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Abstract

Quantum information science explores the foundational aspects of quantum mechanics and

its combination with information science for new information technologies. The underlying

key resource is non-classical correlations. These counter-intuitive correlations between

quantum systems can be used for encoding, transmitting and measuring information in

quantum information tasks. Although quantum properties can be used in a variety of

systems, here we explore photons. These information carriers are fast, easy to generate

and manipulate and only interact weakly with the environment. These properties make

them to excellent candidates to be employed in experiments.

Developing quantum technology, such as single photon sources and single photon detec-

tors, allows us to investigate the foundational aspects of quantum mechanics in quantum

information tasks. These tasks use non-classical correlations, which form a hierarchy,

from Bell nonlocality to Einstein-Podolsky-Rosen (EPR) steering to quantum nonsepa-

rability. Two systems are nonlocally correlated, when measuring one system affects the

measurement results on the other system, hence the name ‘steering. In test for non-classical

correlations, we share a quantum state between two observers which are trusted or un-

trusted. While observers are both untrusted or trusted in entanglement witness tests and

Bell inequality violations, respectively, EPR-steering is distinct from these two classes by

its fundamental asymmetry: one party is trusted while the other is untrusted.

A fundamental question is whether these nonlocal correlations can be demonstrated

under exchange of the parties. This question can be answered with ‘yes’ for the symmetric

nonlocal classes, quantum nonseparability and Bell nonlocality, however, EPR-steering

might give an opposing answer. Therefore, we ask in our first experiment whether shar-

ing an asymmetric state can result in one-way EPR-steering, where e.g. Alice can steer

Bob’s measurement outcomes, but not the other way around. We theoretically derived

and experimentally observed the one-way steerability of an experimentally practical class

of entangled states for projective measurements and the most general class of measure-

ments, POVMs. Although it is experimentally infeasible to test on-way steering for all

POVMS, we have verified that our state parameters prove we are in a regime where only

one-way steering is proven possible. The results are of foundational impact as it is the

first demonstration of nonlocality being observable by only one party. Furthermore, the

demonstration of this nonlocal asymmetry has practical implications for the distribution of

v



the trust in quantum communication networks and in adversarial scenarios where control

over only one party might be possible.

In the second experiment we investigated the role of a reference frame for the demon-

stration of EPR-steering. This reference allows Alice and Bob to accurately set their

measurement directions. Most protocols assume a common reference frame between the

parties because establishing such a frame is resource intensive, and can be technically de-

manding for distant parties. Here, we show that we overcome limitations of previous work,

like measurement-orientation dependence and arbitrarily small demonstrations of nonlo-

cality, using the CHSH inequality. For this, we theoretically proved that steering can be

demonstrated with 100% probability, for a larger class of states, independent of local rota-

tions of the measurement setting, and experimentally demonstrate rotationally-invariant

steering in a variety of cases. Additionally, we compared our inequality with a necessary

and sufficient steering inequality [J. Opt. Soc. Am. B 32, A74 (2015)] to demonstrate

that our derived steering inequality is the optimal rotationally invariant one for the case of

two settings per side and two-qubit states having maximally mixed reduced (local) states.

Our protocol can show a non-infinitesimal violation of the steering inequality for all orien-

tations of the reference frame. This will have profound impact on long-distance quantum

communication, like ground-to-space quantum communication, where misalignment of the

standard has complicated or made communication impossible.

Fundamental quantum science phenomena can provide resources for applications, but

it is also important to develop the hardware for them. In this thesis, we explored the

technological aspects of single photon generation by engineering a high heralding effi-

ciency photon source. This source uses spontaneous parametric down-conversion, the

effect that enables us to generate single photon pairs with specifically chosen polarisations

and wavelengths in quantum optics, to generate photons in a group-velocity matched

collinear periodically poled nonlinear crystal. This allowed us to demonstrate very high

heralding efficieny and a frequency-uncorrelated joint spectral intensity. Additionally, we

constructed a state-of-the-art entangled photon pair source by employing a Sagnac ring

interferometer. The generated quantum state had a high purity which made harsh spec-

tral filtering unnecessary. Interfering two single photons from individual Sagnac sources

resulted in a Hong-Ou-Mandel visibility of (100 + 0/− 5)%, which is the highest reported

value to date. This source simultaneously combines the desirable properties of high purity,

heralding efficiency and entangled state fidelity for the first time.

The work presented in this thesis contributes to the understanding of quantum me-

chanics and is directly relevant to developing resources for photonic quantum information

science and technology, especially those tasks where it is important to share entanglement

between remote parties.
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Chapter 1

Introduction

We live in a society where nearly 60% of the population worldwide owns a mobile phone.

This demonstrates the fundamental impact of manipulation and communication of infor-

mation in our everyday life. The technological abilities of modern phones certainly qualify

to describe them as minitiature computers in our pockets. The size of this format is a

result of Moore’s law, proposed in 1965 [1]. Moore predicted that the number of transis-

tors on a chip would exponentially grow, which implies a dramatic decrease of the size

of transistors. However, with the downscaling of the structures, we may begin to enter

the nanostructure regime where quantum mechanical effects can be observed. Individual

classical computer elements are currently on the edge of this regime. Simultaneously, we

are learning to manipulate single quantum systems from the ground up.

Quantum mechanics was a ground breaking discovery at the beginning of the past cen-

tury. This theory, describing properties and physical laws for particles below the classical

size, rapidly emerged and made its way into modern physics and then into everyday life. In

the first two decades, experiments and discoveries by Max Planck [2], Albert Einstein [3]

and Niels Bohr [4], amongst others, contributed to the early formulation of the quantum

principles.

Modern quantum mechanics kicked off in 1925 with the introduction of a mathematical

context for the observed phenomena. Werner Heisenberg, Max Born and Pascual Jordan

used matrices to find an adequate description of the demonstrated experimental results [5–

7]. Shortly after, Erwin Schrödinger complemented it with his wave function methodology

[8]. The authors tangled with each other about the correctness of their concepts until

Schrödinger proved in 1926 that both theories gave the same description [9]. Having

these mathematical tools available introduced fundamental conceptual questions about

the interpretation of quantum mechanics, and led to a variety of interpretations being

proposed [10–14].

One of these proposals is the Copenhagen Interpretation, introduced by Bohr and

Heisenberg, which unites Heisenberg’s uncertainty principle with Bohr’s principle of com-

plementarity [15]. In their statement, Heisenberg argued that it is impossible to simultane-

ously know position and momentum of a particle and Bohr added that this situation arises

because the properties are complementary and could not be simultaneously measured by
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3

an apparatus. This lead them to the final conclusion that properties of a quantum system

do not exist independently of the measurement, and that measurement outcomes were

created by the apparatus.

Einstein was puzzled by this interpretation as the implications of the Copenhagen

interpretation were inconsistent with the core idea of his special relativity: an event cannot

be influenced by another spatially separated event. This essential thought is also known as

local causality. In his famous publication [16], Einstein and coworkers describe a thought

experiment of a quantum system, consisting of two correlated particles shared between two

observers. Both observers can make measurements on their part of the system and compare

their measurement outcomes to see if any correlations exist. Einstein et al. concluded that

Alice’s measurement, on her part of the state, influences Bob’s subsystem. Due to the

space-like separation of the events, Einstein called it a spooky action at a distance. Einstein

could not explain the observed correlations in a local realistic framework and, therefore,

came to the conclusion that quantum mechanics must be incomplete and an additional

local hidden model had to be added. In the same year, Schrödinger coined the term

entanglement for such correlated quantum systems.

In 1964 John Bell, who was a supporter of Einstein’s idea to formulise the notion of a

local hidden variable model, developed a mathematical test, known as the Bell test [17].

This test is the most rigorous form of testing Einstein’s hypothesis. It follows the idea

that an entangled system is shared between observers, about which no assumptions are

made. Both observers appear as black boxes to us, in that we do not need to assume that

they are described by a classical or quantum or any particular theory. Bell showed, in this

test, that if quantum entangled states and quantum measurements were assumed, then

correlations between the observer’s measurement results exceed the classical possibilities

and could not be explained by Einstein’s model. Therefore, he concluded that the answer

to Einstein et al.’s question if quantum mechanics is complete, must be yes and does not

require a local hidden variable model. This theoretical proposal arrived at the time of the

development of the first lasers which allowed an experimental confirmation of Bell’s test

to happen in the subsequent decades [18–20].

With the development of technological tools as lasers, research in quantum mechan-

ics was not only focused on foundational aspects, but also possible applications. Despite

Feynman’s futuristic proposal of a quantum computer, quantum mechanics was missing the

connection to information theory, which concerns the encoding, manipulation and trans-

mission of classical information. However, this changed rapidly in the 90’s when quantum

mechanics was connected to information theory’s basic unit, the bit. Ben Schumacher

coined the term qubit, consisting of the words quantum and bit, to describe a two-level

system being in superposition [21]. The work of Schumacher and others at that time con-

nected quantum mechanics with the field of information theory which had emerged, out

of the necessity in WWII, to improve transmission, encoding and communication of data.



4 CHAPTER 1. INTRODUCTION

Claude Shannon, “the father of information theory”, together with others had worked on

mathematical tools which led to the modern computer. However, it was not until the

definition of a qubit and proposals of applications such as the Shor algorithm [22] that

Feynman’s idea of a quantum computer [23] was revisited. From then on, not only foun-

dational aspects, but also possible applications, received substantial attention within the

community.

Today the field of quantum information consists of quantum communication, quantum

computation and quantum metrology. Research is not only focused on new experimental

and theoretical discoveries, but also on the development of the technological tools which are

necessary to explore quantum mechanics. Such experiments usually consist of three parts:

the generation and/or initialisation of the quantum system followed by the manipulation

and transmission in a circuit, and concluded by a measurement and readout.

Fundamental tests such as Bell inequalities have been connected to quantum informa-

tion concepts, e.g. true random number generator or device-independent QKD. Because

of the device independence, they provide a rigorous way of verifying entanglement – which

is itself the key resource for quantum information technology – between remote parties.

Seeking noise tolerance provides for new tests similar to Bell inequalities, but distinct.

One example is EPR-steering, which will be investigated in this thesis. Studying these is

important in both the understanding of foundational quantum mechanics and as a resource

for the tasks above.

This thesis focuses on photonic qubits to study quantum information concepts. Pho-

tons are widely used in the community because of their desirable properties: information

can be easily encoded using degrees of freedom like polarisation, momentum or energy;

they are easy to generate, travel at the speed of light, can be manipulated with linear

optics; and they interact weakly with the environment over long distances which means

low noise and loss. This makes them an ideal information carrier for investigating quan-

tum information science. Working with them requires single photon sources which allow

for the careful engineering of the specific properties of the photons such as wavelength,

spectral purity and polarisation.

Chapter 2 of this thesis introduces tools and key concepts for experiments in our

quantum information laboratory. The experiments described in this thesis use photons

as information carriers. Therefore, methods and concepts relating to how to generate,

manipulate and measure single photons is presented. This chapter concludes with an

introduction of two different classes of non-classical correlations, Bell nonlocality and

EPR-steering. The following chapters mainly focus on the investigation of EPR-steering

and its potential applications.

Chapter 3 describes the theoretical and experimental demonstration of one-way EPR-

steering. EPR-steering can be distinct to other nonlocal correlations by its inherent asym-

metry of the measuring parties. Therefore, conditions may exist which lead to EPR-
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steering being not observable anymore under an exchange of the two parties. This means

that steering is possible in one configuration but not the other, i.e. one-way quantum

steering. This phenomena has been previously studied for gaussian measurements. Here,

we theoretically derive and experimentally demonstrate an one-way steerable state which

allows for demonstration of this feature even when arbitrary measurements in the form of

POVMs are used.

In chapter 4, we investigate the role of incomplete or absent reference frames on the

demonstration of EPR-steering. For this, we derived a new rotationally invariant steering

inequality which considers m and n measurement settings for Alice and Bob, respec-

tively. We investigate the effect of local rotations of the measurement settings on the

observed correlations and compare them against our derived inequality and, for reference,

against a recently-derived necessary and sufficient inequality for EPR-steering with two

measurement settings per side [24]. We conclude this experiment with the demonstration

of nonlocality in the absence of a reference frame.

The experiment described in chapter 5 concerns the engineering and realisation of a

high-heralding efficiency single photon source. Single photon sources are a crucial com-

ponent for experiments in quantum information theory, and an ongoing research field in

their own right. In this chapter, I describe how we carefully engineered the parameters of

a novel source which emits photons with a frequency-uncorrelated joint spectral intensity,

and at telecom wavelength. Our efforts resulted in demonstration of a very high heralding

efficiency of up to (64 ± 2)%. The second part of this chapter concerns the generation

of polarisation-entangled quantum states with our engineered photon source. We charac-

terised these high quality states and I conclude this chapter by showing the interference

of photons from individual sources.

Chapter 6 concludes this thesis with a summary of the results. We aim to provide a

meaningful context and outline a path forward for the near future of research in this area.



Chapter 2

Theory

2.1 Generating photons

2.1.1 Spontaneous parameteric down-conversion

Spontaneous parametric down-conversion (SPDC) is a second-order nonlinear optical pro-

cess that is widely used to create entangled photons. This process is exploited for a

wide range of experiments in linear optical quantum computation [25], quantum telepor-

tation [26], and EPR-steering [27]. A pump photon interacts with a nonlinear medium

and generates a signal and idler photon, such that the frequency- and phasematching

conditions,

wp = ws + wi (2.1)

~kp = ~ks + ~ki (2.2)

are fulfilled [28].

The conditions of Eq. (2.1) and (2.2) can be satisfied for a range of solutions, result-

ing in down-converted photon pairs with different polarisations, frequencies, and emission

directions. Commonly-used categorisations for the directions of the photons are collinear,

where the down-converted photons travel in the same direction as the pump, and non-

collinear, where the signal and idler photon travel in different directions with a cone

opening angle of a few degrees. Moreover, SPDC sources can be categorised by the polar-

isation of the daughter photons. In type-I down-conversion, the generated signal and idler

photon share the same polarisations. The alternative is type II down-conversion where

the two down-converted photons are orthogonally polarised.

2.1.2 Quasi-phasematching

Quasi-phasematching enables extended control over the wavelengths, directions, and polar-

isation of the down-converted photons. The orientation of the optical axis to the direction

of propagation of the pump beam determines for which wavevectors, ~k, and angular fre-

quencies, ω, the phasematching conditions are fulfilled. By changing the parameters of

the pump beam a so-called phase mismatch, ∆k, is introduced (Fig. 2.1). Yamada et al.

6
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k s k i 

k p 

k  

Figure 2.1: Scheme of phase mismatched wavevectors in SPDC. The sum of the wavevec-
tors for signal (~ks) and idler (~ki) photon is not equal to the pump wavevector ( ~kp) and
leads to a phase mismatch ∆k.

introduced a technique for engineering the crystal for better control over phase matching,

known as periodic poling [29]. Periodic poling, which is the periodic alternation of the

sign of the nonlinear coefficient across the crystal, uses the application of a large voltage

to invert the crystal domains. Lithographic masks are exploited to precisely define the

location of the domain inversion within the crystal. The pump phase mismatch ∆k can

be eliminated by introducing an appropriate phasemismatch vector ~G. This vector is de-

fined as ~G = 2πm
Λ with Λ being the period of the periodic poling (Fig. 2.2). By using a

quasi-phase-matched crystal, a significant improvement in the brightness of the source for

the chosen wavelengths is to be expected.

ωp 

Λ 
ω i  + ωs 

Figure 2.2: Scheme of a collinear SPDC process in a quasi phasematched crystal. The
down-converted signal (ωs) and idler (ωi) photons propagate in the same direction as the
pump beam (ωp). The crystal is engineered by periodic poling and has a poling period Λ.
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2.2 Encoding Qubits on Photons

2.2.1 Polarisation encoding

A bit is a fundamental unit in classical information in our present-day computers. It can

either take the value 0 or 1. The analog in quantum information and computation is the

quantum bit, the so-called qubit [30]. Despite its similarity to the classical bit, there are

fundamental differences which enable the qubit to be exploited in quantum computation

and information processing. An example of such is that the qubit can be in a superposition

of the basis states |0〉 and |1〉. In general, a qubit can be expressed as a linear combination

of both states,

|Ψ〉 = c1 |0〉+ c2 |1〉 , (2.3)

where c1 and c2 are complex numbers and |0〉 and |1〉 are orthonormal basis states 1.

By definition, we call this set of basis states, {|0〉 , |1〉}, the computational or logical

basis. Upon measurement, the qubit can only be found in one of the two states. The

probability to find it in the states |0〉 and |1〉 is given by the modulus squared of c1 and

c2, respectively. The probabilities have to satisfy the condition |c1|2 + |c2|2 = 1.

There exists a variety of degrees of freedom in which to encode a qubit on a photon.

While, in general, every orthogonal pair of light modes, like orbital angular momentum

or occupation number, allows construction of a two-level quantum system, not all are

experimentally feasible. A widely-investigated degree of freedom is polarisation. The

oscillation direction of the electromagnetic field of a photon can be easily manipulated and

it is technically simple to generate photons with pure polarisation. The computational

basis is often defined in the horizontal and vertical polarisation as

{|0〉 , |1〉} ≡ {|H〉 , |V 〉} . (2.4)

For completeness, the full set of canonical polarisation basis states is:

horizontal: |H〉 ≡ |0〉 vertical: |V 〉 ≡ |1〉

diagonal: |D〉 ≡ |H〉+ |V 〉√
2

anti-diagonal: |A〉 ≡ |H〉 − |V 〉√
2

right-circularised: |R〉 ≡ |H〉+ i |V 〉√
2

left-circularised: |L〉 ≡ |H〉 − i |V 〉√
2

.

(2.5)

Using wave plates, fabricated from birefringent material, allows for the rotation of polari-

sation between these states.

1For a pair of vectors to be orthonormal it has to fulfil the following conditions: the inner products,〈0|0〉
and 〈1|1〉, have to be 1 for normalized vectors and the inner products, 〈0|1〉 and 〈1|0〉, have to be 0 for
orthogonal vectors. It is of interest to work with orthonormal basis states because the two states are
mutually exclusive and the result of a measurement is unambiguous, i.e. measuring a system in state |0〉
does not leave a probability to find it in |1〉, and vice versa.
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2.2.2 Representing states on the Bloch sphere

It can be helpful to visualise qubits using the Poincaré sphere (Fig. 2.3) [30]. This sphere is

the polarisation equivalent of the Bloch sphere, which represents spin−1
2 quantum systems,

with a difference in axis labelling. Each point on the sphere corresponds to a certain pure

polarisation state. We can describe an arbitrary pure single qubit state as vector from

the origin to the surface of the sphere surface defined by the longitudinal angle θ and the

azimuthal angle φ with

|Ψ〉 = cos

(
θ

2

)
|H〉+ eiφsin

(
θ

2

)
|V 〉 . (2.6)

The angle θ ranges from to 0 to π and the angle φ from 0 to 2π. Quantum states can

H

V

D

R

L

A

Ψ

Φ 

Θ 

Figure 2.3: The Poincaré sphere is a graphical representation of a polarisation encoded
quantum state. Any arbitrary single qubit state |Ψ〉 can expressed within this sphere and
is uniquely defined by the angles θ and φ. The coloured poles are known sets of polarisation
states and poles with the same colour form a pair of an orthogonal basis state.

be found on the surface of the sphere as well as within the sphere. The former states are

called pure states, while the latter are named mixed states. Quantum states can lie within

the sphere because of decoherence which might arise from environmental noise or from

limitations in the state preparation or measurement apparatus. Besides giving a graphical

representation of the state itself the Poincaré sphere is a platform to visualise the effects

when sets of waveplates are in use.
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2.2.3 Pure and mixed states

Quantum states, like |Ψ〉 (Eq. 2.6), can be measured by projection onto one of a set of

orthogonal states {|φ〉k}. After measurement, the state collapses to |φi〉 with the prob-

ability of |〈φi|Ψ〉|2. The general probability distribution for a quantum state |Ψ〉 can be

described as a density matrix [30],

ρ =
∑
i

pi |Ψi〉 〈Ψi| . (2.7)

ρ is a so-called mixed state, a statistical mixture of pure states |Ψi〉 and pi is the probability

to find the quantum system in this pure state |Ψi〉. If the state |Ψ〉 of a system is known

exactly then it is a pure state and the density matrix reduces to

ρ = |Ψ〉 〈Ψ| . (2.8)

In a matrix representation, |Ψi〉 is a column vector, 〈Ψi| is a row vector and |Ψi〉 〈Ψi| is
called the outer product. An explicit example in the computational basis for polarisation

encoded qubits can take the following form:

|Ψ〉 = α |H〉+ β |V 〉

〈Ψ| = α∗ 〈H|+ β∗ 〈V |

|Ψ〉 〈Ψ| = αα∗ |H〉 〈H|+ αβ∗ |H〉 〈V |+ α∗β |V 〉 〈H|+ ββ∗ |V 〉 〈V |

=

(
|α|2 αβ∗

α∗β |β|2

) (2.9)

|α|2 and |β|2 are the probability to find the qubit in the computational basis. The terms

in the off-diagonal, α∗β and αβ∗, are known as coherence terms and are a result of the

superposition of the basis states |H〉 and |V 〉. The eigenvector and eigenvalues of the

density matrix are found by solving c(λ) = 0 where c(λ) = det(ρ− λI).
To represent a quantum mechanical system, ρ needs to fulfil the following conditions:

• The density matrix is hermitian: ρ† = ρ.

• The matrix has non-negative eigenvalues: λj > 0, ∀j.

• The diagonal matrix elements sum to 1: tr(ρ) = 1.

The density matrix ρ allows determination of the purity of a state. Purity is a measure

of lack of mixedness in a quantum state and takes values

tr(ρ2)

=1 for pure states,

< 1 for mixed states.



2.2. ENCODING QUBITS ON PHOTONS 11

2.2.4 Qubit operations

Polarisation qubit states represented on the surface of the Poincaré sphere can be rotated

to arbitrary points on the sphere with a combination of wave plates. Wave plates are an

optically flat birefringent material2 with their optical axis oriented in the plane orthogonal

to the direction of the incident light propagation. The birefringent material causes a delay

between the ordinary and extraordinary components of the photon’s polarisation vector,

introducing a relative phase between the two polarisations. Wave plates are typically

manufactured to generate a phase delay of half or a quarter of a wavelength, and therefore

are called half-wave plates (HWPs) or quarter-wave plates (QWPs), respectively. In the

lab, the wave plates are usually mounted in rotation stages which allow for rotation of angle

θ around the direction of normal beam incidence. HWPs and QWPs can be represented

mathematically as unitary matrices as

UH(θ) = i

(
cos(2θ) sin(2θ)

sin(2θ) −cos(2θ)

)
, (2.10)

UQ(θ) =
1√
2

(
1 + cos(2θ) isin(2θ)

isin(2θ) 1− cos(2θ)

)
. (2.11)

The wave plate combination3 UQ(θ1)UH(θ2)UQ(θ3) gives full control to rotate any state,

a) b) c)

|Ψ〉

𝑈𝑄(𝜃 )|Ψ〉

|Ψ〉

𝐻𝑈 (𝜃 )|Ψ〉

|Ψ〉

|Ψ〉

𝑈|Ψ〉

𝑈 |Ψ〉+

𝑈𝑄 𝑈𝑄(𝜃 1) (𝜃 3)𝐻𝑈 (𝜃 2)

Figure 2.4: Experiments in quantum optics use quarter-wave plates (a) and half-wave
plates (b) to manipulate polarization encoded quantum states. Using the wave plate
combination QWP, HWP and QWP, (c), allows for rotation of a pure quantum state to
any arbitrary position on the Poincaré sphere.

if known, to any other (pure) state.

2usually quartz
3Angles of real-space polarisation and Poincaré sphere orientation are related by a factor of 2. For

example, |H〉 and |V 〉 are separated by 180◦ on the Poincaré sphere (Fig. 2.3) and by 90◦ in real-space.
The unitary matrices UH(θ) and UQ(θ) use real-space angles.
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It can be useful to convert an input beam into separate spatial paths. In general, a

non-polarising beam splitter (BS) [31] or a polarising BS can be used for this task [30]. The

former splits the input beam between the output ports with a specific ratio. Non-polarising

BS distribute the light independently of its polarisation.4. Polarising beam splitters (PBS)

separate the orthogonal polarisation components to different output paths5. Horizontally

polarised light is transmitted by the PBS, while vertically polarised light is reflected.

Photon interference experiments such as Young’s double slit interference experiment

[32] are at the heart of quantum mechanics. Another widely known two-photon interfer-

ence experiment is the Hong-Ou-Mandel interference (HOM) [33]. Hong et al. describe an

experiment where they send one photon into each input port of a 50 : 50 BS. Individually,

each input photon has an equal chance to get either reflected or transmitted in the beam

splitter. At which output port the photons appear can be determined by a photon detec-

tion. The simultaneous detection of a photon in each output port is called a coincidence

detection. Because of the indistinguishability of the photons — the photons are identical

in frequency, polarisation and time of arrival — it cannot be determined which path they

followed. Hong et al. attributed the coincidence detection (with the appropriate probabil-

ity) to quantum mechanics. We consider as input, a dual Fock state |Ψin〉 = |1a1b〉 with

one identical photon in each input port a and b. This state evolves to [33]

Ψout = (R− T )|1a1b〉+ i(2RT )
1
2 |2a0b〉+ i(2RT )

1
2 |0a2b〉 (2.12)

with the reflectivity R and transmittivity T fulfilling R+T = 1. Because of the 50 : 50 BS

(R = T = 1
2), the first term is zero. That is, due to the destructive interference and there

is no coincidence detection possible. This effect is called ‘bunching’, as two previously-

independent and indistinguishable single photons are in the same spatial mode after the

interference at the beam splitter.

2.3 Measuring Photonic Qubits

2.3.1 Single photon detection

For the experiments described in this thesis, we use detectors that are sensitive enough

to measure single photons - specifically, avalanche photodiodes (APD), which are widely

used in the community. These sensitive semiconductor detectors use the photoelectric

effect to convert detected light into an electrical signal. APDs are operated with reverse

bias voltage large enough to cause breakdown and thus to be sensitive to single photon

4In practice, it can be observed that the splitting ratio varies slightly for different polarisations.
5The kind of polarising beam splitters we use for our experiments, consist of two right-angle glass

prisms. The formed glass cube has a dielectric coating at the cube’s diagonal interface to ensure that the
appropriate polarisations are transmitted and reflected, respectively.
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detection. (However, this does not allow photon number resolution.) In this regime, the

light detection leads to photoionisation. The excited charge carriers – electrons and holes

in semiconductor material – are accelerated due to the strong internal electric field which

is caused by the applied reverse voltage. Finally, the high velocity leads to interaction with

the material and consequently to generation of more charge carriers. The term avalanche

describes this gain of the initial photo-current.

APDs can be quantified by the quantum efficiency, which is a measure of the probability

that the detection of a single photon leads to the creation of charge carriers. Detectors

that are suitable for light in the visible and near-infrared regime are commonly made from

Silicon and have a typical efficiency of η ∼ 50%.

To detect photons in the telecom wavelength regime, InGaAs semiconductor-based

APDs are available, which have a significantly lower detection efficiency (of < 20%) com-

pared with silicon-based APDs (for visible and near infrared light). Moreover, their high

dark counts6 make electrical gating of the detector necessary.

To overcome low detection efficiency and temporal limitations, superconducting nanowire

single photon detectors (SNSPDs) can be used. SNSPDs take advantage of the zero re-

sistivity of superconducting material below the critical temperature TC . The detection

process can be subdivided in a three step process:

1. The superconducting WSi (for example) nanowires [34] are biased with a DC current

IB which is close to, but less than, the superconducting IC of the nanostructure [35].

In this state, only small amounts of energy are required to increase IB above IC and

a finite resistance is created.

2. When single photons traverse through optical fibres and reach the detectors they

are absorbed by the material and induce a localized hotspot with enough energy

to break down Cooper pairs. This hotspot expands quickly over the width of the

nanowires, and Joule heating aids the growth of the resistance along the axis of the

nanowires.

3. As this resistance is typically larger than the 50Ω impedance of the amplifier, most of

the bias current is shunted into the load. The readout voltage is simply Vread = IB×
50Ω. As most of the current is flowing through the amplifier, the Joule heating is re-

duced and the hotspot can cool down and the device returns into its superconducting

state.

Because of the superconducting effect, the detectors have to be enclosed in a cryostat.

For our experiments we use a system that consists of three stages of closed-cycle coolers

6Dark counts are accidental counts which are caused by thermal noise or background light. Detectors
can be gated, which means the detection window and arrival time of the photons are matched, to improve
the signal-to-noise ratio.
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Sumitomo cryo-cooler: the outer shell at 300 K functions as a thermal isolation or radiation

shield followed by the second stage, an additional radiation shield, cooled to 40 K and the

central 4 K core of cryostat containing the detectors.

2.3.2 Projective measurements

A measurement in quantum mechanics can be understood to determine the probability or

amplitude of a given state such as

|Ψ〉 = α|0〉+ β|1〉. (2.13)

This state has the probability |α|2 to be in the state |0〉 and |β|2 to be in the state |1〉.
To see the effect of measuring the state |Ψ〉 in a basis different from the computational

basis requires us to write the state in this basis. For example, we can formulate |Ψ〉 in the

{|+〉, |−〉} basis7 as

|Ψ〉 =
(α+ β)√

2
|+〉+

(α− β)√
2
|−〉. (2.14)

The probability to find |Ψ〉 in the state |+〉 is then |α+β|2
2 , and |α−β|2

2 for the state |−〉,
respectively. To obtain a more general mathematical formulation we introduce the observ-

ableM with the eigenvaluesm. The eigenvaluesm correspond to the possible measurement

outcomes after the measurement on state |Ψ〉. The probability to obtain the measurement

outcome m is given by [30]

pm = 〈Ψ|M̂ †mM̂m|Ψ〉 (2.15)

where M̂m is the measurement operator. These operators have to fulfil the condition∑
m

M̂ †mM̂m = I (2.16)

with I being the identity operator. This equation is known as the completeness relation

and states that the total probability of all measurement outcomes must sum up to 1.

After receiving the measurement outcome m, the state immediately evolves to

|Ψ〉 → Mm|Ψ〉√
〈Ψ|M̂ †mM̂m|Ψ〉

(2.17)

The state |Ψ〉, described by its wave function Ψ, collapses with the measurement. This

effect is called wave function collapse. The most commonly used types of measurements

are so-called projective measurements which are a subset of a more general group of mea-

surements, the positive operator-valued measures (POVMs). Besides the completeness

7The states |+〉 and |−〉 are also known as |D〉 and |A〉, respectively. These states are defined as

|D〉 ≡ |H〉+|V 〉√
2

and |A〉 ≡ |H〉−|V 〉√
2

.
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relation, measurement operators for projective measurements have to fulfil further con-

ditions such as Mm are orthogonal projectors, which requires them to be hermitian, and

MmMm′ = δmm′Mm.

2.3.3 Quantum state tomography

Quantum state tomography allows us to characterise the state of a quantum system [36,37].

The Stokes parameters describe the polarisation of the light. The measurement of these

parameters on identically prepared qubits allows reconstruction of the density matrix of

the quantum system. Due to experimental fluctuations in the data collection, a numerical

optimisation method is used. This numerical method – the maximum likelihood estimation

– searches over all physical meaningful8 density matrices to find the one that most closely

corresponds to the collected experimental data [38]. The details of the technique can be

found in the White et al.’s publication [37].

2.4 Non-classical Correlations

Non-classical correlations are a well-known and unintuitive feature in quantum mechanics.

The kind of correlations we talk about were described in a famous thought experiment in

1935 [16]. In this experiment, Albert Einstein, Boris Podolsky, and Nathan Rosen (EPR)

considered a joint preparation of a bipartite state which is shared between the spatially

separated observers, who, in modern formulations of the argument, are usually called Alice

and Bob. After receiving their part of the state, both make a set of local measurements and

report their classical outcomes to compare the correlations. Despite spatial separation,

EPR observed that Alice’s measurement caused an instantaneous action at a distance9

on Bob’s measurement outcome. (Erwin Schrödinger also wrote on this effect, which he

termed as steering). However, this effect seemed to contradict special relativity.

As distinct from classical physics, quantum mechanics is a statistical theory which

means measurements are probabilistic, i.e. the outcome is not generally knowable be-

fore the measurement, but measurements give certainties in the sense that they provide

definite (single) outcome which is repeatable for multiple repetitions of the same mea-

surement. Due to this probabilistic nature, Einstein concluded that quantum mechanics

was incomplete. To account for the statistical behaviour, he introduced the idea of local

hidden variables. These variables are not explicitly hidden, but rather inaccessible and are

consistent with local realism. Local realism is a combination of the principles of locality10

8non-negative definite hermitian matrices
9Einstein named this effect spooky action at a distance in 1947 [39].

10This principle states that an object can only be influenced by its immediate environment. To explain
an effect such as instantaneous action at a distance, something is needed which links the two events.
However, as the effect occurs instantaneously and therefore any influence would exceed the speed of light,
it would appear to contradict locality.
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and realism11, and is a natural viewpoint in the light of classical physics and relativity.

Because EPR’s thought experiment contradicts local realism, it is also known as the EPR

paradox.

In 1964, the Irish physicist John Bell followed in EPR’s footsteps and tried to construct

a local hidden variable theory that would satisfy local realism and explain the observed

quantum correlations in EPR’s thought experiment [17]. In his theorem, he predicts that

no local hidden variable theory allows for reproduction of quantum mechanical correlations.

When experimentally testing Bell inequalities, it has to be considered that this test is

subjected to real-life limitations. These limitations cause so-called loopholes which have

to be appropriately addressed to be able to distinguish between quantum mechanical

correlations and local hidden models [40]. Besides the free-will loophole, which effectively

states that the measurement settings have to be truly random, two other loopholes remain:

• Detection loophole:

We usually detect a ±1 measurement outcome. However, realistic detection can fail

which leads to null result. To compute the inequality, these ‘0’ results can be simply

ignored. However, this implies that the remaining data represents a fair sample of the

measurement outcomes which would have been detected with a perfect detector [41].

If this fair-sampling assumption fails to be an appropriate representation of the data,

local hidden models have to be considered. Therefore, insufficient detection efficiency

opens the detection loophole.

• Locality loophole:

To make the measurements locally independent, shared information about measure-

ments, between the observers, has to be considered. This communication is through

classical channels and therefore not faster than light. Thus, the appropriate spa-

tial separation of the observers is sufficient to close this loophole, in fact, it should

be relativistically spacelike. Moreover, the measurement settings should have no

correlation by any event in the past to avoid opening up a loophole for local realism.

EPR and Bell considered, for their inequalities, pure and maximally entangled states.

However, in a laboratory environment such states are impractical because we have to

consider noise which makes the states mixed. This situation led to the question of whether

all entangled states, including mixed entangled states, are Bell-nonlocal. It was shown by

Werner et al. [42] and Wiseman et al. [43] that there exists a hierarchy within these

states. This hierarchy is with respect to different types of quantum correlation test for

general measurements, i.e. POVMs [55] – Bell nonlocality, EPR-steering and entanglement

witness – and will be subsequently explained. Bell-nonlocal states can violate a Bell

inequality, can violate an EPR-steering inequality and be measured by an entanglement

11Realism describes the idea that values of physical quantities exist independent of observation. The
appareant probabilistic nature of measurement in quantum mechanics would appear to contradict this.
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witness (Fig. 2.5). Neither EPR nonlocal states nor non-separable states can violate a Bell

inequality. Furthermore, entangled states, at the bottom of the hierarchy, can neither be

used for an EPR-steering test nor a Bell test [44].

Bell

EPR

Entanglement

Figure 2.5: The Venn diagram shows the hierarchy of the different nonlocal classes. States
which are Bell nonlocal are also steerable and entangled. However, entangled states do
not necessarily allow for demonstration of Bell nonlocality or EPR-steering.

2.4.1 Bell nonlocality

John Bell derived a mathematical formulation which constrains the correlations allowed

by local realism. Beyond some very limited assumptions, e.g. dichotomic measurement

setting, it makes no assumptions about the measurement devices or measurement choices

of the observers. In Bell’s theorem, we consider two spatially separated parties, Alice and

Bob. Both are in control of their measurement apparatus. The set of possible measure-

ments Alice and Bob can make on their part of the shared state is Mα and Mβ, respectively.

A measurement choice a and b is then a ∈ Mα and b ∈ Mβ. The measurement outcomes

for a and b are denoted by A and B. The results of the measurements do not solely depend

on the measurement choices, but also on the state. To take the preparation of the state

into account, we define g as preparation procedure parameter. The joint probability to

obtain the measurement outcomes A and B conditioned on the measurement choice a and

b and the state preparation g is

P (A,B|a, b, g). (2.18)

Bell’s theorem is a rigorous test of nonlocality. It gives a mathematical constraint on

the correlations obeying local realism and is not restricted to quantum mechanics. Bell’s

local hidden variable model for the measurement outcomes A and B makes no assumption
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about the measurements. The only requirement for a local hidden variable (LHV) model is

to obey local causality12 and that the joint probability distribution P (A,B|a, b, g) exists.

The joint probability distribution for Alice’s and Bob’s measurement results is [45]

P (A,B|a, b, g) =
∑
λ

P (λ|g)P (A|a, g, λ)P (B|b, g, λ). (2.19)

Any constraint that can be derived from this joint probability distribution is known as a

Bell inequality. If such an inequality is violated, it means there is no valid LHV model

and therefore the shared system between the observers is Bell nonlocal. The operational

task to demonstrate Bell nonlocality, with the main loopholes closed, is experimentally

challenging and has only recently been demonstrated [46–48].

2.4.2 CHSH nonlocality

A simple type of Bell experiment is the Clauser-Horne-Shimony-Horne (CHSH) inequality

[49] which has been well investigated experimentally [20]. The underlying LHV model is

restricted to two observers which use two measurement settings, a and a′ for Alice and

b and b′ for Bob, and obtain two measurement outcomes, A ∈ {−1, 1} and B ∈ {−1, 1}.
The CHSH inequality is then

S = |E(a, b) + E(a, b′) + E(a′, b)− E(a′, b′)| ≤ 2 (2.20)

with the expectation value E(a, b) of the measurement outcomes for measurements a, b etc.

If the correlations depend on an underlying LHV model, then the inequality is bounded by

2. However, in quantum theory we can overcome this classical bound and the inequality

is bounded by the Tsirelson bound, 2
√

2 [50].

2.4.3 EPR steering

Asymmetry is an inherent feature of the EPR-steering task. While Bell nonlocality and

entanglement witness use the same local hidden variable model for Alice and Bob13, EPR-

steering distinguishes between the observers [44].

Schrödinger’s formulation of the EPR paradox suggests that measurements on one

subsystem (Alice’s), affects (or steers) the state of the other subsystem, affecting the

measurement results there. This picture assumes that the party being steered (i.e. whose

state is being steered), Bob (say), holds a quantum system and makes reliable quantum

12That P (A,B|a, b, g) is locally causal, the hidden variable λ needs to be conditioned on the state prepa-
ration g with P (λ|g). Moreover, Alice and Bob need to fulfil the locality condition via their conditioned
probabilities P (A|a, g, λ) and P (B|b, g, λ), respectively.

13Bell nonlocality uses a local hidden variable (LHV) model for Alice and Bob. In a nonseparability
test, such as measuring an entanglement witness, we test an underlying local hidden state (LHS) model.
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measurements upon it. This is different from Bell tests, where no such assumption is

required. Steering has been formalised as a quantum information task by Wiseman et

al. [43]. In their work, they describe a local model for EPR-steering which allows us to

write the joint probability distribution for Alice’s and Bob’s measurement results as [45]

P (A,B|a, b, g) =
∑
λ

P (λ|g)P (A|a, g, λ)PQ(B|b, g, λ) (2.21)

with an arbitrary probability distribution P (A|a, g, λ) for the party we do not make any

assumptions about, Alice, and the probability distribution PQ(B|b, g, λ) for Bob. Here,

the subscript Q denotes the fact that this distribution is compatible with Bob holding a

quantum state.

The constraints of this joint probability distribution are called EPR-steering inequali-

ties. One such can be expressed as

Sn =
1

n

n∑
k=1

〈Akσ̂Bk 〉 ≤ Cn, (2.22)

with the total number of measurement settings n, Alice’s measurement outcome Ak, Bob’s

measurement operator for measurement setting k from the pre-determined set {σ̂Bk }n. The

calculated correlation function Sn, which is commonly known as the steering parameter,

is compared to a classical bound Cn. Violating this bound means that the correlations of

measurement outcomes cannot be explained by a LHV model for Alice and a local hidden

state (LHS) model for Bob. The bound Cn represents the best correlation that can be

achieved for n measurement settings for a non-steerable state.

To set the quantum steering bound, we consider the following scenario: The aim is to

distinguish between having a quantum system (a qubit, say) that is entangled with Alice’s

quantum system, or a qubit that is not entangled. The second situation may be described

by a local hidden state |ζ〉 from a set of possible qubit operations {|ζ〉i}n. The index

i = ±k defines if the state is prepared in the + or − eigenstate of a measurement operator

along an arbitrary uk axis on the Poincaré sphere. Alice who was attempting to cheat

aims to maximize the correlations between their measurement outcome, which she could

do by preparing a qubit in |ζ〉, according to her knowledge of the predetermined set of

Bob’s measurements, {σ̂Bk }, and sending it to Bob. The maximal values of the correlations

so achieved, optimised over an ensemble of her preparations, gives the bound Cn, and are

the maximum correlations that can be derived if Alice uses a LHV model and Bob a LHS

model (see Evans et al. [51] for details).

However, these bounds do not exclude loopholes. Therefore, the work of Evans et

al. [51] was extended by Evans et al. in 2014 [52]. The bounds C(ε)n derived in that

work allow closing of the detection loophole. ε is Alice’s heralding efficiency which is
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Figure 2.6: Conceptual representation of the standard EPR-steering task which allows
to determine if the shared state between Alice and Bob has nonlocal correlations which
cannot be explained by an underlying LHV-LHS model.

the probability of a successful measurement and detection on her side coinciding with

a successful detection in Bob’s line. Then a dishonest Alice can no longer exploit the

fair-sampling assumption. This leads to the new inequality

Sn =
1

n

n∑
k=1

〈Akσ̂Bk 〉 ≤ C(ε)n (2.23)

which allows demonstration of EPR-steering with the detection loophole closed.

Having access to bounds for n measurement settings is a tremendous advantage of

EPR-steering. The nonlocal state considered in EPR’s thought experiment was pure and

maximally entangled and was measured with n = 2 measurement settings. However, in

experimental situations such states are challenging to be realized. Noise (decoherence)

in the quantum state and loss of information are almost unavoidable. To account for it

bounds with more measurement settings can be chosen. Therefore, EPR-steering allows

for tests under less restriction of noise [27] and loss [53].

To experimentally test the EPR-steering inequality, one can perform an EPR-steering

protocol. A complete realisation of an EPR-steering task works as follows:

• In step 1 (Fig. 2.6), Bob receives his qubit14. This qubit can either be part of

a bipartite entangled state or a single qubit. The following steps allow him to

distinguish between these cases.

• Next, in step 2, Bob chooses a measurement setting k which corresponds to the

14We consider Alice to be in charge of the source in the EPR-steering protocol that is why it is commonly
said that Alice sends Bob his qubit.
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observable σ̂Bk , drawn from a pre-determined set {σ̂Bk }n. He publicly announces his

choice, so that Alice can implement the measurement settings on her side.

• In step 3, Bob performs his measurement in his line and secretly records his mea-

surement outcome Bk. By his line we refer to Bob’s apparatus which consists of his

measurement device and detector.

• This is followed by step 4, where Alice is announces her measurement outcome Ak.

For statistical reasons, steps 1-4 need to be repeated until we can proceed with the

final step.

• In the final step (5) of the protocol, Bob calculates the steering parameter Sn out

of the available information: his measurement outcome Bk and Alice’s measurement

outcome Ak.

The steering protocol, and the other tools described in this chapter, will be used in a

variety of experiments described in the remainder of this work.



Chapter 3

Genuine one-way EPR-steering
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3.2 Introduction

Einstein-Podolsky-Rosen steering (or quantum steering), is an effect which was described

in Einstein et al.’s infamous thought experiment [16]. It is a nonlocal effect that is distinct

from other non-classical correlations such as Bell nonlocality [17] and quantum nonsepara-

bility. This distinction manifests in a hierarchy, with each effect witnessed by a violation

of a corresponding inequality that bounds measurement correlations [43]. The classical

bound in EPR-steering is given by the correlations that could be achieved if there would

be an underlying local hidden variable model and local hidden state model for Alice and

Bob, respectively. The idea of local hidden models was postulated by EPR as a way

to complete quantum mechanics to describe the observed correlations in a local realistic

frame work.

In this hierarchy of nonlocal classes, moving from Bell nonlocality to quantum steering

to nonseparability requires increasing the number of observers and their apparatuses that

must be trusted [43]. We define trust here as an assumption about the observer which

means we know the kind of measurements it performs and believe their measurement out-

comes are genuine. However, for an untrusted party party we do not make any assumption

about their apparatus, measurement settings or if they announce a genuine measurement

outcome or a fabricated result. Stepping down the hierarchical ladder of nonlocality, from

Bell nonlocality to quantum steering, gives access to protocols that have been demon-

strated to be progressively more robust to noise [27, 53] for projective measurements. An

obvious distinction between steering and other protocols is the asymmetry in trust. In

22
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Bell nonlocality and entanglement, the observers are both untrusted or trusted, respec-

tively. However, steering is formulated as an asymmetric task with one observer being

trusted and the other being untrusted, as shown in Fig. 3.1. We usually define Bob as

the trusted party (Fig. 3.1 (green box)) and Alice as the untrusted party (Fig. 3.1 (black

box)). Therefore, we ask in a standard EPR-steering task where we share an symmetric

entangled state between the observers, if ’Alice can steer Bob’. That means, can she use

her measurements to steer his measurement outcomes sufficiently that the correlations

violate a steering inequality. In this scenario, it is possible to exchange the assumptions

about our parties (i.e. who is trusted) and ask, if ’Bob can steer Alice’.

∞
Alice Bob

sourcemeasurement measurement

Figure 3.1: Schematic of an experiment to perform the EPR-steering task. The experiment
consists of a trusted party (green box) and untrusted party (black box). Both parties are in
control of their so-called line, which consists of their measurement apparatus and detectors
(not in figure). Additionally, the untrusted party, which is trying to steer the other party’s
state, is considered to be in control of the source. After the measurement, the results are
publicly announcend.

However, it is the question if there exists entangled states which do not allow this

and only permit one party to steer the other. Finding such one-way steerable states is a

challenging task and, thus, has only been recently theoretically proven [55].

In the remainder of the chapter we will investigate if there are any states existing

which do not allow such an exchange. We will discuss previous work on one-way steering

and their limitations followed by the discussion of the derivation of our genuine one-way

steerable state and their experimental demonstration.

3.3 One-way EPR-steering

In EPR-steering, we usually consider a symmetric entangled state shared between Alice

and Bob. It is of foundational interest to ask whether sharing an asymmetric state can

lead to one-way EPR-steering. So, does there exist an asymmetric quantum state such

that, if, Alice is untrusted and Bob is trusted, then the steering protocol can be completed

but if Bob is untrusted and Alice is trusted, then it cannot be completed?

I has proven to be a challenging task to find experimentally practical entangled states

for which the answer to this question is ’yes’. Such asymmetric nonlocal correlations have

been investigated only for a restricted class of states and measurements: Gaussian mea-
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surements on Gaussian states [56].

Gaussian resources were exclusively in the spotlight for the development of EPR-steering.

It was theoretically proven by Reid et al. [57] in 1989 that quadrature phase measure-

ments on Gaussian continous variable states allow the demonstration of nonlocal effects

as described by the EPR paradox [16]. A conclusive experimental demonstration followed

shortly after [58]. In 2008, Wagner et al. [59] showed in their two-way steering experi-

ment an asymmetry in the steering strength, therefore suggesting that EPR-steering does

not necessarily allow an exchange of the parties. Their observed asymmetry in entangle-

ment was caused by asymmetries in their experimental apparatus. Different losses in their

entangled beams, which were shared between the steering parties, resulted in opposing

answers to the questions of whether Alice can steer Bob, and vice versa. This work gave a

first implication how to construct one-way steerable gaussian states. In 2012, Händchen et

al. [56] extended this work and experimentally demonstrated such states for the first time.

In their Gaussian one-way EPR-steering experiment with two-mode squeezed states, they

controlled the steering regime (moving from two-way to one-way) by varying the loss in

Bob’s line.

However, Gaussian measurements are insufficient to capture the full nonlocality of

Gaussian states [60–62]. This leads to the question of whether the choice of measurement

can influence the demonstration of steering. Indeed it is possible to find explicit examples

of Gaussian states which are one-way steerable with Gaussian measurements but are two-

way steerable when using certain well-chosen non-Gaussian measurements [54,63].

Consider a canonical EPR state [54], which is usually created by combining single-mode

squeezed states. It can be written in the number basis1 as

|ΨEPR〉 =
√

1− χ2

∞∑
n=0

χn |n, n〉 , (3.1)

where χ parametrises the degree of entanglement and is related to the variance of the

squeezed resource states, Vsq, by

χ =

√
Vsq − 1

Vsq + 1
. (3.2)

For a maximally entangled state, the squeezing would be infinite and χ = 1. To demon-

strate steering, the Reid criteria on the conditional variances2 V [57] has to be violated.

For Bob to steer Alice,

VXA|XBVPA|PB ≥ 1, (3.3)

and for Alice to steer Bob,

VXB |XAVPB |PA ≥ 1, (3.4)

1This is also a state made by SPDC.
2A conditional variance, such as VA|B , is the variance of variable A given the outcome B.
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with the Gaussian quadrature measurements XA, PA (XB, PB) made by Alice (Bob). If

we consider a lossy channel with transmission T in Bob’s line, then Alice can steer Bob for

any T but Bob may only steer Alice for T > 1
2 . In an explicit example [54] we show that

one-way steerable Gaussian states are two-way steerable for appropriate measurements.

The kind of measurements we consider are introduced by Chen et al. [63] in the context

of Bell tests. The measurement operators are infinite-dimensional analogues of the Pauli

operators and are given by

SZ =
∞∑
n=0

|2n+ 1〉 〈2n+ 1| − |2n〉 〈2n| ,

S− =

∞∑
n=0

|2n+ 1〉 〈2n| = (S+)†,

S± = SX ± iSY .

(3.5)

We apply these infinite-dimensional and dichotomic measurements to a nonlinear steer-

ing inequality3 derived by Jones and Wiseman [64]. They also propose an additional

equitorial family of measurements

Sθ = cos(θ)SX + sin(θ)SY . (3.6)

We consider the case where Alice is trying to steer Bob. Let her measurement outcomes

be Aθ and Az conditioned on Bob specifying Sθ and Sz. Alice can demonstrate steering

of Bob’s state by violating the inequality,∫ π

−π
dθ〈AθSθ〉 ≤

2

π
(P+

√
1− Z2

+ + P−

√
1− Z2

−) (3.7)

with P± as the probabilities that Alice announces Az = ±1, and Z± as Bob’s conditional

expectation values4.

Alice’s announced results Aθ and AZ could arise from honest measurements on her

half of an entangled state, or from some other strategy that she dishonestly adopts to try

to fool Bob. If Alice does not cheat, then 〈AθSθ〉, Z± and P± may all be calculated as

expectation values from the suitable observables measured on the asymmetric quantum

state. If we consider the reverse case, Bob trying to steer Alice, then Z± become Alice’s

conditional expectation values, Sθ is an operator measured by Alice, and Aθ, AZ are

replaced by classical binary results Bθ and BZ announced by Bob, and P± becomes the

probability that Bob measures BZ = ±1. But the form of the inequality stays the same.

3We use this nonlinear steering inequality to prove that gaussian measurements are not sufficient to
demonstrate one-way steering. This inequality is different to the linear steering inequality (Eq. 3.15) used
in our EPR-steering protocol in (Ch. 3.4.1).

4A conditional expectation value describes the outcome of a measurement result conditioned on the
chosen measurement setting.
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For Bob to try to steer Alice, the roles of the parties have changed. However, the state

asymmetry has not changed (i.e. the physical configuration of the experiment stays the

same, but the party who is trusted has changed.

For an explicit example with this inequality, we consider a shared EPR state with 3

dB squeezing. Figure 3.2 shows the correlations for the left-hand side (lhs) (blue curve)

of the steering inequality (Eq. (3.7)) and the bound (the right-hand side (rhs) of the

inequality) for Alice as steering party (red curve) and Bob as steering party (green curve).

By controlling the transmission to Bob, T , we control the steering regime. For T < 0.3, the

blue curve overcomes the bound for Bob to steer Alice, but remains below the bound for

Alice to steer Bob. In this regime only Bob can steer Alice but not vice versa. The EPR

state becomes two-way steerable for T & 0.3 when the blue curve overcomes both curves

for the bound (red and green). Here, the EPR state is two-way steerable for T & 0.3. By

using these measurements (Eq. (3.5) and (3.6)), the EPR state is two-way steerable at a

lower transmission compared to Gaussian measurements. This allows us to demonstrate

that one-way steering demonstrated by Gaussian measurements can sometimes lapse with

more general measurements.

We can conclude from this example that one-way steerability under a restricted class

of measurements does not imply one-way steerability of the state itself. So one could

ask: do states exist which are genuinely one-way steerable for arbitrary measurements?

This question was answered theoretically by two independent groups: Nicolas Brunner’s

in Geneva and Howard Wiseman’s in Brisbane, who proved the existence of such states.

Quintino et al.’s work [55] (the Geneva group) followed previous discoveries of states

that are one-way steerable under arbitrary projective measurements [65] and arbitrary

finite-setting positive-operator-value-measures (POVMs)5 [66]. They were able to extend

the results of ref. [65] to infinite-setting POVMs. However, they used a rather exotic family

of states in their proof, and demonstrated the effect over an extremely small parameter

range for the family states and carefully chosen measurements, making it unsuitable for

experimental observation.

David Evans and Howard Wiseman have independently shown a more practical exam-

ple of one-way steering for an infinite number of arbitrary projective measurements [51].

Evans and Wiseman’s approach [51] involves distribution through a loss channel. However,

in their work they consider two-qubit Werner states [42], the mixture of a singlet state

with symmetric noise. Werner states can be expressed as

ρW = µ
∣∣ψ−〉 〈ψ−∣∣+ (

1− µ
4

) I4

= (
1 + 3µ

4
)
∣∣ψ−〉 〈ψ−∣∣+ (

1− µ
4

)(
∣∣ψ+

〉 〈
ψ+
∣∣+
∣∣φ+
〉 〈
φ+
∣∣+
∣∣φ−〉 〈φ−∣∣) (3.8)

5Projective measurements are a subset of POVMs [30].
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Figure 3.2: Steerability of an EPR state with two-mode squeezing of 3dB, subjected to
loss under dichotomic measurements. The different shading represent different steering
regimes. The dark shaded area represents a region for two-way steering for Gaussian
measurements. In the white area Alice can steer Bob as the red curve (rhs of Eq. 3.7)
lies above the blue curve (lhs of Eq. 3.7). Our example is demonstrably two-way steerable
for T & 0.3 when the red curve for Alice trying to steer Bob and the green curve (rhs of
Eq. 3.7) for Bob trying to steer Alice, fall below the blue curve. [This figure first appeared
in ref. [54].]

with µ as the Werner parameter, which ranges between [0, 1], the identity I4 and the Bell

states |ψ−〉 , |ψ+〉 , |φ+〉 , |φ−〉.

3.4 Genuine one-way EPR-steering

We applied the theorem of Quintino et al. [55] to construct a family of states which had

the desired properties: it should be possible to steer these states in one direction with a

finite number of Pauli measurements and, crucially, that they cannot be steered in the

other direction even by using a family of POVMs with infinite settings. Additionally, we

addressed the issue of experimental feasibility by constructing the state to correspond to a

Werner state that has been subjected to a lossy channel. To demonstrate one-way steering

in this regime, we consider following scenario: Alice and Bob share a quantum state ρAB

and perform local measurements on it. The classical strings k and j label and record the
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{M }a|k

x ρW y Bob
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Figure 3.3: Concept of the demonstration of one-way steering: The Werner state ρW is
shared between the observers Alice and Bob. Alice’s half of the state is sent directly to
her. She can then make the measurement Ma|k. The other half of the state is sent to Bob
through a loss channel which has a probability p to replace a qubit with a vacuum state.
[This figure first appeared in ref. [54].]

measurements they chose to perform. The chosen measurements are Ma|k for Alice6 and

Mb|j for Bob, respectively7. We can call a state steerable if the observed correlations with

the chosen measurements violate an appropriate steering inequality which is derived from

the measurements implemented by the trusted party.

In the following, we theoretically construct and experimentally demonstrate a state

ρAB that is genuinely one-way steerable. Such a state has to fulfil two conditions:

1. There is no choice of measurements on ρAB that one party, e.g. Bob, could choose

to demonstrate steering of the other party’s state;

2. A specific choice of measurements, Ma|k and Mb|j , on the state ρAB exist with output

correlations strong enough to allow Alice to demonstrate steering of Bob’s outcomes.

Our constructed state is based on the steering scenario considered in ref. [51]. There, a

lossy channel causes a qubit to be replaced with the vacuum state |v〉, with probability p.

Then the state can be written in a parametrised form as (1−p)ρ+p |v〉 〈v|. If we consider

a Werner state ρW with one subsystem distributed through a lossy channel to Bob, we

can write the new qubit-qutrit state as

ρL = (1− p)ρW + p
IA
2
⊗ |v〉B 〈v|B , (3.9)

where IA is the identity on Alice’s qubit subspace and |v〉B is a vacuum state orthogonal to

Bob’s qubit subspace. For this state, Evans and Wiseman proved that their loss tolerant

steering inequalities [53] demonstrate that steering by Bob is impossible even for an infinite

number of projective measurements, if µ ∈ [0.5, 1] and the condition

p > 2µ− 1 (3.10)

6Ma|k means the quantum measurement Alice (a) makes, given that she received the classical instruction
j.

7To simplify the example, the measurements Ma,b|k are chosen to be rank-one projectors. In general
they could be described by POVM elements that are positive semidefinite (Ma,b|k ≥ 0), with conservation
of probability (

∑
a,bMa,b|k = I).



3.4. GENUINE ONE-WAY EPR-STEERING 29

is fulfilled. Alice remains able to steer Bob for any p for the appropriate Werner parameter

µ. This state ρL is one-way steerable for projective measurements. To extend it to POVMs,

we make use of Quintino et al.’s theorem [55]. It states that if a state, τAB, is one-way

steerable for arbitrary projective measurements, then the state

ρAB =
1

d+ 1
(τAB + dπA⊥ ⊗ τB) (3.11)

is one-way steerable for arbitrary POVMs. (We note here that Quintino et al. uses the

opposite labelling of the parties to us and that their one-way steerable state is constructed

such that Alice cannot steer Bob’s state for projective measurements and POVMs.) Here,

τB = trA(τAB) and π⊥ is a projector onto a subspace orthogonal to τA = trB(τAB).

Adapting this idea for our state leads to τAB = ρL and ρLA(B)
= trA(b)(ρL) and we derive

ρAB =
1

3
ρL +

2

3
ρLA ⊗ π

B
⊥ . (3.12)

This state is one-way steerable for arbitrary POVMs. Because the orthogonal projection

can be considered as transmission through another lossy channel, mixing in another vac-

uum (i.e. π⊥ = |v〉c〈cv| for some channel c), we can effectively combine these losses into a

single loss channel, leading to the final state,

ρAB =
1− p

3
ρW +

p+ 2

3

IA
2
⊗ |v〉 〈v| , (3.13)

where |v〉 is the vacuum state. This state is genuinely one-way steerable – Bob cannot

steer Alice’s state – for arbitrary POVMs if

p >
2µ+ 1

3
. (3.14)

3.4.1 EPR-steering protocol

In an EPR-steering task, we ask if the untrusted party, Alice, can steer the trusted party,

Bob. As in the originally described EPR task [16], we consider a shared quantum state

between the two observers. While we trust Bob to make a genuine quantum measurement

on his part of the state, we do not make any assumptions about Alice, her measurement

settings, her apparatus, or if her measurement outcomes are the result of a genuine mea-

surement outcome. Therefore Alice has to convince Bob that they share pairs of entangled

states by demonstrating her ability to steer Bob’s state. She can do this by demonstrating

correlations with Bob that exceed a classical bound and therefore violating the steering

inequality. Violating this inequality rules out that the correlations could be explained

by any local hidden state or local hidden variable model for Bob and Alice, respectively.

However, there remain some possibilities, so-called loopholes, a local hidden model could
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use to explain the correlations in a local realistic framework.

EPR-steering has been demonstrated with a closed detection loophole in 2012 [53]. For

the reader’s convenience, we describe the protocol introduced in Ch. 2 which is also used

in this experiment and proceeds as follows:

On each round, Bob receives his part of the state which is either a half of a bipartite

entangled state or a pure single qubit. The latter is the result of a cheating strategy

of Alice and will be discussed in more detail further below. Next, Bob randomly choses

a measurement setting k (corresponding to the Pauli observable σ̂Bk ) from a set of n

pre-agreed settings. He publicly announces his choice and secretly measures his state

and records his measurement outcome Bk. This is followed by Alice’s declaration of her

measurement outcome Ak. Many rounds of this procedure are conducted to build up

statistics.

As we do not make any assumptions about Alice or her measurement in an EPR-

steering task, Bob cannot be sure if Alice’s measurement outcome Ak is the result of a

genuine measurement or a cheating attempt. One strategy that Alice can use to attempt

to cheat is to prepare single qubit states and send them to Bob. If Bob’s announced

measurement directions correspond to the state she sent, then she can mimic perfect cor-

relations. If it does not, then she can hide the lack of correlations by pretending that she

was receiving half of an entangled state from Bob but that she lost her photon. Instead

of declaring Ak ∈ {−1, 1}, Alice would announce a ‘0’ result. From Bob’s perspective

such a null result causes the question if Alice has actually lost her photon or if she was

trying to cheat by breaking the fair sampling assumption8. To prevent Alice from taking

advantage of this scenario, which would open the detection loophole, Bob uses the herald-

ing efficiency η in conjunction with the steering parameter to compare it with classical

bounds. This heralding efficiency is the conditional probability P (A|B) which is the frac-

tion of times Alice announces a result and not a null in coincidence with Bob. If Alice

does not demonstrate the necessary efficiency, she cannot demonstrate that she is able to

steer Bob’s state.

Using Alice’s heralding efficiency η allowes to modify the previous steering inequal-

ity [27]. It was theoretically [51] and experimentally [53] shown that it is possible to

demonstrate EPR-steering with the detection loophole closed. The modified efficiency

dependent steering inequality is [53]

Sn =
1

n

n∑
k=1

Akσ
B
k ≤ Cn(η). (3.15)

8The fair sampling assumption assumes that such a ‘0’ measurement outcome can be simply discarded as
long as the remaining measurement results are a genuine representation – a fair sample – of the measurement
outcomes which would have been detected with perfect detectors.
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3.4.2 Photon source

We generated our polarization Bell states from a high-heralding-efficiency spontaneous

parametric downconversion (SPDC) source, enabling us to close the detection loophole

(Fig. 3.4). A fibre-coupled continuous-wave diode laser (Toptica iBeam 405 ) with λ = 410

nm and an output power of 2.5 mW (after fibre) pumped a 10 mm-long periodically

poled potassium titanyl phosphate (ppKTP) crystal. The crystal was manufactured by

Raicol. The ppKTP crystal was mounted in a polarization Sagnac ring interferometer to

generate polarisation-entangled photon pairs at 820 nm via SPDC. To pump the crystal

bidirectionally, a dual-coated PBS was mounted centrally. The custom-made PBS cube

has an anti-reflection coating for 410 nm and 820 nm.. Additionally, a dual-coated half-

wave plate, which acts as a half-wave plate at 410nm and 820nm, is mounted inside the

Sagnac ring.

We found the optimal phasematching temperature of the ppKTP to be ≈ 12◦C. To

cool down from room temperature, a Peltier element was mounted between the crystal

and a brass mount, which functions as heat sink. The temperature was controlled by a

temperature control unit (TEC 200C). Because the phasematching temperature was close

to the dew point, condensation on the crystal had to be prevented. Therefore, Nitrogen

gas was gently streamed over the crystal.

A dichroic mirror was used to let the 410 nm pump pass and direct the 820 nm

photons towards Bob’s line. A high-transmission long pass (LP) filter was mounted in the

beginning of each line to reduce background light, but allowing the downconverted photons

to pass. In previous steering experiments [27,53], an additional bandpass interference filter

was mounted in the line of the trusted party, here Bob, to select frequency-degenerate

photon pairs and maximize the untrusted party’s, Alice’s, heralding efficiency. This type

of source emits photons in the fundamental Gaussian modes, which matches the mode of

the single mode fibre and therefore can be efficiently coupled into it which results in high

heralding efficiency. The heralding efficiency determines the number of measurements

implemented in the protocol to demonstrate sufficient correlations between Alice’s and

Bob’s measurement outcomes for violating the appropriate bound. Here, the necessary

efficiency is achieved solely by coupling to the appropriate mode and allowing Alice and

Bob to be exchangeable to demonstrate two-way steering. Furthermore, the setup has

two detectors for each party, which is an extension to previous schemes [53]. In EPR-

steering we assign two detectors to the untrusted party who tries to steer the other party’s

state. To demonstrate one-way EPR-steering we have assign two detectors to each party,

as the physical configuration remains the same but the roles in the EPR-steering task

are exchanged. Additionally, we mounted a neutral density (ND) filter in Bob’s arm to

control the fraction of arriving photons and realizing the lossy channel which is a crucial

component to realize the state in Eq. (3.9) and (3.13).
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Figure 3.4: Setup for the experimental scheme to demonstrate one-way EPR-steering. The
parties, Alice and Bob, are represented by the black and green boxes respectively. Both
are in control of their line and their detectors. The party who is steering is additionally
considered to be in control of the source. Entangled photon pairs at 820 nm were produced
via SPDC in a Sagnac interferometer [67,68]. Different measurement settings are realized
by rotating half- and quarter-wave plates (HWP and QWP) relative to the polarizing
beam splitters. The loss, only inserted for the one-way EPR-steering step, was realized by
a gradient neutral density (ND) filter mounted in front of Bob’s line to control the fraction
of photon qubits passing through. Long pass (LP) filters remove 410 nm pump photons
co-propagating with the 820 nm photons, before the latter are coupled into single-mode
fibres and detected by single photon counting modules and counting electronics.
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To implement the appropriate single-qubit operations and perform projective mea-

surements, quarter- (QWP) and half-wave plates (HWP) in automated rotation stages are

mounted in Alice’s and Bob’s line. The photons were coupled into anti-reflection coated

single mode fibres and detected by single-photon-counting modules (SPCM-AQR-14-FC)

with a quantum efficiency of about 50% at 820 nm.

3.4.3 Experimental demonstration

In our experiment, we investigated three different steering regimes using entangled states

generated by the Sagnac interferometer: two-way steering, one-way steering for projective

measurements, and one-way steering for POVMs. To be able to make this investigation,

a high steering parameter Sn has to be achieved, which requires engineering a maximally

entangled state. To characterise how close our experimental state was to this ideal, the

state’s density matrix was reconstructed via quantum state tomography and its fidelity

with the closest Werner state, and corresponding parameter µ, was determined. We aimed

to produce a state as close as possible to the ideal singlet state, which is equivalent

to a Werner state with µ = 1. Experimental imperfections like imperfect alignment of

polarisation optics and imperfect Sagnac interference will lead to mixture and small phase

shifts. This results in generating Werner-like states9 having less than 100% fidelity with

a singlet state.

Our experimentally generated Werner-like states are locally equivalent to Werner

states. They are described by ρ = (U × I)Wµ(U × I), with Û as a single-qubit uni-

tary rotation and Wµ as the density matrix of a Werner state. It is possible to undo Û

and retrieve a Werner state by incorporating Û † into the measurement settings of qubit

1. For that we first do a tomographic reconstruction of ρ. To find the optimal unitary

rotation, we numerically search to maximize the fidelity of (Û⊗I)ρ(Û⊗I)† with the closest

Werner state Wµ. The final result is given by the minimum of the cost function

final = min
µ,U

(
1−F

((
Û ⊗ I

)†
ρ
(
Û ⊗ I

)
,Wµ

))
. (3.16)

The fidelity for mixed states is defined as [69]

F = Tr

[√√
ρσ
√
ρ

]2

, (3.17)

where ρ and σ are the density matrices of the states being compared.

To measure the steering parameter Sn experimentally, the set of n measurements

need to be implemented. For this, we chose appropriate roations of the HWPs and QWPs

9We consider states like 1√
2
(|HV 〉 + eiθ |V H〉), with a phase of θ 6= π. However the additional phase

shift θ in these kind of states can be locally corrected, so they are called Werner-like.
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[27,53]. We calculated the error for Sn as ∆Sn =
√

∆Sn(systematic)2 + ∆Sn(statistical)2.

The statistical error contribution is due to Poissonian photon counting statistics and the

systematic error occurs due to imperfections in Bob’s measurements. It is important to

quantify the systematic error because Bob’s apparatus is ‘trusted’, and so we assume that

operations are perfect unless we carefully characterise the errors. In the ideal protocol,

Bob is limited to performing arbitrarily accurate measurements σ̂Bk which are equivalent to

rotations on the Bloch sphere. However, Bob’s measurement precision is limited which is

a result of wave plate imperfections, repeatability error in the motorised stages controlling

Bob’s rotations and imperfect alignment of the optic axis of his wave plates.

First, we investigated the case of a two-way EPR-steering task where Alice and Bob

could steer each other’s state. For this, we engineered a heralding efficiency of ηA =

(16.98±0.02)% for Alice and ηB = (16.94±0.02)% for Bob. These efficiencies are sufficient

to demonstrate steering for n = 16 measurements. We generated a state that had a fidelity

of (99.672± 0.001)% with the nearest Werner state with µ = 0.991± 0.002. (That is, we

engineered the parameter µ to be high enough that the Werner state allowed EPR steering

at an experimentally accessible heralding efficiency.) This state permitted us to violate the

n = 16 EPR steering inequality with S16 = 0.9666±0.005 for Alice and S16 = 0.954±0.005

for Bob. The steering parameters were 8.4 standard deviations for Alice, and 5.1 standard

deviations for Bob, above the bound C16(ε).

We experimentally accessed the next steering regime, one-way steering for projective

measurements, by implementing loss in Bob’s line. For that, we mounted a ND gradient

filter in his arm (Fig. 3.4). We generated a state having a fidelity of (99.6 ± 0.1)% with

a Werner state of µ = 0.991 ± 0.003 when postselecting against loss (Fig. 3.5). We

arranged a total loss p = (87 ± 3)%. For such a state, Alice remained able to steer

Bob’s state with S16 = 0.970 ± 0.004, 7.3 standard deviations above the bound with an

efficiency of ηA = (17.11± 0.07)% (Fig. 3.6). However, we observed a steering parameter

of S16 = 0.963 ± 0.006 for Bob. The loss of information in his arm makes him unable to

steer Alice’s state at this ηB with this level of correlations. Even if he could measure the

correlations with an infinite number of measurement settings, he would remain unable to

violate a steering inequality. That is, this data point lies below the n = ∞ bound shown

as the solid black line in Fig. 3.6.

The final case we investigated is where the EPR-steering task is one-way, even for

arbitrary POVMs. For this, we arranged a state having a fidelity of (99.1± 0.3)% with a

Werner state of µ = 0.978± 0.008 when postselecting against loss (Fig. 3.5). We arranged

a total loss p = (87 ± 3)% for this steering regime (Fig. 3.5). We observed that Alice

remained able to steer Bob with a steering parameter S16 = 0.960 ± 0.005, with 6.6

standard deviations above the bound, at ηA = (17.17± 0.04)% (Fig. 3.6). Bob’s steering

parameter S16 = 0.951 ± 0.006 did not violate the inequality (Fig. 3.6) and therefore
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Figure 3.5: The steering regimes are parametrised by the µ-value of the Werner state
ρW (µ) and the loss p. A tunable loss allows the state to be shifted from a regime where
it is two-way steerable (i), to a regime where it is one-way steerable if the parties have
access to arbitrary projective measurements (ii) and finally a regime where it is one-way
steerable even if the parties have access to arbitrary POVMs (iii). The data points (with
their standard deviations) in (ii) and (iii) correspond to the red square and blue square
data points in Fig. 3.6. [This figure first appeared in ref. [54].]

did not steer Alice’s state. Besides the projective measurement settings Bob used in the

experiment, there is no kind of measurement he could choose, even in principle, to be able

to steer the other party’s state [51]. Because there is an infinite number of arbitrary-setting

POVMs existing, it is impossible to experimentally test them all. However, we verified

that the Werner parameter µ and the loss p, both determining the steering regime, for

the states we produced were sufficient to show that we were in the regime where two-way

steering was proven impossible (Fig. 3.5).
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Figure 3.6: Experimental demonstration of one-way EPR-steering. Without any loss
Alice (green square) and Bob (green circle) measure a steering parameter Sn above the
bound for n = 16 measurements (solid orange curve; the dashed lines for n = 6 (blue)
and n = 10 (red) are for information only) and can steer each other by using projective
measurements. By adding loss to Bob’s arm, the Werner state becomes one-way steerable
for projective measurements. Alice’s steering parameter S16 (red square) remains above
the bound for n = 16 measurements, while Bob’s (red circle) is below the bound for
n = ∞ measurements (black), as expected since the state does not allow him to steer
Alice by projective measurements. With even more loss applied, the state becomes such
that Bob could not steer Alice even if he could perform arbitrary positive operator-valued
measures (POVMs). Both Bob’s (blue circle) and Alice’s (blue square) measured steering
parameters are slightly reduced, but Alice’s indicates that she remains able to steer the
other party. The horizontal uncertainties are smaller than the data points. [This figure
first appeared in ref. [54].]

3.5 Discussion

In this chapter we have theoretically and experimentally demonstrated genuine one-way

EPR steering for projective measurements and POVMs. Although it is experimentally

infeasible to test one-way steering for all POVMs, we have verified that our state param-

eters prove we are in a regime where two-way steering is proven impossible. This work is

of foundational significance, as it demonstrates fundamental differences of the nonlocality

classes: Bell nonlocality, steering and nonseparability. Furthermore, this work will help

to answer the question which entangled states can be used as resource for which pro-

tocols. This concerns protocols which find application in fully device-independent QKD

and one-sided QKD. Both are widely investigated areas and of significant interest to the
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community. A questions which remains to be answered is concerning the tightness of the

bound for POVMs. It is unclear if the derived bound for one-way steering with POVMs is

indeed tight. Based on comparison with Skrzpczyk et al. [66], we conclude that it is not.

Considering their work suggests that our derived one-way steerable bounds for projective

measurements may hold for arbitrary POVMs, and that there may not actually be a dis-

tinction between regions (ii) and (iii) in Fig. 3.5. An outstanding problem is therefore to

theoretically determine this and, if regions (ii) and (iii) are distinct, to implement a set of

POVMs experimentally that demonstrates this distinction.



Chapter 4

Reference frame independent EPR-steering
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4.2 Introduction

Although information can be represented abstractly, it typically requires some reference or

standard to decode or encode it. Let’s consider the following scenario: You want to visit

a friend in a city and therefore ask him for directions. Without explicitly talking about it,

he might assume that you are facing in a certain direction. His instructions on the phone

were to walk straight and turn left after two streets. Unfortunately, you were facing in the

opposite direction and therefore ended up at the wrong place. This situation could have

been prevented if you and your friend would have agreed on facing a common cardinal

direction first, and describing the directions with respect to it. Such an example shows the

role of reference frames and how crucial it is to establish such whenever we want to share

information. However, this requires the investment of resources – here, in the form of extra

communication. While encoding information for most classical information is trivial, it is

not necessarily for non-classical information [70] as it introduces a considerable overhead in

resources. Establishing such a common reference frame is a nontrivial issue in experimental

situations. For instance, in quantum communication, a time varying temperature can

change the orientation of the polarisation reference frame in optical fibre. Likewise, the

relative measurement settings between a satellite and earth could be time-varying. In

both cases, active compensation of these changes presents a considerable challenge [71].

38
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Because shared quantum correlations are a topic of significant foundational interest, and

an important resource for quantum information and communication protocols, the role of

reference frames in these kinds of protocols is interesting and important to investigate.

An example of such a protocol is quantum steering (also known as Einstein-Podolsky-

Rosen (EPR) steering) which corresponds to a class of correlations stronger than those

required to merely witness entanglement, but which do not need to violate any Bell in-

equality [43]. As discussed in Ch. 2, these different correlation strengths form a hierarchy.

Moving down this hierarchy of nonlocal classes, from Bell nonlocality to steering to non-

separability, gives access to protocols which are more robust to noise [27,53]. However, this

is offset by the degree of trust in the parties that is required. ‘Trust’ in this context means

making an assumption about the party and its apparatus. While Bell inequality violation

is the most rigorous test of non-classical correlations, as it does not require any trusted

party, an entanglement witness uses only trusted parties. Steering features an inherent

asymmetry compared to the other nonlocal classes. In general, all these correlation tests,

and the quantum information tasks that are derived from them, assume a shared reference

frame between the parties, Alice and Bob. Establishing such a common reference frame is

a nontrivial issue in experimental situations and can be quite resource intensive. There-

fore, encoding in degrees of freedom which are, in principle, intrinsically robust can be

an advantage. It has been demonstrated that orbital angular momentum [72] and highly

entangled states [73] can be used to construct protocols that do not require a reference

frame. However, such states are very susceptible to loss and noise, and generating and ma-

nipulating such systems may be difficult. Therefore, it is of interest to address the role of

reference frames and the reduction of reference-frame dependence in quantum information

tasks using more typical quantum encodings such as polarisation.

4.3 Reference-frame independent EPR-steering

Reference frames allow parties to accurately specify their quantum measurements. This

means that they can determine the relative orientation of their measurement directions

on the Poincaré sphere to each other. Depending on the quantum encoding, this will have

a particular relationship to spatial or temporal properties of the measurement. Usually

they are taken as an underlying theoretical assumption, however, in practice, the issue

needs to be addressed if they are not pre-established. Implementing such frames can be

resource intensive, high on operational cost and nontrivial [70]. Laing et al. [71] showed

that time-varying alignment of measurement-settings, which could be easily compensated

in a laboratory environment, becomes challenging with spatial separation of the observers.

This problem can be circumvented by using encoding in higher-dimensional systems such

as Cabello et al.’s 12-qubit state [73]. However, such states are sensitive to loss and

noise, and technically demanding to create. Therefore, it is of interest to investigate the
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reference-frame dependence of simpler encoded protocols with encoding in one degree of

freedom, such as polarisation. The question of whether nonlocality can be demonstrated

in such systems without a shared reference frame was theoretically [74,75] and experimen-

tally [76, 77] answered by violation of the CHSH inequality. The possibility of violating

a Bell inequality with probability one was first given in Shadbolt et al. [76]; Ref. [75]

provided an independent proof of this statement, while Ref. [74] first introduced the idea

of Bell violations without reference frame. They concluded that the inequality can be

violated with certainty if the number of measurements is sufficiently high. Shortly later,

Shadbolt et al. [76] experimentally confirmed their hypothesis. In their experiment they

demonstrated Bell-nonlocality with m ≥ 2 measurement settings for each observer. This

showed the benefit of increasing the number of measurement settings. They concluded

that the probability of violating the Bell inequality increased with increasing m, and that

the violation becomes certain and state independent if m is chosen sufficiently high.

A standard Bell inequality test [17] is usually defined for two observers using two

measurement settings each. Palsson et al. [77] showed for m = 2, using the CHSH in-

equality [49], that the maximum achievable CHSH parameter decreases from 2
√

2 to an

arbitrariliy small value when the locally orthogonal measurement settings of both parties

lose their perfect relative alignment, due to a rotation of the measurements of one party in

the plane defined by the orthogonal measurement settings. This measurement-orientation

dependence can be a nontrivial issue for applications in quantum key distribution [78] and

other protocols [79–81].

Here, we demonstrate a quantum steering protocol between two parties that can be

performed without establishing a reference frame and allows us to overcome the above

mentioned limitations such as measurement-orientation dependence. This protocol as-

sumes that, while the reference frame alignment is unknown, it stays fixed during the time

of the measurements. In a standard EPR-steering protocol we try to determine if a shared

state between two observers, Alice and Bob, is nonlocal. This means that the untrusted

party, here Alice, tries to steer Bob’s state. Therefore we consider an EPR-steering task

which is as follows:

In each round, Bob receives a quantum state that may be half of an entangled state or a

single qubit, which he measures with a randomly chosen measurement setting k ∈ {1....n}.
After his measurement, he secretly records his measurement outcome Bk that corresponds

to an observable σ̂Bk . This is followed by Alice’s announcement of a measurement outcome

Aj corresponding to a measurement on her part of the state. She uses another randomly-

chosen measurement setting j ∈ {1...n} by Bob. In previous realisations of the steering

task the measurement settings were chosen as j = k [27, 53, 54], but here we consider the

more general case.

Alice’s announced measurement outcome can be either genuine, or an attempt to cheat.

Cheating in this context means that she is trying to convince Bob that they shared an
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entangled state with each other. For example, she might send single (unentangled) qubits

to Bob and announce false measurement results based on her knowledge of the state she

prepared [27]. To be able to differentiate between an honest and a dishonest Alice, we

calculate the correlation matrix Mjk from the announced measurement outcomes, Aj and

Bk, after many rounds,

Mjk = 〈AjBk〉, (4.1)

and compare it to those possible with a local hidden model. Because Alice’s measurement

outcome Aj might be fabricated by a local hidden variable model and Bob’s outcome by

a local hidden state model, and we can write the correlation matrix Mh
jk for that case as,

Mh
jk = 〈AjBk〉 =

∫
dλ p(λ) 〈Aj〉λ 〈B̂k〉%̂λ . (4.2)

Here, λ is the underlying local hidden variable with the probability density p(λ). 〈B̂k〉 =

tr[ρλB̂k] is Bob’s observable1 of the measurement on a local hidden state ρλ, and 〈Aj〉 is

Alice’s average measurement outcome for an underlying local hidden variable. Here, ρλ

can be written as ρλ = 1
2 [I + s˜(λ) · σ̂˜ ] with the Pauli vector σ˜ and the Bloch vector s˜(λ).

In the EPR-steering protocol we compare the correlation matrix Mjk against the bound

which corresponds to the largest correlations that can be derived by such a local hidden

model. If Mjk exceeds this bound, then we know that Alice is able to steer Bob’s sys-

tem via her measurement. In previous experimental demonstrations [27, 53, 54], optimal

measurement settings [27] or settings that allow one to demonstrate steering with a closed

detection loophole [53] were used. Here, we want to derive measurement settings that

allow us to violate rotationally invariant steering (RIS) inequalities with a fair sampling

assumption2.

We consider Bob’s measurements corresponding to a set of orthogonal spin directions

on a qubit Hilbert space HB, which are given by the spin operator B̂k = bk˜ · σ̂˜ with

bk˜ · bk′˜ = δkk′ . Here, σ̂˜ denotes the vector of Pauli operators. For this, we construct the

corresponding local hidden state model, which allows for derivation of a classical bound

for the correlations. We rewrite Eq. (4.2) as a matrix

M =

∫
dλp(λ)A(λ)B(λ)T (4.3)

with A˜ (λ) being a m-vector with the components Aj(λ) = 〈Aj〉λ and B˜(λ) being a n-vector

1tr denotes a simple matrix trace
2Our measurement outcomes are restricted to ±1. With non-perfect detectors, the event of no detection,

a so-called ‘0’ result, has to be considered. Nonlocality can be demonstrated with a closed detection
loophole (i.e. sufficiently few zeros) or using the fair sampling assumption. The latter means all ‘0’ events
get discarded and the remaining measurement outcomes are treated as a fair sample of the set which would
have been measured for perfect detectors. However, if the remaining measurement outcomes are not a fair
representation then the correlations may be explicable by a local hidden model.
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with the components Bk(λ) = s˜(λ) · bk˜, where s˜(λ) is the Bloch vector given by the local

hidden variable λ.

Applying the trace norm, which gives a measure of entanglement, on the correlation

matrix3 M under the local hidden state assumption gives

‖M‖tr =

∥∥∥∥∫ dλ p(λ)A(λ)B(λ)>
∥∥∥∥

tr

(4.4)

≤
∫
dλ p(λ) ‖A(λ)B(λ)>‖tr

=

∫
dλ p(λ) |A(λ)| |B(λ)|

≤
∫
dλ p(λ)

√
m =

√
m.

The first inequality follows from the triangle inequality4. The second and third lines of

Eq. (4.4) are equal because of ‖vw>‖ = |v||w|. Finally, the last inequality is derived

because |A˜ (λ)|2 =
∑

j〈Aj〉2λ ≤ m and |B˜(λ)|2 =
∑

k s(λ)>bkb
>
k s(λ) = s(λ)>PBs(λ) =

|PBs(λ)|2 ≤ |s(λ)|2 = 1 This follows because PB =
∑

k b˜kb˜>k is a projector. This leads to

the final form of the steering inequality

‖M‖tr := tr
√
M>M ≤

√
m. (4.5)

To achieve the necessary correlations in an EPR-steering task that demonstrates non-

locality, Alice and Bob need to choose the appropriate measurement settings. For now,

assume that Alice also uses mutually orthogonal measurement directions to measure her

side of the shared state ρ. We can define Alice’s measurements as a set of spin operators

Âj = a˜j ·σ˜ with a˜j ·a˜j′ = δjj′ and therefore,

M = A>TB (4.6)

with the 3×3 spin correlation matrix T for the state ρ, i.e.5 Tpq = Tr[ρσ̂p ⊗ σ̂q] and A and

B denote the 3×m and 3×n matrices with columns corresponding to their respective spin

directions, i.e. A = (a˜1 a˜2 ... a˜m) and B = (b˜1 b˜2 ... b˜m). To test the steering inequality,

we consider a shared two-qubit state and orthogonal measurement settings and apply the

3The trace norm of a hermitian matrix, like the density matrix, gives the sum of the absolute value of
the eigenvalues of the matrix.

4The geometric interpretation of the triangle inequality says that the sum of the lengths of two sides
of the triangle must be equal or greater than the other side.

5While tr denotes a simple matrix trace, Tr is the trace of density operators.
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trace norm to the matrix M of Eq. (4.6),

‖M‖tr = Tr
√
A>TBB>T>A (4.7)

= Tr
√
A>TPBPBT>A

= ‖PBT>A‖tr = ‖(PBT>A)>‖tr
= Tr

√
PBT>AA>TPB

= Tr
√
PBT>PAPATPB = ‖PATPB‖tr,

with BBT =
∑

j b˜jb˜>j = PB = P 2
B – a matrix created by the measurement direction bj–

and the corresponding relations for AAT . Because the number of chosen measurement

directions is crucial, we will individually discuss the case of three and two measurement

directions for Alice and Bob.

First, we restrict the number of measurement directions m and n, which are chosen

to measure the shared state ρ, to m = n = 3. Using this triad of mutually orthogonal

directions restricts the matrices PA and PB to PA = PB = I3 and leads to Eq. (4.7) being

rewritten as

‖M‖tr = Tr
√
PBT>P 2

ATPB (4.8)

= Tr
√
I3T>I3TI3

= Tr
√
T>T .

Therefore, the trace norm of a correlation matrix M given by three mutually orthogonal

measurement directions, is independent of the particular chosen triad. This demonstrates

that the steering parameter ‖M‖tr is invariant under local rotations and a violation of the

classical bound – here
√
m =

√
3 – may be achievable if Alice and Bob do not share any

reference directions at all.

Let’s consider the case where the shared state ρ is a Werner state [42] – a proba-

bilistic mixture of a maximally entangled singlet state with a maximally mixed state,

parametrised by the mixing probability, the so-called Werner parameter µ. Then the spin

correlation matrix is T = −µI3. Comparing with previous work on reference frame inde-

pendent demonstrations of nonlocality [75–77], we note that Bell inequality violations are

only guaranteed for a maximally entangled state with µ = 1 and can be measurement-

orientation dependent. EPR-steering is more tolerant to noise and can demonstrated for

µ > 1√
3

[43].

Now, we restrict Alice and Bob to each measuring along a pair of mutually orthogonal

directions with m = n = 2. Then PA and PB are the projections onto the planes spanned

by their measurement directions. Hence, the corresponding degree of steerability witnessed

by the steering inequality is invariant under any local rotations that leave the measurement
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directions within these planes. In particular, if Alice and Bob only share a single reference

direction r, then they can determine a degree of steerability – the steering parameter

‖M‖tr – under arbitrary rotations about this direction by choosing their measurement

directions to lie in the plane orthogonal to r. For a Werner state, violation is guaranteed

for any µ > 1√
2

[24].

For the case of m = n = 2, we compare our rotationally invariant steering (RIS) in-

equality with the necessary and sufficient steering (NSS) inequality6 derived by Cavalcanti

et al. [24]. This comparison highlights the rotation invariance of our RIS inequality. Cav-

alcanti and co-workers presented in ref. [24] a steering inequality which is the analogue to

the CHSH inequality: two parties, two measurements per party and two measurement out-

comes. Because the CHSH inequality is a necessary and sufficient test for Bell nonlocality,

the steering inequality is likewise necessary and sufficient to demonstrate EPR-steering

for the correlations. Cavalcanti et al.’s NSS inequality can be expressed in terms of the

correlation matrix M as7

|M>u˜+|+ |M>u˜−| ≤ √2 (4.9)

with the vectors u˜± = (1,±1)>/
√

2. This condition is necessary and sufficient for M to

admit a qubit LHS model for Bob [24].

Let’s assume that we share a two-qubit state ρ between Alice and Bob, and the vector

u˜ is a 2-vector, then

|M>u˜|2 = u˜>MM>u˜ (4.10)

= u˜>A>TBB>T>Au˜
= u˜>A>TPBPBT>Au˜
= |PBT>Au˜|2.

Substituting |PBT>Au˜|2 into the inequality of Eq. (4.9), and choosing two orthogonal

measurement directions a˜(1) and a˜(2) for Alice (Fig. (4.1)a), reduces the steering parameter

of Eq. (4.9) to

|M>u˜+|+ |M>u˜−| = |PBT>a˜+|+ |PBT>a˜−| (4.11)

with a˜± = (a˜1±a˜2)/
√

2. Because the steering parameter in Eq. (4.11) remains dependent

on Alice’s measurement directions a˜(1) and a˜(2), it is not invariant under rotation of angle

α in the plane of Alice’s directions (Fig. 4.1a), unlike the RIS inequality.

To show the relation between the RIS and NSS inequality, we minimise Eq. (4.11) over

all such rotations to recover Eq. (4.7), ‖M‖tr = ‖PATPB‖tr ≤
√
m. As well as Eq. (4.7),

6For m = n = 2, violation of this inequality is a necessary and sufficient condition for a state to be
steerable, which is not necessarily the case for other steering inequalities.

7For easier comparison between Eq. (4.9) and Eq. (4.5), we normalised Eq. (4.9) differently than in
ref. [24]
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Figure 4.1: Alice’s measurement directions for m = n = 2. a˜1 (blue) and a˜2 (red) are
locally orthogonal measurement directions on the Poincaré sphere, which can be rotated
by an angle α around the axis (green) perpendicular to the grey plane defined by the
measurement directions. Bob would chose measurement directions in the same plane.
The angle Φ denotes the angle between Alice and Bob’s measurement plane. In a) Φ = 0◦

while in b) 0◦ > Φ ≤ 90◦.

Eq. (4.11) depends only on Bob’s measurement directions via the matrix PB, therefore it

is sufficient to show

min
RA
|PBT>RAa˜+|+ |PBT>RAa˜−| = ‖PATPB‖tr. (4.12)

a˜± is fixed and RA represents the rotations of angle α that leave Alice’s measurement plane

invariant. To show that Eq. (4.12) holds, we consider a vector a˜ in this measurement plane

that can be written as a˜ = PAa˜. Therefore,

|PBT>a˜| = |PBT>PAa˜| (4.13)

=
√
a˜>PATPBT>a˜

=
√
a˜>Ka˜.

Using Eq. (4.13) in Eq. (4.12) leads to

|PBT>RAa˜+|+ |PBT>RAa˜−| (4.14)

=
√

(RAa˜+)>K(Ra˜+) +
√

(RAa˜−)>K(Ra˜−).

Eq. (4.12) can be fulfilled if Eq. (4.14) is minimised over all rotations RA. Because RAa˜±
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and K only being dependent on Alice’s chosen measurement plane, this reduces to a

2 × 2 matrix problem. To simplify the problem even further, we can use the fact that

K = PATPBT
>PA is a non-negative symmetric matrix:

K ≡

(
k 0

0 k′

)
(4.15)

with k ≥ k′ ≥ 0. The rotation vectors RAa˜+ and RAa˜− vary over all pairs of orthogonal

unit vectors in the measurement plane (Fig. 4.1a) and can be written as

RAa˜+ ≡

(
cos θ

sin θ

)
, RAa˜− ≡

(
sin θ

− cos θ

)
(4.16)

with θ ∈ [0, 2π]. Then Eq. (4.14) can be expressed as

|PBT>RAa˜+|+ |PBT>RAa˜−| (4.17)

=
√
k cos2 θ + k′ sin2 θ +

√
k sin2 θ + k′ cos2 θ

=
√
X + Y cos 2θ +

√
X − Y cos 2θ,

with X = k+k′

2 and Y = k−k′
2 . Because we try to minimise the steering parameter over

all rotations, we require the equation above to have a minimum at cos(2θ) = ±1, and

therefore Eq. (4.12) is fulfilled:

min
RA
|PBT>RAa˜+|+ |PBT>RBRAa˜−| (4.18)

=
√
X + Y +

√
X − Y

=
√
k +
√
k′

= Tr[
√
K]

= ‖PBT>PA‖tr.

We have shown that Eq. (4.7) is the result of the minimisation over all rotations that leave

Alice’s measurement plane invariant. Therefore, since the RIS (Eq. (4.5)) touches the NSS

at its minimum point, the RIS must be the optimum of any possible rotationally-invariant

inequalities, for m = n = 2. We hypothesise that this is also true for m = n = 3 but we

have not shown it because necessary and sufficient conditions for n = 3 are not known.

Having shown the relation between the RIS inequality and the NSS inequality for

m = n = 2 measurements and a shared reference direction r, we then extend the variation

to include rotations away from the shared reference direction (Fig. 4.1b). We use Φ as the

angle between Alice and Bob’s measurement planes to express this deviation. Φ = 0◦ rep-

resents the scenario described above (Fig. 4.1a), with a shared direction r.When increasing
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the angle to Φ = 90◦, Alice and Bob completely lose this shared reference direction. The

RIS parameter ‖M‖tr (Eq. (4.7)), for a shared Werner state with T = −µI3, is

‖M‖tr = µ (1 + | cos Φ|) . (4.19)

This expression for the steering parameter is maximal if Alice and Bob share a reference

direction and reduces with increasing angle Φ. Furthermore, the RIS is independent of any

rotations of Alice’s measurement directions about the axis perpendicular to the measure-

ment plane defined by a˜(1) and a˜(2) (Fig. 4.1), denoted by angle α and remains rotation

invariant (Fig. 4.1). On the other hand, the NSS parameter (Eq. (4.9)) is dependent on

both angles and can be written as

|M>u˜+|+|M>u˜−| = µ
(√

1 + cos2 Φ + sin 2α sin2 Φ

+
√

1 + cos2 Φ− sin 2α sin2 Φ
)
/
√

2. (4.20)

And again, minimising Eq. (4.20) over all rotations, given by α, recovers Eq. (4.19).

4.4 Experimental setup

This experiment was done at a different time than the experiment described in Ch.3.

Therefore, the source and measurement apparatus had to be rebuilt. We performed the

experiment to test the behaviour of the RIS and NSS inequalities. For this we exper-

imentally realized the EPR steering protocol using polarisation-entangled states gener-

ated from a high-efficiency spontaneous parametric downconversion (SPDC) source. A

10 mm-long periodically poled potassium titanyl phosphate (ppKTP) crystal, mounted in

a polarization Sagnac ring interferometer [67, 68], was pumped bidirectionally by a 410

nm fibre-coupled continuous-wave laser with an output power (after fibre) of 2.5 mW

(Fig. 4.2). The poling period of the ppKTP is such that the temperature for degener-

ate SPDC of 820 nm is ∼ 12◦C. This is around the dew point in the lab and so we

had to stream nitrogen gas over the crystal to prevent any condensation. At both out-

puts, we used high-transmission long-pass filters to filter the pump. Furthermore, Bob’s

arm contained a narrow bandpass filter with 3nm FWHM to filter the arriving photons.

The photons were coupled into single-mode fibres and detected by Perkin-Elmer single-

photon-counting modules (SPCM-AQR-14-FC) and counting electronics. At 820 nm, the

combined efficiency of our detection system was 50% (Fig. 4.2). To test the quality of

the generated entangled state, a tomographic reconstruction was performed at various

points throughout the data acquisition [37]. We measured the correlations in our ex-

periment by rotating the HWPs and QWPs for Alice’s m and Bob’s n measurement

directions, which together with polarising beam splitters and the single photon count-
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ing modules implemented the projective measurements. We calculated the error for it

as ∆M =
√

(∆M
(systematic)
jk )2 + (∆M

(statistical)
jk )2 [53]. The error consists of a systematic

error due to imperfections in Bob’s measurement, which could lead to an overestimation

of the correlations, and the statistical uncertainty caused by Poissonian statistics in pho-

ton counting. EPR-steering usually requires Bob’s choice of settings to be independent

of different measurements. Because we control Alice’s realization of honest and dishonest

strategies, there is no need for a time ordering of the events. However, this would have

to be altered in a field deployment [53]. The data acquisition took place over several

days. This was necessary because the low phase matching temperature of the ppKTP

crystal made the state quality highly sensitive to any outdoor temperature and humidity

fluctuations.

4.5 Experimental tests and results

In our experiment, we investigated rotational invariance of quantum steering in a series

of experiments. We either used m = n = 2 or m = n = 3 measurement directions for

Alice and Bob. The former allowed us to investigate quantum steering with a shared

reference direction between Alice and Bob (subsec. 4.5.1) and the rotational invariance

when rotating away from such a shared direction (subsec. 4.5.2) which we compared to

the NSS inequality [24]. This was followed by experiments using m = n = 3 measurement

directions. As stated in section 4.3, using three orthogonal measurement directions allows

fully rotation invariant steering (explored in subsec. 4.5.3). Besides the scenario of perfect

alignment between Alice and Bob, we investigated maximum misalignment between their

measurement directions. Then we explored the situation of m 6= n measurement directions

(subsec. 4.5.4). Our experiment was concluded by the demonstration of quantum steering

with locally misaligned measurement directions for Alice (subsec. 4.5.5).

4.5.1 EPR-steering with m = n = 2 and a shared reference direction

The first case we experimentally investigated uses m = n = 2 measurement settings

(the minimal set size) and a shared reference direction between Alice and Bob. Therefore,

their measurement directions must lie in a plane orthogonal (on the Poincaré sphere) to the

shared direction. Further, the measurement directions, a˜(1) and a˜(2) for Alice and b˜(1) and

b˜(2) for Bob, are locally orthogonal on the Poincaré sphere. This allows a direct comparison

between the RIS inequality (Eq. 4.19) and the NSS inequality (Eq. 4.20). This scenario

represents a natural physical situation, because it could make sense to assume Alice and

Bob are able (a) to locally calibrate their apparatus and (b) determine a shared reference

direction by, for example, line of sight between the parties. However, we also consider a

misalignment of the relative orientation within the measurement plane by introducing the
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Figure 4.2: In the experiment, Alice and Bob are represented by black and green areas.
Both have control of their line and their detectors, while Alice is also in control of the
source. Entangled photon pairs at 820 nm were produced via SPDC in a Sagnac interfer-
ometer. The pump beam with wavelength λ = 410nm is fibre coupled into the experiment.
Its polarisation is controlled by a Glan-Taylor (GT) prism followed by a half-wave plate
(HWP). A polarising beam splitter (PBS) separates the pump beam into horizontal and
vertical polarisation. While the former is transmitted, the latter is reflected. The beams
are directed via mirrors (M) to the periodically poled KTP (ppKTP) crystal. Different
measurement settings are performed by rotating half- and quarter-wave plates (QWP)
relative to the polarizing beam splitters. Long-pass (LP) filters remove 410 nm pump
photons co-propagating with the 820 nm photons. The dichroic mirror (DM) directs the
downconverted photons into Bob’s line with the 410 nm photons transmitting the mirror.
An additional bandpass filter in Bob’s line, allowing sufficient heralding efficiency for Alice,
before coupling into single-mode fibres and detecting by single photon counting modules
and counting electronics. [This figure first appeared in our paper [82]]
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rotation angle α.

In our experiment, the measurement directions lie in the σx − σz plane of the Bloch

sphere, which corresponds to an angle Φ = 0◦ between the observer’s measurement planes.

Fig. (4.3a) shows Bob’s measurement directions (shown as red and blue) on the Bloch

sphere. For Alice we chose measurements in the same plane (red and blue) which are ro-

tated through 90◦ in the plane by angles α ∈ {0◦, 10◦, 20◦, 30◦, 40◦, 45◦, 50◦, 60◦, 70◦, 80◦, 90◦}.
The blue and red dots in Fig. (4.3) visualize the specific angles. These angles correspond

to the following wave plate settings given in table 4.5.1:

α: 0◦ 10◦ 20◦ 30◦ 40◦ 45◦ 50◦ 60◦ 70◦ 80◦ 90◦

a(1) HWP 0 2.5 5 7.5 10 11.25 12.5 15 17.5 20 22.5
QWP 0 5 10 15 20 22.5 25 30 35 40 45

a(2) HWP 22.5 25 27.5 30 32.5 33.75 35 37.5 40 42.5 45
QWP 45 40 35 30 25 22.5 20 15 10 5 0

Table 4.1: The wave plate settings for Alice’s measurement directions a˜(1) and a˜(2). These
measurement directions for Φ = 0◦, lying in the same plane as Bob’s measurement direc-
tions, are visualised in Fig. 4.1a.

In the experiment, we performed state tomography before measuring the steering pa-

rameters for each value of α. For the individual measurements, we chose 30 seconds as the

ideal integration time for each wave plate combination between Alice and Bob to account

for fast temperature fluctuations caused by air currents. The data of all tomographic

measurements at each α value allowed us to calculate an average density matrix. We

numerically determined the Werner state, defined by its Werner parameter µ, with the

highest fidelity with our average experimentally reconstructed density matrix. We used

this Werner state in our numerical model and applied the appropriate measurements to

calculate the expected steering parameters (Fig. 4.4 blue and red lines).

We observed a rotation-independent violation of both the RIS (Eq. 4.19) and NIS

(Eq. 4.20) inequalities for Φ = 0◦ (Figs. 4.3b and 4.4a), except for some deviation around

α = 70◦. For the remainder of the range, the measured steering parameters were close

to the theoretically calculated value of 1.97 (Fig. 4.4a solid line), which was determined

by the RIS and NSS correlation functions of a Werner state [83] having the same fidelity

with the singlet as our entangled state. This value is close to the maximum value of 2

for an ideal singlet state and slightly deviates because the Werner parameter8 of our state

is µ < 1. We explain the experimental deviation near α = 70◦ by the time-dependent

fluctuations of the end state that occur because of temperature shifts affecting the source.

The temperature stability was difficult to achieve because the lab was being airconditioned

hard to try to get the humidity down, and there were thermal gradients and air currents.

Even thought the data is a little imperfect at that setting, the inequality is still violated

8A maximally entangled singlet state has a Werner parameter of µ = 1.
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α: 0◦ 10◦ 20◦ 30◦ 40◦ 45◦ 50◦ 60◦ 70◦ 80◦ 90◦

a(1) HWP 0 3.35 6.74 10.23 13.87 15.78 17.77 22.08 26.98 32.59 38.5
QWP 0 2.21 4.53 7.10 10.10 11.84 13.79 18.60 25.15 34.04 45

a(2) HWP 38.5 43.55 46.83 48.48 48.98 48.95 48.77 48.13 47.21 46.14 45
QWP 45 55.96 64.85 71.40 76.21 78.16 79.90 82.90 85.47 87.79 90

Table 4.2: Wave plate settings for Alice’s measurement directions a˜(1) and a˜(2) considering
an angle of Φ = 64◦ between Alice’s (Fig. 4.1c) and Bob’s measurement plane (Fig. 4.1a).

by a large amount. This serves to illustrate the point that the RIS inequality is tolerant

to noise, due to the large gap at all relative angles α between the bound of
√

2 in Eq. (4.5)

and the theoretical maximum value of 2.

4.5.2 Steering with m = n = 2, and misalignment of the shared reference

direction

After demonstration of the rotation invariance of our newly derived RIS inequality for

measurements with m = n = 2 and a shared reference direction between Alice and Bob

(subsec. 4.5.1), we further investigated the effect of losing the shared direction. Due to

robustness of the inequalities, we had to tilt Alice’s measurement plane significantly, by

Φ = 64◦, to shift to a regime where the inequalities are not necessarily violated (Fig. 4.3c).

The wave plate settings, corresponding to Alice’s measurement directions a˜(1) and a˜(2),

used in this experiment are given in table 4.5.2.

The RIS data stayed rotation-invariant with respect to the parameter α (Fig. 4.4b)

with slight fluctuations caused by noise, and comparable to the theoretically predicted

value of 1.40 in Eq. (4.19) for the closest ideal Werner state. While some data points

might be able to violate the inequality and exceed the steering bound of
√

2 (Fig. 4.4b

(green area)) because of noise fluctuations, the theoretically calculated steering parameter

(Fig. 4.4b (blue line)) from averaged tomographic data remained below the classical bound.

By contrast, the NSS data showed the behaviour as predicted by Eq. (4.20) and showed

oscillations over the rotation angle α (Fig. 4.4b (red line)) with violation of α < 20◦ and

α > 70◦. We ascribe the noise in the data to asymmetries in the state arising from state

preparation imperfections caused by thermal fluctuations in the apparatus, as described

previously.

To conclude our investigation, we extended the misalignment to the extreme case where

Alice and Bob do not share any reference direction. This is a situation which could be

caused by the two parties losing line of sight. To realize this scenario, we used measurement

directions in the σz-σy plane, i.e. Φ = 90◦ (Fig. 4.3d), for Alice, while Bob continued to

measure along σz and σx. The wave plate settings used to implement Alice’s measurement

directions is in table 4.5.2. Fig. (4.4c) shows that neither steering inequality, the RIS as

well as the NSS, was violated at any angle α. As predicted in Eq. (4.19), the RIS parameter
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Figure 4.4: Rotation invariant quantum steering. The steering parameter as a function
of the rotation angle α in Alice’s measurement plane for measurement with m = n = 2
measurement directions is shown in (a-c). While the plane tilt angle is Φ = 0◦ in (a), it
takes on Φ = 64◦ and Φ = 90◦ for (b) and (c), respectively. The experimental results
in (a-c) correspond to the measurement directions in Fig. 4.3(b)-(d). For all angles, we
calculated the theoretically expected curves for the RIS inequality (Eq. 4.5) (blue) and the
NSS inequality (Eq. 4.9) (red) for the Werner state (solid line). The Werner parameter µ
of the closest Werner state was calculated from the average tomographically reconstructed
data. The RIS parameter is represented by blue squares, and the NSS parameter by red
circles. The error bars are too small to be seen. All data points in the upper white region
imply steering of Bob by Alice while the green shaded area below the bound

√
2 indicates

the classical regime. [This figure first appeared in our paper [82]]
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α: 0◦ 10◦ 20◦ 30◦ 40◦ 45◦ 50◦ 60◦ 70◦ 80◦ 90◦

a(1) HWP 0 2.5 5.0 7.5 10.0 11.25 12.5 15.0 17.5 20.0 22.5
QWP 0 0 0 0 0 0 0 0 0 0 0

a(2) HWP 67.5 65.0 62.5 60.0 57.5 56.25 55.0 52.5 50.0 47.5 45.0
QWP 90 90 90 90 90 90 90 90 90 90 90

Table 4.3: The wave plate settings corresponding to Alice’s measurements directions, a˜(1)

and a˜(2), with the angle Φ = 90◦ between Alice (Fig. 4.1d) and Bob’s measurement plane
(Fig. 4.1a).

remained rotation invariant with respect to Alice’s measurement directions, and the NIS

parameter (Eq. (4.20)) oscillated over the rotation angle α (Fig. 4.4c).

Additionally, we showed for the cases where Φ > 0◦ that the minimisation over all

rotations over α for the NSS inequality leads to the recovery of the RIS inequality. We

can experimentally confirm that for each of Fig. (4.4a)-(4.4c) the RIS values are never

greater than the NSS values, as predicted, but do meet the NIS values at one or more

points. Therefore, our derived RIS inequality is the optimal inequality for rotation invari-

ant steering with m = n = 2 measurement directions.

4.5.3 Quantum steering with m = n = 3 measurement directions

Next we increased the number of measurement directions to m = n = 3, to investigate

rotation-invariant quantum steering with more measurement directions than the minimal

set size. We tested two different scenarios: Alice and Bob have perfectly aligned measure-

ment directions, or both are entirely misaligned.

First we studied the case where Alice and Bob’s orthogonal measurement triads were

perfectly aligned, along the σx, σy and σz directions (Fig. 4.3a). We generated a state with

a high fidelity of 98.4% with a singlet state. The measured RIS parameter of 2.93± 0.01

significantly exceeds the classical bound of
√

3 in inequality (Eq. 4.5). For a Werner state

with µ = 1 we would expect a RIS parameter of 3, while we expect 2.95 for our generated

Werner state with µ = 0.984. The small deviation from the latter steering parameter

can be explained by imperfections of polarisation optics and classical interference in the

Sagnac interferometer.

Second, we investigated the case of misalignment between Alice and Bob’s measure-

ment directions. In this case we chose an orthogonal triad for her (Fig. 4.3e) which was

strongly misaligned with his measurement directions (Fig. 4.3a). This scenario considers

that the parties are able to calibrate their apparatus and set reliably locally orthogonal

measurement directions but lose alignment with each other.

In the experiment, we chose Bob’s measurement settings as σx, σy and σz and Alice’s
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directions as

a˜1 = (
1√
3
,

1√
3
,

1√
3

),

a˜2 = (
(1 +

√
3)√

12
,
−2√

12
,
(1−

√
3)√

12
),

a˜3 = (
(1−

√
3)√

12
,
−2√

12
,
(1 +

√
3)√

12
).

(4.21)

Because we use m = n = 3 measurement settings, it is possible to demonstrate steering

without any shared reference direction. This implies potential application for scenarios

where nonlocality needs to be demonstrated reliably with time-varying reference frames,

i.e. satellite communication [84]. The measured RIS parameter was 2.21±0.01 and signif-

icantly above the bound of
√

3 in Eq. (4.5). This particular measurement was conducted

with a state that has a slightly lower fidelity of 96% with a singlet state, due to environ-

mental fluctuations in the laboratory. But we note that this orientation of measurement

directions would not lead to a steering demonstration using an ordinary linear steering

inequality of the type given in ref. [27]. This shows the strength of the RIS inequality

which is robust to such major misalignments.

4.5.4 Steering with m = 3 and n = 2, and m = 2 and n = 3 orthogonal

measurement directions

The inequality that we defined earlier (Eq. 4.5) does not require m = n. Therefore, we

investigated the case where Alice and Bob used different numbers of measurement settings.

This situation has not been explored in previous realisations of steering [27,53,54]. For this,

we calculated the average correlations between Alice’s and Bob’s results using Eq. (4.5).

We explored the cases for m > n and m < n, and used m = 3, n = 2 and m = 2, n = 3,

respectively. For this, we used the data of m = n = 3 (sec. 4.5.3) and chose the appropriate

subset of measurement results on Alice’s and Bob’s side as required. We analysed a subset

of the 3-setting-per-side data to investigate if Alice’s remains able to steer Bob with m > n

or m < n measurement directions.

First, we considered m = 2 (σx and σz) for Alice and n = 3 for Bob. The RIS inequality

bound of
√

3 was violated with a steering parameter of 1.96 ± 0.01. Next we considered

m = 3 (σx, σy and σz) and n = 2 for Alice and Bob, respectively. In this scenario quantum

steering was also demonstrated, with a steering parameter of 1.97 ± 0.01, which violates

the RIS bound of
√

3.

4.5.5 Quantum steering with m = n = 3 non-orthogonal measurement

directions

Finally, we investigated whether Alice could be restricted by miscalibration of her ap-

paratus. This means we assumed that she was not able to choose mutually orthogonal
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measurement directions. Therefore, we attributed nonorthogonal directions to Alice, while

Bob’s measured directions remained orthogonal (Fig. 4.3a) as required for the derivation

of the RIS inequality (Eq. (4.5)). In the example we considered, her measurement setting

formed a regular tetrahedron with the origin (Fig. 4.3f):

a˜1 = (1, 0, 0),

a˜2 = (
1

2
,

1

2
√

3
,

√
2

3
),

a˜3 = (
1

2
,

√
3

2
, 0).

(4.22)

Using Eq. (4.5), we can theoretically predict a possible steering parameter of 3 for the

chosen nonorthogonal directions9 which is comparable with the maximum possible value

for mutually orthogonal directions and a maximally entangled state. We experimentally

confirmed that by violating the bound of
√

3 in Eq. (4.5) with a steering parameter of

2.74± 0.01.

4.6 Discussion

In this chapter we discussed reference-frame independent steering. While frame indepen-

dent demonstration of other nonlocal classes such as Bell nonlocality have been inves-

tigated theoretically and experimentally, the demonstration of EPR-steering for such a

scenario was an outstanding topic until now. We theoretically derived and experimentally

investigated the first rotation-invariant steering inequality. To test this inequality, we use

sufficiently entangled Werner states that produce constant violations of the inequality un-

der local rotations. In our experimental observation we considered steering for two and

three measurement settings per party.

For two measurement settings for each observer, we proved that the violation is invari-

ant under local rotations about a shared axis and that our RIS inequality is therefore the

optimal inequality for this situation. We experimentally confirmed this in an EPR-steering

experiment by using two settings per side and one shared reference direction only. The

violation of our RIS inequality and the NSS inequality, derived by Cavalcanti et al. [24], is

independent of frame alignment between Alice and Bob, up to state preparation imperfec-

tions. We investigate the degradation of the shared direction by choosing an tilting angle

to the shared direction. For appropriate angles, the steering inequalities can no longer be

violated.

Further, extending the number of measurement settings to three per side allowed us to

9We note that that the steering inequalities (Eq. (4.5) and Eq. (4.9)) are valid for any choice of Alice’s
measurement directions, whereas the predictions for the steering parameters in Eq. (4.6 - 4.8, 4.10 - 4.20)
assume they are orthogonal.
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demonstrate steering without any shared reference direction. In this case the rotationally-

invariant inequality is violated even for maximal misalignment of the reference frames,

unlike an ordinary steering inequality [27] and even in the presence of state preparation

imperfections. In principle, using the appropriate (two- or three-setting) rotation-invariant

inequality for one or zero shared measurement directions always provides a large buffer

between the theoretically-expected steering value and the bound, unlike the case for frame

rotations in Bell tests [76, 77]. As experimentally demonstrated, this provides robustness

to imperfections such as asymmetries in a real-world shared entangled state.

We conclude that our work is more tolerant to reference-frame misalignment and asym-

metry than Bell tests. This shows another advantage of steering, besides decoherence-

tolerance [27] and loss-tolerance [53] of noise sources where steering enjoys an advantage.

Our demonstration of rotationally-invariant steering holds potential application in ground-

to-space satellite quantum communication [84] and in quantum key distribution [85].



Chapter 5

Single photon source at telecom wavelength
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5.2 Introduction

Quantum optics often uses photons as information carriers for fundamental tests of quan-

tum mechanics [46–48,87], as well as demonstrations of quantum information and compu-

tation protocols. Generation of high purity single photons and entangled photon pairs is a

crucial first step in quantum optics experiments that require quantum teleportation [88],

entanglement swapping [89], and the generation of multi-photon entanglement [26]. Ideally

such photon sources have a high brightness and emit pure and indistinguishable single pho-

tons with certainty, which requires suppression of multi-photon emission at any arbitrary

time. Sources that generate a single photon with 100% probability are called deterministic

or on-demand. Such sources can be engineered either using deterministic or probabilistic

quantum systems. Deterministic sources are widely investigated and can be based on a

variety of systems [90–95], such as single atoms [96] or quantum dots [97–101]. Despite

58
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striking progress in the past years [101], these techniques still have problems with dis-

tinguishability of photons collected from different emitters or collection efficiency of the

photons.

An alternative approach is to use a heralded probabilistic single photon source. Castel-

letto et al. [102] and Eggleton et al. [103] showed that using high-quality probabilistic

sources, like heralded sources (Fig. 5.1), with network switching can lead to a deter-

ministic source. Such high-quality sources can be realized using spontaneous parametric

downconversion (SPDC) – where pump photons undergo a nonlinear optical process in

a crystal to create a downconverted photon pair [104] – which is capable of high herald-

ing efficiencies. We define heralding efficiency as the conditional probability to measure

the second photon of a generated photon pair when the other one has been successfully

detected (Fig. 5.1). This is sometimes also called the Klyshko efficiency [105].

source

Detector a

Detector b

'click'

?

Figure 5.1: Heralding efficiency is the conditional probability P (b|a) to measure a photon
with detector b after a successful detection in the heralding arm with detector a.

Common bulk crystal sources (Fig. 5.2a) were the main architecture for the past 20

years. There have been many different configurations but a typical design is as follows:

SPDC crystals in such sources that emit the downconverted photons at wavelength of

∼ 800 nm in cone-shaped optical modes. One way to generate entanglement it to collect

photons at the intersection of two cones to generate a polarisation entangled state [106].

Downconversion is usually designed for λ ∼ 800 nm as a compromise between Si APD

efficiency and laser properties. This requires a pump laser at half the wavelength which

might require up-conversion of the pump light to achieve this wavelength. This signifi-

cantly reduces the pump power and, thus, the brightness of the source.

The downconverted single photons are collected and directed to couple into single mode

fibres (Fig. 5.2). However, the non-gaussian spatial mode of the single photons does not

match the gaussian profile of the fibres which reduces the coupling efficiency. The coupled
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light propagate through the fibres – undergoing additional loss at this wavelength – to

the single photon detectors. Avalanche photodiodes (APD) are used for detection of the

photons. These semiconductor detectors have an efficiency of ∼ 50%. This limits the

heralding efficiency as the heralding photon might have been present but not successfully

detected. Of course in the event of a successful detection and heralding of the presence

of the twin photon, this one is only detected with a probability of about 50%. Such an

architecture is limited regarding its brightness, purity and heralding efficiency.

laser laser

SHG

periodically poled
 SPDC crystal

spectral filtering

non-gaussian spatial modes

high loss in fibre

APD

APD

SNSPD

SNSPD

low loss in fibre

Gaussian spatial modes

a) b)

Figure 5.2: Conceptual representation of (a) a common bulk crystal source and (b) a novel
non-collinear photon source. See text for details.

A new generation of sources was experimentally demonstrated by Kim et al. in

2006 [68, 107]. They used a new architecture: a continuous-wave laser pumped a peri-

odically poled potassium titanyl phosphate (ppKTP) crystal within a Sagnac ring inter-

ferometer. Using collinear downconversion in the crystals allows us to use longer crystals

which improves the brightness of the source. This robust configuration allows for genera-

tion of downconverted photons that propagate in the same spatial mode as the pump. The

gaussian spatial mode of the downconverted photons can be coupled with high efficiency

into single mode fibres (Fig. 5.2). Furthermore, the periodic poling of the crystal relaxes

the restriction on the angle and phase matching of the pump. A year later, Fedrizzi et al.

showed an improved version of this source that is simultaneously bright, highly entangled,

and widely spectrally tuneable [67].

High heralding efficiency is not solely based on the architecture and spatial properties

of photon source, i.e. a collinear crystal which emits photons in spatial modes that can be

coupled with high efficiency to single mode fibres. If the photon is getting lost on its way to

the detector or not successfully detected, the heralding efficiency suffers. Single mode fibres

have less loss at telecom wavelength than at ∼ 800 nm. Single photon detectors for the



5.2. INTRODUCTION 61

telecom regime can be engineered for high detection efficiencies. Marsili et al. [34] showed

that efficiencies of up to 93% are possible and overcome previous detection efficiencies of

∼ 20% of InGaAs photodiodes.

However, some quantum information protocols are designed to function with a system

clock, and require the photons to carry timing information. Pulsed photon sources [108,

109] are compatible with multi-photon experiments [110,111] as such experiments require

simultaneous generation of multi photon pairs which are interfered to create multipartite

entangled states [112,113].

Interference of photons requires them to be pure and indistinguishable. Fig. (5.3) shows

the two-photon joint spectral intensity (JSI) function for SPDC at 820 nm. The shape

of the JSI in Fig. (5.3a) indicates that the generated photons are frequency correlated.

Taken individually, the photons have low spectral purity. Specifically, if one photon of the

downconverted pair is measured without resolving its frequency information, the second

photon becomes mixed. Interfering such photons, generated by individual sources, would

be poor. To avoid this, spectral correlations are intensively filtered (Fig. 5.3b). However,

this reduces significantly the spectral brightness. Current state-of-the-art non-classical

a) b)

Figure 5.3: Conceptual plot of the joint spectral intensity (JSI) given by the signal (s)
and idler (i) wavelength of the downconverted photons: (a) non-circular shaped JSIs can
be shaped into circular by using a narrowband frequency filter which leads to a significant
reduction in the brightness of the source (b). [Figure prepared by M. Weston]

sources have a brightness of of 9800 s−1mW−1nm−1 detected pairs producing photon pairs

able to interfere with a visibility of 98 % [107]. It seems loss of heralding efficiency would

be the trade off for high purity and entanglement. To avoid this, and produce high-purity
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heralded single photons, the spectral shape and correlation of the downconverted photons

need to be engineered carefully. A method – which significantly enhances the brightness

– was proposed by Keller et. al. [114] and Grice et. al. [115] in 1997. The concept

of group velocity matching (GVM) allows the engineering of the periodically poling of

the nonlinear crystal to manipulate the relationship between the group velocities of the

pump and downconverted photons. This directly influences the shape of the joint spectral

intensity (JSI). For high purity of the downconverted photons, the JSI needs to be circular

in shape, indicating the photon pairs are unentangled in the frequency degree of freedom.

In this work, we demonstrate generation of frequency-factorable states using a period-

ically poled KTP (ppKTP) crystal engineered for GVM at the telecom wavelength (i.e.

around 1550 nm). This wavelength regime corresponds to commercial telecommunication

standards and accesses the low losses available for optical fibres in the infrared. Moreover,

downconverted photons propagating collinearly with the pump beam further enhance the

entanglement and brightness of the source due to overlap of the Gaussian fibre modes and

the Gaussian downconversion emission modes. Spatial distinction of photon pairs in our

type-II SPDC can be made by their orthogonal polarisation. Jin et. al [104] recently real-

ized a photon source at 1550 nm by using a GVM-ppKTP crystal. They demonstrated the

generation of photons with a purity of 82 % [108]. However, they use picosecond pulses,

rather than the easier-to-control femtosecond pulses we use here, and they also achieve

this result with some spectral filtering – this is not raw purity. Furthermore, they did not

measure an independent Hong-Ou-Mandel (HOM) visibility1.

One of the limitations at this wavelength is the availability of high-quality single photon

detectors. In a collaboration with the National Institute of Standards and Technology

(NIST), we obtained superconducting nanowire single photon detectors (SNSPDs). To

be superconducting, the detectors have to be cooled down to an operating temperature

of ∼ 1 K. The detection process of the photons can be subdivided in three consecutive

steps. First, the SNSPDs are biased with a DC current which is close but less then the

superconducting current. This brings the detectors into a state where the small energy

of an absorbed photons is sufficient to disrupt enough Cooper pairs to form a hotspot.

This hotspot expands quickly and forms a resistive barrier for the bias current. The

rapid increase of the resistance of the nanowires from zero to a finite value leads to a

measurable voltage pulse. This resistive region causes the bias current to be shunted by

the external circuit. Then the nanowires become superconducting again and the DC bias

current flows again. These detectors have a detection efficiency of ∼ 93% at 1550 nm [34]

and exceed the ∼ 20% efficiency of commercially available InGaAs avalanche photodiodes.

Furthermore, the short reset time of 40 ns, which is required to allow the nanowires to

1In a dependent Hong-Ou-Mandel visibility measurement, two photons emitted by the same photon
source are interfered. While in an independent HOM visibility measurement, two photons from individual
sources are interfered.
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return to the superconducting regime, makes electrical gating unnecessary and allows to

operate SNSPDs in freerunning mode.

5.3 Polarisation unentangled photon source

Interference experiments with multiple sources are sensitive to the spectral purity of the

photons [104]. The photon pairs of SPDC sources need to be spectrally uncorrelated, in a

so-called factorable frequency state, such that the frequency of one photon reveals nothing

about the frequency of its pair [116]. The two-photon wavefunction |Ψ〉 that describes the

relation between the signal and idler photon [116] is given by

|Ψ〉 =

∫ ∞
0

dωsdωif(ωs, ωi)g
†(ωs)g

†(ωi) |vac〉 (5.1)

where g†(ωs) and g†(ωi) describe the creation operators for the signal and idler photons

in frequency modes ωs and ωi respectively, f(ωs, ωi) is the correlation function, and |vac〉
is the vacuum state.

The correlation function represents the two-photon joint spectral amplitude (JSA) and

can be generally expressed as

f(ωs, ωi) = Nα(ωs + ωi)φ(ωs, ωi) (5.2)

with a normalization constant N , the function α describing the frequency envelope of the

pump field, and the phasematching function φ [116]. (The difference between JSA and

JSI is that there is no information on phase of the two-photon wavefunction in JSI. Thus,

the purity of the heralded single photons cannot be directly calculated from JSI.) The

function α(ωs + ωi) describing the pump field is assumed to be Gaussian, with a width

proportional to the bandwidth of the pump field [117]

α(ωs + ωi) = exp

[
−(ωs + ωi− ωp)2

σ2

]
, (5.3)

where we denote the pump central frequency ωp, and the pump bandwidth σ [117]. The

phasematching function is defined as [116]

φ(ωs, ωi) = sinc

[
L

2
(kp(ωs + ωi)− ks(ωs)− ki(ωi))

]
(5.4)

× exp

[
−iL

2
(kp(ωs + ωi)− ks(ωs)− ki(ωi))

]
.

In 1997, the concept of group velocity matching (GVM) was introduced to engineer the

shape of the joint spectral intensity (JSI) |f(ωs, ωi)|2 [114, 115]. Prior to this concept,
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filters were used to ‘circularise’ the JSI, removing the unwanted spectral features usually

at the cost of a significant reduction in the brightness of the source (Fig. 5.3). GVM allows

the creation of frequency factorable states by direct engineering of the nonlinear crystal

(Fig. 5.3b). GVM set the conditions which need to be fulfilled to obtain a circular shaped

JSI for frequency factorable states, as

Np =
Ns +Ni

2
, (5.5)

with the group index N for the pump, signal and idler photon, given by N = c
νg

. This

condition can be fulfilled by carefully choosing the parameters for the pump function

and the phasematching function. For an optimal shape, both functions have to have a

comparable width and are perpendicular to each other and therefore θ = 45◦ (Fig. 5.4).

The angle θ relates to the group velocities νg of the pump, signal, and idler via

tanθ =
ν−1
g,s − ν−1

g,p

ν−1
g,p − ν−1

g,i

. (5.6)

To engineer a circular shaped JSA, θ has to be 45◦ and, thus, the group matching condition

is

ν−1
g,p =

ν−1
g,s + ν−1

g,i

2
. (5.7)

In ppKTP, this condition corresponds to an optimal degenerate wavelength of 1582 nm and

would require a pump wavelength of 791 nm. Because 1570 nm is a standard wavelength

in the telecom wavelength regime, off-the-shelf components are widely available for this

wavelength. Therefore, we tuned our pump laser to 785 nm to meet the requirements for

downconversion at 1570 nm. However, this will result in the joint spectrum being slightly

non-circular (Fig. 5.4c). The state purity is only minimally affected by the non-perfect

shape of the JSA at 1570 nm. For an optimal result the width of the pump envelope

function has to match the width of the phasematching function (Fig.5.4 a,b). The former

is determined by the pump bandwidth which is given by the fourier-limited ∼ 170 fs laser

pulses and optimized to 5.35 nm for maximum spectral purity. The latter is a result of the

crystal length which is chosen to be 2 mm for the circular JSA. The poling period of the

crystal is defined by the pump and downconversion wavelength in order to phase match.

We determined 46.15 µm as optimal period length for these specific wavelengths, and at

room temperature. Because of the wide bandwidth of the pump, the phasematching is

not particularly temperature sensitive.

5.3.1 Experimental setup

Figure 5.5 shows our experimental setup for generating the frequency uncorrelated pho-

tons. It is similar to the scheme of Gerrits et al. [109], but achieves higher perfomance.
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The pump beam which is generated by a pulsed Ti:Sapphire laser with a repetition rate of

80 MHz has a wavelength of λ = 785 nm and a bandwidth of σ = 5.35 nm (FWHM). The

properties were measured by using a spectrometer. Ultrafast mirrors rated for 700-930nm

steer the pump beam through the setup with reduced dispersion. To obtain control over

the pump power, a half-wave plate (HWP) followed by a Glan-Taylor polariser (GT) is

used. An additional HWP allows control over the polarisation of the pump photons. The

785 nm laser is focused into to the periodically poled crystal using an achromatic lens Lf

with a focal length of f=125 mm. To reduce scattering, an anti-reflection (AR) coating

for a wavelength range for 650-1050 nm was chosen. By measuring the size (39.5± 1µm)

and location of the beam waist with a beam profiler, the position for the crystal could

be determined. This parameter is close to the theoretically calculated waist of 35 µm.

The periodically poled crystal, ordered from the company Raicol, has a poling period of

Λ=46.15 µm and a length of 2 mm. It is mounted on a copper block whose temperature

was controlled by a Peltier element. The mount was fixed on an x-y stage to enable control

over the fine positioning of the crystal to the focus of the pump beam.

The pump photons, as well as the downconverted 1570 nm photon pairs, are collimated

by an AR-coated lens Lc for 1050-1620 nm with a focal length of f=100 mm. For optimiza-

tion of the alignment of both lenses and the crystal, second harmonic generation (SHG)

was used [118]. A pulsed laser with a wavelength of 1561 nm and a spectral bandwidth of

42 nm allowed the up-converted photons to be measured on a photodiode. The position of

the crystal in the pump beam could optimized, however a scan over the temperature range

of 20 ◦C to 60 ◦C did not give further information about the phasematching temperature.

To improve the measurements of the downconverted photons, the residual pump (785

nm) photons need to be filtered out before reaching the fibre coupler. Two 875 nm edge

BrightLine (Semrock) multiphoton single-edge dichroic beamsplitters were mounted to

filter out the pump photons. The remaining 1570 nm photons were separated by their

polarisation on a polarising beam splitter (PBS). The horizontally and vertically polarised

photons are coupled into individual fibres. To filter out any remaining pump photons, an

808-nm cutoff RazorEdge ultrasteep long-pass edge filter was mounted in front of each

coupler.

We used initially an InGaAs semiconductor based APD (iD201), which had a detection

efficiency of< 20%, significantly lower than silicon based APDs for visible and near infrared

light. The high dark counts of this model makes temporal gating of the detector necessary.

This challenge was overcome by prealigning with the 785 nm photons. By removing the

long-pass edge filters, the fibre couplers could be initially aligned by coupling up the

pump photons and monitoring this process with a silicon-based APD. This additional

step allowed to use the InGaAs detector for final alignment. Due to the low efficiency

and further restrictions of experiments because of the gating process, this detector was

substituted by superconducting nanowire single photon detectors. Ideally, a detector is fast
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and efficient and the group at NIST sucessfully demonstrated high system efficiencies for

SNSPDs of 93% at 1550 nm with reset times of 40 ns [34]. This by far exceeds the typical

silicon based APDs with efficiencies of 60% for visible light, and the currently used InGaAs

based APDs for telecom wavelength. We directly spliced the single mode fibres connected

to the SNSPDs in the cryostat to the fibres mounted in the fibre couplers. This method

of connecting fibres has lower loss than using standard fibre joiners. Furthermore, we

optimized our SNSPDs by reducing the number of dark counts by applying the appropriate

low-pass filter to the bias tee of the detectors. Additionally, we replaced all coaxial cables

by triple shielded BNC cables and further improved our detector performance. Besides

the reduction in dark counts, it also prevents our detectors from latching because of rf

noise in the laboratory.

pump

GT HWP

Lf

ppKTP

Lc
PBS

DM

SNSPD

SNSPD

Figure 5.5: The scheme of the experimental setup shows laser light with λ= 785 nm
pumping a ppKTP crystal. The pump power and polarization of the beam is set by a half-
waveplate (HWP) (not in this figure) followed by a Glan-Taylor prism (GT)and another
HWP (to turn downconversion on and off). The 785 nm beam is focused by Lf = 125 mm,
and downconverted photons are collimated by Lc = 100 mm lenses. The horizontally and
vertically polarised 1570 nm photons are divided on a polarising beamsplitter (PBS) and
coupled into a single mode fibre. The remaining pump after the ppKTP crystal is filtered
out by dichroic mirrors (DM) and a long-pass edge filter in front of the fibre couplers.

The time-of-flight spectrometer is a crucial part in our experiment as it allows us to

verify the frequency unentanglement of our source, by measuring the wavelengths of signal
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and idler in coincidence and allowing experimental construction of the joint spectrum.

Groups worldwide started to characterize their biphoton joint correlation spectra by using

different approaches [119–122]. For example, simple diffraction grating spectrometers can

be used to obtain this information. We decided to take advantage of the high efficiency

and free running mode of our SNSPD detectors and use a time of flight fibre spectrometer

[109,123] (Fig. 5.6), because of a significant reduction in the integration times.

Figure 5.6: Conceptual setup of the time of flight spectrometer: Each photon from the
downconverted pair is simultaneously sent in to a dispersion compensating fibre. The
signal and idler photon, each propagating in a separate fibre, are detected in coincidence
counting by the SNSPDs. The time of arrival of the photons after propagating through
the 3 km of fibre can be related to its wavelength, as shown in Fig. 5.7. [This figure first
appeared in our paper (ref. [86]).]

Time-of-flight fibre spectrometers use the group velocity dispersion (GVD) of dis-

persion compensating fibres (DCF) to disperse the ultrafast single photon pulses with a

negative dispersion. DCF is highly dispersive, so that short sections of it can be used to

compensate the dispersion in long telecom fibre. As the dispersion leads to different times

of arrival for the individual wavelengths, this time resolution can be used to determine the

spectral information of the photon.

The DCF fibres were calibrated with a tunable laser that allowed an easy modulation

of the wavelength between 1535 to 1565 nm. By using an intensity modulator (IM), a

pulse train with a pulse width of 10 ns and a repetition rate of 1 MHz is created. After a

50/50 fibre beamsplitter (FBS) the light traverse through the DCF and an undelayed path
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a) GVD= -448.39 ps/nm
@ 1545 nm 

GVD= -402.69 ps/nm
@ 1545 nm 

Figure 5.7: Calibration curves for the two time-of-flight spectrometer fibres. Fibre 1 (a)
and fibre 2 (b) show similar delays of the laser pulses. They slightly differ in spectral
resolution with 0.31 nm (a) and 0.33 nm (b). [Figure prepared by S.Slussarenko]

which is functioning as reference for the dispersed and delayed pulse. The time of arrival

of both pulses is monitored by the SNSPDs. Figure (5.7) shows a linear dependence of

the arrival time with the wavelength. The calculated GVD for each fiber determines the

time of arrival for a specific wavelength. The spectral resolution of our fibre spectrometer

is 0.33 nm and 0.31 nm, which is set by the GVD, fibre length, and detection resolution.

Figure (5.8 b) shows the measured spectrum for our photon source next to the calcu-

lated JSI (Fig. 5.8 a). The JSI is centered slightly off the centre wavelength of 1570 nm.

Heralding efficiency is an important property of photon sources. We numerically de-

termined the optimal pump waist size and collection waist size to optimize the brightness

and coupling efficiency into the single mode fibre for our source. Our calculations follow

Bennink’s theoretical results [124] which are experimentally supported [125]. Very recently

a new tool has become available, which is spdcalc (spdcalc.org) which has been produced

by Krister Shalm (NIST) and collaborators [126]. It uses similar techniques to Bennink,

but without the approximations. For our configuration, the results are almost identical.

For our experimental setup we had to chose a sensible lens configuration which simulta-

neously gave high heralding efficiency. Therefore, we chose 115 m for the pump waist.

Figure 5.9 shows the results for the heralding efficiency as function of the signal and idler

waist for different pump waists. The numerical simulations consider a 2 mm-long type-II
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a) b)

Figure 5.8: The joint spectral intensities for frequency factorable states. The measured
JSI (b) is of circular shape and centered slightly off the centre wavelength of 1570 nm. It
is in well agreement with the theoretical (a). The apparent residual structureis mainly an
artefactof discrete timing artefacts. [This figure first appeared in our paper (ref. [86]).]

KTP crystal pumped with λp = 785 nm and a bandwidth of σ = 5.35 nm at 20◦C. The

heralding efficiencies for the chosen pump waists of 60µm (Fig. 5.9 blue), 80µm (Fig. 5.9

red), 100µm (Fig. 5.9 yellow),115µm (Fig. 5.9 purple) and 130µm (Fig. 5.9 green) are

decreasing with increasing signal and idler waist. Furthermore, the maximum heralding

efficiency increases with increasing the pump waist. To achieve an optimal heralding effi-

ciency, we select a pump waist of 115 µm and collection waist (signal and idler waist) of

50 µm. These values theoretically allow a heralding efficiency of 96%. As the pump waist

increases past 115 µm, the heralding efficiency increases very slowly, but calculations show

that the brightness goes towards zero.

Within the pump power of 80− 200 mW, a range where we can largely neglect higher-

order terms, and our optical parameters, we were able to achieve up to (64±2)% heralding

efficiency for the signal and idler mode. At this wavelength, we expect the efficiency of

our detectors to be around 83− 85%, and that although the optics are AR coated, there

is a residual loss budget of at least 5%. At 80 mW pump power, we measured 24300±200

two-fold coincidence counts per second (c.c./s). This equals a pair per pulse generation

probability pc of approximately 0.0007. A further reduction of the pump power is not

advisable because of so-called accidentals which can be caused by dark counts of the

detector and background light in the laboratory. Although dark counts do not usually

lead to a significant fractional coincidence rate, they can do so if the rate of real photon

detection is very low.
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Figure 5.9: The theoretical heralding efficiency as function of the collection waist for a
pump waist of 60 µm (blue), 80 µm (red), 100 µm (yellow), 115 µm (purple) and 130 µm
(green).

5.4 Polarisation-entangled photons

Polarisation-entangled photons are an integral part of many quantum optics experiments

and quantum information protocols, like linear-optical quantum computing [127] and types

of quantum key distribution [128]. For the generation of polarisation entanglement between

photons in the downconversion process, several configurations are possible [68,129,130].

We decided for Kim et.al.’s idea of bidirectionally pumping a type-II ppKTP crystal

in a polarisation Sagnac interferometer for its stability and compactness [68]. Figure 5.10

shows the experimental scheme for the generation of polarisation entanglement. As before,

the source is pumped by a 785 nm Ti:Sapphire laser with FWHM of 5.35 nm. An optical

isolator protects the pump laser from backscattered light. The dichroic mirror reflects

the focused 785 nm beam to the polarisation Sagnac interferometer. It consists of a dual

wavelength polarizing beamsplitter cube (PBS), a dual wavelength half-wave plate (HWP)

mounted at π
4 , two silver coated mirrors and the ppKTP crystal (Fig. 5.10). The diagonally

polarised pump photons are in a superposition of horizontal and vertical polarisation.

Therefore, a pump photon has equal probability to either get transmitted or reflected

at the dual wavelength PBS and is put into a superposition of propagating clockwise
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(cw) (Fig. 5.11 right) or counterclockwise (ccw) (Fig. 5.11 left). Thus, if downconversion

happens, it will lead to a superposition of generation of a pair in the cw direction and

generation of a pair in the ccw direction. (But since only one pump photon is consumed,

then only one pair is generated.) The role of the dual wavelength HWP in the Sagnac is

to rotate the polarisation of the pump photon propagating in ccw direction so that SPDC

can happen in either direction. Also, it allows the signal and idler beams to exit the

interferometer in the right combinations – one output port is signal modes from cw and

ccw propagation, and the other is idler modes from cw and ccw propagation (Fig. 5.11).

Combining signal photon with signal photon and idler photon with idler photon means

dispersion is compensated. The dispersion occurs because orthogonally polarised photons

travel at different group velocities in the ppKTP due to birefringence [67]. The horizontally

polarised downconverted photon leaves the crystal before the vertically polarised photon.

This temporal walkoff leads to a slight distinguishability between the photons which is

unfavourable for the purity of the source. However, this walkoff can be compensated by

rotating the polarisation of the photons in the ccw arm by π
2 so that there is exactly one

photon in each of the signal and idler outputs (ideally). This creates a maximally entangled

state, like |ψ〉, which can be used for performing experiments over a large distances [67].

Because of the compactness of our source, the choice for the focusing lens Lf and colli-

mating lens Lc was limited by practical considerations. Using a pump waist of 90 µm and

a collection waist for signal and idler of 70 µm results in a heralding efficiency of (45±2)%

for both downconverted photons, slightly worse than the unentangled source. For a laser

pump power of 80 mW, we observed 45600 ± 200 c.c./s and pc ≈ 0.0028. Increasing

the pump waist to 100 µm was beneficial for the heralding efficiency which increased to

(52±2)%, while the number of observed coincidence counts and pair generation probability

reduced to 32900±200 c.c./s and pc ≈ 0.0015. The engineered heralding efficiency exceeds

previous results [131]. The reduction of heralding efficiency compared to the polarisation

unentangled source is a result of the space constraint due to the source architecture, the

increased number of components and their loss, and increased deterioration of the gaus-

sian pump beam after traversing extra elements. Neither the Sagnac configuration nor

the setup to generate polarisation unentangled photons required an active temperature

stabilisation. We attribute this to the femtosecond pump laser. In this regime, the large

bandwidth means the spectral degeneracy of the photon source is insensitive to tempera-

ture fluctuations of the crystal which is phasematched for degenerate downconversion at

1570 nm at 20◦.

We characterised the state quality of the generated polarisation entangled state with

quantum state tomography [36]. We experimentally reconstructed the two-photon den-

sity matrix. Fig. (5.12a) shows the results for the produced state filtered with a broad

bandpass filter of 50 nm to remove remaining pump light luminescence from optical com-

ponents. This state has a high fidelity with a singlet state of (97.9 ± 0.1)%. The highly
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Figure 5.10: Experimental setup of the polarisation-entangled source: the pump beam
with λ= 785 nm, traverse through an optical isolator, and a half-wave plate (HWP) and
quarter-wave plate (QWP), which allows setting of the phase in the output state. A
dichroic mirror (DM) reflects the beam towards the Sagnac interferometer, which consists
of two mirrors, a dual wavelength polarising beamsplitter (PBS), the periodically poled
KTP crystal and a dual wavelength half-wave plate (HWP). The counter-propagating
modes of the created downconversion photons are combined at the PBS, and the photons
leave it through different ports depending on their polarisation. [This figure first appeared
in our paper (ref. [86]).]

entangled state had a tangle of (93.4± 0.3)% and a purity of (96.0± 0.2)% [37]. We could

further improve the quality of our state by filtering the downconverted photons with 8 nm

(FWHM) bandpass filter because we suspect that there is dispersion of some elements,

especially the dichroic mirror, across the 50 nm bandwidth, which leads to some mixture.

8 nm filters are narrower than the downconverted photons, so some efficiency is lost. In

principle, there might be an optimum bandwidth for trading off purity and efficiency, but

we did not have a range of filters available to test it.

All parameters improved and we measured a fidelity of (99.0±0.2)%, a tangle of (97.1±
0.4)% and a purity of (98.0± 0.2)% for our state. This is the result of the compensation

of the slight ellipticity of the JSI (Fig. 5.8) with the narrow bandpass filters.

To investigate the purity and indistinguishability of the downconverted photons fur-

ther, we performed a Hong-Ou-Mandel visibility measurement (Fig. 5.13). We built two

independent Sagnac sources with the same model optical components. These two sources

both emit a photon pair each. One photon from each pair is sent directly to the detector

and functions as a heralding photon. The remaining two photons are interfered at a 50 : 50
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Figure 5.11: Schematic overview of the entangled downconverted photon generation in a
Sagnac ring interferometer. The pump beam (red) is diagonally polarised and therefore
has simultaneously a horizontal component (left side) and a vertical component (right
side) travelling counterclockwise (ccw) and clockwise (cw), respectively. In the centrally
mounted crystal, the pump photons downconvert to an orthogonally polarised photon
pair (purple). Because the downconversion requires horizontal polarised pump photons,
the reflected vertically polarised pump, travelling cw, has to traverse through a half-
wave plate (right side). For the ccw propagation direction, this wave plate functions as
compensation for the temporal walkoff by ensuring that signal and idler modes overlap in
the correct pairings after the PBS.

BS with variable delay. Depending on the photons, they either leave the BS through one

output port each, or both through one output port. The former case leads to a 4-fold co-

incidence detection, while latter would result in one detector not measuring a photon and

therefore not coincidencing with the other detectors (Fig. 5.13). If the photons, arriving

at individual input ports, are distinguishable, they will lead to a coincidence detection.

Only for pure and indistinguishable photons we expect no coincidence recording.

Using only the 50 nm bandpass filters, the theoretical purity is limited to 84% because

of the sidelobes of the JSI (Fig. 5.4), which is modulated by a Bessel function. For this

state we measured a visibility of (82± 2)% (Fig. 5.14 a). Using the 8 nm bandpass filters

in one of the interfering arms allowed us to improve the visibility to (100 + 0/− 5)%.

These visibilities were calculated from raw coincidence counting data of the coinci-

dence counting. We did not compensate for any background noise and did not consider

a non-perfect beam splitter ratio. (The measured splitting ratio slightly deviated from

50:50, being 48:52.) We repeatedly observed the high visibility achieved with the 8 nm

filters. Improved temperature stabilisation of the lab2 allowed us to repeatedly measure

2This experiments is setup in a different room than the experiment described in Ch.4 and 3.6. Further-
more, this room has a smaller space and an independent aircondition cycle to the rest of the lab, which
allowed better temperature stabilities.
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Figure 5.12: Real (left) and imaginary (right) part of the reconstructed two-photon density
matrix. The source generates a high quality state (a) which was only filtered with a
broad bandpass filter to subtract background noise. Using a 8 nm bandpass filter further
improves the state quality (b).

visibilities of 99− 100%. These results mean our engineered source currently has highest

indistinguishability of any reported photon source compared to previous common sources

(Fig. 5.2a) [132, 133] and to other group velocity matched telecom sources [131]. We

assign the outstanding improvement of the visibility to the group velocity matching con-

dition, which removes one of the two types of time jitter between the independent photon

pairs [133]. However, the visibility is limited by multi photon pairs generation in the crys-

tal. We expect a limit of ≈ 99.7% given by the observed heralding efficiency and photon

pair production probability pc ≈ 0.0015 that we use in this configuration [134]. Further-

more, the large bandwidth of the downconverted photons bounds the state quality. With

a FWHM of ≈ 15 nm in the central lobe of the JSI, the bandwidth is significantly wider

compared to the spectral properties of optical coatings. We assume that photons furthest

away from the central 1570 nm wavelength undergo depolarisation. Therefore, we observe

the improvement in the quality of our state by using the 8 nm filters. However, such filter

is still wide compared to traditionally used FWHM ≈ 0.5− 2 mm filters, that are applied
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Source 1

Source 2

BS

Figure 5.13: Schematic setup for the measurement of the Hong-Ou-Mandel (HOM) visi-
bility. Both sources emit a photon pair, with one photon from each pair functioning as
heralding signal and being directly send to the detectors. The remaining photon from
each source is interfered at the beam splitter (BS). A variable delay allows tuning of the
time of arrival at the BS. The photons either leave the BS through one or both output
ports, and are detected afterwards. The 4-fold coincidence signal indicates if the photons
from the two independent sources are indistinguishable. [This figure first appeared in our
paper (ref. [86].]

Figure 5.14: Experimental results of the Hong-Ou-Mandel interference experiment. The
measured visibility without any filtering (a) and with a 8 nm bandpass filter (b). The raw
visibilities are calculated from gaussian fitting of the data without background substrac-
tion or consideration of an unbalanced beam splitter ratio. The shaded areas represents
the 95% confidence bound for the Gaussian fit. The visibility uncertainties are due to Pois-
sonian noise of the photon counts and interference visibility above 100% is not physically
achievable. [This figure first appeared in our paper (ref. [86].]
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in most multi-photon experiments requiring high state and interference quality [132,133].

An alternative the 8 nm filter for improvement is a more sophisticated poling structure

of the crystal. Directly engineering a Gaussian phasematching function which surpresses

any side lobes of the JSI can improve the visibility of (82± 2)% close to 100% [135–137].

5.5 Conclusion

In this chapter we discussed the engineering of a novel SPDC photon source at telecom

wavelength. Addressing limitations of commonly used bulk sources, e.g. mode matching,

propagation loss in fibre, detection efficiency, allowed us to realize a source that has si-

multaneously high purity, heralding efficiency and entanglement. For this, we engineered

a collinear telecom source with a group velocity matched ppKTP crystal emitting photons

at 1570 nm. The gaussian spatial mode of the downconverted photons can be coupled to

fibre with high efficiency. The propagation losses for telecom wavelength in fibre are sig-

nificantly lower than for other wavelengths. Furthermore, the photons were detected with

high efficient SNSPDs, significantly contributing to our high heralding efficiency, which we

obtained in a collaboration with NIST. Furthermore, the frequency uncorrelated spectrum

of the downconversion makes intensive filtering redundant, an improvement over previous

source designs [67, 68]. Interfering photons of two independent sources of such type al-

lowed us to observe the highest ever reported visibility of non-classical interference. These

parameters make our source useful for long-distance quantum information experiments,

such as quantum steering over high-loss channel representing 80 km of telecommunica-

tion fibre [138]. Additionally, we could use our high-quality source with network switching

which can lead to the realisation of a deterministic source. The low loss and high detection

efficiency are obvious advantages of our source as a building block for this kind of scheme.

Another step in achieving an even better state quality is apodisation of the periodic poling.

It has been shown for a comparable source that engineering of the poling structure allows

for demonstration of a spectral purity of 99% without any spectral filtering [139].
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Conclusion

6.1 Conclusions

Quantum mechanics was a groundbreaking discovery in the beginning of the last century.

One of the fundamental aspects was described by Einstein et al. in 1935 [16]. They

introduced the idea of entanglement. This form of correlations lies at the heart of quantum

mechanics and is a key resource for quantum information tasks which is expected to lead

to applications that will be transformative in the near future. A quantum information task

concerns the encoding, manipulation, transmission or measurement of a quantum system.

The examples of transformative technologies that might arise from quantum information

science include quantum communication and quantum computation.

The kind of correlations used as resource in such protocols were described by Einstein

and can be shown by demonstrating EPR-steering. EPR-steering (also called quantum

steering) is in the hierarchical order of nonlocal classes below Bell nonlocality. A Bell test

is the most rigorous test of nonlocality because it does not require any assumptions about

the observer’s measurements or devices. However, an experimental realisation requires

substantial effort in technology. Therefore, Bell nonlocality with a closed detection and

locality loophole was only recently demonstrated [46–48]. EPR-steering with a closed

detection loophole was demonstrated earlier in optical systems, and EPR-steering can

better tolerate decoherence of the state and photon loss.

In our first experiment (Ch. 3) we theoretically proved and experimentally demon-

strated one-way steerable states of light. In fact, our work is the first genuine demonstra-

tion of one-way EPR-steering. We extended previous theoretical work to an experimentally-

accessible class of states, so called Werner states, which are proven to be one-way steerable

for arbitrary measurements realized by POVMs when extra loss is added asymmetrically.

We experimentally demonstrated that our engineered state can be taken from a two-way

steerable regime to a one-way steerable regime by controlling the appropriate parame-

ter. The one-way steerable regime is subdivided into the one-way steerable regime for

projective measurements (the shared state becomes two-way steerable again, if POVMs

would be used for the measurement) and the one-way steerable regime for POVMs. An

unanswered question which remains for future work is whether the bound for one-way

78
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steering with POVMs derived here is, in fact, tight. We speculate that the answer is ‘no’

due to comparison with the work of Skrzpczyk et al. [66]. Moreover, answering this could

end the discussions of a long-standing open problem in the study of Werner states [42],

namely: for what values of µ are they steerable or nonlocal? In addition to this, future

investigations of the foundational aspects of the nature of asymmetric nonlocality in the

multipartite setting for general POVMs would be interesting. This is especially true with

an extension to higher dimensions, in particular, to consider the one-way steerability of

the Gaussian continuous variable states of the original EPR argument.

In a second quantum steering experiment (Ch. 4), we investigated the rotational in-

variance of EPR-steering. A common reference frame is a necessity for many quantum

information tasks, however, establishing such is a nontrivial issue and can be highly re-

source intensive and technically demanding. In this experiment, we theoretically derived

a new rotation-invariant steering inequality which considers m and n measurement set-

tings for Alice and Bob, respectively. In our experiment, we investigated EPR-steering

with either two or three measurement settings per observer. The violation of the steering

inequality for the case of two measurement directions per side was independent of any

misalignment between Alice and Bob as long as they continued to have a single shared

reference direction. This investigation was extended to misalignment from such a reference

direction. Upon losing this standard, our rotationally invariant steering inequality could

not be violated for m = n = 2. For reference reasons, we compared our inequality to a

recently derived ‘necessary and sufficient’ inequality [24]. We concluded that our derived

inequality is the optimal rotationally-invariant inequality for such a scenario. Increasing

the number of measurement settings to three settings per side showed that the violation of

our new inequality is entirely independent of a reference frame. The rotationally-invariant

inequality can be even violated for maximal misalignment. The demonstration of non-

locality can be sensitive to the state quality. For example, Bell inequality tests require

quantum systems which need to be very pure and have a well-prescribed degree of en-

tanglement to achieve the necessary correlations for a violation of the bound. Despite

the Bell test being the most rigorous form of testing nonlocality, it can be demanding

to achieve in experiments. Therefore, EPR-steering offers to be an alternative which can

be demonstrated with significantly non-maximally entangled states and some mixture.

Furthermore, it showed a robustness to reference frame misalignments. This might make

EPR-steering protocols more suited for real-world applications than Bell tests.

In the final experimental chapter, we described the engineering of a high-heralding effi-

ciency single photon pair source pumped with a femtosecond pulsed laser. By engineering

the periodic poling structure of the nonlinear crystal, we addressed various parameters

of the downconversion process to generate single photon pairs which can be coupled with

high efficiency to single mode fibres. To guarantee a minimum loss after coupling, the pho-

tons have a telecom wavelength which reduces propagation loss in the fibre, and they are
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detected by high-efficiency superconducting nanowire single photon detectors. Further-

more, our period poling structure was engineered to be group-velocity matched and emit

frequency-uncorrelated photon pairs. Therefore, we had to use less spectral filtering (which

can cause photon loss), then in comparable photon sources with a frequency-correlated

spectrum. We achieved a significant heralding efficiency of (64± 2)% which makes our a

photon source an excellent choice for quantum networks and switchable (triggered) single

photon source circuit configurations. Such a scheme would allow the future realisation

of a deterministic source from high-quality probabilistic sources with a sufficient herald-

ing efficiency. Additionally, we aimed to demonstrate a polarisation-entangled photon pair

source that simultaneously combines the desirable properties of high purity, high heralding

efficiency and high entangled state fidelity. We generated entangled states by embedding

our engineered crystal in a Sagnac ring interferometer. Because of the engineering of the

poling structure the generated photons had a high spectral purity and high Bell-state

fidelity. Measuring the independent Hong-Ou-Mandel visibility of these high quality pho-

tonic states, resulted in a visibility of (100±5)%, which is the highest reported interference

visibility to date.

This kind of source will enable us to investigate quantum information tasks which re-

quire high-quality photon sources, for example, long-distance communication experiments

like heralded EPR-steering over a high loss quantum channel [138]. For further improve-

ment of the photon source, a more sophisticated, apodised poling structure can be used.

The advantages of such a poling structure were very recently demonstrated by Chen et

al. [139]. In comparison with other high purity photon sources, such as quantum dots [101],

our downconversion source has certain advantages. Besides the engineering of downconver-

sion wavelength with the poling structure, these kind of sources are operated in free space

at room temperature. The periodic poling permits us full control over the downversion

wavelength. In contrast, the operation of quantum dot photon sources is more techni-

cally demanding than downconversion sources in free space. They have to be operated at

low temperatures and need to be mounted inside a cryostat. Furthermore, their emission

wavelength is material dependent which means the single photon wavelength restricts the

interference with other systems. Despite the high purity single photons of quantum dots, it

is nontrivial to achieve high HOM visibility when interfering photons of different sources.

This challenge has to be technically addressed before quantum dots can demonstrate a

comparable HOM visibility like downconversion sources. However, the flux rate of these

solid state sources is an order of magnitude higher than SPDC sources [140]. And with

active multiplexing, quantum dot source have the potential to become a deterministic

photon source. However, for quantum dot sources to become a reasonable alternative to

version photon pair sources, significant challenges have to be adressed first. Therefore, we

can expect downversion sources to remain the state-of-the-art source in quantum optics

for the medium- to long-term.
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This thesis explored experimental strategies for certifying nonlocal correlations in a

quantum information framework. The impact of this work is two-fold. On one hand, we

gained knowledge and understanding about the foundational aspects of quantum mechan-

ics. On the other hand, the contributions of this thesis can built upon and provide new

tool for photonic quantum information protocols that will enable the next generation of

entanglement sharing, quantum networks and remote quantum information processing.



Chapter 7

Appendix

7.1 Alignment of a continuous-wave Sagnac ring interfer-

ometer

The procedure below describes in detail the alignment steps of a continuous Sagnac ring

interferometer (Fig. 3.4 and 4.2) as described in Ch. 3 and 4. It is included for the benefit

of the readers who may want to use this technique to help them to align Sagnac sources.

The mounting of the neutral density filter in Fig. (3.4) (Ch. 3) is not described in this

alignment procedure. However, it would be inserted after step 16 when there is a sufficient

coincidence rate before implementing this filter.

Step 1: Level the fibre-coupled pump beam by using a pair of pinholes.

Step 2: Insert a polarising element, i.e. a polarising beam splitter (PBS) or Glan Taylor

(GT) prism, into the pump beam. This fixes the polarisation of the photons passing

through the element. A half-wave plate (HWP) after the polarising element con-

trols the polarisation into the Sagnac interferometer. It is important to check the

alignment through the pinholes before proceeding with the next step.

Step 3: If any focusing optics for setting the pump beam waist at the crystal is required, it

is inserted now. In our setup (Fig. 3.4 and 4.2), the fibre coupling lens of the fibre

coupler mount functioned as focussing element.

Step 4: Insert the dichroic mirror into the beam. This will allow to separate down-converted

light from the co-propagating pump beam. It is helpful to preliminarily mount Bob’s

fibre coupler with a levelled output beam. Back-shining an alignment laser with a

wavelength in the reflected wavelength regime of the dichroic mirror, allows us to

control if the mirror is mounted at an useful angle.

Step 5: Place the dual-wavelength anti-reflection coated PBS into the pump beam. Align

the PBS for maximum extinction ratio.
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Step 6: Mount the mirrors in the interferometer. As a rule of thumb, the angle of incidence

on the mirrors should be ∼ 22.5◦. Mount two pinholes, ideally cards with holes

to be able to see both beams, the clockwise and anticlockwise propagating beam,

between the mirrors. While one mirror should be mounted, start carefully adjusting

the position and tilt of the other mirror until both beams are overlapping. To control

this alignment step, check if the beams impact the mirrors at the same point and if

only one output beam leaves the dual-coated PBS. If not, realign the mirrors.

Step 7: For a fine adjustment of the mirros, classical interference of the alignment laser can

be used. A polarising element in one of the output beams can be used to measure the

polarisation in the D/A basis. Interference fringes can then be observed. They will

appear to become bigger and wider spaced the better the mirrors become aligned.

Alternatively, the extinction of the polarising element can be measured. Values of

> 98.5% are desirable. To ensure the alignment is stable, let the adjusted mirrors

rest for a few hours, ideally overnight, and readjust if necessary.

Step 8: Insert the dual-wavelength HWP into one arm of the interferometer.

Step 9: Set up Alice’s fibre coupler, and use an alignment laser directed out of the cou-

pler to set the appropriate beam waist size and focus point in the centre of the

interferometer, where the nonlinear crystal will be mounted.

Step 10: Couple the pump beam into Alice’s fibre coupler.

Step 11: Insert the nonlinear crystal in the centre of the interferometer.

Step 12: Insert a bandpass filter in front of the coupler and couple up down-converted single

photons. At this step, the fibre coupling lens can be adjusted to maximise the

coupling.

Step 13: Shine an alignment laser from Alice’s to Bob’s coupler. Maximise the coupling into

fibre by adjusting the fibre coupling lense in Bob’s mount.

Step 14: Insert longpass and bandpass filters. There should be coincidence detection between

Alice’s and Bob’s coupled down-converted photons possible. Adjust the couplers to

maximize the number of coincidences.

Step 15: Insert a polarisation analyser, a quarter-wave and half-wave plate followed by a

polarising element, in front of each fibre for projective measurements.

Step 16: Observe the coincidence count rate when measuring in the entangled basis (D/A).

Adjust the coupler for good visibility. Control the count rate in the H/V basis to

ensure it is balanced. After balancing the count rates, the visibility in the entangled

basis might have to be revisited.
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