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Abstract

This work addresses two long-distance free-space experiments based on multi-photon

polarization entanglement. The highlighted measurements were performed between the

Canary Islands La Palma and Tenerife, featuring a 143 km horizontal free-space quantum

channel.

Based on the superposition principle, quantum entanglement constitutes the key build-

ing block in quantum information sciences. Its nonclassical correlations lay the ground

for exciting new protocols like quantum cryptography, quantum computation or quantum

teleportation [1–5]. Our first experiment targeted on the teleportation of entanglement,

also known as entanglement swapping [6], where the entanglement from two polarization

entangled photon pairs 0-1 and 2-3 is swapped onto photons 1-2 and 0-3. This feature

constitutes the fundamental resource for so-called quantum repeaters [7; 8]. In the fu-

ture such devices could be used to subdivide large distances into shorter links and finally

extend the entanglement over the whole range by entanglement swapping. In the second

experiment we realized four-photon entanglement in the form of a GHZ-state [9; 10],

named after the researchers Daniel Greenberger, Michael Horne and Anton Zeilinger.

At the base station on La Palma we employed two sources for polarization-

entanglement, generating photon pairs of 808 nm wavelength by spontaneous parametric

down-conversion of femtosecond pulsed laser light. In both experiments one of the four

photons per pulse was transmitted over a 143 km free-space link to the receiver station on

Tenerife, whereas the remaining three photons were measured locally on La Palma. Long

term atmospheric turbulences in the near-ground quantum channel were compensated by

means of a bi-directional closed-loop tracking of the transceiver telescopes. Despite an

average link attenuation of ∼ 30 dB over the 143 km free-space channel, we successfully

showed entanglement swapping with a statistical significance of more than 6 standard

deviations. Moreover we faithfully entangled four photons in a GHZ-state with one of

the recipients being separated by 143 km.

Entanglement swapping and multi-photon entanglement such as GHZ-states lay the

foundation for the distribution of entanglement over large distances and for entangling
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multiple nodes with each other. Our findings prove the feasibility of these protocols

in future satellite-based quantum-communication applications, furthering the vision of

quantum networks on a global scale.
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Zusammenfassung

Die folgende Doktorarbeit beschreibt zwei Freiraumexperimente über große Distanzen

basierend auf Multiphotonenverschränkung im Polarisationsfreiheitsgrad. Die ange-

führten Messungen wurden unter Verwendung eines 143 km langen horizontalen Quan-

tenkanals durch die Erdatmosphäre zwischen den Kanarischen Inseln La Palma und

Teneriffa durchgeführt.

Basierend auf dem Superpositionsprinzip stellt die Quantenverschränkung den Schlüs-

selbaustein für das Gebiet der Quanteninformation dar. Ihre nichtklassischen Korrelatio-

nen sind die Grundvoraussetzung für spannende neue Protokolle wie etwa Quantenkryp-

tographie, Quantenberechnungen oder Quantenteleportation [1–5]. Unser erstes Exper-

iment befasste sich mit der Teleportation von Verschränkung, auch Verschränkungsaus-

tausch genannt [6]. Dabei wird die Verschränkung von zwei Photonenpaaren 0-1 und

2-3 auf eine Verschränkung zwischen den Photonen 1-2 und 0-3 übertragen. Diese Eigen-

schaft stellt die fundamentale Ressource von sogenannten Quanten Repeater [7; 8] dar.

Solche Geräte könnten in Zukunft verwendet werden um große Distanzen in kleinere

Abschnitte zu unterteilen und schließlich die Verschränkung durch Verschränkungsaus-

tausch über die gesamte Strecke auszudehnen. Im zweiten Experiment haben wir die

Verschränkung von vier Photonen in Form eines GHZ-Zustandes [9; 10] gezeigt, benannt

nach den Wissenschaftlern Daniel Greenberger, Michael Horne und Anton Zeilinger.

Zwei Quellen für Polarisationsverschränkung in der Basisstation auf La Palma haben

anhand von parametrischer Fluoreszenz des Lichts eines Femtosekundenlasers Photonen-

paare mit 808 nm Wellenlänge erzeugt. In beiden Experimenten wurde pro Laserpuls

jeweils eines von insgesamt vier Photonen über 143 km Luftlinie zur Empfängerstation

nach Teneriffa gesendet. Die restlichen drei Photonen wurden lokal auf La Palma reg-

istriert. Für die Kompensation von langsamen atmosphärischen Turbulenzen im bo-

dennahen Quantenkanal wurden die Teleskope anhand eines bidirektionalen geschlosse-

nen Regelkreises kontinuierlich nachgeführt. Trotz einer mittleren Abschwächung von

∼ 30 dB über den 143 km Quantenkanal haben wir mit einer statistischen Sicherheit von

über 6 Standardabweichungen den Austausch der Verschränkung nachgewiesen. Weiters
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haben wir vier Photonen erfolgreich zu einem GHZ-Zustand verschränkt, wobei einer

der vier Empfänger 143 km entfernt war.

Der Austausch von Verschränkung sowie die Verschränkung mehrerer Photonen, wie

etwa in einem GHZ-Zustand der Fall, bilden die Grundlage für die Verteilung von Ver-

schränkung über große Distanzen sowie für die Verschränkung mehrerer Datenknoten

miteinander. Unsere Ergebnisse beweisen die Realisierbarkeit dieser Protokolle im Lichte

zukünftiger Anwendungen im Bereich der satellitenbasierten Quantenkommunikation

und rücken die Vision eines weltumspannenden Quantennetzwerks näher.
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Preface

More than 100 years after the birth of quantum theory, its consequences have lead to

numerous applications indispensable in our everyday life. However, one of the most fun-

damental features namely the concept of quantum entanglement hasn’t been exploited

until the last decades. Considering the various possibilities opened up by its counterintu-

itive properties, the field of quantum information sciences has been constantly growing

in importance over the past years. The vision of a future quantum internet [11] calls for

a world-spanning quantum network based on ground-to-satellite as well as inter-satellite

quantum links in order to faithfully distribute entanglement around the globe. By show-

ing the feasibility of quantum communication over a 143 km horizontal free-space link

between the Canary Islands La Palma and Tenerife, we proved the practicability for

such satellite-based systems. In this light the Institute for Quantum Optics and Quan-

tum Information recently joined forces with the Chinese Academy of Sciences for the

development and operation of a prototype quantum-communication satellite.

This thesis provides a detailed description of the theoretical and experimental research on

long-distance multipartite quantum-communication in free-space under the supervision

of Prof. Anton Zeilinger. The work was conducted at the Vienna Center for Quantum

Sciences and Technology of the University of Vienna and the Institute for Quantum

Optics and Quantum Information of the Austrian Academy of Sciences.

In the first chapter I will give a quick review of long-distance free-space quantum

experiments performed after 2007. Another review of experiments that were carried out

until 2007 can be found in my diploma thesis [12].

Chapter two provides a basic introduction to the fundamentals of quantum informa-

tion, explaining the qubit and quantum entanglement. However, it is assumed that most

of the fellow readers are familiar with the theoretical background.

The third chapter points out the experimental prerequisites for the implementation of

the experiments. It explains the sources used for entanglement, the methods for polar-

ization analysis, the Bell-state measurement and the characteristics of the atmospheric

free-space link.
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Chapter four gives an overview of the local infrastructure on the Canary Island La

Palma and Tenerife, as well as a detailed description of the telescopes used and the

experimental setups for our inter-island measurement campaigns.

The fifth chapter explains how data acquisition and analysis was realized in our ex-

perimental setups, with one measurement station being separated by 143 km from the

remaining ones.

In chapters six I will present the measurement results of the long-distance free-space

quantum experiments performed.

Finally I will conclude our findings in chapter seven and provide an outlook for future

experiments and applications.

The appendix contains specification sheets of equipment, a preprint of our publication

about the entanglement-swapping experiment and my final report for the European

Space Agency regarding a high-speed adaptive-optics system.
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1. Introduction

1.1. Overview of long-distance free-space experiments

In the past years several free-space quantum-communication experiments have been

performed over various distances. Starting with fairly short free-space links in the order

of hundreds of meters, extending the range up to 144 km in the inter-island experiments

between the Canary Islands La Palma and Tenerife. An overview of these first trials

from 2003 until 2007 is given in my diploma thesis [12]. Here I will give a short summary

of long-distance free-space quantum-communication experiments performed since then.

High-fidelity transmission of entanglement over a high-loss free-space channel

In May 2009 Fedrizzi et al. [13] reported the high-fidelity transmission of entanglement

over a 144 km high-loss free-space channel between the Canary Islands La Palma and

Tenerife. The source for polarization entangled photon pairs was based on a periodically

poled KTiOPO4 (PPKTP) crystal in a bidirectionally pumped Sagnac-interferometer

configuration. It produced ∼ 3.3 × 106 detected single photons and ∼ 106 detected

photon pairs per second. The two photons of each pair were transmitted to Tenerife by

Figure 1.1.: The experimental scheme of the high-fidelity transmission of entanglement over a 144 km

high-loss free-space channel by Fedrizzi et al. [13].
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1.1. Overview of long-distance free-space experiments

two telescopes mounted on a motorized platform. Each sending telescope consisted of

a single-mode (SM) fibre coupler and f/4 best-form lens with a diameter of 7 cm. The

receiver was a 1 m diameter reflector telescope of the European Space Agency (ESA).

A bidirectional closed-loop tracking of the transmitter and the receiver telescopes was

implemented to stabilize the free-space link and enhance the efficiency (figure 1.1).

In three consecutive nights a total of 10800 s of data was acquired with an average

signal of 2500 single photons and 0.071 photon pairs per second. The net attenuation

of the 144 km free-space link was 32 dB for single photons and 64 dB for photon pairs,

which was exactly twice as large and therefore proved the independence of the two quan-

tum channels. Finally the violation of a Clauser-Horne-Shimony-Holt (CHSH)-type Bell

inequality with a measured parameter Sexp = 2.612±0.114 revealed that the transmitted

photon pairs were still entangled after 144 km through turbulent atmosphere. This value

violated the classical bound of Scl ≤ 2 by 5.4 standard deviations.

Feasibility of 300 km quantum key distribution with entangled states

Scheidl et al. [14] experimentally studied the feasibility of 300 km quantum key distri-

bution (QKD) with entangled states and published their results in August 2009. They

compared three different entanglement-based QKD setups (figure 1.2) over the 144 km

free-space link between the Canary Islands La Palma and Tenerife.

In the first configuration the entangled-photon source was placed directly at Alice’s

location and only one photon was sent to Tenerife at a total two-photon attenuation of

approximately 35 dB. With a local pair rate of 0.55 MHz and a total visibility of 86.2%

they achieved a secure key rate of 24 bits/s.

Figure 1.2.: The schemes of the three QKD scenarios in the experimental study of Scheidl et al. [14].
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1.1. Overview of long-distance free-space experiments

For the second experiment a 6 km fibre was introduced before Alice, which added

additional loss resulting in a total two-photon attenuation of 58 dB. In this asymmetric

scheme they measured a secure key rate of 0.6 bits/s at a local pair rate of 2.5 MHz and

a total visibility of 86.2%.

In the third scenario both photons were transmitted to Tenerife through independent

free-space channels, which can be seen as an effective realization of a symmetric ”source in

the middle” scheme. The results for this configuration were inferred from the experiment

of Fedrizzi et al. [13], which yielded a secure key rate of 0.02 bits/s at a total two-photon

attenuation of 71 dB.

The results showed that in symmetric schemes secure keys can be generated up to a

channel attenuation of 70 dB or roughly 300 km link distance, while asymmetric setups

fail in high loss scenarios.

Violation of local realism with freedom of choice

One year later in November 2010 Scheidl et al. [15] published a paper on the violation of

local realism with freedom of choice. The experiment was performed over the 144 km free-

space link between La Palma and Tenerife, closing the locality and the freedom-of-choice

loophole simultaneously for the violation of a CHSH-type Bell inequality (figure 1.3). To

close the locality loophole they space-like separated the measurement events on Alice’s

Figure 1.3.: The scheme of the experimental violation of local realism with freedom of choice by Scheidl

et al. [15].

16



1.1. Overview of long-distance free-space experiments

side from the measurement and setting choice on Bob’s side and vice versa. Special

relativity ensured that no signals about the measurement outcomes could influence the

observed correlations. The freedom-of-choice loophole was closed using quantum ran-

dom number generators (QRNGs) to randomly choose the settings of Alice and Bob.

Additionally they had to space-like separate the choice events from the pair-emission

events of the source.

In the experiment one photon was sent through a 6 km fibre coil to Alice directly next

to the photon-pair source in La Palma, while the other photon was transmitted over

the 144 km quantum channel to Bob in Tenerife. The QRNG on La Palma was placed

around 1.2 km from the photon source, ensuring space-like separation of the setting

choice and the photon emission. A classical radio link was used to send the QRNG

outcomes to Alice. On Bob’s side the random setting had to occur before any signal

from the photon emission could arrive. In total they detected 19917 photon-pairs during

four 600 s measurement runs and violated the CHSH-type Bell inequality by 16 standard

deviations, with an experimental parameter Sexp = 2.37 ± 0.02. These results showed

the violation of local realism with both the locality and the freedom-of-choice loophole

closed, only relying on the fair-sampling assumption.

Quantum teleportation and entanglement distribution over 100-kilometre

free-space channels

In August 2012 Yin et al. [16] reported quantum teleportation of independent qubits

over a single 97 km free-space channel (figure 1.4) and entanglement distribution over

a symmetric two-link channel with a total separation of the entangled photon pairs of

102 km (figure 1.5).

The teleportation experiment was carried out next to Qinghai Lake in China, 3262 m

above sea level. In the teleportation scheme Alice and Bob share an entangled photon

pair distributed by a third party usually called Charlie. Alice and Charlie were located

at Gangcha, north-west of the lake and Bob at Guanjing on the opposite side. Charlie

produced the entangled photons with a pulsed source based on a type-II β-barium borate

(BBO) crystal at an average 2-fold rate of 4.4 × 105 per second. Alice prepared the

unknown state and the trigger photon in a collinear BBO crystal at a 2-fold rate of

6.5 × 105 per second, which resulted in a locally measured 4-fold coincidence rate of

2 × 103 per second. One photon of Charlie’s entangled pair was overlapped with the

unknown state on a beam splitter (BS) performing a so-called Bell-state measurement

(BSM). The partner photon was transmitted through a 97 km free-space channel to
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1.1. Overview of long-distance free-space experiments

Bob. The sending telescope was an f/7.5 apochromatic refractor lens with a diameter of

127 mm and the receiver an off-axis reflecting telescope with a diameter of 400 mm. On

Charlie’s side link stabilization was achieved with a cascaded closed-loop control system

consisting of a rotatable platform for coarse alignment and a fast steering mirror (150 Hz

closed-loop bandwidth) for fine tracking. Bob used the telescope’s motors for coarse

alignment and a fast steering mirror (10 Hz closed-loop bandwidth) for fine tracking.

The average link attenuation was ∼ 44 dB which yielded 1171 coincidences during an

effective time of 14400 s. They teleported the photons in the horizontal, vertical, plus,

minus, right and left polarization states with all experimental fidelities well beyond the

classical limit of 2/3 and gained an overall average fidelity of 80%.

In the second experiment Yin et al. demonstrated two-link entanglement distribution

with a symmetric source-close-to-the-middle scheme. Charlie was moved to Haixin, an

island in the middle of Qinghai Lake and Bob to Gonghe next to Guanjing. The dis-

tance between Charlie and Alice was 51.2 km, between Charlie and Bob 52.2 km and

between Alice and Bob 101.8 km. Whereas Bob used the same receiver telescope, Alice

used a Cassegrain reflector telescope with 600 mm diameter. With an average channel

attenuation of 79.5 dB a total of 208 coincidences during an effective measurement time

of 32000 s was recorded. The violation of a CHSH-type Bell inequality with an S pa-

rameter of Sexp = 2.51± 0.21 showed entanglement between Alice’s and Bob’s photons

with a significance of 2.4 standard deviations. In the experiment the locality loophole

was closed due to space-like separation of Alice’s and Bob’s measurement events, as well

as space-like separation of the measurement-setting choices.

Figure 1.4.: The scheme of the 97 km quantum-

teleportation experiment by Yin et al. [16].

Figure 1.5.: The scheme of the 102 km

entanglement-distribution experiment by

Yin et al. [16].
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1.1. Overview of long-distance free-space experiments

Quantum teleportation over 143 kilometres using active feed-forward

Only one month after Yin et al. had published their paper, Ma et al. [17] reported

on quantum teleportation over a 143 km free-space link using active feed-forward in

real-time. The experiment was performed between the Canary Islands La Palma and

Tenerife (figure 1.6). In contrast to the previously presented inter-island experiments

over 144 km, Alice and Charlie on La Palma were moved to the Jacobus Kapteyn Tele-

scope (JKT) building of the Isaac Newton Group of Telescopes (ING), located ≈ 1 km

closer to Bob on Tenerife. Alice generated polarization entangled photon pairs in a

femtosecond-pulsed type-II BBO source and Charlie provided the heralded single pho-

ton to be teleported with a collinear type-II BBO crystal. One photon of the entangled

pair was guided through a SM fibre to the sending telescope on the rooftop of the build-

ing and transmitted to Bob over 143 km of turbulent atmosphere. The entangled partner

photon was overlapped on a fibre BS with Charlie’s photon for the BSM.

In the first stage of the experiment only one out of four possible outcomes of the BSM

was taken into account. The chosen outcome required no operation to be performed by

Bob, as in this case Bob’s photon was already in the state of the teleported input pho-

Figure 1.6.: The scheme of the quantum-teleportation experiment over a 143 km free-space link with

real-time feed-forward [17].
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1.1. Overview of long-distance free-space experiments

ton. Successful quantum teleportation was demonstrated by the four input states with

horizontal, vertical, plus and left polarization. All observed fidelities were well beyond

the classical limit of 2/3 and the average state fidelity was f = 0.863 ± 0.038. During

these measurements the link attenuation varied from 28 dB to 39 dB. The teleportation

procedure was characterized by quantum process tomography yielding a process fidelity

of fprocess = 0.710 ± 0.042. This value is 5 standard deviations above the maximum

classical process fidelity of 1/2.

In the second stage of the experiment real-time feed-forward of the BSM result over

an additional 143 km classical channel was introduced. Conditional on the classical

information Bob either had to perform a π phase shift between the horizontal and vertical

component of his received photon, or do nothing at all. Quantum teleportation with

active feed-forward was then showed for the plus and right polarization input states

with state fidelities fplus = 0.760±0.050 and fright = 0.800±0.037. Again both fidelities

were clearly above the classical fidelity bound, even though the average efficiency of the

classical link was only 21.3%.

Quantum erasure with causally disconnected choice

In 2013 Ma et al. [18] published a long-distance quantum-erasure experiment with

causally disconnected choice. The experiment was actually carried out already in 2008

with a setup that employed hybrid path-polarization entangled photon pairs, which were

distributed over a 144 km free-space link between La Palma and Tenerife (figure 1.7).

Figure 1.7.: The experimental scheme of the long-distance quantum-erasure experiment between the

Canary Islands La Palma and Tenerife [18].
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1.1. Overview of long-distance free-space experiments

The path of a so-called system photon was entangled with the polarization of a so-

called environment photon. Therefore the environment photon’s polarization carries

welcher-weg information of the system photon. Conditional on the chosen measurement

basis for the environment photon the welcher-weg information was either acquired or

erased, resulting in either the presence of no interference fringes or the observation of

interference fringes of the system photon, respectively. More precisely a measurement

in the horizontal/vertical polarization basis revealed welcher-weg information, whereas

a measurement in the right/left-circular polarization basis erased the information. The

choice of the measurement basis was performed by a QRNG, which was space-like sepa-

rated from the source and the interference in order to rule out any luminal or sub-luminal

communication between the events. A so-called welcher-weg parameter I in the case of

a measurement in the horizontal/vertical basis and the visibility V of the interference

fringes for the right/left-circular basis were obtained. For a link attenuation of 33 dB

they measured I ≈ 0.93 and V ≈ 0.76, showing almost full welcher-weg information in

the first case and high visibility in case the welcher-weg information was erased.

21



2. Quantum information fundamentals

2.1. The photonic qubit

In classical computing the basic unit of information is the bit, which can either attain the

definite value ”0” or ”1”. Its analogue in quantum information is the qubit, a two-level

system with the computational basis states denoted by |0〉 and |1〉. For photons this two

level system can be the polarization degree of freedom, e.g. the horizontal and vertical

polarization states |H〉 and |V 〉 corresponding to |0〉 and |1〉, respectively. Photonic

qubits can easily be generated and manipulated, which makes them a convenient resource

for quantum experiments.

2.1.1. The superposition principle

In contrast to classical systems, quantum systems can exist in a superposition state

|Ψ〉 = α |0〉+ β |1〉 with α, β ∈ C and |α|2 + |β|2 = 1, (2.1)

which is a linear combination of the basis states with complex coefficients. A neat way to

visualize such superposition states is to represent them on a unit sphere, i.e. the Bloch

sphere (figure 2.1). Equation 2.1 transforms to

|Ψ〉 = cos

(
θ

2

)
|0〉+ eiϕ sin

(
θ

2

)
|1〉 , (2.2)

with the zenit angle 0 ≤ θ ≤ π and the azimuthal angle 0 ≤ ϕ ≤ 2π.

The surface of the Bloch sphere represents pure states, whereas the interior of the

sphere is filled with mixed states. The length of a given state vector is a measure for

purity, therefore the most mixed state lies in the center. Furthermore, opposite states

on the Bloch sphere are always orthogonal.

A photonic qubit with the basis states |H〉 and |V 〉 can be represented on a Poincaré

sphere (figure 2.2) by

|Ψ〉 = cos

(
θ

2

)
|H〉+ eiϕ sin

(
θ

2

)
|V 〉 , (2.3)
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2.1. The photonic qubit

Figure 2.1.: The illustration of a general qubit

on the Bloch sphere (equation 2.2).

Figure 2.2.: The illustration of a photonic qubit

on the Poincaré sphere (equation 2.3).

where the horizontal and vertical polarization states are the north and south pole of the

sphere, respectively. The most important superpositions of these two states are the

diagonal or plus state |P 〉 =
1√
2

(|H〉+ |V 〉) ,

anti-diagonal or minus state |M〉 =
1√
2

(|H〉 − |V 〉) ,

right-handed circular state |R〉 =
1√
2

(|H〉+ i |V 〉) and

left-handed circular state |L〉 =
1√
2

(|H〉 − i |V 〉) . (2.4)

The three measurement bases H/V , P/M and R/L form a set of mutually unbiased bases,

meaning that if a state is prepared in one of the bases, the measurement outcomes in

another basis have equal probabilities of 1/2. For example, if one measures the state

|H〉 in the R/L-basis, then 50% of the outcomes will be |R〉 and 50% will be |L〉.

2.1.2. The no-cloning theorem

Quite different from what we are used to in classical communication, an unknown single

quantum state cannot be cloned nor amplified without losing its quantum feature. Trig-

gered by a Gedankenexperiment of Nick Herbert [19] for a superluminal communication

device, Wootters et al. [20] formulated the no-cloning theorem in their paper with the

title ”A single quantum cannot be cloned”. This means that it is impossible to get an

exact copy of an arbitrary qubit without disturbing the quantum state of the original

qubit. Mathematically this can be shown with a rather simple example. Let’s assume

there is a device available, which can copy an input qubit i onto a blank qubit b such
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2.2. Entanglement

that the following relations are complied with

|0〉i |0〉b → |0〉i |0〉b
|1〉i |0〉b → |1〉i |1〉b . (2.5)

The linearity of quantum mechanics together with the superposition principle then result

in

1√
2

(|0〉i + |1〉i) |0〉b →
1√
2

(|0〉i |0〉b + |1〉i |1〉b)

9
1√
2

(|0〉i + |1〉i)
1√
2

(|0〉b + |1〉b) =

=
1

2
(|0〉i |0〉b + |0〉i |1〉b + |1〉i |0〉b + |1〉i |1〉b) , (2.6)

where the output state is an entangled state (see section 2.2) rather than the desired

copy of the input state. This proves that there is no such thing as deterministic per-

fect cloning of an unknown single quantum state, although there are several probabilistic

and approximate cloning strategies [21–23]. A solution to faithfully transfer an unknown

quantum state over arbitrary distances despite the no-cloning theorem is given by quan-

tum teleportation (section 2.2.5).

2.2. Entanglement

Erwin Schrödinger coined the term Verschränkung (Entanglement) in 1935 in his work

”Die gegenwärtige Situation in der Quantenmechanik (The Present Situation in Quan-

tum Mechanics)” [24]. Entangled states exhibit much stronger correlations than classi-

cally possible and therefore are of great interest in quantum mechanics. A composite

quantum system in a tensor product Hilbert space H =
n⊗
i=1

Hn is entangled if it is not

separable, i.e. if it cannot be written as a tensor product of its n subsystems. E.g.

for a bipartite system the superposition state |Ψ〉12 = 1√
2
(|H〉1 |V 〉2 + eiφ |V 〉1 |H〉2) with

phase φ and subsystems 1 and 2 is entangled. Named after Einstein, Podolsky and Rosen

(EPR) entangled pairs are often called EPR-pairs referring to EPR’s paradox published

in the paper ”Can quantum-mechanical description of physical reality be considered com-

plete?” [25].
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2.2. Entanglement

2.2.1. The maximally entangled Bell states

The four maximally entangled Bell states

∣∣Ψ±
〉

12
=

1√
2

(|H〉1 |V 〉2 ± |V 〉1 |H〉2)

∣∣Φ±
〉

12
=

1√
2

(|H〉1 |H〉2 ± |V 〉1 |V 〉2) (2.7)

form a complete orthonormal basis in the four-dimensional Hilbert space. They are called

maximally entangled as the reduced density matrices are multiples of the identity oper-

ator. Therefore a measurement on either single qubit will result in a random outcome,

whereas a joint measurement on both qubits will yield perfect (anti-)correlations. These

instantaneous correlations are presumed to hold for arbitrary distances, which is why

they are also called non-local correlations. However, quantum non-locality is compatible

with special relativity because one cannot use it for faster-than-light communication [26],

as the measurement outcome of a single qubit is perfectly random. The |Ψ−〉 state is

the only antisymmetric state under exchange of particles and therefore also called singlet

state, whereas the other three Bell states |Ψ+〉 and |Φ±〉 are symmetric and called triplet

states.

2.2.2. Conditions for entanglement

The separability criterion is the characteristic to reveal entanglement in a quantum

system. If a given density matrix is separable, it means that the system is not entangled.

In general there are only several sufficient conditions for non-separability or entanglement

but no sufficient and necessary conditions are known. However, there are certain simple

systems where also necessary conditions exist.

Violation of Bell’s inequality

The violation of Bell’s inequality [27] allows to exclude local realistic models and reveals

non-local correlations in a bipartite system. Therefore, it is a sufficient condition to

determine whether the system is entangled. However, satisfying the Bell inequality does

not necessarily mean that the state is not entangled. In his famous inequality Bell puts

the expectation values E of the joint measurements on both subsystems into relation

and yields the inequality

|E(~a,~b)− E(~a,~c)| ≤ 1 + E(~b,~c) (2.8)
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2.2. Entanglement

for measurements along spin directions ~a, ~b and ~c. He shows that the singlet state

maximally violates the equation if the measurement settings are chosen to fulfill ~a ·~c = 0

and ~a · ~b = ~b · ~c = 1√
2
. In order to experimentally verify Bell’s theoretical predictions,

Clauser, Horne, Shimony and Holt (CHSH) [28] reformulated Bell’s inequality in 1969

such that there are no perfect correlations and no perfect measurement devices required.

Two years later in 1971 Bell published another version of his inequality [29] which then

was also experimentally testable. Introducing four measurement settings ~a, ~b, ~a′ and ~b′,

he derived a CHSH-type Bell inequality

S(~a,~b, ~b′,~c) = |E(~a,~b)− E(~a, ~b′)|+ |E(~a′, ~b′) + E(~a′,~b)| ≤ 2. (2.9)

This new inequality reduces to its original form under the assumption ~a′ = ~b′. For

measurements along the angles α = 0, β = π
4
, α′ = π

2
and β′ = 3π

4
the inequality is again

maximally violated with a so-called S-value of S = 2
√

2.

The original derivations are based on electrons, which are spin-1
2

particles. In order

to maximally violate the equation in the case of photons, one has to halve the angles as

photons are spin-1 particles. Therefore, polarization measurements along the directions

α = 0, β = π
8
, α′ = π

4
and β′ = 3π

8
yield a maximal violation. Experimentally the

expectation values E are retrieved by coincidence counts CC for the measurement angles

and the corresponding orthogonal ⊥ angles by the equation

E(α, β) =
CC(α, β)− CC(α, β⊥)− CC(α⊥, β) + CC(α⊥, β⊥)

CC(α, β) + CC(α, β⊥) + CC(α⊥, β) + CC(α⊥, β⊥)
. (2.10)

Positive partial transpose

A more general test for entanglement is the positive partial transpose (PPT) criterion

found by Peres [30] and Horodecki et al. [31] (also called Peres-Horodecki criterion). If

a density matrix ρ is separable then its partial transpose

ρT2mµ;nν ≡ ρmν;nµ (2.11)

is always positive semidefinite ρT2 ≥ 0 and therefore has no negative eigenvalues. Hence,

if one of the eigenvalues is negative the partial transpose is not positive and the state is

entangled, being a sufficient condition for entanglement. For the special cases of 2 ⊗ 2

(qubit-qubit) and 2⊗ 3 (qubit-qutrit) systems this is also a necessary condition, i.e. if a

state is entangled its partial transpose is not positive semidefinite.
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2.2. Entanglement

Entanglement witness

The disadvantage of the PPT criterion is that it assumes full knowledge of the density

matrix. For the experimental detection of entanglement there are more useful operators,

the so-called entanglement witnesses W [32–34]. They are Hermitian operators designed

especially for distinguishing between separable and entangled states. W is called an

entanglement witness if for all separable density matrices ρs the expectation value is

positive Tr[Wρs] ≥ 0, whereas for at least one entangled state ρe the relation Tr[Wρe] < 0

holds. Another big advantage of entanglement witnesses is that for every entangled state

there exists a witness to detect it [31].

Still, there remains the task to construct a witness. In typical experimental setups

where one has some a priori knowledge about the state to be generated, this can be

achieved quite straightforward [35]. For an entangled state ρe there exists a negative

eigenvalue λ− < 0 of its partial transpose ρT2e with the corresponding eigenvector |η〉.
Applying the relation Tr[ABT2 ] =Tr[AT2B] for general matrices A and B, one can show

that Tr[(|η〉 〈η|)T2ρ] =Tr[|η〉 〈η| ρT2 ]. Therefore

W = (|η〉 〈η|)T2 (2.12)

is an entanglement witness for ρ.

So for an entangled state |Ψ〉 = α |HH〉 + β |V V 〉 the entanglement witness is of the

form

W = (|Ψ〉 〈Ψ|)T2 =




α2 0 0 αβ

0 0 0 0

0 0 0 0

αβ 0 0 β2




T2

=

=




[
α2 0

0 0

]T [
0 αβ

0 0

]T

[
0 0

αβ 0

]T [
0 0

0 β2

]T




=




α2 0 0 0

0 0 αβ 0

0 αβ 0 0

0 0 0 β2




=

=
1

4
[1⊗ 1 + σz ⊗ σz + (α2 − β2)(σz ⊗ 1 + 1⊗ σz) + 2αβ(σx ⊗ σx + σy ⊗ σy)] (2.13)
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2.2. Entanglement

with the identity matrix 1 and the Pauli matrices

1 =

(
1 0

0 1

)
, σx =

(
0 1

1 0

)
, σy =

(
0 −i
i 0

)
and σz =

(
1 0

0 −1

)
. (2.14)

This means that there are only three different measurement settings required to deter-

mine the witness. In the special case of α = β = 1√
2

equation 2.13 reduces to

W =
1

4
[1⊗ 1 + σx ⊗ σx + σy ⊗ σy + σz ⊗ σz] =

=
1

2




1 0 0 0

0 0 1 0

0 1 0 0

0 0 0 1




=
1

2
1⊗ 1− 1

2




0 0 0 0

0 1 −1 0

0 −1 1 0

0 0 0 0




=

=
1

2
1⊗ 1−

∣∣Ψ−
〉 〈

Ψ−
∣∣ =

1

2
1⊗ 1− FΨ− . (2.15)

Therefore the entanglement witness is connected with the state fidelity F via the relation

〈W 〉 = 1
2
− 〈F 〉. Hence the state fidelity and the entanglement witness can be measured

with only three coincidence probabilities, namely σx ⊗ σx, σy ⊗ σy and σz ⊗ σz. This

corresponds to coincidence measurements in the P/M , R/L and H/V -basis on both

particles, respectively. With the |Ψ−〉-state fidelity 〈FΨ−〉 = 1
4
[1 ⊗ 1 − 〈σx ⊗ σx〉 −

〈σy ⊗ σy〉 − 〈σz ⊗ σz〉] and the visibilities in the three bases being VP/M = −〈σx ⊗ σx〉,
VR/L = −〈σy ⊗ σy〉 and VH/V = −〈σz ⊗ σz〉 [36] the entanglement witness is given by

〈W 〉 =
1

2
− 1

4
(1 + VHV + VPM + VRL). (2.16)

The visibility is defined as the ratio V = (CCmax −CCmin)/(CCmax +CCmin) with the

sum of the desired coincidence counts CCmax and the sum of the undesired coincidence

counts CCmin.

2.2.3. Interferometric Bell-state measurement

Interference of two photons on a non-polarizing 50/50 beam splitter (BS) enables one to

efficiently project onto one of the four Bell-states (equation 2.7) with equal probability

of 1/4. If one overlaps two particles on a BS (figure 2.3) it depends on the symmetry

of the wave function how they will interfere [37–40]. For fermions the Pauli principle
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2.2. Entanglement

states that the particles must not end up in the same quantum state. Therefore, if two

indistinguishable fermions interfere on a BS they will always take separate output modes.

Indistinguishable bosons, however, will bunch at the BS and take the same output mode,

although it is fully random which output mode they will take. Photon bunching was

shown by Hong, Ou and Mandel (HOM) [41] where they revealed a minimum in the coin-

cidence counts of the photons, the so-called HOM-dip. The afore mentioned statements

are only correct if the internal degrees of freedom of the particles are ignored. Different

interference phenomena arise from different symmetries of the total wave functions. For

photons one also has to take into account the polarization degree of freedom in order

to describe the interference effects correctly. As already mentioned, the four Bell-states

(equation 2.7) can be divided in the antisymmetric singlet state |Ψ−〉 and the symmetric

triplet states |Ψ+〉 and |Φ±〉. In order to obtain a total state with a symmetric wave

function the polarization degree of freedom and the spatial degree of freedom have to be

combined. The singlet state is antisymmetric in polarization, therefore the spatial part

has to be antisymmetric as well and both photons will exit the BS in different output

modes. On the other hand photons in the triplet states with symmetric polarization

degree of freedom will bunch randomly into a single output mode. Polarization analysis

in the H/V -basis can then discriminate the |Ψ+〉-state from the |Φ±〉-states. Unfor-

tunately, photons in the |Φ±〉-states will end up in the same detectors and cannot be

distinguished with linear optics only [42–44]. The procedure of two-photon interference

on a BS in combination with polarization analysis in each output mode (figure 2.4) is

called Bell-state measurement (BSM).

Figure 2.3.: Two-particle interference on a

beam splitter (BS) [40]. The particles arrive at

the BS in modes a and b.

Figure 2.4.: Scheme of a Bell-state analyzer

[40].
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2.2.4. GHZ-states

The maximally entangled three-photon Greenberger-Horne-Zeilinger (GHZ) state [9; 10]

is of the form ∣∣ΨGHZ
〉

=
1√
2

(|H〉1 |H〉2 |H〉3 + |V 〉1 |V 〉2 |V 〉3), (2.17)

which is a superposition state of all photons being either horizontally H or vertically V

polarized. Although, the measurement outcome of a single photon is perfectly random.

The main advantage of a GHZ-state is that it can directly contradict local realism with

in principle a single joint measurement on all three photons (the remaining statistics

arise from experimental imperfections [45; 46]). Although Bell’s inequality was derived

assuming perfect correlations, its violation requires special measurement settings yielding

only statistical predictions.

If we consider measuring the photons in the P/M -basis, also called x measurement, or

in the R/L-basis, also called y measurement, the GHZ-state can be expressed in terms

of these bases by using equation 2.4. In case of a measurement in the form of yyx the

state transforms to

∣∣ΨGHZ
yyx

〉
=

1

2
( |R〉1 |L〉2 |P 〉3 + |L〉1 |R〉2 |P 〉3

+ |R〉1 |R〉2 |M〉3 + |L〉1 |L〉2 |M〉3). (2.18)

Again, the measurement on any single photon has perfectly random outcome, as well

as the measurement on any two photons. Although, if we know the outcome of any

two photons we can infer the result of the measurement on the third photon. For

experiments in the form yxy and xyy we get analogous expressions by cyclic permutation

in equation 2.18. One can see that whenever a measurement in the P/M -basis projects

the photon in the state P , the remaining photons have opposite circular polarization.

Whereas, when projected in the state M they have the same circular polarization.

Now we assume that photon i carries elements of reality Xi and Yi to determine

the outcomes for x and y measurements, respectively. The results P and M of Xi

correspond to the values +1 and −1, similarly R and L of Yi correspond to +1 and

−1, respectively. Faithful reproduction of the quantum correlations (equation 2.18 and

cyclic permutations) therefore yields the relations Y1Y2X3 = Y1X2Y3 = X1Y2Y3 = −1.

For a fourth xxx measurement local realism then predicts the possible results M1M2M3,

M1P2P3, P1M2P3 and P1P2M3. This can be seen by the fact that YiYi = +1 and therefore

X1X2X3 = (X1Y2Y3)(Y1X2Y3)(Y1Y2X3) = −1. Quantum mechanics, however, predicts

30



2.2. Entanglement

the state to be of the form

∣∣ΨGHZ
xxx

〉
=

1

2
( |P 〉1 |P 〉2 |P 〉3 + |P 〉1 |M〉2 |M〉3

+ |M〉1 |P 〉2 |M〉3 + |M〉1 |M〉2 |P 〉3), (2.19)

which is the exact opposite of the local realistic predictions. Theoretically a single joint

measurement can therefore contradict local realism.

Experimentally, the above relations cannot be perfectly tested, which is why Mermin

[47] derived a Bell-type inequality for three-particle GHZ-states

|〈xyy〉+ 〈yxy〉+ 〈yyx〉 − 〈xxx〉| ≤ 2. (2.20)

Note that numerous Bell-type inequalities for N-particle GHZ-states have been published

[47–50], all showing an exponential growth with N in violating these inequalities.

2.2.5. Four-photon protocols

Quantum teleportation

In order to transfer an unknown quantum state over arbitrary distances Bennett et al. [2]

introduced the quantum-teleportation protocol. This way the no-cloning theorem, aris-

ing with any amplification, can be circumvented. The protocol exploits the entanglement

of an auxiliary pair of photons 2 and 3

∣∣Ψ−
〉

23
=

1√
2

(|H〉2 |V 〉3 − |V 〉2 |H〉3) (2.21)

in order to teleport the state of the input qubit 1

|Ψ〉1 = α |H〉1 + β |V 〉1 with |α|2 + |β|2 = 1 (2.22)

onto qubit 3. Alice therefore performs a BSM on qubits 1 and 2, forwarding the outcome

to Bob via a classical channel. Depending on the result of the BSM Bob conducts the

corresponding unitary operation on qubit 3, obtaining the teleported state of the input

qubit 1 (figure 2.5). The no-cloning theorem is still obeyed, as the BSM destroys the

state of the input photon, not giving any information about its individual state.

Mathematically the concept of the quantum-teleportation protocol can be seen by

reformulating the total three-photon state in the basis of the Bell-states between qubits
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Figure 2.5.: The quantum-teleportation protocol [51]. Alice projects the input qubit 1 and qubit 2 of

the entangled pair onto one of the four Bell-states and classically communicates the result to Bob. He

performs the corresponding unitary transformation on qubit 3 and therefore yields an exact replica of

the input qubit.

1 and 2

|Ψ〉123 = |Ψ〉1 ⊗
∣∣Ψ−

〉
23

=
1

2
[
∣∣Ψ−

〉
12

(−α |H〉3 − β |V 〉3)

+
∣∣Ψ+

〉
12

(−α |H〉3 + β |V 〉3)

+
∣∣Φ−

〉
12

(+α |V 〉3 + β |H〉3)

+
∣∣Φ+

〉
12

(+α |V 〉3 − β |H〉3)]. (2.23)

From equation 2.23 Bob’s unitary operations on qubit 3 can be deduced depending on

Alice’s BSM outcomes

∣∣Ψ−
〉

12
→ no operation required

∣∣Ψ+
〉

12
→ polarization dependent phase shift by π

∣∣Φ−
〉

12
→ polarization rotation by π/2

∣∣Φ+
〉

12
→ polarization dependent phase shift by π and rotation by π/2. (2.24)

Therefore Bob already has an exact replica of the input qubit in 1/4 of the cases, namely

when Alice projects qubits 1 and 2 onto the singlet state |Ψ−〉12.

In an experimental implementation [51] a trigger photon T generated in a pair pro-

duction process together with photon 1 is used for heralding the presence of the input

photon. This gives a total four-photon state of

|Ψ〉T123 = |T 〉 ⊗ |Ψ〉123 . (2.25)
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Entanglement swapping

Entanglement swapping was introduced in 1993 by Żukowski et al. [6] representing an

extension of the quantum-teleportation protocol to two entangled pairs. Generally speak-

ing entanglement swapping is teleportation of entanglement as now the input qubit 1 is

entangled to qubit 0 (figure 2.6). Projecting photons 1 and 2 onto the Bell-state basis by

a BSM ultimately entangles photons 0 and 3 even though they were independently gen-

erated and share no common past. This feature constitutes the fundamental resource of

a quantum repeater [7], which is of great importance in future quantum-communication

networks. It allows to distribute entanglement over large distances interconnecting re-

mote quantum computers.

In the following the protocol will be explained with two entangled pairs in the singlet

states

∣∣Ψ−
〉

01
=

1√
2

(|H〉0 |V 〉1 − |V 〉0 |H〉1) and

∣∣Ψ−
〉

23
=

1√
2

(|H〉2 |V 〉3 − |V 〉2 |H〉3). (2.26)

Analogous to the quantum-teleportation protocol the total state can be represented in

the basis of the four Bell-states

|Ψ〉0123 =
1

2
[
∣∣Ψ+

〉
12
⊗
∣∣Ψ+

〉
03
−
∣∣Ψ−

〉
12
⊗
∣∣Ψ−

〉
03

−
∣∣Φ+

〉
12
⊗
∣∣Φ+

〉
03

+
∣∣Φ−

〉
12
⊗
∣∣Φ−

〉
03

]. (2.27)

Figure 2.6.: The entanglement-swapping protocol [52]. A Bell-state measurement on qubits 1 and 2,

each of an independent entangled pair, swaps the entanglement from qubits 0-1 and 2-3 onto qubits 1-2

and 0-3.
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A quick look immediately reveals that a projection onto any Bell-state of qubits 1 and 2

entangles qubits 0 and 3 in the exact same state. In order to obtain a specific entangled

state between qubits 0 and 3 e.g. the singlet state |Ψ−〉03 for all BSM outcomes, Alice

classically communicates the result of her BSM to Bob who then applies the respective

unitary operation on his qubit 3.

Four-photon GHZ-states

Replacing the non-polarizing 50/50 BS in the entanglement-swapping protocol with a

polarizing beam splitter (PBS) [53; 54] allows for observing a four-photon GHZ-state of

the form ∣∣ΨGHZ
〉

=
1√
2

(|H〉 |H〉 |H〉 |H〉+ |V 〉 |V 〉 |V 〉 |V 〉). (2.28)

If both entangled pairs are prepared in the Bell-state |Φ+〉 = 1√
2
(|H〉 |H〉+ |V 〉 |V 〉) this

can be seen in figure 2.7 as a PBS transmits horizontal polarization and reflects vertical

polarization. Eventually all photons are detected one in each of the output modes 0, 1,

2 and 3. In this case interference of photons 1 and 2 on the PBS within the coherence

time erases which-path information and all four photons are in the superposition state

of equation 2.28.

Figure 2.7.: The scheme of a four-photon GHZ experiment [53]. Two entangled pairs are generated in

the Bell-state |Φ+〉 = 1√
2
(|H〉 |H〉+ |V 〉 |V 〉). Oberlapping photons 1 and 2 on a polarizing beam splitter

(transmitting horizontal polarization and reflecting vertical polarization) within the coherence time

erases any information about the source of the photons. This eventually leads to a coincidence detection

of all output modes 0, 1, 2 and 3, yielding the four-photon GHZ-state
∣∣ΨGHZ

〉
= 1√

2
(|H〉 |H〉 |H〉 |H〉+

|V 〉 |V 〉 |V 〉 |V 〉).
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3. Experimental prerequisites

This chapter gives an overview of the basic prerequisites for our long-distance free-space

experiments which are explained in detail in chapter 4.

3.1. Generation of entangled photons

We review the first observation of entanglement between two separated particles was

achieved for polarization correlations of γ+γ− emissions in positron annihilation [55; 56].

Later experiments with polarization-entangled photons from calcium cascade emissions

[57–59] had the advantage of photons in the visible spectrum. The drawback, however,

was that the photons were not deterministically emitted in opposite directions due to

the random momentum of the atom.

The major breakthrough for generation of entangled photon pairs in terms of count

rates and experimental feasibility was achieved with spontaneous parametric down-

conversion (SPDC) due to second-order susceptibility χ(2) in nonlinear crystals such

as β-barium borate (BBO) [60; 61]. In a nonlinear medium a pump field E induces a

polarization P of the form

Pi = χ
(1)
i,j Ej + χ

(2)
i,j,kEj,k + χ

(3)
i,j,k,lEj,k,l + ..., (3.1)

with the mth-order susceptibility χ(m) [62]. The linear term χ(1) is in the order of ∼ 1

describing diffraction effects, the first nonlinear coefficient χ(2) causes SPDC and is in

the order of ∼ 10−12 m/V and χ(3) ∼ 10−24 m2/V 2 is responsible for four-wave mixing

effects. Due to χ(2) a photon of the pump field can spontaneously be converted in a pair

of photons which are called signal and idler. This process obeys energy and momentum

conservation

ωp = ωs + ωi

~kp = ~ks + ~ki (3.2)
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3.1. Generation of entangled photons

Figure 3.1.: The difference between type-I and type-II spontaneous parametric down-conversion [40].

which allows to observe entanglement in the position-momentum [63; 64] and time-energy

[65; 66] degrees of freedom. Additionally there are two types of SPDC of which type-

II can be used to generate polarization entanglement. In type-I SPDC a, for example,

extraordinary polarized photon of the pump beam is converted into ordinary polarized

signal and idler photons. Due to momentum conservation, which is also called phase-

matching, the down-converted photons emit the crystal in cones of different colours

centered around the pump beam. In the case of type-II SPDC an extraordinary po-

larized pump photon is converted into a pair of photons with orthogonal polarizations.

Momentum conservation causes the signal and idler photons to exit the crystal on two

cones, such that signal and idler lie on opposite sides of the pump beam (figure 3.1).

In the intersection lines of the two cones one randomly observes either an ordinary or

extraordinary polarized photon but always orthogonal polarizations with respect to each

other. At this stage the photons still carry timing information due to different group

velocities of the orthogonal polarizations in the nonlinear medium. Therefore they are

rather described by the mixed state ρ = 1
2
(|H1〉 |V2〉 〈H1| 〈V2| + |V1〉 |H2〉 〈V1| 〈H2|). For

continuous wave (cw)-pumped schemes this distinguishability can be removed with a

pair of crystals half the thickness of the down-conversion crystal one in each intersec-

tion line. Half-wave plates (HWP or λ/2) in front of the compensation crystals set to

45° flip the polarization in order to reverse the so-called walk-off effects induced by the

down-conversion crystal. The longitudinal walk-off is a relative time delay between the

ordinary and extraordinary photons due to different velocities in the crystal and can be

compensated completely. The transverse walk-off causes different lateral displacement

for both polarizations and an additional broadening for the ordinary beam due to dif-

ferent propagation directions in the medium. The relative lateral displacement can be

compensated for, the spatial broadening of one beam, however, still remains after passing

the compensation crystals. Erasing the distinguishability of the two photons by means

36



3.1. Generation of entangled photons

of compensation crystals translates the mixed state to the polarization-entangled state

|Ψ〉 =
1√
2

(|He〉1 |Vo〉2 + eiϕ |Vo〉1 |He〉2), (3.3)

with the relative phase ϕ between the ordinary and extraordinary photon. Tilting one

of the compensation crystals changes ϕ and one can adjust the phase to a value of 0 or

π in order to obtain the Bell-states |Ψ+〉 or |Ψ−〉, respectively.

In the case of pumping the nonlinear crystal with ultrashort pulses there arises an ad-

ditional distinguishability between the signal and idler photon due to different spectra.

The shorter the pulses the larger the bandwidth of the pump due to the time-energy

uncertainty. An increased pump bandwidth translates into a broader spectrum of the

down-converted photons. In a birefringent medium the phase-matching function is asym-

metric in its frequency arguments causing the spectrum of the ordinary polarized photon

to be broader than the one of the extraordinary polarized photon [67]. Kim et al. [68; 69]

developed a scheme to decouple the spectral distinguishability from the polarization de-

gree of freedom and therefore enhance the entanglement quality (figures 3.2 and 3.3).

When flipping the polarization of a photon in one arm and interfering both on a polar-

izing beam splitter (PBS) all extraordinary polarized photons end up in one detector

and all ordinary polarized photons in the other detector regardless of their polarization.

Thus, photons with different spectra are separated and the spectral distinguishability is

erased. The flip of polarization in one arm of the spectral-compensation scheme changes

Figure 3.2.: The spectral compensation scheme

of Kim et al. [69]. In one arm the polarization

of the photon is flipped before overlapping both

photons on a polarizing beam splitter (PBS).

This scheme ensures that the extraordinary po-

larized photons only exit in one output arm of

the PBS and all ordinary polarized photons in

the other output arm.

Figure 3.3.: The two possible paths of the pho-

ton pairs. Either both photons are reflected at

the polarizing beam splitter (left) or both pho-

tons are transmitted. Regardless of the polar-

ization the extraordinary and ordinary polarized

photons always exit at different output arms [70].
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3.2. Polarization measurement

Figure 3.4.: The scheme for a polarization mea-

surement. A quarter-wave plate λ/4 and half-

wave plate λ/2 rotate the polarization into the

computational H/V -basis and a polarizing beam

splitter separates the orthogonal components.

H/V P/M R/L

QWP 0° 45° 45°
HWP 0° 22.5° 0°

Table 3.1.: The settings of the quarter-wave

plate (QWP) and half-wave plate (HWP) for a

polarization measurement in one of the three mu-

tually unbiased bases.

the original Bell-states |Ψ+〉 or |Ψ−〉 to |Φ+〉 or |Φ−〉, respectively. This can be revoked

by another polarization flip in one output arm of the PBS.

3.2. Polarization measurement

An arbitrary polarization measurement of a photon can be achieved with a quarter-wave

plate (QWP or λ/4) and a HWP followed by a PBS. The wave plates allow for rotation

of any point on the Poincaré sphere into the computational H/V -basis and the PBS sep-

arates the orthogonal components (figure 3.4). For measurements in the three mutually

unbiased bases the QWP and HWP settings are given in table 3.1. Single-photon coun-

ters in each output of the PBS detect the incident photons. Typical silicon avalanche

photodiodes (APDs) have a detection efficiency of roughly 40% and are operated in

Geiger mode. In this mode a photodiode is reverse biased above the breakdown voltage,

such that a single photon can trigger a self-sustaining avalanche multiplication process.

The resulting current gets transduced into a logic pulse [12].

3.3. Bell-state measurement

In section 2.2.3 the concept of a Bell-state measurement (BSM) has already been intro-

duced. Here I want to mention the constraints for an experimental implementation. In

order to observe interference of two independent photons on a beam splitter (BS) one

has to render them indistinguishable by overlapping them within their coherence time τc.

One approach to increase τc is narrow spectral filtering of the down-converted photons.
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3.4. Free-space quantum channel

Standard interference filters in the visible spectrum exhibit a bandwidth of down to 1 nm

which leads to τc = lc
c

= λ2

c·∆λ ≈ 1 ps. So far there are no APDs commercially available

with a sufficient timing resolution. One can filter even stronger, e.g., with a Fabry-Pérot

etalon in order to increase the coherence time to a level where state-of-the-art detectors

can meet the temporal requirements. The drawback, however, is a substantial loss in

count rates.

A different approach is to use ultrashort pulses as a pump for the SPDC together with

standard interference filters. With off-the-shelf laser systems a pulse duration of 140 fs

at a repetition rate of 80 MHz is available. Thus, filters for coherence times in the order

of pico seconds erase practically every which-path information of the interfering photons,

while still achieving fairly high count rates. The resulting coincidence window can be

expanded just below the repetition period of the pump pulses, which is well within the

temporal constraints of conventional APDs.

3.4. Free-space quantum channel

Free-space communication channels near ground strongly depend on the influence of

the turbulent atmosphere and weather conditions. One therefore aims to install optical

ground stations for satellite communication at elevated sites with thinner atmosphere and

low cloud coverage throughout the whole year. The remaining atmospherical effects cause

an increased channel loss due to absorption, scattering and refractive index fluctuations

[71; 72].

3.4.1. Vacuum beam propagation

Even in the optimal case of vacuum beam propagation between satellites, the diffraction

limit puts a lower bound on the beam diameter at the receiver. In order to predict the

beam propagation of an electromagnetic wave in vacuum [73], one has to solve the wave

equation for the electric field ~E

~∇2 ~E =
1

c2

∂2 ~E

∂t2
. (3.4)

Next to plane waves and spherical waves the set of transverse electromagnetic (TEM)

waves are solutions of the wave equation with boundary conditions. The TEM modes are

a combination of a Gaussian profile with a Laguerre polynomial for cylindrical symmetry

and with a Hermite polynomial for rectangular symmetry. In both cases the lowest order
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3.4. Free-space quantum channel

mode TEM00 corresponds to a Gaussian beam profile. The irradiance distribution of the

Gaussian beam is described by

I(r, z) = I0
2P

πw2(z)
e

−2r2

w2(z) , (3.5)

with the total power P in the beam, the distance r from the optical axis, the propagation

distance z and the beam radius w(z) for which the intensity drops to 1/e2 of the peak

intensity. This mode describes the propagation of the electromagnetic wave in a specific

direction, which is why it forms a good approximation for the propagation of a laser

beam in vacuum. At the beam waist w0 = w(z = 0) the wave front is planar. The

wave-front curvature

R(z) = z

[
1 +

(
πw2

0

λz

)2
]

(3.6)

for a wave with wavelength λ increases to a maximum at the Rayleigh range

zR =
πw2

0

λ
(3.7)

and decreases again towards a planar wave front in the limit z →∞. The Rayleigh range

zR is also the distance over which the beam radius spreads by
√

2, i.e. w(zR) =
√

2w0.

It divides between the near-field or Fresnel region and the mid-range divergence. For

the far-field or Fraunhofer region a distance much greater than zR, typically z > 10×zR
is applicable. The collimated waist region of a Gaussian beam can be extended over

a distance twice the Rayleigh range by starting with an aperture of diameter D and

slightly focusing to a waist with radius w0. Together with the πw criterion, i.e. 99% of

the total power is transmitted through an aperture with diameter D = πw = π
√

2w0,

the collimated range can be expressed in terms of the transmitting aperture size to

2zR ≈
D2

πλ
. (3.8)

The width of a laser beam after a distance z depends on the wavelength λ and the

beam waist w0 in the form

w(z) = w0

√
1 +

(
λz

πw2
0

)2

(3.9)

and for a given distance L the optimum starting beam radius is

wopt0 =

√
λL

π
. (3.10)
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3.4.2. Atmospheric influence

In the presence of the earth’s atmosphere light gets attenuated and disturbed. Already

in the 17th century the Dutch scientist Christiaan Huygens mentioned in his notes [74]

”...the trembling Motion of the Vapours our Atmosphere is full of near the Earth; which

is likewise the Cause of the Stars twinkling...”.

Attenuation

The attenuation of light in the atmosphere is caused by absorption a and scattering γ.

It is described by the simple form

I(λ, z) = I0(λ)e−α(λ)z = I0(λ)e−[a(λ)+γ(λ)]z (3.11)

called Beer’s law [75–77], which is derived from the fact that the fractional amount of

flux scattered from the beam is
dI

I
= −αdz. (3.12)

Beer’s law is only applicable under conditions that do not allow multiple scattering,

either due to low scattering or a narrow field-of-view of the observer.

Absorption of electromagnetic radiation is caused by excitation of the atmospheric

molecules’ quantum configuration, such as the electronic, vibrational and rotational

states. Ozone O3 essentially absorbs everything below λ < 200 nm. The visible spectrum

is more or less transparent except for some absorption lines from Oxygen O2 and water

vapour H2O for λ > 650 nm. Infrared radiation is absorbed by water vapour and carbon

dioxide CO2 (see figure 3.5).

Scattering results from photon collision with atmospheric molecules and aerosols. The

collision with air molecules and haze that are small compared to the wavelength λ is

described by Rayleigh scattering. Its scattering coefficient is proportional to λ−4 and

therefore negligible for λ > 3 µm in air. The collision with aerosols comparable in size

of the wavelength λ is called Mie scattering. With increasing wavelength the scattering

coefficient decreases rapidly towards the Rayleigh scattering case.

In order to predict the atmospheric transmittance depending on the wavelength, soft-

ware packages such as LOWTRAN, MODTRAN, HITRAN, FASCODE and PCLNWIN

are available [76].
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3.4. Free-space quantum channel

Figure 3.5.: The spectral transmittance T at sea level calculated using MODTRAN-4.3 with a Mid-

latitude Summer atmosphere, a rural spring-summer tropospheric aerosol model (Vis = 23 km), and

the sun at the zenith. Assumed O3 = 332 DU, NO2 = 0.22 DU. δλ = spacing of pixel centers; ∆λ =

slit/diffraction limited full width at half maximum [78].

Atmospheric beam propagation

In 1941 Andrey N. Kolmogorov [79; 80] introduced a simplified statistical model for the

description of turbulence, which is commonly used for the prediction of wave propagation

through random media [81]. If the laminar flow with a continuous velocity field turns

into a turbulent flow, then the air masses break up into sub flows called turbulent

eddies which become smaller and smaller until the supplied kinetic energy is dissipated.

Therefore a multitude of eddies emerge ranging in size from the outer scale of turbulence

L0 ≈ 100 m to the inner scale of turbulence l0 ≈ 1 mm. The point of transition

from laminar to turbulent flow can be estimated by the dimensionless Reynolds number

Re = vll/η with the velocity fluctuation vl within a domain of size l and the kinematic

viscosity η. At the critical Reynolds number Re & 4000 local unstable regions occur

mainly caused by convection or a wind gradient over a relatively short distance called

wind shear.

Kolmogorov’s turbulence model is valid in the inertial subrange between l0 and L0

under the fair assumption of statistical homogeneity and isotropy of the turbulence.

In this case the structure function Df (~r1, ~r2) = 〈[f(~r1) − f(~r2)]2〉 to characterize the

strength of fluctuations is proportional to |~r1 − ~r2|
2
3 with the distance |~r1 − ~r2| between
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the observation points ~r1 and ~r2. This relation is also known as Kolmogorov’s two-thirds

law.

The propagation of an optical wave through a medium depends on its refractive index.

For air the refractive index n can be approximated by

n(~r1 − ~r2) = n0 + n1(~r1 − ~r2)

' 1 + 7.76× 10−5(1 + 7.52× 10−3λ−2)
P (~r1 − ~r2)

T (~r1 − ~r2)
, (3.13)

with pressure P in mbar, wavelength λ in µm and temperature T in kelvin. Therefore the

refractive index is expressed by the sum of its mean value n0 and a random fluctuation

n1(~r1−~r2). Together with Kolmogorov’s model this leads to the refractive index structure

function

Dn(~r1, ~r2) = 〈[n(~r1)− n(~r2)]2〉 =




C2
n|~r1 − ~r2|

2
3 for l0 � |~r1 − ~r2| � L0

C2
nl
− 4

3
0 |~r1 − ~r2|2 for |~r1 − ~r2| � l0,

(3.14)

with the refractive index structure constant C2
n or structure parameter. As pressure

fluctuations are negligible, C2
n is mainly affected by temperature fluctuations. It typically

ranges from 10−17 m−
2
3 for weak turbulence up to 10−13 m−

2
3 in the highly turbulent

regime. The density plot in figure 3.6 shows a 35-days prediction of C2
n for an altitude

up to 20 km above ground on La Palma [82].

Figure 3.6.: A prediction of the structure parameter C2
n for 35 days on La Palma. The density plot

illustrates the dependence on altitude above ground and shows almost no turbulence at altitudes above

17 km. The colour bar for C2
n ranges from 10−18 m−

2
3 (black) to 10−15 m−

2
3 (red) [82].
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The effective radius weff of a Gaussian beam at the receiver after passage through

turbulent medium generally depends on short-term and long-term beam spread. First

of which is caused by turbulent eddies small compared to the beam diameter, resulting

in beam broadening. The second effect is a beam wander caused by eddies larger than

the beam diameter. A picture of the beam profile at the receiver taken with very short

exposure would therefore show a beam broadened to a radius wst being deflected from

the optical axis by rbw (figure 3.7) [76; 77]. For a long exposure time one therefore

observes a broadened beam with a mean-square radius

〈w2
eff〉 = 〈w2

st〉+ 〈r2
bw〉. (3.15)

For weak turbulence the deflection of a beam with initial diameter D due to long-term

beam wander can be expressed by the mean-square radius [83]

〈r2
bw(z)〉 ' 1.92C2

nz
3D−

1
3 (3.16)

using the Markov approximation. In reference [84] the effective mean-square radius

〈w2
eff〉 for weak as well as strong turbulence is given by

〈w2
eff (z)〉 '

(
λz

πD

)2
(

1 +

(
D

ρsp(z)

)2
)

+
D2

4

(
1− z

F

)2

, (3.17)

with the initial radius of curvature −F and the transverse coherence radius ρsp for a

Figure 3.7.: Illustration of the effective beam radius weff in a turbulent medium caused by short-term

beam broadening wst and long-term beam wander rbw [77].
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spherical wave defined as

ρsp(z) =

[
1.46k2z

∫ 1

0

(1− ξ) 5
3C2

n(ξz)dξ

]− 3
5

=
[
0.55k2zC2

n

]− 3
5 for C2

n = constant. (3.18)

In the case of a collimated beam F → ∞ the second term of equation 3.17 reduces to

half the initial diameter D squared, whereas in case of focusing z = F the term vanishes.

This makes sense for z → 0. From equations 3.15 - 3.17 the short-term beam spread

〈w2
st〉 for ρsp � D < L0 and z . kρ2

sp can be calculated to

〈w2
st(z)〉 '

(
λz

πD

)2
(

1 +

(
D

ρsp(z)

)2
)[

1− 0.62

(
ρsp(z)

D

) 1
3

] 6
5

+
D2

4

(
1− z

F

)2

. (3.19)

For strong turbulence the beam beam will not only be deflected but also break up into

multiple beams and cause several randomly-distributed spots in a short-exposure image.

The long-exposure picture, however, will show approximately the same effective radius

weff . In the case of kD2 � z and ρsp � D the mean-square radius of the beam wander

is given by [85]

〈r2
bw(z)〉 ' C

8
5
n k
− 1

15 z
7
15 . (3.20)

This means that for increasing path length or turbulence strength 〈r2
bw〉 saturates, which

is in agreement with measured data of Table V in Ref. [83].

Turbulence parameters

There are several parameters to characterize the strength of the atmospheric turbulence.

Here I want to give an overview and some useful estimations of the most common

parameters. Nevertheless, one has to keep in mind that all these relations are estimations

based on approximations of the turbulent atmosphere. Therefore the outcomes have to

be treated with caution.

A simple estimate for the index of refraction structure constant C2
n for an altitude

h < 20 km above ground is given by [75]

C2
n(h) =

1.5× 10−13

h
. (3.21)

Alternatively the Hufnagel-Valley 5/7 model is a widely used expression for C2
n(h)

which is named after the workers and results in a Fried parameter (see next parameter)
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of r0 = 5 cm and an isoplanatic angle of 7 µrad for a wavelength of 500 nm

C2
n(h) = 8.2× 10−26

(
h

1000

)10

W 2e−
h

1000 + 2.7× 10−16e−
h

1500 + 1.7× 10−14e−
h

100 . (3.22)

In this model the wind correlating factor is chosen to be W = 21 [75].

Fried has developed another useful parameter for the characterization of the atmo-

sphere, the so-called Fried parameter r0 [86]. It gives the diameter of a sending aperture

which produces a diffraction-limited spot of the same diameter as that observed under

atmospheric turbulence. It is connected to the structure parameter C2
n in the form

r0 =

[
0.423k2sec(β)

∫ L

0

C2
n(z)dz

]− 3
5

=
[
0.423k2sec(β)C2

nL
]− 3

5 for C2
n = constant, (3.23)

with the wave number k = 2π/λ, the zenith angle β of the descending light waves and

the distance L. For a horizontal link and constant C2
n Fried gives the relation

r0 = 3.02
[
k2LC2

n

]− 3
5 . (3.24)

A simple practical method for the estimation of r0 is given by the measurement of the

mean-square image motion σ2 in a telescope with aperture diameter D via [75]

r0 = 0.346

[
λ2

σ2D
1
3

] 3
5

. (3.25)

The mean-square image motion at a receiver is caused by large turbulence cells induc-

ing angle-of-arrival fluctuations α of the incoming wavefront. For a plane wave in nearly

homogeneous turbulence the mean-square angle-of-arrival variance is given by [84]

〈α2〉 '
{

2.19

2.92

} ∫ L
0
C2
n(z)dz

D
1
3

,
l0 � D � ρpl

ρpl � D � L0,
(3.26)

with the transversal coherence radius of a plane wave ρpl ' r0/2.103.

The given parameters can help to estimate the influence of the random medium on

a beam propagating through turbulent atmosphere. Nevertheless, due to many assump-

tions and approximations in the derivations of the parameters, they are mainly useful

for phenomenological rather than precise predictions.
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3.4.3. Compensation

The compensation of atmospherically induced wavefront disturbances is not only of great

importance for astronomers but also for high-bandwidth optical communication proto-

cols. Numerous techniques have been developed in order to counteract the impact of our

earth’s atmosphere.

Tracking

Long-term beam wander caused by turbulence cells in the order of the outer scale L0

can extend across intervals as long as 30 s or even more. Variations at this very low

temporal frequency can be compensated for by means of tracking systems with a closed-

loop bandwidth of only 1 Hz or even less. This can be achieved by a simple lens focusing

the signal of a beacon laser onto a tracking CCD together with a feedback loop controlling

motorized actuators in order to keep the focal point at the same spot (see section 4.2

Transmitter).

Adaptive optics

Under strong turbulence conditions the wavefront distortions induced by small turbu-

lence cells in the order of the inner scale l0 can reach a temporal frequency of up to

1 kHz. Compensation of such wavefront errors can be achieved by adaptive-optics sys-

tems consisting of a wavefront sensing device and a deformable mirror to level out the

wavefront deviations. A lot of adaptive-optics system use a Shack-Hartmann sensor in

order to retrieve wavefront information. Such a sensor consists of a microlens array and

a CCD for detecting the focal point position of each subaperture. From this informa-

tion a discrete model of the overall shape of the wavefront can be computed which is

used to command the actuators of the deformable mirror. The disadvantage of a Shack-

Hartmann sensor is the relatively slow frame rate of typically 30 frames per second and

the need for a bright light source in order to ensure enough exposure in each subaperture.

In the final report of my internship at the European Space Agency (ESA) I present

a different approach to gain information about the wavefront in order to build a high-

speed adaptive-optics system (see appendix A.3). This system is based on the fast

measurement of a single metric, namely the intensity of light coupled into SM fibre and

a stochastic parallel gradient descent algorithm in order to optimize the coupling into

fibre. Field tests over 30 m at ESA showed a good performance of the system even under

strong wind. Later tests over the 143 km horizontal free-space link at the Canary Island
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revealed the limitations of the system under the influence of very strong turbulences.

Although the adaptive-optics system slightly improved the link efficiency, a gain of only

∼ 1 dB of the received power in Tenerife didn’t justify the increased complexity of the

overall experiment. Together with the ultra-low-noise single-photon detectors at the

receiver in Tenerife, there was no urgent need for an adaptive-optics system anyhow.

Therefore we decided to use our established bidirectional closed-loop tracking for link

stabilization only.
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4. Inter-island experiments

The following entanglement-swapping and GHZ experiments have been performed via

a 143 km horizontal free-space link between the Canary Islands La Palma and Tenerife

(figure 4.1). The Observatorio del Roque de los Muchachos (ORM) on La Palma and

the Observatorio del Teide (OT) on Tenerife are hosted by the Instituto de Astrof́ısica

de Canarias (IAC), also known as the European Northern Observatory (ENO). Located

in the Atlantic Ocean roughly 360 km west of the Maroccan coast, the inter-island link

has already been proven to represent a reliable testbed for several feasibility studies on

the path towards a future space-based quantum-communication network (section 1.1).

Figure 4.1.: The 143 km horizontal free-space link between the Jacobus Kapteyn Telescope (JKT) on

La Palma and the Optical Ground Station (OGS) on Tenerife (source: Google Earth, Data SIO, NOAA,

U.S. Navy, NGA, GEBCO, Image Landsat).
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4.1. Locations

La Palma

The Jacobus Kapteyn Telescope (JKT) building (28°45’40.2”N 17°52’41.0”W) [87] of

the Isaac Newton Group of Telescopes (ING) on La Palma accommodated the main

experimental setup consisting of two photon-pair sources, the BSM- and GHZ-module,

Alice’s polarization analysis and the transmitter telescope. At an altitude of ∼ 2400 m

the JKT provided a stable surrounding for the sensitive measurement apparatus. It

shielded the equipment from the harsh environmental conditions outside the building and

the advantage of permanent air conditioning ensured the required temperature stability

for the experiments. In 2003 JKT was taken out of service as a common-user facility,

which additionally minimized the disturbance in terms of vibrations and stray light

during our measurement runs. The JKT is located close to the edge of the caldera and

is therefore one of the few telescopes at ORM in direct line of sight with OT (figure 4.2).

Tenerife

On Tenerife we used the Optical Ground Station (OGS) (28°18’3.4”N 16°30’42.6”W)

[88; 89] of the European Space Agency (ESA) as the receiver and base station for Bob’s

polarization analysis. The OGS is part of OT located at an altitude of ∼ 2400 m in Izaña,

about 13 km east by north of Mount Teide. It was built for optical laser communication

Figure 4.2.: Aerial view of the Jacobus

Kapteyn Telescope (JKT) building (28°45’40.2”N

17°52’41.0”W) [87] on La Palma (source: Google

Earth, GRAFCAN).

Figure 4.3.: Aerial view of the Optical Ground

Station (OGS) (28°18’3.4”N 16°30’42.6”W) [88;

89] on Tenerife (source: Google Earth, GRAF-

CAN).
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Figure 4.4.: The scheme of the closed loop tracking system between the transmitter Tx at the JKT on

La Palma and the receiver Rx of the OGS on Tenerife. Two green beacon lasers at 532 nm wavelength

created mutual guiding stars for the tracking system of the transceivers.

with satellites and therefore constitutes the ground based space infrastructure in our

feasibility studies. The telescope is also used for surveillance and tracking of space

debris. In contrast to astronomical telescopes the ability for satellite tracking allows for

pointing at objects with an elevation even slightly below the horizon, which was required

in order to establish the horizontal link between JKT and OGS (figure 4.3).

4.2. Transceivers

The 143 km quantum channel between the transmitter (Tx) at the JKT on La Palma and

the receiver (Rx) of the OGS on Tenerife was stabilized with a bidirectional closed-loop

tracking system. Green beacon lasers at 532 nm wavelength created mutual guiding stars,

which were focused on tracking CCDs (figure 4.4). The tracking software gathered the

position of the focal point on the CCD and controlled the actuators of the transceiver in

order to keep the guiding star at its reference position. The closed loop feedback control

was operated at roughly 1 Hz bandwidth and compensated for long term atmospheric

drifts caused by the outer scale of turbulence L0.

Transmitter

The sending telescope was assembled on a 60× 30 cm2 breadboard, which was mounted

on a pivot bearing (figure 4.5). The whole platform was aligned by two high resolution

Stepper-Mike actuators from Physik Instrumente1 (PI). For the quantum channel a f/4

1Physik Instrumente (PI) GmbH Co. KG, Auf der Römerstrasse 1, 76228 Karlsruhe/Palmbach,

Germany; www.physikinstrumente.com
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achromatic best-form lens from Lens-Optics2 with a focal length of f = 280 mm col-

limated the light out of SM fibre. Another PI stepper motor was used for alignment

of the focal plane. All motors were driven by a PI C-630 Apollo controller. The SM

fibre was mounted in a fibre adapter and centered on the sending lens. Blackout shield-

ing around the sending lens minimized stray light into the tracking CCD during link

alignment. A low-cost lens with a diameter of 140 mm and f = 400 mm focused the

incident beacon light from Tenerife onto the tracking CCD from a disassembled Logitech

QuickCam Pro 9000. The closed loop tracking algorithm was implemented with a self

designed LabView 3 program. The 532 nm beacon laser pointing towards the OGS on

Tenerife was mounted on the stationary lower stage of the transmitter, as the diameter

of the beacon light after 143 km is by far big enough to constantly illuminate the whole

receiver independent of any atmospheric fluctuations. During operation the transmitter

was placed in a box on the rooftop of JKT (figure 4.6) and connected to the experimental

setup via a 50 m SM fibre.

2LENS-Optics GmbH, Bürgermeister-Neumeyr-Straße 7, 85391 Allershausen, Germany; www.lens-

optics.de
3National Instruments GmbH (Austria), Plainbachstr. 12, 5101 Salzburg-Bergheim, Austria; aus-

tria.ni.com

Figure 4.5.: The movable transmitter

platform with the ø = 7 cm sending lens

collimated the light out of single-mode

(SM) fibre. A ø = 14 cm lens focused the

green guiding star from Tenerife onto the

tracking CCD.

Figure 4.6.: Picture of the transmitter on the rooftop

of JKT pointing towards OGS on Tenerife with a

532 nm beacon laser. Photo taken by Daniel Padrón,

© IQOQI Vienna.
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Receiver

The receiver on Tenerife is a 1 m diameter Ritchey-Chrétien reflecting telescope with

hyperbolic primary and secondary mirrors mounted in an equatorial mount configuration.

It can be operated in the wide field or small field Cassegrain modes with effective focal

lengths of 4.5 m or 13.3 m, respectively. For stationary measurement devices, such as

the Bob module in the inter-island experiments, it can be operated in the Coudé mode

with 39 m effective focal length. Therefore additional mirrors reflect the light along the

telescope’s rotational axes to a fixed Coudé focus on an optical bench beneath the dome

(figure 4.8). A dichroic mirror after the Coudé field stop reflected the received 808 nm

quantum signal into Bob’s polarization analyzer and transmitted the 532 nm beacon

light from La Palma. The green tracking beam was focused onto the Coudé camera

in order to establish the closed-loop pointing. A stationary 532 nm beacon laser was

mounted next to the receiver creating the guiding star for the transmitter at JKT on La

Palma (figure 4.4).

Figure 4.7.: Picture of the OGS pointing towards JKT on La Palma with a 532 nm beacon laser.

Photo taken by Daniel Padrón, © IQOQI Vienna.
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Figure 4.8.: The scheme of the ø = 1 m Ritchey-Chrétien receiver at the optical ground station on

Tenerife. It can be operated in the Cassegrain and Coudé mode.

4.3. Experimental setups

The setups of the long-distance free-space entanglement swapping and GHZ-state exper-

iments were implemented on a 150× 125 cm2 optical table in the first floor of the JKT

building. Temperature stability was ensured by JKT’s air-condition and an additional

air-condition in the lab.

Second-harmonic generation

A Chameleon Ultra II [90] pulsed laser from Coherent4 generated ultrashort pump pulses

with a pulse duration of 140 fs and a gaussian beam width at the exit port of 1.2 ±
0.2 mm. At 808 nm wavelength we obtained an average optical power of ∼ 3.5 W, which

corresponds to a peak power of ∼ 300 kW (specifications see figure A.1 in the appendix).

An f = 50 mm lens focused the pump beam into a 10×10×0.7 mm3 type-I BBO crystal

with the optical axis (OA) cut to an angle θ = 29.3° in respect to the beam propagation.

In the nonlinear crystal the horizontally polarized 808 nm light was upconverted to a

vertically polarized 404 nm beam by second-harmonic generation (SHG). Subsequent

collimation of the 404 nm light was achieved by an f = 75 mm lens (figure 4.9). The

SHG process had an efficiency of ∼ 60% which made it necessary to perform a thorough

spectral clean up in order to get rid of any remaining 808 nm photons. Therefore the

upconverted beam was reflected by four dichroic mirrors highly reflective (HR) at 404 nm

and anti-reflective (AR) at 808 nm wavelength (figure 4.10).

4Coherent (Deutschland) GmbH, Dieselstrasse 5b, 64807 Dieburg, Germany; www.coherent.com
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Figure 4.9.: Second-harmonic generation in

a type-I BBO crystal. The 808 nm pump

beam was focused into the crystal with an

f = 50 mm lens and the upconverted 404 nm

light was collimated with an f = 75 mm lens.

Figure 4.10.: Scheme of the second-harmonic gener-

ation and spectral clean up of the pump beam. The

808 nm femtosecond pulses of the pump laser are upcon-

verted to 404 nm in a type-I BBO crystal. The remain-

ing 808 nm light is separated from the 404 nm beam by

an arrangement of four dichroic mirrors highly reflective

at 404 nm and highly transmissive at 808 nm.

SPDC sources

After cleaning up the 404 nm pump beam it was guided to the first of two identical

sources for polarization entangled photon pairs. An f = 150 mm lens focused the

vertically polarized beam into a 10 × 10 × 2 mm3 type-II BBO crystal cut at θ = 41.5°
(all BBOs were AR coated for 808 nm and 404 nm). The blue 404 nm pump beam was

recollimated by another f = 150 mm lens and guided to the second source, where the

pump was again focused into a BBO and finally blocked by a beam dump.

SPDC in the BBO generated correlated photon pairs at 808 nm wavelength on the

intersection lines of the ordinary and extraordinary polarized output cones. The angle

θ = 41.5° of the crystal’s OA in respect to the propagation direction of the pump resulted

in a 6° opening angle of the intersection lines. Two prisms HR coated for 808 nm

reflected the photons in opposite directions through HWPs set to 45° in order to flip the

polarization of each photon. In each arm a subsequent BBO crystal half the thickness

of the down-conversion crystal compensated for the transverse and longitudinal walk-off

and f = 250 mm lenses collimated the down-conversion beams. A delay line in each arm

was realized with several mirrors, with two mirrors mounted on a motorized translation

stage in order to ensure simultaneous arrival of the two photons at the subsequent PBS.

In one of the two delay lines a HWP at 45° flipped the polarization before interference

at the PBS. The PBS was mounted on a tip/tilt and rotation stage on top of a 2-axis

translation stage movable in the plane of the optical table. Therefore the PBS could

be properly aligned for spatial overlap of the transmitted and reflected beams. In each

output port of the PBS a combination of a QWP, HWP and QWP was introduced before
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coupling the down-converted photons into SM fibre. Both QWPs were fixed to 45° and

the HWP was adjustable in order to simplify polarization compensation of the SM fibre

in combination with the fibre polarization controller (FPC). Each fibre coupler (FC)

consisted of a New Focus5 5726-H-B, f = 15.4 mm aspheric lens and New Focus5 9091-M

SM fiber positioner, mounted on a 3-axis translation stage. The experimental scheme and

setup are illustrated in figures 4.11 and 4.12, respectively. According to Kim’s spectral-

compensation scheme, one of the two FCs coupled the narrow bandwidth extraordinary

polarized photons and the other one the broader ordinary polarized photons. The narrow-

band photons of both SPDC sources had increased coherence times and were used for

subsequent interference setups. In order to match the photons’ optical path lengths we

used SM fibres of different lengths for coarse balancing. For fine adjustment a motorized

actuator for the z-translation stage of one FC was used. All linear-translation actuators

were Newport5 LTA-HL motors with a minimum incremental motion of 50 nm controlled

by Newport5 SMC100CC drivers.

The remaining photons with broader spectrum were sent to Alice in the JKT on La

Palma and Bob in the OGS on Tenerife. Alice’s photon was delayed by 100 m SM

5Newport Spectra-Physics GmbH, Guerickeweg 7, 64291 Darmstadt, Germany; www.newport.com

Figure 4.11.: Scheme of a spontaneous

parametric down-convertion (SPDC) source

with the spectral-compensation scheme of

Kim et al. [68; 69].

Figure 4.12.: Experimental setup of the second source

for polarization entangled photon pairs. The 404 nm

pump beam was focused (f = 150 mm) into a 10 ×
10× 2 mm3 type-II β-barium borate (BBO) crystal and

stopped by a beam dump (BD). The down-converted

808 nm photons were guided through the setup con-

taining half-wave plates (HWP), compensation BBOs

(BBO/2), collimation lenses (f = 250 mm), a polarizing

beam splitter (PBS) and quarter-wave plates (QWP).

Fibre couplers (FC) were used to couple the entangled

photons into single-mode fibres.
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fibre before polarization analysis. Therefore Bob’s photon already passed the 50 m

SM fibre to the transmitter, being well ahead of any classical information about Alice’s

measurement outcome. Due to this space-like separation, there exists a moving reference

frame in which Alice and Bob measure their photons simultaneously [15]. With respect

to the reference frame of the source, this moving reference frame travels at a speed

vref = c2 · (tB − tA)/(xB − xA) = c2 · 477.3 ns/143127 m ≈ 0.99975 · c, where c is the

speed of light in vacuum, tB − tA is the mean delay for a coincidence detection of Alice

and Bob and xB − xA is the distance between Alice and Bob. This reference speed

yields a relativistic gamma factor γ = (1− v2
ref/c

2)−1/2≈ 44.55 and therefore a Lorentz

contracted separation between Alice and Bob of γ−1 · 143127 m ≈ 3.2 km.

Alice

Alice’s polarization analyzer comprised an SM FC with an interference filter (IF) and

subsequent QWP, HWP and PBS, which allowed for projection on any desired polar-

ization basis before detection by an APD in each of the PBS’s orthogonal output ports.

The detection events were logically combined with the BSM outcomes and recorded with

a time tag from a time-tag unit (TTU) with a temporal resolution of 156 ps. The TTU’s

time reference was provided by a 10 MHz clock disciplined with the 1 pulse per second

(PPS) signals of several global positioning system (GPS) satellites (figure 4.13).

In the experimental setup (figure 4.14) Alice was put in a light-tight box together

Figure 4.13.: Scheme of Alice’s polarization ana-

lyzer. Her photon was delayed by a 100 m fibre and

measured by detector e or f. The 1 pulse per sec-

ond signal of the global positioning system (GPS)

provided the time reference for the time-tag unit

(TTU).

Figure 4.14.: Experimental setup of Alice and

local Bob containing Single mode (SM) fibre cou-

plers (FCs), interference filters (IFs), quarter-wave

plates (QWPs), half-wave plates (HWPs), polariz-

ing beam splitters (PBSs), long pass (LP) filters

and multi mode (MM) FCs.
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with an identical setup for local Bob, which was implemented for alignment purposes.

Alice’s photon was coupled out of SM fibre and collimated with a fixed-focus collima-

tor. The photon passed an IF with a full width at half maximum (FWHM) of 8 nm at

808 nm wavelength and a QWP and HWP. All wave plates were mounted in Thorlabs6

PRM1/MZ8 motorized rotation stages and driven by Thorlabs6 TDC001 controllers. A

PBS on a tip/tilt mount projected onto horizontal or vertical polarization by transmit-

ting or reflecting the photon, respectively. In each output port of a PBS was a FC with

a long pass (LP) filter blocking the wavelengths < 780 nm in order to reduce stray light

into the multi-mode (MM) fibre to the APD. Again fixed-focus collimators were used for

coupling into MM fibres. The single-photon counting module array SPCM-AQ4C [91]

from PerkinElmer 7 was used for photon detection by Alice and local Bob (specifications

see figure A.2 in the appendix).

Bob

After the transmission of Bob’s photon via the 143 km free-space link (section 4.2) it

was guided through the Coudé path to Bob’s setup. A dichroic mirror right behind the

Coudé focus transmitted the 532 nm beacon light to the tracking CCD and reflected

the 808 nm quantum signal to the polarization analyzer. The measurement apparatus

contained a QWP, HWP, PBS and free-space APDs in each output port of the PBS with

IFs mounted on top for stray-light reduction (figure 4.15). The detector clicks were time-

tagged with a TTU and stored for later analysis. Bob’s TTU, logic and GPS-disciplined

clock were identical to Alice’s.

The experimental implementation of the Bob module is illustrated in figure 4.16. Be-

fore entering the module, the received quantum signal was collimated by an f = 400 mm

lens. With the 39 m effective focal length of the 1 m diameter telescope in Coudé mode,

this resulted in a collimated beam diameter of ∼ 1 cm. Two auxiliary mirrors were

introduced in order to freely steer the beam into a light-tight measurement box. The

QWP and HWP inside the box were again mounted in motorized rotation stages from

Thorlabs6 and the PBS was mounted on a tip/tilt stage. Two f = 50 mm lenses, one

in each output arm of the PBS, focused the beam on ultra-low dark-count APDs with

∼ 20 dark-counts per second and an active area of ø= 500 µm [92]. IFs were directly

attached to the detectors and had an FWHM of 8 nm at 808 nm wavelength.

6Thorlabs GmbH, Hans-Boeckler-Str. 6, Dachau/Munich 85221, Germany; www.thorlabs.de
7PerkinElmer Vertriebs GmbH, Feldstrasse 34, 2345 Brunn am Gebirge, Austria;

www.perkinelmer.com
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Figure 4.15.: Scheme of Bob’s polarization mea-

surement. A dichroic mirror transmitted the

532 nm tracking beam to the CCD and reflected

the 808 nm quantum signal into the polarization

analyzer. A time-tag unit (TTU) provided time

stamps for each click in detectors g or h, synchro-

nized to Alice by the 1 pulse per second signal of

the global positioning system (GPS).

Figure 4.16.: Experimental setup of the Bob

module inside a light-tight box. The pho-

tons passed a quarter-wave plate (QWP), half-

wave plate (HWP) and polarizing beam splitter

(PBS) before focusing onto avalanche photodi-

odes (APDs) by f = 50 mm lenses. Interference

filters (IFs) were directly attached to the APDs

for stray-light reduction.

4.3.1. Entanglement-swapping experiment

The afore mentioned parts of the setup were in common use by both experiments. For our

entanglement-swapping experiment the narrow-band photons of the two SPDC sources

were subjected to a BSM in order to project these independent photons randomly onto

one of the four Bell-states and therefore entangle Alice’s and Bob’s photon.

The experimental scheme and the total setup of the inter-island experiment is illus-

trated in figure 4.17.

Scheme

The SPDC sources generated the entangled photons 0-1 and 2-3 in the |Ψ−〉 Bell-states.

Photons 0 and 3 were sent to Alice and Bob, respectively. Alice’s photon was delayed by

a 100 m fibre such that Bob’s photon passed already the 50 m fibre to the transmitter

and was on its way to Bob, well ahead of any information about Alice’s measurement

outcome. Photons 1 and 2 were subjected to a BSM projecting them onto a maximally

entangled Bell-state, which ultimately entangled photons 0 and 3 of Alice and Bob,

respectively. Preparation of the initially entangled pairs 0-1 and 2-3 in the |Ψ−〉 state

lead to a symmetrical relation of the entanglement-swapping procedure. Whatever Bell-

state photons 1 and 2 were projected on by the BSM, photons 0 and 3 were in the exact
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Figure 4.17.: Scheme (top) and experimental setup (bottom) of the 143 km free-space entanglement-

swapping experiment between the Jacobus Kapteyn Telescope on La Palma and the Optical Ground

Station on Tenerife. Two spontaneous parametric down-conversion (SPDC) sources generated the en-

tangled photon pairs 0-1 and 2-3. Photons 0 and 3 were sent to Alice and Bob, respectively. A Bell-state

measurement (BSM) on photons 1 and 2 projected them onto a maximally entangled Bell-state, ulti-

mately entangling photons 0 and 3. Photons 0, 1, 2 and 3 are represented by red numbered circles.

Abbreviations: Second-harmonic generation (SHG), transmitter (Tx), receiver (Rx), global position

system (GPS), time-tag unit (TTU), charge-coupled device (CCD), half-wave plate (HWP), quarter-

wave plate (QWP), interference filter (IF), β-barium borate (BBO), polarizing beam splitter (PBS),

avalanche photodiode (APD), fibre coupler (FC), fibre polarization controller (FPC), fibre beam split-

ter (FBS).
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same Bell-state. With the BSM setup used, we were able to distinguish two out of the

four Bell-states, namely the |Ψ−〉12 and |Ψ+〉12 states. Consequently we were able to

verify the entanglement-swapping protocol for half of the swapping events by identifying

photons 0 and 3 in the states |Ψ−〉03 and |Ψ+〉03, respectively.

Setup

In the BSM module the photons interfered on a fibre beam splitter (FBS) with subsequent

polarization analysis in each output port of the FBS. FPCs in all input and output

ports were used for compensation of any stress induced polarization rotation in the SM

fibres. The polarization analyzers were similar to Alice’s setup, with the only difference

that the FWHM of the IF was 3 nm at 808 nm wavelength due to the narrow-band

photons used for the BSM (figure 4.18). Again, photon detection was achieved by a

single-photon counting module array SPCM-AQ4C from PerkinElmer7. A logic unit

combined the detection signals of the BSM with the outcomes of Alice, providing four

possible combinations of the BSM detectors a, b, c, d and Alice’s detectors e and f:

[(a & d) OR (b & c)] & e→
∣∣Ψ−

〉
12
|T 〉0

[(a & d) OR (b & c)] & f→
∣∣Ψ−

〉
12
|R〉0

[(a & b) OR (c & d)] & e→
∣∣Ψ+

〉
12
|T 〉0

[(a & b) OR (c & d)] & f→
∣∣Ψ+

〉
12
|R〉0 , (4.1)

Figure 4.18.: Scheme of the BSM module. Two pho-

tons interfered on a 50/50 fibre beam splitter (FBS) with

subsequent polarization analysis in each output port.

Clicks in detectors a, b, c, and d were logically combined

with Alice’s detection events and tagged with a time-

stamp by the time-tag unit (TTU). Synchronization

with Bob’s measurement was achieved by the 1 pulse per

second signal of the global positioning system (GPS).

Figure 4.19.: Experimental setup of the

tunable fibre beam splitter (FBS) and the fi-

bre polarization controllers (FPCs) in each

port. The FBS was adjusted to exactly

50/50 splitting ratio and the FPCs were used

for compensation of stress-induced polariza-

tion rotation in the single-mode fibres.
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with |T 〉0 and |R〉0 denoting the transmission and reflection of photon 0 at the PBS

of Alice’s polarization analyzer, respectively. The occurrence of any such coincidence

detection triggered a logical signal which was fed into a TTU, providing a time-stamp

for each event. All data was stored on a hard drive for subsequent comparison with

Bob’s measurement results. Synchronization with Bob’s detection events was ensured

by the GPS disciplined 10 MHz signal for the TTU.

Figure 4.19 shows the experimental setup of the FBS and the FPCs. An FPC uses

stress-induced birefringence in the SM fibre for polarization alteration. It consists of

three adjustable spools around which the SM fibre is wrapped once, twice and once, thus

acting similarly to a QWP, HWP and QWP, respectively. We used the models FPC-2

for 900 µm diameter SM fibres and FPC-3 for 3 mm diameter SM fibres, both from

FiberControl8. The FBS was a variable ratio coupler F-CPL-830-N-FP from Newport5

with the ability to tune the splitting ratio. Therefore we were able to adjust the splitting

ratio to exactly 50/50, even though the operating wavelength was specified with 830 nm.

4.3.2. Four-photon GHZ-state experiment

In the four-photon GHZ-state experiment between La Palma and Tenerife the FBS

of the entanglement-swapping setup on La Palma was replaced by a free-space PBS.

Furthermore, the polarization analyzers of the BSM module now represented the two

additional parties usually called Charlie and Dave. The rest of the experimental setup

was left unchanged.

Scheme

Similar to the entanglement-swapping experiment two SPDC sources generated entan-

gled photon pairs 0-1 and 2-3 in the |Ψ−〉 Bell-states and photons 0 and 3 were distributed

to Alice and Bob, respectively. However, in the GHZ-experiment photons 1 and 2 over-

lapped on a PBS with Charlie and Dave at the output ports. Whenever all participants,

i.e. Alice, Bob, Charlie and Dave detected a single photon from the same pump pulse,

a four-photon GHZ-state of the form

∣∣ΨGHZ
〉

0123
=

1√
2

(|H〉0 |V 〉1 |V 〉2 |H〉3 + |V 〉0 |H〉1 |H〉2 |V 〉3) (4.2)

has been observed. Figure 4.20 shows the experimental scheme and the detailed setup

of the 143 km GHZ-experiment.

8FiberControl, P.O. Box 198, Holmdel, NJ 07733, U.S.A; www.fibercontrol.com
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Figure 4.20.: Scheme (top) and experimental setup (bottom) of the 143 km free-space four-photon

GHZ-state experiment between the Jacobus Kapteyn Telescope on La Palma and the Optical Ground

Station on Tenerife. Two spontaneous parametric down-conversion (SPDC) sources generated the en-

tangled photon pairs 0-1 and 2-3 in the |Ψ−〉 Bell-states. Photons 0 and 3 were sent to Alice and Bob,

respectively. Photons 1 and 2 interfered on a polarizing beam splitter (PBS), which lead to the GHZ-

state
∣∣ΨGHZ

〉
0123

= 1√
2
(|H〉0 |V 〉1 |V 〉2 |H〉3 + |V 〉0 |H〉1 |H〉2 |V 〉3) in the case that Alice, Bob, Charlie

and Dave received a single photon each. Photons 0, 1, 2 and 3 are represented by red numbered circles.

Abbreviations: Second-harmonic generation (SHG), transmitter (Tx), receiver (Rx), global position

system (GPS), time-tag unit (TTU), charge-coupled device (CCD), half-wave plate (HWP), quarter-

wave plate (QWP), interference filter (IF), β-barium borate (BBO), avalanche photodiode (APD), fibre

coupler (FC), fibre polarization controller (FPC).
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Setup

Photons 1 and 2 were coupled out of fibre and interfered on the free-space PBS. At each

output port of the PBS the photons were recoupled into SM fibre and guided to Charlie’s

and Dave’s polarization analyzers (figure 4.21). FPCs for all SM fibres were used for

polarization alignment. Experimentally, the polarization analyzers were the exact same

as in the BSM-module, now being labelled Charlie and Dave. The clicks of Alice’s APDs

a and b, Charlie’s APDs e and f and Dave’s APDs g and h were combined in a logic unit

providing the three relevant cases for measurement in the H/V -basis:

a & f & h→ |HV V 〉012

b & e & g→ |V HH〉012

(a & e & g) OR (a & e & h) OR (a & f & g)

OR (b & e & h) OR (b & f & g) OR (b & f & h)→ remaining six permutations

(4.3)

Figure 4.21.: Scheme of the free-space polarizing beam

splitter (PBS) setup with Charlie and Dave. Two pho-

tons overlap on the PBS with subsequent polarization

analysis in each output port. The signals of Charlie’s

detectors e, f and Dave’s detectors g, h were logically

combined with Alice’s outcomes and time-tagged with a

time-tag unit (TTU). A GPS disciplined 10 MHz clock

guaranteed synchronization with Bob’s detection events.

Figure 4.22.: Experimental implementa-

tion of the free-space polarizing beam split-

ter (PBS). The photons were coupled out

of single-mode (SM) fibres by fibre couplers

(FCs). Half-wave plates (HWP) were used

for polarization alignment of the SM fibres.

After the PBS the photons were recoupled

into SM fibres by fixed-focus FCs.
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and two relevant cases for measurement in the P/M and R/L-basis:

(a & e & g) OR (a & f & h) OR (b & e & h) OR (b & f & g)

→ |PPP 〉012 + |PMM〉012 + |MPM〉012 + |MMP 〉012

→ |RRR〉012 + |RLL〉012 + |LRL〉012 + |LLR〉012

(b & e & g) OR (b & f & h) OR (a & e & h) OR (a & f & g)

→ |MPP 〉012 + |MMM〉012 + |PPM〉012 + |PMP 〉012

→ |LRR〉012 + |LLL〉012 + |RRL〉012 + |RLR〉012 . (4.4)

All coincidences of such kind were time-tagged with a TTU, clocked by a GPS disciplined

10 MHz signal. The measurement data was stored on a hard drive for later comparison

with Bob’s outcomes, in order to verify the GHZ-states.

The experimental implementation of the free-space PBS is illustrated in figure 4.22.

Photons 1 and 2 were coupled out of SM fibres by FCs followed by a HWP in each port

of the PBS. The HWPs were needed for alignment purposes of the SM fibres only and

were mounted in motorized rotation stages. A tip/tilt stage was used for adjustment

of the PBS. After the PBS the photons were recoupled into SM fibres by fixed-focus

collimators and guided to Charlie and Dave.
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5. Data acquisition and analysis

Several self-made LabView 3 programs running on a Windows PC were used for recording

and time tagging of all detection events of the APDs at the JKT and the OGS. In

order to find coincidences between the remote measurement stations, Alice’s and Bob’s

measurement data was stored on hard drives for later analysis by performing cross-

correlation operations.

5.1. Data acquisition

A single-photon detection in an APD triggered a transistor-transistor logic (TTL) pulse,

with the logic levels ”0” and ”1” corresponding to 0V and ∼ 3.3− 5V, respectively. The

electronic signals of the detectors were fed into a self-designed logic via Bayonet Neill-

Concelman (BNC) connector cables.

5.1.1. Logic

Each logic fitted in a 19” nuclear instrumentation module (NIM) crate, had 12 input

channels, 4 output channels and was based on a field programmable gate array (FPGA)

(figure 5.1). A USB connection to the PC allowed for adjustment of parameters such

as logical combinations and relative delays between the individual channels or the mea-

surement time. Additionally, the observed count rates were transferred to the PC via

the USB link. A LabView 3 program was used as interface between the observer and

the device (figure 5.2). In the Singles column the counts of each detector within the

measurement time is shown. Each column of the Singles-Logic-Pattern defines the log-

ical AND combination of the orange highlighted channels. The resulting coincidences

are illustrated in the Coincidences column, where each row corresponds to a column

of the Singles-Logic-Pattern. Columns Σ1-Σ4 give the sum over the orange highlighted

coincidences in the respective text field below.

The program also allowed for rerouting of the measurement data to the 4 output
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5.1. Data acquisition

Figure 5.1.: The self-designed logic and the detector arrays at La Palma. BNC cables fed the detector

signals into the logic from which the logically-combined data was rerouted to a time-tag unit (TTU)

via its 4 output channels. All devices fitted in a 19” nuclear instrumentation module (NIM) crate.

channels of the logic for further processing. Such, the logically-combined signals for the

entanglement-swapping experiment (equation 4.1) and GHZ experiment (equations 4.3

and 4.4) were forwarded to the outputs of the logic and fed into the TTU, respectively.

5.1.2. Multi-pair reduction

Strong pumping of the BBO crystals resulted in very high pair-generation rates, which

also increased the probability of the emission of more than one pair per pump pulse.

These multi-pair emissions reduced the quality of entanglement and therefore resulted

in extended measurement times or even rendered an experiment impossible.

In order to reduce the effect of multi-pair emissions we discarded all coincidence events

where more than 4 detectors clicked. This was implemented via the LabView 3 program

of the logic by selecting all detectors of the Singles-Logic-Pattern and adjusting the so-

called Pattern Polarity parameters in the software. In figure 5.2 the first 8 columns of the

Singles-Logic-Pattern resulted in a coincidence count whenever the highlighted detectors

clicked within the coincidence window, without taking into account the other detectors.

Columns 9 till 16, however, where programmed to reproduce the same combinations

once more, but this time considering multi-pair events by discarding coincidence events

with more than 4 simultaneous clicks. The ratios Σ1/Σ2 and Σ3/Σ4 gave the signal-to-

noise ratios (SNRs) with and without multi-pair reduction, respectively. Of course this

scheme couldn’t detect multi-pair emissions which still resulted in 4-fold coincidences

and therefore it only gave a slight improvement of the entanglement quality.
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5.1. Data acquisition

Figure 5.2.: The LabView3 program for the logic. It was used to transfer parameters and measurement

data between the device and the PC.
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5.1. Data acquisition

5.1.3. Time tagging

The logically combined signals were routed from the logic outputs to the TTU inputs via

BNC cables. Each TTU featured a 10 MHz clock input, input channel 1 for the 1 PPS

GPS signal for time reference and input channels 2-6 for the measurement data (figure

5.3). The TTU labelled every registered pulse with a 64-Bit tag consisting of channel

information and a time tag with 156 ps temporal resolution. A Trimble9 Thunderbolt

GPS disciplined clock was used to provide a stable 10 MHz clock and the 1 PPS signal

for the TTU. In order to transfer the data from the TTU to the PC we connected the

device via a 68-Pin connector to a National Instruments3 PCI-DIO-32HS [93] card for

high-speed digital data transfer. All devices were designed to fit in a 19” NIM crate.

A self designed LabView 3 program controlled data acquisition on both islands and

transferred the measurement files from Tenerife to La Palma via the internet. Finally

a C++ program (details and source code see reference [94]) was used to perform a cross

correlation between the two files and find the coincidence peaks.

9Trimble Germany GmbH, Am Prime Parc 11, 65479 Raunheim, Germany; www.trimble.com

Figure 5.3.: The self-designed time-tag unit (TTU) and the Trimble9 Thunderbolt GPS disciplined

clock. A GPS antenna was connected to the device, which provided the 10 MHz clock and 1 pulse

per second (PPS) signal for the TTU. The 1 PPS signal was connected to channel 1 of the TTU and

channels 2-6 were used for data recording. All devices fitted in a 19” nuclear instrumentation module

(NIM) crate.
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5.1. Data acquisition

Entanglement assisted clock synchronization

Even though the 1 PPS GPS signal was generated by an atomic clock at a GPS satellite,

we observed a long-term residual time drift in the order of ≈ ±15 ns. This effect was

mainly caused by atmospheric inhomogeneities in the ionosphere [95] which influenced

the speed and ultimately the arrival time of the GPS signal. For satellites with low

elevation this effect becomes stronger, as the signal has a longer passage through the

atmosphere (figure 5.4).

The relative drift between the clocks at La Palma and Tenerife would broaden the

coincidence peak, leading to an increased coincidence window and therefore an increased

noise contribution. Furthermore, if the coincidence window would become larger than

the repetition period of the pump laser, i.e. 12.5 ns, one would also detect coincidences

between uncorrelated photons from neighbouring pump pulses. We circumvented the

problem by performing a so-called entanglement assisted clock synchronization. First

we divided the total measurement time into successive measurement runs of only 30 s

duration in order to minimize the influence of the relative time drift. Second we ad-

ditionally time tagged the signal of a single APD of the BSM or Dave in the case of

the entanglement-swapping or GHZ experiment, respectively. The much higher 2-fold

count rate allowed for a 2-fold coincidence search between detection events at La Palma

and Tenerife in each 30 s file. This relative timing information was used to temporally

shift each measurement file with respect to each other and finally compensate for the

long-term clock drift. Applying this method enabled us to limit the coincidence window

down to only 5 ns.

Figure 5.4.: The long-term relative clock drift of ≈ ±15 ns between two Trimble9 Thunderbolt GPS

disciplined clocks during 8000 s [94].
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5.2. Analysis

5.2. Analysis

The C++ program for the calculation of the cross correlation between the data from

La Palma and Tenerife generated a comma-separated values (CSV) file from the binary

time-tag files. The first column of the CSV file represented the fine offset (after intro-

ducing a coarse offset of 477.425 µs for the time of flight from La Palma to Tenerife)

between the input files over a range of ±1000 bins with a bin size of 1 ns. The next

5 columns contained the coincidences of input channel 1 of the first input file with the

5 input channels of the second input file, respectively. This was repeated with input

channels 2 to 5 of the first input file until all 25 combinations have been compiled. The

last column gave the sum over all combinations. Each row corresponded to the relative

offset given in the first column.

Finally all CSV files were combined, synchronized and analyzed by a self designed

LabView 3 program in order to retrieve the 4-fold correlations between the measurement

data of La Palma and Tenerife.

Figure 5.5.: A typical 30 s measurement file

illustrating the sum over all coincidence combi-

nations. The main contribution comes from the

2-fold coincidences for the entanglement assisted

clock synchronization. A clear peak was observed

at the coarse offset of 477.425 µs minus the fine

offset of 137 ns between the measurement data

of La Palma and Tenerife.

Figure 5.6.: The same 30 s measurement file as

in figure 5.5 zoomed in on the coincidence peak.

One can identify the 12.5 ns repetition period of

the pump laser.
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6. Results

The data was recorded during the nights from 3 May until 11 May 2013, chosen around

new moon at 10 May, 01:28:38 (UTC+2) for reduced stray light. Before the actual long-

distance experiments, we specified the performance of the sources and the total setup on

La Palma. Therefore we introduced a local Bob module, identical to Alice’s measurement

apparatus. We locally measured the HOM-dip visibilities at the BSM for several average

pump powers, depending on the path difference ∆l between photons 1 and 2. Such we

were able to identify the optimal tradeoff between count rate and entanglement quality

for the experiments over 143 km. The results are illustrated in figure 6.1. The average

Figure 6.1.: Left: The Hong-Ou-Mandel dip visibilities between photons 1 and 2 at the Bell-state

measurement depending on the path difference ∆l in mm. The measurement data was taken at several

average pump powers in mW, set such that both sources experienced an identical pump power. A

Gaussian fit was applied to approximate the measurement data. The operation point (OP) for the local

Bell test and the inter-island experiments is illustrated by an orange and red asterisk, respectively. The

bound of 1/
√

2 for the violation of a Clauser-Horne-Shimony-Holt (CHSH)-type Bell inequality and of

1/3 to confirm entanglement via an entanglement witness is illustrated by a solid and dashed black line,

respectively.

Right: Density plot of the data on the left, giving an overview of the areas where entanglement can be

confirmed by a witness or even the violation of a CHSH-type Bell inequality. The black dots represent

the measurement data from the left graphs and the visibility is encoded in rainbow colours. The OPs

are marked by white asterisks.
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pump power is given in mW and was adjusted by the attenuation of the pump laser.

The left plot of figure 6.1 shows the data points and Gaussian fits for 60, 120, 200, 400,

520 and 950 mW average pump power at each source. The FWHM of ≈ 0.2 mm of the

illustrated graphs is in line with the coherence length governed by the spectral filtering

with the IFs used (∆λ = 3 nm FWHM at λ0 = 808 nm). One can see that the visibility at

zero delay ∆l = 0 mm drops below the bound of 1/
√

2 for the violation of local realistic

theories at about 200 mW, but even at full pump power, i.e. 950 mW, a visibility of

0.49 still above the bound of 1/3 to confirm entanglement via an entanglement witness

was achieved. With a local 4-fold coincidence rate of only 1 count per second (cps) at

lowest pump power (60 mW) and 370 cps 4-folds at full power (950 mW) we chose an

operation point (OP) at 520 mW corresponding to 100 cps 4-folds for the inter-island

experiments. On one hand the visibility at this OP was 0.6 and therefore well above

the entanglement-witness bound, ensuring enough headroom in case of additional errors

over the 143 km free-space link. On the other hand the 4-fold count rate at this OP

allowed for reasonable measurement times over the long-distance link. The density plot

on the right of figure 6.1 gives an overview of the areas where entanglement between

photons 0 and 3 can be confirmed via an entanglement witness or even by the violation

of a CHSH-type Bell inequality.

Due to the low 4-fold rate of less than 1 cps at 60 mW pump power and the expected

∼ 30 dB channel loss over the free-space link, it would not have been possible to collect

enough data within the given observation time in order to violate a CHSH-type Bell

inequality over the long distance quantum channel with enough statistical significance.

Therefore we chose this OP for a Bell test with all measurement parties on La Palma,

using the local Bob module. In 8000 s we locally detected 5647 singlet and 5618 triplet

4-fold events for photons 0 and 3, achieving an S-value (equation 2.9) of 2.487 ± 0.287

and 2.469± 0.287, respectively. We locally violated a CHSH-type Bell inequality on La

Palma by more than 1.6 σ. Assuming a perfectly stable setup, we would have had to

measure ∼ 10 times longer, i.e. ∼ 22 h in order to reach a statistical significance of more

than 3 σ. This result clarifies the reason why we had to confirm the entanglement over

the 143 km free-space link via an entanglement witness, offering a much lower visibility

bound as well as an OP with a 100 times higher 4-fold rate.
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6.1. Entanglement-swapping experiment results

6.1. Entanglement-swapping experiment results

In the long-distance entanglement-swapping experiment we cumulated 542 measure-

ments á 30 s, giving a total of 271 min of measurement data in 3 out of 4 consecutive

nights from 3 May until 7 May 2013. In the night from 4 to 5 May we have no useful

data due to bad weather conditions. The top, center and bottom graphs in figure 6.2

illustrate the temporal evolution of the entanglement-swapping visibilities in the three

mutually unbiased bases and the respective errors assuming Poissonian photon statistics.

The abscissa represents the cumulated measurement time in min. A closer look at the

first couple of minutes of the singlet-state visibility in the P/M -basis shows that there

are no values given. This is because of the fact that no ”undesired” 4-fold count has

occurred until then, making it useless to give a statistical statement at that point in

time. The first 17 and 19 minutes of data for the visibilities in the H/V and P/M -bases

were taken in our first measurement night, which appeared to exhibit very good atmo-

spheric conditions. This resulted in a high count rate which consequently lead to a rapid

decrease of the statistical deviation within the first minutes of cumulated data. One can

see, that the error bars in the top and center graphs of figure 6.2 decrease more rapidly

than in the bottom graphs illustrating the visibilities in the R/L-basis. The measure-

ment data for the R/L-basis was recorded under moderate atmospheric conditions with

lower count rates during the whole measurement time. Therefore the fluctuations of the

visibilities in the bottom graphs start to smooth out much later, after ∼ 90 min. This

can be explained by the low average 4-fold count rate of ∼ 1 count per measurement

file in the R/L-basis. As long as the relative change in ”desired” or ”undesired” counts

from file to file is in the order of the total ”desired” or ”undesired” counts, their ratio and

therefore the visibility fluctuates much stronger. Due to the reduced count rate it also

took more than double the measurement time to yield a comparable amount of swapping

events in the R/L-basis.

In total we detected 506 singlet states |Ψ−〉03 and 492 triplet states |Ψ+〉03 between

photons 0 and 3. The measurements in the H/V -basis yielded 300 swapping events in

57 min, in the P/M -basis 335 swapping events in 63.5 min and in the R/L-basis 363

swapping events in 150.5 min. Table 6.1 and figure 6.3 give the visibilities in the three

mutually unbiased bases VH/V , VP/M and VR/L, the mean visibility V = 1/3 · (VH/V +

VP/M +VR/L), the entanglement-witness value W = 1/2−1/4 · (1 +VH/V +VP/M +VR/L)

and the locally measured S-value. We showed that the entanglement was swapped onto

photons 0 and 3 over a distance of 143 km even though these photons shared no common
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6.1. Entanglement-swapping experiment results

Figure 6.2.: The evolution of the entanglement-swapping visibilities in the three mutually unbiased

bases and the respective errors (assuming Poissonian photon statistics) in minutes of cumulated mea-

surement time.

Top: The result in the H/V -basis. The first 17 min were recorded in the night from 3 to 4 May 2013

and the remaining data in the night from 5 to 6 May 2013.

Center: The result in the P/M -basis. The first 19 min were recorded in the night from 3 to 4 May

2013 and the remaining data in the night from 5 to 6 May 2013.

Bottom: The result in the R/L-basis. The first 75.5 min were recorded in the night from 5 to 6 May

2013 and the remaining data in the night from 6 to 7 May 2013.
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6.2. Four-photon GHZ-state experiment results

Table 6.1.: The table of results of the

entanglement-swapping experiment over 143 km.

It gives the visibilities VH/V , VP/M and VR/L in

the three mutually unbiased bases, the mean vis-

ibility V , the entanglement witness W and the

locally measured S-value. The errors were calcu-

lated assuming Poissonian statistics.

Figure 6.3.: Graphical illustration of the values

given in table 6.1 including the relative classical

bounds (black solid lines) and range (grey bars).

past. The measured entanglement witness was 7.99 and 6.37 standard deviations beyond

the classical bound of 0 for the |Ψ−〉03 and |Ψ+〉03 state, respectively. In our experiment

Alice and Bob were space-like separated, such that in a reference frame moving at a

speed of ≈ 0.99975 · c relative to the source, one would observe a simultaneous photon

detection of Alice and Bob and a Lorentz-contracted distance of ≈ 3.2 km between the

two.

6.2. Four-photon GHZ-state experiment results

The 4-photon GHZ-state experiment was carried out in two consecutive nights from 9

May until 11 May 2013. We measured the visibilities for the 3 cases where all mea-

surement stations (Alice, Bob, Charlie and Dave) were set to the same measurement

basis. In total we ran 332 measurements á 30 s, accumulating a total of 403 four-fold

coincidences in 166 min. Measurement runs with all four measurement stations set to

the H/V -basis yielded 245 four-folds in 39.5 min. In the P/M -basis we gained 71 four-

folds in 64.5 min and 87 four-folds in 62 min in the R/L-basis. Figure 6.4 illustrates

the temporal evolution of the visibilities in the H/V , P/M and R/L-basis, as well as

the respective errors assuming Poissonian photon statistics. The abscissa represents the
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6.2. Four-photon GHZ-state experiment results

Figure 6.4.: The evolution of the GHZ-state visibilities in the three mutually unbiased bases and the

respective errors (assuming Poissonian photon statistics) in minutes of cumulated measurement time.

Top: The result in the H/V -basis. The data was recorded in the night from 9 to 10 May 2013.

Center: The result in the P/M -basis. The data was also recorded in the night from 9 to 10 May 2013.

Bottom: The result in the R/L-basis. The first 10.5 min were recorded in the night from 9 to 10 May

2013 and the remaining data in the night from 10 to 11 May 2013.
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6.2. Four-photon GHZ-state experiment results

cumulated measurement time in min. All visibilities were above the classical bound

[49; 50] of 1
2
√

2
≈ 0.354 for a 4-photon GHZ-state during the whole measurement session.

A close look at figure 6.4 reveals that the standard deviation of the visibility in the

H/V -basis (top graph) decreased much faster than in the other bases. This and the

reduced fluctuations of the visibility after only ∼ 10 min was due to higher count rates

compared to the other measurements. On one hand we had better weather conditions

at the beginning of the night from 9 to 10 May. On the other hand the contribution

of errors caused by multi-pair emissions is lower in the computational basis, therefore

we increased the pump power compared to the P/M and R/L-basis by ∼ 50% in order

to further reduce the measurement time in the H/V -basis. In contrast, the measure-

ments in the P/M and R/L-basis showed very low mean 4-fold rates of less than 1

count per measurement file. Therefore it lasted several minutes until the first useful

statistical statements about the visibilities could be made, as there were no ”undesired”

counts recorded till then. Also the center and bottom graphs of figure 6.4 show strong

fluctuations of the visibilities due to the low count rates and the respective standard

deviations decreased only slowly but steady towards a violation of the bound for local

realistic theories by more than 3 standard deviations. Table 6.2 and figure 6.5 give the

final results for the visibilities in the three mutually unbiased bases VH/V , VP/M and

VR/L and the mean visibility V . We successfully showed 4-photon entanglement with

Table 6.2.: The table of results of the 4-photon

GHZ-state experiment over 143 km. It gives the

visibilities VH/V , VP/M and VR/L in the three mu-

tually unbiased bases and the mean visibility V .

The errors were calculated assuming Poissonian

statistics.

Figure 6.5.: Graphical illustration of the values

given in table 6.2 including the classical bound

(black solid line) and range (grey bars) for the

different values.
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6.2. Four-photon GHZ-state experiment results

Bob being 143 km separated from Alice, Charlie and Dave. The GHZ-state visibility in

the H/V, P/M and R/L-basis was 10.81, 4.39 and 3.35 standard deviations above the

limit for local realistic theories, respectively. Consequently, the resulting mean visibility

was 8.87 standard deviations above this classical bound. The violation of the Mermin

inequality for a 4-photon GHZ-state would have required to perform measurement runs

for 8 different settings, which would not have been practical due to our limited observa-

tion time at the OGS on Tenerife. Unfortunately, it is not possible to extract data for

a long-distance 3-photon GHZ-state experiment out of our measurements in retrospect,

due to the special design of our data-collection setup for Alice, Charlie and Dave on La

Palma.
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7. Conclusion and Outlook

The presented work described the setup and implementation of two long-distance

free-space multi-photon experiments as performed at the Canary Islands. Both, the

entanglement-swapping experiment as well as the 4-photon GHZ experiment comprised

a 143 km long-distance free-space quantum channel from La Palma to Tenerife. We

therefore utilized the local infrastructure of the observatories at an altitude of ∼ 2400 m

on both islands. The Jacobus Kapteyn Telescope building of the Isaac Newton Group

of Telescopes on La Palma accommodated the main experimental setup and the trans-

mitter station. The receiver module was implemented in the Optical Ground Station of

the European Space Agency on Tenerife, which houses a 1 m diameter reflecting tele-

scope. We successfully confirmed entanglement swapping with an entanglement witness

more than 6 standard deviations beyond the classical limit. Therefore we entangled two

photons that were generated in two independent down-conversion processes and shared

no common past. In our experimental setup the measurement stations were space-like

separated, such that no information about the measurement outcome of one photon

could possibly influence the outcome of the other. So far the results of the entanglement-

swapping experiment have been published on arXiv (see appendix A.2). In our second

experiment we successfully entangled two photon pairs to a 4-photon-entanglement GHZ

state with one photon being sent to a remote measurement station 143 km separated

from the others. We verified the quantum nature of the GHZ-state with a visibility in

the H/V , P/M and R/L-basis of 10.81, 4.39 and 3.35 standard deviations beyond the

limit for local realistic theories, respectively.

With the successful realization of our multi-photon experiments over a turbulent

143 km horizontal link, we showed the feasibility of space links for future satellite mis-

sions. The implemented protocols constitute the fundamental quantum resource for the

distribution of entanglement over large distances and between multiple parties. In a de-

vice such as the quantum repeater [7; 8] large distances are divided into shorter links by

several repeater nodes. Entanglement is distributed between the nodes and ultimately

extended over the whole range by the process of entanglement swapping between adja-
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cent nodes. In a fully fledged realization one also has to be able to store the quantum

states in a memory [4; 96] until all nodes are readily prepared. Furthermore the quality

of each entangled pair has to be enhanced by means of entanglement purification [97–

99], such that the fidelity of the final state will be well above the required bound. For

example applying the purification protocol of Pan et al. [98; 99] on our entanglement-

swapping results would increase our measured state fidelity F = 1/2 −W ≈ 0.712 to

a purified state fidelity F ′ = F 2

F 2+(1−F )2
≈ 0.859 even above the threshold of ≈ 0.78 for

the violation of a CHSH-type Bell inequality. Nevertheless, a quantum memory and

entanglement purification solely serve to increase the efficiency and quality of the proto-

col, whereas entanglement swapping represents the integral quantum tool for a quantum

repeater.

The vision of a world-spanning quantum communication network, with satellites dis-

tributing entanglement across the globe, calls for further experiments toward this goal.

A possible experiment could consist of two widely separated sources for entangled photon

pairs and a Bell-state measurement station located in between. Besides all the practical

applications of bringing quantum technology to space, the new operational area would

also grant access to a variety of fundamental tests of quantum mechanics, e.g. the

question of a limited distance for entanglement. Bearing in mind the above I believe

in a bright future of free-space quantum communication in particular and the field of

quantum information in general.
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A.1. Specification sheets

A.1. Specification sheets

Figure A.1.: Specifications of the Coherent pump laser Chameleon Ultra II [90].
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A.1. Specification sheets

Figure A.2.: Specifications of the PerkinElmer single-photon counting module array SPCM-AQ4C

[91].
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Teleportation of entanglement over 143 km
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As a direct consequence of the no-cloning theorem [1], the deterministic amplifi-
cation as in classical communication is impossible for quantum states. This calls
for more advanced techniques in a future global quantum network [2, 3], e.g. for
cloud quantum computing [4, 5, 6]. A unique solution is the teleportation of an
entangled state, i.e. entanglement swapping [7], representing the central resource to
relay entanglement between distant nodes. Together with entanglement purification
[8, 9, 10, 11] and a quantum memory [12, 13] it constitutes a so-called quantum
repeater [9, 14]. Since the afore mentioned building blocks have been individually
demonstrated in laboratory setups only, the applicability of the required technol-
ogy in real-world scenarios remained to be proven. Here we present a free-space
entanglement-swapping experiment between the Canary Islands of La Palma and
Tenerife, verifying the presence of quantum entanglement between two previously
independent photons separated by 143 km. We obtained an expectation value for the
entanglement-witness operator, more than 6 standard deviations beyond the classi-
cal limit. By consecutive generation of the two required photon pairs and space-like
separation of the relevant measurement events, we also showed the feasibility of
the swapping protocol in a long-distance scenario, where the independence of the
nodes is highly demanded. Since our results already allow for efficient implemen-
tation of entanglement purification, we anticipate our assay to lay the ground for a
fully-fledged quantum repeater over a realistic high-loss and even turbulent quantum
channel.

Introduction

The vision of a global quantum internet is to provide unconditionally secure communication [5, 13], blind
cloud computing [15] and an exponential speedup in distributed quantum computation [5, 6]. Teleportation
of an entangled state, also known as entanglement swapping, plays a vital role in this vision. To date the
entanglement-swapping protocol has been implemented in many different systems [16, 17, 18, 19, 20, 21, 22],
owing to the fact that it represents a key resource for numerous quantum-information applications. Since
an unknown single quantum state cannot be cloned nor amplified without destroying its essential quantum
feature, the quantum repeater is the main resource for faithful entanglement distribution over long distances.
The idea is to decompose the total distance into shorter elementary links, over which entanglement is shared,
purified and eventually stored in quantum memories from which the entangled states can be retrieved on
demand, once all the nodes are readily prepared. Finally the entanglement is swapped between adjacent nodes
and faithfully extended over the whole distance. Entanglement purification and quantum memories serve
solely to enhance the efficiency and the fidelity of the protocol, both of which are limited due to imperfection

∗Correspondence: thomas.herbst@univie.ac.at
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of the sources of entangled particles, of the involved quantum operations and of the interconnecting quantum
channels. Entanglement swapping however provides the underlying non-classical correlations and constitutes
the fundamental resource required for the implementation of a quantum repeater. Here we show that we
were able to provide this resource via a realistic 143 km long-distance free-space (elementary) link under
harsh atmospheric conditions, representing the largest geographical separation for this protocol to date.
Furthermore, the simultaneous creation of two randomly generated photon pairs drastically reduces the
signal-to-noise ratio, leading to technological requirements on the verge of practicability. Nonetheless, we
ensured space-like separation of the remote measurement events, which is important for certain protocols
e.g. quantum key distribution [23, 24].
The entanglement swapping protocol is realized via the generation of two entangled pairs, photons "0" and
"1" and photons "2" and "3", for example the maximally entangled singlet states

∣∣Ψ−
〉
01

=
1√
2

(|H〉0 |V 〉1 − |V 〉0 |H〉1)
∣∣Ψ−

〉
23

=
1√
2

(|H〉2 |V 〉3 − |V 〉2 |H〉3) (1)

where |H〉 and |V 〉 denote the horizontal and vertical polarization states, respectively. The product state
|Ψ〉0123 = |Ψ−〉01 ⊗ |Ψ−〉23 may be written as

|Ψ〉0123 =
1

2
[
∣∣Ψ+

〉
03
⊗
∣∣Ψ+

〉
12
−
∣∣Ψ−

〉
03
⊗
∣∣Ψ−

〉
12

−
∣∣Φ+

〉
03
⊗
∣∣Φ+

〉
12

+
∣∣Φ−

〉
03
⊗
∣∣Φ−

〉
12

]. (2)

Therefore a so-called Bell-state measurement (BSM) between photons "1" and "2" results randomly in one of
the four maximally entangled Bell states |Ψ±〉12 = 1√

2
(|H〉1 |V 〉2 ± |V 〉1 |H〉2) and |Φ±〉12 = 1√

2
(|H〉1 |H〉2 ±

|V 〉1 |V 〉2) with an equal probability of 1/4. By that measurement, photons "0" and "3" are projected into
the same entangled state as photons "1" and "2". Thus the entanglement is swapped from photons "0-1"
and "2-3" to the photons "1-2" and "0-3" (Figure 1a). This procedure may also be seen as teleportation
of the state of photon "1" onto photon "3" or photon "2" onto photon "0". Although the implementation
of this protocol, solely based on linear optics, allows distinguishing between two out of four Bell states only
[25], it provides a maximal fidelity of 1.

Experiment

Here we report successful entanglement swapping in an experiment performed on the Canary Islands, utilizing
a 143 km horizontal free-space link between the Jacobus Kapteyn Telescope (JKT) building of the Isaac
Newton Group of Telescopes (ING) on La Palma and the Optical Ground Station (OGS) of the European
Space Agency (ESA) on Tenerife (Figure 1a). Both buildings are located at an altitude of 2400 m. The
JKT served as the base station for the production of the two entangled photon pairs, for the BSM between
photons "1" and "2" and for the polarization detection of photon "0" at Alice. The transmitter telescope,
sending photon "3" to the receiving station on Tenerife, was installed on the rooftop of the JKT building.
At the receiver the photons were collected by the 1 m diameter OGS reflector telescope and guided through
the optical Coudé path to the setup for polarization analysis and the final measurement by Bob.
In our experimental setup (Figure 1b) a mode-locked femtosecond pulsed Ti:Saph laser emitted light with a
central wavelength of 808 nm at a repetition rate of 80 MHz. Those near-infrared pulses were then frequency
doubled to a central wavelength of 404 nm using second-harmonic generation in a type-I nonlinear β-barium
borate (BBO) crystal. The individual polarization-entangled photon pairs employed in the protocol were
generated via spontaneous parametric down-conversion (SPDC) in two subsequent type-II phase-matched
BBOs [26] and coupled into single-mode (SM) optical fibres for spatial mode selection. The quality of
entanglement was optimized by eliminating the spectral distinguishability [27, 28, 29], which is inherent to
pulsed SPDC schemes. The first SPDC source provided the entangled state |Ψ−〉23, with photon "2" as one
input photon for the BSM and photon "3" being guided through a 50 m long SM fibre to the transmitter
telescope. The second SPDC source prepared the state |Ψ−〉01, where photon "1" was the second input
photon for the BSM. Photon "0" was locally delayed in a 100 m fibre (∼ 500 ns) and subsequently measured
by Alice, thus ensuring space-like separation between Alice’s and Bob’s measurement events [24].
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Figure 1: Entanglement swapping over a 143 km free-space channel between the Canary Islands La Palma and
Tenerife. a, Experimental scheme. Both spontaneous parametric down-conversion (SPDC) sources, the Bell-state measurement
(BSM) module and Alice were situated on La Palma and Bob on Tenerife. The two SPDC sources generated the entangled
photon pairs "0-1" and "2-3". Photons "1" and "2" (photons are indicated by black numbers on red circles) were subjected to a
BSM. A 100 m fibre delayed photon "0" with respect to photon "3", such that Alice’s and Bob’s measurements were space-like
separated. Revealing entanglement of photons "0" and "3" between Alice and Bob verified successful entanglement swapping.
b, Experimental setup. Two polarization-entangled photon pairs

∣∣Ψ−〉
01

and
∣∣Ψ−〉

23
were generated in two identical sources via

spontaneous parametric down-conversion (SPDC) in a nonlinear β-barium borate (BBO) crystal. The photons were then coupled
into single-mode (SM) fibres with fibre couplers (FC). Any polarization rotation in the SM fibres was compensated for by fibre
polarization controllers (FPC). Photons "1" and "2" were spectrally filtered with interference filters (IF) with a full width at half
maximum (FWHM) of 3 nm and overlapped in a fibre beam splitter (FBS). A subsequent polarization-dependent measurement
was performed, utilizing a quarter wave plate (QWP), a half wave plate (HWP), a polarizing beam splitter (PBS) and four
avalanche photodiodes (APD) a,b,c and d in the Bell-state measurement (BSM). Photon "3" was guided via a 50 m fibre to the
transmitter (Tx) and sent to Bob in Tenerife, while photon "0" was delayed by a 100 m fibre before its polarization detection
at Alice. The receiver (Rx) on Tenerife captured photon "3" where Bob performed his polarization-dependent measurement.
Both Alice and Bob spectrally filtered their photons with IFs with 8 nm FWHM. All detection events were time stamped by
time-tagging units (TTU) with a resolution of 156 ps and stored for subsequent analysis. See main text for detail.

In La Palma, the BSM was implemented using a tuneable fibre beam splitter (FBS) set to a 50:50 splitting
ratio. While the spatial overlap of photons "1" and "2" is inherent to the FBS, a perfect temporal overlap is
accomplished in the minimum of the Hong-Ou-Mandel [30] (HOM) interference dip. The latter was achieved
by adjusting the optical path length for photon "2", by linearly moving the SM fibre coupler in the first
SPDC source. Both output arms of the FBS were equipped with a quarter- and a half-wave plate followed
by a polarizing beam splitter (PBS) in order to project on any desired polarization measurement basis.
Intrinsic polarization rotations in the SM fibres were compensated for with in-fibre polarization controllers.
The avalanche photodiodes (APDs) a, b, c and d, placed at the four outputs of the two PBSs, were connected
to a home-made coincidence logic, providing the two valid outcomes of our BSM: simultaneous clicks of APDs
(a & d) ∨ (b & c) or (a & b) ∨ (c & d) indicated that photons "1" and "2" were projected onto the maximally
entangled |Ψ−〉12 singlet or |Ψ+〉12 triplet Bell state, respectively. As can be seen from Eq.(2), conditioned on

3

A.2. Preprint

87



these BSM results, photons "0" and "3" were thus simultaneously projected onto the very same states |Ψ−〉03
and |Ψ+〉03, respectively. The projection onto the other Bell-states |Φ±〉12 does not result in a coincidence
detection event by the BSM and thus cannot be resolved with a linear-optics scheme. Furthermore, the two
valid BSM outcomes together with Alice’s detection events of photon "0" (APDs e and f) were fed into a
logic AND gate, providing four possible combinations. These local 3-fold coincidence events on La Palma as
well as the remote detection events of photon "3" on Tenerife (APDs g and h) were then recorded by two
separate time-tagging units (TTUs) with a temporal resolution of 156 ps. In order to retrieve the final 4-folds
between Alice’s events and those measured on Bob’s side we calculated the cross-correlation between the
remotely recorded individual measurement data - both synchronized to GPS standard time. To compensate
for residual relative clock drifts between the distant TTU-clocks we employed entanglement assisted clock
synchronization [31] between consecutive 30 s measurements, allowing for a coincidence-time window of down
to 5 ns.

Experimental results

The strong average attenuation of -32 dB over the 143 km free-space quantum channel calls for high pro-
duction rates of the SPDC sources in order to operate well above the noise level of the single-photon detec-
tors on Tenerife. However, pumping the SPDC sources with high pump intensities reduces the achievable
entanglement-swapping visibility due to increased multi-pair emissions. Hence, a reasonable trade-off be-
tween count rates and visibility was required. In order to find the optimal operating point, we locally
characterized our setup for various 2-fold count rates of the SPDC sources (Figure 2). The entanglement-

Figure 2: A density plot of the entanglement-swapping visibility versus path-length difference and pump power
measured locally on La Palma. The abscissa represents the relative optical path-length difference ∆l between photon "1"
and "2" in the Bell-state measurement and the ordinate represents the 2-fold count rate of the sources. All measured data points
are indicated by black dots in the density plot. The entanglement-swapping visibility is illustrated by rainbow colours where the
entanglement-witness bound and the bound for the violation of a Clauser-Horne-Shimony-Holt (CHSH) type Bell inequality are
represented by a white and a black isoline at a visibility of 1/3 and 1/

√
2, respectively. The hatched areas between visibilities

of 1/3 and 1/
√

2 and above 1/
√

2 mark the regions where entanglement can be shown by an entanglement witness and a CHSH
type Bell inequality, respectively. A plot of the individual measurement runs including the respective Gaussian fits is illustrated
in the inset. The operating point (OP) for the local test of the CHSH inequality (see orange star in inset) was chosen at a 2-fold
rate of 15 kHz and zero delay. At this set point a visibility of 0.87 was achieved. For the entanglement-swapping experiment via
the 143 km and -32 dB free-space link we tuned the setup to a 2-fold rate of 130 kHz and again perfect overlap at zero delay,
resulting in a visibility of 0.6 (see red star in inset). In the density plot white stars indicate both OPs.
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swapping visibilities of our setup varied between 0.87 at lowest 2-fold count rate (15 kHz 2-folds, about 1 Hz
4-folds) and 0.49 at full pump power (240 kHz 2-folds, 370 Hz 4-folds).
A traditional measure of entanglement is constituted by violation of a Clauser-Horne-Shimony-Holt [32]
(CHSH) type Bell inequality. To accomplish this, a CHSH S-value above the classical bound of S ≤ 2 needs
to be experimentally obtained, being equivalent to an entanglement visibility of 1/

√
2 ≈ 0.71. This was

only achievable when operating at low pump powers and, given the resulting low count rates, therefore only
feasible in the course of a measurement performed locally on La Palma. We accumulated data over 8000 s
and measured the required S-value for both the singlet |Ψ−〉03 and triplet |Ψ+〉03 state. In total we detected
5647 singlet and 5618 triplet swapping events and violated the inequality with Ssinglet = 2.487± 0.287 and
Striplet = 2.469 ± 0.287 at a 15 kHz 2-fold rate, respectively (Figure 3). This result clearly proves that
photons "0" and "3" have been projected into an entangled state.
In order to reduce the accumulation time in the remote measurement scenario, we set each SPDC source to
a local 2-fold rate of 130 kHz, corresponding to a locally detected 4-fold count rate of 100 Hz and an average
entanglement visibility of the swapped state of approximately 0.60. We measured the expectation value of
an entanglement-witness operator W , with W < 0 representing a sufficient condition for the presence of
entanglement [33]. Our entanglement-witness operator is given as

W =
1

2
− 1

4
(1 + VHV + VPM + VRL), (3)

with VHV , VPM , VRL being the correlation visibilities of state |Ψ〉03 in the three mutually unbiased bases
horizontal/vertical (HV), plus/minus (PM) and right/left (RL), respectively. The visibility is given by
V = (CCmax−CCmin)/(CCmax+CCmin) with the max (min) coincidence counts CCmax (CCmin). Inserting

Figure 3: Summary of the measurement results. Over the 143 km free-space link we obtained an expectation value for
the entanglement-witness operator W , more than 6σ below the classical bound of 0. This proved the presence of entanglement
between the states

∣∣Ψ−〉
03

and
∣∣Ψ+

〉
03
. The violation of a Clauser-Horne-Shimony-Holt (CHSH) type Bell inequality was shown

locally on La Palma underlining the quality of our setup. The bar chart illustrates the mean visibility V and the entanglement-
witness operator W over the 143 km link as well as the locally measured S-value. All outcomes are given for the swapped
states

∣∣Ψ−〉
03

and
∣∣Ψ+

〉
03

with error bars derived from Poissonian statistics, ±1σ. The numerical values of the measurement
results are given in the inset, including the individual visibilities VHV , VPM and VRL in the three mutually unbiased bases
horizontal/vertical (HV), plus/minus (PM) and right/left (RL) as well as the mean visibility V , the entanglement-witness
operator W and the locally measured S-value.
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the measured visibilities into Eq.(3) yields a negative expectation value for the entanglement witness operator
Wsinglet = −0.212±0.027 andWtriplet = −0.177±0.028 with statistical significances of 7.99 and 6.37 standard
deviations σ, respectively (assuming Poissonian photon statistics). Hence, we unambiguously demonstrated
that the experimentally obtained states between photon "0" and "3" have become entangled over 143 km
(Figure 3). These results were obtained from subsequent 30 s data files, accumulated over a measurement
time of 271 min during 4 consecutive nights. In total, 506 and 492 entanglement-swapping events have been
recorded for the singlet and triplet state, respectively.

Concluding comments

Our data demonstrate successful entanglement swapping via a long-distance free-space link under the influ-
ence of highly demanding environmental conditions, in fact more challenging than expected for a satellite-to-
ground link. This proves the feasibility of quantum repeaters in a future space- and ground-based worldwide
quantum internet. In particular, in a quantum repeater scheme, a single step of the purification method
realized in Ref. [11] would increase our obtained visibilities beyond the bound for the violation of a CHSH
type Bell inequality even in the remote scenario. Together with a reliable quantum memory, our results set
the benchmark for an efficient quantum repeater at the heart of a global quantum-communication network.
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5.
1.

L
A
B

5.
1

Figure5.1.:Dataofanindoormeasurementwiththemirrorsrunningat1.25kHzandthedatarecordedat1kHz.Firstbothmirrorswereinbias

position,thenonlytheTTMwasswitchedonforoptimizationandlatertheMMDMaswell.Afteraresettothebiaspositionsofthe

mirrors,onlytheMMDMwasswitchedonatfirstandthentheTTM.Anotherresetwascarriedoutbeforeswitchingonbothmirrors

atthesametime.
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