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This thesis reports an advanced monolithic integrated quantum photonic realization on lithium niobate, where nonlinear optics and electro-optics properties have been harnessed simultaneously for generating heralded configurable, two-photon states. Taking advantage of a picosecond pump laser and telecom components, we demonstrated the capability of producing various path-coded heralded twophoton, showing 94% raw visibility for Hong-Ou-Mandel(HOM) interference. The versatility and performance of such a highly integrated photonic entanglement source enable exploring more complex quantum information processing protocols finding application in communication, metrology and processing tasks. To enable on-chip two-photon interference, synchronization of two pump pulses entering the chip is crucial. Inspired by Young's double slits experiment, we synchronized two pulses with a precision of 100 µm by investigating the contrasts of interference fringes when varying the relative delay of the pulses. Using an autocorrelator and spectrometer, we determined the time-bandwidth product of the pump pulse and calculated the optimal filter bandwidth to obtain pure quantum states. In addition, the functionality of generating high quality two-photon path-entangled state was demonstrated by fourfold coincidence measurement relying on a fourchannel superconducting single photon detector (SNSPD) and a programmable time-digital converter. In this thesis, the SNSPDs were calibrated and a logical counting algorithm based on Labview was developed to efficiently and accurately record the fourfold coincidences for N00N and product states.

Résumé

Cette thèse porte sur la réalisation d'un composant pour la communication quantique à base d'optique intégrée sur niobate de lithium. Nous avons exploité simultanément les propriétés optique non linéaire et électro-optique du niobate pour générer les états à deux photons configurables annoncés. En utilisant un laser de pompage picoseconde et des composants issus des technologies des télécommunications, nous avons démontré la capacité à produire divers états à deux photons codés en chemin, montrant 94% de visibilité brute pour l'interférence de type Hong-Ou-Mandel. La polyvalence et les performances d'une telle source d'intrication photonique aussi fortement intégrée permettent d'explorer des protocoles de traitement de l'information quantique plus complexes trouvant des applications dans les tâches de communication, de métrologie quantique. Pour permettre l'interférence à deux photons sur la puce, la synchronisation préalable de deux impulsions à l'entrée de la puce est cruciale. Inspiré par l'expérience des doubles fentes de Young, nous avons synchronisé deux impulsions avec une précision de 100 µm en étudiant le contraste des franges d'interférence lors de la variation du retard relatif des impulsions de pompe. À l'aide d'un autocorrélateur et d'un spectromètre, le produit temps-fréquence des impulsions de la pompe a été caractérisé avec précision, puis nous avons identifié la taille des filtres requis pour obtenir des états purs à 99%. Ensuite, la capacité à générer un état intriué à deux photons de haute qualité a été démontrée par une mesure de coïncidence quadruple reposant sur des détecteurs supraconducteurs de photons uniques (SNSPD) et un convertisseur temps-numérique programmable. Durant cette thèse, les SNSPDs ont été calibrés, puis un algorithme de comptage logique basé sur Labview a été développé. afin d'enregistrer efficacement et précisément les coïncidences quadruples pour les états N00N et états produits.
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Introduction

During the last twenty years, big progress has been made in quantum technologies, moving from measuring and manipulating individual quantum systems into a cross-disciplinary field of applied research [START_REF] Acín | The quantum technologies roadmap: a European community view[END_REF]. The field comprises four branches, such as quantum communication, quantum simulation, quantum computation and quantum sensing/ metrology. Due to the particular fascinating quantum properties, such as coherent superposition and entanglement, quantum technologies outperform classical ones in some aspects. For instance, quantum communication can transfer data in an unconditional secure way; quantum computation can speed up certain calculations, which brings threats to cybersecurity in people's daily life; quantum sensing and metrology can improve the accuracy of measurements of physical parameters. Additionally, quantum simulation can control easy accessible quantum system to reproduce the behavior of more complex ones, serving for quantum computation. Therefore, currently, quantum tech is not reserved only for scientific community, but also for executives and cybersecurity experts. The quantum physical scientists call the period starting from now to future years the second quantum revolution since quantum technologies will have a profound effect on the global economy, allowing to solve complex problems quicker than ever before, as well as crack the classical encryption for protecting personal private information.

Based on the advantages of quantum technologies, many countries and regions including US, UK, European union, China, Japan, etc, have invested over tens of billions dollars to the research and development of quantum technology. There are also many large multinational companies such as Google, IBM, Intel, Microsoft, Toshiba and Alibaba starting to cooperate with relative academic institutes to develop quantum computation. Also, a number of start-up companies have been established for aiming straightly at the quantum market.

Up to date, several significant milestones have been achieved in quantum communication, quantum computation and quantum metrology. Using the launched satellite Micius, J.W. Pan's group achieved 1200 km long distance quantum key distribution [START_REF] Liao | Satellite-to-ground quantum key distribution[END_REF] and 1400 km far quantum teleportation [START_REF] Ren | Ground-to-satellite quantum teleportation[END_REF] in 2017, expanding quantum communication from the fiber based network to a global scale. Recently, they extended the QKD network up to a total distance of 4600 km integrating a large-scale fiber network of more than 700 fiber QKD links and two high-speed satellite-to-ground free-space QKD links [START_REF] Chen | An integrated spaceto-ground quantum communication network over 4,600 kilometres[END_REF]. In 2019, large multinational company Google used a processor with programmable superconducting qubits to create quantum states on 53 qubits to announce the quantum supremacy [START_REF] Arute | Quantum supremacy using a programmable superconducting processor[END_REF]. Soon this claim has been disputed by other contender IBM, which achieved a quantum processor (Hummingbird r2 chip) containing 65 qubits [START_REF] Cho | IBM promises 1000 qubit quantum computer-a milestone by 2023[END_REF]. Very recently, China has achieved a photonic quantum computer, Jiuzhang, whose sampling rate is about 10 14 -fold faster than state-of-the-art classical simulation strategies and supercomputers [START_REF] Zhong | Quantum computational advantage using photons[END_REF]. It is clear that the power of quantum computer is now reaching a stage where useful computations will be performed soon. Unconditional secure communication and super-efficient computation brought by quantum physic can make a real huge difference in our lives. As for quantum metrology, which arises with the development of quantum theory, such as quantum entanglement [START_REF] Afek | High-NOON States by Mixing Quantum and Classical Light[END_REF][START_REF] Israel | Supersensitive Polarization Microscopy Using NOON States of Light[END_REF][START_REF] Ma | Proposal for gravitationalwave detection beyond the standard quantum limit through EPR entanglement[END_REF] and quantum squeezing [START_REF] Aasi | Enhanced sensitivity of the LIGO gravitational wave detector by using squeezed states of light[END_REF][START_REF] Kaiser | A fully guided-wave squeezing experiment for fiber quantum networks[END_REF], can break the standard quantum limit (as known as shot noise mitigating the precision of measurement). One important application is the detection of gravitational radiation. In the past decade, over twenty countries including US, Italy, France, Germany, UK, Japan and etc, took part in the LIGO [START_REF] Aasi | Enhanced sensitivity of the LIGO gravitational wave detector by using squeezed states of light[END_REF], Virgo [START_REF] Acernese | Advanced Virgo: a secondgeneration interferometric gravitational wave detector[END_REF], CEO600 [2] projects which take advantage of optical interferometers devoting to observe gravitational waves. In 2015, through the collaboration between LIGO and Virgo, the scientists, for the first time, detected the gravitational waves and observed the binary black hole merger [START_REF] Abbott | Observation of Gravitational Waves from a Binary Black Hole Merger[END_REF]. In 2016 Europe Space Agency proposed SAGE mission based on atom interferometers and atomic clocks to aim at detecting unexplored frequency ranges of gravitational wave [START_REF] Guglielmo | SAGE: A proposal for a space atomic gravity explorer[END_REF]. From year 2019 to 2020, the advanced Virgo detector, together with two Advanced LIGO detectors, used the squeezed light source to conduct the third scientific observation run O3, realized a sensitivity enhancement of up to 3.2 dB beyond the shot noise limit, and recorded several gravitational-wave candidates [START_REF] Acernese | Increasing the Astrophysical Reach of the Advanced Virgo Detector via the Application of Squeezed Vacuum States of Light[END_REF][START_REF] Mehmet | The Squeezed Light Source for the Advanced Virgo Detector in the Observation Run O3[END_REF].

All these milestones were achieved through quantum physics. One remarkable point is most of the works relied on various optical technologies. Photons are the most popular candidate in quantum physics due to their low decoherence, the inherent possibility of low-loss transmission and the convenience of coding information over different observables. In addition, benefiting from the developments of single-photon emission devices, entanglement generators, single photon detector or photon number revolving detector, and many available mature linear optical components, the quantum information handling with photons as "flying qubits" becomes more practical for communication-based quantum information science tasks.

In this context, studying and developing quantum technologies based on optics are quite meaningful. As the integrated photonic circuits outperform the bulkoptics based ones in many aspects, such as the dimension, optical efficiency and stability, integrated photonic circuits are appealing in quantum information process systems. Nowadays, many functionalities have been achieved on the chip such as phase shifter [START_REF] Midolo | Electro-optic routing of photons from a single quantum dot in photonic integrated circuits[END_REF][START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF], beam splitter [START_REF] Kim | Hybrid Integration of Solid-State Quantum Emitters on a Silicon Photonic Chip[END_REF], filters [START_REF] Elshaari | On-chip single photon filtering and multiplexing in hybrid quantum photonic circuits[END_REF][START_REF] Oser | High-quality photonic entanglement out of a stand-alone silicon chip[END_REF], detectors [START_REF] Kaniber | Integrated superconducting detectors on semiconductors for quantum optics applications[END_REF][START_REF] Reithmaier | On-Chip Generation, Routing, and Detection of Resonance Fluorescence[END_REF], and other devices for light propagation, manipulation and detection at single photon level. This thesis follows this trend to develop quantum photonic circuits which can be potential candidate for next-generation advanced integrated circuits, finding applications in networking quantum computing, quantum sensing and quantum communication.

The thesis is divided into three parts. In the first part, I present some basic knowledge of quantum mechanics, where the entanglement is specially important since it opens up new opportunities in the well-established domains, such as cryptography, computation, metrology, to make these fields enter the new quantum era. In this first chapter, I will also detail one sub-field of quantum information communication, namely quantum key distribution. In the second part, an experimental demonstration of configurable heralded two-photon entanglement generation based on a monolithic lithium niobate is reported. In the third part, namely the annexes, some relative knowledge about accomplishing the experiment reported in the second part are revealed, including the details of design and fabrication of the LiNbO 3 sample, the method of recording four-fold coincidence, as well as the HOM dip fitting. Quantum information science or quantum information processing is an interdisciplinary field, including physics, information theory, computer science, mathematics, chemistry and etc. The development of this filed benefits from the miraculous property of quantum mechanics, such as the superposition of quantum states. This typical quantum nature leads directly a tool commonly known as entanglement. Relying on it, many schemes have been proposed for providing unconditional secure communications between two parties [START_REF] Bennett | Quantum cryptography: Public key distribution and coin tossing[END_REF], realizing polynomial-time computation for classical intractable problems [START_REF] Shor | Algorithms for quantum computation: discrete logarithms and factoring[END_REF], and beating the standard quantum limit in precision metrology [START_REF] Giovannetti | Quantum-Enhanced Measurements: Beating the Standard Quantum Limit[END_REF].

In this chapter, I start from the classical information, make a brief introduction about classical cryptography, then explain some basic quantum mechanics knowledge which are significant for going into quantum technologies. Single photon sources and entanglement sources will be reported since they play an important role in each branch of quantum information processing. At the end, one sub-domain of quantum processing such as quantum communication is introduced since we also make efforts to realize intercity quantum key distribution (QKD at Université Côte d'Azur project).

Basic knowledge of quantum information science 1.Bit & Classical cryptography

Bit: binary digital, is a basic unit of information in information theory.

A bit is usually read as either 0 or 1, which can represent physically a state in a system containing two possible distinct states, e.g. low or high voltage level in a electric circuit, zero or billions of photons in a light pulse, etc.

Cryptography starts early in centuries BC. Nowadays, it plays a crucial role in our daily life, e.g. emails, online purchases, video chats. For these areas, the security of distant communications is highly required. In order to avoid the access of a potential eavesdropper, enormous efforts have been made on information encryption and decryption schemes.

The general strategy of information encryption is to use an algorithm transforming original message to an unreadable one, a key might be combined with the algorithm. By sharing the key and/or algorithm in a classical channel, i.e., BNC, fiber or free space and etc, with communication partner, the authorized recipient could decrypt the unreadable message towards the original one. Cryptography can be divided into two main branches: private-(symmetric-) key cryptography and public-(asymmetric-) key cryptography. In practice, due to the hardness of distributing secret keys in private-key cryptography, the public one is widely employed in crypto-systems, such as RSA [START_REF] Rivest | A Method for Obtaining Digital Signatures and Public-Key Cryptosystems[END_REF], this kind encryption is currently used in the bank and over the internet.

RSA algorithm

Assuming Alice and Bob are two communication partners, and Alice wants to send a message M to Bob using RSA algorithm. The principle of RSA encryption is as follows:

1. Bob chooses two large primes p and q, with p = q.

2. Bob calculates n = p × q.

3. Bob calculates φ(n) = (p -1)(q -1).

4. Bob selects an integer e, satisfying 1 < e < φ(n). In addition, the greatest common divisor of e and φ(n) is equal to 1. In RSA algorithm, the ciphertext C, as well as n and public key e are transmitted in public channel, which have the risk of being intercepted. To decrypt the ciphertext, the private key d is needed, which implies φ(n) should be known. The key to crack RSA encryption drops on factoring n into two primes p and q. If the eavesdropper only relies on classical algorithm, the factoring becomes exponentially time consuming as n grows larger. Hence, the security of this encryption scheme can be guaranteed when the mathematical problem such as factorizing n is presumed intractable. However, with the development of efficient factorization algorithm and super computer, this encryption scheme is always under the threat of being cracked. Actually, one famous quantum computing algorithm has been invented in 1994 by Peter Shor, which is called Shor's algorithm [START_REF] Shor | Algorithms for quantum computation: discrete logarithms and factoring[END_REF], can factor an integer number N in O((log N ) 3 )2 polynomial time and O(log N ) space. This algorithm is exponentially faster than the most efficient known classical factoring algorithm. Unfortunately, the current quantum computers are not powerful enough to support this algorithm for performing large number factorization.

One-time pad method

One-time pad is one encryption scheme is proposed by Vernam in 1917 [START_REF] Vernam | Cipher printing telegraph systems: For secret wire and radio telegraphic communications[END_REF], it is a typical private-key cryptography based on secret sharing key between two parties. The original message is encrypted by random key which has same length as original message and the key is used only once. As shown in Table 1.1, two communicated partners use XOR operation to encrypt and decrypt the message. In 1949, Shannon mathematically proved its security being immune to infinite original message key encrypted message decrypted message

m k m ⊕ k (m ⊕ k) ⊕ k 0 1 1 0 1 0 1 1 1 1 0 1 0 0 0 0 Table 1.1.
: One-time pad encryption using XOR operation.

computational power [START_REF] Shannon | Communication Theory of Secrecy Systems*[END_REF]. Despite this, one-time pad is not widely used since in practice, the randomness of key and the absolutely secret key sharing between two communicated parties are impossible to be guaranteed under classical information technology.

Quantum physics offers a solution to the aforementioned two difficulties for one-time pad method. Taking advantage of the superposition nature of quantum mechanics, the true randomness can be created. In addition, quantum cryptography can realize unconditional secure communication.

Qubit

Qubit: quantum bit, the basic unit of quantum information. The information is described by a state vector in two-level quantum mechanical system which is equivalent to a two-dimensional Hilbert space. A qubit is somehow similar to a bit since it can represent either 0 or 1, but there is a fundamental difference, namely a qubit can also represent the superposition of both values. For instance, a qubit can be written as:

|Ψ = α|0 + β|1 (1.1)
where α, β represents the probability amplitude associated with the state |0 , |1 respectively, and these two factors satisfy |α| 2 + |β| 2 = 1(α, β ∈ C) due to probability normalization. A qubit can be described by a state vector in a two-dimensional Hilbert space, i.e.

|0 = 1 0 , |1 = 0 1 , |Ψ = α β .
Equation 1.1 can be written as:

|Ψ = cos θ 2 |0 + e -iϕ sin θ 2 |1 (1.2)
where θ ∈ [0, π], ϕ ∈ [0, 2π]. As shown in Figure 1.1b, the quantum state of a qubit can be represented as an arbitrary point P on the Bloch sphere. Let us compare the representations of bit and qubit in Figure 1.1. The bit can have one of two states: 0 or 1. However, a qubit can have many more possible states being represented by an arrow pointing to a location on sphere. The north pole is equivalent to 1, the south pole to 0. The other locations are quantum superposition of 0 and 1. Therefore, a qubit is infinitely richer in structure than a classical bit. Taking advantage of the richness property of qubit, some new ranges of operation which are impossible exploiting classical bits can be realized.

Measuring a qubit

To get information from a quantum state, one must perform measurement on the state, and the measured result depends on the chosen measuring operator. One axiom about the measurement is detailed as the following:

One 

p(0) = Ψ| M0 |Ψ = cos 2 θ 2 (1.6)
After the measurement, the state of system becomes

|Ψ 0 = M0 |Ψ | cos θ 2 | = cos θ 2 | cos θ 2 | |0 (1.7) 
Note that the modulus of

cos θ 2 | cos θ 2 |
is 1, the sign can be negligible, so the state is |0 . Similarly, the probability of getting outcome 1 is

p(1) = Ψ| M1 |Ψ = sin 2 θ 2 (1.8)
and the state after measurement is

|Ψ 1 = M1 |Ψ | sin θ 2 | = |1 (1.9)
The equations 1.7 and 1.9 suggest the initial quantum state will be modified after the measurements, one cannot get any different (or additional) information by repeatedly measuring the same quantum state. In other words, the information of initial state is irreversibly lost. Look back at Figure 1.1b, the two groups of measurements actually project the quantum state |Ψ onto one pair of orthonormal states |0 , |1 respectively locating at north and south pole of the sphere. These projection measurements can only give the amplitude information of state |Ψ . To obtain information about the phase φ, a different set of measuring operators needs to be chosen. Still focus on the Bloch sphere, the projections of initial state onto the x axis and y axis give respectively the probability p x (0), p y (0). Therefore, the information of φ would be obtained by tan φ = p y (0) p x (0) (1.10)

From the above analysis, it is obviously that if one expects to obtain full information about an unknown qubit, the qubit should be repeatedly prepared, then measured projecting onto different measuring operators. This measuring procedure is generally called quantum state tomography.

Non-cloning theorem

In previous subsection, we conclude that by repeatedly preparing the qubit and measuring with different operators, one can reveal full information of the qubit. The problem is for a general quantum state, can it be reproduced?

Let us first assume the qubit can be reproduced, which is also described as "clone". One cloning machine (see Figure 1.2) is on hand to clone a quantum state. |ψ at input side is the state to be cloned. Note that |ψ is an unknown state, but defined in the computation basis |0 , |1 . |ψ 0 is an empty state, at output of machine, except the original state |ψ , a cloned state exists as well. Supposing Û to be a perfect cloning operator, then

Û |0 ⊗ |ψ 0 = |0 ⊗ |0 (1.11) Û |1 ⊗ |ψ 0 = |1 ⊗ |1
(1.12) When the input state is a coherent superposition state:

|ψ = α|0 + e iφ β|1 (1.13)
Combining with 1.11 and 1.12:

Û |ψ |ψ 0 = α|0 |0 + e iφ β|1 |1 (1.14)
If cloning machine works, one can have:

Û |ψ |ψ 0 = |ψ |ψ = (α|0 + e iφ β|1 )(α|0 + e iφ β|1 ) = α 2 |0 |0 + e i2φ β 2 |1 |1 + αβe iφ (|0 |1 + |1 |0 ) (1.15)
which evidently violates 1.14, so the assumed operator U does not exist, which means the unknown quantum state cannot be cloned. This conclusion corresponds also to the fact explained in last subsection that when one qubit is measured, the outcome is fixed, and the information of initial qubit cannot be recovered.

Entangled qubits

The difference between one bit and one qubit has been discussed, we find a qubit is much richer than classical bit in representation of state. Here we consider two qubits a and b. Being similar to one bit and one qubit case, there are 4 combinations of two classical bits:

|0 a |0 b , |1 a |0 b , |0 a |1 b , |1 a |1 b .
However, the state of two-qubit system can be the superposition of four combinations above:

|Ψ = α 00 |0 a |0 b + α 10 |1 a |0 b + α 01 |0 a |1 b + α 11 |1 a |1 b (1.16)
where α 00 , α 

|Ψ = 1 2 |0 a |0 b + 1 2 |1 a |0 b + 1 2 |0 a |1 b + 1 2 |1 a |1 b = 1 √ 2 (|0 a + |1 a ) ⊗ 1 √ 2 (|0 b + |1 b ) = |ψ a ⊗ |ψ b (1.17)
We notice that not all two-qubit system can be written into the product of two subsystems. For instance, the commonly known Bell states

|Φ + a,b = 1 √ 2 (|0 a |0 b ) + |1 a |1 b ) (1.18a) |Φ - a,b = 1 √ 2 (|0 a |0 b ) -|1 a |1 b ) (1.18b) |Ψ + a,b = 1 √ 2 (|0 a |1 b ) + |1 a |0 b ) (1.18c) |Ψ - a,b = 1 √ 2 (|0 a |1 b ) -|1 a |0 b ) (1.18d)
Since these states cannot be factorized, qubit a and b have to be considered as a single quantum system, and we call the inseparable qubit a and b entangled qubits.

Additionally, take 1.18a as an example, the state |Φ + a,b shows an equal probability of 1/2 to have either |0 a |0 b or |1 a |1 b , so there is no way to tell if qubit a has value "0" or "1" and likewise for qubit b. While if one qubit is measured to be "0" ("1"), the state of quantum system reduces to |0 a |0 b (|1 a |1 b ). Consequently, qubit a always has the same value as b.

The Bell-CHSH inequalities

When two qubits are entangled, imagine that the two qubits are far apart, the knowledge of one qubit's state then determines instantaneously the knowledge of the other, which suggests the speed of information propagation on two qubits is infinite, faster than light. This then gave birth to the famous EPR paradox [START_REF] Einstein | Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?[END_REF] in the 1930s, since Einstein, Podolsky and Rosen argued that the fact violates the theory of relativity. For explaining the mystery, they proposed that there should be some local hidden variables predicting the state of another qubit when performing the measurement on one qubit. Nevertheless, this contradicted the view of Bohr and Heisenberg. They thought a qubit will never ever have a definite state until the measurement takes place. Luckily, later in the 1960s, Bell, Clauser, Horne, Shimony and Holt (Bell-CHSH) proposed inequalities, namely 1.19, to demonstrate that Einstein's local hidden variable theories are incompatible with quantum physics, and quantum mechanics exhibits the non-locality feature. 

, α ⊥ 0 , α 1 , α ⊥ 1 } and {β 0 , β ⊥ 0 , β 1 , β ⊥ 1 }.
The idea of Bell's theorem is to perform measurements on a Bell state by randomly choosing two groups of measurement settings as shown in Figure 1.3. Based on the "local hidden variable theories", a relation about Bell parameter S can be obtained

S = |E(α 0 , β 0 ) + E(α 1 , β 0 ) + E(α 1 , β 1 ) -E(α 0 , β 1 )| ≤ 2 (1.19)
where {α i , β j } are one pair of measurement settings with ij ∈ {00, 01, 10, 11}, and E(α, β) is the correlation function, being defined to be the expectation value of outcomes when choosing the corresponding measurement settings, which can be calculated by the following formula:

E(α, β) = C(α, β) + C(α ⊥ , β ⊥ ) -C(α, β ⊥ ) -C(α ⊥ , β) C(α, β) + C(α ⊥ , β ⊥ ) + C(α, β ⊥ ) + C(α ⊥ , β) (1.20)
where C(i, j) represents the number of coincidences with successfully detected outcome {i, j} ∈ {αβ, α ⊥ β ⊥ , αβ ⊥ , α ⊥ β} for a particular setting (α, β). However, the experimental Bell state measurement gives a result against the inequality 1.19:

S > 2 (1.21)
the non-locality of quantum mechanics is proved to be right. Note that the Bell inequality parameter S can be up to 2 √ 2, which is the upper bound for quantum mechanics, when the experiment is ideally performed. The best early known experiments demonstrating the Bell-CHSH inequality violation were performed by Alain Aspect in 1980s [START_REF] Aspect | Experimental Test of Bell's Inequalities Using Time-Varying Analyzers[END_REF][START_REF] Aspect | Experimental Tests of Realistic Local Theories via Bell's Theorem[END_REF][START_REF] Aspect | Experimental Realization of Einstein-Podolsky-Rosen-Bohm Gedankenexperiment: A New Violation of Bell's Inequalities[END_REF]. Latter, a lot of Bell test experiments have been conducted. However, all the tests got different loopholes on either the detection, or the locality, or the memory, etc. Until 2015, three significant loophole-free Bell tests [START_REF] Giustina | Significant-Loophole-Free Test of Bell's Theorem with Entangled Photons[END_REF][START_REF] Hensen | Loophole-free Bell inequality violation using electron spins separated by 1.3 kilometres[END_REF][START_REF] Lynden | Strong Loophole-Free Test of Local Realism[END_REF] 

Single photon source

Single photon source [START_REF] Lounis | Single-photon sources[END_REF][START_REF] Senellart | High-performance semiconductor quantum-dot single-photon sources[END_REF] is a ubiquitous tool for quantum information processing such as in quantum key distribution (QKD) [START_REF] Bennett | Quantum cryptography using any two nonorthogonal states[END_REF], more than one photon delivered over the channel at a time allows an eavesdropper to take one photon without being noticed. Performing measurement on the grasped photons will result in information leakage [START_REF] Inamori | Unconditional security of practical quantum key distribution[END_REF]. Single photon source is also highly demanded in linear optical quantum computing [START_REF] Knill | A scheme for efficient quantum computation with linear optics[END_REF][START_REF] O'brien | Optical Quantum Computing[END_REF], boson sampling [START_REF] Wang | Boson Sampling with 20 Input Photons and a 60-Mode Interferometer in a 10 14 -Dimensional Hilbert Space[END_REF], quantum metrology [START_REF] Steinlechner | Quantumdense metrology[END_REF], these implementations involve two-photon interference effect, where a complete wave-packet overlap of single photons at the beam splitter is required. In addition, single photon source can be used for generating random number [START_REF] Jennewein | Quantum Cryptography with Entangled Photons[END_REF], which is a key ingredient at many levels of information processing as well.

Single-emitter source

A true single photon source emits individual photons at periodic intervals, the probability of multi-photon emission is zero and the subsequent emitted photons are indistinguishable allowing the interference between quantum systems.

To realize single photons operation, a solitary quantum emitters, such as single neutral atoms [START_REF] Bochmann | Fast Excitation and Photon Emission of a Single-Atom-Cavity System[END_REF][START_REF] Hennrich | Photon statistics of a non-stationary periodically driven single-photon source[END_REF][START_REF] Higginbottom | Pure single photons from a trapped atom source[END_REF][START_REF] Mücke | Generation of single photons from an atom-cavity system[END_REF][START_REF] Ripka | A room-temperature single-photon source based on strongly interacting Rydberg atoms[END_REF], ions [START_REF] H G Barros | Deterministic single-photon source from a single ion[END_REF][START_REF] Keller | Continuous generation of single photons with controlled waveform in an ion-trap cavity system[END_REF][START_REF] Maurer | A single-photon source based on a single Ca + ion[END_REF][START_REF] Sosnova | Trapped Ion Single-Photon Emitter for Quantum Networking[END_REF], molecules [START_REF] Lombardi | A Molecule-Based Single-Photon Source Applied in Quantum Radiometry[END_REF][START_REF] Moerner | Single-photon sources based on single molecules in solids[END_REF][START_REF] Zhang | Electrically driven singlephoton emission from an isolated single molecule[END_REF], quantum dot [START_REF] Dusanowski | Near-Unity Indistinguishability Single Photon Source for Large-Scale Integrated Quantum Optics[END_REF][START_REF] Reithmaier | On-Chip Generation, Routing, and Detection of Resonance Fluorescence[END_REF][START_REF] Somaschi | Near-optimal single-photon sources in the solid state[END_REF][START_REF] Sun | Single photon source based on an InGaN quantum dot in a site-controlled optical horn structure[END_REF][START_REF] Tamariz | Toward Bright and Pure Single Photon Emitters at 300 K Based on GaN Quantum Dots on Silicon[END_REF] or nitrogen-vacancy center [START_REF] Brouri | Photon antibunching in the fluorescence of individual color centers in diamond[END_REF][START_REF] Kurtsiefer | Stable Solid-State Source of Single Photons[END_REF][START_REF] Rodiek | Experimental realization of an absolute single-photon source based on a single nitrogen vacancy center in a nanodiamond[END_REF][START_REF] Philip | Integration of Diamond-Based Quantum Emitters with Nanophotonic Circuits[END_REF] are required. Deterministic emission is triggered by a periodic electronic or optical excitation on the source. An ideal source will exhibit highly efficient polarized emission into a well-defined spatial optical mode [START_REF] Aharonovich | Solid-state single-photon emitters[END_REF].

The principles of operation on different single emitters are similar. Using some external controls to excite a quantum system into an excited state, one obtains single photon emission due to the relaxation to a lower-energy state. However, one disadvantage of this method is that the single photons are hard to collect since the emission occurs in all directions. In order to improve the collection efficiency, the emitters are coupled to optical cavities, by means of cavity quantum electrodynamics (CQED) [START_REF] Kim | Hybrid Integration of Solid-State Quantum Emitters on a Silicon Photonic Chip[END_REF][START_REF] Walther | Cavity quantum electrodynamics[END_REF], not only the directionality of emitted photons is enhanced, the emission rate of single photons is prominently improved as well.

Probabilistic emitters

Another category of single photon sources is those consisting of probabilistic emitters, such as bulk medium with specified optical nonlinearity. As shown in Figure 1.4, a pump laser illuminates the medium, correlated pairs of photon are probably generated, where the detection of one (signal) photon of the pair heralds the existence of the other (idler) photon [START_REF] Lutfi | Ultra-fast heralded single photon source based on telecom technology[END_REF][START_REF] Tanzilli | Highly efficient photon-pair source using periodically poled lithium niobate waveguide[END_REF]. The signal and idler photons are respectively called heralding and heralded photon, and the emitting source is well-known as heralded single photon source. Although this typical source is not on-demand since the pair creation is a probabilistic process, the heralded single-photon source is widely used in quantum information processing due to its easy availability. In some applications, it will have one problem that photon pair statistics results in additional unheralded photons being sometimes emitted from the source. By exploiting a shutter (optical switch) on the idler channel, which will open only when triggered by a signal photon detection, the issue can be ameliorated [START_REF] Alibart | High-performance guidedwave asynchronous heralded single-photon source[END_REF][START_REF] Brida | Experimental realization of a low-noise heralded single-photon source[END_REF] but not suppressed. version process. The pump photons are removed using a specified filter at output, the detection of signal photon plays a role as a trigger to turn on the shutter, then the idler photon can pass through.

Since the distribution of pair generation satisfies poissonian statistics, multiple events can happen at one time. To avoid this, the heralded source should be held to average pair production levels much lower than one.

To make the average pair production level clear, here I conduct some calculations. Assuming that a train of pulses used as a pump for generating correlated photon pairs, the mean number of generated pairs per pulse is n. Since the emission of created photon pairs satisfies poissonian distribution, the probability P (n, n) corresponding to n pairs of photon originating from one pulse can be written as

P (n, n) = nn • e -n n! (1.22)
Consider the cases when one pair and two pairs of photon are generated from one pulse, the probability for each case is

P (1, n) = n • e -n (1.23) P (2, n) = n2 • e -n 2 (1.24)
Based on Equations 1.23 and 1.24, it is easy to have

P (2, n) = P 2 (1, n) 2e -n (1.25)
from where, it is obvious that when the mean probability of photon pair generation is much smaller than one, the Equations 1.23 and 1.25 become

P (1, n) ≈ n (1.26) P (2, n) ≈ P 2 (1, n) 2 ≈ n2 2 (1.27)
In practical photon pair generation process, to suppress the probability of generating multipairs as much as possible, the n is chosen to be smaller than 0.1, which gives P (2, n) one order of magnitude lower than P (1, n), then the P (2, n) can be negligible. Spontaneous parametric down conversion (SPDC) is one of the most commonly used method to generate photon pairs. Taking advantage of the χ 2 non-linear optical property of material, e.g. potassium dideuterium phosphate (KTP), beta barium borate (BBO) and lithium niobate (LiNbO 3 ), one pump photon is converted into two photons, known as the signal and idler, under the constraints of momentum and energy conservation (see Figure 1.4). These two constraints are generally referred to as phase-matching. Despite that the phase-matching constraint ensures a good directionality of single-photon emission, it is hard to fulfill due to the existence of inherent dispersion of material. In order to achieve phase-matching condition, one typical technique such as periodic poling [START_REF] Alibart | High-performance guidedwave asynchronous heralded single-photon source[END_REF][START_REF] Tanzilli | PPLN waveguide for quantum communication[END_REF] is exploited, which can realize constructive interference between the electromagnetic fields of two down-converted photons and pump field allowing useful down-conversion efficiency. Additionally, the down-converted photon pairs can be correlated in different observables, including polarization, time, energy and angular momentum. These correlations can be used directly in other quantum applications, such as the entanglement based QKD [START_REF] Ursin | Entanglementbased quantum communication over 144 km[END_REF].

Another multiple-emitter, using four-wave mixing (FWM), which relies on the χ (3) nonlinearity of centro-symmetric materials such as silicon, is also commonly used for generating single photons. In FWM process, two pump photons are annihilated to create two correlated photons as shown in Figure 1.5. Compared with SPDC process, FWM is much weaker, thus a optical fiber with long interaction length [START_REF] Fan | Generation of correlated photon pairs in a microstructure fiber[END_REF][START_REF] Sharping | Observation of twin-beam-type quantum correlation in optical fiber[END_REF], or silicon micro-ring [START_REF] Mazeas | High-quality photonic entanglement for wavelength-multiplexed quantum communication based on a silicon chip[END_REF][START_REF] Paesani | Near-ideal spontaneous photon sources in silicon quantum photonics[END_REF][START_REF] Silverstone | On-chip quantum interference between silicon photon-pair sources[END_REF] are used for producing heralded single photons. One drawback coming with FWM is that Raman scattering induces background noise [START_REF] Fan | Phase-sensitive four-wave mixing and Raman suppression in a microstructure fiber with dual laser pumps[END_REF] to single-photon source due to the high pump power and the similar pump wavelength to generated wavelengths. The Raman noise needs to be suppressed or avoided when using the single-photon source based on FWM. 

Single photons as qubits

Qubits play the role in quantum information as bits in classical information, acting as a convenient basic unit of storing or transporting information. A reasonable choice of carrier makes it meaningful to talk about the system being comprised by many qubits. So far, different kinds of carriers, such as nuclear magnetic resonance (NMR) [START_REF] Cory | Ensemble quantum computing by NMR spectroscopy[END_REF], trapped ion [START_REF] Schindler | A quantum information processor with trapped ions[END_REF], Josephson junction [START_REF] Makhlin | Josephson-junction qubits with controlled couplings[END_REF], nitrogen vacancies (NV centers) [START_REF] Childress | Diamond NV centers for quantum computing and quantum networks[END_REF] and many others are used in quantum information processing or storage, the information is coded on different observable of carriers, e.g., the spin of electron or nucleus, the energy levels or variation modes. The carrier and observable are chosen depending on which quantum information task to perform. Compared with other carriers, photonic qubits are virtually the universal choice for quantum communication tasks due to the special properties of photon, i.e., the weak decoherence, the rich observables for coding information. Moreover, the availability of many efficient and robust optical components makes photon-routing and manipulation more easily. In the following part, a few common choices for appropriate observables about photonic qubits will be presented.

Polarization observable

Two conjugate basis of polarised photon are normally defined as horizontal |H and vertical |V polarisation. It is possible to represent them by a state vector in a two-dimensional Hilbert space:

|H = 1 0 , |V = 0 1 (1.28)
Likewise, the linear polarization along +45 Each polarization basis can be mapped on Bloch sphere as shown in Figure 1.6. The way to encode information on polarization is to rotate the photonic qubit creating an arbitrary vector state, i.e. |Ψ = cos θ 2 |H + e iφ sin θ 2 |V . In practical scenarios, birefringent crystals, such as half-wave plate, quarter-wave plate, are used to realize the polarization rotation. The idea of these plates is to produce a retradation of π or π 2 for the photons whose amplitudes polarized parallelly to their principal axis since the traveling speed of those photons is slower than photons polarized along their perpendicular crystal axes. Therefore, by means of a combination of rotatable quarter-wave, half-wave and quarter-wave plates, one can transform any pure polarization into any other pure polarization.

|D = 1 √ 2 1 1 = 1 √ 2 (|H + |V ) (1.29) |A = 1 √ 2 1 -1 = 1 √ 2 (|H -|V ) (1.30) |L = 1 √ 2 1 i = 1 √ 2 (|H + i|V ) (1.31) |R = 1 √ 2 
1 -i = 1 √ 2 (|H -i|V ) (1.32)
The polarization measurement is also an indispensable part of photonic qubit manipulation. The way to measure photonic polarization is presented in Figure 1.7. Using a polarizing beam splitter, the polarization modes are transformed into spatial modes. By observing the reaction of detectors, one can tell which polarization the photon carried.

From the above discussion, we notice that polarization qubits are easy to generate and analyse using simple optical components. However, during long distance propagation in fiber, the polarization will rotate with an unpredictable way, we need to track and compensate in real time [START_REF] Peng | Experimental Long-Distance Decoy-State Quantum Key Distribution Based on Polarization Encoding[END_REF][START_REF] Valivarthi | Quantum teleportation across a metropolitan fibre network[END_REF]. 

Spatial-mode observable

The spatial-mode observable describes the location of one photon. In order to establish transformations on spatial mode, a beam splitter, which is a very basic optical component with two input ports a, b and two output ports c, d as shown in Figure 1.8. As with polarization observable, supposing that a photon incidents beam splitter (BS) from port a. The initial state is written as a vector state:

|Ψ i = 1 0 (1.33)
To conveniently describe the action of BS, assuming the beam splitter is lossless and symmetric (reflection and transmission are equal). The unitary operation of symmetric BS is then written as

ÛBS = 1 √ 2 
1 i i 1 (1.34)
After passing through BS, the initial state evolves into a new state |Ψ f at output: In practical implementation, the spatial modes can exist in an alternative case by exploiting a phase shifter and an extra BS as shown in Figure 1.9, which actually is an Mach-Zehnder interferometer (MZI). The prepared spatial mode then becomes

|Ψ f = ÛBS |Ψ i = 1 √ 2 1 i (1.35)
|Ψ f = ÛBS ÛPS |Ψ f = 1 2 cos φ -1 + i sin φ -sin φ + i(1 + cos φ) (1.36)
where ÛPS = e iφ 0 0 1 is the unitary operator of phase shifter. Assume the mode e and f are respectively presented by vector state 1 0 , 0 1 , the probability of having them can be calculated

P e = 1 4 (cos φ -1) 2 + sin 2 φ = sin 2 φ 2 (1.37) P f = 1 4 (cos φ + 1) 2 + sin 2 φ = cos 2 φ 2 (1.38)
By tuning the phase φ, one can realize different spatial modes. Note that the MZI setup can be also regarded as the spatial mode analyser.

Time-bin observable

Another common observable used for encoding qubits is time-bin [START_REF] Nurul | Provably secure and high-rate quantum key distribution with time-bin qudits[END_REF][START_REF] Li | Complete hyperentangled Bell state analysis for polarization and time-bin hyperentanglement[END_REF]. The state of a photon is distinguished by time of arrival, which is described as "time-bin". Different time-bins are labeled as "early" and "late" or "short" and "long". The simplest implementation for creating an arbitrary qubit state as the superposition of two time bins is presented in Figure 1.10, which is an unbalanced Mach-Zehnder interferometer (UMZI). Assuming both BS are symmetric, one photon enters from port a, after passing through the interferometer, at port b, the state of photon reads

|Ψ = 1 √ 2 (|s + e iφ 1 |l ) (1.39)
describing the photon has an equal superposition of arriving "early" |s , and "late" |l . To analyse the generated time-bin state, another identical AMZI (see Figure 1.11) is exploited. At the output of interferometer, namely the ports c or d, the photon appears in one among three time bins (see the inset in Figure 1.11). The first bin corresponds to a photon that takes the path of short-short combination, the third one has an equal probability as the first one, corresponding to the long-long path combination. Nevertheless, the middle one consists of two contributions, namely the short-long and long-short paths, and one cannot distinguish which path the photon takes. Therefore, the middle time bin represents a superposition of two time bins. Tuning the phase φ 2 can analyse the generated state.

Consider that using this analysis scheme, only half of the qubits are projected onto the superposition basis. In order to overcome the waste of another half qubits, one can exploit active switches instead of passive interferometer. For instance, replacing two beam splitters by polarising beam splitters [START_REF] Strekalov | Postselection-free energy-time entanglement[END_REF], which leads the early arriving photon to long arm, and the late arriving photon to short arm, then the photon arrive simultaneously at output of interferometer. Consequently, the photon is always in a superposition of the two time bins.

Time-bin observable can be distributed over long distance in fiber network since there is no need to care about the polarization of photon. However, the UMZI is very sensitive to external perturbations, some extra works are required for assuring a good stability on the phase.

Quantum key distribution

Quantum key distribution (QKD) [START_REF] Bennett | Quantum cryptography: Public key distribution and coin tossing[END_REF][START_REF] Ekert | Quantum cryptography based on Bell's theorem[END_REF][START_REF] Lo | Secure quantum key distribution[END_REF] is the fastest developed and applicable quantum information technology. It allows two users, commonly named Alice and Bob, to produce a shared secret random bit string, which can be used as a key to encrypt message. Unlike traditional cryptography, whose security depends on the complexity of computation, QKD promises unconditional security based on the fundamental laws of quantum mechanism [START_REF] Lo | Unconditional security of quantum key distribution over arbitrarily long distances[END_REF][START_REF] Mayers | Unconditional security in quantum cryptography[END_REF][START_REF] Peter | Simple proof of security of the BB84 quantum key distribution protocol[END_REF], i.e., Heisenberg uncertainty, non-cloning of quantum state. Any third party, commonly called Eve, trying to eavesdrop on the key will induce detectable anomalies being noticed by Alice and Bob. If the key leakage level is below a certain threshold, the produced key can be deemed safe, otherwise, the produced key is unsafe, Alice and Bob abort the communication.

QKD only includes the processes of key generation and distribution. To transmit the message data, the key need to be used with any chosen encryption algorithm to encrypt or decrypt the message, then the encrypted message is transmitted over a classical channel. One-time pad is one algorithm commonly used since it has been proven to be safe when used with a random and secret key [START_REF] Shor | Algorithms for quantum computation: discrete logarithms and factoring[END_REF].

To date, there are many different protocols for QKD, all of them can be divided into two main categories: prepare-and-measure protocol, entanglement-based protocol. In the following, several typical ones will be explained in detail.

Prepare-and-measure protocols

The first, as well as the most well-know prepare-and-measure QKD protocol was proposed by Bennett and Brassard in 1984, thus the protocol is called BB84 [START_REF] Bennett | Quantum cryptography: Public key distribution and coin tossing[END_REF]. BB84 was originally described using photon polarization states to transmit information as depicted in Figure 1.12. 1. Alice randomly chooses a bit string (bit sequence).

Alice randomly chooses one of four polarization states, namely vertical, horizontal, 45

• and -45 • polarizations, to represent the bit. The rectangular and diagonal basis are respectively denoted as Z and X basis.

3. Alice prepares the photons based on the randomly chosen basis and bit sequence. For example, in Figure 1.12, horizontal and -45 • polarizations represent bit "0", and vertical and 45 • polarizations represent bit "1". Then Alice sends the prepared photon sequence to Bob through a quantum channel, whose security is not guaranteed.

4. Bob randomly chooses bases sequence for measuring each qubit, and transmits the result into bit.

5. Through a classical channel, Alice and Bob compare the basis and only keep the measurement results for which they use the same basis. This step is commonly called basis reconciliation. If both of them randomly choose basis, they will discard half of detection results, leaving the other half as sifted keys.

6. To check if an eavesdropper exists, Alice and Bob randomly choose a part of the key to compare through the public channel. In the case when the quantum bit error rate (QBER) is below the threshold, they continue the next step; if not, the eavesdropper is proven to exist, they abort the key and try again.

7. Alice and Bob implement error correction and privacy amplification to extract the final secure key.

Note that the security check of QKD protocol is based on the probabilistic and statistics theory. In the procedure of implementing BB84 protocol, Alice and Bob need to randomly choose the measurement results to analyser the QBER. Although this sampling does not account for a large proportion of the total measurement results, it requires a lot of data. Moreover, the security of BB84 protocol is guaranteed using ideal single-photon source. In practice, one replaces the single-photon source by weak coherent pulses since ideal single-photon source is impractical to implement. When two or more photons exist in one pulse, Eve can split one photon off and store it, while the other photon is transmitted to legitimate party without any effect on the quantum state. Eve can then monitor the public announcements of bases between Alice and Bob, and perform measurements of the held photons using the correct basis, thereby eavesdropping the information without detection. This information leakage is due to photon-number-splitting (PNS) attack [START_REF] Brassard | Limitations on Practical Quantum Cryptography[END_REF][START_REF] Lütkenhaus | Security against individual attacks for realistic quantum key distribution[END_REF].

In addition, the bit sequence and photon sequence at Alice's side, as well as bases sequence at Bob's side should be in true random fashion to guarantee the communication security. Still in practice, the absolute randomness is hard to verify, hence the loophole of secure QKD may exist.

Entanglement-based protocols

In subsection 1.3.1, we have analysed that two main aspects, i.e., weak coherent pulse source and non-randomness generator, probably lead to insecure QKD using BB84 protocol. The entanglement-based protocols can efficiently overcome these two problems since the richness of degrees for multi-entangled pairs will suppress the effectiveness of a PNS attack [START_REF] Brassard | Limitations on Practical Quantum Cryptography[END_REF]. In addition, the entanglement generation does not rely on a random number generator [START_REF] Brassard | Limitations on Practical Quantum Cryptography[END_REF][START_REF] Ursin | Entanglementbased quantum communication over 144 km[END_REF].

As the entangled state cannot be factorized into two individual states, this correlation between them implies that performing the measurement on one qubit must will affect the state of another. Imagine that an entangled pair of particles are distributed to two parties, Alice and Bob. Any third party (Eve) intercepting either object will alter the overall system. Alice and Bob can therefore notice the presence of Eve, as well as acknowledge the amount of leaked information.

The first typical entangled-based protocol is proposed by Ekert in 1991, called E91 protocol [START_REF] Ekert | Quantum cryptography based on Bell's theorem[END_REF]. The procedure of E91 implementation is as follows 1. Alice prepares a EPR pair sequence in one of four Bell states (Equation 1.18).

For instance, the state

|Ψ - a,b = 1 √ 2 (|0 a |1 b ) -|1 a |0 b )
is chosen.

2. Alice keeps particle a and sends particle b to Bob for each EPR pair.

3. Alice and Bob randomly choose the basis to perform measurements. For example, Alice chooses bases 0 • , 22.5 • and 45 • . Bob chooses bases 22.5 • , 45 • and 67.5 • . Define a i (i = 1, 2, 3), b j (j = 1, 2, 3) as the measurement base of Alice and Bob respectively, therefore, the expectation value defining the quantum correlation of particle pair is

E(a i , b j ) = P 00 (a i , b j ) + P 11 (a i , b j ) -P 01 (a i , b j ) -P 10 (a i , b j ) (1.40)
where P m,n (a i , b j )(m, n = 0, 1) denotes the probabilities of measuring m and n by Alice and Bob.

4. Alice and Bob announce their measurement bases through a classical channel.

The results are divided into two categories: the measurement results using the identical basis; the measurement results using the different basis.

5. Taking advantage of the measurement results using the different basis, the security of communication can be judged. Define S parameter as following

S = E(a 1 , b 1 ) -E(a 1 , b 3 ) + E(a 3 , b 1 ) + E(a 3 , b 3 ) (1.41) If S < 2 √
2, the eavesdropper exists, and the communication is abandoned. Note that in this protocol, Alice and Bob randomly choose one of three measurement bases, so there are nine different combinations. Among them, two are used to establish secure key, four are used to check the presence of eavesdropper, three left ones are discarded. By doing so, the utilization rate of qubit is low.

6. If the quantum channel is secure, the measurement results using the identical basis mentioned in step 4 are used as secure key.

Quantum teleportation

When taking into account the losses in quantum channel, i.e., the optical fibers or free space, and the noise of real detectors, the communication distance is limited to a few hundreds of kilometer. In 1993, Bennett and collaborators first proposed quantum teleportation protocol and designed the theoretical scheme of realizing quantum teleportation based on a single two-level particle [START_REF] Bennett | Teleporting an unknown quantum state via dual classical and Einstein-Podolsky-Rosen channels[END_REF]. Similarly to the optical repeater for classical optical communication, this quantum strategy makes the communication distance longer using quantum memories [START_REF] Bussières | Prospective applications of optical quantum memories[END_REF][START_REF] Simon | Quantum Repeaters with Photon Pair Sources and Multimode Memories[END_REF]. The principle scheme is depicted in Figure 1.13. Alice and Bob share one EPR pair and one classical channel. The quantum state |ψ can be transmitted to Bob without ever existing at any location in between Alice and Bob.

Assume that Alice has one unknown qubit

|ψ 1 = α|0 1 + β|1 1 (1.42)
where |0 and |1 are two orthogonal basis, complex number α and β satisfies α 2 + β 2 = 1 due to the normalization. One EPR pair is prepared, and the state is assumed as

|φ + 23 = 1 √ 2 (|00 23 + |11 23 ) (1.43)
Then each of the particles of EPR pair are sent to Alice and Bob, respectively. By doing so, an entangled channel between Alice and Bob is established. Alice perform Bell state measurement on her entangled particle and |ψ , the quantum state of three qubits becomes

|ψ 123 = (α|0 1 + β|1 1 ) ⊗ 1 √ 2 (|00 23 + |11 23 ) = 1 2 [|φ + 12 (α|0 3 + β|1 3 ) + |φ - 12 (α|0 3 -β|1 3 ) + |ψ + 12 (α|1 3 + β|0 3 ) + |ψ - 12 (-α|1 3 + β|0 3 )] (1.44)
From Equation 1.44, the state of system will be one of four cases after Alice's measurement:

|φ + 12 (α|0 3 + β|1 3 ) |φ - 12 (α|0 3 -β|1 3 ) |ψ + 12 (α|1 3 + β|0 3 ) |ψ - 12 (-α|1 3 + β|0 3 )
The probability of having each is 1 4 . Alice tells Bob the measurement result through a classical channel. Bob then applies the corresponding unitary operator on particle 3, in order to convert his EPR particle into a replica of Alice's original state |ψ . So far, the information of state |ψ is transmitted to Bob through the EPR pair, not by sending the particle 1.

An extension of the single qubit teleportation protocol is the entanglement swapping protocol [START_REF] Collins | Quantum relays for long distance quantum cryptography[END_REF]. Assume that the quantum states of two EPR pairs are respectively

|Ψ 12 = |0 1 |1 2 + |1 1 |0 2 √ 2 (1.45) |Ψ 34 = |0 3 |1 4 + |1 3 |0 4 √ 2 (1.46)
Before performing Bell state measurement, the two entangled states are independent. The initial state for whole system can be expressed as

|ψ 1234 = 1 2 (|0 1 |1 2 + |1 1 |0 2 ) ⊗ (|0 3 |1 4 + |1 3 |0 4 ) (1.47)
The Equation 1.47 can be rewritten as

|ψ 1234 = 1 2 (|φ + 14 |φ + 23 -|φ - 14 |φ - 23 + |ψ + 14 |ψ + 23 -|ψ - 14 |ψ - 23 ) (1.48)
The Bell state measurement on qubit 2 and 3 projects the qubits 1 and 4 onto the same Bell state, then the Bell state measurement result is sent to Alice and Bob through public channel. Alice and Bob apply the corresponding unitary operators to realize the expected correlations. Thanks to the quantum swapping, a large-scale of QKD network can be established.

Conclusion

The quantum technologies have already stepped into commercial application level. Developing more efficient and robust quantum applications in different quantum systems such as quantum simulation, quantum computing, quantum communication and quantum sensing is undoubtedly the significant target of industries or research institutes.

Photons has been proven to be a great candidate for the quantum branches such as quantum metrology and quantum communication due to their special outstanding properties. In the regard of following achievements made in quantum computing, the photon is also demonstrated to be promising in quantum computer. All these applications are based on the availability of high quality single photon source and entanglement source at telecom scale. In this thesis, we focus on developing an efficient entanglement source owning the heralding feature, which can find applications in quantum communication or in quantum computation.

Motivation

Entanglement stands as a key resource in quantum information science, being widely exploited to outperform classical communication, metrology, and computation protocols [START_REF] Thew | Focus on quantum science and technology initiatives around the world[END_REF]. Over a decade of theoretical and experimental efforts, the field of optical quantum information processing [START_REF] O'brien | Optical Quantum Computing[END_REF] has led to processors that may solve problems that classical computers cannot [START_REF] Lund | Quantum sampling problems, BosonSampling and quantum supremacy[END_REF], while embryonic quantum networks can distribute entanglement over continental distances [START_REF] Liao | Satellite-Relayed Intercontinental Quantum Network[END_REF]. Photonic qubits are indeed seen as key candidates due to weak decoherence, the possibility of coding entanglement over several observables, and the availability of efficient and robust optical components for routing and manipulating the generated photons.

In this framework, integrated photonics [START_REF] Tanzilli | On the genesis and evolution of Integrated Quantum Optics[END_REF][START_REF] Wang | Integrated photonic quantum technologies[END_REF] stands as an enabling tool for realizing complex and scalable quantum circuits [START_REF] Metcalf | Multiphoton quantum interference in a multiport integrated photonic device[END_REF] otherwise unfeasible using bulk approaches. Solutions exploiting photonic devices relying on arrays of many photon sources have been shown to be useful for speeding-up quantum sampling algorithms [START_REF] Daniel | Photonic implementation of boson sampling: a review[END_REF], or for efficiently approximating an on-demand sources of single photons [START_REF] Bonneau | Effect of loss on multiplexed single-photon sources[END_REF][START_REF] Collins | Integrated spatial multiplexing of heralded single-photon sources[END_REF]. The integration of several identical high-performance photon sources as well as the entangling circuitry for general purpose quantum processing is one of the key challenges [START_REF] Varnava | How Good Must Single Photon Sources and Detectors Be for Efficient Linear Optical Quantum Computation?[END_REF]. From the practical point of view, strategic efforts are devoted for developing photonic chips' characteristics of low energy cost, high-efficiency internal photon sources, and fast and convenient phase modulation for enabling multiple high-fidelity quantum operations on a single chip.

The intent of this chapter is to offer one virtuous candidate, configurable heralded two-photon path-entangled state based on a monolithic LN chip. Taking advantage of superior optical performance of LN, i.e., low optical transmission losses, large second-order nonlinear coefficients, photon pair generation via spontaneous parametric down-conversion (SPDC), photon manipulation via electro-optics effect, have been implemented in the same device. It is necessary to remark this kind source will serve for quantum communication, the generated photon pairs are delivered via optical fiber, to remote nodes. Thus the generated photons either being in the telecom O-band around 1310 nm, which shows the lowest dispersion in standard optical fibers, or in the telecom C-band around 1550 nm, the absorption for which is the lowest [START_REF] Bock | Highly efficient heralded single-photon source for telecom wavelengths based on a PPLN waveguide[END_REF], are well suited for long-range quantum communication applications.

In addition, on-chip electro-optic modulation bandwidth has reached up to 210 GHz guaranteeing high-speed single photon switching rates [START_REF] Wang | Integrated lithium niobate electro-optic modulators operating at CMOS-compatible voltages[END_REF], producing tunable entanglement, which enables a wide range of quantum and classical applications [START_REF] O'brien | Optical Quantum Computing[END_REF][START_REF] Shen | Deep learning with coherent nanophotonic circuits[END_REF] including feed-forward photonic quantum computation.

Moreover, entangled photons are crucial for quantum communication and linear optical quantum computation. Unfortunately, the applicability of many photonbased schemes is limited due to the stochastic character of the photon sources [START_REF] Barz | Heralded generation of entangled photon pairs[END_REF][START_REF] Wagenknecht | Experimental demonstration of a heralded entanglement source[END_REF]. The heralded entanglement overcomes the limitation of probabilistic character of photon pair generation processes such as SPDC or FWM, through the detection of auxiliary photons. The heralding feature of entangled photon states is significant for repeater-based links in quantum networks.

All these fascinating features suggest the LN is a promising candidate for developing more advanced complex quantum circuits.

State-of-the-art

To date, various optical platforms have been exploited for realizing photonic entanglements and linear-optic quantum circuits, such as aluminum nitride (AlN) [START_REF] Guo | Parametric downconversion photon-pair source on a nanophotonic chip[END_REF], aluminum gallium arsenide (AlGaAs) [START_REF] Francesconi | Engineering two-photon wavefunction and exchange statistics in a semiconductor chip[END_REF], silica-on-insulator (SiO 2 ) [START_REF] Imad | On-chip quantum interference with heralded photons from two independent micro-ring resonator sources in silicon photonics[END_REF][START_REF] Jonathan | Manipulation of multiphoton entanglement in waveguide quantum circuits[END_REF][START_REF] Politi | Silica-on-Silicon Waveguide Quantum Circuits[END_REF], laser-writing silica [START_REF] Atzeni | Integrated sources of entangled photons at the telecom wavelength in femtosecond-laser-written circuits[END_REF][START_REF] Meany | Laser written circuits for quantum photonics[END_REF][START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF], silicon-on-insulator (Si) [START_REF] Paesani | Near-ideal spontaneous photon sources in silicon quantum photonics[END_REF][START_REF] Silverstone | On-chip quantum interference between silicon photon-pair sources[END_REF][START_REF] Takesue | Entanglement generation using silicon wire waveguide[END_REF][START_REF] Zhang | An integrated silicon photonic chip platform for continuous-variable quantum key distribution[END_REF], silicon nitride (Si 3 N 4 ) [START_REF] Lu | Chip-integrated visible-telecom entangled photon pair source for quantum communication[END_REF][START_REF] Zhang | Integrated silicon nitride time-bin entanglement circuits[END_REF], lithium niobate (LN) [START_REF] Jin | On-Chip Generation and Manipulation of Entangled Photons Based on Reconfigurable Lithium-Niobate Waveguide Circuits[END_REF][START_REF] Tanzilli | PPLN waveguide for quantum communication[END_REF], gallium arsenide (GaAs) [START_REF] Horn | Monolithic Source of Photon Pairs[END_REF], indium phosphide (InP) and many others.

Each plateform has individual outstanding features and back-draws. For instance, Si-based plateforms allow a high-density integration [START_REF] Imad | On-chip quantum interference with heralded photons from two independent micro-ring resonator sources in silicon photonics[END_REF][START_REF] Santagati | Silicon photonic processor of two-qubit entangling quantum logic[END_REF] due to the availability of sophisticated nanofabrication. However, Si-based materials are passive, the optical modulations rely on the thermal-optic effect, otherwise LN, GaAs and InP materials exhibiting strong electro-optic properties allow a high-speed manipulation of single photon. The III-V material is used for epitaxially grown semiconductor quantum dots, which can generate near-deterministic single and entangled photons in terms of purity, brightness, and indistinguishability [START_REF] Liu | A solid-state source of strongly entangled photon pairs with high brightness and indistinguishability[END_REF][START_REF] Salter | An entangled-light-emitting diode[END_REF][START_REF] Stevenson | A semiconductor source of triggered entangled photon pairs[END_REF]. However, the loss of component based on III-V plateforms is relatively high. Laser-written technique could fabricate circuits in three-dimension (3D) geometries allowing to access the investigation of more complex quantum systems [START_REF] Metcalf | Multiphoton quantum interference in a multiport integrated photonic device[END_REF].

Thanks to the efficient nonlinear coefficients of materials such as Pockels effect for LN and Kerr effect for Si, or the exciton/biexciton of quantum dot, the integrated quantum photonic provides a platform for on-chip generation. In addition, some linear optical elements such as Bragg filter [START_REF] Oser | High-quality photonic entanglement out of a stand-alone silicon chip[END_REF], Mach-Zehnder interferometers (MZI) [START_REF] Carolan | Universal linear optics[END_REF], as well as the photon detection module [START_REF] Schuck | Quantum interference in heterogeneous superconducting-photonic circuits on a silicon chip[END_REF][START_REF] Sprengers | Waveguide superconducting single-photon detectors for integrated quantum photonic circuits[END_REF] can be integrated, thereby realizing on-chip processing and detection of quantum state of light. All these possible integrations lead to more specific advanced devices [START_REF] Qiang | Large-scale silicon quantum photonics implementing arbitrary two-qubit processing[END_REF]. Some similar works have already been performed by different research groups, such as [START_REF] Imad | On-chip quantum interference with heralded photons from two independent micro-ring resonator sources in silicon photonics[END_REF][START_REF] Jin | On-Chip Generation and Manipulation of Entangled Photons Based on Reconfigurable Lithium-Niobate Waveguide Circuits[END_REF][START_REF] Lenzini | Integrated photonic platform for quantum information with continuous variables[END_REF][START_REF] Paesani | Near-ideal spontaneous photon sources in silicon quantum photonics[END_REF][START_REF] Setzpfandt | Tunable generation of entangled photons in a nonlinear directional coupler[END_REF][START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF]. All these chips can realize configurable path-entangled state. [START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF] uses hybrid integration method combining PPLN and femtosecond-laserdirect-written glass waveguides (Figure 2.1 (a)), which simultaneously guarantees an efficient photon pair generation and the potential 3D reconfigurable circuits for photon routing. This method gathers the advantages of different plateforms, but the interfaces between different materials contribute mostly the total losses of 16 dB. Moreover, the phase shift on one arm of integrated MZI depends on slow thermally-optical effect, which takes time. All works reported in [START_REF] Jin | On-Chip Generation and Manipulation of Entangled Photons Based on Reconfigurable Lithium-Niobate Waveguide Circuits[END_REF][START_REF] Lenzini | Integrated photonic platform for quantum information with continuous variables[END_REF][START_REF] Setzpfandt | Tunable generation of entangled photons in a nonlinear directional coupler[END_REF] integrate the PPLN sources and directional waveguide couplers on one monolithic LiNbO 3 . ) and filters (F1, F2). Tunable two-photon state is created relying on a thermal phase-shifter of MZI. (f) Silicon chip. Two spiral nonlinear sources rely on an inter-modal pump to SFWM to create photon pairs. The inter-modal phase matching can suppress correlations between the emitted photons. Tuning the relative phase on MZI via thermal-optic effect, heralded two-photon state can be produced. (a)ref. [START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF]; (b)ref. [START_REF] Jin | On-Chip Generation and Manipulation of Entangled Photons Based on Reconfigurable Lithium-Niobate Waveguide Circuits[END_REF]; (c)ref. [START_REF] Setzpfandt | Tunable generation of entangled photons in a nonlinear directional coupler[END_REF]; (d)ref. [START_REF] Lenzini | Integrated photonic platform for quantum information with continuous variables[END_REF]; (e)ref. [START_REF] Imad | On-chip quantum interference with heralded photons from two independent micro-ring resonator sources in silicon photonics[END_REF]; (f)ref. [START_REF] Paesani | Near-ideal spontaneous photon sources in silicon quantum photonics[END_REF]. 54 [START_REF] Setzpfandt | Tunable generation of entangled photons in a nonlinear directional coupler[END_REF] proposes an elegant way to generate N00N state by exploiting non-linear coupler (see Figure 2.1 (c)). However, no heralding signal is available. The photon pairs are generated in coupler in opposition to the devices of [START_REF] Jin | On-Chip Generation and Manipulation of Entangled Photons Based on Reconfigurable Lithium-Niobate Waveguide Circuits[END_REF][START_REF] Lenzini | Integrated photonic platform for quantum information with continuous variables[END_REF] which manipulate pairs in coupler. By modulating pump phase and thermo-optically changing phase-matching condition, a tunable biphoton state can be produced. [START_REF] Jin | On-Chip Generation and Manipulation of Entangled Photons Based on Reconfigurable Lithium-Niobate Waveguide Circuits[END_REF] exploits a nonlinear MZI consisting of two couplers and nonlinear waveguide in each arm (Figure 2.1 (b)). The phase relation of MZI is controlled by electro-optic effect. However, the device has been used for producing only one photon pair, and there is no heralding signal. The work reported in [START_REF] Lenzini | Integrated photonic platform for quantum information with continuous variables[END_REF] is to realize two-mode entangled state based on continuous variable (Figure 2.1 (d)), but it can also be used for discrete variable case. It is remarkable that the on-chip propagation loss for the device is at state of the art (∼0.14 dB). Moreover, the density of on-chip integrated optical elements is the highest to date for LiNbO 3 platform. All the devices discussed above usually need extra filtering stages to purify the mode of interference photons, which greatly decrease the state generation rate. The works reported in [START_REF] Imad | On-chip quantum interference with heralded photons from two independent micro-ring resonator sources in silicon photonics[END_REF][START_REF] Paesani | Near-ideal spontaneous photon sources in silicon quantum photonics[END_REF] can generate high quality entanglements without filtering the interference photons. Unlike other works, two nonlinear sources in [START_REF] Paesani | Near-ideal spontaneous photon sources in silicon quantum photonics[END_REF] (Figure 2.1 (f)) are pumped with dual-mode leading to inter-modal spontaneous four-wave mixing process. Using a mode-converter instead of commonly used wavelength demultiplexer, the generated modes can be deterministically separated. Moreover, the silicon photonics can integrate a large number of components being compatible with complementary metal-oxide-semiconductor (CMOS) electronics. However, these devices have to rely on thermal-optic effect giving a very slow phase shift of MZI. Although both works do not suffer from tight filtering stage losses, the grating couplers of them bring a higher loss (∼4.5 dB for [START_REF] Imad | On-chip quantum interference with heralded photons from two independent micro-ring resonator sources in silicon photonics[END_REF] (Figure 2.1 (e)) and ∼6.6 dB for [START_REF] Paesani | Near-ideal spontaneous photon sources in silicon quantum photonics[END_REF]) compared to LiNbO 3 chip → V-groove coupling (∼2.5 dB).

The operation principle of chip

Generally speaking, our target is to realize high-rate-delivering of heralded pairs of entangled photons with a high quality at a telecom wavelength by using our device. As depicted in Figure 2.2. The operation principle relies on two integrated HSPSs firing simultaneously, the generated single photon outputs are routed toward a tunable coupler for entanglement manipulation by means of two-photon interference. In more details, a pulsed laser at 712 nm simultaneously pumps two PPLN waveguides in region I to ensure the generation of two photon pairs via type-0 spontaneous parametric down conversion (SPDC). Phase matching is engineered such that identical non-degenerate photon pairs are produced at the telecom wavelengths of 1310 nm (signal) and 1560 nm (idler) in each waveguide. In region II, two evanescently coupled waveguides (C1 and C2) realize the wavelength demultiplexing of the photons for each pair toward four distinct spatial modes. In region III, the signal photons are routed in the outer modes towards the heralding detectors whereas their associated idler photons are routed in the inner modes towards the tunable coupler C3 whose splitting ratio can be tuned by electro-optics effect for quantum state engineering via controlled two-photon interference. Such a destructive interference will lead to path entangled state |ψ , if both single photons are in an identical state, i.e., they are indistinguishable in terms of observables such as polarization, spatial mode and time of arrival.

Hong-Ou-Mandel effect on beam splitter

When two inner photons routed to coupler C3 are indistinguishable and the coupler C3 is set to 50/50 ratio, the two-photon interference on coupler C3 is described as Hong-Ou-Mandel (HOM) effect [START_REF] Hong | Measurement of subpicosecond time intervals between two photons by interference[END_REF], which is the core of experiment. In the following, the principle of HOM effect will be explained. 

: â † = 1 √ 2 (iĉ † + d † ) b † = 1 √ 2 (ĉ † + i d † ) (2.1)
where â † , b † , ĉ † , d † denote creation operators in modes a, b, c, d, respectively. When two photons are incident at each input port of 50/50 BS, and the two photons are indistinguishable in all degrees of freedom, such as polarization, arriving time, frequency or spatial modes. Using the BS transformation relations from Equations 2.1, the output state is written as

â † b † BS -→ 1 2 (iĉ † ĉ † -ĉ † d † + ĉ † d † + i d † d † ) = 1 2 (iĉ † ĉ † + i d † d † ) (2.2)
which suggests two-photon states corresponding to photons exiting opposite output ports happen destructive interference ((3) and (4) in Figure 2.3), while two-photon states corresponding to photons exiting through the same ports happen constructive interference ((1) and (2) in Figure 2.3). If we perform a coincidence measurement between two output ports, zero coincidence would be observed. This is also the way to investigate the indistinguishability of single-photon sources in the field of quantum information [START_REF] Santori | Indistinguishable photons from a single-photon device[END_REF][START_REF] Senellart | High-performance semiconductor quantum-dot single-photon sources[END_REF].

Description of chip

The configurable heralded two-photon entanglement generator consists of three kind of optical function elements as shown in Figure 2.2:

• Two identical periodically poled lithium niobate waveguide (PPLN/w) sources: the poling period 13.1 µm establishes quasi-phase matching (QPM) for spontaneous parametric down conversion (SPDC) process allowing to create photon pairs at 1310 nm/1560 nm, the poling length is 16 mm to make the SPDC most effective. The width of two guides is 6 µm, and the geometric distance between them is 127 µm, corresponding to V-groove standard (discussed in subsection 2.5.1).

• Two directional couplers C 1 /C 2 operate as wavelength-division demultiplexers (WDM): C 1 and C 2 consist of two waveguides integrated close to each other over a given length. The distance between two waveguides is 11 µm, the coupler length is approximately twice of characteristic transfer length of photon at 1560 nm. These designs could realize the separation of different wavelengths in two different output waveguides.

• One directional coupler C 3 functions as beam splitter (BS): The distance between two waveguides is 11 µm, and over waveguides of BS, voltage supply is accessible. By tuning the voltage, the coupling ratio could range from 100:0 (reflection) to 0:100 (transmission).

All the geometric parameters above are based on the numeric simulations. The determinations of them can be referred to in appendice D. Unfortunately, we can not guarantee no imperfections during our practical fabrication. To compensate unavoidable imperfections, a group of structures, whose coupling length of waveguide-couplers C 1 /C 2 /C 3 are different, have been fabricated. This will increase the chance of success.

Figure 2.4 is the overview of chip. Within a miniaturized ( 1 cm × 5 cm) monolithic LN platform, there are nineteen structures being similar as the one in Figure 2.2. The horizontal yellow strips on chip are electrodes. For different structure, the length of waveguide coupler is different, the length of corresponding electrodes therefore varies from one structure to another. The horizontal electrodes connect different vertical metal strips depending on their poles, such as ground, positive/negative. The vertical metal strips extend to the bottom edge of chip (the area marked with red squares in Figure 2.4) to easily connect external voltage supply. From left to right, the first one connects to external voltage to drive wavelength-division demultiplexers. The second is the common ground for wavelength-division demultiplexers and beam splitters. The third connects to the voltage for driving beam splitters.

Classical Characterization

Before demonstrating the quantum function of chip, i.e. producing configurable heralded two-photon path-entangled state, I performed some pre-experiments, such as self-phase modulation (SPM) study based on input V-groove fiber array, on-chip integrated optical element characterization, to optimize experimental conditions allowing a best quantum function for the device.

Integrated optics alignment system

In order to efficiently couple the optical modes between integrated waveguides and external pump or filtering stages, two fiber-pigtailed 4 channel V-groove assemblies (OZ optics) have been exploited, whose another end is presented in Figure 2.5.

The coupling efficiency between V-groove and chip is estimated of ∼2.5 dB. The diameter of fiber cores (6 µm) and the distance between two adjacent cores (127 µm) are in accordance with the geometry of chip.

The input V-groove assembles four polarisation-maintaining single mode optical fibers assuring that the pre-set vertical polarization of guided photons matches with the extraordinary axis of LN waveguide allowing propagating through chip. Three fibers among them are single mode fibers for visible light used for injecting pump pulses, the rest is single mode fiber for infrared light. This port has been used injecting light at 1560 nm or 1310 nm into the structure to measure the separation ratio of C1 and C 2 , the coupling ratio on C 3 , as well as the on-chip propagation losses. The output side V-groove assembles four identical infrared single mode fibers.

Both V-grooves are mounted on a Elliot Martock, by means of six nanopositionners, I could move V-groove along axis in six degrees of freedoms (three in translation axis x, y, z, three others in rotation angle θ x , θ y , θ z ) to align optical modes between V-groove and chip. Experimentally, the alignment procedure needs to be operated repeatedly during several days for the first time due to the mechanical relaxation of nano-positionners. Once the setup is stable, I only need to touch slightly the nano-positionners to recover the optimal alignment when a new measurement is launched. is the close up view of the left side, from where we could see clearly that fiber cores locate on V-groove quartz substrate.

SPM study in fibre

Considering that a pico-second pulsed laser with a high pump power (∼20 mW) will be used in latter quantum characterization, and the V-groove fiber has a long length of 2 m, self phase modulation (SPM) might be involved in V-groove fibers which would guide a wrong pump mode to PPLN/w source. To avoid any detrimental effect, I studied the response of PM-780 HP1 fiber to pico-second pulse laser at 712 nm for different powers and different fiber lengths. Note that here we investigated only SPM in fiber, but not in the optics bulks nor in the chip, since the optical distance propagating in these components is negligible such as their contribution to SPM.

A brief introduction about SPM

SPM refers to the self-induced phase shift experienced by an intense optical beam propagating in optical fiber. This phenomena originates from the intensitydependant refractive index change. Due to nonlinear effect (Kerr effect) in optical fibers, the refractive index profile can be described as

n(I) = n 0 + n 2 I (2.3)
where n 0 is the linear refractive index, n 2 is the second-order nonlinear refractive index which is proportional to χ 3 , I is the optical intensity inside the fiber.

Therefore, the phase induced by various optical field can be written as

φ = n(I)k 0 L = (n 0 + n 2 I)k 0 L = φ 0 + ∆φ (2.4)
where k 0 the vacuum wavevector and L is the fiber length. The approximate frequency shift at time t is given by the time derivative of the phase perturbation which is proportional to the power of pulse

δω(t) = - ∂∆φ ∂t = -n 2 k 0 L ∂I ∂t (2.5)
Considering that a pulse is propagating in fiber, the refractive index increases firstly, then decreases after passing the peak of pulse, this leads an inhomogeneous variation of phase. According to equation 2.4, the maximum phase shift φ max is proportional to intensity of pulse peak I p and the fiber length L. To make the SPM phenomena more visual, I refer to a relative theoretical calculation [START_REF] Stolen | Self-phase-modulation in silica optical fibers[END_REF], the results are shown in Figure 2.6 presenting the spectral evolution of different peak power for a given fiber length 99 m. By increasing I p , the maximum variation frequency ∆ω increases as well (equation 2.5), which is in agreement with the continuously broadening of spectra. are labeled by maximum nonlinear phase shift φ max . This picture is extracted from the reference [START_REF] Stolen | Self-phase-modulation in silica optical fibers[END_REF]. For each small graph, the horizontal axis and vertical axis denote respectively intensity and frequency.

Experiment about SPM

Theoretically, two actions can be taken to reduce SPM: lower the pump power or shorten fiber. For our experiment, it would be meaningful of owning pump power freedom such that different powers realize different photon pair generation rates.
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Therefore, I performed SPM study by shortening fiber step by step, until even with a high pump power, the SPM phenomena can be negligible. I injected pump power ranging from 50 µW to 20 mW in a PM-780 HP fiber, and directed output light to an optical spectrum analyser. All the output spectra are presented in Figure 2.7.

The low pump power ∼ 50 µW shows a near perfect pulse shape, I thus took it as a reference. Comparing the spectra out of fiber, I noticed that only the case with fiber short enough as 36 cm, the output pulses have near identical spectra as the reference for different pump powers. Hence, I used this length for V-groove fibers.

Note that although the pump pulse and optical fiber used for the experiment are different from the theoretical calculation referred to in [START_REF] Stolen | Self-phase-modulation in silica optical fibers[END_REF], the results presented in Figure 2.7 show similar spectral evolution. 

Synchronization of two pulses

As mentioned in section 2.3, to guarantee the indistinguishability of two single photons manipulated on tunable coupler (C3), two integrated HSPSs should fire simultaneously. Therefore, it is necessary to cancel the path-length difference before the chip, i.e., between the two propagating optical paths between PBS and end facet of V-groove (see Figure 2.9), which is described as synchronization of two pulses as well. Before synchronizing two pulses, I characterized the pump pulse to know the pulse duration and bandwidth. Correction on the measurement of OSA The measured spectrum of signal M (λ) corresponds to the convolution between the genuine signal S(λ) and the resolution of device R(λ)

Time-bandwidth product of pump pulse

M (λ) = S(λ) * R(λ) (2.6)
Assuming that the signal and resolution spectra satisfy Gaussian distributions

S(λ) = S 0 e -2λ 2 ∆λ 2 s R(λ) = e -2λ 2 ∆λ 2 r
(2.7)

the measured spectrum can be therefore written as

M (λ) = S 0 √ π∆λ r ∆λ s 2(∆λ 2 r + ∆λ 2 s ) e - 2λ 2 ∆λ 2 r +∆λ 2 s (2.8)
from where the measured FWHM of spectrum ∆λ m = ∆λ 2 r + ∆λ 2 s . In my measurement, ∆λ r = 0.05 nm, ∆λ m = 0.224 nm, thus the real bandwidth of signal ∆λ s = 0.217 nm.

Using a formula ∆ν p = c λ 2 ∆λ s , the FWHM of pulse in frequency is derived to be ∼128 GHz. Then I measured the pump pulse duration using an autocorrelator (Femtochrome FR-103XL), read the FWHM of autocorrelated signal in time domain ∼5 ps. Assuming that the pump pulse has a Gaussian shape, a typical relation between pump pulse duration ∆t p and the autocorrelated signal duration ∆T , which is directly from the manual of autocorrelator can be used for calculating ∆t p ∆t p ≈ 0.707 • ∆T = 3.5 ps (2.9)

Then the time-bandwidth product is

∆t p • ∆ν p ≈ 0.45 (2.10)
which is very close to the typical value 0.44, corresponding to the time-bandwidth product for transform-limited Gaussian pulse. Thus, the Gaussian shape assumption of pump pulse is proved to be right. The pulse duration is calculated to be 3.5 ps, the corresponding optical path of the duration of pump pulse is ∆t p • c=1.05 mm. Regarding two adjacent outputs of V-groove as Young's double slits (see Figure 2.9), two chip-injected pulses can be precisely synchronized through interferometric measurement. By analysing the contrast of fringes of different time delay between two pump pulses, the synchronized position can be figured out.

Synchronization

The synchronization stage is depicted in Figure 2.9. A laser emitting pico-second regime pulses at 712 nm with a repetition 76.5 MHz is splitted into two by a PBS, HWP1 is used for balancing the power of two beams. QWP1 and HWP3 adjust the polarisation of photons to ensure that the reflection of M1 could totally pass through PBS to reach M2 mounted on a motorized delay stage, HWP2 and HWP4 change the polarisation of photons to match the fast axis of V-groove's polarisation maintaining fibers. L1 and L2 are two lens mounted on Elliot Martock stages, by using whose three degrees of freedom of moving, we could couple light efficiently from free space to V-groove fiber.

Note that the realistic optical path difference induced turns to 2 × δl while the delay stage translates δl due to the round travel of light. As depicted in Figure 2.10, two adjacent fibers on V-groove are regarded as two coherent light sources. The 780-HP optical fiber has a numeric aperture (NA)2 , being equal to 0.13 (data is from Thorlabs fiber specification sheet). According to the relation

N A = sin α (2.11)
The angle α shown in Figure 2.10 is calculated to be around 7.5 • . Within this angle, we can see there is an area (red region in Figure 2.10) where two lights overlap resulting in interference. The interference fringes are observed using a CCD camera, whose size is 4*4 mm 2 . Assuming that the large of camera sensor is d c . When the camera is placed at a distance of d 1 + d 2 far away from the fiber terminal, all interference fringes can be observed. In the following, some calculations are conducted for acknowledging the distance camera is placed. First, the distance d 1 can be calculated

d 1 = d 2 tan α ≈ 0.5 mm (2.12)
Then d 2 is given

d 2 = d c 2 tan α ≈ 15 mm (2.13
)

d 1 can be negligible compared to d 2 .
Therefore, the CCD camera should be placed at 15 mm far away from the output of V-groove. In the practical observation of fringes, we exploited an extra convex lens at output of V-groove, converging the overlap of two beams further, which made the position of camera more permissive.

The two optical paths were assured roughly being identical while we built the synchronization stages, by running the whole travel (∼ 25 mm) of motorized delay stage, I captured the position where fringes can be observed. Near this position, I moved the motorized stage by a step which is smaller than pulse duration. In previous part, the optical path of duration of pump pulse has already been calculated to be 1.05 mm. I thus chose a step of 0.2 mm giving a realistic delay of 0.4 mm, which was a good trade-off between the resolution and image processing time. I recorded the fringes of interference by CCD camera. With a graph analysis software "ImageJ", I derived the contrast of interference fringes for each position

C = I max -I min I max + I min (2.14)
where I max , I min represent maximum and minimum intensity of fringes, respectively. The results are presented in Figure 2.11. I will formally show in the following that the contrast at different time delay τ (τ = 2δl c ) equals the convolution between two spectra of pulse with a time shift τ in time domain.

The electric field distribution of ultra-short laser pulse in time domain approximately written as

E(t) = E 0 ε(t)e iφ(t) (2.15)
where φ(t) is the phase, E 0 is the peak value of amplitude, and ε(t) is the envelop of pulse. The overlap illuminated intensity S(τ ) of two pulses is

S(τ ) = ∞ -∞ |E(t) + E(t -τ )| 2 dt (2.16)
Substituting Equation 2.15 into Equation 2.16, I have

S(τ ) = ∞ -∞ I(t) + I(t -τ ) + 2 I(t)I(t -τ ) cos (φ(t) -φ(t -τ )) dt (2.17)
where I(t) represents the intensity distribution being equal to |E(t)| 2 . Because the integration of Gaussian function is constant, the first two terms in Equation 2.17 gives a constant offset of intensity, the third term shows an envelop with intensity ∞ -∞ 2 I(t)I(t -τ )dt corresponding to the measured contrast C(τ ) at different time delay τ , and the term cos(φ(t) -φ(t -τ )) exhibits the oscillations within envelop.

What I am interested in is the envelop of oscillation which gives the contrast of interference fringes C(τ )

C(τ ) ∝ ∞ -∞ I(t)I(t -τ )dt = ∞ -∞ A(t)A(t -τ )dt (2.18)
where A(t) = E 0 ε(t), being the amplitude of pump pulse. The Equation 2. [START_REF] Aspect | Experimental Tests of Realistic Local Theories via Bell's Theorem[END_REF] shows that the contrast is proportional to the convolution between two amplitudes of pump pulse. According to convolution theorem, a relation between Fourier transforms can be obtained

F (C(τ )) ∝ F 2 (A(τ )) (2.19) Therefore, C(ν) ∝ A 2 (ν) (2.20)
where

C(ν) = F (C(t)), A(ν) = F (A(t)).
Since the spectrum of pump pulse satisfies Gaussian distribution, I can have

I(ν) ∝ e -[2πσ(ν-νc)] 2 2 (2.21)
where 

I(ν) = A 2 (ν),
C(τ ) ∝ |e -( τ 2 2σ 2 ) e i2πνcτ | (2.23)
Since the contrast curve describes the envelop, thus I do not consider the phase term

C(τ ) = a • e -( τ 2 2σ 2 ) (2.24)
where a is one free parameter. As the time delay between two pulses is

τ = 2(x -x c )/c (2.25)
with taking into account a factor 2 due to the round trip of light, the contrast in function of delay position C(x) is given then

C(x) = a • e -2( x-xc σ•c ) 2 (2.26) 
where x denotes the position of delay stage, x c is the position of having two pulse to be synchronized. I use Equation 2.26 to fit contrast data, the result is presented in Figure 2.11. The good fitting verifies the compatibility between the pump pulse duration and the FWHM of contrast curve. Moreover, the synchronized position of two pulses x c is figured out to be 12.87 mm, which guarantees a highly entangled state.

Characterization of WDM

There are nineteen duplicated structures on chip. Finding out the best structure is a mountain of work. To make my work more efficient, I started characterization with wavelength-division multiplexers (C1 and C2) since the necessary conditions for test are much less complicated compared with PPLN/w and beam splitter (C3).

Before going into details to describe experimental characterizations on C1 and C2, I would like to introduce the chip test environment, which was kept there for my whole experiment. The simulation of quasi-phase matching curve in appendix D.1 shows that a temperature at 373 K allows a SPDC process emitting photon pairs at 1560 nm and 1310 nm. Using ultraviolet activated glue The chip was fixed on an oven offering a constant temperature by an active loop. This loop consists of a temperature controller (Thorlabs TED200C) and one DC power supply. TED200C continuously monitor the oven's temperature and also offers an energy for heating oven up to 313 K, the extra heating was supplemented by the DC power supply. Considering the temperature difference between the oven and room is very large, a transparent plastic box was covering the alignment system to efficiently keep a constant temperature environment.

Using the third fiber (infrared one) of V-groove, I injected CW laser at 1560 nm and 1318 nm3 respectively from PPLN/w2 to test the spectral separation of C2 as shown in Figure 2.12. A lens placed at output of chip collected output light, the power from different out-modes was measured by a power meter. By shifting the input V-groove, the CW laser from third fiber was coupled in PPLN/w1, C1 was tested as well by the same way.

All nineteen structures were characterized, I found that some structures have either good spectral separations for both wavelengths but high losses of on-chip propagation, or good spectral separation for only wavelength but not for the other. Considering that lower losses lead a more efficient four-fold coincidence count rate measurement, I determined to pick the structure with best spectral separations in the premise of lower losses. Using a high resolution camera, I distinguished structures by counting input integrated waveguides on chip. From top side to bottom, the 14th structure was finally chosen by synthetically analysing the losses of on-chip propagating and the spectral separation. The measurements are presented in Table 2.1 and results are discussed in Table 2.2 and 2.4. Figure 2.12.: Setup for characterizing coupler C2. P H2 , P S1 and P S2 : the output power of H 2 , S 1 , S 1 , respectively. For characterizing C1, the input V-groove need to shift, CW laser then was injected into PPLN/w1, and output power of H 1 , S 1 , S 2 were measured as P H1 , P S1 , P S2 respectively.

To estimate the performance of coupler C2, I define the isolation (ISO) to describe the ratio of photons going to the wrong port: We notice that both couplers have good performances with respect to photons at 1318 nm or 1560 nm, i.e. isolation around 15 dB for 1318 nm photons, and around 10 dB for 1560 nm. More direct-visually speaking, the couplers route ∼ 98% of 1318 nm photons towards right ports H 1 , H 2 and ∼ 90% of 1560 nm photon towards coupler C3. The difference of performance between two wavelengths originates from the way we design the couplers. Taking advantage of the evanescent field coupling between two adjacent waveguides, we determined a coupler length, along which, 1318 nm photons are finally coupled to the other waveguide, while the photons at 1560 nm are coupled back and forth to the original waveguide. The chosen length of coupler guarantees a good isolation for both wavelengths, but not an optimal one for both. A better isolation on 1318 nm photons is therefore a matter of fabrication tolerance. More details can be referred to in appendix D.3.2.

ISO 1560 nm = -

Characterization of BS

The voltage exploited on the lumped electrodes (see Figure D.18) comes from an electric signal generator (Stanford Research Systems MODEL DS345) and a 20× signal amplifier (FLC ELECTRONICS A400D). The signal generator can generate different functions, such as sine, triangle, square, etc, the peak value being tunable from 0 V to 10 V by 10 mV increment. In my experiment, I was only interested in the constant and squared waveform. The frequency of modulation for a square signal can be up to 30.2 MHz. The signal amplifier allows to amplify an input voltage between -10 V and 10 V, and the acceptable frequency scale is from DC to 1 MHz.

Determination of applied voltage

To ensure a stable performance of coupler C3, we need overcome the short term DC drift due to the current leakage through the silica buffer layer [START_REF] Yamada | DC Drift Phenomena in LiNbO3Optical Waveguide Devices[END_REF]. We first applied constant voltage and found an evident optical signal drift at output of port S 1 or S 2 as shown in Figure 2.13a. Then a square-shape signal switching continuously between +V bias and -V bias at a frequency of 1 kHz was applied and we notice that the output optical power is near constant (see Figure 2.13b). Moreover, the impact of transient voltage on chip performance was confirmed to be low, we thus determined a +V / -V switching voltage at a frequency of 1 kHz to drive the coupler C3. When applying a constant voltage on coupler C3, the optical output power from port S 1 decreased with the time passing, then became stable. When the voltage was turned off, the two electrodes acting as a capacitor discharged. An instant voltage appeared to give arise to an increase of output optical power, but this will disappear with the time going. (b) When applying a +V and -V continuously switching voltage, the output optical power from port S 1 is nearly constant.

Experiment for measuring coupling ratio

I investigated performances of C3 using CW laser at 1560 nm injected in one PPLN/w at a time and then measured output mode powers S 1 and S 2 versus the applied voltage. The experimental setup is the same as shown in Figure 2.12, while the electrodes are not free of charge. A coupling ratio smoothly ranging from 100:0 to 0:100 is presented in Figure 2.14. Two extreme cases are figured out: at 18 V, coupling ratio is 100/0, and at ∼ 34 V, coupling ratio is 50/50.

From Figure 2.14, we see that the measured coupling ratio curves are different when we inject pump laser into different PPLN/w source. Why the two coupling ratio curves do not overlap? How to decide the correct voltage leading to 50/50 coupling ratio to avoid the probable asymmetric beam splitter which would reduce HOM dip visibility? In the following, I analyse the reason of arising difference between two cases of measurement and work out the exact coupling ratio corresponding to each applied voltage.

The reason leading to a difference between two groups of coupling ratio curves

The unbalanced losses on the arms of BS give arise to the different coupling ratio curves. In the following, I devise a method to find the real transmission T (V ) and reflection R(V ) of BS without the perturbation of transmissions of different waveguide segments η i (i=1, 2, 3, 4) (see Figure 2.15). Assuming that a supplied voltage on coupler C3 gives a transmission T (V ), the reflection is thus 1 -T (V ). As depicted in Figure 2.15, a CW laser at 1560 nm is injected into PPLN/w1, the power of laser light in waveguide before coupler C1 is P 1 , the transmission between coupler C1 and C3 is η 1 . The transmission between coupler C3 and outport S 1 is η 3 . The output power of laser light from ports S 1 and S 2 are P s1 and P s2 , respectively. Two relations can be given:

P s1 = P 1 η 1 (1 -T (V ))η 3 P s2 = P 1 η 1 T (V )η 4 (2.28) 
Similarly, when a CW laser is injected into PPLN/w2 (Figure 2.15), the power before coupler C2 is P 2 , output powers of ports S 1 and S 2 are P s1 and P s2 , respectively. The supplied voltage on coupler C3 is kept the same. Two relations can be obtained as well which presents that the waveguide between coupler C3 and outport S 1 has higher loss than between coupler C3 and S 2 . This attributes to the difference of coupling ratio curves while two different injections of CW laser are performed. The asymmetric of transmissions of two output arms originates from the fabrication imperfection. I assessed the accurate voltage for having different coupling ratio, specially the one to realize 50/50 coupling ratio. In the following, the relation between the transmission of coupler and the applied voltage will be derived.

P s1 = P 2 η 2 T (V )η 3 P s2 = P 2 η 2 (1 -T (V ))η 4 (2.

The accurate voltage to realize different coupling ratio

Based on Equations 2.28 and 2.29, I get

P s1 P s2 = 1 -T (V ) T (V ) η 3 η 4 P s2 P s1 = 1 -T (V ) T (V ) η 4 η 3
(2.33) Equation 2.33 derives finally that the transmission of coupler C3 is voltage dependent T = 1

P s1 P s2 P s2 P s1 + 1 = f (V ) (2.34)
By scanning voltages with a step of 2 V, the voltage depended transmission curve is presented in Figure 2.17, the fitting function is given The clear corresponding relation between transmission of coupler and the applied voltage suggests the way I devise to estimate the transmission is perfect since it has nothing to do with the losses. Moreover, the voltage ranging from 18 V to 47 V can realize the typical coupling ratios, such as 100/0, 50/50, 0/100, confirming that I can stay on this structure for following PPLN/w source characterization.

f (V ) = -2.151 + 0.424V -0.031V 2 + 0.001V 3 -1.464V 4 + 7.

Characterization of PPLN/w

In appendix D.1, the simulation by Quasi-phase matching simulation developed at the lab, reveals that a temperature of 373 K, and a pump wavelength at 712 nm allow a SPDC process emitting photon pairs at 1560 nm (idler) and 1310 nm (signal) when the poling period is equal to 13.1 µm. The temperature control system has been introduced in subsection 2.5.4. Since the theoretical bandwidth of idler spectrum was estimated to be around 20 nm (see Appendix D.2), a motorized tunable filter with a bandwidth 1 nm was used to scan the spectrum of SPDC emission. The passing through photons were collected by an APD, the spectra of idler power were measured. Note that the dark count rate of APD is on the order of ∼1 kcounts/s. The pump power is ∼50 µW. According to the estimation of input coupling ratio, the power injected in PPLN/w is around several µW, which could keep the count rate below 20 kHz to avoid detector saturation.

The Figure 2.18 presents the schematic of spectrum measurement of PPLN/w1. Similarly, the spectrum of idler photons emitted from PPLN/w2 can be measured as well. Power spectra of the idler photons of both sources are shown in Figure 2.19 and exhibit near perfect overlap at 1560 nm over a bandwidth of 20.4 nm (obtained from the sinc 2 fitting in Figure 2.19) in agreement with the theoretical bandwidth (∼ 23 nm) for a PPLN section of 1.6 cm-long. The theoretical calculation on bandwidth of SPDC spectra please refer to in Appendix D.2.

Characteristics of generated photon pairs

Since mixed states are incoherent mixtures, they cannot generate high-quality interference phenomena. While for the experiment, two heralded single photon sources are exploited for producing entangled states. Therefore, generating heralded single photon source in pure state is crucial to guarantee a high visibility for Hong-Ou-Mandel interference. Spectral filtering is a common way to purify the heralded single photon state. In this section, the brightness of PPLN sources was first investigated. Then some basic tools helping to characterize downconversion source were introduced. Meanwhile, how to choose the suitable filters was discussed, and the purities of two heralded single photon sources were characterized. In the end, the overall losses of experimental setup including the chip and the filtering stages were characterized as well.

Brightness of photon pair generation

To investigate the quality of heralded or solid single photon source, two figures of merit are always needed to consider, i.e., the indistinguishability and the brightness. The setup for characterizing the brightness of photon pairs generation via SPDC process is depicted in Figure 2.20. The pump stage and the operation principle of chip have been introduced in section 2.5.3 and 2.3 respectively, thus here I only explained the remaining parts, such as filtering and detection stages for each outmode H 1 , S 1 , S 2 , H 2 . The channels locating these four modes are respectively labeled as channel 1, 2, 3, 4. Note that since the chip cannot isolate the pump photons, a fiber isolator was required for each channel. We got two different kinds of single mode fiber isolators (Thorlabs): operational wavelengths at 1550 nm and 1310 nm, used for channel 2, 3 and channel 1, 4, respectively. Injecting pump light (712 nm) into the chip, and using a visible single photon detector (ID Quantique ID100) to measure the outputs, the observed counts dropped down to a dark count level, i.e., several tens, which revealed that these fiber isolators can efficiently remove the visible photons. Moreover, consider that the couplers C1 and C2 playing the role as wavelength demultiplexers did not perform perfectly (see Table 2.2, around 10% photons at 1560 nm were misrouted), an extra optical component: 1310/1550 nm CWDM (Thorlabs), was exploited in each channel as well. According to the target transmitted photons, the arm routing 1310 nm wavelength was used for CWDM in channel 1 and 4, while 1560 nm arm was used in channel 2 and 3. Each filtering stage in Figure 2.20 was finally composed of a fiber isolator and a CWDM.

The outmodes passing through filtering stages were detected by four superconducting nanowire single photon detectors (ID quantique ID281), then detection signals were sent to the Time-digital converter (PicoQuant Hydra400), a time tagging electronics module enabling adjustable input delay for each channel with 1 ps resolution, allowing to perform relative coincidence count measurement.

The brightness B of SPDC source is defined as [START_REF] Jabir | Robust, high brightness, degenerate entangled photon source at room temperature[END_REF][START_REF] Jechow | High brightness, tunable biphoton source at 976 nm for quantum spectroscopy[END_REF][START_REF] Zhao | High Quality Entangled Photon Pair Generation in Periodically Poled Thin-Film Lithium Niobate Waveguides[END_REF]]

B = N pair P pump • t • BW (2.36)
where N pair is the number of generated photon pairs for a given pump power P pump coupled in the non-linear crystal (PPLN/w), for a given time duration t and the SPDC emission spectral bandwidth BW . Since the bandwidth of CWDM is around 30 nm, larger than SPDC emission spectral bandwidth (∼20 nm), when calculating the detection counts on channel 1 and 2 (see Equations 2.37), no filtering factors need to take into account on N pair . The schematic of setup for characterizing the brightness of PPLN/w1 source was depicted in 2.21. The pump laser was only injected into PPLN/w1 source, the driving voltage on coupler C3 was set to 18 V for a coupling ratio of 100/0. Assume that the overall transmissions of photon from the source PPLN/w1 to detectors and the detection efficiencies of single photon detector D1 and D2 are µ 1 , µ 2 and η 1 , η 2 , respectively. Using the photon counting strategy in references [START_REF] Tanzilli | Highly efficient photon-pair source using periodically poled lithium niobate waveguide[END_REF][START_REF] Tanzilli | PPLN waveguide for quantum communication[END_REF], the single photon count rate on each detector S 1 and S 2 can be estimated as

S 1 = N pair * µ 1 * η 1 (2.37a) S 2 = N pair * µ 2 * η 2 (2.37b)
The coincidence counts C 12 between two detectors in channel 1 and 2, can be given by

C 12 = N pair * µ 1 * µ 2 * η 1 * η 2 (2.38)
Combining equations 2.37a, 2.37b and 2.38, the number of generated photon pairs can be calculated as

N pair = S 1 * S 2 C 12 (2.39) 
I addressed the brightness by injecting ∼4.2 µW (P pump ) into source PPLN/w1, the single photon count rates of two channels are equal to 153 kHz (S 1 ), 136 kHz (S 2 ), the coincidence count rate between these two channels is equal to 7399 Hz (C 12 ). Note that when the pump power is around 4.2 µm, the photon pair genenration rate is linear to pump power, thus one measurement is enough. Inserting these three values in Equation 2.39, I obtained N pair = 2.8 * 10 6 s -1 .

The SPDC emission spectral BW in frequency domain ∆ν = c λ 2 ∆λ = 2465 GHz, where c represents the velocity of light. Based on Equation 2.36, the brightness of SPDC emission is

B = 2.7 * 10 5 pairs mW • s • GHz (2.40)
Similarly, the brightness of PPLN/w2 can be estimated as well, and its brightness was similar to PPLN/w1.

Joint spectral amplitude

Imagine that a parametric down-conversion occurs in nonlinear crystal to generate a two-photon state:

|Ψ(ω s , ω i ) = ∞ 0 dω s ∞ 0 dω i f (ω s , ω i )â † s (ω s )â † i (ω i )|0 (2.41)
where â † s (ω s ) is the creation operator for a signal photon of angular frequency ω s , and similarly for â † i (ω i ). The joint spectral amplitude is defined as the product of pump envelope function α(ω s + ω i ) and the phase matching function φ(ω s , ω i ), namely

f (ω s , ω i ) = α(ω s + ω i )φ(ω s , ω i ) (2.42)
If the joint spectral amplitude distribution is factorable, the two-photon state can be written into a product form

|Ψ(ω s , ω i ) = |ψ s |ψ i = ∞ 0 dω s f s (ω s )â † s (ω s ) ∞ 0 dω i f i (ω i )â † i (ω i )|0 (2.43)
Thus, the joint spectral amplitude f (ω s , ω i ) = f s (ω s )f i (ω i ), suggests the heralded single photon is in pure state [START_REF] Mosley | Conditional preparation of single photons using parametric downconversion: a recipe for purity[END_REF]. The factorability of two-photon state indicates detecting one photon has no effect on the other as no distinguishing information about the properties of two photons is available. In my case, the two-photon state generated via parametric down-conversion, is entangled, when one photon is detected as a herald, the remaining single photon will be in temporal mixed state. The only way in which the heralded photon can be projected into a pure state is to eliminate the entangled relation between two photons. Spectral filtering is a common approach to guarantee the purity of heralded single photon source derived from pair generation by parametric downconversion [START_REF] Kaltenbaek | Experimental Interference of Independent Photons[END_REF][START_REF] Lu | Experimental entanglement of six photons in graph states[END_REF][START_REF] De Riedmatten | Quantum interference with photon pairs created in spatially separated sources[END_REF][START_REF] Peter P Rohde | Spectral structure and decompositions of optical states, and their applications[END_REF], since the filtering action will discard most of the photons that display pairwise correlation, which one has no way to remove at the point of production. Theoretically, the narrower bandwidth of filter is, the higher purity of filtered single photon source is. However, the price of obtaining a purity being close to unity is a prohibitive reduction of the generation rate of usable single photon [START_REF] Aboussouan | Highvisibility two-photon interference at a telecom wavelength using picosecondregime separated sources[END_REF][START_REF] Meyer-Scott | Limits on the heralding efficiencies and spectral purities of spectrally filtered single photons from photon-pair sources[END_REF]. Therefore, determining a suitable filter for an efficient trade-off between purity and count rate is very important.

Schmidt decomposition

Keeping the strategy of preparing high-pure heralded single photon source in mind, another question about how to quantify the purity of a postselected heralded photons comes out naturally. As discussed before, the factorable level of the joint state predicts directly how pure the single photons is, thus finding a method to quantify the level of factorability can predict the purity. The Schmidt decomposition [START_REF] Chan | Quantum entanglement in photon-atom scattering[END_REF][START_REF] Law | Continuous Frequency Entanglement: Effective Finite Hilbert Space and Entropy Control[END_REF] is a unique method of expressing a bipartite system in terms of a complete set of basis states. The two-photon state then becomes 

|Ψ = j λ j |ζ s,i |ξ s,i , j = 0,
K = 1 j λ 2 j (2.45)
the degree of factorability of two-photon state can be quantified. Since K describes the Schmidt mode number existing in two-photon state, when the two-photon state is factorable, there is only one pair of Schmidt modes, suggesting that λ 0 = 1 and λ j =0 = 0, thereby the Schmidt number K is equal to 1, which indicates the single photons is pure.

Experimentally, the Schmidt number can be estimated through measuring the time-integrated second-order correlation g (2) (0) of non-heralded photon source. The relation between these two parameters is [START_REF] Eckstein | Highly Efficient Single-Pass Source of Pulsed Single-Mode Twin Beams of Light[END_REF] g (2) 

(0) = 1 + 1 K (2.46)
It is clear that if the heralded single-photon source is expected to be pure, g (2) (0) needs to be equal to 2.

Non-heralded g (2) (0) measurement g (2) (τ ) is second-order correlation function which quantifies the correlation of intensity fluctuations I(t)separated by a duration τ . The expression of g (2) (τ ) is

g (2) (τ ) = I(t)I(t + τ ) I(t) I(t) (2.

47)

When τ = 0, the auto-correlation function 2.47 becomes g (2) (τ ) = I(t)I(t) I(t) I(t) (2.48) and g (2) (0) measurements are performed using seminal standard Hanbury-Brown & Twiss (HBT) setup (see Figure 2.22). Experimentally, I 1 (t)I 2 (t) corresponds to the simultaneous detection rates on both detector D 1 and D 2 , whereas I 1 (t) I 2 (t) corresponds to the product of two detection rate on D 1 and D 2 .

Since the beam splitter in the HBT setup is symmetric, though the reflected beam gets a phase shift of π 2 , when considering the intensity, the phase will not impact the equal splitting ratio of I 0 (t). Hence, I 1 (t) = I 2 (t). Consequently, I 1 (t)I 2 (t) = I(t)I(t) , I 1 (t) I 2 (t) = I(t) I(t) .

Assuming that the probability of both detectors firing is P c , and the probability of single detector firing is P 1 , P 2 . When the two detectors are far from saturation, the g (2) (0) can be estimated as g (2) (0) = P c P 1 P 2 (2.49) Equation 2.49 will be used for estimating the purity of non-heralded singlephoton sources, since P c , P 1 and P 2 can be extracted directly from the experimental measurements.

Determination of filtering stages

A laser (Coherent MIRA 900-D) emitting 3.5 ps-duration pulses (transform limited to ∼130 GHz for the spectral bandwdith) was used to pump two PPLN waveguide sources.

Two tunable FBG filters (Advanced Optics Solutions Tunable Grating: range scale is 1305∼1315 nm), labeled FBG 1 and FBG 4 , with different bandwidths of 130 GHz and 90 GHz were implemented to filter signal photons (also called heralding photons). Note that the difference of two bandwidths will only lead to different heralding rates of single photon generation in two PPLN waveguide sources, but will not be an issue for later four-fold coincidence measurements since the filtering bandwidths of idler photons are much narrower. We used these two filters, because they were available off-the-shelf.

Based on the energy conservation condition, we have

∆ω p = ∆ω s + ∆ω i (2.50)
where ∆ω p , ∆ω s and ∆ω i represent respectively the bandwidth of pump, signal and idler spectrum, the filters used for idler photons (heralded photons) can therefore be determined. Two FBG filters (Advanced Optics Solutions), labeled FBG 2 and FBG 3 , with ultranarrow bandwidth of 25 GHz at 1560 nm fitting the telecom standard were finally chosen to fulfill the condition 2.50 as much as possible.

Based on the chosen idler filters, the theoretical purity can be estimated by a formula [START_REF] Mosley | Conditional preparation of single photons using parametric downconversion: a recipe for purity[END_REF] 

P = 1 -( ∆ω 2 i ∆ω 2 p + ∆ω 2 i ) 2 (2.51)
which gave a near perfect purity (∼ 99.9%) satisfying our desire. Moreover, we notice that the filters used for heralding photons are much broader than for heralded photons, which can minimize overall losses [START_REF] Aboussouan | Highvisibility two-photon interference at a telecom wavelength using picosecondregime separated sources[END_REF], i.e., maximize coincidence count rates between signal and idler photon detections. All these bandpass filters satisfying the conventional telecom standard (ITU) can be easily available.

Characterization of filters

In order to have perfect Hong-Ou-Mandel effect, the reduced idler spectra from FBG 2 and FBG 3 should be identical. Taking advantage of a tunable CW laser (Tunics) and an optical component tester (EXFO CT440), I characterized two FBG filters, and the results were presented in Figure 2.23. The device EXFO CT440 measured the transfer function (TF) of passband filter in dB with a resolution of 1 pm, allowing to get precise spectra. Both filters have a bandwidth of ∼25 GHz at -3 dB of maximum transfer function level. Their overlap ensures a visibilty of Hong-Ou-Mandel dip over 99.99% (see the calculations in appendix F). Thanks to the monochromaticity of two CW lasers (Tunics) operating respectively at around 1310 nm and 1550 nm, I measured also the losses of all four filter as well as the isolations of idler spectral filters. The results were presented in Table 2.3. Note that all efforts made are to get a high quality of two-idler-photon interference. Therefore, the isolations of FBG 2 and FBG 3 were measured to make sure that the photons outside passband would have been suppressed as much as possible. Using a fiber optic circulator, I connected filters into filtering stages. To make sure that the filtering stages can preform as expected, several checks have been performed as following:

• I injected light at 712 nm into the filtering stages, and used a visible single photon detector (ID Quantique ID100) to measure the outputs, a large number of detections distinguished from dark counts can be observed. Therefore, referring to what have been done for brightness measurements, by implementing corresponding fiber isolators in each filtering stage (see Figure 2.24), i.e., two 1310 nm single mode fiber isolators were respectively inserted in signal photon filtering stages, while two 1560 nm ones were inserted in idler photon filtering stages, the visible photons can be efficiently removed. We notice that two small parasitic peaks (marked by red circle in Figure 2.26a) appear simultaneously with signal peak, which suggests the isolation enhanced By injecting a tunable CW laser (Tunics) at 1560 nm with a wavelength tuning step of 0.01 nm, into the filtering stage shown in Figure 2.27, I collected the output light with a powermeter, then measured an isolation of ∼53 dB, which is much larger than the isolation (∼33 dB in Table 2.3) offered directly by a FBG filter, while the losses for both filtering configurations are almost the same.

I then repeated the HBT measurement, and the new raw histogram of twofold coincidence count is presenting in Figure 2.26b. We notice that the two parasitic peaks disappeared, and the count numbers for the signal peaks are similar to those in Figure 2.26a. Therefore, I implemented the filtering stages F 2 and F 3 as shown in Figure 2.27.

I also conducted some calculations to proof that the DWDM-FBG contained filtering stage can efficiently suppress the noisy photons. Assuming that there are N photons in the signal after passing through CWDM, when only one narrow FBG is exploited in filtering stage as shown in Figure 2.25. The power spectrum of idler emission has been measured (see Figure 2.19) to be around 20 nm, and the narrow bandwidth of FBG 2 or FBG 3 is ∼0.2 nm, thus the number of photon passing through DWDM can be estimated as 0.2N 20 = 0.01N . Moreover, the out-bandpass isolation of FBG has been measured to be ∼33 dB, the number of noisy photon passing through FBG is therefore N • 10 -3.3 . Hence, the signal noise ratio of filtering stage is 0.01N N •10 -3.3 = 20. When one DWDM and narrow FBG are used simultaneously (see Figure 2.27), the isolation out of passband has been measured to be ∼53 dB, the number of noise photon passing through filtering stage is N • 10 -5.3 , then the signal noise ratio is 0.01N N •10 -5.3 ≈ 2000, the filtering efficiency is improved 100 times than only exploiting one narrowband FBG, which is enough to give an optimal signal noise ratio.

Purity measurements of heralded single-photons

Setting the driving voltage on coupler C3 to 18 V (see Figure 2.20), the corresponding coupling ratio was 50/50. I pumped one PPLN waveguide source at one time, twofold coincidence count rate between channel 2 and 3 can be recorded by time-digital converter. The histograms are shown in Figure 2.28. According to equation 2.49, I estimated g (2) (0) by using the count of first peak to divide the average count of the following 10 satellite peaks, and obtain g (2) (0) = 1.96(8) and 1.93 [START_REF] Aboussouan | Highvisibility two-photon interference at a telecom wavelength using picosecondregime separated sources[END_REF] for PPLN/w1 and PPLN/w2, respectively, corresponding to source purities of 96(8)%, 93 [START_REF] Aboussouan | Highvisibility two-photon interference at a telecom wavelength using picosecondregime separated sources[END_REF]%. This confirms also that the determination on choosing filters is good.

Overall transmission losses

The losses of transmissions are important parameters for estimating the performance of chip, and they are also needed for latter theoretical fourfold coincidence count calculations.

I measured separately the transmissions on four channels between PPLN waveguide source and superconducting single photon detector(SNSPD) by injecting the laser 1318 nm or 1560 nm into two PPLN waveguides, the losses of each segment are presented in Table 2 Since the classical loss measurements does not consider the heralding feature between channel 1 and 2, as well as between channel 4 and 3, which will impact the loss estimations, I also performed the loss measurements under photon counting regime. Using the pulsed laser to pump two PPLN sources on chip, setting the voltage on coupler C3 to 18 V, the generated photon pairs are spectrally routed into four channels. After passing through individual filtering stage, the photons were detected by SNSPDs. The four channel photon counts, as well as the twofold coincidences between any two channels were recorded by time-digital converter. Exploiting the similar photon counting strategy used for brightness measurement, we estimated all four channel losses. Note that the filtering stages comprised narrow bandwidth filters (see Figure 2.29). When pumping only PPLN/w1 source, the coupler C3 was set to 100/0, we have

∆f F BG 1 ∆f F BG 2 N pair µ 1 η 1 = S 1 (2.52a) N pair µ 2 η 2 = S 2 (2.52b) N pair µ 1 µ 2 η 1 η 2 = C 12 (2.52c)
where ∆f F BG 1 and ∆f F BG 2 are respectively the bandwidth in frequency of FBG 1 and FBG 2 , N pair represents the photon pair generation rate (pairs/s), µ i and S i represent respectively the transmission and readout counts of channel i, C ij is the coincidence count between channel i and j, η i is the detection efficiency of detector i, which is ∼ 80% for all four. FBG 1 has a broader bandwidth (∼0.8 nm), four times larger than FBG 2 (∼0.2 nm), this means that theoretically the detector D1 can detect four times more photons than D2 per second if the losses of both channels are the same. Hence, there was an extra factor of 4 when calculating the photon counts of channel 1. However, when doing the calculation on coincidence, we should not take into account of the factor since only energy-matched photon pairs contribute to twofold coincidence. Similarly, when pumping only PPLN/w2 source, we have

N pair µ 3 η 3 = S 3 (2.53a) ∆f F BG 4 ∆f F BG 3 N pair µ 4 η 4 = S 4
(2.53b)

N pair µ 3 µ 4 η 3 η 4 = C 43 (2.53c)
The FBG 4 has a bandwidth (∼0.5 nm) 2.5 times larger than FBG 3 (∼0.2 nm), so there was a factor 2.5 when calculating photon counts on channel 4. Based on Equations 2.52 and 2.53, the transmission of each channel can be derived

µ 1 = C 12 S 2 η 1 (2.54a) µ 2 = 4C 12 S 1 η 2 (2.54b) µ 2 = 2.5C 43 S 4 η 3 (2.54c) µ 4 = C 43 S 3 η 4 (2.54d)
Substituting experimental values into equations 2.54, the transmissions of four channels can be calculated µ 1 = 0.039 (-14.1 dB) µ 2 = 0.039 (-14.1 dB) µ 3 = 0.048 (-13.2 dB) µ 4 = 0.044 (-13.6 dB)

We notice that the overall losses measured using photon counting strategy are 4 dB higher than power measuring method. The extra losses can attribute to the non-perfect accommodation between idler, signal filter bandwidths and the pump pulse bandwidth. Remember that the perfect accommodation case is ∆ω p = ∆ω s + ∆ω i .

In our experiment, the bandwidth of idler photon filters is ∼25 GHz, and the FWHM of pump pulse is ∼130 GHz, the signal photon filter should therefore have a bandwidth larger than 155 GHz for guaranteeing each created energymatched photon pair can be seen by two detectors. In other word, the signal filter bandwidth being smaller than 155 GHz will result in a loss of some heralding signals. Consequently, the coincidence between photons from energy-matched pairs will be undercounted. Whereas, the exploited signal filters respectively have a bandwidth of ∼130 GHz and ∼90 GHz. Both are smaller than theoretically required one (155 GHz), which leads that twofold coincidences such as C 12 and C 43 are less counted. Therefore, we got lower transmission coefficients (higher losses) for four channels compared to the classical loss measurements. The losses calculated using photon counting strategy should be used for latter fourfold coincidence calculations.

The propagation loss for our chip was estimated to be ∼0.7 dB/cm. Subtracting the bending loss of integrated waveguides, the loss is at the state of the art [START_REF] Lenzini | Integrated photonic platform for quantum information with continuous variables[END_REF]. The coupling loss between chip and subsequent fiber systems is around 3 dB as many other integrated devices faced, which has no way to improve so far. While the losses introduced by filtering stages can be potentially removed as [START_REF] Paesani | Near-ideal spontaneous photon sources in silicon quantum photonics[END_REF].

Quantum Characterization

So far, each optical element integrated on the chip has been characterized to reveal good performances. This allows me to continue the following quantum function demonstration. In this section, the HOM dip and 4-fold coincidence count histograms at the bottom of dip will be reported. The experimental setup is presented in Figure 2.20. I set the voltage on coupler C3 to 34.6 V for having 50/50 coupling ratio, then injected the chip with a pump power of ∼ 0.7 mW, which translates into a mean number of 9•10 -3 pairs of photon per pulse (the reason to choose 9•10 -3 will be explained by doing calculation in next section), ensuring low multi-photon contribution but still allowing a reasonable four-fold coincidence rate, when taking into account the overall losses [START_REF] Smirr | Intrinsic limitations to the quality of pulsed spontaneous parametric downconversion sources for quantum information applications[END_REF]. By translating the delay stage (Figure 2.20), I measured 4-fold coincidence count rate over two hours for different time delay τ corresponding to the time interval between two pulses arriving the two PPLN/w sources on chip, which relates to the position of delay stage l in Figure 2.11

Hong-Ou-Mandel dip measurement

τ = 2(l -l c ) c (2.55)
where l c represents the two pulse synchronized position, for our case, locating at 12.8 mm; c is the velocity of light in vacuum. Recall that the factor 2 comes from the round trip of light due to the setup building. Note that the method of four-fold coincidence count rate measurement can be refered to appendix E. The results are presented in Figure 2.30 and have been fitted using a sinc 2 function accordingly to the "squared" spectral wavepacket of the heralded photons in channels 2 and 3. Two free parameters corresponding to the visibility V and mean amplitude are used in the function. The width of the HOM dip is estimated to be of about 7.6 mm, compatible with the bandwidth of the interfering photons. Details about the HOM dip curve fitting please refered to in appendix F.

According to the fitting function, I obtain a raw visibility of 94%. The dark count contribution to four-fold accidentals is negligible but the optical noise due to multipair contributions has been measured to contribute up to 3 coincidences per 2h corresponding to the green dashed line in Figure 2.30. To estimate the induced 4-fold accidental coincidence count, we record the energy-mismatched pair contributions to the 4-fold rate by changing the central wavelength of filters H 1 and H 2 from 1310 nm to 1314 nm. Most of the non-perfect visibility is accounted to those multipair contributions. Removing the multipair contributions, the net visibility is close to 100% as we expected.

Demonstration of tunable source of heralded entanglement

To demonstrate the capability of producing tunable heradled entanglement, I focus on two typical cases: N00N state, product state at the bottom of dip in Figure 2.30, where the two pairs of photon are created simultaneously in two PPLN/w sources.

Experimental measurement

Keeping constantly the pump power at ∼ 0.7 mW, I adjusted the voltage on coupler C3 to 34.6 V or 18 V, to produce N00N and product state respectively. Then integrating fourfold coincidence counts over two hours, the histograms for each case were presented in Figure 2.31. The fist blue peak in Figure 2.31a has two counts being the multipair contribution. The following peaks have an average counts of ∼30, which is half of the average counts in Figure 2.31b. This is reasonable since there is extra 3 dB loss when the coupling ratio of C3 is set to 50/50. These results demonstrate the functionality of chip. In the following, some theoretical calculations will be conducted for validating the correction of fourfold coincidence counting.

Four-fold coincidence count calculations

In this section, I will calculate theoretical fourfold coincidences at different time offsets n × δt (the "time" axis shown in Figure 2.31), which represents the time delay between two pump pulses resulting in photon pair generations.

1) 4-fold coincidences for n=0

Product state

To calculate the fourfold coincidence count for product state case (the coupler was set to 100/0), I will first conduct a calculation to prove that the probability of detecting one dark count can be neglected compared to detecting any generated photon.

The dark count rate D c of each SNSPD has been characterized to be ∼100 counts/s. When we performed fourfold coincidence measurement, we first measured twofold coincidences C 12 between channel 1 and 2, as well as C 43 between channel 4 and channel 3, then two twofold coincidences will give one fourfold coincidence. The details of fourfold coincidence counting method can be referred to in appendix E. To avoid accidental coincidences as much as possible, we set narrow time windows ∆t to each twofold coincidence such as C 12 and C 43 . In the experimental measurement, both ∆t were equal to 3200 ps, larger than the timing jitters of devices such as SNSPD and time-digital converter, but smaller than one repetition period (13 ns) of pump pulse. This time window guarantees the record of all coincidences, meanwhile, avoids the coincidence contributions from different pump pulses.

Therefore, the probability of detecting one dark count per time window is

P 1DC = D c × ∆t ∼ 10 -7
(2.56)

In the following, I calculate the probability of detecting one photon from generated photon pair. Some parameters used for calculation are defined as follows: np is the mean number of generated photon pair per pulse (=9•10 -3 ) during the measurement, µ i are the associated losses on each channel 1,2,3 and 4 calculated in Equation 2.54, while η is the detection efficiency of the superconducting single photon detectors.

Exploiting the filters, photon pair generation satisfies thermal (Bose-Einstein) distribution, so the probability of generating n pairs of photon is [START_REF] Loudon | The quantum theory of light[END_REF] 

P thermal (n, n) = 1 1 + np np np + 1 n (2.57)
For np 1, the probabilities of generating one, two and three pairs of photon can be approximated respectively as

P (1) ≈ np (2.58a) P (2) ≈ n2 p ( 2.58b) P (3) ≈ n3 p (2.58c) 
After generating one photon pair, the probability of successfully detecting one photon from the generated pair is µ i × η. Recall that the transmissions of four channels are similar: µ i ≈0.04. In addition, to get a high visibility of two-photon interference, we choose np being a value smaller than 0.1 but larger than 10 -2 . The suitable value of np mainly depends on the losses of propagation channels. The details of determination about np will be given later.

Therefore, the probability of detecting one photon from generated pair per time window writes as

P 1photon = P (1) * µ i η = np * µ i η ∼ 10 -4 (2.59)
which is three magnitudes of order larger than the probability of detecting one dark count (10 -7 ), we can thus neglect the dark count contributions on fourfold coincidences. In other words, the accidental fourfold coincidences should be accounted to multi-photon pairs contribution. In Table 2.5, I listed all photon pair generation cases resulting in fourfold coincidences which can be divided into two categories: true fourfold coincidence ( 1 ) and accidental fourfold coincidence ( 2 -...). Note that since the mean number of generated photon pair per pulse np is far smaller than 1, the high order of np will be neglected in the following calculations. Here I consider only the terms with an order higher up to 3. Each fourfold coincidence measurement was performed over a time of T = 2 hours, the pump pulse repetition rate is of R = 76.5 MHz, I calculate the fourfold coincidence calculation for each case as follows:

Case

• Probability of pairs of photon generation:

P m+n = P (m)P (n) = 1 1 + np 2 np np + 1 m+n (2.60)
where m, n represent the generated pair number in source 1 and 2 respectively.

• Probability of having detection among k photons on channel i:

P k,i = 1 -(1 -µ i η) k (2.61)
The fourfold coincidence contribution of each case is

C product 4f old = P m+n P m,1 P m,2 P n,3 P n,4 * R * T (2.62) Case 1 : m = 1, n = 1
The fourfold contribution is

C 100/0 case1 = 1 1 + np 2 np np + 1 2 * µ 1 * µ 2 * µ 3 * µ 4 * η 4 * R * T (2.63) Case 2 : m = 2, n = 1.
The fourfold contribution is

C 100/0 case2 = 1 1 + np 2 np np + 1 3 [1 -(1 -µ 1 η) 2 ][1 -(1 -µ 2 η) 2 ]µ 3 η * µ 4 ηRT (2.64) Case 3 : m = 1, n = 2. The fourfold contribution is C 100/0 case3 = 1 1 + np 2 np np + 1 3 * µ 1 η * µ 2 η[1 -(1 -µ 3 η) 2 ][1 -(1 -µ 4 η) 2 ]RT (2.65)
Therefore, the fourfold coincidence counts measured containing true and accidental contributions is

C product = C 100/0 case1 + C 100/0 case2 + C 100/0 case3 + O(other) (2.66)

N00N state

When calculating the fourfold coincidence count for N00N state, I consider the same listed cases in Table 2.5. Using quantum description of the outcomes of two inner ports for each case according to the second quantization formalism:

|1, 1 in BS -→ i √ 2 (|2, 0 out + |0, 2 out ) (2.67a) |2, 1 in BS -→ 1 4 - √ 3!|3, 0 out + i √ 2|2, 1 out - √ 2|1, 2 out + i √ 3!|0, 3 out (2.67b) |1, 2 in BS -→ 1 4 i √ 3!|3, 0 out + i √ 2|1, 2 out - √ 2|2, 1 out - √ 3!|0, 3 out (2.67c) 
where |m, n in represents incident photon number m, n from source 1 and 2, while |p, q out represents the outcome photon numbers satisfying p + q = m + n (no photon losses).

From the quantum description, we can figure out the probability amplitude p(p, q) of each outcome such as |p, q .

To calculate the fourfold contributions, I first calculate the probability of acquiring twofold coincidences between heralding channels (1 and 4):

P heralding 2f old = [1 -(1 -µ 1 η) m ][1 -(1 -µ 4 η) n ] (2.68)
Then the probability of acquiring twofold coincidences between heralded channels (2 and 3) is

P heralded 2f old = m+n p=0 |p(p, m + n -p)| 2 [1 -(1 -µ 2 η) p ][1 -(1 -µ 3 η) m+n-p ] (2.69)
Therefore, the fourfold contribution is: In the experiment, we choose np = 0.009 as a trade-off between a high rate of photon pair generation and an excellent visibility of interference. This np gives a visibility of 96.8%, which is in agreement with the HOM dip visibility (94%) when taking into account of measurement uncertainty. The corresponding fourfold counts for product and N00N state cases are respectively ∼ 1count/(2h), ∼ 60counts/(2h). Both are compatible with the counts of blue bars in Figure 2.31a and 2.31b when taking into account of the experimental uncertainty.

C N 00N 4f old = P m+n P heralding 2f old P heralded 2f old * R * T (2.70)

2) 4-fold coincidences for n = 0

When n = 0, the theoretical fourfold coincidences calculated correspond to the red peaks shown in Figure 2.31.

I first calculate the case when the coupling ratio of C3 is set to 100/0. Since the SPDC process equiprobably triggered by the pump pulse in the long run, the fourfold coincidences for n = 0 are equal in theory. This is in good agreement with the experimental results (Both blue and red peaks in Figure 2.31b have identical fourfold coincidences of ∼ 60).

When the coupling ratio of C3 is set to 50/50. Being similar as previous, I focus on three cases such as 1 , 2 and 3 .

For n = 0, the inner photons (heralded photons) do not interfere anymore. When n = 1:

• Case 1 : The two heralded photons have four kinds of path choice after passing through the 50/50 coupler: two cases of photon anti-bunching, two cases of photon bunching. Only the photon anti-bunching cases will result in fourfold coincidences. Thus the fourfold coincidences can be written as

C 50/50 case1 = 1 1 + np 2 np np + 1 2 µ 1 ηµ 4 η 1 4 µ 2 ηµ 3 η + 1 4 µ 2 ηµ 3 η RT (2.76)
• Case 2 : The photon pair generation time in top PPLN and bottom has an offset of δt (pump pulse repetition), there is no destructive interference at coupler.

Based on the output path information, the probability of obtaining two heralded photons in channel 2 and one heralded photon in channel 3 is 3 8 ; On the contrary, the probability of acquiring one photon in channel 2 and two in channel 3 is 3 8 . The fourfold count is

C 50/50 case2 = 1 1 + np 2 np np + 1 3 [1 -(1 -µ 1 η) 2 ]µ 4 η * 3 8 [1 -(1 -µ 2 η) 2 ]µ 3 η + 3 8 [µ 2 η[1 -(1 -µ 3 η) 2 ] RT (2.77)
• Being similar to 2 , the fourfold count for 3 is

C 50/50 case3 = 1 1 + np 2 np np + 1 3 [1 -(1 -µ 4 η) 2 ]µ 1 η * 3 8 [1 -(1 -µ 2 η) 2 ]µ 3 η + 3 8 µ 2 η[1 -(1 -µ 3 η) 2 ] RT (2.78)
Therefore, when n = 1 and coupler is set to 50/50, the total fourfold count is

C 50/50 n=1 = C 50/50 case1 + C 50/50 case2 + C 50/50 case3 + C other (2.79)
When n = 2, 3, 4..., the fourfold counts will be approximately identical at different time offsets during a long enough integration time. The theoretical fourfold count (31 counts/(2h)) is also compatible with the average count of red peaks in Figure 2.31a when taking into account of the measurement uncertainty. So far, we verified that the pump power level (n p =0.009 /pulse) is reasonable and the chip can realize tunable entanglement generation as expected.

Conclusion

This chapter has demonstrated heralded two-photon states generation and manipulation on monolithic lithium niobate chip. Such a device aims at generating reconfigurable heralded path-coded two-photon states. It gathers five different integrated elements to enable successively photon pair production, wavelength demultiplexing of the pairs and two-photon interference on a tunable coupler. Each optical function of the chip shows high-level performances in terms of losses and efficiency. The monolithic configuration ensures high stability, low power consumption, and low operating voltage. Exploiting telecom compatible components, the quality of the produced entangled state has been shown by means of Hong-Ou-Mandel interference exhibiting a raw visibility of 94% only limited by the multipair contributions. In nominal operating conditions, the source exhibits an heralding rate of entangled photons of ∼ 200 s -1 with quantum state switching from product |1, 1 to N00N 1 √ 2 (|2, 0 + |0, 2 ) states in less than 1 ms by applying about ∼ 34 V. The high brightness as well as entanglement quality, and the alignment-free operation make this device a valuable candidate for quantum applications. Remarkably to note that, exploiting a telecom optical clock as in [START_REF] Lutfi | Ultra-fast heralded single photon source based on telecom technology[END_REF], the rate could be extended by one order of magnitude while maintaining the quantum state quality.

Such a chip finds natural application in quantum networking whose heralding signal provide meaningful information for repeater-based links. Beyond quantum communication, the architecture proposed for this chip can be conveniently used in the context of continuous variables (CV) quantum optics. Depending on the input pumping power at 712 nm, the SPDC stages generate photon pairs, as for this work, or bright squeezed states. In CV regime, at higher SPDC pump powers, a similar scheme has been used to generate two single-mode or one two-mode squeezed state in continuous wave regime [START_REF] Lenzini | Integrated photonic platform for quantum information with continuous variables[END_REF]. Possible extension would also cover the conditional preparation of odd/even Schrödinger kittens in the mode H 1 and H 2 of the chip, via heralded single photon substraction toward coupler C3 and further produce a coherent superposition of heralded photon subtraction. Based on the choice of their relative phase, it is possible to use this detection signal to herald a strongly entangled non-local superposition of coherent states [START_REF] Ourjoumtsev | Preparation of non-local superpositions of quasi-classical light states[END_REF]. This latter represents a resource useful for long distance quantum teleportation and phase-space rotations of coherent qubits. Eventually, such an architecture can be equally used to prepare in a heralded fashion an hybrid DV-CV entangled state with single-rail encoding on its DV part [START_REF] Morin | Remote creation of hybrid entanglement between particle-like and wave-like optical qubits[END_REF]. This can be achieved by mixing on C3 a photon from a pair generated by the upper SPDC and a single photon subtracted from a squeezed state from the lower SPDC source.

Possible improvements

Our device also faces some limitations as other LiNbO 3 devices will encounter, such as the rigorous quasi-phase-matching (QPM) condition resulting in application limitations or photorefractive effect introduced by high pump power. In this section, I will present some already performed works on these aspects, which would be useful for next-generation chip fabrication.

The nonlinear process such as spontaneous parametric down conversion (SPDC) is a funtamental implementation for developing quantum applications. In order to have an efficient photon pair conversion, the phase-matching condition needs to be fulfilled. Considering that when the interacting waves of SPDC process are at fundamental modes of guiding structure, it is easier to make interacting modes overlap and to couple the optical mode in and out of integrated waveguides: this is true for symmetric structure but shows limitation for asymetric ones like the one I used for my thesis. The rigorous quasi-phase matching condition needs tremendous works focusing on optimization of devices. For releasing the fabrication tolerances, we consider to combine the modal phase-matching and quasi-phase matching, which is acknowledged as a way to realize noncritical phase-matching condition [START_REF] Bortz | Noncritical quasi-phase-matched second harmonic generation in an annealed proton-exchanged LiNbO/sub 3/ waveguide[END_REF][START_REF] Burns | Noncritical" phase matching in optical waveguides[END_REF][START_REF] Lim | Noncritical phase matching for guided-wave frequency conversion[END_REF]. Through compensating material dispersion by modal dispersion, an efficient SPDC can be also allowed. By investigating the second harmonic generation (SHG) of soft-proton exchange (SPE) waveguides fabricated in a PPLN crystal through a mask presenting opening widths of 5, 6, 7 and 8 µm, two phase-matching configurations are observed (see Figure 2.33) [START_REF] Neradovskiy | Phase-matching unsensitive to waveguide parameters variations in χ2 based nonlinear integrated optics devices[END_REF]: (1) TM 00 at λ and TM 00 at λ 2 , (2) TM 00 at λ and TM 10 at λ 2 . We notice that in the middle, there is also SHG process happening, but we do not consider, since the efficiency is very low. It is clear that for the first configuration, the phase-matching is sensitive to waveguide width, but for the second one, the sensitivity is extremely small. Unexpectedly, the nonlinear process efficiency of the unsensitive configuration is higher than for the interaction between TM 00 modes at λ and λ 2 . The insets of Figure 2.33 describe the energy profile for different modes, it is obviously that TM 10 mode at λ/2 has a better overlap with TM 00 mode at λ, which can be attributed to the asymmetric feature of structure. The numeric study has also demonstrated that the interaction between the TM 00 mode at the fundamental frequency and the TM 10 mode at harmonic frequency is unsensitive to other waveguide parameters, such as the depth, the refractive index variation [START_REF] Neradovskiy | Phase-matching unsensitive to waveguide parameters variations in χ2 based nonlinear integrated optics devices[END_REF].

About the SPE waveguide parameter unsensitive nonlinear process based on the combination of modal-and quasi-phase matching, further photon-counting regime experiments need to be investigated. Here I present some preliminary results about one aspect: Is the phase-matching configuration such as TM 00 at λ and TM 10 at λ 2 unsensitive to the photorefractivity ?

A small introduction of photorefractivity For the integrated circuits, the on-chip guided light is confined in transverse region over several µm 2 . Even a small pump power is likely to result in a high optical intensity, which easily makes charges move out of the illuminated area by electro-optic effect and get localized at the edges of the waveguide. The spacecharge filed results in a refractive index modification via the electro-optic effect, changing the spatial beam profile of the guided mode [START_REF] Kostritskii | Photorefractive effect in LiNbO3-based integrated-optical circuits at wavelengths of third telecom window[END_REF][START_REF] Pal | Photorefractive damage resistance in Ti:PPLN waveguides with ridge geometry[END_REF] and leading to loss of efficiency or wavelengths of generated photon pairs via SPDC process.

In our work, the device was used under single-photon regime, which only required a low pump power (several µW). Meanwhile, the device worked at a high temperature (100 • C). These two conditions made the photorefractivety being negligible. However, to guarantee the purity of idler photons, two narrow bandwidth (∼ 104 25 GHz) FBG filters were exploited. In order to maintain the same photon pair generation rate level, the pump power was augmented from several µW to several hundreds µW. Since the pump laser is ps-pulsed regime, the power at the pulse peak is ultra high, which greatly increases the probability of photorefractive effect.

In addition, lithium niobate chips are now moving also towards applications of continuous variable (CV) quantum optics, where quantum information is coded on light continuous spectrum observables [START_REF] Lenzini | Integrated photonic platform for quantum information with continuous variables[END_REF]. In comparison with single-photon regime, CV experiments need higher pump power for parametric down conversion, this is likely to induce photorefractive effect. CV quantum-information protocols heavily rely on squeezed states [START_REF] Andersen | Continuous-variable quantum information processing[END_REF][START_REF] Lvovsky | Squeezed light[END_REF], which are very sensitive to losses as well as to generation or detection imperfections, any unexpected effect such as photorefractivity will impact the generated squeezed states. This directly degrades the quality of generated states. Hence, overcoming or mitigating photorefractivity as much as possible is significant for chip-based quantum application domain. Under room temperature (∼21 • C), using a tunable pulse laser to pump PPLN waveguide, the observed evolutions of SPDC processes for two different phasematching configurations are presented in Figure 2.34. We notice that by increasing pump power, the generated spectra for TM 10 pump mode remain almost the same, while for TM 00 pump, the spectrum shifts obviously. These results are preliminary ones, more pump powers should be considered. However, based on the two pump powers, we can conclude that when the pump is not that high, the unsensitive phasematching configuration based SPDC process is less sensitive to photorefractivity. This gives us one more method to mitigate the photorefractive effect in LiNbO 3 circuits.

General conclusion

Tremendous advances have been made in the field of quantum information processing during the past twenty years, specially the quantum cryptography and quantum computation. These two branches outperform classical cases, thanks to the counterintuitive properties of quantum physics, i.e., Heisenberg uncertainty principle, no-cloning theorem ensure unconditional secure information transmission, and superposition state, entanglement of quantum system can improve exponentially the capacity of calculation. The developments of quantum industries are in line with the expectations of the times, since the security of personal financial and health data as well as commercial and national secrets are threatened to be eavesdropped with the rise of the internet and recent trends to the Internet of Things. Moreover, a lot of complex mathematics problems are required to solve and some artificial intelligence systems serving as digital assistants helping to analyzer the ingredients of medicine as well as diagnose diseases are needed to build. The relevant potential quantum applications have been achieved either in bulk optics, or in integrated photonics. Considering that the integrated optics provides great stability and scalability to information processing, it becomes highly appealing for the quantum applications.

This thesis aimed at paving the way further to practical quantum applications. The main work focused on demonstrating heralded two-photon states generation and manipulation on monolithic lithium niobate chip. Two identical PPLN waveguide sources and three directional waveguide couplers were integrated on the same lithium niobate substrate. Exploiting quasi-phase-matching technique, efficient type-0 SPDC process happened inside each PPLN crystal, generating one pair of photons at 1560 nm and 1310 nm respectively. Taking advantage of evanescent field coupling between two adjacent waveguides, two directional waveguide couplers with specified length were used for routing spectral modes to different paths. The 1310 nm photons were directed to detectors, while the 1560 nm photons were routed to a third directional waveguide coupler, whose coupling ratio ratio was tuned via eletro-optics effect. The detection of two 1310 nm photons heralded the existence of two 1560 nm photons. Adjusting the applied voltage, product state and N00N state can be realized. By means of Hong-Ou-Mandel interference, the raw visibility of entangled state was estimated to be 94%. The heralding rate of reconfigurable two-photon states was ∼ 200 s -1 . These figures of merit make the device qualified to be a potential ingredient for quantum applications, such as quantum teleportation, quantum computation.

A. SNSPD calibration

In order to realize an efficient QKD scheme, a bright source, low-loss communicating channel, as well as high performance single-photon detector are required. The security and performance of many quantum-communication protocols depend strongly on detector properties. For instance, the dark count of detector will result in a larger bit error rate. The detection efficiency1 has the same impact as link loss on QKD systems, a decreasing efficiency will result in decreasing the bit rate, but increasing the contribution of noise for detection. Other detector properties, such as detector dead time2 , also affects the performance of QKD protocols. If the dead time is larger than the smallest possible time-bin of signal photon detection, the bit rate will be reduced. The larger dead time can also lead to information leakage or even be directly manipulated by a third party to gain information from the quantum channel [START_REF] Burenkov | Security of high speed quantum key distribution with finite detector dead time[END_REF][START_REF] Makarov | Controlling passively quenched single photon detectors by bright light[END_REF][START_REF] Makarov | Effects of detector efficiency mismatch on security of quantum cryptosystems[END_REF]. Additionally, the timing jitter3 of detector impacts also the maximum detection rate, a larger timing jitter results in secret key information leakage as well [START_REF] Lamas | Breaking a quantum key distribution system through a timing side channel[END_REF].

Among different technologies, i.e., InGaAs-, Ge-, Si-based avalanche photodiode [START_REF] Cova | Evolution and prospects for singlephoton avalanche diodes and quenching circuits[END_REF], quantum dot [START_REF] Komiyama | A single-photon detector in the far-infrared range[END_REF], superconducting nanowire [START_REF] Rosfjord | Nanowire Single-photon detector with an integrated optical cavity and anti-reflection coating[END_REF], frequency up-conversion [START_REF] Albota | Efficient single-photon counting at 1.55 µm by means of frequency upconversion[END_REF][START_REF] Takesue | 1.5-µm single photon counting using polarization-independent up-conversion detector[END_REF][START_REF] Thew | Low jitter up-conversion detectors for telecom wavelength GHz QKD[END_REF], developed for single-photon detectors, superconducting nanowire single photon detector (SNSPD) has become the first choice since the performances are orders of magnitude better than other competitors. Taking the detector ID220 (ID quantique), one typical InGaAs avalanche photodiode as an example, the detection efficiency at telecom wavelength is scaled of 10∼20%, the typical dead time is of 4∼10 µs, maximum count rate can be high up to 250 kHz, the timing jitter at maximum efficiency is of 163 ps. While for SNSPDs, the detection efficiency can be as high as 90%, the timing jitter as low as 20 ps, the dark count rate as low as several Hz, and the maximum count rate is up to 200 MHz. Note that the relevant figures of merit for SNSPD are refered to the product ID281 (ID quantique).

In this section, a device comprising four superconducting nanowire single photon detectors (SNSPDs) received from ID quantique, was characterized. By investigating the evolution of detection efficiency and dark count in function of applied external bias current, the optimal working points were highlighted.

A.1. Principle of SNSPDs

The core of SNSPD is typically a 100 nm wide Niobium Nitride meander nanowire covering an area of several µm 2 . This arrangement of nanowire can increase the photon-sensitive area. The working principle of SNSPD is sketched in Figure A.1. When cooling Niobium Nitride down to the temperature of liquid Helium (≤ 4.2 K), its electric resistance is zero, representing a superconducting property. When one incoming photon is absorbed by the wire, a local hotspot is created, and the current density change will generate a voltage signal, which can be counted as one photon detection. Once the current has been shunted, the nanowire cools down and returns to the superconducting regime, being ready for next photon detection. For the optical part, a 98/2 fiber beam splitter was implemented. The arm transmitting 98% power was connected to a powermeter to monitor the classical light power in live. The arm transmitting 2% was connected to the optical attenuator, which can control the emitted photon number N in instantly. Since the detection is very sensitive to infrared wavelength, we adjusted polarization controller to read out maximum detection number.

A.2. Experimental calibration

For the electrical part, the tunable current source provides a bias to SNSPD. Increasing I b from zero, when I b reaches a specified value, the detection efficiency starts to increase. However, I b can not increase infinitely, since too high I b will result in a high dark count. The optimal current value resulting in a high detection efficiency and a low dark count needs to be worked out by the calibration.

One detection is turned into a fast voltage signal outputting from Bias-tee, then is amplified by a amplifier. In order to count the detection signals as precisely as possible, a suitable threshold voltage needs to be set on the discriminator, which can efficiently reduce the noise signals. The outputs of discriminator are logical signals, being sent to a time-to-digital converter, from where we can read the detection count.

To determine the threshold level of voltage, we first observed the output signal from the amplifier on an oscilloscope. The signal observed in our calibration was presented in Figure A.3. The peak value of voltage was ∼200 mV. Then we observed the evolutions of dark count and detection count by tuning the threshold level on discriminator, and recorded the range scale where two values individually maintained at a reasonable constant level. For instance, the readouts of dark count and detection count kept being near constant, i.e., the dark count was around 100 counts/s which was the tolerance when performing detection, and the detection count was being a near constant value without any large fluctuation, when the threshold level was being adjusted between 150 and 200 mV. A mean value of this range, namely 175 mV was finally determined as the threshold level. First, I characterized the evolution of dark count and detection efficiency with increasing the bias current. The idea of calibration was, setting a low bias current, we injected into the SNSPD a beam containing N in (100 kcounts/s) photons, then read out the detection count N det . The detection efficiency η can be calculated

η = N det N in (A.1)
Blocking the laser beam, we read out the dark count D c . Each time after finishing the measurements of detection efficiency and dark count, we augmented the bias current with a small step (0.3 µA), then repeated the similar measurements as previous until the dark count dramatically increased. Analysing the measurement results, the optimal working bias current can be figured out. In Figure A.4, the characterizations of all four SNSPDs are presented. An optimal bias did a trade-off between dark count and detection efficiency. We notice that for all detectors, when the dark count reaches 100 counts/s, the increase of dark count becomes dramatically with respect to the set bias current, while the detection efficiency trends to a constant value. Thus, the corresponding bias current was chosen as the optimal bias current. The optimal bias currents for four SNSPDs are To make clear in which range of detection counts we can trust, the linearities of detectors are also needed to be investigated. The linearity characterization identifies the maximum photon detection rate in practical implementation. The idea of calibration was, setting the obtained optimal bias current for the detector, then we increased the photon number sent in detector, and read the detection counts for each send-in photon number. These values permitted us to calculate the corresponding detection efficiency. The results are all presented in Figure A.5. We notice that the detection efficiency is near linear with respect to the injected beam when the injected photon number is lower than 1000 kcounts/s. It means these detectors can be used for detecting photon numbers lower than 1 Mcounts without considering any degrade of optimal detection efficiency.

Despite that the received SNSPDs cannot perform as the state of the art, i.e., a detection efficiency as high as 90%, a maximum detection up to hundreds of million counts, but compared to previous daily used InGaAs/InP avalanche photodiode, the performances are much more attractive, and the implementation of them in QKD schemes can undoubtedly improve orders of magnitude the communicating efficiency.

B. Lithium Niobate crystal

For well understanding the optic-optic as well as electro-optic effects of lithium niobate material, it is good to know its micro-structure.

As shown in Figure B.6, LiNbO 3 is a monocrystal grown in the form of a boule by Czochralski method [START_REF] Ballman | Growth of Piezoelectric and Ferroelectric Materials by the CzochraIski Technique[END_REF] with high reproducibility and homogeneity. If an electric field is applied while the crystal is coolded down below its Curie temperature (∼ 1145 • C), the boule is in a ferroelectric phase [START_REF] Newnham | Tailored domain patterns in piezoelectric crystals[END_REF], i.e. it exhibits a spontaneous electric polarization due to a permanent shift of lithium and niobium ions relatively to oxygen planes. Also note that LN has also uniaxial negative birefringence, and is a photorefractive material [START_REF] Mondain | Photorefractive effect in LiNbO3based integrated-optical circuits for continuous variable experiments[END_REF]. 

C. Soft-proton exchange technique

All on-LiNbO 3 integrated channel waveguides in this thesis are fabricated using soft-proton exchange (SPE) technique. This technique increases the refractive index along extraordinary axis, while the refractive index along ordinary axis decreases. Therefore, only TM-polarized light can be guided. For PPLN waveguide, the fabrication process starts by periodically poling the crystal.

In order to realize the integrated waveguides, the guide areas need to be exposed in acid liquid (usually benzoic acid). To precisely figure out the guide areas, we first deposite one layer of photoresist (resin) over the LiNbO 3 wafer, then use a light to transfer the desired guide pattern from a photomask to photoresist on the wafer, the guide pattern appears in a ridge shape. The prepared wafer then undergoes a deposit of buffer layer (250 nm-thick silica) by ion-beam assisted evaporation. The resin remaining under the silica is dissolved (lift-off operation) in acetone, leaving only the ion-to-be-exchanged areas of LiNbO 3 in the open air.

Once the areas to be exchanged are revealed, we place the wafer in a sealed zirconium enclosure with benzoic acid powder. To avoid partial or complete erasure of the ferroelectric property due to a too acidic solution, we control the acidity of the benzoic acid by adding a quantity of lithium benzoate powder. In order to avoid as much as possible the presence of water molecules which modify the properties of waveguides, the powders are oven-dried and mixed in a waterproof enclosure. The container is then sealed and put under vacuum (10 -4 bar), then heated to 300 • C. At this temperature benzoic acid and lithium benzoate are in a liquid state and are inserted into the channels "engraved" in the silica, which initiates the chemical reaction of ion exchange between lithium atoms near the surface of the crystal and the protons present in the bath. The operation can then be summarized by the following chemical reaction equation:

LiN bO 3 + xH + H x Li 1-x N bO 3 + xLi + (C.2)
where x represents the substitution rate which depends on the acidity of the bath, the cut of the substrate as well as the working temperature. This reaction lasts for 72 hours in order to obtain a sufficiently deep guide but maintain single-mode at telecommunications wavelengths. All these manufacturing parameters such as acid dosage, temperature and reaction time are the result of long years of experience [START_REF] Aboud | Polarisation périodique et échange protonique dans le niobate de lithium[END_REF][START_REF] Bertocchi | Circuit optique sur LiN bO 3 pour un relais quantique intégré[END_REF][START_REF] Loic Chanvillard | Interactions parametriques guidees de grande efficacite : utilisation de l'echange protonique doux sur niobate de lithium inverse periodiquement[END_REF], which have allowed to reduce propagation losses and to optimize the overlap between the guided modes involved in non-linear interactions to increase their efficiency.

D. LiNbO 3 chip design

Before starting the fabrication of chip, some numeric simulations have been performed to verify relative designing parameters. The elements integrated on the chip can be divided into two categories: periodically period lithium niobate (PPLN) and waveguides. For PPLN crystal, the poling period, the variation of refractive index and the whole length of crystal are proved by Quasi-Accord de Phase4 (QAP), one software which calculates wavelengths of generated photon pairs versus pump wavelength. For the waveguides, we use Neff to simulate the profile of inside propagating field by setting the configuration of waveguides, such as the index profiles, the temperature, the wavelength, the width and the depth, appropriate values of them will ensure the single mode feature of telecom light propagation. Two close parallel waveguides work as wavelength-couplers. We use Opti-Beam Propagation Method(OptiBPM ) to study the power distributions in two waveguides for each wavelength by changing the space distance between two waveguides and the length of coupler, thereby confirming those two parameters to realize corresponding functionalities. 

D.1. PPLN waveguide

ω p = ω i + ω s (D.3) k p = k s + k i (D.4)
Equation D.4 is so-called phase matching condtion. When the SPDC process fulfills this condition, constructive interference occurs along crystal and the effciency of process increases quadratically with the interaction length (case a in Figure D.8). Nevertheless, in practice, due to chromatic dispersion in material, perfect phase matching is hard to fulfilled for an arbitrary combination of wavelengths.

For non-phase matched wavelengths, constructive and destructive interference happen repeatedly along light propagation axis, leading the efficiency of process to oscillate in a very low conversion level ( case c in Figure D.8). Thanks to the ferroelectric property of lithium niobate, by means of reversing periodically the material spontaneous polarization, quasi-phase matching can be realized. The adapted phase matching condition becomes

k p = k s + k i + 2π Λ • u (D.5)
where u represents the unit vector along light propagation. Taking advantage of quasi-phase matching technique, an appropriate determi-nation of the poling period Λ allows addressing phase matching for any desired combination of pump, idler, signal wavelength. Consequently, the efficiency of conversion gets improved (case b in Figure D.8) compared with non-phase matching case. However, in bulk PPLN crystal, the SPDC efficiency is pretty weak. In order to improve the efficiency of SPDC process, a waveguide integrated in crystal strongly confines the light beams, assuring the continuous interactions between light fields in longer crystal on the order of a few centimeters. To avoid propagating spatial modes other than fundamental, the width of waveguide is determined to be 6 µm according to the simulation results. This width is chosen, on one hand, to guarantee the single mode feature of telecom light in waveguide, on the other hand, to optimize the coupling ratio between waveguide and photon collecting V-groove fiber accommodating their inside propagated optical modes. The single mode feature ensures the indistinguishability of spatial mode of generated photons.

The refractive index profile of micro-waveguide in To achieve non-degenerate photon-pair (1310 nm/1560 nm) generation using the PPLN waveguide, a program of simulation which focus on the interaction between PPLN waveguide and pump, idler, signal fields is exploited. The parameters such as the variation of refractive index, width and depth of waveguide, the working temperature are taken into account. Since the parameters of waveguide have been determined by the fabrication procedure, we can only adjust the working temperature. We choose finally 373 Kelvin which is high enough to avoid photorefractive effect in material as much as possible [START_REF] Mondain | Photorefractive effect in LiNbO3based integrated-optical circuits for continuous variable experiments[END_REF]. The quasi-phase matching simulation with the set parameters is depicted in 

D.2. Theoretical bandwidth of the SPDC spectral emission

Assume that the pump light is monochromatic, a pump photon at frequency ω p annihilates to generate a photon pair with finely detuned frequencies ω s -dω s , ω i + dω i . This process still fulfills energy conservation

ω p = ω s -dω s + ω i + dω i (D.6)
Therefore, dω s = dω i . The phase matching condition in Equation D.5 then can be written as

n p • ω p ≈ n s • ω s + n i • ω i + 2πc Λ + dω • (n i -n s ) (D.7)
introducing an extra phase term δk = dω • (n s -n i ), the quasi-phase matching does not exist anymore. This is also the reason why the spectral width of SPDC emission cannot be infinitely large.

In order to simplify the calculations, assuming the propagation of waves inside waveguide is lossless. I consider starting from the signal wave amplitude evolution along the waveguide (define the propagation direction as z) [START_REF] Aboussouan | Interférences à deux photons à 1550 nm pour les communications quantiques[END_REF]:

∂A s (z) ∂z = CA 2 p e i(kp-ks-k i -2π Λ )z (D.8)
where the term A s , A p are respectively the amplitude of signal and pump waves, C is a constant. The phase term e i(kp-ks-k i -2π Λ )z reveals the phase mismatching, and the accumulated mismatched phase can be written as δk • l when the signal wave emits from waveguide (l is the waveguide length). Do the integration calculation of Equation D.8, the signal wave amplitude A(l) fulfills In previous part, some physics principles have been given to explain the existence of spectral width and provide one way to estimate the spectral bandwidth. In the following, I will do some mathematical calculations to work out the spectral bandwidth.

Assuming that the pump laser is monochromatic, the frequency is denoted by ω p0 . Only considering the quasi-phase matching case, the signal and idler frequencies are respectively ω s0 , ω i0 . Since the objective is to calculate the bandwidth of SPDC spectral emission, I then write the bandwidth δk to introduce dω s and dω i , which are directly relative to the bandwidths of spectra.

Near the quasi-phase matching point, the mismatched phase can be expressed using differential form Then the width of SPDC spectral emission can be written as

∆k = k p0 -(k s0 + ∂k s ∂ω s | ω s0 dω s ) -(k i0 + ∂k i ∂ω i | ω i0 dω i ) (D.
|dω s | = |dω i | = 2π l n ef f (ω s0 ) -n ef f (ω i0 ) - ∂n ef f ∂ω | ω s0 ω s0 + ∂n ef f ∂ω | ω i0 ω i0 (D.17)
The bandwidth of spectrum can be simply expressed

∆ω s = ∆ω i = 2πc N l (D.18) with N = n ef f (ω s0 ) -n ef f (ω i0 ) - ∂n ef f ∂ω | ω s0 ω s0 + ∂n ef f ∂ω | ω i0 ω i0 .
Equation D.18 is the bandwidth of spectrum for monochromatic light pump. However, in real case, the pump pulse has a bandwidth ∆ω p ∼ 0.2 nm, this will broaden the emitted spectra. Taking into account the bandwidth of pump pulse, the bandwidth of signal spectrum becomes [START_REF] Aboussouan | Interférences à deux photons à 1550 nm pour les communications quantiques[END_REF] 

∆ω s = 2πc N l + n ef f (ω p0 ) -n ef f (ω i0 ) + ∂n ef f ∂ω | ω p0 ω p0 - ∂n ef f ∂ω | ω i0 ω i0 n ef f (ω i0 ) -n ef f (ω s0 ) + ∂n ef f ∂ω | ω i0 ω i0 - ∂n ef f ∂ω | ω s0 ω s0 ∆ω p (D.19)
Using a relation ∆λ = -λ 2 2πc ∆ω, the bandwidth in wavelength can be written

∆λ s = λ 2 s0 N l + n ef f (λ p0 ) -n ef f (λ i0 ) - ∂n ef f ∂λ | λ p0 λ p0 + ∂n ef f ∂λ | λ i0 λ i0 n ef f (λ i0 ) -n ef f (λ s0 ) - ∂n ef f ∂λ | λ i0 λ i0 + ∂n ef f ∂λ | λ s0 λ s0 ∆λ p (D.20)
Then I used the software N ef f to calculate the effective index for each wavelength λ p0 , λ p0 , λ p0 , as well as the differential variables of them:

n ef f (λ p0 ) = 2.206, n ef f (λ s0 ) = 2.156, n ef f (λ i0 ) = 2.146 ∂n ef f ∂λ | λ p0 = -0.1745 µm -1 , ∂n ef f ∂λ | λ i0 = -0.03695 µm -1 , ∂n ef f ∂λ | λ s0 = -0.04501 µm -1
Thus, the theoretical spectrum bandwidth of idler (1560 nm), signal (1310 nm) power emission is ∆ th λ s = 16.88 nm, ∆ th λ i = 22.95 nm

The experimental bandwidth for idler-photon spectrum is around 20.4 nm (see Figure 2.19) which is compatible with the theoretical bandwidth when taking into account the uncertainties of measurement and waveguide parameters.

D.3. Integrated directional couplers

As shown in For both waveguides, there are small parts of field located outside in the higher index region, which are so-called evanescent fields. These fields decrease exponentially along the transverse direction of wave propagation [START_REF] Tien | Light Waves in Thin Films and Integrated Optics[END_REF]. If two waveguides are close enough, the evanescent fields spatially overlap and give rise to a coupling between them. We describe the coupling efficiency by introducing a coupling coefficient K, which is mainly affected by the distance between two waveguides, the geometry of waveguides as well as the refractive index difference and the guided wavelength.

For the sake of clarity, some elementary theoretical calculations have been conducted. Assuming that two electric fields E t , E b are propagating in two waveguides (top and bottom in Figure D.13) along z axis, the amplitudes and propagation constants are A t , A b and β t , β b , respectively. The electric fields along z are estimated then:

E t (z) = A t e -iβtz E b (z) = A b e -iβ b z (D.21)
Assuming that two waveguides are lossless, the evolutions of two electric fields along the light propagation could be derived with considering the coupling coefficient K between them [START_REF] Kogelnik | Switched directional couplers with alternating ∆β[END_REF][START_REF] Papuchon | Electrically switched optical directional coupler: Cobra[END_REF]:

dE t (z) dz = iKE b (z) -iβ t E t (z) dE b (z) dz = iKE t (z) -iβ b E b (z) (D.22)
Assuming that E b (0)=0 (the case depicted in Figure D.13: light injected only in top waveguide), the intensity of light in two waveguides are deduced from D.22:

|E t (z)| 2 = |E t (0)| 2 [1 - K 2 ∆β 2 4 + K 2 sin 2 (z ∆β 2 4 + K 2 )] (D.23) |E b (z)| 2 = |E t (0)| 2 [ K 2 ∆β 2 4 + K 2 sin 2 (z ∆β 2 4 + K 2 )] (D.24)
where ∆β = β b -β t . The coupling ratio depends on the term K 2 ∆β 2 4 +K 2 sin 2 (z ∆β 2 4 + K 2 ), which shows an oscillating coupling ratio in Figure D.14. When ∆β = 0 (red curve), the energy from one waveguide can only transfer a part to another at any propagation distance. However, when ∆β = 0 (blue curve), at propagation distance L c = π 2K , the energy in one waveguide can entirely transfer to another. For ∆β = 0, we need to fabricate two perfect identical waveguides, i.e., the geometry and refractive index should be the same. L c is the propagation distance corresponding to E b (L c ) = E t (0), i.e., when the energy is fully transferred to the other waveguide.

We notice that only ∆β=0 can give full energy transfer for a propagation distance of L c . The parameter L c is described as characteristic length, which varies from one propagating wavelength to another, thus we denote the length as L c (λ). In the following, two functionalities such as wavelength demultiplexing (WDM) and beam splitter (BS), based on waveguide coupler will be discussed. We first investigated the design parameters of coupler to realize WDM when ∆β=0. Then we investigated the design parameters to realize BS when ∆β can be tuned via the electro-optic effect.

D.3.2. Coupler used for wavelength separation

The couplers function as WDM are marked in Figure D.15a. The straight part of couplers is presented in Figure D.15b, where the 1310 nm and 1560 nm waves are injected into the bottom waveguide, then the energies of two waves are coupled back and forth between two waveguides along the propagation direction. We expect that two waves exit from two different waveguides at the end of the coupler. Note that the transverse electric filed distribution of 1560 nm along the waveguide is larger than 1310 nm, thus the energy of 1560 nm in one waveguide is easier to be coupled into another, leading to faster energy exchange between two guides. According to the analysis in functionality 6 . Therefore, identifying L c1310 is the key of WDM fabrication. In the following, I will explain how we worked out L c1310 .

Remarkably that L c depends on the opto-parameters such as refractive index variations δn(dn, w) 7 and propagation wavelength λ, as well as the geometric parameter such as the spacing distance d between two waveguides. These parameters can only be addressed by numerical study.

We run optiBPM using simulated dn, w, λ and d, to get a rough estimation of L c . To distinct from the accurate L c , I denote the estimated one as L c . Then we fabricated samples with different coupler lengths such as 0.5L c , 1.0L c , 1.5L c , 2.0L c to validate our simulation. We repeated the cycle including assigning the parameters, fabricating the samples and comparing L c with L c until L c ≈ L c . Then the corresponding fabrication process values will be saved. To experimentally validate our simulation, we injected light at 1318 nm8 or 1550 nm into the coupler, and measured the coupling ratio. Then we can retrieve or calculate L c for both wavelengths. For instance, Figure D.16 shows the case when d= 10.5 µm, the measured coupling ratios in reflected waveguide (defined in Figure D.13) for 1318 nm and 1560 nm are respectively marked by black dots and blue dots. Using a sin 2 function to fit the data, we got L c1318 to be 2.44 mm which roughly equals to L c , while L c1560 ≈ 1.45 mm being roughly half of L C . This happens to fulfill our expectation that L ≈ L c1310 ≈ 2L c1560 . Note that in the fitting function, free parameter a represents the initial phase introduced by the bending region of coupler (see Figure D.15a).

To test the robustness of the relation L c1318 ≈ 2L c1550 , we fabricated more samples with different δn. On each batch of sample, there are five structures with different d (9.0, 9.5, 10, 11 µm). We retrieved all L c for 1318 nm and 1550 nm, and the results are presented in Figure D.17. In most quantum scenarios, only the 50/50 couping ratio of coupler is demanded to assure the happening of HOM effect. As seen in Figure D.19, the cases L = 0.5L c , 1.5L c and 2.5L c can give a coupling ratio of 50/50 when ∆β = 0. However, for our experiment, these three cases will not be taken into account since applying voltage can only reduce the coupling ratio from 50/50 to 0/100, but does not allow reaching 100/0. Therefore, we will choose the coupler lengths which give an over-coupled ratio, such as L = L c , or 3L c allowing a full span of coupling ratio from 100/0 to 0/100. We can degrade the ratio to 50/50 by tuning the applied voltage.

For our chip, we expect to realize configurable quantum states, such as product and N00N state, which need respectively the coupling ratio 100/0 and 50/50. Therefore, a coupler length of (2k + 1)L c (k=0, 1, 2, 3, ...) is suitable for fabrication. We finally determined a fabricating coupler length of 3L c rather than others, since this length guarantees an efficient electro-optic effect and the miniaturization of chip. We duplicated nineteen couplers on the sample, whose L spanned from 2000 µm to 8000 µm. Combining with voltage supply, we can have at least one or more couplers to work as we desired.

E. Method of 4-fold concidence count rate measurement

The quantum functionality of chip is demonstrated measuring the four-fold coincidence count rates associated to the signature of N00N states and product states. Any over-or under-counting of the fourfold coincidence will impact the functionality estimation. For instance, missing or overcounting one count at the bottom of Hong-Ou-Mandel dip will dramatically change the visibility. Therefore, a reliable and efficient fourfold coincidence counting way is important. Before discussing the method of measuring fourfold coincidence count rate, let us have a look at several typical time frames describing the photon arriving at the outputs of chip (see Figure E.20). Figure E.20a and E.20b describe that of two photon pairs originating from two simultaneous pump pulse via SPDC process. At inner outports, the product and N00N state are created respectively. While E.20c and E.20d describe that of two photon pairs originating from two pump pulses in sequence. In the fourfold coincidence measurement, only the cases marked with green "

√ " will contribute to fourfold counts. Note that for general cases taking into account the probabilistic aspect of SPDC process (as well as the unpredictable losses during the photon pair generation or propagation), the time offset between two photon-pair generations can be reasonably set as N • ∆T , where N =0, ±1, ±2, .... , with ∆T is the pump pulse repetition period (= 1 R with R = 76.5 MHz). I choose top photon-pair generation time as the reference time. When bottom pair generation is latter than top, N will be positive.

In the following, I will present the method to record fourfold coincidence implementing logical counting module inside Hydra400. The system Hydra400 receives detection signals from four detectors, the core idea is: Hydra400 registers two twofold coincidences from two different groups of channel pairs. When two twofold coincidences are registered, one fourfold coincidence will be recorded as well as the time offset between them. More details will be explained with the logical program presented in Figure E.21.

The signals received from four detection channels are marked as i 1 , i 2 , i 3 , i 4 in chronological order. In order to easily identify our fourfold coincidence, we artificially set the time offset of each channel to get a chronological relation between them. i 1 is always the first to arrive, then i 2 , then i 3 and finally i 4 . We set the time offset small enough (<13 ns) so that there is no confusion with the repetition rate of laser (see Figure E.22a). Then we set the counting windows (time interval) for two twofold coincidences between i 1 and i 2 , as well as between i 3 an i 4 . These narrow time windows (3.2 ns) can efficiently avoid counting in noisy coincidence. Then the fourfold count recording cycle begins, the device first waits for the detection signal i 1 and gives a time stamp t 1 , then it waits for the signal i 2 . Since the signal probably got lost during the propagation or detection, the wait time would be longer than pump pulse repetition period. For this case, the current cycle of recording fourfold should be over, and the fourfold contribution is zero. Otherwise, the cycle goes on, and the device turns to look for the coincidence between i 3 and i 4 . The way of recording the twofold count is similar as for i 1 and i 2 . Once two twofold coincidences are registered, a fourfold count will be recorded at time offset of t 4 -t 1 .

Since there is no limitation to the time delay (t 3 -t 2 ), we can see fourfold counts at different time offsets (much longer than the repetition rate of the laser), and the difference between two adjacent fourfold count peaks will be ∆T .

When one fourfold is recorded, the device will check whether the integration time is over. If not, then a new fourfold record cycle starts. (e) Top photon pair is generated 13 ns latter than the bottom one, two inner photons do not swap at coupler. Using the same analysis method to calculate the delays between signals as before, a fourfold coincidence C 4312 will appear at 10 ns.

(f) Similarly to case (e), but two inner photons swap their paths at coupler, a fourfold coincidence C 2413 will appear at 19 ns. fourfold counts C 1243 , only fourfold counts of cases a, b and c can be observed. Among them, case b theoretically gives zero fourfold due to HOM effect. However, if two-interference photons are not perfectly indistinguishable, any anti-bunching photons at coupler will result in fourfold counts at time offset of 11 ns. This is also the way to estimate the visibility of HOM dip.

• For case a, the fourfold counts leaded by product state case, can all be recorded by our method.

• For two photon pairs created with a time offset, our method can only record half. For instance, let us have a look at the fourfold contributions for N = 1, i.e., top photon pair is created 13 ns earlier than bottom one (see Figures E.22c and E.22d). When two inner photons do not swap their paths at coupler, the software can measure all the fourfold counts of case c; while two inner photons swap their paths at coupler, the fourfold counts of case d cannot be recorded, because time delay between i 3 and i 4 is wrong.

In order to have fourfold counts of case d, we also register C 4312 which can be measured correctly. Then we do a sum of fourfold counts of case c and e, of which the result can be trusted as fourfold counts when coupler is set to 50/50. Remark again that the cases discussed above are for N = 0, ±1. In practice, two non-adjacent pump pulses (N = ±2, ±3, ±4, ...) contribute fourfold coincidences as well. The time offsets of appearing individual fourfold coincidence in the histogram are as follows (∆T = 13 ns):

• N = 0, when coupler is set to 100/0, only C 1243 can be observed at a time offset of 11 ns; when coupler is set to 50/50, theoretically, the count of C 1243 is equal to 0. The fourfold coincidence counts of that when N = ±1, ±2, ±3, ..., satisfy the uniform distribution. In the experimental measurement, the monitoring time window of Hydra400 was set to 150 ns allowing us to see 11 peaks (time offset between two fourfold coincidence peaks is 13 ns, the number of peaks can be observed in histogram: 150 13 = 11) for the histogram graph of 4-fold coincidence.

F. HOM dip fitting

The HOM dip fitting can not only provide the visibility of two-heralded photon interference (estimating the quality of produced entangled state), but also verify if the experiment is performed properly, since the width of dip relates to the bandwidths of filtering stages used on interfering photons. 

|Ψ initial = ∞ 0 dω s1 ∞ 0 dω i1 ∞ 0 dω s2 ∞ 0 dω i2 f 1 (ω s1 , ω i1 )f 2 (ω s2 , ω i2 )â † s1 (ω s1 )â † i1 (ω i1 )â † s2 (ω s2 )â † i2 (ω i2 )|0 (F.25)
where f (ω s , ω i ) is the joint spectral amplitude.

To record fourfold coincidence, each detector should individually detect one photon. Assuming the detection times of signal and idler photons are respectively t s1 , t i1 , t s2 , t i2 . The operator for detection of all four photons at time t s1 , t s2 , t i1 , t i2 for two signal and two idler photons respectively is Integrating over all possible detection times, the probability of fourfold coincidence becomes finally a function of time delay τ (this calculation is extracted from Mosley's thesis [START_REF] Peter | Generation of heralded single photons in pure quantum states[END_REF])

P 4f old (τ ) = 1 4 ∞ 0 ∞ 0 ∞ 0 ∞ 0 dω s1 dω s2 dω i1 dω i2 |f 1 (ω s1 , ω i1 )f 2 (ω s2 , ω i2 ) -f 1 (ω s1 , ω i2 )f 2 (ω s2 , ω i1 )e -i(ω i2 -ω i1 )τ | 2 (F.32)
As the purities of two parametric down conversion sources have been estimated to be near perfect (>99.9%) in subsection 2.5.7.2, the joint spectral amplitude is then factorable f (ω s , ω i ) = g s (ω s )g i (ω i ) (F. [START_REF] Brida | Experimental realization of a low-noise heralded single-photon source[END_REF] where g s (ω s ) and g i (ω i ) are respectively the normalised frequency ditributions of signal or idler photons. Therefore, the Equation F.32 can be also written as

P 4f old (τ ) = 1 4 ∞ 0 ∞ 0 ∞ 0 ∞ 0 dω s1 dω s2 dω i1 dω i2
|g s1 (ω s1 )g i1 (ω i1 )g s2 (ω s2 )g i2 (ω i2 )

-g s1 (ω s1 )g i1 (ω i2 )g s2 (ω s2 )g i2 (ω i1 )e -i(ω i2 -ω i1 )τ | 2 The good fitting reveals that the full width of half maximum of dip is compatible to the spectrum bandwidth of filtered idler photons. From the fitting, we obtain the mean fourfold coincidence of 26.8 counts over 2 hours, which is around half of the fourfold coincidence count (∼60 counts) measured for product state over 2 hours. This is reasonable since when the coupler is set to 50/50, half fourfold coincidences will not be counted. In addition, the obtained visibility is 94.3%, and the dip gets 3 counts. The degrade of visibility mainly attributes to the multipairs of photon contribution (3 counts/(2h)), which has been analysed in 2.6.2. So far, we can conclude that the fabricated chip can perform properly as we expected, such as producing high quality of N00N state.

g i1 (ω i1 ) = 1 √ ∆ rect ∆ (ω i1 ), ω 0 - ∆ 2 ≤ ω i1 ≤ ω 0 + ∆ 2 (F.35) g i2 (ω i2 ) = 1 √ ∆ rect ∆ (ω i2 ), ω 0 - ∆ 2 ≤ ω i2 ≤ ω 0 + ∆ 2 (F.
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 11 Figure 1.1.: Representation of (a) a classical bit using binary space and (b) a qubit using Bloch sphere.
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 12 Figure 1.2.: Picture of cloning machine. Operator Û performs unitary transformation.
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 13 Figure 1.3.: Setup for a Bell-CHSH test. An EPR source delivers pairs of photons, whose polarization state is entangled, to two legitimate parties, Alice and Bob. Alice randomly chooses measures the polarizations along direction α 0 or α 1 and Bob randomly along β 0 and β 1 . The measurement along a particular direction is performed with the help of rotatable half wave plate (HWP) followed by a polarization beam splitter (PBS) and two single photon detectors. The possible polarization measurement outcomes at Alice and Bob are respectively {α 0 , α ⊥ 0 , α 1 , α ⊥ 1 } and {β 0 , β ⊥ 0 , β 1 , β ⊥ 1 }.
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 14 Figure 1.4.: Heralded single-photon source via spontaneous parametric down conversion process. The pump photons are removed using a specified filter at output, the detection of signal photon plays a role as a trigger to turn on the shutter, then the idler photon can pass through.
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 15 Figure 1.5.: Four-wave mixing process. Bottom line represent the ground energy leavel of the medium, top line represents virtual states of excitation.
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 16 Figure 1.6.: Representation of polarization basis by Bloch sphere. H , |V , |D , |A , |L and |R means horizontal, vertical, diagonal, anti-diagonal, left handed circular, right handed circular polarization, respecticely.
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 1 Figure 1.7.: Measurement scheme for a polarization qubit. PBS: polarizing beam splitter, D: single photon detector. The horizontally and vertically polarized photons are respectively detected by D 1 and D 2 .
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 18 Figure 1.8.: Spatial mode representation associates with beam splitter (BS). a, b and c, d are respectively two input and output modes.
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 19 Figure 1.9.: Schema of Mach-Zehnder interferometer which is built using two symmetric BS and two mirrors (M), in one arm, there is a phase shifter, determining the output path of photon.
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 1 Figure 1.10.: Scheme of unbalanced Mach-Zehnder interferometer to generate timebin state.
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 1 Figure 1.11.: Scheme of unbalanced Mach-Zehnder interferometer to analyzer timebin state.
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 1 Figure 1.12.: BB84 protocol basic scheme.
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 1 Figure 1.13.: Schematic of quantum teleportation. BSM: Bell state measurement; U: unitary operator.
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 1 Figure 1.14.: Schematic of quantum swapping. BSM: Bell state measurement.
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 2 Figure 2.1.: Sketches of integrated circuits for generating tunable twophoton(/mode) states. (a) A hybrid circuit consists of PPLN waveguides and on-glass laser written 50/50 couplers and WDMs. A thin film resistive heater (NiCr) deposited on the surface of chip is used for thermal-optically tuning phase. (b) LiNbO 3 chip. A pump is splitted at Y branche, the relative phase between two pumps is tuned via electro-optic effect. The phase is transferred to created degenerated photon pairs, then a tunable path-entangled state can be realized at coupler C 1 . C 2 is used for separating pump from entangled photons. (c) Two PPLN sources integrated in directional coupler. Two pump beams (red) excite a directional coupler and generate photon pairs (blue) through SPDC. (d) LiNbO 3 chip used for generating separable squeezed states or a two-mode CV entangled state (rely on coupler DC1). DC2, DC3 are used for separating pump lights, φ LO1 , φ LO2 and DC4 and DC5 are reconfigurable phase shifters and couplers used for homodyne detection. (e) Silicon chip integrates micro-ring resonator sources (S1, S2) and filters (F1, F2). Tunable two-photon state is created relying on a thermal phase-shifter of MZI. (f) Silicon chip. Two spiral nonlinear sources rely on an inter-modal pump to SFWM to create photon pairs. The inter-modal phase matching can suppress correlations between the emitted photons. Tuning the relative phase on MZI via thermal-optic effect, heralded two-photon state can be produced. (a)ref.[START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF]; (b)ref.[START_REF] Jin | On-Chip Generation and Manipulation of Entangled Photons Based on Reconfigurable Lithium-Niobate Waveguide Circuits[END_REF]; (c)ref.[START_REF] Setzpfandt | Tunable generation of entangled photons in a nonlinear directional coupler[END_REF]; (d)ref.[START_REF] Lenzini | Integrated photonic platform for quantum information with continuous variables[END_REF]; (e)ref.[START_REF] Imad | On-chip quantum interference with heralded photons from two independent micro-ring resonator sources in silicon photonics[END_REF]; (f)ref.[START_REF] Paesani | Near-ideal spontaneous photon sources in silicon quantum photonics[END_REF]. 54
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 2 Figure 2.2.: Schematic of configurable heralded N00N state generator. Two trains of pump pulse are respectively injected into two PPLN waveguide sources to generate two pairs of photons (blue, orange balls). Two photons of each pair are routed into different waveguides, two photons (blue balls) come out directly from ports H 1 and H 2 , while two others (orange ones) come out simultaneously from the port either S 1 or S 2 when setting the coupling ratio of C3 to 50/50.
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 212 Figure 2.3.: Action of beam splitter. Beam splitter with input ports labeled a and b, while the output ports are labeled c and d. There are four ways where two photons can exit from. (1) and (2) are described as photon bunching, while (3) and (4) photon anti-bunching.
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 2 Figure 2.4.: Aerial view of LN chip. There are three vertical metal strips on chip.From left to right, the first one connects to external voltage to drive wavelength-division demultiplexers. The second is the common ground for wavelength-division demultiplexers and beam splitters. The third connects to the voltage for driving beam splitters.
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 2 Figure 2.5.: Polished end face of a single mode fiber V-groove assembly. Right side is the close up view of the left side, from where we could see clearly that fiber cores locate on V-groove quartz substrate.
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 2 Figure 2.6.: SPM-broadened spectra for an unchirped Gaussian pulse. Spectraare labeled by maximum nonlinear phase shift φ max . This picture is extracted from the reference[START_REF] Stolen | Self-phase-modulation in silica optical fibers[END_REF]. For each small graph, the horizontal axis and vertical axis denote respectively intensity and frequency.
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 27 Figure 2.7.: Normalized output spectra of a pulse after propagating in a PM-780 HP fiber with different lengths and different pump powers.
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 28 Figure 2.8.: Normalized intensity spectrum of pump pulse.
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 2 Figure 2.9.: Setup of synchronization of two pulses. HWP: half-wave plate; QWP: quater-wave plate; PBS: polarizing beam splitter; M: mirror; L: lens.
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 2 Figure 2.10.: Schematic of observing Young's double slits interference.
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 2 Figure 2.11.: Contrast of interference fringes in function of delay position. Three interference fringe pictures corresponding respectively to the position 12.8 mm, 13.4 mm and 13.8 mm are presented as well.
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 2 Figure 2.13.: Optical power at out-mode in function of time. The red curves represent the applied voltage on electrodes. (a) When applying a constant voltage on coupler C3, the optical output power from port S 1 decreased with the time passing, then became stable. When the voltage was turned off, the two electrodes acting as a capacitor discharged. An instant voltage appeared to give arise to an increase of output optical power, but this will disappear with the time going. (b) When applying a +V and -V continuously switching voltage, the output optical power from port S 1 is nearly constant.
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 2 Figure 2.14.: The coupling ratio in function of applied voltage. I measured twice by injecting CW laser from different inputs (PPLN/w1, PPLN/w2).Two extreme cases are figured out: at 18 V, coupling ratio is 100/0, and at ∼ 34 V, coupling ratio is 50/50.
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 2 Figure 2.15.: Schematic for analysing the exact voltage to have different coupling ratio of C3.

  352V 5 (2.35) from which I access the corresponding voltage 34.6 V for coupling ratio 50/50 on coupler C3.
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 2 Figure 2.17.: The transmission of coupler C3 versus applied voltage.
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 2 Figure 2.18.: Schematic of measuring SPDC emission of PPLN/w1. TF: tunable spectral bandpass filter (Yenista XTM 50); APD: InGaAs/InP avalanche photo diode (ID220), whose detection efficiency is 10% and dead time is 15 µs.
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 2 Figure 2.19.: Idler power spectra of SPDC emission. Using a sinc sqaure function to fit the experimental data, and the fitting function gives a FWHM of ∼ 20.4 nm.
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 2 Figure 2.20.: Schematic of the monolithic lithium niobate chip with its associated pump, filtering and detection environment. F 1 , F 2 , F 3 , F 4 : four filtering stages to reduce respectively four outmodes H 1 , S 1 , S 2 , H 4 .
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 2 Figure 2.21.: Schematic of characterizing the brightness of PPLN/w1 source.
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 2 Figure 2.22.: Schematic of Hanbury-Brown & Twiss setup. 50/50 BS: symmetric beam splitter; D 1 /D 2 : detector; I 0 (t), I 1 (t), I 2 (t) are respectively the incident, reflected, transmitted intensities.
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 2 Figure 2.23.: Spectrum distributions of FBG 2 and FBG 3 .

Figure 2 .

 2 Figure 2.24.: Schematic of filtering stage containing fiber isolator and FBG.
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 2 Figure 2.25.: Schematic of filtering stage containing fiber isolator, wavelegth division multiplexer and FBG.

Figure 2 .

 2 Figure 2.26.: Raw histogram of coincidence count rate between output mode S 1 and S 2 for different idler filtering stage (a) without, (b) with DWDM component. The red circle marks the coincidence counts mainly induced by noisy photons. Inset shows the corresponding filtering stage. The first peak shows the coincidence counts when two detections of photons at 1560 nm in channel 2 and 3 originate from the same pump pulse via SPDC process, while the following peaks presents the coincidence counts when two detections are from two pump pulses with a time interval of n × 13 ns (n = 1, 2, 3, ...), where 13 ns is the repetition time of pump pulse.
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 2 Figure 2.27.: Schematic of filtering stages F 2 and F 3 for idler photons.

Figure 2 .

 2 Figure 2.28.: Histogram of coincidence count rate between out-mode S 1 and S 2 for pumping respectively (a) PPLN/w1 source (b) PPLN/w2 source. The error bars are assumed as √ N (N represents the measured coincidence count). The first peak represents detector 2 and 3 fire simultaneously, the following ones are for two detectors fire with a time interval n × 13 ns, which is the repetition time of pump laser. The inset represents the corresponding HBT experimental setup, where filtering stage 2 and 3 are the one depicted in Figure 2.27.
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 2 Figure 2.29.: Schematic of setup for characterizing the overall losses on channel 1 and channel 2 under photon counting regime. Filtering stages 1 and 4 are the same as depicted in Figure 2.25, while filtering stages 2 and 3 are the same as Figure 2.27.
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 2 Figure 2.30.: Raw 4-fold coincidence count rate as a function of the relative delay in picoseconds between photons S 1 and S 2 for an integration time of 2 hours. The multipair contribution is the principal noise factor and is reported on the graph in green area. The error bars are assumed as √ N due to the poissonian statistic of photon pair detections (N represents the measured coincidence count).

Figure 2 .

 2 Figure 2.31.: 4-fold coincidence count rate measurement for relative delay = 0 ps as a function of the pulse offset in time. (a) V = 34.6 V, N00N state case, and (b) V = 18 V, product state case. The first peak shows 4-fold coincidence counts for two pairs of photon simultaneously created, and the following peaks are for two pairs of photon created with a time interval n × δt (n = 1, 2, 3, ...), δt is the repetition time of pump laser which equals 13 ns. The error bars are assumed to be √ N according to the poissonnian statistics of the 4-fold coincidences.

  [START_REF] Aboud | Polarisation périodique et échange protonique dans le niobate de lithium[END_REF].: All possible cases being able to obtain fourfold coincidence.

Figure 2 .

 2 Figure 2.32.: The visibility of two-photon interference in function of np . The green shadow area is the part we are interested in since it provides an excellent visibility (> 96%).

Figure 2 .

 2 Figure 2.33.: SHG phase-matching spectra of PPLN waveguides with different widths realized using different modal configurations. The insets represent the energy profile of fundamental and second harmonic modes.

  Figure 2.34.: At room temperature of 21 • C, SPDC normalized spectra for different pump power coupled in the PPLN waveguide when pumping with (a) TM 00 mode and (b) TM 10 mode. The PPLN waveguide sample has a width of 7 µm, the length of sample is 1.5 cm, and the poling period Λ=16.4 µm.

Figure A. 1 .

 1 Figure A.1.: Electrical reaction of superconducting nanowire when a photon is absorbed.(a) Nanowire represents superconducting property when no photon is injected. (b) One incident photon is absorbed by nanowire. (c) A hotspot is created due to the photon absorption, the superconducting current is expelled from the hotspot region, increasing the current density in the adjacent areas. (d) With the extending of hotspot, the current density increases to reach the critical value, then the nanowire is not superconducting anymore. Consequently, a fast measurable voltage is observed.

Figure A. 2 .

 2 Figure A.2.: Schematic of setup for calibrating SNSPD. CW laser: Pure Photonics tunable laser which emits continuous wave at telecom wavelength; 98/2 coupler: a fiber beam splitter with a coupling ratio 98/2; Powermeter: FieldMax infrared powermeter; Att: JDSU HA107 optical attenuator; PC: polarization controller; I b : the constant current; L: electric inductance; C: capacitance; R: load resistance; Discriminator: ID280, transform the amplified pic signal into logical voltage level; TDC: ID800, time-to-digital converter. The yellow lines represent optical fibers, while the black ones represent electrical cables.

Figure A. 3 .

 3 Figure A.3.: Detection signal at the output of amplifier.

Figure A. 4 .

 4 Figure A.4.: Evolution of Efficiency and dark count versus varying bias current for all four detectors. The red circles mark the optimal working points.

Figure A. 5 .

 5 Figure A.5.: Linearity test of SNSPDs.

Figure B. 6 .

 6 Figure B.6.: Crystaline structure of LN. The small red and white circules are the biobium and lithium atoms, respectively. On the left picture, they are shifted above the oxygen planes inducing a postive spontaneous polarization field along the z axis. Applying a negative electric field ( E in the middle of the figure) during the fabrication permanently shifts the niobium and lithium atoms below the oxygen planes, therefore inverting the directions of the crystal's spontaneous polarization.

Figure D. 7 .

 7 Figure D.7.: Schematic of PPLN waveguide with SPDC process. The arrows note the spontaneous polarization orientation. Λ: poling period; L c : coherence length (= Λ 2 ) describing the distance to happen a reversal of energy flow between the interacting waves; ω: angular frequency of photon; k: wavevector of photon; p, s, i are the labels of pump, signal, idler photon, respectively.

Figure D. 8

 8 Figure D.8.: Evolution of generated power under perfect phase matching a), quasiphase matching b), non-phase matching c). Insets show the vectorial representation of phase-matching condition.

  Figure D.7 represents an exponential decrease along y axis of typical depth 2.1 µm at 1/e. The profile along x axis represents a constant index within the width of 6 µm, and a Gaussian decrease out of the waveguide. The extra width is of 1.2 µm associated to 1/e of maximum. By knowing the refractive index profile, the propagated mode for telecom light in waveguide has been simulated. The 3D profile of field is presented in Figure D.9. To see clearly field distribution in each dimension, 2D representations of fields are presented as well in Figure D.10. The width and depth boundaries associated to 1/e of maximum field give an area of 4*5.5 µm 2, where the mode field distribution is as close as circular one for optimally coupling into the sebsequent fiber system. In the experiment, we got a coupling efficiency of ∼60% limited by the practical non-circular mode field in waveguide.

Figure D. 9 .

 9 Figure D.9.: 3D representation of profile of field in microwaveguide.

Figure

  Figure D.10.: 2D representation of profile of field in microwaveguide along (a) depth, (b) width. The dotted lines mark the interfaces between different structures. The blue dashed lines mark the filed associated to 1/e of maximum.

  Figure D.11, we can see that the annihilation of one pump photon at 712 nm creates a pair of photons at 1310/1560 nm for Λ=13.1 µm.

Figure D. 11

 11 Figure D.11.: Quasi-phase matching curve of signal, idler wavelength in function of pump wavelength. This numeric simulation is based on the poling period of 13.1 µm, and a temperature of 373.15 Kelvin (100 • C). The variation of refractive index is of 0.03335, the depth of waveguide is of 2.1 µm at 1/e from maximum of index profile, and the width is of 6 µm. The pink lines mark the SPDC process generating pairs of photon at 1310/1560 nm.

A

  Figure D.12.: Normalized intensity of SPDC emission spectrum.

  Figure D.13.: Schematics of evanescent wave coupling between two adjacent integrated waveguides. L c corresponds to the distance when the light field is transferred totally from one waveguide to another; For a given length, R, T represent reflection and transmission of coupler, respectively 5 .

Figure D. 14

 14 Figure D.14.: Evolution of coupling ratio as a function of the propagation distance.L c is the propagation distance corresponding to E b (L c ) = E t (0), i.e., when the energy is fully transferred to the other waveguide.

  Figure D.15.: (a) Sketch of one structure on chip containing two directional waveguide couplers used as WDM. (b)Straight part of couplers marked in (a). L and d are respectively the coupler length and the spacing distance. The blue and red curves denote respectively the energy propagation trajectories of 1560 nm and 1310 nm light. L c1560 and L c1310 are respectively the characteristic length (the distance to transfer the power in one waveguide to the other) of wave 1310 nm and 1560 nm.Three dash lines mark the points we are interested in, since the corresponding coupler length can make two waves separate completely.

Figure D. 16

 16 Figure D.16.: Normalised coupling ratio of coupler with d=10.5 µm for wavelengths 1318 nm and 1550 nm versus coupler length L. Blue and red dots represent respectively transmission ratio for 1550 nm and 1318 nm. Four different sample lengths such as 0.5L c , 1.0L c , 1.5L c , 2.0L c were tested. The blue and black dash curves are the fittings of experimental data.

Figure D. 19

 19 Figure D.19.: Evolution of coupling ratio in function of ∆β. Couplers with different coupler lengths of 0.5-, 1-, 1.5-, 2.0-, 2.5-, 3.0-L c are simulated.

Figure E. 21

 21 Figure E.21.: Programming flowchart for recording fourfold coincidence count based on the system HydraHard400. ∆T is the repetition rate of pump laser. i 1 , i 2 , i 3 , i 4 represent four channel signals received in order by Hydra400.

  (a) Two pairs of photon are generated simultaneously and coupler is set to 100/0. (b) Typical N00N state. Two inner photons on chip always go out of chip simultaneously at the same port. Thus no fourfold coincidence can be observed. (c) Top photon pair is created 13 ns earlier than bottom one, two inner photons do not swap their paths at coupler. The time stamp of signals on channel 3 and 4 need count in the time delay of photon pair generation, thus the delay between channel 4 and 1 is: 13 + 5 = 18 ns. Signal on channel 3 is 6 ns later than channel 4, so delay between signals on channel 4 and 1 is 24 ns. i 1 , i 2 , i 3 , i 4 respectively corresponds to the signal from channel 1, 2, 4, 3. The fourfold coincidence C 1243 will be recorded at 24 ns.
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 d Similarly to case (c), but two inner photons swap their paths at coupler, a fourfold coincidence C 1324 will appear at 18 ns.

Figure E. 22

 22 Figure E.22.: Schematic of time frame for four channel signals received by Hydra400. The left side of each subfigure describes the on-chip photon pair generation and propagation situation, and right side describes the time frame of received signals. Note that the balls denote photons, the slits denote photon detection signals. From top to bottom, four channels are labeled in order 1, 2, 3, 4. Considering that two inner photons have different propagation paths at coupler, to distinct which path the photon goes, I mark the one from top pair in red, while the bottom in orange.

• N = 1 , 2 , 3 ,

 123 ..., no matter what coupling ratio is set, the time offsets for being able to observe the fourfold coincidence: -C 1243 : 24 ns + (N -1) × ∆T -C 1324 : 18 ns + (N -1) × ∆T • N = -1, -2, -3, ..., no matter what coupling ratio is set, the time offsets for being able to observe the fourfold coincidence: -C 4312 : 10 ns -(N + 1) × ∆T -C 2413 : 19 ns -(N + 1) × ∆T

Figure F. 23

 23 Figure F.23.: Schematic representation of twin-PPLN Hong-Ou-Mandel interference experiment. f s1 and f s2 are filters used for filtering signal photons, f i1 and f i2 are filters for idler photons, D 1 , D 2 , D 3 and D 4 are single photon detectors. δx is the relative delay distance.

dω 2 ∞ 0 ∞ 0 dω 2 =A ∞ 0 ∞ 0 dω 159 where A = 1 4 ∞ 0 ∞0

 20020015940 s1 dω s2 |g s1 (ω s1 )g s2 (ω s2 )| i1 dω i2 |g i1 (ω i1 )g i2 (ω i2 ) -g i1 (ω i2 )g i2 (ω i1 )e -i(ω i2 -ω i1 )τ | i1 dω i2 |g i1 (ω i1 )g i2 (ω i2 ) -g i1 (ω i2 )g i2 (ω i1 )e -i(ω i2 -ω i1 )τ | 2 (F.34) dω s1 dω s2 |g s1 (ω s1 )g s2 (ω s2 )| 2 is a constant. Equation F.34 shows that the Hong-Ou-Mandel dip fitting depends on the two filters used for idler photons (f i1 and f i2 in Figure F.23). Remind that the intensity transfers of two FBGs have been measured in chapter 2. Since their shape is close to rectangle, I therefore take an approximation of spectrum distribution as rectangle function. The fitting of two spectrum distributions is presented in Figure F.24.

Figure F. 24

 24 Figure F.24.: The square function fitting of two FBG spectrum distributions. Blue square is the fitting, the bandwidth of which is 37 GHz.

  Figure F.25.: HOM dip fitting.
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  Alice encrypts the plaintext M by M e , M cannot be longer than n. The ciphertext C = M e mod n. Alice sends this ciphertext to Bob. 8. Bob decrypts the ciphertext C by C d mod n, then retrieves the plaintext M .

	5. Bob selects an integer d, satisfying (e • d) mod φ(n) = 1 1 .
	6. Bob sends n and e to Alice.
	7.

  set of measuring operators Mm satisfy the completeness

	the probability of getting outcome m is		
	p(m) = Ψ| Mm |Ψ	(1.4)
	and the state after measurement becomes	
	|Ψ =	Mm |Ψ Ψ| Mm |Ψ	(1.5)
	As an example, assume the initial state from Equation 1.2 is |Ψ = cos θ 2 |0 + e -iϕ sin θ 2 |1 , the measuring operators are defined as M0 = |0 0| and M1 = |1 1|. Thus the probability to get measured result 0 is
	M + m Mm = I	(1.3)
	m		
	The measuring operators are applied on the measured state, m represents the
	outcome of each measurement. Assume that the initial quantum state is |Ψ , then

  10 , α 01 , α 11 ∈ C and |α 00 | 2 + |α 10 | 2 + |α 01 | 2 + |α 11 | 2 = 1. Assuming that four states in 1.16 have the same amplitude probability, then the state |Ψ is separable in two independent substates |ψ a , |ψ b :

  σ is a parameter relative to the pump pulse duration ∆t

	Based on Equations 2.20 and 2.21,	
	C(ν) ∝ e -[2πσ(ν-νc)] 2 2	(2.22)
	Do the inverse Fourier transform on Equation 2.22,	

p : σ = ∆tp √ 2 ln 2 = 2.97 ps, and ν c represent the central frequency of pump pulse.

Table 2 .

 2 1.: Measurement of the output power for different modes of couplers C1 and C2. P in : input power of CW laser, P H1 /P H2 /P S1 /P S2 : power in four output modes. These Data are processed in Table2.2 and 2.4.

	10 lg ISO 1318 nm = -10 lg	P H1 P H2 + P S1 + P S2 P H2 + P S1 + P S2 P S1 + P S2	(2.27)

Table 2 .

 2 

2.: Spectral separation performance of C1 and C2.

  1, 2, ...(2.44) with j λ j =1. The orthonormal basis states |ζ s,i and |ξ s,i are Schmidt modes. Each set describes only one subsystem of |Ψ , and their weight is Schmidt magnitude λ j . By means of Schmidt number K, which is defined as[START_REF] Eberly | Schmidt analysis of pure-state entanglement[END_REF][START_REF] Grobe | Measure of electron-electron correlation in atomic physics[END_REF] 

Table 2 .

 2 3.: Characterization of FBGs in terms of losses and attenuations out of passband. * : two values are extracted from the data sheets.

		signal photon filtering idler photon filtering
		FBG 1	FBG 4	FBG 2	FBG 3
	Loss (dB)	1.58	1.47	1.76	1.92
	Isolation (dB)	33 *	35 *	32	34

Table 2 .

 2 

		.4.			
	channel on-chip propagation chip→Vgroove filtering stage	total
	1	2.5(5)	2.4(6)	4.6(4)	9.5(15)
	2	2.7(3)	2.5(5)	4.0(5)	9.2(13)
	3	2.5(5)	2.2(6)	3.0(5)	7.7(16)
	4	2.5(5)	2.5(5)	3.0(5)	8(15)

4.: Channel losses. Note that all the values in Table are measured in dB. The uncertainties are from the experimental measurements.

  = k p0 -k s0 -k i0 , the terms cancel and easy to get Note that dω s and dω i have the same modulus but opposite sign, since the SPDC process satisfies energy conservation.

	Since 2π Λ δk = -	∂k s ∂ω s	| ω s0 dω s -	∂k i ∂ω i	| ω i0 dω i	(D.15)
	Combining the calculated δk from Equation D.12, I get
	2π l	=	∂k s ∂ω s	| ω s0 dω s +	∂k i ∂ω i	| ω i0 dω i	(D.16)
								13)
	Meanwhile, according to Equation D.7, ∆k can also be written as
				∆k =	2π Λ	+ δk	(D.14)

Table E .

 E Table E.1, once the initial time offsets (case a) are determined, Hydra400 can give us 4-fold coincidence count of any case among them. As shown in Table E.1, if we determine to measure Case ∆T channel signal ch(i) i j i 1 i 2 i 3 i 4 C i 1 i 2 i 3 i 4 Time (ns) 1.: Summary of different four-fold coincidence count measurements. Case b is marked in gray color since theoretically the perfect HOM effect leads to zero fourfold coincidence.

	a	0 (100/0)	1 2 4 3	C 1243	11
	b	0 (50/50)	1 2 4 3	C 1243	11
	c	13 ns (50/50, no swap)	1 2 4 3	C 1243	24
	d	13 ns (50/50, swap)	1 3 2 4	C 1324	18
	e	-13 ns (50/50, no swap) 4 3 1 2	C 4312	10
	f	-13 ns (50/50, swap)	2 4 1 3	C 2413	19

  ˆ (t s1 , t s2 , t i1 , t i2 ) = Êi denote respectively the quantized field operator for signal and idler field. Mapping this operator onto the source modes, where idler modes experience the unitary transformation of beam splitter, and taking into account of the time delay τ between two generated photon pairs, the positive frequency parts of fielddω i2 âi1 (ω i2 )e -iω i2 τ -âi2 (ω i2 ) e -iω i2 t i2 (F.30)The probability of a fourfold coincidence detection event at times t s1 , t s2 , t i1 , t i2 can be expressedP 4f old = ˆ = Ψ initial | ˆ |Ψ initial

	where Ês and operators are	Ê(-) s1 (t s1 ) Ê(+) i2 (t i2 ) Ê(+) Ê(-) s2 (t s2 ) i1 (t i1 ) Ê(+) Ê(-) i1 (t i1 ) s1 (t s1 ) Ê(+) Ê(-) i2 (t i2 )|0 s2 (t s2 ) ∞ 0| 0 dω s1 âs1 (ω s1 )e -iω s1 t s1 ∞ 0 dω s2 âs2 (ω s2 )e -iω s2 t s2 ∞ 0 dω i1 âi1 (ω i1 )e -iω i1 τ + âi2 (ω i1 ) e -iω i1 t i1 ∞ 0 Ê(+) s1 (t s1 ) = Ê(+) Ê(+) s2 (t s2 ) = Ê(+) i1 (t i1 ) = Ê(+) i2 (t i2 ) = =| 0| s1 (t s1 ) Ê(+) s2 (t s2 ) Ê(+) i1 (t i1 ) Ê(+)	(F.26) (F.27) (F.28) (F.29)

i2 (t i2 )|Ψ initial | 2 (F.31)

mod is modulo operation returning the reminder of a division.

Big O notation describes the limiting behavior of a function.

Fiber standard: high performance polarization-maintaining single mode fiber at visible wavelength, whose operating wavelength scale covers the pump wavelength 712 nm.

This parameter describes the acceptance cone of incident light, within this cone the light can propagate along fiber.

A laser at 1310 nm should be used for characterization, however, only a laser at 1318 nm is available in the lab.

It would be better to show the twofold coincidence between channel 1 and 2 when setting the coupling ratio of C3 to be 100/0, since this can read the signal noise ratio of down-conversion source. However, here I only want to make a comparison for proofing that adding a dense wavelength division multiplexer will better reduce the noisy photons, and two groups of HBT measurements can do this proof as well.

The probability that a photon incident upon the detector is successfully detected

During the time interval, the detector cannot detect new coming photons.

Variation from event to event in the delay between the input of the optical signal and the output of the electrical signal.

The French of Quasi-Phase Matching

The fraction of optical power that is transferred to adjacent waveguide is generally said to transmitted, while the rest is reflected.

Even if in practice, the ratio is not always 2k + 1. This is for sake of clarity and because it happened to be the case in my structure.

δn = dn * e -( y w ) 0.6 , where dn is the refractive index difference coefficient, y represents the depth of soft-exchange proton waveguide, w is the depth of planar waveguide on the opposite surface of sample (the sample is immersed in acid liquid when implementing SPE technique). For the sample fabrication, the δn is characterized using M-lines method, which allows us to retrieve dn and w.

A laser at 1310 nm should have been used for characterizing the performance of coupler, but in the lab, only the laser at 1318 nm is available. Moreover, we notice that when the wavelength changes of 20 nm, the L c changes within 2.5%. Therefore, we can trust the test using the laser at 1318 nm.
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Therefore, the fourfold coincidence count attributing to noise is

74)

The determination of np Based on the theoretical fourfold coincidence calculations, we can estimate the visibility of two-photon interference:

Note that the factor 2 in Equation 2.75 comes from the loss of 50/50 coupling ratio. Substituting equations 2.66 and 2.74 into 2.75, the visibility is finally expressed as a function of np . The result is presented in Figure 2.32. We notice that when d=11 µm, no matter what variation of refractive index is, L c1550 is substantially half of the L c1318 . This relationship is robust and substantially independent of the actual coupling length which changes from sample to sample based on fabrication conditions, so we build on this result designing a chip with nineteen structures duplicated, of which the value of L is chosen to span around L c,1318 , typically satisfies 2000 µm < L < 5000 µm. The duplication of coupler can guarantee that at least one or several structures can be used as WDM. Note that due to our method of design, we cannot promise that the coupler can perfectly route photons to the expected waveguide accordingly to the wavelength. Therefore, in subsection 2.5.4, a better photon routing at 1310 nm than 1560 nm is just an accidental case and it could have been the opposite completely depending on the fabrication.

The method used above can be exploited to realize a beam splitter as well. For instance, when a coupler length is designed to be n 2 L c,1550 (n = 1, 3, 5, 7, ...), the coupler performs as a symmetric beam splitter for photons at 1550 nm. Using the coupler as a beam splitter is much easier since we only need to consider one wavelength. However, to make the coupler based beam splitter be flexible and reliable, we have to exploit electro-optic effect to realize a reconfigurable coupling ratio. The details are presented in the following section. Taking advantage of electro-optic feature of LiNbO 3 material, depositing elec-trodes on coupler and applying various voltage, can realize different coupling ratio. The way to deposit electrodes follow a COBRA configuration [START_REF] Papuchon | Electrically switched optical directional coupler: Cobra[END_REF] as shown in Figure D. [START_REF] Aspect | Experimental Tests of Realistic Local Theories via Bell's Theorem[END_REF]. Between electrodes and lithium niobate substrate, an insulating buffer layer which consists of silica was added to avoid charge exchange between two electrodes. Note that the applied voltage changes β for TM polarized waves via electro-optic effect, and TM polarized photons happen to be allowed to propagate in the chip since the soft proton exchange technique allows only vertically polarized photons to pass through.

D.3.3. Electro-optic effect on coupler

The coupler operational principle is to change ∆β (=β 1 -β 2 ) by changing the guide refractive index via an applied electric field. As shown in Figure D.18a, the opposite direction of the fringing fields in two waveguides gives the desired opposite index changes, which guarantees an efficient ∆β change. According to Equation D.24, the coupled field varies with ∆β. Therefore, a suitable voltage results in a ∆β realizing a desired coupling ratio.

In the following, we will check if the coupler with different coupler lengths can realize any coupling ratio via an applied voltage. Here, we still assume that the light is only injected into the left guide (the one noted by β 1 in Figure D.18a), and the right one (noted by β 2 ) has no power inside. After propagating a distance of coupler length L, some light is coupled into the right guide. The normalised output power of right guide in function of ∆β can be calculated using Equation D.24. The evolutions of normalised power for different coupler lengths are presented in Figure D. [START_REF] Aspect | Experimental Realization of Einstein-Podolsky-Rosen-Bohm Gedankenexperiment: A New Violation of Bell's Inequalities[END_REF]. We notice that only the coupler with a length being an odd times of L c could realize continuously coupling ratio ranging from 100/0 to 0/100 by adjusting applied voltage. For example, when L=0.5L c , no matter what voltage is applied, the maximum coupled power in right guide is only half of the initial power in left guide; while for L=L c , with ∆β = 0, all power from left guide is transferred into right at output of coupler.