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Introduction

Hybrid quantum information processing

In analogy to what has happened for classical signals with the digital and analog
paradigms, quantum information has developed along two traditionally separated lines.
One approach, referred to as the discrete-variable one, relies on quantum systems, such as
single photons, living in a Hilbert space of finite dimension [1]. The resulting state, called
a qubit, can be written as a superposition of two quantum states:

|ψ〉 = c0 |0〉+ c1 |1〉 . (1)

An alternative approach, referred to as the continuous-variable one, is based on wave-like
states belonging to an infinite dimensional Hilbert space [2]. Following this strategy, a
continuous-variable qubit can be defined as a superposition of classical coherent states in
the form of Schrödinger cat states:

|ψ〉 = cα |α〉+ c−α |−α〉 . (2)

In recent years, few groups, including the Quantum Networks Team at LKB, have tackled
the effort to combine these two traditionally-separated approaches, integrating continuous-
and discrete-variable tools and concepts in optical hybrid realizations [3]. These protocols
can overcome some limitations of the schemes taken individually or provide novel capabili-
ties. In that prospect the team has recently demonstrated a so-called hybrid entanglement
of light between particle-like and wave-like qubits to bridge the two approaches of quantum
information processing [4, 5].

Since then our team aims at exploring the uniqueness and benefits of hybrid entangle-
ment light and at harnessing this yet unexplored photonic resource to realize first advanced
protocols. This resource opens up the promise of heterogeneous quantum protocols and
networks where the two encodings can be combined or interconverted in the form best
suited for a particular process. In this framework, the goal of this thesis is to implement
for the first time quantum teleportation-based protocols with hybrid entanglement of light
for the transmission of quantum information between discrete- and continuous- variable
states, and the interconnection of remote quantum nodes of different natures in heteroge-
neous quantum networks.
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Context and outline

I joined the group of Prof. Julien Laurat as an intern in April 2017 and started
my PhD in October 2017. Four PhD students had preceded my arrival: Olivier Morin,
Kun Huang, Hanna le Jeannic, and Adrien Cavaillès. Each generation of PhD student
had an overlap of at least one year with the previous and the next ones as to enable an
efficient transfer of knowledge. Olivier Morin started his PhD in 2011 and installed during
his thesis two optical parametric oscillators (OPOs) for the generation of discrete-variable
and continuous-variable quantum states [6]. The conjoint work of Olivier, Kun and Hanna
led to the first realization of hybrid entanglement of light in 2014 [4]. During their thesis
Kun and Hanna developed the use of superconducting nanowire single-photon detectors
(SNSPDs) on our experiment [7], following a collaboration with NIST and JPL. They
extended the quantum engineering to more exotic non-Gaussian states [8, 9] and developed
for that purpose micro-controller-based digital locking techniques [10]. Adrien started
his PhD in 2015 and worked with Hanna for the first half of his thesis. Together they
implemented quantum information protocols where hybrid entanglement was for the first
time used as a resource in itself: the remote state preparation of continuous-variable qubits
[11] and a non-locality steering test [12]. Upon my arrival, the group had developed a
strong expertise in the engineering of hybrid non-Gaussian resources [13]. The experiment,
which involved at that time two OPOs and two SNSPDs, was fully operational at the
beginning of my PhD.

The start of my project in 2017 coincided with the arrival of Giovanni Guccione who
pursued a Marie Curie post-doc fellowship in our group. The goal of our team at that time
was to extend the range of protocols in which hybrid entanglement could be employed,
and in particular, we targeted quantum teleportation protocols, the implementation of
which required a significant progress in experimental resources. This experimental effort
included the installation of a cryocooler that our group acquired in 2017 to increase our
single-photon detection capability. During the first two years of my PhD I worked with
Adrien and Giovanni. It enabled an efficient transfer of experimental skills. Together, we
designed and implemented an entanglement-swapping protocol with hybrid entanglement
of light [14]. This scheme, based on a time-multiplexed use of the two OPOs and SNSPDs,
enabled the demonstration of the protocol with minimum resources. Still it required a
significant improvement of the setup with the addition of a 15-m long free-space delay
line and a reorganization of the light paths. The experiment, which was employing all the
resources available in our lab at that time, has been an excellent training for me. After
these two years I could be entirely autonomous in the lab.

After this project, Adrien and Giovanni concurrently left the group in February and
May 2019 and I had to lead the experiment on my own. In parallel, Julien followed a
sabbatical research program in the group of Jeff Kimble at Caltech from August 2019 to
December 2019. I took that opportunity to finish the installation of a cryocooler on which
I was working on in parallel to the swapping experiment. In the summer of 2019 we had
an operational cooling system with which we could double the number of single-photon
detector available for our experiment. The installation of the cryocooler was directly
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followed by the building of a spectral filtering system inclusive of a home-made 400 µm
long bulk micro-cavity, and a coincidence detection system.

After the increase in single-photon detection capability, an increment in the number
of single-photon sources was required in order to perform experiments involving simul-
taneously - at least - three independent quantum states. To that end I built a second
triply-resonant type-II OPO for our experiment. This was an important challenge as the
design we developed, based on the tilting of the crystal in the cavity, had never been
attempted before, and it was not trivial at all that the three optical parametric oscillators
could then be employed simultaneously on our experiment. Though interrupted for several
weeks by the simultaneous failure of both our laser and cryocooler which I had to repair
myself, the first development of this source from January to March 2020 gave very promis-
ing results where we could achieve the concurrent operation of our three OPOs in parallel.
This was opening the way to the implementation of even more ambitious protocols.

Unfortunately, in March 2020, our experimental research activity had to stop because of
the first lockdown in France which lasted three months. I took the opportunity, during that
time, to study theoretically the next protocol we were targeting: the quantum teleportation
from a discrete-variable to a continuous-variable qubit via hybrid entanglement. This
protocol could not be achieved in our previous scheme involving a delay line, and we
were very enthusiastic to implement it with our novel resources. In parallel, I worked
on a collaboration with the group of Radim Filip who developed a new benchmark for
single-photon sources that we adapted to the heralded single photons generated from our
OPOs [15]. These theoretical works on hybrid teleportation have been very fruitful for us
as we developed an efficient procedure for the generation of discrete-variable qubits that
we would certainly have missed otherwise. After these three months I was totally ready
to go back in the lab and finish the last developments that were required to perform the
protocol. The activity in the lab was only partially recovered for the next months, but
the team adapted the schedule so that I could work on the project as much as possible.
I am very grateful to them. By the beginning of July 2020 the experiment, which had
misaligned during the confinement, was back on the state where we left it in March 2020.
To compensate for that delay my thesis contract had been extended for nine months.

Yet, even with all the experimental resources at hand, operating a complex quantum
optics experiment, especially since we had almost doubled the experimental setup, was
very challenging to perform on one own. Very luckily our team was joined by Beate
Asenbeck who started her PhD in October 2020. Together we finished the calibration of
the experiment and, by January 2021, we succeeded in demonstrating the hybrid quantum
teleportation from discrete- to continuous-variable qubits. This setup was involving all the
resources initially available on the experiment supplemented by the ones I had built, almost
from the ground up, during the last two years of my PhD.
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For clarity the manuscript is organized in a chronological fashion:

• Chapter 1 introduces the conceptual ideas required for the understanding of the
thesis. We first motivate the development of quantum technologies in order to supple-
ment current, classically-limited, devices. Following the superposition principle, we
present how quantum information can be encoded in either discrete- or continuous-
variable quantum states and define the mathematical tools required for their de-
scription. We introduce in the same manner quantum entanglement, which is at the
heart of our work, and is essential for the development of quantum-enhanced tasks.
We finally proceed to the theoretical presentation of the quantum teleportation and
entanglement swapping protocols in the framework of heterogeneous quantum net-
works addressed in this thesis.

• Chapter 2 focuses on the basic experimental tools we employ in our lab for the
engineering of non-Gaussian quantum states. We first describe the optical parametric
oscillators which show a very large escape efficiency thanks to a semi-monolithic
design. They enable the production of either single-mode or two-mode squeezing for
the generation of high purity continuous- and discrete-variable states. We present
the superconducting nanowire single-photon detectors that are used in our work for
the heralding of events with their initial operating cryogenic system. These detectors
show record system detection efficiencies with minimum dark counts.

• Chapter 3 presents the basic protocols realized with our optical parametric oscil-
lators and superconducting nanowire single-photon detectors for the generation of
discrete- and continuous-variable quantum states. These two schemes are combined
in a setup where hybrid entanglement between discrete- and continuous-variable
qubits is created by mixing the two heralding modes in an indistinguishable fashion.
We also present in this chapter the benchmark we developed in collaboration with
the group of Radim Filip, called Fock-state bunching capability, which studies the
ability of experimentally generated single photons to follow extreme multi-photon
interference. This chapter concludes the introduction of the experimental tools and
protocols we employ in our lab for quantum state engineering.

• In Chapter 4 we theoretically introduce the hybrid technique we developed for the
implementation of a Bell-state measurement, which is central to the success of the
teleportation protocols we will perform in this work. This Bell-state measurement
combines experimental techniques from both the discrete- and continuous-variable
paradigms, namely photon counting on a single-photon detector and quadrature
conditioning on homodyne detection. After discussing the interest of this technique
for hybrid quantum teleportation, we study theoretically, taking into account ex-
perimental imperfections, the performance of the Bell-state measurement for both
quantum teleportation and entanglement swapping. We finally describe the imple-
mentation of this new technique with our experimental resources.
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• Chapter 5 presents the first protocol we demonstrated in this work, namely entan-
glement swapping with hybrid entanglement of light. After motivating the interest of
this scheme in the framework of heterogeneous quantum networks, we present the ex-
perimental setup based on the time-multiplexed use of two OPOs and two SNSPDs.
By consecutively using the same OPOs, we first create single-photon entanglement
and store one of its mode in a free-space delay line. This mode is brought to in-
terfere, after an appropriate delay, with the DV mode of a hybrid entangled state.
Upon success of the Bell-state measurement, a new hybrid entangled state is created
between two modes which never interacted. All the involved states are characterized
by two-mode quantum state tomography to assess the amount of entanglement. We
then study theoretically the performances of the swapping protocol for the propa-
gation of hybrid entanglement in heterogeneous quantum networks. In the end we
present the limitations of the setup involving two OPOs and two SNSPDs only.

• In Chapter 6, following the analysis of the entanglement swapping scheme, we de-
scribe the two major assets that have been added to the experiment during this thesis,
i.e. a type-II OPO based single-photon source and a cryocooler for the operation
of four SNSPDs. We present the challenging task of operating two triply resonant
simultaneously on a single experiment and describe the protocol we will employ for
the generation of high purity discrete-variable qubits using this new OPO. We intro-
duce the design and assembly of the cryocooler and study its performances for the
operation of four independent SNSPDs. We finally present an improved method for
the detection of coincidences between different detectors.

• Chapter 7 concludes our work with the demonstration of quantum teleportation
from a discrete-variable qubit to a continuous-variable qubit. We first create the
discrete-variable input from the OPO we built, then herald independently hybrid
entanglement, and conclude the protocol by the application of the hybrid Bell-state
measurement. Both the input and output states are characterized by single-mode
quantum state tomography and the success of the protocol is assessed by the measure
of a fidelity of teleportation above the classical bound. We study the interest of our
post-selection-free experiment in the context of heterogeneous quantum networks
and propose some extension of the scheme to other quantum encodings.
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Chapter 1

Teleportation-based protocols in
heterogeneous quantum networks

This chapter presents the conceptual ideas central to this thesis. We first introduce the
field of quantum information processing in which the development of quantum technologies
is nowadays surpassing classically-limited tasks. Then, we present the two paradigms for
the encoding of quantum information using discrete- or continuous-variable states. After
recalling the properties of entanglement and its use in quantum networks, we will describe
the protocols of quantum teleportation and entanglement swapping, which are key building
blocks of quantum repeaters and long distance communication in heterogeneous quantum
networks.

1 Quantum information science and technology
Quantum information processing is, by definition, the use of the laws of quantum

mechanics - such as superposition and entanglement - to process information in a more
efficient way than what is possible with devices governed by classical physics [16]. This
field of research historically emerged a few decades ago to overcome the growing limitations
of classical processors, and is now developing a second generation of quantum-enhanced
technologies, with applications in communication, computing and sensing.

1.1 The limits of classical information processing

The development of classical information processors is nowadays facing several obsta-
cles requiring the emergence of novel technologies. First, the reduction of the size of the
classical processors leads to the requirement of taking into account quantum effects that
start becoming significant at the scales involved. Second, classical computation seems
to be unable to solve efficiently certain classes of problems that could be useful for the
development of science and technology. Finally, classical processors fail at simulating even
simple quantum systems, such as molecules, since the number of operations required scales
exponentially with the number of particles involved.
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1.1.1 Reducing the size of the processors

Moore’s law [17] describes the empirical regularity of the number of transistors in
integrated circuits to double approximately every two years. Following this trend, the
reduction of the size of the processors, from about 10 µm in 1971 to sub-nanometer scale
expected around 2025, leads to the emergence of new physical quantum phenomena which
need to be taken into account for the design and operation of new generations of processors.
As envisioned by Richard Feynman at the American Physical Society meeting in 1959 [18]:
“When we get to the very, very small world we have a lot of new things that would happen
that represent completely new opportunities for design. Atoms on a small scale behave like
nothing on a large scale, for they satisfy the laws of quantum mechanics. So, as we go
down and fiddle around with the atoms down there, we are working with different laws,
and we can expect to do different things”. The classical processors will thus naturally be
limited as they approach the quantum world, and new technologies, ideally based on these
quantum phenomena, should be employed in replacement. It turns out that quantum
processors offer much more than smaller and faster processors.

1.1.2 Computational complexity classes

In computer science, problems or tasks are sorted into complexity classes, which are
collections of computational problems that share some common features with respect to
the computational resources needed - such as time or memory - to solve those problems
[19]. The two most important classes are called P and NP, where P is the class of
computational problems that can be solved quickly on a classical computer while NP
is the class of problems that have solutions that can be quickly checked on a classical
computer. Even though if it not clear whether these two classes are different or not, there
are some tasks, such as finding the prime factors of an integer, that appear to belong, for
now, in the class NP but not P.

Quantum complexity classes can be defined similarly. The BQP class is defined as the
class of all computational problems which can be solved efficiently on a quantum computer.
It has been proved that BQP contains P [20], i.e. all quantum computers can solve all the
problems that classical computer can solve. Quantum computer can thus, on first sight,
solve NP problems more efficiently than classical computers. An emblematic example is
the Shor’s algorithm which enables the factorization of prime numbers in a polynomial
number of operations [21].

1.1.3 The failure to simulate quantum systems

The computational power required to even describe a quantum system scales expo-
nentially with the number of its constituents. For instance, the description of a simple
quantum state composed of N spin-1/2 particles requires the evaluation of 2NHilbert space
coefficients, which is in practice impossible to achieve with a classical computer if N is
larger than 50 [22]. This makes very unpractical the simulation of basic elements, such
as molecules or condensed matter systems. The strategy proposed by Feynman already
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in 1982 [23] is to employ for the simulation alternative quantum systems in which the
interactions can be engineered to the task at hand. The description of quantum systems
thus requires by itself the development of quantum information processing for the design
and engineering of such quantum simulators.

1.2 Towards quantum-enhanced applications with quantum technologies

Following the first quantum revolution, which enabled the development of lasers and
transistors in the second part of the 20th century, a second quantum revolution is now ac-
tively employing quantum mechanics to develop new technologies by engineering quantum
states for novel purposes [24]. Quantum technology delivers useful devices and processes
based on quantum principles such as quantization, uncertainty principle, tunneling, de-
coherence, quantum superposition and entanglement, the latter two being the ones of
interest for this thesis and will be presented in details in the following sections. As pre-
sented in Figure 1.1, the field of quantum technology is usually divided in four domains
[25]. First, quantum communication where individual or entangled photons are employed
to transmit data in a conceptually, completely secure, way; second, quantum computation
where quantum effects can be harnessed to speed up some calculations and optimization
tasks; third, quantum simulation where well-engineered quantum systems are used to re-
produce the behaviour of others; and fourth, quantum sensing and metrology where the
high sensitivity of quantum states is exploited to enhance the measurement of physical
quantities.

1.2.1 Quantum communication

Quantum communication [26] is based on the propagation of quantum states of light,
such as single photons, quantum superpositions of states or entangled states. Many ap-
plications ranging from ultra-secure quantum cryptography [27, 28], the interfacing of
remote quantum systems [29, 30, 31], or even the transfer of quantum states between two
physical systems of different natures [32, 33, 34, 35], are now surpassing proof-of-principle
experiments in academic labs to give rise to the development of real-life applications and
commercial solutions [36].

1.2.2 Quantum computation

Quantum computing consists in the processing of information in a massively parallel
way using superposed or entangled states within quantum processors running quantum
algorithms. These processors are implemented nowadays using a range of competitive
physical systems, and so far, many elementary instances of quantum algorithms have been
demonstrated [37, 38, 39, 40]. Yet, the development of a fully featured universal quantum
computer, where the control and error-correction of about 100 logical qubits is required,
imposes a major scalability challenge comprising the integration of a large number of qubits
and error correction codes [41]. The efforts that are nowadays growing from academic labs,
start-ups [40, 42] and large companies [38, 39] with a variety of physical systems, are a clear
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(a) (b)

(d)(c)

Figure 1.1: Quantum technologies of the second revolution. (a) From [39]. Pho-
tograph of the Sycamore superconducting quantum processor from Google AI composed
of an array of 54 qubits. (b) From [43]. The sensitivity of gravitational wave detectors
can be enhanced by employing quantum squeezed light. (c) From [28]. Illustration of the
Micius satellite enabling entanglement-based secure cryptography over 1200 km. (d) From
[44]. Engineered two-dimensional array of single Rydberg atoms for quantum simulation.

sign that large scale quantum computation is considered as a challenging but potentially
rewarding goal.

1.2.3 Quantum simulation

As introduced earlier, quantum simulation consists in the use of an experimental system
following the rules of quantum physics, called quantum simulator, to imitate an interacting
system with many degrees of freedom. Such systems can be observed in many branches
of science, including condensed-matter theory, quantum statistical mechanics, high-energy
physics, cosmology, atomic physics or quantum chemistry [22]. Interestingly, a quantum
simulator might be less challenging to build as compared to a quantum computer, as the
more modest tasks to-be-simulated do not necessary need a knowledge of the complete
many-body wavefunction, but rather specific physical quantities where error correction
may therefore not be needed. There are nowadays many physical platforms which enable
the broad engineering of the parameters of the simulated model, as well as the control of
the preparation, manipulation and detection of the states of the system. Among them are
Rydberg atoms [44], ultracold quantum gases [45], trapped ions [46] or photonic platforms
[47].
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1.2.4 Quantum sensing and metrology

By definition, a sensor is composed of a probe interacting with an appropriate sys-
tem, the properties of which are of interest, and that changes the state of the probe.
The measurements of the probe then reveal the characteristics of the desired system. In
quantum-enhanced sensors [48, 49], the probe is generally prepared in a particular non-
classical state, which can be a superposition of states, a quantum state with reduced noise,
or an entangled state. The best classical sensors are limited by a precision that depends
to the square root of the number of particles in the probe - known as the Standard Quan-
tum Limit - while the best quantum sensors can in principle attain a precision that scales
linearly with the number of particles in a suitable entangled state, known as the Heisen-
berg limit. Sensors of this quantum type can be implemented either in the optical domain,
with, for instance, applications in the detection of gravitational waves [43, 50]; with atomic
systems for clocks [51] or gravimeters [52]; and finally using spin-based [53, 54, 55] or op-
tomechanical systems [56] for the precise detection of electric fields and other physical
quantities.

The development of quantum technologies along these four directions has now passed
the efforts in basic science only. Novel, quantum-enhanced tasks, are in intense develop-
ment phase, with many actors in academia, start-ups and large companies. The interest
and applications of these new technologies seems to go much beyond the interest of sole
fundamental science, with many competing research programs emerging nationwide and
even at continental scales.

2 Quantum states and encodings

Following the introduction of quantum information processing and quantum technolo-
gies, we now turn to the key elements of these research fields, i.e. quantum states and
encodings. After introducing the properties of quantum superposition, we describe the two
separate encodings of quantum information that have historically emerged, based either
on discrete- or continuous- quantum variables. Finally we present the theoretical tools
used in this thesis for the description of the quantum states.

2.1 Quantum superposition

The quantum superposition principle plays a central role in quantum information, and
is at the heart of most of the Gekanden experiments and the "paradoxes" of quantum me-
chanics. To present its essence, let us go back to the double-slit experiment [57], considered
at the "heart of quantum mechanics" [58], and elected by the readers of Physics World as
the most beautiful experiment in physics to date [59]. The experiment is composed of a
source, a double-slit and an observation screen. An interference fringe is visible on the
screen, even when the particle are transmitted one by one, as long as it is not possible
to infer through which of the two slits the particle passes. Thus, quantum mechanically,
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the state of the system can only be described as a coherent superposition for the two pos-
sible configurations with either one of the two slits opened. It is important to note that
"the absence of any such information is the essential criterion for quantum interference
to appear" [60, 61].

Beyond its fundamental significance, the superposition principle can be used to encode
information in superpositions of discrete or continuous quantum states. In the following
we describe these two approaches of quantum information.

2.2 The discrete-variable approach

In classical information processing, the information is encoded digitally in the form of
elementary system called bits which carry two possible values "0" or "1". Quantum infor-
mation can be encoded, thanks to the superposition principle, as a coherent superposition
of two orthogonal quantum states |0〉 and |1〉 in the form of a qubit:

|ψ〉 = c0 |0〉+ c1e
iθ |1〉 . (1.1)

The encoded information is given by the real amplitudes c0 and c1, following the relation
|c0|2 + |c1|2 = 1, and θ, which is the relative phase between the two quantum states. As
the computational basis {|0〉 , |1〉} is composed of a finite number of elements, i.e. the
quantum state |ψ〉 belongs to a Hilbert space of finite dimensions, we say that the basis
is discrete.

Discrete-variable basis can be generated from any two orthogonal eigenstates of ob-
servables of a single quantum system. In practice, it can be emulated by the presence or
the absence of a photon - that we call Fock basis -, the polarization of a photon, the spin
of an electron, or the current in a superconducting loop [3].

It is often useful to represent the quantum state on the surface of a sphere, called Bloch
sphere [19]. As shown in Figure 1.2, this sphere has a unit radius, which corresponds to
all the possible pure states. Opposite points represent a pair of mutual orthogonal states.
The north and south poles of the sphere represent the states |0〉 and |1〉 respectively. In
the general case, the qubit can be written using the spherical coordinates (φ, θ):

|ψ〉 = cos
(
φ

2

)
|0〉+ sin

(
φ

2

)
eiθ |1〉 . (1.2)

Any unitary evolution of the state Û will then correspond to a rotation of the qubit on
the Bloch sphere.

The superposition principle thus enables to encode information on superposition of
eigenstates of discrete observables. A second quantum encoding can be defined equivalently
from observables which have a continuous of spectrum eigenvalues.
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|ψ〉

|0〉

|1〉

z

y

x
θ

φ

Figure 1.2: Bloch sphere
representation of a qubit.
The state of a two-level quan-
tum state can be represented
as a point in a sphere. It is
characterized by its two spher-
ical coordinates (φ, θ). The
surface of the sphere with unit
radius represents all possible
pure states whereas the points
inside the sphere correspond
to mixed states.

2.3 The continuous-variable approach

2.3.1 Ideal continuous-variable states

An alternative representation of the discrete-variable approach is the encoding of a
state on the eigenvectors |x〉 of a continuous operator x̂ in the form of a qumode:

|ψ〉 =
∫ +∞

−∞
ψ(x) |x〉 dx, (1.3)

where the information is encoded in the complex wavefunction, or probability amplitude
density, ψ(x).

The operator x̂, and its conjugate p̂ can, for instance, be represented by the spin
variable of an atomic ensemble, the position and momentum of a mechanical oscillator, or
in the optical domain as the amplitude and phase quadratures of the field [3] defined as:

x̂ =σ0(â+ â†),

p̂ =− iσ0(â− â†),
(1.4)

with σ2
0 is the variance of the vacuum state, i.e 〈0| x̂2 |0〉 = σ2

0. â and â† are the annihilation
and creation operator respectively, defined as the subtraction or the addition of a photon
in the number state - or Fock state - |n〉:

â |n〉 =
√
n |n− 1〉 ,

â† |n〉 =
√
n+ 1 |n+ 1〉 ,

(1.5)

such that we recover the number operator n̂ = â†â with n̂ |n〉 = n |n〉.
The quadrature operators follow the commutation relation:[

x̂, p̂
]

= 2iσ2
0, (1.6)
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and, as conjugate observables, they follow the Heisenberg uncertainty relation:

∆x∆p ≥ σ2
0. (1.7)

Therefore, the quantum fluctuations of the field induce a fundamental noise, even for
vacuum.
Finally, we can define from x̂ and p̂ the the field quadrature operator at phase θ as:

q̂θ = x̂ cos θ + p̂ sin θ, (1.8)

with the quadrature operator eigenvalues given by:

q̂θ |q, θ〉 = q |q, θ〉 . (1.9)

Finally, a quantum state can be fully described by its projection along the orthogonal
quadratures, for example |x〉 and |p〉, to recover the wave-functions in phase space:

ψ(x) = 〈x|ψ〉 ,
ψ(p) = 〈p|ψ〉 . (1.10)

These wavefunctions are related by the probabilities of measuring a corresponding quadra-
tures, called the marginal distributions P (qθ) and defined as:

P (qθ) = |ψ(qθ)|2. (1.11)

2.3.2 The Schrödinger cat states

Similarly to a discrete-variable qubit which is encoded as a superposition of two orthog-
onal quantum states, a continuous-variable qubit can be defined as a superposition of two
orthogonal macroscopic "classical" states, such as coherent states. Such superpositions,
which represent an extension to the quantum states into the macroscopic world are often
called Schrödinger cat states as a reference to the Schrödinger’s gekanden experiment [62].
They are expressed in the form:

|catθ〉 = 1
Nθ

[
|α〉+ eiθ |−α〉

]
, (1.12)

where Nθ =
√

2(1 + cos (θ)e−2|α|2) is a normalization factor, and |α〉 is a coherent state
of amplitude |α|, with mean photon number |α|2. The coherent state is defined as the
eigenvector of the annihilation operator:

â |α〉 = α |α〉 , (1.13)

which can equivalently be seen as the action of the displacement operator D̂(α) = eαâ
†−α∗â

on the vacuum state, D̂(α) |0〉 = |α〉, leading to the expansion in the Fock basis

|α〉 = e−|α|/2
+∞∑
n=0

αn√
n!
|n〉 . (1.14)
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We can note that the definition of the cat state does not exactly follow the description
of Schrödinger who considered the entanglement of the macroscopic object to a quantum
system. For that reason, we prefer to use the name coherent-state superposition (CSS).

Two specific cases correspond to the terms of the superposition either in phase or out
of phase. In the first case, the state is a superposition of even photon numbers only, and
is called an even cat. In the second case the superposition is composed of odd Fock states
only, and the state is called odd cat:

|cat+〉 = 1
N+

(|α〉+ |−α〉) = 2
N+

e−|α|/2
+∞∑
n=0

α2n
√

2n!
|2n〉 ,

|cat−〉 = 1
N−

(|α〉 − |−α〉) = 2
N−

e−|α|/2
+∞∑
n=0

α2n+1√
(2n+ 1)!

|2n+ 1〉 .
(1.15)

When the overlap between the two orthogonal coherent states |〈−α|α〉|2 = e−4|α|2

is negligible (in practice, for |α| = 1 and |α| = 1.5 it amounts to 1.8% and 0.01% re-
spectively), we can define, from these two cat states, a coherent-state superposition basis
{|cat+〉 , |cat−〉} where any continuous-variable qubit can be written as:

|ψ〉 = c0 |cat+〉+ c1e
iθ |cat−〉 . (1.16)

It is important to note that this basis does not constitute an exact continuous-variable
approach, as the basis is still composed of a finite number of elements and the state still
presents a qubit structure. Yet such a type of states are proven to enable an exponential
speed up of computations in the framework of coherent state quantum computing (CSQC)
[63, 64]. Thus this "CV-like" basis offers in itself many applications that differ from
the discrete-variable approach, as exemplified by CV quantum computing [65], and CV
quantum sensing based on cat states [66].

After having introduced the quantum states and the two paradigms for encoding quan-
tum information, we now turn to the presentation of the mathematical tools that we will
employ in this thesis to represent and characterize these states.

2.4 State representation

If the state vector representation can be efficiently employed for the description of
pure quantum states, this description does not take into account the lack of knowledge
that an observer, such as an experimentalist, has on the quantum system. Instead, the
system shall be described as a statistical mixture of quantum states, which cannot be
depicted accurately with a wavefunction and thus a state vector. Here we will describe
two state representations which can completely describe a mixed quantum system: the
density matrix and the Wigner function. Even though these representations are typically
respectively employed for the DV and CV formalisms, there is conceptually no limitation
for employing a specific representation for a given state, so that in this thesis the two
representations will be used equivalently.
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2.4.1 The density matrix

Though the state of a quantum system is always perfectly defined by a state vector, the
lack of knowledge of the observer is modeled by writing the system as a statistical mixture
of states [67]. Namely, in practice, an observer measures a number of pure quantum states
|ψk〉 each with a probability pk. The density matrix of the statistical mixture is then
defined as the sum of the density matrices of the pure states |ψk〉 〈ψk| weighted by their
probability pk:

ρ̂ =
∑
k

pk |ψk〉 〈ψk| . (1.17)

Typically in this work, we will represent the density matrix in the Fock basis {|n〉}n:

ρ̂ =
∑
n,m

cn,m |n〉 〈m| . (1.18)

By definition, the diagonal terms |n〉 〈n| are called the populations while the anti-diagonal
terms |n〉 〈m| are called the coherences, characteristic of the quantum interference between
the different quantum states.

The mathematical properties of the density matrix are presented in Appendix A.

2.4.2 The Wigner function

As we have seen earlier, a quantum state can be described by its projections on quadra-
ture observables, from which the phase-space wave-functions can be returned. The cor-
responding marginal distributions can be recovered and represent the probability distri-
butions of measuring a given quadrature result. The Wigner function W (x, p) [68] is a
phase-space representation that can be seen as a root function from which all the marginal
distributions can be extracted:

P (qθ) =
∫
W (qθ, pθ)dpθ, (1.19)

with pθ the conjugate quadrature defined as p̂θ = −x̂ sin θ + p̂ cos θ.
The Wigner function represents a visual description of the quantum state where im-

perfections such as losses or phase noise can directly be seen in phase space. Contrary
to a classical phase-space representation, it can exhibit negativities, which are strong sig-
natures of the non-classicality of the state and define a class of non-Gaussian quantum
states [69]. This feature is purely quantum, so that the Wigner function is typically seen
as a quasi-distribution.

It is important to note that the density matrix and the Wigner function descriptions
are fully equivalent and correspond each to a complete characterization of the quantum
state, i.e. for a given mixed state, there exists a unique density matrix and Wigner function
associated, and conversely. The Wigner function can thus be calculated from a density
matrix ρ̂ by:

Wρ̂(x, p) = 1
2πσ2

0

∫
eipy/σ

2
0 〈x− y| ρ̂ |x+ y〉 dy. (1.20)
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Details on properties of the Wigner function and its calculations are given in the
Appendix B.

2.4.3 An example: the loss of a photon

To illustrate the importance of the density and Wigner representations, let us have
a look at a basic situation in a quantum optics experiment. Let us imagine that an
experimentalist generates a pure single photon described by a density matrix |1〉 〈1|. Then,
for practical reasons, this photon is lost in the environment with a probability of 50%.
This loss of photon is not inherent to the quantum state itself, which can still be described
by a state vector |1〉. But from his imperfect experiment, what is the state that the
experimentalist will measure ?

Following the density matrix representation, the state generated will be expressed in
the Fock basis as:

0.5 |0〉 〈0|+ 0.5 |1〉 〈1| = 1
2

(
1 0
0 1

)
(1.21)

that is an even statistical mixture of vacuum and single-photon. We note that the coher-
ence terms are null. The corresponding density matrix and Wigner function are shown in
Figure 1.3 (a).

Now let us calculate the density matrix obtained starting from a pure quantum state
written in the state vector representation as |ψ〉 = 1√

2(|0〉+ eiθ |1〉):

|ψ〉 〈ψ| = 0.5 |0〉 〈0|+ 0.5 |1〉 〈1|+ 0.5e−iθ |0〉 〈1|+ 0.5eiθ |1〉 〈0| = 1
2

(
1 e−iθ

eiθ 1

)
. (1.22)

We see here the emergence of coherence terms. The density matrix, and so the quantum
state, is thus fundamentally different to the state presented earlier. The density matrix
and Wigner function are given in Figure 1.3 (b). The coherences are here characteristic of
the quantum interference, and thus reveal the phase between the states |0〉 and |1〉, which
is seen directly in the rotational symmetry breaking in the Wigner representation.

From this comparison two conclusions arise. First there exist quantum states, which are
mere statistical mixtures, that cannot be described using the state-vector representation.
So that the relevant description of the experiments, in particular the inclusion of losses,
must be performed using the density matrix or the Wigner function formalism. Second,
generating a pure qubit, such as 1√

2(|0〉+ |1〉), experimentally requires subtle protocols to
create the coherences and encode information in its phase.

In this section we have presented the quantum states built from the superposition
principle, which defines two possible encodings of quantum information called discrete-
and continuous-variable. These quantum states can be described using the density matrix
and the Wigner functions formalisms, which are two equivalent state representations. In
the following we will introduce the fundamental concepts based on another fundamental
quantum feature: entanglement.
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(a) (b)

P P

X X

Figure 1.3: State representations of a mixed state. (a) Density matrix and Wigner
function of a fully mixed state |0〉 〈0| + |1〉 〈1|. (b) In comparison we present the den-
sity matrix and Wigner functions of a pure evenly weighted qubit |ψ〉 = |0〉 + |1〉. We
observe the apparition of coherences in the density matrix characteristic of the quantum
interference and a rotational symmetry breaking in phase space given by the qubit phase.

3 Entanglement

Entanglement is a purely quantum phenomenon occurring when, in a group of particles,
the quantum state of each particle of the group cannot be described independently of the
state of the others, no matter how distant the particles can be. In such an entangled
system, there exist correlations between physical observables of the distinct particles,
resulting in non-local actions, and the need to interpret the global system as an entity in
itself. Such a fascinating property, which is one of the main features of quantum mechanics,
is at the heart of our work. After recalling the historical considerations on entanglement
and non-locality, we will present how entanglement is experimentally characterized and
how it can be used as a resource in itself for quantum communication.

3.1 Historical approach: the non-locality of quantum mechanics

The surprising behaviour of entangled states has for the first time been underlined by
Albert Einstein, Boris Poldolsky and Nathan Rosen (EPR) in a thought experiment in
1935 [70] with the intent to refute the Copenhagen interpretation of quantum physics and
prove that "the description of reality as given by a wavefunction is not complete". The
EPR paradox was based on the idea that, when two entangled particles are sufficiently
separated, for the measurement of the first particle to be in accordance with the result of
the measurement of the second, either there would be an instantaneous influence between
the particle, a "spooky action at a distance", that would rule out local realism, or there
would exist local hidden variables that would determine the result of the measurement
prior the first measurement, i.e. when the entangled state is created, and thus prove that
the quantum theory is incomplete.

It is only only three decades later, in 1964, that John Stewart Bell discovered theoret-
ically that the principle of local reality was inconsistent with the predictions of quantum
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theory. He developed, to that end, an upper limit on the correlations obtainable by sys-
tem following local realism, called Bell’s inequality, and showed that certain entangled
states, which could be experimentally generated, could present a violation of local realism
[71]. From that point, the first violations of Bell’s inequalities have been observed exper-
imentally by Freedman and colleagues [72], with the first demonstration ruling out the
locality loophole by Aspect and collaborators [73] and more recently several loophole-free
experiments [74, 75, 76]. All the experimental results are in agreement with the non-local
description of quantum mechanics.

3.2 Two-party entanglement

Entanglement is mathematically defined in opposition to a certain class of quantum
states called separable states, i.e., the state of a global system {A,B} is written as the
tensor product of its constituents A and B:

ρ̂AB =
∑
k

pkρ̂Ak ⊗ ρ̂Bk . (1.23)

So, by definition, a non-separable or entangled state cannot be written as a product state,
hinting at the fact that the two modes cannot be considered independently.

For example, given two two-dimensional Hilbert spaces A and B, a quantum state
written as follows

1√
2

(|0〉A |1〉B + |1〉A |0〉B), (1.24)

is an entangled state. Interestingly, neither of the two particles carry a definite value. But
what is known is that as soon as one of the two modes is measured - the result of which
being completely random - the other one will immediatly be found in the corresponding
state. Quantum mechanically, this is a two-mode quantum superposition state which can
be observed experimentally if and only if there is not way to distinguish the two outcomes
|0〉A |1〉B or |1〉A |0〉B. Thus indistinguishability is a crucial condition for the production
and observation of entangled states.

Any two mode entangled state can be written as a superposition of the four states
forming a basis of two-mode entangled state, called Bell states defined as:∣∣∣Ψ+

〉
AB

= 1√
2

( |0〉A |1〉B + |1〉A |0〉B ),

∣∣Ψ−〉AB = 1√
2

( |0〉A |1〉B − |1〉A |0〉B ),∣∣∣Φ+
〉
AB

= 1√
2

( |0〉A |0〉B + |1〉A |1〉B ),

∣∣Φ−〉AB = 1√
2

( |0〉A |0〉B − |1〉A |1〉B ).

(1.25)

The notion of entanglement can be extended to more parties, in more exotic structures
such as graph states or cluster states [77, 78, 79, 80], but these considerations go out of
the scope of this thesis that focuses on two-party entanglement.
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3.3 Entanglement characterization: the negativity of entanglement

Several mathematical tools can be employed to characterize entangled states [81]. A
first strategy can consist in defining a functional, called an entanglement witness that
distinguishes a specific entangled state from separable ones. Another technique consist in
defining an entanglement measure, which is a entanglement monotone capable of quanti-
fying the amount of entanglement in the system. Since entanglement is a property which
depends on the nature of the states and the basis in which it is described, many tools and
quantifiers can be used to describe the entanglement [82].

In our work we will employ the negativity of entanglement [83], which is an entangle-
ment monotome specifically well suited for our study, i.e. applicable to mixed states for
both the discrete- and the continuous-variable approaches. The only disadvantages of this
quantifier is that it requires the full knowledge of the multi-partite density matrix, which
can sometimes be rather challenging to recover experimentally. This figure of merit is used
to characterize the quality of the protocols where the generation of entanglement is the
goal. It is defined as:

N (ρ̂AB) =
(
||ρ̂TAAB||1−1

)
/2, (1.26)

where ρ̂TAAB stands for the partial transpose of the two-mode density matrix ρ̂AB and ||X||1
is the trace norm defined as:

||X||1= Tr(
√
X†X). (1.27)

A more useful expression is given by considering the eigenvalues λi of the partial transpose
ρ̂TAAB:

N (ρ̂AB) = 1
2
∑
i

|λi| − λi. (1.28)

In the ideal case, the negativity of entanglement is upper-bounded to 0.5.
In experiments where the amount of entanglement is small, we might also employ the
logarithmic negativity of entanglement defined as:

EN (ρ̂AB) = log2(||ρ̂TAAB||1) = log2(2N (ρ̂AB) + 1). (1.29)

3.4 Entanglement as a resource for quantum technologies

In addition to its fundamental significance, entanglement has, in itself, become a fun-
damental resource for the development of quantum technologies. In quantum sensing,
entanglement is a necessary condition for surpassing the Standard Quantum Limit [84]
and thus beating the precision of classically-limited devices. Entanglement is a key re-
source for the establishment of one-way or measurement-based quantum computing with
cluster states [85, 86, 87]. In quantum communications, entanglement is central to the
implementation of cryptographic tasks such as entanglement-based quantum key distribu-
tion [28]. Very interestingly, untrusted sources or detection apparatus can be tested by
implementing some Bell tests [88, 89, 90], thus providing unconditionally secure - although
experimentally very challenging - device-independent protocols. Finally entanglement is
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(a) (b)

Figure 1.4: Heterogeneous quantum networks. (a) A quantum network as pictured
by Kimble in [91], composed of quantum nodes where quantum states are stored and
processed, and quantum links for the distribution of information. (b) A quantum network
is composed of a heterogeneous structure with discrete-variable (DV) and continuous-
variable (CV) quantum nodes.

fundamental for the establishment of long-distance communication in quantum networks,
as introduced in the following sections.

4 Heterogeneous quantum networks

Envisaged in 2008 by Kimble [91], a quantum network, or quantum internet [92], is an
architecture which enables the connection of remote quantum processors to provide new
opportunities in quantum communication [93], quantum computation [94] and metrology
[95, 96]. The development of such networks requires the implementation of quantum
repeaters allowing the end to end generation of entanglement and transmission of qubits
with quantum teleportation protocols. In this section we will present the basic components
of quantum networks and describe its central element, namely, the teleportation-based
quantum repeaters.

4.1 The architecture

As sketched in Figure 1.4 (a), quantum networks are composed of two key elements: the
quantum nodes - where quantum information is processed and stored - and the quantum
channels - which connect remote quantum nodes via quantum correlations in the form of
entanglement. We will present these two ingredients in detail and show how prospective
networks relying on different physical platforms and encodings will necessarily comprise a
heterogeneous structure.
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4.1.1 The quantum nodes

The quantum nodes, or end nodes, of a quantum network are composed of quantum
processors which can perform specific quantum enhanced tasks, ranging from the prepa-
ration and measurement of single qubits to large-scale quantum computing. Matter-based
qubits are particularly well-suited for that task as they allow, first, a robust storage of
information during the time needed for the establishment of entanglement between the
nodes, and second, the high-fidelity processing of quantum information. In these plat-
forms, the main scientific challenge is the ability to coherently control the light-matter
interaction at the single-photon level to convert quantum states from one matter system
to light, and conversely. Different physical matter platforms can be addressed to perform
photon-mediated entanglement generation - ideally at telecom wavelength. Among them
are atomic systems [97, 98], trapped ions [99], vacancy centers [35] or semiconductor quan-
tum dots [100]. In particular, our team at LKB is pushing experimental efforts towards
quantum optical interconnects allowing the reversible mapping of quantum states between
light and matter, either using elongated atomic clouds in free space [101], or at the vicinity
of nano-waveguides, such as nanofibers [102] or slow-mode photonic crystals [103].

4.1.2 The quantum channels

The quantum channel enables the physical connection between remote nodes for the
transmission of information. Light being an ideal carrier of information, photonic channels
establish quantum links between distant repeater stations or end nodes. These channels
can be performed either in free space (with satellites [28]), or using fiber-based links [104].
Yet, the quantum channels are inherently inducing noise, which modifies the properties
of the quantum state along its propagation. In this thesis we will focus mostly on two
sources of noise described in [19], which are the amplitude damping, an effect due to the
loss of energy from a quantum system, and which we will represent by transmission losses,
and phase damping, describing the loss of quantum information without loss of energy,
and that we will call phase noise.

The transmission losses can be modeled employing the beamsplitter operator [105].
The beamsplitter operator represents the coupling of two optical modes A and B following:

B̂(θ) = eθ(â
†b̂−âb̂†), (1.30)

with the reflection and transmission coefficients defined as:

r = sin θ, t = cos θ. (1.31)

The application of the beamsplitter operation can directly be performed by considering
the evolution of the creation operators of each mode:

â† → tâ† + rb̂†,

b̂† → tb̂† − râ†.
(1.32)
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ρ̂A

|0〉E

t =
√
η

TrE(ρ̂AE)

Figure 1.5: Model for transmissions losses. The quantum state ρ̂A is coupled to
vacuum in an environmental mode, |0〉E , with a beamsplitter of transmission t = √η.

The transmission losses can then be modeled by considering the coupling of a mode A
where a quantum state propagates ρ̂A with an environmental mode E. A beamsplitter of
transmission t = √η, where η is the efficiency of the channel, couples the state to vacuum
in mode E:

ρ̂A ⊗ |0〉 〈0|E
B̂(η)−−−→ B̂(η)(ρ̂A ⊗ |0〉 〈0|E)B̂†(η) (1.33)

and the lossy state is obtained by tracing out the reflected environmental mode:

ρ̂A → TrE(ρ̂AE). (1.34)

In the specific example of a single photon |1〉A propagating in the channel, we have:

|1〉A |0〉E →
√
η |1〉A |0〉E +

√
1− η |0〉A |1〉E , (1.35)

which gives by tracing out mode E:

|1〉 〈1|A → η |1〉 〈1|A + (1− η) |0〉 〈0|A . (1.36)

As we have seen earlier, we obtain, from the application of losses, a statistical mixture of
states, without any coherence.

The phase noise is modeled by considering the state as a mixture of states with
phases distributed as a Gaussian centered around a phase θ with a standard deviation of
δθ. This mirrors the observed deviation of phases during the data acquisition:

ρ̂θ →
1√

2πδθ

∫ +∞

−∞
ρ̂θ′e

− (θ−θ′)2

2δ2
θ dθ′. (1.37)

The phase noise affects only the coherences of the quantum state involved, and leaves
unchanged the populations of the density matrix.

Noise in quantum channels alter the quality of the protocols and limits the range at
which they can be extended, so that a great attention has to be put to reduce them as
much as possible. In some cases, the decrease of fidelity can be compensated by the use of
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photon heralding. Yet, the inherent losses inevitably reduce the communication rates over
the network. The reduction of losses and the increase of rates can be performed by con-
sidering more resilient and suited-to-the-task information encodings [106] and employing
a multiplexing of the channels [107].

4.1.3 A heterogeneous structure

Given the parallel development of different physical platforms based on the two quan-
tum encodings, it is fair to assume that future quantum networks will be composed of
interconnects between discrete- and continuous-variable nodes in an heterogeneous struc-
ture allowing full functionality (cf Figure 1.4 (b)). All the more since each quantum
encoding is well suited only for specific tasks. For instance the discrete-variable encoding
is well suited for the high-fidelity generation and processing of quantum states [1], but
the protocols that are implemented are mostly probabilistic [108], which makes them hard
to extend to large scales. On the other hand, continuous-variable systems enable the im-
plementation of deterministic protocols [2, 109]. However, continuous-variable states are
known to be much more challenging to transmit in quantum channels as they are more
sensitive to channel noise [110, 9]. Overall, a judicious use of the physical platforms, of the
encodings and protocols, should be performed to the task at hand, with the integration
of hybrid interconnects, that would allow the parallel involvement of all the actors of the
heterogeneous quantum networks in the most efficient manner [111].

We have thus presented the quantum network architecture comprising a heterogenous
struture composed of discrete- and continuous-variable nodes. In the following we will
address the quantum repeaters, which are another central element of quantum networks
and would enable long-distance quantum communication.

4.2 Quantum repeaters

Contrary to classical networks, quantum networks are fundamentally limited by the
no-cloning theorem that forbids the copy of any quantum state, and so its amplification
for long-distance quantum communication. A quantum approach has thus to be developed
to overcome the transmission losses encountered during propagation in the channels. To
that end, quantum repeaters [112, 113, 114] can be implemented by performing - at an
intermediate station between two end nodes - quantum teleportation between two entan-
gled states. These repeaters can be assisted by quantum memories for synchronization
and active protocols, such as entanglement purification, for error protection.

4.2.1 The no-cloning theorem

In their paper of 1982 [115], William Kent Wooters and Wojciech Hubert Zurek ob-
served that the linearity of quantum mechanics forbids the copy of any unknown quantum
state. This observation, today called no-cloning theorem is a purely quantum mechanical
behaviour that has many consequences in quantum computing, where the application of
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Figure 1.6: Quantum repeater for long-distance quantum communication. From
[116]. Two parties, Alice and Bob, are too remote for the direct establishment of entangle-
ment. The long distance is divided into several shorter links in which entanglement can be
distributed. The connection of the links is performed by entanglement swapping heralded
by a Bell-state measurement at the intermediate stations. For scalability, quantum mem-
ories are employed to synchronize the incoming photons prior the Bell-state measurement.
The operation is employed in cascade to longer links to finally entangle the two end nodes.

repetition error-correcting codes cannot be performed, and in quantum communication
with the unavailability to create network amplifiers. Although only based on the linearity
of quantum mechanics, the no-cloning theorem is of fundamental importance as it prevents
superluminal communication and is a necessary condition for the Heisenberg uncertainty
relation [16].

4.2.2 Quantum teleportation and entanglement swapping

Fortunately, the connection of nodes that would be too distant for direct entanglement
propagation can be performed by using quantum teleportation protocols in a quantum
repeater architecture as presented in Figure 1.6. Consider first two end nodes that would
be too distant to enable the transmission of a qubit. The quantum repeater would act as an
intermediate station, considering that the distance between each end node and the repeater
is small enough to allow direct entanglement propagation. In the procedure, entanglement
is first generated between the repeater and each end node. Then teleportation is performed
at the level of the repeater to entangle the two end nodes together. This procedure is called
entanglement swapping and is essential for the creation of entanglement over large distance.
Entanglement can then be propagated over larger distance by consecutive entanglement
swapping between several quantum segments located accordingly between the two end
nodes. Finally, once entanglement between the parties is created, quantum teleportation
can be employed to transfer any qubit between the two connected nodes.

After introducing several other considerations about quantum repeaters, we will present
in details, in the two next sections, the protocols of quantum teleportation and entangle-
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ment swapping, which are key features of quantum networks and that have been experi-
mentally implemented in a hybrid framework during this thesis. For now, let us continue
our description of the quantum repeaters.

4.2.3 Quantum memories

When looking at the quantum-repeater architecture, one of the key challenges is two
ensure that the two intermediate entangled states are generated simultaneously for the
swapping to occur. If this simultaneity can be performed efficiently when entanglement
is deterministically generated, synchronization tools are required when entanglement is
probabilistically create in heralded fashion. To that end, local quantum memories [117]
must be employed at the intermediate repeater node to store the first arrived entangled
mode and wait for the second entangled state to be created.

Not only quantum memories are fundamental synchronization tools required for the
implementation of world first’s quantum repeaters, but they are also at the center of
many classes of protocols for quantum memory networks, such as secure assisted quantum
computation [118], quantum secret sharing [119] and metrology devices synchronization
[95].

4.2.4 Entanglement purification

If entanglement swapping enables the connection of quantum nodes that would be too
distant for direct propagation, entanglement will inherently be altered by the noise of the
channels and the imperfections of the different operations. Thus, active protocols, such as
entanglement purification (also called entanglement distillation) [120] has to be performed
at the level of the end nodes to improve the quality of the entanglement connecting the
two systems. In the original proposal from Bennett and colleagues [121], highly entangled
states can be obtained out of a larger number of less entangled states (provided that
the quality of the initial pairs is sufficiently high), by performing local operations and
classical communication. Finally, by repeating the same procedure, always starting from
the state produced in the former purification step, it is possible to distil states of arbitrarily
high entanglement quality. The higher the quality desired, the more original of the less
entangled pairs are needed. Entanglement purification has been demonstrated for the first
time in 2001 [120] and has since been applied to various systems [122, 123], and has proven
to be an essential protocol for the development of fully operational quantum networks.

Elementary instances of quantum repeaters [124, 125, 126] and quantum networks [127]
have recently been experimentally reported. However, they do not yet incorporate all their
key ingredients in a single architecture, and a lot of experimental effort still has to be put
to develop fully fledged quantum internet with long-distance quantum communication.

Having introduced the quantum networks and repeaters architectures, we now turn to
the presentation of the protocols at their heart: quantum teleportation and entanglement
swapping.
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5 The teleportation of an unknown quantum state in a het-
erogeneous quantum network

Quantum teleportation is, by definition, the transfer through a classical channel of
an unknown quantum state between two nodes sharing entanglement. After the genera-
tion and distribution of entanglement between the two parties, an external system in an
arbitrary unknown quantum state - the one to be teleported - is measured jointly with
one mode of the entangled state. The result of this joint measurement, called Bell-state
measurement, is transferred throught a classical channel to the other half of the entangled
state who can, by applying a unitary transformation conditioned upon the measurement
outcome, recover the initial quantum state.

Quantum teleportation is one of the most important protocols of quantum information
processing, and is a crucial requirement for the development of many quantum technolo-
gies. As we have seen earlier, quantum teleportation of states is an essential tool for quan-
tum communication as it enables the creation of quantum repeaters [112] fundamental
for long distance quantum communication, and the implementation of scalable quantum
networks [92]. In the field of quantum computation, quantum teleportation enables the
reliable implementation of universal quantum computing [128] and measurement-based
quantum computing with cluster states [87, 85, 129].

In the following we will detail the properties of quantum teleportation, from the basic
principles of entanglement generation, Bell-state measurement and state recovery, to its
applications in heterogeneous quantum networks.

5.1 Principle

The scheme for quantum teleportation was originally proposed by Bennett and col-
laborators in 1993 [131] and is sketched in Figure 1.7. It is valid both for discrete- and
continuous-variable quantum states, so that in the following we will label the logical states
|0〉 and |1〉, where {|0〉 , |1〉} is the encoding basis which can stand for DV encoded states
(for example the Fock basis {|0〉 , |1〉}) or for CV encoded qubits (for example the CSS ba-
sis {|cat+〉 , |cat−〉}). The two parties, generally called Alice and Bob, share an entangled
state |Ψ〉AB. This state can be written:

|Ψ〉AB = 1√
2

(
|0〉A |1〉B + |1〉A |0〉B

)
. (1.38)

An unknown quantum state |ψin〉C is sent to Alice who wishes to tranfer it to Bob. The
unknown state is a qubit of the form

|ψin〉C = c0 |0〉C + eiθc1 |1〉C . (1.39)

If Alice does not use entanglement, any measurement performed by her will destroy
the quantum state at hand without revealing to Bob all the information necessary for him
to reconstruct the state. However when using entanglement an important property is that
as soon as a measurement is performed on one of the modes, it projects the other one on a
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A BC

Figure 1.7: Principle of quantum teleportation. From [130] . Alice and Bob share
an EPR entangled state labeled A-B. An unknown quantum state in mode C is given to
Alice who performs a joint Bell-state measurement (BSM). The result of the Bell-state
measurement is transmitted to Bob via a classical channel who recover a replica of the
original state by applying the unitary operation (U) corresponding to the result of the
Bell-state measurement.

correlated state. Instead Alice performs a joint Bell-state measurement between her mode
and the unknown state, even though her mode is not entangled with the unknown state
which is given to her.
Indeed the three-mode entangled state,

|Ψ〉ABC = 1√
2

(c0 |0〉C + eiθc1 |1〉C)⊗ (|0〉A |1〉B + |1〉A |0〉B), (1.40)

can always be expressed as a superposition of the four maximally entangled Bell states
which form an orthogonal basis:

|Ψ〉ABC = 1
2

[ ∣∣∣Ψ+
〉
CA
⊗ (c0 |0〉B + c1e

iθ |1〉B )

+
∣∣Ψ−〉CA ⊗ (c0 |0〉B − c1e

iθ |1〉B )

+
∣∣∣Φ+

〉
CA
⊗ (c1e

iθ |0〉B + c0 |1〉B )

+
∣∣Φ−〉CA ⊗ (− c1e

iθ |0〉B + c0 |1〉B )
]
.

(1.41)

Alice now performs a Bell-state measurement between modes A and C, namely, she projects
her two-mode state onto one of the four Bell states. As a result, Bob’s mode will be found
in a state directly related to the initial state. For instance, if the result of Alice’s Bell-
state measurement is

∣∣Ψ+〉
AC , then Bob’s state is in the input qubit state |ψin〉B. More
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precisely, any Bell-state measurement result on Alice mode project Bob’s state onto a
given unitary evolution of the unknown input qubit:

|Ψ〉ABC = 1
2

[ ∣∣∣Ψ+
〉
CA
⊗ |ψin〉B +

∣∣Ψ−〉CA ⊗ σ̂Z |ψin〉B
+
∣∣∣Φ+

〉
CA
⊗ σ̂X |ψin〉B +

∣∣Φ−〉CA ⊗ e−iπ/2σ̂Y |ψin〉B ], (1.42)

with σ̂X , σ̂Y , and σ̂Z the Pauli operators defined as:

σ̂X =
(

0 1
1 0

)
, σ̂Y =

(
0 −i
i 0

)
, σ̂Z =

(
1 0
0 −1

)
. (1.43)

Thus, Alice has to inform Bob on her measurement result via a classical channel, so that
he can perform the appropriate unitary evolution Û on his mode to recover the initial
unknown state |ψin〉B.

5.2 Comments and definitions

Following the description of the quantum teleportation protocol, three conclusions
arise:

• The unknown input state remains unknown during the entire teleportation proce-
dure to Alice, Bob, or any other party. The unknown state could thus be completely
undefined or part of an entangled state where it has no well-defined properties of
his own. In addition if Alice gained any information through her measurement, Bob
would not recover a perfect replica of the initial state.

• The input state does not remain in its initial state after the Bell-state measurement
is performed. The input state is destroyed at Alice’s side during the teleportation.
This ensures that the no-cloning theorem is not violated.

• Superluminal communication is prevented by the need to transfer classically the re-
sults of the Bell-state measurement. Quantum teleportation is therefore restricted
by the speed of light. Only the quantum information contained in the particle, and
not the particle itself is teleported.

Finally, several definitions have to be addressed depending on the implementation of the
protocol:

• If Alice is able to distinguish the four Bell-states, the Bell-state measurement is
complete and the teleportation protocol is deterministic. If some of the Bell-states
cannot be distinguished, some of the events have to be discarded and the protocol
is probabilistic.
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• If the unitary evolution Û , corresponding to feed-forward, is performed by Bob in
real-time we say that the protocol is active, whereas if the operation is applied a
posteriori or not at all the protocol is passive. In that case, the Bell-state measure-
ment consists in a filtering, or conditioning, of the successful events.

It is important to note that, in practice, the implementations of the Bell-state mea-
surement and of the feed-forward depend on the nature of the quantum state involved
and the choice of quantum encoding. In particular in this thesis we have developed a new
hybrid Bell-state measurement technique, presented in Chapter 4, that is best suited
for the resources at hand. In our experimental implementations of the hybrid quantum
teleportation-based protocols, we will focus on probabilistic and passive protocols.

5.3 Quantum teleportation in heterogeneous quantum networks

As we have seen earlier, quantum networks are very prone to be composed of both
DV and CV nodes. If quantum teleportation has been established historically for the two
paradigms [130, 132], quantum states based on different physical systems should be able to
be transferred from one encoding to the other, and conversely, as to allow full functional-
ity. Thus, hybrid quantum teleportation between discrete- and continuous-variable nodes
would not only enable the transfer of a quantum state between two remote quantum pro-
cessors but also its conversion from one encoding to the other. Such an operation would
represent a quantum equivalent of the digital-to-analog and analog-to-digital converter
that are commonly employed in classical information processing to enable full transport,
storage and processing of information in the most efficient manner.

For quantum teleportation to occur between two different encodings, it must rely on an
entangled state that is itself correlating quantum states that belong to different paradigms.
In that prospect hybrid entanglement, the creation of which will be presented in Chapter
3, has been recently developed in several groups [4, 5], including initially in our team at
LKB, to link discrete- and continuous-variable qubits. For instance, a hybrid entangled
state between a DV Fock basis {|0〉 , |1〉} and a CV coherent state superposition basis
{|cat+〉 , |cat−〉}, of the form:

|Ψ〉AB = 1√
2

(|0〉A |cat−〉B + |1〉A |cat+〉B) (1.44)

is an essential resource. It can be employed for two operations:

• The conversion of quantum information from a DV qubit in the Fock basis {|0〉 , |1〉}
to a CV qubit encoded in the CSS basis {|cat+〉 , |cat−〉}:

DV⊗DV∞CV→ CV, (1.45)

which will be experimentally demonstrated for the first time in this thesis in Chap-
ter 7.
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• The conversion from a CV qubit in the CSS basis to a DV qubit in the Fock basis.

CV⊗ CV∞DV→ DV, (1.46)

which has been partially demonstrated in related works [133].

5.4 Threshold for successful quantum teleportation, figures of merit

In a quantum teleportation protocol, it is important to ensure that no better replica
of the input state could be obtained by Bob by any other protocol, including the use
of classical correlations. Traditionally, the fidelity between the input and the teleported
state, which we will call teleportation fidelity F , is a figure of merit for the success of
the protocol that quantifies the degree of resemblance of the teleported state with the
unknown input state. It is defined using the density matrix formalism as:

F =
[
Tr
(√√

ρ̂inρ̂out(ρ̂in)
√
ρ̂in
)]2

, (1.47)

with ρ̂out(ρ̂in) the teleported state corresponding to the input state ρ̂in. In practice the
fidelity is measured for an ensemble of input qubits, such as a mutually unbiaised basis of
the Bloch sphere, that accurately describes all possible input states.

The success of the teleportation is then assessed by comparing the measured fidelity
for each qubit with a fidelity bound or fidelity threshold. If the fidelity surpasses the bound
for all qubits, then it is proven that no better copy could be obtained by the other party.
The usual threshold that is considered corresponds to a classical teleportation where Alice
measures the unknown state and |ψin〉 and transfer the result to Bob via the classical
channel who then creates the output state accordingly without the use of entanglement.

The fidelity bound for quantum teleportation depends on the system at hand and
the choice of encoding [134]. We simply note that the classical bound both the DV and
CV basis with which we work in this thesis is Fclassical = 2/3, which corresponds to the
maximum information retrievable from a single measurement of the input qubit [135].
This is the figure of merit we will use to assess the success of the teleportation protocol
in Chapter 7.

A second important figure of merit to consider is the efficiency of the teleportation ε
which characterizes the probability of success of the protocol. Indeed, even if the teleporta-
tion occurs above the fidelity bound, if the efficiency is too small no event will be measured
and the protocol will not be implementable. The efficiency depends on the implementation
of the Bell-state measurement. In the case of deterministic, active, teleportation all the
events are recovered and the efficiency is ε = 1. For probabilistic protocols, the efficiency
will drop from its ideal value. As we will see in Chapter 4, in our implementation of the
Bell-state measurement, there is a compromise to ensure between fidelity and efficiency of
teleportation, as a decrease of rate leads to a better filtering of the events, and so a better
teleportation fidelity, and conversely.
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In this section we have thus presented the quantum teleportation protocol in the con-
text of heterogeneous quantum networks. We have introduced its basic principles, giving
the relevant definitions necessary for the description of its implementation, and the figures
of merit required for its characterization. Hybrid quantum teleportation can be performed
to transfer and convert quantum information between different encodings. By employing
the hybrid entanglement of light which will be introduced in Chapter 3, with a hy-
brid Bell-state measurement of Chapter 4, we will perform this hybrid protocol for the
conversion of DV qubits to CV qubits in Chapter 7.

Following the theoretical introduction of quantum teleportation we finally proceed to
the presentation of its extension to the teleportation of entanglement in a protocol called
entanglement swapping.

6 The teleportation of entanglement: entanglement swap-
ping

As we have introduced earlier, the unknown quantum state subject to teleportation
does need to have properties of his own, and could thus be part of an entangled state.
The generalization of quantum teleportation to an input state that is one mode of an
entangled state is called entanglement swapping, and is a protocol allowing the creation
of entanglement between two modes that have never interacted. Entanglement swapping
makes use of a projective Bell-state measurement between two modes of two independent
entangled states to collapse the remaining modes into an entangled state. In the following
we will introduce the principle of entanglement swapping and present its applications in
the context of heterogeneous quantum networks.

6.1 Principle

The entanglement swapping protocol [137], represented in Figure 1.8 relies on two
entangled states that can be written under the form:

|Ψ〉AB = 1√
2

(|0〉A |1〉B + |1〉A |0〉B),

|Ψ〉CD = 1√
2

(|0〉C |1〉D + |1〉C |0〉D).
(1.48)

Similarly to teleportation, the four mode state

|Ψ〉ABCD = |Ψ〉AB ⊗ |Ψ〉CD , (1.49)

can be factorized as:

|Ψ〉ABCD = 1
2

[ ∣∣∣Ψ+
〉
CA
⊗
∣∣∣Ψ+

〉
DB
−
∣∣Ψ−〉CA ⊗ ∣∣Ψ−〉DB

+
∣∣∣Φ+

〉
CA
⊗
∣∣∣Φ+

〉
DB
−
∣∣Φ−〉CA ⊗ ∣∣Φ−〉DB ]. (1.50)
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A BCD

Figure 1.8: Principle of entanglement swapping. From [136] .Starting from two
independent entangled states A-B and C-D, the success of the Bell-state measurement
creates entanglement between modes B and D which have never interacted.

The application of the Bell-state measurement on modes A and C projects the modes D
and B into one of the four maximally-entangled Bell states. In all cases, entanglement
between modes A-B and C-D are swapped, and the states A-C and B-D each become
entangled, even though they were initially uncorrelated. Entanglement swapping can be
seen equivalently as the teleportation of the state of A to the mode D or the state of C
onto the mode B.

The same considerations as for the teleportation protocol on the implementation of
the Bell-state measurement and the recovery of the swapped state have to be applied. The
success of the swapping will in this work be assessed by the measurement of the negativity
of entanglement which is a natural figure of merit for proving the creation of entanglement
between the two ouput modes.

6.2 Entanglement swapping in heterogeneous quantum networks.

One of the main application of entanglement swapping is the ability to distribute en-
tangled state between nodes of a quantum network that would be too distant for direct
propagation. This protocol is a key requirement for the development of long-distance
quantum communication based on quantum repeaters [92]. Again, if the quantum net-
work is composed of a heterogeneous structure with DV and CV nodes, entanglement
swapping using hybrid entanglement would enable the connection of nodes based on dif-
ferent encodings and physical platforms. Many protocols could thus be envisioned in that
framework:

• The connection of a CV platform-only to a DV node via hybrid entanglement:

CV∞CV⊗ CV∞DV→ CV∞DV, (1.51)
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• The connection of a DV platform-only to a CV node via hybrid entanglement:

DV∞DV⊗DV∞CV→ DV∞CV, (1.52)

which will be experimentally demonstrated for the first time in Chapter 5.

• The interconversion of hybrid links in single-encoding platforms:

DV∞CV⊗ CV∞DV→ DV∞DV,
CV∞DV⊗DV∞CV→ CV∞CV,

(1.53)

which could be performed with our current ressources but goes out of the scope of
this thesis.

We have presented the principle of entanglement swapping, which is an extension of
quantum teleportation to an entangled state. Entanglement swapping is an essential pro-
tocol for the distribution of entanglement and the interconnection of different remote plat-
forms. It will be experimentally implemented in Chapter 5 between a DV-DV entangled
state and a hybrid entangled state, by employing the same hybrid Bell-state measurement
technique introduced in Chapter 4. To conclude this first chapter we finally present the
different classes of quantum information processing protocols.

7 Stages of functionality and applications of quantum infor-
mation processing protocols

In the development of a quantum internet, the quantum information processing proto-
cols, such as quantum teleportation and entanglement swapping, are divided in different
classes depending on the level of complexity required to enable novel applications [92, 138]
- which is not necessary related to the complexity of the experiments. In experimental
implementations several considerations have to be taken into account to estimate to what
extend the protocol represents either real-world quantum advantages or only a proof-of-
principle experiment. To that end we will describe three classes of schemes with increasing
scopes, namely post-selected, heralded and deterministic protocols.

7.1 Post-selection in quantum information processing protocols

Post-selection corresponds to the selection of some subsets of an ensemble of identical
systems depending on the result of a measurement. From a practical point of view this
corresponds to the only consideration of the events of interest, while discarding the other
events as if they had never occurred. For instance in a two-party scenario where a qubit
is sent through a quantum channel this could amount to ignoring the non-detected events
corresponding to a loss of the state in the environment. Such scenarios are the easiest
to implement in practice as they neglect some sources of noise of the quantum channels,
and the selection operation can be performed by processing recorded data. Post-selection
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can be tolerated in some prepare-and-measure schemes [92] such as BB84 QKD [27]. Yet,
more complex protocols require the transmission of unknown quantum states where no
post-selection on detection events can be allowed. Indeed, as the state is unknown, and
the senders blind, it is not possible to infer when the events occur or which events can
be ignored. Thus, post-selection fails for many quantum information processing protocols
and post-selected experimental implementations can hardly be extended further [138].

7.2 Heralded protocols

A step towards the deterministic implementation of protocols is to make use of herald-
ing, which consists in signaling the success of the protocol with an event independent of
the delivered states. The protocol can be considered as deterministic in the time period
when the heralding occurs. The traveling modes are thus subjected to all the sources of
noise and imperfections of the quantum channels that are not neglected anymore in the
process. Heralded schemes can thus describe protocols involving unknown quantum states
and entanglement distribution over large distance. The heralding can also be employed to
improve the fidelity of some protocols at the expense of success rate. The heralding then
corresponds to a filtering of the events of interest in time. The inconvenience of heralded
scheme is that the heralded signals come in a probabilistic and stochastic fashion. This
induces an exponential decrease of the probability of success of the protocols as the num-
ber of heralding increases [139]. Quantum memories can be employed to synchronize the
stochastic events, with an improvement of the rate that decrease polynomially with the
number of heralding [125].

In this work we will focus on heralded teleportation and entanglement swapping pro-
tocols.

7.3 Deterministic protocols

The deterministic distribution of entanglement and quantum states remains a long-
standing goal for the development of quantum networks. In practice, a protocol is defined
as deterministic when its succeeds with unity probability. In that case, the deterministic
protocol not only represents a tangible real-world protocol where all experimental imper-
fections are included, but it also offers a practical operation contrary heralded scheme
which success probability become quickly negligible. Experimentally, deterministic proto-
cols can be performed from on-demand sources [140] or from heralded ones if the generation
rates overcome the loss rate of the states [141].

8 Conclusion

In this chapter we have introduced conceptually all the quantum principles and archi-
tectures that are necessary for the understanding of this thesis. We have first motivated
the development of quantum technologies, and presented the quantum states at its ba-
sis, with the two possible encodings of information. We have detailed the theoretical
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tools for the characterization of quantum states and entanglement. Finally we have pre-
sented quantum teleportation and entanglement swapping protocols in the framework of
long-distance communication in heterogeneous quantum networks. Before presenting the
implementation of these hybrid protocols, i.e entanglement swapping in Chapter 5 and
hybrid quantum teleportation in Chapter 7, we need first to describe the experimen-
tal tools for the engineering of discrete-, continuous-, and hybrid entangled states. This
description is given in the next two chapters.
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Chapter 2

Experimental tools for
non-Gaussian quantum state
engineering

In this chapter we present the experimental tools used for the engineering of non-
Gaussian quantum states of light. We will describe first the semi-monolithic optical para-
metric oscillators from which the discrete- and continuous-variable quantum states are
created. We will then introduce, with their operating cryogenic system, the single-photon
detectors that are used for the heralding of the states. These experimental tools are the
basic elements required for the quantum engineering presented in Chapter 3, and the
teleportation protocols implemented in Chapter 5 and Chapter 7.

1 Generating squeezed light with semi-monolithic linear cavity-
based optical parametric oscillators

In this section we present how single-mode and two-mode squeezed light can be gen-
erated by combining a second-order non-linear crystal with an optical cavity. We will
describe the theoretical performances of such devices, called optical parametric oscilla-
tors, and show how large amount of squeezing can be obtained in a semi-monolithic cavity
design with high escape efficiency.

1.1 Cavity-enhanced parametric down-conversion

1.1.1 Squeezing from spontaneous parametric down conversion

The generation of squeezed light requires the use of a non-linear medium. Indeed, when
an electromagnetic field E propagates in a dielectric medium, it induces a redistribution
of charges leading to a macroscopic density of polarization:

P = ε0χ
(1)E + ε0χ

(2)E2 + ε0χ
(3)E3 + ..., (2.1)
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where ε0 is the electric permitivity of free space and χ(i) is the non-linear electric suscep-
tibility of order i.

The first order ε0χ(1)E represents the linear response of the medium, which describes
classical effects such as refraction or absorption. Yet, since the response is linear, all the
quadratures of the field evolve symmetrically, so that no quadrature squeezing can be
obtained. The higher order terms, which are observed under the action of a sufficiently
intense external field, act asymmetrically on the different quadrature components and can
couple different fields. They can thus yield the generation of squeezed or correlated non-
classical states. Yet, the second order non-linear interaction χ(2) is typically much stronger
than the higher order non-linear processes typically observed in fibers or hot vapors, and
can thus yield higher level of squeezing. Spontaneous parametric down-conversion (SPDC)
is a χ(2) - or three-wave - non-linear process that has a long standing record as a generator
of squeezed light [142].

Spontaneous parametric down-conversion [143] consists in the conversion of a pump
photon of frequency ω0 into two photons called signal and idler at frequencies ω1 and ω2.
The process is governed by the conservation of energy under the form:

ω0 = ω1 + ω2. (2.2)

In addition, the phase accumulated by the fields at ω0 has to be the same as the one
accumulated by the fields at ω1 and ω2, otherwise the resulting amplitudes can interfere
destructively. This is referred to as the phase-matching condition:

~k0 = ~k1 + ~k2, (2.3)

where ~ki is the wave vector of the field i.
The phase-matching condition is written in the case of co-linear fields as:

n(ω0)ω0 = n(ω1)ω1 + n(ω2)ω2. (2.4)

In general, because of the dispersion of the material, n(ω0) 6= n(ω1,2), so that without any
particular precaution, the converted fields have negligible amplitude. The usual way to
ensure phase-matching is to use a birefringent medium. In the case of a uniaxial crystal the
refractive indices no and ne along the ordinary and extraordinary axis can be engineered
to fulfill the condition. We will focus on two possible configurations:

• Type-I phase-matching: no(ω0)ω0 = ne(ω1)ω1 + ne(ω2)ω2.
The pump coincides with the ordinary axis while the signal and idler are degenerate
in polarization along the extraordinary axis.

• Type-II phase-matching: ne(ω0)ω0 = ne/o(ω1)ω1 + no/e(ω2)ω2 .
The pump coincides with the extraordinary axis while the signal and idler are non-
degenerate in polarization.
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In any case, the Hamiltonian that corresponds to the coupling of the pump with signal
and idler modes is written:

H = i
h̄g

2 â†i â
†
sâp + h.c, (2.5)

where âi, âs and âp are the annihilation operators of the idler, signal and pump modes
respectively and g is a coupling constant characteristic of the material.

The input pump field being in our case a bright coherent state |αp〉, we can replace
â†p ≈ αp which simplifies the hamiltonian using the notation κp = αpg:

H ≈ i h̄κp2 (â†i â†s − âiâs). (2.6)

For the type-I phase-matching, when signal and idler are degenerate in frequency, i.e
âs = âi ≡ â, it corresponds to the single-mode squeezing operator [144] with a squeezing
parameter, r:

ŜI(r) = e
r
2 (â2−(â†)2) = e−i

H
h̄
t, with r = κpt, (2.7)

and t the interaction time.
From this Hamiltonian, we can observe the evolution of the quadrature operators

x̂ = σ0(â† + â) and p̂ = iσ0(â† − â), considering in the Heisenberg representation for the
signal and idler modes:

ih̄
dâ

dt
=
[
H, â

]
(2.8)

that yields
dâ

dt
= −κpâ†(t), (2.9)

and can be integrated in

â(t) = â(0)cosh(κpt)− â†(0)sinh(κpt). (2.10)

As a result the quadratures x̂ and p̂ evolve as

x̂(t) = e−rx̂(0),
p̂(t) = erp̂(0),

(2.11)

which corresponds to position squeezing and momentum anti-squeezing. If the initial state
is vacuum, the evolution will result in a squeezed vacuum state.

In the case of non-degenerate signal and idler, the interaction Hamiltonian corresponds
to a two-mode squeezing operator:

ŜII(r) = er(âiâs−â
†
i â
†
s). (2.12)

It is interesting to look at the polarization modes rotated by 45◦ and defined by:

â1 = i(âs − âi)/
√

2,
â2 = (âs + âi)/

√
2.

(2.13)
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Injected into the operator ŜII(r), it leads to

ŜII(r) = er(
1
2 (â2+iâ1)(â2−iâ1)−h.c) = er(

1
2 (â2

2+â2
1)−h.c) (2.14)

and thereby
ŜII(r) = S1(r)S2(r). (2.15)

A two-mode squeezed vacuum state is equal, up to a basis change, to two independent
single-mode squeezers.

Thus, spontaneous parametric down-conversion corresponds to the application of single
or two-mode squeezing depending on the phase-matching type. In the case of type-I phase-
matching, the signal and idler photons are degenerate in both frequency and polarization,
leading to the application of a single-mode squeezing operator. In the case of type-II phase-
matching the signal and idler photons are degenerate in frequency but not in polarization.
This corresponds to the application of a two-mode squeezing operator.

1.1.2 Adding an optical cavity

The χ(2) nonlinearity is in general very weak and different considerations have to be
taken into account in order to reach efficient squeezing. A first technique to address the
small χ(2) non linearity is to use an increased pump amplitude concentrated in ultra-
short pump pulses in a single-pass configuration. However the pulse shape may lead to
a difficult definition of the temporal-mode shape of the generated states and so the value
of squeezing that can be reached [145, 146, 147, 148]. Another solution is to insert the
non-linear medium into a cavity. Combining a non-linear crystal with an optical cavity in
such a way defines an optical parametric oscillator.
In this cavity configuration, having the signal and idler co-resonant with the pump field
thereby enhances the effective non-linearity. For SPDC, the cavity induces a new dynamics
and also defines the spatio-temporal properties of the down-converted beams.

We can efficiently simulate the dynamics of the OPO by considering a round trip of
the signal and idler modes inside the cavity [149, 150]. The non-linear coupling inside the
non-linear crystal of length l is called g. The pump field is considered as a coherent state
of amplitude αinp entering the input mirror. The input mirror has an intensity reflection
of R for the pump and is highly-reflective (HR) for the signal and idler. The output
coupler is highly reflective for the pump. The cavity is supposed to be resonant for the
two signal and idler fields, so that they accumulate a phase-shift of an integer of 2π after
one round-trip. The cavity is characterized by two fundamental parameters:

• The intensity transmission of the output coupler T.
In our case the reflection being small, we can write

√
R =

√
1− T ≈ 1− T/2.

• The intra-cavity losses L.
It can be modeled by a beamsplitter of intensity reflection L which couples the intra-
cavity modes âs,i to environmental modes âLs,i.
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Considering one round trip yields two coupled equations for the signal and idler fields:

âs,i(t+ τ) =
√

(1− L)(1− T )
[
âs,i(t) + αpgcrystalâ

†
i,s(t)

]
+
√
LâLs,i +

√
T âins,i(t), (2.16)

with gcrystal the non-linear gain through the crystal given by gcrystal = 2lg (note that the
beams passes two times inside the crystal in one round trip).
With low intra-cavity losses and high transmission of the output coupler, we can simplify
this expression. With

√
(1− L)(1− T ) ≈ 1− (L+ T )/2, it becomes:

âs,i(t+ τ) = (1− L+ T

2 )
[
âs,i(t) + αpgcrystalâ

†
i,s(t)

]
+
√
LâLs,i +

√
T âins,i(t). (2.17)

Keeping only the first order terms, it leads to:

τ
dâs,i
dt

= −L+ T

2 âs,i(t) + αpgcrystalâ
†
i,s(t) +

√
LâLs,i +

√
T âins,i(t). (2.18)

From our modeling, several figures of merit characteristic of the dynamics of the of the
optical parametric oscillator can be obtained.

1.2 Figures of merit

1.2.1 Oscillation threshold

As compared to the single-pass configuration, the cavity induces a critical condition
known as the oscillation threshold. With our model with a bright, non-resonant, pump
beam, the equations present a threshold where the losses of the cavity are compensated
by the gain. It thus defines the pump threshold as:

|αp,th|2 = (T + L)2

4g2
crystal

. (2.19)

The oscillation threshold scales quadratically with both the intracavity losses and the
transmission of the output coupler. The threshold gives the pump power that corresponds
to the maximum obtainable squeezing factor : smax = e−2rmax . In our case, to create
high-purity quantum states, we will always remain as far as possible below the threshold
to limit the generation of multi-photon events.

1.2.2 Escape efficiency

The escape efficiency ηOPO of an OPO is defined as the ratio between the decay rate
of the down-converted fields through the output coupler over the total decay rate of the
cavity at the fundamental frequency. It represents the probability for a down-converted
photon to escape the cavity by the output mirror. It can be expressed as:

ηOPO = T

T + L
. (2.20)
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Figure 2.1: Escape efficiency of an optical parametric oscillator. Theoretical escape
efficiency as a function of the transmission of the output mirror T , for different intra-cavity
losses L. The escape efficiency is maximized when the intra-cavity losses are small as
compared to the transmission of the output coupler.

The escape efficiency is limited mostly by the intracavity losses inside the cavity. We
plot in Figure 2.1 the escape efficiency for different output coupler transmission and intra-
cavity losses. We see that escape efficiency grows with the output coupler transmission
and that intra-cavity losses, even at a very low level, have a drastic impact on the escape
efficiency. A general rule of thumb is thus to say that the escape efficiency is high when
the losses are much smaller than the transmission of the output coupler.

The escape efficiency is directly related to the maximum squeezing amount that can
be obtained at the oscillation threshold:

smax = 1− ηOPO. (2.21)

The escape efficiency is thus a key characteristic of the quality of an OPO [6]. An
OPO with a large escape efficiency is an OPO that can generate a very large squeezing
close to oscillation threshold, or equivalently a single-photon with high purity if operated
far below threshold.

1.2.3 Bandwidth

The bandwidth of the quantum states generated by an OPO are directly given by the
bandwidth of the cavity. The bandwidth γOPO is inversely proportional to the length
of the cavity lcav and scales linearly with the transmission of the output coupler when
considering an input mirror with negligible transmission:

γOPO = c

2π
T

lcav
. (2.22)
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As we will see later, the bandwidth of the OPO is related to the temporal mode of the
generated state. It represents the probability of measuring the heralded quantum state in
a given time window. It is important to note that the larger the bandwidth the shorter
will be the states. As we will see in Chapters 5 and 7, when detecting coincidences
between different states in a fixed time window, the shorter the temporal mode the harder
the detection will be.

1.3 OPO design and experimental specifications in our lab

When designing an OPO-based squeezing source, it is important to optimize the three
figures of merit presented before. First, one would target a close-to-unity escape efficiency
to improve as much as possible the purity of the generated states. This is achieved by
targeting intra-cavity losses L small relative to the transmission of the output coupler.
Second, one would target a pump threshold of a few tens of milliwatts as to maintain a
decent production rate and minimum multi-photon production with a pump power far
below threshold at the milliwatt level. One strategy to increase these two parameters is
to increase the transmission of the output coupler T . The problem is that as T increases
the bandwidth of the generated photons increase, so that we are rapidly limited by the
bandwidth of the detection. Having T fixed to its maximum value by the detection, the
only way of increasing the escape efficiency is to reduce the intra-cavity losses as much as
possible.

The design of the OPO should thus be a good trade-off between a high escape efficiency,
a not too large bandwidth, and a reasonable threshold. It is important to note that in the
OPO design, the higher the purity of the generated states, the larger their bandwidth, and
so the shorter their temporal mode. As we will see later, it is thus harder with our sources
to perform temporal interferences between high-purity quantum states. This reveals an
intrinsic trade-off between purity of the states and indistinguishability.

We present now the design of the type-I and type-II optical parametric oscillators
that were present at the start of the thesis, and that were involved in all the protocols
performed in this work. In Chapter 6 we will present in details the third OPO that have
been built on top to increase our experimental capability. The OPOs are pumped by a
frequency-doubled continuous-wave Nd:YAG laser (Innolight GmbH) at 532 nm, which
leads to the generation of signal and idler fields at 1064 nm (IR). The cavity are in a
plano-concave configuration, with a curvature of the output mirror of 38 mm.

We first discuss the spectral properties of the optical parametric oscillators. It is
important to note that requiring all the quantum states to be indistinguishable, their
spectro-temporal properties need to be matched, so that the bandwidth of all the OPOs
should be the same. The detection bandwidth of the homodyne detector being limited
to 60 MHz, we target an OPO bandwidth around 50 MHz. To that end we choose a
transmission of the output coupler of T = 10% for the infrared beam. The cavities have
a length of 38 mm, which gives a free-spectral range (FSR) of 4.3 GHz.

In order to minimize the intra-cavity losses, we use a for these OPOs a semi-monolithic
configuration in which the input mirror is directly coated on the surface of the non-
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(a) (b)

(c)

Figure 2.2: Design of the optical parametric oscillator. (a) Schematic of the design
of a semi-monolithic optical parametric oscillator. The pump at 532 nm is injected from
the left. The non-linear crystal is placed inside a home-made copper oven and controlled
by a Peltier module. The input mirror is directly coated on the surface of the crystal
(R=95% for the pump, HR for the IR). The output mirror is mounted on a piezo-electric
transducer fixed in on a high-stability mirror mount. The concave output mirror (HR for
the pump, T = 10% for the IR) has a radius of curvature of 38 mm. A collimating lens is
used to collimate the down-converted beams at 1064 nm. All the elements are fixed on a
home-made Invar ultra-stable mount. (b) Picture of the KTP crystal of the type-II OPO.
(c) Picture of the type-II OPO locked on the resonance of the pump.

linear crystal. This cavity design enables to reduce the number of interfaces inside the
cavity and thus the losses that can result from scattering or absorption. The input mirror
has a reflection coefficient R = 95% for the pump and is highly reflective (HR) for the
infrared. Conversely the output mirror is highly reflective for the pump and has the output
transmission T given above for the IR.

For the type-II OPO we use a type-II KTP crytal of dimensions 3x3x10 mm3 and for the
type-I OPO we use a type-I ppKTP crystal of dimensions 1x2x10 mm3. The crystals are
provided by the company Raicol and the coating is performed by the company Layertec
GmbH.

The OPOs aiming at being resonant for both the pump and the down-converted fields,
meaning that the OPO-II is triply resonant while the type-I OPO is doubly resonant.
The resonance of the pump is adjusted by mounting the output mirror on a piezo-electric
transducer (PZT) to adjust the length of the cavity accordingly. The non-linear crystal
is placed in a copper oven controlled by a Peltier module and the temperature of the
crystal is adjusted to ensure the resonance of the down-converted fields. Finally, for the
type-II OPO, the resonance of the second, orthogonally polarized, down-converted field is
adjusted by tuning the laser frequency.

The characterization of the intracavity losses is done by performing squeezing mea-
surements with the type-I OPO. The corresponding measurements [6] are given in Figure
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Figure 2.3: Squeezing measurement with the type-I OPO. From [6]. (a) Squeezing
measured by homodyne detection at a sideband frequency of 5 MHz, while sweeping the
phase of the local oscillator in time. At a pump power of 40 mW (80% of the threshold)
we reach 10.5 dB of quadrature squeezing and 19 dB of quadrature anti-squeezing. (b)
Quadrature squeezing and anti-squeezing measured between 0 and 50 MHz for a pump
power of 5 mW and 40 mW, corresponding respectively to 3 dB and 10.5 dB of measured
squeezing. The peak at 12 MHz originates from the internal modulation of the laser.

2.3. At a sideband frequency of 5 MHz, we observe a quadrature squeezing of 10.5 dB
and an anti-squeezing of 19 dB, that gives considering our model with losses a very large
escape efficiency η = 92%. Such semi-monolithic OPOs designs can thus yield very low
intracavity losses, down to 0.5%.

We have presented the two initial sources of squeezed states at our disposal for the
experiments. The type-I OPO, doubly resonant, allows the generation of a single-mode
squeezed vacuum state, while the type-II OPO, triply resonant, allows the generation of a
two-mode squeezed vacuum state, or equivalently two independent single-mode squeezed
vacuum states. The semi-monolithic cavity design, where the intra-cavity losses are small
as compared to the transmission of the output coupler, enables the generation of high
purity quantum states. Yet at that point all the quantum states created are Gaussian, i.e
their Wigner function is always positive. Although those states are fundamentally quan-
tum, they can be simulated efficiently using classical systems [151]. We thus need to create
non-Gaussian states exhibiting negativities of their Wigner function [152]. These states
can be created from Gaussian state using non-linearities, which can be implemented exper-
imentally with a probabilistic photon-subtraction. In the next section we will present the
single-photon detector-based measurement apparatus we employ in our group to perform
this photon subtraction.
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2 Heralding quantum states with superconducting nanowire
single photon detectors

Photon subtraction is a key requirement for the creation of non-Gaussian quantum
states. This operation is performed using single-photon detectors [153], i.e. measurement
systems sensitive to individual quantized packets of energy. Since the energy of a single-
photon is very small (typically 10−19 J in the near-infrared), the devices that are used
for their detection are extremely sensitive. Different technologies, such as single-photon
avalanche photodiodes (SPADs) can be used to detect single photons, yet their quantum
efficiency (QE), i.e. the probability to detect a single photon arriving on the detector,
has historically remained low at our working frequency of 1064 nm. Very recently a lot of
progress has been obtained in the field with the development of superconducting nanowire
single-photon detectors (SNSPDs) [154]. These detectors promise record quantum efficien-
cies above 90% [155]. Our team took part in the effort by collaborating with the group of
V. Verma and S. W. Nam for the National Institute of Technology (NIST) and F. Marsili
and M. D. Shaw from the Jet Propulsion Laboratory (JPL). SNSPDs are now extensively
used in the field of quantum information processing, including in quantum key distribution
and optical quantum communications [156].

We will now introduce the working principle of these single-photon detectors and
present the first cooling system that was used at the start of this thesis work to oper-
ate them.

2.1 SNSPDs: structure and performance

2.2 Working principle

The SNSPDs are composed of a thin and narrow superconducting wire patterned in a
compact meander geometry. The thickness of the wire is typically of a few nanometers,
while its width is below the micrometer. The length of the nanowire is itself of a few
hundreds micrometers. The meander forms the light sensitive area as shown in Figure
2.4. When the meander is in its superconducting state, the application of a current above
its switching current yields a phase transition towards the normal resistive state. This
property can be exploited to make the meander sensitive down to the detection of a single
photon. At a fixed temperature below the critical temperature, the detector is placed in
a constrained superconducting state by applying a bias current right below its switching
current. When a single photon hits the meander, its energy is sufficient to create a local
hotspot, i.e. the material of the wire locally phase-transits to the resistive state, yielding
a local increase of the current density. Thanks to the confined and small geometry of the
wire, the increase of current density propagates in the full meander, that fully transitions
to the resistive state. This creates a macroscopic resistance along the full wire of a few
kΩ, and consequently a measurable voltage.

After the absorption of the photon and the switching into the resistive state, the de-
tector then cools down back to its superconducting state. During that period the detector
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Figure 2.4: Working principle of SNSPDs. From [157]. (a) Schematic of the detection
cycle (i) The SNSPD is maintained well below the critical temperature and is DC current
biased below the critical current. (ii) A local resistive hotspot is created by the absorption
of a photon. (iii) The current is forced to flow around the hotspot. Because of the narrow
geometry, the current density around the hotspot exceeds the superconducting critical
current density. (iv) This leads to the formation of a resistive barrier across the width
of the nanowire. (v) The resistive region grows along the axis of the nanowire until the
current flow is blocked and the bias curent is shunted. (vi) It allows the resitive region to
cool down back to its superconducting state, with the bias current going back to its initial
value. (b) SEM photograph of the sensitive meander of a WSi SNSPD. (c) Equivalent
electric circuit of the SNSPD. Lk is the inductance of the superconducting nanowire and
Rn(t) the hotspot resistance. The aboprtion of a photon corresponds to the opening of
the switch.

cannot measure another incoming photon, which defines the detector dead time that de-
pends on the wire geometry, the material employed, and the working temperature. The
voltage pulse originating from the absorption of the photon can thus be directly used -after
proper amplification - as a triggering signal for the experiment.

2.3 Our single-photon detectors

The SNSPDs that have been employed to implement the teleportation protocols are
made by the NIST and optimized for our detection wavelength at 1064 nm [7]. My pre-
decessors at LKB have worked on the characterization on the quantum efficiency of the
detectors and helped designing each time the next generation of detectors. Several mate-
rials have been used, starting from Niobium Nitride (NbN) before turning to amorphous
materials: Tungsten Silicide (WSi) and Molybdenum silicide (MoSi). Details on the NIST
design is given in Figure 2.5 for a WSi detector. The width of the nanowire is equal to
140 nm and the pitch is equal to 245 nm. The thickness of the wire is about 4 nm. The
sensitive area is mounted on a copper base on which a zirconia sleeve enables the direct
plugging of an optical fiber to the device. The active 16 µm x 16 µm area, larger than the
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(a) (b) (c)

5 mm

Figure 2.5: NIST superconducting nanowire single-photon detectors. (a) Detector
assembly of the SNSPD. The device chip is mounted on a copper base and a Zirconia
sleeve is used to enable the direct plugging of a single-mode optical fiber to the device.
(b) Picture of a SNSPD connected to an optical fiber. (c) Picture of the device chip. The
superconducting meander is located at the center of the circular part.

10 µm mode field diameter of a standard single-mode fiber, ensures a high coupling from
the fiber to the detector and allows for slight misalignment.

The precise measurement of the system detection efficiency (SDE), i.e. the probability
that an input photon will lead to a measurable pulse, which comprises all the losses in
the coupling system as well as the QE of the detector, has been extensively described
in previous works [134, 7, 158] and will not be detailed here. For our work, we will
only consider the lastest generation of SNSPDs made of MoSi. The response of the best
detector is shown in Figure 2.6, where the system detection efficiency is given as a function
of the bias current. As the current increases, the detectors become more sensitive, until
the efficiency reaches a plateau. This plateau can only be attained if the SNSPDs are well
designed and the switching current is high enough. Indeed, if the bias current reaches
the switching current, the SNSPD is no more sensitive. In practice it is important to be
able to go as far as possible in this plateau where the voltage pulse originating from the
detector are the best defined and have the most consistent rising edge. Yet, as the current
increases, the detectors also become too sensitive so that they can announce false events
that do not correspond to the detection of the photon, that are called dark counts. There
is thus a trade-off between dark count and quantum efficiency, but still if the plateau is
large enough it is possible to work in a regime with maximum SQE and minimum dark
count.

As can be seen in Figure 2.6, our detectors can reach quantum efficiencies up to
93% ± 3%, while presenting a dark count rate at the few counts per second. In our
operational regime where quantum states are typically detected at a few hundred kilohertz
rate, this yields a negligible (0.01%) impact of the dark count on the overall detection.
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Figure 2.6: Characterization of the MoSi SNSPDs. (Blue) System Detection Effi-
ciency (SDE) of the SNSPD as a function of the bias current. The SDE increases until it
reaches a plateau around 93%±3%. (Orange) Dark count rate of the SNSPD as a function
of the bias current. The dark count rate remains below the Hertz level almost until the
end of the SDE plateau.

Such a low dark count level originates from the working temperature of the SNSPD in
the superconducting state, that prevents the detection of thermal photons as compared to
other room temperature technologies. In addition to exhibiting record quantum efficiency
and low dark count rate, the SNSPDs present a dead time of tens of nanoseconds, with
jitters - the random delay between the arrival of the photon and the creation of the pulse
- of tens of picoseconds. This technology has thus become very attractive for quantum
information processing, and many companies are now providing very efficient commercial
detectors.

2.4 The dipstick: technique and limitations

The single-photon detectors being superconducting, they require a cryogenic environ-
ment to be operated, typically at a working temperature below 2 K. In this section we
describe the first system that was used to cool down up to two SNSPDs to a tempera-
ture of 1.7 K. This setup was used in the entanglement swapping protocol presented in
Chapter 5. In Chapter 6 we will describe in details a second cooling system based on
a two-stage cryocooler that was fully installed during this thesis and enables to cool down
up to four SNSPDs to a temperature of 1.3 K. The latest system will be employed for the
hybrid teleportation protocol presented in Chapter 7.

The first cooling method consists in direct dipping into liquid helium. The system,
adapted from a commercial system made by Scontel, is shown in Figure 2.7. It consists in
placing the detectors at the bottom of a cane - or dipstick - surrounded by a double-wall
isolated enclosure. The double wall is directly dipped in a 60l Dewar of liquid helium.
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Figure 2.7: Mounting and cooling of the dipstick. (a) Up to two SNSPDs can be
mounted at the bottom of the cane. The SNSPD is plugged to a 1.5 m long single-mode
optical fiber connected to the top of the cane. The SNSPD is connected to the electrical
cable using an SMP-SMP coaxial cable indicated by the red line. The fiber and the coaxial
cables are circled around the cane up to the top so efficient thermalization. The cane is
covered by the double wall before immersion into the liquid Helium (b). The cane is
enclosed in a double-wall dipstick and inserted into a 60l liquid helium Dewar. The pump
reduces the pressure inside the double-wall and enables temperature cooling down to 1.7
K. The electric signals from the detectors are connected from the top of the stick to the
amplification circuit. The evaporated helium is retrieved in the university circuit and
recycled by recompression.

A thin capillary present at the bottom of the enclosure allows the inflow of helium from
the Dewar to submerge the detectors. The inside of the disptick is pumped by a rotary
vane pump (Adixen Pascal SD series), resulting in a drop of temperature by adiabatic
relaxation of the gaseous helium in the dipstick. This setup can reach a working tempera-
ture of 1.7 K, which is below the critical temperature of the detectors. The disptick is 1.2
m long, with an external diameter of about 5 cm. The electrical and optical connection to
the detectors at the bottom of the stick to the feedthrough is performed using SMA cables
and single-mode optical fibers (Oz Optics SMJ-32.5F-1064/125-0.25-1.1-AR2). The
SNSPDs mounts are mechanically attached to a copper base at the bottom of the stick
and fixed with a screw.

The dipstick is a rather efficient cooling method that offers a stable temperature at
1.7 K, and low noise on the SNSPD output electric signals. It has been used in our
lab for about 5 years and has led to the implementation of first protocols with SNSPDs
[4, 11, 12], including the entanglement swapping protocol presented in Chapter 5. Yet
the cooling technique has some inconvenience. First, the dimensions of the double-wall
allow only two independent SNSPDs, limiting thereby the range of protocols that can be
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performed. Second, the rotary vane pump is rated at 15 hours of autonomy, which limits
the duration of the data acquisition, and the helium Dewar has to be refilled typically
every two weeks, that yields one working day per week where the dipstick has to be
slowly removed or redipped, and that reduces the time that can be more efficiently used
for the experiment. Lastly, the fact that the SNSPDs are not protected at the bottom
of the disptick where they are immersed in the helium can lead to some damage on the
fragile electric micro-bondings of the detectors. This deterioration can originate from the
cleanness of the liquid helium but more importantly vacuum seal imperfections lead to the
formation of ice directly on the detectors when they are removed from the helium. After
repeated usage of the detectors, we observed scratches on the anti-reflection coating of the
single-mode fiber connectors and sometimes even breaking of the electric bondings of the
detectors.

As we will see in Chapter 6, the installation of the cryocooler alleviate all of these
limitations. First up to four SNSPDs can be cooled at 1.3 K for up to 7 days in a row. The
system has its own compressor so that helium renewal does not have to be performed, and
the system can be operated without maintenance. Finally the cryocooler system offers a
much safer environment for the SNSPDs that are cooled in a sampling region separated
to the helium.

2.5 Spectral filtering and signal amplification

In addition to the cryogenic apparatus, two additional operations have to be imple-
mented to obtain a fully functional system that can be employed in our experiments. First,
the single photons to-be-detected need to be properly filtered to create the desired states
on the experiment. Second, the signals from the SNSPDs need to be amplified without
excess noise so that they can herald the correct events.

2.5.1 Pre-detection filtering

Before being detected by the SNSPDs, the single photon generated by the OPOs have
to be spectrally filtered. Indeed, the SPDC process in the OPO is governed by the energy
conservation ω0 = ω1 + ω2 which allows the generation of many energy correlated beams
at frequency ω1 = ω0/2+ω and ω2 = ω0/2−ω , with ω a multiple of the OPO free spectral
range (FSR). In our study, where we limit ourselves to the frequency degenerate case, i.e.
ω = 0, narrow-band filtering has to be performed on the heralding photons.

Our procedure for spectral filtering is presented in Figure 2.8. The OPO generates
frequency modes separated by its free-spectral range FSROPO of about 4.3 GHz, and a
width given by the OPO bandwidth γOPO = 60 MHz. The first stage of the filtering is
performed by a commercial interferential filter (IF) (Barr associates) centered at 1064
nm with a bandwidth of 125 GHz (i.e. 0.5 nm). This filter has a transmission of 80% at
1064 nm. As can be seen, the IF is not narrow enough and still transmits about 60 FSRs
of the OPO. The filtering is improved by using a second filtering stage based on a home-
made Fabry-Pérot micro-cavity (µcavity). The µcavity is designed so that the free spectral
range is a least two times the one of the IF, i.e. FSRµcavity ≥ 250 GHz. Such a large FSR
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Figure 2.8: Spectral filtering. (Not to scale) The down-converted beams are emitted
from the OPO in several FSR separated by 4.3 GHz. The non frequency-degenerate
photons are first filtered using an interferential filter (IF) with a bandwidth of 0.5 nm. The
second-stage of the filtering is performed by a home-made micro-cavity with a bandwidth
four times larger than the OPO bandwidth and a FSR of 330 GHz.

imposes a cavity length below 0.5 mm, which gives the cavity its name. Then we want a
µcavity bandwidth about four times larger than the OPO bandwidth to ensure that the
degenerate modes are transmitted correctly. This imposes a constraint on the total mirror
transmission Tµcav, considering FSROPO � γµcav ≥ 4γOPO with γµcav =FSRµcav.Tµcav/π
gives 10%� Tµcav ≥ 0.6%. We thus choose for each mirror a transmission Tµcav/2=0.3%,
ensuring at the same time maximum rejection of the other frequency modes. The mirrors
are provided by the company ATFilms.

The home-made µcavity is built in a monolithic configuration. The building of such
cavities is rather challenging considering the small cavity size and that the cavity alignment
cannot be settled once the cavity is closed. For a cavity length of 0.45 mm, we measure an
FSR of 330 GHz and a bandwidth of 320 MHz. The transmission of the cavity is about
60%. We note that for each independent SNSPD that is used, a dedicated filtering system
as to be installed. During this work we built a third micro-cavity presented in Appendix
C.

2.5.2 Post-detection signal processing

The voltage pulse emitted by the SNSPDs cannot be directly used to trigger the
experiment and need to be amplified. In our case we amplify the pulse at room temper-
ature following a circuit design from NIST [7]. A radio-frequency bias-tee (Minicircuits
ZFBT-4R2GW+) enables the application to the SNSPD of a bias current produced
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Figure 2.9: SNSPD signal amplification. (a) Scheme of the electrical circuit used to
recover the pulse. A small DC current is sent via a stable voltage source to the detector.
The current sent do the detector is measured by a voltmeter that enables to check that the
detector stays in its superconducting state, i.e. that it does not become resistant under the
application of the DC current. The voltage pulse resulting on the absorption of a photon
is a high frequency signal. This signal (in green) is recovered thanks to a bias tee. The
signal is frequency-filtered using a 100 MHz low pass filter, and then amplified using two
amplifiers of 24 dB gain each. (b) Voltage pulse of the SNSPD amplification for different
numerical low pass filter bandwidths. It shows a rising time, or jitter, of a few tens of
picosecond with a dead time of about 200 ns. In practice we employ a low-pass filter up
to 20 MHz to smoothen the triggering.

by isolated voltage sources (Standford Research Systems SIM 928 - 1 mV on the
voltage source corresponds to 0.1 µA in current). The output signals are first filtered at
100 MHz (Minicircuits BLP-100+) and amplified with a series of two 24 dB amplifiers
(Minicircuits ZFL-1000 LN+). A digital voltmeter (Standford Research Systems
SIM 970) is used to monitor the state of the SNSPDs. The amplified pulses are sent to the
measurement system through 10-m long BNC cables. The BNCs capture ambient noise
that is filtered before detection with a 20 MHz low-pass filter, either internally (Teledyne
Lecroy Waverunner 6Zi) or analogically (Crystek Corp. CLPFL-0021-BNC). The
electronic circuit and traces of voltages pulses are shown in Figure2.9.

2.6 Towards photon-number resolving detectors ?

In our operational regime, the superconducting nanowire single-photon detectors have
only two possible outcomes. Either no photon is detected, corresponding to the output
off and the projection on vacuum state ∏̂off = |0〉 〈0|. The second outcome, called
on corresponds to the detection of anything-but-vacuum, i.e. the detection of at least
one photon. The corresponding projector is thus the projection on all other Fock state∏̂
on = 1− ∏̂off = ∑∞

n=1 |n〉 〈n|.
In practice, the detector have a limited system detection efficiency, or equivalently
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Figure 2.10: Photon-number resolving detection. (a) From [165]. Working principle
of a superconducting transition edge sensor. The system is temperature biased at the
edge of the superconducting-to-normal transition at about Tbias ∼ 100 mK. Any photon
absorption leads to an increase of the temperature by δT which corresponds to a measure
resistance δR. The resistance measured then depends on the number of photon absorbed.
The maximum photon number is limited by the saturation of the edge. (b) From [166].
Overlay of oscilloscope traces measured by a DC-biased single nanostrip detector. When
the wavepacket is shorter than the hotspot relaxation time, several photon absorption lead
to an increased resistance at short scale, that can be precisely measured to distinguish the
photon number.

the detected photons are subject to transmission losses before the SNSPD. Taking into
account the limited efficiency of the heralding path ηherald leads to a refinement of the
model to: ∏̂

off
=
∞∑
n=0

(1− ηherald)n |n〉 〈n| . (2.23)

The probability of receiving an answer on for an input Fock state |n〉 is thereby 1− (1−
ηherald)n.
The SNSPDs are thus fundamentally unable to distinguish between single or multi-photon
components, with the contributions from the different components evolving non-linearly
depending on the state. As we will see later, this becomes a very limiting factor in the
teleportation protocols implemented, where multi-photon events contaminate the telepor-
tation with unwanted contributions.

To circumvent these limitations, a new generation of single-photon detectors are de-
veloped. These detectors are able to distinguish the different photon components and are
thus called photon-number resolving detectors (PNRD). They can, in principle, perform
the projection on any chosen Fock state |n〉 〈n|.

Several technique are used to implement these detectors. A first strategy consists in
multiplexing single-photon detectors either spatially [159, 160, 161] or temporally [162,
163]. These methods can achieve compact photon-number resolving performance yet they
are theoretically limited by the system detection efficiency of the independent detectors,
and unrealistic system detection efficiencies close to 100% are required to perform efficient
photon-number projection [164].
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Other types of single-photon detectors, such as superconducting transition edge sensors
(TESs) can naturally discriminate the photon number of the detected Fock state [167,
165]. Their operating principle is rather different to the one of the SNSPDs. A TES
can be considered as a photon absorber than is maintained by a negative electro-thermal
feedback [168] within its superconducting-to-normal transitions. When an incident photon
is absorbed, it produces a photo-electron that heats up the TES and gives rise to an
increased of the resistance of the TES, as can be seen in Figure 2.10 (a) . The more photon
absorbed the larger the temperature rise and thus the measured resistance. The detector
saturates upon reaching the top of the steep transition slope. Such devices are thus able
to distinguish between zero-to-five photon Fock states with a quantum efficiency above
90%, which makes them as ideal candidates for PNRD. Yet the technology is currently
limited by its time performance. As compared to SNSPDs, the TESs have a temporal
resolution at most 100 times larger (about 10-100 ns) with a cooling decay tail of several
microseconds. Such detectors could in theory be compatible with our experimental setup,
but their require on top a much more stringent cryogenic environment at about 100 mK to
operate and superconducting quantum interference device (SQUID) [169] for the read-out.
For that reason, only a very limited number of groups can afford such detectors.

Finally photon-number resolution can be performed on a single SNSPD under specific
conditions. The methods consists in biasing the detector in its superconducting state and
looking directly at the hotspot when multiple photons are injected within its relaxation
time - typically of 100 ps - [170, 166]. At this scale, when several photons are detected,
several hotspots are simultaneously created along the nanostrip and the resistance of the
nanostrip depends on the number of incident photons. After several hundreds of picosecond
cooling of the subtrate dominates and the detector recovers its superconducting state.
Traces of such detectors are shown in Figure 2.10 (b). The SNSPD can in that sense be seen
in itself as a highly multiplexed single-photon detector. Even though this techniques looks
appealing, it requires the detected photons to be contained in ultra-short wavepackets (of a
few tens of picoseconds) and an ultra low-noise readout circuit that enables to distinguish
the meagre resistance variations. Such a technique is at the moment not compatible with
our experiment where the photon wave-packets are several nanoseconds long.

3 Conclusion
We have here introduced the main two experimental resources for non-Gaussian quan-

tum state engineering. First semi-monolithic optical parametric oscillators enable the
generation of high squeezing owing to their very large escape efficiency. Second, supercon-
ducting nanowire single photon detectors can be employed to perform probabilistic photon
subtraction to produce non-Gaussian states. These detectors, placed in a cryogenic envi-
ronment at 1.7 K, show record system detection efficiencies with minimum dark count rate.
In the next chapter we will study how the combination of these experimental tools can
lead to the generation of discrete- and continuous-variable quantum states, respectively
single photon Fock states and optical Schrödinger cat states, and the creation of optical
hybrid entanglement, which is the non-Gaussian resource at the heart of this thesis.
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Chapter 3

Quantum state engineering: from
single-mode quantum states to
optical hybrid entanglement

With the experimental resources for optical quantum state engineering in hand, we
present the methods for the generation of discrete-variable (DV) and continuous-variable
(CV) non-Gaussian quantum states. These states are generated by combining either the
type-II or the type-I optical parametric oscillators (OPOs) with a heralding on a super-
conducting nanowire single-photon detector (SNSPD). We detail the experimental setup
implemented in free-space with minimum losses. Each time, we introduce the theoretical
and experimental tools required for the understanding of the process. In addition we test
the ability of our heralded single photons to follow extreme multi-photon interference,
with a benchmark called Fock-state bunching capability that we developed in collabora-
tion with the group of Radim Filip at Olomouc University, the results of which have been
published in Optica [15]. In the last section we present the generation and engineering of
hybrid entanglement between DV and CV optical qubits. The detailed theoretical analysis
we developed during this thesis has been published in New Journal of Physics [13].

1 DV: Experimental Fock-state generation
In this section we present the protocol for the generation of optical Fock states from a

type-II phase-matched OPO. We show how we can reach high purity of the created states
thanks to the high escape efficiency of the OPO.

1.1 Fock-state decomposition of two-mode squeezed vacuum

The two-mode squeezed vacuum state at the output of the type-II OPO can be written
in the Fock basis as:

|ψ〉AB = (1− λ2)1/2
∞∑
n=0

λn |n〉A |n〉B , (3.1)
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Figure 3.1: Conditional state preparation technique. A measurement performed on
one mode B of an entangled state heralds the preparation of a conditioned state in mode
A.

with λ = tanh(r), and r corresponds to the squeezing parameter.
This expression represents the creation of the signal and idler photons from SPDC in

the two non-degenerate polarization modes A and B respectively. The two polarization
modes are separated into two spatial modes using a polarizing beamsplitter (PBS) and the
mode B is sent to the photon detection. Since the states are photon-number correlated,
the detection of |n〉 〈n| in mode B will herald the presence of the state |n〉 in the twin
mode A. As schematized in Figure 3.1, the generation of the desired state in mode A is
thus conditioned on the correct detection in mode B. The mode B will thus be called
conditioning mode in the following.

In practice, however, the conditioning path is subject to transmission losses, and the
detection on the SNSPD does not resolve the photon number. The strategy has thus to
be adapted to create the desired Fock states with maximum purity.

The purity to the single-photon target state |1〉 can be optimized by reducing the pump
of the OPO. Indeed, the probability of creating n pairs scales with the pump intensity to
the nth power:

|ψ〉AB ∝ |0〉A |0〉B + λ |1〉A |1〉B + λ2 |2〉A |2〉B + ...+ λn |n〉A |n〉B , (3.2)

It is thus important to lower the pump power as much as possible to lower the proba-
bility of generating multi-photon events. Still, a consequence of lowering λ is a reduction
of the generation rate, which scales linearly with the pump power. We thus have to find
a compromise between state purity and heralding rate. It is notable yet to see that a
pumping power tending to zero does not necessary lead to a high purity state. Indeed as
the pumping power is reduced, other effects such as back-scattering and dark counts, that
are typically negligible, start to contribute significantly to the quality of the generated
state.

Although this method is quite efficient for the generation of small Fock states, the
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requirements for the state generation become more stringent as the target Fock size in-
creases. Our lab has implemented a protocol for the generation of a two-photon Fock state
[8]. In that case the detection of the state |n〉 in the heralding mode was mimicked by
splitting the heralding path in n branches at the end of which a detector is placed. This
setting drastically reduces the generation rate, and as the SNSPDs are not photon-number
resolving, the pump power as to be reduced even more to obtain a reasonable state purity.
Also the effect of loss on the heralding path becomes very limiting since attenuated higher
photon number component can be detected, leading to the measurement of false events. It
thus seems that extending this scheme to higher Fock states is still challenging currently.

1.2 State heralding and temporal mode

Since the SPDC process is by essence stochastic, the detection of an event in the
conditioning mode will lead to the concurrent creation of a state in the signal mode at
a specific time and with a specific probability distribution. Indeed, due to the finite
bandwidth of the OPO cavity, the signal and idler photons can emerge from the source at
slightly different times. The lifetime of the down-converted photon in the cavity is directly
related to the OPO bandwidth γOPO. Assuming the SPDC has happened at time t = 0,
the probability for each down-converted photon to remain inside the cavity after time t is
given by [171]:

p(t) = 2πγOPOe−2πγOPOt. (3.3)

Conversely, the probability of detecting a signal or idler photon at ts,i given that SPDC
occurred earlier at t ≤ ts,i is given by p(ts,i − t).

Fixing the detection of the conditioning event at ti = 0, the probability of detection a
photon in the signal mode, p′(ts), at ts is obtained by integrating all the events occurring
before ts,i, i.e

p′(ts) =
∫ min(ti,ts)

−∞
p(ti − t)p(ts − t)dt =

∫ min(0,ts)

−∞
p(−t)p(ts − t)dt, (3.4)

with the integration ending at min(ti, ts) to ensure that SPDC has occurred before both
the signal or idler photons.
Replacing p(t) by its expression, we finally get:

p′(ts) = πγOPO
[
e4πγOPOt

]min(0,ts)

−∞
e−2πγOPOts = πγOPOe

−2πγOPO|ts|. (3.5)

Thus the detection of a idler photon in a time interval much smaller than the cavity
lifetime - this is true because the lifetime of the micro-cavity and the jitter of the SNSPD
are small relative to the OPO cavity lifetime - heralds the presence of a signal photon with
the probability p′(t).

In practice yet, we typically do not work by considering probabilities of presence, but
by considering temporal modes, which are sets of orthogonal temporal wavepackets that
can be used to represent the field. In the Heisenberg representation, taking into account
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Figure 3.2: Theoretical temporal mode. Temporal mode extracted from Eq.(3.7) with
γOPO = 60 MHz. The temporal mode has a width at half maximum of about 20 ns around
the heralding event located at t = 0.

the temporal modes f(t) weight the different elements of a set creation operators â†(t)
applied at different times:

â†f =
∫ +∞

−∞
f(t)â†(t)dt. (3.6)

The temporal mode function f(t) is directly linked to the probability of measuring a signal
photon p′(t) under the relation |f(t)|2 = p′(t), which gives:

f(t) = √πγOPOe−πγOPO|t|. (3.7)

Similarly, the characterization of the quantum states need to take into account the tem-
poral mode structure. In particular in the case of a continuous measurement of the field
quadrature q̂θ(t) = x̂(t) cos θ + p̂(t) sin θ, this corresponds to the application of the tem-
poral mode directly on the quadratures, to obtain for each heralding event the quadrature
value:

q̂θ,f =
∫ +∞

−∞
f(t)q̂θ(t)dt. (3.8)

Thus the temporal mode amounts to a specific definition of the wavepacket in time.
It can be seen in different ways. It either amounts to considering the application of the
creation operator in a specific time window, or the application of the measurement in the
relevant mode. Note that each time, from a time-varying continuous quantity we obtain,
from the application of the temporal mode, a value independent of time.

In practice, the expression of the temporal mode given in Eq. (3.7) is not exactly suited
to our experimental states since it neglects the effect of the finite detection bandwidth and
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the jitter of the SNSPDs. Hopefully, and as we will see later, its is possible to measure
experimentally the temporal mode shape of the states and thus estimate experimental
imperfections. We measure in practice an overlap between experimental and theoretical
temporal mode above 99% [172]. It is important for the state reconstruction to consider
the correct experimental temporal mode since a mode mismatch is directly equivalent to
detection losses. The temporal mode of the generated states does not only depend on
the parameters of the sources but also on their design. We note that in [173], single
photons with exponentially rising temporal modes can be obtained from a singly-resonant
asymmetric OPO.

1.3 Experimental setup for heralded single photon generation

Having understood the principle of conditional preparation in the relevant temporal
mode, we present the experimental setup for the creation of high purity single-photon
Fock states. It is shown in Figure 3.3.

Laser and pumping. In the whole thesis we work with a dual-output continuous-
wave Nd:YAG laser (Innolight GmbH Diabolo). The system outputs about 300 mW
of infrared at 1064 nm. It is frequency doubled to produce about 600 mW of green at
532 nm. The green light is used as a pump for the different optical parametric oscillators.
This beam is modulated at 12 MHz. The infrared beam is used as a seed beam. It is first
filtered with a mode-cleaning ring cavity, locked on resonance via tilt locking [174], and
then sent on the experiment for different purposes. It is passed through the OPO cavities
to enable the setting of the different resonances and acts as a phase reference. The seed
beam also serves as an alignment beam and is used to lock the different cavities or optical
paths before the measurement. The seed beam at 1064 nm is finally employed as a local
oscillator (LO) for the different homodyne detections.

Type-II OPO. The triply-resonant OPO is composed of type-II KTP crystal in a
semi-monolithic configuration as presented earlier. We pump the OPO with 1 mW of
green at 532 nm, which is far below the oscillation threshold estimated at 80 mW. The
triple resonance is adjusted to have the pump and the two down-converted fields in or-
thogonal polarizations resonant in the cavity. The resonance of the pump is ensured by
adjusting the length of the cavity by moving the output mirror mounted on a piezo-electric
actuator (PZT). The OPO is locked on resonance of the pump with the Pound-Drever-Hall
(PDH) technique: the reflection of the pump beam on the input mirror is measured on a
photodiode (Thorlabs PDA8A2) and mixed (Minicircuits ZLW-6+) with the laser
reference signal at 12 MHz. The demodulated RF signal is used as an error signal for a
home-made Proportional Integral Derivative (PID) control.

Digital lockings. Apart from the mode cleaner and the OPO pump resonance which
are locked using analog systems, the various lockings on the experiment are performed
digitally using micro-controller units (MCUs) [10]. We employ two different MCUs: the
ADUC7020 from Analog Devices and the Arduino Due board from Arduino. They
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Figure 3.3: Experimental setup for the generation of single-photon Fock states.
The type-II semi-monolithic OPO is pumped by a frequency-doubled beam at 532 nm
originating from a Nd:YAG laser. The signal and idler photons at 1064 nm are separated
on a polarizing beamsplitter (PBS). The idler photons are spectrally filtered with first an
interferential filter (IF) and then a home-made Fabry-Pérot (FP) cavity, before being sent
to a SNSPD placed in a cryogenic environment. The signal beam is sent to a high-efficiency
homodyne detection for state characterization by single-mode quantum state tomography.
A mode-cleaned seed beam at 1064 nm is used to adjust the triple resonance of the OPO,
to lock the cavities, and as a local oscillator for the homodyne detection. The locking of
the cavities is performed in a sampling-and-hold fashion. First the seed beams are sent in
a 50 ms period to lock the cavities with the path to the SNSPD closed, then the locks are
maintained for 50 ms with the seed beams blocked and the path to the SNSPD opened.

provide 12-bit of resolution analog-to-digital (ADC) and digital-to-analog (DAC) convert-
ers. Such a resolution is sufficient to lock interference fringes and medium finesse (up to
200) cavities. They are easy to program and cost efficient. In particular the seed that
is passed through the OPO cavity is locked in phase with the pump beam. This is done
by probing the parametric amplification of the seed by the pump and digitally locking
on resonance by adjusting the phase of the seed with a piezo-electric transducer along its
optical path before the OPO.

Conditioning path. The signal and idler modes from the type-II OPO are separated
using a polarizing beamsplitter. The idler mode is sent to an SNSPD for heralding. The
heralding photons are filtered with first a commercial interferential filter and then a home-
made Fabry-Pérot micro-cavity as presented earlier. The micro-cavity, which has a finesse
of about 1000, is locked digitally on resonance by adapting the algorithm of the MCU.
Indeed with a finesse of 1000, the number of sample of the peak is about 4096/1000 ∼
4 which does not offer a proper resolution. This resolution can be increased by coupling

56



CHAPTER 3. QUANTUM STATE ENGINEERING: FROM SINGLE-MODE QUANTUM
STATES TO OPTICAL HYBRID ENTANGLEMENT

two MCUs to increase the resolution from 12 to 24 bits. Another technique we employed
consists in splitting the digital locking in two segments. First a coarse sweep is applied to
locate the resonance of the cavity with low resolution, then the sweep is centered around
the peak position and the sweep amplitude is reduced is order to increase the locking
resolution. Using that technique, we can lock the micro-cavity on resonance with a phase
noise of about 3% [10].

Measurement sequence. Because their power is too important and would saturate
the SNSPD, the seed beam paths cannot be opened when the non-Gaussian states are
heralded. We therefore have to perform the measurement in sequence. First, a sampling
sequence is performed to reset the locks with the paths to the SNSPDs closed, followed
by a holding sequence where the seed beams are blocked and the paths to the SNSPDs
are opened. During the holding sequence, the locks are maintained at their position of
the previous sampling sequence. It is thus important to have the experiment stable for at
least the duration of the holding sequence otherwise the phase definition can be blurred.
Yet having the holding sequence too short increases drastically the overall experimental
duration. The compromise reached is to cycle 50 ms of sampling time and 50 ms of
measurements.

The shutting of the corresponding beam is performed using mechanical shutter heads
(SRS 475 and SRS 470). They are triggered by a delay generator (SRS DG645)
to open or close depending on the sequence. They have a rising time of 5 ms. They
are installed on home-made heavy mount to decouple the mechanical vibrations to the
experimental table.

After presenting of the experimental setup for the production of heralded single photons
we detail the data acquisition enabling to recover, from homodyne detection measurements,
the complete density matrix of the state by quantum state tomography.

1.4 Measurement, data acquisition and analysis

Homodyne detection. The characterization of the quantum states is performed
using a home-made balanced homodyne detection setup represented in Figure 3.4. It con-
sists in mixing the signal mode âs to-be-measured with a bright coherent state âLO ≈
|αLO|eiθLO , called local oscillator, on a 50:50 beamsplitter and then sent on two photodi-
odes labeled 1 and 2. The state after mixing is given by:

â1 = 1√
2

(âLO + âs),

â2 = 1√
2

(âLO − âs).
(3.9)

The photocurrents î1,2 measured on the photodiodes are proportional to the number op-
erator, i.e. î1,2 ∝ n̂1,2 (in the ideal case, one photon gives one electron), with:

n̂1,2 =
[
â†LOâLO + â†sâs ± â†LOâs ± â†sâLO

]
/2, (3.10)
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Figure 3.4: Homodyne detection. An incident signal quantum state ρ̂s is mixed on a
50:50 beamsplitter with a bright coherent-state local oscillator |αLO〉. The output modes
are sent to two photodiodes that provide a photocurrent proportional to the field’s pho-
ton number. The subtraction of the two photocurrents gives the measurement of one
quadrature of the state ρ̂s at the phase of the local oscillator θLO.

so that the subtraction the photocurrents yields:

î1 − î2 ∝ â†LOâs ± â†sâLO ≈ |αLO|e−iθLO âs + |αLO|eiθLO â†s. (3.11)

The measured photocurrent thus gives:

î1 − î2 ∝ |αLO|q̂θLO , (3.12)

which is directly the measurement of the quadrature of the signal mode q̂ along the phase
of the local oscillator θLO.
Homodyne detection is thus a phase-sensitive measurement technique. Changing the phase
at which the incident field is measured is directly done by sweeping the local oscillator
path with a piezo-electric actuator.

Our home-made homodyne detection is composed of two InGaAs photodiodes from
Fermionics that can reach quantum efficiencies above 97% at 1064 nm. The subtraction
of photocurrent is performed in a trans-impedance scheme with a home-made circuit [149].
The bandwidth of the detector is about 60 MHz. For the local oscillator, we use 6 mW of
the seed beam at 1064 nm. This local oscillator power gives a shot noise 21 dB above the
electronic noise at the central frequency of 5 MHz, which corresponds to 4% of equivalent
loss [175]. Because of the linear cavity design of the OPO, an optical isolator (Qioptiq
LINOS FR-1060-5SC) has to be inserted between the OPO and the homodyne detection
to prevent the backreflections on the photodiodes or the surface of the optics to be reflected
in the conditioning path. This ultimately leads to transmission losses. Overall, taking into
account all sources of noise amounts to a homodyne detection efficiency of 85%. In practice,
it is possible to take into account the detection losses in the measurement to correct from
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them. This is valid as long as homodyne detection is used to characterize a state that
would be available for subsequent operations or protocols, and not if it used to perform
non-local operations.

Data acquisition. The quadratures from the homodyne detections are recorded on a
high definition oscilloscope (Lecroy Waverunner 6Zi). The device possesses a sample
rate of 20 GS/s, which enables the resolution of the traces at the nanosecond scale. From
each heralding event corresponding to the detection of a single photon on a SNSPD, a
voltage pulse is used to trigger the recording of the homodyne traces. The sample-and-
hold cycle is included in the trigger setting to discard the events that occur outside of
the measurement sequence. Given the width of the temporal mode, the traces can be
neglected outside a window of about 50 ns around the event of interest. Depending on
the delay between the heralding and the arrival of the signal photon to the homodyne
detection, the recording window can range between 200 ns and 900 ns prior the trigger
pulse. The heralding rate is measured by counting the number of clicks detected in the 50
ms holding sequence. Typically for a pump power of 1 mW, we observe a heralding rate of
about 250 kHz. 50 000 heralding events are accumulated for the state characterization for
a single-mode quantum state. The total data acquisition for a single-photon Fock state is
thereby of a few minutes.

Temporal-mode measurement. As we have seen earlier it is important to measure
the temporal mode of the state to-be-characterized prior to processing the quadrature
measurements. Our technique for the measurement of the temporal mode consists in
looking at the variance of the measured quadrature 〈q̂2

θ〉. Indeed the variance of a single
photon is three times larger than the one of vacuum 〈q̂2

θ〉|1〉 = 3〈q̂2
θ〉|0〉 = 3σ2

0, where σ2
0

is defined as the variance of vacuum. So that the detection of a higher variance of the
quadratures in time gives a good estimate of the distance to the temporal mode of the
state. Such a technique can be used to find the center of the temporal mode. We show in
Figure 3.5 the experimental measurement of 〈q̂2

θ(t)〉. The peak increases when the single
photon is measured. Such a technique is used to calibrate the delays between the different
heralding events and the recorded homodyne signals.

Data processing. From the estimation of the temporal mode presented before, we can
associate to each heralding event and homodyne trace the quadrature value q̂θ,f following
Eq.(3.8). Yet there is a final step to take into account. Indeed the quadratures measured
on the homodyne detection are amplified by the local oscillator. From one measurement
to the other, the amplitude of the local oscillator |αLO| and so of the measured quadrature
values q̂θ,f can vary. It is thus important to normalize the quadrature results to the local
oscillator power. This is done by measuring the variance of the vacuum state prior the
measurement of the single photon, and normalizing the quadrature values by the variance
of vacuum. In practice this is done by recording 40 000 quadratures for vacuum - i.e.
shutting off the path to the homodyne detection - to calculate the variance of the vacuum
state 〈q̂2

θ〉|0〉.
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Figure 3.5: Example of experimental temporal mode. Variance of the homodyne
signals normalized to vacuum as a function of time. The detection event occurs on the
SNSPD at t = 0. The variance increases after a delay of 60 ns inside the 200 ns homodyne
trace, with a typical width of about 40 ns. This allows to center the position of the
temporal mode for the data pre-processing. This is to be compared to the theoretical
temporal mode given in Figure 3.2.

The overall quadrature data processing does then correspond to the association of a
quadrature value q(n)

f to each heralding event n, noting that q̂θ,f |q, θ〉 = qf |q, θ〉:

q
(n)
f = 1√

〈q̂2
θ〉|0〉

∫ +∞

−∞
f(t)q(n)(t)dt (3.13)

where q(n)(t) is the time-varying raw homodyne data - or trace - corresponding to the
heralding event n, f(t) the temporal mode of the measured state, and 〈q̂2

θ〉|0〉 the variance
of vacuum.

As we will detail in the next section, we can, on top of this, associate to each heralding
event n the corresponding phase of local oscillator θ(n)

LO at which the state is measured.
This is not relevant for Fock states which are phase-invariant but it will be important for
qubits or squeezed states. The final pre-processed data set in thus represented by a table
{n, q(n)

f , θ
(n)
LO}

State reconstruction. The final state of the data processing is the state reconstruc-
tion by Maximum-Likelihood optimization [176]. It provides from the data {n, q(n)

f , θ
(n)
LO}

the density matrix of the state measured by the homodyne detection in the temporal mode
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considered. Maximum Likelihood has become a standard procedure for the reconstruc-
tion of quantum states from tomographic measurements since it offers the advantage of
outputting a physical state as a result with high accuracy and of correcting for losses.

From a set of data {n, q(n)
f , θ

(n)
LO} of N quadrature measurements, the algorithm com-

putes the likelihood function L(ρ̂) defined as:

L(ρ̂) =
N∏
n=1

Tr
(
ρ̂
∣∣∣q(n)
f , θ

(n)
LO

〉〈
q

(n)
f , θ

(n)
LO

∣∣∣ ). (3.14)

This function represents the product of probabilities of observing each positive operator-
valued measure (POVM)

∣∣∣q(n)
f , θ

(n)
LO

〉〈
q

(n)
f , θ

(n)
LO

∣∣∣ when starting from a state ρ̂.
The Maximum-Likelihood procedure consists in exploring different quantum states ρ̂i in a
Hilbert space of dimensions d starting from the state ρ̂0 = 1

d1, and finding the state ρ̂ML

that maximizes L. For each iteration, the new normalized density matrix is computed
recursively following the expression:

ρ̂n+1 ∝ R̂(ρ̂n)ρ̂nR̂(ρ̂n), (3.15)

with the projectors R̂(ρ̂n) defined as:

R̂(ρ̂n) =
N∑
n=1

∣∣∣q(n)
f , θ

(n)
LO

〉〈
q

(n)
f , θ

(n)
LO

∣∣∣
Tr
(
ρ̂
∣∣∣q(n)
f , θ

(n)
LO

〉〈
q

(n)
f , θ

(n)
LO

∣∣∣ ) . (3.16)

Under the assumption that the algorithm converges in a reasonable amount of time, it
leads to the state ˆρML such that:

ρ̂ML ∝ R̂(ρ̂ML)ρ̂MLR̂(ρ̂ML), (3.17)

or equivalently
R̂(ρ̂ML)→ 1. (3.18)

In practice, we define an error threshold from which the algorithm has converged. The
dimension of the Hilbert space d is set to be larger than the expected state dimension. In
practice for the reconstruction of a single photon, a Hilbert space of dimensions 1+4 is con-
sidered (where 1 stands for vacuum and 4 for the following photon numbers), and the num-
ber to iterations set for convergence for single-mode reconstruction is about 150. The pro-
cedure for correction of the losses amounts to modify the projectors

∣∣∣q(n)
f , θ

(n)
LO

〉〈
q

(n)
f , θ

(n)
LO

∣∣∣,
effectively changing the measurement into lossy quadrature operators [149].

With now in hand all the experimental and analytical tools for the measurement of
heralded single photons, we can transition to the presentation of the experimental results.
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Figure 3.6: Experimental heralded single-photon states. From [7]. (a) Pre-processed
experimental quadrature values results obtained by applying the temporal to the homo-
dyne traces. Each point represents to a quadrature result of a corresponding heralding
event for a given local oscillator phase. (b) The histogram of the quadrature values gives
the marginal distribution of the experimental state, averaged over all phases. (c) Wigner
function of the heralded single-photon reconstructed by single-mode quantum state to-
mography, corrected for 15% detection losses. (d) Photon-number distribution of the
experimental heralded single-photon, without correction for detection losses (green) and
correcting for 15% detection losses (red). The state at the output of the OPO presents a
single-photon component of 93% with a vacuum admixture of 5%.

1.5 Experimental results

The quantum state is then reconstructed from 50 000 quadratures measurements, in a
Hilbert space of dimension 1+4. We show in Figure 3.6 the best heralded single photon
results [7]. The state is produced at a rate of 250 kHz. Without correction, the state
exhibits a single-photon component of 80% with a vacuum component of 20%. Correcting
from 15% detection losses, we are able to produce a state with a heralding efficiency of 93%
with a vacuum component of 5%. This state shows a second order auto-correlation at time
zero g2(0) of 0.04 (with a two-photon component 1.4%) and a spectral brightness of 6.103

photons/s.mW.MHz. With such a high state purity and spectral brightness, our heralded
single-photon source ranges among the best sources published in literature [7, 158].

We have thus introduced the experimental procedure for the generation of the discrete-
variable states that we will employ in this thesis. The heralded single photons produced
from our type-II optical parametric oscillator show a high heralding efficiency, large herald-
ing rates, and low multi-photon contributions, which makes them suitable for the imple-
mentation of more sophisticated schemes such as the ones we will present in Chapters
5 and 7. Before moving on to the presentation of the scheme for the preparation of
continuous-variable states, let us examine at a novel benchmark that was recently devel-
oped for the characterization of single photon sources during this thesis: the Fock-state
bunching capability.
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2 Experimental Fock-state bunching capability

Another salient characteristic of the single photon Fock-states that is essential for
quantum information processing is their ability to interfere in linear optics networks. This
multi-photon interference effect is now being studied in a variety of works by considering
different benchmarks based on fidelity [177] or specific photon correlation measures [178].
However these studies generally lack of evaluating the impact of the photon statistics, i.e
the effect of vacuum and multi-photon components on the multi-photon interference. In
addition, experimentally generated single photons will present fluctuations in their photon
statistics, so that the joint and collective statistical influence of these parameters can only
be taken into account by applying the benchmark on a variety of experimentally generated
states. Our team, in collaboration with the group of Radim Filip at Olomouc University,
developed a new benchmark called Fock-state bunching capability. This benchmark that
considers the extreme bunching events of n single-photons into the Fock-state |n〉 relies
on negativities of a Wigner function computationally determined in a clear operational
procedure, and offers a very large sensitivity to the non-classicality of the generated higher
Fock states. In particular this benchmark can be, in some cases, more reliable than the
second-order autocorrelation function at zero delay g2(0) that only considers the multi-
photon suppresion and does not take into account the vacuum admixture [179]. This work
has been recently published in Optica [15].

2.1 Principle of the quantifier

The principle of the quantifier [180] is shown in Figure 3.7. To collectively test the
ability of the generated single photons to undergo multi-photon interference, we computa-
tionally determine the Wigner function of the higher Fock state, which can, in principle,
appear from multiple copies of the single-photon state. The area in phase space, where
the Wigner function of the ideal Fock state |n〉 is negative, is composed of n/2 or (n−1)/2
concentric annuli if n is an even number or an odd number, respectively. By definition,
a single-photon state has the capability of the Fock state |n〉 if the Wigner function of the
state, which can be generated from n independent copies of the single-photon state, has
the same number of negative annuli as the ideal Fock state |n〉. The negative annuli in
the Wigner function witness the non-classical nature of the multi-photon interference in
phase space. The Fock-state capability, which is determined computationally, collectively
tests the copies of a single photon state, even though any multi-copy procedure is not
implemented in the laboratory. In the ideal case n copies of a pure single-photon should
lead to the Fock-state bunching capability n. However, in practice, vacuum admixture
and multi-photon components degrade the quality of the interference and thus the higher
Fock-state number that can be reached.

2.2 Experimental test and results

To test this new benchmark we use the type-II OPO presented in the previous section,
with which a heralding efficiency up to P1 = 91% can be reached. Also, by changing the
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Figure 3.7: Fock-state bunching capability of non-ideal single-photon states. A
single-photon source provides photons with different vacuum admixture and residual multi-
photon components, as depicted by the photon-number distributions (left). These states
are used as inputs of a balanced linear optics network Û . In an extreme case, all photons
can bunch into just one output mode whereas all other modes are in the vacuum state.
This stage is done computationally and provides the expected photon number distribution
Pn for the output mode (right). The negativities of the associated Wigner function are
used to determine the Fock-state bunching capability. In contrast to other measures, this
collective benchmark depends not only on the vacuum admixture and multiple-photon
statistics of the imperfect input photons but also on the small discrepancies between
them.

pump power the multi-photon component can be increased at will. Losses can also be
added to decrease the effective heralding efficiency. Overall, these features enable us to
explore seven different combinations of state imperfections. The corresponding quantifier
results are given in Figure 3.8.

First, single-photon states with a low purity due to a vacuum component close to 50%
(brown bars) have only the trivial capability of the Fock state |1〉, despite their very low
g2(0) of 0.07. This shows that the broadly used autocorrelation function does not fully
characterize the ability to bunch into higher Fock states exhibiting non-classical signatures.
In particular this example demonstrates that the capability is more sensitive to vacuum
mixture, as a state obtained from two copies of these single photons would have a positive
Wigner function. Due to their trivial capability, such states are not a useful resource
for the preparation of large Fock states that could be used, e.g. for quantum metrology
[181, 182, 183] or error correction [184, 185, 186].

The necessary condition for a non-trivial capability n > 1 is to reach a single-photon
component P1 > 2/3 [180]. Above this threshold, the capability moderately grows with
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Figure 3.8: Quantifier results. (Left) The capability is given as a function of the
single-photon component P1 and of the multi-photon probability P2+ for the different sets
experimentally generated. These parameters are averaged over photon-number statistics
from a given data set obtained by successive measurements under the same experimental
conditions. Colors denote the Fock-state capability. The gray-shaded area excludes the
unphysical probabilities P1 + P2+ > 1. The standard deviation of the probabilities are
given by the thicknesses of the color bars. (Right) Quantifier output. (a) Cut through
the output Wigner function W (x, 0) of the computational quantifier whose inputs are
fourteen experimentally obtained photon-number statistics. The thickness of the line
provides the 3σ interval for the values of the output Wigner function. The fit given
in black corresponds to the attenuated Fock state |14〉 (black line) with an attenuation
parameter η = 0.9205. (b) Associated photon-number distribution (blue points) compared
to photon-number distribution of the attenuated Fock state |14〉 (black crosses). The
output Wigner function and the corresponding photon-number distribution are averaged
over thirty random choices of photon-number statistics from the data set 7 with P1 = 0.91
and P2+ = 0.02 (data set 7).

P1. As can be seen in the Figure 3.8, the state corresponding to the green bar (set 3) has
a multi-photon component P2+ = 0.02 and the capability of the Fock state |3〉. The state
associated to the red bar (set 4) has the capability of the Fock state |4〉 despite having a
similar single-photon component as the previous state but a larger, still low, probability
P2+ = 0.05. For a given P1, an increase in P2+ may thereby lead to a larger capability.
Actually, this increase in P2+ comes in that case with a decrease in the vacuum component,
indicating that the bunching is less affected by multi-photon contributions than vacuum
admixture. We have shown in additional simulations that at fixed vacuum the capability
decreases with the multi-photon component.

Finally, for P1 > 0.8, the capability is expected to rapidly increase and to diverge
at P∞1 = 0.885, where an arbitrary capability can be reached [180]. The experimental
results agree well with this prediction and highlight the non-linearity of the quantifier.
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The verification of this trend is an important benchmark for the development of single-
photon sources. The data sets indicated with blue bars have at least the capability 14.
For the set 7, note that its g2(0) = 0.05 does not significantly differ from that of the
states with the trivial Fock-state capability. The capability 14 is also achieved for lower
single-photon fidelities P1 and higher multi-photon contributions P2+, even for a state
with four times larger g2(0) = 0.2. However, these states might have a lower capability
than the set 7 due to the saturation to 14 for computational power reasons. The quantifier
is presently computationally limited by the Fock-state capability 14, which is already a
very large number in this operational context. All data sets for which this capability 14
is obtained may also have the capability of a higher Fock state.

In the end we show the output of the computational quantifier with fourteen input
states randomly chosen from the data set 7, i.e. the set with the highest heralding efficiency
and lowest multi-photon component. Figure 3.8 (a) first provides the cut through the
Wigner function. The output Wigner function is fitted by the one of a lossy Fock state
|14〉, with a fitted attenuation parameter η = 0.92. The fit shows that the oscillations of
the output Wigner function in phase space coincide with the ones of the attenuated Fock
state |14〉. The photon number statistics of the output state and attenuated Fock state are
compared in Figure 3.8 (b). The good cut-off of the multi-photon contributions with more
than fourteen photons in the statistics of the output state is another feature that further
demonstrates the high quality of the initial single-photon states. Such result was made
possible only by considering single-photon states with limited multi-photon contributions
and very low vacuum admixture, as provided by the OPO-based source used in this thesis.

2.3 Discussion and outlook

In our experimental implementation, the estimation of the photon-number distribution
was performed by using homodyne detections. Other detectors, such as photon-number
resolving superconducting detectors [187, 188] should enable a direct measurement of the
Fock state capability. The quantifier not depending on the nature of the source, it could be
applied to other platforms such as microwave photons [189], phonons in trapped ions [190]
and optomechanical [191] experiments, and collective excitations in atomic ensembles [102].
The benchmark can finally be modified to investigate the capability of other resources
states such as Schrödinger cat states [192].

We have thus presented the Fock-state bunching capability benchmark which stud-
ies the ability of experimental single photons to follow multi-photon interference. We
supplemented our theoretical definition with experimental data obtained from a tunable
OPO-based single photon source and addressed different bunching regimes. With at hand
the experimental and theoretical tools for the generation and characterization of discrete-
variable quantum states, we now turn to the description of the experimental generation
of optical continuous-variable quantum states.
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3 CV: Experimental optical Schrödinger cat state genera-
tion

The protocol for the generation of CV states is very similar to the one of the DV state
generation, except that we start now from a type-I OPO. Still several adaptations need
to be made since the generated states are no more phase invariant. The scheme for the
generation of optical Schrödinger cat states of small amplitude - often called kittens - has
been historically performed in [193] and [194]. In this section we present the principle for
the generation of the CV non-Gaussian states, the experimental setup for their production,
and the corresponding results.

3.1 Single-mode squeezed vacuum Fock-state decomposition

The procedure for the generation of even or odd kitten states can be understood by
looking at the Fock-state decomposition of the single-mode squeezed vacuum state at the
output of the type-I OPO. It is indeed written as:

Ŝ(r) |0〉A = (1− λ2)1/4
∞∑
n=0

(
2n
n

)1/2(λ
2
)n
|2n〉A , (3.19)

where λ is related to the squeezing parameter by λ = tanh(r).
We note here that, since the SPDC now produces photons in the same mode A, the

parity of the state emitted from the type-I OPO, Ŝ(r) |0〉A, is even. In the same way,
if a photon subtraction is applied on the state, it will change the parity of the state, to
give âŜ(r) |0〉A with an odd parity. It might then be possible to find an operating regime
where the squeezed-vacuum and photon-subtracted squeezed-vacuum have a high fidelity
with a cat state of same parity. This scheme has been proposed historically by Dakna and
collaborators [195] who noticed that for low squeezing and small cat sizes, the following
property is valid without normalization:

Ŝ(r) |0〉 ≈ |cat+〉
âŜ(r) |0〉 ≈ |cat−〉 .

(3.20)

|cat+〉 and |cat−〉 denote coherent-state superpositions (CSS) respectively in phase and in
opposite phases, i.e.:

|cat±〉 ∝ |α〉 ± |−α〉 (3.21)

where |α〉 is a coherent state of size |α|2.
We show in Figure 3.9 the theoretical fidelity between squeezed-vacuum or photon-

subtracted squeezed vacuum state and the cat of corresponding parity, for different values
of squeezing. As we can see the fidelity to cat states is clearly above 95% for both states
up to a cat size |α|2 = 1 for a squeezing of 3 dB. Such small cat are typically referred to
as kitten states. As the squeezing increases the size of the cat that can be reached with
high fidelity increases. Yet in practice, the states with higher squeezing are much more
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Figure 3.9: Fidelity of squeezed vacuum and photon-subtracted squeezed vac-
uum states with their corresponding target cat state at fixed squeezing. As the
squeezing increases, the produced states maximize their fidelity with larger cat states. The
difference of size between the even and odd cat states maximizing the fidelity increases as
the squeezing increases. (Dashed lines) The fidelity to the even cat state can be increased
at fixed squeezing by applying double photon subtraction.

difficult to produce because of an increased sensitivity to phase noise. We observe that
the difference between even and odd cat sizes maximizing the fidelity to the target state
increases as the squeezing is increased. This can be a limiting factor when projecting a
CV state in the {|cat+〉 , |cat−〉} basis where the different components will not be evenly
projected. We note that the fidelity to the even cat state can be increased by applying
a double subtraction to Ŝ(r) |0〉 to recover â2Ŝ(r) |0〉 with the same parity. Still such a
procedure is more difficult to implement experimentally.

3.2 Experimental setup

The experimental setup relies this time on a type-I OPO. The scheme is similar to the
one for the heralding of a single photon with the type-II OPO. The photon-subtraction is
mimicked by tapping off a small part of the beam that is sent to a single-photon detector.
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(a)

(b) (c)

Figure 3.10: Experimental generation of optical Schrödinger kitten states. From
[6]. (a) Experimental setup for the generation of odd cat state. The type-I OPO is pumped
by 5 mW of pump at 532 nm to produce 3 dB of squeezing. The single-photon subtraction
is performed by tapping 3% of the beam and conditioning on a click on the SNSPD.
(b) Photon-number distribution of the odd cat state, without correction (green) and with
correction for 15% detection losses (red). We obtain about 10% of vacuum component after
correction, and significant population of the odd number states |1〉 and |3〉. (c) Wigner
function of the state reconstructed by single-mode quantum state tomography with 15%
correction. The state presents strong non-classical features indicated by the negativity of
the Wigner function.

The experimental setup is shown in Figure 3.10.

Type-I OPO and photon subtraction. The OPO is composed of a type-I PPKTP
crystal. The double resonance is adjusted by tuning the temperature of the non-linear
crystal. The type-I OPO is pumped with 5 mW at 532 nm. It corresponds to about 3 dB
of squeezing at the output of the OPO. A small part of the light is tapped by placing a
beamsplitter of reflectivity R in the path of the down-converted photons. The reflected
light is sent to the SNSPD for the heralding of the subtraction after the same filtering as for
the heralded single photon. It is important to ensure that the tapping ratio remains small
so that only a single photon - and not multiple photons - is subtracted, yet the reflectivity
should be large enough in order to obtain a workable heralding rate. In practice we use a
tapping ratio of R = 3%, corresponding to a heralding rate of about 100 kHz. The rate
can be increased by increasing the tapping ratio at the expense of state purity.
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Phase calibration and data acquisition. Contrary to Fock state, the optical kitten
states are phase sensitive. It is thus important to know precisely at which phase each
quadrature is measured in order to perform the state tomography. To infer the relative
phase between the signal and the local oscillator, we employ the seed beam to measure an
interference fringe between the signal and the local oscillator. In practice the relative phase
is swept by placing a mirror on the local oscillator path on a PZT-mount and applying a
voltage ramp V (t) synchronized with the sample and hold sequence. During the sampling
sequence of 50 ms, the interference fringe between the seed and the local oscillator is
recorded on a 350-MHz digital oscilloscope (Lecroy WaveSurfer 434). The trace will
be used for the data processing to associate at each voltage V (t) the corresponding phase
θLO(V ). During the hold sequence the seed beam is blocked, no visible fringe can be
seen and the homodyne detection measures the quantum states with the PZT still swept.
This enables to explore all the possible phases while accumulating the data for the state
reconstruction. To determine which homodyne trace on the high definition oscilloscope
(Lecroy WaveRunner 6Zi) corresponds to which phase, the voltage applied to the piezo
is also recorded on the high definition oscilloscope. The phase of each quadrature is then
recovered for each heralding event by looking at the voltage value applied at that time that
corresponds to a specific phase θLO(V ). In practice, we sweep the PZT with a frequency
of 30 Hz.

3.3 Results

The experimental data is then pre-processed using the same procedure as for the her-
alded single photon. By applying the correct temporal mode we obtain the pre-processed
data set {n, q(n)

f , θ
(n)
LO}. Maximum likelihood is finally applied to reconstruct the state in a

Hilbert space of dimensions 1+4 (the size of the Hilbert space needs to be adapted if the
cat size increases). The experimental results after single-mode quantum state tomography
are shown in Figure 3.10 [6]. They are corrected from 15% detection losses. We achieve a
fidelity of 87% with a Schrödinger cat state of size |α|2 = 0.9 at a rate of 100 kHz.

4 Hybrid entanglement as a key resource for heterogeneous
quantum networks

With our knowledge on single-mode quantum state engineering we can now turn to
the creation of hybrid entanglement between discrete- and continuous-variable optical
qubits. This hybrid state, that has been engineered in our lab at LKB for several years
[4, 13], has now become a resource in itself for the implementation of hybrid quantum
information processing protocols. It has first been involved to perform the remote state
preparation of CV qubits with high fidelity [11], or in a Einstein-Podolsky-Rosen steering
test [12], to prove that our state can be employed in semi-device-independent security
protocols. We will first present the framework of heterogeneous quantum networks in
which the hybrid entanglement has been proposed for the first time, before detailing its
experimental implementation and engineering.
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Figure 3.11: A heterogeneous quantum network. The connection of DV (yellow) and
CV (blue) quantum nodes is made possible by optical hybrid entanglement.

4.1 The hybrid strategy

Future quantum networks will necessarily be composed of different physical platforms
and different types of encoding. Indeed, a given user might prefer to use DV or CV
states depending on the task at hand and the physical system involved that can couple
preferentially to one encoding or the other. For example, DV systems can efficiently be
stored in state-of-the-art quantum memories [101], but the implemented DV protocols
remains so far probabilistic [130], so that their extension to large scale is very demanding.
On the other hand, CV systems enable the implementation of deterministic protocols [132]
and efficient quantum computation [129], but the propagation of CV states in quantum
channels is less efficient than for DV states [9]. As represented in Figure 3.11, the quantum
networks must thus uphold a heterogeneous structure to enable full functionality. Yet users
depending on different encodings should be able to communicate inside this heterogeneous
networks. It is thus fundamental to link the two different types of quantum states - and
communities - via quantum links in the form of hybrid entanglement.

The hybrid strategy initially refers to the combination of the experimental tools be-
longing to the two paradigms [3]. Historically, the detection of DV optical quantum states
was performed with DV tools such as single-photon detectors, and the homodyne detec-
tion was used mostly for the detection of CV states. Combining the different tools has
enabled the implementation of enhanced protocols, such as the trustworthy witnessing
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of single-photon entanglement [196], or the high fidelity teleportation of DV states using
a hybrid technique [197]. Photon subtraction can be employed in a hybrid framework
for the distillation of Gaussian entanglement [198, 199, 200]. Several improved protocols
involving hybrid entangled states are being developed in parallel [201, 202, 203]. It is
notable to see that the schemes for the heralded creation of DV and CV non-Gaussian
states are already hybrid protocols combining DV photon counting and high efficiency CV
homodyne detection.

In the most general context, a pure two-mode hybrid entangled state is written under
the form:

|Ψ〉AB =
∑
n

|ψn〉DV |ψn〉CV , (3.22)

where {|ψn〉DV }n represents a complete orthonormal basis of the DV mode and {|ψn〉CV }n
is an ensemble of infinite-dimensional qumodes. The choice of encoding in the DV or CV
mode depends on the physical system at hand and the desired application. The DV mode
can for example be encoded in the Fock basis {|0〉 , |1〉}, or in dual-rail time bin qubits
{|s〉 , |l〉} or in the polarization basis {|H〉 , |V 〉}. The CV encoding can be performed in
the coherent state basis {|cat+〉 , |cat−〉}.

The hybrid entangled state that will be at the heart of this thesis is of the form:

|Ψ〉AB = 1√
2

(|0〉A |cat−〉B + eiθhybrid |1〉A |cat+〉B), (3.23)

i.e. the DV mode will be encoded in the Fock basis {|0〉 , |1〉} and the CV mode in the
basis {|cat+〉 , |cat−〉}. As we will see later in Chapter 5 and 7, such entangled states can
enable the connection of disparate node based on different encoding, and the conversion
of quantum information from one encoding to the other.

4.2 Experimental implementation

In this section we will present the generation and engineering of the optical hybrid
entangled initially published in [4]. The experimental setup is shown in Figure 3.12.
The idea to create the entanglement between the DV and CV modes is to combine the
two setups presented in the previous sections and to mix the two heralding paths in an
indistinguishable fashion. The non-local click then corresponds to two indistinguishable
outcomes. Either the single photon was originating from the type-II OPO and in that
case squeezed vacuum was present at the output of the OPO I, or the single photon was
originating from the subtraction, and in that case the state at the output of OPO I is
a photon-subtracted squeezed vacuum state, while the state at the output of the type-II
OPO is vacuum. A detection event therefore heralds the state:

|Ψ〉AB ∝ |0〉A âŜ |0〉B + eiθhybrid |1〉A Ŝ |0〉B , (3.24)

with θhybrid the relative phase between the two heralding paths.
As we have seen earlier, for a squeezing of 3 dB, the state at the output of the type-I

OPO has a large fidelity with a cat state of amplitude |α|2 = 0.9, so that the hybrid state
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Figure 3.12: Experimental generation of hybrid entanglement of light. The type-
I and type-II OPOs are pumped far below threshold. The type-I OPO emits 3 dB of
squeezed vacuum while the type-II OPO emits orthogonally-polarized photon pairs. The
idler mode from OPO II is mixed with the tapped mode corresponding to 3% of the mode
from OPO I. The projected mode is spectrally filtered by an interferential filter (IF) and a
home-made Fabry-Pérot cavity (FP) before being sent to an SNSPD placed in a cryogenic
environment. The two heralding modes are indistinguishable through fine tuning of both
OPO bandwidths and the balancing of their respective heralding rates. The photodiode
P1 and P2 are used to lock the seed of each OPO in phase with their respective pump.
The creation of the same state at every heralding click is ensured by phase locking between
the two conditioning paths at P3. Each mode of the heralded state is measured by a high-
efficiency homodyne detection, and the state is fully characterized by two-mode quantum
state tomography.

has a high fidelity with the target state:

|Ψ〉AB = 1√
2

(|0〉A |cat−〉B + eiθhybrid |1〉A |cat+〉B), (3.25)

which is equivalent up to a basis change to the state:

|Ψ〉AB = 1√
2

(|+〉A |α〉B + eiθhybrid |−〉A |−α〉B), (3.26)

with |±〉 = (|0〉 ±+ |1〉)
√

2.
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Non-local conditioning. The key element for the success of the generation of the
hybrid entangled state is to maximize the indistinguishability between the idler of the OPO
II and the tapped beam of OPO I. This is ensured by matching spectrally the bandwidth of
the two OPOs and applying the same spectral filtering of the projected conditioning paths.
The conditioning paths are projected by first having the two optical beams co-propagate
in the same spatial mode on a PBS before projecting their polarizations on a second
PBS with a half-waveplate of adjustable angle. The indistinguishability is maximized by
rotating the half-waveplate to balance the count rate of each OPO on the SNSPD. The
other port of the projecting PBS is used to lock the phase of the hybrid entangled state
θhybrid. Typically, at a pump power of 1 mW for OPO II and 5 mW for OPO I (3 dB), we
obtain a hybrid heralding rate of 100 kHz.

Phase control. If the relative phase between the two conditioning paths is not actively
stabilized, the accumulated measured quadratures will correspond to hybrid states with
different phases. This accumulation of phases yields a blurring of the coherence of the
entangled state that can lead in the worst scenario to the creation of an entirely mixed
state. It is thus important to actively control the phase of the hybrid state to make sure
all the measured states correspond to the same phase θhybrid. The locking is performed
digitally with a microcontroller using the interference fringe between the two seed beams of
each OPO. We choose to lock to a relative phase θhybrid = π. The phase noise is estimated
at about 3%.

Two-mode state tomography. Similarly as for the single-mode schemes, we record
the two homodyne traces corresponding to the DV and CV mode for each heralding event,
apply the relevant temporal modes, and normalize to the variance of vacuum on each
mode. The phases of the DV and CV local oscillators are obtained in the same manner
as before. The same voltage ramp V (t) is applied to the two PZT of the local oscillators.
From this we recover the pre-processed data set {n, q(n)

f,DV , q
(n)
f,CV , θ

(n)
LO,DV , θ

(n)
LO,CV } with n

the n-th heralding event of in total N = 200 000 events. The total data acquisition takes
about 20 minutes. The state reconstruction is done by performing two-mode quantum
state tomography with Maximum-Likelihood, correcting for 15% detection losses on each
mode. For the optimization we set the Hilbert dimension to 1+4 for the DV mode and
1+6 for the CV mode, which is well beyond the subspace we expect to be populated. The
algorithm outputs a 77x77 two-mode density matrix that can be analyzed.

4.3 Results

4.4 Symmetric case

Several methods can be used to represent the two-mode density matrix. In our case we
project the density matrix of the two-mode state ρ̂ on the DV Fock basis 〈i| ρ̂ |j〉DV , with
{i, j} ∈ {0, 1}. We then represent the Wigner function of the four corresponding single-
mode projections. The diagonal terms correspond to the projections on |0〉 〈0| and |1〉 〈1|,
which give the Wigner functions of the odd and even cat states respectively. The anti-
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(a) (b) (c)

〈0| 〈0|

〈1| 〈1||0〉 |0〉

|1〉 |1〉 |−〉〈+|

|+〉〈−|

Figure 3.13: Experimental results in the symmetric case. (a) and (b) Wigner
function of the reduced density matrices 〈i| ρ̂ |j〉DV with {i, j} ∈ {0, 1} with and without
detection losses of 15% in each mode. The components with i 6= j being not hermitian,
the corresponding Wigner functions are not necessarily real, but conjugate. The plot gives
therefore the real part in the back corner (i < l) and the imaginary part in the front corner
(i > j). (c) Same results in the rotated DV basis {|+〉 , |−〉} with |±〉 = (|0〉 ± |1〉)/

√
2.

The negligible higher photon number terms (the amplitude of which being lower than 1%
for each) are not represented.

diagonal terms are coherence terms characteristic of the entanglement. This representation
is valid as long as the multi-photon components are negligible, which is true is our case
since the total projections to higher number states correspond to less than 2% of the
measured state.

The corresponding experimental states are represented in Figure 3.13 with and with-
out correction for detection losses. The Wigner function of the odd cat state without
correction, 〈0| ρ̂ |0〉, is negative at the origin of phase space with W (0, 0) = −0.053, which
is a strong signature of non-classicality. The negativity of the Wigner function increases
to W (0, 0) = −0.169 as the detection losses are corrected.

The amount of entanglement of the entangled state is measured with the negativity of
entanglement. As a reminder the negativity of entanglement is an entanglement measure
defined as:

N =
(
||ρTX ||1−1

)
/2, (3.27)

where ρTX stands for the partial transpose of the two-mode density matrix ρXY and ||X||1
the trace norm:

||X||1= Tr(
√
X†X). (3.28)

In the ideal, lossless case, the negativity of entanglement is bounded to 0.5. We measure
without correction an entanglement negativity of N = 0.27 that increases to N = 0.385
as we correct for detection losses, which is the maximum value attainable experimentally
by taking into account the escape efficiency of the OPOs.
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N

N = 0.350.260.02 0.16 0.03

Figure 3.14: Experimental results, from separable to maximally entangled hy-
brid state. From [4]. Experimental hybrid state and negativity of entanglement with
a relative phase set to zero. By rotating the half-waveplate, we can go from the one
fully separable state |1〉 |cat+〉 to the other |0〉 |cat−〉 via a maximally entangled state
|1〉 |cat+〉+ |0〉 |cat−〉. The negativity of entanglement is indicated for each state.

We finaly represent the state projected in the DV basis {|+〉 , |−〉}. We obtain a fidelity
of 77% to the target state with θhybrid = π and |α|2 = 0.9. This experiment was the first
published demonstration of hybrid entanglement of light [4], conjointly with [5] using a
different generation strategy.

4.5 Assymmetric case and increased dimensionality

If the maximally entangled state is obtained by matching the heralding rates from each
OPO, an asymmetric and non-maximally entangled state can be obtained by changing the
angle of the projecting half waveplate. Such a state can be useful in some protocols such
as remote state preparation [11] or quantum steering [12] where experimental biases need
to be compensated. The asymmetric entangled state is then written:

|Ψ〉AB =
√
R |0〉A |cat−〉B +

√
1−Reiθhybrid |1〉A |cat+〉B (3.29)

where the probability of having the heralding click coming from OPO I is R/(1−R) times
as large as the probability of it coming from OPO II. As can be seen in Figure 3.14 it is
thus possible to tune the hybrid state from fully separable to maximally-entangled state.

Several extensions of the engineering of the optical hybrid entangled state have been
performed in our group and will not be detailed here. Two examples of them are the
addition of a local subtraction on the CV mode to change the parity of the cats, in order
to create the state:

|Ψ〉AB = 1√
2

(|0〉A |cat+〉B + eiθhybrid |1〉A |cat−〉B) (3.30)
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and the addition of a second non-local clicks to create a hybrid entangled qutrit of the
form:

|Ψ〉AB ∝ (|0〉A â2Ŝ |0〉B + |1〉A âŜ |0〉B + |2〉A Ŝ |0〉B). (3.31)

The experimental realization of these state has been performed in [158]. During this
thesis we published a detailed theoretical analysis of the engineering of the optical hybrid
entanglement, including its extension to qutrits [13].

5 Conclusion
This presentation of the quantum state engineering performed by combining the tools

from the discrete- and continous-variable paradigms, concludes the introduction of the
experimental resources that have been mastered in our group and that were present in
the lab at the start of this thesis. We have presented, in addition, a novel benchmark
for the characterization of the multi-photon interference capability of experimental single
photons. Over the last years, our team has developed a strong expertise in the engineering
of optical hybrid entangled states, that can now be employed as a resource in itself for
quantum information processing protocols. In the rest of the manuscript we will study
the two quantum teleportation protocols that were implemented during this work using
hybrid entanglement of light, namely hybrid entanglement swapping and hybrid quantum
teleportation. But before passing to the presentation of the schemes, we need to study
theoretically a final requirement, which is the Bell-state measurement, essential for the
success of the teleportation protocols.
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Chapter 4

A hybrid Bell-state measurement
for teleportation-based protocols

In this chapter we will introduce the hybrid Bell-state measurement (BSM) that has
been implemented to perform teleportation protocols with hybrid entanglement of light.
This Bell-state measurement, applied on discrete-variable (DV) modes, combines photon
counting on a single-photon detector and quadrature conditioning with high efficiency ho-
modyne detection. We will study theoretically the performances of this novel measurement
both in the context of hybrid quantum teleportation and hybrid entanglement swapping,
two protocols that will be experimentally implemented in the following chapters.

1 Finding the optimal Bell-state measurement

1.1 Our objectives

The goal of the thesis being to teleport DV qubits - or equivalently DV-DV entangle-
ment - towards CV qubits via hybrid entanglement of light we need to choose a specific
Bell-state measurement that is conveniently adapted to our system. Here we will present
the strategy that has led us to devise a new hybrid Bell-state measurement that combines
the tools from the DV and CV paradigms.

The scheme for hybrid teleportation is shown in Figure 4.1. A discrete-variable qubit
in mode A is initially encoded in the Fock basis {|0〉 , |1〉} in the form:

|ψin〉A = c0 |0〉A + c1e
iθ |1〉A . (4.1)

For the teleportation we employ an optical hybrid entangled state. The DV mode, labeled
B, is encoded in the Fock basis {|0〉 , |1〉} while the CV mode, labeled C, is encoded in the
coherent state superposition basis {|cat+〉 , |cat−〉}. This entangled state can be written
as:

|Ψ〉BC = 1√
2

(|0〉B |cat−〉C + |1〉B |cat+〉C). (4.2)
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Figure 4.1: Scheme for teleportation via hybrid entanglement of light. A discrete-
variable qubit is mixed with the DV mode of a hybrid entangled state. The state is
teleported from DV to CV when the BSM is successful. The most efficient BSM needs to
be implemented by combining the tools from the DV and the CV paradigms. The scheme
can be extended naturally to entanglement swapping from DV-DV to DV-CV by replacing
the DV qubit by one mode of a DV-DV entangled state.

As we have seen in Chapter 1, the three-mode state

|Ψ〉ABC = 1√
2

(c0 |0〉A + c1e
iθ |1〉A)⊗ (|0〉B |cat−〉C + |1〉B |cat+〉C), (4.3)

can always be factorized in the form:

|Ψ〉ABC = 1
2

[ ∣∣∣Ψ+
〉
AB
⊗ (c0 |cat+〉C + c1e

iθ |cat−〉C )

+
∣∣Ψ−〉AB ⊗ (c0 |cat+〉C − c1e

iθ |cat−〉C )

+
∣∣∣Φ+

〉
AB
⊗ (c1e

iθ |cat+〉C + c0 |cat−〉C )

+
∣∣Φ−〉AB ⊗ (− c1e

iθ |cat+〉C + c0 |cat−〉C )
]
,

(4.4)

where we recall the four Bell states defined as:∣∣∣Ψ+
〉
AB

= 1√
2

( |0〉A |1〉B + |1〉A |0〉B ),

∣∣Ψ−〉AB = 1√
2

( |0〉A |1〉B − |1〉A |0〉B ),∣∣∣Φ+
〉
AB

= 1√
2

( |0〉A |0〉B + |1〉A |1〉B ),

∣∣Φ−〉AB = 1√
2

( |0〉A |0〉B − |1〉A |1〉B ).

(4.5)
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We notice that this is the sum, except for the Pauli operators, of tensor products between
the input state in the CV basis, |ψin〉C = c0 |cat+〉C + c1eiθ |cat−〉C , and each Bell state.
It can indeed be rewritten as:

|Ψ〉ABC = 1
2

[ ∣∣∣Ψ+
〉
AB
⊗ |ψin〉C +

∣∣Ψ−〉AB ⊗ σ̂Z |ψin〉C
+
∣∣∣Φ+

〉
AB
⊗ σ̂X |ψin〉C +

∣∣Φ−〉AB ⊗ e−iπ/2σ̂Y |ψin〉C ]. (4.6)

Now if a measurement - called Bell-state measurement - between modes A and B enables
the distinction of one of the four Bell states, it will project mode C into a unitary evolution
of the input qubit, Û |ψin〉C , where Û is a Pauli operator depending on the result of the
measurement. This result is transferred via a classical channel to the receiver who then
applies the corresponding unitary transformation to convert this state into a replica of the
original state |ψin〉C .

1.2 Experimental techniques for the Bell-state measurement

Several techniques can be employed to perform the Bell-state measurement. A CV
protocol enables the implementation of a complete BSM with feed-forward [132, 204]. As a
reminder, in CV teleportation, double homodyne detection is used to perform the BSM by
measuring simultaneously both the quadratures x̂ = (x̂A− x̂B)/

√
2 and p̂ = (p̂A+ p̂B)/

√
2

after mixing modes A and B on a 50:50 beamsplitter. The corresponding results, i.e.
the photocurrents x and p are then transferred classically to apply actively the unitary
operation (corresponding, in general, to amplitude and phase modulation) in order to
recover the original state. This CV BSM appears as the most efficient technique since it
enables a complete distinction of the four Bell states, and represents an active protocol
where the state is adapted depending on the BSM result. This CV teleportation scheme is
in that sense typically called unconditional teleportation. However, and unfortunately in
our specific case of hybrid entanglement, the CV mode on which the state is teleported is
encoded in a coherent state basis {|cat+〉 , |cat−〉}. For this encoding implementing the σ̂X
operator corresponding to phase shifting can be done efficiently, but the implementation
of the σ̂Z operator can be done efficiently with a displacement only for large values of α
[205], which is not the case of our system. For that reason we cannot employ that type of
CV BSM in an unconditional teleportation protocol.

We thus have to apply a DV BSM, which is actually more natural since the modes we
are mixing are also DV. To differentiate the Bell states we first mix modes A and B on a
balanced beamsplitter. Recalling the balanced beamsplitter operations:

â†
50:50−−−→ 1√

2
(â† + b̂†),

b̂†
50:50−−−→ 1√

2
(b̂† − â†),

(4.7)
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this transforms the four Bell states into:∣∣∣Ψ+
〉
AB

50:50−−−→ |0〉A |1〉B ,∣∣Ψ−〉AB 50:50−−−→ |1〉A |0〉B ,∣∣∣Φ+
〉
AB

50:50−−−→ 1√
2

( |0〉A |0〉B + 1√
2

(|0〉A |2〉B − |2〉A |0〉B)),

∣∣Φ−〉AB 50:50−−−→ 1√
2

( |0〉A |0〉B + 1√
2

(|2〉A |0〉B − |0〉A |2〉B)).

(4.8)

Using linear optics, we can distinguish the states
∣∣Ψ+〉

AB and |Ψ−〉AB by applying the
projector |1〉 〈1| on either the mode A or the mode B. However due to the symmetry
of the states

∣∣Φ+〉
AB and |Φ−〉AB it is not possible to discriminate them from all other

Bell states. This is a fundamental limitation of DV BSM for which only two out of the
four Bell-states can be distinguished using linear optics [206, 108, 207]. It thus yields a
probabilistic teleportation protocol with a maximum efficiency - or probablity of success
- of 1/2.

Several experimental techniques can be used to perform the single-photon projection.
For simplicity and practical convenience we will only apply the measurement on mode B.
This decreases the efficiency of the protocol from 1/2 to 1/4. As can be seen in Eq.(4.6),
measuring

∣∣Ψ+〉
AB by applying |1〉 〈1|B on mode B enables to recover the initial state

|ψin〉C without the need to perform any unitary operation to retrieve the original qubit.
Since no active operation is needed to recover the state we say that the protocol is passive.
The Bell-state measurement in that case corresponds to the selection of the correct event
that heralds the creation of the teleported state.

Measurement with single-photon detectors can be used to perform |1〉 〈1|B. Efficient
and fast photon-number resolving detectors not being yet developed for our application
[167] we will use superconducting nanowire single-photon detectors (SNSPDs) [155] for
the single-photon projection. Yet, even if SNSPDs can currently achieve high quantum
efficiencies and fast operational rates, they can only perform "On"/"Off" detection and are
thus not able to distinguish between the single-photon and the multi-photon components.
The multi-photon component can thus herald the detection of the Bell states

∣∣Φ+〉
AB

and |Φ−〉AB on top of the target
∣∣Ψ+〉

AB. As we will see later, this multi-photon detec-
tion is equivalent to a pure channel loss that degrades the quality of the teleportation.
We can thus conclude that a single SNSPD is insufficient for our purpose, and that the
measurement needs to be improved in order to achieve a proper BSM.

Ideal photon-number resolving detection can be mimicked by using a series of multi-
plexed SNSPDs [160, 162]. The optical path can indeed be split in N branches that are
connected to N SNSPDs. The single-photon projection is then done by considering the
event corresponding to an "On" detection on a single SNSPD while detecting "Off" on the
N − 1 others. However this method is very inefficient [163, 164] because the measurement
of an absence of photon is very likely to correspond to the loss of the photon, especially
when the heralding losses due to spectral filtering are typically of 60-80%. We thus cannot
implement a DV BSM based on a more-than-one-SNSPD scheme. We thus have to employ
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another technique that introduces less transmission losses before the detection.
Nevertheless we have at our disposal an efficient CV experimental tool that enables

the projection on a given Fock state to complete the click on the SNSPD with minimum
detection losses. As we will see in the next section homodyne detection can be used as
parity detector when conditioning on quadratures around q = 0 and efficient projection on
vacuum |0〉 〈0| can be done when higher even-photon components are negligible. We can
thus improve the detection on the SNSPD by combining it with homodyne conditioning
in a hybrid technique.

2 A hybrid scheme combining photon counting and homo-
dyne conditioning

In order to understand how homodyne conditioning can improve a BSM based on
single-photon detection, let us here give a reminder on quadrature conditioning with ho-
modyne detection. We will in addition detail the effect of experimental imperfections,
such as transmission losses and finite conditioning window on the scheme.

2.1 Quadrature conditioning on homodyne detection

An optical homodyne detection measures the quadratures of an incident field along
the phase of its local oscillator. This measurement can be described by the operator q̂θ =
x̂ cos θ+ p̂ sin θ where x̂ and p̂ denote the canonical position and momentum observables of
the measured field and θ is the phase of the local oscillator. The quadrature result qθ of the
measurement operator q̂θ belongs to a given marginal distribution - i.e. the probability
distribution for a fixed local oscillator phase θ - which depends on the quantum state
measured. In the specific case of Fock states, their wavefunctions ψn(qθ) can be expressed
as the projections of the states |n〉 of the quadrature operator q̂θ [149]:

ψn(qθ) = 〈qθ|n〉 = einθ
1

(
√

2πσ02nn! )1/2Hn( q

σ0
√

2
)e−(q/σ0

√
2)2/2, (4.9)

where σ2
0 is the variance of vacuum and Hn is the n-th Hermite polynomial. The marginal

distributions Pn(qθ) are then given by:

Pn(qθ) = |ψn(qθ)|2. (4.10)

Quadrature conditioning can be understood by considering the marginal distributions
of the quantum states measured on the homodyne detector. We show in Figure 4.2 the
marginal distributions associated to the Fock states |0〉, |1〉 and |2〉. These states are
indeed projected onto the quadrature operator q̂θ as:

〈qθ|0〉 = 1
(
√

2πσ0)1/2 e
−q2/(4σ2

0), 〈qθ|1〉 = (q/σ0)eiθ

(
√

2πσ0)1/2 e
−q2/(4σ2

0),

〈qθ|2〉 = [(q/σ0)2 − 1]e2iθ

(
√

2πσ02)1/2 e−q
2/(4σ2

0).

(4.11)
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Figure 4.2: Marginal distribution of Fock states. Marginal distributions of the Fock
states |0〉, |1〉 and |2〉 as a function of the homodyne quadrature results q. The marginal
distributions are maximum around q = 0 for the even Fock states while being minimal for
the odd Fock states. Large quadrature values are more likely to come from high number
states. When considering only the subspace {|0〉 , |1〉}, selecting quadrature values can
perform efficient parity detection. Conditioning on quadratures around q = 0 is very
likely to herald the state |0〉, while conditioning on large values of q > σ0 is more likely to
herald the state |1〉. The state |0〉 + |1〉 can even be heralded when selecting quadrature
values that have the same probability to originate from the two states, i.e. for q = σ0,
where σ2

0 stands for the variance of vacuum.

As can be seen, the corresponding marginal distributions are maximal at q = 0 for
the even Fock states while being minimal for the odd Fock states. Homodyne detection
can thus be used as a parity detector, although it is imperfect as the amplitudes of the
marginal distributions at zero are not the same for all the even Fock-states. If it is ensured
that the quantum state one is interested in belongs to the Hilbert space {|0〉 , |1〉} - i.e if the
two-photon component are in practice negligible - then conditioning on q = 0 amounts to
a projection on |0〉 〈0|. Conversely large values of q are then more likely to originate from
the Fock state |1〉, so that conditioning on large enough values of q amounts to a projection
on |1〉 〈1|. One can even project the state on a superposition of vacuum and single photon
when selecting quadrature values that have the same probability to come from the two
states, i.e. for q = σ0. Such a conditioning technique has already been employed in our
group for the remote state preparation of CV qubits via hybrid entanglement [11].

2.2 Combining photon counting with homodyne conditioning

It is important to note that for teleportation the two-photon components cannot be
neglected [130, 208, 209]. Indeed if one intends to teleport a single photon, there will be
on average 1.5 photons on the DV mode after mixing. Thus a single SNSPD cannot be
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Figure 4.3: The hybrid Bell-state measurement. The two modes A and B are mixed
on a 50:50 beamsplitter. First, a beamsplitter of reflectivity R � 1 taps the beam from
one of the output ports of the beamsplitter to a SNSPD. The detection of a single-photon
heralds the presence of either vacuum or single-photon states in the untapped mode. A
homodyne detection setup is used to discriminate between vacuum and single-photon by
applying quadrature selection. The Bell-state measurement is completed by conditioning
on the measurement of quadratures q = 0 in a conditioning window ∆.

used since it does not distinguish between single and multi-photon components. Similarly,
using only a single homodyne detector on which quadrature conditioning around large
values of q is applied does not hold because the marginal distibution of the two-photon
Fock-state is also important in that region. But combining a single-photon detector with
a homodyne detection can lead to an improved Bell-state measurement [134, 158].

The scenario is shown in Figure 4.3 and proceeds as follow: first, a small fraction of
the light is tapped on a beamsplitter of reflection R. This beam is sent to an SNSPD
for heralding. It is important to choose the value of R as small as possible. Indeed the
probability of tapping a single photon scale with R, while the probability of having two
photons reflected scales with R2, so that the smaller R the smaller the probability of
detecting a two-photon event relative to a single-photon detection on the SNSPD. Yet this
reflection should not be chosen too small otherwise the heralding rate of the BSM will not
be functional. Once the click is detected, the state after the beamsplitter is projected onto
the Hilbert space {|0〉 , |1〉}. Then quadrature conditioning on the homodyne detection
around q = 0 can be performed to complete the BSM by projecting the transmitted beam
on |0〉 〈0|, making sure that one and only one photon was present after mixing the two DV
modes.

In the next section we will present the impact of experimental imperfections on the
quality of the combined scheme, namely the requirement to select homodyne quadratures
in a finite conditioning window, and the inherent losses of the homodyne detector.
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2.3 Effect of losses and of a finite conditioning window

In practice, it is not possible to select on the homodyne detection only the events
corresponding to the exact quadrature q = 0 since they have an infinitely small probability
to occur. Instead we have to select the quadrature in a conditioning window ∆ around
the value of interest in the interval [q − ∆/2, q + ∆/2]. This finite conditioning window
induces an overlap of the marginal distributions of vacuum and single photon that leads
to an imperfect projection on vacuum which in turn degrades the fidelity of the BSM
(typically the overlap amounts to 8% for a conditioning window equal to the variance of
vacuum). As usual there is a trade-off between success rate and fidelity to adjust when
setting the conditioning window. Homodyne conditioning corresponds to a filtering that
was applied on the recorded quadrature results and thus corresponds to post-processing.
It does not yet correspond to post-selection since the quadrature filtering can in principle
be implemented in real time to act as a heralding method.

An experimentally implemented homodyne detector inevitably includes detection losses,
which constitutes the second source of experimental imperfections. These losses take into
account the propagation up to the detection, the interference visibility with the local os-
cillator, the efficiency of the photodiodes, the electronic noise, etc. These overall detection
losses are equivalent to a loss of photon in the environment that impact the fidelity of the
BSM. Indeed, when selecting quadrature values around q = 0, the state measured can ac-
tually correspond to a single photon that has been lost before being detected, and in that
case the BSM detects a two-photon state. The higher the detection losses the lower the
fidelity of the BSM. Importantly, we note that when using the HD for the BSM it is not
possible to correct for the detection losses, so that they have to be minimized as much as
possible. In the last section of this chapter we will detail the experimental implementation
of this BSM and how the losses are minimized.

After describing intuitively our hybrid BSM, we will now study its performances theo-
retically with an analytical model taking into account all these experimental imperfections.
We will focus on two figures of merit that are the fidelity of teleportation F , i.e. the ability
of the BSM to transfer qubit or entangled state without altering them, and the efficiency
of the BSM, ε, i.e. the probability of success of the BSM. We will see that there is again
a trade-off to take into account between fidelity and efficiency depending on the experi-
mental parameters. Our hybrid BSM being passive (i.e. no active feed-forward is applied
to recover the teleported state), its efficiency will always be limited to low values. What
we are interested in here is to improve as much as possible the fidelity of the BSM - while
still having a manageable operational efficiency - to ensure that the teleportation protocol
occurs above the classical bound.

3 Hybrid Bell-state measurement for teleportation

We first study the Bell-state measurement in the context of hybrid quantum telepor-
tation. We will consider the ideal case of a pure input qubit encoded in the Fock basis

86



CHAPTER 4. A HYBRID BELL-STATE MEASUREMENT FOR TELEPORTATION-BASED
PROTOCOLS

{|0〉 , |1〉}, |ψin〉A = c0 |0〉A + c1eiθ |1〉A teleported to a CV qubit via a pure and maximally
entangled hybrid state, |Ψ〉BC = 1√

2(|0〉B |cat−〉C + |1〉B |cat+〉C). The model will include
the transmission losses in the heralding path up to the SNSPD, ηherald, and the detection
losses of the homodyne detector ηHD. The BSM will be parametrized by the beamsplitter
tapping ratio R for the heralding and the quadrature conditioning window ∆. We will
study, in particular, the behaviour of the teleportation process depending on the input
qubit weight |c1|2 and phase θ.

The state after mixing the DV modes A and B on a 50:50 beamsplitter before the
BSM can be rewritten from Eq. (4.4) as:

|Ψ〉ABC ∝
√

2 |0〉A |0〉B (c0 |cat−〉C)
+ |1〉A |0〉B (c0 |cat+〉C − c1e

iθ |cat−〉C)
+ |0〉A |1〉B (c0 |cat+〉C + c1e

iθ |cat−〉C)
+ (|0〉A |2〉B − |2〉A |0〉B)(c1e

iθ |cat+〉C).

(4.12)

We now apply the BSM. The first step consists in mixing mode C with a new mode
D on a beam-splitter of reflectivity R. The single-photon detection will be performed in
this new mode. Discarding the terms with no photon in D thereby not heralded gives

|Ψ〉ABCD ∝
√
R |0〉B |1〉D |0〉A (c0 |cat+〉C + c1e

iθ |cat−〉C)
+ (R |0〉B |2〉D |0〉A +

√
2
√

1−R
√
R |1〉B |1〉D |0〉A)(c1e

iθ |cat+〉C),
(4.13)

where we recall the beamsplitter transformations:

|0〉B |0〉D
B̂R−−→ |0〉B |0〉D ,

|1〉B |0〉D
B̂R−−→
√
R |0〉B |1〉D +

√
1−R |1〉B |0〉D ,

|2〉B |0〉D
B̂R−−→ R |0〉B |2〉D + 2

√
R
√

1−R |1〉B |1〉D + (1−R) |2〉B |0〉D .

(4.14)

We apply the SNSPD detection on mode D, which is described by the bucket operator∏̂
D = ∑2

n=1[1− (1− ηherald)n] |n〉 〈n|D. We recover the heralded state ρ̂click after tracing
out mode D: ρ̂click = TrD(∏̂ |Ψ〉 〈Ψ|ABDC), that yields when tracing out mode A:

ρ̂click ∝ |0〉 〈0|B (c2
0 |cat+〉 〈cat+|C + c0c1 |cat+〉 〈cat−|C
+ c1c0 |cat−〉 〈cat+|C + c2

1 |cat−〉 〈cat−|C
+ c2

1R(2− ηherald) |cat+〉 〈cat+|C)
+ |0〉 〈1|B (c0c1

√
2
√

1−R |cat+〉 〈cat+|C + c2
1
√

2
√

1−R |cat−〉 〈cat+|C)
+ |1〉 〈0|B (c0c1

√
2
√

1−R |cat+〉 〈cat+|C + c2
1
√

2
√

1−R |cat+〉 〈cat−|C)
+ |1〉 〈1|B (c2

12(1−R) |cat+〉 〈cat+|C).

(4.15)

From this expression we clearly see the need to improve the BSM by applying a mea-
surement on mode B to distinguish between vacuum and single-photon. It is done by
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applying homodyne conditioning within a conditioning window ∆ centered around q = 0
that corresponds to the transformation:

ρ̂click → ρ̂tele = TrB(
∫ +∆/2

−∆/2
dq |q〉 〈q|B ρ̂click), (4.16)

with |q〉 the eigenvector of the quadrature operator q̂θ, leading to the state:

ρ̂tele ∝ A∆
00(c2

0 |cat+〉 〈cat+|C + c0c1 |cat+〉 〈cat−|C
+ c1c0 |cat−〉 〈cat+|C + c2

1 |cat−〉 〈cat−|C
+ c2

1R(2− ηherald) |cat+〉 〈cat+|C)
+A∆

11(c2
12(1−R) |cat+〉 〈cat+|C).

(4.17)

The terms A∆
ij =

∫+∆/2
−∆/2 dx |x〉 〈x|B |i〉 〈j|B represent the overlap between the quadrature

conditioning window and the marginal distribution of the states i and j. Noticing that
A∆

01 = A∆
10 = 0 for all ∆, we finally obtain:

ρ̂tele ∝ A∆
00 |ψin〉 〈ψin|C

+ c2
1(2(1−R)A∆

11 +R(2− ηherald)A∆
00) |cat+〉 〈cat+|C .

(4.18)

In addition we can include in the model the detection losses on the homodyne detection
ηHD by applying the transformations A∆

00 → A∆
00 and A∆

11 → ηHDA
∆
11 + (1−ηHD)A∆

00, and
obtain the teleported state after complete BSM:

ρ̂tele ∝ A∆
00 |ψin〉 〈ψin|C

+ c2
1(2(1−R)(ηHDA∆

11 + (1− ηHD)A∆
00) +R(2− ηherald)A∆

00) |cat+〉 〈cat+|C
(4.19)

that can be renormalized to:

ρ̂tele ∝ |ψin〉 〈ψin|C
+ c2

1(2(1−R)(ηHD(A∆
11/A

∆
00) + (1− ηHD)) +R(2− ηherald)) |cat+〉 〈cat+|C

(4.20)

We thus recover the initial qubit |ψin〉C with the addition of a squeezed-vacuum con-
tribution that depends on c1, R and the ratio A∆

11/A
∆
00. This vacuum term is detrimental

to the success of the teleportation and needs to be minimized. It increases as c1 in-
creases, showing directly the effect of the multi-photon component that directly translates
to equivalent transmission losses. The vacuum term can be decreased by reducing the
conditioning window ∆ to reduce the ratio A∆

11/A
∆
00. Typically a conditioning window of

width σ0 yields an overlap A∆
11/A

∆
00 of 8%. The detection losses (1−ηHD) need also the be

decreased a much as possible at fixed c1 and BSM parameters R and ∆ in order to improve
the measurement. We note that the losses in the heralding path affect the teleported state
only at the second order. We will see that conversely they impact drastically the BSM
success rate.
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Figure 4.4: Performance of the BSM for hybrid teleportation with a beamsplit-
ter ratio R = 10%. (a) Fidelity between the input and the teleported qubits and (b)
efficiency of the BSM, as a function of |c1|2 for different conditioning windows ∆ used for
quadrature selection around q = 0. The classical bound for teleportation is represented by
the pink region. Full lines represent a lossless heralding channel and homodyne detection,
while the dashed lines take into account a transmission ηherald = 30% and ηHD = 85%.

From this expression we can finally compute the fidelity with the target CV qubit,
given by:

F = 〈φ| ρ̂B |φ〉 = A∆
00 + c2

1(1− c2
1)(2(1−R)(ηHDA∆

11 + (1− ηHD)A∆
00) +R(2− ηherald)A∆

00)
A∆

00 + c2
1(2(1−R)(ηHDA∆

11 + (1− ηHD)A∆
00) +R(2− ηherald)A∆

00)
.

(4.21)
The efficiency ε, or probability of success, of the Bell-state measurement is computed

by tracing the state and re-injecting the omitted pre-factors. It can finally be written as:

ε = Tr(ρ̂B) = ηheraldR

4 (A∆
00 + c2

1(2(1−R)(ηHDA∆
11 + (1− ηHD)A∆

00) +R(2− ηherald)A∆
00).

(4.22)
In this section we focus on the performances of the BSM for different qubits of weights

|c1|2 (noting that the results do not depend on the phase of the input qubit θ), and the
impact of the overall losses. We set for now the tapping ratio R to 10% which is the
maximum value satisfying the relationship R2 � R - i.e. the probability of having a
click coming from a single-photon on the SNSPD is preponderant relative to multi-photon
events - while preserving a decent BSM efficiency. In the next section we will study the
behaviour of R and ∆ in details. We present in Figure 4.4 the expected fidelities and
efficiency of teleportation both in the lossless case (full lines), and taking into account
realistic experimental tranmission of ηherald = 30% and ηHD = 85% (dashed lines). As
expected we observe a trade-off between fidelity and efficiency of the measurement. The
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addition of the HD indeed improves the fidelity of teleportation, an effect increasing as
the conditioning window is narrowed. The decrease of fidelity for higher value of |c1|2
results from the sensitivity of the BSM to the multi-photon components. The transmission
losses before the HD strongly limits the maximum fidelity that can be reached, even
with an infinitely narrow conditioning window. Still the overall fidelity does surpass the
classical bound Fclassical = 2/3 over the whole Bloch sphere in realistic experimental
conditions. The probalistic nature of our DV measurement leads to a rather low efficiency,
strongly limited by the transmission losses in the heralding path of the BSM, and the
small value of R that is required for the measurement. In any DV teleportation protocol,
the BSM efficiency is theoretically limited to 50% since two of the four Bell-states cannot
be distinguished using linear optics. On top of this, we only measure one port of the
50:50 beamsplitter mixing the DV modes which discards half of the events that can be
measured. A simple scaling law would thus expect a BSM efficiency of 0.25×R× ηherald,
which ultimately limits the success rate below the percent.

4 Hybrid Bell-state measurement for entanglement swap-
ping

After studying the Bell-state measurement in the context of hybrid teleportation, we
will study its performances for the swapping protocol of which the experimental imple-
mentation will be described in Chapter 5. The derivation is very similar to the one
of teleportation, except that now we start from a pure single-photon maximally entan-
gled state of the form: |Ψ〉AB = 1√

2(|0〉A |1〉B + |1〉A |0〉B). We have to change the
labels of the hybrid entangled state that is now between modes C and D: |Ψ〉CD =

1√
2(|0〉C |cat−〉D + |1〉C |cat+〉D). In that case contrary to the teleportation where the

BSM has to be studied for different qubits weights |c1|2, here the relative weights will be
fixed at the start and we will study in more details the behavior depending on the param-
eters R and ∆ and taking into account experimental losses (1− ηherald) and (1− ηHD).

We now consider the four-mode state:

|Ψ〉ABCD = 1
2(|0〉A |1〉B + |1〉A |0〉B)⊗ (|0〉C |cat−〉D + |1〉C |cat+〉D), (4.23)

that gives after mixing the DV modes B and C on a 50:50 beamsplitter:

|Ψ〉ABCD ∝
√

2 |0〉B |0〉C (|1〉A |cat−〉D)
+ |0〉C |1〉B (|0〉A |cat−〉D − |1〉A |cat+〉D)
+ |1〉C |0〉B (|0〉A |cat−〉D + |1〉A |cat+〉D)
+ (|2〉C |0〉B − |0〉C |2〉B)(|0〉A |cat+〉D).

(4.24)
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Figure 4.5: Performance of the BSM as a function of the photon-subtracting
beamsplitter reflectivity R. (a) Fidelity between the swapped state and an ideal
maximally entangled hybrid state, (b) Count-rate efficiency for a conditioning window
∆ = 0and ∆ = σ0 with σ0 the variance of vacuum. Dashed lines correspond to the
model accounting for losses of 30% on the overall single-photon detection and 15% on the
homodyne detection. R = 10% corresponds to the most practicable experimental value.

We finally apply the BSM on mode C, which gives similarly:

ρ̂AD ∝ |Ψin〉 〈Ψin|AD
+ 1

2(2(1−R)(ηHD(A∆
11/A

∆
00) + (1− ηHD)) +R(2− ηherald)) |cat+, 0〉 〈cat+, 0|AD .

(4.25)

with |Ψin〉AD = 1√
2(|0〉A |cat−〉D + |1〉A |cat+〉D).

We obtain the same results for the fidelity and efficiency as for the teleportation pro-
tocol taking into account a value of c1 = 1/

√
2. This is indeed completely natural since

swapping with a maximally entangled DV-DV input corresponds on average to the tele-
portation of a balanced DV qubit with the single photon equivalently distributed between
the two modes of the DV-DV entangled state.

The corresponding fidelities and efficiencies are plotted in Figure 4.5 and Figure 4.6 as a
function of R and ∆ respectively. An ideal single-photon projection can be assymptotically
reached when both R and ∆ tend to zero. We compare the performances of an ideal BSM
with vanishing R and ∆ and a BSM taking realistic experimental parameters R = 10%
and ∆ = σ0 where σ2

0 is the variance of vacuum. The ideal BSM gives an optimal fidelity
of teleportation with a non-practical efficiency of zero. For realistic implementations we
can see that the efficiency scales linearly with both R and ∆. The effect of loss on the
heralding path and on the homodyne detection of 70% and 15% respectively are also taken
into account, reducing both the fidelity and the efficiency. In any case the requirements
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Figure 4.6: Performance of the BSM as a function of the width of the condi-
tioning window ∆. (a) Fidelity between the swapped state and an ideal maximally
entangled hybrid state, and (b) count-rate efficiency for a beamsplitter reflectivity R = 0
and R = 10%. Dashed lines correspond to the model accounting for losses of 30% on the
overall single-photon detection and 15% on the homodyne detection. ∆ = σ0 corresponds
to the most practicable experimental value.

of R and ∆ can be strengthened or relaxed to trade between fidelity and success rate.
We can finally compute from Eq (5.5) the negativity of entanglement of the swapped

state N (ρAD), as a function of the parameters R and ∆. The evolutions are given in Figure
4.7 for different experimental parameters starting from two input maximally entangled
states with a negativity of entanglement of 0.5. We note that the evolution of the negativity
of entanglement naturally follows the fidelity of teleportation presented earlier. In addition
here we take the opportunity to extend the range of parameters R and ∆ as compared
to before. We note that in the case of both R tending to 1 and ∆ tending to infinity we
measure a finite negativity of entanglement after swapping. This is due to the fact that
even the worst scenario for BSM still heralds a statistical mixture of the input state with
vacuum:

ρ̂swap ∝ 0.5 |Ψin〉 〈Ψin|AD + 0.5 |0, cat+〉 〈0, cat+|AD (4.26)

that exhibits a negativity of entanglement of N ∼ 0.1. We will study this behaviour in a
dedicated section in Chapter 5.

5 Experimental parameters and implementation

In this section we will present the experimental implementation of the hybrid BSM. We
first study the behaviour of the BSM depending on the transmission losses of the heralding
path and the homodyne detection. We then present how these losses are minimized exper-
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Figure 4.7: Entanglement negativity of the swapped state depending on the
BSM tapping ratio R and conditioning window ∆. (a) Entanglement negativity
as a function of the BSM tapping ratio R, for different conditioning window ∆ = 0 and
∆ = σ0. (b) Entanglement negativity as a function of the BSM conditioning window ∆,
for different tapping ratio R = 0% and R = 10%. Full lines represent a lossless heralding
channel and homodyne detection, while the dashed lines take into account a transmission
ηherald = 30% and ηHD = 85%. (Black line) For pure input maximally entangled states,
the swapped state tends asymptotically to a evenly-weighted statistical mixture of the
maximally entangled state and vacuum, for the worst BSM implementation, exhibiting a
negativity N ∼ 0.1.

imentally to reach a functional BSM. Again, the hybrid Bell-state measurement presented
here will be at the heart of the teleportation-based protocols implemented in Chapter 5
and Chapter 7.

We present in Figure 4.8 the effect of the losses of the heralding path and of the
homodyne detection on the BSM. It follows the behavior observed on the study of the BSM
parameters R and ∆ since these parameters can be treated as equivalent tunable losses.
As can be seen, the heralding losses mostly affect the efficiency of the protocol. On the
other hand the fidelity of teleportation is very sensitive to the efficiency of the homodyne
detection. We note that, in particular, the classical limit of fidelity at Fclassical = 2/3
cannot be beaten for a BSM with R = 10% and ∆ = σ0 for homodyne losses larger than
46%. This limit comes fundamentally from the incapability of the homodyne detection to
distinguish between vacuum and single photon when the transmission decreases, and can
be relaxed only very marginally by playing with the BSM parameters R and ∆. For large
HD losses the BSM is defined only by the click on the SNSPD, that heralds an evenly-
weighted statistical mixture between the target state and vacuum. We thus note that a
great attention has to be put on the efficiency of the homodyne detection if one intends
to improve the BSM by applying quadrature conditioning. Similarly the heralding losses
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Figure 4.8: Effect of heralding and homodyne losses on the BSM, for a tapping
ratio R = 10% and a conditioning window ∆ = σ0. (a) Fidelity of teleportation as
a function of the losses of the homodyne detection ηHD, for different values of heralding
losses ηherald. The pink region represent the classical bound at F = 2/3. The blue point
represents our experimental implementation with ηHD = 0.85. The fidelity depends only
marginally on the heralding losses. The fidelity of teleportation decreases as the losses
of the homodyne detection increase. (Dark red point) For ηHD ≤ 0.54 the protocol does
not beat the classical bound. For infinite homodyne detection losses the BSM heralds
an evenly-weighted statistical mixture of the target state with vacuum. (b) Efficiency of
teleportation as a function of the heralding losses ηherald for different values of homodyne
losses ηHD. The red point represents our experimental implementation with ηherald = 0.3.
The efficiency increases linearly with the heralding efficiency. Interestingly the efficiency
increases - marginally - as the homodyne losses increase. This is due to the fact that the
detection of vacuum on the homodyne detection is more likely to be happen as the losses
of the homodyne detection increase (the variance of vacuum is smaller than the variance
of a single-photon).

need to be as small as possible to reach a practicable probability of success. We will now
detail how both these losses are minimized in our experimental implementation.

5.1 Mixing the DV modes

In order to perform the BSM, two DV modes have to be mixed on a balanced beamsplit-
ter in a fully indistinguishable fashion. Any distinguishability will translate to transmission
losses that will directly affect the teleported state. In particular a great attention is set on
the interference visibility V between the two modes that leads to the corresponding losses
1−V2. Two experimental techniques have been used to do the mixing of the spatial modes.
The first one implemented in Chapter 5 employed a plate 50:50 beamsplitter (Altechna
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PRM-Spol-R50-1064). It allows to mix the modes with minimum extra losses induced
by the absorption from the optics. The problem of this technique is that once the plate is
set it is not possible to check the quality of the involved single photons since they require
full transmission to the homodyne detection for efficient characterization. For that reason
we decided to switch for the work of Chapter 7 to a tunable beamsplitter employing a
series of two polarizing beamsplitters (Altechna 2-PCB-K-0125-[6R00-IBS]) with a
half-waveplate (Altechna 2-CPW-ZO-L2-1064) in between to adjust the transmission
of the different beams depending on the task. This setting induces about 1 − 2% extra
losses due to the use of more optics components but is more convenient to check the sources
from time to time.

In any case, since we work with continuous-wave single-mode beams with spatial modes
properly defined by the OPO cavities, the visibility V can reach values above 99% yielding
equivalent losses for the mixing of the DV modes of about 2− 3% overall.

5.2 Heralding path efficiency

As we have seen earlier, the losses on the heralding path only affect marginally the
fidelity of teleportation. Yet they have a drastic impact on the probability of success that
scales linearly with the transmission of the heralding mode. In that sense the heralding
losses need to be minimized to reach an operational rate as high as possible. The photons
of the heralding mode are subject to a filtering required to discard the non-degenerate
down-converted photons generated by the OPOs. As detailed in Chapter 2 this filtering
is done by employing first an interferential filter (bandwidth 0.5 nm) followed by a home-
made Fabry-Perot micro-cavity (FSR 330 GHz, bandwidth 320 MHz) that has a typical
transmission of 50-60%. The filtered photons are then injected via a several-meter-long
optical fiber to the SNSPD, with a coupling efficiency ranging from 90-99%. The SNSPD
has itself a system detection efficiency of 85-93%. Taking into account the transmission
through the optics in free space before the filtering with optical isolation, we can estimate
the overall losses of the heralding mode to amount to about 70%.

5.3 Homodyne detection efficiency

The efficiency of the homodyne detection has a critical impact on the fidelity of tele-
portation. In particular, if the losses are too large homodyne conditioning will not be
efficient enough to beat the classical bound. In our implementation the homodyne de-
tection losses take into account the transmission in free-space up to the HD with optical
isolation (Qioptiq LINOS FR-1060-5SC) (95%), the visibility of the signal with the
local oscillator (above (99%)2), the efficiency of the photodiode (Fermionics InGaAs
FD500W-1064) (above 97%), the electronic noise of the home-made transimpedance
circuit (4% for 20 dB below vacuum noise), which corresponds overall to a homodyne de-
tection efficiency of 85%, that is sufficient enough to see a significant improvement of the
BSM. We note that this homodyne detection efficiency is really the most limiting factor
of the BSM and that improving its value is crucial for reaching desirable fidelities with
practicable BSM parameters.
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6 Conclusion
In this chapter we have presented a hybrid discrete-variable Bell-state measurement

that combines photon counting and homodyne conditioning. We have studied theoretically
the performances of this BSM depending on its two parameters, namely the beamsplit-
ter reflectivity R for the heralding, and the quadrature conditioning window ∆, both in
the context of teleportation and entanglement swapping, and taking into account exper-
imental imperfections. Finally we have estimated realistic experimental parameters for
implementing this hybrid technique and quantified the limiting factors of the scheme. In
the next chapters we will employ this novel BSM to perform entanglement swapping and
teleportation with hybrid entanglement of light.
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Chapter 5

Hybrid entanglement swapping

In this chapter we present the realization of an entanglement swapping scheme be-
tween single-photon (DV-DV) entanglement and optical hybrid (DV-CV) entanglement.
By using consecutively the same optical parametric oscillators we first generate the single-
photon entanglement and store one of its two modes in a free-space delay line. After an
appropriate delay, this mode is brought to interfere with the DV mode a hybrid entangled
state. Upon success of the hybrid Bell-state measurement, a new hybrid entangled state
is created between two modes that have never interacted. This swapped state is fully
characterized by two-mode quantum state tomography and the amount of entanglement
in the bipartite state is numerically assessed. We theoretically study the performances of
the swapping scheme as compared to direct propagation in lossy channels. In the context
of quantum networks, entanglement swapping is a cornerstone capability of quantum re-
peaters, that opens up the prospect of connecting heterogeneous nodes, with the promise
of increased integration and novel functionalities. This work was published in Science
Advances [14].

1 Swapping for heterogeneous quantum networks

We first start by contextualizing our project in the framework of quantum networks.
We will recall the most recent swapping experiments that have been performed in the
optical domain for different types of encoding, and present our objectives for swapping
with hybrid entanglement of light.

1.1 Previous studies: entanglement swapping with fixed encoding

Historically, entanglement swapping - the teleportation of entanglement - has been
demonstrated for the first time by Pan et al. in 1998 [136] using DV polarization qubits
with post-selection. The experimental setup, the principle of which has been explained
in Chapter 1, is shown in Figure 5.1 (a). Two EPR sources were used to generate
simultaneously each one a pair of entangled photons labeled 1-2 and 3-4 respectively.
The Bell-state measurement consists in the simultaneous detection of photons 2 and 3
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(a) (b)

Figure 5.1: Historical entanglement swapping setups. (a) Experimental setup for
DV qubit entanglement swapping demonstrated by Pan and collaborators [136]. The
EPR sources creates two entangled photon pairs labeled 1-2 and 3-4 respectively. The
BSM is performed between photon 2 and 3 and swapping is successfully performed upon
detection of four-fold coincidences between photons 1-4. The correlations between photons
1 and 4 are checked by correlation measurements for different polarizer angles. (b) CV
entanglement swapping as demonstrated by Takei and colleagues [204]. The EPR sources,
labeled EPR1 with the modes ref and in and EPR2 with the modes A and B are two-
mode squeezers. The BSM is performed between modes in and A with two homodyne
detectors. The mode B is displaced according to the results of the BSM transmitted via
classical channels of gains gx and gp. The quadrature correlations between modes ref and
B are finally measured to asses the success of the swapping.

on two separate detectors labeled D2 and D3. In that case only the antisymmetric Bell
state |Ψ−〉23 = 1√

2(|H〉2 |V 〉3 − |V 〉2 |H〉3) out of the four Bell states, which has a two-
photon fermionic statistics, can be distinguished, leading to a probabilistic scheme with a
maximum efficiency of 1/4. The swapped entanglement between photons 1 and 4 is checked
by correlations measurements between D1 and D4 for different polarization angles. In the
end four-fold coincidences are thus measured to verify that the polarizations of photons
1 and 4 are orthogonal in any polarization basis and confirm the success of entanglement
swapping. One of the limitations of this scheme is that multi-photon effects, that lead
to the measurement of the same coincidental events on D2 and D3, cannot be neglected.
Therefore one must detect photons on detectors D1 and D4 to complete the swapping
process, so that the swapped state cannot be exploited to perform any protocol afterward.
This issue would be solved by the use of photon-resolving detectors [167] that can herald
the creation of the swapped state only from coincidence detection between D2 and D3.

Unconditional, post-selection-free, entanglement swapping can be performed using CV
systems. CV entanglement swapping has been demonstrated first by Jia and colleagues in
2004 [210] followed quickly by Takei and collaborators in 2005 [204] with unity gains of the
classical channels. We show in Figure 5.1 (b) the experimental setup from Takei, et al. for
clarity, but the two schemes are essentially the sames. The two independent EPR beams,
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labeled EPR1 and EPR2, are generated from two two-mode squeezers. These states can
be directly obtained either at the output of a type-II nondegenerate optical parametric
amplifier, or by combining on a 50:50 beam splitter the single-mode squeezed vacuum
states generated by two type-I OPOs. The joint Bell-state measurement is performed
at a central station by mixing the intermediate CV modes in and A with a 50:50 beam
splitter, and measuring simultaneously both the variances of the difference of the amplitude
quadratures x̂u = (x̂in − x̂A)/

√
2 and the sum of phase quadratures p̂v = (p̂in + p̂A)/

√
2,

with two optical homodyne detectors. The results, i.e the photocurrents, xu and pv of x̂u
and p̂v are sent through two classical channels with respective gains gx and gp to Bob that
recovers the entangled state by applying amplitude and phase modulations on mode B,
which corresponds to a displacement of the state by gxxu + igppv. The swapping is finally
assessed by measuring the quadrature correlations between modes ref and B with two
homodyne detectors.

More recently, in 2015, a hybrid swapping technique combining the two optical paradigms
to transfer DV-DV entanglement via CV-CV entanglement has been demonstrated by
Takeda, et al. [211]. In their experiment the authors combined, in a "hybrid" setting, the
loss robustness of DV-DV entanglement with a deterministic CV teleportation to transfer
DV-DV entanglement efficiently and reliably. A maximally entangled state can then be
obtained through post-selection even with a finite amount of squeezing. Even though this
work demonstrated swapping using both DV and CV states, the hybrid DV-CV entangle-
ment of light - at the heart of our work - was not involved there.

1.2 Our goal with hybrid entanglement swapping

Entanglement swapping has never been realized with a hybrid entangled state. Our
goal is to implement for the first time a swapping protocol where hybrid entanglement
of light is involved to link quantum nodes based on different encodings. Applying our
hybrid BSM on the DV side yields then two possible scenarios. The first one, which
will be described here, is the swapping between a hybrid DV-CV entangled state and
DV-DV entanglement to remotely prepare hybrid entanglement, as can be seen in Figure
5.2. Swapping between two hybrid entangled states to create CV-CV entanglement is also
feasible with our setup, but is less straightforward to implement for practical reasons. We
will assess the quality of the implementation by measuring the negativity of entanglement
for both the input states and the generated swapped state. Our input DV-DV entangled
state will be based on single-photon entanglement.

In the context of heterogeneous quantum networks, the hybrid entanglement swapping
protocol opens up the prospect of establishing remote hybrid quantum links to enable more
versatile quantum interconnects [111]. In particular connecting disparate nodes via hybrid
CV-DV entanglement of light even though one of the initial nodes were to be originating
from a DV-only platform extends the range of accessible protocols, with the promise of
increased integration and novel functionalities.
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Figure 5.2: Entanglement swapping with hybrid entanglement. Starting from two
independent entangled states, in our case single-photon DV-DV entanglement and optical
hybrid DV-CV entanglement, we apply a BSM between the two DV modes to create
remotely hybrid DV-CV entanglement between modes that never interacted, and thus
connect quantum nodes based on different kinds of encoding.

2 Experimental setup

We present here the experimental setup we implemented to perform entanglement
swapping with hybrid entanglement of light. Given the experimental resources available,
i.e. only two OPOs and two SNSPDs, we propose a scheme where the consecutive use
of the same resource is applied to perform the experiment in a time-multiplexed fashion.
This time-multiplexing yields a rather complex setup that we will present step by step for
clarity.

2.1 Consecutive use of the OPOs

The scheme presenting the consecutive use of the OPOs is shown in Figure 5.3. The
creation of the initial entangled states proceeds as follow. First the type-II OPO (OPO II)
is used to create a single-photon heralded by a click on SNSPD 1. Then, at a later time,
the same OPO II is used jointly with a type-I OPO (OPO I) to create a hybrid entangled
state with a heralding on SNSPD 2.

This consecutive creation of the inital state is made possible by the natural strong
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Figure 5.3: Consecutive use of the OPOs. A single-photon is heralded by a click on
SNSPD 1 and hybrid entanglement is heralded by a click on SNSPD 2 at a later time.
This consecutive creation of the states is made possible by the strong imbalance towards
photons coming from OPO II on SNSPD 1 when the counts between OPO I and OPO II
are balanced on SNSPD 2.

imbalance between the rates of OPO I and OPO II. Indeed, the hybrid entangled state
is produced by mixing the tapped beam from OPO I with the idler beam of OPO II,
and projecting them onto the same mode with two polarizing beamsplitters. The hybrid
state is maximally entangled when the beamsplitters are rotated to have equal counts
from each OPO on SNSPD 2. This balancing condition sets a constraint on the relative
ratio of counts on the other port of the beamsplitter. With NI and NII the count rates
from OPO I and OPO II respectively, a detector placed on the unbalanced port would
see events at a rate |N2

I − N2
II |/(N2

I + N2
II). Since the parametric down conversion rate

of OPO II is much larger than the one of OPO I (the idler mode contains 50% of the
emitted light while the tapped mode of OPO I only contains 3%) the imbalance in rates
is naturally provided. At the typical pump powers used for this experiment of 6 mW for
the OPO II and 15 mW for the OPO I, we have NI = 150 kHz and NII = 800 kHz,
which corresponds to a fraction of about 95% of photons coming from OPO II that is used
to herald a single photon on the signal mode with a click on SNSPD 1. By taking into
account the purity of the initial single photon the scheme enables the creation of a single
photon with a single-photon component above 80%, and the purity can be increased by
tuning the relative pump powers between the OPOs. The setup in this configuration is
then very close to two independent sources of single photon and hybrid entanglement at
different times.
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Figure 5.4: Adding a delay line. The single photon is sent on a 50:50 beamsplitter to
create the DV-DV entanglement. One of its modes is sent to a loop-delay line. After an
appropriate delay, a hybrid DV-CV entanglement is created. The DV modes interfere on
the same 50:50 beamsplitter as the one that created the DV-DV entangled state.

The initial single-photon is then sent on a 50:50 beamsplitter to create a single-photon
DV-DV entangled state of the form |Ψ〉AB = |0〉A |1〉B + |1〉A |0〉B. Yet at that moment
the DV-DV and hybrid DV-CV entangled states are still separated in time. In order to
enable the mixing of the entangled states, one of the modes of the DV-DV entanglement
is retarded by a free-space loop delay line.

2.2 Adding a delay line

The loop delay line is realized by a series of 15 mirrors (Thorlabs NB1-K14) dis-
tributed in free space so as to limit transmission losses, phase noise, and polarization
instability. The delay line configuration is similar to a Sagnac interferometer [134]. The
travel time inside the delay line should be long enough so as to enable the temporal dis-
crimination of successive DV modes. The temporal mode of the states to be interfered
being of the order of τOPO ≈ 20 ns, we choose to build a 14-m long delay line with a
single-trip retardation time ∆tDL = 47 ns (i.e. ∆tDL ≥ 2τOPO). The transmission losses
after one trip in the delay line are estimated to 10%. As can be seen on Figure 5.4, af-
ter creation of the DV-DV entanglement, one of the two modes propagates in the delay
line. At t = ∆tDL we wait for a click on SNSPD 2 to herald a hybrid DV-CV entangled
state. The DV mode of the hybrid state interferes on the same 50:50 beamsplitter with the
delayed mode of the single-photon entangled state. The phase of the mode propagating
inside the delay line is actively controlled so as to ensure that the interfering modes arrive
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Figure 5.5: Combining the heralding modes on the same SNSPD. Due to our
limited experimental capacity with two SNSPDs, we use the same detector (SNSPD 1/3)
for heralding the DV-DV entanglement and the Bell-state measurement. We project the
two heralding modes on the SNSPD mode, and delay the clicks for the BSM with a fibered
delay line to ensure that the BSM occurs after the heralding of the initial entangled states.

in phase. To that end the free-space delay line is locked with a servo controller (Newport
LB1005) on a Fano-like resonance shape obtained by slightly turning the polarization of
the seed beam inside the loop before self-interference. The phase noise is estimated to be
about 3%.

2.3 Delays and AOM switching of the heralding path

After mixing the two DV modes on the 50:50 beamsplitter, we apply the hybrid Bell
state-measurement on one of the two DV modes. Since one of the modes is inside the delay
line we cannot apply the Bell-state measurement there. Thus the BSM is performed on
the beam propagating straight to the homodyne. For the Bell-state measurement we tap
R = 10% of the light that is sent to an SNSPD for heralding on top of which homodyne
conditioning is applied on the untapped mode. Since the cooling technique with the
dipstick employed in this implementation only allowed the use of two independent SNSPDs,
we decided to use the same SNSPD for heralding the DV-DV entanglement (SNSPD 1)
and then herald the BSM (SNSPD 3). To that end we recombined the corresponding
heralding paths with a polarizing beamsplitter to have the relevant modes co-propagate
with orthogonal polarizations before the detector. The scheme is presented in Figure
5.5. The detector being polarization insensitive, we can use the same SNSPD to detect
the two orthogonal photons. Nonetheless since the two events are detected on the same
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Figure 5.6: Full setup for hybrid entanglement swapping. A time-multiplexed
detector (SNSPD 1/3) is used sequentially to herald the DV-DV entanglement and the
BSM. Hybrid entanglement is heralded by SNSPD 2. An acousto-optic modulator is
switched on by the first detection on SNSPD 1/3 to avoid subsequent events from the
same heralding path. The delay line is experimentally realized by an optical loop in free
space of delay ∆tDL. The heralding of the BSM is deferred by a fiber delay line until a
time t = tDL + ∆tfiber to allow complete switching off the AOM.

SNSPD, one needs to delay one of the events to make sure that the BSM occurs after
the heralding of the two input entangled states. To that end we use a fibered delay line
which length must be larger than the dead time of the SNSPDs of about 100 ns. We can
here use a fiber delay line since the transmission losses in the heralding mode only affect
the overall count rate of the experiment and not the quality of the heralded states. After
heralding on SNSPD 3 the BSM is completed by applying homodyne conditioning on the
quadratures of the DV mode. We note that here, due to the looped configuration, the
same homodyne detection is used to measure the DV mode of the swapped state and to
perform the homodyne conditioning for the BSM.

Having the same detector heralding different states, we need to find a way to avoid
measuring double events coming from the same path, as those events would be very detri-
mental to the success of the protocol. The rate of the Bell detection being much smaller
than the one of the DV-DV entanglement creation, it can be efficiently done by switching
off only the single-photon heralding path after the click is detected on SNSPD 1. To that
end we use an acousto-optical modulator (AA Opto-Electronic MT110 A1-IR) in a
single pass configuration that enables an 80% extinction of the zeroth order. This AOM is
triggered directly by the electric signal originating from SNSPD 1 that is transformed in a
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600 ns long pulse by a pulse delay generator (SRS DG645). This leads to an additional
delay that is compensated by the 160-m fibered delay line (Thorlabs SM980-5.8-125)
with a total delay of ∆tfiber = 750 ns that ensures both the temporal distinction of the two
events on the same detector (dead time of 100 ns) and the efficient shutting of the beam
by the AOM (600 ns). The complete experimental setup for swapping is given in Fig-
ure 5.6. Two high-efficiency homodyne detection setup are used to measure the swapped
state that is reconstructed by two-mode quantum state tomography. Very interestingly,
this time-multiplexed scheme allows the implementation of a complex experiment using
minimal resources multiplexed in time. Here using only two OPOs and two SNSPDs, we
can achieve a five-mode experiment conditioned on three-fold coincidences. Our scheme
is completely equivalent to having two independent sources of entangled states that are
then swapped by a remote BSM station. We can thus represent our setup in an expanded
scheme (see Figure 5.7) with the panels representing the same resources used at different
times. For clarity we will label A and B the modes of the DV-DV entangled state, and C
and D the modes of the DV-CV hybrid state. With that simplified scheme in mind, let us
recall the temporal list of events that needs to be achieved to complete the swapping.

2.4 Overal setup and detection sequence

First at t = 0 a detection event on SNSPD 1/3 heralds the DV-DV entangled state
|Ψ〉AB ∝ |0〉A |1〉B + |1〉A |0〉B. This event triggers the shutting of the corresponding
heralding path by the AOM. At t = ∆tDL, hybrid entanglement of the form |Ψ〉CD ∝
|0〉C |cat−〉D + |1〉C |cat+〉D is heralded by a click on SNSPD 2. This ensures that the
mode B, at the output of the delay line, and the mode C arrive simultaneously on the
50:50 beam splitter. The combined state after mixing is given by (c.f Chapter 4):

|Ψ〉ABCD ∝
√

2 |0〉B |0〉C ⊗ |1〉A |cat−〉D
+ |0〉B |1〉C ⊗ (|0〉A |cat−〉D + |1〉A |cat+〉D)
+ |1〉B |0〉C ⊗ (|0〉A |cat−〉D − |1〉A |cat+〉D)
+ (|0〉B |2〉C − |2〉B |0〉C)⊗ |0〉A |cat+〉D

(5.1)

Finally at t = ∆tDL + ∆tfiber, the BSM is heralded by a click on SNSPD 1/3. The
BSM mimics a projection on |1〉 〈1|C . We only consider detection events on mode C to
ensure we always recover the same swapped state |Ψ〉AD ∝ |0〉A |cat−〉D + |1〉A |cat+〉D.
The whole procedure inclusive of state preparation and filtering for successful swapping,
i.e. three single-photon detections and one homodyne conditioning, occurs at a typical
rate of three events per minute.

2.5 Characterization of the input states

In order to have a good estimate of the efficiency of the swapping process, we need to
have a precise characterization of the initial entangled states. These states are measured
independently using for each two separate homodyne detectors (HDs) and by performing
two-mode quantum state tomography. To characterize the DV-DV input, we can directly
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Figure 5.7: Unwrapped experimental setup for swapping. The sources are used at
two different times to herald first the DV-DV entanglement with SNSPD 1 and then hybrid
DV-CV entanglement with SNSPD 2. A delay lines holds off one of the modes on the DV-
DV entangled state to enable the temporal matching with the DV mode of the hybrid
entangled state. The two DV modes are mixed at the BSM station where a combination
of a detection event on SNSPD 3 and quadrature measurement with homodyne detection is
performed. Upon success, hybrid entanglement is heralded and high-efficiency homodyne
detections are used for full two-mode quantum state tomography.

use the homodyne detection of the BSM for mode A, with an additional HD setup placed
at the end of the delay line for the mode B. We show the state corrected only for detection
losses corresponding to 18% on each mode. Similarly the hybrid state is reconstructed
using two-mode quantum state tomography between modes C and D with this time 17%
detection loss on the DV mode and 15% for the CV mode. The states are reconstructed
from 600 000 and 200 000 quadratures respectively. Figure 5.8 shows the tomographic
measurements of the initial entangled states. They are produced typically at a rate of
800 kHz and 300 kHz respectively. For each input state we compute the negativity of
entanglement given by N = (

∥∥∥ρTX∥∥∥
1
− 1)/2 where ρTX is defined as the partial transpose

of the two-mode density matrix ρXY with respect to mode X. For an ideal lossless state
its maximal bound is 0.5. For the input states we measure 0.099 ± 0.002 for the DV-DV
entanglement and 0.223 ± 0.003 for the hybrid entangled state. On top of the optical
losses originating from the complex loop configuration with the delay line, these values
are limited by the pump powers of the OPOs, that have been increased relative to previous
works so as to obtain a decent operational rate. At this setting of the pump powers, the
initial states have a slightly decreased purity relative to previous experiments in the group,
reducing the measured values of negativity of entanglement.
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Figure 5.8: Characterization of the initial entangled states. All states are displayed
using two representations, a hybrid density-Wigner plot and a density matrix giving the
reconstructed state projected in the relevant basis, {|0〉 , |1〉} for DV and {|cat+〉 , |cat−〉}
for CV. On the left (yellow) we show the input DV-DV entangled state reconstructed
from 600 000 quadratures. On the right (blue) we show the input hybrid entangled state
reconstructed from 200 000 quadratures. For clarity only the real part of the density
matrices is shown, as the imaginary part consists of near-zero elements of magnitude
smaller than 1%.

3 Swapping Results

In this section we will present the results of the hybrid swapping protocol. We will
first show how the acquired data is filtered in order to recover the successful swapping
events. We will then study the tomographic reconstruction of the down-sampled swapped
state and estimate accurately the amount of entanglement in the system.

3.1 Identification of the events and homodyne conditioning

For the swapping experiment, the data acquisition is done by accumulating the different
events and processing the data by selecting afterward the clicks that correspond to the
correct events in time. This selection of the quadratures - that is only a consequence of an
imperfect event filtering - does not correspond to post-selection since all the vacuum and
multi-photon components of the states are taken into account. As we will see later this
technique is interesting since it allows to tune the coincidence detection window manually
once the experiment is performed. The drawback of this technique is that a lot of events
that do not correspond to the coincidence of interest are recorded, thus yielding a much
longer data acquisition and a massive weight of data.

More precisely the data acquisition is performed by accumulating three-fold coinci-
dences in a temporal window of 900 ns. This is done by having the acquisition trigger
coincide with the BSM at t = 0 (SNSPD 3) and recording prior event occurring up to
900 ns earlier on SNSPD 1 and SNSPD 2. We can then filter and select the triggers cor-
responding to the correct events in time in a given temporal window. The histograms of
the events on SNSPD 1/3 and SNSPD 2 for a specific data run are shown in Figure 5.9.
They are obtained from the accumulation of about 2 500 000 unfiltered events.
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Figure 5.9: Histograms of the detection events on the SNSPDs. The BSM is
set at t = 0 and prior events up to 900 ns are collected on SNSPD 1 for heralded DV-
DV entanglement (a), and SNSPD 2 for the input hybrid entanglement (b). The trigger
condition on SNSPD 3 defines the BSM that is temporally detected last. The noise floor
level is reduced at about 600 ns where the switching by the AOM occurs. The dashed
lines represent the selection window of 8 ns chosen for the time filtering.

As can be seen, several peaks can be identified on these histograms. For the SNSPD
1 (Figure 5.9 (a)), the first peak from the right at t = −∆tfiber originates from heralded
single photons that arrived straight on the SNSPD without entering the free-space delay
line. The second peak at t = −∆tDL−∆tfiber corresponds to the photons that have done
one turn in the delay line, which are the events of interest for our experiment. The final
smaller peak at t = −2∆tDL −∆tfiber corresponds to photons that have circulated twice
though the delay. For SNSPD 2 (Figure 5.9 (b)) several peaks can be seen as well. This
time, however, the events of interest are collected at t = −∆tDL −∆tfiber, that is when
the DV mode of the hybrid input state comes to interfere with the delayed DV mode,
forming thus the first peak of Figure 5.9 (b).

A finite noise floor level can be seen on the histograms. These events are resulting from
the stochastic process of creation of the quantum states by parametric down conversion.
These independent, stochastic, events carry no quantum correlations and induce a vacuum
contribution that is added to our measured swapped state. The noise level is suppressed
in correspondence to the peaks of interest thanks to the AOM that is used to shut the
heralding path of the DV-DV entanglement at about 600 ns after the BSM. This increase
of signal-to-noise ratio was key to the success of the protocol. Such problem would not
perish should three independent SNSPDs be used.

Out of all these acquired events, we only select those occurring in a temporal window
of 4 ns around t = −∆tDL −∆tfiber (see dashed lines in 5.9). This preserves about 0.1%
of the recorded events.

The effect of time selection can first be seen on the homodyne detection signals. On
Figure 5.10 we show the variance of the homodyne signals during the 900 ns for a specific
data run for the output CV and DV modes first for the unfiltered data set ((a) and (b),
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Figure 5.10: Scanning the variance of the homodyne signals and filtering. (a) and
(b) Variance of the CV and DV homodyne signals respectively, as a function of time, before
filtering. The plots are obtained from a set of 2 500 000 events. Peak #1 corresponds to
the hyrid entanglement heralded at t = 0 when the BSM is unsuccessful. In (b) echoes
of the DV mode in the delay line. (c) and (d) Variance of the CV and DV homodyne
signals respectively, as a function of time, after time filtering with a temporal window
of 8 ns. The plots are obtained from 3300 events. The complete disappearance of peak
#1 and its echoes indicates an efficient filtering. The BSM is completed by conditioning
on quadrature values around 0 in correspondence to peak #2, i.e. when the DV-DV and
DV-CV entanglement are mixed. The CV and the DV quadratures of the swapped state
are obtained by integrating the homodyne signals around peak #2 in (c) and peak #3 in
(d).

about 2 500 000 events) and when the correct time filtering is applied to our events ((c)
and (d), filtering window of 8 ns, about 900 events remaining). On these scans of the
variance higher amplitudes are expected for photon-subtracted or single-photon states for
the CV or DV modes respectively. For the unfiltered data, we see the emergence of a peak
#1 at t = 0 corresponding to the input hybrid state measured on both the CV and DV
homodynes when the trigger in incorrect, i.e does not correspond to the swapping. The
peaks #1′ and #1′′ at t = ∆tDL and t = 2∆tDL respectively correspond to heralded single-
photon echoing in the free-space delay line. The spread-out noise on the unfiltered scan
of the variance for the CV mode corresponds to detected events that are not temporally
aligned to the trigger.
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A noticeable effect is observed on the variance scans when the correct time filtering
is applied. The higher noise comes from smaller statistical sampling, which is reduced
to 3300 after filtering. First we observe the disappearance of the peaks #1, #1′, and
#1′′ that indicate an efficient filtering since none of the input hybrid or single-photon
states (that should not be expected anymore) are measured. Then, more significantly,
we see the emergence of temporal-mode-shaped peaks (#2 and #3) at t = −∆tfiber and
t = −∆tDL − ∆tfiber. The peak #3 corresponds to the arrival of the DV mode on the
HD after the trip in the free-space delay line. Peak #2 corresponds to the arrival, in
coincidence, of the DV-DV and the hybrid entangled states on the 50:50 beamsplitter.
The BSM homodyne conditioning is performed at time t = −∆tfiber on the DV mode. In
the end the two-mode output state obtained after swapping is measured with respect to
the appearance of peak #2 on the CV mode and peak #3 on the DV mode, by integration
of the homodyne signals with the temporal modes centered around these peaks.

Once time filtering and homodyne conditioning are applied, the remaining quadratures
of the swapped state are processed through quantum state tomography for each data run.
The homodyne conditioning preserves about 30% of the filtered events. For each run
we obtain about 1000 quadratures that enables us to estimated the relative phases of
each data sets. By applying phase propagation to realign the different runs together, we
were able to combine nine sets of data and reconstruct an entangled state from a total of
7800 filtered, conditioned, events. Each of the nine data sets required 5-7 hours of data
acquisition, at an average rate of 0.05 Hz, with an active monitoring of the experiment.

3.2 Analysis of the swapped state

The swapped state is characterized by applying two-mode quantum state tomography
on the filtered events, with the proper temporal modes. For the DV mode, the same
homodyne is used for measuring the state and performing the Bell conditioning. In that
configuration an additional 10% loss due to the low-reflectivity bleamsplitter used for the
BSM photon subtraction is added. A total loss of 26% for the DV mode and 15% for the
CV mode is corrected for the reconstruction. We show in Figure 5.11 the output state
corresponding to the outcome when the BSM is successfully implemented (green, 7800
quadratures) and without performing the BSM in comparison (red, 200 000 quadratures).
We clearly see that, given the swapping event, non-zero off-diagonal coherence terms
appear - both in the hybrid density-Wigner plots and in the density matrix projected in
the relevant basis - confirming the emergence of quantum correlations. Without performing
the BSM the output modes are not correlated and no entanglement can be observed.

Since the conditioning for the BSM is performed after the data is acquired (yet it does
not correspond to post-selection), we can study the effect of conditioning on the quality of
the BSM. In the following we will refer to the Bell-state measurement carried out by only
heralding the photon subtraction without conditioning on quadrature as "partial" BSM .
We can note that is it not possible to do it the other way around (i.e. only performing
conditioning without heralding) since the heralding is necessary to define the temporal
mode of the output state. In Figure 5.12, we compare the output state when the BSM
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Figure 5.11: Characterization of the swapped state. All states are displayed using
two representations, a hybrid density-Wigner plot and a density matrix giving the recon-
structed state projected onto the relevant basis {|0〉 , |1〉} for DV and {|cat+〉 , |cat−〉}
for CV. On the left (green) we show the output swapped state reconstructed from 7800
quadratures. For reference, on the right, (red) we show the output state when no BSM
is implemented, reconstructed from 200.000 quadratures. For clarity only the real part
of the density matrices is shown, as the imaginary part consists of near-zero elements of
magnitude smaller than 1%.

is performed fully or partially based on the same data as the full result. The incomplete
realization can directly be seen on the projected density matrix. Even though coherences
can already be seen in the incomplete case, their relative amplitude is increased when the
homodyne conditioning is applied, thus yielding a better entangled state. In addition the
completion of the BSM depletes the vacuum component to strengthen the entanglement.

It is important to notice that without conditioning more points remain available for
the tomographic reconstruction (about 26500 quadratures without conditioning, and 7800
after conditioning). This yields a smoother Wigner representation although much more
quadratures should be needed to reach the quality of reconstruction of the inputs states. It
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Figure 5.12: Comparing full and partial BSM. (Left) Output state following full BSM.
(Right) Output state following a partial BSM, i.e. without homodyne quadrature condi-
tioning. The colors on the density matrices represent the variations relative to the output
state with full BSM. The number of tomographic samples for each state reconstruction is
7800 and 26500 respectively.
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Figure 5.13: Downsampling the reconstructed state. (Left) Output state following
no BSM. (Right) Output state following no BSM reconstructed from a downsampled data
set matching that of the measured swapped state. The number of tomographic samples
for each state reconstruction is 200 000 and 7800 respectively.

is then rather fair to wonder if the coherences measured are not simply artefacts resulting
from a down-sampled reconstruction. To verify this hypothesis we can compare the state
measured without performing the BSM to an artificially down-sampled state. The states
are shown in Figure 5.13. On the left we show the state reconstructed without performing
the BSM - that can in that case be reconstructed from 200 000 quadratures since we are
here looking only at a two-fold coincidences events occurring at a rate of about 140 Hz.
Taking a random subset of 7800 of these quadrature gives the state represented on the
right. We can directly see the loss of smoothness in the Wigner representation but still
no significant coherence terms can be observed neither on the Wigner representation nor
on the projected density matrix. We can therefore conclude that the relative error in the
reconstruction is sufficiently small and that the entanglement observed is not a product
of artefacts due to limited sampling. Yet the effect of the limited sampling needs to be
taken into account when quantifying precisely the amount of entanglement in the swapped
state, as discussed in the following section.

3.3 Estimating the negativity of entanglement

The elements of the density matrix reconstructed by quantum state tomography are
prone to higher uncertainties when a limited number of sample is available [212]. The
resulting quantum state may be only partially affected as long as the absolute error is
small relative to the value of the main contributing elements. Yet this becomes a fair issue
when trying to estimate the entanglement of the state as high-occupancy elements (with
near-zero values in the ideal case) may now acquire a finite value that statistically adds up
to an overestimation of the entanglement negativity. From a measurement point of view
the amount of entanglement estimated by the reconstruction then decreases as the events
are accumulated and the reconstruction uncertainty decreases. It is thus very important
to make sure that entanglement is still observed when the ideal tomographic precision is
reached - that is of course not accessible in our case due to the limited operation rate of
the experiment.

As explained empirically by Takashi, et al. [199], the logarithmic negativity, EN
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Figure 5.14: Logarithmic negativity fits. The logarithmic negativity of the recon-
structed states is shown as a function of the inverse square root of the number of tomo-
graphic samples, 1/

√
N , for the input states (yellow for DV-DV, blue for hybrid), the

output swapped state with full BSM (green) and the state without performing the BSM
(grey). The smaller dots correspond to the negativity of each individual partition. The
larger dots represent the average over partitions of same size, with the leftmost point cor-
responding to the full data sets. In the case of the swapped output, the dark rightmost,
small green dots represent the logarithmic negativities from each original experimental
run, before pooling the data together.

connected to the negativity of entanglement N by EN = log2(2N + 1) scales in inverse
proportion to the number of sample N used for reconstruction, in the form EN (N) ≈
E∞ + C/

√
N . The value E∞ corresponds to the asymptotic value attainable from a

sample of infinite size, i.e. with a maximally precise reconstruction. Thus by calculating
the logarithmic negativity, for several data subsets of different sizes, we can extract the
value of E∞ and get a better evaluation of the actual negativity. The constant C represents
the speed at which the reconstruction gets precise, and depends on the size of the Hilbert
space used for the reconstruction of the state. A larger space is more sensitive to down-
sampling errors, incrementing the rate at which a lower number of samples will be cause
the negativity to be overestimated.

We show in Figure 5.14 the fits of the logarithmic negativity of entanglement for the
input states (DV-DV in yellow, hybrid in blue), the swapped state (green), and the output
state obtained without performing BSM (grey). Interestingly we observe that the state
obtained without performing BSM shows a finite amount of entanglement measured for
low-sampled states, even though these are completely uncorrelated states. For the fits
we subdivide our data sets into consecutively smaller partitions. For a better sampling
of statistical variations each partition is repeated six times, each time using a different
randomly shuffled configuration. We then calculate the average logarithmic negativity for

113



4. PROPAGATING HYBRID ENTANGLEMENT IN NETWORKS BY SWAPPING

partitions of the same size, and use these averaged values to fit the logarithmic negativities
to obtain E∞ for each state. We obtain 0.261± 0.004 for the input DV-DV entanglement
and 0.533± 0.005 for the hybrid DV-CV input, 0.010± 0.002 for the output state without
BSM and 0.122± 0.023 for the output state when the BSM is successful. Converting back
these values to the negativity of entanglement we get for the input states the values given
before and 0.044 ± 0.009 for the output state when the BSM is successful. We can thus
conclude that we indeed create hybrid entanglement after swapping, demonstrating the
ability to swap between disparate optical entangled states and to establish hybrid quantum
links in heterogeneous quantum networks.

4 Propagating hybrid entanglement in networks by swap-
ping

After demonstrating swapping, we study its performances for connecting disparate
quantum nodes. Indeed swapping should allow the distribution of entanglement between
nodes that would be too distant for direct propagation [92]. We develop a theoretical model
to predict the propagation of entanglement as a function of the channel transmission losses,
and compare different BSM implementations to direct propagation in the most resilient
case of symmetric transmission losses in the two channels.

4.1 Theoretical model

Our model considers the effect of channel transmission losses applied on the DV modes
of each entangled state before application of the BSM. Without losses, the input DV-DV
and hybrid DV-CV entangled states can be written respectively:

|Ψ〉AB ∝ |0〉A |1〉B + |1〉A |0〉B ,
|Ψ〉CD ∝ |0〉C |cat−〉D + |1〉C |cat+〉D .

(5.2)

As shown in Figure 5.15, the channel loss η is modeled by adding a virtual beamsplitter
of transmission ηB and ηC coupling modes B and C to environmental modes E and F
respectively, with η = ηBηC . After introducing losses and mixing modes B and C, the
lossy state at the BSM station is given by (we keep only the terms with at list one photon
in mode C since there are the ones that are heralded):

|Ψ〉BSM ∝
√
ηB |0〉A |0〉B |0〉E |1〉C |cat−〉D |0〉F

+√ηC |1〉A |0〉B |0〉E |1〉C |cat+〉D |0〉F
+
√
ηB(1− ηC) |0〉A |0〉B |0〉E |1〉C |cat+〉D |1〉F

+
√
ηC(1− ηB) |0〉A |0〉B |1〉E |1〉C |cat+〉D |0〉F

+√ηBηC |0〉A |0〉B |0〉E |2〉C |cat+〉D |0〉F .

(5.3)

We now apply the BSM to the state. This is done by first mixing mode C with a new
mode G on a beamsplitter of reflectivity R and then project onto a bucket detection by
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Figure 5.15: Model for the propagation of hybrid entanglement in lossy channels
via swapping. The mode B of the DV-DV entanglement is mixed with an environmental
mode E on a beamsplitter of reflectivity ηB, while the DV mode C of the hybrid entan-
glement is mixed with the mode F with a reflectivity ηC . The lossy modes are mixed on
a 50:50 beampslitter and the Bell-state measurement is performed by sending a fraction
R of the light in the mode G to apply the bucket detection ∑

n≥1
|n〉 〈n|G, while homodyne

conditioning in applied on mode C.

applying the operator ∑
n≥1
|n〉 〈n|G, tracing out modes B, E, F and G gives:

ρ̂clickBSM ∝ |0〉 〈0|C
[
[ηB(1− ηC) + ηC(1− ηB) + ηBηCR] |0〉 〈0|A |cat+〉 〈cat+|D
+ ηB |0〉 〈0|A |cat−〉 〈cat−|D
+ ηC |1〉 〈1|A |cat+〉 〈cat+|D
+√ηBηC |0〉 〈1|A |cat−〉 〈cat+|D
+√ηBηC |1〉 〈0|A |cat+〉 〈cat−|D

]
+ |0〉 〈1|C

[
ηB

√
2ηC(1−R) |0〉 〈0|A |cat−〉 〈cat+|D

+ ηC

√
2ηB(1−R) |1〉 〈0|A |cat+〉 〈cat+|D

]
+ |1〉 〈0|C

[
ηB

√
2ηC(1−R) |0〉 〈0|A |cat+〉 〈cat−|D

+ ηC

√
2ηB(1−R) |0〉 〈1|A |cat+〉 〈cat+|D

]
+ |1〉 〈1|C

[
2ηBηC(1−R) |0〉 〈0|A |cat+〉 〈cat+|D

]
.

(5.4)

115



4. PROPAGATING HYBRID ENTANGLEMENT IN NETWORKS BY SWAPPING

We finally apply homodyne conditioning, corresponding to the transformation ρ̂ −→
ρ̂′ ∝ TrC(

∫+∆/2
−∆/2 dxρ̂ |x〉 〈x|C) to obtain the expression of the swapped state:

ρ̂swap ∝ A∆
00
[
[ηB(1− ηC) + ηC(1− ηB) + ηBηCR] |0〉 〈0|A |cat+〉 〈cat+|D

+ ηB |0〉 〈0|A |cat−〉 〈cat−|D
+ ηC |1〉 〈1|A |cat+〉 〈cat+|D
+√ηBηC |0〉 〈1|A |cat−〉 〈cat+|D
+√ηBηC |1〉 〈0|A |cat+〉 〈cat−|D

]
+A∆

11
[
2ηBηC(1−R) |0〉 〈0|A |cat+〉 〈cat+|D

]
,

(5.5)

defining A∆
ij = TrC(

∫∆/2
−∆/2 dx |x〉 〈x|C |i〉 〈j|C), and noticing that A∆

ij = 0 if i− j = ±1. The
final result is obtained by applying the model losses (1 − ηHD) to the HD of the BSM,
which is equivalent to applying the transformation A∆

11 → ηHDA
∆
11 + (1− ηHD)A∆

00.
The first and the last terms of Eq.(5.5) correspond to pure losses added to the maximally
entangled state and should be minimized for optimal transmission. Fixing η = ηBηC one
notices that the first term is minimum for ηC = √η, i.e for symmetric losses. We will thus
show the theoretical predictions in the most resilient case of symmetric losses on the two
channels (ηB = ηC = √η). In this symmetric case we have:

ρ̂swap ∝ A∆
00
[
[2(1−√η) + ηR] |0〉 〈0|A |cat+〉 〈cat+|D

+ |0〉 〈0|A |cat−〉 〈cat−|D
+ |1〉 〈1|A |cat+〉 〈cat+|D
+ |0〉 〈1|A |cat−〉 〈cat+|D
+ |1〉 〈0|A |cat+〉 〈cat−|D

]
+
[
ηHDA

∆
11 + (1− ηHD)A∆

00
][

2√η(1−R) |0〉 〈0|A |cat+〉 〈cat+|D
]
.

(5.6)

We note that, as losses increase, the probability of observing a click due to the presence
of two input photons before mixing on the 50:50 becomes dominant, leading in the case
of an infinitely lossy channel to the expression:

ρ̂swap ∝ 0.5 |Ψ〉 〈Ψ|AD + 0.5( |0〉 〈0|A |cat+〉 〈cat+|D ). (5.7)

Starting from maximally entangled input states, this would lead to an entangled state
with a negativity of entanglement N of about 0.1. We will now adapt our model to the
case of non-maximally entangled input states in order to fit to our experiment.

4.2 Model with realistic input states

Realistic experimental input entangled states are obviously composed of a statistical
mixture with fully mixed classical superpositions and with vacuum. Fitting our measured
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experimental input states in this way, we can express them as:

ρ̂AB ∝ |Ψ〉 〈Ψ|AB + 0.025(|0, 1〉 〈0, 1|AB + |1, 0〉 〈1, 0|AB)
+ 0.97× |0, 0〉 〈0, 0|AB ,

ρ̂CD ∝ |Ψ〉 〈Ψ|CD + 0.0235(|0, cat−〉 〈0, cat−|CD + |1, cat+〉 〈1, cat+|CD)
+ 0.438× |0, cat+〉 〈0, cat+|CD .

(5.8)

Following the same reasoning as before, we can compute the experimental swapped state
as:

ρexp,0
swap = TrBCEFG

( ∫ +∆/2

−∆/2
dx |x〉 〈x|C

∑
n≥1
|n〉 〈n|GB1−R

CG B
1
2
BCB

ηB
BEB

ηC
CF(ρAB ⊗ ρCD)

)
, (5.9)

where BT
XY is the beamsplitter operator of transmission T mixing modes X and Y.

To that final expression we have to add as well the effect of false positive events and
dark counts. False positive events appear naturally in the scenario with two SNSPDs
since double events that do not correspond to swapping can be detected. The use of the
AOM mitigates that effect, yet its effect does not become negligible since the AOM has
an imperfect extinction of about 80%. The integration of the histograms of the events
shown in Figure 5.9 over the 8 ns time-window selected for the filtering represents a
large contribution of the false positive events, close to 40% as compared to the swapping
events. Another effect to be taken into account is the dark count rate of the single-photon
detectors. Although this might looks marginal relative to the generation rate of the states,
it becomes dominant as losses increase and the overall rate decreases. At zero loss, we
measure the ratio called ηdc to be about one over a hundred positive event. This leads to
a refinement of the model to obtain the expression:

ρexp
swap = 0.6ρexp,0

swap + 0.4 |0, cat+〉 〈0, cat+|+
ηdc
ηBηC

|0, cat+〉 〈0, cat+| . (5.10)

4.3 Propagation results

Having our full model in mind, we can quantitatively study the distribution of hybrid
entanglement using the swapping process. We study different BSM configurations (i.e. full
BSM and partial BSM) and compare our values to what would be obtained by directly
propagating entanglement in the channels (for symmetric losses in the two channels), both
in the case of ideal maximally-entangled input states and with our experimental inputs.
The results are shown in Figure 5.16. The white point indicates our measurement, in good
agreement with the simulations. As can be seen, direct propagation of hybrid entangle-
ment in lossy channels leads to an exponential decrease of the amount of entanglement
with the distance. Moreover swapping would beat direct propagation after a given dis-
tance, which depends on the quality of the initial resources. Under our experimental
conditions, swapping beats direct propagation for losses of about 9 dB (which corresponds
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Figure 5.16: Swapping for distributing hybrid entanglement at a distance. We
represent the expected entanglement negativity after swapping of the experimental input
states as a function of channel losses considered symmetric for the two channels. The
black solid line corresponds to an ideal BSM with vanishing reflectivity R and quadrature
conditioning window ∆, while the green line corresponds to our implemented case. The
grey dotted line corresponds to partial BSM without conditioning. The effect of dark
counts (about 1% of the total events) is represented by the green dashed line. The white
point gives our measured output negativity, in good agreement with the simulations. As
a reference the blue line shows the evolution of the negativity for direct propagation. The
inset provides the same plots but starting from ideal maximally entangled inputs states
and without dark counts.

to about 45 km of fiber at telecom wavelength). For maximally entangled input states the
effect is even more stringent since the improvement is reached after about 4 dB of losses,
which corresponds to about 20 km of fibers at telecom wavelength. We note that in both
cases homodyne conditioning leads to an improvement of entanglement distribution (as
compared to partial BSM), an effect that is even more noticeable over shorter distances
and with maximally entangled input states.

Of course, ultimately, any practical implementations will be limited to the heralding
rate of the initial states and its ratio relative to the dark counts of the detectors. In our
experiment, with a ratio of about 1/100, we expected a substantial decrease of the nega-
tivity from 20 dB of channel losses. The results confirm the performance of the swapping
protocol and that its demonstration over longer distances could be achieved in future im-
plementations. We can finally observe that the swapping protocols only ensures a slower
decrease of the entanglement via propagation. If one wanted to recover entanglement some
active protocols should be applied to the states. Such purification schemes for hybrid en-
tanglement are currently under study [213], but they go unfortunately out of the scope of
this thesis.
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5 Limitations of the setup with two OPOs and two SNSPDs

After demonstrating swapping with hybrid entanglement, we will now study the limi-
tations of the setup involving the consecutive use of the OPOs and of the SNSPDs. Indeed,
even if, a priori, the time-multiplexed use of the same resources enables the implementa-
tion of complex schemes, it definitely leads to side effects which decrease the quality of the
initial resources and of the protocol itself. We show how these effects shall be mitigated
in order to achieve more scalable protocols.

5.1 Consecutive use of the OPOs: limited rates and transmission losses
in the delay line

The most natural limitation that occurs when using consecutively the same OPO at
different times is a reduction of the overall rate, typically by a factor 2 as compared to a
scenario where several OPOs are used to create the states independently. It is particularly
important for our experimental implementation in which the low generation rate of the
initial resources limits the number of quadratures that can be measured to perform the
two-mode quantum state tomography. In our case we obtain an overall operation rate of
0.05 Hz, that required about 45 hours of data acquisition to recover 7800 quadratures, that
is at the limit of what can be used to have a trustworthy characterization of the two-mode
swapped state where 200 000 quadratures are typically used [212]. In order to have a decent
rate we also had to increase the pump power of the different OPOs which led to stronger
multi-photon components in turn degrading the quality of the input states. Finally we
were forced to use a quite large filtering temporal window for the coincidental detection,
which in our case was chosen to be 8 ns, i.e. larger than the temporal mode FWHM of
the photons of 5 ns. If the chosen selection window is too large, events corresponding to
photons that have not interfered are detected, thus yielding the admixture of vacuum to
the swapped state. In order to get a clean coincidental detection, the window should be of
the order of about 1 ns, which was not accessible with the experiment in that configuration.

The second consequence of the consecutive use of the OPOs is the necessity to use a
delay line to temporally rematch the modes. Even in free space the delay line induces
some non-negligible transmission losses that limit the purity of the states and the quality
of the process. In our specific scheme in which the losses amount to about 10%, it limits
considerably the range of accessible states that can be created and teleported, especially
when other sources of loss, such as the OPO intra-cavity losses or the homodyne detection
losses, cannot be neglected. We note that other works have shown the same type of free-
space delay lines - and even optical memories - having losses below the percent level [214,
215], making them as promising resources for quantum state engineering and quantum
information processing.

Finally, when using a looped configuration, the photons are always propagating in the
same spatial mode so that they need to be redirected if one wants to have them propagating
freely. Overcoming this feature would include the use of a longer delay line and optical
switches in order to deliver the desired propagating mode in time. Even though this goes
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out of the scope of this thesis, we note that it is feasible, yet with non-zero losses, using
existing technologies [216].

The experimental setup with the looped delay line was originally not implemented for
swapping but for the teleportation of a DV qubit. Indeed once the DV-DV entangled state
is created one can perform homodyne conditioning on the mode propagating straight to
the HD to create a DV qubit inside the delay line. However defining properly the phase
of the qubit requires to be able to lock the delay line relative to the local oscillator of the
HD that acts as a phase reference. Since no assumption should be made on the unknown
state to-be-teleported, the phase of the local oscillator of the homodyne detection must
be randomized, so that the phase of the delay line should be adjusted in consequence in
real time. This is not in theory impossible but it requires as very challenging lock to be
implemented, especially since the delay line is 14 m long. On top of the challenging lock, it
also introduces a conceptual problem since the setup has to be adapted to the input qubit,
which should not happen in a standard teleportation protocol. In the end we saw that
without performing this homodyne conditioning the DV-DV entanglement was directly
available and could be used to perform the swapping with only having to lock the delay
line on resonance.

Using independent OPOs would complety aleviate these issues. First it would lead to
an increase of the overall operation rate that does not require to use input states with a
lower purity and a filtering window injecting vacuum in the measured state. In addition
using another OPO to create the DV qubit, or DV-DV entanglement, would enable a
separate definition of the qubit phase, that could be easily actively adjusted by locking
the relative phase of the two DV modes in an unlooped configuration.

5.2 Consecutive use of the SNSPDs: imperfect event detection

Having to use the same SNSPD for heralding the DV-DV entangled state and the
BSM appears to be the experimental limitation degrading the most the quality of our
implemented swapping scheme. As we have seen before it leads to the measurement of
double-events coming from the same path that do not correspond to the swapping event.
Even though this effect is drastically improved by the use of an AOM on the heralding
path of the DV-DV entanglement to reduce the background stochastic noise, we see that
it still corresponds to an admixture of vacuum of 40% which can be detrimental for the
implementation of many protocols. A possible improvement of the scheme would be to
add a second synchronized AOM on the path corresponding to the BSM, that would lead
to a reduction by a factor five of false positive events, lowering their proportion from 40%
to 8%. Still the AOM not having a perfect extinction, the effect would only be mitigated
but not fully eliminated. One could also imagine using mechanical shutters to alleviate
this problem, but their typical extinction time is longer by few orders of magnitude and
would thus require a challenging extension of the delay line. We also note that its leads
to a non-trivial distribution of the events in time that requires an accurate data analysis
for the filtering and conditioning. In our case, the filtering can also be done only a
posteriori, which extends drastically the data acquisition and processing durations since
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only a ridiculous amount of the data acquired - in the end less than 0.04% - is finally
useful. In the end the same use of the SNSPD also limits the maximum rate at which the
experiment is performed since an event cannot be detected during the dead time of the
SNSPD. This does not impact our work in which the operational rate is at the hertz level,
but it can be detrimental when fast rates are desired [217, 218].

An evident solution of all of these issues would be to use three independent SNSPDs.
In that case, since the heralding paths are completely separated no contamination from
double-events can occur and a proper coincidental detection can be performed. In addition
the use of three SNSPDs makes the detection of coincidences much easier since the delays
can be calibrated and adjusted independently to make the desired events happen in a very
specific time window. In this case the only limiting factor remaining is the dark count
rate of the SNSPDs which corresponds to less of a percent of the initial states rates, and
thus yields three-fold coincidence rates that have negligible likelihood to be detected.

6 Conclusion
In this chapter we have presented an entanglement swapping scheme based on the

hybrid entanglement of light. We presented the experimental methods allowing to generate
the necessary resource states in a time-multiplexed fashion. We completely characterized
both the input and output states to confirm the success of the swapping protocol. The
effects of down-sampling for the reconstruction of the swapped state have been studied
extensively and the amount of entanglement in the systems were precisely assessed by
fitting of the logarithmic negativity of entanglement. We have proposed a theoretical
model that reveals the usefulness of the protocol for propagating hybrid entanglement in
prospective heterogeneous quantum networks. Finally, we have presented the limitations
of our experimental setup involving the consecutive use of the same resources.

Our work has thus introduced and demonstrated an entanglement swapping proto-
col that connects nodes with different optical encodings. This capability is central for
the establishment of remote hybrid quantum links and the development of heterogeneous
quantum networks, enabling more versatile quantum information interconnects. In the
next chapter we will focus on the two main improvements that have been implemented
on the setup, namely the building of a new OPO-based single-photon source and a cryo-
genic system that enables the use of four independent SNSPDs in parallel. This brings
within reach even more ambitious quantum information processing protocols, such as the
hybrid quantum teleportation that we will present in Chapter 7, and, in the future, the
extension of hybrid entanglement to different encodings and devices.
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Chapter 6

Reaching advanced quantum
information protocols with an
increased experimental capability

Following the analysis of the entanglement swapping protocol, we present in this chap-
ter the two major assets that have been built to improve our experimental setup. We first
designed a new type-II OPO-based heralded single-photon source that enables for the first
time the use of several triply-resonant OPOs in parallel, a difficult task due to the limited
number of parameters accessible experimentally for setting of the resonances. We present
a technique allowing to create, from this OPO, any high-purity single-rail discrete-variable
qubits encoded in the Fock basis {|0〉 , |1〉}. In addition we introduce an improved herald-
ing system composed of a cryogenic unit enabling the use of four independent SNSPDs.
These additional tools bring within reach more advanced quantum information processing
protocols that could not yet be performed efficiently due to a lack of resources, i.e. only
two OPOs and two SNSPDs.

1 Adding a single-photon source based on a straight-cut
linear cavity OPO

1.1 Motivations

Heralded single-photon sources are essential to the development of quantum infor-
mation processing. Yet, increasing the number of photons involved in quantum optics
experiment is a very challenging task because of an unoptimized scalability that increases
linearly the number of required resources and the complexity of the overall experiments
[219, 220]. Protocols have for now been limited to several modes, with record experiments
going up to tens of photons at most [40, 221, 222, 223]. Several routes can be considered
to mimic the behaviour of multiple independent photons. In particular the consecutive
use of the same resources in time-multiplexed looped configurations [78, 79, 224, 225] can
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efficiently simulate complex quantum networks. Yet, they do not always represent real-
world protocols and they often lack of control over the optical modes involved which in
turn translates into channel noise detrimental to many protocols.

In our particular case with the swapping experience presented in Chapter 5, the
consecutive use of the OPO II and the required looped delay line led to at least 10%
transmission losses on the state generated and required a very challenging phase control.
Even though we managed to demonstrate swapping, we see that the quality of the involved
states was really at the limit of what was required to prove that entanglement was present
in the end. Having two completely independent type-II OPOs would not only eliminate
these drawbacks, but would also offer a flexibility that permits the implementation of new
protocols by mixing the non-Gaussian sources in creative ways. For that reason we decided
to build a new type-II OPO to be used in parallel with the resources initially available on
the experiment. Yet, as we will see in the next section, operating experimentally two type-
II OPOs simultaneously is a challenging goal, as the semi-monolithic cavity configuration
limits the number of experimental parameters which can accessed for the setting of two
independent triple resonances.

1.2 Design considerations

Building a new type-II OPO, which combines in a unique device two single-mode
squeezers, is not a trivial task. A particular attention has to be put on the design of this
source since it has to be operated concurrently with the two OPOs already available on
the experimental table. In addition the quantum states generated from the different OPOs
need to be indistinguishable.

Let us first focus on the indistinguishably. The different quantum states to be interfered
need to be indistinguishable in any degree of freedom. In particular the spectral properties
of the states that are defined by the OPO cavity have to be properly matched. To match
the bandwidth of the new OPO with the previous ones, we decide to build a cavity that
has the same length as the previous OPOs, typically of 35-38 mm, and choose the same
transmission of the output coupler for the IR of 10%. A mismatch of bandwidth will
lead to a mismatch of the temporal modes that are emitted from the different non-linear
sources, thus decreasing the temporal overlap and the indistinguishability. We note that
the length of the cavity does not affect so much the temporal mode. Indeed the overlap
between the different temporal modes is easily above 99% for a cavity length ranging from
30 to 40 mm [4]. The effect of the output coupler transmission however impacts a lot the
bandwidth of the cavity, that scales linearly with the transmission.

We now consider the concurrent use of the OPOs, which is the most challenging con-
sideration in our case. Since the double-resonance of the type-I OPO can be adjusted
independently of the other OPOs - by tuning the temperature of the non-linear crystal
only - we present our reasoning only for the case of the concurrent use of two type-II
OPOs. A type-II OPO being triply resonant, three degrees of freedom are to be adjusted
to operate the source. In the case of a single semi-monolithic OPO II, where the angle
of the crystal cannot be changed, these three parameters are the length of the cavity, the
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Figure 6.1: Picture of the straight-cut type-II OPO. The non-linear type-II KTP
crystal is placed inside the oven in copper. The temperature is controlled using a Peltier
element. The oven is screwed on a six-axis-precision alignment stage and the angle of the
crystal is tilted around the z-axis in order to set the triple resonance (see the Allen key
with the purple label on the back). The flat input mirror placed on a high stability mirror
mount on the right is coated to be HR at 1064 nm and has a transmission of 5% for the
pump at 532 nm. The concave output mirror is hihly-reflective (HR) for the pump and has
a transmission of 10% for the IR. To adjust the length of the cavity, the output mirror is
installed in a plastic mount glued on a piezo itself placed in a high stability mirror mount.
The output mirror can be translated in order to fine tune the cavity bandwidth. A lens
placed after the output mirror (not shown) is used to collimate the beam. The overall
structure is fixed on a home-made bulk brass mount for an improved stability.

temperature of the non-linear crystal and the temperature of the laser crystal, that corre-
sponds to a change of the pump laser wavelength. Now when these three parameters are
fixed, adding a second type-II OPO requires to find three other independent parameters.
Two degrees of freedom can easily be found: the length of the cavity and temperature of
the non-linear crystal of the second OPO. But for the third degree of freedom we have now
the laser wavelength fixed by the first OPO II, and a new parameter needs to be found.
We decide for this third parameter to play with the angle of the crystal inside the cavity.
We note that this parameter is very sensitive to the alignment, since a variation of the
angle by one degree corresponds to a temperature mismatch of about 40 K [150]. For the
precise setting of the crystal angle we use a six axis precision alignment stage (Newport
9031-M) on which the crystal oven is fixed. In addition, since the triple resonance implies
to tilt the crystal inside the cavity, it is not possible to have the cavity input mirror coated
directly onto the crystal surface, otherwise the coupling to the cavity would change de-
pending on the triple resonance. We thus have to go from a semi-monolithic configuration
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to a straight-cut linear cavity configuration [226] with two independent mirrors surround-
ing the crystal. A picture of the OPO is shown in Figure 6.1. As for the other OPOs the
cavity is plano-concave and we choose the same radius of curvature for the output mirror
of 38 mm in order to facilitate the matching of the spatial modes after the cavity. The
non-linear crystal is placed as close as possible to the plane input mirror where the waist
is located in order to optimize the conversion efficiency. The plane mirror has the same
transmission properties as the other OPOs, i.e. HR for 1064 nm and a transmission of
5% at 532 nm. The output coupler is also HR-coated for 532 nm. The mirrors are coated
from the company Layertech GmbH. Each mirror is attached by a high stability mirror
mount (Thorlabs Polaris K-1) to the home-made brass stage. Same as for the other
type-II OPO we use a High Gray Track Resistant (HGTR) type-II KTP crystal with a
section of 3 × 3 mm2 and a length of 10 mm. The crystal is double anti-reflection coated
on each side for the two polarizations of the IR. The crystal is provided by the company
Raicol crystals.

Fixing the transmission of the output coupler also defines the escape efficiency that
can be expected with the OPO. For our OPOs with high escape efficiency, the value
is dominated by the intra-cavity losses. These losses arise mostly from absorption of the
photons, and scattering inside the non-linear crystal and at the level of the interfaces. Our
design that includes an additional interface between the input mirror and the non-linear
crystal should thus present more intra-cavity losses, and thus a lower escape efficiency
than our previous designs. Yet, even in a very pessimistic case of 2% of intra-cavity losses,
as we have seen in Chapter 2, the device should show an escape efficiency above 80%.
We note yet that the precision on the coating of the output mirror in the IR of about 2%
translates directly onto the same uncertainty on the escape efficiency of the OPO.

1.3 Results and discussion

The quality of the single photon generated by an OPO is hard to measure without
performing direct measurements of the quantum state. Indeed as the purity is limited by
losses that are typically below the percent level, indirect measurements such as the finesse
of the cavity cannot be precise enough to estimate properly the quality of the state [227].
In addition, other effects independent of the OPO itself, such as the transmission losses
up to the detectors, back-scattering and electronic noise, affect analogously the quality
of the generation process that needs to be fully characterized in order to be make the
source useful in some protocols. To that end we characterize the OPO with measurement
of heralded single photons. The heralding beam is sent to an independent SNSPD using
the same filtering procedure as for the other OPOs described in Chapter 2. The signal
beam is sent to the homodyne detection already placed on the DV mode, which was used
to measure photons at the output of the semi-monolithic type-II OPO. Having the same
HD for characterizing the two type-II OPOs enables to fix the detection losses and thus
precisely compare the two devices with each other. The OPO is locked on the pump
resonance by the Pound Drever-Hall technique. A seed beam is locked in phase with the
pump via digital locking. It is used for alignment reference and to determine the phase

126



CHAPTER 6. REACHING ADVANCED QUANTUM INFORMATION PROTOCOLS WITH
AN INCREASED EXPERIMENTAL CAPABILITY

X

P

(a) (b)

Figure 6.2: Experimental heralded-single-photon from the straight-cut linear-
cavity type-II OPO. The state is reconstructed from 40 000 tomographic measurements
and is corrected from 18% detection losses. (a) Density matrix of the heralded single-
photon. The heralding efficiency is of 78.5%. The vacuum component amounts to 21%.
(b) Wigner function of the heralded single-photon, showing a strong negativity at the
origin.

of local oscillator of the HD. The measurement is performed in a sample-and-hold (S&H)
fashion with 50 ms for measurement and 50 ms for readjusting the locks.

The results are shown in Figure 6.2. The OPO is pumped by 1 mW of green. At
this pump power we measure a heralding rate of 100 kHz. The state is reconstructed
from 40 000 quadratures by single-mode quantum state tomography and is corrected from
18% detection losses (visibility of 98.5%). We measure a heralding efficiency of 78.5%,
with negligible multi-photon components below the percent. The heralding efficiency is
slightly lower than our expected value. We attribute the extra vacuum component to
losses originating either from heterogeneities in the non-linear crystal, or from defects at
the level of the crystal/mirror coatings. Other crystal and mirrors are to be tested to
verify this hypothesis. Yet the quality of the generated photon is already excellent enough
to use the state in some protocols and we decided to keep it as it is.

1.4 Operating two triply-resonant OPOs in parallel

Now that our new OPO II gives useful photons, we need to verify that it can be
used concurrently with the semi-monolithic type-II OPO. Indeed even if we have access
to enough degrees of freedom to set the two triple resonances separately, they can be
situated too far in the parameter space so that they cannot be set simultaneously. In
particular if the crystal has to be tilted a lot (i.e by one degree angle) the corresponding
the phase matching temperature can be out of the range accessible by the temperature
controller. The non-linear KTP crystal can fortunately be engineered in order to work
in a practicable parameter range. In particular it is cut along the crystallographic angles
(θKTP = 90◦±10′, φKTP = 25.5◦±10′) so that the phase matching occurs close to normal
incidence of the beam. The crystal is also set to have a phase matching temperature
around 30◦C, i.e a bit above room temperature as to allow a convenient temperature
control.
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Figure 6.3: Picture of the two type-II optical parametric oscillators side by
side. The two OPOs are oriented in the same direction, with the pump and the seed
beams injected from the right (green arrow). We see on the top the initial, 20 years old,
semi-monolithic type-II OPO. The input mirror is directly coated on the surface of the
mirror placed in the copper oven. On the bottom is shown the straight-cut linear cavity
OPO with the input plane mirror separated from the crystal. Each OPO is covered by
a plexiglass box that reduces the effect of air fluctuations on the cavity. The new OPO
design is much more compact that the previous one. Having the two OPOs located close
to one another enables an easier mode matching of the heralded single-photon.

The procedure for setting the two triple resonances then proceeds as follow. As pre-
sented in Chapter 3, seed beams in the infrared are injected with the pump for the setting
of the resonances. We first set the triple resonance of the semi-monolithic OPO by setting
the laser wavelength and the temperature of the non-linear crystal while sweeping the
cavity. Once the setting of the first triple resonance is done and the laser temperature is
fixed, we set the triple-resonance of the second OPO by adjusting the angle of the crystal
and its temperature while sweeping the cavity. Very luckily we manage to find a setting of
the six independent parameters that allows the concurrent use of the two type-II OPOs.
We can set the double-resonance of the type-I OPO independently and have three OPOs,
amounting to five single-mode squeezers, working in parallel.

The stability of the triple resonance in time is also a very important point to take
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into account since the protocols we want to implement require the operation of the OPOs
for several hours in a row. Since the new OPO is less monolithic, alignment instabilities
can be expected as compared to the semi-monolithic designs. We notice yet that the
alignment stage is precise enough so as to allow a stability of the resonance over several
weeks. Actually the instability are fully dominated by thermal effects coming from the
temperature feedback.

To our knowledge it is the first time that two type-II OPOs triply-resonant are used
in parallel in a quantum optics experiment. This is a strong achievement that opens a lot
of prospects for increasing the number of involved heralded single-photons. Our scheme
can trivially be extended to the use of any number of type-II OPOs in parallel since the
three independent parameters depend only on the OPO to-be-added.

2 Single-rail discrete-variable qubit creation by displace-
ment of the heralding mode

In Chapter 3 we introduced the protocols employed for engineering of heralded single
photons and optical Schrödinger cat states. In this section we present an additional state
engineering where a type-II OPO can be used as a source of heralded discrete-variable
qubits encoded in the Fock basis of the form |ψ〉 = c0 |0〉+ c1eiθ |1〉. We will introduce the
scheme that consists in displacing the heralding mode in a very efficient manner and display
high-purity DV qubits that are created in this way. We compare theoretically our scheme
to a standard remote state preparation protocol involving single-photon entanglement.

2.1 The scheme

Although statistically mixing a single photon to vacuum is a trivial task, adding co-
herently vacuum to a single photon requires a specific, well controlled procedure. We here
adapt the scheme presented in [63] for the generation of high purity CV qubits to the case
of DV qubits. We start by considering first a type-II OPO only. As can be seen in Fig-
ure 6.4, this type-II OPO emits pairs of photons orthogonally polarized. As introduced in
Chapter 3, these two photons are separated by a polarizing beamsplitter defining a signal
mode and a idler mode. The latter is used to herald the signal photon with a detection
event on an SNSPD, with a given heralding rate labeled Nphoton. This is the standard
procedure for the creation of heralded single photons as reported in [6, 7]. By adapting
this procedure we can create similarly heralded qubits. Indeed if some uncorrelated, but
indistinguishable, photons are added on the heralding mode, they will create false events
on the SNSPD that will be detected at a rate labeled Ndisp - and which do not correspond
to photons generated by the OPO. Since the photons in the idler mode are indistinguish-
able, this creates, when heralded, a coherent superposition of vacuum and a single-photon
state, defined by the ratio of "false" events relative to the ones corresponding to the cre-
ation of a photon in the signal mode, i.e Ndisp/Nphoton. This addition of photon in the
heralding path can be done by mixing the idler mode with an attenuated coherent state of
amplitude β, which is equivalent to applying a displacement of the heralding mode. In the
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Figure 6.4: Experimental scheme for the creation of the DV qubit with displace-
ment of the heralding mode. A type-II OPO emits pairs of polarization-entangled
photons. One of them is sent to an SNSPD for heralding. On the way the photon is dis-
placed by an attenuated coherent state. The two beams are mixed in an indistinguishable
fashion by first having the photons co-propagate in the same spatial mode and sending
them to a polarization independent SNSPD. One of the two beams is used to lock the
relative phase θ between the two paths. Upon detection of a photon, a DV qubit of the
form c0 |0〉 + c1eiθ |1〉 is heralded, where the ratio c1/c0 is defined by the ratio of clicks
coming from the OPO and from the displacement beam Nphoton/Ndisp.

ideal case, if no displacement is applied (Ndisp = 0), a pure single photon |1〉 is heralded.
As the displacement increases vacuum is coherently added to the single photon, to give
an evenly weighted qubit of the form |0〉+ eiθ |1〉 for Ndisp = Nphoton, and tending to pure
vacuum |0〉 for infinite displacement (which is equivalent to closing the heralding path of
the OPO). The phase of the qubit θ is set by the relative phase between the idler photon
and the one from the displacement beam, that can be locked to any desired value. We
will now give a detailed analytical model of the scheme.

2.2 Theoretical model with losses

As we have seen in Chapter 3, the output of a type-II OPO can be described using
a relatively simple model in the form:

|ψ〉AB ∝ |0〉A |0〉B + λ |1〉A |1〉B +O(λ) (6.1)

where λ is related to the squeezing factor s by s = (1− λ)/(1 + λ). For a pump power of
1 mW and an OPO threshold at 80 mW, we estimate s = 0.22 dB giving a value λ ≈ 2%.
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Now let us apply a small displacement on the idler mode D̂B(β) ≈ 1+βb̂†−β∗b̂, with
b̂† and b̂ the creation and annihilation operators in mode B, so that:

D̂B(β) |0〉B ≈ (1+ βb̂† − β∗b̂) |0〉B = |0〉B + β |1〉B ,
D̂B(β) |1〉B ≈ (1+ βb̂† − β∗b̂) |1〉B = |1〉B + β |2〉B − β∗ |0〉B .

(6.2)

Discarding the terms |0〉B that are not detected, we get:

|ψ〉AB ∝ (β |0〉A + λ |1〉A) |1〉B + λβ |1〉A |2〉B . (6.3)

In the ideal case on a projection on |1〉 〈1|B and neglecting the second term since (λ, β)� 1,
we herald the DV qubit:

|ψ〉A ∝ β |0〉A + λ |1〉A (6.4)

The qubit is defined by the ratio β/λ. Again, if no displacement is applied (β = 0) the
state prepared is |1〉A, for a large displacement β � λ, the state prepared is |0〉A (indeed
only false events will be detected on the SNSPD). One can also prepare an even-weighted
qubit by setting β = λ. This ratio is directly related to the ratio in clicks detected on the
SNSPD in a given time window:

β

λ
=
√
Ndisp

Nphot
. (6.5)

We can easily extend this model to a realistic bucket detection on mode B, with a detec-
tion efficiency ηherald, corresponding to the operator ∏̂B = ∑2

n=1[1−(1−ηherald)n] |n〉 〈n|B
and ρ̂A = Tr(∏̂B |ψ〉 〈ψ|AB):

ρ̂A ∝ (β |0〉A + λ |1〉A)⊗ (β∗ 〈0|A + λ∗ 〈1|A) + (2− ηherald)λ2β2 |1〉 〈1|A . (6.6)

Taking into account the OPO losses, it gives:

ρ̂A ∝ |0〉 〈0|A (β2 + λ2(1− ηOPO) + λ2β2(2− ηherald)(1− ηOPO))
+ |0〉 〈1|A (√ηOPOβλ) + |1〉 〈0|A (√ηOPOβλ)
+ |1〉 〈1|A (λ2ηOPO + λ2β2ηOPO(2− ηherald)).

(6.7)

With that model in mind we can simulate the states created using this procedure taking
into account experimental imperfections. The theoretical states are given in Figure 6.5.
They are calculated for an OPO with a heralding efficiency ηOPO = 0.9 and a transmission
of the heralding path of ηherald = 0.3. We plot in particular the fidelity of the generated
state with its corresponding ideal qubit. Very interestingly, we see that by applying the
displacement on the heralded mode only, we prevent the heralding transmission losses to
affect the purity of the heralded state. Indeed, as for standard heralded single-photon,
the transmission losses in the heralding channel will only affect the generation rate. The
displacement being applied after all the filtering stages, it is not affected by the filtering
transmission losses. Therefore, the qubit created is only limited by the escape efficiency
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Figure 6.5: Simulated qubit creation by displacement. (a) Coefficients |c1|2 of
the qubit maximizing the fidelity with the generated state (red), and its corresponding
fidelity (orange), as a function of the amplitude of the displacement β applied on the
heralding mode. The curves are extracted from Eq.(6.7) with the parameters ηOPO = 0.9,
ηherald = 0.3. Any DV qubit can be created with a purity above 90%. The three values of β
detailed on the right are represented by the dots (b) Wigner function and associated density
matrix for a displacement β = 0. The fidelity is here only limited by the escape efficiency
of the OPO. (c) Wigner function and associated density matrix for a displacement β ≈ λ,
giving an almost perfectly balanced qubit. (d) The Wigner function and density matrix
tends to the one of the vacuum as β is increased.

of the initial OPO, leading to a wide range of accessible DV qubits, with a value of |c1|2
ranging from 0 and 1 with an average fidelity above 98%. In addition, as we will see later,
the heralding rate of the qubit is even higher than the one of a heralded single photon
(HSP) since photons are added on the heralding mode. The scheme is also rather easy
to implement experimentally from the HSP setup, as it only involves a coherent state to
be mixed with the idler mode. This can be achieved with visibilities above 95%, and the
phase lock between the two beams can be performed digitally with a microcontroller.

2.3 Comparison with remote state preparation

Other strategies can be proposed to create a DV qubit encoded in the Fock basis
{|0〉 , |1〉}. In particular a DV qubit can be naturally created from a single-photon entan-
gled state upon measurement on one of the modes in a remote state preparation (RSP)
scheme. We compare here theoretically our strategy for creating a DV qubit by displace-
ment of the heralding mode to a remote state preparation scheme. The scheme for RSP
is shown in Figure 6.6. It proceeds as follows: a single photon heralded by a click on the
SNSPD is sent to a 50:50 beamsplitter to create single-photon entanglement of the form
|Ψ〉AB ∝ |0〉A |1〉B + |1〉A |0〉B. One of the two modes is sent to a homodyne detection
setup which performs, as we have seen earlier, a quadrature measurement under the op-
erator q̂θ = x̂ cos θ + p̂ sin θ where x̂ and p̂ denote the canonical position and momentum
observables and θ is the phase of the local oscillator. The measurement of the quadrature
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Figure 6.6: DV qubit creation by remote state preparation. A single-photon is
heralded on the signal mode and sent to a 50:50 beamsplitter to create a single-photon
entangled state of the form |0〉A |1〉B + |1〉A |0〉B. A homodyne detection setup is used to
condition on specific quadrature value q on mode B. The selection of a given quadrature
q, at a given local oscillator phase θ effectively creates a qubit of the form qeiθ |0〉A + |1〉A
in mode A .

q projects the entangled state |ψ〉AB onto a quadrature eigenstate 〈qθ|

|ψ〉A ∝ 〈qθ|ψAB〉 = 〈qθ|1〉B |0〉A + 〈qθ|0〉B |1〉A , (6.8)

with
〈qθ|0〉B = 1

(2π)1/4 e
−q2/4, 〈qθ|1〉B = qeiθ

(2π)1/4 e
−q2/4, (6.9)

leading to the remotely prepared qubit

|ψ〉A = 1√
1 + q2 (qeiθ |0〉A + |1〉A). (6.10)

Thus by selecting specific quadrature values q at a given local oscillator phase θ, one can
prepare remotely any coherent superposition of |0〉 and |1〉 [11]. However, this method is
rather sensitive to the transmission losses before the heralding homodyne detection, which
limits the purity of the DV qubits created in this way.

To understand this effect, we need to develop our model taking into account optical
losses. First, the single photon heralded at the output of the OPO is not pure, it is better
described as a statistical mixture of single-photon and vacuum under the form:

ρ̂A = ηOPO |1〉 〈1|A + (1− ηOPO) |0〉 〈0|A . (6.11)

This state is then mixed with a new mode B on a 50:50 BS, giving after mixing:

ρ̂AB = ηOPO
2 (|10〉 〈10|AB + |10〉 〈01|AB + |01〉 〈10|AB + |01〉 〈01|AB)

+ (1− ηOPO) |00〉 〈00|AB .
(6.12)
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Figure 6.7: Simulated qubit creation by RSP. (a) Coefficients |c1|2 of the qubit max-
imizing the fidelity with the generated state (red), and its corresponding fidelity (orange),
as a function of the quadrature value q selected on the heralding HD. The curves are
extracted from Eq.(6.14) with the parameters ηOPO = 0.9, ηherald = 0.85. The three val-
ues of q detailed on the right are represented by the dark dots. (b) Wigner function and
associated density matrix for a quadrature selection at q = 0. The fidelity is dropping to
about 70% because of the additional transmission losses in the heralding path. (c) Wigner
function and associated density matrix for a quadrature q ≈ 1, giving the most balanced
qubit. (d) The Wigner function and density matrix tends to the one of the vacuum as q
is increased.

Mode B propagates up to the homodyne detection with transmission ηherald:

ρ̂AB = ηOPO
2 (|10〉 〈10|AB +√ηherald |10〉 〈01|AB +√ηherald |01〉 〈10|AB + ηherald |01〉 〈01|AB)

+ ((1− ηOPO) + ηOPO
2 (1− ηherald)) |00〉 〈00|AB .

(6.13)

Finally, noting that 〈q|1〉B = qeiθ 〈q|0〉B, conditioning on homodyne detection gives:

ρ̂A ∝ |0〉 〈0|A (q2 ηOPO
2 ηH + ((1− ηOPO) + ηOPO

2 (1− ηH)))

+ (|0〉 〈1|A e−iθ + |1〉 〈0|A eiθ)(q
ηOPO

2
√
ηH)

+ |1〉 〈1|A (ηOPO2 ).

(6.14)

For simplicity we discard the effect of the size of the conditioning window chosen
on the homodyne detection, which should decrease the purity of the generated qubits
by a few percents. The expected results are given in Figure 6.7, considering the same
escape efficiency as for the displacement scheme, and 15% losses in the homdyne detection
heralding mode. One can see a drop in fidelity as compared to the displaced qubit, owing to
the heralding losses that, in this scenario, directly affect the purity of the state. This is due
to the fact that homodyne detection is unable to distinguish between vacuum and a lossy
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single photon as the losses increase. In addition, since this procedure needs both heralding
on the SNSPD and homodyne conditioning, the creation rate is limited to less than half
the rate for a heralded single photon. This would give for the RSP protocol a qubit
heralding rate at least five times smaller than what is achievable with the displacement
scheme. Finally, in terms of implementation, it requires an additional homodyne setup
that can be more demanding to set up experimentally with high efficiency.

2.4 Experimental implementation and results

We now experimentally implement the scheme given in Figure 6.4. A small fraction of
the IR beam is used to create the attenuated coherent state. This beam has to be carefully
attenuated since it has to be at the single-photon level on the SNSPD and at the same
time we need enough macroscopic power on the photodiode to be able to lock the qubit
phase. The coherent state is mixed on a imbalanced PBS with the heralding mode of the
type-II OPO. For experimental convenience we use a combination of four half-waveplates
(HWPs) and three PBSs which allows the independent tuning of the slipping ratio for the
two different beams. For the idler beam from the OPO, 90% of the light is transmitted
to the SNSPD while 10% of the light is reflected to the photodiode for the lock. For the
coherent state we minimize first the reflection towards the SNSPD (0.5%) on the first PBS.
After the two beams are mixed on the imbalanced PBS, they co-propagate in the same
spatial modes but with different polarizations. These polarizations are projected using a
HWP and a PBS both before the locking photodiode and before the SNSPD. To maximize
the visibility on the photodiode the angle of the HWP is aligned at 45◦. Since our SNSPD
is polarization independent we can attenuate even more the coherent state by minimizing
again the transmission of the coherent state on the second cube (0.5%). Once set the
angles of the HWPs are not used to adjust the coherent state amplitude. We use for that
purpose a variable neutral-density filter (Thorlabs NDC-100C-4M) to precisely tune
the overall amplitude of the coherent state before the imbalance beamsplitter. The setting
of the amplitude is done by adjusting the count rate directly on the SNSPD. The phase
of the coherent state is adjusted with a piezo-electric transducer placed on the path of the
coherent state before the mixing. The locking is controlled by a microcontroller (Analog
devices ADUC7020).

The type-II OPO is pumped by 2 mW in order to generate single photons at a rate
of 250 kHz. The states are corrected from 18% detection losses and reconstructed from
40 000 quadratures each in a Hilbert space of dimension 1+4. The corresponding state
without displacement, i.e. |1〉, has a single-photon component of 72.5%. We then add a
displacement to the heralding mode and tune its amplitude in order to balance the count
from the two beams on the SNSPD. We lock the phase to the maximum of the fringe which
is the locking point having the maximum precision (typical phase noise of 3%). This phase
setting should thus create the qubit |0〉+ |1〉. Since the setting of the HWPs for the mixing
are not touched (this is possible because our SNSPD is polarization insensitive), displacing
the heralding mode amounts to adding photons on the heralding mode, which increases
the rate of production of the qubit. From a HSP at 250 kHz, we can create balanced DV
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Figure 6.8: Experimental DV qubits: control of the superposition weight and
phase. Each state is reconstruted from 40 000 quadratures in a Hilbert space of dimension
1+4. The states are corrected from 18% detection losses. (a) Density matrix of the
states, the real part is in the center and imaginary part is in the top right corner. (b)
Wigner function of the created DV qubits. Three DV qubits can be created by tuning the
amplitude of the displacement following a rotation on the azimuthal angle of the Bloch
sphere. (Left) Without any displacement the state |1〉 is created with a purity of 72%.
(Center) When balancing the count from the displacement and heralding mode on the
SNSPD, and locking the phase on maximum we create an evenly weighted qubit in the
equator of the Bloch sphere. The phase of the qubit is offset relative to the locking point
by about π/4. This phase offset originates from the difference of optical paths followed
by the two orthogonal polarizations before detection on the SNSPD. (Right) When an
infinite displacement is applied - i.e. when the OPO heralding path is closed - only false
events are detected on the SNSPD, yielding the creation of |0〉 with a purity of 99%. The
states are produced at a rate of 250 kHz, 500 kHz and 2 MHz respectively.

qubits at rate of 500 kHz. In the end we can increase the rate of the displacement to
increase the vacuum component. To create the state |0〉 we can close the heralding path
of the OPO and increase the amplitude of the coherent state up to a count rate of 2 MHz,
after which saturation effects start to occur on the SNSPD.

We show in Figure 6.8 the results of the preparation of the different DV qubits. For
the states at the north and south poles of the Block sphere, |1〉 and |0〉 respectively, the
purity achieved is 72.5% and 99% respectively. The purity of the state is here limited
only by the heralding efficiency of the type-II OPO. We notice on the balanced qubit a
phase offset relative to the setting point of the lock. Indeed here, when locking the modes
in phase we observe a qubit tilted by about π/4. This phase offset originates from the
difference of propagation between the two different polarizations on the SNSPD path after
the imbalanced PBS. By precisely tuning the angle of the HWP after the cube, we can
adjust by hand this phase offset to the desired value. This is in practice very advantageous
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Figure 6.9: Experimental DV qubits: control of the phase. (a) Density matrix of
the states, the real part is in the center and imaginary part is in the top right corner. (b)
Wigner function of the created DV qubits. For comparison we repeat the states |1〉 and
|0〉 from Figure 6.8. The phase offset of the qubit is adjusted by tuning the angle of the
HWP before the projection cube on the SNSPD path. The offset can be adjusted to 0 or
π/2 while locking the relative phase always on maximum. The phase of the qubit can be
flipped by changing the sign of the qubit lock.
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Figure 6.10: Bloch sphere of the experimental discrete-variable qubits. Bloch
sphere spanned by the DV qubits encoded in the Fock basis {|0〉 , |1〉}. The distance from
the center of the sphere represents the purity of the states. As a reference, the outer
transparent sphere represents the Bloch sphere spanned by pure states. The red dots
represent our experimental states, from which the pink surface is numerically extracted.
We obtain an average purity of 81% over the Bloch sphere with minimum purity of 72.5%
on the south pole.

since the phase noise of the digital lock depends on the locking point on the fringe. At
the extrema of the fringe the phase noise is minimum but in the middle of the fringe the
noise is doubled, which is very inconvenient for preparing the qubit |0〉+ i |1〉 or |0〉− i |1〉.
Having the ability to adjust the offset by hand enables to stay locked always on a maximum
(or a minimum for flipping the phase with the same precision) while making the offset
correspond either to a phase of 0 or to a phase of π/2 directly.

2.5 Tuning the phase of the qubit

We now have at hand all the parameters that we need to create precisely any target
qubit. For our study we will limit ourselves to the six poles of the sphere. The state
|1〉 is created without applying any displacement. The state |0〉 is created by using the
displacement beam only. The qubit weight |c1|2 is adjusted by playing with the ratio of
counts on the SNSPD, which is equivalent to a rotation in the Bloch sphere around the
azimuthal angle. To create a state on the equator of the sphere we adjust the amplitude
of the coherent state to balance the counts on the SNSPD. The phase offset is adjusted
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by fine-tuning the HWP between the two cubes on the SNSPD path, while always locking
on the maxima on the fringe. This corresponds to a rotation along the polar angle of
the Bloch sphere. We note that this small change of the HWP angle slightly changes the
attenuation of the coherent state and thus the heralding rate of the qubit. Once the offset
is calibrated, a phase flip can finally be applied if needed by locking on the minimum of
the fringe. By using this procedure we are able to create the six poles of the Bloch sphere.
The corresponding experimental density matrices and Wigner functions corrected from
18% detection losses are given in Figure 6.9. In addition we represent this experimental
state in a DV Bloch sphere given in Figure 6.10. The qubits have an average purity
around the Bloch sphere of 81%. The purity of the states is limited dominantly by the
purity of the initial single-photon used to create the DV qubits. On top of that the phase
noise on the qubit lock reduces the amplitude of the coherences. We estimate this phase
noise to be about 5− 10% depending on the qubit created. This increased phase noise as
compared to previous works originates from the reduced size of the locking fringe because
of the attenuated beam. This could be improved by using an imbalanced PBS with better
extinction of the coherent beam which could increase the power sent on the photodiode
for the lock.

We have now fully presented our additional straight-cut type-II OPO-based single-
photon source and showed how displacing the heralding mode of a heralded single photon
can be used to generate experimentally high-purity discrete-variable qubits. We will now
present the other main experimental implementations which was build during this thesis
for producing efficient coincidental detections in advanced quantum information protocols.

3 An improved heralding system for efficient coincidence
detection

In this section we will present the cryogenic system that was developed to enable the use
of four independent SNSPDs. We will introduce the elements that have been designed for
our particular application and compare the performances of the system with the original
one, namely, the double-wall dipstick. At the end of the section we describe the efficient
detection of coincidences from different events and suggest possible improvements of the
cryogenic system.

3.1 Motivations

Many quantum information processing experiments involving single photons require
the measurement of many-fold coincidences. As the complexity of the setup increases,
single-photon detectors have to be added to detect the events of interest. As we have
seen with the swapping experiment, a limited number of detectors can be used in a time-
multiplexed fashion to mimic the detection of independent events. However this usage has
many drawbacks, and in particular it does not enable an accurate discrimination of the
events, which can be detrimental to many protocols. Since our setup with the dipstick
only allows the use of two independent detectors, we decided to change our entire cooling
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system to enable the use of more detectors. In addition, the dipstick system typically
induces physical degradation of the valuable SNSPDs that we want to overcome. To
that end we decided to transition to a cryocooler system. Our objective was to cool
four independent SNSPDs below 1.5 K for more than 5 days in a row. Our system is a
prototype that we developed conjointly with the company MyCryoFirm. It was custom-
made for our experiment. It took overall more than two years to obtain an operational
system, with many issues arising along the installation: leaks, breaking of the connection
cables, breaking of the fibers, and failure of the compressor. The system has been fully
operational for about two years now, and no issue requiring reparation of the system has
arisen in the last year. The system is composed of two circuits. The first part is made
of a two-stage Gifford-McMahon cooler cold head that enables to reach a temperature of
4 K. The second part cools down to the working temperature below 1.5 K through the
adiabatic relaxation of He4 in a pot in contact with the 4 K plate. We will now present
the principle of the system and detail all the steps allowing the cooling down to 1.3 K.

3.2 The cryocooler: principle

The 4 K circuit is composed of a combination of a cold head (Sumitomo RDK
101-D) and a water-cooled helium compressor (Sumitomo HC-4E2). The cold head
is composed of a compression and expansion space, a regenerator and a displacer. In
general the regenerator and the displacer are combined in one element. The cold head is
connected to the compressor by two helium lines at high pressure and low pressure. The
cooling process is based on a two-stage Gifford-McMahon (GM) cooling cycle. A Gifford-
McMahon is a closed cycle dynamic regenerative cryogenic refrigerator. As compared to a
Stirling or Pulse tube the GM has valves at the level of the head that that can sequentially
open to generate the desired pressure pulse from the two helium lines, typically at a low
frequency of 1-5 Hz. The valves are synchronized with the displacer inside the cold head.
The cooling cycle can be used in sequence to reach lower temperatures. In our case the
first stage of the GM cools helium down from room temperature to 50 K while the second
one cools down from 50 K to 4 K. In this two-stage process the two helium displacers are
moved synchronously. Thermal screens enable the isolation of both the 50 K and the 4 K
stages.

The GM cooling cycle proceeds in four steps. The scheme is shown in Figure 6.11. For
simplicity the refrigerator is located inside the displacer. The displacer separates the cold
volume Vcold to the warm volume Vwarm that is connected to the compressor. We are only
interested in looking at the evolution of the cold volume. Initially, the displacer is located
at the bottom of the expander. The cold volume is minimum while the warm volume is
maximum. The valve connected to the high pressure (HP) helium from the compressor is
closed. First the high pressure valve is opened. The high pressure gas fills the constant
volumes Vcold and Vwarm. Then, the displacer is moved towards the top of the expander,
displacing the gas from Vwarm to Vcold through the regenerator that adsorbs the heat. The
cold volume increases while the warm volume decreases. The valves are switched and the
volumes are now connected to the low pressure that leads to an expansion of the gaz.
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Figure 6.11: Single-stage Gifford McMahon cooling cycle. The cold head is con-
nected to the compressor via two high pressure (HP) and a low pressure (LP) helium
tubes. The connection is switched by two valves synchronized with the displacer. The
displacer (grey) contains the regenerator (yellow) and separates the volume in a cold and
a warm environments. (a) In the initial position the displacer is located at the bottom of
the extender. The cold volume Vcold is minimum. The pressure inside the two volumes is
low. (b) The valve of the HP is opened. The pressure of helium gas increases in both the
cold and the warms volumes. (c) The displacer is moved towards the top of the chamber.
Vcold is increased at constant pressure. The warm gas passes through the regenerator that
stores the heat. (d) Finally the LP valve is opened and the cold gaz is expanded, leading
to a decrease of the temperature at the bottom of the extender. To reset the cycle the
displacer is moved at the bottom of the expander. The cold volume is decreased to its
minimum value. The cold gas passes through the regenerator and recovers the stored heat.
This cycle is repeated until the regenerator saturates. With a single-stage the cooling is
possible from room temperature to 50 K. A second stage placed in series enables to cool
down from 50 K to 4 K. The displacers of the two stages are then moved synchronously.

This is where the useful cooling power is produced. The displacer is finally moved back
to the bottom of the expander. The cold gas passes through the regenerator while taking
up heat from it, and the cycle is finished. The cycle continues to produce lower and lower
temperature until the regenerator reaches saturation.

The two-stage GM thus enables to reach a temperature of 4 K, which is still not enough
to operate our SNSPDs, as they require a temperature below 2 K. To that end a secondary
He4 circuit is used to cool down from 4 K to 1.3 K. The secondary circuit is independent
of the two-stage GM. Yet it requires the first circuit to reach 4 K to operate. The helium
is initially stored in a tank close to the cold head at a pressure of 800-1000 mbar. It is
circulated in capillaries through the GM using a dry scroll pump (Edwards nXDS 15i).
The capillary circulates first around the 50 K stage for thermalization and then passes
through the 4 K stage. When the helium passes next to the 4 K stage, at a pressure of
about 1000 mbar, it passes below the vapor pressure and thus condenses in a 1 K pot.
This 1 K pot is thermally connected to the sample region where the detectors are located.
A schematic of the cold head is shown in Figure 6.12.
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Figure 6.12: Schematic of the cold head. (a) The two-stage Gifford-McMahon is
embedded in an aluminum enclosure. The enclosure ensures the isolation of the system
with the 300 K environment. The cold head is connected to the helium compressor by
two high pressure and low pressure helium pipes. A rotary valve ensures the switching of
the lines at the desired frequency. Electric and fiber feedthroughs enable the connection
to the SNSPDs inside the cryocooler. Temperature sensors enable the monitoring of the
temperature on the 4 K and 1 K stages. For simplicity we only show in red the point
corresponding to the entrance of the capillary of the secondary circuit. (b) Cut view of
the cold head. The two stages of the GM are visible with a 50 K plate and a 4 K plate.
Below is found the 1 K pot where the helium of the secondary circuit condensates. This
pot is thermally connected via a switch to a 1 K plate where the SNSPDs are settled.
Shields at 4 K and 50 K enable the thermal isolation of the different parts. We indicate
in red the path followed by the helium of the secondary circuit. It goes from the outside
of the chamber to the 50 K plate, the 4 K plate before condensing in the 1 K pot. The
capillary is thermallized in each step around the plates. The helium is retrieved at the
back of the chamber (not shown) so that the circuit is closed. The helium is circulated by
a dry scroll pump.

3.3 Assembling the cryocooler

Once the efficient cooling of the SNSPD is ensured, we need to make sure that we
can access them optically and electrically from the room-temperature environment. We
developed in that sense a dedicated electrical and fiber feedthrough system. The SNSPD
are located on a 1 K copper plate spatially separated from the GM that we will call the
sample region. It provides a smooth access to the SNSPDs. The SNSPD mounts are
directly screwed on the plate for mechanical stability. The electric and fiber feedthroughs
are made directly on the sample region. As shown in Figure 6.13, the electric feedthrough
is made using vacuum-compatible SMA connectors. A 50 cm SMA-to-SMP coaxial cable
connects the SMA connector at 300 K to the SNSPD at 1 K. It is looped each time around
the 50 K and 4 K shields for thermalization.

A home-made system was designed for the fiber feedthrough. The fiber we use are from

142



CHAPTER 6. REACHING ADVANCED QUANTUM INFORMATION PROTOCOLS WITH
AN INCREASED EXPERIMENTAL CAPABILITY

Figure 6.13: Electric feedthrough and SNSPD fixation. (Left) The feedthrough is
enabled by four vacuum compatible SMA connectors fixed on a QF50 flange. It is fixed
through a reducing nipple to the structure. The 50 cm SMA-to-SMP coaxial cables are
passed throught the 4 K and 1 K shields, with a least one turn each time for thermalization.
(Middle) The SMP ends are fixed on a plastic plate at the bottom of the sampling region.
Small SMP-to-SMP cables enable the connection to the top of the sampling region. (Right)
The copper 1 K plate is added and the SNSPDs mounts are fixed on it. The SMP ends
are plugged to the SNSPDs.

the company Oz Optics (SMJ-32.5F-1064/125-0.25-1.1-AR2). They are composed
of a FC/PC connector for outside the cryo and a fiber ferrule end face that is AR coated
and plugged directly to the SNSPD. The feedthrough technique consists in passing the
four optical fibers through vacuum epoxy (Variant Torr Seal). If this technique enables
a much cheaper feedthrough than commercial solutions, it is much harder to implement
in practice. First the vacuum epoxy has to be installed properly in order to maintain
reasonable vacuum inside the cold head chamber. Then, and more importantly, the fiber
ends glued with the epoxy are very fragile mechanically, and can break very easily upon
manipulation. In particular the fibers cannot hang directly out of the chamber and need
to be attached and protected. To that end we developed a dedicated structure shown
in Figure 6.14. First the fibers are passed through a home-made QF16 centering ring.
Compared to commercial rings, our ring is made in bulk and only four 5 mm diameter
holes are drilled to pass the fibers. Vacuum epoxy is then applied on the four holes to
glue each fiber separately. Once the epoxy has dried the fiber ends hanging out of the
chamber are passed through a QF16 to QF50 reducing nipple that protects the sensitive
parts at the level of the glue. In the end the fiber ends are fixed on a QF50 flange on
which four FC/PC to FC/PC mating sleeves (Thorlabs ADAFC2) are screwed. Once
the fiber ends are fixed and protected outside the chamber, the fibers are passed through
the QF16 hole of the QF to CF adapter surrounding the sampling region. We note that the

143



3. AN IMPROVED HERALDING SYSTEM FOR EFFICIENT COINCIDENCE DETECTION

Figure 6.14: Fiber feedthrough design and installation. (Left) On a QF50 flange
are installed four FC/PC to FC/PC mating sleeves. They enable the connection of optical
fibers outside of the cryocooler to the optical fibers used for the feedthrough. A home-
made QF16 bulk centering ring is used to pass the four fibers. Each fiber is glued using
vacuum epoxy. Once glued the fiber ends are protected by a reducing nipple and the
end of the fiber is attached to the mating sleeve. (Middle) Once the sensitive parts are
protected the fibers are passed through the chamber. (Right) The fibers are connected
directly to the SNSPDs after being thermalized on the 50 K and 4 K shields.

vacuum is ensures solely at the level of the home-made QF16 ring. Inside the chamber the
optical fibers are passed around the 50 K and 4 K shields for thermalization and are finally
plugged directly on the SNSPDs. The quality of the feedthrough is ensured by measuring
the pressure while pumping with a turbo pump (Edwards T-station 75). The pressure
inside the chamber when the cryocooler is cold is typically of 1-3× 10−7 mbar. A picture
of the assembled cryocooler with the electrical and fiber feedthroughs is given in Figure
6.15.

3.4 Performances

With the four SNSPDs installed in the cold head and the feedthrough completed we
can turn on the system and operate the detectors at low temperature. The cooling cycle
is shown in Figure6.16. The cooling from room temperature to below 1.5 K takes about
10 hours. We reach a temperature of 1.31 K at the level on the SNSPD, lower than the 1.7
K achievable with the dipstick. This decrease in temperature enables to push further the
polarization current of the SNSPD and so to work higher in the system detection efficiency
plateau introduced in Chapter 2, i.e. where the voltage pulses from the detectors are best
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Figure 6.15: Pictures of the cold head. (Left) Four SNSPDs are installed in the cold
head. The electric and fiber feedthrough is complete. The fibers from the experiment
can be connected directly on the FC/PC mating sleeves and the electric signal from the
SNSPDs can be recovered from the SMA connectors. (Right) Picture of the cold head
while operating the cryo.

defined and have the most consistent rising edge. In addition we measure a dead time of
the SNSPDs reduced by almost a factor two. The temperature is actively stabilized thanks
to the phase transition of helium, with a precision of about 1.5 mK. The cryocooler offers
a much better mechanical stability as compared to the dipstick, which can be assessed by
considering the number of SNSPDs that have broken while being operated. We note that
inside the cryocooler no SNSPD has broken for more than two years. The cryocooler can
remain cold for more than 5 days in a row. After that it requires the warm up to room
temperature to reset the cycle of the secondary circuit. Since it can be remotely started
we synchronize the cooling and warming sessions in order to have the SNSPDs operational
for 5 working days a week. In addition, since our helium circuits are closed we do not need
to replace the helium (in practice refills are performed every year to ensure a constant
helium pressure) in contrast to the disptick system which required one working day per
week for helium renewal. It also drastically reduces the cost of the cooling operation as
helium is recycled.

In terms of maintenance, the system typically suffers from clogging that may occur
inside the capillaries of the secondary circuit. They originate from impurities - such as
O2 molecules, N2 molecules, etc - which enter the circuit because of imperfect sealing. To
solve this issue the secondary circuit need to be repumped once every month to a typical
pressure of 10−5 mbar at room temperature.
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Figure 6.16: Endurance test of the cryocooler. (Blue) Temperature of the sensor in
the 4 K circuit and in the 1 K sampling region as a function of time. (Orange) Pressure
of the helium in the secondary circuit as a function of time. The cooling from room
temperature down to 1.31 K takes about 10 hours. The helium condensates in the 1
K pot when the temperature of the 4 K circuit reaches its working temperature. It is
characterized by a decrease of the pressure of helium from about 700 mbar to 400 mbar.
The temperature is actively maintained at 1.31 K ± 1.5 mK for about 7 days until all
the liquid helium has evaporated. Once the helium has fully evaporated the 1 K region
is passively maintained at its working temperature thanks to efficient thermal isolation.
The temperature slowly rises and remains below 2 K for several days. Yet we do not
operate the detectors during that passive stage since the fluctuations of temperature are
not controlled.

3.5 Compatibility with the experiment

Not only do we need to have the SNSPDs working at low temperature for a long time,
but we also need to be able to detect the clicks from the SNSPDs without excessive noise.
Indeed the cryocooler system involves a lot of electronics that can induce noise captured
by the SNSPD amplifiers. Among them are the power supplies of the cold head, the
compressor and the corresponding water exchanger, the turbo station and scroll pump,
the temperature sensors, and the remote control of the system. Bad contacts on the
electronic feedthrough are also be detrimental to the measurement of clicks. In addition,
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for practical reasons the cryogenic system is located in a separate room to reduce the
acoustic noise in the lab. It is optically connected to the optical table by 15 m long fibers
(Thorlabs 1060XP). The electric signal for the SNSPDs are amplified at room temper-
ature using the home-made NIST circuits presented in Chapter 2 and in [7], and sent
through 15 m long BNC cables to the lab. The BNC cables catch ambient noise at few tens
of MHz that are filtered using low-pass filters (Crystek Corp. CLPFL-0021-BNC).

Thus with proper signal amplification and filtering we manage to recover the clicks
from the four SNSPDs. The system detection efficiency is estimated to be above 85% for
the four detectors, with a dark count rate below 10 Hz. The typical dead time of the
SNSPDs are 50-70 ns.

3.6 Discussions - Improvements

Several enhancements can be introduced to our cryogenic system. First we note that
the existing amplification of the SNSPD signal is done at room temperature. It induces
latching of the detectors (i.e the polarization current needs to be reset when the SNSPD
saturates), additional thermal noise on the SNSPD clicks that has to be filtered and limits
the maximal operational rate of the system that can be a limiting factor for some secu-
rity protocols. Pre-amplification at low temperatures could be added to the system, yet
the small volume available in the sampling region where the SNSPDs are located pre-
vents the installation of electronics inside the cooling device. We note that other systems
(ID Quantique ID 238) present that type of pre-amplification at low temperature in a
latching-free system, yet they do not reach the record quantum efficiency that we measure
with our SNSPDs at our working wavelength.

A natural extension of the device would be the addition of more SNSPDs in the cryo-
genic system, either to perform very complex schemes or to operate several experiments in
parallel. Again we are limited in our case to the volume available in the sampling region
but we note that an extension up to 8 detectors could be done with the appropriate design
of the 1 K plate and of the feedthrough system.

3.7 Coincidence detections

With a system operating four independent SNSPDs, the detection of coincidence be-
comes less trivial. Previously with two SNSPDs the detection of a two-fold coincidence
could be done directly at the level of the ultrafast acquisition oscilloscope (Lecroy Tele-
dyne WaveRunner 6 Zi) which can perform programmable coincidental triggering.
However when the number of SNSPD used increases the number of channels necessary
for the triggering increases as well, so that we are quickly limited by the number of in-
put ports available on the scope. To overcome that limit we decided to use a dedicated
coincidence detection system. Our goal is to be able to measure up to four-fold coinci-
dences and to create a pulse upon detection of the desired combination of events that
will trigger the recording of the quadratures. Since the heralded non-Gaussian states to
be interfered have a temporal mode width of about 5 ns we need a system to be able to
detect coincidences in a temporal window down to 500 ps, with a time resolution of 100
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Figure 6.17: ID900 Configuration Editor. Schematic of the configuration editor pre-
senting the different block layers. The time controller is set for triple coincidence detection
realized by a series of two two-fold coincidences. The signals from the SNSPDs are con-
nected to the INPU# blocks. The logical operations are performed by the TSCO elements.
The results of the combiners can be either transfered to an additional operation layer, or
directly to the OUTP# physical blocks from which the TTL pulses are emitted.

ps. This kind of performance requires ultra-fast electronics since typical FPGA modules
have a clock frequency up to 40 MHz which renders very challenging the temporal res-
olution below the nanosecond. Other, faster solutions, are available, but they typically
represent a cost that grows exponentially with the operational speed. We thus decided
on a commercial solution that was offered by the company ID Quantique with their
ID900 Time Controller which was one of the only devices available on the market that
enables programmable conditional output generation. The device handles up to four in-
puts and can deliver up to four conditional outputs. In high speed mode it can have a
maximum processing rate of 100 MHz with a resolution of 100 ps. It has an input-output
latency of 400 ns that needs to be balanced by additional delays on the experiments which
can easily be adjusted either with coaxial cables or optical fibers of few tens of meters.

As pictured in Figure 6.17, the device is provided with a configuration editor that
allows to program it to the task at hand with a clear and simple interface. The editor is
composed of different layers that represent the logical blocks that are created in hardware
within the FPGA. These blocks can graphically be connected one with the other for
programming. It corresponds to entering the desired SCPI command. The timestamps
are processed from left to right. In particular for our application we use the four input
blocks (INPU#) that receives the signal from its corresponding physical inputs. The
signal can be directly transmitted to the next layer or shaped as a short pulse of 5 ns.
The value of the trigger chosen to create the input pulse can be set independently for the
four inputs in a range from 0 to 5 V. The combiner blocks (TSCO) are used to create
the different logical operations between the input timestamps. Each TSCO consists in
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four inports. The FIRst and SECond are the two main ports from which the TSCO gives
the result of the chosen logical operation (AND, OR, ONLYFIR, ONLYSEC and MUTE).
Two additional ports BEGin and END define the time window where the logical operation
can be performed. Both these ports can be artificially delayed. Different TSCOs can be
used in series to perform complex logical circuits. In the end the signal are connected
to the output block (OUTPut#) that transmits the signal received to the corresponding
physical output port. This block can also be delayed and reshaped. In our case we select
for the output triggering pulses TTL signals with a duration of 100 ns.

A coincidence detection can thus be programmed very efficiently using this architec-
ture. The signals from the SNSPDs are directly plugged on the input ports. The signals
are processed by the TSCOs and the desired triggers are created at the output ports. For
a two-fold coincidence detection the signal from one click is used to define the temporal
window when the TSCO operates (BEGin port). The signal from the other SNSPD is
connected to the FIRst port. By selecting the ONLYFIR logical operation we can create
a temporal filter that lets the signal pass only when another click has been detected in the
correct temporal window. The coincidental window can be adjusted with a internal delay
between the BEGin and END ports. The output of the TSCO is directly connected to
the output port to create the TTL signal. To implement three- or four-fold coincidences
detection several logical layers are performed by using several TSCOs in series. We can
implement in that way a coincidence detector that can process the clicks from up to four
independent SNSPDs, with a coincidence window ranging from 100 ps to several ns.

4 Conclusion
In conclusion we have here presented the two major experimental improvements that

have been performed on the experiment during the thesis. We have first created a new
heralded single-photon source from a brand-new type-II OPO design that enables the
parallel operation of in principle any large number of independent sources. We presented
high-purity discrete-variable qubits that have been experimentally generated from this
new device using an efficient scheme based on the displacement of the heralding mode. In
the end we improved the cryogenic system that can now handle up to four SNSPDs and
detect properly coincidental events. These innovative improvements increase substantially
the capability of the experiment and bring within reach even more ambitious quantum
information processing protocols to be implemented. In the next chapter we will employ
these new resources in a quantum teleportation protocol which, contrary to the swapping
protocol presented in the previous chapter, would have been impossible to implement
otherwise.
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Chapter 7

Quantum teleportation with
hybrid entanglement

In this last chapter, we will present the experimental demonstration of a long-standing
goal of our team, namely, quantum teleportation with hybrid entanglement of light. We
will study the teleportation of a discrete-variable qubit to a continuous-variable quantum
state heralded by our hybrid Bell-state measurement in a completely post-selection-free
scheme. Such an experiment can be seen as the quantum equivalent of a digital-to-analog
converter. We will first introduce the benefits of the scheme in the context of heterogeneous
quantum networks, before presenting its implementation and the experimental results. In
the end we will study the limitations of the scheme and its extension to other quantum
encodings.

1 Converting quantum information via teleportation

1.1 Previous works and limitations

1.1.1 Quantum teleportation with fixed encodings

Quantum teleportation has historically been performed earlier than entanglement
swapping for both the DV and the CV paradigms. Quantum teleportation indeed re-
quires less experimental resources than entanglement swappping. The first experiment of
DV qubit teleportation was performed by Bouwmeester and colleagues in 1997 [130] using
polarization qubits with post-selection. The experimental setup is shown in Figure 7.1 (a).
The initial DV polarization qubit |ψ〉1 = c0 |H〉+ c1 |V 〉 is conditionally prepared from an
EPR source labeled 1-4 at a detector p following a historical scheme proposed by Kwiat
et al. [228]. One EPR source is used to generate a pair of polarization entangled photons
labeled 2-3. The Bell-state measurement consists in the simultaneous detection of photons
1 and 2 on two separate detectors labeled f1 and f2. Again the scheme depends on post-
selection and 3/4 of the events are discarded, yielding a success probability of 1/4. The
teleported state is finally polarization-analysed using a polarization beamsplitter and two
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(a) (b)

Figure 7.1: Historical quantum teleportation setups. (a) Experimental setup for
DV qubit teleportation demonstrated by Bouwmeester and collaborators [130]. The EPR
sources creates two entangled photon pairs labeled 1-4 and 2-3 respectively. The DV polar-
ization qubit is heralded by a click on detector p. The BSM is performed between photon 1
and 2 and teleportation is successfully performed upon detection of four-fold coincidences
on detector p, f1, f2 and d1 (d2). (b) CV quantum teleportation as demonstrated by
Furusawa and colleagues [132]. The EPR source between modes A and B is a two-mode
squeezed vacuum. The BSM is performed between modes in and A with two homodyne
detectors. The mode B is displaced according to the results of the BSM transmitted via
classical channels of gain g. The success of the teleportation is assessed by looking at the
spectrum of the teleported state on a homodyne dectection.

detectors d1 and d2. The success of the teleportation was assessed by four-fold coincidences
detection of photons at detectors p (qubit heralding), f1, f2 (Bell-state measurement) and
d1 (or d2, proper output). The observation of a dip for the four-fold coincidence at zero
delay for the corresponding polarization signifies the success of the teleportation.

Again the necessity to detect a photon at the output for the success of the teleporta-
tion makes the teleported qubits unavailable for any subsquent operation. This problem
was pointed out by Braunstein and Kimble which referred to the scheme as a posteriori
teleportation and led to a famous historical debate [208].

Unconditional CV quantum teleportation, performed by Furusawa and colleagues in
1998 [132] has thus been a reply to this post-selected work. The corresponding experi-
mental scheme is shown in Figure 7.1 (b). The state of the electromagnetic field to-be-
teleported (x̂in, p̂in) belongs to a prepared set of coherent states. The CV EPR beams
between modes A and B is prepared by mixing two single-mode squeezed vacua on a 50:50
beamsplitter. The beam to-be-teleported is combined with the EPR beam A (x̂A, p̂A) on a
50:50 beamsplitter. The Bell-state measurement is performed by measuring the two mixed
quadratures x̂u = (x̂in − x̂A)/

√
2 and p̂v = (p̂in + p̂A)/

√
2 using two homodyne detectors

to obtain the classical results xu and pv. The measurement results xu and pv are finally
transmitted to modulate a coherent beam in both amplitude and phase with an overall
gain g. This modulated beam is then combined coherently using a highly reflective mirror
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(a) (b)

Figure 7.2: Post-selected hybrid quantum teleportation setups. (a) Experimental
setup for hybrid teleportation from coherent-state superposition CV qubits to DV Fock
state qubits demonstrated by Ulanov and collaborators [133]. The input CV qubit is ap-
proximated by an attenuated coherent state. The hybrid entanglement is generated using
a methode similar to ours. Post-selected teleportation is heralded by a double-event on
two single-photon detectors, and the teleported state is characteried by single-mode quan-
tum state tomography with 54% correction for detection losses. (b) Experimental setup
for hybrid teleportation from DV polarization qubit to CV coherent-state superposition
basis demonstrated by Sychev and colleagues [209]. The polarization qubit is condition-
ally prepared from the mixing of two two-mode squeezers. The hybrid entangled state
is generated by tapping a portion of a squeezed vacuum and mixing the tapped mode
with an attenuated coherent state. The teleportation is post-selected upon triple coin-
cidence on one single-photon detector for the qubit heralding and two detectors for the
Bell-state measurement. The teleported state is characterized by single-mode quantum
state tomography with 55% detection losses and 1500 quadratures for each state.

mbob to interfere with the mode B of the entangled EPR beam (x̂B, p̂B) thereby creating
the teleported output state (x̂tel, p̂tel) by phase displacement following x̂tel = x̂B +

√
2gx̂u

and p̂tel = p̂B +
√

2gp̂v. In this way the four Bell states can be distinguished, and with
the application of a feed-forward, the protocol becomes fully unconditional.

From these two experiments in the optical domain with fixed encoding in DV and CV,
quantum teleportation has been extended to other physical platforms [229], ranging from
atomic cloud [230], spin systems [231], and even optomechanical systems [232]. Quantum
teleportation has also been performed in a hybrid setup to teleport deterministicly DV
time-bin qubits via CV entanglement [197], to perform the teleportation of non-Gaussian
wavepackets of light [233], and the high-fidelity teleportation of CV states with delocalized
single photons [234]. Yet the hybrid entanglement of light between DV and CV states was
not involved in these experiments.
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1.1.2 Post-selected hybrid quantum teleportation

Contrary to hybrid entanglement swapping which had never been attempted before,
several teleportation experiments involving hybrid entanglement of light have been per-
formed. Yet, the reported work so far only relied on post-selected schemes. We will here
detail two post-selected teleportation experiments, the first one from CV qubits encoded
in coherent-state superposition basis {|cat+〉 , |cat−〉} to DV qubits encoded in the Fock
basis {|0〉 , |1〉} [133], and the second one from DV polarization qubits to coherent-state
superposition CV qubits [209]. The corresponding experimental setups are given in Figure
7.2.
In the first experiment:

• The input CV state is approximated by a low amplitude coherent state, which has
many limitations. First the input state is always classical, i.e. its Wigner function
is always positive and it cannot be used to create any entangled state, while the
CV basis chosen should by definition present negativites of their Wigner function.
Second, the input state is never heralded, and its creation is post-selected upon the
success of the Bell-state measurement, so that the experiment cannot represent any
practical protocol. Third, only the qubit phase can be tuned (i.e. the qubit weight
remains fixed in all the study), meaning that only one direction of the Bloch sphere
is probed. Finally the definition of the input qubit encoding is not clear, since an
attenuated coherent state can be seen at the same time as a DV qubit or a CV qubit:

|in〉A =
∣∣∣αeiφ〉 ≈ |0〉A + αeiφ |1〉A ≈

1
2

[
|cat+〉A
N+

+ eiφ
|cat−〉A
N−

]
, (7.1)

which renders obsolete the need to convert quantum information between encodings.

• The hybrid entanglement is generated using a method similar to ours with a CV state
encoded in the basis {Ŝ |0〉 , âŜ |0〉}, albeit a lower squeezing of 1.5 dB. This encoding
is closest to the basis {|cat+〉α+ , |cat−〉α−} with |α+| = 0.42 and |α−| = 0.72. At
these amplitude levels the populations of squeezed-vacuum and photon-subtracted
squeezed vacuum are essentially zero. The experiment is thus naturally biased to
the teleportation of vacuum that increases artificially the teleportation fidelity.

• The Bell-measurement is implemented using only one single-photon detector instead
of a parity sensitive detector. As we have seen in Chapter 4 the teleportation is
successful only for state close to vacuum, and cannot be extended to pure cat states.

• The experiment is not actively stabilized and the phase of the qubit is post-processed
directly given the result of the Bell-state measurement.

• The experimental data is corrected from 54% detection inefficiency, which is very
prone to overestimate the quality of the experimental state, especially when the
mean photon number is close to zero.
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In the second experiment:

• The input DV polarization qubit is created following the proposal from Shapiro and
collegues [235] to create ultra bright entangled photon pairs. The input qubit is
prepared by conditioning on the desired polarization. Only one of the two detectors
of the DV qubit heralded shown in the experimental scheme is used.

• The hybrid entangled state between DV polarization qubit and CV coherent-state
superposition qubit is prepared by tapping a portion of a squeezed vacuum state on
a variable polarizing beamsplitter and mixing the tapped mode with an attenuated
coherent state. This creates the target hybrid entangled state with a large vacuum
contribution that can be discarded only via post-selection.

• The Bell-state measurement is performed following the DV experiment presented in
the previous section. In that case only one of the four Bell states is distinguished,
and the Bell-state measurement is contaminated by the double events that have the
same photon statistics. These double effects can be lowered by decreasing the pump
power of the non-linear crystals, but in this implementation their probability is at
the same order of magnitude than the "good" Bell detection events.

• The teleportation occurs post-selectively upon triple coincidence (one click for the
DV qubit heralding, and two clicks for the Bell-state measurement) at a rate of 0.015
Hz, which limits the number of tomographic samples to 1500 quadratures for each
teleportation measurement. Given that the characterization is done with more than
50% detection losses, it is very prone to statistical errors on the measurement of the
fidelity of teleportation.

• The classical bound for teleportation at F = 2/3 is only beaten on average over the
Block sphere but not for all the sampled states.

• An extrapolation to entanglement swapping is performed via post-selection as an in-
terpretation, but it does not constitute a proper entanglement swapping experiment
since the swapped state is destroyed as soon as it is heralded.

The two experiments thus offer first insights of quantum teleportation with hybrid
entanglement of light despite being strongly limited to post-selection. The first scheme is
limited by the size of the CV state that can be successfully teleported and cannot be scaled
to large values of |α|. The second scheme is limited by the large vacuum component in the
hybrid state and an intrinsic small success rate which restricts the number of tomographic
samples available.

1.2 Our goal with hybrid teleportation

Our goal is to perform a post-selection-free teleportation experiment where an input
DV qubit encoded in the Fock basis {|0〉 , |1〉} is converted into a CV qubit encoded into
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c0 |0〉+ c1e
iθ |1〉 c0 |cat+〉+ c1e

iθ |cat−〉
|0〉 |cat−〉+ |1〉 |cat+〉

Figure 7.3: Quantum information converter via teleportation. An input DV qubit
encoded in the Fock basis, in the form c0 |0〉+c1eiθ |1〉 is converted to a CV qubit encoded in
the coherent-state superposition basis {|cat+〉 , |cat−〉} by a teleportation protocol relying
on hybrid entanglement of light.

the coherent-state superposition basis {|cat+〉 , |cat−〉}. The principle of the protocol is
presented in Figure 7.3. In our scheme, all the involved quantum states are heralded, and
both the vacuum and the multi-photon contributions will be experimentally taken into
account in the process. This makes the experiment much more challenging than the other
works presented earlier where these detrimental effects are discarded by post-selection. It
represents a completely realistic protocol that would be performed in future heterogeneous
quantum networks.

In the context of quantum networks, hybrid teleportation can be seen as a mean to
convert quantum information between different encodings, and thus link different physical
platforms that can couple preferentially to a DV or a CV system. In the classical domain
the emergence of digital-to-analog (DAC) and analog-to-digital (ADC) converters has
enabled the full transport, storage, and processing of classical information in the most
efficient manner. It is thus legitimate to believe that such teleportation-based quantum
converters will be essential blocks of future heterogeneous quantum networks.

For the experiment, high-purity DV qubits will first be characterized by single-mode
quantum state tomography. The teleportation protocol will then be performed by mix-
ing the heralded DV qubit with the DV mode of a heralded hybrid entangled state on a
50:50 beamsplitter. Finally the teleportation will occur upon the realization of the hybrid
Bell-state measurement that is composed of a heralding on a single-photon detector and
of quadrature conditioning on homodyne detection. The teleported state will finally be
fully characterized by single-mode quantum state tomography and the success of the tele-
portation will be assessed by the measurement of the teleportation fidelity between the
input and teleported states projected in the relevant encoding basis.
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2 Experimental setup

The experimental setup for hybrid teleportation is shown in Figure 7.4. First the DV
qubit is heralded by a click on SNSPD 1. This creates a coherent superposition of vacuum
and single photon in the form:

|ψ〉in = c0 |0〉+ c1e
iθ |1〉 . (7.2)

Then hybrid entanglement is heralded by a click on SNSPD 2, creating the state:

|Ψ〉hybrid = |0〉DV |cat−〉CV + |1〉DV |cat+〉CV , (7.3)

where DV and CV label respectively the DV and CV modes.
The input DV qubit is mixed with the DV mode of the hybrid entangled state, and

upon the success of the Bell-state measurement, it creates in an ideal scenario:

|ψ〉out = c0 |cat+〉+ c1e
iθ |cat−〉 , (7.4)

thus transfering the information of the qubits (c0, c1, θ) from a DV qubit to a CV qubit.
We will now detail each step of the procedure with our experimental setup including

three OPOs and three SNSPDs.

2.1 DV qubit preparation

The method for the preparation of the DV qubit is the same as the one presented in
Chapter 6. The heralding mode of the straight-cut (i.e. not the semi-monolithic) triply
resonant OPO (OPO IIa) is mixed with an attenuated coherent state following the scheme
proposed by Nielsen and colleagues [63]. This OPO is pumped by 2 mW of light at 532
nm, which creates (without displacement) a single-photon at a heralding rate of 250 kHz
with a heralding efficiency of 71.2% ±1.5%. Then, several single-rail qubits of the form
c0 |0〉+c1eiθ |1〉 can be prepared depending on the amplitude and phase of the displacement
beam applied. The qubit weight is defined by the ratio of clicks between the heralding of
the OPO and the displacement, with an evenly-weighted qubit prepared when the rates are
equal on SNSPD 1. The phase of the qubit θ is defined by the locking of the relative phase
between the two paths with a phase noise of about 10%. We can generate, in particular,
the six poles of the Block sphere, labeled {|0〉 , |1〉 , |0− 1〉 , |0 + 1〉 , |0− i1〉 , |0 + i1〉} with
an average fidelity of 81%. The qubits at the equator of the Bloch sphere are prepared at
a rate of 500 kHz, while the qubit |0〉 (prepared by closing the heralding path of the OPO
and only injecting the displacement) is generated at a rate of 2 MHz. More details on the
DV qubit preparation have been given in Chapter 6.

2.2 Hybrid entanglement generation

The hybrid entanglement is prepared similarly to the previous experiments by mixing
the heralding mode of the semi-monolithic type-II OPO (OPO IIb) with the tapped mode
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Figure 7.4: Experimental setup for hybrid teleportation. One single-mode squeezer
(OPO I) is used to produce the continuous-variable states while two independent two-
mode squeezers (OPO IIa and OPO IIb) are used to generate discrete-variable states.
(Pink box) The discrete-variable input qubit is prepared by applying a displacement on
the heralding mode of OPO IIa. The DV qubit is heralded by a click on SNSPD 1, while
its phase is defined by the lock on P1. (Blue box) Hybrid entanglement is prepared by
projecting the conditioning paths of the OPO I and OPO IIb with a heralding on SNSPD
2. The input qubit is mixed with the DV mode of the hybrid entanglement and the
Bell-state measurement (BSM, blue panel) is heralded by a clicks on SNSPD 3 followed by
quadrature conditioning on homodyne detection (HD). Upon coincidental detection on the
three SNSPDs, the qubit is teleported from DV to CV and the output qubit is characterized
via single-mode quantum state tomography with a high-efficiency homodyne detection.

of the type-I OPO (OPO I), with a heralding on SNSPD 2. The type-II OPO is pumped
by 3.5 mW of light at 532 nm while the type-I OPO is pumped by 15 mW, yielding about
4 dB of squeezing. For achieving a larger hybrid entanglement heralding rate, the tapping
ratio of OPO I is increased from 3% to 7%, which gives a heralding rate of about 400
kHz for both the type-II and the type-I, and so for the hybrid entanglement. The relative
phase between the two heralding paths is locked on maximum on the interference fringe
using a microcontroller (3% phase noise). All the three OPOs are locked co-resonant for
the pump and the down-converted fields, which corresponds to 8 experimental parameters
(laser wavelength, temperature of the crystal (×3), OPO cavity length (×3), and angle of
the crystal in the straight-cut OPO). This amounts overall to the use of five independent
single-mode squeezers.
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2.3 Bell-state measurement

To prepare for the Bell-state measurement, the input DV qubit is mixed on a 50:50
beamsplitter with the DV mode of the hybrid entangled state. One output of the beam-
splitter is used to digitally lock the relative phase between the two DV paths either in
phase, or out of phase (phase noise 3%). This enables to flip the phase of the qubit-to-
teleport without the need to change the setting the of displacement beam which is more
prone to uncertainty. The other port of the beamsplitter is send to the BSM station.
First, a fraction R = 10% of the beam is tapped and send to SNSPD 3 for heralding, while
the transmitted mode is send to homodyne detection for quadrature conditioning around
q = 0 in a given conditioning window ∆ that can be adjusted once the data is acquired.

2.4 Phase control

Since the information encoded in the phase of the input qubit has to be transfered
without modification to the teleported state, an active control of the phase has to be
perfomed all over the experiment. Overall, 14 locks are performed in parallel during the
experiment that could last up to 16 hours for a single qubit. Apart from the typical
locks that are required to operate the resources (i.e. two for the laser, two for each OPO,
and one for each filtering micro-cavity before each SNSPD) three locks (indicated by
the photodiode in Figure 7.4) are essential for the preservation of the phase through the
process. First, the phase of the initial qubit θ has to be properly defined. This is done
following the procedure given in Chapter 6 to prepare the initial qubit phase either in
phase or in quadrature (only these two settings are sufficient). Then, the phase of the
hybrid entanglement needs to be actively controlled (in phase) otherwise the CV state
phase would blur during the data acquisition. Finally the relative phase between the DV
qubit and the DV mode of the hybrid entanglement needs to be fixed. Changing this phase
corresponds to a rotation of the prepared qubit before the teleportation. In practice we
can flip this phase to rotate the qubit to be teleported by π. So that starting from the
two intial qubit phases (in phase, θ = 0, and in quadrature, θ = π/2) we can obtain the
four qubits at the equator of the Bloch sphere (θ = 0, θ = −π, θ = π/2, θ = −π/2).

2.5 SNSPD operation

For the experiment three independent SNSPDs were operated in the cryocooler at a
temperature of 1.3 K. In these conditions, the system detection efficiencies range between
85% and 90%, with a dark count rate at the few hertz level. The effect of dark count is
completely negligible since they occur at a rate 10−3 smaller than the coincidence detected,
yielding a triple-coincidence rate with at least one dark count below 1/1000 second. The
SNSPDs being separated by 15 m to the optical table, the homodyne detection traces need
to be delayed accordingly by about 100 ns.
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2.6 Delay calibration

In order to have the photons interfering properly, we need to make sure that the delays
before the three independent SNSPDs are correctly set, otherwise a coincidence between
two SNSPDs can result in the optical table in two photons too separate in time, and that
would thus not see each other. This delay calibration is performed by looking at the scan
of the variance on the homodyne detection of the Bell-state measurement. Indeed, as we
have seen in Chapter 3, such a scan presents the delay between the photon detected on
the SNSPD and the photon detected on the homodyne detection. Our strategy is thus to
make sure that for each independent heralding the increase in the variance appears at the
same time on the homodyne detection. The delays are adjusted by increasing or reducing
the length of the BNC cables before the coincidence detector. A precise delay can be
ajusted using a coaxial delay box (SRS DB64). Using this procedure we can adjust the
delay between the different SNSPDs with a precision of 200 ps. In addition about 80 m of
BNC cables overall was used to delay the homodyne traces so that they match the arrival
time at the SNSPD station.

2.7 Coincidence detection

Once the delay calibration is set, the coincidence detection can be performed efficiently.
To that end we use the time controller presented in Chapter 6 (IDQuantique ID900),
which can perform this coincidence detection with a sub-nanosecond resolution.

Before presenting the parameters for the coincidence detection, we quantify the effect
of the temporal coincidence window on the interference of two heralded single photons.
It was not relevant to perform this study earlier since the coincidence detection was not
performed as well in the swapping protocol. To that end, let us go back to the temporal
modes of the heralded states. As we have seen in Chapter 3, the probability of measuring
a signal photon at t when detection the idler at t = 0 is given by:

p′(t) = πγOPOe
−2πγOPO|t|. (7.5)

Now, we want to calculate the temporal mode overlap χ(τ) between two independent
signal photons detected with a delay τ . Since the events are independent, we can directly
consider the probabilities p′(t), so that:

χ(τ) = 2
∫ +∞

τ
2

πγOPOe
−2πγOPOtdt

= e−πγOPOτ .

(7.6)

In the case of a coincidence detection, we fix a given temporal window ∆t between the
two events. This corresponds, while accumulating the experimental data, to an averaging
of all the possible overlaps e−πγOPOτ in the chosen window:
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Figure 7.5: Temporal overlap (a) Two heralded single photons with a temporal width
at half maximum of 10 ns are separated by a delay τ . The overlap between the two
probabilities of presence is represented by the blue area. All these overlaps are integrated
over the coincidence window ∆t selected. (b) Temporal overlap χtemp as a function of the
coincidence window ∆t. Our experimental implementation is represented by the blue dot.
For a triple-coincidence window of 1.5 ns, the corresponding temporal overlap amounts to
86%.

χ(∆t) = 2
∆t

∫ ∆t
2

0
e−πγOPOτdτ

= 2
πγOPO∆t

[
1− e−πγOPO∆t/2

]
.

(7.7)

In the case of the Bell-state measurement where two two-fold coincidences are detected
in sequence, this temporal overlap has to be squared: χtemp(∆t) = (χ(∆t))2. We give in
Figure 7.5 the evolution of the overlap as a function of the temporal coincidence window
∆t. As we can see, the shorter the coincidence window the larger the temporal mode
overlap.

In terms of rates, it is important to note that the two-fold coincidence rate between
two independent events is linearly related to the coincidence window. Indeed, if we label
RI the rate of the first event and RII the rate of the second event, the rate of detection
of the event II in the coincidence window ∆t coincidentally to the event I is:

RII,I = RI ×∆t ×RII , (7.8)

161



2. EXPERIMENTAL SETUP

since ∆t×RII corresponds to the probability of detection the event II in the window ∆t.
Therefore, starting from two events with rate RI = RII = 100 kHz and a coincidence
window ∆t = 1 ns, the two-fold rate drops to RII,I = 10 Hz.

A small conditioning window has thus a drastic impact on the coincidence rate, but still
the window cannot be chosen too large otherwise the temporal overlap between the two
photons will be reduced. In our case, the window is limited by the temporal mode of the
photon, which width at half maximum is of 10 ns. We decide for the experiment to fix the
temporal window at 1.5 ns, which gives a temporal overlap of 86%. A larger coincidence
window, leading to a better overlap and an increased rate could be achieved shall the
OPO bandwidth should be reduced, which however typically comes with a decrease of the
escape efficiency.

The three-fold coincidence detection is programmed on the time controller as a series
of two two-fold coincidences. First a two-fold coincidence is detected between the click on
SNSPD 1 and the clicks on SNSPD 2 - coincidental preparation of the two initial states -
in a window of 1.5 ns, which occurs at a rate of 150 Hz. Next, a coincidence between the
result of the first two-fold coincidence and the click on SNSPD 3 is detected in a window of
1.5 ns, decreasing the rate to 1 Hz (note that here we only look at the rate of the three fold
coincidence and neglect the acquisition time on the computer). The coincidence detector
finally emits a TTL pulse of duration 100 ns - with a delay of 400 ns as compared to the
arrival of the clicks that is compensated by BNC cables on the homodyne detection - that
is used to trigger the high definition oscilloscope. Note that, in addition, in practice, the
events need also to be delayed by ∆t/2 for the centering of the temporal mode to maximize
the overlap.

2.8 Data acquisition

Apart from the coincidental detection (which was before performed directly on the
oscilloscope but which cannot be done with three independent SNSPDs), the data acqui-
sition is very similar to the one of the swapping. The traces of the homodyne detections
for both the BSM and the teleported state are recorded for each three-fold coincidence
detection. Taking into account the data transfer to the computer, each event is recorded at
a rate of 0.2 Hz. It is important to note that this rate corresponds to the phase stability of
the experiment (i.e. the phase is preserved between two events separated by maximum 10
s) and cannot be reduced more in the current version of the setup. The phase of the each
corresponding local oscillator are determined with the same technique presented before.
For each qubit, we accumulate 10 000 three-fold unconditioned events, leading to a data
acquisition ranging between 10 and 16 hours. The quadrature conditioning is performed
on the pre-processed data in a conditioning window of ∆ = 0.5σ0 (i.e. half the one of
the swapping). This reduces the number of quadratures by a factor 3. The conditioned
quadratures are then used to perform single-mode quantum state tomography in a Hilbert
space of dimensions 1+9 with 15% detection losses with about 2500 quadratures for each
qubit.
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2.9 Comparaison to swapping

Before presenting the results of the teleportation, let us compare the performances of
the swapping and teleportation setups in order to estimate the impact of the new resources
presented in Chapter 6.

First, the use of three independent OPOs and three independent SNSPDs increases the
success rate of the experiment. This enables us to increase much less the pump power of
the OPOs required to reach a reasonable operational rate, thus increasing the purity of the
states involved in the protocol. As compared to the swapping, the purity of the input
teleported state has been increased by a factor 2. It also allows us to decrease the
temporal coincidence window from 8 ns to 1.5 ns, increasing the temporal mode overlap
between the states from 47% to 86%, and increasing the quality of the protocol by the
same amount. In the end, more quadratures available enable us to reduce even more
the quadrature coincidence window ∆ to increase the teleportation fidelity. At equivalent
pump powers and coincidence window size, we estimate that we increased the rate of
the experiment by a factor 20.

Second, it is important to note that in the teleportation experiment, the filtering of
the correct events is performed before the data is acquired, and not on the pre-processed
quadratures. This enables to decrease a lot the amount of data that needs to be recorded
and thus the duration of the experiment. For the same number of final filtered quadratures,
the weight of experimental data recorded has been decreased by a factor 1000.

In this section we have presented the experimental setup for the hybrid quantum
teleportation of discrete-variable qubits encoded in the Fock basis {|0〉 , |1〉} to a CV qubits
encoded in the coherent-state superposition basis {|cat+〉 , |cat−〉}. This setup makes use
of the additional experimental resources that we have presented in Chapter 6. They
improve substantially the quality of the protocol as compared to the scheme presented in
Chapter 5. In the following we will present the experimental results of the teleportation
protocol implemented in this way.

3 Teleportation results

The quality of the teleportation experiment is evaluated by comparing the experi-
mental discrete-variable input states to the teleported states projected in the relevant
continuous-variable basis. To that end both the input and output states are characterized
independently by single-mode quantum state tomography. The success of the hybrid tele-
portation protocol is assessed by measuring a fidelity of teleportation above the classical
bound over the full Bloch sphere. In the end we discuss the impact of the Bell-state mea-
surement, the projection on the CV basis, and the impurities of the input states on the
teleportation procedure.
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(a)

(b)

(c)

Figure 7.6: Characterization of the input DV qubits (a) Schematic representation
of the position of the target qubit on the DV Bloch sphere. (b) Density matrices of the
six input DV qubits in the Fock basis {|0〉 , |1〉}, corrected from 18% detection losses. The
real part are represented in blue while the imaginary part are represented in red. The
gray vertical line indicates a unity height. (c) Experimental Wigner function of the six
input DV qubits, corrected from 18% detection losses. The dashed lines represent the two
quadrature axis. Each state is reconstructed from 40 000 quadratures in a Hilbert space
of dimensions 1+4.

3.1 Characterization of the input states

Similarly to entanglement swapping, the input states need to be characterized in order
to assess the quality of the teleportation protocol. The six input qubits at the poles of
the Bloch sphere are prepared by applying the corresponding displacement beam. For the
input DV qubit characterization, the states are analyzed with single-mode quantum state
tomography, using the same homodyne detection as the Bell-state measurement in full
transmission. The states are reconstructed from 40 000 quadratures in a 1+4 dimensional
Hilbert space, correcting for 18% detection losses. The density matrices and Wigner
functions of the measured input states are shown in Figure 7.6. We obtain for the input
state a minimum purity of 71.2% for the state |1〉, 98.5% for the state |0〉 and on average
80% for the qubits at the equator of the Bloch sphere. The purity of the input qubits
is limited first by the escape efficiency of the straight-cut type-II OPO, second by the
qubit phase noise estimated to be of 10%, and finally by the pump power that has to be
increased to achieve a practical operational rate.

3.2 Choice of the CV cat basis: loss of information

The teleported state has to be projected in a fixed CV basis {|cat+〉 , |cat−〉} in order to
calculate the fidelity with the input DV qubit. However, as we have seen inChapter 3, the
state generated by the OPO I belongs to the basis {Ŝ |0〉ideal , âŜ |0〉ideal}, which has a given
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(a)

(b)

(c)

Figure 7.7: Characterization of the teleported CV qubits (a) Schematic represen-
tation of the position of the target qubit on the CV Bloch sphere. (b) Density matrices of
the six teleported CV qubits in the cat basis {|cat+〉 , |cat−〉}, with |α| = 0.9, corrected
from 15% detection losses. The real part are represented in blue while the imaginary part
are represented in red. The gray vertical line indicates a unity height. (c) Experimental
Wigner function of the six teleported CV qubits, corrected from 15% detection losses. The
dashed lines represent the two quadrature axis. The states are reconstructed from 2185,
3691, 2802, 2657, 3641 and 2839 quadratures respectively, in a Hilbert space of dimensions
1+9.

fidelity with the target cat basis. In addition, because of the intra-cavity losses, the photon-
subtracted squeezed vacuum experimentally generated contains a mixture of squeezed
vacuum so that the experimentally generated states {Ŝ |0〉exp,âŜ |0〉exp} also have a given
fidelity with the ideal photon-subtracted squeezed vacuum state {Ŝ|0〉ideal,âŜ |0〉ideal}.
Overall, in our operating regime, i.e. at about 4 dB of squeezing, the fidelity of the
experimental computational basis elements {Ŝ |0〉exp , âŜ |0〉exp} with a target cat basis
{|cat+〉 , |cat−〉} with |α| = 0.9 are about 85%.

The means that, in principle, even with a perfect teleportation, the maximum achiev-
able teleportation fidelity will be limited to about 85%. This limitation is intrinsic to
the CV source we use based on type-I OPO. It is important to note that in our post-
selection-free scheme, it is not possible to correct from this loss of information - by for
instance renormalizing the state afterwards -, so that the experimental parameters have
to be strengthened even more in order to beat the classical bound.

3.3 Measured teleported states

The teleported states are reconstructed by single-mode quantum state tomography, in
a Hilbert space of dimension 1+9 and with 15% detection losses. The states are repre-
sented in Figure 7.7. First, and very interestingly, the physiognomy of the input qubits
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Figure 7.8: Conversion table from DV to CV qubits The six high-purity DV qubits
at the poles of the Bloch sphere are converted into the corresponding CV qubits in the
coherent-state superposition basis {|cat+〉 , |cat−〉}.

are preserved in phase space, with in addition the application of a squeezing operation
characteristic of the basis change. In particular the phase of the four qubits at the equator
of the Bloch sphere is preserved through the process, as the direction of the dip in the
Wigner function is the same for the input and the output states. For the teleportation
of the DV single photon |1〉 to the CV odd cat state |cat−〉 we can recover a dip at the
origin of phase space after teleportation. The Wigner function being a very sensitive state
representation, this first qualitative observation is a strong signature of the quality of the
teleportation process. Nevertheless the teleported odd cat state does not show negativity
of the Wigner function. This is due to the the transmission losses of the homodyne de-
tection for the Bell-state measurement, estimated to 17%, and the requirement of a finite
coincidence window, which yields overall a vacuum admixture to the teleported state of
about 30%. In order to achieve a transfer of negativity with our current setup, we estimate
that, starting from an input single photon with a purity of 90%, BSM homodyne losses
below 10% and a three-fold coincidence window of below 1 ns would be required to observe
a negativity of the Wigner function, which is for the moment not achievable with current
technologies.

The effect of the teleportation can also be seen in the density matrices of the states
projected in the target {|cat+〉 , |cat−〉} basis with |α| = 0.9. The transmission losses
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in the Bell-state measurement and the limited purity of the hybrid entangled state lead
to a squeezed-vacuum admixture to the teleported state, which increases the height of
the projection on |cat+〉 〈cat+| relative to the input DV state projection on |0〉 〈0|. The
real and imaginary parts of the coherences, i.e. the anti-diagonal terms of the matrices,
conserve their sign after teleportation, which indicates a conservation of the phase through
the process. Yet the amplitude of the coherences decrease because of phase noise. This
effect is reduced by applying an active control on all the phases involved.

We can finally represent the experimental DV input and CV output qubits in the
conversion table given in Figure 7.8.

3.4 Teleportation fidelity

A qualitative description of the teleported states is not enough to assess the success of
the teleportation. A quantitative approach can be performed by measuring the teleporta-
tion fidelity between the input and outut states projected in the relevant DV or CV basis.
It is defined as:

F =
[
Tr
(√√

ρ̂in,DV ρ̂out,CV
√
ρ̂in,DV

)]2

, (7.9)

where ρ̂in,DV and ρ̂out,CV are the density matrices of the input and output states projected
in the DV and CV basis respectively. In the case of pure input and output qubits, the
fidelity bound to ensure that quantum teleportation has occurred, is Fpure = 2/3.

We give in Figure 7.9 the teleportation fidelity between the six input DV qubits char-
acterized earlier, projected in the Fock basis {|0〉 , |1〉} and the six output qubits projected
in the cat basis {|cat+〉 , |cat−〉} with |α| = 0.9. We can see that the classical bound is
beaten for all the qubits, with an average teleportation fidelity of 80% over the full Bloch
sphere. We see, in particular, that the teleportation fidelity increases as the single-photon
component of the input state decreases. For the logical qubit |0〉, the fidelity is maximum
at 83% while being minimum for the logical qubit |1〉 with 76.4%, with a value around
80% for the evenly-weighted qubits at the equator of the Bloch sphere. This effect is to
be expected since the higher the single-photon component in the input qubit, the higher
the probability to detect a multi-photon event at the Bell-state measurement, which de-
grades the quality of the process. This coincides with the theoretical expectations given
in Chapter 4.

3.5 Effect of homodyne conditioning

Similarly to entanglement swapping, we can study the effect of homodyne conditioning
on the BSM and compare our results to what would be obtained with a "partial" Bell-state
measurement, i.e. performing only the photon subtraction for the Bell-state measurement.
The corresponding teleportation fidelities are also shown in Figure 7.9. As we can see it
drastically increases the teleportation fidelity of the logical qubit |1〉, for which the impact
of multi-photon events, and thus the need to improve the BSM by conditioning, is the
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Figure 7.9: Experimental teleportation fidelity Teleportation fidelity F between the
input qubits projected in the DV Fock basis {|0〉 , |1〉} and the teleported CV qubit pro-
jected in the basis {|cat+〉 , |cat−〉} with |α| = 0.9, for the six poles of the Boch sphere.
The grey dashed bars correspond to the result of teleportation without performing homo-
dyne conditioning for the Bell-state measurement. The dashed line indicates the classical
fidelity bound at Fpure = 2/3.

most requisite. In particular, and very importantly, the quantum teleportation above the
classical bound cannot be achieved for this state if homodyne conditioning is discarded,
showing the efficiency of the hybrid Bell-state measurement combining photon counting
and homodyne conditioning. The effect on the other qubits is marginal, as they contain
a large vacuum component of at least 60% that is not affected by conditioning. We note
that the drop in fidelity observed for two qubits by conditioning is just an effect of the
projection on the cat basis, as the size of the measured state can slightly change when the
conditioning is performed.

3.6 Error bar estimation

The estimation of the fidelity is subject to uncertainties that originate from the preci-
sion of the quantum state tomography and the stability of the experiment that is repro-
duced for several days during more than 10 hours. Indeed, how do we ensure that the
qubit that has been teleported corresponds to the qubit that has been characterized prior
the protocol ? In order to take into account both the uncertainty of the reconstruction of
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the input state and the variations of the experiment, our strategy consisted in measuring
a set of 30 input states over several days, and calculated the fidelity of the teleported
states with that ensemble of states. This gives us the error on the fidelity measurement.
As we will see the instabilities of the experiment represent the major contribution in this
error, so that given the uncertainty estimation for the reconstruction given in other works
[209, 197], we can neglect the uncertainty of the reconstruction of the output state. This
uncertainty is indeed harder to estimate with high accuracy since we only have at our
disposal one experimental point for each teleported state.

By applying this uncertainty estimation, we obtain the error bar plotted on the fi-
delity histograms given in Figure 7.9, which corresponds to the maximum and minimum
teleportation fidelities Fmax and Fmin estimated in Table 7.1:

|0〉 |1〉 1√
2(|0〉 − |1〉) 1√

2(|0〉+ |1〉) 1√
2(|0〉+ i |1〉) 1√

2(|0〉 − i |1〉)
Fmax 83.4% 77.3% 80.3% 83.6% 82.1% 78.5%
Fmin 81.6% 74.3% 78.1% 80.8% 78.3% 75.8%
∆F 1.8% 3% 2.2% 2.8% 3.8% 2.7%

Table 7.1: Error estimation of the teleportation fidelity

It is important to note that the teleportation fidelity Fmin can only correspond to an
overestimation of the quality of the input state, and so an underestimation of the qual-
ity of the teleportation. Since the classical fidelity bound is beaten for all the values of
Fmin - which is the fidelity obtained with the best input states measured - then teleporta-
tion is successfully assessed even by taking into account the experimental variations and
reconstruction uncertainties.

3.7 Extending the scheme to pure input qubits

The experimentally generated input DV qubits are naturally composed of a statistical
mixture of the target qubits with vacuum and multi-photon components. If the telepor-
tation is well assessed by considering the teleportation fidelity for pure states above the
classical bound Fpure = 2/3, it is legitimate to study how the vacuum and multi-photon
contributions affect our post-selection-free teleportation protocol. Indeed these elements
can lead to an overestimation of the fidelity of teleportation as the purity of the input
state decreases. For example, an admixture of vacuum in the input qubit always above
2/3, will always induce a teleportation fidelity above 2/3 even if the teleportation does not
occur and pure squeezed-vacuum is created. It is thus important to note that the fidelity
bound for quantum teleportation Fpure = 2/3 is valid starting only from pure input DV
qubits.

This discussion has been presented in the work from Takeda and collaborators [197] in
the context of the unconditional teleportation of DV qubits encoded in time-bins. Starting
from an input qubit with a qubit fraction η orthogonal to the vacuum admixture, the
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Figure 7.10: Towards a pure input single photon Fidelity of teleportation between
the experimental single photon |1〉 and the odd cat state |cat−〉 projected in the corre-
sponding basis, as a function of the Bell-state measurement conditioning window ∆. The
dashed lines represent the classical bound for pure and mixed input states. The fidelity
of teleportation increases as the conditioning window is narrowed, until the fidelity bound
for mixed states Fmix is beaten.

fidelity bound for teleportation therefore becomes Fmix = 1− η/3, that reaches the value
Fmix = Fpure = 2/3 in the case of pure input qubits.

This method can be adpated to our work. However, when working in the DV Fock
basis {|0〉 , |1〉}, the admixture of vacuum is orthogonal to the qubit subspace only from the
logical qubit |1〉, so that the adaptation of the fidelity bound for our qubit teleportation
cannot be performed over the Full Bloch sphere. Yet we can restrain ourselves to the
study of the teleportation of the state |1〉 only, which is the state the most sensitive to
multi-photon effects and thus the most difficult to teleport above the classical bound, as
we have seen in Chapter 4. If the teleportation succeeds for that state it will ultimately
succeed over the full Bloch sphere in the same experimental conditions.

Considering only the input qubit |1〉, we can now consider the adapted fidelity bound
Fmix = 1− ηOPO/3 with ηOPO being the heralding efficiency of the single-photon created
by the OPO IIa, i.e. the straight-cut type-II OPO. It is important to note that beating
experimentally the classical bound Fmix with a single photon of heralding efficiency ηOPO
is equivalent to beating experimentally the classcial bound Fpure with a pure single-photon
(ηOPO = 1), assuming that such state could be generated experimentally. The heralding
efficiency is measured independently and we obtain the value ηOPO = 71.2%±1.5%, which
yields a fidelity bound Fmix = 76.3%, which is significantly higher than the previous bound
at Fpure = 2/3.

Using our experimental data, we can observe the evolution of the teleportation fidelity
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for different conditioning windows ∆ and focus on the two bounds Fmix and Fpure in the
specific case of the teleportation of the single-photon |1〉 to the odd cat state |cat−〉. The
corresponding results are represented in the histogram shown in Figure 7.10. As can be
seen first, the teleportation fidelity does not beat neither Fpure nor Fmix if the homodyne
conditioning is not applied (∆ = ∞), which is exactly what we observed in the previous
section.

We can however observe the success of the hybrid BSM combining photon counting
with homodyne conditioning since the fidelity of teleportation increases as the homodyne
conditioning is applied and the conditioning window is narrowed. Indeed, for a condition-
ing window ∆ = σ0 and ∆ = 0.5σ0, where σ2

0 is the variance of vacuum, the fidelity beats
the classical bound for mixed state Fpure = 2/3. However this is not enough to reach
the classcial bound for mixed states. The fidelity of the BSM can be strengthened by re-
ducing even more the conditioning window. We see that, in particular, for a conditioning
window of ∆ = 0.25σ0, the fidelity bound for the mixed state is beaten, proving that the
experiment can be employed using the same experimental settings for the teleportation of
a pure single-photon, and a fortiori for the teleportation of any pure DV qubit encoded in
the Fock basis {|0〉 , |1〉}.

3.8 An artefact of the projection ?

It is fair to argue that the fidelity of teleportation measured depends also on the choice
of the CV basis selected for the projection of the output state. Indeed, one unscrupulous
experimentalist could choose on purpose a CV basis that would artificially give higher
values of fidelities. To check this possibility we show in Figure 7.10 the fidelities of tele-
portation of the teleported single photon (which is the state with the lowest performance)
with both a photon-substracted squeezed vacuum and an odd cat state, for different val-
ues of squeezing and cat sizes respectively, for two Bell-state measurement conditioning
windows ∆ = 0.5σ0 and ∆ = 0.25σ0. We can see that the fidelity bound for pure states
Fpure is beaten no matter the value of squeezing chosen for the projection and for a cat
size ranging from α = 0.2 to α = 1.3, which is entirely within the range of states that can
be obtained experimentally with our type-I OPO. When considering the fidelity bound
for mixed states Fmix, it is clearly beaten in the {Ŝ |0〉 , âŜ |0〉} basis in a squeezing range
of a few dB around our measured squeezing of 4 dB. For the basis {|cat+〉 , |cat−〉} the
fidelity is reduced by a few percent and the conditioning window has to be narrowed in
order to beat the classical bound. We can thus conclude that the observed teleportation
fidelity is not an artefact from the projection on the CV basis, and that teleportation is
successfully achieved.

3.9 Bloch sphere representation

We can finally study the teleportation process by looking at the transfer of purity. To
that end we show in Figure 7.12 the Bloch spheres spanned by the initial and teleported
states in the DV and CV basis respectively. For the CV basis, the Bloch sphere does not
represent the purity of the CV state but the fidelity with the corresponding input state.
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Figure 7.11: Experimental fidelity of the teleported single photon with differ-
ent basis element choices (a) Fidelity of the teleported single photon to the photon-
subtracted squeezed vacuum âŜ |0〉, as a function of the squeezing in dB, for two Bell-state
measurement conditioning windows. In the two cases, both the fidelity bounds for pure
and mixed states are beaten for a large range of squeezing value. (b) Fidelity of the
teleported single photon to an odd cat state |cat−〉, as a function of the cat size |α|, for
two Bell-state measurement conditioning windows. As compared to the projection in the
{Ŝ |0〉 , âŜ |0〉} basis, the fidelity is reduced by about 3%, owing to the fidelity of the ex-
perimental state to the target cat. The fidelity bound for mixed states is beaten only for a
reduced conditioning window ∆ = 0.25σ0. The blue dots represent the chosen projection
basis which gives the results presented earlier, i.e. a squeezing of 4 dB and a cat size
|α| = 0.9.

In a post-selection-free scheme with the DV qubit encoded in the Fock basis, the states
are very sensitive to the loss of photon that correspond to a logical bit flip. As we have
studied before, the states at the south of the equator are more prone to photon loss as
the proportion of multi-photon effects is increased in that region. This effect is reflected
by the asymmetry of the sphere along the azimuthal angle. The spheres are however very
symmetric along a rotation along the polar angle, showing a proper phase definition of the
input qubits and conservation of the phase via teleportation.

4 Discussion

Given these first promising results for the conversion of quantum information from DV
to CV qubits, several improvements can be suggested to make the protocol operational
at larger scales and represent a real application for prospective heterogeneous quantum
networks. First, the rates are for now too limited and need to be drastically, i.e. exponen-
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Figure 7.12: Bloch sphere representations (Left) Bloch sphere of the input DV qubits
in the Fock basis {|0〉 , |1〉}. The distance from the center is the purity of the state.
(Right) Bloch sphere of the teleported CV qubits in the coherent-state superposition basis
{|cat+〉 , |cat−〉}. The distance from the center is the fidelity of teleportation with the
corresponding DV qubit. As a reference the outer transparent sphere gives the Bloch
sphere spanned by pure states .The blue and darker blue spots represent the experimental
input and output states respectively, from which the surfaces are extracted.

tially, improved. Second, the DV encoding in the Fock basis leads to a large bit flip error
rate that limits the possible extension of the protocol. Finally the reverse conversion, from
CV to DV qubits has to be investigated and performed post-selectively-free.

4.1 Increasing the rates

Even though in our implementation the rate of the experiment has been increased by
more than an order of magnitude, the overall operational rate, typically at a few events
per minute, is far too low to make our protocol applicable. A trivial extension of the
experiment would be to add a second Bell-state measurement at the second output port
of the 50:50 beamsplitter mixing the two DV modes. This would increase the rate by a
factor two, which is far from the exponential increase that is required.

When looking closely at the limiting factor of the overall success rate, we observe that
it is mostly the two-fold coincidence rate between the two initial resources that restricts
the probability of success. Indeed, the two resources are based on the stochastic creation
of two independent states, so that the probability of the two occurring at the same time is
naturally poor. This is a recurrent and topical problem in quantum information processing
[221, 139]. As we have seen earlier, considering two independent stochastic events at a
rate of 100 kHz, the probability of detecting a two-fold event in a one nanosecond window
decreases by a factor 104, yielding a rate of 10 Hz. A strategy to bring an exponential
increase of the success rate would be to synchronize these two stochastic events by the
use of a quantum memory [117, 236]. By using this technique, the memory can store
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the first state emitted while waiting for the second one to occur. The two-fold rate is
in that case equal to the rate of the slowest source, which would be 100 kHz taking
our previous example. Taking into account realistic heralded single-photon sources, a
quantum memory with an efficiency of 90% and a memory time of 100 kHz−1 = 10 µs at
our working wavelength could be employed. Quantum memories can now be achieved with
performances close to these requirements, either all-optically [237, 224], or by employing
matter systems [101, 238, 239].

Another strategy to get rid of the limited two-fold rate is to employ on demand,
i.e. non-probabilistic sources [140, 240, 241]. Such a type of sources promise much larger
generation rates and are even now employed in quantum teleportation protocols [242, 243].
Yet these on-demand sources suffer for the moment from smaller collection efficiencies, and
can hardly compete with our heralded single-photon sources with up to 90% heralding
efficiency. The reduced collection efficiency directly translates in a decrease of the success
rate of the experiment, so that on-demand sources so far reach, for teleportation protocols,
the same success rates as our probabilistic sources. Second, and more importantly, on-
demand sources are for now very difficult to be build in an reproducible fashion [244],
so that quantum states created from different sources cannot be indistinguishable. The
protocols based on these sources are thus limited to a time-multiplexed usage of the source
[225], which brings the limitations we have introduced in the framework of the swapping
experiment, and cannot represent a practical protocol where two remote quantum nodes
aim at sharing their quantum states. Finally, on-demand sources are up to date limited
to the generation of discrete-variable states only, and should be extended to continuous-
variable states should some hybrid protocols be targeted [245].

In parallel, progress to overcome the probabilistic generation of single-photon has been
performed by employing time-multiplexed generation techniques [246, 247]. An increase
of the heralding probability has been recently demonstrated by the use of mode analysis
and adaptative optical switching on multimode heralded single-photon sources [248].

4.2 Extension of the DV basis

The second main disadvantage of our protocol is the choice of the DV encoding. In-
deed with the single-rail encoding in the Fock basis {|0〉 , |1〉}, the loss of a photon in the
environment leads to the transformation |1〉 → |0〉 which is purely equivalent to a bit flip
error. Thus, the only way to decrease this error rate is to minimize the transmission losses,
which can become very struggling in the lab, and cannot be be extended asymptotically
as optical elements, such as optical fibers, will intrinsically lead to losses by absorption or
scattering. Other encodings can thus be suggested to improve the resilience of the scheme
to channel losses. The extension of hybrid entanglement to time-bin or polarization encod-
ing for the DV mode have been theoretically proposed [249, 250] to extend its applications
over long distances. Such dual-rail approaches appear very interesting in that prospect
and are definitely natural extensions and routes we are pursuing in our lab.

Nonetheless, the implementation of a dual-rail encoding with heralded sources requires
to double the experimental tools necessary for the production of the DV mode, and was
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up to now out of reach. The installation of a second type-II OPO in this thesis enables the
creation of the required DV states, and so the extension in our lab of hybrid entanglement
to polarization encoding. Our team is, in parallel, collaborating with the group of Virginia
D’Auria who aims at producing hybrid entanglement using the time-bin DV encoding.

Such an extension should be implemented, many adaptions of the setup will be re-
quired. First hybrid entanglement with a polarization DV mode needs to be created, which
can require just for itself the use of three independent OPOs and up to four SNSPDs. The
creation of a DV polarization qubit to-be-teleported will then require additional resources
to be built. Finally the hybrid Bell-state measurement combining photon counting and
homodyne conditioning will need to be adapted to the choice of encoding.

4.3 A quantum analog-to-digital converter

A final curiousness that can be addressed is the ability to perform the protocol opposite
to the one we presented, namely, the teleportation from a CV qubit to a DV qubit. This
protocol can be implemented following a scheme very similar to ours, without in theory any
supplementary limitation. The experimental scheme will, of course, need to be adapted to
the states involved. First, the CV cat qubit can be prepared, not from a type-II OPO, but
from a type-I OPO, as it has been reported in the work from [63]. The creation of hybrid
entanglement can be performed in the exact same way as we did so far. The first difference
comes with the mixing of the two CV modes, for which the two squeezing axis need to
be aligned accordingly. Second, and more importantly, the Bell-state measurement will
need to be modified as our implementation of the single-photon projection might not be
relevant anymore.

5 Conclusion
We have demonstrated the post-selection-free teleportation of discrete-variable opti-

cal qubits encoded in the Fock basis {|0〉 , |1〉} to continuous-variable qubits encoded in
the coherent-state superposition basis {|cat+〉 , |cat−〉} with |α| = 0.9. We have pre-
sented the experimental scheme improved relative to the swapping experiment thanks to
the use of three independent optical parametric oscillators and three independent single-
photon detectors. We have assessed precisely the success of the teleportation in different
continuous-variable basis using the fidelity of teleportation as a measure and studied the
impact of the hybrid Bell-state measurement parameters on the success of the protocol.
We demonstrated that our scheme could be extended, without any modification, to the
teleportation of any pure discrete-variable qubit encoded in the Fock basis. Finally we
have presented the limitations of the protocol in terms of success rate and choice of encod-
ing, and given some possible improvements that can be included in the future, to make
our hybrid teleportation-based protocols applicable in future heterogeneous quantum net-
works.
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Summary
In this thesis we have experimentally demonstrated entanglement swapping and quan-

tum teleportation with hybrid entanglement of light. To that end, we have first motivated
our objectives in the framework of heterogeneous quantum networks and introduced the
conceptual, theoretical, and experimental tools at the basis of our work. In particular we
have presented the engineering of optical hybrid entanglement between discrete- and con-
tinuous variable qubits, central to the implementation of hybrid teleportation protocols.
We have developed a novel hybrid technique for the implementation of a discrete-variable
Bell-state measurement which combines for the first time discrete- and continuous-variable
tools: photon counting on a single-photon detector and quadrature conditioning on ho-
modyne detection.

By assembling these resources, we first performed an entanglement swapping proto-
col which made use of the same two optical parametric oscillators and superconducting
nanowire single-photon detectors in a time-multiplexed fashion. We investigated the limi-
tations of the protocol with minimum resources and developed new systems to circumvent
them. These major improvements were composed first of an additional triply-resonant
type-II optical parametric oscillator that enables the creation of discrete-variable qubits
encoded in the Fock basis with an average purity of 80%, and second a cryocooler in
which up to four superconducting nanowire single-photon detectors can be operated for
more than 5 consecutive days. We finally employed these tools to demonstrate hybrid
quantum teleportation between a discrete-variable qubits encoded in the Fock basis and
a continuous-variable qubit encoded in the coherent-state superposition basis.

In the framework of heterogeneous quantum networks, this work opens up the possi-
bility of connecting disparate quantum nodes based on different physical platforms and
converting quantum information between encodings. It promises an increase in integra-
tion of systems of diverse natures and the development of novel functionalities for the
most-efficient processing of quantum information in prospective modular architectures.
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Perspectives

Following these fruitful results, several extensions of the work can be proposed. They
include memory assistance for the increase of the operational rates, the extension of hybrid
entanglement to other quantum encodings, and the development of active protocols based
on hybrid entanglement, such as hybrid entanglement purification.

Increasing the rates

First, increasing operational rates is a requirement for the implementation of a next
generation of protocols. This limitation arises from the stochastic generation process
at the level of our optical parametric oscillators. Several challenging strategies can be
employed to enable an exponential increase in success rates. The first one relies on the
assistance by quantum memories to synchronize the stochastic sources. They are now
implemented both all-optically or by using matter systems, but these platforms are not
to date compatible with our experiment. On the one hand all-optical memories do not
offer lifetimes which enable a sufficiently long storage of the quantum states. In our
operating regime, with generations rates at the order of the megahertz, it requires several
microseconds memory lifetime which are far from the several tens of nanoseconds observed
in all-optical memories [224, 237]. In addition, these type of memories are not entirely on-
demand as the storage time is always a multiple of a given unit memory time, and so the
memory time resolution decreases as the memory lifetime increases. On the other hand,
matter systems can yield much longer lifetimes, up to several milliseconds with modest
memory efficiency [125], or about ten microseconds with record memory efficiencies of
90% [101]. Yet these platforms are not compatible with our working wavelength, and the
development of matter memories, or frequency conversion systems that could be effective
for our experiment is a very challenging, but rewarding, goal. Other techniques based on
the multiplexing of heralded sources have recently been proposed to obtain increase of
rates [248] and could be adapted to improve the rates of our protocols.

Hybrid entanglement with polarization-encoded discrete-variable qubits

The increase in experimental capability brings within reach the implementation of
hybrid entanglement in more resilient quantum encodings. The transition of the discrete-
variable basis from the Fock basis {|0〉 , |1〉} to the polarization basis {|H〉 , |V 〉} could
be straightforwardly implemented with our three optical parametric oscillators and four
single-photon detectors [235, 250], though requiring a reorganization of the optical paths
and being limited in generation rates. Such a change of encoding basis would enable the
protection of the discrete-variable mode to logical bit flips that are a consequence of the
inherent channel losses.
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Towards purification of hybrid entanglement

Following all the protocols we developed with hybrid entanglement, that were up to
now passive, it would be of great interest to pursue experimental efforts to the development
of active protocols such as unconditional teleportation or entanglement purification. In
particular, entanglement purification is a natural extension of the entanglement swapping
protocol we implemented in this work. As we have seen, entanglement swapping certainly
extends the distance to which entanglement can be propagated, but ultimately decreases
the amount of entanglement that was present before propagation. Such hybrid entangle-
ment purification protocols [213], central to the development of quantum repeaters, still
need to be theoretically and experimentally investigated.
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Appendix A

Properties of the density matrix

In Chapter 1, we defined the density matrix of a mixed state as the sum of the density
matrices of the pure states |ψk〉 〈ψk| weighted by their probability pk:

ρ̂ =
∑
k

pk |ψk〉 〈ψk| . (A.1)

Since it is linear, any density matrix ρ̂ can be decomposed in the Fock basis {|n〉}n:

ρ̂ =
∑
n,m

cn,m |n〉 〈m| . (A.2)

We will now recall some mathematical properties of the density matrix.

• The probability completeness implies that the density matrix has unit trace:

Tr(ρ̂) = 1. (A.3)

• The density matrix is Hermitian:
ρ̂† = ρ̂, (A.4)

so that it is diagonalizable with only positive eigenvalues.

• The expectation value of an observable Â is given by:

〈Â〉 = Tr(Âρ̂). (A.5)

• The state purity P is given by:

P = Tr(ρ̂2) ≤ 1. (A.6)

• The fidelity F between two mixed states ρ̂1 and ρ̂2 is given by:

F(ρ̂1, ρ̂2) = F(ρ̂2, ρ̂1) =
[
Tr
(√√

ρ̂1ρ̂2
√
ρ̂1
)]2

≤ 1. (A.7)
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Appendix B

Properties of the Wigner function

In Chapter 1, we defined the Wigner function as a root function from which any
marginal distribution could be extracted:

P (qθ) =
∫
W (qθ, pθ)dpθ, (B.1)

with pθ the conjugate quadrature defined as p̂θ = −x̂ sin θ + p̂ cos θ.

The Wigner function can be calculated from any density matrix ρ̂ following:

Wρ̂(x, p) = 1
2πσ2

0

∫
eipy/σ

2
0 〈x− y| ρ̂ |x+ y〉 dy. (B.2)

In practice as the Wigner function is linear in ρ̂, it can be reconstructed from its Fock
state decomposition:

Wρ̂(x, p) =
∑
n,m

cn,mW|n〉〈m|(x, p), (B.3)

with

W|k〉〈l|(x, p) = (−1)l
2πσ2

0

√
l!
k!

(
x− ip
σ0

)k−l
e
−x

2+p2

2σ2
0 Lk−ll

(
x2 + p2

σ2
0

)
, if k ≥ l (B.4)

and considering for k ≤ l that

W|k〉〈l|(x, p) = W|l〉〈k|(x,−p), (B.5)

and Lk−ll a Laguerre polynomial.
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We will now recall some mathematical properties of the Wigner function.

• The Wigner function of a hermitian operator is real over the whole phase space.

• The Wigner function is normalized following:∫∫
R2
W (x, p) dx dp = 1. (B.6)

• The expectation value of an operator Â is given by:

〈Â〉 = 4πσ2
0

∫∫
R2
WÂ(x, p)Wρ̂(x, p) dx dp. (B.7)

• The purity P is given by:

P = Tr(ρ̂2) = 4πσ2
0

∫∫
R2
W 2
ρ̂ (x, p) dx dp ≤ 1. (B.8)

• The fidelity between two pure state ρ̂1 and ρ̂2 is given by:

F(ρ̂1, ρ̂2) = Tr(ρ̂1ρ̂
†
2) = 4πσ2

0

∫∫
R2
Wρ̂1(x, p)Wρ̂2(x, p) dx dp ≤ 1. (B.9)

• The value of the Wigner function at the origin in phase space W (0, 0) depends only
on the diagonal elements of the density matrix:

2πσ2
0Wρ̂(0, 0) =

∑
n

(−1)nρ̂nn. (B.10)

• The Wigner function is lower and upper bounded by:

|W (x, p)| ≤ 1
2πσ2

0
. (B.11)

184



Appendix C

Micro-cavity design and
characterization

A Fabry-Pérot cavity composed of two mirrors of low transmissions T1 and T2 (with
T1 +T2 � 1) and a round-trip cavity length lcav is decribed by two independent quantities:
• The finesse F :

F = 2π
T1 + T2

. (C.1)

• The free spectral range FSR:
FSR = c

lcav
. (C.2)

• The ratio of the two giving the bandwidth γ:

γ = FSR
F

= c(T1 + T2)
2πlcav

. (C.3)

Thus any cavity of given bandwidth and FSR can be engineered by chosing the correct
transmission of mirror and cavity length.

Figure C.1: Micro-cavity design.
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As we have seen in Chapter 2, we target for the spectral filtering an FSR of 330 GHz,
imposing a cavity length of about 400 µm, and a bandwidth of 320 MHz, which, given
the length of the cavity, yields T1 = T2 = 0.3%. To that end we use a micro-cavity design
given in Figure C.1. For an improved mechanical stability the cavity is composed of three
invar modules that are screwed one to the other in a bulk configuration. Such a design
is quite challenging as, once the cavity is closed, it is not possible to adjust the angles of
the mirrors for the alignment. It is thus important to ensure that all the layers assembled
parallel to each other so that the optical axis is reachable from outside the cavity. The
length of the cavity is adusted by inserting 200 µm and 300 µm thick ormolu plate. The
cavity is plano-concave. The curved mirror has a radius of curvature ROC of one meter.

Once the cavity is assembled, it is important to verify that the bandwidth and FSR of
the cavity correspond to the ones that are targeted. These quantities can be measured by
looking at the transmission spectrum of the slightly misaligned cavity while sweeping its
length with a piezo-electric module. Two successive FSRs, labeled I and II are observed
on the same sweep of the cavity. As the cavity is slightly misaligned, several peaks,
corresponding to the modes TEM00, TEM01, etc., will appear. We will call cj0i the position
of the center of the peak of the mode (0, i) in the FSR j (with j ∈ (I, II)), and ωj0i its
width.

From this we can measure the length of the cavity lcav following:

lcav = ROC× (1− cos2(π × rap)), (C.4)

where ROC is the radius of curvature of the curved mirror, and rap is defined by:

rap = cI01 − cI00
cII00 − cI00

= ν0
01 − ν0

00
ν1

00 − ν0
00
, (C.5)

where we recall νqnm the frequency of the mode (n,m) in the FSR q:

νqnm = c

2lcav

[
q +

(1 +m+ n

π

)
cos−1(√g1g2)

]
with gi = 1− lcav/ROCi. (C.6)

The finesse of the cavity is determined similarly following:

F = 1
2

(
cI00
ωI00

+ cII00
ωII00

)
. (C.7)

From these two quantities we can finally estimate the bandwidth of the cavity γ.
If the FSR does not correspond to the one targeted, then it is necessary to reopen the

cavity, adjust the thickness of the ormolu plate and repeat the alignment procedure.

Three of these micro-cavities are now in place on the experiment (one for each SNSPD).
The third micro-cavity has been built during this work.
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Sujet : Protocoles de téléportation quantique reposant sur
l’intrication hybride de la lumière

Résumé : Cette thèse porte sur l’implémentation de protocoles de téléportation quantique impli-
quant conjointement les approches en variables discrètes et en variables continues de l’information
quantique optique. Nous commençons par présenter l’intérêt de ces protocoles dans le cadre des
réseaux quantiques hétérogènes, puis nous introduisons les techniques expérimentales pour la pro-
duction d’états non-Gaussiens tels que des photons uniques, des chats de Schrödinger optiques,
jusqu’à l’intrication hybride de la lumière entre des états quantiques en variables discrètes et
continues. Nous développons un nouvel outil expérimental pour la mise en place d’une mesure
de Bell qui intègre des techniques de comptage de photon et de sélection de quadratures du
champ. Nous combinons ces méthodes en réalisant un protocole de transfert d’intrication entre
deux états intriqués de natures différentes: une intrication à un photon et une intrication hy-
bride de la lumière. Nous décrivons ensuite la mise en place d’une source de photons uniques
annoncés supplémentaire et d’un système de cryogénie pour le fonctionnement de détecteurs de
photon supraconducteurs. Enfin nous employons ces nouvelles ressources dans un protocole de
téléportation quantique hybride permettant la conversion d’information quantique de variables
discrètes à variables continues. Ces travaux ouvrent la voie à l’interconnexion de plateformes de
natures différentes dans les réseaux quantiques hétérogènes.

Mots clés : optique quantique, information quantique hybride, photon unique, chat de
Schrödinger, intrication, téléportation quantique, transfert d’intrication, mesure de Bell

Subject : Quantum teleportation-based protocols with hybrid
entanglement of light

Abstract: This thesis focuses on the implementation of quantum teleportation-based protocols
involving conjointly the discrete- and continuous-variable approaches of optical quantum infor-
mation processing. We first present the interest of these protocols in the framework of hetero-
geneous quantum networks, and we introduce the experimental techniques for the generation of
non-Gaussian quantum states such as single photons, optical Schrödinger cat states, up to hybrid
entanglement between discrete- and continuous-variable quantum states. We develop a novel ex-
perimental tool for the implementation of a Bell-state measurement composed of photon counting
and quadrature selection. By combining these methods, we demonstrate an entanglement swap-
ping protocol between two entangled states of different natures: single-photon entanglement and
hybrid entanglement of light. We describe the installation of an additional heralded single-photon
source and a cryogenic system for the operation of superconducting single-photon detectors. We
finally employ these new resources in a hybrid quantum teleportation protocol which enables
the conversion of quantum information from discrete- to continuous-variables. This work paves
the way towards the interconnection of platforms of different natures in heterogeneous quantum
networks.

Keywords : quantum optics, hybrid quantum information processing, single photon,
Schrödinger’s cat, entanglement, quantum teleportation, entanglement swapping, Bell-state mea-
surement
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