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Abstract

The scope of this thesis is to discuss several experiments related to the quantum phe-
nomenon of entanglement. We start by introducing entanglement and, more specifi-
cally, the two forms that we use in our experiments: energy-time entanglement and
single-photon entanglement. We explain how entanglement can be created through
the process of spontaneous parametric down conversion in non-linear waveguides. We
explain the importance of Bell inequalities and how we can use them to put quantum

physics to the test.

We describe how we performed three entanglement-related experiments. First,
in a Bell experiment with spacelike separation, we explored the possibility that a
change in the gravitational field around one of the detection devices could trigger the
collapse of the wavefunction, ending the entangled state. Macroscopic massive objects
linked to the detection devices were displaced during the measurement to trigger this
collapse. No reduction in the visibility of the interference fringes was observed and
the correlations violated Bell inequalities. The results reinforce the nonlocal nature

of quantum correlations.

Second, we tested the hypothesis that a superluminal signal defined in a universal
privileged reference frame travelling between the detectors could influence the results.
We tested all possible reference frames aligning our Bell experiment with the east-west
direction and maintaining the measurement for more than 24 hours. No reduction in
the interference visibility below the threshold set by the CHSH Bell inequality was
observed. If this hypothetical influence exists, its speed must be at least 10000 times
that of light.

Third, we implemented an entanglement purification protocol using single-photon



entanglement and linear optics elements. We adjusted all the modes of the photons
to obtain a high degree of indistinguishability that allowed us to measure a HOM dip
with 99,0% visibility. We reduced the entanglement of the created entangled states
by introducing noise in the fiber in a controlled way. We measured the fidelity of the
entangled states and then we purified these states to obtain a higher fidelity than
that of the original states.



Résumé de la these

La physique quantique est souvent en contradiction avec notre intuition. Par example,
un systeme quantique peut étre dans deux états différents en méme temps: c’est
le principe de superposition quantique. De méme, la dualité onde-corpuscule est
surprenant: ce qu’on croyait étre une particule peut se comporter comme une onde,
et ce qu’on croyait une onde peut aussi se comporter comme une particule. Mais, peut

étre le phénomene le plus étrange de la physique quantique est celui de l'intrication.

Ce phénomene a été décrit pour la premiere fois en 1935 par Schrodinger [1] et
aussi, pendant la méme année, dans un article écrit par Einstein, Podolsky et Rosen
[2]. Ces trois derniers proposaient l'expérience Gedanken suivante: considérons deux
particules qui ont un passé commun mais qui actuellement se trouvent tres éloignées
I'une de l'autre. Selon la physique quantique, des correlations existent entre les deux
particules de sorte que si une mesure est réalisée sur une des ces particules pour en

déterminer 1’état, alors I'état de la deuxieme est aussi instantanément déterminé.

Ceci est completement contraire a notre vision du monde, dans laquelle un systeme
ne peut avoir un effet sur un deuxieme, que si une information se propage entre
les deux systemes. On connait aussi, depuis la théorie de la relativité, qu’aucune
information ne peut se propager plus vite que la vitesse de la lumiere. Cela implique
que, si les systemes sont separés spatialement, un certain temps doit s’écouler entre les
événements vécus par ces systemes. Le probleme centrale semble associé au principe
de ‘localité’. La localité dit qu'un changement effectué sur un systeme physique ne
peut pas avoir un effet sur un deuxieme systeme separé spatialement du premier.
Pour des systemes quantiques, cette supposition est incorrecte car ces correlations

sont nonlocales.



Mais une deuxieme possibilité existe qui essaie d’expliquer le caractere de ses cor-
relations et qui évite d’appeler a la nonlocalité. C’est I’hypothese que ’état quantique
des particules est incomplet et qu’il doit étre completé par des ‘éléments de réalité’
ou ‘variables cachées’. En 1964, Bell a proposé des inégalités [3] qui permettent de
déterminer si le résultat d’une certaine expérience est explicable par des variables
cachées locales. Quelques années plus tard, plusieurs tests de ces inegalités ont été
effectués et ils ont prouvé la nonlocalité quantique. Mais méme aujourd’hui, il est
important de continuer a réaliser des expériences de Bell de plus en plus performantes

pour exclure définitivement l'interpretation des variables cachées locales.

Mais l'intrication n’est pas seulement un phénomene curieux, c’est aussi une
ressource tres utile dans le champ de la communication quantique. Des expériences
de cryptographie quantique, de téléportation quantique et bien d’autres encore ont
utilisé I'intrication pour encoder et transmettre de 'information. Un des problemes
avec ce type d’experiences c’est la dégradation de I'intrication lors de sa transmission,

ce qui limite la distance sur laquelle on peut I’envoyer.

Actuellement une des méthodes potentielles pour distribuer 'intrication sur de
longues distances c’est la construction d’'un répéteur quantique [4]. Les répéteurs
quantiques ont besoin de distribution annoncé et stockage de l'intrication entre des
liens élémentaires de distance moderé et successives opérations d’entanglement swap-
ping entre les liens. Finalement, la purification permet de corriger les erreurs intro-

duits par les swappings successifs.

Dans cette these, apres une description de lintrication et des inégalités de Bell
on décrit trois expériences dans lesquelles I'intrication est centrale. Dans la premiere
expérience, nous avons réalisé une expérience de Bell avec la supposition que la mesure
n’est terminée qu’apres quun objet de masse macroscopique relié a 'appareil de
détection ait bougé. Cette hypothese établie une relation entre la physique quantique
et la gravitation. Nous avons observé des franges d’interférence avec une visibilité
supérieure que la limite donné par les inégalités de Bell.

Dans une deuxieme experience de Bell nous avons testé I’hypothese selon laquelle
un signal voyageant a une vitesse plus grande que celle de la lumiere puisse changer

les résultats de la mesure. Cette vitesse doit étre définie dans un systeme de référence



universel privilégié. Pour cela nous avons aligné notre experience de facon que la
ligne qui relie nos détecteurs soit parallele a la direction est-ouest de la Terre. Apres
24 heures, la Terre a fait un tour complet est nous avons testé tous les systemes de
référence potentiels. Nous avons établi une limite inférieure pour la vitesse de ce
signal au moins égal a 10000 fois la vitesse de la lumiere.

Dans une troisieme expérience nous avons implementé un protocole de purification
d’une intrication de 2 modes ne partageant qu'un seul photon. Nous avons crée
deux états intriqués a un seul photon et nous les avons envoyés a deux partenaires
séparés par quelques metres de fibres optiques. Nous avons introduit du bruit dans
le systeme de fagon controlé pour réduire ’enchevétrement des états. Le protocole de
purification est implementé avec des coupleurs variables qui combinent les modes des
états intriqués. Si un photon est détecté sur un des modes a la sortie des coupleurs,
un nouveaux état intriqué est crée par les autres modes avec une fidélité supérieure a

la fidélité initiale.
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Chapter 1
Introduction

In our every day experience of the world, to change the state of an object we have
to exert some kind of influence upon it. This can be a direct effect, like touching the
object, or the product of a long chain of events that eventually reach said object. Even
when we attempt to think of an exception, for example, it is possible to communicate
with someone who is at the other side of the world through a telephone, we realize
that there is an electromagnetic signal that gets transmitted between the phones,
and this signal cannot propagate faster than the speed of light. In essence, to change
something there must be an influence that gets transmitted from us to the object,
and it takes time for this influence to get there. As far as we can tell through our
senses, everything behaves this way. It is our intuition of how the world works, and

we call this intuition ‘locality’.

Back in the 17th century, when Isaac Newton discovered that distant objects
are attracted to each other through gravity [8], he could not figure out how gravity
was transmitted, so it appeared to violate this ‘locality’ intuition, and it was called
‘action at a distance’. Later, in the 19th century, when electromagnetism began to
be understood, it also seemed to be acting at a distance without any intermediary.
But in the later part of the same century, the concept of field was introduced, and
both gravity and electromagnetism could be explained by the propagation of fields
through space. These fields are real and can be measured. So, in the end, there was

no ‘action at a distance’ and both gravity and electromagnetism turned out to be

13



14 CHAPTER 1. INTRODUCTION

‘local’ after all.

In the beginning of the 20th century, quantum physics was discovered. According
to the most accepted interpretation of quantum physics, it is possible for two spa-
tially separated particles, that a measurement on one of the particles has an effect on
its distant partner instantly and without an intermediary influence. This correlation
between the particles does not follow our locality intuition. For the first time, some-
thing that can not provenly be explained through some kind of local effect had been
discovered. Thus, the conclusion is that quantum correlations are nonlocal. However,
despite exhibiting nonlocality, quantum physics is still compatible with the theory of
relativity. Particularly, quantum physics obeys the condition of no-signalling, that
is, nonlocal correlations between space-like separated locations can not be used for

superluminal communication.

Nonlocal correlations are attributed to the phenomenon of entanglement, which is
responsible for a good part of the fascination that quantum physics inspires. The term
‘entanglement’ was first used in this sense by Schrodinger in 1935 [1]. In that same
year, Einstein, Podolsky and Rosen, while trying to assert that quantum theory is not
complete, came up with the thought experiment about the two correlated particles
mentioned above (called the EPR experiment) [2]. FEinstein did not believe that
entanglement can be held responsible for the correlations. In a somewhat despisable
way, he called the instantaneous effect between the particles ‘spooky action at a

distance’. At that time, there were no means to find out if he was right or not.

Nonlocality is so alien to our intuition that not everyone was convinced by it. A
second hypothesis arised that tried to explain the correlations without using nonlo-
cality. This hypothesis says that quantum physics is actually incomplete and it has
to be complemented by ‘elements of reality’ or ‘hidden variables’ that are present in

each quantum state and are therefore local.

In 1964, John Bell realized that the hypothetical existence of local hidden variables
could be experimentally tested [3]. If an experiment similar to the EPR experiment
was performed, its outcome could be used to calculate the value of a certain parameter.
If the correlations between particles were the result of local variables, this parameter

could only be as high as the upper bound of the inequalities he had deduced. On
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the contrary, if the correlations were nonlocal, the parameter could attain a higher
value and violate the inequalities. It was not until 1972, when Freedman and Clauser
[9], and then also Alan Aspect in 1982 [10], that the first Bell-type experiments were
performed. From those results, it was concluded that quantum theory had passed the
test, and that local hidden variables could be excluded. Since then, Bell experiments
have been refined and repeated many times but the nonlocality has always been
confirmed. However, none of those tests were loophole free, so the interest to continue

performing Bell experiments remains, even at the present time.

As explained above, the first approach of quantum physicists towards entangle-
ment was a purely conceptual one. The primary goal was to determine if it was
nonlocal or not, to explain its mechanism and to understand it. And this approach
continues to be investigated today. However, in the decade of the 80’s, physicists be-
gan to look at entanglement as a new type of physical resource that could be exploited,
rather than just some weird property that had to be explained away. This view be-
came more widespread in the 90’s, when it was realized that entanglement could be
manipulated and several applications were found for it: quantum cryptography [11]
and quantum teleportation [12] among others. These operations usually involve the

distribution of quantum states to distant locations through quantum channels.

In general, quantum communication channels contain ‘noise’, which reduces the
fidelity of the transmitted quantum states. This noise can be present in the form of
phase errors if the quantum states are phase-dependent. Therefore, quantum commu-
nication would be limited to short distances if it were not for quantum teleportation,
entanglement swapping and entanglement purification protocols. These protocols
combined can be used to build a quantum repeater [4] which would lengthen the

distance that can be reached with quantum communication.

In quantum teleportation, two photons belonging to the same entangled state are
distributed to distant locations where one of them interacts with the quantum state
that we wish to teleport. Then, through a combination of nonlocal correlations and
classical communication, the information of this state is ‘transmitted’ to the other
entangled photon. Furthermore, in entanglement swapping protocols [5], through the

interaction of two photons belonging to two different entangled states, the other two
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photons of these states can be projected into a new entangled state, even though they
share no common past. It can be said that this makes possible the teleportation of

entanglement itself.

In a quantum repeater, entanglement swapping operations distribute entangle-
ment between short distance elementary links. Entanglement is then stored at the
nodes between the links through the use of quantum memories [6], that allow to store
and retrieve quantum states. Noise in the communication channels and imperfections
in the swapping operations introduce errors, changing a maximally entangled state
into a mixed state with a certain entanglement fidelity. Fortunately, entanglement
purification protocols [7] allow to correct these errors, combining poorly entangled
states to obtain higher entangled ones, at the cost of reducing the number of avail-

able entangled states.

The main topic of this thesis will be entanglement. We start with an explanation
of entanglement and we will focus on the two forms of entanglement that are most
relevant to this thesis: energy-time entanglement and single-photon entanglement.
We will describe how we can create entanglement through the process of spontaneous
parametric down conversion in non-linear waveguides. We will dedicate chapter 3
to talk about Bell inequalities and Bell-type experiments. Then, we will describe in

detail the three experiments that were performed during this thesis.

In the experiments described in chapters 4 and 5, we close two of the remaining
loopholes of Bell experiments as well as increasing the separation between the parties.
In the first experiment, we test the hypothesis that says that the collapse of the wave-
function is linked to gravitation. We performed a Bell experiment where two photons
are sent to spacelike separated locations. The detection of a single photon triggers
the displacement of a macroscopic massive object. The spacelike separation takes
into account the time of measurement which includes the time to displace the mas-
sive object. In the second experiment, we analyze the possibility that a superluminal
influence could travel between the two detection locations and change the outcome
of the experiment. Ensuring that the two detections take place simultaneously and
aligning the axis of the experiment with the east-west direction, we test all possible

reference frames and find a lower bound for the speed of this superluminal influence.
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In the experiment described in chapter 6, we use, for the first time, a purification
protocol to purify single-photon entangled states. We first create two entangled states,
each one consisting of two modes sharing one photon. One mode from each state is
distributed to one of two different partners who perform a linear unitary transforma-
tion on them using linear optics elements. The transformations consist in combining
the modes with variable ratio couplers with a particular transmission/reflection ra-
tio. Conditional on the detection of only one photon at one of the couplers outputs,
a purified entangled state is created.

The research performed during this thesis has contributed to confirm entanglement
as a nonlocal phenomenon and hopefully has paved the way to one day perform a
loophole free Bell experiment. On the other hand, the first experimental test of single-
photon entanglement purification has proved the feasibility of a protocol that one day

could be applied in a long-distance quantum repeater.
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CHAPTER 1.

INTRODUCTION



Chapter 2
Entanglement

A bit is the smallest unit of logic information that exists. For a system that can exist
in two different states, a bit is all that is needed to know in which state it is. It can
be represented by any two symbols, but it is usually represented by a 0 and a 1.

A qubit is the quantum equivalent of the classical bit. A qubit also gives in-
formation about the state of a system but, because it is a quantum system, it can
be in a superposition of both states. It is usually represented by a|0) + b|1), where
a’? +b> =1 and a* and b* are the probabilities of the system being in states |0) and
1), respectively.

In quantum communication, qubits can be used to send information. In these
cases, it becomes necessary to encode the qubits in a physical system. Different
physical systems exist that are suitable to encode qubits: atoms, ions and quantum
dots are some common examples. But if we want to send the information to a
distant location, the most suitable one is the photon. In the experiments described
in this thesis, we use photons to encode qubits and we use optical fibers to send the
photons to distant locations. We also use entanglement to manipulate the qubits and
obtain results that would not be possible if we were using classical bits and classical
communication.

Entanglement is the phenomenon by which a pair or more particles (for example,
photons) can be in a definite state while each of them is in a mixed state. An example

of an entangled state for two qubits is

19



20 CHAPTER 2. ENTANGLEMENT

1
V2

A and B design different modes which can correspond, for example, to two different

|®) (10)al1) 5 + [1)410) ) (2.1)

locations. The state of the individual qubits can not be described by separate states.
They are in a superposition state where each of them has a 50% chance of being in
the state |0) and 50% of being in the state |1). However, if the qubit of mode A is
found to be in state |0), then there is 100% certainty that the qubit of mode B is in
state |1) (or viceversa).

Different forms of entanglement exist. Most forms involve a pair of correlated
particles. We need a form that is strong against decoherence in optical fibers, which
we extensively use in our experiments. The most suitable form is energy-time entan-
glement [13], which is explained in section 2.1. An alternative suitable form would
be time-bin entanglement [14]. In this form, photon pairs are created in a coherent
superposition of two different emission times. It is well suited for experiments that
require joint measurements between photons from different pairs, where the time of
creation of each pair must be well defined. Since our experiments do not require this
information, we use the slightly less complicated to prepare energy-time entangle-

ment.

2.1 Energy-time entanglement

To understand how energy-time entanglement is created, consider a 3-level atomic
system as the one shown in Figure 2.1. An atom is excited to the higher state (state
1) which has a relatively long lifetime 7. After emission of a photon 7, the atom
will be in the intermediate state (state 2), with a much shorter lifetime 7 (72 < 7).
A second photon v, will be emitted very soon after v;. The lower state (state 3) has
either a long lifetime or is a ground state.

The time at which either photon is emitted is uncertain over a large interval 7.
However, since both photons are emitted at times that are the same within a small

uncertainty 7o, once one of the photons is detected it determines the relative time
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3

Figure 2.1: Three-level atomic system. State 1 has a much longer lifetime 7y than
lifetime 7 of state 2.

of emission of the other photon with a small uncertainty. Following the energy-time
uncertainty principle (AtAE > h/2), the longer a particle’s lifetime is, the smaller
the uncertainty of the measured energy will be. The long lifetime of the highest level
implies a small uncertainty in the energy of the emitted photon ;. On the other hand,
~2 photons emitted by the intermediate level will have uncertain energies due to short
lifetimes. Thus, the energy and the time of emission of each particle are uncertain,
but the sum of the energies and the difference of the times are well determined.
Energy-time entanglement can be created through the process of spontaneous
parametric down conversion (SPDC) that can take place in a non-linear crystal if the
appropriate conditions are met (see Section 2.2). A pump photon creates two photons
at the same time within an uncertainty A7. This uncertainty is within the long
coherence time of the pump photon (equivalent to the long lifetime 71 of the highest
energy level), whose well-defined energy is shared between the two created photons
with short coherence times (equivalent to the short lifetime 7 of the intermediate
level). This pair of photons will then exhibit energy-time entanglement.
Energy-time entanglement was first proposed by Franson in 1989 [15]. It was
experimentally demonstrated in 1992 by Brendel [16] and the following year by Kwiat



22 CHAPTER 2. ENTANGLEMENT

[17]. We used energy-time entanglement in the experiments described in chapters 4

and 5 of this thesis.

2.2 Non-linear waveguides

Energy-time entanglement can be created through the process of spontaneous para-
metric down conversion (SPDC) [18] in nonlinear crystals. This process is more
efficient if the light beam is confined in a small area for the entire length of the
crystal. For this reason, often a waveguide is used instead of just a bulk crystal.
In our experiments, we always used non-linear waveguides based on lithium niobate
(LiNbOs3).

When light interacts with matter, the photons can be absorbed by the atoms,
exciting the electrons that will, eventually, return to their normal state reemitting
the photons. For most materials, this reaction is a linear process: the reemitted field
is the same as the incident field. However, for non-centrosymmetric materials, if the
incident light is intense enough, the incident electric field E can induce a polarization
P in the material that depends non-linearly on the electric field in the following way
P(E) = eoxVE + eoxPEE + eox®EEE + ... (2.2)
where ¢ is the vacuum permittivity and y is the electric susceptibility. During this
thesis, we will only consider up to the second-order susceptibility tensor x®.

In this type of interaction, light of a certain wavelength is converted into other
wavelengths. Different combinations of wavelengths are possible, depending on the
incident wavelength and the parameters of the material, as long as the conservation
of energy is respected. On the particular case where an incident photon of defined
wavelength (pump photon) is converted into two photons of longer wavelength (signal

and idler photons), the conservation of energy can be expressed as follows

Wy = Ws + w; (2.3)

where w,, w, and w; are the wavelengths of the pump, signal and idler photons,
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respectively.
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Figure 2.2: Conversion efficiency in a non-linear crystal increases with the length of
the crystal if the condition of phase matching is met. For quasi-phase matching, the
efficiency also grows but at a lower rate. If there is no phase match, the intensity of
converted light oscillates with a period equal to the coherence length, never achieving
much power because of destructive interference.

The phase velocity of a photon depends on its wavelength. In a nonlinear crystal,
photons with different wavelengths will have different phase velocities because of the
dispersion of the material. The pump, signal and idler photons will accumulate a
phase mismatch. After a certain length of the crystal, this phase mismatch implies
that the light that is created at one point of the material is destroyed at another
point by destructive interference. Thus, the efficiency of the conversion is limited. In
order to obtain a good conversion efficiency from this process, the phase-matching
condition must also be fulfilled.

In birefringent materials, the ordinary and extraordinary axis of the crystal have
different refraction index, which implies different velocities of the photons. These

materials can be cut at a specific length and angle where the effect of the dispersion
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PPLN waveguide
Ap—> |, AsSignal photon
Pump photon Ai Idler photon
- [ - -

X poling period

Figure 2.3: Scheme of a periodically poled waveguide.

is reduced so it becomes possible to achieve the phase-matching condition. This
method has the disadvantage of not always being able to use the highest non-linear
coefficient of the material (ds; for LiNbOs). Additionally, it is especially difficult to

perform in waveguides as the incidence angle to the crystal is zero.

A different method, demonstrated for the first time in 1962 [19], is the quasi-phase
matching condition. The sign of the non-linear coefficient x is periodically inverted
to compensate for the dephasing accumulated along the direction of propagation of
the light. This method is usually applied in a substrate of lithium niobate, so it

receives the name of periodic poling lithium niobate or PPLN.

Consequently, in addition to equation 2.3, the pump, signal and idler photons
must also accomplish,
n,  Ng Ny 1

o m 1 2.4
D WIS VR (2.4)

where n are the indexes of refraction, A the wavelengths and A is the length of the

periodic step in the crystal.

The length of the periodic step determines the range of possible wavelengths for
each crystal. This method has the advantage of being able to use the highest non-
linear coefficient (dsz for LiNbO3) but it comes with a lower efficiency rate than
the phase-matching condition (as shown in Figure 2.2). The efficiency of SPDC in a
typical bulk crystal is on the order of 10712, while in a typical waveguide of periodically

poled lithium niobate, it can attain an efficiency of approximately 107° [18].
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2.3 Single-photon entanglement

In single-photon entanglement, a qubit is not encoded by a particle (a photon) but by
a mode of the electromagnetic (e.m.) field. The role of the two entangled particles is
played by a photon in a superposition of being at A and B, where A and B represent
the photon being at locations A and B, respectively.

An entangled state where a single particle is shared between two modes can be

expressed as

(W)as = [1)al0)s +10)al1)5 (2.5)

where |0)4 5 and |1) 4 p denote Fock states with 0 particles (a vacuum state) and 1
particle, respectively. A and B represent two different modes of the e.m. field.

The nonlocality of a single photon was first introduced by Albert Einstein. In
1991, entanglement involving a single particle (a photon) instead of a pair of cor-
related particles was first proposed [20]. Single-photon entangled states have been
used in quantum teleportation [21] and Bell experiments [22]. Furthermore, entan-
glement between four modes sharing a single photon has been characterized by direct
measurements of the optical modes [23].

In spite of this, some controversy arised [24] around whether there is entanglement
in the state represented by equation 2.5. Mapping single-photon entanglement into
two atomic ensembles and revealing the entanglement between these ensembles solved
part of the controversy [25].

If the particle is a freely propagating photon, single-photon entanglement can
be created sending a single photon through a beamsplitter. We used single-photon

entanglement in the experiment described in chapter 6 of this thesis.
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Chapter 3

Bell experiments and Bell

inequalities

As mentioned in the Introduction, it is commonly accepted that since quantum cor-
relations do not follow our locality intuition they are thus nonlocal and attributed to
entanglement. A different view holds that quantum theory might be incomplete and
that local hidden variables could exist and actually be responsible for the observed
correlations. This second possibility could not be scientifically ruled out until the
discovery of Bell inequalities by John Bell in 1964 [3]. The Bell inequalities are a
set of equations that allow to determine if quantum correlations can be explained by
local hidden variables. Many different Bell inequalities exist but, for the experiments
described in this thesis, we will only make use of the Clauser-Horne-Shimony-Holt
inequality (CHSH) [26], which is explained in section 3.2.

The Bell inequalities allow to calculate the Bell parameter, through the results
of a Bell-type experiment (see Section 3.1). A Bell parameter that violates the in-
equalities indicates that the correlations cannot be explained by local theories, thus
proving that the correlations are definitely nonlocal. Many Bell experiments have
been performed since 1972 [9, 10, 27, 28] and the results support the nonlocality of
quantum correlations.

The first Bell experiments involved only photons. Since then, violations of Bell

inequalities have been observed in massive particles like protons [29] and ions [30],
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and even in atomic ensembles [31].

Bell experiments are based on reasonable assumptions about the nature of the
correlations but, however small, the possibility that any of these assumptions is false
remains. The ultimate goal of Bell experiments is the realization of an experiment
whose interpretation does not rely on any assumption besides locality. Unfortunately,
the technological challenge that this supposes is too much for today’s experimental
capability. For this reason, even nowadays Bell experiments continue to be performed

in order to close the remaining loopholes one by one.

The two most commonly referred loopholes are:

Detection loophole: due to limited detection efficiency it is not possible to dis-
card the possibility that the sample of detected events is just a selection that
replicates the violation of Bell inequalities. This includes the efficiency of the
detectors as well as all the losses that might occur since the particles are emitted
until they are detected. This loophole has been closed in experiments involving
trapped ions thanks to high detection efficiencies and deterministic preparation
of an entangled state [30, 32].

Locality loophole: the analyzers and detection devices must be located at spacelike
separated locations, in order to avoid an hypothetical signal travelling from one
analyzer to the other before the second measurement is completed. Technical
challenges limit the achievable distance between the source and the analyzers.
In a related note, in order to test if the correlation decreases with the distance,
the separation between the source and the analyzers should be increased. This
loophole has been closed in experiments involving photons [33, 34| with an ever

increasing distance, reaching as far as 10 km [35].

Two other loopholes that are of particular interest for this thesis are the one related
to the gravitational collapse of the wavefunction, which we will explain in chapter 4,
and the one related to the superluminal signalling between detection events, which

we will discuss in chapter 5.
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Analyzer a Source Analyzer b

q K Q

+ particle 1 particle 2

_U U_

Figure 3.1: Scheme of a Bell experiment. Depending on the parameter’s position at
analyzer a, particle 1 will be detected at detector 4+ or detector -. Because of the
correlation, this will effect in which detector particle 2 is detected.

3.1 Bell experiments

Setting aside differences particular to each experiment, in general, a Bell experiment
is performed as follows. Pairs of correlated particles are created, for example, by
the process of spontaneous parametric down conversion described in the precedent
chapter. Each particle of the pair is sent to a separate analyzer device and then
detected, as shown in Figure 3.1. The analyzer controls a parameter whose position
can be shifted to change the outcome of the particle. In the case of energy-time
entanglement, that would be the phase shift of an interferometer, in the case of
polarization entanglement, the polarizers orientation. Because of the correlation,
what the analyzer does to a particle has an influence on the outcome of its pair. The

results are then analyzed to calculate the Bell parameter.

3.1.1 Franson experiment

A Franson experiment [15] is a type of Bell experiment where the analyzers are inter-
ferometers with arms of different length. As shown in Figure 3.2, a 50/50 beamsplitter
is used to send photon 1 (2) either through the short arm S; (S2) or the long arm L,
(Ls). The two paths recombine at a second 50/50 beamsplitter and then the photons
are detected.

The path length difference between the short and the long arms must be the

same for both interferometers. Thus, the difference in the time of arrival AT is the
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Figure 3.2: Scheme of a Franson experiment.

same for both photons if both choose the same arm. In accordance with what we
said in section 2.1, this time must be much shorter than the coherence time of the
pump laser (1) but much longer than the coherence time of the created photons (73)
(19 < AT < 711). This is to ensure that there is fourth-order interference if both
photons choose the same arm but no second-order interference (i.e. single-photon
interference) between the different paths of the same interferometer. The phase of
the interference (¢; and ¢,) can be shifted through a device that slightly changes the

length of one arm.

After the photons are detected, the information about the time of detection and
in which detector it has occurred is registered and then analyzed by a coincidence
electronics system. A certain number of time-correlated events (coincidences between
the particles time of arrival) is accumulated over a period of time. A graph like
the one shown in Figure 3.3 is obtained. The left and right peaks correspond to
the photons choosing different arms. The central peak corresponds to both photons
choosing the same arm (either both short or both long). The number of events per
period of time in the central peak depends on the relative phase of the interferometers
(¢1 + ¢2) because of fourth-order interference. Scanning this phase, allows to observe
interference fringes whose visibility can be used to calculate the Bell parameter, as

we will see in the next section.
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Figure 3.3: Distribution of coincidences by the difference in the time of arrival.

3.2 Bell inequalities: CHSH

One of the most frequently used forms of the Bell inequalities is the Clauser-Horne-
Shimony-Holt (CHSH) Bell inequality [26]. Assuming local theories, this inequality

has a Bell parameter of

S =|E(a,b) + E(a,b') + E(d',b) — E(d, V)] <2 (3.1)

where F(a,b) is a correlation coefficient and a, b are the parameters for each analyzer.
In a Franson experiment, a and b are values for the phase of the interferometers.

The correlation coefficient can be written as

R-H—(aa b) — R+— (a7 b) — R—+(a7 b) + R——(a’ b)
Rii(a,b) + Ri—(a,b) + Ry (a,b) + Rii(a,b)

E(a,b) = (3.2)

where R, _(a,b) is a coincidence function that gives the number of coincidences be-

tween detector 4+ at analyzer a and detector — at analyzer b.
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The coincidence function gives us the coincidence count rate and is given by

R; ;(a,b) o< (14 ijVcos(a+)) (3.3)
where ¢, 7 = £ and V is the visibility of the interference fringes defined as

v = Lmas = Fomin (3.4)
Rinae + Riin
where R, and R,,;, are the maximum and minimum coincidences rates, respectively.
Ideally, we would obtain V' = 1. However, due to experimental imperfections this
value is usually lower than 1.

The correlation function 3.2 can be combined with equation 3.3 to obtain

E(a,b) = Vcos(a +b) (3.5)

where a + b is the relative phase of the interferometers.
Setting the parameters a = 0, @’ = 7/2, b = w/4, ) = —7 /4, the CHSH inequality

yields a Bell parameter,

S =22V (3.6)

If the visibility is V > 1/v/2 ~ 71%, this value is higher than the one predicted

by local theories, implying that the correlations are nonlocal.



Chapter 4

Gravitationally-induced

wavefunction collapse

We performed a Bell experiment with spacelike separation between the two parties
taking into account the hypothesis that the measurement time is related to gravity-

induced state reduction [36].

4.1 The time of measurement

At present, a clear and definitive explanation to the problem of when a quantum mea-
surement is finished does not exist. So far, several hypothesis have been proposed to
explain this phenomenon, each one according to a different interpretation of quantum
physics. To mention a few, one of them says that a quantum measurement is finished
once the result is secured in a classical system [37], another states that the result has
to be released in the environment [38], and still another claims that the measurement
never finishes [39]. So far, no experiments have been able to solve this problem.

The hypothesis that centers our attention is not one of the above but the one
that claims that the collapse of the wavefunction that finishes the measurement is
triggered by the variation of the local gravitational field around the measurement
device. This hypothesis is supported among others by Penrose [40] and Didsi [41] (see

also the useful review [42]). This proposal assumes a link between quantum physics
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and gravity. The idea is that space-time gets in a superposition of states depending
on the configuration of some massive object linked to the measurement device. As
soon as this massive object moves, it changes its surrounding gravitational field, and

the wave-function collapses ending the measurement.

The time that it takes for the wavefunction to collapse is, according to Didsi

(Penrose’s equation only differs by a factor of 2),

3hV

T mGm2d? (4.1)

tp

where V' is the volume of the moving object, m is its mass and d is the distance it

has moved.

Previous Bell experiments have assumed that the measurement is finished as soon
as the photons are detected. No macroscopic massive object was linked to the mea-
surement device. The only displacement of mass involved in this kind of experiments
is that of the avalanche of electrons that occurs in the photodiodes, not near enough
as massive as necessary to test this possibility. According to this hypothesis, it was
realised by Kent [43] that no tests so far have been really spacelike separated, in the
sense that they do not exclude the possibility that some kind of signal could travel
between the two detection stations influencing the results and leading to the violation

of Bell inequalities before the measurement is finished.

4.2 Experimental setup

The experimental setup is that of a Franson experiment [15] with the detection sta-
tions separated by 18 km, which is a record distance for this kind of experiments
27, 28]. The source is situated at the center and the photons travel through the in-
stalled commercial network (Swisscom) of optical fibers. Each detector is linked to a

different macroscopic massive object that move every time that a photon is detected.
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Source 3

Figure 4.1: Space-time diagram of the experiment. Solid black lines are photons sent
from the source to points A and B. Red lines are the times of measurement and are
much shorter than the time it takes the hypothetical signals (dotted lines) to travel
from A to B (or viceversa) at the speed of light. Therefore, A and B are spacelike
separated.

4.2.1 The macroscopic massive object

The macroscopic massive objects are two piezoelectric actuators (PI, PL033) of 3x3x2
mm in size and weighing 140 mg. Every time that an avalanche is triggered at one
of the single-photon detectors, a step voltage is sent to the corresponding piezo. The
displacement of the piezo is verified by the use of a bulk Michelson interferometer and
a golden-coated mirror of 3x2x0.15 mm in size and weighing 2 mg that we attached

to one of the surfaces of the piezo.

The interferometer consists of an He-Ne laser (A = 633nm) directed to a beam-
splitter (BS) and the tiny mirror attached to the piezo placed at the end of one of the
arms. The light exiting through one of the outputs of the interferometer is detected
by a photodiode. The voltage coming out of the photodiode is proportional to the
intensity of light detected and is monitored using an oscilloscope. When the voltage
applied to the piezo is zero, the light intensity remains constant. As soon as a step
voltage is applied to it, a change in the voltage is observed, indicating that the phase

of the interference fringe has changed and thus that the mirror has moved.
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Figure 4.2: Scheme of the bulk interferometer set to verify the displacement of the
piezo actuator. A 4V step voltage is applied to the piezo each time an avalanche is
triggered at the single-photon detector. The mirror displacement produces interfer-
ence fringes observed by the photodiode.

To ensure spacelike separation, the measurement time (t,,) must be much smaller
than the time the light needs to travel between the detection stations (18 km). This
latter time is ¢; = 60us. The time of measurement consists of the time of collapse
(tp) plus the time needed to move the piezo. The time of collapse was calculated
using equation (4.1) and is tp = 1us. The time lapse from the moment the photons
are detected until the step voltage reaches the piezo is 0.1 us. The time from the
moment the voltage reaches the piezo until it moves an arbitrary distance d (where d
~ 13 nm) is 6.0 us. Adding these three times, we obtain a total time of measurement
t,, = 7.1ps. This is almost one order of magnitude smaller than ¢;, so we can be

certain than the detection stations are spacelike separated.

4.2.2 The Bell experiment

The Bell experiment is performed using a pair of energy-time entangled photons

created from a non-linear waveguide pumped with a laser diode. The laser is a
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Figure 4.3: Step voltage applied to the piezo (grey line) and consequent change in the
intensity of light detected by the photodiode because of the expanded piezo (black
line) as measured by the oscilloscope.

continuous wave single mode external cavity diode laser (2.7 mW of power at at
a wavelength of 785.2 nm). The waveguide is a periodically poled lithium niobate
(LiNbO3, PPLN) type-I waveguide [44]. The created photons have a wavelength
around 1550 nm, chosen because the losses in a fiber are relatively low around this
wavelength. After the waveguide, some light from the pump laser still remains but it
is filtered using a Silicium filter (F') that blocks light at wavelengths shorter than 800

nm.

The pairs of photons are coupled into a monomode optical fiber and then sep-
arated using two circulators (C) and two Fiber Bragg Filters (FBG) as shown in
Figure 4.5. The first FBG has a central wavelength of 1567.8 nm and a width of 1
nm and the second FBG has a wavelength of 1573 nm with the same width as the
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first. Each photon is sent through a 17.5 km long optical fiber to the correspond-
ing detection station situated in the villages of Satigny and Jussy, in the vicinity of
Geneva. There, each photon goes through an unbalanced Michelson interferometer
and is finally detected by a single-photon avalanche photodiode (APD: idQuantique,
id200).

(" Singlephotons i uppy )

Satign
Laser
Photodiode 1310 nm
N S
\ WDM D /
— 7>
4 wou[ ] Geneva [ ]wou )
A N PN

Photodiodes
Laser
1310 nm

/

Figure 4.4: Experimental setup to send the classical signals between Geneva and the
detection stations.

The detectors work in gated mode [45]. They are both triggered with the same
signal sent from Geneva to each detection station through optical fibers (see Fig-
ure 4.4). This increases the detection rate of coincidence events. The same optical
fibers are used to sent a signal back to Geneva every time that a single-photon is de-
tected. Wavelength division multiplexers (WDM) are used to combine and separate
the counter-propagating signals.

As explained in section 3.1.1, if both photons choose the same interferometer arm
(which will happen half of the time), it is not possible to determine which one they
have taken (the short or the long), producing interference fringes when the relative

phase of the interferometers is scanned. The interferometer arm-length difference is
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267 mm. This length was selected so as to be shorter than the coherence length of
the pump laser (= 20 m), and at the same time longer than the coherence length of

the single photons (& 2.5mm), thus avoiding any single-photon interference.

Satigny Bk Jussy

classical channels

Figure 4.5: Bell experiment setup.

The interferometers have Faraday mirrors (FM) at the end of their arms to com-
pensate for polarization fluctuations [46]. The phase of the interferometers can be
changed using temperature controllers. One of the interferometers is kept at a stable
temperature and thus at a stable phase for the entire experiment, while in the other
the phase () is scanned through a wide range of temperatures to look for interference
fringes at its output. Because the two photons are entangled, the change induced in

one of them has an immediate effect on its pair.
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4.3 Results and conclusion

While scanning the phase, we looked for coincidences in the time of arrival of the
photons using a coincidence electronics system. We observed interference fringes
with a raw visibility of V., = (90.5 + 1.5)% (see Figure 4.6), leading to Sqn =
2.56 £+ 0.04, that is 13 standard deviations (o) above the threshold given by the
Bell inequalities. After subtracting the accidental coincidences, the visibility rises to
Vet = (96.7 £ 1.4)% leading to Spe; = 2.74 £ 0.04, violating the Bell inequalities by
180.
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Figure 4.6: Interference fringes with a visibility of V' = (90.5 £ 1.5)% observed while
the piezo was moving.

In conclusion, looking at coincidence events between spacelike separated detec-
tion stations, we observed interference fringes with a visibility that violates the Bell
inequalities. Our definition of spacelike separation includes that the measurement
is finished only after two macroscopic objects, each one linked to one of the detec-
tors, have moved. If gravity is to play a role in the collapse of the wavefunction,

for its effects to be measurable a bigger mass than the one used in this experiment
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is needed. More likely though, these results just reinforce the nonlocal nature of

quantum correlations.
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Chapter 5
Speed of quantum information

In the experiment explained in chapter 4, we observed a correlation violating Bell
inequalities between detection events taking place at two spacelike separated loca-
tions. It is concluded from those results that it is not possible for a signal travelling
at the speed of light to cover the distance between the two detection stations before
the measurement has finished. That experiment did not discard though the possible
existence of a signal that travels faster than the speed of light. We present here an

experiment [47] to test this hypothesis.

5.1 The privileged reference frame

If this signal exists, its speed has to be defined in some hypothetical universal privi-
leged reference frame. As realized by Eberhard in 1989 [48], the existence of such a
privileged reference frame can be experimentally tested. It is natural to assume that
the speed of this hypothetical signal must be finite, so if two events are simultaneous
it becomes impossible for the signal to travel between the two. Simultaneity has to
be defined with respect to a reference frame, and the events that are simultaneous
with respect a certain frame might not be so for a second one moving with respect to

the first.
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Let’s imagine a Bell experiment where the two detection events occur simultane-
ously with respect to the reference frame of the laboratory. They will also be simul-
taneous in all reference frames that move in a direction perpendicular to a straight
line between the events. But they will not be simultaneous in other reference frames
that move in any other direction. As proposed by Eberhard, to be able to test this
hypothesis with respect to all possible privileged reference frames we should align
the axis of our experiment along the east-west axis of the Earth. After a period of
12 hours, the Earth would have performed half of a rotation and all hypothetical

privileged frames would have been tested (see Ref. [49] for more details).

If at some moment of the measurement, the correlation between the detectors
disappears or at least, diminishes below the threshold established by the Bell in-
equalities, we would have found this hypothetical privileged frame. On the contrary,
if the correlations are maintained during the whole measurement, we would be able
to set a lower bound on the speed of this hypothetical influence. The value of this
bound will depend on the uncertainties of the experiment but it will be greater than

the speed of light (for spacelike separated events).

5.1.1 A lower bound for the speed of quantum information

Consider an inertial reference frame centered at the center of the Earth (as depicted in
Figure 5.1) that moves with speed ¥ with respect to a second inertial reference frame
F. Two events A and B occur respectively at locations 74 and 7g at times t4 and tg
in the Earth reference frame. Let’s say that these two events are two single-photon
detections with correlations that violate Bell inequalities. If these correlations were
caused by an hypothetical influence travelling between the events at a certain speed
Vor (that we call speed of quantum information), it is the objective of this experiment

to find a lower bound for this speed.

For a given privileged frame F', the lower bound on this speed will depend on the
orientation of the AB axis and on the alignment of the two events, in the following

manner (see Ref. [47] for details on the equation deduction)
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Figure 5.1: The Earth reference frame moves at a speed v with respect to a hypothet-
ically privileged reference frame F. The AB axis forms an angle o with the equatorial
plane.
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where = ¢ is the relative speed of the Earth frame in frame I (c being the speed

(5.1)

of light), 8 = %, is the component of § parallel to the AB axis, and p = CTZ—ABB
quantifies the alignment of the two events in the Earth frame (with tap = tg — ta
and rap = |Fp — 7a|). In the case where |p| < 1 (which corresponds to spacelike

separation), the bound on Vy; is then larger than c.

To obtain a high lower bound for Vi, we should upper bound the term (p + 6”)2

by the smallest possible value, during a period of time 7" needed to violate the Bell
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inequalities (which, in our experiment, will be the integration time of a 2-photon
interference fringe). Consider first the simple case where the two events are perfectly
simultaneous in the Earth frame (p = 0), and the AB axis is perfectly aligned in the
east-west direction. As the Earth rotates, there will be a moment ¢, when the AB
axis is perpendicular to ¥, i.e. 3 (to) = 0. During a small time interval around t, it
is possible to bound [3)(t)| by a small value, and thus obtain a high lower bound for
Vor.

It is possible to optimize the alignment p for each privileged frame that is about
to be tested. This would decrease the upper bound on (p+ BH)2, while simultaneously
increasing the term (1 — p?). However, since we want to scan all possible frames, we
will not optimize p for each frame; instead, we will align the detection events such
that |p| < p < 1, where p is our experimental precision on the alignment p. We shall

1_p2 l_pQ
then use the fact that b > B to get the bound

Var\? (1-p8%(1-7p%
(o) 21+ TESENE

The next step is to find an upper bound for |§)|. This magnitude will depend

(5.2)

on the angle x between the speed ¢ and the z axis (see Figure 5.1), on the angular
velocity of the Earth w and, in the case where the AB axis is not perfectly aligned
with the east-west direction, on the angle o between the AB axis and the equatorial
(zy) plane. In this latter case, a period of 24 hours (and not just 12) will be necessary
to be able to test all possible privileged referenced frames.

Two possibilities exist for the upper bound on |fj| during a time interval 7'

Depending whether ¢’ points close to a pole (i) or not (ii) we obtain (see Ref. [47] for
details),

T
(1) |5 <|cosxsinoz| — | sin x cos a| cos %) (5.3)
T
(17) |B| \/sin2 x cos? a — cos? x sin? a % (5.4)

These bounds, together with equation (5.2), provide the desired lower bound for
Vor.
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5.2 Experimental setup

The experimental setup used in this experiment is essentially the same as described in
chapter 4 and depicted in Figure 4.5, except for the two piezoelectric actuators that
play no role in this experiment. The geographical location of the detection stations

(at Satigny and Jussy) and the source (in Geneva) is shown in Figure 5.2.

Underground fiber: 13.4 km g
. Fiber coil: 4.1 km Geneva

Total fiber length: 17.5 km ! 4
p Switzerland r France 2 km
s s / L2

Figure 5.2: Bell experiment setup over 18 km.

+— Fiberlength: 17.5 km

To accomplish the condition of simultaneity (in the Earth reference frame), the
optical path of each photon must be the same. We can fulfill this condition by
adjusting the length of the fibers leading to the detection stations. First, we used
an optical time-domain reflectometer (OTDR) [50], to measure the distance from our
laboratory to the Swisscom stations at Satigny and Jussy. The fiber leading to Satigny
was found to be 4.1 km shorter (13.4 km to Satigny versus 17.5 km to Jussy), so a
coiled fiber of this same length was added to this side (it is shown as a loop in Figure
5.2). Additionally, through this same measurement we were able to obtain the loss of
light in the fiber. There was around 8 dB of losses on each fiber, mainly due to the
connectors linking the several fibers together. Next, we used an optical frequency-
domain reflectometer (OFDR) [51] to measure the several short (less than 500 m)
fibers that linked the optical elements in the experiment. We managed to reduce the

length difference below the uncertainty value associated with the measurement, that
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is 1 cm or 49 ps in the arrival time of the photons. Opinions may differ on whether
the photons must arrive at the same time at the couplers inside the interferometers
or at the photodiodes. To avoid confusion in that matter, the length of the fibers was
adjusted with respect to both of these points.

An additional source of uncertainty comes from chromatic dispersion (CD) in the
fibers. The fact that the photons are anticorrelated in energy, means that their time
delay is opposite to each other, increasing this uncertainty in all cases. This factor
added an uncertainty of 319 ps to the arrival times of the photons, bringing the
overall uncertainty to tap = 323 ps. This value, together with the direct distance
between the detection stations, ryp = 18.0 km, allows to estimate the precision of

our alignment to a value of |p| < p=54-107% < 1.

5.3 Results and conclusion

To check on the violation of Bell inequalities, the same procedure described in chapter
4 is used here. Coincidence events between the detectors at Satigny and Jussy are
continuously recorded while the phase in one of the interferometers is being scanned
and the phase of the other is kept stable. Experimental constraints (reaching the
end of the scanning range of the interferometer phase and occasional unstabilities of
the pump laser) dictate that measurements be taken in several runs, each one lasting
several hours (a sample measurement is shown in Figure 5.3).

To check all possible frames, the measurements cover all times of the day. The
visibility of the interference fringes remains above the Bell inequalities threshold
(1/v/2 = 71%) in all cases. The length of the visibility fit is equal to one and a
half fringes and it was sequentially scanned over all fringes. The visibility values
obtained after fitting all the fringes are shown in Figure 5.4.

The violation of Bell inequalities indicates that the correlations are either due
to entanglement or the hypothetical influence travels faster than the lower bound
that can be determined with this experiment. Using equations 5.2, 5.3 and 5.4, we
calculated the value of this lower bound in function of the angle y and the speed

B. In this experiment, the angle between the AB axis and the east-west direction is
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Figure 5.3: Interference fringes measured over 4 hours. The period is 900s and the
net visibility is V' = (94.1 £ 1.0)%. The obtention of long stable periods of fringes
like this one was already a remarkable feat for this experiment.

a = 5.8°. The period of time needed to observe a Bell violation, which corresponds
to the period of one interference fringe, is 7" = 360 s. The resulting graphs are shown
in Figure 5.5.

We conclude that if an hypothetical privileged reference frames exists, the speed
of the hypothetical influence must be greater than this lower bound. Because of the
elevated value of this bound, we think it is unlikely for this influence to exist thus

indicating that entanglement occurs instantaneously.
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Figure 5.5: Lower bound for the speed of quantum information as a function of (a)
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Chapter 6

Single-photon entanglement

purification

The distribution of entangled states in quantum communication is limited in distance
by photon losses in optical fibers. A proposed solution to this problem is the use of
quantum repeaters. The idea is to distribute entanglement over short links and then
use quantum memories and entanglement swapping to connect several of the links
to send entangled states over longer distances. This presents another problem, the
deterioration of the entangled states after each operation at which they are submitted.
Entanglement purification can be used to recover some of the entanglement that has
been lost at the cost of discarding some of the entangled states. The first purification
protocols were proposed in 1996 [7, 52]. Entanglement purification can be performed
using different forms of entanglement and several protocols have already been tested
[53, 54, 25].

In the experiment described in this chapter, we will make use of single-photon

entanglement and linear optics elements to obtain purified entangled states [55].

6.1 The purification protocol

Let’s say that we have created the entangled state ©,.. We are using single-photon

entanglement so it will be of the form

o1
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11)4]0)5 +10)a|1) B (6.1)

where |0) 4 5 denotes a state with 0 particles (a vacuum state) and |1) 4 p a state with

1 particle, in modes A and B.

We send this state to a distant partner but phase errors occur during the trans-

mission and the state that our partner will receive will actually be

p=Fl )+ (1 = F)lg-) (v (6.2)

where 1_ is an arbitrary state. If F' = 1/2, no entanglement is left while in the case

where F' = 1, the state is maximally entangled.

We want to purify these phase errors and obtain a state with a higher fidelity.
Using the protocol described in [56], we start with two entangled states with fidelity
F and we will obtain a purified state with fidelity F,,, where Fy,, > F'.

The two single-photon entangled states (pa,, with fidelity Fy and pg,p, with fidelity
F5) are distributed to two different partners (Alice and Bob), as shown in Figure 6.1.
Each partner performs a local unitary transformation to their respective modes (a,
and ay for Alice, b; and by for Bob) using only linear optics elements. The detection
of one of the output modes of the transformation (either d, or d;) will project the two

remaining modes (@ and IN)) into a third single-photon entangled state with fidelity

FiFy+ Fi /24 Fy/2

F= .
1+ FF+ (1 —F)(1 - Fy)

(6.3)

Assuming indistinguishability of the input modes and for the appropriate trans-
formations, this third state will have become purified. In particular, for errors that
reduce the original fidelities a small value €, this protocol divides the errors by half,

becoming €/2.



6.2. EXPERIMENTAL SETUP 23

o ——————————————— o ———————————————

Pa b,

Pa,b,

|‘ | |' I

| |
dq ar! b1 dp|
| I I |
| 15085 | i Bs/15 |
| i | .

| |
| a b D2 b |
| | | |

Figure 6.1: Scheme of the purification protocol. Two single-photon entangled states
Parp, and pa,p, are distributed between two partners (Alice and Bob) who perform a
unitary transformation on them. Conditional on the detection of modes d, (or dp),
modes @ and b are projected into a purified entangled state.

6.2 Experimental setup

In this experiment, we use again a non-linear waveguide to create pairs of photons.
This time, it is a type-II waveguide so the created photons will have orthogonal
polarizations. The waveguide is pumped by a continuous wave laser diode at 780 nm.
The wavelength of the laser is locked using the absorption line of the Rubidium (Rb)
and a feedback loop.

As shown in Figure 6.2, the photons are separated with a polarizing beamsplitter
(PBS) and coupled into optical fibers. Each photon is sent to a 50/50 fiber coupler
(BS1 and BS2) where entangled states pq,p, and pg,p, are created. One mode from
each state is sent to Alice, the others are sent to Bob. The unitary transformations
are performed by combining the modes with an evanescent wave variable coupler (BS4
and BS5). In the simplest version of the protocol (see [56] for details), the purification
efficiency is optimal if the transmission/reflection rates are 85/15 in one coupler and
the opposite values in the other. The creation of the purified state p.; is conditional
on the detection of only one photon on mode d, (or d;) by a single-photon detector.
Modes @ and b are combined at a third 50/50 coupler (BS3) and detected to measure
their fidelity.
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Figure 6.2: Experimental setup for the purification experiment.

6.2.1 Indistinguishability

A critical condition previous to perform entanglement purification is the reduction of
the photons distinguishability, which is achieved through the overlap of their spectral,
polarization, temporal and transverse spatial modes. If the photons are distinguish-
able, they will not interfere perfectly, reducing the purification effect. Spectrally,
the photons are filtered with a narrowband filter of 1.3 nm of width around a wave-
length of 1560 nm. The polarization is controlled with fibered polarization controllers
placed along the arms of the interferometer (see Figure 6.2). The temporal overlap
is achieved by adjusting the length of the fibers. The transverse spatial overlap is

guaranteed by the use of single mode fibers.

The degree of distinguishability of the photons can be measured through the
visibility of the Hong-Ou-Mandel dip [57]. This ‘dip’ appears when the rate of coin-
cidences observed between the outputs of the variable couplers decreases to the noise

level due to both photons taking the same path after the coupler. We set the same
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Figure 6.3: HOM dip obtained during the testing phase of the experiment. The
achieve indistinguishability, the path length at one of the arms was changed by a
micromotor with a step of 33 um. For each point, coincidences were accumulated for
10 minutes. The visibility is 99.0% and the full width at half maximum is 1056 pm.

transmission ratio on both couplers and measured the coincidence count both when
the photons were distinguishable and when they were indistinguishable. To alternate
between the two we changed the polarization on one of the arms with the polarization
controllers. This method is different from the one used to obtain the dip showed in
Figure 6.3 albeit the maximum visibility obtained is the same. We observed a ‘dip’
with a visibility of Vi, = (Cruae — Cimin) /Cimaz = (99.0£0.3)%, which is a remarkably
high value that satisfies the conditions to perform the purification. The remaining

1.0% is attributed to a non-perfect mode overlap (0.8%) and to double-pair emission

(0.2%).
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6.2.2 Phase stabilization and noise

The interferometrically sensitive portion of the experimental setup (about 10 m of
optical fiber) was placed inside a box to isolate it from the temperature changes
in the laboratory. Additionally, the temperature inside the box was controlled and
maintained at a stable level. These measures were taken to prevent unwanted phase
oscillations of the interferometric phase during the experiment.

To measure the purification of an entangled state we scanned the phase in a
controlled way using an annular piezo actuator with a fiber coiled around it. When a
voltage is applied to the piezo, its diameter increases due to the piezoelectric effect,
stretching the fiber around it. We also introduced artificial noise in a controlled
way to reduce the fidelity of the original states to the value where the purification
effect is greater, according to the purification protocol [56]. This was done with two
additional piezos that vibrated at a frequency higher (=1 Hz) than the integration
time of the measurement (1 point per minute, 25 minutes per fringe). The noise was
independently generated for each piezo. The function used to introduce the noise was
chosen to reproduce the gaussian phase-noise distribution in a fiber, as observed in

real world networks [58].

6.3 Results and conclusion

We first measured the fidelity of the two original states p,,5, and pg,s, and obtained
values of I} = (97.84+0.2)% and F, = (97.7+0.2)%. Then, we introduced a controlled
amount of noise in the fibers that reduced the fidelities to F; = (75.1 £ 0.8)% and
Fy, = (75.0 £ 0.7)%. These fidelity values were chosen because this is where the
purification protocol is more efficient. Finally, we measured the fidelity for the purified
state and obtained a value of F' = (79.6 + 1.1)%. This represents an improvement of
4.5% with respect to the initial fidelities, which is rather high since the theoretical
optimal value is 5.7%. The remaining 1.2% is explained mainly by phase fluctuations
of modes during the measurement integration times and also due to imperfections in

the mode overlap.
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Figure 6.4: Interference fringes obtained while the phase is scanned for a) state pa,s,
and b) state p,;. We can see how the visibility of the fringes is reduced when the
noise is introduced. The blue lines indicate the points where the end of the scanning
ramp was reached.

In conclusion, this experiment demonstrates that single-photon entanglement can
be purified using only linear optics elements. Regarding the future implementation
of this protocol in a quantum repeater, the main challenges would be the use of two
independent photon sources and possibly the need for an upgraded phase stabilization

system if the fiber lengths are on the order of kilometers.
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Chapter 7
Conclusion

During the course of this thesis, we have performed three experiments involving en-
tangled states of photons. The first two are Bell experiments directed to test the
nonlocality of quantum correlations. The third is the first test of purification of

entanglement that uses only single-photons and linear optics elements.

First, we tested the possibility that a change in the local gravitational field taking
place just after the detection events of a spacelike separated Bell experiment, could
trigger the collapse of the wavefunction destroying the correlation between the two
entangled states. For the first time, a macroscopic mass was used to test if gravitation
has an influence over quantum correlations. The verification of this hypothesis length-
ened significantly the time of measurement. Consequently, the detection stations had
to be situated at distant locations, making this the most separated Bell experiment to
date. Even under these strict conditions, a violation of Bell inequalities was observed,

acknowledging the nonlocality of entanglement.

We assumed that the change in the mass’ position implied an instantaneous change
in the surrounding gravitational field. A possible future modification of the exper-
iment would be to measure the change in the gravitational field directly instead of
the change in the mass’ position. For this purpose, perhaps a measurement similar
to that of a Cavendish experiment could be performed. The reason we chose to not

carry out this measurement is because with the current technology it is not possible
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to perform it in the time required for spacelike separation. It could be feasible, how-
ever, if the detection locations were more distant. The limitation in the separation
distance comes from the losses in the optical fibers. Another modification involves
the use of more massive objects. Note that the time measurement constraints apply

here as well.

Second, we tested the idea that an hypothetical influence that propagates faster
than the speed of light could travel from the first detection station to the second
one and announce the outcome of the detection events. The optical paths of the
photons were adjusted to obtain the same travelling time for both photons. Under
these conditions, the two events are simultaneous, making it impossible for any signal
travelling at a finite speed to reach the other detector in time. The detection locations
were chosen to have an almost perfect orientation parallel with the east-west axis
of the Earth. This way, all possible reference frames in which this influence can
be defined were tested after a measurement period of 24 hours, corresponding to a
complete rotation of the Earth. A violation of Bell inequalities was also observed,
discarding the existence of this signal if its speed is lower than a bound determined
by the experimental uncertainties of our experiment. This bound was calculated to
be at least 10000 times the speed of light.

Potential future improvements of this experiment might be directed at obtaining
a higher lower bound of the speed of quantum information. To achieve this goal, the
first issue would be to obtain a lower uncertainty when determining the precision of
the alignment. The main source of uncertainty was the chromatic dispersion in the
fibers. Standard telecom fibers have zero dispersion at 1.3-um. Dispersion-shifted
fibers (at 1.5-pum) also exist. To reduce this uncertainty would require either the use
of dispersion-shifted fibers or a change in the created photons wavelength to 1310
nm. The first one is unlikely since long distance measurements require the use of the
installed optical fiber network. On the other hand, changing the wavelength to 1310
nm implies a higher rate of losses as well as the need for detectors more suited to
this wavelength (like Germanium APD’s). A different issue is the imperfect east-west
orientation of the experiment (non-zero v angle) that reduces the value of the lower

bound around low and high y angles, as it can be seen in Figure 5.5a in chapter 5.
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Third, we successfully purified single-photon entangled states using only linear
optics elements. Single-photon entanglement purification is more efficient and more
simple to realize than purification involving pairs of correlated photons. It is also the
most suitable form of purification for many proposals of future quantum repeaters.
However, it is heavily dependent on phase oscillations. Single-photon entangled states
were created and their entanglement was intentionally reduced through the use of
phase noise to simulate real conditions. These states were combined using only fiber
couplers and a purified state was obtained. To avoid unwanted phase oscillations,
only certain control over the temperature of the optical fibers was required.

The implementation of this protocol in a real world quantum repeater would
require the use of two independent sources instead of one. This would probably imply
additional work to reduce the distinguishability of photons coming from different
sources. For distances on the order of the kilometer or more, the interferometer
phase might have to be stabilized with a more precise stabilization system, perhaps
using a feedback control like the one used in [59].

To summarize, the bounds obtained in the two Bell experiments make the hypo-
thetical existence of local hidden variables or, alternatively, of a superluminal influence
travelling between the detectors, more unlikely than it ever was. In the not so distant
future, we can imagine Bell experiments where these hypothesis are further tested at
the same time that other loopholes are closed. As for the purification experiment, we
know that many quantum repeater protocols use single-photon entanglement. Hope-
fully, the successful purification of single-photon entangled states brings the practical

implementation of a future quantum repeater closer than it has ever been.
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We report on a Bell experiment with spacelike separation assuming that the measurement time is related
to gravity-induced state reduction. Two energy-time entangled photons are sent through optical fibers and
directed into unbalanced interferometers at two receiving stations separated by 18 km. At each station, the
detection of a photon triggers the displacement of a macroscopic mass. The timing ensures spacelike
separation from the moment a photon enters its interferometer until the mass has moved. Two-photon
interference fringes with a visibility of up to 90.5% are obtained, leading to a violation of the Bell

inequality.

DOI: 10.1103/PhysRevLett.100.220404

When is a quantum measurement finished? Quantum
theory has no definite answer to this seemingly innocent
question and this leads to the quantum measurement prob-
lem. Various interpretations of quantum physics suggest
opposite views. Some state that a quantum measurement is
over as soon as the result is secured in a classical system,
though without a precise characterization of classical sys-
tems. Decoherence claims that the measurement is finished
once the information is in the environment, requiring a
clear cut between system and environment and arguments
assuring that the system and environment will never reco-
here. Others claim that it is never over, leading to the many
worlds interpretation [1]. Note that none describe how a
single event eventually happens. And there are more inter-
pretations and many variations on each theme. In practice
this measurement problem has not yet led to experimental
tests, though progress in quantum technologies bring us
steadily closer to such highly desirable tests [2].

Another possibility, supported among others by Penrose
[3] and Di6si [4] (see also the useful review [5]), assumes a
connection between quantum measurements and gravity.
Intuitively the idea is that the measurement process is
finished as soon as space-time gets into a superposition
state of significantly different geometries. The latter would
be due to superpositions of different configurations of
massive objects. Penrose and Didsi independently pro-
posed the same criterion (up to a factor of 2) that relates
the time of the collapse (that terminates the measurement)
to the gravitational energy of the mass distribution appear-
ing in the superposition. Following Didsi’s equation [5],
the time of the collapse is given by
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where V is the volume of the moving object, m is its mass,
and d is the distance it has moved.

Hence, according to Eq. (1), a typical measurement in
quantum optics is finished once the alternative results
would have led to displacements of a sufficiently massive
object. This view differs stridently from the one adopted in
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practice by most quantum opticians. Indeed, the common
view in this community is that a quantum measurement is
finished as soon as the photons are absorbed by detectors.
But such an absorption, even when it triggers an avalanche
photodiode and gets registered by a computer, only in-
volves the motion of electrons which are of insufficient
mass to satisfy the Penrose-Didsi criterion.

This situation led Kent to observe that actually, accord-
ing to the Penrose-Didsi criterion, none of the many tests of
Bell inequalities that have been performed so far involve
spacelike separated events [6] (see Fig. 1). Indeed, in all
these tests, no massive object moves, at least not in the
microseconds following the photon absorptions by the
detectors. But then, none of these Bell tests strictly ex-
cludes the possibility that the observed violation of Bell
inequalities is due to some hypothetical communication (of
a type unknown to today’s physics). Given the importance
of quantum nonlocality (i.e., violation of Bell inequalities),
both for fundamental physics and for quantum information
science, we present in this Letter an experiment that closes
this loophole.

In our Franson-type test of the Bell inequalities [7], pairs
of entangled photons traveling through optical fibers are

time ~i.._
Ak T ~AB
source space
FIG. 1. Space-time diagram of the experiment. When a photon

from the source reaches an analyzer (A or B) the measurement
process starts. Spacelike separation is achieved when the mea-
surement process at detector A (B) is finished before a light
signal traveling from A to B (B to A) arrives at the other detector.

© 2008 The American Physical Society
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sent to two receiving stations physically separated by
18 km with the source at the center. This distance breaks
the record for this kind of experiment [8,9]. At each
receiving station, the detected photons trigger the applica-
tion of a step voltage to a piezoelectric actuator. The
actuator is a ceramic-encapsulated PZT (lead zirconate
titanate) block of 3 X 3 X 2 mm that weighs 140 mg (PI,
PL033). We chose this actuator because it fulfills all the
following criteria: it can move a measurable distance in a
time of the order of microseconds and it can be triggered to
repeat this movement several thousand times per second.
Because of the converse piezoelectric effect, the applied
voltage expands the actuator and, at the same time, dis-
places a gold-surfaced mirror measuring 3 X 2 X 0.15 mm
and weighing 2 mg that is attached to one of the piezofaces.
We used this mirror as the movable mirror of a bulk optical
interferometer (see Fig. 2) to confirm the expansion of the
piezoactuator (see Fig. 3).

To guarantee the spacelike separation between the de-
tection events, the time that the light needs to travel from
one receiving station to the other must be significantly
longer than the time needed to perform all the measure-
ment process (#3,). This time includes not only the time of
the collapse but also the time between the moment the
photons enter their respective analyzer (a 50/50 fiber
coupler inside an interferometer), until the moment the
mirrors move sufficiently to be certain that the measure-
ment process is finished, according to the Penrose-Didsi
hypothesis. The time between the moment the photons

He-Ne Laser

[ Mirror ===

o .
Piezoactuator Beam
| splitter

| Mirror
e d

Single-photon
detector

' Photodiode

FIG. 2 (color online). Experimental setup of the bulk interfer-
ometer used in each receiving station (Satigny and Jussy) to
confirm the piezoactuator expansion. Each interferometer is
mounted inside a box that isolates it from atmospheric distur-
bances. The piezoactuator is glued to a fixed support with one
mirror attached to its side. Each time a photon is detected by the
single-photon detector, a step voltage of 4 V is applied to the
piezoactuator, expanding it. When the piezoactuator expands,
the laser beam path through the arm with the piezoactuator
shortens and the interference produces a variation in the intensity
observed by the photodiode.

enter the analyzer to the moment the step voltage is applied
is just 0.1 ws. After the application of the voltage, the
piezoactuator starts to expand and displaces the mirror.
This produces a change in the phase of the interferometer
that is detected by the photodiode. The equivalence be-
tween the voltage variation detected by the photodiode and
the mirror displacement has been calculated from the
wavelength of the laser (A = 633 nm) and the phase
change produced by the displacement. If we conservatively
assume that the phase change takes place in a node of an
interference fringe, where the slope between the phase and
the intensity is maximum, we will set a lower bound for the
displacement distance. Hence, 6 us after the step voltage
is applied to the piezoactuator the voltage has already
changed by 0.3 V, for a peak-to-peak maximum of 2.4 V,
meaning that the mirror has displaced a distance of at least
12.6 nm. Finally, we find that the time of collapse is 7, =
1 ws, using Eq. (1) [10] with d = 12.6 nm and taking just
the mass and volume of the mirror. The total time is then
tyy = 7.1 us, almost 1 order of magnitude shorter than the
60 wus the light needs to cover the 18 km between the
receiving stations. Note that taking into account the motion
of the piezoactuator itself would even shorten this conser-
vative estimation of ;.

The scheme of the experimental setup is given in Fig. 4.
A cw single mode external cavity diode laser (2.7 mW at
785.2 nm) pumps a periodically poled lithium niobate
(PPLN) nonlinear waveguide that creates pairs of photons
through the process of spontaneous parametric down-
conversion. After the waveguide, a silicon filter (¥) blocks
all the remaining light at 785.2 nm and the created photon
pairs are coupled into an optical fiber. Two circulators and
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FIG. 3. Step voltage applied on the actuator and the mirror
displacement. This measurement confirms the piezoactuator
expansion. It was repeated in each receiving station before and
after each run of the experiment. Gray line is the step voltage of
4 V (left scale) applied to the piezoactuator. Black line is the
distance the mirror has moved represented as the voltage varia-
tion (right scale) detected by the photodiode. 6 us after the
voltage is applied, the mirror has already moved by 12.6 nm.
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FIG. 4 (color online).
tailed description.

Experimental setup. See text for a de-

two fiber Bragg gratings (FBG) separate the pairs accord-
ing to their wavelength. The first FBG reflects only the
photons at 1573.0 nm (AA = 1.0 nm) and allows for the
rest of the photons to be transmitted, while the second FBG
reflects the photons at 1567.8 nm (AA = 1.0 nm). The rest
of the photons are not transmitted. The photons are sent to
their respective receiving stations through standard com-
munication optical fibers. Although the photon’s wave-
length was chosen to be very close to the third tele-
communication window at 1550 nm, there was still around
8 dB of losses in each of the fibers linking the source with
the detectors, concentrated mainly at the connectors be-
tween different fibers.

The geographical layout of the experiment is such that
the source is situated in Geneva and sends the pairs to two
receiving stations situated in two villages (Satigny and
Jussy) in the Geneva region, at 8.2 and 10.7 km, respec-
tively. The direct distance between them is 18.0 km. At
each receiving station, the photons pass through a
Michelson interferometer with a long arm and a short
arm. The path-length difference is 1.3 ns and is the same
in both interferometers. It is also smaller than the coher-
ence length of the pump laser, so an entangled state can be
detected when both photons pass through the short (and
long) arms. Because the photons are entangled, the proba-
bility that pairs of photons choose the same output port can
be affected by changing the phase in either interferometer.
This will produce interference fringes in the coincidence
count when the phase is scanned. To scan the phase, the
temperature of one of the interferometers is changed while
the other is left stable. To compensate for birefringence
effects in the arms of the interferometers (i.e., to stabilize
polarization), Faraday mirrors (FM) are used [11].

After passing through the interferometers, the photons
are detected by single-photon InGaAs avalanche photo-
diodes (APDs) (id Quantique, id200). The photodiodes are

operated in the gated mode with a repetition frequency of
1 MHz and a gate width of 100 ns. The quantum efficiency
is 10% and the dead time is 10 ws. They are triggered in a
synchronized way using the same signal sent out from
Geneva through other optical fibers. This greatly improves
the number of coincidences per unit of time.

Each time the single-photon APDs detect an event, a
classical optical signal is sent back to Geneva, where it is
detected by a p-i-n photodiode. For this, we used the same
fibers that were used to send the trigger signal to the APDs.
The lasers at both ends of the fibers had different wave-
lengths (1550 and 1310 nm) and wavelength division
multiplexers were used to separate the signals. The de-
tected events are sent to a time-to-amplitude-converter
(TAC) that takes one of the signals as start and the other
as the stop, measuring the difference in their arrival times.
Coincidences in the arrival times between events coming
from different detectors indicate that those photons passed
either through the short-short or the long-long paths in the
interferometers. Using a discriminator with a narrow tem-
poral window, the other two noninterfering possibilities
(photons that passed through different arms—short-long
or long-short paths) can be discarded.

We monitored the single photon count rates for each
detector and the coincidence rate while scanning the phase
6 in one of the interferometers. We decrease the tempera-
ture of one interferometer slowly and regularly from 40 °C
to 21 °C during a period of several hours. The coherence
length of the single photons was 2.5 mm, 2 orders of
magnitude smaller than the path-length difference in the
interferometers (267 mm), so there was no single photon
interference, and no phase-dependent variations in the
single rates were observed. On the contrary, the coinci-
dence rate showed a sinusoidal oscillation dependent on
the phase change in the interferometers. The single count
rates were continuously controlled and found constant
around 5.0 and 4.1 kHz, including 0.7 and 1.1 kHz of
dark counts, for the detectors at Satigny and Jussy, respec-
tively. A discriminator window of 600 ps placed around the
coincidence peak gave us an average coincidence rate of
33 coincidences per min.

The Bell inequalities set an upper bound for correlations
between particles that can be described by local theories.
One of the most frequently used forms is the Clauser-
Horne-Shimony-Holt Bell inequality [12], which has a
Bell parameter

S = |E(d1, dz) + E(dl, dl2) + E(d/, dz) - E(dl, dlz)l = 2,
(2)

where E(d|, d,) are the correlation coefficients and d, d,
are values for the phase in the interferometers. Quantum
mechanics predicts a maximum value of § = 2+/2. If the
correlation coefficient E is described by a sinusoidal func-
tion like E = V cos(8), where & is the relative phase in the
interferometers and V is the visibility, the parameter S
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FIG. 5 (color online). Singles (dots) and coincidence counts
(squares) per 60 s as a function of time while the phase 6 in the
Jussy interferometer (see Fig. 4) was being scanned. A best fit
with a sinusoidal function yields a visibility of Vi, = (90.5 =
1.5)%. Error bars represent the square root of the number of
coincidences at each point.

becomes S = 2+/2V. This implies that if the visibility is
v=1/ \/f the correlations between detected photons is
nonlocal.

We are interested in the best visibility value obtained
over a period of a few fringes. To obtain an optimal
visibility, it is important to have less than 0.1 pairs per
time window in order to reduce the probability of having a
double pair. The number of photon pairs within the FBG’s
1-nm bandwidth was 0.07 pairs per 600 ps time window.
The raw data yield a visibility of V,,, = (90.5 * 1.5)%
(see Fig. 5) leading to S,,,, = 2.56 * 0.04, surpassing the
limit given by the Bell inequalities by 13 standard devia-
tions (o). We can conclude that the correlations between
the photons remain well above the local limit even when
the gravitational field is being modified by the displace-
ment of the masses.

Sometimes an avalanche in one of the APDs is set off but
without any photon. If such a false detection happens at
almost the same time in both APDs or if it happens when
one true photon arrives at the other APD, this leads to an
accidental coincidence. The number of accidental coinci-
dences will not oscillate with the scannning of the phase
but will always remain around the same value, reducing the
visibility. The number of accidental coincidences was
2.5 coincidences per min. If we substract the accidentals
from the total number of coincidences, the visibility climbs
t0 Vo = (96.7 = 1.4)% leading to S, = 2.74 = 0.04,
violating the Bell inequalities by 18¢.

In conclusion, we have performed an experimental test
of the Bell inequality with spacelike separation large

enough to include a hypothetical delay of the quantum
state reduction until a macroscopic mass has significantly
moved, as advocated by Penrose and Didsi. Indeed, in the
reported experiment each detection event triggers the ap-
plication of a step voltage that expands a piezoactuator and
displaces a mirror. The time of collapse of the mirror plus
the time it takes to move it is shorter than the time the light
needs to travel the distance between the receiving stations.
In addition, this distance (18 km) sets a new record for Bell
experiments with an independent source located in the
middle. Let us emphasize that under the assumption that
a quantum measurement is finished only once a gravity-
induced state reduction has occurred, none of the many
former Bell experiments involve spacelike separation, that
is spacelike separation from the time the particles (here
photons) enter their measuring apparatuses (here interfer-
ometers) until the time the measurement is finished. In this
sense, our experiment is the first one with true spacelike
separation. The results confirm the nonlocal nature of
quantum correlations.
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Testing the speed of 'spooky action at a distance’

Daniel Salart', Augustin Baas', Cyril Branciard’, Nicolas Gisin' & Hugo Zbinden'

Correlations are generally described by one of two mechanisms:
either a first event influences a second one by sending information
encoded in bosons or other physical carriers, or the correlated
events have some common causes in their shared history.
Quantum physics predicts an entirely different kind of cause for
some correlations, named entanglement. This reveals itself in cor-
relations that violate Bell inequalities (implying that they cannot
be described by common causes) between space-like separated
events (implying that they cannot be described by classical com-
munication). Many Bell tests have been performed’, and loopholes
related to locality”™ and detection™® have been closed in several
independent experiments. It is still possible that a first event could
influence a second, but the speed of this hypothetical influence
(Einstein’s ‘spooky action at a distance’) would need to be defined
in some universal privileged reference frame and be greater than
the speed of light. Here we put stringent experimental bounds on
the speed of all such hypothetical influences. We performed a Bell
test over more than 24 hours between two villages separated by
18km and approximately east—west oriented, with the source
located precisely in the middle. We continuously observed two-
photon interferences well above the Bell inequality threshold.
Taking advantage of the Earth’s rotation, the configuration of
our experiment allowed us to determine, for any hypothetically
privileged frame, a lower bound for the speed of the influence. For
example, if such a privileged reference frame exists and is such that
the Earth’s speed in this frame is less than 10> times that of the
speed of light, then the speed of the influence would have to exceed
that of light by at least four orders of magnitude.

According to quantum theory, quantum correlations violating Bell
inequalities simply happen, somehow from outside space-time, in
the sense that there is no space-time explanation for their occurrence:
there is no event here that somehow influences another distant event
there. Yet such a description of correlations, which is radically dif-
ferent from all those found in any other part of science, should be
thoroughly tested.

In 1989, Eberhard’ realized that the existence of a hypothetically
privileged reference frame can be experimentally tested for. The idea
is that the speed of this influence, although greater than the speed of
light, is finite. Hence, if the events are simultaneous in the hypothet-
ically privileged frame, then the signal does not arrive on time and no
violation of Bell inequalities should be observed. Note that if the
events are simultaneous in some reference frame, then they are also
simultaneous with respect to any reference frame moving in a dir-
ection perpendicular to the line joining the two events. Accordingly,
Eberhard proposed (Ph. H. Eberhard, personal communication) to
perform a Bell test over a long distance oriented east-west, over a
period of 12 hours (ref. 8). If the events were simultaneous in the
Earth’s reference frame, then they would also be simultaneous with
respect to all frames moving in the plane perpendicular to the east—
west axis, and in 12 hours all possible hypothetically privileged
frames would be scanned. An intriguing alternative, that we will

not follow here, is to speculate that there is a tachyonic field’ that
couples specifically to entangled particles.

Bohm’s' pilot-wave model of quantum mechanics is an example
of a theory containing an explicit spooky action at a distance, which
requires the assumption that there is a universally privileged frame''.
Also, if the spooky action at a distance propagates at finite speed, then
an experiment like the one presented below could possibly falsify the
pilot-wave model'*. Reference 12 stresses that the existence of a uni-
versally privileged frame would not contradict relativity.

By 2000, a Bell experiment along the lines presented above had
already been analysed®">'*. However, the analysis concerned only two
hypothetically privileged reference frames. The first frame was
defined by the ~2.7K cosmic microwave background radiation.
The second frame analysed was the ‘Swiss Alps reference frame’, that
is, not a universal frame but merely the frame defined by the massive
environment of the experiment. The assumption that the privileged
frame depends on the experiment’s environment leads naturally to
the issue of situations in which the massive environments on both
sides of the experiment differ, and this was the main subject of the
experiment in 2000 (refs 13, 14). In both of these analyses, the hypo-
thetical superluminal influence was termed the speed of quantum
information to stress that it is not classical signalling. We shall use
this terminology, but we emphasize that this is only the speed of a
hypothetical influence and that our result casts very serious doubts
on its existence. For views on the speed of quantum information, see
ref. 15.

Before presenting our experiment and results, let us clarify the
principle of our measurements and how to obtain bounds on this
speed of quantum information in any reference frame.

In an inertial reference frame centred on the Earth, two events A
and B (in our experiment two single-photon detections) respectively
occur at positions r, and rp at times #, and #3. Let us consider another
inertial reference frame F, the hypothetically privileged frame, rela-
tive to which the Earth frame moves with a velocity v (Fig. 1). When
correlations violating a Bell inequality are observed, the speed of
quantum information Vi in frame F that could cause the correlation
is bounded from below as follows:

where (1’5, t'4) and (r'p, t') are respectively the coordinates of
events A and B in frame F, obtained from (ry, t4) and (rp, t3) by
Lorentz transformation. After simplification, we obtain

&)2 a=p1=p"
(C =1 (P+ﬁ\|)2

where 8= v/c is the speed (v=||v||) of the Earth frame in frame F
relative to the speed of light (¢); | = v|/c, with v} the component of v
parallel to the A-B axis; and p = ctyp/rap quantifies the alignment of
the two events in the Earth frame, with fz= 13—, and
rap = ||t — ral|. Inthe following, we will consider space-like separated

(1)

'Group of Applied Physics, University of Geneva, 20 Rue de I'Ecole de Médecine, CH-1211 Geneva 4, Switzerland.
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events, for which |p| < 1: the bound on Vi in equation (1) will then be
larger than c. For a given privileged frame F, this bound depends on the
orientation of the A-B axis through f|; and on the alignment p. To
obtain a good lower bound for Vg, we should bound the term
(p + B)))* from above by the smallest possible value, during a period
of time T'needed to observe a Bell violation (which, in our experiment,
will be the integration time of a two-photon interference fringe).

To gain some intuition, we first consider the simple case in which
p = 0 (the two events are perfectly simultaneous in the Earth frame)
and the A-B axis is perfectly aligned in the east—west direction. Then,
when the Earth rotates, there will be a moment #, when the east—west
direction is perpendicular to v, thatis, f|(#,) = 0. During a small time
interval around fo, we can bound |f),(¢)| by a small value, and thus
obtain a high lower bound for V.

In principle, the alignment p could be optimized for each privi-
leged frame that we wish to test, so as to decrease the bound that can
beputon (p + f H)z during the time interval T (and increase the term
(1— pz) at the same time). In our experiment, however, because we
want to scan all possible frames, we do not optimize p for each frame;
instead, we align the detection events such that |p| = p < 1, where p
is our experimental precision on the alignment p. We then use the

fact that (1 fpz)/(erﬁH)z >(1—-p%)/(p + \/3H|)2 to get the follow-
Ly =B =p?)

lng bound.

The problem reduces to bounding ||| directly.

In the configuration of our experiment, the A-B axis is almost, but
not perfectly, oriented along the east—west direction. Consequently,
the component f3)|(¢) has a 24-hour period, and geometric considera-
tions show that it can be written as (see the Supplementary
Information)

(2)

B)(t) = cos y sino+ fsin y cos o cos wt

where y is the zenith angle of v, « is the angle between the A-B axis
and the equatorial x—y plane (Fig. 1), and o is the angular velocity of
the Earth.

y<

Figure 1| Reference frames. The Earth frame moves with respect to a
hypothetically privileged reference frame F at a speed v. The zenith angle y
between v and the z axis can have values between 0° and 180°. The A-B axis
forms an angle o with the equatorial (x—y) plane. , angular velocity of the
Earth.
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As we show in the Supplementary Information, in order to bound
|B))| from above during a period of time T, we can consider two cases:
one in which v does not point close to a pole (Cy{tany| > |tana|), and
one in which it does (Crltany| =< |tanx|). Here Cr= cos*(wT/4),
which ~1 when oT is small. There exists a time interval of length
T during which |)(1)] is bounded from above by

. . oT
|ﬁ|\/sm2 ¥ cos? o— cos? y sin® o

in the first case and by

T
|B] <| cos y sin o —| sin y cos o cos%)

in the second case. These bounds, together with equation (2), provide
the desired lower bound for V.

We now describe our experiment. In essence it is a large Franson
interferometer'®. A source situated in our laboratory in Geneva emits
entangled photon pairs using the standard parametric down-conver-
sion process in a nonlinear crystal (here a continuous-wave laser
pumps a waveguide in a periodically poled lithium niobate crystal)"’.
Using fibre Bragg gratings and optical circulators, each pair is deter-
ministically split and one photon is sent through the Swisscom fibre
optic network to Satigny, a village west of Geneva, and the other
photon is sent to Jussy, a village east of Geneva. The two receiving
stations, located in those two villages, are separated by a direct dis-
tance of 18.0 km (Fig. 2). We use energy—time entanglement, a form
of entanglement well suited to quantum communication in standard
telecommunications fibres'®. At each receiving station, the photons
pass through identically unbalanced fibre-optic Michelson interfe-
rometers. The imbalance (~25 cm) is larger than the single-photon
coherence length (~2.5 mm), meaning that any single-photon inter-
ference is avoided, but is much smaller than the pump laser coher-
ence length (>20m). Accordingly, when a photon pair is detected
simultaneously in Satigny and Jussy, there is no information about
which path—the long arm or the short arm—the photons took in
their interferometers. But because the photons were also emitted
simultaneously, they must both have taken the same long or short
path. This indistinguishability leads, as always in quantum physics, to
interference between the long-long and short—short paths.
Continuously scanning the phase in one interferometer (at Jussy),
while keeping the other one stable, produces a sinusoidal oscillation
of the correlation between the photon detections at Satigny and Jussy
(Fig. 3). The phases were controlled by the temperature of the fibre-
based interferometers.

Underground fibre-length:13.4 km — .
Fibre coil length: 4.1 km Pbre length: 17.5 km

Total fibre length: 17.5 km ’°
r~ Switzerland

2 km

France

Figure 2 | Experimental setup. The source sends pairs of photons from
Geneva to two receiving stations through the Swisscom fibre-optic network.
The stations are situated in two villages, Satigny and Jussy, that are
respectively 8.2 and 10.7 km from Geneva. The direct distance between them
is 18.0 km. At each receiving station, the photons pass through identically
unbalanced Michelson interferometers and are detected by a single-photon
InGaAs avalanche photodiode (APD) (id201, id Quantique). The length of
the fibre going to Jussy is 17.5 km. The fibre going to Satigny is only 13.4 km
long, so we added a fibre coil of 4.1 km (represented as a loop) to equalize the
lengths of the fibres. Having fibres with the same length allows us to satisfy
the condition of good alignment (p < 1). J indicates the scanning of the
phase of the interferometer at Jussy.
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Figure 3 | Interference fringes. Interference fringes with a period T =900's
obtained during a 4-hour measurement, fitted with a sinusoidal function
yielding a visibility of 87.6% * 1.1%. If we subtract the accidental
coincidences, the (net) visibility climbs to 94.1% = 1.0%. This result is
significant because the period of the interference fringes remains stable for a
very long time, which allows us to fit the entire measurement with a
continuous fit and obtain a high visibility value.

Interference fringes were recorded in many runs, which usually
lasted several hours (up to 15 hours for the longest run (see Fig. 4)).
By juxtaposing several of these measurement runs obtained over
several weeks, we covered a 24-hour period with interference fringe
periods of T'= 360 s with visibilities well above the threshold (1/,2)
set by the Clauser—-Horne-Shimony—Holt Bell inequality'®. The vis-
ibility is large enough to exclude any common-cause explanation.
The correlations are thus due either to entanglement, as predicted by
quantum physics, or to some hypothetical spooky action at a distance
whose speed we wish to bound from below. Because long measure-
ments of fringes with short fringe periods T are difficult to fit con-
tinuously, we fitted the data over a time window corresponding to
one-and-a-half fringes and scanned this time window, as explained in
the Supplementary information.

The violation of the Bell inequality at all times of day makes it
possible to calculate the lower bound for the speed of quantum
information in any reference frame. This bound depends on the
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Figure 4 | Visibility fits. Visibility fits for several uninterrupted runs
obtained at different times of the day. Together these runs cover each
moment of the day at least twice. The limitations on the lengths of these
measurements were due to the end of the cooling ramp and small
instabilities in the set-up that produced short interruptions in the scan.
Visibility values remain above the threshold value of 1/,2 (black line) set by
the Clauser-Horne-Shimony—Holt Bell inequality at all times.
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precision of the alignment in the actual experiment; see equation
(2). We wished to have a good alignment (p < 1), so the difference
in the arrival times of the single photons 55 was minimized.

First, the length of each fibre between the source and the single-
photon detectors was measured. The long fibres (several kilometres in
length) were measured using a single-photon optical time-domain
reflectometer” and the short fibres (less than 500 m in length) were
measured using an optical frequency-domain reflectometer”'. The
fibre on the Satigny side was found to be shorter than the other by
4.1 km. We added a fibre coil to the short side (represented as aloop in
Fig. 2), reducing this difference to below 1 cm with an uncertainty of
1 cm, which corresponds to a light travel time of 49 ps. To remove any
doubt about where exactly the measurement took place, we adjusted
the lengths of the fibres from the source to the fibre couplers inside
each interferometer and also to the photodiodes (where the photons
are detected). Hence, the configuration was totally symmetric.

Next, we considered the chromatic dispersion in the fibres.
Chromatic dispersion added an uncertainty in the arrival times,
and because the entangled photons were anticorrelated in energy,
their time delays were always opposite to each other, which always
increased this uncertainty. Chromatic dispersion was measured to be
18.2psnm ™ 'km ™' using a chromatic dispersion analyser>. For a
spectral half-width of AZ=0.5nm and twice the distance of
17.5 km, this is equivalent to a 319-ps uncertainty. Thus, the overall
uncertainty in the relative lengths of the fibres was, when expressed in
light travel time, to = 323 ps. This, together with the direct distance
between the receivers, rag = 18.0 km, allowed us to estimate the pre-
cision of our alignment: [p| =p =54 X 10" ° < 1.

Last, we used equation (2) to calculate a lower bound for V5. We
used the value of p just calculated, the period of time T'= 360 s needed
to observe a Bell violation (corresponding to the interference fringe
period), and the angle formed by the axis between the two receiving
stations (the A-B axis) and the equatorial (x-y) plane, o = 5.8°. The
results are shown in Fig. 5, for certain hypothetically privileged frames.
In Fig. 5a, we scan all possible directions y, but set the Earth’s relative

a
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Figure 5 | Lower bounds for the speed of quantum information. a, Bound
obtained for Viy/c as a function of the angle y, for f=10"". For 7 < o or
7 Z 180° — o, the bound is obtained by considering the second case
discussed in the text, whereas for « < 7 < 180° — 1, the bound is obtained
by considering the first case. The bound at y = 90° is Vy; = 54,000c.

b, Bound obtained for V1/c as a function of the speed f3, for y =90°. As §
tends to zero, our bound on V,/c tends to 1/p.
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speed at = 10>, A lower bound for Vi, greater than 10,000 times the
speed of light is found in any such reference frame. The imperfect east—
west orientation (o # 0) is responsible for the minimum values of the
bound atangles y near 0° and 180°. For smaller Earth speeds, the bound
on Vq is even larger. However, if f is very large, then the correspond-
ing bound on V( is less stringent. To illustrate this, in Fig. 5b we set
7 = 90°, that is, with v in the equatorial plane, and scan the velocity .
Indeed, for ff = 1, the bound drops rapidly. Recall, however, that for
large values of § we could in principle optimize the alignment p in the
experiment to get a better bound on V. For small values of f, our
bound is limited by the inverse of our precision of alignment p.

In conclusion, we performed a Bell experiment using entangled
photons between two villages separated by 18 km and approximately
east—west oriented, with the source located precisely in the middle.
The rotation of the Earth allowed us to test all possible hypothetically
privileged frames over a period of 24 hours. Two-photon interference
fringes with visibilities well above the threshold set by the Bell
inequality were observed at all times of day. From these observations
we conclude that the nonlocal correlations observed here and in
previous experiments' are indeed truly nonlocal. To maintain an
explanation based on spooky action at a distance we would have to
assume that the spooky action propagates at speeds even greater than
the bounds obtained in our experiment.
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Supplementary Figures and Legends
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Supplementary Figure 1 | Experimental setup. A cw laser pumps a nonlinear waveguide creating pairs of entangled
photons. Each photon is sent to a receiving station located several km away through installed optical fibers. After travelling
through a Michelson interferometer with arms of different length, each photon is detected by an avalanche photodiode. De-
tection events are continuously monitored in search for coincidences in their arrival times.
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Supplementary Figure 2 | Experimental setup. Classical channels. A function generator (FG) sends a trigger signal
of 1 MHz to two lasers. The optical signals are sent through 17.5 km of optical fibers to their respective receiving stations
where they are detected by p-i-n photodiodes. The single-photon detectors are triggered by these signals and detection events
are sent back to Geneva using the same fibers. WDMs and different laser wavelengths ensure the separation of the signals.

Supplementary Figure 3 | Upper bounds for | f(¢) | during an interval I of length T'. Three cases for the analysis
of f(t) = A — Bcoswt, depending on A and B.
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Supplementary Discussion - Experiment

The experimental setup

These are the details of our experimental setup (see Supplementary Figure 1). The laser is a cw single mode
external cavity diode laser (2.7 mW at 785.2 nm). It pumps a PPLN (Periodically Poled Lithium Niobate, LiNbOs)
nonlinear waveguide (HC Photonics) that creates pairs of photons through the process of spontaneous parametric
down-conversion. All the guided light at 785.2 nm is blocked with a Silicon filter (F). The photon pairs are separated
with two circulators and two fiber Bragg gratings (FBG). The first FBG reflects the photons at 1573.0 nm (AA=1.0
nm) and transmits all the other wavelengths. The second FBG reflects the photons at 1567.8 nm (AA=1.0 nm).
The photons are sent to their respective receiving stations through standard communication optical fibers.

The fibered Michelson interferometers have arms of different lengths. The path-length difference is the same in
both of them (I=267 mm or 7=1.3 ns). This is much shorter than the coherence length of the pump laser (I=23
m), allowing one to detect an entangled state when both photons pass through the same arm at their respective
interferometers. At the same time, this is much longer than the coherence length of the single photons ({=2.47
mm), so there is no single-photon interference, and no phase-dependent variations in the single rates are observed.
To compensate for birefringence effects in the arms of the interferometers (i.e. to stabilize polarization), Faraday
mirrors (FM) are used.

The photons are detected by single-photon InGaAs avalanche photodiodes (APD) (id Quantique, id201). The
quantum efficiency is 10% and the dead time is 10 us. The photodiodes are operated in the gated mode with a
repetition frequency of 1 MHz and a gate width of 100 ns. The measured single count rates for the detectors at
Satigny and Jussy were 5.0 and 4.1 kHz, including 0.7 and 1.1 kHz of dark counts, respectively. A trigger signal is
sent from Geneva to both detectors so as to open the gates synchronously. This improves the chances of having a
coincidence detection. Each time the single-photon APDs detect an event, a classical optical signal is sent back to
Geneva, where it is detected by a p-i-n photodiode and then sent to a time-to-amplitude-converter (TAC) that takes
one of the signals as start and the other as the stop, measuring the difference in their arrival times. Coincidences in
the arrival times between events coming from different detectors indicate that those photons passed either through
the short-short or the long-long paths in the interferometers. The other two non-interfering possibilities (photons
that passed through different arms — short-long or long-short paths) are discarded using a discriminator with a
narrow window (600 ps).

The same fibers are used to send the trigger signal to the APDs and the detection signal back to Geneva. These
are the classical channels shown in detail in Supplementary Figure 2. In the classical channels, the lasers at both
ends of the fibers have different wavelengths (1550 nm and 1310 nm) and Wavelength Division Multiplexers (WDM)
are used to separate the signals. These fibers are not the same ones that send the single-photons to the APDS
(quantum channels in Supplementary Figure 1).

During each run of the experiment we continuously monitored both the single count rates (as a check of the
stability of the entire setup) and the coincidence count rate. The average coincidence rate was 33 coinc./min. and
the number of accidental coincidences 2.5 coinc./min.

The phase scan

To change the temperature and scan the phase in one of the interferometers, a voltage ramp is applied to its
temperature controller. The temperature decreases regularly for several hours and is then heated quickly at the
end of the ramp. This process was repeated during several days. The end of the cooling ramp stops the phase scan
for several minutes making impossible to obtain arbitrarily long measurements of uninterrupted fringes.

The bound for Vg is higher for shorter fringe periods T'. To reduce the time T, one should increase the rate of
the phase scan (more degrees per unit of time). Unfortunately, with a higher rate, the number of coincidences per
minute diminishes, hence, the slope of the temperature ramp was adjusted so as to obtain a compromise period of
T=360s.

The visibility fit

Long measurements of interference fringes with short fringe periods are usually very difficult to fit continously
because slight variations in the period of the fringes can hinder the whole fit. To calculate the visibility values
shown in Figure 4 of the article, we used a sinusoidal fit with an approximate length of one and a half fringes. This
fit was displaced one point at a time throughout the entire measurement, fitting all the fringes. In a few cases, a
fit gave a visibility value that differed considerably from the values given by the fits preceding it and following it.
Two consecutive fits only differ by one point and visibility only has meaning when at least one fringe is involved,
therefore this could not be due to a change in the visibility but instead because of an artifact of the fitting program.
Taking the median of the ten values (less than a fringe) around each point and doing this for all the points of the
measurement, we obtained the visibility values for all the interference fringes.
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Supplementary Discussion - Theory

An expression for j)(t)

We denote by « the angle between the z-y equatorial plane and the direction A-B (see Figure 1). The unit vector
eap in the A-B axis has a fixed component along the z direction, and a component in the z-y plane that rotates
with an angular velocity w: eap(t) =sinae, + cosaeyy(t).

The speed v (or 3 = v/c¢) of the Earth frame in frame F can also be decomposed along the z axis and in the
z-y plane: 8 = fBcosxe, + [ sinxefy.

By choosing the origin of time such that ey, (t) - efy = coswt, one gets:

Byt) = PB-ean(t)

= fcosxysina+ Bsiny cosacoswt . (1)

Upper bounds for |§|(t)| during a period of time T

Consider, as a case study, the function f(t) = A — B coswt, for two parameters A, B € R.

For a given T > 0 (such that wT < 7), we want to find an interval It of length T, during which we can upper
bound f(¢) by the smallest possible value. A rigorous analysis gives the following results, where three cases must
be distinguished (see Supplementary Figure 3 for a schematic representation of the three cases):

o If |A| < |B|cos? 4L, then there exists I7, such that for all ¢ € I,

T T
lf@)] < \/BQSinQQ;—AQtaﬂwQ
T
< BQ—AQ%. (2)

o If |B|cos? ¥L < |A| < |B|cos? 2L, then there exists Ir, such that for all t € I,

FOF < (Bl -[A]. (3)
e If |A| > |B|cos? ¥L, then there exists I7, such that for all ¢ € I,
wT
£ < 141~ 1Bleos“T (@)

For A = Bcosxsina and B = —fsin y cosa, we get f(t) = 3)(t), to which we can apply the previous results.
The bound (2) being also valid in the second case above, we grouped the first two cases to simplify the discussion,
and thus obtained the two cases mentioned in the text of the Letter. Note that, since in our experiment we have
wT < 1, the second case above is actually negligible.
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Single-photon entanglement is a simple form of entanglement that exists between two spatial modes
sharing a single photon. Despite its elementary form, it provides a resource as useful as polarization-
entangled photons and it can be used for quantum teleportation and entanglement swapping operations.
Here, we report the first experiment where single-photon entanglement is purified with a simple linear-
optics based protocol. In addition to its conceptual interest, this result might find applications in long
distance quantum communication based on quantum repeaters.

DOI: 10.1103/PhysRevLett.104.180504

Entanglement purification provides a fascinating con-
ceptual viewpoint to gain insight into the properties of
entanglement. It can be used for the quantification of
entanglement in bipartite systems [1]. It may also be useful
in practical applications, e.g., in the context of long dis-
tance quantum communication where the direct transmis-
sion of photons through an optical fiber is limited by losses
and the no-cloning theorem. This can be overcome using
quantum repeaters [2], which require the creation of en-
tanglement over short links, the storage of entangled states
within these links, and entanglement swapping operations
to distribute entangled states over longer distances. In
practice, these operations introduce errors, limiting the
number of links that can be used. While the most immedi-
ate goal of outperforming the direct transmission may not
need purification, the entanglement distribution within
future quantum networks requires a larger number of links,
necessitating several purification operations [3].

Initial proposals by Bennett et al. [4] and Deutsch et al.
[5] for entanglement purification were expressed in terms
of quantum gates. For practical applications, e.g., in the
frame of quantum repeaters, it is important to keep imple-
mentations as simple as possible. For example, the protocol
presented in Ref. [6] and implemented as reported in
Ref. [7] requires linear optical elements only, and can
easily be integrated into quantum repeater architectures.
However, this last proposal is suited to the purification of
polarization-entangled pairs of photons whereas many at-
tractive quantum repeater protocols [8—10] and related
experiments [11,12] use single-photon entanglement, i.e.,
entanglement of the form [1),[0)5 + |0)4]1)5, where two
modes A and B share a single photon. First, these repeaters
are rather simple: they require significantly fewer resour-
ces than other protocols and are thus less sensitive to
memory and photon detector inefficiencies [3]. Fur-
thermore, these quantum repeaters are efficient since they
offer high entanglement distribution rates when combined
with temporal multiplexing [9]. The main drawback of
protocols based on single-photon detections is that, unlike
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protocols based on two-photon detections, they are inter-
ferometrically sensitive to path length fluctuations [13] that
are at the origin of phase errors. An active stabilization
system, such as the one reported in [14], would be required.
However, remaining path length fluctuations and addi-
tional phase noise coming from unfaithful quantum mem-
ories and imperfections in entanglement swapping
operations would likely require purification. Here, we re-
port the first experimental implementation of a protocol for
phase-error purification of single-photon entanglement
based on linear optics.

The principle of purification for phase errors (see
Ref. [15] for details) can be illustrated as follows. Alice
and Bob, two protagonists located at remote locations A
and B respectively, wish to share a maximally entangled
state r4” = G (11)al0)p + 10)411)5) = J5 (@’ + 1)]0),
but due to phase errors, they share a state which has an
admixture of the singlet state i

Pap = FIYLH Ll + (1 = Pl Xyl (1)

F is the fidelity of the shared state: if F = 1/2, the phase
information is lost and no entanglement is left while in the
case where F = 1, the state is maximally entangled. Note
that these phase errors are the most important. The empty
component [0)4|0)5 does not affect the fidelity of the
distributed state since the final step of single-photon pro-
tocols postselects the cases where there was a photon in the
output state [8]. The multiphoton components |1),|1)5 can
be greatly reduced using specific architectures [10].
Suppose that Alice and Bob share two copies of the state
described by (1), p,,p, with fidelity Fy and p,,,, with
fidelity F, (see Fig. 1). Alice and Bob both perform unitary
transformations on their modes a;, a, and b, b, respec-
tively: Alice combines the two modes a;, a, on a beam
splitter with an intensity transmission of 85% and Bob uses
a beam splitter with an intensity transmission of 15%. The
detection of a single photon by Alice in mode d, (or by
Bob in mode d,)), projects the modes a, b on a mixed state

© 2010 The American Physical Society
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FIG. 1 (color online). Scheme for entanglement purification of
single-photon entanglement. Alice and Bob share two entangled
single-photon states p, p,» Pg,p, [Of the form given in Eq. (1)]
with fidelity F'| and F,, respectively. While Alice combines the
modes a; and a, on a 15/85 beam splitter, Bob couples the
modes b and b, on a 85/15 beam splitter. The detection of one
photon in either d, or d, projects the modes @ and b into a
single-photon entangled state p,; with higher fidelity F.

p,; with fidelity [15]

F\Fy + F /2 + F,/2

F= )
1+ FF,+ (1= F)(1— F)

2

Remarkably, the state resulting from this simple operation
is substantially purified. As an example, if errors are of the
order of €,i.e., F| = F, = | — ¢, the purification protocol
divides them by a factor of 2,i.e., F = 1 — €/2 + o(€?).In
quantum repeaters the error is approximately doubled with
every level of entanglement swapping. The present proto-
col has the potential to significantly increase the number of
possible levels, and thus the achievable distance. Fur-
thermore, in principle, the protocol could be applied again
to the already purified states, and this process could con-
tinue as long as there are entangled states remaining,
obtaining an increasingly purified state at every step.
Note that the success probability for the purification pro-
tocol is p =1[1+ F\F, + (1 — F))(1 — F,)] which is
close to 1/2 for values of F; and F, that are close to 1.
Note also that the previously mentioned proposal [6] based
on polarization entanglement squares the errors, i.e., F =
1 — €2 + o(€?). We have shown that our scheme achieves
the optimal fidelity (see Ref. [15] for a detailed discussion)
for single-photon entanglement. This protocol reveals an
intrinsic difference between single-photon entanglement
and polarization-entangled photons.

The physics behind the purification is based on the
interference of two modes sharing a single photon and on
the bosonic character of indistinguishable photons. Single-
photon interference requires a stable setup. Phase oscilla-
tions need to be kept under certain control in order to apply
the purification protocol successfully. Indeed, there needs
to be some initial entanglement left to purify. For a kilo-
meter long interferometer, active stabilization would likely
be required. In our experiment, where interferometer arms
are 10 m long, phase oscillations are minimized by con-
trolling the temperature. Indistinguishability of the photons
demands a good overlap of the temporal, spectral, spatial
and polarization modes of the photons. Thus, the success-
ful construction and operation of an experimental setup
that provided both indistinguishable photons and high

visibility single-photon interference allows us, for the first
time, to demonstrate the purification of single-photon
entanglement.

The experimental setup is shown in Fig. 2. A Ti-
indiffused 7 wm wide waveguide in 25 mm long periodi-
cally poled (A =9.15 wm) lithium niobate (Ti:PPLN)
operated at 43 °C—monomode around 1.5 um wave-
length—creates degenerate photon pairs through the pro-
cess of spontaneous parametric down conversion. The
periodicity of A has been chosen to obtain “‘type-11"
quasi-phase-matching for orthogonally polarized signal
and idler photons. The waveguide is pumped by a
continuous-wave single-mode external cavity diode laser
at 780 nm (Toptica DL100). After the waveguide, the
remaining light from the pump laser is blocked by a silicon
filter. The signal and idler photons, with a spectral width of
3 nm (full width at half maximum) centered at 1560 nm,
both pass through the same narrowband filter with a band-
width of 1.3 nm reducing their spectral distinguishability.
The photons are then separated with a polarizing beam
splitter (PBS) and coupled into single-mode optical fibers.
Each photon is sent through a 50/50 coupler (BS1 and
BS2) to prepare the two-mode entangled states p,,,, and
Payb,- These states are then distributed between Alice and
Bob. They each receive two modes, one from each en-
tangled state, and combine them using couplers BS4 and
BS5, respectively. These last two couplers are manual
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FIG. 2 (color online). Experimental setup. Pairs of orthogo-
nally polarized photons are created by a waveguide-based
source, separated by a PBS and coupled into optical fibers.
Each photon passes through a 50/50 coupler (BS1 and BS2)
to create two-mode entangled states p, ,, and p,,,. Alice and
Bob each receive two modes, one from each state, and combine
them using 15/85 couplers (BS4 and BS5). Conditional on the
detection of one photon by either Alice or Bob, a purified single-
photon entangled state p; is created. The degree of entangle-
ment is measured using the 50/50 coupler BS3. Two noise
generators (¢, and ¢,) are used to reduce the fidelities F'; and
F, of p,p, and p,,p,, respectively. The phase ® is scanned using
a piezo to acquire an interferogram and thus estimate the fidel-
ities.
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variable-ratio evanescent wave
Instrumentation & Research Ltd).

Finally, for all measurements we use two single-photon
detectors: the heralding detector is a free-running
InGaAs/InP avalanche photodiode with homemade elec-
tronics [16]. Depending on the measurement, this detector
is at positions Dq, D, or D5 in Fig. 2. The quantum
efficiency is 10.2% with 1.3 kHz of dark counts for a
temperature of —50°C and a bias voltage of —48.5 V.
Its effective efficiency decreases as the number of singles
increases, since the detection rate is limited by a dead time
of 31 us. The triggered detector is an InGaAs avalanche
photodiode (idQuantique, id200) working in gated mode
and operated at an efficiency of 5.5%, 2.7 X 107> dark
counts - ns~! and a dead time of 10 us.

The efficiency of the photon pair source is determined
by calculating the number of photon pairs that are created.
We measure 15.5 kHz of singles at detector D, an effective
detector efficiency of 5.3% and a transmission of 0.077
between the waveguide and detector D;. We generate
approximately 4 X 10° pairs - s~! for a spectral width of
1.3 nm from a pump power of 16 mW at 780 nm. This is
equivalent to p = 3.2 X 1073 pairs per detection time
window of 7, = 800 ps. The detection time window is
the FWHM of the coincidence peak and it depends primar-
ily on the jitter of the single-photon detectors.

The degree of indistinguishability of the two photons
can be measured through the visibility of the Hong-Ou-
Mandel (HOM) dip [17]. If the photons were perfectly
indistinguishable, the number of coincidences would be
zero and the visibility of the HOM dip would be 100%. We
have estimated, using a simple model with discrete modes,
that the presented protocol requires overlaps between the
distributions associated to the modes a;, a,, b; and b,
above 90% to obtain a significant purification effect. The
temporal overlap between the modes is achieved by adjust-
ing the path lengths that each photon has to travel between
the PBS and the couplers BS3, BS4, and BS5. The spectral
overlap is ensured due to both photons passing through the
same narrowband filter. The use of single-mode fibers
guarantees the transverse spatial overlap. Lastly, the polar-
ization is controlled using the polarization controllers
shown in Fig. 2. After performing these adjustments, we
observed a HOM dip with the extremely high visibility of
Vdip = (Cmax - Cmin)/cmax = (990 * 03)%

To determine the degree of entanglement for p, ;, , we
measure the visibility V; of interference fringes. The visi-
bility is a good measure of the fidelity F;, = (1 + V;)/2 of
the state p, ;, since we postselect the cases where there is
at least one excitation in either a; or »; and since the
probability of multipair emissions is low, as confirmed by
the visibility of the HOM dip. To herald the creation of the
state p, 5, at coupler BS1, the photon reflected at the PBS
is not sent to BS2 but detected by D,. Its modes a;, b; are
sent to Alice and Bob, respectively, and then combined
using the auxiliary measurement interferometer (depicted

couplers (Canadian

as dotted lines in Fig. 2) that leads to coupler BS3 and
detected at D4. The path chosen by the single photon is
unknown, leading to interference fringes when the phase ®
of the interferometer is scanned. To scan this phase, we use
a circular piezoelectric actuator with optical fiber coiled
around it. A voltage ramp is applied to the piezo that
progressively expands, stretching the fiber and changing
the phase. To determine the degree of entanglement for
Pa,b,» the measurement is repeated, inverting the roles for
the transmitted and reflected photons at the PBS. We
measured the initial fidelity of p,, as F; =(97.8 =
0.2)% while p,,;, has a fidelity F, = (97.7 = 0.2)%. The
residual 2% is mainly due to path length instabilities (see
the supplementary information in Ref. [18]).

This purification protocol works for a wide range of
fidelities F| and F,, but it is at fidelities close to F| =
F, = 76% where the fidelity increase is greatest [15]. To
reduce the initial fidelities, we generate noise in a con-
trolled and reproducible way with two additional circular
piezos (¢, for state p,;, and ¢, for state p,,,,) that
vibrate at a frequency much higher than the integration
time of the measurement. This noise is independently
generated for each piezo. We chose a function that repro-
duces the Gaussian phase-noise distribution in a fiber, as
observed in real world networks [13]. Interference fringes
measured in one of the entangled states and the reduction
of the fidelity due to the noise generation are shown in
Fig. 3(a). After applying the noise, the fidelities reduce to
F; = (75.1 £0.8)% and F, = (75.0 = 0.7)%.

To prepare the purified state, the variable couplers BS4
and BS5 are adjusted to the intensity transmissions re-

1000 - noise generator on
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FIG. 3 (color online). Raw interference fringes observed while
the phase @ is being scanned. (a) Coincidences between detec-
tors D (herald) and D, corresponding to the state p,,,. Initially,
the fidelity is F, = (97.7 = 0.2)%. When the noise generator ¢,
is switched on, the fidelity decreases to F, = (75.0 = 0.7)%.
(b) Coincidences between detectors D3 and D, corresponding to
the purified state p,;. While both noise generators are on, the
fidelity is F = (79.6 * 1.1)%. These values are obtained after
the subtraction of accidental coincidences due to dark counts.
Even when they are not subtracted, a definite purification effect
can still be observed. The vertical lines mark every time the
voltage ramp reaches its end, reversing the scan direction.
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FIG. 4 (color online). Distribution of the fidelity measure-
ments. Probability densities P as a function of the measured
fidelities for (a) state p, ;, , (b) state p,,,, and (c) the purified
state p, ;. The corresponding mean fidelity and standard devia-
tion are given next to each distribution. The curves are Gaussian
functions with the same mean and o as the sample data. The
number of bins chosen is the optimal one using Scott’s principle
[22]. The agreement with the histogram can be seen by the fact
that the fitted curve passes through the center of most histogram
bars.

quired to apply the purification protocol [15], correspond-
ing to 85% for Alice and 15% for Bob (or vice versa).
Modes a; and a, are combined by Alice to form modes da
and d,, while modes b; and b, are combined by Bob to
form modes b and d,,. Conditioned on the detection of one
photon at d, (with detector D3), modes @ and b become
purified. To verify this, they are combined at coupler BS3
and detected at D,. Again, because we cannot know which
path the photons have taken, interference fringes are ob-
served when the phase ® is scanned [see Fig. 3(b)]. As
before, the fidelity F of the state p, ; is deduced from the
visibility of the fringes.

For each of the entangled states (p4,5,> Pa,5, and p; ),
measurements of several interference fringes were ob-
tained. Using sequential sinusoidal fits of approximately
two periods, we calculated the fidelities for all fringes. The
resulting distributions of fidelity values are represented in
Fig. 4. From each set of values, the mean fidelities Fy, F’,
and F were calculated. The given uncertainty values are the
standard deviations (o) associated with each distribution
[18].

After the implementation of the purification protocol,
we obtain a state p ; with fidelity F' = (79.6 = 1.1)%. The
improvement in the degree of entanglement, taken as the
difference between F and F 1, 1s as high as 4.5%. Note that
it has been shown in Ref. [15] that the optimal theoretical
value is of 5.7%. We believe that the remaining 1.2% is due
to phase fluctuations of modes and to the uncertainty in the
transmission of variable couplers [18]. As shown in Fig. 4,

the overlap between the distributions of initial and purified
fidelity values is negligible, leaving no doubt about the
influence of the purification effect.

Single-photon entanglement has been at the heart of a
lively debate [19,20]. Part of the controversy has been
solved by mapping single-photon entanglement into two
atomic ensembles and by revealing the entanglement be-
tween these ensembles [12]. Note also that entanglement
between four modes sharing a single photon has been
characterized by direct measurements of the optical modes
[21]. Our experiment further shows that single-photon
entanglement can be purified using linear optics. Looking
further ahead, this simple protocol could be useful in the
context of quantum repeaters.
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