ion-
cavity system back to its initial state. Once Eq. (S25)

has been solved and the state %t has been computed, the
rate of scattering back to to |S, 0〉 can be obtained as

Ps(t) = tr
(

(L†spLsp + L†ssLss)%t
)
. (S28)

Note that whenever such a scattering event occurs, the
system is projected onto the state |S, 0〉 at the corre-
sponding time.

C. The full state of the photon

The photon envelopes pv(t) and ph(t) defined in
Eq. (S26) give the probabilities for photon emission at
different times, but they do not tell us how coherent the
emission process is. In particular, they do not tell us
about the purity of the state of the emitted photon (for
a fixed polarization) and are not sufficient to predict the
interference visibility between two photons coming from
different nodes. A more detailed analysis is thus required.

Such an analysis is reported below in three steps. First,
we compute the ion–cavity state conditional on no noise
events occurring during the evolution. Combining this
pure state with the scattering rate computed in the pre-
vious section, we compute the actual ion–photon state.
Finally, tracing out the ion, we obtain the full state of
the photon emitted from each cavity and use it to predict
the interference visibility.

1. No-noise branch

To compute the final ion–photon state, our first step
is to extract from the master equation the branch that
corresponds to the evolution branch on which no noise
events occur. This is given by the equation

ρ̇ = −i[HC
t , ρ]/h̄− 1

2
{
∑

i

L†iLi, ρ}, (S29)

where we have simply removed all post-noise terms

LiρtL
†
i . This equation can be cast in the form

ρ̇t = −Dtρt − ρtD†t ,

with Dt = iHC
t /h̄+

1

2

∑

i

L†iLi.
(S30)

One sees that if the state is initially pure, ρt0 =
|Ψt0〉〈Ψt0 |, it will remain pure in the no-noise-branch evo-
lution, that is, the evolution given by the Schrödinger



12

equation
∣∣∣Ψ̇t

〉
= −Dt |Ψt〉 , (S31)

with a non-Hermitian Hamiltonian Dt. The norm
of the state decreases in general as d

dt‖ |Ψt〉 ‖ =

−〈Ψt|
∑
i L
†
iLi |Ψt〉, reflecting the fact that the system

leaves the no-noise branch whenever a noise event occurs.
The solution of Eq. (S31) can be expressed formally by
defining the time-ordered propagator

|Ψt〉 = Vt0(t− t0) |Ψt0〉 ,
Vt0(τ) = T

[
e−

∫ t0+τ
t0

Dsds
]
,

(S32)

where T [•] is the time-ordering operator.
For our noise model, the initial state for the no-noise

evolution is always pure and given by |Ψt0〉 = |S, 0〉 for
some time t0 where t0 is determined by a noise event pro-
jecting the system onto |S〉, as discussed below. Let us
denote

∣∣Ψt|t0
〉

the state of the system at time t, given
that it was prepared in |S, 0〉 at time t0 ≤ t and no
scattering events occurred in between, that is, given
that the system has evolved between t0 and t follow-
ing the no-noise branch. This state is the solution of∣∣∣Ψ̇t|t0

〉
= −Dt

∣∣Ψt|t0
〉

and can also be expressed as

∣∣Ψt|t0
〉

= Vt0(t− t0) |S, 0〉 . (S33)

It is worth noting that the Hamiltonian has a time
dependence, meaning that time-translation symmetry is
broken: Vt1(τ) 6= Vt0(τ), that is, the evolution for a dura-
tion τ depends on the start time. Nevertheless, in our nu-
merical computations we ignore this asymmetry and use
the approximation

∣∣Ψt|t0
〉
≈
∣∣Ψ(t−t0)|0

〉
. This approx-

imation results in a substantial computational speedup.
We have established the validity of this approximation by
comparing its results with the results of a time-dependent
model for several values of t0.

2. Ion–cavity state revisited

At this point, we know how to compute the scattering
rate Ps(t) and the state

∣∣Ψt|t0
〉
. It is then convenient to

express the total state of the system in the form

%t =
∣∣Ψt|0

〉〈
Ψt|0

∣∣+

∫ t

0

dsPs(s)
∣∣Ψt|s

〉〈
Ψt|s

∣∣

≈
∣∣Ψt|0

〉〈
Ψt|0

∣∣+

∫ t

0

dsPs(s)
∣∣Ψt−s|0

〉〈
Ψt−s|0

∣∣ ,
(S34)

where in the second step, we use the approximation∣∣Ψt|t0
〉
≈
∣∣Ψ(t−t0)|0

〉
discussed above. This expression

captures the fact that given a state at a certain time, the
system will either evolve without noise until t (no-noise
branch), trigger a noise event Lss or Lps at a later time
t′ (s ≤ t′ ≤ t) that keeps it within the four-dimensional

manifold HC , or trigger one of the other four noise events
that causes it to leave HC (and never emit a photon that
is sent to the PBSM setup). Note that the probability
that at time t, the most recent scattering event happened
at time s ≤ t is dsPs(s)‖

∣∣Ψt|s
〉
‖, which explains the

term in the integral of Eq. (S34).

3. Ion–photon state

We now show that the decomposition of the state %t
in the form proposed in Eq. (S34) results in a natural
description of the entangled state of the ion and the cav-
ity photon. First, note that the states entering in the
decomposition (Ψt|s) are pure, i.e., Eq. (S34) gives an
explicit decomposition of %t into pure states. For a pure
ion–cavity state |Ψt〉, the probability amplitude that a
photon leaves the cavity after a time duration dt (cor-
responding to the L4 and L5 decay channels when the
photon is traced out) is obtained from

dt Et |Ψt〉 ≡
dt
√

2κ
(
|D, 0〉〈D, 1| a†v(t) + |D′, 0〉〈D′, 1| a†

h
(t)
)
|Ψt〉 ,

(S35)

where the ion–cavity state is projected into the HE sub-
space. Here we have introduced the creation and annihi-
lation operators for the continuous temporal (and polar-
ization) modes outside the cavity directed to the PBSM

setup, which satisfy [av(t), a†v(t′)] = [ah(t), a†h(t′)] =
δ(t − t′). Thus, for the ion–cavity system evolving in
the no-noise branch, with the system in state |S, 0〉 at
time s and in

∣∣Ψt|s
〉

at time t, we can associate a proba-
bility amplitude that a photon is emitted from the cavity
towards the PBSM setup in an infinitesimal time window
[t′, t′ + dt′] with s ≤ t′ and t′ + dt′ ≤ t. These events are
coherent and described by the states E′t dt′

∣∣Ψt′|s
〉
|0〉t′ ,

where |0〉t′ is the vacuum state of all the temporal modes
in the interval [t′, t′ + dt′]. It follows that the no-noise
evolution branch corresponds to a branch where a single
photon has been coherently emitted, which is described
by the state

(∫ t

s

dt′ e−i(t−t′)HEEt′
∣∣Ψt′|s

〉)
|0〉 =

√
2κ

∫ t

s

dt′×
(
|D, 0〉 e−i(t−t′)(∆c1−∆′1−|δs|)

〈
D, 1

∣∣Ψt′|s
〉
a†v(t′)

+ |D′, 0〉 e−i(t−t′)(∆c2−∆′1−|δs|)
〈
D′, 1

∣∣Ψt′|s
〉
a†h(t′)

)
|0〉 .
(S36)

Here, |0〉 denotes all the temporal modes of the photons
traveling to the PBSM setup. In Eq. (S36), the term

e−i(t−t′)HE describes the evolution of the ion–cavity sys-
tem following the emission of a photon at time t′. Re-
call from Eq. (S18) that the states |D, 0〉 and |D′, 0〉
acquire phases |D, 0〉 7→ e−i(t−t′)(∆c1−∆′1−|δs| |D, 0〉 and

|D′, 0〉 7→ e−i(t−t′)(∆c2−∆′1−|δs|) |D′, 0〉 between the times
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t′ and t, as given by the energies of the Hamiltonian HE .
To shorten the notation, it is convenient to introduce the
complex amplitudes

α(t′|s) = eit′(∆c1
−∆′1−|δs|)

〈
D, 1

∣∣Ψt′|s
〉
,

β(t′|s) = eit′(∆c2
−∆′1−|δs|)

〈
D′, 1

∣∣Ψt′|s
〉
.

(S37)

Then in the photon-emitted branch of the evolution, with
the ion–cavity system prepared in |S, 0〉 at time s, the
ion–photon state at time t is given by

∣∣Φt|s
〉

=
√

2κ
(
|D, 0〉

∫ t

s

dt′α(t′|s)a†v(t′)

+ eit(∆c1
−∆c2

) |D′, 0〉
∫ t

s

dt′β(t′|s)a†h(t′)
)
|0〉 .
(S38)

This state can be rewritten as

∣∣Φt|s
〉

= |D, 0〉
∣∣Vt|s

〉
+ eit(∆c1−∆c2 ) |D′, 0〉

∣∣Ht|s
〉

(S39)

with the unnormalized single-photon states

∣∣Vt|s
〉

=
√

2κ

∫ t

s

dt′α(t′|s)a†v(t′) |0〉 ,

∣∣Ht|s
〉

=
√

2κ

∫ t

s

dt′β(t′|s)a†h(t′) |0〉 .
(S40)

From this point on, we will write |D〉 and |D′〉 instead of
|D, 0〉 and |D′, 0〉 since there is no ambiguity concerning
the absence of cavity photons.

From the decomposition in pure states of the ion–
cavity state given in Eq. (S34), we can now deduce the
full (unnormalized) ion–photon state associated with the
evolution branch in which a single cavity photon has been
emitted towards the PBSM setup:

ρEt =
∣∣Φt|0

〉〈
Φt|0

∣∣+

∫ t

0

dsPs(s)
∣∣Φt|s

〉〈
Φt|s

∣∣ , (S41)

with the pure states
∣∣Φt|s

〉
given in Eqs. (S38) and (S39).

4. The marginal state of the photon

From the ion–photon state ρEt (Eq. (S41)) (with an
empty cavity), it is straightforward to compute the
marginal state σt of the emitted photon by tracing out
the ion–cavity system. We obtain

σt = trion−cavity ρ
E
t = Vt + Ht, (S42)

with

Vt =
∣∣Vt|0

〉〈
Vt|0
∣∣+

∫ t

0

dsPs(s)
∣∣Vt|s

〉〈
Vt|s
∣∣ ,

Ht =
∣∣Ht|0

〉〈
Ht|0

∣∣+

∫ t

0

dsPs(s)
∣∣Ht|s

〉〈
Ht|s

∣∣ .
(S43)

Here the density matrices Vt and Ht are not normalized.
Their traces corresponds to the probabilities that a ver-
tically or horizontally polarized photon has been emitted
outside of the cavity in the mode of interest before time t.

Note that the components of the states in Eq. (S43)
can be conveniently written as

Vt =

∫ t

0

P̃s(s)
∣∣Vt|s

〉〈
Vt|s
∣∣

with P̃s(s) = Ps(s) + δ(s)

(S44)

such that
∫ t

0
ds δ(s)

∣∣Vt|s
〉〈
Vt|s
∣∣ =

∣∣Vt|0
〉〈
Vt|0
∣∣, with an

equivalent expression for Ht. It is then straightforward
to include the effects of cavity jitter, as we now show.

5. Effects of cavity jitter

We first remark that the above derivation of the ion–
photon state assumes that the cavity frequency ωc is con-
stant, which is not the case in the presence of cavity jitter,
where ω̂c is a random variable distributed according to
p(δw), as discussed earlier in the context of Eq. (S21).
Nevertheless, the effects of cavity jitter on the final state
can be straightforwardly included, as we now discuss.

In our model, we take a discrete set of possible val-
ues: ω̂c ∈ {ωk}13

k=1. The final ion-cavity state is then a
mixture

ρ̄Et =
∑

k

p(ωk)ρ
E,(δωk)
t for δωk = ωk − ωc,

(S45)

where each state ρ
E,(δw)
t takes the form

ρ
E,(δw)
t =

∣∣∣Φ(δw)
t|0

〉〈
Φ

(δw)
t|0

∣∣∣

+

∫ t

0

dsP(δw)
s (s)

∣∣∣Φ(δw)
t|s

〉〈
Φ

(δw)
t|s

∣∣∣ ,

α(δw)(t′|s) = eit′(∆̂c1
−∆′1−|δs|)

〈
D, 1

∣∣∣Ψ(δw)
t′|s

〉

= eit′(∆c1
+δw−∆′1−|δs|)

〈
D, 1

∣∣∣Ψ(δw)
t′|s

〉

β(δw)(t′|s) = eit′(∆̂c2
−∆′1−|δs|)

〈
D′, 1

∣∣∣Ψ(δw)
t′|s

〉

= eit′(∆c2
+δw−∆′1−|δs|)

〈
D′, 1

∣∣∣Ψ(δw)
t′|s

〉
;

(S46)

see Eqs. (S39) and (S40). Here P(δw)
s (s) and

∣∣∣Ψ(δw)
t|s

〉
are

obtained similarly to Ps(s) in Eq. (S28) and
∣∣Ψt|s

〉
in

Eq. (S33) for a shifted cavity frequency ωc + δw.
The final state of the emitted photon also becomes a

statistical mixture over the possible values of the cavity
frequency ωc + δωk:

V̄t =
∑

k

p(ωk)V
(δωk)
t , H̄t =

∑

k

p(ωk)H
(δωk)
t ,

(S47)
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with

V
(δω)
t =

∫ t

0

P̃
(δω)

s (s)
∣∣∣V (δω)
t|s

〉〈
V

(δω)
t|s

∣∣∣ ,

H
(δω)
t =

∫ t

0

P̃
(δω)

s (s)
∣∣∣H(δω)

t|s

〉〈
H

(δω)
t|s

∣∣∣ ,
∣∣∣V (δω)
t|s

〉
=
√

2κ

∫ t

s

dt′α(δω)(t′|s)a†v(t′) |0〉 ,
∣∣∣H(δω)

t|s

〉
=
√

2κ

∫ t

s

dt′β(δω)(t′|s)a†h(t′) |0〉 .

(S48)

D. Visibility of a Hong-Ou-Mandel-type
interference

At this point, we know how to compute the state of the
photon emitted by a single node, and we are ready to an-
alyze the interference between photons coming from two
nodes. First, note that we are only interested in events
where two photons are detected at the PBSM setup. For
such an event to occur (neglecting background counts), a
single photon has to be emitted from both Nodes A and
B, as fully captured by the non-normalized state Ht+Vt

given in Eq. (S42). We first model the two-photon inter-
ference by considering the cavity frequency to be fixed.
We then come back to the effect of cavity jitter towards
the end of this section.

1. Two-photon state

To fix our notation, we denote the single-photon states
of Eq. (S43) as VA

t , VB
t , HA

t and VB
t for Nodes A and

B. The underlying pure states will be denoted

∣∣∣V A
t|s

〉
=
√

2κ

∫ t

s

dt′αA(t′|s)a†v(t′) |0〉
∣∣∣HA

t|s

〉
=
√

2κ

∫ t

s

dt′βA(t′|s)a†h(t′) |0〉
∣∣∣V B
t|s

〉
=
√

2κ

∫ t

s

dt′αB(t′|s)b†v(t′) |0〉
∣∣∣HB

t|s

〉
=
√

2κ

∫ t

s

dt′βB(t′|s)b†h(t′) |0〉

(S49)

with the natural notation for the bosonic operators
av(t), ah(t) and bv(t), bh(t) for Nodes A and B respec-

tively. The scattering rates are PA
s (s) and PB

s (s). The
overall density matrix Σt describing the two photons (one
emitted from each node) at time t is thus the tensor prod-
uct of the (unnormalized) states emitted from each node:

Σt = (VA
t + HA

t )⊗ (VB
t + HB

t ). (S50)
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FIG. 4. Representation of the detection scheme for interfering
two photons from two distant nodes in a photonic Bell-state
measurement (PBSM). The bosonic operators associated to
the fields leaving the cavity at Node A (B) are labeled ah and
av (bh and bv). The fields are combined on a nonpolarizing
beamsplitter at a central station. Two detectors preceded
by a polarizing beamsplitter are placed at each output of the
nonpolarizing beamsplitter. The detected fields are called uh,
uv, rh and rv.

2. Model of the PBSM

Given the two photon states, we now consider the
PBSM; see Fig. 4. The beamsplitter output modes u
and r are linked to the input modes a and b via
(
u

r

)
=

1√
2

(
1 i
i 1

)(
a

b

)
⇔
(
a

b

)
=

1√
2

(
1 −i
−i 1

)(
u

r

)
.

(S51)
Each output mode of the (nonpolarizing) beamsplitter
consists of a polarizing beamsplitter followed by two
detectors; each detector detects one of the four modes
uh, uv, rh and rv.

Let us consider the coincidence events where two clicks
occur at detectors on opposite outputs of the beamsplit-
ter, that is, clicks at detector pairs {uh, rh}, {uh, rv},
{uv, vh} or {uv, rv}. We denote the rate of such coinci-
dences for detector uh(v) at time t1 and detector rh′(v′)
at time t2 as deth(v),h′(v′)(t1, t2), that is, detv,h(t1, t2)dt2

corresponds to the probability to get a click at uv in the
time interval [t1, t1 + dt] and a click at rh in the time
interval [t2, t2 + dt], for example. The rate detv,h(t1, t2)
corresponds to a POVM density

Ev,h(t1, t2) = ηuvηrh |v(t1), h(t2)〉〈v(t1), h(t2)| (S52)

with |v(t1), h(t2)〉 = u†v(t1)r†h(t2) |0〉, where ηuv is the
overall detection efficiency of detector uv and ηrh is
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the overall detection efficiency of detector rh. Analo-
gously, one defines POVM densities related to the other
relevant coincidence rates Eh,v(t1, t2), Eh,h(t1, t2) and
Ev,v(t1, t2), with

Eπ1,π2(t1, t2) =

ηuπ1 ηvπ2 u
†
π1

(t1)r†π2
(t2) |0〉〈0|uπ1

(t1)rπ2
(t2),

(S53)

which describes the event where the upper detector for
polarization π1 clicks at time t1 and the right detector
for polarization π2 clicks at time t2. In principle, one can
also compute the probability of events where both upper
detectors or both right detectors click at different times,
but here we are not interested in those events.

3. Coincidence rates for orthogonally polarized photons

Let us now compute the coincidence rates for two clicks from orthogonally polarized photons. We will explicitly
compute the rate detv,h(t1, t2). By the Born rule, one has

detv,h(t1, t2) = tr ΣtEv,h(t1, t2)

= tr
(
HA
t ⊗HB

t + HA
t ⊗VB

t + VA
t ⊗HB

t + VA
t ⊗VB

t

)
Ev,h(t1, t2)

= tr
(
HA
t ⊗VB

t + VA
t ⊗HB

t

)
Ev,h(t1, t2)

=
ηuvηrh

4

(
trHA

t a
†
h(t2) |0〉〈0| ah(t2)

)(
trVB

t b
†
v(t1) |0〉〈0| bv(t1)

)

+
ηuvηrh

4

(
trHA

t a
†
v(t1) |0〉〈0| av(t2)

)(
trVB

t b
†
h(t1) |0〉〈0| bh(t2)

)
,

(S54)

or simply

detv,h(t1, t2) =
ηuvηrh

4

(
pA

h (t2)pB
v (t1) + pA

v (t1)pB
h (t2)

)
. (S55)

where pA
h (t2) = trHA

t a
†
h(t2) |0〉〈0| ah(t2) is the probability density that Node A emits a horizontally polarized photon

at time t2, and the probability densities for a vertically polarized photon and for Node B are defined equivalently.
This coincidence rate can already be computed from the ion-cavity state according to Eq. (S26) because photons of
orthogonal polarization do not interfere.

Similarly, one finds

deth,v(t2, t1) =
ηuhηrv

4

(
pA

h (t2)pB
v (t1) + pA

v (t1)pB
h (t2)

)
. (S56)

4. Coincidence rates for photons with identical polarization

It is more interesting to analyze the detection rates for two detectors sensitive to the same polarization. For example,
consider deth,h(t1, t2), which is related to the projector on

|h(t1), h(t2)〉 = u†h(t1)r†h(t2) |0〉

=
1

2
(a†h(t1) + ib†h(t1))(ia†h(t2) + b†h(t2)) |0〉

=
1

2
(a†h(t1)b†h(t2)− a†h(t2)b†h(t1)) |0〉+ . . .

(S57)

The dots here indicate terms with two photons emitted by a single node; these terms can be ignored as Σt has no
support on such states. For t1, t2 ≤ t, the rate is thus given by

deth,h(t1, t2) = ηuhηrh tr Σt |h(t1), h(t2)〉〈h(t1), h(t2)|
= ηuhηrh tr

(
HA
t ⊗HB

t + HA
t ⊗VB

t + VA
t ⊗HB

t + VA
t ⊗VB

t

)
|h(t1), h(t2)〉〈h(t1), h(t2)|

= ηuhηrh trHA
t ⊗HB

t |h(t1), h(t2)〉〈h(t1), h(t2)|

=
ηuhηrh

4

∫ t

0

dsds′ P̃A
s (s)P̃B

s (s′)
∣∣∣
〈
HA
t|s, H

B
t|s′
∣∣∣
(
a†h(t1)b†h(t2)− a†h(t2)b†h(t1)

)
|0〉
∣∣∣
2

=
ηuhηrh

4

∫ t

0

dsds′ P̃A
s (s)P̃B

s (s′)
∣∣∣βA(t1|s)βB(t2|s′)− βA(t2|s)βB(t1|s′)

∣∣∣
2

.

(S58)
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Similarly,

detv,v(t1, t2) =
ηuvηrv

4

∫ t

0

dsds′ P̃A
s (s)P̃B

s (s′)
∣∣∣αA(t1|s)αB(t2|s′)− αA(t2|s)αB(t1|s′)

∣∣∣
2

. (S59)

In the integrals above, in order to use a more compact notation, we formally extend the function α(t|s) = β(t|s) to times
t < s by setting α(t|s) = β(t|s) = 0 for t < s, as it is impossible for the photon to be emitted from the cavity before a
scattering event to the |S, 0〉 level. One can easily see from Eqs. (S58) and (S59) that for indistinguishable pure photons,

that is, αA(t|s) = αB(t|s) and βA(t|s) = βB(t|s), and no scattering, that is, P̃A
s (s) = P̃B

s (s) = δ(s), the photons bunch
perfectly as expected at the outputs of the nonpolarizing beamsplitter, that is, deth,h(t1, t2) = detv,v(t1, t2) = 0.

5. Interference visibility

Since we can now compute the coincidence rates at all
pairs of detection times (t1, t2) (Eqs. (S58) and (S59)),
we are also able to calculate the two-photon interference
visibility. To do so, let us first define probabilities to
detect two clicks delayed by at most T :

Detπ1,π2
(T ) ≡

∫

|t1−t2|≤T
dt1dt2 detπ1,π2

(t1, t2). (S60)

Then the two-photon interference visibility is by defini-
tion given by

V (T ) = 1− Deth,h(T ) + Detv,v(T )

Detv,h(T ) + Deth,v(T )
, (S61)

which one computes with the help of Eqs. (S55), (S56),
(S58), (S59), and (S60).

To account for the effects of the cavity jitter at Node
A, we simply replace the detection probabilities above
with average quantities

Detπ1,π2
(T ) =

∑

k

p(ωk)Det(δωk)
π1,π2

(T ), (S62)

which are obtained by averaging the detection probabili-
ties over the possible values of ωk, as discussed previously
in Sec. IX C 5.

6. Comparison with the experimental data

In this section, we focus on Fig. 3b of the main text,
in which the interference visibility computed with the
theoretical model presented above is compared with the
experimentally determined values. The figure has already
been explained and discussed in the main text; our goal
here is to make the connection clear between the notation
used in the previous sections and the values in the plot.

The green solid line and green dashed line in Fig. 3b,
which have the lowest values for visibility as a function of
coincidence window, are computed with the model dis-
cussed above. The only difference between the two is
the value of the cavity jitter parameter γclj for Node A,
which is given by γclj = 2π×0.1 MHz for the dashed line
and γclj = 2π × 0.06 MHz for the solid line. Both values

are consistent with independently characterized experi-
mental parameters within uncertainties.

Next, we compute the visibility expected in the absence
of both laser noise (γss = 0) and cavity jitter (γclj = 0),
which is plotted in orange. These are “technical” noises
that could be reduced to negligible values by realistic
improvements to the setup at Node A.

Finally, the top (blue) line provides information about
the role of the mismatch between pure photon wavepack-
ets. Concretely, we consider the case γss = γclj = 0
and compute the interference visibility between pure pho-

tons with the wavepackets
∣∣∣HA(B)

t|0

〉
and

∣∣∣V A(B)
t|0

〉
given

in Eq. (S49), which describe the photonic states with no
scattering on the |S〉 − |P 〉 transition during their evo-
lution. The difference between the orange line and the
blue line is thus solely due to the photon purity, that is,
to the fact that the orange line takes into account emitted
photons that are not pure due to spontaneous emission
from |P 〉 to |S〉. This effect can be in principle reduced
by improving the coherent coupling strengths g1 and g2

between the ion and the cavity modes. Note that the
computation of the average number of scattering events
from |P 〉 to |S〉 per experimental run gives 2.1 for Node
B and 5.3 for Node A.

7. Independent measurements of experimental parameters

Cavity jitter. An independent estimate for the cavity
jitter of Node A was obtained on a separate day than the
one on which the ion–ion entanglement data was taken.
That estimate was made by analysis of the error signal
produced via the Pound-Drever-Hall system used to lock
the cavity length to an injected 785 nm laser. A value of
γclj = 2π × 60 kHz was obtained, which was traced back
to improper frequency stabilization of the 785 nm laser,
the linewidth of which was found to be an order of mag-
nitude larger than its usual value. We estimate that, on
the day when the ion–ion entanglement data was taken,
the value of γclj was most likely between 2π×60 kHz and
2π×100 kHz (that is, we believe that the laser frequency
was also not properly stabilized on that day). At Node B,
the same estimation technique yielded an upper bound
on the cavity jitter of 2π × 10(2) kHz. As this value is
an order of magnitude smaller than the jitter at Node
A, it was not included in the master-equation model (in
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particular, via the methods described in Sec. IX C 5).

Laser noise. The phase noise of the Raman lasers was
estimated independently in the following way. First, a
beat between the Raman laser at Node B and a frequency
comb yielded a FWHM Lorentzian linewidth of 2×γss =
2π × 88(1) Hz. Second, a beat between the Node A and
Node B Raman lasers yielded a FWHM linewidth of 2×
γss = 2π × 20(10) kHz. We thus assign a phase noise
of γss = 2π × 10(5) kHz to the Raman laser at Node A
and assume that the phase noise of the Raman laser at
Node B is negligible. We attribute the larger phase noise
at Node A to the lower finesse and larger temperature
drifts of that laser’s external reference cavity. Those beat
measurements were carried out many months before the
measurements of ion–ion entanglement.

Rabi frequencies of the Raman laser fields. At each
node, the total Rabi frequency Ω =

√
Ω2

1 + Ω2
2 of the

bichromatic 393 nm laser field is calibrated via measure-
ment of the AC Stark shift it induces on the |S〉 − |D〉
and |S〉 − |D′〉 Raman transitions. At Node A, the value
Ω = 2π×55(3) MHz was obtained. At Node B, the value
2π × 32(2) MHz was obtained. More details on the cali-
bration processes are given in Sec. 7.3.1 of Ref. [15] and
Sec. 5.2 of Ref. [6].

Raman detunings. At each node, the detuning ∆2 =
2π × 420(5) MHz is determined via spectroscopy of the
|S〉 − |P 〉 transition using a single-frequency (monochro-
matic) 393 nm field. Here, the laser power is set far be-
low saturation, and the laser frequency is measured with
a wavemeter. The laser frequency is scanned over the

atomic resonance whilst the probability is measured for
pumping to the 32D5/2 manifolds via electron shelving;
the transition frequency is then extracted from a fit. The
detuning ∆2 corresponds to the difference between this
transition frequency and the frequency of the monochro-
matic laser when it satisfies the |S〉 − |D′〉 Raman res-
onance condition for a vanishing AC Stark shift. The
difference frequency ∆2 −∆1 is set by a radio frequency
applied to an acousto-optic modulator at each node. At
Node A, that frequency is 2π × 7.107 059 MHz, and at
Node B, it is 2π × 7.005 82 MHz.

Ion-cavity coupling strengths. The strength of the co-
herent coupling between a single photon and a single
40Ca+ ion is calculated to be g0 = 2π × 1.53 MHz at
both Nodes A and B, based on the cavity geometries
and the properties of the atomic transition. Here we
consider the |P 〉 − |D〉 and |P 〉 − |D′〉 transitions but
do not take into account the different Clebsch-Gordon
coefficients for the two transitions or the projection of
the transition polarizations onto the cavity-photon po-
larizations, both of which are accounted for separately
in simulations [2]. The coupling strength of the bichro-
matic cavity-mediated Raman transition is reduced by
the ion’s motion in the trap. We model that effect using
a reduced ion-cavity coupling strength g = αg0, where
0 ≤ α ≤ 1. For each node, we determine α by compar-
ing measured single-photon temporal wavepackets with
simulated wavepackets based on numerical integration of
the master equation for a range of values of the coupling
strength [6]. At Node A, we find α = 0.64 and g = 0.77;
at Node B, α = 0.78 and g = 1.2.
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7
S U M M A RY A N D O U T L O O K

7.1 summary

The presented thesis reports on the realization of a two-node quantum
network consisting of two cavity-integrated ion-trap nodes separated
by 230 m. In the thesis, three main results were obtained: (1) the
construction of one of the two network nodes - the IQOQI node, (2) the
observation of two-photon (Hong-Ou-Mandel) interference between
photons produced by the remote nodes, and (3) the observation of
entanglement between two ions, one in each node.

Chapter 4 presented the construction of a second cavity-integrated
ion trap network node called the "IQOQI node". The heart of the node
is a radio-frequency linear Paul trap surrounded by an optical cavity.
This network node has achieved maximal ion-photon entanglement
with fidelity of 96.6(5)% [102], which matches the 97.4(2%) fidelity
achieved in the UIBK node [39]. The IQOQI node achieves a signifi-
cantly improved single photon efficiency. Specifically, the IQOQI node
has achieved a 72(3)% probability for obtaining a single photon out
of the cavity in free space [102], while the UIBK node has reported
values of 14(4)%1. A discussion on the remaining limits in the IQOQI
system are detailed in [102].

Chapter 5 presented the observation of Hong-Ou-Mandel interfer-
ence of two photons originating from the two independent network
nodes. In these experiments two photons, each originating from dif-
ferent network node interact on a beamsplitter. A suppression of
coincidence detection events between detectors in each output port of
the beamsplitter is observed, depending on the arrival time window
between the detection events. Interference visibilities from 0.95(2)
to 0.38(3) were obtained as the arrival time window is varied from
1 µs to 20 µs, respectively. The longer time window corresponds to
the entire length of the single photon wavepackets. These results are
well described by a theoretical model introduced in Chapter 3 which
considers imperfections induced by spontaneous scattering by the
ions during the photon generation process and finite linewidth of
the Raman laser driving the photon generation process at UIBK. Of
these two, spontaneous scattering is found to play the dominant role
in limiting the visibility of the Hong-Ou-Mandel interference. In the
last part of Chapter 5, the achieved two-photon interference visibility

1 The value has been calculated using the photon creation efficiency of ηc = 88(17)%
presented in [120] and known values of cavity mirror transmissions T1 = 1.3(3),
T2 = 13(1), and total unwanted losses L = 68(2), as measured in [41], using the
formula pout = ηcT1/(T1 + T2 + L)
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was used to predict the fidelity and rate at which remote ion-ion
entanglement could be observed in our network, via two-photon swap
technique. A trade off was identified between the achievable fidelity
and rate of remote entanglement. Nevertheless, fidelities over 50%
were predicted at heralding rates of a Hz.

Chapter 6 presented the observation of entanglement between ions
in the two remote nodes. That is the first instance of entanglement
of ions in traps more than a few meters apart. Moreover, the two
nodes are fully independent, with their own separate laser systems
and control. Bell state fidelities of the ion-ion state of up to (88 +

2.2− 4.7)% were achieved for the smallest 1 µs coincidence window.
That fidelity was achieved for a heralding rate of 3.5 min−1. For a
larger coincidence window of 17.5 µs, a Bell state fidelity of (58+ 1.7−
2.1)% was achieved at rate 0.49 s−1. A numerical and an analytical
model of the experiment were developed. The analytical model was
used to predict two-photon interference quality extracted from the
data and applied to independent calibrated experimental parameters.
The numerical model was used to predict the ion-ion entanglement
fidelities, using e.g., the two-photon interference quality extracted
form the data. The models predict that spontaneous scattering is
one of the dominating imperfections in that experiment. However,
technical noise (jitter of laser and cavity frequencies), as well as a
mismatch in the "pure photon wavepacket" also play significant role
in the drop in fidelity with increasing coincidence window.

Spontaneous scattering during the cavity-mediated Raman photon
generation process introduces indistinguishability into the emitted
single photons. Filtering on the arrival time allows for the highest
fidelities for remote ion entanglement but comes at the cost of a
reduced heralding rate. Reducing spontaneous scattering would allow
us to keep high fidelity of remote ion entanglement without filtering
on the arrival time, yielding a rate improvement. A possible way to
reduce the spontaneous scattering rate is to increase the ion-cavity
coupling strength g (the g-factor of Equation 3.1). This could be
achieved by reducing the cavity waist, as seen in Equation 3.1 and
thus designing a new ion-cavity system. Ion-cavity systems with
smaller cavity waists than those considered here exist. We can name
fiber cavities, that achieve waist size of micrometers [121–123].

The heralding rate for remote ion entanglement can be increased
in our experiments by making more attempts per second. This can
be achieved via sequence optimization. Achieving the 6000/s attempt
rate discussed at the end of Chapter 5, could increase the heralding rate
already by a factor of four over the presented experiment. Reducing
photon losses throughout the detection path offer another path for
significantly improving the heralding rate. An investigation into the
possibilities for optimizing those two parameters (sequence and path)
is planned in future work carried out beyond this thesis.
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7.2 outlook

Our simple quantum network of two remote entangled ions demon-
strates a building block for creating larger quantum networks which
connect multiple nodes over long distances.

Our results show a trade-off between heralding rate of remote ion
entanglement generation and the fidelity of the final swapped state.
This drop of fidelity could, in future, be compensated by techniques
such as entanglement purification [124]. This has been shown with
trapped beryllium ions [125] but has not been demonstrated with
remote trapped-ion network nodes yet. If such an experiment should
be performed in our two-node network, at least two pairs of entangled
ions should be created. Afterwards quantum gates need to be done in
each node. The entanglement of one remote ion pair thus must persist
while entanglement of the other pair is being created. Considering
the results of the ion-ion entanglement experiment of Chapter 6, a
remote entangled pair was established at rates of up to ≈ 0.5/s. This
puts a requirement on the storage (coherence) time for the remote
ion-ion entanglement on the order of seconds which has not been
observed in either node and remains an open challenge. Since both
nodes of our network are capable of trapping multiple ions that
could be used to access decoherence free subspaces with lifetimes of
tens of seconds [126] and performing quantum logic operations, it is
reasonable that entanglement purification could be demonstrated in
the existing systems in the future.

Building a quantum network over distances on the order of tens of
kilometers is another step towards a world-wide quantum network.
A photon at 854 nm, such as the ones generated by the calcium ion
used in our experiments, suffers from 3dB/km loss when propagating
through optical fiber. This fact itself limits the maximum practical
distance between two nodes to a few kilometers. The distance between
two nodes can be increased if photons of telecom wavelength are
used. Such photons suffer propagation losses of typically 0.2dB/km
and thus can travel over many tens of kilometers with similar losses.
Ion-photon entanglement preservation after photon conversion from
the natural wavelengths of trapped ions to telecom wavelengths have
been shown by us [127] and other groups [128]. Achieving entan-
glement between our two network nodes over tens of kilometers of
optical fibers is an ongoing project in our groups. A key requirement
is that the telecom conversion process preserves the initial degree of
photon indistinguishability, as we have recently investigated using
sequentially generated photons from our IQOQI node [69]. For con-
necting quantum network nodes even further apart — hundreds, or
even thousands of kilometers — a system of quantum repeaters could
be established [129]. A theoretical proposal for a trapped-ion quantum
repeater was made [130] and, using the single IQOQI node, we have
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recently demonstrated this [131]. The future work here is to extend
our quantum network with a third node. In this three-node network,
the central node plays the quantum repeater node and establishes
entanglement between the outer two nodes.

Building a world-wide quantum network will require placing many
repeater nodes across the globe. It will require storing e.g., many ions
for distributing entanglement and also error correction. Our current
system does not allow for straightforward practical scaling of the
quantum network. The ion-trap system is bulky and requires frequent
maintenance. Novel methods of fabrication of miniature traps on
chip [132–134] and high-finesse optical cavities [135] are showing the
path towards scalable quantum computing with trapped-ion quantum
networks. Complete ion-trap systems are already available in the size
of a standard rack, including not only the trap, but also the entire
laser system necessary for manipulating the ion [93]. When combined
together, intercity scale quantum networks can soon become a reality.
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A N T I R E F L E C T I O N C O AT I N G S O F V I E W P O RT S

Figure A.1: Result of antireflection coating of viewports provided by VACOM
company (result provided by the company).
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B
C L E A N I N G O F I N - VA C U U M C O M P O N E N T S

To safeguard against contamination of in-vacuum components, the
strict use of protective gear is essential. Common sources of con-
tamination include body-related elements such as fingerprints, skin
particles, and hair. In our preparations for Ultra-High Vacuum (UHV)
conditions, we implemented stringent measures, wearing a protective
coat, hair net, mouth cover, and gloves. The choice of gloves is crucial,
and we selected powder-free latex gloves; however, alternative recom-
mendations, such as the use of nitrile gloves, have been proposed by
others [108].

The dominant gas in a properly-cleaned and out-gassed setup is
hydrogen. This gas diffuses out from the bulk material of the vacuum
chamber. To reduce this effect, a diffusion barrier was created on
the surface of our stainless steel vacuum chamber by air-baking at
300◦C for around 24 hours. The chamber itself was not cleaned prior
to air baking as it was specified as vacuum-clean upon delivery. The
cavity setup limited the maximum bake-out temperature of the whole
system below 100◦C. Therefore, it was necessary to properly clean
each and every part which was placed into vacuum, from big flanges
to the tiniest screw. All parts that allowed it were also air-baked prior
placing the cavity setup to the chamber. The typical sequence for
cleaning parts made of stainless steel, titanium, sapphire, or Macor
was:

1. Hand wash in warm water with soap; use soft brush to wipe the
surface

2. Rinse with warm water

3. Ultrasonic bath (20 min) with SimpleGreen (diluted 1:9)

4. Rinse with tap water

5. Rinse with distilled water

6. Ultrasonic bath in acetone (20 min)

7. Rinse with distilled water

8. Ultrasonic bath with methanol/isopropanol (20 min)

The choice of methanol or isopropanol depended on availability of the
chemicals. Parts made of copper were cleaned differently, avoiding the
use of acetone due to its chemical reactions with water vapor in the
presence of ambient light [136]. The modified sequence for cleaning
copper parts was:
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1. Hand wash in warm water with soap; use soft brush to wipe the
surface

2. Rinse with warm water

3. Ultrasonic bath (20 min) with SimpleGreen (diluted 1:9)

4. Rinse with tap water

5. Rinse with distilled water

6. Ultrasonic bath in isopropanol (2× 20 min)1

7. Rinse with distilled water

8. Ultrasonic bath with methanol (if available) (20 min)

After each part was cleaned, it was wrapped in a vacuum-compatible
aluminum foil and stored inside the clean area until it was assembled
into the vacuum chamber. When cleaning parts made of Macor, the
power of the ultrasonic bath was reduced from maximum to minimize
the risk of pieces cracking.

1 the isopropanol was changed after 20 minutes
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