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am among those who think that science has great beauty.

Before start discussing my thesis-work, I would like to thank the people, who contributed in completing this difficult task of becoming a Doctor in Physics. Honestly, I believe that the credits for such an accomplishment cannot be given to a single person only. It takes people who will teach you science, who will help you managing your time, who will do things for you just for making your life easier. Personally, I had that great opportunity to spend those three years at Laboratoire de Physique de la Matière Condensée (LPMC) in the research group of Prof. Sébastien Tanzilli. In this group and in the general environment as well, there were a lot of friendly and bright people that had more than one of the aforementioned roles, making the experience of my PhD a creative, exciting and happy trip.

It seems fair to start with a big "thank you!!!" to the leader of that group and my thesis director Prof. Sébastien Tanzilli, or as we prefer to call him "Chef". It was obvious from the very first moment, that you would have been at least my biggest supporter on the next three years of my life. Your scientific inputs, the great ideas and the hours of our vivid discussion played a critical role for this thesis. However, you are more than a professor to me. You are my friend. You were always there to steam some air out of me when I was stressed and give me the power to push even further my job. I would like to thank my friend for bringing me to Shanghai!!! You are the only "Chef" I know, that will not only show the way of professional success but he will also show you how to enjoy your life to the maximum in and out of the professional environment. In summary, I feel obliged to thank you for your scientific guidance, your nice and bad jokes, the numerous beers that we had together ("even if you turned to have a more healthy life style at the end of our time"), the nice trips that we had together and much more that I cannot mention here because "whatever happens in Shanghai stays in Shanghai".

Another good friend, that I made during the last three years, is Olivier Alibart (the tall guy with the bike and the co-director of my thesis). You probably had the most difficult task than everybody else. Your job, as soon as I arrived, was to introduce me in the experimental environment. I cannot even count how many questions I asked you, but I hope, I will always remember every single answer. Thank you so much Olivier for your patience and the countless hours we spend together in the lab. I am going to miss so much our "little" debates on physics which sometimes lasted for days. In addition, I cannot forget your invaluable contribution of writing this thesis manuscript. I also have to mention that, I am grateful for all the conferences you have been organizing, especially for those that included a swimming pool, a barbecue and abundant alcohol. "Bam!!!" Now it's time to thank Florian Kaiser. I will start from the fact that you are my "mate" my "bro". Your contribution on this thesis is undoubtedly huge. You spend plenty of workhours to teach me how to make things work, how to be efficient, how to save time, how to manage the hard moments of a PhD thesis and finally make it succeed. You are a great motivational force for everyone who works next to you. Apart from being a great physicist, you also are plenty more than that for me. You are the person that I stayed with, full days and nights in the lab, arguing about physics and about what music we are going to listen. We enjoyed together the mountains and the beaches of Côte D'Azur, but also every single pub of the general area. As I prefer to say we are an exemplary case proving that a Greek and a German can be two great friends. Flo! Keep always in mind: Oh la la la la!!! I would also like to thank all the external jury members, namely Isabelle Robert-Philip (président), Fabio Sciarrino(rapporteur), and Philip Walther (rapporteur), for taking the time to carefully read this thesis manuscript and giving me advises for improvement. Thank you also for traveling to Nice for the oral thesis defense.

Here it comes the time to thank Tomasso Lunghi and Florent Doutre. Both of them working on the fabrication of amazing photonic chips. It's because of them that I had the opportunity to work on integrated photonics. I would also like to thank, Thomas Meany who fabricate this great femtosecond laser direct written photonic chip, without which I would have never been able to integrate this N 00N state generator.

Grégory Sauder is supposed to be a technical support to us. I would better say he is a necessity to us. Gregory you were one of the most valuable person for me in the lab. Sometimes I was telling to myself: Panos you take a break now till Greg finish the labview software. Guess what? The next day in the morning, it was already done. You definitely did my life easier. Thank you! Nathalie Koulechoff is one of the ladies of our team supporting us for all the administration related jobs. But for me, she was doing much more. As a foreigner, it was always hard to deal with the French bureaucratic system. But Nathalie helped me with: trips for conferences, contracts and inscriptions, taxis, doctors in Nice, insurances, accommodation, translations of official documents and much more, but I am afraid that there is not enough space to mention all. I am grateful for you Nathalie, not only for doing your job best than everyone else, but also for your help and your smile.

Grazie Virginia D'Auria! Merci Laurent Labonte and Eric Picholle. Thank you so much for all the nice discussions we had on physics. Especially for Virginia... Go ask a question to this dynamic, clever and amazing Italian woman, she will never let you go before you understood every little detail.

I also want to thank Djeylan Aktas and Bruno Fedrici. We share the same office for all the three years. Euf! Djeylan thank you so much for the nice times we had together in and out of the lab. Also for teaching me how to play Belote (I hope, one day, I will become better than you). Bruno the Lyonnais! When someone meets Bruno, he thinks of a calm and cool person. Be careful there is a surprise!! Bruno is the "flying qubit"! It is amazing how much energy and appetite he has for dancing and drinking. Thanks a lot for the amazing nights guys.

I had also the opportunity to meet my first three months in Nice this southern lady Amandine Issautier! She became a really good friend of mine. She was always there to help, support and advise me. She was a tender touch taking care of me like my big sister (by the way I am older than her). Nice hiking days, sport activities, drinking nights, and great "apero" laughing and discussing till the first morning hours are some of the memories that I will always be thankful for.

I can not forget the rest PhD's and Post Doc's of my team and not only. Florent Mazeas, Martina Iapichino, Sihem Bounoua Nahed, Nino Kukhaleishvili, Ali El-Amri, Julian Böhm, Martin Richter, Francois Mondain, Gouzien Elie, Emanuel Vermilac, Pierrick Charlier, I would like to thank you for all the nice moment we spend together. In this vote of gratitude, I would like also to mention all the rest of the friends that I already had from Greece and the friends that I did in Nice. Thank you guys! For you, my love, Chiara Scogniamiglio, I have to say a huge and special thanks. We share an apartment and part of our lives for more than 2 years. You were always there to support me, to encourage me and to reassure me the difficult moments. You had the most difficult task. You are like a sedative pill to me. You helped me to keep my strength and find the courage to not give up the few moments of desperation. I will always be grateful.

Finally, I would like to thank my parents Georgios Vergyris and Lygeri Vergyri, and my lovely sister Zaxaroula Vergyri. You are the only persons in the world that can really understand through what I passed the last nine years in order to reach this day of becoming a doctor. You were always make me feel unique and important. You were proud for each little success of mine and even more proud when I was failing and finding the way to stand again. In my eyes you are the greatest people walked on earth, because nobody else could inspire me the need of learning and becoming better more than you do. Thanks a lot for your provable strength and patience that you show. (2) ] second order nonlinear susceptibility tensor [χ (3) ] third order nonlinear susceptibility tensor
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B brightness of a source N pair • mW -1 • s - Quantum information science (QIS) stands as the outcome of the effort for generalizing classical information theory with quantum resources and concepts, for enhanced information communication and processing. In the core of QIS lies the strong correlations properties that quantum systems exhibit. The investigation of those effects leads to new insights into fundamental problems related to better understanding of our world and their exploitation to the creation of novel information protocols.

QIS can be divided in four main branches: quantum communication [START_REF] Gisin | Quantum cryptography[END_REF], quantum computation [START_REF] Steane | Quantum computing[END_REF], quantum simulation [START_REF] Georgescu | Quantum simulation[END_REF] and quantum metrology [START_REF] Giovannetti | Quantum metrology[END_REF]. Quantum metrology deals with the enhancement of measurements that allows defining physical parameters with fundamentally limited precision [START_REF] Giovannetti | Quantum metrology[END_REF]. Quantum communication is dedicated to secret information sharing purposes, with quantum key distribution (QKD) being the major application offering "unconditionally secure" establishment of cipher keys [START_REF] Ekert | Quantum cryptography based on Bell's theorem[END_REF][START_REF] Jennewein | Quantum cryptography with entangled photons[END_REF][START_REF] Gisin | Quantum communication[END_REF][START_REF] Scarani | The security of practical quantum key distribution[END_REF][START_REF] Aktas | Entanglement distribution over 150 km in wavelength division multiplexed channels for quantum cryptography[END_REF]. Quantum simulation is the art of using, very well controlled over all parameters and against decoherence, quantum devices to predict the behavior of more complex systems, such as those from condensed-matter physics [START_REF] Georgescu | Quantum simulation[END_REF]. Finally quantum computation promises to solve some classically intractable tasks such as breaking cryptographic codes [START_REF] Cirac | Distributed quantum computation over noisy channels[END_REF][START_REF] Kok | Linear optical quantum computing with photonic qubits[END_REF]. At the heart of the aforementioned applications lies quantum entanglement for which no classical equivalent can be found [START_REF] Tittel | Photonic entanglement for fundamental tests and quantum communication[END_REF]. Two systems are entangled when their joint state can be fully defined but the state of each system separately cannot.

Nowadays, quantum technologies are seriously considered worldwide. China launched in 2016 a satellite in the space for quantum communication purposes [START_REF] Yin | Satellite-based entanglement distribution over 1200 kilometers[END_REF]. In USA, companies like GOOGLE [14], IBM [15] and Microsoft [16], among others, have started to study, together with academics, their own quantum computing solutions, from both the hardware and software sides. Closer to us, the European Commission is about to launch a 1-billion e flagship program [START_REF] Gibney | Europe plans giant billion-euro quantum technologies project[END_REF], covering the four above mentioned thematics, in order to push quantum technologies to the society by creating new markets and by training new generation quantum engineers.

In this context, the aim of this thesis is to investigate quantum properties, exploiting photonic systems. Generation of light at the single photon level and the manipulation of those photonic states allow the development of novel quantum protocols and practical applications. More specifically, photonic entanglement is generated, controlled and engineered, towards finding applications for more efficient quantum information networks, quantum metrology schemes and quantum logic gates' integration.

In Chapter 1, a brief historical review showing the potential of QIS is presented. Then, the basic mathematical tools towards understanding quantum information theory are introduced. Finally, quantum properties such as entanglement and interference are defined and their experimental observation is described.

This work, mainly deals with photonic quantum systems. Therefore, in Chapter 2, a focus is made on light particles and their utilization on realizing experiments in that frame. I briefly recall the definition of a photon, and then quickly review the available ways to generate single photons. Some of the degrees of freedom, or photonic observables, that can serve entanglement are explained and their respective analysis procedures are given. Finally, a brief discussion is presented on the technological advances reported on the main branches of QIS using photons.

The target of QIS is to harness quantum phenomena related to the superposition principle and entanglement. Subsequently, one of the essential tools for the implementation of many quantum protocols lies in entanglement generators. Sources of photonic entanglement have led to remarkable advances in QIS [START_REF] Tittel | Photonic entanglement for fundamental tests and quantum communication[END_REF]. In Chapter 3, I present a source able to generate polarization and energy-time entangled telecom photon pairs. This has been achieved by means of a nonlinear Sagnac loop that generates photon pairs via spontaneous parametric down conversion (SPDC), by pumping bidirectionally a type-0 periodically poled lithium niobate waveguide (PPLN/w). This source is flexible, reliable and tunable over a wide spectral range, paving the way towards compact, fully wave-guided, telecom photonic entanglement generators, therefore, compatible with existing standard fiber-based communication networks.

In Chapter 4, this Sagnac source is exploited in order to generate hyperentangled photon pairs over polarization and energy-time observables in a fully guided-wave fashion [START_REF] Barbieri | Polarization-momentum hyperentangled states: Realization and characterization[END_REF][START_REF] Barreiro | Generation of hyperentangled photon pairs[END_REF]. This approach is free of bulk components and complex beam-shaping optics, therefore making it compatible with standard telecom architectures. This is underlined by generating and distributing hyperentanglement in 5 × 2 dense wavelength division multiplexed (DWDM) channel pairs in the telecom C-and L-bands simultaneously. As opposed to some previous experiments, the analyzers allow inferring entanglement in both polarization and energy-time observables at the same time, which in combination with the DWDM strategy, leads to an increase of the channel capacity by one order of magnitude. The quality of the generated hyperentangled state is validated by performing a Bell test in a 16 dimensions Hilbert space, that exhibits a larger deviation from local realism and is more robust against noise when compared to standard 2 dimensions Hilbert spaces [START_REF] Mermin | Extreme quantum entanglement in a superposition of macroscopically distinct states[END_REF][START_REF] Collins | Bell inequalities for arbitrarily highdimensional systems[END_REF][START_REF] Barbieri | Complete and deterministic discrimination of polarization Bell states assisted by momentum entanglement[END_REF][START_REF] Wei | Hyperentangled Bell-state analysis[END_REF][START_REF] Barreiro | Beating the channel capacity limit for linear photonic superdense coding[END_REF].

In the second part of Chapter 4, I report a real-time Bell test driven by human choices. This project, called the Big Bell Test [25], was a large collaboration with 12 participants distributed over three continents. In order to comply with the needs of a 24 hr-long Bell test we exploit the aforementioned source in a post-selection free energy-time entanglement analysis setup [START_REF] Strekalov | Postselection-free energytime entanglement[END_REF]. By employing electro-optic modulators, fast switching between the settings in Alice and Bob is achieved. The proof-of-principle of such a setup is explained and our realization described. Thank to this reliable setup, local realism has been continuously violated for the full 24 hr-long period of the experiment.

For fibre-based quantum systems, the obvious choice for entanglement distribution is photons within the telecom band (1530-1565 nm), due to low losses when propagating into standard telecom fibers [START_REF] Krenn | Quantum Communication with Photons[END_REF]. On the other hand, matter-based systems that can store, process and re-emit coherently photonic states [START_REF] Briegel | Quantum Repeaters: The Role of Imperfect Local Operations in Quantum Communication[END_REF][START_REF] Simon | Quantum repeaters with photon pair sources and multimode memories[END_REF][START_REF] Farrera | Nonclassical correlations between a C-band telecom photon and a stored spin-wave[END_REF] interact most efficiently within the visible to near infrared spectrum (600-900 nm) [START_REF] Heshami | Quantum memories: emerging applications and recent advances[END_REF]. Quantum networks that facilitates large-scale deployment of secure quantum communication necessitate a combination of the two aforementioned building blocks in a compatible fashion [START_REF] Kimble | The quantum internet[END_REF]. The solution is given by so-called quantum interfaces [START_REF] Albrecht | A waveguide frequency converter connecting rubidium-based quantum memories to the telecom C-band[END_REF][START_REF] Ikuta | Heralded single excitation of atomic ensemble via solid-state-based telecom photon detection[END_REF], that permit the coherent conversion of telecom photons into visible photons and backwards, while preserving their quantum properties, and notably entanglement [START_REF] Huang | Observation of quantum frequency conversion[END_REF][START_REF] Tanzilli | A photonic quantum information interface[END_REF]. In Chapter 5, we experimentally demonstrate a high-efficient quantum interface in which telecom photons are converted via sum frequency generation (SFG) from 1560.48 nm to 794.98 nm, while preserving polarization entanglement with near-unit fidelity. The core of this quantum interface is based on a nonlinear Mach-Zehnder interferometer (MZI). The full experimental setup is described in details, then, all the "quantum" engineering steps, towards achieving an essentially noise-free device, are presented and discussed. The performance is qualified by demonstrating a singlephoton state tomography of the up-converted photon showing fidelities close to unity, and by violating the Bell inequalities with a bi-color polarization entangled state. This fully fiber-based ultra-low-noise implementation is robust and flexible, making it a promising practical building block in a repeater-based quantum network.

Within the general concept of quantum metrology, two new conceptual experiments are presented in Chapter 6. First, the concept of spectrally-resolved quantum interferometry, based on energy-time entangled two-photon states, is introduced. It is then, exploited for a highprecision chromatic-dispersion measurement in a 1 m long standard single-mode fiber. The classical approach for measuring chromatic dispersion and our novel quantum strategy are described. The comparison between the two techniques is materialized by performing a statistical analysis over a 100 measurement samples acquired with both experimental setups. We show an unprecedented 2.4 times higher accuracy for the quantum-enhanced strategy, despite involving ∼60 times less photons for the measurement. The improved accuracy is essentially due to conceptual advantages enabled by quantum optics which are likely to define new standards in a variety of applied research fields.

In the second part of Chapter 6, a two-photon phase-shift measurement protocol is proposed and demonstrated. In this protocol, which is based on quantum erasing, the phase-shift of a bi-photon state is fully encoded into a coherent superposition of a single-photon polarization state which permits to obtain full information about the phase, while single photons only are detected. In that way, the need of complex detection schemes, with multiple detectors, is eliminated. The experimental setup is described and two-photon phase shift measurements are performed using both a single photon detector and a standard intensity photodiode. The latter paves the way towards implementing practical quantum measurement protocols with high fluxes of photons and faster sampling rates.

In all the above-mentioned experiments, entanglement is the key-resource for their demonstration. However, the experimental complexity is increasing rapidly which sets high demands on stability, efficiency and compactness of the employed quantum photonic devices. In this framework, integrated and guided-wave approaches have demonstrated their huge potential since photons are tightly confined and well isolated from environmental influences [START_REF] Tanzilli | On the genesis and evolution of integrated quantum optics[END_REF][START_REF] Alibart | Quantum photonics at telecom wavelengths based on lithium niobate waveguides[END_REF]. Therefore, integration, towards generating and manipulating entanglement on chips promises the creation of reliable and plug-and-play devices, which will potentially bring "quantum" devices to the market. In Chapter 7 the generation of heralded entanglement is demonstrated on a chip thanks to a hybrid approach. More specifically, the high nonlinear effects of lithium niobate photonic platform and the high fabrication versatility of femtosecond-laser direct-writing (FLDW) on glass technique are combined for the generation and manipulation of photon pairs. The hybrid photonic-chip is described and characterized, explaining how the manipulation of two photon pairs (i.e. 4 photons) on a chip permits the generation of heralded two-photonnumber states ranging from product to entangled states [START_REF] Tillmann | Experimental boson sampling[END_REF][START_REF] Sansoni | Two-particle bosonic-fermionic quantum walk via integrated photonics[END_REF]. Numerical simulations towards evaluating the performance of the chip are reported. Finally the generation of configurable twophoton-number states is performed, showing fidelity equal to 95%.

The last decade a global effort by the most industrialized countries is under way, in order to bring the quantum science from the academic institutions and the labs into technological achievements. All the experiments performed in this thesis have as main target the demonstration of compact, reliable and easy-to-use devices in order to push quantum photonics on step further, closer to the market. I hope that the current thesis will constitute a step towards achieving the so called "quantum supremacy". L'objectif de la QIS est d'exploiter les phénomènes quantiques liés à la superposition d'état et à l'intrication. Par conséquent, un des outils essentiel pour la mise en oeuvre de nombreux protocoles quantiques repose sur les générateurs d'intrication. Les sources d'intrication photonique ont mené à des avancées remarquables dans la QIS [START_REF] Tittel | Photonic entanglement for fundamental tests and quantum communication[END_REF]. Dans le chapitre 3, je présenterai une source capable de générer des paires de photons intriqués en polarisation aux longueurs d'onde télécoms et en énergie-temps. Cela est réalisé par le biais d'une boucle de Sagnac non linéaire qui crée les paires de photons par fluorescence paramétrique (SPDC : Spontaneous Parametric Down Conversion) moyen d'un pompage bidirectionnel d'un guide d'onde sur niobate de lithium polarisé périodiquement (PPLN/w) de type-0. Cette source, versatile, fiable et accordable sur un large intervale spectral, jette les bases de générateurs d'intrication photonique télécoms compacts, entièrement basés sur des guides d'ondes, ce qui les rend compatibles avec les réseaux de communication fibrés existants.

Dans le chapitre 4, l'exploitation de cette source de Sagnac afin de générer des paires de photons hyper-intriqués sur les observables polarisation et énergie-temps dans une configuration entièrement guidée sera décrite [START_REF] Barbieri | Polarization-momentum hyperentangled states: Realization and characterization[END_REF][START_REF] Barreiro | Generation of hyperentangled photon pairs[END_REF]. Cette approche permet de s'affranchir de composants d'optique massive ou encore de systèmes optiques complexes destinés à la mise en forme de faisceaux laser, ce qui la rend compatible avec les architectures télécoms standards. Cela sera mis en évidence par la présentation de la génération et la distribution de photons hyperintriqués dans 5 paires de canaux multiplexés en longueur d'onde (DWDM : Dense Wavelength Divison Multiplexer) simultanément dans les bandes C-et L-des télécoms. Contrairement aux expériences relatées par le passé, les analyseurs permettent de conclure à l'intrication sur chacune des observables polarisation et énergie-temps simultanément, ce qui, combiné à la stratégie de multiplexage, mène à un accroissement d'un ordre de grandeur de la capacité de transfert par canal. La qualité des états hyper-intriqués générés est validée par un test de Bell dans un espace de Hilbert de dimension 16, qui montre un écart plus grand par rapport au réalisme local et une plus grande robustesse aux effets de bruit que les tests standards dans un espace de Hilbert de dimension 2 [START_REF] Mermin | Extreme quantum entanglement in a superposition of macroscopically distinct states[END_REF][START_REF] Collins | Bell inequalities for arbitrarily highdimensional systems[END_REF][START_REF] Barbieri | Complete and deterministic discrimination of polarization Bell states assisted by momentum entanglement[END_REF][START_REF] Wei | Hyperentangled Bell-state analysis[END_REF][START_REF] Barreiro | Beating the channel capacity limit for linear photonic superdense coding[END_REF].

Dans la seconde partie du chapitre 4, je rapporterai un test de Bell dont les choix de base d'analyse sont régis par des valeurs collectées en temps réel auprés d'étées humain à travers le monde. Ce projet, intitulé le Big Bell Test [25], résulte d'une large collaboration impliquant 12 partenaires répartis sur trois continents. Afin de se conformer aux nécessités d'un test de Bell d'une durée de 24h, nous avons exploité la source mentionnée précédemment dans une configuration d'analyse d'intrication en énergie-temps sans post-sélection [START_REF] Strekalov | Postselection-free energytime entanglement[END_REF]. L'emploi de modulateurs électro-optiques a permis une bascule rapide entre les montages d'Alice et Bob. La preuve de principe d'un tel dispositif sera détaillée ainsi que notre réalisation expérimentale. Grâce à ce dispositif fiable, le réalisme local a été continûment violé durant la totalité des 24h de l'expérience.

Les systèmes quantiques à base de fibre optique, aux longueurs d'onde télécoms (1530-1565 nm) constituent un choix évident par les réseaux de communication longue distance, à cause des faibles pertes à la propagation dans les fibres télécoms standard [START_REF] Krenn | Quantum Communication with Photons[END_REF]. A contrario, les systèmes basés sur les matériaux capables de stocker, traiter et réémettre des états quantique de manière cohérente [START_REF] Briegel | Quantum Repeaters: The Role of Imperfect Local Operations in Quantum Communication[END_REF][START_REF] Simon | Quantum repeaters with photon pair sources and multimode memories[END_REF][START_REF] Farrera | Nonclassical correlations between a C-band telecom photon and a stored spin-wave[END_REF] opèrent efficacement avec des spectres allant du visible au proche infrarouge (600-900 nm) [START_REF] Heshami | Quantum memories: emerging applications and recent advances[END_REF]. Un réseau quantique destiné au déploiement à grande échelle des communications quantiques sécurisées nécessiterait conjointement l'emploi de ces deux blocs [START_REF] Kimble | The quantum internet[END_REF].

leur interfacage au sein du reseau se fera au moyen de dispositifs [START_REF] Albrecht | A waveguide frequency converter connecting rubidium-based quantum memories to the telecom C-band[END_REF][START_REF] Ikuta | Heralded single excitation of atomic ensemble via solid-state-based telecom photon detection[END_REF], qui permettent la conversion cohérente des photons aux longueurs d'onde télécoms en des photons visibles, et inversement, tout en préservant leurs propriétés quantiques, notamment l'intrication [START_REF] Huang | Observation of quantum frequency conversion[END_REF][START_REF] Tanzilli | A photonic quantum information interface[END_REF]. Dans le chapitre 5, nous démontrerons expérimentalement une interface quantique de grande efficacité dans laquelle des photons télécoms sont convertis via la somme de fréquence de 1560.48 nm à 794.98 nm, tout en conservant l'intrication en polarisation avec une fidélité proche de l'unité. Le coeur de cette interface quantique repose sur un interféromètre de Mach-Zehnder non linéaire. Le montage expérimental complet sera décrit en détail, ainsi que toutes les étapes d'ingénierie "quantique", menant à l'obtention d'un dispositif exempt de bruit. Les performances ont été estimées en effectuant une tomographie du photon converti en régime de photon unique, ainsi que par la violation des inégalités de Bell à l'aide d'un état intriqué en polarisation à deux longueurs d'ondes. Cette mise en oeuvre entièrement fibrée est robuste et flexible, ce qui en fait un bloc prometteur pour de futurs réseaux quantiques basés sur des répéteurs quantiques.

Dans le cadre plus général de la métrologie quantique, deux expériences conceptuellement innovantes seront présentées dans le chapitre 6. Tout d'abord, le concept d'interférométrie quantique résolue spectralement, reposant sur des états à deux photons intriqués en énergietemps sera introduit. Cette approche sera par la suite exploitée pour une mesure ultra précise de la dispersion chromatique dans une fibre optique monomode standard. L'approche classique de la mesure de dispersion chromatique, ainsi que notre stratégie quantique novatrice seront décrites. La comparaison entre les deux techniques est matérialisée par une analyse statistique sur un échantillon de 100 mesures, obtenues à l'aide des deux dispositifs expérimentaux. Nous montrerons une précision accrues d'un facteur inégalé de 2.4, malgré un nombre de photons utilisés pour la mesure environ 60 fois moindre. Cet accroissement de la précision est principalement dû aux avantages conceptuels permis par l'optique quantique, ce qui pourrait amener à définir de nouveaux standards dans une multitude de champs de recherche.

Dans la seconde partie du chapitre 6, un protocole de mesure de la phase à deux photons sera proposée et démontrée. Dans ce protocole, qui repose sur le principe de gomme quantique, la phase d'un état à deux photons est totalement transposée sur un photon unique sous forme d'une superposition cohérente de polarisation, ce qui permet d'obtenir toute l'information sur la phase de 2 photons alors que seul un photon unique est détecté. Ainsi, on peut se dispenser de schémas de détection complexes impliquant plusieurs détecteurs. Le protocole expérimental sera décrit et des mesures de la phase à deux photons par un détecteur de photon unique et par une photodiode standard présentées.

Dans toutes les expériences évoquées jusqu'à présent, une paire de photons intriqués est la ressource clef indispensable à leur mise en oeuvre. Cependant, la complexité expérimentale à venir va rapidement augmenter, ce qui implique de grandes exigences en terme de stabilité, d'efficacité et de compacité des dispositifs quantiques employés. Dans ce cadre, l'approche par guides d'onde intégrés montre son immense potentiel puisque les photons sont étroitement confinés et bien isolés des influences de l'environnement [START_REF] Tanzilli | On the genesis and evolution of integrated quantum optics[END_REF][START_REF] Alibart | Quantum photonics at telecom wavelengths based on lithium niobate waveguides[END_REF]. Par conséquent, l'optique intégrée, en ce qui concerne la génération et la manipulation de l'intrication sur puce, laisse augurer la création de dispositifs fiable et "plug and play", qui pourraient éventuellement faire émerger des dispositifs "quantiques" avancés. Dans le chapitre 7, la génération annoncée d'intrication est démontrée sur puce par le biais d'une approche hybride. Plus précisément, les forts effets non linéaires au sein de la plate-forme en niobate de lithium et la grande polyvalence de l'inscription directe par laser femtoseconde (FWDL : Femtosecond-Laser Direct-Writing) dans les verres sont combinés afin de générer et manipuler 2 paires de photons. La puce photonique hybride sera décrite et caractérisée, expliquant comment la manipulation de deux paires de photons (c'est à dire 4 photons) sur une puce permet la génération d'états de Fock annoncés d'un état produit ou d'un état intriqué [START_REF] Tillmann | Experimental boson sampling[END_REF][START_REF] Sansoni | Two-particle bosonic-fermionic quantum walk via integrated photonics[END_REF]. Les simulations numériques destinées à évaluer les performances de la puce seront également rapportées. Enfin, la mesure de la génération d'états de Fock à deux photons configurables est accomplie, montrant une fidélité de 95%.

Depuis le début de la dernière décennie, un effort global de la plupart des pays industrialisés est en cours, afin d'amener les technologies quantiques hors des institutions académiques et des laboratoires. Toutes les expériences accomplies pendant cette thèse ont pour but principal la démonstration de dispositifs compacts, fiables, et prêts à l'usage afin de faire avancer la photonique quantique et la rapprocher du marché. J'espère que la présente thèse constituera un pas vers la réalisation de ce que l'on appelle "la suprématie quantique".

Part I

Quantum in Information Science

Chapter 1

Basics of quantum information science

The following chapter deals with the basics of quantum information science (QIS). It is dedicated for newly introduced quantum optics experimentalists and an advanced user could skip it. Communicating and processing information have always played a vital role over the time of humanity, and therefore a brief historical review on those aspects will be given at the beginning of the chapter. Although, the general field of science that deals with information has not reached yet the ultimate profit, and that's because it is based on the limited resources that the classical world can provide.

Quantum theory, though, describes our world in a different way. In this world one can find "spooky" features, like photons that "communicate" with each other across the space instantaneously and "cats" that can be both dead and alive, or switches that can be both "on" and "off", of course, in an unconventional way. In spite the fact that the last sentence is partially incorrect, that kind of magical touch can be clearly explained scientifically. By understanding the core of quantum physics, such as coherent superposition of quantum states and quantum measurement, the picture of the above statements becomes crystal clear. Exactly there is where QIS is seeking for resources in a much larger spectrum than the one offered in the classical world. In other words, QIS is dealing with the development of a rather revolutionary way to process and communicate information in a total up-levelled way, by obeying in the rules of quantum physics.

Therefore, in this chapter I will deal with all the basic and necessary tools in order to manipulate quantum elements.

Classical Information

It is generally accepted that we are going through a period of a communication revolution, as information technology is among the fastest growing scientific fields in the world. It is actively affecting and reshaping not only the structure of our society but also our every day lives. However, sharing information is not only a privilege of our modern society. The very first system to store information have been developed 5000 years ago by Sumerians and Egyptians [START_REF] Daniels | The World's Writing Systems[END_REF]. At this time, ideograms were used in order to represent a word denoting an object pictorially, which was depicted by the hieroglyph.

It was 2000 years after, when Phoenicians used the very first alphabet made of 22 letters, which would be combined into all the possible sounds in the language [START_REF] Daniels | The World's Writing Systems[END_REF]. Storing and sharing of information by writing, with the next generations, boosted the evolution of human societies, allowing them to accumulate knowledge and start develop fields like science and literature. But this was not enough. The necessity of keeping some information secret early came in the game, leading to the birth of cryptography. In its earliest form, cryptography has been realized by means of ciphers so people communicated secretly. From the 7 th century BC, Spartans used the Scytale in order to share secret information during war campaigns [START_REF] Kelly | The myth of the skytale[END_REF]. Later, Julius Caesar adapted the Caesar cipher in order to convey secret messages to his army generals posted in the war front [START_REF] Wikipedians | Cryptography. PediaPress[END_REF]. The encryption on those messages was based on the substitution of the letters comprising the message with alternative letters, in such a way that the decryption of the message was possible only by the person who knew the cipher key. But still those types of ciphers were depending on the secrecy of the system and not on the encryption key.

In the 16 th the first cipher using an encryption key, under a more complex mathematical expression, have been created. The name of it is Vigenére cipher. At the start of the 19 th century, Hebern designed an electro-mechanical contraption which was called the Hebern rotor machine. It was using a single rotor, in which the secret key is embedded in a rotating disc. A more advanced version of the Hebern rotor was the Enigma machine. It has been developed by Arthur Scherbius at the end of the World War I, and was heavily used by the German forces during the world war II. from the end of world war II, beyond military interest, ciphers methods attracted also commercial interest, and nowadays also personal. The reader who is interested in further details on the history of cryptography could find more information in [START_REF] Wikipedians | Cryptography. PediaPress[END_REF][START_REF] Singh | The Code Book: The Science of Secrecy from Ancient Egypt to Quantum Cryptography[END_REF].

In our modern society, people are attempting to increase the security on sharing information, leading in that way to advances in technology, computer science, mathematics and physics. Let me stress, that not only the desire of most secure communication systems lead to advances, but also the desire to break such systems motivates technological advances. For example, the RSA cryptosystem1 is based on the practical difficulty of factoring the product of two large prime numbers. The computation time for all known factorization algorithms increases exponentially with the size of the number to be factored [START_REF] Rivest | A method for obtaining digital signatures and public-key cryptosystems[END_REF], making it one of the most secure cryptography systems nowadays. Although, there is always the possibility that an efficient factoring algorithm that works on conventional computers would be discovered, able to hack a RSA cryptosystem and kept secret by some government agencies. Subsequently, it arises the necessity of the development of cryptosystems impossible to be hacked.

In addition, the storage of information allowed us to make some scientific fields, like computation, further evolve. The bit is the basic and physical unit of information in computing and digital communication. It is also known as a binary digit and it can only have one, between two values, represented as either 0 or 1. Therefore, it may be physically implemented with a two-state device. It was soon realized that such binary coding was promising much higher computational capabilities. Thanks to increasing technological evolvement, IBM in 1964, announced the first computer system family, the IBM System/360 [START_REF] Pedergs | System/360 and beyond[END_REF] [START_REF] Mackenzie | Coded character sets: history and development[END_REF]. Commonly, one can tell that since computational power continues to increase exponentially, there will be a point where problems that could not be solved now will become manageable, and cryptography systems that now are secure will stop being. In other words what we need is a cipher which is impossible to break, no matter the existence of highly efficient computation protocols, and at the same time information processors with such computational power able to solve some of the most difficult mathematical problems. The answer to those demands can be found within the scientific field that deals with information, while the resources can be found in a quantum description of the world. This scientific field is commonly known as Quantum Information Science (QIS).

Quantum Information

Using quantum enabled systems, QIS can process and communicate information in a much more secure, in a much more efficient and in a much more accurate way. Those three features of QIS are addressed in quantum communication, quantum computation-simulation and quantum metrology, respectively, defining the three main branches of quantum information science.

In quantum communications protocols any doubts about the security of the key distribution can be significantly reduced. That relies on one of the most well-known property of quantum physics: it is impossible to measure the unknown state of a single quantum system without running a risk of changing the state of the system [START_REF] Dirac | The principles of quantum mechanics[END_REF] while at the same time a perfect clone of a quantum object does not comply with quantum physics [START_REF] Wootters | A single quantum cannot be cloned[END_REF]. Subsequently, we can say that such scheme can resist interception and retransmission by an eavesdropper. The very first quantum cryptography protocol has been proposed by Bennnett and Brassard in 1984, which is widely known as the BB84 protocol [START_REF] Bennett | Quantum cryptography, public key distribution and coin tossing[END_REF]. Some of the credits for this publication can be also given to Stephen Wiesner for initializing the idea of quantum cryptography. Wiesner and Bennett used to have numerous discussions as students on making banknotes that would be impossible to counterfeit according to the laws of nature [START_REF] Brassard | Brief history of quantum cryptography: a personal perspective[END_REF]. The basic idea, in the BB84 protocol, is that if the encryption key can be encoded onto quantum states of single particles, then the receiver will be able to detect the presence of the eavesdropper. This idea is the foundation of the growing field generally known as "quantum cryptography", and more accurately quantum key distribution (QKD) [START_REF] Bouwmeester | The physics of quantum information[END_REF] with which we will deal in more details in Subsection 2. [START_REF] Jennewein | Quantum cryptography with entangled photons[END_REF].

The processing of the information by means of quantum systems, in order to perform operations on data, is widely known as quantum computation. Those quantum computation protocols are promising to increase dramatically the potential computational power [START_REF] Nielsen | Quantum Computation and Quantum Information: 10th Anniversary Edition[END_REF][START_REF] Ladd | Quantum computers[END_REF][START_REF] Aharonov | Quantum computation[END_REF]. In 1994, Peter Shor unveiled that if a fully working quantum computer was available, it could factor large numbers much more efficient than any classical computer [START_REF] Shor | Polynomial-time algorithms for prime factorization and discrete logarithms on a quantum computer[END_REF]. Furthermore, scientists today believe that such a protocol, which uses the full complexity of a many particle wavefunction to solve some computational problem may soon lead to practical implementations of quantum technologies [START_REF] Mohseni | Commercialize early quantum technologies[END_REF].

Another branch of QIS is "quantum metrology" where quantum enabled systems are used in order to measure physical variables in a much more accurate way. This specific branch provides a route towards overcoming practical limits in sensing devices. Such protocols incorporate capabilities, that permit enhancing measurements's sensitivity with better resolution [START_REF] Takanori | Precision-guaranteed quantum metrology[END_REF]. The idea here is that an unknown parameter in a quantum system can be estimated, by typically prepare a probe, let it interact with the system, and then measure the probe [START_REF] Giovannetti | Advances in quantum metrology[END_REF]. Practical realizations of interaction free measurements [START_REF] Lemos | Quantum imaging with undetected photons[END_REF] and striking demonstrations in sensing protocols for biological samples [START_REF]Quantum metrology and its application in biology[END_REF] are some of the most promising future quantum sensing applications.

More details concerning those three main branches of QIS will be given in the rest of the manuscript, and it will mainly focused on photonic quantum information protocols where quantum information carriers are photons. Before entering the main frame of this thesis, I believe that a brief report on the basic quantum elements and mathematical tools is required. However, an advanced reader knowing the definitions of the quantum bit, the density matrix, the fidelity of a quantum state, quantum measurement and entanglement may skip Sections 1.3 to 1.5.2.

Basic elements of QIS 1.3.1 The quantum bit (qubit)

Quantum information has been built upon the idea of a "quantum bit" which is commonly known as a "qubit". As a new paradigm, the qubit, as opposed to the classical case, does not only take values of "0" and "1" but also any possible linear combination between those two values. Hence, the general state of a qubit can be written as a coherent superposition of the states |0 and

|1 |ψ = α |0 + β |1 , (1.1)
where α, β are complex coefficients (α, β ∈ C) referred to as the probability amplitudes associated with the states |0 and |1 . respectively [START_REF] Nielsen | Quantum Computation and Quantum Information: 10th Anniversary Edition[END_REF]. Due to probability normalization those two factors need to satisfy |α| 2 + |β| 2 = 1. These two states |0 and |1 constitute the computational basis and are defined in a bi-dimensional Hilbert space H, therefore they can be written as vectors: Thanks to this, Equation 1.1 can be rewritten, for convenience, in the form of Equation 1.3 which automatically gives normalised quantum states:

|0 = 1 0 , |1 = 0 1 , |ψ = α β , ψ| = α * β * . (1.2)
|ψ = cos θ 2 |0 + e iϕ sin θ 2 |1 . (1.
3)

The numbers θ and ϕ are real numbers (θ, ϕ, ∈ R) and they define a point on the surface of a three-dimensional unit sphere, known as the Bloch-sphere (Poincaré)(see Figure 1.1). Each point of the sphere represents a possible state of the qubit.

The density matrix

With the normalization, Equation 1.3 is only describing a qubit which is in a pure state. A qubit being in a pure state means that can be expressed by a linear combination of the eigenvectors given by the Hilbert space in which the qubit is defined. Another representation of this state is the density matrix. We define the density operator for a pure state as the outer product of the state vector with itself:

ρ = |ψ ψ| = α β • α * β * = |α| 2 αβ * α * β |β| 2 . (1.4)
The density operator of a state |ψ is the projector of this state. Here, the diagonal elements, called populations, are the probabilities that a measurement in the standard basis yields |0 or |1 . The off-diagonal elements are called coherences. They can tell us to what extend we are dealing with the superposition of |0 and |1 rather with a probabilistic mixture of the two states. In order to express a mixed state, made of the linear combination of pure states |ψ i with probabilities p i , we need to rewrite the density matrix as follows:

ρ = i p i ρi = i p i |ψ i ψ i | .
(1.5)

Any density matrix has the following properties. It has a trace equal to unity (tr ρ = 1), is hermitian ρ = ρ † and thus has real non-negative eigenvalues. The probability of a qubit to be in the state |ψ i is equal to p i and i p i = 1.

A basic property of the density matrix is that we can use it to distinguish a pure state from a mixed state. In general, for a pure state it applies:

tr ρ = tr ρ2 = 1, (1.6) 
and for a mixed state:

tr ρ = 1 = tr ρ2 . (1.7)
The reconstruction of the density matrix is called quantum state tomography, and stands for a complete description of the state [START_REF] Altepeter | Photonic state tomography[END_REF].

A helpful example Suppose that we have a source of polarized single photons. A maximally mixed state would consist of 50% horizontally (H) polarized photons, and 50% vertically (V) polarized photons.

That means that it exist a 50% chance of getting either an H photon or a V photon. A pure state, however, can have the property of existing in a quantum coherent superposition of being both horizontally and vertically polarized at the same time. In other words, the emitted photon are diagonally polazised. At first, this does not sound to be so different, but let's try to distinguish the difference by performing a measurement over a thousand of photons emitted from the two, above, mentioned sources.

We filter the emitted photons with a 45 • polarization filter, and we ask the source to deliver 1000 photons. In the first case, where we produce a mixed state half of the vertically polarized photons will pass through and half of the horizontally polarized photons as well. Therefore we will detect in the output 500 photons. On the other hand, if we generate a pure state of diagonally polarized photons, ALL of the photons would pass through the filter, and there would be 1000 photons detected in the output.

It is worth to mention here that if we use a 0 • or a 90 • which allows to pass the horizontally and the vertically polarized photons, respectively, we will not be able to distinguish between the source that emits maximally mixed states and pure states from the number of the photons detected. By performing the reconstruction of the density matrix though all doubts can be eliminated. The propability p i to obtain result "i" by a projective measurement, is given by the trace of the inner product of the projector Pi = |ψ i ψ i | of the state |ψ i with the density matrix ρ of the quantum system:

Measuring qubits

p i = tr{ρ Pi }. (1.8) 
We can easily prove that for pure states that are linear combinations of the vectors of the orthonormal basis the above expression becomes:

p i = tr{ρ |ψ i ψ i |} = ψ i | ρ |ψ i = ψ i |ψ ψ|ψ i = | ψ i |ψ | 2 .
(1.9)

For example, projecting the qubit from Equation 1.3 which is in the state |ψ onto the basis vectors |0 and |1 leads to:

p |0 =| 0|ψ | 2 = cos 2 θ 2 , p |1 =| 1|ψ | 2 = sin 2 θ 2 , (1.10)
which give us the propability of measuring the qubit in one of the state vectors of the standard basis of |0 and |12 . This measurement tells us only about the norms of the state's amplitudes. In order to gather any phase information, we need to project the state in a different than the standard basis, namely:

|+ ≡ 1 √ 2 (|0 + |1 ) and |-≡ 1 √ 2 (|0 -|1 ). (1.11)
Then, the states |0 and |1 can be rewritten:

|0 = 1 √ 2 (|+ + |-) and |1 = 1 √ 2 (|+ -|-).
(1.12)

Now we are equipped to rewrite the state |ψ in the {|+ , |-} basis (for convenience we set θ = π 2 ):

|ψ = 1 2 (|+ + |-) + e iϕ 1 2 (|+ -|-) = 1 + e iϕ 2 |+ + 1 -e iϕ 2 |-. (1.13)
Then by projecting the state |ψ in one of the state vectors in the |+ , |-:

p |+ =| +|ψ | 2 = cos 2 ϕ 2 , p |-=| -|ψ | 2 = sin 2 ϕ 2 , (1.14)
which give us the probability of measuring the qubit in one of the state vectors of the {|+ , |-} basis.

An important aspect of the measurement process is that it alters the state of the quantum system, i.e. the new state of the system is exactly the outcome of the measurement. This implies that one cannot collect any additional information about the amplitudes by repeating the measurement on the same quantum system. This in one of the basic axiom of quantum physics.

Quantum state's fidelity

In the laboratory, we are required not only to generate a quantum state, but be sure that this state is the one we would like to prepare. Therefore, we have to answer the question of how "close" are two quantum states? Let' s consider two quantum states |ψ 1 and |ψ 2 , with corresponding density matrices ρ1 and ρ2 , respectively. The quantum state fidelity is defined as:

F (ρ 1 ,ρ 2 ) = tr ρ1 ρ2 ρ1 2 , 0 ≤ F ≤ 1, (1.15) 
which is an estimator of how close those states are, in other words, of their overlap. The two extremes are: F = 1 if ρ1 = ρ2 , while F = 0 if ρ1 ⊥ ρ2 . Equation 1.15 stands for a general definition that one can find in the literature [START_REF] Nielsen | Quantum Computation and Quantum Information: 10th Anniversary Edition[END_REF]. I would like to introduce another way to define the fidelity of the state, which I personally prefer, since it is much simpler and more straight forward to understand. Let's say that the state |ψ 1 is the state to be prepared in the lab, and the density matrix of this state that I experimentally measured (or reconstructed) is ρ1 . I also know the density matrix ρ2 of the "target-state" |ψ 2 . Then, the fidelity of the prepared state |ψ 1 is the probability (p 2 ) to measure this state when performing a projective measurement on the projector of the "targetstate" P2 = ρ2 . Consequently, fidelity F between states |ψ 1 and |ψ 2 is defined as:

F = p 2 = tr{ P2 ρ1 } = tr{ρ 2 ρ1 }, (1.16)
which is only true for the pure states.

No cloning theorem

By following the no-cloning theorem described in [START_REF] Wootters | A single quantum cannot be cloned[END_REF] one can easily see that quantum physics does not allow to copy a qubit perfectly i.e. with F = 1. In order to prove it, let's assume that we have a qubit in a given state |ψ = α |0 + β |1 , (|0 ⊥ |1 ), and a blank state |e on which we aim to "print" the properties of qubit |ψ by applying a unitary operator Ûcl . In the ideal case scenario, such an operation would read:

|ψ |e Ûcl -→ = |ψ |ψ = (α |0 + β |1 )(α |0 + β |1 ) = α 2 |00 + αβ |01 + βα |10 + β 2 |11 .
(1.17)

However, using now Ûcl to clone the expansion of |ψ , we end up with the state:

(α |0 + β |1 ) |e Ûcl -→= α |00 + β |11 , (1.18)
which is obviously diferrent from that of Equation 1.17. Namely, by comparing Equations 1.17 and 1.18 leads to α = α 2 , β = β 2 and αβ = 0. Taking into account that |α| 2 + |β| 2 = 1, this can only be true, when one of the probability amplitudes (α, β) is equal to unity and the other one to zero. This means that the state |ψ corresponds to one of the chosen basis vectors. Subsequently, we proved by contradiction that the cloning of arbitrary qubits |ψ is not possible [START_REF] Gisin | Quantum cryptography[END_REF][START_REF] Wootters | A single quantum cannot be cloned[END_REF].

However, the existence of non-cloning theorem does not mean that imperfect cloning is at all impossible. Notably, in 1996, Buzěk and Hillery demonstrated a universal quantum cloning machine able to reach fidelities up to 5/6 [START_REF] Bužek | Quantum copying: Beyond the no-cloning theorem[END_REF].

Entangled qubits 1.5.1 Definition of entanglement

I have been describing the "bit" and the "qubit" and I highlighted the fact that a bit can have either the value of "0" or "1" while the "qubit" can be in coherent superposition of the two. Now, let's consider that we have two classical bits, the bit "A" and "B". In the classical domain we could get all the four different combinations for those two "qubits"

|0 A |0 B , |0 A |1 B , |1 A |0 B and |1 A |1 B .
But in the quantum world those two qubits can exist in coherent quantum superpositions of all the four possible states:

|Ψ = α 00 |0 A |0 B + α 01 |0 A |1 B + α 10 |1 A |0 B + α 11 |1 A |1 B , ( 1.19) 
where α 00 , α 01 , α 10 , α 11 ∈ C and

|α 00 | 2 + |α 01 | 2 + |α 10 | 2 + |α 11 | 2 = 1.
If we assume a superposition of the above states with equal amplitudes for each of them, then it can be rewritten:

|Ψ = 1 2 |0 A |0 β + 1 2 |0 A |1 B + 1 2 |1 A |0 β + 1 2 |1 A |1 B = 1 √ 2 (|0 A + |1 A ) ⊗ 1 √ 2 (|0 B + |1 B ) = |Ψ A ⊗ |Ψ B . (1.20)
The above mathematical representations, i.e. the fact that the two quantum states can be written in a separable form, denotes that qubits "A" and "B" are not entangled. In general, by definition two qubits "A" and "B" are entangled when their state |Ψ AB is not separable, i.e. cannot be written as the tensor product of two single particle states:

|Ψ AB = |Ψ A ⊗ |Ψ B , ∀ |Ψ A , |Ψ B . (1.21)
Entanglement is a property of a quantum state of more than one qubit and the maximally entangled states in 2 dimensions are the four Bell states:

|Ψ ± = 1 √ 2 (|01 ± |10 ), |Φ ± = 1 √ 2 (|00 ± |11 ), (1.22) 
which form an orthonormal basis in a two-qubit Hilbert space.

Entanglement is one of the most fascinating quantum features, which is responsible for much of the "quantum weirdness" that makes quantum mechanics so counter-intuitive and charming. In 1935 Albert Einstein, Boris Podolsky and Nathan Rosen in the EPR paradox raised the possibility that quantum physics might be a non-complete theory. The problem is that a measurement made on one of a pair of separated entangled particles causes simultaneous collapse of the wavefunction of the remote particle.

Testing entanglement

The wavefunction collapse is an axiom of quantum physics that played a key-role in numerous of discussions between great physicists of the 20 th century. Although, I am going to explain it by giving a simple example. Let's consider a two-qubit state as the one in Equation 1.19. Let's also evaluate the probability for the qubit "A" to be equal to "0". From Equation 1.8 we can derive that

p A→|0 = p AB→|00 + p AB→|01 = |α 00 | 2 + |α 01 | 2 . (1.23)
After that measurement, the state of the system collapses to (taking into account suitable normalization):

|Ψ new = α 00 |0 A |0 B + α 01 |0 A |1 B |α 00 | 2 + |α 01 | 2 . (1.24)
If we repeat the same for the |Φ + Bell state and we want to measure the probability that the qubit "A" is in the state |0 , then:

p A→|0 = p AB→|00 = 1 2 , (1.25)
and the new state of the system will be projected as:

|Φ new = 1 √ 2 |00 | 1 √ 2 | 2 = |00 . (1.26)
Therefore if one measures the probability that the qubit "B" is equal to |0 , he will find it with a probability equal to unity p B→|0 = 1. In other words, when two qubits are entangled we cannot determine the state of each qubit separately and quantum correlation measurements are necessary for a complete characterization of the state.

However, if those two qubits are far apart, then that means that the second qubit must have had a determined state at a time interval before the measurement, since the speed of light is not infinite. That, led to a paper that Einstein wrote together with Podolsky and Rosen in 1935 which is commonly known as the "EPR" paradox [START_REF] Einstein | Can quantum mechanical description of physical reality be considered complete?[END_REF]. Einstein felt that it demonstrated that quantum physics was fundamentally incorrect. In EPR's is suggested a more complete theory, commonly known as the "local hidden variables theory" (LHV). In the next section we will deal with this argument that triggered various discussions during the second half of the 20 th century.

The Clauser, Horne, Shimony and Holt (CHSH) inequalities

The strong correlations between two entangled particles as a quantum system can be explained using quantum physics by accepting that they do not possess any well-defined properties as subsystems before a measurement, and upon a measurement there is a "nonlocal" connection between them. In other words, the wavefunction is collapsing as we discussed in Subsection 1.3.3. The other, and more intuitive, explanation is that the particles leave the source with well defined, correlated properties. These properties could be determined in a more complete theory, -some local theory -by incorporating variables that are "hidden", widely know as local hidden variables (LHV). That is the EPR approach which accepts a local realism. It was Bell in 1964, who brilliantly saw that LHV theories predict that quantum correlations can be assessed an inequality having an upper bound, which quantum mechanical predictions can violate for particular measurement settings [START_REF] Bell | On the Einstein Podolsky Rosen paradox[END_REF].

The most common version of Bell's inequality used in experimental tests, as well as for the purpose of that thesis, is proposed by Clauser, Horne, Shimony and Holt (CHSH inequality) that requires only two settings per observer (Alice and Bob) [START_REF] Clauser | Proposed experiment to test local hiddenvariable theories[END_REF]. In the following, I describe the mathematical formalism of the LHV theory that respects local realism and the second approach where non-locality is accepted.

Local realism

Let's assume that we have a source that generates particles that are correlated and they are described by the variable λ, which belong to a space Λ. Hypothetically, the variable λ is a more complete description of the physical state, such that it allows to define the probabilities of all possible measurements on the particles. Moreover the probability distribution of the hidden variables λ over the space Λ is given by p (λ) and it holds:

Λ dλp (λ) = 1, (1.27) 
which is therefore non-negative and normalized. 

p (m,n|λ,α,β) = p (m|λ,α,β,n) p (n|λ,α,β) = p (n|λ,α,β,m) p (m|λ,α,β) . (1.28)
In a theory that respects "local realism", the parameter settings at Alice do not influence the outcome at Bob, and conversely. Mathematically speaking it means that p (m|λ,α,β) = p (m|λ,α) and p (n|λ,α,β) = p (n|λ,β) . Also, the outcomes should be interdependent, i.e. the outcome at Alice cannot influence the outcome at Bob, which allows us writing p (n|λ,α,β,m) = p (n|λ,α,β) and p (m|λ,α,β,n) = p (m|λ,α,β) . Subsequently, Equation 1.28 can be written as:

p (m,n|λ,α,β) = p (m|λ,α) p (n|λ,β) .
(1.29)

We shall see that the joint probability for the m, n outcomes cannot be factorized for the quantum physics approach [START_REF] Ross | A first course in probability[END_REF]. The next step is to define expectation values in terms of measurement outcomes and probabilities:

E (λ,α) = m p (m|λ,α) A m ,
(1.30)

E (λ,β) = n p (n|λ,β) B n , (1.31) E (λ,α,β) = m,n p (m,n|λ,α,β) A m B n . (1.32)
From Equations 1.29, 1.30, 1.31 and 1.32 we have:

E (λ,α,β) = E (λ,α) E (λ,β) . (1.33)
Then, for the settings α 1 , α 2 at Alice's and β 1 , β 2 at Bob's we define the S-parameter as:

S = E (λ,α 1 ,β 1 ) + E (λ,α 1 ,β 2 ) + E (λ,α 2 ,β 1 ) -E (λ,α 2 ,β 2 ) = E (λ,α 1 ,) E (λ,β 1 ,) + E (λ,α 1 ,) E (λ,β 2 ,) + E (λ,α 2 ,) E (λ,β 1 ,) -E (λ,α 2 ,) E (λ,β 2 ,) = E (λ,α 1 ,) E (λ,β 1 ,) + E (λ,β 2 ,) + E (λ,α 2 ,) E (λ,β 1 ,) -E (λ,β 2 ,) . (1.34) Since E (λ,α 1 ,) , E (λ,β 1 ,) , E (λ,α 2 ,) and E (λ,β 2 ,) ∈ [-1, +1
] it is, then, easy by considering that the expectations values ∈ [-1, +1] that the following inequality holds:

-2 ≤ E (λ,α 1 ,β 1 ) + E (λ,α 1 ,β 2 ) + E (λ,α 2 ,β 1 ) -E (λ,α 2 ,β 2 ) ≤ 2.
(1.35)

Finally, by integrating this result over the space Λ, weighting by p (λ) we define the ensemble expectation value as:

E (α,β) = Λ dλp (λ) E (λ,α,β) , (1.36)
and end up with the Bell-CHSH inequality

|S| = |E (α 1 ,β 1 ) + E (α 1 ,β 2 ) + E (α 2 ,β 1 ) -E (α 2 ,β 2 ) | ≤ 2.
(1.37)

Non-locality

In a non-local theory where quantum physics still hold its main axioms, the results we shall see, that this inequality is violated for certain settings at Alice and Bob. In the following, we assume that our source generates two particles in the maximally entangled Bell state

|Φ + = 1 √ 2 (|0 A 0 B + |1 A 1 B
) and that Alice and Bob can both rotate their respective analyzer such that:

Ûθ |0 = cos θ |0 + sin θ |1 Ûθ |1 = cos θ |1 -sin θ |0 .
(1.38)

We will now show that the entangled state |Φ + is invariant under any rotation of the analysis basis.

Ûθ

|Φ + = (cos θ |0 A + sin θ |1 A ) (cos θ |0 B + sin θ |1 B ) √ 2 + (cos θ |1 A -sin θ |0 A ) (cos θ |1 B -sin θ |0 B ) √ 2 = cos 2 θ |0 A 0 B + cos θ sin θ |0 A 1 B + sin θ cos θ |1 A 0 B + sin 2 θ |1 A 1 B √ 2 + cos 2 θ |1 A 1 B -cos θ sin θ |1 A 0 B -sin θ cos θ |0 A 1 B + sin 2 θ |0 A 0 B √ 2 = |0 A 0 B + |1 A 1 B √ 2 = |Φ + . (1.39)
Let's now assume that Alice sets her analyzer to θ A and Bob to θ B for the rotation settings. One can calculate the probability of measuring |0 A 0 B for those settings as follows:

p 0 A 0 B = | 0 A 0 B | Ûθ A Ûθ B |Φ + | 2 , (1.40)
where

Ûθ A Ûθ B |Φ + = cos θ A cos θ B + sin θ A sin θ B √ 2 |0 A 0 B + sin θ A sin θ B + cos θ A cos θ B √ 2 |1 A 1 B + cos θ A sin θ B -sin θ A cos θ B √ 2 |0 A 1 B + sin θ A cos θ B -cos θ A sin θ B √ 2 |1 A 0 B . (1.41)
Subsequently, the probability of measuring the state |0 A 0 B is equal to:

p 0 A 0 B = | cos θ A cos θ B + sin θ A sin θ B | 2 2 = 1 2 cos 2 (θ A -θ B ). (1.42)
Similarly, one can calculate the probability of measuring the states |1 A 1 B , |0 A 1 B and |1 A 0 B as follows:

p 1 A 1 B = 1 2 cos 2 (θ A -θ B ), (1.43) 
p 0 A 1 B = 1 2 sin 2 (θ A -θ B ), (1.44 
)

p 1 A 0 B = 1 2 sin 2 (θ A -θ B ). (1.45)
Subsequently, the expectation value for the settings θ A and θ B is calculated to be equal to:

E (θ A ,θ B ) = p 0 A 0 B + p 1 A 1 B -p 0 A 1 B -p 1 A 0 B = cos (2 (θ A -θ B )) . (1.46)
It is interesting to see that for θ A = 0, θ A = π 4 , θ B = π 8 , and θ B = -π 8 the S-parameter is evaluated to be

S = E (θ A ,θ B ) + E (θ A ,θ B ) + E (θ A ,θ B ) -E (θ A ,θ B ) = 2 √ 2. (1.47)
The value of S = 2 √ 2 clearly exceeds the classical bound of S = 2 and it is a clear evidence that quantum physics is a non-local theory. The first, non ambiguous, demonstration of such an experiment was performed by Alain Aspect in 1982 [START_REF] Aspect | Experimental realization of Einstein-Podolsky-Rosen-Bohm Gedankenexperiment: A new violation of Bell's inequalities[END_REF][START_REF] Aspect | Experimental tests of realistic local theories via Bell's theorem[END_REF], and the results were consistent with the prediction of quantum physics, while they were inconsistent with any theory of local realism. Even though, lot of skepticism kept going, since those experiments were not really fulfilling all the loopholes of a complete Bell's inequality violation experiment3 . It is only very recently, that a loophole-free Bell test, demonstrated by Hensen et al. [START_REF] Hensen | Loophole-free Bell inequality violation using electron spins separated by 1.3 kilometres[END_REF], violating the Bell inequality with 2 standard deviations while the produced under test Bell state was prepared by means of single NV center electron spin in diamond. This experimental realization was followed by two other similar experiments in which entangled photons pairs were used and a violation of the Bell inequality with 11.5 standard deviations were demonstrated [START_REF] Giustina | Significantloophole-free test of Bell's theorem with entangled photons[END_REF][START_REF] Shalm | Strong loophole-free test of local realism*[END_REF].

Observing interference fringes with entanglement

When measuring correlations between the generated qubits at Alice and Bob to record coincidences events, for different analyzers settings at Alice and Bob different results will be obtained (see Figure 1.2). If one measure correlations, i.e. coincidence events, while the measurement basis remains the same, Alice's rotation operator is set to θ A = 0 and Bob's rotation operator continuously tuned, they shall observe sinusoidal fringes. For example, if the measurement basis is {|0 A , |0 B }, then those fringes will be in agreement with Equation 1.42. We define the visibility V of those fringes as: .48) where

V = p max -p min p max + p min , ( 1 
p max = 1 2 cos 2 (0) for θ A = θ B = 0 and p min = 1 2 cos 2 ( -π 2 ) for θ A = 0, θ B = -π 2 .
Then, Equation 1.48 gives V = 1. Note that only a maximally entangled state can lead to a maximum violation of the Bell inequality as stated by Equation 1.47. In reality, for partially mixed states, or a partially entangled states, the probabilities in Equations 1.42, 1.43, 1.44, and 1.45 can be Fringes with less visibility than the red line (V =71%) are consistent with a local realism theory.

written4 : 

p 0 A 0 B = 1 4 (1 + V • cos (2 (θ A -θ B ))) , (1.49) p 1 A 1 B = 1 4 (1 + V • cos (2 (θ A -θ B ))) , (1.50) p 0 A 1 B = 1 4 (1 -V • cos (2 (θ A -θ B ))) , (1.51) p 1 A 0 B = 1 4 (1 -V • cos (2 (θ A -θ B ))) . ( 1 
S m = V • 2 • √ 2.
(1.53)

Figure 1.3 shows the resulting fringes for different quality of entangled states. The black line represents the fringes that shall be observed for a maximally entangled state. For low quality entanglement, those fringes are featured visibility less than unity. Therefore, in order to violate any local theory the observed fringes should be featured with at least 71% visibility (red line). The estimation of the visibility provides information on the quality of the generated entanglement. Subsequently, it can be used as a clear indication for the produced entanglement. This is a very useful information since most of the times the observation of the fringe can be done in real time during an experiment.

Chapter 2

Quantum information with photons

After having briefly introduced in Chapter 1 Quantum Information Science from a fundamental point of view, I will rather focus in this chapter on quantum technologies and protocols that are implemented with photons. This does not mean that similar concepts and protocols cannot be implemented with other quantum systems. However, I believe that quantum optics and photonics, which is the field that deals with the quantization of light, have pointed the route towards technologies, that people during the 20 th century could not imagine. It seems, nowadays, that the pace of development is speeding up as a result of the rapid evolution of photonics. Yet, the underlying science of the biggest part of the photonic devices that we use in our everyday life can be fully explained by Maxwell's classical electromagnetism.

I believe that in the near future, technologies based on the quantized nature of photons will gain more and more ground [START_REF] Mohseni | Commercialize early quantum technologies[END_REF]. Notably, this chapter is organized as follows: The definition of a photon is given followed by the characteristics of a single photon source. After, I am discussing the technologies able to generate single photons and some of the available photonic observable. Finally, a brief report on the advances of photonic technologies referred to the three main QIS branches, quantum communication, quantum computing (simulation) and quantum metrology, is discussed.

What is a photon?

"All these fifty years of conscious brooding have brought me no nearer to the answer to the question, 'What are light quanta?' Nowadays every Tom, Dick and Harry thinks he knows it, but he is mistaken."

Albert Einstein, 1954

The nature of light has been concerning humanity from ancient times up to today. The name of the photon comes form the Greek word ϕωτ -oνιo where ϕωτ derives from ϕως which means "light" and the oνιo from oν which means "being". In other words, a photon is a "light being" originally coined by the chemist and physicist Lewis in 1926 [START_REF] Lewis | The nature of light[END_REF], although, at this moment, in a sense that differs with the one associated with the quantum particle of light [START_REF] Loudon | The Quantum Theory of Light[END_REF][START_REF] Glauber | The quantum theory of optical coherence[END_REF].

Light is an electromagnetic field and the formalism of the photonic description can be understood much easier by considering a simple example. Let's assume an optical cavity. The cavity defines a series of longitudinal solutions, known as modes, for a given wavelength, each having an integer number of wavelengths in its optical path [START_REF] Loudon | The Quantum Theory of Light[END_REF]. This is made possible since photons are bosons, i.e. we can put infinitely many in one mode at the same energy, and the energy levels of the harmonic oscillator have constant spacing and they are infinitely many. The solutions for one mode have the form of a quantized oscillator and hence its energy levels, E n , are discrete:

E n = n + 1 2 ω. (2.1)
We can define quantum ladder operators, â † and â which are raising or lowering, respectively, the number of field excitations in a given mode by one. These operators are known as the creation and annihilation operators as they create or destroy a single photon in the considered mode. In general, due to suitable normalization, it holds

â † |n = √ n + 1 |n + 1 , â |n = √ n |n -1 , (2.2)
where n is the photon number in a given mode. Moreover, any number state (most well known as Fock state) can be written as

|n = â † n √ n! |0 , ( 2.3) 
where for n = 0, |0 represents a mode containing no photons, the so-called vacuum state, and |1 , the result of the photon creation operator acting on the vacuum state. This brings us to the most common definition of a single-photon mode. For theoretical discussions of quantum optics and quantum information processing, this type of state is often assumed to be the logical starting point. Subsequently, it can be exploited for calculations in various experimental setups, and it has been proved to be a sufficient enough formalism. I did almost all the required calculations for this thesis with this formalism.

However, it needs to be completed. Let's say that there is a creation operator, labeled âi † (ω i ), that creates a photon in the spectral mode i with angular frequency ω i , âi † (ω i ) |0 = |ω i , when acting upon the vacuum state. Similarly, the corresponding annihilation operator can be defined as âi (ω i ) |ω i = |0 . So we now have a photon, |ω i , with a single well-defined frequency ω i 2π . However, such a photon does not exist, since a single-frequency photon would have infinite duration and could, therefore not be a wavepacket at all [START_REF] Loudon | The Quantum Theory of Light[END_REF][START_REF] Glauber | The quantum theory of optical coherence[END_REF]. A photon exists at a certain angular frequency bandwidth ∆ν → ∆ω, with a well defined probability distribution. To properly incorporate the frequency structure of our photon into its description, we must sum over all possible frequencies with a weight given by the frequency distribution of the particular photon, f

(ω i ) with +∞ -∞ |f (ω i ) |dω i = 1, as follows |Ψ i (ω) = dω i f (ω i ) âi † (ω i ) |0 . (2.4)
Note that when the frequency degree of freedom is solely considered, this is the most complete mathematical description of a single photon.

An ideal single photon source

An ideal single photon source is a source which emits one and only one photon during each time interval T interval = 1 R emission , where R emission is the raw emission rate of the photons. Unfortunately, there is no such perfect source in the real world that has zero-probability to emit more than one photon in a given time interval 1 .

In order to qualify the "singleness" of a single photon source we use the normalized secondorder correlation function g [START_REF] Steane | Quantum computing[END_REF] (τ ) which is classically defined as the autocorrelation of the optical intensity:

g (2) (τ ) = I (t) I (t+τ ) I (t) 2 = E * (t) E * (t+τ ) E (t+τ ) E (t) E * (t) E (t) 2 , ( 2.5) 
where I (t) is the intensity at time t, E (t) and E * (t) are the corresponding electric field and its complex conjugate, respectively, and • • • denotes a statistical average over time t. Generally, it can be shown that for classical light it holds [START_REF] Loudon | The Quantum Theory of Light[END_REF]:

g (2) (τ ) ≥ 1, (2.6) g ( 2 
)
(τ ) ≤ g

(2)

(0) .

(2.7)

A classical coherent beam, for example, will have a constant correlation function g (2) τ = 1. A violation of the inequalities concerning the g [START_REF] Steane | Quantum computing[END_REF] (τ ) for classical light, is a conclusive signature of the quantum nature of the emitted light [START_REF] Zou | Photon-antibunching and sub-poissonian photon statistics[END_REF][START_REF] Fox | Quantum Optics: An Introduction[END_REF]. (τ ) for gaussian chaotic light (black line), lorentzian chaotic light (red line), coherent light (blue line) and single photon emitter (pink line) plotted over the same time scale. Here τ c is the coherence time for the gaussian and the coherent light and for the case of the lorentzian and the single photon emitter a better terminology to be used is radiative lifetime.

Quantum mechanically, the electromagnetic field is described using operators rather than algebraic quantities. For a single-mode light field, the correlation function can then be written as:

g (2) (τ ) = â † (t) â † (t+τ ) â(t+τ) â(t) â † (t) â(t) 2 , ( 2.8) 
where â † and â are the photon creation and annihilation operators, respectively. g

(2)

(τ ) thus represents the probability of detecting a second photon a given time τ after a first one is observed.

In the quantum-mechanical formalism, the only general condition on g

(2)

(τ ) is that it cannot be negative. In fact, it is possible to generate light where both inequalities of Equations 2.6 and 2.7 are violated. Especially for an ideal single photon source we should have a g [START_REF] Steane | Quantum computing[END_REF] (0) = 0. It is easy to be pictured, since when a single-photon source emits a photon into a time interval T , the probability of detecting a second photon is zero immediately after detecting a first photon. This light is said to be antibunched, because of the more regular spacing of the photons. Observation of antibunching, in fact, provided the first unarguable evidence of the quantum nature of light [START_REF] Kimble | Photon antibunching in resonance fluorescence[END_REF].

In Figure 2.1 we can observe the behavior of the second order correlation function for thermal (or chaotic), classical coherent and quantum light. Chaotic light is widely known as thermal light since the textbook example is a Hg lamp. In this case the light bulb prefers to emit photons in bunches that are strongly correlated in a light-source dependent coherence time τ c . Therefore, for small delay times τ , there is strong correlation, hence, we observe an enhancement in the g (2) value at τ = 0, while, for longer delay times (τ > τ c ), the two intensities tend to be uncorrelated such that g [START_REF] Steane | Quantum computing[END_REF] (τ >τc) = 1. For classical waves of stable amplitude and phase it can be easily shown that g [START_REF] Steane | Quantum computing[END_REF] (τ ) = 1. This reflects their Poissonian photon statistics, i.e. the probability of detecting a photon is independent of whether one has already been detected. More details, as well as all the calculation for the above statements can be found in almost all the books concerning the quantum nature of light. Although, I propose my two favorites from Mark Fox [START_REF] Fox | Quantum Optics: An Introduction[END_REF], and Rodney Loudon [START_REF] Loudon | The Quantum Theory of Light[END_REF]. The characterization of a single-photon source (SPS), therefore, is requiring the measurement of the second order correlation function, or the evaluation of the probability to generate more than one photon per time interval. Those properties can be evaluated by a Hanbury Brown-Twiss interferometer [START_REF] Brown | Correlation between photons in two coherent beams of light[END_REF] that operates at the single photon level. Such an experimental setup is simply a beam splitter followed by two single photon detectors at its two outputs, allowing to measure correlations in the photon statistics [START_REF] Grangier | Experimental evidence for a photon anticorrelation effect on a beam splitter: A new light on single-photon interferences[END_REF][START_REF] Eisaman | Invited review article: Single-photon sources and detectors[END_REF] as shown in Figure 2.2.

Real single photons sources

Due to the need of sources that generates quantum light, the quest for single photons sources is gaining more and more ground. One of the potential applications, is that in combination with single photon detectors, it promises sensing devices with extremely low light intensities [START_REF] Bonilla | Applications of quantum dots in food science and biology[END_REF]. This can be a breakthrough for studies of bio-samples that are extremely sensitive to light with potential alterations of their chemical structure.

Single photon sources are also very important for applications where the quantum nature of light is the key factor. Namely, in QIS dealing with in this thesis, nothing would have been possible without being able to generate and control single photons as quantum objects [START_REF] Eisaman | Invited review article: Single-photon sources and detectors[END_REF][START_REF] Lounis | Single-photon sources[END_REF]. The target for those kind of sources is the efficient emission of polarized single photons into a well defined spatial optical mode [START_REF] Aharonovich | Solid-state single-photon emitters[END_REF]. Another important feature is that the photon emission should exhibit low timing jitter with respect to the clock triggering of the emission [START_REF] Aharonovich | Solid-state single-photon emitters[END_REF].

The most simple SPS that one can imagine can be achieved by attenuating a classical coherent light source (a laser) down to the photon level. Even if this source has not the properties of a quantum light source due to the poissonian statistics, it is a very easy and cheap way to approximate it. Attenuated lasers are notably very practical for characterizing an experimental setup or even for being implemented in realistic application [START_REF] Muller | Plug and play" systems for quantum cryptography[END_REF].

Solid state quantum emitters

A single photon emitter can be made out of trapped ions [START_REF] Barros | Deterministic singlephoton source from a single ion[END_REF][START_REF] Stute | Tunable ion-photon entanglement in an optical cavity[END_REF], neutral single atoms [START_REF] Wilk | Single-atom single-photon quantum interface[END_REF][START_REF] Volz | Observation of entanglement of a single photon with a trapped atom[END_REF] and nitrogen-vacancy centers [START_REF] Togan | Quantum entanglement between an optical photon and a solid-state spin qubit[END_REF], where the deterministic emission of a photon is triggered by a periodic electronic or optical excitation of the source [START_REF] Aharonovich | Solid-state single-photon emitters[END_REF]. An alternative solution lies in semiconductor structures such as quantum dots.

Quantum dots can be considered as "artificial single atoms," from which photon antibunching can be observed [START_REF] Michler | Quantum correlation among photons from a single quantum dot at room temperature[END_REF][START_REF] Lounis | Photon antibunching in single Cd-Se/ZnS quantum dot fluorescence[END_REF][START_REF] Zwiller | Single quantum dots emit single photons at a time: Antibunching experiments[END_REF]. For example, quantum dots that are grown within a structure based on GaAs can be excited optically [START_REF] Santori | Triggered single photons from a quantum dot[END_REF] or electrically [START_REF] Yuan | Electrically driven single-photon source[END_REF][START_REF] Halawany | Electrically driven single photon source at high temperature[END_REF]. Further development of quantum dots has been done with their insertion into micro-cavities that enhance both the rate and the directionality of the emitted photons. Therefore, the photons can be collected much easier with higher collection efficiencies [START_REF] Solomon | Single-mode spontaneous emission from a single quantum dot in a three-dimensional microcavity[END_REF][START_REF] Bennett | High performance single photon sources from photolithographically defined pillar microcavities[END_REF][START_REF] Buckley | Engineered quantum dot single-photon sources[END_REF][START_REF] Loredo | Scalable performance in solid-state single-photon sources[END_REF][START_REF] Somaschi | Near-optimal single-photon sources in the solid state[END_REF]. The disadvantages of such sources is that they need to operate at cryogenic temperatures. However, recently successful generation of single photons with QDs, near to room temperature, has been achieved [START_REF] Halawany | Electrically driven single photon source at high temperature[END_REF]. But still the remaining drawback is that the emitted photons from different QDs are not necessarily indistinguishable and the wavelength of the emitted photons is usually subject to spectral diffusion, which requires further tuning of the emission [START_REF] Coles | Polariton-mediated energy transfer between organic dyes in a strongly coupled optical microcavity[END_REF]. Photons need to be indistinguishable since for most of photonic quantum information applications they have to be able to interfere with each other.

Color center defects in diamonds stands for another approach for generating single photons [START_REF] Kurtsiefer | Stable solid-state source of single photons[END_REF]. These defects consist of a substitutional nitrogen atom with a vacancy at an adjacent lattice position, and can be created with a controlled density by electron irradiation followed by annealing in a nitrogen environment. Light is emitted from the nitrogen-vacancy (NV) centers with high quantum efficiency and without photobleaching [START_REF] Togan | Quantum entanglement between an optical photon and a solid-state spin qubit[END_REF][START_REF] Kurtsiefer | Stable solid-state source of single photons[END_REF][START_REF] Brouri | Photon antibunching in the fluorescence of individual color centers in diamond[END_REF][START_REF] Gruber | Scanning confocal optical microscopy and magnetic resonance on single defect centers[END_REF]. However, these defects intermittently stop emitting light due to shelving in metastable levels. As well, the emitted light is broadband. From the positive side, recently there are experimental demonstrations promising the integration of such solid-state quantum emitters into nanophotonic systems [START_REF] Sipahigil | An integrated diamond nanophotonics platform for quantum-optical networks[END_REF]. Furthermore, electrically driven NV centers in room temperature has also been achieved [START_REF] Aharonovich | Solid-state single-photon emitters[END_REF][START_REF] Mizuochi | Electrically driven single-photon source at room temperature in diamond[END_REF][START_REF] Aharonovich | Diamond-based single-photon emitters[END_REF].

Another isolated quantum mechanical two-level system that can emit only one photon in one excitation-emission cycle is carbon nanotubes on silicon [START_REF] Piao | Brightening of carbon nanotube photoluminescence through the incorporation of sp3 defects[END_REF]. The big challenge in this technology was that the materials were capable to emit single photons only at cryogenic temperatures and their inefficient emission had strong energy fluctuations and degradation [START_REF] Castelletto | A silicon carbide room-temperature single-photon source[END_REF]. Thanks to recent technological advances that led to incorporation of solitary oxygen dopant states, such systems are now capable of fluctuation-free, room-temperature single photon emission in the 1100 -1300 nm wavelength range [START_REF] Wang | Carbon nanotubes: A bright future for defects[END_REF][START_REF] Ma | Room-temperature single-photon generation from solitary dopants of carbon nanotubes[END_REF]. This presents an opportunity to apply well-established micro-electronic fabrication technologies for the development of electrically driven single photon sources and integration of those sources into quantum photonic devices and networks [START_REF] Sipahigil | An integrated diamond nanophotonics platform for quantum-optical networks[END_REF][START_REF] Ma | Room-temperature single-photon generation from solitary dopants of carbon nanotubes[END_REF][START_REF] Khasminskaya | Fully integrated quantum photonic circuit with an electrically driven light source[END_REF].

Heralded single photon sources

By exploiting three-wave or four-wave mixing optical nonlinear processes the generation of photon pairs is possible [START_REF] Strekalov | Nonlinear interactions and non-classical light[END_REF]. Therefore, single photons sources in a heralded fashion can be built [START_REF] Ngah | Ultra-fast heralded single photon source based on telecom technology[END_REF]. The detection of one of the emitted photon can herald the existence of its "single" twin photon [START_REF] Ngah | Ultra-fast heralded single photon source based on telecom technology[END_REF][START_REF] Barz | Heralded generation of entangled photon pairs[END_REF]. The general experimental scheme for a heralded single photon source. A pump photon is down-converted into two other photons, respecting energy and momentum conservation, that exhibit strong correlations. One of the "twin" photons is detected and therefore allows to trigger an optical switch that let the other photon pass through. In that way we suppress the vacuum state, i.e. the detection of a photon ensure the existence of at least one more photon in the supplementary single photon spatial mode, and therefore we reduce the probability of generating multipairs. Subsequently, the efficient generation of near optimal single photons can be achieved, i.e. with a second order correlation function at τ = 0 to be almost g [START_REF] Steane | Quantum computing[END_REF] (0) = 0 [START_REF] Ngah | Ultra-fast heralded single photon source based on telecom technology[END_REF].

In those cases, the creation process is random in time, and multiphoton events can happen since the probability of generating more than one photon pair per time interval is not zero (poissonian statistics). However, this approach nowadays, is the most user-friendly option for building single photon sources. Thanks to heralding schemes (Figure 2.3) the vacuum state is dramatically suppressed, i.e. the probability of generating no photon pair. Subsequently, single photon states can be produced, exploring the resources offered by the quantum world.

Spontaneous parametric down conversion (SPDC) is a three-wave mixing optical process where a photon impinging a medium with χ (2) non-linearity can be down-converted into two photons under the constraint of energy and momentum conservation, commonly referred to as phase matching. SPDC can produce correlations [START_REF] Burnham | Observation of simultaneity in parametric production of optical photon pairs[END_REF] in the generated pair of down-converted photons in time, energy, polarization and momentum. Periodic poling has been applied to those χ (2) crystals in order to achieve phase matching conditions otherwise impossible [START_REF] Myers | Quasi-phasematched optical parametric oscillators in bulk periodically poled LiNbO3[END_REF][START_REF] Tanzilli | Highly efficient photon-pair source using a Periodically Poled Lithium Niobate waveguide[END_REF], and it has also been applied to waveguide structures [START_REF] Tanzilli | Highly efficient photon-pair source using a Periodically Poled Lithium Niobate waveguide[END_REF]. The big advantages here are that both photons are generated in a guided-wave spatial mode and that the nonlinear efficiency is increased by several order of magnitude because all involved light fields are kept tightly focused within a few µm 2 over several centimeters of length. Some interesting implementations of SPDC sources are the demonstration of entanglement based QKD protocols [START_REF] Ursin | Entanglement based quantum communication over 144 km[END_REF][START_REF] Schmitt-Manderbach | Experimental demonstration of free-space decoy-state quantum key distribution over 144 km[END_REF]. In other demonstrations, SPDC sources have been multiplexed in order to provide a high output rate while suppressing multiphoton states [START_REF] Ma | Experimental generation of single photons via active multiplexing[END_REF][START_REF] Meany | Hybrid photonic circuit for multiplexed heralded single photons[END_REF].

Also, spontaneous four-wave mixing (SFWM) in a χ (3) media, which is a four-wave mixing process can create a pair of photons from two pump photons. This process is much weaker from the SPDC, therefore, a longer interaction length or higher pump power are required. SFWM has been implemented for the generation of photon pairs in silica optical fibers [START_REF] Rarity | Photonic crystal fiber source of correlated photon pairs[END_REF][START_REF] Fulconis | Nonclassical interference and entanglement generation using a photonic crystal fiber pair photon source[END_REF] and recently a big development is going on, using silicon ring resonators [START_REF] Silverstone | On-chip quantum interference between silicon photon-pair sources[END_REF][START_REF] Mazeas | High-quality photonic entanglement for wavelength-multiplexed quantum communication based on a silicon chip[END_REF]. A crucial problem in this process in comparison with the SPDC process is that high pump powers are required which, in combination with the fact that the pump-wavelength is near to the generated wavelengths, leads to the creation of Raman background noise. In the SPDC process, the Raman noise is negligible since the pump wavelength for the generation of telecom photon pairs belongs in the visible spectrum.

Furthermore, laser cooled atomic ensembles stands as another strategy for heralded emission of single photons. Those ensembles can be operated in both absorptive and emissive regimes. The absorptive regime has been extensively studied to design and implement a quantum memory device, which are considered as one of the main building blocks for quantum networks architectures [START_REF] Simon | Quantum repeaters with photon pair sources and multimode memories[END_REF][START_REF] Kimble | The quantum internet[END_REF][START_REF] Simon | Quantum memories[END_REF][START_REF] Bussières | Prospective applications of optical quantum memories[END_REF]. In the emissive regime, they can serve as single photon emitters, mimicking SFWM. Many examples are available in the literature such as those in references [START_REF] Blinov | Observation of entanglement between a single trapped atom and a single photon[END_REF][START_REF] Sherson | Quantum teleportation between light and matter[END_REF][START_REF] Simon | Interfacing collective atomic excitations and single photons[END_REF][START_REF] Bimbard | Homodyne tomography of a single photon retrieved on demand from a cavity-enhanced cold atom memory[END_REF].

In general, the emitted spectrum of SPDC and SFWM sources have a wide-band spectral shape while laser cooled atomic ensembles's emission spectrum is limited to a few hundreds of MHz. However, as we will see, SPDC crystals after inserted into a cavity can also naturally emit in bandwidths comparable to the cold atomic ensembles [START_REF] Bao | Generation of narrow-band polarization-entangled photon pairs for atomic quantum memories[END_REF][START_REF] Haase | Tunable narrowband entangled photon pair source for resonant single-photon single-atom interaction[END_REF][START_REF] Fekete | Ultranarrow-band photon-pair source compatible with solid state quantum memories and telecommunication networks[END_REF][START_REF] Rambach | Sub-megahertz linewidth single photon source[END_REF].

Photon as qubits carriers and photonic observables

The smallest imformation unit in QIS, the qubit, is carried by an observable of a quantum system. As I already discussed, a qubit can exist in a coherent superposition between two values (Subsection 1.3.1). Physically, it can be implemented using any quantum object that has this property, i.e. when each state vectors span a two-dimenstional Hilbert space (H). Subsequently, physical implementations of qubits are reported on electrons, atoms or photons and many others [START_REF] Divincenzo | The physical implementation of quantum computation[END_REF]. However, in this thesis, I am only dealing with photons, on which I will therefore focus.

Photons are excellent qubit carriers thanks to their high speed of travel and reasonable decoherence (even sometimes controllable). In addition they can be propagated in free-space and optical fibers, which makes them an ideal candidate for distribution tasks. We already have access to various technologies that allow us to generate single photons as discussed in Section 2.3 and furthermore, photons are straight forward to be detected [START_REF] Namekata | 1.5 GHz single-photon detection at telecommunication wavelengths using sinusoidally gated InGaAs/InP avalanche photodiode[END_REF]. Especially, in the field of single photon detecting systems, there is a great development going on, with detectors having detection efficiency near to unity and able to resolve photon number states [START_REF] Hadfield | Single-photon detectors for optical quantum information applications[END_REF][START_REF] Sprengers | Waveguide superconducting single-photon detectors for integrated quantum photonic circuits[END_REF][START_REF] Schuck | Waveguide integrated low noise NbTiN nanowire singlephoton detectors with milli-Hz dark count rate[END_REF][START_REF] Sahin | Waveguide photon-number-resolving detectors for quantum photonic integrated circuits[END_REF]. In addition, there are many photonic observables that can be used in order to encode information, such as polarization, spatial mode, time-bin, energy-time, frequency, and orbital angular momentum [START_REF] Barbieri | Polarization-momentum hyperentangled states: Realization and characterization[END_REF][START_REF] Barreiro | Generation of hyperentangled photon pairs[END_REF]. It is also possible to use the combination of these above mentioned observables, in order to encode multiple qubits onto the same photon, generally referred to as hyper-entanglement [START_REF] Barbieri | Polarization-momentum hyperentangled states: Realization and characterization[END_REF][START_REF] Barreiro | Generation of hyperentangled photon pairs[END_REF][START_REF] Wei | Hyperentangled Bell-state analysis[END_REF][START_REF] Kwiat | Hyper-entangled states[END_REF][START_REF] Suo | Generation of hyper-entanglement on polarization and energy-time based on a silicon micro-ring cavity[END_REF][START_REF] Li | Complete hyperentangled Bell state analysis for polarization and time-bin hyperentanglement[END_REF]. In this thesis, the polarization, energy-time and path observables have been used. Therefore, a more detailed explanation is given in the rest of this section.

Polarization observable

One of the most exploited photonic entanglement observables is the polarization state of the photons. The state vectors |H and |V are representing a horizontally and a vertically polarized photon, respectively. In terms of information, those states can be written as:

|H = 1 0 and |V = 0 1 .
(2.9) Those two vectors can be considered as the eigenvectors of the Z Pauli matrix with eigenvalues +1 and -1, respectively2 . Similarly, we can define the diagonal polarization as follows:

|D = 1 √ 2 1 1 and |A = 1 √ 2 1 -1 , ( 2.10) 
where |D and |A indicates diagonal and anti-diagonal polarization, respectively, and they are the eigenvalues of the X Pauli matrix. Then, circular polarizations are defined as:

|L = 1 √ 2 
1 i and |R = 1 √ 2 1 -i , ( 2.11) 
which are the eigenvectors of the Y Pauli matrix. Therefore we can write

|D = |H + |V √ 2 , |A = |H -|V √ 2 , ( 2.12) 
and

|L = |H + i |V √ 2 , |R = |H -i |V √ 2 . (2.13)
In general, the generation of a photon in a coherent superposition of the state vectors |H and |V can be easily achieved. Physically, polarization rotations are implemented with quarterand half-wave plates (QWP-HWP). These plates are made from a birefringent material, where light with different polarization travels at different speeds into the material. Therefore, they allow to tune the phase and the probability amplitude of each state vector of the qubit. Any possible linear combination of the form |ψ polar = cos θ 2 |H + e iϕ sin θ 2 |V , with θ, ϕ, ∈ R can be generated. The polarization state can finally be analyzed with polarization beam splitters (PBS). This transforms the polarization mode into spatial modes according to their polarization state and the photons can be detected by independent single photon detectors [START_REF] Kok | Linear optical quantum computing with photonic qubits[END_REF][START_REF] James | Measurement of qubits[END_REF][START_REF] Kok | Introduction to optical quantum information processing[END_REF][START_REF] Barz | Quantum computing with photons: introduction to the circuit model, the one-way quantum computer, and the fundamental principles of photonic experiments[END_REF]. It becomes obvious that polarization qubits are very easy to be analyzed and manipulated with simple optical elements. Although, the polarization of the photons when distributed over long distances, especially when fibers are used, is rotating with unpredictable ways. Therefore most of the times other optical elements as polarization trackers need to be exploited for real time compensation [START_REF] Valivarthi | Quantum teleportation across a metropolitan fibre network[END_REF][START_REF] Almeida | Continuous control of random polarization rotations for quantum communications[END_REF].

Spatial-mode observable

For all the qubits, no matter in which observable they have been encoded, most of the times, we transform the initial observable into spatial mode observable in order to analyze them. Then, the photons are detected in orthogonal spatial modes by means of two single photon detectors. For example, in order to analyze the state of a qubit in the polarization observable we project it onto the eigenmodes of a polarization beam splitter.

Let's suppose, that a photon that occupies the top spatial output mode and a photon that occupy the bottom output spatial mode of a beam splitter, are described by the state vectors |up and |down , respectively (see Figure 2.5). Therefore, it can be written:

|up = 1 0 and |down = 0 1 . ( 2.14) 
Any ideal lossless beam splitter transmits a photon with probability T 2 and reflect a photon with a probability R 2 such as T 2 + R 2 = 1, where T and R are the transmission and reflection of the beam splitter (BS), respectively. For convenience, we can write that T = cos θ 2 and R = sin θ 2 . For T = R = 1 √ 2 it reduces to a so-called Hadamard gate [START_REF] Barz | Quantum computing with photons: introduction to the circuit model, the one-way quantum computer, and the fundamental principles of photonic experiments[END_REF]. Its action on one of the above vectors, is described by the matrix:

BS(θ) = cos θ 2 sin θ 2 sin θ 2 -cos θ 2 .
(2.15)

By inserting a phase shifter in one of the two outputs of the BS we can tune the phase of the generated state. Its action on the spatial vectors, is described by the matrix can be generated by the implementation of a variable beam splitter and a phase shifter (see Figure 2.5 a).

P S(ϕ) = 1 0 0 e iϕ . ( 2 
For the analysis of spatial encoded qubits another beam splitter is required (see Figure 2.5b).

This forms a phase-tunable Mach-Zehnder interferometer (MZI), that consists of variable couplers i.e. beam splitters where we can tune the reflectivity and the transmissivity 3 . More details and a more complete description in the path-observable are given in Appendix F where the full analysis of the action of a tunable MZI on one-and two-photons states is demonstrated.

Time-bin observable

Another observable that can be exploited in order to encode photonic qubits is the timebin [START_REF] Li | Complete hyperentangled Bell state analysis for polarization and time-bin hyperentanglement[END_REF][START_REF] Arahira | Generation of highly stable WDM time-bin entanglement by cascaded sum-frequency generation and spontaneous parametric downconversion in a PPLN waveguide device[END_REF]. Let's consider two possible photon-qubit arrival time bins, say early |s and late |l [START_REF] Franson | Bell inequality for position and time[END_REF][START_REF] Brendel | Experimental test of Bell's inequality for energy and time[END_REF]. Quantum physics permits to generate a photon being in a superposition of early and late time bins. An experimental implementation is shown in Figure 2.6. A photon, produced at a given time, is sent to an unbalanced MZI in which the photon can take both paths (long and short) with the same probabilities. The net effect is to create a superposition of amplitudes describing a photon in two different time-bins [START_REF] Tittel | Photonic entanglement for fundamental tests and quantum communication[END_REF][START_REF] Halder | Entangling independent photons by time measurement[END_REF]. The quantum state reads

|ψ T B = 1 √ 2 |s + e iϕ |l .
(2.18) These two contributions are linked by a phase factor ϕ α , that is given by the path length difference between the two arms of the first interferometer (see Figure 2.6a). Typically, the probability amplitudes of the vectors |s and |l can be adjusted by tuning the reflectivity of the beam splitter such that |ψ T B = cos θ 2 |s + e iϕα sin θ 2 |l . However, almost all experiments operate at equal probability amplitudes and consider only the phase as tuning parameter.

To analyze the generated state, a second unbalanced interferometer is required, ideally with the same properties as the first one (see Figure 2.6b). The phase ϕ b in the second interferometer is tuned to analyze the phase relation of the generated state [START_REF] Franson | Bell inequality for position and time[END_REF]. A particularity with the timebin observable is that it necessitates a post-selection procedure. It turns out that only events in which the photon takes opposite paths in both interferometer can lead to the observation of interference. Therefore, only those are considered to be valid and the others are discarded [START_REF] Thew | Experimental investigation of the robustness of partially entangled qubits over 11 km[END_REF]. The good performance of these systems underlines the robustness of time-bin qubits with respect to decoherence effects as encountered while transmitting through an optical fiber. From time bin to energy-time bin qubits Furthermore we can have energy-time entanglement which can be considered as the "continuous" version of time-bin entanglement, hence does not belong to the class of entangled qubits [START_REF] Tittel | Photonic entanglement for fundamental tests and quantum communication[END_REF][START_REF] Tittel | Quantum cryptography using entangled photons in energy-time Bell states[END_REF]. Energy-time entanglement can be distributed over long distances into optical fiber networks without active polarization state stabilization, since it is not effecting the results amplitudes of the above equation [START_REF] Tittel | Photonic entanglement for fundamental tests and quantum communication[END_REF]. Energy-time entangled qubits can be analyzed by Franson type interferometers [START_REF] Franson | Bell inequality for position and time[END_REF] where a post-selection of the time slots of the coincidences is required, otherwise the fringes visibility is limited at 50%. Another brilliant way to analyse energy-time entanglement can be done by a post-selection free configuration proposed by Strekalov [START_REF] Strekalov | Postselection-free energytime entanglement[END_REF] where polarization entangled qubits are exploited such that energy-time entanglement can be measured by replacing the beam splitters of the analyzer interferometers with polarization beam splitters. Such an approach will be explained in details in Section 4.2.1. A drawback though, is that highly stabilized interferometers are required in order to achieve a good phase stability [START_REF] Kaiser | Photonic entanglement engineering for quantum information applications and fundamental quantum optics[END_REF].

Quantum computation and simulation with photons

"But the physical world is quantum mechanical, and therefore the proper problem is the simulation of quantum physics."

Richard Feynman, 1981

Quantum computing is believed to be able to outperform the performance of classical computers [START_REF] Kok | Introduction to optical quantum information processing[END_REF]. For a universal quantum computer, we need interactions between all quantum particles for which matter-systems might be advantageous as several quantum computation gates can be implemented in a lossless deterministic fashion [START_REF] Barz | Quantum computing with photons: introduction to the circuit model, the one-way quantum computer, and the fundamental principles of photonic experiments[END_REF]. Although, the central challenge of matter systems is decoherence, which needs to be very low in order to implement several computational gates before the system decoheres totally [START_REF] Kok | Linear optical quantum computing with photonic qubits[END_REF]. A quantum computer is foreseen to be an ideal tool to simulate quantum physics with incredibly better efficiency compared to classical computers, as Richard Feynman proposed "if you want to make a simulation of Nature, you'd better make it quantum mechanical" in 1981 [START_REF] Feynman | Simulating physics with computers[END_REF]. Such simulations will have a tremendous impact of the future development of (material) technologies in all fields of science, medicine, and industries.

In 2001 the KLM scheme [START_REF] Knill | A scheme for efficient quantum computation with linear optics[END_REF] demonstrated that universal quantum computing can be done when photons are used by implementing only linear optical elements such as beam splitters and phase shifters for the photonic qubit's manipulation, and single photons sources and single photons detectors for the photonic qubits generation and detection, respectively. Research teams all over the world started working on photonic quantum computing protocols [START_REF] Thompson | Integrated waveguide circuits for optical quantum computing[END_REF]. Furthermore, photons can exhibit high coherence time, photonic states can be generated and manipulated with very high precision, and photonic systems are relatively easy to be implemented [START_REF] Kok | Linear optical quantum computing with photonic qubits[END_REF][START_REF] Kok | Introduction to optical quantum information processing[END_REF][START_REF] O'brien | Photonic quantum technologies[END_REF]. However, the big issue with photons is that they have almost no interaction with each other which represents a limiting factor for quantum computing where every qubit should interact with the others. Moreover, the simultaneous generation of multiple photons is technologically a big task due to the probabilistic nature of the single photon sources [START_REF] Eisaman | Invited review article: Single-photon sources and detectors[END_REF].

Those issues present in optical quantum computing leaves the universal quantum computing out of the reach of photons. However, there are some elementary quantum computational tasks, such as Boson sampling [START_REF] Tillmann | Experimental boson sampling[END_REF][START_REF] Sansoni | Two-particle bosonic-fermionic quantum walk via integrated photonics[END_REF], where photons are ideal candidates [START_REF] Bentivegna | Experimental scattershot boson sampling[END_REF].

In that context, part of the future of quantum computation lies very probably in the integration of complex quantum optical circuits which naturally exhibits high stability, while at the same time the photon losses are reduced [START_REF] Politi | Silica-on-silicon waveguide quantum circuits[END_REF][START_REF] Matthews | Manipulation of multiphoton entanglement in waveguide quantum circuits[END_REF][START_REF] Politi | Shor's quantum factoring algorithm on a photonic chip[END_REF]. Efforts are currently underway for the generation and manipulation of photons into integrated waveguides [START_REF] Tanzilli | Highly efficient photon-pair source using a Periodically Poled Lithium Niobate waveguide[END_REF][START_REF] Fulconis | Nonclassical interference and entanglement generation using a photonic crystal fiber pair photon source[END_REF], that either have potential for the implementation of the quantum gates into the same platform [START_REF] Silverstone | On-chip quantum interference between silicon photon-pair sources[END_REF][START_REF] Politi | Silica-on-silicon waveguide quantum circuits[END_REF][START_REF] Matthews | Manipulation of multiphoton entanglement in waveguide quantum circuits[END_REF][START_REF] Politi | Shor's quantum factoring algorithm on a photonic chip[END_REF][START_REF] Jin | On-chip generation and manipulation of entangled photons based on reconfigurable lithium-niobate waveguide circuits[END_REF], or they could be interfaced with other photonic platforms relatively easily [START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF]. The potentials of a hybrid approach are implemented in this thesis [START_REF] Meany | Hybrid photonic circuit for multiplexed heralded single photons[END_REF][START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF][START_REF] Xiang | Hybrid quantum circuits: Superconducting circuits interacting with other quantum systems[END_REF]. So far, these setups use path encoded qubits with only a few modes and thus, they are still limited in their complexity.

Another issue that today's experiments are facing, are the low overall detections efficiencies, due to high losses and/or low quantum efficiencies in avalanche photodiodes which are widely used in photonic quantum computing experiments. However, superconducting single photon detectors are promising much higher quantum efficiencies [START_REF] Sprengers | Waveguide superconducting single-photon detectors for integrated quantum photonic circuits[END_REF]. The ultimate future target for quantum supremacy in the computing field is to integrate photon generation, processing and detection on a single photonic chip [START_REF] Khasminskaya | Fully integrated quantum photonic circuit with an electrically driven light source[END_REF][START_REF] Najafi | On-chip detection of non-classical light by scalable integration of single-photon detectors[END_REF]. A more lengthy literature review will be out of the scope of this thesis, therefore the reader that is interested in such concepts can refer to [START_REF] Kok | Linear optical quantum computing with photonic qubits[END_REF][START_REF] Kok | Introduction to optical quantum information processing[END_REF][START_REF] Barz | Quantum computing with photons: introduction to the circuit model, the one-way quantum computer, and the fundamental principles of photonic experiments[END_REF] and references therein.

Quantum communication with photons

Quantum supremacy is also available in communication science, due to the fact that quantum communication protocols can offer the highest security in transferring and exchanging information [START_REF] Gisin | Quantum cryptography[END_REF][START_REF] Gisin | Quantum communication[END_REF]. The general idea among those protocols is that the sender and the receiver commonly referred to as "Alice" and "Bob", respectively, are connected with both a classical and a quantum channel. Thanks to a quantum communication protocol the two parties can share a provably secure secret key through the quantum channel. The process of sharing the secret key is commonly known as quantum key distribution (QKD) [START_REF] Gisin | Quantum cryptography[END_REF]. Then, using the well known one-time pad protocol [START_REF] Vernam | Cipher printing telegraph systems for secret wire and radio telegraphic communications[END_REF], they can encrypt a message that they can now share over a public classical channel, since the cipher-text is impossible to be decrypted without the key.

The physical quantum channel is considered to be insecure, therefore an eavesdropper, called "Eve", could intercept the quantum channel and "listen" to the qubits that are used to establish the secret key between Alice and Bob. But quantum physics is protecting the process, since a leakage on the quantum channel will lead to a degradation of the communication which is easily traceable by Alice and Bob. Any knowledge of the quantum states, can only be achieved by measurements which usually alter the state of the full system, i.e. wavefunction collapse [START_REF] Dirac | The principles of quantum mechanics[END_REF]. Furthermore Eve is restricted from cloning the photon she measures [START_REF] Wootters | A single quantum cannot be cloned[END_REF]. Here lies the great power of QKD, on the fact that security can be ensured while the power of the eavesdropper remains untouched [START_REF] Krenn | Quantum Communication with Photons[END_REF].

The first QKD protocol has been proposed by Bennett and Brassard in 1984 (BB84) [START_REF] Bennett | Quantum cryptography, public key distribution and coin tossing[END_REF].

It requires four different qubit states (|H , |V , |H +|V √ 2 , |H -|V √ 2
) that form two complementary basis ({|H , |V }, {|D , |A }), i.e. if the result of a measurement can be predicted with certainty in one of the two basis, it is completely undetermined in the other. For each photon that Alice sends, she randomly chooses a basis and a bit value, and sends the resulting linearly-polarized photon to Bob. When Bob receives the photon, he randomly chooses one of the two basis in which to measure the photons' polarization. Once the entire stream of photons has been detected by Bob, each of the users have, what is called, an unsifted key of sent and received bits. However, bits are only guaranteed to be identical when Bob used the same basis for detection as Alice used for transmission, and if there are no errors. To have a common private key, Alice and Bob discard all the bits associated with different basis. In real systems, there is noise in the quantum channel due to dark counts of the detectors, transmission losses (including the detection efficiency) and errors due to decoherence. In general, but depending on the protocol, if the error is below a threshold Alice and Bob can still exchange the key and use error correction and privacy amplification [START_REF] Mayers | Unconditional security in quantum cryptography[END_REF][START_REF] Shor | Simple Proof of Security of the BB84 Quantum Key Distribution Protocol[END_REF]. If not they need to discard the key and restart the protocol again [START_REF] Krenn | Quantum Communication with Photons[END_REF].

So far Alice and Bob were using single photons, but there is also entanglement based QKDs protocols. The genuine entanglement-based QKD protocol has been proposed by A. Ekert in 1991 [START_REF] Ekert | Quantum cryptography based on Bell's theorem[END_REF]. If Alice and Bob are sharing two entangled qubits, the measurement of the first photon projects instantaneously the state of the second photon thanks to the strong correlations naturally present in entanglement [START_REF] Kaiser | Polarization entangled photon-pair source based on quantum nonlinear photonics and interferometry[END_REF]. As in the previous case, they both measure their particle, randomly in one of the two complementary basis and they have to communicate afterwards through the classical channel which photons did they detect and in which basis the photons were measured. Then, they discard those measurements originating from incompatible basis and they finally end up with the sifted key. Similar operations for the evaluation of the bit error rate as in the BB84 protocol are performed, and then they end up with their final secret key [START_REF] Krenn | Quantum Communication with Photons[END_REF].

For the establishment of QKD over very long distances, one has to achieve reliable entanglement distribution. To this end, two strategies can be exploited, either fiber-based links at telecom wavelengths, or free-space based links at visible wavelengths. There have been several demonstration up to now, that have been performed over several distances [START_REF] Ursin | Entanglement based quantum communication over 144 km[END_REF][START_REF] Schmitt-Manderbach | Experimental demonstration of free-space decoy-state quantum key distribution over 144 km[END_REF][START_REF] Aspelmeyer | Long-distance free-space distribution of quantum entanglement[END_REF][START_REF] Peng | Experimental free-space distribution of entangled photon pairs over 13 km: Towards satellite-based global quantum communication[END_REF][START_REF] Yin | Quantum teleportation and entanglement distribution over 100-kilometre free-space channels[END_REF]. In Tobias et al. [START_REF] Schmitt-Manderbach | Experimental demonstration of free-space decoy-state quantum key distribution over 144 km[END_REF], pairs of entangled photons distributed between the two Canary islands in La Palma and Tenerife, that are separated by with 144 km. They proved that entanglement is preserved after that distance by analyzing the correlation in the photon pair polarization. In this experiment a telescope, which originally built for laser communication with satellites, was used as the receiver of the photons, which is pointing the potentials of future space-based quantum communication experiments [START_REF] Aspelmeyer | Long-distance free-space distribution of quantum entanglement[END_REF][START_REF] Bonato | Feasibility of satellite quantum key distribution[END_REF]. Recently it has been proved that entanglement is preserved even over much longer distances. This satellite-based experiment of polarization entanglement distribution over 1200 km [START_REF] Yin | Satellite-based entanglement distribution over 1200 kilometers[END_REF], open the route for practical space-based QKD. Apart of space-based QKDs, another way is to use a quantum channel in a shielded environment like this one in optical fibers. Today the record is hold by fiber-based quantum communication systems, where entanglement is distributed successfully over 307 km in Korzh et al. [START_REF] Korzh | Provably secure and practical quantum key distribution over 307 km of optical fibre[END_REF] and over 404 km in Yin et al. [START_REF] Yin | Measurement-device-independent quantum key distribution over a 404 km optical fiber[END_REF].

However, if you take into account the losses in an optical fiber and the noise from the real detectors the longer distance that a quantum channel can reach, is limited to a few hundreds of km [START_REF] Waks | Security of quantum key distribution with entangled photons against individual attacks[END_REF]. Therefore, a quantum analogous of the optical repeaters used in classical telecommunication systems is required. The quantum repeater, which was proposed in 1998 [START_REF] Briegel | Quantum Repeaters: The Role of Imperfect Local Operations in Quantum Communication[END_REF], requires as building blocks both concepts of quantum teleportation and quantum memories [START_REF] Simon | Quantum repeaters with photon pair sources and multimode memories[END_REF][START_REF] Bussières | Prospective applications of optical quantum memories[END_REF]. For quantum communication over long distances, quantum strategies like teleportation [START_REF] Bennett | Teleporting an unknown quantum state via dual classical and Einstein-Podolsky-Rosen channels[END_REF] and entanglement swapping [START_REF] Halder | Entangling independent photons by time measurement[END_REF][START_REF] De Riedmatten | Longdistance entanglement swapping with photons from separated sources[END_REF] can be implemented. Quantum teleportation is a process through which the state of a quantum system is transferred onto another system without ever existing at any location in between [START_REF] Krenn | Quantum Communication with Photons[END_REF][START_REF] Yin | Quantum teleportation and entanglement distribution over 100-kilometre free-space channels[END_REF][START_REF] Bennett | Teleporting an unknown quantum state via dual classical and Einstein-Podolsky-Rosen channels[END_REF][START_REF] Jin | Experimental free-space quantum teleportation[END_REF][START_REF] Ma | Quantum teleportation over 143 kilometres using active feed-forward[END_REF].

Furthermore, research is also focusing on increasing the bit rate of those protocols by implementing dense coding protocols. Those protocols permit the transmition of two bits of classical information through the manipulation of only one of two entangled qubits [START_REF] Barreiro | Beating the channel capacity limit for linear photonic superdense coding[END_REF][START_REF] Das | Distributed quantum dense coding with two receivers in noisy environments[END_REF]. In dense wavelength division multiplexed QKD (DWDM-QKD) [START_REF] Aktas | Entanglement distribution over 150 km in wavelength division multiplexed channels for quantum cryptography[END_REF][START_REF] Mower | Dense wavelength division multiplexed quantum key distribution using entangled photons[END_REF][START_REF] Kaiser | Optimal analysis of ultra broadband energy-time entanglement for high bit-rate dense wavelength division multiplexed quantum networks[END_REF] by using the same quantum channel, multiple well defined spectral signals, i.e. photons in different wavelength bins, are transmitted and each of the signals carries its own information. Similarly, one can think of using multiple photon entanglement [START_REF] Kelly | State preservation by repetitive error detection in a superconducting quantum circuit[END_REF][START_REF] Lanyon | Experimental violation of multipartite Bell inequalities with trapped ions[END_REF][START_REF] Yao | Observation of eight-photon entanglement[END_REF] in order to encode the information, or the same photon entangled in multiple degrees of freedom, i.e. hyper-entanglement-based QKDs [START_REF] Fu-Guo | Quantum hyperentanglement and its applications in quantum information processing[END_REF].

Here the sender is used to be named "Alice", the receiver "Bob" and the eavesdropper "Eve", respectively. A further advance followed in theoretical quantum cryptography protocol, whose security was based on Bell's inequalities [START_REF] Bell | On the Einstein Podolsky Rosen paradox[END_REF]. Ekert proposed that entangled two-particle states could be used to implement quantum cryptography [START_REF] Ekert | Quantum cryptography based on Bell's theorem[END_REF]. Nowadays, there are commercial communication systems for QKD [193].

Quantum metrology -sensing with photons

As a last scenario, quantum metrology is the study of performing high-resolution and highly sensitive measurements of physical parameters, particularly exploiting quantum entanglement. The general idea here, is the following: A probe is prepared, that interacts with the system from which we want to measure some parameters. Then we evaluate these parameters that have been "imprinted" into the probe, after it has interacted with the system, by measuring the probe [START_REF] Giovannetti | Advances in quantum metrology[END_REF][START_REF] Dowling | Quantum optical technologies for metrology, sensing, and imaging[END_REF]. In our case the probe is light, i.e. light as intensity in the classical case and as discrete quanta of energy (photons) in the quantum case scenario. The variable that we usually want to measure is the optical path difference of a MZI, which we estimate by looking at the respective intensity at the two outputs of the interferometer. This process is commonly known as interferometry.

Through classical interferometry, one can perform precision measurements on the relative optical path difference (or phase) of an interferometer as shown in Figure 2.8a. It can be easily shown that the two output signals depend on the relative phase ϕ imposed in the interferometer and the input power I. By standard calculations, we end up with I + = I sin 2 ϕ Figure 2.8: Phase-sensing schemes for the classical approach (a), and the quantum-enhanced approach based on N 00N -states (b). In both cases, a Mach-Zehnder interferometer is used and a change in the phase ϕ is to be measured. In (a), standard photodiodes D ± are employed at the interferometer outputs and the difference in photo-currents is defined as the measurement quantity M c . In (b), a two-photon N 00N -state is generated via Hong-Ou-Mandel interference [START_REF] Hong | Measurement of subpicosecond time intervals between two photons by interference[END_REF]. The photon pair contribution in the upper arm accumulates a two-photon phase shift which can be revealed using photon number resoling detectors PNRD ± combined with suitable coincidence electronics and data treatment. The resulting measurement quantity M q has twice the phase sensitivity compared to M c . [START_REF] Dowling | Quantum optical technologies for metrology, sensing, and imaging[END_REF]. The photo-currents measured in the two detectors D + and D -contain information about the total number of photons arriving in the output ports. The difference of those photo-currents contain information about the relative length of the two possible paths, or the difference in the optical path. It is common practice to define a classical measurement quantity M c as the difference of the photo-currents between both detectors:

I -= I cos 2 ϕ 2
M = I --I + = I cos ϕ. (2.19)
For such a measurement one can estimate the minimal resolvable phase shift ∆ϕ by:

∆ϕ = ∆M |∂M/∂ϕ| = ∆M I| sin ϕ| . (2.20)
The optimal situation is obtained if the interferometer is operated at the steepest slope, i.e. when the interferometer is initially set to ϕ = π/2, for which the |∂M/∂ϕ| is maximal. Otherwise, we can measure the difference ∆M with infinite precision, or send into the interferometer huge power of light I → ∞. However, the quantity ∆M can be measured with precision that is fundamentally bounded by the shot noise limit.

Classical interference can be visualized as the picture where each photon composing the initial beam is interfering with itself. Therefore, we can say that, an initial beam I that consists of N ph number of photons and interfere into a MZI is equivalent to repeating single photon interference with a repetition rate R c = N ph . In this case, M c = cos ϕ and |∂M c /∂ϕ| = | sin ϕ|. Taking into account that we are using single photon detectors leads to ∆M = 1. The phasesensing precision is now directly related to the slope of M c , and the number of (single-photon) repetitions/shots R c [START_REF] Ross | A first course in probability[END_REF]. Subsequently, Equation 2.20 becomes

∆ϕ c = 1 ∂Mc ∂ϕ • √ R c = 1 sin ϕ • N ph . (2.21)
For a phase ϕ = π/2 we have the maximum slope of M c and from the previous equation we find the shot-noise scaling ∆ϕ c = 1

N ph . (2.22)
For quantum-enhanced phase-sensing, consider that we are using N ph number of photons as a probe, thanks to entanglement, being at the top and the bottom arm of the interferometer. The so-called N 00N -state of N ph -photons (N ph 00N ph ).

|ψ 1 = |N top 0 bot + |0 top N bot √ 2 . (2.23)
Here, the numbers in the ket vectors denote the number of photons in the top (top) and bottom (bot) interferometer arms, respectively. As a N -photon contribution, now probes the phase of the interferometer, the phase shift is N times higher, since each photon accumulates a phase shift itself:

|ψ 2 = e N i ϕ |N top 0 bot + |0 top N bot √ 2 . ( 2.24) 
At the interferometer output, N photons exit through opposite ports with probability p opp = (1 + cos N ϕ) /2 and through the same ports with p same = (1 -cos N ϕ) /2. It is tempting to define a quantum measurement quantity M q = p opp -p same = cos N ϕ. Now, the slope |∂M q /∂ϕ| = N |sinN ϕ| can be calculated. In order to be fair and to be able to compare the two approaches, we have to use the same number of photons N ph . With N ph in our disposal we can perform R q = N ph N repetitions of our experiment. From the Equation 2.20 we can now derive the phase precision for this case to be

∆ϕ q = 1 ∂Mq ∂ϕ • R q = 1 N |sinN ϕ| • N ph N = 1 √ N • N ph • |sinN ϕ| . (2.25)
We calculate the best phase-precision for the maximum slope of the quantity M q for a phase ϕ = π/2N to be equal to

∆ϕ q = 1 √ N • N ph = ∆ϕ c √ N . (2.26)
For the extreme case where N = N ph , i.e. one repetition with a N 00N state of N = N ph , the phase-sensing precision ∆ϕ q is improved from ∆ϕ ∼ 1 √ N (classical shot-noise limit) to ∆ϕ ∼ 1 N which is the quantum Heisenberg limit [START_REF] Dowling | Quantum optical technologies for metrology, sensing, and imaging[END_REF][START_REF] Holland | Interferometric detection of optical phase shifts at the Heisenberg limit[END_REF][START_REF] Giovannetti | Quantum-enhanced measurements: beating the standard quantum limit[END_REF] 4 .

Comparing now classical and quantum strategies at identical photon numbers, leads to a √ N enhanced sensitivity for the latter. Multiple demonstrations of the potential of quantum metrology with N 00N states have been already reported in the literature [START_REF] Wolfgramm | Entanglement-enhanced probing of a delicate material system[END_REF][START_REF] Crespi | Measuring protein concentration with entangled photons[END_REF][START_REF] Ono | An entanglement-enhanced microscope[END_REF][START_REF] Israel | Supersensitive polarization microscopy using NOON states of light[END_REF][START_REF] Kaiser | Spectrally-resolved quantum interferometry for absolute and high-precision determination of optical properties[END_REF]. It has been also shown that if the vacuum state in the unused input port of BS 1 is replaced by a non-classical squeezed vacuum state then the precision scales down to 1/N Figure 2.9: Phase-precision achieved by a classical and a quantum approach. For the simulation we consider perfect experimental setups, with lossless balanced beam splitters and perfect photon number resolving detectors. We can compare the phase-precision achieved by using the same number of photons N ph = 100, while in the classical case we perform only single photon interference and for the quantum case we perform two-photon interference by exploiting N 00N states of two photons |20 +|02 √ 2

. Obviously the best phase-precision in the classical case scenario is achieved for a ϕ = π/2. For the N 00N state of two photons the best phase-precision is achieved for ϕ = π/4, 3π/4

Although quantum optical phase-sensing has already been realised [START_REF] Matthews | Manipulation of multiphoton entanglement in waveguide quantum circuits[END_REF][START_REF] Crespi | Measuring protein concentration with entangled photons[END_REF][START_REF] Ono | An entanglement-enhanced microscope[END_REF][START_REF] Israel | Supersensitive polarization microscopy using NOON states of light[END_REF][START_REF] Walther | De Broglie wavelength of a non-local four-photon state[END_REF][START_REF] Mitchell | Super-resolving phase measurements with a multiphoton entangled state[END_REF][START_REF] Nagata | Beating the standard quantum limit with four-entangled photons[END_REF][START_REF] Higgins | Entanglement-free Heisenberg-limited phase estimation[END_REF][START_REF] Afek | High-NOON states by mixing quantum and classical light[END_REF], it remains a central challenge to demonstrate the quantum advantage in actual applications. There are practical challenges for measuring M q since photon number resolving detectors (PNRD +,-) are required, capable of distinguishing between 0, 1 and 2 photons with high fidelity [START_REF] Israel | Supersensitive polarization microscopy using NOON states of light[END_REF][START_REF] Xiang | Optimal multi-photon phase sensing with a single interference fringe[END_REF]. As research on and development of such detectors is still ongoing [START_REF] Hadfield | Single-photon detectors for optical quantum information applications[END_REF], most experiments have so far relied on measuring exclusively p opp through two-photon coincidence counting with standard single-photon detectors (SPD) [START_REF] Matthews | Manipulation of multiphoton entanglement in waveguide quantum circuits[END_REF][START_REF] Crespi | Measuring protein concentration with entangled photons[END_REF][START_REF] Ono | An entanglement-enhanced microscope[END_REF][START_REF] Israel | Supersensitive polarization microscopy using NOON states of light[END_REF][START_REF] Walther | De Broglie wavelength of a non-local four-photon state[END_REF][START_REF] Mitchell | Super-resolving phase measurements with a multiphoton entangled state[END_REF][START_REF] Nagata | Beating the standard quantum limit with four-entangled photons[END_REF][START_REF] Higgins | Entanglement-free Heisenberg-limited phase estimation[END_REF][START_REF] Afek | High-NOON states by mixing quantum and classical light[END_REF]. Unfortunately, the maximum slope of p opp does not exceed the slope of the classical measurement M c such that the related phase-sensing precision is by default at least √ 2 times worse. Additionally, it shall be noted that count rates of PNRDs and SPDs are usually limited to 10 8 s -1 [START_REF] Zadeh | Single-photon detectors combining near unity efficiency, ultra-high detection-rates, and ultrahigh time resolution[END_REF], equalling a photon flux on the order of tens of picowatts which is significantly lower than typical optical power levels used in standard interferometry. Therefore, classical interferometric setups are still under great importance since we are having access in technologies allowing to generate photon fluxes with huge number of photons and to highly sensitive classical detectors. Recently, such an experimental setup led to the detection of gravitational waves by LIGO [210,[START_REF]Observation of gravitational waves from a binary black hole merger[END_REF].

However, quantum metrology has great potentials, and may be one of the best approaches to measure physical quantities in biological and chemical targets [START_REF]Quantum metrology and its application in biology[END_REF][START_REF] Crespi | Measuring protein concentration with entangled photons[END_REF], where strong light beams can be fatal and ablate the samples due to high absorption. Furthermore, quantum metrology has potential applications in quantum positioning and clock synchronization [START_REF] Giovannetti | Quantum-enhanced positioning and clock synchronization[END_REF][START_REF] Ludlow | Optical atomic clocks[END_REF], quantum sensing [START_REF] Wolfgramm | Entanglement-enhanced probing of a delicate material system[END_REF][START_REF] Crespi | Measuring protein concentration with entangled photons[END_REF], quantum radar and LIDAR [START_REF] Gao | Super-resolution at the shot-noise limit with coherent states and photon-number-resolving detectors[END_REF] and quantum microscopy [START_REF] Ono | An entanglement-enhanced microscope[END_REF][START_REF] Israel | Supersensitive polarization microscopy using NOON states of light[END_REF]. Entanglement also permits to measure phases that the detected photon never experienced, as reported in [START_REF] Lemos | Quantum imaging with undetected photons[END_REF], which leads to interaction-free measurements and quantum imaging [START_REF] Shih | Quantum imaging[END_REF]. Classical light lithography is limited by the Rayleigh diffraction limit, while N 00N states can beat this limit [START_REF] Kok | Quantum lithography, entanglement and Heisenberg-limited parameter estimation[END_REF]. However, the problem here is that the N 00N state lithography suffers detection efficiencies of N -photon detected in the same spatial location, that decreases exponentially with N . For further details, the following reviews are worth to be read [START_REF] Giovannetti | Quantum metrology[END_REF][START_REF] Giovannetti | Advances in quantum metrology[END_REF][START_REF]Quantum metrology and its application in biology[END_REF][START_REF] Dowling | Quantum optical technologies for metrology, sensing, and imaging[END_REF][START_REF] Giovannetti | Quantum-enhanced measurements: beating the standard quantum limit[END_REF][START_REF] Demkowicz-Dobrzański | Chapter four-quantum limits in optical interferometry[END_REF].

Conclusion

The potential of quantum technologies lies in different quantum systems. Photons seem to be a great candidates for quantum metrology and quantum communication. Concerning quantum metrology, coherent light generators as well as single photon sources can be found in a really wide spectrum. Subsequently, quantum metrology shall be a dominant tool not only for measuring physical parameters or detecting subtle physical phenomena such the detection of gravitational waves, but most probably will find applications in medicine, biology and industry [START_REF]Quantum metrology and its application in biology[END_REF]. For quantum communication, we can build-up upon the knowledge already acquired in classical optical telecommunication networks. Recently it has been proved that photons and their correlated properties are preserved even after traveling long distances, as it has been shown in a satellite-based experiment that made it possible to distribute entanglement over 1200 km [START_REF] Yin | Satellite-based entanglement distribution over 1200 kilometers[END_REF]. However, quantum computing seems to be a more difficult task and most probably matter-systems will be proved to be the best choice for its implementation.

Finally, it is obvious that if quantum supremacy turns out to be actually achieved, there will always be ethical open question. A quantum computer and a quantum universal network contains such a great power, that most probably, government agencies will not be happy if the wide public can use it. Apart from provably secure communication and efficient quantum computing, such systems can complicate the tracking systems that all national intelligence agencies are using to control crime. Nowadays conventional ways, like tracking criminal actions through network control will become powerless and uncertain. Furthermore, a big part of the market, if not the biggest, take part into the web. A secure network will permit a rampant trade were tax evasion will not be able to be controlled. Those and many more ethical questions can be arisen, when quantum supremacy enters in our future lives.

Part II

Experimental Chapter 3

Fully guided-wave photonic entanglement source

Photonic entanglement is gaining ground towards practical quantum communication schemes [START_REF] Kaiser | Photonic entanglement engineering for quantum information applications and fundamental quantum optics[END_REF]. That is mostly due to its robustness against decoherence effects [START_REF] Torres-Company | Tailoring the spectral coherence of heralded single photons[END_REF], the access to technologies that allow generating pairs of photons relatively easily [START_REF] Aharonovich | Solid-state single-photon emitters[END_REF], the multiple degrees of freedom (observables) that can be exploited in order to store quantum information [START_REF] Fu-Guo | Quantum hyperentanglement and its applications in quantum information processing[END_REF][START_REF] Barreiro | Hyper-entanglement: Generation and applications[END_REF], as well as high-speed and low-loss operation thanks to the knowledge acquired from classical telecommunication systems [START_REF] Krenn | Quantum Communication with Photons[END_REF][START_REF] Kaiser | Photonic entanglement engineering for quantum information applications and fundamental quantum optics[END_REF]. In this framework, the detection of photons is rather straight-forward nowadays with supercontucting nanowire single-photon detectors (SNSPDs) that exhibit 95% efficiency [START_REF] Hadfield | Single-photon detectors for optical quantum information applications[END_REF]. Furthermore, there are many optical platforms that are promising the integration of some photonic architectures into scalable and reliable photonic chips [START_REF] Politi | Silica-on-silicon waveguide quantum circuits[END_REF][START_REF] Matthews | Manipulation of multiphoton entanglement in waveguide quantum circuits[END_REF][START_REF] Marshall | Laser written waveguide photonic quantum circuits[END_REF]. Finally, the combination of integrated waveguide technologies [START_REF] Sansoni | Two-particle bosonic-fermionic quantum walk via integrated photonics[END_REF][START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF][START_REF] Matthews | Heralding two-photon and four-photon path entanglement on a chip[END_REF] and the fully guided-wave approaches using fiber components [START_REF] Vergyris | Fully guided-wave photon pair source for quantum applications[END_REF] promises compact and flexible quantum systems. Subsequently, it is rather likely that future quantum communication will rely on fiber-based quantum systems. Hence, the development of efficient, stable and compact photonic entanglement sources that are compatible with standard telecomfiber network is essential.

The target of this chapter is to explain how it is possible to built a high-end entangled photon pair source, and how all related issues have been solved. Therefore, this chapter is organized as follows. First, I describe the steps followed towards the realization of such a versatile source. Then I describe and characterize the nonlinear crystal that has been used towards generating photonic entanglement, more specifically a type-0 PPLN/w. Then I describe the experimental set-up and how to generate and measure high quality entanglement in polarization and energytime by exploiting the same experimental arrangement.

Photonic entanglement sources and motivation

Photonic entanglement stands as the basic resource for most of QI protocols with photons [START_REF] Nielsen | Quantum Computation and Quantum Information: 10th Anniversary Edition[END_REF][START_REF] Brunner | Bell nonlocality[END_REF][START_REF] Pütz | Quantum nonlocality with arbitrary limited detection efficiency[END_REF]. Therefore, the scientific community is focusing on developing high quality and reliable entanglement sources. In the framework of practical quantum communication, the motivation was to built an entanglement source that shows the following features:

• Generation of polarization and energy-time entangled photons. A versatility on choosing the observable on which entanglement is coded, or even combining observables which is highly desirable [START_REF] Li | Complete hyperentangled Bell state analysis for polarization and time-bin hyperentanglement[END_REF][START_REF] Barbieri | Enhancing the Violation of the Einstein-Podolsky-Rosen Local Realism by Quantum Hyperentanglement[END_REF]. On one hand, it adds a level of flexibility on the utilization of the source, since it can be adapted for different applications where the observable can be chosen accordingly. On the other hand, by entangling photon pairs in more than one degree of freedom we increase the information capacity of the state. This paves the way for more efficient and reliable quantum communication protocols [START_REF] Barreiro | Beating the channel capacity limit for linear photonic superdense coding[END_REF][START_REF] Li | Quantum secure direct communication achieved by using multientanglement[END_REF].

• Photon pair wavelength that covers a big portion of the telecom bands, towards exploiting low-loss transmission in optical fibers. Subsequently, the generated entanglement can be distributed via standard fiber-based telecom network.

• Low losses from the output of the photon pair generator (PPLN/w) to the output of the source, towards entanglement manipulation. High coincidences rates are highly desirable. In order to benefit from short measurement integration times but also to serve the demands for more efficient quantum protocols.

• Entanglement generation using a fully guided-wave approach, in order to combine applicability, compactness, and reliability [START_REF] Martin | A polarization entangled photon-pair source based on a type-II PPLN waveguide emitting at a telecom wavelength[END_REF][START_REF] Zhong | High-quality fiberoptic polarization entanglement distribution at 1.3 um telecom wavelengths[END_REF][START_REF] Odate | Polarisation-entangled photon-pair source at 1550nm using 1 mm-long PPLN waveguide in fibre-loop configuration[END_REF][START_REF] Lim | Wavelength-multiplexed entanglement distribution[END_REF][START_REF] Kruse | Dual-path source engineering in integrated quantum optics[END_REF][START_REF] Bock | Highly efficient heralded single-photon source for telecom wavelengths based on a PPLN waveguide[END_REF]. Compatibility with standard fiber-based telecom network promises applicability, and the utilization of commercial telecom components should allow compact packaging.

At this point, I would like to comment on entanglement observables. The energy-time entanglement is naturally present in all SPDC-type sources since the generation of the downconverted photons is governed by energy and momentum conservation. The only necessary action for an experimentalist is to "reveal" the energy-time entanglement (see Subsection 2.4.3). This can be usually realized by the use of a Franson-type interferometer [START_REF] Thew | Experimental investigation of the robustness of partially entangled qubits over 11 km[END_REF].

Polarization entanglement is easy to generate with a type-II SPDC source as the one described in Appendix B. However, the photon pair generation efficiency in such sources is limited to ∼ 10 -9 photon pairs per pump photon which is 3 order of magnitude lower than that obtained with type-0 SPDC sources (Section 3.4.2). Birefringent fiber-lines are required in order to compensate the temporal walk off being naturally present, due to the birefringence in the type-II waveguide structure [START_REF] Kaiser | Highquality polarization entanglement state preparation and manipulation in standard telecommunication channels[END_REF], which cause degradation in the entanglement quality. Finally, the emission spectrum of such a source is much narrower (see Appendix B) than the one in type-0 SPDC sources. This constraint limits the development, in terms of versatility and applicability.

The source described in this chapter relies on a type-0 SPDC waveguide crystal which shows better generation efficiency [START_REF] Kaiser | Polarization entangled photon-pair source based on quantum nonlinear photonics and interferometry[END_REF]. In order to avoid the need of complex interferometric setups for the generation of polarization entanglement that have been implemented in previous experimental demonstrations [START_REF] Alibart | Quantum photonics at telecom wavelengths based on lithium niobate waveguides[END_REF][START_REF] Suhara | Generation of quantum-entangled twin photons by waveguide nonlinear-optic devices[END_REF], the nonlinear crystal has been inserted into a Sagnac loop (see Figure 3.1). All the details of that specific photonic entanglement source and of its performances will be found in the rest of this chapter. Note that this source has been used during my thesis like a workhorse resource. "Quantum engineering" of the generated state allowed us to exploit the same source for multiple experimental set-ups.

State-of-the-art on guided-wave photonic entanglement sources

As already discussed, photonic entanglement sources have great importance and there is a large variety of demonstrations that are taking advantage of guided-wave photonics. The precondition for fully guided-wave entanglement sources is the entangled photon pairs generation into waveguide structures or the straight-forward interfacing of them with waveguide technologies.

In that framework, PPLN/ws are an ideal choice since the generation of the photon pairs is done directly into a waveguide spatial mode [START_REF] Tanzilli | Highly efficient photon-pair source using a Periodically Poled Lithium Niobate waveguide[END_REF][START_REF] Tanzilli | PPLN waveguide for quantum communication[END_REF][START_REF] Alibart | High-performance guided-wave asynchronous heralded single-photon source[END_REF]. Hence, the collection of the entangled pairs is straight forward by mode matching the output of the PPLN/w with a standard single mode telecom fiber. Broadband sources are highly desirable since they offer increased wavelength flexibility and, for example, the possibility to simultaneously provide many standard telecommunication wavelength channels with entangled photon pairs using only one source [START_REF] Aktas | Entanglement distribution over 150 km in wavelength division multiplexed channels for quantum cryptography[END_REF][START_REF] Arahira | Generation of highly stable WDM time-bin entanglement by cascaded sum-frequency generation and spontaneous parametric downconversion in a PPLN waveguide device[END_REF][START_REF] Lim | Stable source of high quality telecom-band polarization-entangled photon-pairs based on a single, pulse-pumped, short ppln waveguide[END_REF][START_REF] Lim | Broadband source of telecom-band polarizationentangled photon-pairs for wavelength-multiplexed entanglement distribution[END_REF][START_REF] Autebert | Multi-user quantum key distribution with entangled photons from an AlGaAs chip[END_REF]. Guided-wave approaches for the generation of polarization entanglement (

|HV +|V H √ 2
) have been demonstrated using type-II SPDC PPLN/ws [START_REF] Martin | A polarization entangled photon-pair source based on a type-II PPLN waveguide emitting at a telecom wavelength[END_REF][START_REF] Kaiser | Highquality polarization entanglement state preparation and manipulation in standard telecommunication channels[END_REF]. These demonstrations are lacking versatility due to the narrow emission spectrum and the low SPDC internal efficiency of type-II waveguides [START_REF] Martin | A polarization entangled photon-pair source based on a type-II PPLN waveguide emitting at a telecom wavelength[END_REF][START_REF] Suhara | Generation of polarization-entangled photons by type-II quasiphase-matched waveguide nonlinear-optic device[END_REF]. Subsequently more efficient and broadband source of polarization entanglement have relied on quantum state engineering. SPDC type-0 in PPLN/w can provide with much broader emission spectrum of noise-free entangled photon pairs [START_REF] Alibart | Quantum photonics at telecom wavelengths based on lithium niobate waveguides[END_REF][START_REF] Suhara | Generation of quantum-entangled twin photons by waveguide nonlinear-optic devices[END_REF], however, only the energy-time observable is naturally available [START_REF] Tanzilli | PPLN waveguide for quantum communication[END_REF][START_REF] Sanaka | New high-efficiency source of photon pairs for engineering quantum entanglement[END_REF]. For example in [START_REF] Kaiser | Polarization entangled photon-pair source based on quantum nonlinear photonics and interferometry[END_REF][START_REF] Takesue | Generation of pulsed polarizationentangled photon pairs in a 1.55 µm band with a periodically poled lithium niobate waveguide and an orthogonal polarization delay circuit[END_REF][START_REF] Kaiser | A versatile source of polarization entangled photons for quantum network applications[END_REF] interferometric setups, like birefringent delay lines or nonlinear MZIs where a type-0 SPDC source is placed in each interferometric arm, have been used [START_REF] Yoshizawa | Generation of polarization-entangled photon pairs in 1550nm band by a fiber-optic two-photon interferometer[END_REF][START_REF] Herbauts | Demonstration of active routing of entanglement in a multi-user network[END_REF]. The drawback of such strategies is the complex active interferometer stabilization systems that are required to maintain the coherence of the generated state. Therefore, several groups have employed a PPLN/w in a Sagnac loop configuration [START_REF] Odate | Polarisation-entangled photon-pair source at 1550nm using 1 mm-long PPLN waveguide in fibre-loop configuration[END_REF][START_REF] Lim | Wavelength-multiplexed entanglement distribution[END_REF] where the phase between the two contributions of the entangled state

(|Φ = |HH +e iϕ |V V √ 2
) is automatically stable. However in those setups some special free-space optical elements are required, compromising both stability and compactness. Now, a special focus is given on the fully guided-wave nonlinear Sagnac loops (see Figure 3.1) for the generation of photonic entanglement that have been reported in the literature.

Another approach for generating photon pairs using waveguides lies in the exploitation of a χ (3) four-wave mixing process into photonic crystal fibers [START_REF] Fulconis | Nonclassical interference and entanglement generation using a photonic crystal fiber pair photon source[END_REF][START_REF] Mazeas | High-quality photonic entanglement for wavelength-multiplexed quantum communication based on a silicon chip[END_REF]. Spontaneous four-wave mixing (SFWM-χ (3) ) has been exploited in silicon ring resonators [START_REF] Suo | Generation of hyper-entanglement on polarization and energy-time based on a silicon micro-ring cavity[END_REF]. By placing the ring resonator in a fiber loop, photon pair contributions with orthogonal polarizations are generated bi-directionally. Combining those contributions using a fiber PBS leads to the formation of a polarization entangled state

|Φ = |HH +e iϕ |V V √ 2
. In other demonstrations, the micro-ring resonator is replaced by birefringent fibers introduced into a Sagnac loop [START_REF] Fulconis | Nonclassical interference and entanglement generation using a photonic crystal fiber pair photon source[END_REF][START_REF] Li | Optical-fiber source of polarization-entangled photons in the 1550 nm telecom band[END_REF]. In this case, the same form of maximally entangled Bell state is generated by exploiting the same nonlinear process (SFWM). Another interesting approach is the utilization of cross-spliced birefringent fibers [START_REF] Meyer-Scott | Generating polarization-entangled photon pairs using cross-spliced birefringent fibers[END_REF], which corresponds to the fiber-based version of the source based on back-to-back two nonlinear crystals with their optic axes rotated 90 • with respect to one another [START_REF] Kwiat | Ultrabright source of polarizationentangled photons[END_REF] [START_REF] Kwiat | Ultrabright source of polarizationentangled photons[END_REF]. In the above mentioned cases the emission bandwidth is usually relatively narrow, therefore limiting the versatility of the source. Furthermore the spatial mode of the photon pairs is also occupied by the pump laser (and related Raman noise), hence, several filtering stages are required which results in a significant increase of the optical losses.

Second-harmonic generation (SHG) and SPDC-χ (2) have been exploited in the same nonlinear Sagnac loop in references [START_REF] Jiang | The generation of polarization-entangled photon pairs using periodically poled lithium niobate waveguides in a fibre loop[END_REF][START_REF] Arahira | Generation of polarization entangled photon pairs at telecommunication wavelength using cascaded χ(2) processes in a periodically poled LiNbO3 ridge waveguide[END_REF], allowing to built a fully guided-wave approach.

The central idea in those two demonstrations is that a telecom pump laser is amplified via a polarization maintaining erbium doped fiber amplifier and inserted into a nonlinear Sagnac interferometer. At the first stage, the pump laser is frequency doubled through SHG. At the second stage, the frequency-doubled light generates photon pairs via SPDC with orthogonal polarization along the two directions of the interferometer. The two photon pair contributions are combined at the output of the Sagnac loop forming the maximally polarization entangled Bell state

|Φ + = |HH +|V V √ 2
. Similarly to four-wave mixing approaches, several issues are also present here. Only non-degenerate photon pairs can be produced since in that case, the generated photon pairs would have had the same wavelength as the initial pump laser which is exploited for the SHG in the first stage. Subsequently, the separation of the generated photon pairs from the pump laser would be impossible. In addition, even with non degenerate photons, significant efforts for filtering the pump laser and the corresponding Raman noise are required. 

|Φ + = 1 √ 2 (|V s |V i + |H s |H i ).
Knowing all the issues mentioned above, our target is to demonstrate a polarization entanglement source showing high generation fluxes, easy of use, and being as versatile as possible. In the following, we will discuss a source that allows generating polarization and energy-time entangled photons entirely based on guided-wave photonics. High signal-to-noise ratio is achieved since no special effort is needed for filtering, thanks to the well separated involved wavelengths of the SPDC process [START_REF] Vergyris | Fully guided-wave photon pair source for quantum applications[END_REF]. Finally, the generated photon pairs are covering a broadband telecom spectrum.

Polarization entangled photon pair generation

The experimental setup for the generation of the entangled photon pairs is depicted in Figure 3.1. The general principle is the same as the one discussed above. A type-0 PPLN/w is coherently pumped bi-directionally in such a way that vertically and horizontally polarized photon pair contributions are coherently superposed in the same spatial mode, with fixed phase, such that the maximally entangled Bell state

|Φ + = 1 √ 2 (|V s |V i + |H s |H i ) can be formed.
The pump laser is a continuous-wave fibre-coupled 780 nm laser (Toptica TA-Pro), actively frequency-stabilized against a rubidium transition. The laser light is sent by means of a 780/1550 nm fiber wavelength division multiplexer (WDM) [START_REF] Tomlinson | Wavelength division multiplexer[END_REF] to a fiber polarization beam-splitter (PBS, Photonik Singapore Ptd Ltd). The fiber-PBS is optimized for the telecom wavelength band. Although its performance at 780 nm is reasonably good, i.e. the overall transmission is ∼50% and the polarisation extinction ratio is 30:1. Note that the outputs of the f-PBS are polarization maintaining telecom fibers while the input is a standard single mode telecom fiber. The adjustment of the polarization of the visible light is achieved by means of a fiber polarization controller (f-PC) shown in Figure 3.1. The two outputs of the f-PBS define the in-and output ports of the Sagnac loop. For the sake of simplicity, we define the clockwise ( ) and the counter-clockwise ( ) direction of the Sagnac loop.

Since the source is meant to be fully wave-guided, the only option is to bridge the two outputs of the f-PBS and the two inputs of the PPLN/w with fibers. One issue here is that for certain wavelengths, appropriate geometrical parameters should be chosen, otherwise multimode light propagation can be observed. The obvious choice is to use fibers that are optimized in the telecom band where the photon pairs are generated. However, in such fibers, 780 nm light propagates over several spatial modes. One easy way to avoid such effects is the creation of repeated loops along the length of the fiber, hence, suppressing the higher spatial modes propagation.

Furthermore, polarization rotates unpredictably in standard telecom fibers. Therefore, the two outputs of the f-PBS are bridged with the PPLN/w via two polarization maintaining fibers. This permits vertically and horizontally polarized pump photons to propagate along the slow PMF axis in the clockwise (|V p, ) and counter-clockwise (|H p, ) directions, respectively. In the type-0 PPLN/w though, only vertically polarized light can be guided. This can be easily matched by twisting the PMF in the clockwise direction by 90 • , such that the (|H p, ) are rotated into (|V p, ). Subsequently, by implementing two fiber rotators (MDT717-High Precision Fiber Rotator), we ensure that vertically polarized pump photons are coupled into the PPLN/w, in both the clockwise and counter-clockwise directions1 . Finally, special care has been taken for cutting both fibers with the same optical length within ±1 cm, to avoid chromatic dispersion.

In the 4 cm long PPLN/w, vertically polarized pump photons can be converted to vertically polarized telecom photon pairs through type-0 SPDC, |V p → |V s |V i . Here, the subscripts s and i denote signal and idler photons, respectively. The generated contributions are collected by the PMFs and further combined at the PBS. Note that the polarization of the pair contribution generated in the clockwise direction is rotated by 90 • in the twisted PMF, i.e. |V s, |V i, → |H s, |H i, . Therefore, after the PBS, the generated photon pair contributions are coherently superposed in the same spatial output with orthogonal polarizations leading to the following quantum state: Here, α and β denote the probability amplitudes which are directly related to the pump laser polarization and the transmission losses for both visible and telecom photons, including the coupling efficiency at both facets. The phase factor e i ϕ depends on the polarization of the pump laser, the length of the PMFs, and, to a small extent, on environmental influences such as stress and temperature fluctuations in the PMFs. Therefore, by adjusting the pump laser polarization properly, we can set α = β = 1 √ 2 and by using a Soleil Babinet phase compensator we can set ϕ = 02 , i.e. we can tune the probability of generating photon pairs in either direction, such that a maximally entangled Bell state is obtained:

|ψ 1 = α|V s |V i + e i ϕ β|H s |H i , with |α| 2 + |β| 2 = 1. (3.1)
|Φ + = 1 √ 2 (|V s |V i + |H s |H i ) . (3.2)
Finally, the generated photon pairs are separated from the pump laser at the 780/1550 fiber-WDM. As the photon pair generation process needs to obey the energy conservation, signal and idler photons are generated pairwise symmetrically around the degenerate wavelength of 1560 nm. For this reason, the paired photons are split deterministically by sending the long (signal) and short (idler) wavelength parts to Alice and Bob, respectively, using a C/L-telecomband WDM 3 . The wavelength-degenerate photon pair emission spectrum of our PPLN/w after the WDM is shown in Figure 3.2. It covers about 40 nm and both the shape and the central wavelength can be further tuned over a large range using basic temperature control [START_REF] Kaiser | Polarization entangled photon-pair source based on quantum nonlinear photonics and interferometry[END_REF].

I would like to highlight the fact that there is another issue that needs to be solved. The presence of parasitic low-finesse optical cavities that are created in between the two facets of the PPLN/w, and between the facets of the PPLN/w and the corresponding coterminous fibers. Those cavities can degrade the entanglement quality since they are hard to control. Two sources of degradation can be noted. One is that photon pairs which are generated inside the PPLN/w co-propagate inside the device which results in parallel polarizations at the Sagnac interferometer output. However, due to Fresnel reflection at the two facets of the nonlinear crystal, ∼ 16% of the photon pairs generated inside the PPLN/w exit the device through opposite sides with a time delay of about 320 ps (defined by the length of the PPLN/w). This leads to unwanted cross-polarized photon pairs at the Sagnac interferometer output which degrade the quality of the entangled state. For short coherence time photons (i.e. spectrally broadband), it is possible to reject these contributions via temporal post-selection. However, when narrow filtering is necessary which leads to high coherence photons, such kind of postselection is not feasible. In addition, parasitic cavities in the visible can lead to slow timedependent changes of the generation rates of |H s |H i and |V s |V i . These fluctuations become an issue for long term measurements. Therefore both PPLN/w4 and injection-collection fibers5 are equipped with anti-reflection coatings towards minimizing the creation of such parasitic cavities.

Characterization of the type-0 nonlinear crystal

Photon pair generator brightness

One of the basic features that evaluate the quality of entangled photon pair sources lies in the efficiency of the photon pair generator, which is commonly referred to as brightness. The brightness B of a source is defined as

B = N pair P pump • t • BW N pair mW • s • GHz , ( 3.3) 
where N pair is the number of generated photon pairs for a given pump power (P pump ) coupled into the nonlinear crystal (in our case a PPLN/w), for a given time (t) and well defined spectral bandwidth BW . All the above quantities are easily accessible, but the number of generated pairs. For the estimation of this quantity, we exploit the photon counting strategy described in references [START_REF] Tanzilli | Highly efficient photon-pair source using a Periodically Poled Lithium Niobate waveguide[END_REF][START_REF] Tanzilli | PPLN waveguide for quantum communication[END_REF]. The experimental configuration used for assessing the performance of the generator is shown in Figure 3.3. The polarization of the pump laser has been set to horizontal polarization, such as only counter-clockwise direction photon pairs are generated (β = 0 in Equation 3.1) and therefore only vertically polarized photon pairs are generated. The photon pairs are injected into a DWDM (ITU-21, λ central = 1560.61 nm, BW = 154 GHz) and they are separated probabilistically thanks to a fiber-beam splitter. The photons are detected thanks to two SPADs6 placed in the two outputs of the fiber beam-splitter. The electrical signal generated from the detection events are sent to a time-to-amplitude converter (TAC7 ) allowing us to analyze coincidences in real time. As shown in Figure 3.3, 50% of the photon pairs generated in the Sagnac source are separated at the BS while the remaining 50% of them are not and go together to one of its two outputs. The latter case leads to no coincidence events. We can now estimate the single photon count rate in one arm:

S = 1 4 µη N pair + 1 4 µη N pair + 1 4 µη N pair + 1 4 µη(1 -µη) N pair , (3.4)
where µ is the overall transmission from the source to the detectors, η is the detection efficiency of the two detectors and N pair is the number of generated photon pairs per second.

Taking into account that the detection efficiency is set low (10% ⇒ (1 -µη 1)) and that the detectors do not resolve photon numbers, the average net single photon count rates in D 1 and D 2 are given by the following equations:

S 1 = µ 1 η 1 N pair , (3.5) S 2 = µ 2 η 2 N pair , ( 3.6) 
where µ 1 and µ 2 , η 1 and η 2 are the overall transmissions from the source to the detectors in path "1" and "2" and the detection efficiencies of the detectors D 1 and D 2 , respectively. Following the same procedure, the net coincidence rate is given by

C = 1 2 µ 1 η 1 µ 2 η 2 N pair , ( 3.7) 
where the factor 1 2 comes from the fact that only 50% of the photon pairs lead to a coincidence event. Combining Equations 3.5, 3.6 and 3.7 delivers

N pair = S 1 S 2 2 C . ( 3.8) 
We can now estimate the number of generated photon pairs (N pair ). Note that the advantage of this approach is the fact that quantities that are difficult to evaluate, such as the detection efficiencies and the propagation losses, are not involved any more. We measure the single photon rates to be equal to S 1 = 14198 s -1 and S 2 = 8442 s -1 after subtraction of the dark counts, and the coincidence rate to be equal to C = 44 s -1 . Therefore, we calculate the generation of N pair = 1.37 • 10 6 s -1 photon pairs per second. The power coupled into the waveguide is measured to be ∼2 µW at 780 nm. Now from Equation 3.3, we estimate the brightness to be

B = 4.43 • 10 6 ± 0.07 • 10 6 N pair mW • s • GHz . (3.9)
This spectral brightness of 4.43 • 10 3 N pair s•mW•MHz is among the highest ever reported, and is even high enough to obtain decent photon pair rates even after filtering the spectrum down to a few MHz. Therefore, it is promising for experiments related with quantum memories, where the absorption spectrum is bounded from a few MHz [START_REF] Simon | Quantum repeaters with photon pair sources and multimode memories[END_REF][START_REF] Tiranov | Storage of hyperentanglement in a solid-state quantum memory[END_REF][START_REF] Zeiser | Enhancing quantum sensing sensitivity by a quantum memory[END_REF] (see Chapter 5).

Total internal SPDC efficiency

The total conversion efficiency of the SPDC process η SPDC can be calculated if we know the brightness of the source and the FWHM of the emitted SPDC spectrum [START_REF] Tanzilli | Highly efficient photon-pair source using a Periodically Poled Lithium Niobate waveguide[END_REF][START_REF] Tanzilli | PPLN waveguide for quantum communication[END_REF]. It is defined as the number of the photon pairs generated (N pair ), within the full emission bandwidth ∆ν of the PPLN/w, for a given number of pump photons, N pump , coupled into the PPLN/w.

The number of photon pairs generated per second as a function of the brightness can be expressed from Equation 3.3 as follows:

N pair = B • P pump • BW ∆ν BW = B • P pump • ∆ν. (3.10)
Moreover, the number of pump photons inside the PPLN/w per second can be calculated from:

N pump = P pump • λ pump h • c . (3.11)
Therefore, dividing Equation 3.10 by Equation 3.11 leads to:

η SPDC = N pair N pump = B • ∆ν • h • c λ pump . (3.12)
Here, P pump is the waveguide coupled pump power in W and ∆ν is the PPLN/w natural emission bandwidth in Hz (in this case 40 nm ↔ 4.93 • 10 12 Hz). The brightness B should also be expressed in the SI units system (B = 4.43 N pairs W•s•Hz ). h = 6.62607 • 10 -34 J • s is the Planck constant, c = 299 792 458 m • s -1 is the vacuum speed of light, and λ pump is the wavelength of the pump laser in m, in this case 780.24 • 10 -9 m. Inserting all these parameters leads to

η SPDC = 5.56 • 10 -6 N pair N pump . (3.13)

Polarization entanglement characterization 3.5.1 Experimental setup for polarization entanglement analysis

Polarization observable is the most common, since its detection only necessitates standard optics such as wave-plates and polarizing beam-splitters (PBS). Despite its sensitivity to environmentally induced polarization drifts, it has been shown that polarization entanglement can even be distributed over long distances in fiber networks thanks to active polarization stabilization schemes [START_REF] Chen | Active polarization stabilization in optical fibers suitable for quantum key distribution[END_REF][START_REF] Xavier | Full polarization control for fiber optical quantum communication systems using polarization encoding[END_REF]. Furthermore, in a resent satellite-based experiment that has been performed in China, polarization entanglement has been distributed over 1200 km and its quality has been shown to violate Bell's inequality by 4 standard deviations [START_REF] Yin | Satellite-based entanglement distribution over 1200 kilometers[END_REF].

The experimental setup for the analysis of the maximally entangled Bell state in polarization 3.4. The photon pairs are deterministically separated at a C/L-band WDM, such that signal and idler photons are sent to Alice and Bob, respectively. Therefore, we can substitute the indices "s" and "i" referred to signal and idler by "A" and "B" for Alice and Bob, respectively. The photons are further filtered down to a bandwidth of about 1 nm. The polarization of the photons is analyzed using polarization analyzers of Alice's and Bob's sites. Each of them consists of a HWP and a PBS (see Subsection 2.4.1). The fiber polarization controllers (f-PC) have been aligned properly such that for both analyzers, horizontally polarized photons are fully transmitted for a zero angle on the HWPs. where θ represents the angle of the HWP.

1 √ 2 (|V s |V i + |H s |H i ) is depicted in Figure
Then it is easy to derive that the state |ψ = |Φ + after the operation Ûθ A , θ B that the HWPs of Alice and Bob imply (shown in Figure 3.4), becomes

Ûθ A , θ B |ψ = cos (2θ A -2θ B ) |H A H B + sin (2θ A -2θ B ) |V A H B -sin (2θ A -2θ B ) |H A V B + cos (2θ A -2θ B ) |V A V B , (3.15)
where θ A and θ B are the angles of HWP of Alice and HWP of Bob, respectively. The probability to register coincidences in the post-selected state that is shown in Figure 3.4, |H A H B is the square modulus of the probability amplitude of the state |H A H B :

P HH = cos 2 (2θ A -2θ B ) .
(3.16)

Polarization entanglement quality analysis

The generated state from the Sagnac source reads: • (1 + V • cos(ϕ)), where V is the visibility, ϕ is the applied phase, and C (ϕ) is the coincidence rate. As indicated in the graph, for ϕ = 0 or ϕ = π, the maximally polarization entangled Bell states |Φ + or |Φ -are obtained, respectively. A typical coincidence peak is shown in the top right of the figure. The FWHM is related to the coherence time of the photons and the timing jitter of the detectors. Usually the coherence time of the photons is much shorter than the timing jitter, therefore the latter is the dominant term. In our case, we find it to be on the order of 191 ps (inset graph).

|Φ (ϕ) = 1 √ 2 |V A |V B + e iϕ |H A |H B , ( 3.17 
and by setting the phase ϕ to 0, π we obtain the states

|Φ + = |Φ (ϕ=0) = 1 √ 2 (|V A |V B + |H A |H B ) , (3.18) |Φ -= |Φ (ϕ=π) = 1 √ 2 (|V A |V B -|H A |H B ) , (3.19)
respectively. In Figure 3.5 we demonstrate our capability to tune and stabilize the phase. In our experimental setup, the phase can be affected by three main factors. The phase introduced by the pump photons, fluctuations in the Sagnac loop, and fluctuations in the fiber-optical elements. The laser is wavelength-stabilized against a rubidium atomic transition, the Sagnac loop is self-stabilized in terms of phase and in the rest of the optical elements we observe no phase fluctuations when the environment is well temperature-controlled. In order to perform those measurements, the polarization analyzers of Alice and Bob are set at 45 • , i.e. their respective HWPs are fixed at 22.5 • . Therefore, the entangled state is projected into the phase-sensitive diagonal basis. A Soleil-Babinet (SB) phase-compensator, which consists of two birefringent wedges, one of which being movable, has been inserted in Bob's site in order to tune the phase manually. The coincidence rate between Alice and Bob is then detected as a function of the position of the SB, hence, as a function of the phase ϕ. The measured net visibility is 99.0%±1.8%, which demonstrates the high phase stability and high entanglement quality (threshold visibility is 71%). For this preliminary characterization, the paired photons are filtered down to about 1 nm (↔ 125 GHz). Note that the signal-to-noise ratio for those measurements is higher that 4000 and the FWHM of the coincidence peak is of about 191 ps dominated by the timing jitter of the single photon detectors (IDQ 220) (see inset graph in Figure 3.5). High raw visibilities are measured to be V Alice→|H =98.0%±1.8% and V Alice→|D =98.1%±1.0% when the Alice's HWP is set to 0 • and 22.5 • , respectively.

Energy-time entanglement characterization

Experimental setup for energy-time entanglement analysis

For quantum key distribution, energy-time entanglement has proven to be advantageous thanks to its inherent robustness against environmental fluctuations [START_REF] Tittel | Quantum cryptography using entangled photons in energy-time Bell states[END_REF][START_REF] Kaiser | Optimal analysis of ultra broadband energy-time entanglement for high bit-rate dense wavelength division multiplexed quantum networks[END_REF]. Through the SPDC process, the generated photon pairs exhibit strong frequency correlations, due to energy conservation ω p = ω s + ω i [START_REF] Burnham | Observation of simultaneity in parametric production of optical photon pairs[END_REF] (more details in Appendix A) and strong temporal correlations due to the inherent time generation [START_REF] Hong | Measurement of subpicosecond time intervals between two photons by interference[END_REF][START_REF] Kwiat | Observation of a "quantum eraser": A revival of coherence in a two-photon interference experiment[END_REF]. Therefore, energy-time entanglement is naturally available with photons pairs generated by SPDC. In order to reveal entanglement the two relative optical paths at Alice's (∆L A ) and Bob's (∆L B ) site should be equal, within the coherence time of the two photon interference (τ tpc ). In addition, both relative optical paths should be higher that the coherence length of the single photon interefrence, ∆L A , ∆L B cτ c , otherwise single photon interference fringes would be observed.

The basic experimental setup for a Franson type experiment is depicted in Figure 3.7 [START_REF] Franson | Bell inequality for position and time[END_REF][START_REF] Thew | Experimental investigation of the robustness of partially entangled qubits over 11 km[END_REF]. Let's assume that we have photon pairs that are generated through an SPDC crystal that exhibit the property mentioned in the previous paragraph: energy and time correlation. Each of the photons is sent to a unbalanced Michelson interferometer (MI). Therefore, each of the interferometers at Alice (MI A ) and Bob (MI B ) have a short path of optical length S A and S B and a long path L A and L B , respectively. If the optical imbalance is greater than the coherence length cτ c of the individual photons, then no single photon interference can be observed by tuning the optical length difference in the interferometers. We therefore choose to work with ∆L A , ∆L B cτ c as we want to observe two-photon interference fringes at the output of the whole Franson-type setup [START_REF] Franson | Bell inequality for position and time[END_REF].

Then for any incident pair of photons there are 4 propagation possibilities along the interferometers. Either both photons take identical paths, i.e. |l A l B or |s A s B , or they take different paths, i.e. |l A s B or |s A l B . The relative time-difference that the photons acquire along the paths |l A s B and |s A l B after exiting the MIs is higher than the two-photon coherence time8 (τ tpc ), therefore they can be distinguished from each other and from the states |l A l B and |s A s B . Thus, no interference can occur with those contributions and they simply constitute a non-interfering background. If the difference between the optical path lengths (∆L AB = ∆L A -∆L B ) is greater than the cτ tpc , then the |l A l B and |s A s B contributions, are indistinguishable from each other and no interference will result. Therefore, in order to observe ET-entanglement, we add a second constraint on the MIs, which is ∆L AB cτ tpc . With such conditions |l A l B and |s A s B are indistinguishable from each other, because the absolute time of emission of the pair from the crystal is undetermined (for a continuous-wave pump). To calculate the probability of coincidences, we need to derive the probability amplitudes for the four coincidence processes. We have:

|ψ = - e i∆ϕ A 2 |l A s B + e i(∆ϕ A +∆ϕ B ) 2 |l A l B + 1 2 |s A s B - e i∆ϕ B 2 |s A l B . (3.20)
The probabilities for |l A s B or |s A l B contributions are just the absolute squares of the amplitudes of these in-principle distinguishable possibilities. We get:

P l A s B = P s A l B = 1 4 . ( 3.21) 
The |l A l B and |s A s B states, as explained before, are indistinguishable, they therefore interfere and their probability amplitudes should be coherently summed before being squared:

P l A l B -s A s B = 1 4 (1 + cos (∆ϕ A + ∆ϕ B )) . (3.22)
For the above calculations, we assume that both MIs are made of perfect lossless beam splitters, and that coincidences are registered using the particular outputs of the MIs that are shown in Figure 3.7. The relative phase ∆ϕ can be written as:

∆ϕ = ∆ϕ A + ∆ϕ B = 1 2 ω A ∆L A c + ω B ∆L B c = 1 2 ω A + ω B 2c (∆L A + ∆L B ) + ω A -ω B 2c (∆L A -∆L B ) . (3.23)
The Equation 3.23 can tell an interesting story. We restrict our setup such that ∆L A -∆L B is very small relatively to the inverse bandwidth of ω A and ω B . Therefore, the second part of Equation 3.23 can be considered to be negligible. On the contrary, two-photon interference fringes would wash out in case this condition is not met. [START_REF] Brendel | Experimental test of Bell's inequality for energy and time[END_REF]. Otherwise, the probability of having coincidences from Equations 3.21 and 3.22 is calculated to be P = 3+cos(∆ϕ A +∆ϕ B )
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, where the visibility is limited to 50%9 [START_REF] Ou | Observation of nonlocal interference in separated photon channels[END_REF]. However, there are post-selection free experimental approaches [START_REF] Strekalov | Postselection-free energytime entanglement[END_REF]. Such setups will be discussed in Section 4.2, while in the following standard ones are presented.

To summarize, photon pairs produced through SPDC naturally possess energy-time correlations. These correlations can be revealed by a two-photon (forth order) interference experiment, usually performed with a Franson type interferometric setup [START_REF] Franson | Bell inequality for position and time[END_REF][START_REF] Thew | Experimental investigation of the robustness of partially entangled qubits over 11 km[END_REF]. The following constraints should be met:

• The imbalance of the interferometers must be greater than the single photon coherence length such that no single-photon interference can be observed.

∆L A , ∆L B cτ c . (3.26)
• The imbalance of the interferometers must be greater than the detectors' timing jitter (τ j ) such that we can post-select out the cases where the two photons take opposite paths 10,11 . ∆L A , ∆L B cτ j .

(3.27)

• The path length difference of both interferometers (∆L A and ∆L B ) must be shorter than the pump coherence length (cτ pc ), which in our experiment is long enough (Toptica TA-Pro exhibits coherence length of hundred of meters.) 12 .

∆L A , ∆L B cτ p .

(3.28)

• The difference of the path length difference of the interferometers (∆L AB ) has to be less that the two photon coherence time (cτ tpc ).

∆L AB = ∆L A -∆L B cτ tpc . (3.29)
Typically the imbalance of such interferometers should be approximately of 2 to 3 ns for satisfying all the constraints [START_REF] Kwiat | High-visibility interference in a Bell-inequality experiment for energy and time[END_REF].

Active phase stabilization of the interferometers

Alice's and Bob's interferometers are depicted in Figure 3.8. They consists of a 50/50 beam splitter and two Faraday mirrors ensuring that the polarization rotations into the fibers will not affect the interference fringes. Both interferometers are placed in a temperature controlled environment. The relative phase of the interferometers is tuned by means of a piezoelectric transducer-based system that allows to stretch the fiber in one of the two arms. In order to actively stabilize the interferometers, a 1560.48 nm laser is sent though their input ports by means of an optical circulator and a WDM. The wavelength of the stabilization laser does not overlap with those of the paired photons, that are at ∼1556 nm and ∼1565 nm (non degenerate), respectively. The 1560.48 nm laser is frequency stabilized against the same rubidium hyper-fine atomic transition (780.24 nm) as the pump laser. In order to do so, a portion of the stabilization laser power is sent to an erbium doped fiber amplifier and then to a frequency doubling stage made of a PPLN waveguide.

One of the restriction for energy-time entanglement is that ∆L A = ∆L B , from which we can derive that the relation of the physical length difference ∆d of the two interferometers should follow: where λ stab is the wavelength of the stabilization laser and n stab the refractive index at this particular wavelength. From Equations 3.30, 3.31 and 3.32, we can derive the following equation:

∆d A = n B n A ∆d B , ( 3 
∆ϕ st,A = n B n A ∆ϕ st,B . (3.33)
This condition can easily be satisfied experimentally when evaluating the visibility of the two photon fringes by tuning the phase of one of the interferometers when the other one is "locked" in different "neighbor" fringes.

Note that by "locking" onto a maximum or a minimum by means of the first derivative of the fringe, we can lock our interferometers at a ∆ϕ = 2πn or a ∆ϕ = 2πn + π relative phase difference, respectively, with n ∈ N. Moreover, with the second harmonic derivative we can "lock" our interferometers at a ∆ϕ = 2πn + π 2 or a ∆ϕ = 2πn -π 2 , with n ∈ N.

Energy-time entanglement quality analysis

The difficulties in such an experiment lay in the experimental configuration. That's mostly because all the above mentioned conditions should be well defined in order to observe the desired two-photon interference. The probability of registering coincidences from the postselected state |l A l B + e i∆ϕ |s A s B is given from Equation 3.22. When properly normalized, it reads:

P ET = 1 2 (1 + cos ∆ϕ) , (3.34)
where ∆ϕ is the relative phase between the two interferometers. Figure 3.9 depicts the acquired coincidence histograms given for two different settings of the relative phase between the two interferometers. When the phase is ∆ϕ = 0, the probability of having coincidences from Equation 3.34 is equal to unity (P ET = 1), and therefore we say that constructive interference is observed. The central peak is 4 times higher than the side peaks. When the relative phase ∆ϕ = π, the probability of having coincidences from Equation 3.34 is equal to zero (P ET = 0), and therefore we say that destructive interference is observed.

A post-selection is necessary, otherwise the coincidences, due to the states |s A l B and |l A s B will bound the visibility to 50% since the side peaks are independent from the applied relative phase ∆ϕ of the interferometers. By setting ∆L larger than the detectors' timing jitter, those two contributions can be discarded from the indistinguishable (i.e. interfering) ones (|l A l B + e iϕ |s A s B ). Then, by setting an appropriate time window in the TAC a suitable post-selection is performed. Coincidence histograms for two different settings of the relative phase between the two interferometers. On the left side, the applied phase is set to zero (∆ϕ = 0) therefore maximum coincidences are observed for the central peak. On the right side, the applied phase is set to π (∆ϕ = π), therefore destructive interference is observed and no coincidence peak is arising. It is clear that a post-selection is necessary since the side peaks are independent of the applied phase and would reduce, if not discarded, the visibility of the interference fringes to 50%.

As can be seen from Equation 3.24, the relative phase ∆ϕ can also be tuned by scanning the frequency of the pump laser. This is an easy preliminary experiment that can be done in order to measure the quality of the generated energy-time entanglement. The results of such an experiment are shown in Figure 3.10. It can be easily calculated from Equation 3.24 that, for a phase shift of 2π, we need to tune our laser by ∆f = 2c2π ∆l . In the following, we set Alice's interferometer in two different phase settings ∆ϕ A = 0, π 2 . Bob's interferometer is continuously tuned and the coincidence rate is measured as the function of Bob's interferometer phase ∆ϕ B . Note that both MIs are actively phase-stabilized [START_REF] Kaiser | Polarization entangled photon-pair source based on quantum nonlinear photonics and interferometry[END_REF] and have a travel time difference of ∆t ≈ 300 ps which is much larger than the single-photon coherence time τ c ≈ 5 ps. Consequently, single-photon interference cannot be observed. However, higher-order interference in photon-pair coincidence detection remains observable. The underlying reason lies in the spontaneous character of the pair creation process and the use of a continuous-wave pump laser through which the pair creation time cannot be predicted. This means that a photon pair contribution that is generated at an early instant where both photons propagate through the long MI arms is indistinguishable from a pair contribution that is created at a 300 ps later instant in which both photons propagate along the short paths [START_REF] Franson | Bell inequality for position and time[END_REF]. The obtained results are shown in Figure 3.11. High raw visibilities are measured to be V Alice→∆ϕ A =0 =98.3%±1.4% and V Alice→∆ϕ A = π 2 =98.0%±1.2%, when Alice's interferometer is set to ∆ϕ A = 0 and ∆ϕ A = π 2 , respectively. The high visibilities measured in the raw data demonstrate the generation of high quality energy-time entanglement. 

Conclusion and possible improvements

The advantage of such a source is that it generates polarization and energy-time entangled photon pairs naturally, and no phase-stabilization system is required in the photon pair generator due to the Sagnac configuration. Additionally, compared to polarization entanglement sources based on type-II SPDC (see Appendix B), it permits to exploit highly efficient type-0 SPDC interaction which allows to generate extremely high fluxes of photon pairs. Moreover, the paired photons are generated in a broad spectral range, which allows to easily adapt the photon wavelength and bandwidth by employing suitable filters. This makes our scheme compatible with a broad range of applications. The fact that the generated photon pairs lies in the telecom band, and the full photon pair generator is based on fiber telecom components, promise potential compact devices, compatible with the technology associated with classical telecommunication networks.

High quality entanglement is demonstrated as referred from the high raw visibilities measured for both polarization and energy-time observables. Additionally, loss figures of merit are low. Although, I propose two possible improvements in this setup. The SB needed for the phase compensation and the generation of a maximally entangled state can be placed on the pump laser path, and therefore less losses are expected in the photon pair transmission over the full setup. Another potential improvement lies in the pigtail of the photon pair generator to the collection fibers. This would result in the total elimination of the parasitic cavities that can degrade the entanglement quality, and would uplevel the stability and the reliability of the entire source.

Chapter 4

Qualifying entanglement: Violation of Bell inequalities

Entanglement is a key resource for quantum communication [START_REF] Gisin | Quantum cryptography[END_REF][START_REF] Gisin | Quantum communication[END_REF][START_REF] Barreiro | Hyper-entanglement: Generation and applications[END_REF]. The constant demands for efficient quantum communication protocols requires the increase of the bit rates [START_REF] Aktas | Entanglement distribution over 150 km in wavelength division multiplexed channels for quantum cryptography[END_REF] and the robustness of photonic entanglement sources [START_REF] Torres-Company | Tailoring the spectral coherence of heralded single photons[END_REF]. In addition, such sources should be reliable, and compatible with the classical fiber-based telecommunication network [START_REF] Krenn | Quantum Communication with Photons[END_REF][START_REF] Kaiser | Photonic entanglement engineering for quantum information applications and fundamental quantum optics[END_REF]. In this framework, two experiments are reported in this chapter that test the versatility and the reliability of the source described in the previous chapter.

In the first part, generation of hyperentangled photons in polarization and energy-time observables is demonstrated. Moreover, dense wavelength division multiplexing of those hyperentangled photons is described and demonstrated. This not only proves the versatility of the Sagnac-loop entangled photon generator, but also its capability for potential utilization in more efficient quantum communication protocols with an increased quantum information capacity [START_REF] Aktas | Entanglement distribution over 150 km in wavelength division multiplexed channels for quantum cryptography[END_REF][START_REF] Barreiro | Hyper-entanglement: Generation and applications[END_REF][START_REF] Lim | Broadband source of telecom-band polarizationentangled photon-pairs for wavelength-multiplexed entanglement distribution[END_REF][START_REF] Autebert | Multi-user quantum key distribution with entangled photons from an AlGaAs chip[END_REF][START_REF] Arahira | Generation of polarization entangled photon pairs at telecommunication wavelength using cascaded χ(2) processes in a periodically poled LiNbO3 ridge waveguide[END_REF].

The second part of the chapter concerns a real-time Bell test over 25 hours [START_REF] Bell | On the Einstein Podolsky Rosen paradox[END_REF]. The latter experiment was part of a large collaboration of different institutes worldwide, organized by Prof. Morgan Mitchell at ICFO, Barcelona, Spain. More precisely, Bell inequalities have been violated for a 25-hour time period in 12 different institutes, while the random numbers that drive the drive the Bell analyzers were generated by human inputs in real time.

Bell inequality violation with hyperentanglement

Hyperentanglement sources are of great interest since they can lead to important repercussions not only in fundamental quantum physics but also in potential applications. This can be achieved either by coherently superpose more than two particles [START_REF] Martini | Realization of an optimally distinguishable multiphoton quantum superposition[END_REF][START_REF] Wang | Experimental ten-photon entanglement[END_REF], or by entangling two particles in more degrees of freedom (DOF) [START_REF] Barbieri | Polarization-momentum hyperentangled states: Realization and characterization[END_REF][START_REF] Krenn | Quantum Communication with Photons[END_REF][START_REF] Barbieri | Enhancing the Violation of the Einstein-Podolsky-Rosen Local Realism by Quantum Hyperentanglement[END_REF]. However, especially for photons, the generation of a high number of entangled particles is challenging as the commonly used parametric downconversion sources suffer from intrinsic spontaneous, i.e. propabilistic, emission process (see Appendix A). On the other hand, the second approach can circumvent this issue, by generating one pair of photons, entangled in more than one DOF [START_REF] Barbieri | Polarization-momentum hyperentangled states: Realization and characterization[END_REF][START_REF] Barreiro | Generation of hyperentangled photon pairs[END_REF][START_REF] Krenn | Quantum Communication with Photons[END_REF][START_REF] Kwiat | Hyper-entangled states[END_REF][START_REF] Barbieri | Enhancing the Violation of the Einstein-Podolsky-Rosen Local Realism by Quantum Hyperentanglement[END_REF]. In general, hyperentangled states are the product of n Bell maximally entangled states, one for each DOF of interest, spanning a higher-dimensional Hilbert space [START_REF] Barbieri | Polarization-momentum hyperentangled states: Realization and characterization[END_REF][START_REF] Barreiro | Generation of hyperentangled photon pairs[END_REF]. In the past, such states allowed performing tasks that are usually not achievable with usual entangled states (n=1), such as a complete Bell state analysis [START_REF] Barbieri | Complete and deterministic discrimination of polarization Bell states assisted by momentum entanglement[END_REF][START_REF] Wei | Hyperentangled Bell-state analysis[END_REF] and superdense coding experiments [START_REF] Barreiro | Beating the channel capacity limit for linear photonic superdense coding[END_REF].

In this perspective, photons are interesting carriers of hyperentanglement as they offer a large variety of exploitable observables, such as polarization [START_REF] Wilson | Measurement of the relative planes of polarization of annihilation quanta as a function of separation distance[END_REF], frequency [START_REF] Ramelow | Discrete tunable color entanglement[END_REF], time-bin [START_REF] Franson | Bell inequality for position and time[END_REF], spatial mode [START_REF] Barreiro | Generation of hyperentangled photon pairs[END_REF], as well as orbital angular momentum [START_REF] Mair | Entanglement of the orbital angular momentum states of photons[END_REF]. Note that by operating with twophoton hyperentangled states and n independent DOFs, we are able to encode the information over 2n qubits which increases significantly the capacity of the quantum channel [START_REF] Barreiro | Beating the channel capacity limit for linear photonic superdense coding[END_REF][START_REF] Li | Quantum secure direct communication achieved by using multientanglement[END_REF][START_REF] Wang | Quantum secure direct communication with high-dimension quantum superdense coding[END_REF]. Moreover, typical multiphoton pair issues in SPDC are circumvented by enabling the same quantum information capacity of multiphoton states based on the same number of qubits and dramatically increases the overall detection efficiency since less number of photons need to be detected. Hyperentangled states, in general, are strengthening the potential of quantum gain over classical counterparts. Therefore, such states seem to be a promising strategy in order to go beyond that threshold. Furthermore, the storage of hyperentanglement in a solid-state quantum memory has already been demonstrated [START_REF] Tiranov | Storage of hyperentanglement in a solid-state quantum memory[END_REF], positioning such states at the potential heart of a global quantum repeater-based network.

Generation of energy-time and polarization hyperentangled photon pairs

So far, most of the experimental implementations of high-dimensional entangled states have been done with bulk optics which requires complicated beam shaping for entanglement generation and detection [START_REF] Barbieri | Polarization-momentum hyperentangled states: Realization and characterization[END_REF][START_REF] Barreiro | Generation of hyperentangled photon pairs[END_REF][START_REF] Barbieri | Enhancing the Violation of the Einstein-Podolsky-Rosen Local Realism by Quantum Hyperentanglement[END_REF]. The scaling-up of such systems reduces the brightness of the hyperentanglement sources due to interface losses. Experimental complexity also prevents them from being introduced in fiber-based quantum communication systems.

In this context, and to circumvent the above mentioned issues, the generation of hyperentanglement carried out here relies on the source described in Chapter 3. As a reminder this source is based on a PPLN/w in a fully wave-guided Sagnac loop [START_REF] Jiang | The generation of polarization-entangled photon pairs using periodically poled lithium niobate waveguides in a fibre loop[END_REF][START_REF] Arahira | Generation of polarization entangled photon pairs at telecommunication wavelength using cascaded χ(2) processes in a periodically poled LiNbO3 ridge waveguide[END_REF]. It is capable of generating, controlling and manipulating maximally energy-time and polarization entangled states (a high-dimensional quantum state), all in fiber.

The experimental setup for the generation of the entangled photons pairs is depicted in Figure 4.1. It has been described in details in Section 3.3. However, I want to briefly recall the setup in order to show how hyperentangled states can be generated. An actively wavelengthstabilised fibre-coupled 780 nm continuous-wave laser is used to pump bi-directionally a type-0 PPLN/w placed into a Sagnac loop. This results in the generation of co-polarized |HH and |V V state contributions. Those contributions are then coherently superposed by means of an f-PBS and isolated from the pump laser at the WDM, resulting in the formation of the following maximally entangled Bell state in the polarization observable

|Φ + p = 1 √ 2 (|V s |V i + |H s |H i ) , ( 4.1) 
where i and s denote idler and signal photons, respectively [START_REF] Vergyris | Fully guided-wave photon pair source for quantum applications[END_REF]. Moreover, as the photon pair generation process obeys the energy conservation, signal and idler photons are emitted pairwise symmetrically around the degenerate wavelength of 1560 nm, i.e. the energy of each photon pair must equal the energy of the pump laser photon (λ -1 p = λ -1 s + λ -1 i ). In addition those photon pairs are energy-time correlated. The experimental configuration for the analysis of energy-time correlated photon pairs consists in two unbalanced Michelson interferometers (MI) and it has been described in details in Section 3.6. The photon pairs are split deterministically by sending the higher (signal) and lower (idler) energy photons to Alice and Bob, respectively. Experimentally this is implemented using a C/Lband WDM. Additionally, the photons are filtered by employing 100 GHz DWDMs centered at the wavelength of idler and signal photons, respectively. The post-selected state at the output of the two interferometers reads:

|Φ + et = |s s |s i + e i (∆ϕs+∆ϕ i ) |l s |l i √ 2 , ( 4.2) 
where |s , |l state represent photons traveling to the short (s), long (l) arm of the interferometers, and i, s denote idler, signal photons, respectively. Note that |Φ + et , for (∆ϕ s + ∆ϕ i ) = 0, is a maximally entangled Bell state in the energy-time observable.

Finally, because Alice's site receives the higher energy photon, we can substitute the indices "s", "i" for signal and idler with "A" and "B" for Alice and Bob, respectively. From the wavefunctions described in Equations 4.1 and 4.2 the final quantum state is in a higher Hilbert space (d=16) expressed as follows:

|ψ h = |Φ + p ⊗ |Φ + et = 1 2 (|H A |H B + |V A |V B ) ⊗ (|s A |s B + |l A |l B ) . (4.3)
Specifically, this hyperentangled state covers a Hilbert space with 16 dimensions compared to ordinary entangled states extending only into 4 dimensions.

Hyperentanglement Analysis

The way to analyze independently polarization and energy-time entangled states has been described in Sections 3.5 and 3.6, respectively. Subsequently, in order to analyze both observable jointly, we need a combination of the two analyzers (polarization and energy-time) at Alice's and Bob's locations. The full experimental setup to analyze the hyperentangled state is depicted in Figure 4.1. Now, each analyzer is made of a Michelson interferometer, a HWP and a PBS. Note that a fiber polarization controller (f-PC) and a fiber-PBS could replace the HWP and the bulk-PBS respectively. Practically, in this case, the polarization analyzers settings cannot be chosen precisely, since no repeatability is expected with f-PCs. However, a fully hyperentanglement analysis can be done by setting the two polarization analyzers in the phase sensitive diagonal basis, {|D , |A }, and tune the phase of the SB compensator. This can be achieved by aligning the f-PCs in advance by exploiting classical polarized light. This tuning will not effect the energy-time entanglement quality since it constitutes a global phase for the energy-time entangled state. From Equations 3.16 and 3.22, we see that the probabilities of having coincidence events are P HH = cos2 (2θ A -2θ B ) for polarization observable and P l A l B -s A s B =1 2 (1 + cos (∆ϕ A + ∆ϕ B )) 1 for energy-time observable, respectively. Here, θ A and θ B are the setting angles of the HWPs at Alice and Bob, respectively, while ∆ϕ A and ∆ϕ B are the relative phases of the MIs at Alice and Bob, respectively. For sake of simplicity, we define ϕ et = ∆ϕ A + ∆ϕ B and θp 2 = 2θ A -2θ B . Finally, the probability of registering coincidence events regarding both observables is given by

P h = P l A l B -s A s B • P HH = 1 4 (1 + cos ϕ et ) • (1 + cos θ p ) . (4.4)
In the following, Alice fixes her polarization analyzer (HWP, PBS) consecutively to analyze horizontally |H then diagonally |D polarized photons and her energy-time analyzer, i.e. the Michelson interferometer, in two different phase settings ∆ϕ A = 0 then ∆ϕ A = π 2 . For all the four combinations of the above settings, Bob's HWP is continuously rotated and Bob's interferometer is continuously phase-tuned. The coincidence rate is then measured as a function of the Bob's combined settings, which results in the acquired data shown in The acquired data can be fitted with the following equation

C = M axCounts 4 (1 + V et cosϕ et ) (1 + V p cosθ p ) , ( 4.5) 
where V et and V p are the visibility of the interference patterns for energy-time and polarization, respectively, and M axCounts represents the maximum of registered coincidence events. The obtained high visibilities demonstrate the generation of high quality hyperentanglement (see Table 4.1)2 . The data presented in Figure 4.2 can give all the information for the violation of a generalized Bell inequality which is detailed in the following subsection.

Violation of a generalized Bell inequality

As already mentioned, hyperentangled states are advantageous over "ordinary" single-observable entanglement in many ways. They allow to perform complete photonic Bell state analysis [START_REF] Barbieri | Complete and deterministic discrimination of polarization Bell states assisted by momentum entanglement[END_REF][START_REF] Wei | Hyperentangled Bell-state analysis[END_REF], they violate local realism theories with larger deviations from the classical bound [START_REF] Barbieri | Enhancing the Violation of the Einstein-Podolsky-Rosen Local Realism by Quantum Hyperentanglement[END_REF] which makes them more robust to decoherence and less particles need to be detected in order to access high-dimensional Hilbert spaces. The latter is a critical factor towards reducing the complexity of experimental implementations while increasing their efficiency. It has also been observed that the magnitude of violation of local realism, defined as the ratio between quantum prediction over the classical bound, can grow exponentially with the size of the quantum system (number n of entangled particles and/or the number of degrees of freedom) that are involved [START_REF] Mermin | Extreme quantum entanglement in a superposition of macroscopically distinct states[END_REF].

In the case of hyperentangled states in polarization and energy-time, local realism can be violated by acquiring local measurements of polarization and energy-time simultaneously. For achieving a maximum violation of local realism for the maximally polarization entangled state, the optimal settings for the angle orientations on the HWP located at Alice and Bob sites are {0 p = 0 • , 1 p = 45 • } and 0 p = 22.5 • , 1 p = 67.5 • , respectively. Here the indices p and "prime" indicate the settings referred to the polarization analysis angle and at Bob's analyser, respectively. Together with the corresponding orthogonal angles 0 ⊥ p , 1 ⊥ p and 0 ⊥ p , 1 ⊥ p , the standard Bell inequality parameter can be evaluated as follows

S p = E 0p0 p + E 1p0 p -E 0p1 p + E 1p1 p , ( 4.6) 
where

E κj = C κj + C κ ⊥ j ⊥ -C κ ⊥ j -C κj ⊥ C κj + C κ ⊥ j ⊥ + C κ ⊥ j + C κj ⊥ , ( 4.7) 
where κ = 0 p , 1 p and j = 0 p , 1 p , and C κj represents the coincidence rate measured between Alice's and Bob's detectors. In [START_REF] Clauser | Proposed experiment to test local hiddenvariable theories[END_REF] is described that for those settings a maximum violation of the CHSH-Bell inequality (S=2 √ 2) is achieved [START_REF] Bell | On the Einstein Podolsky Rosen paradox[END_REF][START_REF] Clauser | Proposed experiment to test local hiddenvariable theories[END_REF]. In general, the local realism inequality reads:

|S p | ≤ 2. (4.8)
Subsequently, for one degree of freedom, 4 different experimental configurations 0 p , 0 p , 0 p , 1 p , 1 p , 0 p , 1 p , 1 p are needed in order to measure all expectation values. In the case of energy-time entanglement, the chosen settings are applied on the phase of the two interferometers. The two pairs of settings are 0 et = 0,

1 et = π 0 et = π 4 , 1 et = 3π 4
for Bob. Similarly, the Bell parameter can be evaluated by

S et = E 0et0 et + E 1et0 et -E 0et1 et + E 1et1 et , ( 4.9) 
respecting Equation 4.8 (|S et | ≤ 2) for a local realism theory. The expectation values E κj for energy-time entanglement can be evaluated by Equation 4.7, when adapted for the settings of Alice's and Bob's interferometers.

In our case we want to measure the violation of a generalized Bell inequality as defined by Barbieri et al. [START_REF] Barbieri | Enhancing the Violation of the Einstein-Podolsky-Rosen Local Realism by Quantum Hyperentanglement[END_REF]. This model starts with two ordinary Clauser-Horne-Shimony-Holt (CHSH) Bell operators β 1,2 -one for each observablewhose purposes are to achieve a maximum violation of the ordinary CHSH Bell inequality. Note that most previous experiments have measured | β 1,2 | through sequential measurements on each individual observable with adapted analyzers [START_REF] Barreiro | Generation of hyperentangled photon pairs[END_REF][START_REF] Suo | Generation of hyper-entanglement on polarization and energy-time based on a silicon micro-ring cavity[END_REF]. However, in order to demonstrate a practical enhancement of the quantum channel capacity, all involved hyperentangled observables need to be measured simultaneously. This allows violating a generalized CHSH Bell inequality through the operator β = β 1 ⊗β 2 [START_REF] Barbieri | Enhancing the Violation of the Einstein-Podolsky-Rosen Local Realism by Quantum Hyperentanglement[END_REF].

Consequently, performing such a Bell test requires more experimental configurations. In our case, we need 16 experimental configurations and 16 expectation values that are defined as follows:

S h = + E 0p0 p 0et0 et -E 0p0 p 0et1 et -E 0p0 p 1et0 et -E 0p0 p 1et1 et -E 0p1 p 0et0 et + E 0p1 p 0et1 et + E 0p1 p 1et0 et + E 0p1 p 1et1 et -E 1p0 p 0et0 et + E 1p0 p 0et1 et + E 1p0 p 1et0 et + E 1p0 p 1et1 et -E 1p1 p 0et0 et + E 1p1 p 0et1 et + E 1p1 p 1et0 et + E 1p1 p 1et1 et . (4.10)
In this case, any theory admitting the local realism must satisfy the following inequality:

| β | = |S h | ≤ 4, (4.11) 
while quantum physics predicts a value that can reach | β | = |S hyper | = 8 for optimal settings and ideal equipment. That is a further advantage of operating in a larger Hilbert space since it exhibits a larger deviation from local realism making it more robust against noise [START_REF] Collins | Bell inequalities for arbitrarily highdimensional systems[END_REF]. In the following, we demonstrate that the violation of the Bell inequalities grows exponentially with the number of internal degrees of freedom 2 √ 2

DOF

, where DOF = 2 [START_REF] Barbieri | Enhancing the Violation of the Einstein-Podolsky-Rosen Local Realism by Quantum Hyperentanglement[END_REF]. 4.2. This is similar to ordinary Bell inequality tests where usually three positive and one negative correlation is found [START_REF] Nielsen | Quantum Computation and Quantum Information: 10th Anniversary Edition[END_REF]. For such settings, the S parameter is experimentally evaluated to be S h = 7.73 ± 0.124 . The evaluated S parameter demonstrates the high quality of the generated hyperentanglement state since it violates the generalized Bell inequality by more than 31 standard deviations. 

Settings {0 p 0 p } {0 p 1 p } {1 p 0 p } {1 p 1 p } {0 et 0 et } 0.

Wavelength multiplexed hyperentanglement generation

One route towards increasing the bit rates in quantum communication protocols lies in exploring high-dimensional schemes, i.e. by increasing the Hilbert space dimension of the entangled state [START_REF] Barreiro | Hyper-entanglement: Generation and applications[END_REF]. Higher bit rates can also be demonstrated by dense wavelength division multiplexing of entangled photons in the same quantum channel [START_REF] Aktas | Entanglement distribution over 150 km in wavelength division multiplexed channels for quantum cryptography[END_REF][START_REF] Lim | Broadband source of telecom-band polarizationentangled photon-pairs for wavelength-multiplexed entanglement distribution[END_REF][START_REF] Autebert | Multi-user quantum key distribution with entangled photons from an AlGaAs chip[END_REF][START_REF] Arahira | Generation of polarization entangled photon pairs at telecommunication wavelength using cascaded χ(2) processes in a periodically poled LiNbO3 ridge waveguide[END_REF]. In the following, I describe how we have combined both hyperentanglement and dense wavelength multiplexing towards demonstrating higher bit rates. As the SPDC spectrum depicted in Figure 4.4 is broad enough, i.e. spaning over the entire telecommunication C-band and L-Band (1530 nm-1625 nm), a wavelength demultiplexing strategy can be implemented experimentally [START_REF] Aktas | Entanglement distribution over 150 km in wavelength division multiplexed channels for quantum cryptography[END_REF]. The conservation of the energy implies that pairs of correlated photons are always produced symmetrically with respect to the degenerate wavelength (1560 nm). Therefore we can demultiplex the emission spectrum into several correlated wavelength channels using standard telecom dense wavelength division multiplexers (DWDM). Accordingly to the International Telecommunication Union (ITU) standards for fiber optic communications in the 100 GHz grid [268], we demultiplex the spectrum into the correlated channel pairs ITU10-ITU33, ITU11-ITU32, ITU12-ITU31, ITU13-ITU30, and ITU14-ITU29 (see insets in Figure 4.4). This leads to the formation of the state:

|ψ h = n k=1 |Φ + p k ⊗ |Φ + et k = n k=1 1 2 (|H A |H B + |V A |V B ) k ⊗ (|s A |s B + |l A |l B ) k . (4.12)
Here, |H and |V represent horizontal and vertical photon polarization, and |s and |l denote early and late emission times of an energy-time correlated photon pair [START_REF] Franson | Bell inequality for position and time[END_REF]. The index k denotes the wavelength channel pair in which the photon pair is generated.

To further demonstrate that hyperentanglement is compatible with wavelength multiplexing, we repeat the measurements for the same above mentioned settings in four additional channel pairs. The summary of the experimental results are shown in Table 4 In all channel pairs, a clear violation of the generalized CHSH Bell inequality is observed (Equation 4.11). This demonstrates that hyperentanglement is compatible with dense wavelength division multiplexing. But more importantly, it has also been shown that the implementation of DWDM does not necessarily increase the numbers of required entanglement analyzers [START_REF] Kaiser | Optimal analysis of ultra broadband energy-time entanglement for high bit-rate dense wavelength division multiplexed quantum networks[END_REF], making it a promising approach for higher bit rates, with moderate increase in required resources.

Human "free will" random number generator for a Bell test

The three restrictions for a complete demonstration of a Bell test are the space like separation of the particles, the fast and high-efficiency detection and the perfectly random and unpredictable measurements settings [START_REF] Larsson | Loopholes in Bell inequality tests of local realism[END_REF][START_REF] Kofler | Requirements for a loophole-free photonic Bell test using imperfect setting generators[END_REF]. Those three restrictions satisfied together permits to close the loopholes for a Bell test which undeniably challenges any local realism theory. Recently a few experiments have demonstrated the violation of the Bell inequalities by fulfilling all the three restrictions [START_REF] Hensen | Loophole-free Bell inequality violation using electron spins separated by 1.3 kilometres[END_REF][START_REF] Giustina | Significantloophole-free test of Bell's theorem with entangled photons[END_REF][START_REF] Shalm | Strong loophole-free test of local realism*[END_REF]. That happened, thanks to technological advantages that allowed closing all the three loopholes [START_REF] Zadeh | Single-photon detectors combining near unity efficiency, ultra-high detection-rates, and ultrahigh time resolution[END_REF][START_REF] Fürst | High speed optical quantum random number generation[END_REF][START_REF] Abellán | Generation of fresh and pure random numbers for loophole-free Bell tests[END_REF]. Although, the physics that permit the generation of random numbers, leaves open the question if such randomizers are not subtly connected with the physics that we are aiming to test [START_REF] Bell | Speakable and Unspeakable in Quantum Mechanics[END_REF].

The rest of the chapter deals with a Bell test, whose measurements settings are driven by human choices. This project has been led by the team of Prof. Morgan Mitchell at ICFO, Barcelona, Spain. For more details the reader can have a look to the dedicated webpage [25]. The participants of this project were 12 laboratories spread all over the world. In each laboratory, a Bell test has been performed over 24 hours using settings based upon random numbers that were provided by human beings while playing video-games on smartphones all over the world. We call those human random number generators the "Bellsters". More than 100,000 Bellsters participated and they generate 95,419,936 binary choices in total.

For the demonstration of such a Bell test we need a highly reliable and high quality entanglement source. In addition this source should be able to operate over 24 hours continuously. That means that the experimental setup generating the entangled photon pairs should be stable without the need of realignment during this time period. In this framework, the entangled photon pair source described in Chapter 3 gathers all the above characteristics. Although, we need to add two more features to the experimental setup for analyzing the entanglement: fast switch between the "0" and "1" settings for Alice's and Bob's analyzers and fast data acquisition capabilities.

With the Sagnac loop, we have the versatility to choose between two observables, polarization and energy-time entanglement. For a polarization entanglement analysis setup, we need HWPs and PBSs at Alice and Bob locations. In this case we would have been limited in the speed of the HWP motor which is on the order of ∼Hz for the switch between two settings after the reception of the binary random bits from the "Bellsters". When energy-time is analyzed with interferometers, the speed is limited to some ∼100 Hz, essentially associated with the fiber stretcher responsible for the phase modulation. In addition, as described in Subsection 3.6.2, a stabilization system is necessary which adds a level of complexity requiring a lot of effort on automatizing the switch of the settings.

Although, by exploiting a post-selection free energy-time entanglement analysis setup [START_REF] Strekalov | Postselection-free energytime entanglement[END_REF], we can employ electro-optic modulators that are capable of modulating the phase of the analyzers in the kHz regime. With such an approach we have a two-fold gain: high speed in switching the binary settings at Alice's and Bob's and no photon contributions need to be discarded, reducing our overall losses by 50%. Furthermore the complexity of the experimental setup is limited to the minimum as we will see in the following. Therefore, this allows to fully exploit a maximum of random bits that the Bellsters deliver, and demonstrate a real time Bell test measurement with human random number generators. In the following, the operational principle of such a scheme is described together with its actual implementation in our experimental setup.

Principle of post-selection free energy-time entanglement analysis

The principle of the experimental setup is depicted in |H photon contributions will accumulate a phase ∆ϕ imposed by the two interferometers. Subsequently the state |Φ + p (see Equation 4.1) reads

|ψ = e ∆ϕ A +∆ϕ B |H A H B + |V A V B √ 2 . ( 4.13) 
Then, after projecting the state shown in Equation 4.14 onto a PBS rotated by 45 • in Alice's and Bob's photons, the state evolves to:

|ψ = 1 2 √ 2 1 + e ∆ϕ A +∆ϕ B |H A H B + 1 2 √ 2 e ∆ϕ A +∆ϕ B -1 |H A V B + 1 2 √ 2 e ∆ϕ A +∆ϕ B -1 |V A H B + 1 2 √ 2 1 + e ∆ϕ A +∆ϕ B |V A V B . (4.14)
By registering coincidence counts between the four possible combination of detectors D H A , D V A , D H B and D V B we measure coincidences with a propability equal to the square modulus of the probability amplitudes of each quantum state contribution. Then for the sake of simplicity, we define ϕ et = ∆ϕ A + ∆ϕ B , therefore the probabilities of measuring coincidences read:

P H A H B = 1 + cos ϕ et 4 , P H A V B = 1 -cos ϕ et 4 , P V A H B = 1 -cos ϕ et 4 , P V A V B = 1 + cos ϕ et 4 . (4.15)

Description of the experimental setup

Our experimental setup is shown in Figure 4.6. As described in Chapter 3, the photon pair generation is based on the same Sagnac interferometer and the entanglement analysis is fully based on standard telecom fiber components. In that way we ensure a highly stable and reliable operation that fulfills the requirements for our participation in the Big Bell Test [25]. The output state of the Sagnac interferometer |Φ + p is inserted into a C/L-band WDM such as signal and idler photons propagate towards Alice and Bob, respectively, similarly to the previous experimental setup where hyperentanglement was analyzed (Section 4.1). For this experiment we choose to implement the phase tuning in the analysis interferometers with two fibered electro-optic phase modulators (EOM A,B ). The two EOMs are titanium diffused lithium niobate waveguides that have birefringent properties. Due to this birefringent |V and |H components exhibits a relative delay of about ∼12 ps, which is much greater than the coherence time of the single photons, basically determined by the spectral bandwidth of the filters 5 (1 nm corresponds to ∼4 ps coherence time). Furthermore the modulation of this birefringence allows to tune the phase relation between the two created contributions by applying a voltage. This can be considered as fine tuning of the delay over a fraction of the wavelength. Here, ∆ϕ A and ∆ϕ B are the phase shifts applied to |H contributions in Alice and Bob interferometers, respectively. Moreover, the EOMs are thermally stabilized and isolated from environmental fluctuations.

In order to apply a phase shift of π 2 on |H photon contributions, a voltage difference of about 3 V is needed. Figure 4.7 depicts the two binary settings on EOM A and EOM B . When a voltage of ∼3.5 V is applied to EOM A a phase shift ∆ϕ A = 0 is applied to |H A photon contributions and when a voltage of ∼6.5 V is applied to the EOM A results in a phase shift ∆ϕ A = π 2 . Those two voltage settings correspond to the two binary settings at Alice "0" and "1", respectively. Similarly, for the EOM B voltages of ∼2 V and ∼5 V correspond to a phase shift of ∆ϕ B = π 4 →"0 " and ∆ϕ A = 3π 4 →"1 ", respectively. These modulators are fed by the random numbers generated by human beings, allowing them to apply a phase on the photons |H A and |H B on demand, and therefore choosing between the four phase-sensitive analysis bases. Then the output of the two EOMs is injected into a fiber-polarization controller that is aligned such that a rotation of 45 • is applied on the quantum state shown in Equation 4. [START_REF] Yin | Satellite-based entanglement distribution over 1200 kilometers[END_REF]. Therefore the quantum state evolves to the wavefunction expressed in Equation 4.14. Finally, we project this state by adding two fiber-polarization beam splitters. The two outputs of the two projectors at Alice's and Bob's are sent into 4 SPDs (D

H A , D V A , D H B , D V B ).
At Alice's site, we use free-running low-noise InGaAs SPDs (IDQ 220, 15% detection efficiency, 20 µs deadtime) which trigger, upon a detection event, Bob's gated InGaAs SPDs (IDQ 201, 20% detection efficiency, 40 µs deadtime). All detectors are connected to a 4-channel time-to-digital converter (TDC) which allows to infer the two-photon coincidence rates between different pairs of detectors.

The single photon propagation losses have been measured to be of about 6.5 dB from the output of the PPLN/w to Alice's and Bob's analysers (i.e. in front of the EOMs), respectively. The main contribution comes from our rather lossy 1 nm bandpass filters (≈ 4 dB) which could be reduced by more than 3 dB with state-of-the-art dense wavelength division multiplexers (DWDM).

Energy-time entanglement quality analysis 4.2.3.1 Two-photon coincidence histograms

Compared to Figure 3.9, in which three coincidence peaks were observed, we now only have one peak rising for each combination of detectors

D H A , D V A , D H B and D V B .
The reason, as already explained, is that the short-long and long-short contributions do not exist anymore. The four 

D V A &D V B (blue), D H A &D V B (pink), D V A &D H B (black) and D H A &D H B (red).
The temporal bin width of our TDC is 81 ps. Note that, for better visualization, the four peaks have been temporally displaced using different cable lengths. Throughout the rest of the manuscript, only events within four bins located around the center of each coincidence peak are considered.

coincidence histograms, for the four combinations, for random phase fluctuations applied to both EOMs are presented in Figure 4.8. The blue, pink, black and red histograms correspond to coincidence events between

D V A &D V B , D H A &D V B , D V A &D H B and D H A &D H B , respectively.
The temporal bin of the TDC is 81 ps. Note that for better visualization, the four peaks have been temporally displaced using different cable lengths delaying the electronic signal from the four detectors to the TDC. For an acceptable signal-to-noise level, the time window is set such that only events within four bins located around the center of each coincidence peak are considered (324 ps region).

Energy-time correlated photon interference

In order to perform an entanglement analysis, we record two energy-time correlated photon interference fringes while scanning Bob's phase ∆ϕ B for two fixed values of Alice's phase, i.e. 

ϕ s = -π 2 .
Bob's phase is continuously scanned. In both cases, sinusoidal interference fringes are obtained in the two-photon coincidence rates corresponding to the four possible detector combinations. This underlines that entanglement is invariant under analysis basis rotations. Error bars assume poissonian statistics.

As usual, the acquired data can be fitted by the equation

C = M axCounts 2 (1 + V et cosϕ et ) , (4.16)
where V et is the visibility of the interference pattern for energy-time correlated photons, and M axCounts the maximum of registered coincidence events. Subsequently, we calculate the visibility of each two-photon interference fringe. When Alice's phase is set to ∆ϕ A = 0, we obtain 82.6 ± 1.3%, 82.9 ± 1.3%, 87.7 ± 1.2%, and 84.2 ± 1.3% for the detector pairs 

D V A &D V B , D H A &D H B , D V A &D H B ,
V A &D V B , D H A &D H B , D V A &D H B , and D H A &D V B , respectively.

Bell inequality violation

In Subsection 4.1.3, I explained how we can evaluate the S-parameter when only one combination of detectors is available. In this experimental configuration, we can register for each experimental configuration the coincidence events from all the four different pairs of detectors. The "0" and "1" settings at Alice's correspond to a phase shift of ∆ϕ A = 0 and ∆ϕ A = π 2 , respectively. The "0 " and "1 " settings at Bob's correspond to ∆ϕ B = π 4 and ∆ϕ A = 3π 4 , respectively. Subsequently, we can extract the necessary expectation values for the violation of the Bell inequalities via the S-parameter [START_REF] Nielsen | Quantum Computation and Quantum Information: 10th Anniversary Edition[END_REF][START_REF] Bell | On the Einstein Podolsky Rosen paradox[END_REF][START_REF] Clauser | Proposed experiment to test local hiddenvariable theories[END_REF] as follows:

E κj = C HH κj + C V V κj -C HV κj -C V H κj C HH κj + C V V κj + C HV κj + C V H κj , ( 4.17) 
where κ = 0, 1 and j = 0 , 1 , and C HH κj , C V V κj , C HV κj and C V H κj are the coincidence rates measured for the detector pairs

D H A &D H B , D V A &D V B , D H A &D V B , and 
D V A &H V B , respectively.
The S-parameter can be evaluated by the following formula:

S = E 00 + E 10 -E 01 + E 11 . ( 4.18) 
From the raw data depicted in Figure 4.9, we extract S raw = 2.50 ± 0.02 which represents a violation of the Bell inequalities by more than 25 standard deviations. Additionally, when subtracting noise originating only from the detectors' dark counts (∼30 counts per 10 seconds), we obtain S net = 2.75 ± 0.02, which is only 3.5 standard deviations away from the optimal value of 2 √ 2. This further underlines the quality of the generated entanglement. This experimental setup could be further optimized by replacing the APDs with state-of-the-art superconducting single photon detectors that feature negligible dark count probabilities [START_REF] Hadfield | Single-photon detectors for optical quantum information applications[END_REF].

A 25 h continuous violation of the Bell inequality

The big challenge in this experiment was the continuous violation of the Bell inequalities for a time period of 25 hours. The data acquisition strategy and the results for a Bell test that lasted from 30.11.2016 at 11:09 am to 01.12.2016 at 12:10 pm are described in this section. This corresponds to a total time duration of 25 hours. The bits generated by the Bellsters have been stored in the cloud and then sent to the lab in Nice in order to change the applied phase between the contributions |H and |V for Alice's and Bob's photons. In other words each time our system was receiving a "0" or "1", Alice's EOM A was applying a voltage equal to 3.5 V and 6.5 V, respectively. At Bob's site, for a bit of "0" or "1", the voltage applied at Bob's EOM B was set to be 2.0 Volts or 5.0 Volts, respectively. The settings of Alice and Bob as well as the corresponding phase shifts have been explained in details before and they are summarized in Table 4. [START_REF] Giovannetti | Quantum metrology[END_REF].

Those settings correspond to the standard optimal ones for violating the Bell inequality using energy-time entangled photons [START_REF] Strekalov | Postselection-free energytime entanglement[END_REF][START_REF] Nielsen | Quantum Computation and Quantum Information: 10th Anniversary Edition[END_REF][START_REF] Tanzilli | PPLN waveguide for quantum communication[END_REF][START_REF] Greenstein | The Quantum Challenge: Modern Research on the Foundations of Quantum Mechanics. Jones and Bartlett series in physics and astronomy[END_REF]. Finally, a coincidence electronic system in combination with a LabView software was used in order to account only for events in which both Alice and Bob receive a photon from the same pair. Therefore, for a particular combination of settings at Alice's and Bob's, a coincidence event is registered. The data acquisition strategy is the following: every second, a table of 2 × 1000 random bits (Alice and Bob) is downloaded from the server where the human-generated random bits are stored originating directly from the Bellsters. Then, the following sequence is repeated 1000 times:

1. A 4 µs time window is reserved in order to adjust Alice's and Bob's EOM settings accordingly to the human random numbers (HRNs). During this time no coincidences are recorded. The following information is written into the raw data output file: a time stamp information at the end of the 4 µs window, and Alice's and Bob's EOM settings.

2. Two-photon coincidences are recorded for 996 µs. Time stamps with information about the corresponding detector pair are stored in the raw data output file. Only one coincidence event can be registered during the full 1 ms.

Most of the bits that have been received in Nice have been used within 1 second upon arrival. From the raw file generated with the above procedure, we generate a new data-file where multiple or no coincidence events are recorded. Here, no-coincidence events are deleted, and for multi-coincidence cases only the event belonging to the first time stamp is kept. Single coincidence events are not modified and stored as is. A schematic of this data acquisition scheme is shown in Figure 4.10. From the new data file, the S-parameter is constructed in real-time following the standard approach as described in Subsection 4.2.3. In Figure 4.11, we show the 25-hour development of the measured S-parameter with a 5-minute running average. During that period, we had some unpredictable issues that are noted on the graph with arrows. Within the first four hours, we observe a drop due to a strong temperature change in our laboratory which caused a slight misalignment of the PPLN/W. This cause a difference in the probability amplitudes of the two photon pair contributions and therefore the generated Bell state was not maximally entangled. At ∼3:00 pm, 30/11/16, the photon pair coupling from the PPLN/W to PMFs was re-optimised, and the resulting S-parameter increased. At ∼3:00 am, 01/12/16, the experiment was stopped for about 10 minutes due to an electric power failure. A second realignment procedure was required at ∼7:00 am, 01/12/16, due to a fast temperature change in the laboratory induced by the sunrise. Finally, the experiment was stopped a second time at ∼10:00 am, 01/12/16 due to a overheating problem on one of the four single photon detectors. Nevertheless, the S-parameter has been always maintained above 2, therefore proving the "quantumness" of the measured correlations.

The S-parameter, averaged over the full experiment starting on 30.11.2016 at 11:09 am and ending on 01.12.2016 at 12:10 am, by using Equation 4.18, is calculated to be S = 2.431 ± 0.003. For the full time period of the BBT the coincidence rates in the four different detector pairs and the evaluation of the expectation values is summarized in Table 4.5. The error is calculated using standard error propagation and considering poissonian statistics for the detection of single photons. Those results correspond to a violation of the standard Bell inequality by more than The total number of coincidences between the different four detector pairs for each combination of the settings at Alice's and Bob's. In the last column is presented the evaluated expectation value for each combination of the settings.
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143 standard deviations. The total number of exploited random bits generated by humans was of about 2 × 19.5 • 10 6 and the total number of measured coincidences were 2.9 • 10 6 . By considering the ratio between single and coincidence photon counts, we estimate an overall efficiency,i.e. propagation losses and detection efficiency, of 0.1%.

Conclusion

In conclusion, our hyperentanglement source shows great stability and high controllable levels, delivering the best results reported so far with fidelities higher than 0.99 that can be derived from the equation F = 1+V 2 . Because our setup generates naturally hyperentanglement, it can be quickly adapted to various applications requiring polarization, energy-time or both types of entanglement. The fully guided-wave scheme of our source allows for an ultra-compact and stable design, e.g. with a fiber pigtailed PPLN/w module [START_REF] Umeki | Highly Efficient Wavelength Converter Using Direct-Bonded PPZnLN Ridge Waveguide[END_REF] and an integrated PBS [START_REF] Shen | An integrated-nanophotonics polarization beamsplitter with 2.4×2.4 m 2 footprint[END_REF]. Furthermore, this source could be a powerful tool for future application where hyperentangled states are the basic resources for higher information capacity quantum protocols. In addition, we have demonstrated that hyperentangled photons generated through SPDC process can be exploited in order to optimize the acquired bits sent per second from Alice to Bob by analyzing hyperentanglement in a DWDM environment, i.e. simultaneously in different correlated telecom channel pairs.

Chapter 5

Wavelength interfacing of entangled photons

The experiment described in this chapter demonstrate the realization of a coherent wavelength conversion interface that preserves polarization entanglement. The heart of this interface relies on a nonlinear Mach Zehnder interferometer, where sum frequency generation (SFG) in type-0 PPLN/ws take place. Such a configuration allows to coherently transpose the wavelength of one of the initial paired photon from the telecom to the visible band. Moreover the violation of the Bell inequality demonstrates that quantum correlation properties are preserved. Such a device is of high interest for enabling future development of light-matter interaction in quantum communication systems, where telecom photons are used for entanglement distribution [START_REF] Krenn | Quantum Communication with Photons[END_REF] and quantum memories (typically operating below 1000 nm) for entanglement storage [START_REF] Heshami | Quantum memories: emerging applications and recent advances[END_REF].

This chapter is organized as follows. First, a brief review on quantum frequency conversion is provided. Then the basic idea of this work is given, encomposing the characterization of the experimental setup and of the optical nonlinear samples at the heart of the quantum interface. Subsequently, the issues (Raman scattering noise, filtering cavity, phase fluctuations) to be overcome and their solutions are presented, towards realizing an efficient and noiseless device. Finally, the results demonstrating wavelength conversion of polarization entangled photons, and the qualification of entanglement by violating the Bell inequalities are shown. This chapter ends with a conclusion and an outlook.

I would like to note that a big part of this work has been initialized from a previous member of our team, Dr. Florian Kaiser. The details of this important preliminary work can be found in his thesis manuscript [START_REF] Kaiser | Photonic entanglement engineering for quantum information applications and fundamental quantum optics[END_REF].

Quantum frequency conversion

In 1982 by Huang et al. [START_REF] Huang | Observation of quantum frequency conversion[END_REF], was demonstrated that the frequency of an input light beam can be converted into an output light beam with different frequency, while preserving the state of the initial light. It was followed by other demonstrations proving that coherent quantum frequency conversion is possible [START_REF] Vandevender | New results on single-photon up-conversion[END_REF][START_REF] Vandevender | Quantum transduction via frequency upconversion[END_REF]. Today, there are many and varied implementations following this concept finding applications, among others, in quantum information science (QIS). Notably, thanks to this technique, the gap between NIR and telecom bands can be bridged by transducing the wavelength of a photonic state while preserving its other quantum properties. Therefore, it could break the barriers towards interconnecting various kinds of matter quantum systems through long-distance telecom fiber-based quantum communication systems [START_REF] Kimble | The quantum internet[END_REF]. In this section, are reported some of the experiments that show the potentials of quantum frequency conversion (QFC) within QIS. Some of them are the preservation of the single character of single photons [START_REF] Rakher | Quantum transduction of telecommunications-band single photons from a quantum dot by frequency upconversion[END_REF][START_REF] Zaske | Visible-to-telecom quantum frequency conversion of light from a single quantum emitter[END_REF][START_REF] Kambs | Low-noise quantum frequency down-conversion of indistinguishable photons[END_REF][START_REF] Lenhard | Coherence and entanglement preservation of frequency-converted heralded single photons[END_REF], the preservation of the photonic qubits [START_REF] Ikuta | Wide-band quantum interface for visible-to-telecommunication wavelength conversion[END_REF], and/or the quantum correlation properties of entangled photons [START_REF] Tanzilli | A photonic quantum information interface[END_REF][START_REF] Ikuta | Wide-band quantum interface for visible-to-telecommunication wavelength conversion[END_REF][START_REF] Ramelow | Polarization-entanglementconserving frequency conversion of photons[END_REF].

A decade ago, up-conversion single photon detectors promised higher efficiency in detecting single telecom photons. Silicon APDs at that time had much better quantum detection and noise figures compared to their telecom analogues based on InGaAs. Therefore, up-converting telecom wavelength photons to the visible spectral range was a strategy towards overcoming the difficulties on reliably detecting those photons [START_REF] Honjo | Long-distance distribution of time-bin entangled photon pairs over 100 km using frequency up-conversion detectors[END_REF][START_REF] Langrock | Highly efficient single-photon detection at communication wavelengths by use of upconversion in reverse-proton-exchanged periodically poled LiNbO3 waveguides[END_REF][START_REF] Pan | Efficient and stable single-photon counting at 1.55 µm by intracavity frequency upconversion[END_REF][START_REF] Thew | Low jitter up-conversion detectors for telecom wavelength GHz QKD[END_REF]. Furthermore, the spectral response of such single photon counting systems could be tuned by engineering the nonlinear properties of the up-conversion crystal, by using the temperature dependence of the refractive indices, and/or by changing the pump wavelength [START_REF] Thew | Tunable upconversion photon detector[END_REF]. This paved the way for efficient realization of QKD protocols thanks to augmented detection efficiencies and potentially reduced noise levels [START_REF] Takesue | Differential phase shift quantum key distribution experiment over 105 km fibre[END_REF][START_REF] Diamanti | 100 km differential phase shift quantum key distribution experiment with low jitter up-conversion detectors[END_REF][START_REF] Albota | Polarization-independent frequency conversion for quantum optical communication[END_REF]. Nowadays, however, such an approach is outperformed by supercontucting nanowire single photon detectors (SNSPDs) that have rapidly been developed over the last decade [START_REF] Zadeh | Single-photon detectors combining near unity efficiency, ultra-high detection-rates, and ultrahigh time resolution[END_REF], and even by new generation InGaAs avalanche photodiodes (APDs).

QFC has also been used to coherently convert single photons between telecom and NIR wavelengths, either by up-conversion [START_REF] Rakher | Quantum transduction of telecommunications-band single photons from a quantum dot by frequency upconversion[END_REF] or down-conversion [START_REF] Zaske | Visible-to-telecom quantum frequency conversion of light from a single quantum emitter[END_REF][START_REF] Kambs | Low-noise quantum frequency down-conversion of indistinguishable photons[END_REF] schemes. Thus, shortwavelength single photons originating from solid-state single photon sources can be potentially interfaced with quantum telecom communication systems. Recently, it was demonstrated the heralded generation of a telecom photon by a cold Rb atomic ensemble by exploiting QFC [START_REF] Lenhard | Coherence and entanglement preservation of frequency-converted heralded single photons[END_REF]. The results have been verified by measuring the autocorrelation function of the heralded telecom photons, qualifying the "singleness" of the converted photons. The range of converted frequencies has also been extended to the UV spectral range [START_REF] Rütz | Quantum frequency conversion between infrared and ultraviolet[END_REF].

Furthermore, quantum information carried by a photon can be preserved even after a QFC process is performed [START_REF] Kambs | Low-noise quantum frequency down-conversion of indistinguishable photons[END_REF][START_REF] Takesue | Single-photon frequency down-conversion experiment[END_REF]. That means that also quantum correlations between photons remain unaltered after a QFC process. It has been demonstrated on time-bin [START_REF] Vandevender | Quantum transduction via frequency upconversion[END_REF][START_REF] Ikuta | Wide-band quantum interface for visible-to-telecommunication wavelength conversion[END_REF], energy-time [START_REF] Tanzilli | A photonic quantum information interface[END_REF][START_REF] Lenhard | Coherence and entanglement preservation of frequency-converted heralded single photons[END_REF], polarization [START_REF] Ramelow | Polarization-entanglementconserving frequency conversion of photons[END_REF][START_REF] Dudin | Entanglement of light-shift compensated atomic spin waves with telecom light[END_REF] and optical angular momentum qubits [START_REF] Zhou | Orbital angular momentum-entanglement frequency transducer[END_REF][START_REF] Zhou | Orbital angular momentum photonic quantum interface[END_REF]. Moreover, entanglement swapping have been observed by up converting photons [START_REF] Sangouard | Faithful entanglement swapping based on sum-frequency generation[END_REF] and also entanglement between matter and telecom photonic quantum states [START_REF] De Greve | Quantumdot spin-photon entanglement via frequency downconversion to telecom wavelength[END_REF]. In addition, upfrequency conversion at the single photon level, has been exploited for the direct generation of photon triplets [START_REF] Guerreiro | Nonlinear interaction between single photons[END_REF]. Finally, continuous-variable entanglement has also been successfully up-converted from the telecom range to the green spectrum while preserving the non-classical correlations [START_REF] Baune | Unconditional entanglement interface for quantum networks[END_REF].

In general, frequency conversion of single and entangled photons in a coherent manner, can play a crucial role towards interconnecting various elements of future quantum information networks [START_REF] Kimble | The quantum internet[END_REF]. For example, it is a promising technique for interfacing quantum memories, i.e. material systems able to store quantum information, with telecom wavelengths [START_REF] Farrera | Nonclassical correlations between a C-band telecom photon and a stored spin-wave[END_REF][START_REF] Albrecht | A waveguide frequency converter connecting rubidium-based quantum memories to the telecom C-band[END_REF][START_REF] Ikuta | Heralded single excitation of atomic ensemble via solid-state-based telecom photon detection[END_REF][START_REF] Rütz | Quantum frequency conversion between infrared and ultraviolet[END_REF]. Telecom photons are required for fiber-based long-distance quantum communication protocols due to low losses into fibers, while quantum memories rather operate in the visible spectral range. Therefore, hybrid devises can be regarded as a route towards the realization of optimized quantum network systems [START_REF] Kimble | The quantum internet[END_REF].

A photonic quantum interface for polarization entangled qubits

General considerations

The target of our demonstration can be outlined as follows. First, it concerns the generation of polarization entanglement of the form |ψ =

|H tel A |H tel B +|V tel A |V tel B √ 2
in the telecom ("tel") range. Then, one of the two entangled photons is up-converted into the visible spectral range. This process has to be done, while the quantum properties of the up-converted photon maintained identical [START_REF] Rakher | Quantum transduction of telecommunications-band single photons from a quantum dot by frequency upconversion[END_REF][START_REF] Zaske | Visible-to-telecom quantum frequency conversion of light from a single quantum emitter[END_REF][START_REF] Kambs | Low-noise quantum frequency down-conversion of indistinguishable photons[END_REF][START_REF] Lenhard | Coherence and entanglement preservation of frequency-converted heralded single photons[END_REF][START_REF] Rütz | Quantum frequency conversion between infrared and ultraviolet[END_REF]. In other words, the QFC process should to a maximally polarization entangled state of the form |ψ =

|H tel A |H vis B +|V tel A |V vis B √ 2 
, i.e. where polarization entanglement is "shared" between telecom ("tel") and visible ("vis") photons. The general simplified scheme of such an approach is depicted in Figure 5.1. One of the two polarization entangled photons is sent to a quantum coherent frequency converter. The latter applies a frequency transposition from the telecom to the visible band onto the corresponding photon while preserving the quantum correlation properties of the pair.

Such a coherent conversion conversion process is called a photonic quantum interface. This device should feature three main properties:

• The process must be efficient enough to convert nearly all photons between initial and final wavelengths, while being also reliable and with low loss. High efficiencies can be achieved by employing continuous pumping beams, using either a build up cavity [START_REF] Zhou | Orbital angular momentum photonic quantum interface[END_REF][START_REF] Albota | Efficient single-photon counting at 1.55 µm by means of frequency upconversion[END_REF], or nonlinear crystals with waveguide structures [START_REF] Tanzilli | A photonic quantum information interface[END_REF][START_REF] Lenhard | Coherence and entanglement preservation of frequency-converted heralded single photons[END_REF].

• The process should be coherent [START_REF] Huang | Observation of quantum frequency conversion[END_REF]. If phase information is lost during the spectral shifting, the state of the original qubit, or entangled state, would not be preserved [START_REF] Vandevender | Quantum transduction via frequency upconversion[END_REF].

• During the frequency conversion no sources of distinguishability should enter the game. Otherwise, kind of projective measurements would be applied on the photon and the entanglement would be significantly degraded.

Photonic entangled states coded on the polarization observable are the more vulnerable, when compared with other observable conversion schemes. This is due to the fact that there are various sources of entanglement degradation that can be found in frequency converters (SFG, DFG, SFWM). Most of the nonlinear crystals are birefringent, or worst, only capable of converting one polarization orientation (mode). This leads to a distinguishability between the conversion of horizontally and vertically polarized photonic contributions, which degrades or completely destroys polarization entanglement. Moreover, if considering a solution in which two conversion crystals are used, one for vertical and one for horizontal modes, then it is crucial that the conversion efficiencies of both crystals are precisely balanced. Furthermore, the phase relation between the two components |H and |V needs to be stable. For instance, if a photonic qubit prepared in the state |D = 1 √ 2 (|H + |V ), i.e. a photon diagonally polarized, is incident on the conversion apparatus, the phase relation between the two components is zero. However, if the conversion interface introduces a phase shift of ϕ between the two components, then the converted state is 1 √ 2 (|H + e i ϕ |V ). As long as ϕ is stable or known at all times, we can always find an experimental procedure to compensate for it. However, if ϕ fluctuates randomly, the considered qubit cannot be analyzed reliably anymore. Guaranteeing a stable ϕ is not an easy task, especially for solutions comprising two conversion stages. Note that wavelength converters for energy-time and time-bin entanglement conveniently circumvent these problems as typically only a single polarization mode is present, such that only one conversion device is required, making the issues of balanced conversion efficiencies and phase stability irrelevant [START_REF] Tanzilli | A photonic quantum information interface[END_REF].

In addition, the coherence time of the up-converted photons is strongly related with the phase matching conditions of the up-conversion crystals. In other words the up-conversion process can act as a spectral filtering process augmenting the coherence time of the single photons [START_REF] Lenhard | Coherence and entanglement preservation of frequency-converted heralded single photons[END_REF]. Usually the escort pump laser features a long coherence time, and does not contribute to the bandwidth of the converted photons. For example, in quantum interfaces where energy-time or time-bin entangled photons are involved [START_REF] Tanzilli | A photonic quantum information interface[END_REF][START_REF] Vandevender | Quantum transduction via frequency upconversion[END_REF][START_REF] Ikuta | Wide-band quantum interface for visible-to-telecommunication wavelength conversion[END_REF][START_REF] Thew | Low jitter up-conversion detectors for telecom wavelength GHz QKD[END_REF], this coherence is protected by the coherence time of the pump laser. In order to destroy entanglement, the pump coherence time should be less than the time-bin separation of the employed analysis interferometers (typically on the order of 1 ns).

A non-linear MZI configuration

The experimental setup realized for this specific interface is depicted in Figure 5.2. A diagonally polarized CW pump laser stabilized at 1620.58 nm and a telecom entangled photon at 1560.48 nm are brought together using a wavelength division multiplexer (WDM) and sent to a polarizing beam-splitter (PBS). The PBS reflects the vertical (|V ) and transmits the horizontal (|H ) polarization components, for both the pump laser and the entangled photon. The pump photon and the entangled photon are lie in the same optical band, therefore is easy to find fiber and bulk commercialized optical components optimized for both wavelengths. The vertical components are directly sent to a type-0 PPLN/w where the entangled photon component is wavelength converted to the visible range at 794.98 nm via SFG (|V 1560. [START_REF] Dirac | The principles of quantum mechanics[END_REF] |V 1620.58 → |V 794. [START_REF] Bennett | High performance single photon sources from photolithographically defined pillar microcavities[END_REF] ). This component, thanks a PM fiber twisted by 90 • , is rotated, such that it becomes horizontal (|H ) and sent to another PBS where it is transmitted towards the interface output (see also Section 3.3, where a similar arrangement is designed). Concerning the horizontal component The upper contribution is first rotated by employing PM fibers and twisted for 90 • and then converted in a PPLN/w. The vertical component is directly sent to the second PPLN/w, and rotated after conversion. Note, that someone could have used fibered-polarization controllers to actively control the polarization of the photons in the upper and lower arm. Although, this will add higher experimental complexity and additional losses.

of the initial entangled state (|H ), after the input PBS, it is rotated using a twisted PM fiber as before1 , to be vertical, |V , and wavelength converted in a second PPLN/w. The converted component is sent to the output PBS where it is reflected and exits at the same output as the other component. Note, that the two photon contributions |H and |V are coupled into a fiber that implies random polarization rotations. Although, by using an f-PC we can always retrieve the initial quantum state, by rotating the polarization back to the original one.

The main advantages of this Mach-Zehnder configuration are:

• It can be realized in a fully guided-wave fashion. The pump laser and entangled photon fields are mixed at a WDM and the |H and |V modes are separated at a fibered PBS. Nowadays cheap optical elements of that type can be found commercialized and they can reliably handle high-optical powers.

• The light fields are coupled to a PPLN/w sample via an optical fiber. In many applications the entangled photon and pump laser wavelengths are reasonably close such that both are guided in a single mode fiber and a good-fiber-to waveguide coupling can be achieved at both wavelengths. Furthermore, we eliminate the spatial mode mismatch of the two light fields which is present in configurations where bulk crystals are employed. A good spatial mode overlap is mandatory for high conversion efficiency.

• At the waveguide outputs, the converted light is collected using optical fibers optimized for the visible spectral range (795 nm). This is an additional filter for the remaining pump field since telecom light cannot be guided in single-mode visible fibers. A good light collection efficiency is achieved, as at this stage, the coupling needs to be optimized for only one wavelength of interest (795 nm). Recombination of the two paths is then made using a custom fiber coupled PBS.

• This setup permits using type-0 PPLN/ws for SFG process with very high efficiency, due to high energy confinement into the waveguide core.

Although, we have to consider the disadvantages of this configuration, all of them being solvable with reasonable efforts:

• One needs to take care that the conversion efficiencies for the two polarization modes are matched. Regarding that point, proper pump laser power adjustment in both waveguides solves this problem conveniently.

• The path length difference of the two interferometer arms needs to be matched to better than the photon coherence length, which typically ranges from 1 mm to several metres2 . This problem is also conveniently solved by carefully aligning the experimental apparatus and a potential walk-off compensation stage.

• The biggest challenge concerns the stabilization of the phase between the two (fibered) interferometer arms, especially over a long time-scale. Solving this problem is not evident, and requires a clever phase stabilization system as reported in Subsection 5.4.2.

The Mach-Zehnder interferometer configuration seems to be the only feasible solution towards achieving polarization entanglement wavelength conversion with a high efficiency.

Overview of the quantum-interface experimental setup

The full experimental setup is quite complex, requiring different experimental stages, such as entangled photon pairs generation, noise filtering stages, laser and phase stabilization systems and a lot of electronics. In order to precisely explain the role of its stage of the setup, I will first discuss the three main figures of merit of a quantum interface, then present a description of the full setup, and end-up with a detailed description of all the building blocks and their optimization.

Figures of merit

A quantum interface is characterized by three main figures of merit:

Efficiency-losses

An ideal quantum interface would convert all the incident photons to the desired wavelength. In this specific experiment the incident 1560.48 nm photons shall be converted to 794.98 nm photons with 100% probability. The overall efficiency depends on that of the nonlinear crystals as well as on the losses in all the rest of the building blocks. It is common to speak about internal efficiency, i.e. the ratio of the photons successfully converted inside the nonlinear crystals themselves, and overall efficiency, i.e. the ratio of the photons successfully inputed, converted and exiting the full experimental setup.

Photonic noise

Another important feature of a quantum interface is the photonic noise. In simple words, noise is when a pump-induced photon at 794.98 nm wavelength is exiting the QI without having a photon at 1560.48 nm wavelength entering the device. As we will see, such a photonic noise can be observed on the single photon counting module for various reasons. Photons at 1560.48 nm can originate from Raman scattering of pump photons into the fibers. Those photons can be up-converted into the QI and lead to the generation of 794.98 nm photons. Furthermore, weak filtering with low extinction ratio can cause the detection of photons that differs from the 794.98 nm. This finally adds additional noise to our experimental results.

Duty-cycle

Most of the QIs need to include complex stabilization systems. It means that there is a part of the time that the QI is disabled for stabilization purposes. The ratio of enabled/disabled time defines the duty-cycle.

Unfortunately, all these aforementioned features are interconnected. For example, the reduction of the noise in our experiment necessitates the use of a built-up cleaning cavity. This introduces additional losses which reduce the overall efficiency. The 1620.58 nm pump laser when sent through an EDFA can deliver power up to 2W. But, the reduction of the Raman noise necessitates the use of filtering stages that will add additional losses in the pump laser. Therefore less power will be coupled into the nonlinear MZI which limits the internal efficiency as we shall see later, since the internal up-conversion efficiency depends on the pump power. In addition, the use of the cavity requires an active stabilization system, that forced us to introduce a duty-cycle. In the following, the previous mentioned facts will be described and analyzed. Before that, a description of the full experimental setup is provided in order to explain easier each individual block afterwards.

Description of the full experimental setup

The complete experimental setup is depicted in Figure 5.3 where all the building blocks and the most important experimental parts are shown.

The polarization entangled telecom photon pairs at 1560.48 nm (degeneracy) are generated by the Sagnac source described in Chapter 3. The initial 780.24 nm CW pump laser is actively stabilized, against a rubidium transition. The photon pairs are split probabilistically by means of a fiber beam splitter (f-BS). That means that only at 50% of the cases the photons are truly split which adds losses of 3 dB (see Subsection 3.4.1). When photon pairs are successfully split at the f-BS, the generated state reads:

Φ + = |H A,tel |H B,tel + |V A,tel |V B,tel √ 2 , ( 5.1) 
which is a maximally polarization entangled Bell state. Here A, B denote the spatial modes of Alice and Bob, respectively, and the index "tel" represents a photon at 1560.48 nm. At Bob's site there is a quantum interface enabling the telecom photon at 1560.48 nm to be coherently up-converted to a visible photon at 794.98 nm. Therefore, the state after the QI can be written: 2 . This can be achieved by adjusting the polarization of the 1620.58 nm pump laser which directly modify the relative coupled pump power into each arm of the MZI. In addition, by using a Then, they are separated by a beam splitter such that one of the telecom photon is going to the "telecom" Bell state analyzer. The photons are detected by a SNSPD and the produced electronic signal is sent to the TAC. The other telecom photon is combined with a 1620.58 nm strong light field at a WDM and afterwards sent to the MZ nonlinear interferometer. Then it is coherently up-converted to a visible photon at 794.98 nm. The photons are filtered down by a build-up optical cavity and are then sent to the "visible" Bell state analyzer. The 1620.58 nm pump is spectrally cleaned in order to avoid residual photons at 1560.48 nm, that would otherwise introduce spurious noise by up-conversion. The cavity is actively locked by introducing a duty cycle, where most of the time it allows the entangled photons to be transmitted and the rest of the time an optical signal at the same wavelength is used to reset the resonance of the cavity. In order to generate that signal, a 1560.48 nm (RIO) continuous wave laser is amplified and combined with part of the 1620.58 nm pump laser. Then via SFG into a PPLN/w the desired signal at 794.98 nm is generated. This 1560.48 nm laser is stabilized against a rubidium hyperfine transition by frequency doubling it in a PPLN/w. Note that the pump laser of the photon pair generator is locked in the same rubidium line in another rubidium cell. Finally, the MZI is stabilized by exploiting the residual SHG of the 1620.58 nm laser into the nonlinear MZI. HWP: half-wave plate; PC: polarization controller; PBS: polarization beam splitter; P t BS: 99%/1% beam splitter Soleil Babinet (SB) phase compensator, we can set ϕ = 03 such that a maximally entangled Bell state between a telecom and a visible photon is obtained:

|ψ = α |H A,
Φ + = |H A,tel |H B,vis + |V A,tel |V B,vis √ 2 . (5.3)
Cleaning the telecom photonic noise. The 1620.58 nm up-conversion pump laser is filtered such that the undesired spectral components are removed. Then it is amplified and filtered again before being sent to the nonlinear MZI. This way we have a two folded gain. From one side we remove any undesired spectral components that comes from the EDFA, and we also remove any residual noise that originates from Raman scattering due to the high light intensities into the telecom fibers.

Cleaning the visible photonic noise

In order to efficiently filter the up-converted photons at 794.98 nm we use a homemade planoconcave optical cavity (Subsection 5.4.3). In that way we ensure the filtering of the photons down to 250 MHz. On one of the mirror a piezoelectric component has been attached such that the resonance of the cavity can be actively controlled by modulating the optical path between the two mirrors (Subsection 5.4.4).

Stabilizing the optical cavity against a 794.98 nm light reference. An independent stabilized 1560.48 nm CW laser is amplified and combined with part of the 1620.58 nm laser light field by means of a fiber WDM. Then it is sent to a type-0 PPLN/w. The phase matching conditions of this PPLN/w allows the generation via SFG of a light field at 794.98 nm. This light beam is waveguided into the stabilization system of the optical cavity such that it is used as the reference light to actively stabilize the cavity in the same resonance as of the up-converted visible photons |H B,vis and |V B,vis . In order to ensure that the reference laser has the same wavelength as the up converted photon we also actively stabilize the 1560.48 nm CW laser against the same rubidium transition, as the one for the 780.24 nm pump laser of the entangled photon pair source. Subsequently, the energy conservation dictates that the reference laser dedicated to the cavity stabilization system always spectrally matches the up-converted entangled photons.

Stabilizing the phase of the nonlinear MZI.

As already mentioned, the MZI can add a phase ϕ in one of the two contributions of the final entangled state of Equation 5.3. This phase can easily be controlled experimentally, to engineer the final bi-color entangled state. However, this necessitates that the phase ϕ indroduced by the interferometer is stable. Otherwise, fluctuations of that phase would cause a degradation of the entanglement quality of the final state. The stabilization system exploits the inherent frequency doubling of the 1620.58 nm laser light into the nonlinear MZI. It will be explained in details in Subsection 5.4.2. Finally, the telecom photon at Alice's are sent to a polarization Bell state analyzer that consists of a HWP and a PBS with optimum performance at 1560 nm. Similarly the visible photon at Bob's is sent to a polarization Bell state analyzer that consists of a HWP and a PBS with optimum performance at 795 nm. The telecom photons at Alice's are detected with an SNSPD (IDQ 800) at 40% quantum efficiency while the visible photons at Bob's are detected with a fiber coupled silicon avalanche photodiode (Si-APD) 4 with quantum efficiency of around 50%.

Before reporting the performances, each individual block is separately described and how each of these blocks influences the figures of merit of the complete up-conversion process is addressed.

Description of the building-blocks:

performance analysis and optimization

Nonlinear crystals characterization

For the MZI configuration interface depicted in Figure 5. where the subscripts denote the employed and desired wavelengths in nm. This particular wavelength combination is chosen as 1560.48 nm corresponds to the wavelength of the polarization entangled photon pairs emitted by the source described in Chapter 3. On the other hand, 794.98 nm corresponds to the D 2 absorption line wavelength of rubidium atoms, one of the most promising cold-atom based quantum memory species [START_REF] Heshami | Quantum memories: emerging applications and recent advances[END_REF]. Conservation of energy for the SFG process dictates that the pump laser wavelength needs to be at 1620.58 nm.

Finding the good QPM.

The experimental setup for finding the desired QPM is shown in Figure 5.4. The two PPLN chips contain several waveguides with different poling periods for coarse tuning of the phase matching conditions, covering the whole telecom-band. Fine tuning of the phase matching is realized by the device temperature. The 1620.58 nm laser is amplified using an erbium doped fibre amplifier (EDFA Keopsys), sent through a fiber polarization controller (f-PC), a wavelength division multiplexer (WDM), and coupled into the type-0 PPLN/w. The single photons at 1560.48 nm are simulated by a wavelength tunable laser, which is also sent through a f-PC, a WDM, and coupled into the same PPLN/w. The f-PCs permit aligning the two laser light polarization states such that they are vertical at the PPLN/w input. The 794.98 nm SFG signal at the PPLN/w output is collected using a lens and sent to a visible light power-meter. The coupled power of the tunable laser is adjusted to ∼ 0.3 mW and the coupled power of the 1620.58 nm laser is about 3 orders of magnitute higher than the power at 1560 nm (∼ 100 mW). The great difference of pump powers ensures that one works always in the low pump depletion regime, thus the experimental results are not biased. The obtained signals, when the wavelength of the tunable laser is scanned, are shown in Figure 5.5. The sample PPLN/w 1 (PPLN/w 2 ) shows a maximum SFG efficiency at the desired wavelengths for a temperature of 72.8 • C (66.6 • C). The spectral acceptance bandwidths (FWHM) of the two samples are 0.33 nm and 0.35 nm, corresponding to ∼40 GHz and ∼43 GHz, respectively. This means that only telecom photons into the acceptance window of the SFG process can be up-converted. Thus, the SFG process is acting as a spectral filter of the entangled telecom photons.

SFG efficiency.

To measure the internal wavelength conversion efficiency, the same experimental setup as the one shown in Figure 5.4 is employed. This time, however, the laser wavelengths are fixed at 1620.58 nm and 1560.48 nm, respectively, so as to operate always at the optimal QPM condition. The 1560.48 nm (λ 1 ) laser is waveguide coupled with a pump power of P 1 = 0.3 mW and the 1620.58 nm (λ 2 ) pump laser power (P 2 ) is varied from zero to around 300 mW. The intensity of the 794.98 nm (λ 3 ) SFG light power (P 3 ) is then measured as a function of the pump laser power.

The up-conversion efficiency in the single photon counting regime can be defined as the ratio of the number of up-converted photons N 3 at 794.98 nm over the number of the initially telecom coupled photons N 1 at 1560.48 nm:

η up = N 3 N 1 .
(5.5)

Experimentally we have direct access to the light powers P 1 , P 3 and we can define the ratio

P 3 P 1 = hc λ 3 • N 3 hc λ 1 • N 1 = N 3 λ 3 N 1 λ 1 .
(5.6) Thus, from Equation 5.5 and Equation 5.6 we can derive the formula

η up = λ 3 P 3 λ 1 P 1 .
(5.7)

The optical powers for the light fields involved in the SFG process follow the equation [START_REF] Langrock | Highly efficient single-photon detection at communication wavelengths by use of upconversion in reverse-proton-exchanged periodically poled LiNbO3 waveguides[END_REF]:

η up = λ 3 P 3 λ 1 P 1 = sin 2 η P 2 . (5.8)
Here, η is the efficiency parameter, typically given in %/W and η up the up-conversion efficiency.

The experimental results presented in Figure 5.6 show that for a waveguide coupled pump power of 250 mW the conversion efficiencies reach a value of η up ∼ 80 %. Further increasing the pump power could reach conversion efficiencies of 100 %. In general, according to the law in Equation 5.8, after reaching a maximum of 100 % and further increasing the pump power will result in reduced conversion efficiencies, as the SFG light experiences the process of difference frequency generation (DFG), i.e it is converted back to the initial wavelength of 1560.48 nm [START_REF] Langrock | Highly efficient single-photon detection at communication wavelengths by use of upconversion in reverse-proton-exchanged periodically poled LiNbO3 waveguides[END_REF]. Note that by adjusting the individual pump power in each waveguide we can adjust the probability amplitudes α, β of Equation 5.2 such that α = β = 1

Phase stabilization system

As stated in Section 5.2, the Mach-Zehnder interferometer configuration of the quantum interface results in general in a non-zero phase shift ϕ between the converted |H and |V contributions. This is due to non-identical optical path lengths for the two contributions. A constant non-zero phase is compensated using birefringent optics, such as a Soleil Babinet phase compensator. The major issue for this fully fibered interface design comes from the fact that ϕ is not stable due to small (uncontrollable) temperature fluctuations in the optical fibers employed between the input and output PBS.

In order to stabilize this interferometer one could think of employing a temperature stabilization system within 1 mK. Such a system requires very complex engineering such as the optical path length difference of the MZI interferometer does not change, and therefore no phase fluctuations will be observed. Although, such a system can be successful over short time periods, it might be the case that fast temperature changes (sunset, sunrise) could affect the functionality of the interface and add some phase fluctuations. Furthermore, it cannot promise a perfect stabilization if the fibers are moving due to mechanical vibration5 , since is a relatively slow technique. Therefore another strategy has been considered, which is more robust against environmental changes. This can be achieved by using another light field as a reference in order to stabilize the phase of the MZI.

In the previous work by F. Kaiser [START_REF] Kaiser | Photonic entanglement engineering for quantum information applications and fundamental quantum optics[END_REF], it has been observed that, along with the 1620.58 nm pump laser, a 810.29 nm light beam is always present, thanks to the residual frequency doubling of the pump laser. Figure 5.7 shows, the measured spectrum at the output of the nonlinear MZI when the pump laser and a telecom tunable laser at 1560.48 nm (attenuated at the very weak powers), are coupled to the input. The peak at 795 nm is due to phase-matched SFG between the 1620.58 nm and 1560.48 light fields (|V 1560. [START_REF] Dirac | The principles of quantum mechanics[END_REF] |V 1620.58 → |V 794.98 ). However, the peak at around 810 nm is caused by the supposedly non-phase-matched SHG of the strong pump field at 1620.58 nm where two pump photons are combined in order to generate 810.29 nm photon (|V 1620. [START_REF] Takanori | Precision-guaranteed quantum metrology[END_REF] |V 1620.58 → |V 810.29 ).

Obviously these photons need to be filtered out since they could contribute in the photonic noise of the complete experimental setup. More strikingly, they can be used for stabilizing the phase of the MZI. We observe that by using a 786 nm band pass filter (BP-786) 6 we can successfully remove that photonic noise. The transmission window of this filter is shown with the blue shaded area in Figure 5.7. Therefore, the reflected 810 nm light beam on the band pass filter will be used as reference signal for stabilizing the relative phase of the MZI 7 . The basic idea of the SHG phase stabilization scheme is outlined in Figure 5.8.

The 1620.58 nm pump laser generates in both PPLN/ws a coherent component of light at 810.29 nm. Note that light coming from the upper (lower) PPLN/w exits the interferometer vertically (horizontally) polarized, having accumulated a phase ϕ V (ϕ H ). By using a bandpass filter, the 810.29 nm and 794.98 nm light fields are separated. The state of the light field at 810.29 nm at that point can be written as follows 8 :

|ψ = |H + e i ϕ |V √ 2 , ( 5.9) 
where ϕ = ϕ V -ϕ H . This coherent state is sent through a HWP set at 45 • which results in the state:

|ψ = (1 -e i ϕ ) |H + (1 + e i ϕ ) |V √ 2 .
(5.10)

Thereafter, the light is sent to a polarizing beam-splitter (PBS) and the transmitted light I t intensity follows:

I t ∝ cos 2 ϕ 2 .
(5.11)

To stabilize the phase difference ϕ, a standard feedback-loop system is used. The modulation output of a commercial lock-in amplifier is sent to piezo-electric fiber stretcher (PZT) shown in Figure 5.8, thus a periodic modulation of ϕ PZT around zero is obtained. The modulated 8 In this case we assume that the two propability amplitudes of |H and |V are both equal to 1 √ 2 . In reality this is not necessarily true since the two individual pump powers in the two PPLN/ws are adjusted towards equalizing the up-conversion efficiencies for the two different polarization contributions. Therefore, that means that the generation of the SHG at 810 nm is not necessarily equalized. Although, this is not a problem since the stabilization system can perfectly work for classical interference fringes with less than 100% visibility. intensity I t is measured using a standard photodiode9 , the obtained signal is mixed with the modulation signal inside the lock-in amplifier and low-pass filtered. The obtained error signal is integrated using a home-made electronic circuit and fed back to the piezo-electric fiber stretcher (PZT). The PZT acts on one of the input fibers towards changing its optical length, such that the phase difference between the two interferometer arms is always kept at zero (ϕ = 0).

The system does not jump between different intensity oscillation fringes, as no fast voltage jumps in the signal sent to the PZT are observed. Although we employ a self-locking system in our homemade electronics, thus in a case of a "jump" the interferometer will automatically be re-locked back to a phase ϕ = 0.

As a conclusion, this astute interferometer phase stabilization system has proven to be suitable for locking the MZI over time scaled on the order of days.

Characterization of the optical cavity

In order to filter the up-converted photons down to 250 MHz as already mentioned in Subsection 5.3.2, we employ a homemade optical cavity. The requirements for such a cavity are the following:

• The bandwidth should be less than 500 MHz such as the QI is compatible with the narrow absorption of quantum memories.

• The free spectral range (FSR) of the cavity should exceed the spectral acceptance bandwidth of the PPLN/w for proper noise filtering, otherwise, parasitic SFG photonic noise will be present.

• Finally, the cavity should exhibit the lowest losses possible.

For a plano-concave cavity design at a light incident angle of 0 • [START_REF] Saleh | Resonator optics[END_REF], we have .12) where c = 299 792 458 m/s is the speed of light in vacuum, n air ∼ 1 is the refractive index of air, and L cav is the distance traveled by light over one round-trip around the closed cavity, which in our case is equal to 2l, where l is the length of the cavity. For a length of l = 1.5 mm the free spectral (FSR) range is of about 100 GHz, which is optimal for filtering. At ±100 GHz the QPM curve is essentially zero, such that only one wavelength band within the SFG acceptance bandwidth is transmitted. Therefore the length of the cavity has been chosen to be l = 1.5 mm.

FSR = c n air L cav = c 2 l , ( 5 
The cavity has been built by choosing two mirror of reflectivity R = 99.5%. On one of the two mirrors a piezoelectric element has been adapted such that we can actively control the resonance of the cavity by modulating the optical length l. However, slight temperature . In that way the reflected light polarization rotates by 90 • and is reflected at the PBS. One of the cavity mirrors is mounted on a piezo-electric crystal, such that the tuning of the cavity resonance is possible. By modulating the piezo-electric element we scan the optical length of the cavity and therefore the resonance, allowing to observe the spectral profile of the cavity.

fluctuations at the environment or vibrations on the optical table can cause the misalignment of the cavity. Therefore, a dynamic stabilization system has to be employed. This stabilization system is explained in details in Subsection 5.4.4.

In order to characterize the transmission profile of the optical cavity, a single mode CW laser at 795 nm is sent through a PBS and a quarter wave plate (QWP) to the optical cavity (see Figure 5.9). The transmitted light intensity is detected thanks to a fast photodiode. The QWP is set at 45 • . In that way the reflected light polarization is rotated by 90 • and is reflected at the PBS. By modulating the piezo-electric element we scan the optical length of the cavity and therefore the resonance, allowing to observe the profile of the cavity. The transmission bandwidth ∆ν of the build-up cavity has been measured to be ∆ν = 245 MHz as shown in Figure 5.10, which is a very good agreement with the above mentioned specifications concerning its compliance with solid-state and atomic vapour quantum memories. Moreover, this reduces the PPLN/w SFG acceptance bandwidth (and thus the Raman scattering noise) by almost two orders of magnitude, which results in a background noise level low enough for single photon applications. The FSR and ∆ν are related through the finesse F defined as [START_REF] Saleh | Resonator optics[END_REF] F = FSR ∆ν .

(5.13)

Therefore we can estimate the finesse of our cavity to be F ≈ 400. Such a finesse implies that the light in the cavity experiences on average 400 round trips. For each round trip a part of the light is lost due to absorption losses onto the mirrors (typical losses of 0.01%). Therefore for a finesse of F ≈ 400 we can estimate the losses of our cavity due to the absorption on the mirrors to be:

µ m ≈ 2 • 400 • 0.01% = 8%.
(5.14)

Note that for F < 1000 the absorption in the air is negligible. For the reader who is interested for more details on optical cavities, I propose the reference [START_REF] Saleh | Resonator optics[END_REF]. For the alignment process I propose the reference [START_REF] Piro | Controlled absorption of heralded single photons by a single atom: Towards entanglement distribution in quantum networks[END_REF]. By exploiting the experimental setup of Figure 5.9 and detecting the light reflected by the cavity we can gather information concerning the losses due to imperfections of the cavity or spatial mode mismatch of the incident light. By scanning the resonance of the cavity as already explained, and detecting the reflected light, we measure the reflection profile of the cavity, which is shown in Figure 5.11. Ideally, the intensity reflected at the resonance peak should be equal to zero. However, at observed in Figure 5.11, it is not the case. The green shaded area A g corresponds to the transmitted light and the blue shaded area A b to the losses due to imperfections. Therefore we can estimate the losses µ s of the cavity as follows:

µ s = A b A b + A g = I min I max ≈ 2.8%. (5.15)
Finally we can estimate the total losses µ cav in the cavity to be

µ cav = 1-((1-µ m )•(1-µ s )) ≈ 10 
.6%. As we shall see later in order to fully estimate the losses of the optical cavity we need to take into account the stabilization system as well.

Stabilization system for the optical cavity

The cavity resonance depends on the optical length as follows:

f q = q c 2 l
, with q = 1, 2, . . . . (5.16) where the positive integer q = 1, 2, . . . represents the mode number [START_REF] Saleh | Resonator optics[END_REF]. Therefore f q are the resonance frequencies of the cavity. Changes in the optical length l will cause a shift in the resonance of the cavity. Notably, the transmission frequency of the cavity is shifted by one FSR each time the cavity length is changed by λ/2, where λ is the wavelength of the light inside the cavity. Therefore, we have

∆f = 2 • FSR • ∆L λ , (5.17)
where ∆f is the transmission frequency drift and ∆L the drift of the cavity optical length. Such changes can be caused by temperature fluctuations and/or mechanical vibrations including acoustical vibrations. When using low thermal expansion materials, such as Invar (Zerodur R ), for mounting the cavity, a basic temperature stabilization might be sufficient for appropriate frequency stabilization. However, mechanical vibrations are difficult to be controlled. Therefore, the chosen stabilization system employs a reference light beam at exactly the same frequency of the up-converted photons.

Cavity stabilization scheme.

The basic idea is to use a laser light at the same frequency of the up-converted photons in order to stabilize the resonance of the cavity, hereafter called the locking beam.

Such a design requires to introduce a duty cycle on the operation of the quantum interface. That means that over a percentage of the time the locking beam is used in order to stabilize the cavity and the rest of the time the up-converted photons are filtered passing through the cavity, towards the single photon detector.

The experimental setup of the stabilization system of the cavity is depicted in Figure 5.12. Part of the 1620.58 nm pump laser of the quantum interface is taken by means of a partial fiber beam splitter. Then, it is amplified into an EDFA and combined with an amplified 1560.48 nm laser thanks to a WDM. The polarization of both light fields is controlled by means of two fiber polarization controllers. Then, they are coupled into a PPLN/w where the phase matching conditions are engineered such as a light field is generated via SFG at 794.98 nm wavelength. All those elements constitute the locking beam. We need to ensure that the locking beam has exactly the same wavelength as the up-converted photons. Therefore, part of the 1560.48 nm laser light is taken by means of a partial fiber beam splitter and is frequency doubled in a PPLN/w via SHG. The generated light is used as a reference laser in order to lock the 1560.48 nm laser against the same rubidium transition as the pump laser of the entangled photon pair source at 780.24 nm. Subsequently, energy conservation dictates that the up-converted entangled photons and the locking beam have exactly the same wavelength.

The challenge here is that the entangled photons cannot be filtered down while the locking beam is passing through the optical cavity. Therefore, we implement an optical chopper disk that permits part of the time the locking beam to be used for the feedback loop of the stabilization system and part of the time the entangled photons to be filtered down passing through the cavity. Following Figure 5.12, we define the forward and the backward coupling directions towards the cavity. The entangled photons are coupled to the cavity through the forward direction via a partial beam splitter (P t BS 1 ) such that almost all the entangled photons are transmitted. Thereafter, in the output of the cavity, another spatial beam splitter (P t BS 2 ) is placed such that almost all the entangled photons are transmitted towards the single photon counting module. The locking beam is sent to the other input of P t BS 2 and is coupled to the cavity through the counter-clockwise direction. An f-PC permits to control the polarization of the locking beam and subsequently the amount of power that is coupled to the cavity. Part of the transmitted locking beam from the cavity is reflected onto P t BS 1 , towards a fast photodiode.

The transmitted signal to the photodiode produces the signal to be sent to the lock-in amplifier. The modulation output of the lock-in amplifier is sent to a piezo-electric element mounted on one of the two mirrors of the cavity, thus a periodic modulation of the transmission frequency of the cavity f q around f q =794.98 nm is obtained. The modulated transmitted intensity is measured using a standard photodiode10 and the obtained signal is mixed with the modulation signal inside the lock-in amplifier and low-pass filtered. The obtained error signal is integrated using a home-made electronic circuit and fed back to the piezo-electric crystal of the cavity. Thereafter, it acts on the mirror position, such that the central transmission frequency is at f q =794.98 nm.

However, a proper design of the optical chopper disk is necessary such as the lowest time possible is dedicated to the stabilization system. Furthermore, all additional photonic noise coming from the locking beam should be eliminated, otherwise the performance of the quantum interface will be degraded.

Optimization of the cavity locking system.

For testing the performance of the stabilization system of the cavity, we stabilize the cavity at f q =794.98 nm and we measure the single photon rates using a single photon detector. One more bandpass filter at 800 nm11 at the output of the cavity to introduced for further filtering of the photonic noise. An additional photonic noise is observed, when the stabilization system is on, as shown in Figure 5.14. Note that, for the following experiment, the input of 794.98 nm upconverted entangled photons shown in the top right of Figure 5.12 has been blocked. Therefore, no signal at 794.98 nm is expected from other optical sources than the stabilization system itself. The chopper schematic is shown in Figure 5.13(a). It consists in three basic arc lengths: the arc length that allows the entangled photons pass through (Ar t ), the arc length that allows the locking beam passing towards the cavity (Ar l ), and two arc length in between the two previous that control the overlap between them (Ar b ). Over Ar b , neither the locking beam nor the entangled photons are seen by the cavity.

Ideally, Ar b should be equal to 0 • . However, in this case photonic noise is observed while we block the output of the QI i.e. no photonic noise at 794.98 nm can pass. For Ar b = 0 • the results are drawn with the black line in Figure 5.14. It shows that the peak at 794.98 nm is not totally vanished. We gradually increase the Ar b such that we observe no photonic noise that originates from the stabilization system. In Finally, the design of the chopper disk is made of Ar b = 15 • , Ar l = 8 • and Ar t = 337 • . The duty cycle has been accurately characterized by simulating the entangled photons with a 795 nm single mode CW laser while operating the stabilization system. The measured power intensities for the locking beam and the transmission of the 795 nm laser is shown in Figure 5.13(b). In green is shown the time period over which the entangled photons pass towards the single photon detector (94.1%). In cyan is shaded the time over which the locking beam feeds the stabilization system (2.2%) and in grey is the time period over which none of the two signals are seen by the cavity (1.85% + 1.85% =3.7%), hereafter called blind time. Therefore, the losses of the cavity due to the duty cycle are: µ dc = 100% -94.1% = 5.9% (5.18)

Estimation of the overall losses of the optical cavity. Figure 5.15 shows the transmission of the cavity (red line). Noise on the transmitted power is observed. This noise is due to the modulation of the cavity resonance and to mechanical or acoustic vibrations. We therefore calculate the losses due to the noise inserted into the cavity originating from the locking system to be µ n = 9.1%. (5.19) Finally the overall losses associated with the cavity can be estimated, including the duty cycle, from Equations 5.14, 5.15, 5.18 and 5.19 to be

µ cav = 1 -((1 -µ m ) • (1 -µ s ) • (1 -µ dc ) • (1 -µ n )) ≈ 23.5%.
(5.20) 

Origins of the photonic noise

The PPLN/w characterizations described in Subsection 5.4.1 are made using strong light fields with optical powers on the order of a few mW to several hundreds of mW. Passing from classical (high power) to quantum (low power) light fields is not evident and causes stringent noise problems due to Raman scattering. The solution of the homemade cavity in combination with the 786 nm bandpass filter, shown in Figure 5.7, are not enough. The two together can ensure high spectral purity of the filtered photons. However, any photon generated at the same frequency into the quantum interface can also pass through this filtering stage and add photonic noise. Subsequently, the quality of the quantum up-conversion process might be degraded which is strongly related with the final bi-color entanglement quality.

The photonic noise at 1560.48 nm has two main origins. First it can be due to Raman scattering of the pump laser (1620.58 nm) in all employed fibers in the setup. Second, it can originate from the spectrum of the pump laser itself. Therefore, all residual photons at 1560.48 nm can be up-converted into the PPLN/ws via SFG and generate undesired photons at the same wavelength of the up-converted photons at 794.98 nm (|V raman,1560.48 |V 1620.58 → |V 794.98 ).

Amplified spontaneous emission (ASE) of the 1620 nm pump laser

The experimental setup towards characterizing the amplified spontaneous emission of the 1620.48 nm laser is shown in Figure 5.16. Light is waveguided and amplified up to 1 W via an erbium doped fiber amplifier. Then, it is analyzed thanks to an optical spectrum analyzer and its power is measured for different wavelengths. In Figure 5.17 is shown the amplified spontaneous emission spectrum originate from the 1620.58 nm laser when no filter is introduced (black). It is clear in this spectrum, that photons at 1560.48 nm can be found (grey shaded area). Subsequently, those photons when combined into the PPLN/w with the 1620.58 nm lead to the generation of 794.98 nm photons which have the same wavelength of the up-converted photons:

|V ASE,1560. [START_REF] Dirac | The principles of quantum mechanics[END_REF] |V 1620.58 → |V noise,794.98 .

(5.21)

For suppressing that particular spectral components, we implement a filtering stage for the pump laser. The first filter is a long pass filter at 1610 nm (LP-1610) that blocks all the spectral components below 1610 nm. This filter shows a rejection level of -40 dB (0.01% transmission) in the wavelength range 1260-1605 nm, and, at the same time a transmission of more than 95% over the range 1615-1642 nm 12 . The second filter is a bandpass filter centered at 1620 nm (FB-1620) 13 . The result spectrum is shown in Figure 5.17 (red line) where we cn see that the noise level is reduced by three orders of magnitude. However, the combination of those two filters results in ∼1.5 dB additional losses at 1620.48 nm due to the imperfect transmission, mainly of the FB-1620 filter (transmission∼ 70%). It will effect the maximum internal efficiency that can be reached into the MZI due to the decrease of the power in front of the PPLN/ws.

Raman scattering noise

Even if the spectral emission of the 1620.58 nm pump laser has been cleaned from undesired spectral components, as described in the previous subsection, it is of high importance to remove any photons potentially generated due to Raman scattering in the fibers at 1560.48 nm. The experimental setup to characterize the Raman noise is shown in Figure 5.18. The 1620.58 nm pump laser is sent through two filters (LP-1610, FB-1620) and continously amplified by an EDFA up to 400 mW of optical power. Then it is sent though a C/L band WDM14 for removing any residual light at 1560.48 nm. After the WDM we add 2 m of fiber. Finally, the light is sent to the monochromator, this time equipped with a free running InGaAs single photon detector (APD) 15 at its output.

In Figure 5.19 we show the shape of the Raman noise spectrum obtained after 2 m of fiber while 400 mW are coupled into it, between 1460 nm and 1580 nm. Obviously, 1560.48 nm photons generated due to Raman noise can contribute to the increase of the photonic noise of the interface. As before, those photons can combined into the PPLN/w with 1620.58 nm photons, resulting in the generation of 794.98 nm photons which have the same wavelength with the up-converted entangled photons:

|V Raman,1560.48 |V 1620.58 → |V noise,794.98 .

(5.22)

In the following the characterization of the photonic noise of the complete quantum interface is shown. I further describe how, by the combination of several filtering stages, we succeeded in reducing the noise to the minimum. 

Rejection of the photonic noise

The final experimental setup for characterizing the photonic noise is shown in Figure 5.20. Note that the fiber that brings the 1560.48 nm entangled photons is blocked. The 1620.58 nm laser is amplified such that ∼130 mW of power is coupled into each of the PPLN/w. Both the MZI and the cavity are locked as it is explained in Subsections 5.4.2 and 5.4.4, respectively. We ensure that no photonic noise is inserted due to the stabilization system of the cavity. Finally, light is sent to the monochromator, and then is fiber-coupled and transmitted to a silicon avalanche photodiode (Si-APD) 16 . The obtained photonic noise spectrum is shown in Figure 5.21. For the first measurement (black line), the filtering stage for the spectral cleaning of the 1620 nm pump laser (Subsection 5.5.1) is implemented. In addition the C/L band WDM before the first PBS of the MZI is filtering down photons below 1565 nm up to 30 dB. However, we still observe a peak at the noise spectrum with a central wavelength at ∼795 nm. This is mainly due to the Raman noise described before, since no other source of 1560 nm photons is sent to the setup apart the spontaneous amplified emission from the 1620.58 nm pump laser and Raman scattering in the fibers. Note that the cavity is also filtering photons out of the resonance peak and the 786 bandpass filter ensures the rejection of further wavelengths.

For the elimination of that residual noise we implement another filtering stage as close as possible to the MZI interferometer, i.e. the light is traveling the less distance possible into fibers before it enters the MZI. In this stage, we add two HP-1610 filters and one FP1620 filter. The obtained spectrum noise is shown in Figure 5.21 (red line). The signal at 794.98 nm light is strongly attenuated, meaning that employing these filters reduces the residual ASE noise contribution at 1560.48 nm as well as the Raman noise contribution. Note that Raman noise can also be generated into the PPLN/w as was already observed [START_REF] Kaiser | Photonic entanglement engineering for quantum information applications and fundamental quantum optics[END_REF]. Despite this, the obtained noise figure indicates that our quantum interface can exhibit good signal-to-noise ratio.

Performance evaluation with weak coherent pulses

Such a complex experiment necessitates the evaluation of its performance before the final measurements. In this section, I present two experiments where the overall conversion efficiency and the signal-to-noise-ratio of the quantum interface are characterized. Towards demonstrating those experiments we simulate the input photons at 1560.48 nm with weak coherent pulses down to the single photon level by setting up an intensity modulator. This intensity modulator is described in the following section.

Single photon simulation

The experimental setup for the generation of weak coherent pulses is depicted in Figure 5.22. An ultra narrow-bandwidth laser light at 1560.48 nm 17 (FWHM=1.6 kHz) is attenuated and sent to an intensity modulator. We also implement a filter such that photons at different wavelengths than 1560.48 nm due to amplified spontaneous emission of the laser are removed.

We also control the polarization of the coherent pulses through an f-PC such that the polarization state reads:

|ψ = |H + |V √ 2 .
(5.23)

This state passes through a phase modulator that allows tuning the phase between the two orthogonal polarization contributions. The final state reads:

|ψ = |H + e i ϕ |V √ 2 , (5.24)
where ϕ is the phase given by the phase modulator (PM).

17 RIO ORION Laser Module, FWHM=1.6 kHz. This coherent state is sent through a f-PC aligned at 45 • . Its polarization is rotated such that it reads:

|ψ = (1 -e i ϕ ) |H + (1 + e i ϕ ) |V √ 2 .
(5.25)

The light is interfering at the output of the f-PBS. When the PM is applying a phase ϕ = 0 then, from Equation 5.25, we can derive that the output state reads |ψ = |V , (5.26) and all the light is transmitted towards to the top output of the f-PBS (see in Figure 5.22). While, when the phase applied is ϕ = π, then the output state reads:

|ψ = |H , (5.27)
and all the light is reflected towards the polarization preparation stage. Now the preparation of the weak coherent pulses is straightforward. We set the applied voltage (3 V) at the phase modulator such that ϕ = 0. With a function generator, we send a short electrical pulse of 13 ns duration and at a frequency of 100 KHz, that implies a voltage offset of 2.4 V18 . This corresponds to a ϕ = π, therefore during the electrical pulse all the light is sent towards the polarization preparation stage. Hereafter this pulse is called phase-tuning pulse.

In order to do the calibration of the weak coherent optical pulses we generate another electrical pulse after the phase-tuning pulse with a delay of 70 ns, duration 30 ns and with the same frequency of 100 KHz. This pulse triggers a gated single photon detector 19 that is placed at the bottom output of the f-PBS. Hereafter, it is called the triggering-pulse. where S is the detection rate on the single photon detector 20 , VG its valid gate, and η its quantum detection efficiency set at 25%. Therefore we can calibrate the weak coherent optical pulse generator by tuning the attenuation level and registering the detection rate on the detector. The calibration is shown in Figure 5.23.

Evaluation of the SNR and conversion efficiency

The generated weak coherent pulses are now sent to the polarization preparation stage as shown in Figure 5.22. PBS P ensures that only one polarization is transmitted and by rotating the HWP P we can set the polarization of the simulated photons at 1560.48 nm. Then those photons are sent to the conversion stage where they are up-converted to visible photons at 794.98 nm via SFG. Note that the full experimental setup is fully operational as described in the previous sections of this chapter.

For the following experiment we set the preparation stage such that only horizontally polarized |H photons are sent to the conversion stage. Thereafter, they are up-converted and guided to the polarization analysis stage which has been set such that |H photons are fully transmitted. Those photons are fiber-collected and guided to a silicon avalanche photodiode (Si-APD) 21 with quantum efficiency of about 50%. The detection generates an electrical pulse that is sent to a time-to-digital converter (TDC). The triggering pulse from the modulator is also sent to the TDC allowing to register coincidence events (C) between these two electrical signals. We can thereafter estimate the SNR of the obtained coincidence peak. The SNR for different values of n is shown in Figure 5.24. The black line corresponds to the estimated SNR for the full time window of the coincidence peak (10 ns), and the red line to the SNR for a 2 ns time window around the maximum of the coincidence peak. In Section 1.5.4 we mention that the definition of the interference pattern visibiliy reads:

V = C max -C min C max + C min , (5.29)
where V is the visibility of the obtained fringe C max and C min are the maximum and minimum of coincidences, respectively. In the presence of noise counts, labeled N , Equation 5.29 becomes:

V = C max + N -C min -N C max + N + C min + N , ( 5.30) 
where N implies a constant offset to the visibility fringe.

For high quality of entanglement the normalized values of C max and C min should be 1 and 0, respectively. Therefore from Equation 5.30 we can derive the following equation:

V = 1 1 + 2 • N . (5.31)
In addition, for violating the Bell inequalities the visibility should be at least 71%. Subsequently, from Equation 5.31 we derive that the normalised value of N for the violation of the Bell inequalities is limited to 0.2. Consequently the SNR should be higher than 6:

SNR = C max + N N = 1.2 0.2 = 6.
(5.32)

The brightness of the polarization entanglement source has been calculated in Subsection 3.4.1 to be B = 4.43 • 10 6 pairs mW • s • GHz . We can easily see that for a bandwidth of 250 MHz (FWHM of optical cavity) with a few hundreds of µW pump power we shall expect SNRs comparable with the case of 0.1 photon per pulse where the SNR is above 10. Therefore, that preliminary work proves that a violation of the Bell inequality could be achieved after having tackled the photonic noise.

We take advantage of those measurements to also characterize the full experimental setup in terms of overall conversion efficiency η qi of the quantum interface. From the definition of quantum conversion efficiency (Equation 5.5) we have:

η qi = N out N in , (5.33)
where N in input photon rate and N out the up-converted photons exiting the device. Therefore the overall up-conversion efficiency is given by

η qi = C η n • 100 kHz , ( 5.34) 
where C the coincidences events per second, η = 0.5 is the quantum efficiency of the Si-APD, n is the photons per pulse, and the 100 kHz corresponds to the frequency of the phase-tuning pulse.

For different n, the obtained η qi values are shown in Figure 5.25. The black line shows the estimated η qi ∼ 3.8% for the full time window of the coincidence peak (10 ns), and the red line shows η qi ∼ 1.2% for a 2 ns time window around the maximum of the coincidence peak. As expected, η qi is lower for a smaller window since we only register part of the up-converted photons. However, for the final experiment, η qi ∼ 3.8% is expected, which is a mean value of the efficiencies measured for different n, due to the narrow filtering of the photon pair generation.

Single photon tomography

After characterizing the full experimental setup in terms of efficiency, another important feature need to be characterized. Is the up-conversion of the photons done in coherent way? For evaluating the capabilities of our QI we perform the following experiment. The experimental setup is shown in Figure 5.22. The polarization state of the weak coherent pulses is set at the preparation stage. PBS P ensures that they are always vertically polarized |V . Then, their polarization is rotated by the HWP P . In order to be able to generate phase sensitive polarization states (|D , |A , |R , |L ), we also insert a phase compensator SB at the preparation stage. Then, the pulses are sent to the conversion stage such that they upconvert to a 794.98 nm wavelength photons. Thereafter, they pass through the rest of the experimental setup and their polarization is analyzed at the polarization tomography stage which is made of a HWP A , QWP A and a PBS A [START_REF] James | Measurement of qubits[END_REF]. Then they are fiber-coupled and sent to the Si-APD for detection. This permits to do a single photon tomography which is a trivial process for reconstructing the density matrix of a single qubit. For more details, and for further explanations of the density matrix reconstruction, I propose the reader to read the references [START_REF] Altepeter | Photonic state tomography[END_REF][START_REF] James | Measurement of qubits[END_REF][START_REF] Bayraktar | Quantum-polarization state tomography[END_REF] and the references therein.

Rotation HWP

P SB |H → |H 0 • - |H → |V 45 • - |H → |D 22.5 • 0 |H → |A -22.5 • 0 |H → |R 22.5 • π 2 |H → |L -22.5 • π 2
(a) Settings towards rotating the polarization state at the preparation stage.

Rotation HWP

A QWP A |H → |H 0 • 0 • |V → |H 45 • 0 • |D → |H 22.5 • 0 • |A → |H -22.5 • 0 • |R → |H -22.5 • -45 • |L → |H 22.5 • 45 •
(b) Settings towards analyzing the polarization state at the analysis stage.

Table 5.1: Settings at the polarization preparation and analysis stage towards reconstructing the density matrix of a single polarization qubit.

For performing single polarization qubit tomography we need to analyze the qubit in all the 6 polarization bases (|H , |V , |D , |A , |R , |L ) 22 . The settings of HWP P and of the SB for rotating the polarization of the input qubit are presented in Table 5.1a. The settings of HWP A and QWP A for analyzing the polarization of the output qubit are presented in Table 5.1b.

We rotate the weak coherent pulses polarization state to be, ubsequently, |H , |V , |D , |A , |R and |L (Table 5.1a). For all the above cases the telecom photon are up-converted and their polarization state analyzed with the polarization tomography stage (Table 5.1b). Thereafter, we measure the single photon counts using the Si-APD. The obtained normalized net detection events 23 , for all the above combinations, are presented in Table 5.2. The amplitudes of the real and imaginary part of all the elements of the density matrix measured in the output state are shown in Figure 5.26.

From the data in Table 5.2, we can reconstruct the density matrix for each input state. When |H tel polarization state is sent to the quantum interface, a |H vis exits the quantum interface with a fidelity of F |H =98.6%. For the input states |V tel , |D tel , |A tel , |R tel and |L tel , quantum states |V vis , |D vis , |A vis , |R vis and |L vis , exit the interface, with fidelities F |V =99.3%, F |D =97.8%, F |A =98.6%, F |R =97.3% and F |L =97.8%, respectively. The high-value fidelities reported here, stand for the guarantee of polarization state preservation during the up-conversion process, and therefore that our quantum interface can successfully be implemented for up-converting one photon from a pair at 1560.48 nm to 794.98 nm while preserving polarization entanglement.

Polarization entanglement preservation analysis

For the final experiment, i.e. based on the setup depicted in Figure 5.3, we replace the weak coherent pulse generator by the Sagnac entangled photon pair source described in Chapter 3. Note that all the developed systems that concerns both phase stabilization and noise suppression are now switched on. Moreover, as a bi-color (794.98 nm/1560.48 nm) entangled state is to be analyzed, in the following, we place, in front of the 1560.48 nm single photon detector, an additional fiber Bragg grating (FBG) filter having a FWHM<4 pm (corresponding to ∆ν <480 MHz24 ) centered at 1560.48 nm.

Visible-telecom photon coincidence histogram

In Figure 5.27 we saw that when we measure coincidences between Alice and Bob, a wide peak of about 3.8 ns is rising. This is due to the high coherence time induced by the optical cavity for the visible photons (245 MHz) and the FBG filter for the telecom photons (<480 MHz). In general the width of the coincidence peak (FWHM peak ) is given by

FWHM peak = τ c 2 + τ j 2 , ( 5.35) 
where τ c and τ j is the coherence time of the photons implied by the filters and the timing-jitter of the detectors. For broadband filters (<60 GHz → 0.5 nm at 1560 nm) the coherence time of the photons τ c is of a few ps, therefore the FWHM peak is dominated by the timing-jitter (τ j ) of the detectors which is on the order of a few tens of ps. In our case, the coherence time of the photons (τ c ) due to narrow filtering is on the order of a few ns, standing therefore as the dominant factor for the size and shape of the coincidence peak.

The start signal at the TAC is given by the detection of a visible photon from the Si-APD and the stop by the detection of a telecom photons detected by the SNSPD. Therefore the start follows the temporal shape of the visible photons and the stop the temporal shape of the telecom photons. By fitting the peak using a Lorentzian function to the left side of the coincidence peak (red line in Figure 5.27) we can estimate the coherence time of the visible single photons to be of about 1.7 ns. The estimated value is very close to the one predicted from the bandwidth of the cavity (245 MHz) that corresponds to 1.79 ns. Similarly, by fitting using a Gaussian function at the left side of the coincidence peak we can estimate the coherence time of the telecom single photons to be of about 1.2 ns, which corresponds to a ∆ν =370 MHz (blue line in Figure 5.27). Note, that the error for both values is dominated by the jitter of the detectors and the fitting error, therefore expected to be on the order of a few tens of ps.

Finally from Figure 5.27, we can also calculate the SNR of the up-conversion efficiency for a time window of 1.8 ns. The obtained value of the SNR is of about 27.

Preservation of polarization entanglement

In Figure 5.28 we demonstrate our capability to tune and stabilize the phase. The phase stabilization system ensures that the phase remains stable, while a phase compensator (SB) allows to tune it. In order to demonstrate those measurements, the polarization analyzers of Alice and Bob are set at 45 • , i.e. their respective HWPs are fixed at 22.5 • . Therefore, the entangled state is projected onto the phase-sensitive diagonal basis |D . The SB has been inserted on the path of the telecom photons in order to tune the phase manually.

The coincidence rate between Alice and Bob is then recorded as a function of the position of the SB, hence, as a function of the phase ϕ. For each SB position we accumulate the coincidence rate for about 2.5 min. The noise is subtracted (see Figure 5.27) and the experimental data are fitted with the following function C

(ϕ) = Max Counts 2 • (1 + V • cos(ϕ))
, where V is the visibility, ϕ is the applied phase, and C (ϕ) is the coincidence rate. As indicated in Figure 5.28 for ϕ = 0 or ϕ = π, maximally polarization entangled Bell states |Φ + or |Φ -between a telecom and a visible photon are obtained, respectively. The net visibility is measured to be 94.6%±3.8%, which certifies the high phase stability and high entanglement quality (threshold visibility for violating the Bell inequalities is 71%).

In the following we set ϕ = 0 therefore the maximally entangled state |Φ + is obtained. Alice (794.98 nm photons) fixes her analyzer consecutively to analyze horizontally |H and diagonally |D polarized photons. Bob's HWP (1560.48 nm photons) is continuously rotated and the coincidence rate is measured as the function of Bob's HWP setting. The obtained results are shown in Figure 5.29. High net visibilities are measured to be V Alice→|H =94.0% ±1.5% and V Alice→|D =94.5%±2.6% when the HWP of Alice has been set to 0 • and 22.5 • respectively.

This measurement shows a clear evidence of the preservation of entanglement due to high visibilities. An estimation of the S parameter can be done as explained in Section 4.1.3 and leads to S= 2.64 ± 0.09 that violates the Bell inequalities by more than 7 standard deviations. Another way to estimate the S parameter comes directly from the measured visibility of the fringe obtained when Alice was set in the phase sensitive basis as explained in Section 1.5.4. By following this strategy we estimate the Bell parameter to be S= 2.67 ± 0.07, violating the Bell inequalities by more than 9 standard deviations.

For the raw data presented in Figure 5.30 a sinusoidal function can be fitted with a visibility of V =85.3%±3.8%. From this visibility we can estimate the Bell parameter to be S= 2.41±0.10 that violates the Bell inequalities in the raw data by 3.8 standard deviations. 

Conclusion

This experiment demonstrates the feasibility of a high efficiency, coherent, wavelength conversion interface suitable for polarization entangled photons. In the beginning of the chapter, the need for such an interface was outlined, especially for realizing future quantum networks where telecom photons are used for distribution and quantum memories for storage of entanglement. It was shown that the non-linear process of sum frequency generation is a good candidate for performing such a task. It was further shown that the realization of such an interface applicable to polarization entangled photons is not a straightforward task and therefore quantum engineering is required, notably for stabilizing the phase of the interferometer, and the cavity resonance.

It was found that the photonic noise due to Raman scattering into fibers and the amplified spontaneous emission of the pump laser should be removed towards increasing the final entanglement quality. The noise reduction solution is based on an optical cavity and filtering stages on the pump laser. The internal efficiency, measured to be at the level of 35%, which is not optimal since half of the maximum pump power (250 mW) delivered to the interface is coupled into each PPLN/w. It has been shown that the cleaning cavity can be stabilized at the resonance corresponding to the wavelength of the up-converted photons 794.98 nm by employing standard laser stabilization schemes, in combination with a duty-cycle.

In order to preserve the polarization entangled state after wavelength conversion, the interferometer phase needs to be stabilized. An astute phase stabilization scheme was shown which is based on a small residual SHG signal induced by the strong pump laser.

Finally the performances of the quantum interface have been evaluated by estimating the violation of the Bell's inequalities. More than 7 standard deviations in the net data, and 3.8 standard deviations in the raw data have been obtained. The overall quantum conversion efficiency including the overall losses reaches 4%.

Potential improvements

As for all experiments, there is still space for optimizing the performances by further engineering the different building blocks:

• The EDFA dedicated for the amplification of the 1620.58 nm pump laser can deliver up to 2 W. However, due to the filtering stages for cleaning the spectral shape of the pump laser and the coupling losses to the nonlinear crystal, the maximum power coupled into both PPLN/w is of about 250 mW. This sets an internal conversion efficiency of the nonlinear interferometer at ∼35%. However, by increasing the coupled power into the PPLN/w, an internal conversion efficiency equal to unity can be achieved. One way towards solving this issue is the use of better filters with higher transmission and/or EDFA that can deliver powers beyond 2 W. Of course the less power traveling into the fibers the less photonic noise is generated due to Raman scattering. Therefore the first solution of filtering stages with minimized losses is more appealing.

• The current nonlinear crystals could be replaced by higher-efficiency ridge waveguides that are pigtailed with a visible and a telecom PM fiber, following the schematic of the nonlinear MZI. Such a solution could reduce the overall input and output coupling losses. This would lead to a chain of advantages. Less pump power shall travel into the fibers, subsequently less photonic noise would be produced. Internal efficiency near to unity would be easier achieved. The overall quantum efficiency as well should increase due to a better collection efficiency of the up-converted photons. Furthermore the complexity of the experimental setup would be reduced. Such devices are nowadays commercially available [306].

• The phase stabilization system could be implemented by following another strategy such that no modulation is applied at the piezo-fiber stretcher. On the path of the 810 nm light, we could add an electro-optic modulator (EOM) in order to modulate the phase between the two orthogonal polarization contributions and let them interfere on the HWP. In that way, only the feedback of the stabilization system shall be applied on the piezo-fiber stretcher and not any other modulation signal.

• Finally, the homemade cavity has low losses. However, the resonance stabilization system adds further losses due to the modulation of the resonance. The combination of a temperature stabilization box around the optical cavity and the current stabilization system would have minimized the current loss figure. The temperature stabilization system would have ensured slow frequency drifts and the duty cycle could have been more favorable for the time dedicated to the transmission of the visible entangled photons.

By implementing the aforementioned modifications, we could gain, at least, 3 dB of losses and triple the internal frequency conversion efficiency. Therefore, an overall conversion efficiency reaching the value of 25% could be achieved.

Chapter 6

Entanglement as a metrology tool

Precision in measurements and technology are interconnected in such a way that they result in a perpetual circle of development evolution. Behind a routine surgery is underlying many processes that owe their success to measurements, like micro-surgical tools, well defined drug portions, etc. At its zenith, advances in measurements allowed humanity to explore the space and to set satellites into orbits. Therefore, high-resolution and highly sensitive measurements of physical parameters have always been a task occupying a large portion of the scientific community. However, we haven't yet reach the ultimate precision which is generally defined by the Heisenberg limit. Within quantum information science and, specifically within quantum metrology, scientists seek for protocols and novel experimental setups that would potentially permit reaching ultimate precision measurements (see Section 2.7).

In this chapter two experiments are described. In the first experiment, it is shown how quantum optics brings, apart from metrology protocols with higher sensitivity and resolution, also other conceptual advantages due to entanglement. In particular, the merging of energytime entangled photons and spectrally-resolved white light interferometry allows measuring chromatic dispersion of optical fibers with much better precision and accuracy compared to state-of-the-art classical approaches. The concept the experimental setup are described, as well as a statistical analysis on the results for both classical and quantum approaches. In that way, fiber chromatic dispersion absolute values are obtained with 2.4 times better precision. Such results could have tremendous repercussions for optimizing today's telecommunication networks, developing new-generation pulsed lasers and amplifiers, and for designing novel optical components based on fiber optics.

The second experiment concerns the demonstration of a novel quantum-measurement protocol in which a phase object is probed by a two-photon state whose information is subsequently transferred to a single-photon state. This makes possible to infer two-photon phase shifts while detecting single photons only. Both concept and the description of the experimental setup, are discussed. Then such phase measurements are demonstrated using a single photon detector and a standard photodiode proving that two-photon phase shifts can be measured by performing standard intensity measurements. Our approach gives potential to perform much faster quantum-enhanced measurements due to the higher saturation at the detection level of cheap standard photodiodes.

Classical vs Quantum white light interferometry

Here, we introduce the concept of spectrally-resolved quantum white-light interferometry (Q-WLI) based on energy-time entangled photon pairs as a tool for high-accuracy optical property measurements. We apply this method to measure chromatic dispersion of an optical fiber and demonstrate that employing such quantum states of light leads to better accuracy and precision. In the following, I will first introduce and describe the classical tools of whitelight interferometry from a general point of view. Then I will explain how this tool can be strengthen by merging this classical approach with entangled photons. Specifically, I will show how the combination of energy-time two-photon path entangled states offers a unique conceptual advantage.

Classical white-light interferometry (WLI)

Phase-sensitive spectrally-resolved white-light interferometry (WLI) has been exploited for high-accuracy measurements of chromatic dispersion in fibers [START_REF] Hlubina | Measurement of the group dispersion of the fundamental mode of holey fiber by white-light spectral interferometry[END_REF][START_REF] Labonté | Experimental and numerical analysis of the chromatic dispersion dependence upon the actual profile of small core microstructured fibres[END_REF][START_REF] Kardas | Broadband near-infrared fibers dispersion measurement using whitelight spectral interferometry[END_REF][START_REF] Hlubina | Chromatic dispersion measurement of holey fibres using a supercontinuum source and a dispersion balanced interferometer[END_REF][START_REF] Ye | Dispersion measurement of tapered air-silica microstructure fiber by white-light interferometry[END_REF][START_REF] Grosz | Measurement of higher order chromatic dispersion in a photonic bandgap fiber: comparative study of spectral interferometric methods[END_REF][START_REF] Galle | Single-arm three-wave interferometer for measuring dispersion of short lengths of fiber[END_REF]. Chromatic dispersion (CD) at wavelength λ 0 is defined as follows:

D = - λ 0 c • d 2 n dλ 2 λ 0 , ( 6.1) 
where c represent the speed of light, and d 2 n dλ 2 | λ 0 the group delay dispersion of the medium at wavelength λ 0 , respectively. CD is an optical parameter that eagerly demands to be accurately measured in almost all fields of optics. The typical setup for measuring CD in fibers is depicted in Figure 6.1. The wide spectrum emission of a white-light source is directed to a MZI interferometer. The free-space arm of the MZI is referred to as the reference arm. It is associated with well known optical properties, notably the refractive index n air ≈ 1.0002772 and almost zero chromatic dispersion. The other arm comprises the sample under test (SUT) from which we want to extract some optical properties. At the output beam splitter, the two arms are recombined, and while keeping the physical path difference constant, an interference pattern is observed for which the intensity follows I ∝ 1 + cos (ϕ(λ)) , (

where ϕ(λ) is the relative phase between the two arms, which depends on the wavelength (λ) of the inserted light. This phase is usually defined as:

ϕ(λ) = 2 π λ (n air d r -n(λ) • d s ) n air ≈1 = 2 π λ (d r -n(λ) • d s ) , (6.3) 
where λ represents the wavelength, d r and d s are the physical lengths of the reference arm and the SUT, respectively, and n(λ) is the refractive index of the SUT. The refractive index of the SUT n(λ) can be approximated by a third order Taylor series:

n(λ) = n(λ 0 + ∆λ) ≈ n(λ 0 ) + 3 k=1 1 k! d k n dλ k λ 0 • (∆λ) k . ( 6.4) 
Therefore, Equation 6.3 can be written as follows:

ϕ(λ 0 + ∆λ) ≈ 2 π d s   n(λ 0 ) λ 0 + ∆λ + dn dλ λ 0 • ∆λ λ 0 + ∆λ + 1 2 
d 2 n dλ 2 λ 0 • (∆λ) 2 λ 0 + ∆λ + 1 6 
d 3 n dλ 3 λ 0 • (∆λ) 3 λ 0 + ∆λ   - 2 π d r λ 0 + ∆λ . ( 6.5) 
Subsequently by inserting Equation 6.5 into Equation 6.2, we end up with the theoretical model that describes the intensity (I) at the output of the MZI as a function of the wavelength offset (∆λ). Figure 6.2 shows a typical corresponding interferogram for a fixed d s and d r . By fitting the theoretical model to the experimentally measured spectral interferogram, one can infer the three unknown parameters, i.e. the first-, the second-, and the third-order derivative. The firstorder term contains the inverse group velocity and the second-order term contains the group delay dispersion from which the chromatic dispersion can be directly extracted (Equation 6.1).

In other words, the fringes periodicity in Figure 6.2 is varying with the wavelength because of the strong phase-dependence on zero and first order derivatives. The interference fringes obtained at the interferometer output could be too closely spaced to be resolved by a commercial spectrometer.

It is common in WLI techniques to set the interferometer at the so called stationary phase point (SPP) which can be found at the wavelength λ 0 . For the SPP, the following equation holds :

d r = n(λ 0 ) - dn dλ λ 0 • λ 0 d s , (6.6) 
leading to a simplified readings of Equations 6.5 and 6.6:

ϕ(λ 0 + ∆λ) ≈ 2 π d s   1 2 
d 2 n dλ 2 λ 0 • (∆λ) 2 λ 0 + ∆λ + 1 6 
d 3 n dλ 3 λ 0 • (∆λ) 3 λ 0 + ∆λ   + ϕ off , (6.7) 
where ϕ off = 2 π d s dn dλ | λ 0 is a constant phase offset, ∆λ is the wavelength offset compared to λ 0 . Note that the dominant term now is d 2 n dλ 2 | λ 0 , which defines the chromatic dispersion of the considered optical medium at wavelength λ 0 . At this point the local fringes periodicity goes to infinity due to the elimination of the first-order term in Equation 6.7, and the observation of the fringes becomes possible without the need of a high resolution spectrometer [START_REF] Naganuma | Group-delay measurement using the Fourier transform of an interferometric cross correlation generated by white light[END_REF][START_REF] Diddams | Dispersion measurements with white-light interferometry[END_REF][START_REF] Delbarre | High-precision index measurement in anisotropic crystals using white-light spectral interferometry[END_REF]. Furthermore, it stands for the symmetry center of the fringe pattern, i.e. the periodicity of the fringes for higher and lower wavelengths of λ 0 is decreased.

The acquisition of the spectral interferogram makes it possible to define the parameters

d 2 n
dλ 2 | λ 0 and d 3 n dλ 3 | λ 0 for known λ 0 and d s by fitting Equation 6.7 on the experimental data. Subsequently, CD can be estimated (Equation 6.1). Note that those fitting parameters are independent from each other in a non-trivial way and uncertainties on one parameter induce errors on the others.

Subsequently, the high number of required fitting parameters clearly limits the accuracy and the potential for absolute determination of optical properties. Furthermore, the fact that the interferometer needs to be re-equilibrate at the SPP for every new SUT is another issue that restricts the ease-of use of this technique [START_REF] Grosz | Measurement of higher order chromatic dispersion in a photonic bandgap fiber: comparative study of spectral interferometric methods[END_REF][START_REF] Galle | Virtual Reference Interferometry: Theory & Experiment[END_REF].

We will see in the next section how an approach based on two-photon entanglement permits overcoming this limitation.

Quantum white-light interferometry (Q-WLI)

Figure 6.3 depicts the quantum experimental setup, which is referred to as spectrally-resolved quantum WLI (Q-WLI). Here, energy-time entangled photon pairs are exploited towards enhancing the measurements precision and sensitivity. Therefore, we replace the former white light source by an SPDC broadband photon pair generator. As usual, the paired photons respect the energy conservation:

1 λ p = 2 λ 0 = 1 λ 1 + 1 λ 2 (6.8) 
where λ p and λ 0 represent the pump laser and the SPDC at the degeneracy point wavelength (λ 0 = 2λ p ), and λ 1 and λ 2 represent signal and idler photons wavelength, respectively. In this experimental configuration, in which energy-time correlations have to be analyzed, we exploit an unbalanced MZI that includes the SUT. When compared to the standard "Franson" energy-time entanglement analysis setup described in Section 3.6, we can see that the two unbalanced Michelson interferometers (MI) are folded into one. The restriction of Equation 3.29, ∆L AB = ∆L A -∆L B cτ tpc , where τ tpc is the two-photon coherence time, is directly met, since ∆L A = ∆L B = ∆L MZI . Still, the MZI is unbalanced such that ∆L MZI cτ j , where τ j is the timing jitter of the single photon detectors. This allows distinguishing contributions in which both photons take opposite paths (delayed arrival times at the interferometer's outputs) or the same path (no arrival time difference) [START_REF] Kaiser | A versatile source of polarization entangled photons for quantum network applications[END_REF]. Taking into account that the single photon coherence time τ c (see Figure 6.4 in Subsection 6.1.3) is much smaller that the timing jitter τ j , the restriction ∆L MZI cτ c is also satisfied, therefore no single-photon interference can be observed. Moreover, the path length difference of the interferometer can be as large as the pump coherence length (cτ pc ), which in our experiment is long enough (Toptica DL-Pro exhibits coherence length of hundred of meters.) 1 .

By registering coincidences in the two outputs and setting a narrow time-window at the central peak (see Section 3.6), we postselect the state

|ψ = e i(ϕ 1 +ϕ 2 ) |l 1 l 2 + |s 1 s 2 √ 2 , ( 6.9) 
where both photons (λ 1 , λ 2 ) take the same arm. This quantum state can be written as a bi-color two-photon N 00N state:

|ψ = |2 r |0 s + e i(ϕ(λ 1 )+ϕ(λ 2 )) |0 r |2 s √ 2 , ( 6.10) 
where the ket vectors, indexed by s and r, indicate the number of photons in the reference and SUT arms, respectively. Moreover, ϕ(λ 1 ) and ϕ(λ 2 ) are the phases accumulated by λ 1 and λ 2 photons, respectively. The coincidence rate now follows:

P ∝ 1 + cos (ϕ(λ 1 ) + ϕ(λ 2 )) . (6.11)
For sake of simplicity, we set:

ϕ(λ 0 + ∆λ) = ϕ N00N = ϕ(λ 1 ) + ϕ(λ 2 ), (6.12) 
and λ 1 = λ 0 + ∆λ. (

Moreover, due to energy conservation, from Equations 6.8 and 6.13, we derive

λ 2 = λ 0 (λ 0 + ∆λ) λ 0 + 2∆λ . ( 6.14) 
From Equations 6.5, 6.8, 6.12, 6.13, and 6.14 we derive the following expression:

ϕ N 00N (λ 0 + ∆λ) ≈ 2 π d s •   1 2 d 2 n dλ 2 λ 0 • (∆λ) 2 λ 0 2 + ∆λ + 1 6 
d 3 n dλ 3 λ 0 • (∆λ) 4 λ 0 2 + ∆λ 2   + ϕ off , (6.15) 
where we consider the phase offset ϕ off = 4 π(n(λ 0 ) ds-dr) λ 0 to be constant. As we will see later, this can be easily achieved by using an active phase stabilization system of the MZI. Note that the full calculations on the derivation of Equation 6.15 is provided in Appendix C. Equation 6.15 ("quantum") has four important features when compared to Equations 6.5 and 6.7 ("classical").

1. Zero and first order derivatives are automatically cancelled, and therefore no SPP has to be found. This makes this setup ready for any type or length of SUT.

2. For |∆λ| λ 0 , a twofold enhanced sensitivity on the second order dispersion term is obtained, which is a typical signature of two-photon N 00N -states.

3. The third-order dispersion term is strongly suppressed by a factor of about 2 ∆λ λ 0 , which means that it can be generally neglected, except for really exotic samples with extraordinarily high third-order dispersion.

4. The parameter λ 0 = 2 λ p does not have to be considered as a free fit parameter anymore, as it can be known beforehand with essentially arbitrary precision. In our case, λ p is equal to a hyperfine transition wavelength out of a Rb 87 atomic cell. At other pump wavelengths, λ p could be measured with very high precision using a commercial wavemeter. For standard WLI, no such procedures exist, and λ 0 has to be extracted from the spectrogram.

Consequently, this analysis states that inferring D using Q-WLI requires only one free parameter to fit the data, i.e. d 2 n dλ 2 | λ 0 , which straightforwardly corresponds to Equation 6.1. In addition, no need for re-equilibration of the MZI has to be done when a new SUT is inserted.

Characterization and description of the Q-WLI experimental setup

Figure 6.4 depicts the full experimental setup for the entanglement-enhanced spectrally-resolved quantum interferometry. A 780.24 nm laser pumps a PPLN/w which leads to the generation of energy-time entangled photon pairs via type-0 SPDC process. The pump laser is actively stabilized against an atomic transition such that the pump wavelength (λ p ) is defined within a few kHz. Broadband generation of energy-time entangled photons is essential, as was the core of the classical approach. It permits the registration of broader spectrograms (i.e. more fringes), permitting smaller fitting errors. In the PPLN/w, broadband energy-time entangled photon pairs with a spectral range covering about 120 nm around the central wavelength λ 0 = 1560.48 nm can be easily achieved by tuning the temperature of the PPLN/w as depicted in Figure 6.5. The black line (120.30 • ) indicates the spectrum at the degeneracy point, while the red (122.34 • ) and the blue lines (123.30 • ) show much broader out of degeneracy bandwidths. For the CD measurements described in following, the PPLN/w temperature is set to 123.30 • (blue line).

In order to obtain high-visibility interference patterns at the interferometer output, the photon pair contributions need to be made indistinguishable regarding both the spatial and polarization modes. Spatial mode overlap is ensured by using a fibre-optic beam-splitter at the interferometer output and input [START_REF] Lee | Versatile chromatic dispersion measurement of a single mode fiber using spectral white light interferometry[END_REF]. Polarization mode overlap is obtained using fibre-optic polarization controllers in both arms.

At each output, a wavelength-tunable 0.8 nm bandpass filter (Yenista XTM-50) is placed, followed by a low noise single-photon avalanche photodiode (IDQ 230), forming single photon spectrometers. The generated photon pairs are sent to the MZI. In the top arm is inserted the sample under test (SUT) while the bottom is free space. The two mirrors of teh latter arm are placed on a transition stage such that the legth of it can be tuned. Furthermore, a piezoelectric transduser allows for fine tuning. The insertion of a modulation signal permits the stabilization of the interferometer. The reference stabilization light is an actively stabilized 1560.48 nm laser which is inserted into the inrefrometer from the backward direction thanks to an ITU21 DWDM. Finaly, two tunable filters, one in each output of the interferometer are inserted, allowing the registration of coincidence events between energy matched entangled photons. M, mirror; L,lens. Note that an active phase stabilization system for the interferometric setup is also implemented, such that the phase offset ϕ off in Equation 6.15 remains constant. This has been achieved by sending an actively wavelength-stabilized 1560.48 nm reference laser, through a DWDM ITU 21, in the counter-propagating way of the MZI (see Figure 6.4). This way, interference fringes are measured in using a classical photodiode (Thorlabs DET 10C). Finally, by controlling a piezoelectric translation stage in the reference arm of the interferometer [START_REF] Kaiser | Polarization entangled photon-pair source based on quantum nonlinear photonics and interferometry[END_REF], the relative phase of the MZI remains constant2 . Without active interferometer phase stabilization, we observe 2π phase drifts every few seconds due temperature drifts in the laboratory. This severely limits the integration times for both the classical and quantum measurements. The feedback loop has a bandwidth of 100 Hz which results in a long-term phase stability better than 2 π 40 rad.

Chromatic dispersion measurements via WLI and Q-WLI of an optical fiber

In order to clarify the advantages on accuracy and precision of Q-WLI when compared to standard WLI, we measured the chromatic dispersion of a 1 m long standard single-mode fibre from Corning (SMF28e) using both techniques. All measurements were repeated 100 times on the same SUT in order to infer the statistical accuracy of both WLI and Q-WLI approaches.

In the following, both measurements process are described and compared.

Data acquisition via WLI

For chromatic dispersion measurements using standard WLI, we use a superluminescent diode. To this end, the interferometer is carefully set at the SPP. At its output, an average spectral intensity of ∼125 pW/nm over the wavelength range 1450 -1650 nm is measured. The spectral interferograms are recorded using a standard optical spectrometer (Anritsu MS9710B) with 0.1 s integration time and 0.8 nm resolution.

In order to normalize the data for the classical strategy, we register the spectrum at the output of the MZI, as shown with the black line in Figure 6.6(a). The drop of the light intensity for zero wavelength offset is due to the presence of the ITU-21 DWDM. Then we register the spectral interferogram at the output of the MZI using the superluminescent diode, which is shown in Figure 6.6(a) (red line). By dividing the two spectrums, we acquire the normalized data shown in Figure 6.6(b) In order to infer the chromatic dispersion value(Equation 6.1), we need to fit the experimental data with Equation 6.7, therefore the factor d 2 n dλ 2 | λ 0 can be estimated. Figure 6.7 depicts the data fitting (blue line), when all the free fitting parameters, i.e. up to d 3 n dλ 3 | λ 0 , are taken into account. Note that the green line corresponds to data fitting when the third-order dispersion coefficient is neglected. It becomes obvious that for more accurate results all the fitting parameters need to be taken into account, since a second order limited fitting procedure does not lead to a good overlap between the fit and the experimental points, leading to both an offset and a larger standard deviation. As we shall see in the next subsection, for the case of the Q-WLI the third order dispersion can genuinely be neglected.

Data acquisition via Q-WLI

For the Q-WLI approach, the quasi-phase matching in the PPLN/w is chosen such as to generate energy-time entangled photon pairs around the degenerate wavelength of λ 0 = 1560.48 nm with a bandwidth of about 140 nm (PPLN/w temperature equal to 123.30 • ). The spectral intensity at the interferometer output is of about 25 fW/nm. By scanning the wavelength of the two single photon spectrometers in a frequency correlated manner, the detection of the paired photons is achieved. The detection signal is sent to time-tagging electronics and time differences are measured resulting in three-peak coincidence histograms as the ones depicted at the top of Figure 6.8. By selecting only a time window centered around the central peak, only zero-timedelay events are post-selected, or in other word the two-photon state of Equation 6.10. As can be figured out of this state, wavelength-dependent interference patterns are expected to oscillate as a function of the sum of the two single-photon phases. Note that the two detectors are operated at 25% detection efficiency and the transmission loss of each filter is measured to be 4 dB, such that the total quantum efficiency of the single-photon spectrometers is of about 10%. To partially compensate for the significantly reduced spectral intensity of the photon pair source, we use an integration time of 8 s.

The spectral dependence of ϕ N 00N is given by Equation 6.15. Interestingly, we can neglect the third order dispersion term which is strongly suppressed by a factor of about 2 ∆λ λ 0 . Equation 6.15, therefore, simplifies to:

ϕ N 00N (λ 0 + ∆λ) ≈ d 2 n dλ 2 λ 0 • π d s • (∆λ) 2 λ 0 2 + ∆λ + ϕ off , ( 6.16) 
where ϕ off = 4 π(n(λ 0 ) ds-dr) λ 0 is a phase offset that depends on (n(λ 0 ) d s -d r ) and (λ 0 ). Furthermore, λ 0 does not have to be extracted from the data, as it is exactly twice the wavelength of the continuous-wave pump laser, λ p , and can therefore be known with essentially arbitrary accuracy. This means that the quantum strategy allows data fitting using exactly one free parameter, namely d 2 n dλ 2 | λ 0 , which is an essential step towards absolute chromatic dispersion determination with high accuracy.

For the entanglement-enabled strategy, we normalize the coincidence counts by taking advantage of the undesired contributions, i.e. the lateral peaks of the inset graphs in Figure 6.8, in which the paired photons take opposite paths inside the interferometer. For these contributions, the coincidence rate is directly proportional to the spectral intensity of the photon pair are in a coherent superposition:

|ψ = - e iϕ 1 2 |1 s |1 r + (|2 r |0 s + e iϕ N 00N |0 r |2 s ) √ 2 - e iϕ 2 2 |1 s |1 r . (6.17)
Therefore, the number of coincidences in the side peaks depends only on the spectral intensity of the source and the detection efficiency while the number of coincidences in the central peak is phase-dependent due to energy-time entanglement. In other words, the number of coincidences in the satellite peaks gives a clear indication on the average number of photon that is inserted into the MZI. Subsequently, for the normalization of the experimental data, no further measurements are required. It is obtained, straightforwardly, by dividing the measured coincidences in the central peak by twice the sum of the coincidences in the lateral peaks. Finally, Figure 6.9 shows the experimental results obtained when measuring chromatic dispersion in our bare interferometer, i.e. without the SUT. It turns out that the residual chromatic dispersion amounts to ∼10% of the measured values on the 1 m SUT. Subsequently this value can be subtracted from the initial measurements of the overall chromatic dispersion as estimated for the WLI and Q-WLI techniques.

Comparison of the results

After acquiring 2×100 measurements on the same SUT, we infer the repeatability of both approaches. The results of the statistical data analysis are shown in Figure 6.10. For classical WLI, we obtain, on average, D = 17.047 ps nm•km at λ 0 ≈ 1560.48 nm with a standard deviation of σ classical = 0.051 ps nm•km . This result is among the best reported to date in the literature [START_REF] Hlubina | Measurement of the group dispersion of the fundamental mode of holey fiber by white-light spectral interferometry[END_REF][START_REF] Labonté | Experimental and numerical analysis of the chromatic dispersion dependence upon the actual profile of small core microstructured fibres[END_REF][START_REF] Kardas | Broadband near-infrared fibers dispersion measurement using whitelight spectral interferometry[END_REF][START_REF] Hlubina | Chromatic dispersion measurement of holey fibres using a supercontinuum source and a dispersion balanced interferometer[END_REF][START_REF] Ye | Dispersion measurement of tapered air-silica microstructure fiber by white-light interferometry[END_REF][START_REF] Grosz | Measurement of higher order chromatic dispersion in a photonic bandgap fiber: comparative study of spectral interferometric methods[END_REF][START_REF] Galle | Single-arm three-wave interferometer for measuring dispersion of short lengths of fiber[END_REF]. Let me stress that, by fitting the data with a function taking into account only terms up to d 2 n dλ 2 | λ 0 does not lead to a good overlap between the fit and the experimental points as shown in Figure 6.7. This leads to both an offset and a larger standard deviation, i.e. D = 17.070 ± 0.054 ps nm•km . For quantum WLI, we measure, on average, D = 17.035 ps nm•km at λ 0 = 1560.48 nm with a significantly better standard deviation of σ N 00N = 0.021 ps nm•km , which is 2.4 times better compared to the classical WLI.

By comparing the two results, we observe a minimal offset of the central value which is explained by either a slight wavelength offset of the spectrometer (< 0.2 nm) used for the standard measurements, and/or that the classical interferometer was unbalanced by about 1.5 µm. The consequence is an error on the fitting parameter λ 0 (for the classical case), which is then translated to an error in d 2 n dλ 2 | λ 0 [START_REF] Naganuma | Group-delay measurement using the Fourier transform of an interferometric cross correlation generated by white light[END_REF][START_REF] Diddams | Dispersion measurements with white-light interferometry[END_REF]. At this point, we highlight one more time that for the Q-WLI approach, λ 0 is essentially known with absolute accuracy, and only one free fitting parameter is required. Additionally, an unbalanced interferometer does not influence the measurement. It is therefore natural to consider that Q-WLI can be used to determine the chromatic dispersion coefficient in an absolute manner and with higher accuracy.

We also emphasize that the measurements performed with Q-WLI involve ∼60 times less photons transmitted through the SUT compared to standard WLI. This clearly underlines that the obtained accuracy is improved with the entanglement-enhanced strategy.

Conclusions and perspectives

The peculiar use of two-photon energy-time entanglement leads to several significant advantages for the measurement of chromatic dispersion in fibers. In addition, our setup does not require a balanced interferometer for performing the measurement which represents a significant time-saving advantage compared to standard WLI, especially for device calibration and when considering measurements on a large set of samples. On the other hand, data treatment requires only one free fitting parameter, as opposed to three parameters for classical WLI, therefore enabling measurements with absolute precision.

By comparing state-of-the-art standard classical measurements to our new approach, we show an unprecedented 2.4 times higher accuracy for the quantum-enhanced strategy, despite involving ∼60 times less photons for the measurement. Additionally, both data treatment and experimental procedures are simplified, making this method ready to be used in a large variety of fields. We note that the sensitivity of our approach could be further doubled by using a doublepass configuration [START_REF] Labonté | Experimental and numerical analysis of the chromatic dispersion dependence upon the actual profile of small core microstructured fibres[END_REF], towards measurements on short samples, such as optical components and waveguide structures (mm to cm length scale).

Such measurements would also be of interest for medical applications where precise knowledge on chromatic dispersion in tissues is required to yield optimal image quality in optical coherence tomography [START_REF] Drexler | In vivo ultrahigh-resolution optical coherence tomography[END_REF]. In this perspective, the reduced number of photons required for Q-WLI is also highly interesting for measurements performed on photosensitive biological samples [START_REF] Frigault | Live-cell microscopy -tips and tools[END_REF][START_REF] Celebrano | Single-molecule imaging by optical absorption[END_REF][START_REF] Piliarik | Direct optical sensing of single unlabelled proteins and super-resolution imaging of their binding sites[END_REF]. Regarding optical telecommunication systems, by rotating the polarization of the entangled photon pairs, our setup could also be used for measuring polarization mode dispersion in optical components, which would lead to refinement of manufacturing processes.

Two-photon phase-sensing with single-photon detection

In this experiment, we propose and demonstrate a new strategy that enables the same phase sensitivity as quantum metrology based on two-photon states. Compared to usual approaches, in our scheme only one photon needs to be detected to obtain full information about the phase.

In that way, the need for complex detection schemes, with multiple detectors, is eliminated. Therefore, this experiment is less vulnerable to losses and paves the way for phase-shift measurements with twice the phase resolution, and potentially promising to reach the sub shot noise limit. In the following, some experiments based on induced coherence without induced emission are described to familiarize the reader with the underlying physics. Then, the basic principle of photon phase addition and the characterization of the experimental setup are discussed. Finally, the results where two-photon phase shifts have been measured by detecting single photons only are presented. More strikingly, measurements of two-photon phase shifts with a standard photodiode are eventually demonstrated.

Induced coherence without induced emission

In quantum physics, the mere possibility of distinguishing supersposed quantum states prevents them from interfering [START_REF] Scully | Quantum eraser: A proposed photon correlation experiment concerning observation and "delayed choice" in quantum mechanics[END_REF][START_REF] Scully | Quantum optical tests of complementarity[END_REF]. For example, the reason of observing two-photon interference in a MZI lies on the fact that there is no way of knowing which path the photons take in the MZI. Recently in Rab et al. [START_REF] Rab | Entanglement of photons in their dual wave-particle nature[END_REF], the exploitation of polarization states of a photon allowed the realization of "which-way" (path) states in a interferometric setup. This leads to quantum interference or not and reveals the dual nature of the photon, being wave or particle, respectively. On the other hand, as an interesting twist, a quantum eraser may be used to render previously distinguishable states indistinguishable, restoring this way interference [START_REF] Scully | Quantum eraser: A proposed photon correlation experiment concerning observation and "delayed choice" in quantum mechanics[END_REF]. This allows for dynamically choosing between observation of interference or information about the path, notably even in delayed-choice configurations [START_REF] Kim | Delayed "choice" quantum eraser[END_REF][START_REF] Jacques | Experimental realization of Wheeler's delayed-choice gedanken experiment[END_REF][START_REF] Peruzzo | A quantum delayed-choice experiment[END_REF][START_REF] Kaiser | Entanglement-enabled delayedchoice experiment[END_REF][START_REF] Tang | Realization of quantum Wheeler's delayed-choice experiment[END_REF][START_REF] Ma | Delayed-choice gedanken experiments and their realizations[END_REF].

The idea of induced coherence without induced emission has been introduced by Zou et al. [START_REF] Zou | Induced coherence and indistinguishability in optical interference[END_REF]. The corresponding experimental setup is depicted in Figure 6.11. It is worth mentioning what does "induced coherence without induced emission" mean. "Induced coherence" Figure 6.11: Induced coherenence without induced emission [START_REF] Zou | Induced coherence and indistinguishability in optical interference[END_REF] (Phase plate between the NL1 and NL2 has been used for the purposes of the experiment described in [START_REF] Lemos | Quantum imaging with undetected photons[END_REF]). M, mirror; NL, nonlinear crystals; D, detectors.

refers to the fact that interference of two beams produced at separate biphoton sources can be observed, therefore they are coherently superposed, and "without induced emission" refer to the fact that this coherence is not induced by any stimulated process. In this experiment, second-order interference is observed in the superposition of signal photons (s 1 , s 2 ) from two coherently pumped parametric down converters (NL1, NL2), when the paths of the idler photons (i 1 , i 2 ) are combined (i.e. aligned) such that they cannot be spatially distinguished within the coherence time of the pump. Here the misalignment of the idler photons' spatial modes potentially gives the knowledge in which source they have been generated and therefore the "which-way" information is revealed and quantum interference is destroyed.

Based on this idea, several experiments have been performed, some of them leading to potential applications such as in Lemos et al. [START_REF] Lemos | Quantum imaging with undetected photons[END_REF] and Kalashnikov et al. [START_REF] Kalashnikov | Infrared spectroscopy with visible light[END_REF]. In the former experiment, the same experimental setup as in [START_REF] Zou | Induced coherence and indistinguishability in optical interference[END_REF] (see Figure 6.11) has been used in order to perform quantum imaging. An optical object is placed between the two down converters (NL1, NL2) in the path of the idler photons (i 1 ). This optical object is a source of distinguishability. Depending on its transparency, the level of distinguishability differs, such that it allows 100% visibility in single-photon interference for the signal photons when the object is fully transparent and 0% visibility interference fringes when the object fully reflects or absorbs the idler photons. By exploiting the fact that the fringes visibility is a clear evidence of an optical property of the intermediate optical object, its imaging becomes possible, namely, whereas the idler photons that probe the object have never been detected.

In Kalashnikov et al. [START_REF] Kalashnikov | Infrared spectroscopy with visible light[END_REF], a nonlinear interferometry experiment is performed. The experimental setup can be considered as an MZI where the two beam splitters (BS) have been replaced by two nonlinear SPDC crystals (see Figure 6.12). The same pump laser (532 nm) coherently pumps the two crystals. Subsequently a pair of idler (4.23 µm) and signal (608.5 nm) photons from the first crystal is superposed with a pair of same wavelength photons in the second crystal. This leads to the observation of an interference pattern in frequency and spatial domains. The interference pattern for the signal photons is determined by a total phase acquired by all three propagating photons: signal, idler, and pump [START_REF] Zou | Induced coherence and indistinguishability in optical interference[END_REF]. Furthermore, the visibility of the observed interference pattern depends on the indistinguishability level. In this case, the authors determined the concentration of CO 2 placed in gas cell which highly absorbs photons at 4.23 µm, while detecting photons at 608.5 nm. Subsequently, infrared spectroscopy with visible light becomes possible.

Based on these concepts [START_REF] Lemos | Quantum imaging with undetected photons[END_REF][START_REF] Zou | Induced coherence and indistinguishability in optical interference[END_REF][START_REF] Kalashnikov | Infrared spectroscopy with visible light[END_REF][START_REF] Wang | Induced coherence without induced emission[END_REF], I will describe how in the following we introduce and experimentally demonstrate two-photon phase-shift measurements by detecting single photons only. This leads to the possibility to measure two-photon phase-shifts with a standard intensity detector, promising great potential in quantum-enhanced metrology and phase-sensing. Since the idler photon contributions from NL 1 and NL 2 are indistinguishable, their probability amplitudes coherently overlap, thus leading to the following quantum state

Principle of photon phase addition

|ψ = 1 √ 2 e i (ϕs+ϕ i ) |H s |V i + 1 √ 2 |V s |V i . ( 6.18) 
|ψ = e i (ϕs+ϕ i ) |H s + |V s ⊗ |V i √ 2 . (6.19)
This state is sent to a second dichroic mirror (DM 2 ) where signal and idler photons are separated such that the photons transmitted from DM 2 have the following state:

|ψ = e i (ϕs+ϕ i ) |H s + |V s √ 2 . ( 6.20) 
The idler photons are discarded with no loss of phase information since the two-photon phase shift is exclusively encoded onto the signal photon. The latter is then projected in the phase-sensitive diagonal basis, i.e. rotated by 45 • using a half-wave plate (HWP), followed by a polarising beam-splitter (PBS). Then the respective signal intensities (detection probabilities) at the PBS outputs oscillate as

I ± ∝ 1 ± V cos (ϕ s + ϕ i ) 2 . (6.21)
Here, I ± denotes the intensity measured at the upper(D -)/lower(D + ) detector, respectively. The fringe visibility V depends on experimental imperfections, such as loss and non-ideal modematching in NL 2 [START_REF] Lemos | Quantum imaging with undetected photons[END_REF][START_REF] Kalashnikov | Infrared spectroscopy with visible light[END_REF][START_REF] Wang | Induced coherence without induced emission[END_REF]. Those are sources of distinguishability that will be discussed in the following section.

The reason for the phase addition onto the single signal photons is that the idler photons, |V i , do not carry any which-path information, i.e. they do not reveal whether photon pairs have been created in NL 1 or NL 2 . Actually, a given photon pair is created in a delocalized fashion over the two nonlinear crystals. In other words, which-path information can only be obtained by measuring signal photons' polarization state (horizontal or vertical). In this case, however, no interference is observed (Equation 6.20). On the other hand, if signal photons are projected in the diagonal basis (diagonal or anti-diagonal), then the which-path information of those photons is erased which leads to the observation of quantum interference [START_REF] Grangier | Experimental evidence for a photon anticorrelation effect on a beam splitter: A new light on single-photon interferences[END_REF][START_REF] Kim | Delayed "choice" quantum eraser[END_REF][START_REF] Jacques | Experimental realization of Wheeler's delayed-choice gedanken experiment[END_REF][START_REF] Peruzzo | A quantum delayed-choice experiment[END_REF][START_REF] Kaiser | Entanglement-enabled delayedchoice experiment[END_REF][START_REF] Tang | Realization of quantum Wheeler's delayed-choice experiment[END_REF][START_REF] Ma | Delayed-choice gedanken experiments and their realizations[END_REF].

Surprisingly, no intensity oscillations are observed for the idler photons and interference fringes from phase shifts accumulated by both signal and idler photons appear now exclusively in the signal photon intensity (Equation 6.21). Notably, no coincidence detection is necessary. This particular experimental situation and realization are described in the following section.

Description and characterization of the experimental setup

A detailed schematic of the experimental setup is shown in Figure 6.14. A continuous-wave 780 nm pump laser is sent to a polarizing beam-splitter (PBS), defining the input of a Mach-Zehnder type interferometer. The half-wave plate (HWP) in front of the PBS allows adjusting the respective optical power in the two interferometer arms. In that way, we can control the probability amplitudes of cross-polarized (|H s |V i ) and vertically polarized (|V s |V i ) photon pair contibutions generated in NL 1 and NL 2 , respectively. A 780 nm pump laser is sent to a Mach-Zehnder interferometer. NL 1 is a type-II PPLN/w generating cross-polarised photon pairs. The phase object is a glass plate which can be tilted using a step motor. When passing through the phase object, the photon pair contibution accumulates a two-photon phase shift, as in standard quantum metrology protocols. After the interferometer, the photon pair contribution and the pump laser are sent to a type-0 PPLN whose co-polarised photon pair emission effectively transfers the entire two-photon phase shift onto one of the photons (λ 1 ). A standard phase-sensitive intensity measurement is therefore enough to infer the phase shift with doubled sensitiviy compared to classical approaches.

In the bottom path, a PPLN/w is employed (NL 1 ), in which pump photons are converted to non-degenerate cross-polarised photon pairs, |H s |V i , through type-II SPDC 3 . Signal and idler photons are generated at 1563 nm and 1557 nm, respectively. The full characterization of the type-II crystal can be found in Appendix B. The phase object that introduces the two-photon phase shifts is a 1 mm thick glass plate, which is tilted using a stepper motor. The two-photon is transmitted through the dichroic mirror (DM) and sent to NL 2 . The latter is a PPLN bulk crystal, that can emit |V s |V i photon pairs through type-0 SPDC.

In order to guarantee that the quantum state described in Equation 6.19 is created, we take special care to erase all sources of distinguishability on the idler mode, which would eventually reduce the observed interference fringe visibility. Such distinguishability sources are the spatial mode mismatch of the two photon pair contributions, the propagation losses from NL 1 to NL 2 , the temporal mode mismatch due to the propagation of cross-polarized photons in the birefringent NL 1 , and the spectral mismatch due to the largely different signal photon bandwidth out of NL 1 and NL 2 . The following reported actions have been taken towards erasing those sources of distinguishability4 :

• The spatial modes of the paired photon contributions coming from NL 1 and NL 2 are matched by pumping NL 2 with a collimated beam, and collecting photons with single mode fibers.

• Both thick glass plate' surfaces are anti-reflection coated to minimize losses and avoid spurious interference.

• Concerning temporal mode matching, we need to consider that the cross-polarized paired photon contribution from NL 1 exits the crystal with a time difference of ∼ 4 ps (between H and V ), as opposed to the vertically polarized paired photon contribution from NL 2 which exit simultaneously 5 . The temporal which-path information is erased by sending all photons through a 3 m long polarisation maintaining fibre (PMF) whose sign of birefringence in inverted compared to NL 1 [START_REF] Kaiser | Highquality polarization entanglement state preparation and manipulation in standard telecommunication channels[END_REF].

• The paired photon contribution from NL 1 has a spectral bandwidth of ∼ 1.5 nm, while the emission from NL 2 is about two orders of magnitude broader. This spectral mismatch is erased by employing a tunable bandpass filter with a bandwidth of 55 -1000 pm. For a bandwidth of 55 pm, we ensure a high degree of temporal overlap.

Finally, signal and idler photons are subsequently separated using a telecom wavelength division multiplexer (WDM) and the idler photon is discarded. In the end, the signal photons are projected in the phase-sensitive diagonal basis using a fiber polarization controller (PC), and a fiber-PBS. For first-step measurements, we employ a single photon detector sensitive in the telecom range. For the final measurements the single photon detector is replaced by a standard light intensity detector.

Two-photon phase shift measurements with a single photon detector

Figure 6.15 shows, the phase-dependent signal photon intensities measured for our setup (red line). As a comparison, it also gives the interference pattern obtained with the same Mach-Zehnder interferometer when a 1560 nm continuous-wave telecom laser is sent through. For the quantum measurement, a low noise InGaAs single photon detector, featuring 15% detection efficiency and 360 dark counts per second (IDQ 230), has been used, while a standard photodiode has been used for the classical measurement.

The symmetry point of the obtained fringe patterns defines the angle of normal incidence on the glass plate. The measurements clearly show that the quantum-enhanced single-photon measurement presents a two-photon phase-sensitivity which reflects the fact that the phase object is always probed by signal and idler photons simultaneously. Reduced fringe visibilities at negative tilting angles are explained by an angle-dependent beam-displacement which reduces the mode overlap in NL 2 [START_REF] Zou | Induced coherence and indistinguishability in optical interference[END_REF][START_REF] Wang | Induced coherence without induced emission[END_REF], and therefore add a level of indistinguishability. In fact, the experimental setup has been optimized for angles around 4 • where we obtain V = 77 ± 3%, in good agreement with the theoretically expected value of V theo = 79% (for more details see Appendix E). Figure 6.15: Phase sensitivity measurement results using a tilted glass plate. Blue and red lines represent classical and quantum data, respectively. The quantum-enhanced metrology strategy leads to a two-fold increased phase sensitivity. However, we emphasise that in both cases classical light intensities are measured. For the quantum-enhanced data, the constant detector noise contribution of 360 counts per second has been subtracted.

Two photon phase shift measurements with a standard photodiode

We now demonstrate quantum-enhanced phase sensing with light detection performed using a standard photodiode. For this, we choose to scan the phase of the interferometer by tuning the pump laser wavelength which avoids the above-mentioned loss of fringe visibilities due to beam displacements. In fact, our interferometer is unbalanced by about 30 cm, therefore giving rise to an interference fringe every 2 pm (↔ 1 GHz) of wavelength scanning of the pump laser (see Section 3.6.3). As detector, we replace the former SPD with a standard femtowatt photoreceiver (Newport 2153). In order to increase the photon flux of the single signal photons, we increase the power of the pump laser and the signal photon spectral bandwidth, as well, up to to 1000 pm. We are now in such a regime that one could legitimately think: "Are we still in the quantum regime?". Let me stress, though, that induce coherence without induced emission is still possible at higher pump powers without being explainable by any classical or semi-classical theory. It has been shown by numerical analysis and by comparisons with experimental findings in Lahiri et al. [START_REF] Lahiri | Can induced coherence without induced emission be non-quantum?[END_REF], that no stimulated process can lead to the observation of the phenomenon. Note that special care has been taken in order to keep the levels of distinguishability as low as possible, as described above. A lock-in detection scheme with 3 s time constant has been employed to reduce the detection noise. The experimental result is shown in Figure 6.16. Sinusoidal intensity interference fringes are obtained as a function of the phase with fringe visibilities of about 50%. The reduced visibility, compared to the previous measurements, is explained by the larger spectral analysis bandwidth. 

Conclusion

With this experiment, we demonstrated a scheme for phase sensing with two-photon sensitivity, as opposed to classical scheme with single-photon sensitivity. Our strategy is fundamentally different from two-photon N 00N -state based quantum metrology protocols achieving the same sensitivity, as we only need to detect one of the photons that interact with the phase object. This allows observing quantum-enhanced interference fringes directly in the photocurrent of a standard photodiode, allowing to benefit from near-unity detection efficiencies of those devices without being limited by the low saturation levels of today's single photon detectors.

Besides a significant reduction in the measurement apparatus resources, our technique holds great promises for future applications. This scheme, operating at a telecom wavelength, could be used for inspecting silicon-photonics (quantum) circuits, which are opaque to visible light. Furthermore, the broadband emission spectrum of our type-0 source makes our scheme very versatile in the spectral domain. Signal and idler wavelengths can be conveniently chosen over a large range by tuning the phase-matching condition of the type-II crystal. Moreover, completely different wavelengths could be exploited by using appropriate nonlinear crystals, adapting our scheme for the needs of different applications, such as material characterization and quantum-enhanced (biological) imaging.

Chapter 7

On-chip entanglement

Entanglement undeniably lies at the heart of any quantum information processing, and metrology protocols. However, bringing entanglement as the underlying resource of every day applications is not straight-forward. Nowadays, the global technological development, through integration, allows the creation of reliable, plug-and-play devices. Therefore, the only way to bring into the market "quantum" applications is by integrating entanglement. In general, future quantum applications will be based on devices where complex quantum optical circuits will be integrated on scalable chips. In this context, the on-chip generation and manipulation of photonic states is highly desired, since this will potentially permit the exploitation of the great advantages existing into quantum information science.

More specifically, in this current work, the generation of photon pair is based on the high efficient spontaneous parametric down conversion (SPDC) process in χ (2) periodically poled lithium niobate waveguide (PPLN/w) [START_REF] Tanzilli | Highly efficient photon-pair source using a Periodically Poled Lithium Niobate waveguide[END_REF][START_REF] Alibart | High-performance guided-wave asynchronous heralded single-photon source[END_REF], while the preparation and state-engineering stages rely on high quality re-configurable photonic chip on glass, made by the femtosecondlaser direct-writing (FLDW) technique [START_REF] Marshall | Laser written waveguide photonic quantum circuits[END_REF][START_REF] Davis | Writing waveguides in glass with a femtosecond laser[END_REF]. The FLDW waveguides have been provided within a collaboration with Macquarie university in Australia [337].

In this chapter, all the individual blocks of the hybrid photonic chip are described and characterized, followed by the evaluation of its quantum performance. Finally, we perform a numerical simulation of the results that comes in good agreement with the experimental results, demonstrating the on-chip generation of dynamically configurable two-photon states.

A configurable two-photon-number state generator

The textbook explanation of configurable two-photon states is the generation of a two-photon path entangled state in two spatial modes by means of a phase-tunable MZI. Such a quantum state, namely a two-photon N 00N state, can be expressed mathematically by the following wavefunction:

|Ψ N 00N = |2 t |0 b + |0 t |2 b √ 2 , ( 7.1) 
where t and b denotes the occupied spatial modes1 . Figure 7.1 depicts the experimental scheme to generate a configurable two photon number-states. A MZI constists from two loss-less ideal beam splitters and a phase shifter in one of the two interferometric arms. Let's assume that the input state of the MZI is:

|ψ in = |1 t |1 b , (7.2) 
where t and b denotes the top and the bottom spatial mode, respectively. When the unitary operator Û MZI(ϕ) of the MZI (see Appendix F) operates on the input state the output state reads:

|ψ out = Û MZI(ϕ) |ψ in = sin ϕ |1 t |1 b + cos ϕ |2 t |0 b + |0 t |2 b √ 2 , ( 7.3) 
where ϕ is the phase implied by the phase shifter, i.e. the MZI relative phase. Subsequently, at phase ϕ = π 2 + κπ, κ ∈ Z the output state reads

|Ψ N 00N = |2 t |0 b +|0 t |2 b √ 2
, namely a two-photon N 00N state, and at phase ϕ = κπ, κ ∈ Z the output state reads |Ψ sep = |1 t |1 b , namely a product state. The full mathematical description of the operator Û MZI(ϕ) and the MZI is explained in Appendix F, and it can be generally been seen as a tunable beam splitter.

In the following, it is described, how the exploitation of a hybrid integrated optics strategy enables on-chip generation of heralded and configurable two-photon number states [START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF]. Although, before describing the experiment, a general overview of the main platforms exploited for photonic integration purposes and of their corresponding capabilities are given.

Brief review of photonic integration platforms

The advantages naturally existing in guided-wave technologies are the miniaturization and the promise for scalable applications. In addition, integrated photonics comes with intrinsic repeatability on the fabrication processes and stability at the potential quantum applications. For example as we saw in Section 7.1 the configuration of two photon number states is based on the control on the phase shifter. A good phase stability is required for generating quantum states with high fidelity and entanglement with high quality. Furthermore, their rather good interconnectability with other guided-wave technologies2 , when compared with bulk approaches, is highly desirable.

In general there are various optical platforms exploited for the realization of integrated optical quantum circuits [START_REF] Orieux | Recent advances on integrated quantum communications[END_REF][START_REF] Bogdanov | Material platforms for integrated quantum photonics[END_REF]. One category of those platforms are nonlinear optical dielectric materials, in particular lithium niobate (LN) and potassium titanyl phosphate (KTP), which consist a very versatile photonic integration platform. This is due to the fact that the generation and manipulation of the photons can exist in the same device. The efficient nonlinear optical properties of these platforms allow generating photons pairs by exploiting the SPDC effect, therefore realizing heralded single photon sources (HSPSs) [START_REF] Tanzilli | Highly efficient photon-pair source using a Periodically Poled Lithium Niobate waveguide[END_REF][START_REF] Alibart | High-performance guided-wave asynchronous heralded single-photon source[END_REF]. In addition, their great electro-optic properties allow the manipulation of the generated photon pairs [START_REF] Tanzilli | On the genesis and evolution of integrated quantum optics[END_REF][START_REF] Alibart | Quantum photonics at telecom wavelengths based on lithium niobate waveguides[END_REF][START_REF] O'brien | Photonic quantum technologies[END_REF].

An other alternative is silicon-based platforms, which apart silicon (Si), it also includes silicon nitride (SiN) and silicon carbide (SiC) [START_REF] Vivien | Handbook of Silicon Photonics[END_REF]. Furthermore, other platforms are based on III-V compound semiconductors such as indium phosphide (InP), gallium nitride (GaN) and gallium arsenide (GaAs) [START_REF] Dietrich | GaAs integrated quantum photonics: Towards compact and multi-functional quantum photonic integrated circuits[END_REF]. The latter mentioned platform promises the generation and manipulation of photons on a chip [START_REF] Wang | Gallium arsenide (GaAs) quantum photonic waveguide circuits[END_REF], but also the integration of electrically driven laser pumps as well as single photon detectors [START_REF] Sprengers | Waveguide superconducting single-photon detectors for integrated quantum photonic circuits[END_REF][START_REF] Sahin | Waveguide photon-number-resolving detectors for quantum photonic integrated circuits[END_REF].

Finally, waveguide circuits in glass have seen interest from a number of scientific fields over the previous 20 years [START_REF] Marshall | Laser written waveguide photonic quantum circuits[END_REF][START_REF] Davis | Writing waveguides in glass with a femtosecond laser[END_REF]. The key advantage of this technology is the flexible and straight forward FLDW fabrication process which results in high quality devices. In addition, it is capable of manufacturing waveguides in three dimensions (3D), which allows realizing complex optical quantum 3D circuits [START_REF] Meany | Engineering integrated photonics for heralded quantum gates[END_REF][START_REF] Pitsios | Photonic simulation of entanglement growth after a spin chain quench[END_REF].

Each platform separately misses key-features for realizing a stand-alone photonic device where different necessary operations would coexist. In this context, someone can think of merging complementary technologies on different platforms, beyond the use of genuine monolithic platforms [START_REF] Silverstone | On-chip quantum interference between silicon photon-pair sources[END_REF][START_REF] Jin | On-chip generation and manipulation of entangled photons based on reconfigurable lithium-niobate waveguide circuits[END_REF][START_REF] Martin | A quantum relay chip based on telecommunication integrated optics technology[END_REF]. For instance, in Meany et al. [START_REF] Meany | Hybrid photonic circuit for multiplexed heralded single photons[END_REF] hybrid interfacing permitted demonstrating the multiplexing of four identical single photons sources into one output. Such an approach allows assessing all the requirements towards a monolithic version and exploiting the best features from different complementary worlds [START_REF] Thomas | Laser direct writing: Enabling monolithic and hybrid integrated solutions on the lithium niobate platform[END_REF][START_REF] Murray | Quantum photonics hybrid integration platform[END_REF][START_REF] Weigel | Lightwave circuits in lithium niobate through hybrid waveguides with silicon photonics[END_REF].

Description and characterization of the hybrid photonic chip

The schematic of our hybrid approach, for the realization of a photonic chip able to generate configurable two-photon number states, is depicted in Figure 7.2. It consists from three main blocks butt-coupled between them thanks to a waveguide alignment system able to move in six degrees of freedom (MDE187 -Six-Axis Positioner, Elliot Scientific). All blocks consists in single-mode waveguides at their respective operation wavelength. In more details the laser written waveguides on Block I are single mode for visible wavelengths, when the waveguides exist on Block II and Block III are single mode for telecom wavelengths. In the following, I report the characterization of each individual block separately, in terms of performances and optical coupling losses. This allows estimating the overall quantum performance of the device.

Block III. Two-photon state preparation chip

It is easier to describe this fully integrated device by starting from Block III since this is where most of the physics occurs. The Block III is fed by two non-degenerate photon pairs, i.e. an idler and a signal photon at 1310 nm and 1560 nm, respectively, created by two individual PPLN/ws (the generation of the photon pairs will be described in details in the next subsection).

Initially, each of the the two photon pairs experiences one integrated WDM, such that they are deterministically separated with respect to their wavelength. Therefore, the detection of one of the photon of the pair can herald its "twin" photon, which is nothing more than the scheme of a HSPS (see Subsection 2.3.2 and Appendix A). The 1310 nm photons, coupled through the top input waveguide (In H2 ), continue their propagation in the spatial mode H2 while the 1560 nm photons end up in spatial mode A2 (see Figure 7.2). Similarly, the 1310 nm photons and 1560 nm photons coupled through the bottom input waveguide (In H1 ), will occupy the spatial modes H1 and A1, respectively. Subsequently the modes A1 and A2 are occupied by identical heralded single photons at 1560 nm. Those two spatial modes are coupled evanescently with a 50/50 beam splitter twice in series, hence, realizing an integrated MZI. Depending on the applied phase, the MZI can prepare either a two-photon N 00N state (

|2 t |0 b +|0 t |2 b √ 2 
) or a product state (|1 t |1 b ), i.e the two photons always exit either from the same or from different spatial modes (see Equation 7.3). This part of the setup has required most of the characterization time, since it integrates several functions: wavelength separation (WDM), tunable mach-Zehnder interferometer (MZI) and a phase shifter. Towards characterizing the wavelength separation and rejection of the WDMs, we have injected, in the backward direction, classical laser light at 1310 nm and 1560 nm in waveguide Out H1 and Out H2 , respectively. This allows the characterization of the WDMs independently from the MZI. For example, when we inject light at 1310 nm in Out H1 with power equal to P Out H1 and measuring the output power at In A1 and In H1 to be P In A1 and P In H1 , respectively, the overall losses are calculated from the following formula: L = -10 log

P Out H1 P In A1 + P In H1 [dB]. (7.4) 
Similarly, we can calculate the overall losses for the rest waveguides at wavelengths 1310 nm and 1560 nm. The measured output powers for 1 mW injection power for all the 4 combinations are presented in Table 7.1. According to Table 7.1 and Equation 7.4, we can estimate that the 1310 nm photons (heralding path) will experience 36.3% (-4.4 dB) and 31.0% (-5.0 dB) of transmission probability in waveguides H2 and H1, respectively. For the 1560 nm light, the transmission is estimated to be 38.5% (-4 dB) and 25.6% (-5.9 dB) in waveguides H2 and H1, respectively. Note that for each measurement 2-3 dB losses corresponds to the injection coupling.

Another interesting feature is the spectral separation capability of the WDM namely the extinction ratio (ER). As an example consider a 1310 nm light inserted at In H2 : the more photons coupled at H2 ("good-port") and the less coupled at A2 ("wrong-port") the better the 1 mW in Out H1 @1560 nm Out H2 @1560 nm Out H1 @1310 nm Out H2 @1310 nm Those performances are not great, but at the time, it was the best combination available for having a high performance MZI. Although, its performances are still above the 3 dB probabilistic separation which will have been the case if, instead of WDMs, we would have used beam splitters 3 .

Concerning the tunable MZI, the arms are separated vertically into Block III, by exploiting the 3D capabilities of FLDW, as shown in Figure 7.4. This permits, the phase tuning by introducing a temperature gradient between the top and bottom surface of the waveguide chip [START_REF] Smith | Phase-controlled integrated photonic quantum circuits[END_REF][START_REF] Flamini | Thermally reconfigurable quantum photonic circuits at telecom wavelength by femtosecond laser micromachining[END_REF]. In order to produce this temperature gradient a thin resistive film of NiCr is deposited on the surface of the chip, which behaves like a heater under an electrical current flow. A Nichrome (NiCr 80/20) alloy was chosen due to it's high resistivity and good adhesion to glass. This was first deposited on the surface of the glass in a 10 mm wide strip above the MZ interferometer arms. A patterning step was applied to the metal layer to increase the resistivity and localise the heat dissipation. To accurately adjust the phase, it is important to carefully control the temperature. Therefore, while an electrical current flows in the resistor, it heats the top surface of the chip, while the bottom surface is stabilized at 23 • C by means of a Peltier cooler. A classical characterization of the integrated MZI has been performed by injecting 1560 nm light to port Out A2 and Out A1 , respectively (see Figure 7.3). Thereafter we measure the power transmitted to the two spatial inputs of the MZI (see Figure 7.5), i.e. the power at P In A2 +P In H2 and P In A1 + P In H1 for the top and bottom outputs respectively. In that way, we exclude the fact that the WDMs could effect the measurements. We have estimated that, by applying a voltage from 0 V to 15 V is enough to introduce a maximal phase shift of ∼ π, as Figure 7.5 depicts. We could further tune the phase by increasing the applied voltage, but due to the high localized generated heat, we could risk damaging the chip or ablating the resistive stripe. Nevertheless, we can identify the two critical and complementary working points at

V π ≈ 0 V → ϕ = π and V 3π 2 ≈ 10 V → ϕ = 3π
2 , where the MZI behaves as a totally transmitive beam splitter and a 50/50 beam splitter, respectively. Setting the voltage at V π and V3π Based on the measurements presented in Figure 7.5, we can calibrate the integrated MZI and address the relative phase of it as a function of the applied voltage. The corresponding phase for a given voltage is presented in Figure 7.6. The temperature gradient increases as a function of the applied voltage in a non-linear way of the thermal diffusion into the chip. A 4 th degree polynomial fitting is sufficient to describe the behavior of the MZI (Equation 7.6):

ϕ = 0.12896 • V -0.02076 • V 2 + 0.00406 • V 3 -1.65544 • 10 -4 • V 4 (7.6)
This non-linear behavior is expected since the temperature gradient increase analogous to the square of the flowing current according to the Joule's first law. After 14 V we observe a saturation effect, which most probably caused by the strongest diffusion of the heat to the rest of the chip. Nevertheless, the phase tuning capabilities of our tunable MZI are enough to configure the output two photon number state, ranging from a product to a N 00N state. What is missing now for the completion of this integrated N 00N state generator are the two photon pair sources. The two blocks dedicated into that are described and characterized in the following section.

Block I and Block II. Photon pair generation

Block I consists from a FLDW 4-way beam splitter made of four evanescently coupled waveguides integrated on a glass substrate [START_REF] Meany | Hybrid photonic circuit for multiplexed heralded single photons[END_REF]. Note that only the two external output spatial modes of this beam splitter are exploited for this particular experiment 4 . It, allows to split the pump laser (Mira 900 D, Coherent), emitting 1.2 ps-duration, time-bandwidth limited (∆λ p = 0.24 nm) pulses, at a central wavelength of λ p = 712 nm, and at a repetition rate of R =76 MHz, into two spatial modes. The pump laser is injected into the integrated directional coupler (Block I) by means of a polarization maintaining fiber that has been pigtailed at the input-interface of the optical circuit of Block I (see Figure 7.2).

For an average pump power of 1 mW we measure in the two corresponding spatial outputs of the beam splitter 0.145 mW and 0.150 mW, respectively, which corresponds to an overall transmission of the pigtailed beam splitter to be equal to 29.5 %. The transmission coefficients of the two outputs are almost balanced allowing to equally pump the two photon pair sources. Considering the coupling efficiency from free space into the PMF and from the PMF into Block I (see Figure 7.2), the overall coupling efficiency is satisfying since it includes the coupling efficiency and the internal losses (∼0.3 dB/cm [START_REF] Arriola | Low bend loss waveguides enable compact, efficient 3D photonic chips[END_REF]) of Block I5 . The advantage of such integrated beam splitter is that no further efforts are necessary towards achieving a good spatial and temporal overlap of the two output laser pulses from the integrated beam splitter, thanks to the miniaturization of the device and the stability that comes with it. By butt-coupling Block I with Block II, we are able to simultaneously pump two independent nonlinear waveguides. More specifically, those are periodically poled lithium niobate waveguides (PPLN/w), where photon pairs can be generated by type-0 SPDC (Appendix A). Here, the phase matching is engineered, for each PPLN/w, such that photon pairs are produced at the telecom wavelengths of 1310 nm and 1560 nm. In addition, the phase matching conditions in both waveguides are identical such that the spectral shape of the two SPDC processes is matched. Both generated idler photons' spectra, when pumped with a 712 nm laser at 50 • C, are depicted in Figure 7.7. It is shown that they are perfectly overlapped ensuring the good indistinguishability of the heralded photons. We did not have the technology to record the spectra of the signal photons at 1310 nm, but energy conservation guarantees similar spectral overlap. From the sinc fittings (red and black line) on the experimental data, we estimate the FWHM of the spectral shape of the idler photons at both waveguides to be FWHM≈23 nm. Finally, the conversion efficiency has been previously estimated in [START_REF] Alibart | Source de photons uniques annonces a 1550nm en optique guidee pour les communications quantiques[END_REF] to be about ∼ 10 -6 pairs per pump photon with the process explained in Subsection 3.4.2.

The fact that we are able to generate the photon pairs at the wavelengths of 1560 nm and 1310 nm at temperature as low as 50 • C without observing any photorefractive effects is rather positive. High temperature at Block II could cause issues for the smooth operation of Block III, where the phase tuning of the MZI, as described above, is temperature controlled. Further tests have also verified that the distance between the PPLN chip and the MZI area is long enough to dissipate the heat of the PPLN oven and to not impact the MZI. Finally, the coupling efficiency between the PPLN and the laser written devices yields ∼3 dB.

The outputs of spatial mode H1, H2, A1, A2 have been designed such that they are perfectly fitting with standard V-Groove of 127 µm separation distance, therefore, the collection of all the 4 spatial modes is done by means of a commercial pigtailed fiber array. Afterwards, we implement in spatial modes H2 and H1 a tunable FBG filter (AOS-FBG, ∆ν =100 GHz, λ central =1310 nm) for the heralded photons and then they are detected by two APDs (IDQ 210) triggered by the pump laser (R =76 MHz). The 1560 nm photons in spatial modes A1 and A2 are filtered spectrally thanks to two identical fibered-DWDMs (∆ν =200 GHz, λ central =1560 nm) and sent to 2 APDs (IDQ 201). Each of the ID 201 is triggered after a detection event in detectors ID 210. The output electronic signals from the four detectors are sent to a time-todigital converter (TDC, IDQ 800) that allows registering detection events from each detector and acquiring 4-fold coincidence events for given time delays.

The overall optical transmission of the full experimental setup, including the photon-collection scheme has been estimated as follows: µ 1 = µ top,1310 = 5.9%(-12.29 dB), µ 2 = µ top,1560 = 3.9%(-14.03 dB), µ 3 = µ bot,1560 = 4.8%(-13.14 dB), µ 4 = µ bot,1310 = 5.4%(-12.64 dB). (7.7) where µ 1 , µ 2 , µ 3 and µ 4 corresponds to the transmission coefficients of modes H2, A2, A1 and H1 (at their corresponding wavelengths), respectively. The overall losses are measured to be on the order of ∼13 dB, and are dispatched as follows: ∼3 dB for mode matching, ∼6 dB for on-chip propagation and limited WDM extinction ratios, and ∼4 dB for collection efficiency and filtering stage. Here, a special care has been taken on the coupling and propagation losses in order to optimize the extinction ratio and to favorise 4-fold coincidence rates.

In order to evaluate the quality of each individual photon-pair source in term of HSPS, we perform a "Hanbury-Brown & Twiss" experiment by pumping each source individually and registering correlations between signal and idler photons after a beam splitter placed in the path of the idler photons (1560 nm), as depicted in Figure 7.8. Advantageously, we can exploit the N 00N state preparation chip itself. The integrated MZI interferometer is replacing the beam splitter by setting a phase equal to 3π 2 , for which the inserted photons have 50% probability to be transmitted or reflected. It allows to measure the probability P 1 of heralding a single photon as well as the second order autocorrelation function g (2) (0) of our heralded photons (related to the probability of having two photons). All the needed formulas and calculations can be found in [START_REF] Alibart | Source de photons uniques annonces a 1550nm en optique guidee pour les communications quantiques[END_REF]. To do so, we characterize the "top" source by registering the detection at the Det 1 , Det 2 and Det 3 as presented in Figure 7.8. The same measurement has been repeated for the "bottom" source where detection events at Det 4 trigger Det 2 and Det 3 registering 2-fold and 3-fold coincidences. The results are reported in The probability for each HSPS to actually herald a single-photon is 3.88% for the "top" source and 4.70% for the "bottom" source, which is pretty similar with the classically estimated values for the transmission in modes A2 and A1 as expected. The probability for high-order modes that contain more than two photons is 0.02% and 0.04% respectively. The value of n < 0.1 is ensuring a good visibility for the two-photon interference fringes. Note that a heralded single photon source from such correlated state (SPDC) will have low purity, due to its projection into a mixture of frequency modes states upon the detection of the herald photon [START_REF] Brańczyk | Optimized generation of heralded fock states using parametric down-conversion[END_REF]. Although the spectral filtering can restore the purity [START_REF] Lounis | Single-photon sources[END_REF][START_REF] Torres-Company | Tailoring the spectral coherence of heralded single photons[END_REF][START_REF] Cassemiro | Accessing the purity of a single photon by the width of the Hong-Ou-Mandel interference[END_REF][START_REF] Töppel | All photons are equal but some photons are more equal than others[END_REF].

Coincidence histograms

Block III is dedicated to herald and engineer any desired path-coded two-photon quantum state ranging from a product (|Ψ sep ), i.e. one photon in each output spatial mode of the MZI, to a N 00N state (|Ψ N 00N ), i.e. a coherent superposition of having 2 photons delocalised over the two output modes as described in Equation 7.3. Basically, the phase-controlled MZI behaves as an effective spatial tunable beam splitter, hence allowing dynamic (at a few Hz speed) engineering of path-coded quantum states. As a reminder the output state at the MZI reads:

|Ψ out ∼ 2i(1 + e i2ϕ (V ) ) |Ψ sep + (1 -e i2ϕ (V ) ) |Ψ N 00N , ( 7.8) 
and the two extrema can be reached for the following phase settings:

|Ψ out =    |Ψ sep = |1 t |1 b , ϕ (V ) = 0 + κπ, κ ∈ Z |Ψ N 00N = |2 t |0 b +|0 t |2 b √ 2 , ϕ (V ) = π 2 + κπ, κ ∈ Z.
(7.9)

The physics behind the generation of N 00N states, is two-photon interference of two independent photons on a beam splitter [START_REF] Hong | Measurement of subpicosecond time intervals between two photons by interference[END_REF]. In this context the indistinguishability of the two photons is of prime importance. In the experiment, the integrated configuration ensures perfect spatial mode overlap, identical polarization mode, as well as good temporal overlap of the single photons' wavepackets. Moreover, the temporal indistinguishability, i.e., defining a single temporal mode for both 1560 nm photons, is achieved by means of 100 GHz bandwidth spectral filters placed on the heralding modes associated with low-loss 200 GHz dense-WDMs placed on the heralded modes. Experimentally, engineering the quantum state, from |Ψ N 00N to |Ψ sep and conversely, is observed by registering 4-fold coincidences at the output of the chip.

Assuming ϕ (V ) = 0 + κπ, κ ∈ Z, when a pair is generated in each source by the same laser pulse then a coincidence peak will arise for a time delay equal to zero (∆T = 0). While when ϕ (V ) = π 2 + κπ, κ ∈ Z no coincidence peak arises at ∆T = 0, as pictorially explained in Figure 7.9 a1. Specifically, for the range of our experimental phase settings, when phase equals to ϕ (V ) = π is set we generate a product state therefore we are observing maximum coincidences. When a phase equal to ϕ (V ) = 3π 2 is set we are generating N 00N states therefore a 4-fold coincidence event is not possible to happen, since both photons are bunched together in a coherent quantum superposition in the two spatial outputs of the interferometer. More precisely, as can be seen in Figure 7.9 b, the coincidence peak at ∆T = 0 with blue is the signature of two-photon interference giving birth to |Ψ N 00N or |Ψ sep .

Coincidences can rise not only from synchronized pulses but also from subsequent laser pulses by taking advantage of the TDC capabilities allowing measuring coincidences for different time delays. Note that the central detectors are associated to only one heralding detector, such that it actually "labels" the detection, and those 4-fold coincidence peaks are related to single photon interference and can be used to normalize the experimental data. Towards explaining this effect, let's investigate the case where a photon pair is generated in the top source at time equal to t 0 = 0 and a photon pair is generated in the bottom source at time equal to t 1 = τ = 1 R . As shown in Figure 7.9 a2, for some values of ϕ (V ) , a coincidence peak rises for a time delay equal to ∆T = t 1 -t 0 = τ . For instance, when the applied phase is equal to π the MZI behaves as a totally reflective beam splitter and the internal detectors associated with the 1560 nm photons are triggered by their "twin" photons so it will give us maximum of coincidences. On the other side when a phase equal to 2π is applied, the MZI behaves like a totally transmitive beam splitter therefore a 4-fold coincidence event is not probable since the internal detectors The TDC allows measuring quantum correlations with a start and a stop given from the heralded detectors, and ∆T is referred to as time interval between coupled "start" and "stop" events. a1 When the two photons that enters the MZI originate from the same laser pulse, i.e. in each PPLN/w one photon pair is generated, they interfere according to Equation 7.8. We therefore observe two-photon interference, associated with fringes with a period= π for ∆T = 0. a2 Single photon interference can also been observed for pulses that only generate one photon pair in one of the two PPLN/ws with a sequence equal to 1/τ . Since the heralded detectors are only triggered according to the detection scheme described in the main text (see also Figure 7.2), we observe single photon interference patterns with a period of 2π for ∆T = 0. b Coincidence histogram recorded for 3 different phase settings. The coincidence peak at ∆T = 0 comes from simultaneous detection events and is associated with two-photon interference. Note that the coincidence peaks that rise at ∆T = nτ , n = 1, 2, 3 . . . are associated with single photon interference. As can be seen, and as predicted by Equation 7.9, no coincidence peak emerges for ϕ = 3π/2 (coalescence effect) while it rises up for other phase settings.

are not triggered by detection events associated with their "twin" photons. This heralded single photon state reads:

|Ψ out ∆T =0 ∼ -sin( ϕ (V ) 2 ) |1 t |0 b + cos( ϕ (V ) 2 ) |0 t |1 b , ( 7.10) 
where, |1 t |0 b and |0 t |1 b describe a single photon being de-localised between the two output modes of the MZI. Namely, by setting the phase in the MZI to ϕ = 0 + 2κπ or ϕ = π + 2κπ, we can obtain single-photon states as follows:

|Ψ out ∆T =0 =    |1 t |0 b , ϕ (V ) = 0 + 2κπ, κ ∈ Z, |0 t |1 b , ϕ (V ) = π + 2κπ, κ ∈ Z. (7.11)
The single photon inerference can be easily related to the optical quality of the circuit, optical noise in the system and/or simply a comparison of increased phase sensitivity of the two-photon N 00N state.

Numerical simulation of the quantum performance of the device

As already described above, taking advantage of the repetition rate of the laser (F = 1/τ ), we can get more information in a single measurement by exploiting the delayed coincidence events between non overlapping heralded single photons coming from subsequent laser pulses.

Basically, the 0-delay coincidence peak would reveal the two-photon interference while the τdelay provides single photon interference information. Therefore, following the experimental configuration of the set-up to acquire the 4-Fold coincidences (Figure 7.10), we can numerically evaluate the 4-fold coincidence rate per pulse for different time delays ∆T . The calculations are explained in details in Appendix F. The spontaneous nature of the SPDC process when filtered to a single mode is following thermal statistics. Therefore, for not so small value of mean number of photons n, we cannot neglect the double pair contribution. On the other hand, 4-fold accidental coincidences from dark counts in the single photons modules are low probable and therefore are neglected.

Let's now define the following parameters: Note that all the above parameters are known or they have been estimated. Then, the probability of acquiring 4-fold coincidences, for a time delay equal to 0 (∆T = 0), per laser pulse, as a function of the applied phase (ϕ), is given by:

P (∆T =0) = η 1 η 2 η 3 η 4 |I 11 | 2 cos 2 ϕ + η 1 η 2 η 3 η 4 (η 3 -2) (η 4 -2) I 12   e iϕ 2 -1 2 (e iϕ i+i) 2 2 - (e iϕ -1) 3 8   2 + η 1 η 2 η 3 η 4 (η 1 -2) (η 3 -2) I 21   (e iϕ -1) 2 e iϕ i 2 + i 2 2 - (e iϕ i+i) 3 8   2 + η 1 η 2 η 3 η 4 (η 1 -2) (η 2 -2) I 21   e iϕ 2 -1 2 (e iϕ i+i) 2 2 - (e iϕ -1) 3 8   2 + η 1 η 2 η 3 η 4 (η 2 -2) (η 4 -2) I 12   (e iϕ -1) 2 e iϕ i 2 + i 2 2 - (e iϕ i+i) 3 8   2 + 1 16 η 1 η 2 η 3 η 4 (η 1 -2) (η 2 -2) (η 3 -2) (η 4 -2) |I 22 (cos(2ϕ) + sin(2ϕ) i) (3 cos(2ϕ) + 1)| 2 + 3 32 η 1 η 2 η 3 η 4 (η 1 -2) (η 4 -2) (η 2 2 -3η 2 + 3) I 22 sin(2ϕ) 2 2i + sin(4ϕ) 2 + 3 32 η 1 η 2 η 3 η 4 (η 1 -2) (η 4 -2) (η 3 2 -3η 3 + 3) I 22 sin(2ϕ) 2 2i + sin(4ϕ) 2 , ( 7.12) 
and the probability of acquiring 4-fold coincidence for time delay equal to τ (∆T = τ ) per laser pulse, versus the applied phase (ϕ), is:

P (∆T =τ ) = η 1 η 2 η 3 η 4 |I 11 | 2 e iϕ 2 -1 2 4 + η 1 η 2 η 3 η 4 (η 3 -2) (η 4 -2) I 12 2 e iϕ 2 -1 2 6 -1 2 η 1 η 2 η 3 η 4 (η 4 -2) |I 12 (e iϕ i + i)| 2 e iϕ 2 -1 2 4 + η 1 η 2 η 3 η 4 (η 1 -2) (η 2 -2) |I 21 | 2 e iϕ 2 -1 2 6 -1 2 η 1 η 2 η 3 η 4 (η 1 -2) |I 21 (e iϕ i + i)| 2 e iϕ 2 -1 2 4 + η 1 η 2 η 3 η 4 (η 1 -2) (η 2 -2) (η 3 -2) (η 4 -2) |I 22 | 2 e iϕ 2 -1 2 8 -1 2 η 1 η 2 η 3 η 4 (η 1 -2) (η 2 -2) (η 4 -2) |I 22 (e iϕ i + i)| 2 e iϕ 2 -1 2 6 -1 2 η 1 η 2 η 3 η 4 (η 1 -2) (η 3 -2) (η 4 -2) |I 22 (e iϕ i + i)| 2 e iϕ 2 -1 2 6 + 4η 1 η 2 η 3 η 4 (η 1 -2) (η 4 -2) |I 22 | 2 e iϕ 2 -1 2 4 e iϕ i 2 + i 2 4 . (7.13)
For evaluating the number of coincidences over an 8 hours accumulation time as a function of the applied phase (ϕ) of the MZI, we have to multiply the probability of having a coincidence per pulse (P (∆T =0) , P (∆T =τ ) ) with the repetition time of the laser (R) and the accumulation time of the measurement (t a =8 hr= 60 • 60 • 8 sec). Therefore we calculate:

C (∆T =0)/8hr = P (∆T =0) • R • t a Coinc. 8hr , ( 7.14) 
the number of coincidences for a time delay equal to 0 (∆T = 0) per 8 hrs, versus the applied phase (ϕ), and

C (∆T =τ )/8hr = P (∆T =τ ) • R • t a Coinc. 8hr , ( 7.15) 
the number of coincidences for a time delay equal to τ (∆T = τ ) per 8 hrs, versus the applied phase (ϕ).

The visibility V of the acquired simulated interference fringes is given by the following formula:

V = C max -C min C max + C min . ( 7 
.16) Figure 7.11, depicts the expected number of 4-fold coincidences per 8 hours in the central peak (∆T = 0 with the blue line) and in the satellite peaks (∆T = τ with the red line) as a function of the phase. We took into account the values reported for the performance of the two heralded single photon sources (Table 7.3), the overall losses and the detection efficiency of each single photon detector (Equation 7.7). We expect two-photon interference fringes with a maximum of coincidences estimated to ∼43 coinc./8 hr and a visibility estimated to V (∆T =0) ≈92.7%. The degradation of the visibility is mainly due to the double pair contributions. Note that for lower losses the expected visibility would have been higher [START_REF] Smirr | Intrinsic limitations to the quality of pulsed spontaneous parametric downconversion sources for quantum information applications[END_REF]. When estimating the number of coincidences per 8 hours for a time delay equal to τ , therefore, associated with single photon interference, we expect a maximum ∼43 coinc./8 hr and a visibility V (∆T =0) ≈100%, since single-photon interference is irrelevant to double pair contributions. It is tempting, therefore, to investigate how double pair contributions can effect the results and the performance of our hybrid photonic device. For the sake of simplicity, we assume that both "top" and "bottom" source are performing with the same n = n top = n bottom = 0.04. The evaluation of the degradation of the visibility (black line) and the number of the coincidences per 8 hr for a phase equal to π (red line), are presented in Figure 7.12. We can see that by pumping with higher power, more coincidences are expected which facilitates the demonstration of the experiment but leads to degradation of the quantum performance of the device. The estimation of the visibility (black line) and the number of the coincidences per 8 hr for a phase equal to π, (ϕ = π),(red line) as a function of the n. We assume that both "top" and "bottom" source are performing with the same n = n top = n bottom . We observe that by pumping with higher power we can have more coincidences which facilitates the demonstration of the experiment but degrades the quantum performance of the device. The fitting-curve parameters have been extracted from a classical characterization of the MZI as described in Section 7.3, allowing only the amplitude (A) and the visibility (V) of the interference fringes as free parameters. The fitting equations are

Generation of a heralded N 00N state

C (∆T =0) = A(1 + V (∆T =0) cos(2∆ϕ)), (7.17) 
for the two photon interference fringes, and

C (∆T =0) = A(1 + V (∆T =0) cos(∆ϕ)), (7.18) 
for the single photon interference fringes. We obtain single photon fringe with visibility of V (∆T =0) =99.0±8.0%, confirming the excellent optical quality of the laser-written 3D MZI. The visibility of the two-photon interference pattern is V (∆T =0) =90.0±8.0%, proving the excellent quality of the produced pathentanglement of two-photon N 00N states. In terms of fidelity of producing |Ψ N00N , this corresponds to a value of 95.0±8.0%. We stress that these values are obtained for the raw data without subtracting accidental events due to dark counts. The non perfect visibility is due to double pair contributions and the relatively high n ∼ 0.04, that we were force to comply with, because of the quite high overall losses in each channel [START_REF] Smirr | Intrinsic limitations to the quality of pulsed spontaneous parametric downconversion sources for quantum information applications[END_REF].

It is interesting to compare the results in Figure 7.13 and the estimated fringes patterns that have been simulated and presented in Figure 7.11. We observe similar amplitudes for the single-and two-photon interference fringes. Furthermore the measured visibilities are really close as well. For the two photon interference pattern there is still a 2.7% visibility missing when we compare experimental data and simulations. This is due a combination of a non perfectly defined single temporal mode (filtering stages), possible polarization rotation in the 3D laser written MZI, instabilities of the experiment because of the long measurement times, the dark counts contribution that has not been included in the numerical simulation, and the temporal mode mismatch that might occurs on the filters which are strongly depend from the environmental temperature.

Possible improvements

The biggest issue in such a hybrid approach is the losses present at the multiple interfaces between the three different photonic blocks and at the light collection with the fiber array. The PPLN/ws are producing an elliptical spatial mode while the FDLW waveguides have a more circular spatial mode. This mode mismatching is hard to be solved when dealing with a hybrid approach. Although, the use of a UV-glue in order to butt-coupled the individual chips could reduce the coupling losses and furthermore increase the overall stability of the photonic device. Furthermore losses could be reduced by manufacturing a chip with better splitting ratios at the two WDMs in Block III.

Finally, the "dream" of such a photonic device will be a monolithic version which integrates all the necessary optical functions into the same photonic circuit (no interfaces will be present). One of the most promising optical platforms for achieving such a device would be LiNbO 3 or Silicon. When all the fabrication issues will be overcome, the final device will have much higher repetition rates on generating configurable two-photon number states, opening the way for practical implementations of a quantum photonic device able to generate N 00N and product states in a heralded manner.

Conclusion

Our hybrid device merges two photon pair sources and a dynamically configurable optical circuit capable of heralding the emission of engineered two-photon states at a telecom wavelength. It is able to manipulate in real time two-photon number states generating a broad variety of pure heralded two-photon states, ranging from product to entangled states.

The overall system, gathers the best features of two primary quantum photonics technologies, enabling the generation of heralded entanglement and paving the way for next generation quantum sensing and computing applications where quantum optical functions and nonlinear optical sources will be fully integrated in the same photonic scalable device [START_REF] Tillmann | Experimental boson sampling[END_REF][START_REF] Sansoni | Two-particle bosonic-fermionic quantum walk via integrated photonics[END_REF]. Quantum physics is a discipline which deals with the control and manipulation of physical systems that exhibit properties such as entanglement, for which no classical equivalent can be found [START_REF] Tittel | Photonic entanglement for fundamental tests and quantum communication[END_REF]. The exploitation of those effects can lead to new insights into fundamental problems related to the understanding of our world [START_REF] Giustina | Significantloophole-free test of Bell's theorem with entangled photons[END_REF], but also to the creation of novel protocols with which we can process, and communicate information more efficiently. Indeed, in the last decades, the urgency of leveraging secure distribution of information [START_REF] Gisin | Quantum cryptography[END_REF][START_REF] Ekert | Quantum cryptography based on Bell's theorem[END_REF], increasing the computational power [START_REF] Steane | Quantum computing[END_REF][START_REF] Knill | A scheme for efficient quantum computation with linear optics[END_REF] and performing measurements with ultimate precision [START_REF] Giovannetti | Quantum metrology[END_REF], attracted governmental, industrial and individual interest. In that context, the main scope of this thesis has been the generation and manipulation of photonic entanglement towards contributing to practical quantum applications.

The development of a photonic entanglement source able to generate entangled photon pairs in both energy-time and polarization observables has been demonstrated [START_REF] Vergyris | Fully guided-wave photon pair source for quantum applications[END_REF]. The source is based in a nonlinear Sagnac-configuration interferometer where the efficient type-0 SPDC process in PPLN/w is exploited. One of the big advantages of such a source is that no phasestabilization system is required in the photon pair generator due to the Sagnac configuration. Furthermore the full experimental setup is implemented by using guided-wave technologies paving the way towards compact, efficient, and reliable devices [START_REF] Umeki | Highly Efficient Wavelength Converter Using Direct-Bonded PPZnLN Ridge Waveguide[END_REF]. In addition, this source covers a wide spectral range in the telecom band making it an excellent candidate for fiber distribution purposes. Moreover, our set-up generates naturally hyperentanglement, making it further suitable for a variety of applications, requiring energy-time, polarization or both types of observables.

In this respect, I further exploit this Sagnac source in order to generate hyperentangled photon pairs in the polarization and energy-time observables in a fully guided-wave fashion. The results demonstrate the generation of high quality hyperentangled states with fidely equal to 0.99. As opposed to some previous experiments [START_REF] Barbieri | Polarization-momentum hyperentangled states: Realization and characterization[END_REF][START_REF] Barreiro | Generation of hyperentangled photon pairs[END_REF], our analysis method allows inferring entanglement in all degrees of freedom (DOFs) at the same time. In this context, this source is robust against device problems, in the sense that in a QKD scenario, if one entanglement analyzer would fail to operate, then the link would not. In our case, the bit rate would simply be reduced by 50% [START_REF] Cabello | All versus Nothing" Inseparability for Two Observers[END_REF]. I also show how hyperentanglement can be further exploited for quantum communication protocols by analyzing entanglement in 5×2 complementary telecommunication channels simultaneously, demultiplexing them with standard DWDMs in the C-and L-bands [START_REF] Aktas | Entanglement distribution over 150 km in wavelength division multiplexed channels for quantum cryptography[END_REF]. I underline this by violating a generalized Bell inequality in all the 5 channel pairs with more that 31 standard deviations on average. Note that, by exploiting standard 12.5 GHz telecom demultiplexers, our strategy can be easily boosted towards 368 channel pairs. This promises a 3 orders of magnitude improvement of the quantum channel information capacity, and for a dynamic connection of hundreds of users in a large scale quantum network. Strikingly, our group has demonstrated that this is possible without increasing the number of quantum state analysers which makes our strategy extremely resource efficient [START_REF] Kaiser | Optimal analysis of ultra broadband energy-time entanglement for high bit-rate dense wavelength division multiplexed quantum networks[END_REF]. I therefore believe that this approach will find applications in future high capacity quantum information processing, potentially in combination with suitable quantum memories [START_REF] Tiranov | Storage of hyperentanglement in a solid-state quantum memory[END_REF].

Furthermore, the former source has also been at the heart of a real-time Bell test driven by human choices [25]. In order to comply with the needs of a continuous 24 hr Bell test, we have exploited a post-selection free energy-time entanglement analysis setup [START_REF] Strekalov | Postselection-free energytime entanglement[END_REF], by employing electro-optic modulators, materializing the versatility of our source. A high degree of entanglement has been observed, underlined by an S net -parameter of 2.75 ± 0.02, violating the Bell inequalities by more than 35 standard deviations. The exclusive use of guided-wave optics, combined to the Sagnac-loop configuration, gives our source an excellent stability, which has been verified by continuously violating the Bell inequalities over a 24 hr-long time period. I therefore believe that our source has the potential to become a working horse solution for a large variety of experiments and applications based on the generation and manipulation of photonic entanglement at telecom wavelengths.

Within the general concept of quantum communication, a high-efficient quantum interface has been demonstrated in which telecom photons are converted via SFG from 1560.48 nm to 794.98 nm, while preserving their initial polarization entanglement with near-unit fidelity. Such a coherent frequency conversion device is necessary for efficient and reliable long-distance quantum communication networks in which quantum nodes, which usually operate in the visible range (600 nm-900 nm), are able to store and re-emit coherently photonic states [START_REF] Kimble | The quantum internet[END_REF]. This fully fibre-based ultra-low-noise implementation is robust and flexible, making it a promising building-block for attaining control on the interaction between light and matter in a repeaterbased quantum network. Furthermore, our device operates essentially noise-free over a spectral bandwidth compatible with stationary quantum systems based on hot and cold atomic ensembles, as well as solid state quantum memories [START_REF] Simon | Quantum repeaters with photon pair sources and multimode memories[END_REF][START_REF] Bussières | Prospective applications of optical quantum memories[END_REF][START_REF] Tiranov | Storage of hyperentanglement in a solid-state quantum memory[END_REF]. We qualify the preservation of entanglement by performing a Bell test on 2 photons at 1560.48 nm and 794.98 nm, violating the Bell inequality by more than 7 standard deviations in the net data, and with 3.8 standard deviations in the raw data. The total internal efficiency of the quantum interface is estimated to be 35% and the overall quantum conversion efficiency including the overall losses reaches 4%, validating our scheme as a proof-of-principle.

In the framework of quantum sensing, energy-time entangled photon pairs have been exploited towards performing high-precision chromatic dispersion measurement in a 1 m long standard single mode fiber [START_REF] Kaiser | Spectrally-resolved quantum interferometry for absolute and high-precision determination of optical properties[END_REF]. By performing and comparing state-of-the-art standard classical measurements to our new approach, we show an unprecedented 2.4 times higher accuracy for the quantum-enhanced strategy, despite involving ∼60 times less photons for the measurement. The improved accuracy is essentially due to conceptual advantages enabled by energy-time entanglement which are likely to define new standards in a variety of applied research fields. Furthermore, data treatment requires only one free fitting parameter, as opposed to three parameters for standard white-light interferometry, therefore enabling measurements with absolute precision. In addition to absolute and more precise determination of optical parameters, this approach offers easy-of-use, reliability, as well as reproducibility, even on short scale samples. I note that the sensitivity of our approach could be further doubled by using a double-pass configuration [START_REF] Labonté | Experimental and numerical analysis of the chromatic dispersion dependence upon the actual profile of small core microstructured fibres[END_REF], towards measurements on short samples, such as optical components and waveguide structures (mm to cm length scale). Such "sensing devices" would also be of interest for medical applications where precise knowledge on chromatic dispersion in tissues is required to yield optimal image quality in optical coherence tomography [START_REF] Drexler | In vivo ultrahigh-resolution optical coherence tomography[END_REF]. In this perspective, the reduced number of photons required for quantum white-light interferometry is also highly interesting for measurements performed on photosensitive biological samples [START_REF] Frigault | Live-cell microscopy -tips and tools[END_REF][START_REF] Celebrano | Single-molecule imaging by optical absorption[END_REF][START_REF] Piliarik | Direct optical sensing of single unlabelled proteins and super-resolution imaging of their binding sites[END_REF]. Regarding optical telecommunication systems, by rotating the polarization of the entangled photon pairs, our setup could be also used for measuring polarization mode dispersion in optical components, which would lead to refinement of manufacturing processes.

In the same context, we also proposed and demonstrated a new strategy where two photon phase-shifts are measured with a simplified detection scheme where only one photon needs to be detected. In that way the need of complex detection schemes, with multiple detectors is eliminated. Therefore, this experiment is less vulnerable to losses and paves the way for phaseshift measurement protocols that enable double-phase resolution, and potentially promising to reach the sub shot noise limit. We also exploit this experimental setup in order to show that two-photon phase shifts can be measured by using a standard light intensity receiver, inferring quantum-enhanced interference fringes directly in the photocurrent of a standard photodiode, allowing to benefit from near-unity quantum efficiencies, without being limited by low saturation levels of today's single photon detectors. Besides a significant reduction in the measurement apparatus resources, our technique holds great promises for future applications. This current scheme, operating at a telecom wavelength, could be used for inspecting siliconphotonics (quantum) circuits, which are opaque to visible light. Furthermore, the broadband emission spectrum of source makes our scheme very versatile in the spectral domain. Eventually, completely different wavelengths can be exploited by using appropriate nonlinear crystals, adapting our scheme for the needs of different applications, such as material characterization and quantum-enhanced (biological) imaging.

In the framework of integrated photonics, I demonstrate a hybrid device that merges two photon pair sources on a lithium niobate substrate and a dynamically configurable optical circuit on glass [START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF]. Thanks to real-time device manipulation capabilities, a broad variety of heralded two-photon states can be produced, ranging from product to entangled states, the latter being one of the key milestones towards the implementation of efficient quantum protocols. For all produced states, fidelity values reach 95% ± 8%. Moreover, I show that different complementary technologies can successfully be combined towards achieving advanced integrated photonic devices. Therefore, this hybrid approach paves the way towards realizing useful tools for future photonic quantum devices and systems.

From a general point of view, photonic entanglement has proven to be a powerful tool, towards realizing non-conventional information protocols in the field of information, communication and processing. The targeted breakthroughs are of technological character, i.e. for enabling more secure data transfer, more accurate metrological instruments, as well as more efficient computational tools. In this context, technological advances have actually enabled the demonstration of practical implementation of quantum based protocols. Over the last decade, a global effort made by the most industrialized countries is under way, in order to bring quantum science from the academic institutions to technological achievements [START_REF] Tanzilli | On the genesis and evolution of integrated quantum optics[END_REF][START_REF] Alibart | Quantum photonics at telecom wavelengths based on lithium niobate waveguides[END_REF]. In this respect concerning quantum-enabling tools, photonics has undergone tremendous progress, notably with the commercialization of efficient fiber components such as wavelength division multiplexers (WDMs), pigtailed-PPLN/ws, single photon detectors, new generation laser systems etc. A glaring example of those technological advances is the following: at the beginning of my thesis the best single photon detectors at telecom wavelengths in the market were featuring 20% efficiency, while nowadays commercially available modules show efficiencies of more than 60%. But there is still more to come. . . I believe that the knowledge transfer from academia to the market will further boost the development of entanglement based protocols exploiting integrated technologies. Concerning, integrated photonic devices, the biggest issues are the intrinsic losses and the absence of a single integration platform that can combine all the necessary features, such as integrated lasers, single photon and photon pair generators, photon manipulation circuits and detectors, in an efficient way. However, the expectation of a small scale photonic computer or simulator able to operate with a small number of photons seems to be a feasible plan for the near future. As an example, very nice demonstrations of Boson sampling implementations using integrated photonics have been reported [START_REF] Bentivegna | Experimental scattershot boson sampling[END_REF][START_REF] Tillmann | Experimental boson sampling[END_REF]. Eventually, combining different platforms (lithium niobate, silicon, glass, GaAs,. . . ), enabling to exploit their best features in a hybrid approach, or discovering a novel one, such as Group-III nitrite semiconductors, will likely devise novel perspectives in photonic quantum technologies. In order to increase the efficiency of this process, a waveguide is employed, which maintains high light field energy densities over a few cm of distance. In order to permit finding the phase matching condition for the three photon process of interest, the ferroelectric polarization of the crystal is repeatedly inverted (poling period Λ) along the light propagation axis. This results in the so-called quasi phase matching (QPM). The QPM is mainly influenced by the poling period while the waveguide width (d) and the crystal temperature allow for further fine tuning of the QPM conditions.

Part III

The QPM conditions can be adjusted by the width of the waveguide which affects the effective refractive index of the waveguide. Note, that a compromise for the width of the waveguide should always be done, since narrow waveguides prevents a good coupling efficiency and wide waveguides allows the propagation of spatial modes other than the fundamental, which both of them are undesired effects. An other way to fulfill the Equation A.1 is by exploiting the ferroelectric properties of the crystal. Here the ferroelectric polarization of the crystal is periodically inverted along the light propagation axis. The adapted phase matching condition is then

k p = k s + k i + 2 π Λ • u. (A.3)
Here, Λ is the poling period and u is the normalized light propagation vector. By choosing the poling period, one can essentially phase-match any desired combination of pump, signal and idler wavelengths while still fulfilling Equation A.1. Practically speaking, one is generally limited to wavelengths within the transparency window of the used crystal, e.g. the usable window of lithium niobate is 350 -5200 nm. Although, those are parameters that can be tuned during the fabrication of the waveguide. The interested reader on the fabrication process can find pertinent information in the following references [START_REF] Martin | A polarization entangled photon-pair source based on a type-II PPLN waveguide emitting at a telecom wavelength[END_REF][START_REF] Fouchet | Wavelength dispersion of ti induced refractive index change in LiNbO 3 as a function of diffusion parameters[END_REF][START_REF] Sohler | Integrated optics in LiNbO 3[END_REF][START_REF] Martin | Puce photonique pour les communications quantiques longues distances[END_REF], and the references therein. Finally the only tunable parameters left, towards fulfilling the phase matching conditions is the wavelengths choice (signal, idler, pump) and the temperature of the sample. Practically, that is more than enough in most of the cases and and the long spectral range tunability of those waveguides allows us to demonstrate different experiments by using the same sample.

An other big advantage of the PPLN/w waveguide is that can be a promising photon pairs source for integrated quantum optics, either by fully integrating complex circuits in the same platform [START_REF] Jin | On-chip generation and manipulation of entangled photons based on reconfigurable lithium-niobate waveguide circuits[END_REF], or by interfacing them with other integrated waveguide platforms [START_REF] Vergyris | On-chip generation of heralded photon-number states[END_REF]. coupling losses. Waveguide fabrication parameters were chosen to provide single mode guiding at the output (1560nm) wavelength. At pump (780nm) wavelength, however, the waveguide supports several guided modes. finally, the length of the sample is 32 mm.

The choice for this type-II sample has mainly practical reasons, as it offers one of the easiest and most convenient ways of generating polarization entanglement. The basic idea is that a horizontally polarized pump laser is coupled to the PPLN/W sample and generates pairs of cross polarized photons |H p → |H s |V i as depicted in Equation B.1. If the phase conditions are chosen such as we are at the degeneracy point, i.e. the generated photons are identical but their polarization, then one can drop the subscripts s and i and he can write |H p → |H |V .

The paired photons are then sent to a 50/50 beam-splitter, having one output sending photons towards Alice (a), while the other output directs the photons to Bob (b). After the beam-splitter, the quantum state comprises four contributions

|ψ BS = 1 2 (|H a |V a + |H a |V b + |V a |H b + |H b |V b ) . (B.1)
When post-selecting events in which a photon pair has been split up at the beam-splitter, i.e. one photon is sent to Alice and one to Bob, then a maximally polarization entangled state is generated

|Ψ + = |ψ post = 1 √ 2 (|H a |V b + |V a |H b ) . (B.2)
Note that such an event post-selection is typically very conveniently achieved by counting only events in which Alice and Bob detect a photon simultaneously (we call this a coincidence event).

As outlined above, observation of entanglement requires that the two photon contributions leading to the entangled state are labelled by another observable that does not reveal the polarization state. In the case of the beam-splitter, this labelling is done by the two different output spatial modes, a and b, after the beam-splitter. But this procedure is probabilistic with a success rate of only 50%.

B.2 Optical sample characterization

Two different characterization experiments are described towards characterizing the optical properties of the sample. The main goal is to find the good quasi phase matching(QPM) conditions, to generate polarization entangled photon pairs at 1560 nm when pumping with a continuous-wave 780 nm laser.

B.2.1 Second harmonic generation

As a first experiment, the non-linear spectral characteristics of the waveguide sample are examined using the experimental setup depicted in Figure B.2. In that way we can find the best waveguide over the total number of waveguides that consists the sample in terms of coupling efficiency as well as generated power in visible. The wavelength that we are looking at is at 780 nm.

The light of a wavelength tunable (1490-1650 nm) fibre telecom laser1 is sent through a fiber polarization controller and coupled into the waveguide sample. The polarization controller is used to rotate the laser light polarization to be diagonal at the input of the waveguide. 

λ 1 -λ 0 λ 1 + λ 2 -λ 0 λ 2 = 1 - λ 0 λ 1 + 1 - λ 0 λ 2 = 2 -λ 0 • 1 λ 1 + 1 λ 2 C.5 = 2 -2 • λ 0 λ 0 = 0 (C.12)
Calculation of factor 2 in Equation C.11: Here, α is a weighting factor, which is proportional to both the crystals downconversion efficiency, and the optical pump power. The photons propagate further towards the collection fibre, in which photons from the type-II PPLN/W (type-0 PPLN) are coupled with an efficiency of η 1 (η 2 ).

(λ 1 -λ 0 ) 2 λ 1 + (λ 2 -λ 0 ) 2 λ 2 = λ 2 λ 2 1 + λ 2 λ 2 0 -2λ 1 λ 0 λ 2 + λ 2 2 λ 1 + λ 2 0 λ 1 -2λ 1 λ 0 λ 2 λ 1 λ 2 = (λ 1 λ 2 ) (λ 1 + λ 2 ) -4λ 1 λ 0 λ 2 + λ 2 0 (λ 1 + λ 2 ) λ 1 λ 2 = (λ 1 + λ 2 ) (λ 1 λ 2 + λ 2 0 ) λ 1 λ 2 - 4λ 1 λ 0 λ 2 λ 1 λ 2 = 2 (λ 1 λ 2 + λ 2 0 ) λ 0 -4λ 0 = 2 λ 0 λ 1 λ 2 -
|ψ fibre ∝ e 2 i ϕ t η 1 |H 1 |V 2 + η 1 (1 -η 1 ) |H 1 +e i ϕ t • (1 -t) η 1 |H 1 + √ α η 2 |V 1 |V 2 + η 2 (1 -η 2 ) |V 1 . (E.6)
We now consider the polarisation controller (PC) which rotates the photons at λ 1 to the diagonal basis, i.e. We now choose α such as to have the same ratios between the sine and cosine terms which will lead to maximum visibilities. In other words, we solve the following equation numerically:

|H
t η 1 - √ α η 2 t η 1 + √ α η 2 = t η 1 (1 -η 1 ) - √ α η 2 (1 -η 2 ) t η 1 (1 -η 1 ) + √ α η 2 (1 -η 2 )
. (E.11)

Finally, we calculate the phase-dependent detection probabilities, and derive the fringe visibility as usual: V = maxmin max + min . (E.12)

Our calculations show that the maximum fringe visibility is attained for

η 1 = η 2 (E.13) α = t 2 .
(E.14) Equation E.13 essentially states that a perfect mode-matching needs to be achieved in the middle of the second downconversion crystal. Equation E.14 states that the probability of creating a photon pair |V 1 |V 2 inside the second crystal should be as high as the probability that a photon pair |H 1 |V 2 , which has been generated in the first crystal, arrives in the center of the second crystal.

In our particular experiment, we experimentally inferred t = 0.67, η 1 = 0.6, η 2 = 0.7, and we adjusted α = 0.4. This leads to V ≈ 79%. Subsequently, the quantum state sent to the MZI at the top and bottom input spatial modes will read |Input top = P t 0 |0 + P t 1 |1 + P t 2 |2 (F.1)

|Input bottom = P b 0 |0 + P b 1 |1 + P b 2 |2 (F.2)
where the indexes "t" and "b" indicates the top and bottom spatial mode respectively.

F.1.2 MZI considerations

Provided |t, b is the state vector standing for the number of incoming photons on the top input (t) and the bottom input (b), respectively, having a photon in the top correspond to the creation operator being applied on the vaccum state:

|1, 0 = â † t |0 (F.3)
where â † t stand for the top-photon creation operator. By the same way we can then define:

|0, 1 = â † b |0 (F.4)
where â † b stand for the bottom-photon creation operator. Of course we can also describe more complex input state as which correspond to "2 photons in the top input", "2 photons in the bottom input", "1 photon in each input", "2 photons in the top input and 1 in the bottom input", "1 photon in the top input and 2 photons in the bottom input" and "2 photons in each input", respectively. Now we can define the MZI evolving function for each creation operator: 

|2, 0 = (â † t ) 2 √ 2 |0,
   â † t → i(1+e iϕ ) 2 â † t + (1-e iϕ ) 2 â † b = c • â † t -s • â † b â † b → (e iϕ -
√ 3! √ 2 c 2 s |0, 3 |1, 2 = (â † t ) (â † b ) 2 √ 2 |0, 0 → I 12 √ 3! √ 2 c 2 (-s) |3, 0 + I 12 √ 2! √ 2 (2c 2 s -s 3 ) |1, 2 +I 12 √ 2! √ 2 (c 3 -2s 2 c) |2, 1 + I 12 √ 3! √ 2 s 2 c |0, 3 |2, 2 = (â † t ) 2 √ 2 (â † b ) 2 √ 2 |0, 0 → I 22 √ 4! √ 2 √ 2 c 2 (-s) 2 |4, 0 + I 22 √ 4! √ 2 √ 2 s 2 c 2 |0, 4 +I 22 √ 2! √ 2! √ 2 

F.1.3 Evaluation of the 4-fold coincidences for ∆τ = t 1

It is easy now to calculate the probability (|C nm ) to generate each of the states above per laser pulse. In order to calculate the probability to detect a 4-fold coincidence per pulse we need to take into account the transmition of the photons for each path and the detection efficiency of each detector. We set η 1 , η 2 , η 3 and η 4 the overall quantum efficiency for each path including the losses. Now we need to define the probability of acquiring a detection event from 1 photonpulse, 2-photon pulse and 3-photons pulse which will be η, η+(1-η)η and η+(1-η)η+(1-η) 2 η, respectively. Subsequently, it is straight forward now to evaluate the probability per pulse that the detection system is registering a 4-fold event.

A detailed example for the output state |3, 1 is given: The state |3, 1 origin is from pulses that generate double pairs in both top and bottom source. Therefore the overall detection probability on Det 1 will be equal with η 1 + (1 -η 1 )η 1 . Similarly the overall detection probability for Det 4 will be equal with η 4 +(1-η 4 )η 4 . On the Det 2 we have a 3 photon pulse therefore the overall detection probability will be equal with η 2 + (1 -η 2 )η 2 + (1 -η 2 ) 2 η 2 and on Det 3 it will be equal with η 3 since there is 1 photon pulse. By following the example above we can now calculate the probability per pulse of registering a 4-fold event for all the quantum states (Equation F.16). Finally the probability per pulse of registering (P (∆τ =0) ) a 4-fold event for a time delay equal to zero will be equal with: P (∆τ =0) = P 11 + P 12 + P 21 + P 22 + P 31 + P [START_REF] Yin | Satellite-based entanglement distribution over 1200 kilometers[END_REF] (F.17)

The probability or registering a 4-fold event per pulse multiplied with the repetition rate of the laser gives the number of 4-fold coincidences per second. 

C (∆τ

F.2 Evaluation of 4-fold coincidences for non interfering pulses

The utilization of the TDC allow us to register coincidence events that comes from non interfering pulses. In this case the input state reads: Similarly with the previous case we post-select only the quantum states that are contributing in a 4-fold coincidence event. Those states are the states |1

|Input = P t 0 P b 0 |0, 0 + P t 0 P b 1 |0,
• , 1 • , |2 •• , 1 • , |1 • , 2 •• and |2 •• , 2 ••
that evolve after the MZI as follows:

|1 • , 1 • = â † t â † b |0, 0 → -I 11 sc |2 •• , 0 -s 2 I 11 |1 • , 1 • + c 2 I 11 |1 • , 1 • + I 11 cs |0, 2 •• |2 •• , 1 • = (â † t ) 2 √ 2 (â † b ) |0, 0 → I 21 s 2 c |3 ••• , 0 + I 21 c 2 s |0, 3 ••• +I 21 s 3 |2 •• , 1 • -2 √ 2 I 21 s 2 c |1 • , 2 •• -2 √ 2 I 21 sc 2 |2 •• , 1 • + I 21 c 3 |1 • , 2 •• |1 • , 2 •• = (â † t ) 2 √ 2 (â † b ) |0, 0 → -I 12 sc 2 |3 ••• , 0 + I 12 cs 2 |0, 3 ••• +I 12 c 3 |2 •• , 1 • + 2 √ 2 I 12 c 2 s |1 • , 2 •• -2 √ 2 I 12 cs 2 |2 •• , 1 • -I 12 s 3 |1 • , 2 •• |2 •• , 2 •• = (â † t ) 2 √ 2 (â † b ) 2 √ 2 |0, 0 → I 22 c 2 s 2 |4 •••• , 0 + I 22 s 2 c 2 |0, 4 •••• -I 22 2 √ 2 sc 3 |3 ••• , 1 • -I 22 2 √ 2 cs 3 |1 • , 3 ••• + I 22 2 √ 2 cs 3 |3 ••• , 1 • + I 22 2 √ 2 c 3 s |1 • , 3 ••• +I 22 c 4 |2 •• , 2 •• -I 22 2c 2 s 2 |2 •• , 2 •• + I 22 s 4 |2 •• , 2 •• (F.20)
Note that not only the states that have zero photons in one of the centrals modes are excluded but also those cases that the photons generated from the same source will never be triggered from their twin photons. For example the state |1 • , 2 •• will not register any coincidences for a time delay equal to t 1 -t but it will give a coincidence for a time delay equal to -(t 1 -t). Since we are looking for coincdences for a time delay equal to t 1 -t we can exclude it. Finally the post-selected output state reads: 

|Output = C 1•1• |1 • , 1 • + C 1•2•• |1 • , 2 •• + C 2••1• |2 •• , 1 • + C 2••1• |2 •• , 1 • + C 1•2•• |1 • , 2 •• +C 2••2•• |2 •• , 2 •• + C 3•••1• |3 ••• , 1 • + C 1•3••• |1 • , 3 ••• + C 2••2•• |2 •• , 2 •• (F.
• , 1 • , |1 • , 2 •• , |2 •• , 1 • , |2 •• , 1 • , |1 • , 2 •• , |2 •• , 2 •• , |3 ••• , 1 • , |1 • , 3 ••• and |2 •• , 2 •• respectively.
Therefore someone can calculate the probabilities for having 4 fold coincidences from the above states as follows: Finally the probability per pulse (P (∆τ =t 1 ) ) of registering a 4-fold event for a time delay equal to t 1 will be equal with:

P (∆τ =t 1 ) = P 1•1• + P 1•2•• + P 2••1• + P 2••1• + P 1•2•• + P 2••2•• + P 3•••1• + P 1•3••• + P 2••2•• (F.23)
The probability or registering a 4-fold event per pulse multiplied with the repetition rate of the laser will give us the number of 4-fold coincidences per second.

C (∆τ =t 1 )

Coinc. sec = P (∆τ =t 1 ) Coinc. pulse • R pulse sec (F. [START_REF] Barreiro | Beating the channel capacity limit for linear photonic superdense coding[END_REF] 
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 11 Figure 1.1: Bloch sphere representation of a qubit. A pure quantum state |ψ is defined as a vector pointing at the surface on the Bloch sphere characterized by two angles θ and ϕ.

Figure 1 . 2 :

 12 Figure 1.2: Simplified schematic of general setup used to implement a Bell-CHSH test experimentally. A source generates entangled qubits and send them to two space-like separated analyzers where each analyzer rotates the qubits by a certain angle θ.
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 13 Figure 1.3: Normalized probability of measuring quantum correlation events between Alice and Bob when the measurement basis is set to {|0 A , |0 B }, Alice's rotation operator is set to θ A = 0 and Bob's rotation operator is continuously tuned. The black line represents the maximally entangled state (V =100%) and the blue line a maximally mixed state (V =0%).Fringes with less visibility than the red line (V =71%) are consistent with a local realism theory.
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 21 Figure 2.1: Second-order correlation function g (2)
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 22 Figure 2.2: General experimental scheme of a Hanbury Brown and Twiss experiment used to measure the intensity autocorrelation function g
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 23 Figure 2.3:The general experimental scheme for a heralded single photon source. A pump photon is down-converted into two other photons, respecting energy and momentum conservation, that exhibit strong correlations. One of the "twin" photons is detected and therefore allows to trigger an optical switch that let the other photon pass through. In that way we suppress the vacuum state, i.e. the detection of a photon ensure the existence of at least one more photon in the supplementary single photon spatial mode, and therefore we reduce the probability of generating multipairs. Subsequently, the efficient generation of near optimal single photons can be achieved, i.e. with a second order correlation function at τ = 0 to be almost g
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 24 Figure 2.4: The Bloch sphere for a single-photon polarization qubit. The effects of a HWP and a QWP are indicated as rotations around the y and the z axis.

Figure 2 . 5 :

 25 Figure 2.5: a) Preparation stage of a spatial-mode qubit. The amplitude of the generated state is controlled thanks to the transmission/reflection of the beam splitter (BS) while the phase of the generated state is tuned by means of a phase shifter (ϕ). b) For the analysis of spatial encoded qubits another beam splitter (BS) is required which, finally, forms a Mach-Zehnder interferometer (MZI). A photon can be found at the top or at the bottom spatial output of the MZI when its state is |up or |down , respectively.

  )

Figure 2 . 6 :

 26 Figure 2.6: a) Principle for generating time-bin photonic qubits. A photon is sent to a strongly unbalanced MZI. In the output of the MZI we can find photons in a coherent superposition between early |s and late |l states, with a phase relation ϕ α that links the path length difference. b) For the analysis of time-bin encoded qubits a second unbalanced interferometer is required. The phase ϕ b in the second interferometer is tuned to analyze the generated state [153].
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 27 Figure 2.7: Principle of a quantum cryptography system. Alice and Bob are establishing the secret key via the quantum channel by comparing the results of the quantum measurements that Alice and Bob perform. Alice then encrypts the message into a cipher that she sends via the public channel. Bob can decrypt the cipher and acquire the hidden message by using the secret key. Image inspired from [27].
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 31 Figure 3.1: Experimental setup. Energy-time and polarisation entangled photon pairs are created in a fully-guided wave configuration based on a Sagnac loop. The photon pair generator is a 4 cm long PPLN/w. Standard single-mode fibres are symbolised by yellow lines while PMFs are represented by blue lines. Paired photons are generated in the maximally entangled state |Φ + = 1
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 32 Figure 3.2: Emission spectrum of the photon pair generator at a temperature of 56.0 • C for the idler photon (black line). The spectrum covers about 40 nm FWHM around the degenerate wavelength. The transmition spectrum of a 200 GHz DWDM filter, as those used for the full characterisation of the SPDC process is shown with the red line. Note that the transmission bandwidth of such a DWDM, which has a near rectangular transmission profile, is measured to be 154 GHz, corresponding to 1.25 nm.
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 33 Figure 3.3: Experimental setup for coincidence counting and estimation of the SPDC efficiency of the PPLN/w. Each photon pair arriving to the beam splitter has 50% probability to be split and therefore lead to a coincidence event. The other 50% of the pairs are not spearated and therefore no coincidence event can be registered.
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 34 Figure 3.4: Experimental setup for polarization maximally entangled state analysis. The photon pairs are initially separated by a C/L band DWDM such that the signal and idler photon is sent to Alice's and Bob's sites respectively. A fiber polarization controller (f-PC) is used to control the polarization rotation that occurs into the single mode fibers. Subsequently the polarization states of photons at Alice and Bob are projected on a PBS after a HWP. Furthermore, a Soleil Babinet (SB) phase compensator is added at Bob's site allowing to tune the relative phase of the two photon pair contributions.
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 35 Figure 3.5: Demonstration of our capability to tune the phase. Alice's and Bob's analysers are fixed in the diagonal basis, and therefore, we are capable of measuring the phase depentent coincidence rate between Alice and Bob. The experimental data are fitted with the fitting fuction C (ϕ) = Max Counts2
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 36 Figure 3.6: High raw visibilities are measured to be V Alice→|H =98.0%±1.8% and V Alice→|D =98.1%±1.0% when the HWP of Alice has been set to 0 • and 22.5 • , respectively.
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 37 Figure 3.7: Experimental setup for energy-time entanglement analysis. Photon pairs are initially separated by a C/L band DWDM such that the signal photon is sent to Alice and the idler to Bob. At each location a Michelson interferometer (MI) is used as energy-time analyzer.In order to reveal entanglement the two relative optical paths at Alice's (∆L A ) and Bob's (∆L B ) site should be equal, within the coherence time of the two photon interference (τ tpc ). In addition, both relative optical paths should be higher that the coherence length of the single photon interefrence, ∆L A , ∆L B cτ c , otherwise single photon interference fringes would be observed.
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 38 Figure 3.8: Schematic of the setup for stabilizing the interferometers at Alice's and Bob's. A 1560.48 nm continuous wave laser is sent by means of a circulator and a WDM into the Michelson interferometer. The light that comes out of the interferometer is collected by means of the same component and then sent to a fast InGaAs photodiode. The electronic signal generated by the photodiode is sent to a lock-in amplifier allowing to stabilize the interferometer by a dynamic control of the effective length in one of the two arms thanks to a piezoelectric transducer.

Figure 3 .

 3 Figure3.9: Coincidence histograms for two different settings of the relative phase between the two interferometers. On the left side, the applied phase is set to zero (∆ϕ = 0) therefore maximum coincidences are observed for the central peak. On the right side, the applied phase is set to π (∆ϕ = π), therefore destructive interference is observed and no coincidence peak is arising. It is clear that a post-selection is necessary since the side peaks are independent of the applied phase and would reduce, if not discarded, the visibility of the interference fringes to 50%.
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 310 Figure 3.10: Two-photon interference fringes observed by tuning the frequency of the laser.For a phase shift equal to 2π we need to tune our laser by ∆f = 2c2π ∆l . High raw visibilities are measured to be V =99.0%±1.3%.
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 311 Figure 3.11: Interference fringes obtained with energy-time entangled photons. When Alice's interferometer is set to ∆ϕ A = 0 and ∆ϕ A = π 2 , high raw visibilities are measured to be V Alice→∆ϕ A =0 =98.3%±1.4% and V Alice→∆ϕ A = π 2 =98.0%±1.2%, respectively. The coincidence rate of the postselected state is measured as a function of Bob's interferometer phase ∆ϕ B .
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 41 Figure 4.1: Setup for generation and analysis of hyperentanglement. The photon pair source is based on a fully fibred nonlinear Sagnac interferometer. Blue lines indicate polarization maintaining fibers. After deterministic separation of signal and idler photons, they are sent to their respective hyperentanglement analyzers at Bob and Alice, respectively. The energy-time entanglement is analysed by two interferometers, one for Alice and one for Bob.The interferometers are actively stabilized with a reference laser at 1560.48 nm. After the interferometers, we analyze polarisation entanglement using a HWP and a PBS at each location. Thereafter, the photons are spectrally demultiplexed using DWDMs and detected on standard SPDs. Hyperentanglement in wavelength correlated channel pairs is revealed through coincidence detection.
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 22 Figure 4.2. The four curves correspond to Alice's polarization and energy-time analyzer fixed at settings {|H , 0} (Figure 4.2a), |H , π Figure 4.2b), {|D , 0} (Figure 4.2c) and |D , πFigure 4.2d), respectively.

( a )

 a Coincidence count rates when Alice polarization and energy-time analyzer has been set to settings {|H , 0} as a function of Bob's polarization and energy-time analyzer settings. (b) Coincidence count rates when Alice polarization and energy-time analyzer has been set to settings |H , π 2 as a function of Bob's polarization and energy-time analyzer settings. (c) Coincidence count rates when Alice polarization and energy-time analyzer has been set to settings {|D , 0} as a function of Bob's polarization and energy-time analyzer settings. (d) Coincidence count rates when Alice polarization and energy-time analyzer has been set to settings |D , π 2 as a function of Bob's polarization and energy-time analyzer settings.
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 42 Figure 4.2: Coincidence count rates for four fixed settings at Alice's hyperentanglement analyzer, {|H , 0}, |H , π 2 , {|D , 0} and |D , π 2 , as a function of Bob's polarization and energy-time analyzer settings. High values for the acquired visibilities indicate the high quality of the generated hyperentangled state and coresponding fidelity values close to unity. Dots represent experimental data. The surface is a least-error-square fit using Equation 4.5. In all measurements, noise originating only from detector dark counts have been subtracted (typically 20 dark counts per measurement point).

Figure 4 .

 4 Figure 4.3 presents the S h parameter measured when Alice's energy-time and polarization analyzer is fixed to 0 p = 0 • , 1 p = 45 • and 0 et = 0, 1 et = π 2 , and Bob's settings in polarization and energy-time analyzer are tuned as follows 0 p , 1 p = 0 p + 45 • and 0 et , 1 et = 0 et + π/2. We can see that β presents several local extrema. Only for the optimal settings, a maximum violation can be achieved, i.e. where the four polarization settings are 0 p = 0 • , 1 p = 45 • , 0 p = 22.5 • , 1 p = 67.5 • , and the four phase-settings are 0 et = 0, 1 et = π 2 , 0 et = π 4 , and 1 et = 3 π 4 . The inferred correlation strength for all the 16 different combinations of settings are shown in Table 4.2. By looking at Equation 4.10, we can see that six negative and ten positive expectation values 3 are expected which is exactly what we see in Table4.2. This is similar to ordinary Bell inequality tests where usually three positive and one negative correlation is found[START_REF] Nielsen | Quantum Computation and Quantum Information: 10th Anniversary Edition[END_REF]. For such

Figure 4 . 3 :

 43 Figure 4.3: Violation of the generalized CHSH Bell inequality. The S h parameter is inferred for different analyzers settings at Bob's site, i.e. polarization and energy-time analyzer settings are 0 p , 1 p = 0 p + 45 • and 0 et , 1 et = 0 et + π/2, respectivly. Alice's settings are fixed in 0 p = 0 • , 1 p = 45 • and 0 et = 0, 1 et = π 2 . The surface is obtained through a spline interpolation and serves as a guide for the eye.
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 42 Measured correlation strengths for the 16 measurement setting combinations. The four polarization settings are 0 p = 0 • , 1 p = 45 • , 0 p = 22.5 • , and 1 p = 67.5 • . The phasesettings are 0 et = 0, 1 et = π 2 , 0 et = π 4 , and 1 et = 3 π 4 . Typical uncertainties are of about 0.03.

Figure 4 . 4 :

 44 Figure 4.4: Emission spectrum of the PPLN/w. Photons with wavelengths above (below) degeneracy at 1560 nm are directed to Alice (Bob). The insets show how Alice's and Bob's photons are further spectrally demultiplexed accordingly to the ITU 100 GHz channel grid.
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 4512 Compared to the standard version of the Franson setup (see Section 3.6), we substitute the beam splitters of the interferometers by polarization beam splitters. For the maximally entangled Bell polarization state |Φ + p = |V A |V i + |H A |H B ), horizontal photons will always take the long path and vertical ones always the short path, such that we can substitute |H with |l and |V with |s . In this case, there are not contributions of |l A s B and |s A l B since our source does not generate |V A H B or |H A V B . Subsequently, there is no need for any post-selection and a 100% visibility can be observed without setting a narrow time detection window.

Figure 4 . 5 :

 45 Figure 4.5: Proof-of-principle of a post-selection free energy time entanglement analysis.When polarizion beam splitters are substituted, and polarization-entangled photons are used, a postselection-free inplementation can be realized. At Alice's and Bob's sites horizontally polarized photons take always the long path while vertical ones take the short path. After the output PBSs, i.e. before the two detetctors D A and D B , the two terms of the state become indistinguishable with respect to polarization, and coincidence acquisition between detectors A and B reveals nonlocal interference as any of the path lengths is changed.
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 46 Figure 4.6: Experimental setup. A continuous-wave 780 nm laser is sent to a Sagnac source of polarisation entangled photon pairs made of a PPLN/w and polarisation maintaining fibers (blue colour). Signal and idler photon polarisation states are each analysed by a set of tools comprising an electro-optic modulator (EOM), a fiber polarization beam-splitter (f-PBS), and two single-photon avalanche photodiodes (APD). Coincidence electronics is used to reveal correlations, and thus entanglement.
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 47 Figure 4.7: EOM A and EOM B binary settings. When a voltage of ∼3.5V is applied to EOM A , a phase shift ∆ϕ A = 0 →"0" is applied to |H A contributions. Conversely, when a voltage of ∼6.5 V is applied to the EOM A results in a phase shift ∆ϕ A = π 2 →"1" (pink line). Similarly, in the EOM B (blue line) voltages of ∼2 V and ∼5 V correspond to phase shifts of ∆ϕ B = π 4 →"0 " and ∆ϕ A = 3π 4 →"1 ", respectively, at Bob's location.
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 48 Figure 4.8: Coincidence histograms for the four possible detector combinations, i.e.D V A &D V B (blue), D H A &D V B (pink), D V A &D H B (black) and D H A &D H B (red).The temporal bin width of our TDC is 81 ps. Note that, for better visualization, the four peaks have been temporally displaced using different cable lengths. Throughout the rest of the manuscript, only events within four bins located around the center of each coincidence peak are considered.

  ∆ϕ A = 0 and ∆ϕ A = π 2 , respectively. The acquired fringes are shown in Figure 4.9. Sinusoidal fringes are obtained for all the four two-photon coincidence configurations. As expected from the Equation 4.15, pairs of detectors measuring identical polarization modes (D V A &D V B and D H A &D H B ), as well as pairs measuring opposite modes (D H A &D V B and D V A &D H B ) are always in phase. The fact that in both cases sinusoidal interference fringes are obtained, demonstrates the invariance of entanglement under rotations of the analysis basis.

Figure 4 . 9 :

 49 Figure 4.9: Phase scans for the violation of the Bell inquality through postselection-free energy-time entanglement. At Alice's site, two fixed phase settings are used: (a) ϕ s = 0 and (b):ϕ s = -π 2 .Bob's phase is continuously scanned. In both cases, sinusoidal interference fringes are obtained in the two-photon coincidence rates corresponding to the four possible detector combinations. This underlines that entanglement is invariant under analysis basis rotations. Error bars assume poissonian statistics.

  User HNR Phase Settings (rad) EOM Voltage (V)

Figure 4 . 10 :

 410 Figure 4.10: Sketch of the data acquisition procedure.
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 411 Figure 4.11: Development of the 5-minute averaged S-parameter as a function of time. The four vertical arrows indicate the times at which unexpected incidents occurred to the experiment.
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 51 Figure 5.1: Basic scheme of a photonic quantum interface for polarization entanglement.One of the two polarization entangled photons is sent to a quantum coherent frequency converter. The latter applies a frequency transposition from the telecom to the visible band onto the corresponding photon while preserving the quantum correlation properties of the pair.
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 52 Figure 5.2: Interface based on a Mach-Zehnder interferometer like configuration. The entangled photon and the diagonally polarized pump laser are mixed using a WDM. After the first PBS, the horizontal (vertical) components travel along the upper (lower) interferometer arm.The upper contribution is first rotated by employing PM fibers and twisted for 90 • and then converted in a PPLN/w. The vertical component is directly sent to the second PPLN/w, and rotated after conversion. Note, that someone could have used fibered-polarization controllers to actively control the polarization of the photons in the upper and lower arm. Although, this will add higher experimental complexity and additional losses.

  tel |H B,vis + e i ϕ β |V A,tel |V B,vis , with |α| 2 + |β| 2 = 1. (5.2) Here, "vis" denotes photons at 794.98 nm, α and β denote the probability amplitudes which are directly related to the up-conversion efficiency η up of |H B,tel and |V B,tel in the nonlinear MZI to |H B,vis and |V B,vis , respectively, including the transmission losses in each arm. The phase factor e i ϕ depends on the relative phase induced by the nonlinear MZI. Therefore, by adjusting the up-conversion efficiency in each PPLN/w of the interface, we can set α = β = 1

√
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 53 Figure 5.3:The complete experimental setup of the quantum interface. Polarization entangled telecom photon pairs at 1560.48 nm (degeneracy) are generated by the Sagnac source described in Chapter 3. Then, they are separated by a beam splitter such that one of the telecom photon is going to the "telecom" Bell state analyzer. The photons are detected by a SNSPD and the produced electronic signal is sent to the TAC. The other telecom photon is combined with a 1620.58 nm strong light field at a WDM and afterwards sent to the MZ nonlinear interferometer. Then it is coherently up-converted to a visible photon at 794.98 nm. The photons are filtered down by a build-up optical cavity and are then sent to the "visible" Bell state analyzer. The 1620.58 nm pump is spectrally cleaned in order to avoid residual photons at 1560.48 nm, that would otherwise introduce spurious noise by up-conversion. The cavity is actively locked by introducing a duty cycle, where most of the time it allows the entangled photons to be transmitted and the rest of the time an optical signal at the same wavelength is used to reset the resonance of the cavity. In order to generate that signal, a 1560.48 nm (RIO) continuous wave laser is amplified and combined with part of the 1620.58 nm pump laser. Then via SFG into a PPLN/w the desired signal at 794.98 nm is generated. This 1560.48 nm laser is stabilized against a rubidium hyperfine transition by frequency doubling it in a PPLN/w. Note that the pump laser of the photon pair generator is locked in the same rubidium line in another rubidium cell. Finally, the MZI is stabilized by exploiting the residual SHG of the 1620.58 nm laser into the nonlinear MZI. HWP: half-wave plate; PC: polarization controller; PBS: polarization beam splitter; P t BS: 99%/1% beam splitter

Figure 5 . 4 :

 54 Figure 5.4: Experimental setup towards finding the good QPM condition and SFG efficiency.A 1620.58 nm laser is amplified using an EDFA and mixed with a wavelength tunable laser simulating the single photons at around 1560.48 nm. Two polarization controllers (PC) permit aligning the light fields to be vertically polarized at the PPLN/w input. A visible light powermeter at the PPLN/w output records the optical power of the SFG signal at around 794.98 nm.
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 55 Figure 5.5: Intensity of the wavelength converted light as a function of the wavelength of the tunable laser for (a) PPLN/w 1 and (b) PPLN/w 2 . For PPLN/w 1 the desired QPM is obtained at a temperature of 72.8 • C and for PPLN/w 2 at 66.6 • C. The spectral acceptance bandwidths are ∼0.33 nm (∼40 GHz) and ∼0.35 nm (∼43 GHz), respectively.
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 56 Figure 5.6: Conversion efficiency for the light at 1560.48 nm as a function of the waveguide coupled pump power at 1620.58 nm for (a) PPLN/w 1 , and (b) PPLN/w 2 with η =484%/W (a) and corresponding to η =527%/W (b), respectively. Solid red lines are fits following the law given in Equation 5.8 and error bars give ±5% error.
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 57 Figure 5.7: Recorded optical spectrum when both the 1620.58 nm and 1560.48 nm laser are coupled to the PPLN/w. Two peaks are obtained. The peak at around 795 nm is the SFG signal (1620.58 nm + 1560.48 nm). The peak at 810 nm is due to residual SHG signal (1620.58 nm + 1620.58 nm) of the strong pump laser at 1620.58 nm. The blue shaded area denotes the transmission bandwidth of the 786 nm bandpass filter placed after the output PBS.
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 58 Figure 5.8: Phase stabilization system for the Mach-Zehnder interferometer interface. The 1620.58 nm pump laser is sent to the interferometer and in each PPLN/w it undergoes frequency doubling. The optical power obtained at 810.29 nm is of about 1 µW at the output of each PPLN/w. The optical paths are made of polarization maintaining fibres (blue lines) which are rotated such that the proper light polarizations are obtained in front of each PPLN/w and the polarizing beam-splitter (PBS) at the interferometer output. After the interferometer, the 810.29 nm (SHG) and the 794.98 nm (SFG) signals are separated using a bandpass filter centered at 786 nm. The 810.29 nm light passes a HWP set at 45 • PBS.The intensity measured using a photodiode (DET) depends on the phase accumulated in the interferometer. A lock-In amplifier modulates the phase accumulated in the MZI by adding small modulation in a fiber strecher, measures the signal obtained on the DET, and provides the error signal. This signal is integrated (I) and fed back to the piezo-electric fibre stretcher (PZT) that tracts on one of the input fibres towards stabilizing the optical phase.

Figure 5 . 9 :

 59 Figure 5.9: Experimental setup for the characterization of the optical cavity. A single mode CW laser at 795 nm is sent to the optical cavity through a PBS and a QWP . The transmitted light intensity is detected thanks to a fast photodiode. The QWP is set at 45• . In that way the reflected light polarization rotates by 90• and is reflected at the PBS. One of the cavity mirrors is mounted on a piezo-electric crystal, such that the tuning of the cavity resonance is possible. By modulating the piezo-electric element we scan the optical length of the cavity and therefore the resonance, allowing to observe the spectral profile of the cavity.
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 510 Figure 5.10: The measured frequency bandwidth of the optical cavity, obtained by detecting the light transmitted by the cavity. The detected light intensity is drawn in black and the data have been fitted by a lorentzian function, resulting in frequency bandwidth of ∆ν = 245 MHz.
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 511 Figure 5.11: The measured reflection profile of the optical cavity. The experimental data are fitted with a lorentzian function. The green shaded area A g corresponds to the transmitted light and the blue shaded area A b to the losses due to imperfections.

Figure 5 . 12 :

 512 Figure 5.12: Cavity stabilization system. Part of the 1620.58 nm pump laser is combined with a 1560.48 nm laser. The latter is frequency doubled and stabilized against the same rubidium transition as the pump laser of the entangled photon pair source. Both lasers are coupled into a PPLN/w and light at 794.98 nm is generated via SFG. Energy conservation dictates that the generated light has the same frequency as the up-converted photons. This light is used as a reference laser to stabilize the resonance of the cavity. Part of the time the reference light is used to stabilize the cavity and the rest of the time is dedicated to the transmission of the up-converted photons.

Figure 5 . 13 :

 513 Figure 5.13: (a) Design of the optical chopper disk. It is characterized by three main arc lengths. Ar b = 15 • when neither the locking beam nor the entangled photons are inserted into the cavity, Ar l = 8 • when the locking beam feeds the stabilization system, and Ar t = 337 • when the entangled photons are filtered down from the cavity. (b) Detected transmitted power through the cavity for the locking beam (black) and for the entangled photons (red).

Figure 5 .

 5 14 we see the output spectrum for Ar b = 0 • , Ar b = 5 • , Ar b = 10 • and Ar b = 15 • with black, red, blue and magenta color, respectively. For Ar b = 15 • , no photonic noise is observed.

Figure 5 .

 5 Figure 5.14: Measured transmission spectra of the cavity when the locking system is on and no other source of light is inserted into the cavity. Ar b is the bling time during which neither the locking beam nor the entangled photons are entering the cavity. The measured spectra of the photonic noise due to the stabilization system is shown for Ar b = 0 • , Ar b = 5 • , Ar b = 10 • and Ar b = 15 • in black, red, blue, and magenta color, respectively. For Ar b = 15 • no photonic noise is observed.

Figure 5 .

 5 Figure 5.15: Transmitted intensities for the entangled photons (red) and for the locking beam (black). Complete rotation of the optical chopper disk defines the duty cycle which is T =188 ms. Mechanical vibrations and the modulation applied from the lock-in amplifier cause the insertion of additional losses which are represented by the cross shaded area and estimated to be equal to µ n = 9.1%.

Figure 5 .

 5 Figure 5.16: Setup towards characterizing the amplified spontaneous emission of the 1620.48 nm laser. Light is waveguided and amplified via an EDFA, and then sent to a photodiode via a monochromator and the spectrum is measured.

Figure 5 . 17 :

 517 Figure5.17: Spectral shape of amplified spontaneous emission of the 1620.58 nm laser. The black line shows the ASE spectrum when no filtering stage is implemented. The red line shows the pump laser spectrum when filters have been introduced in order to remove the undesirable spectral components. The grey shaded area highlights the spectral components that lead to the generation of spurious 794.98 nm photons via SFG into the PPLN/w.
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 518 Figure 5.18: Setup for characterizing the Raman noise. The 1620.58 nm pump laser is sent through two filters (LP-1610, FB-1620) and continuously amplified by an EDFA up to 400 mW of optical power. Then it is sent though a C/L band WDM. After the WDM 2 m of fiber is added. Finally, the light is sent to a single photon sensitive monochromator.
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 519 Figure 5.19: Raman scattering noise obtained at the output of a 2 m of SMF-28, for 400 mW waveguided optical power.

Figure 5 . 20 :

 520 Figure 5.20: Setup for measuring the noise contributions at the single photon level. The 1620.58 nm laser is amplified such that 260 mW of power is coupled into the PPLN/ws. Both the MZI and the cavity are locked as explained in Subsection 5.4.2 and Subsection 5.4.4, respectively. We ensure that no photonic noise is inserted due to the stabilization system of the cavity. Two basic filtering stages are inserted, one for the laser spectral cleaning, and one for the rejection of the Raman noise as shown in the figure (filters).
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 521 Figure 5.21: Photonic noise due to Raman scattering. The experimental setup shown in Figure 5.3 is fully operational. The black line shows apeak at 795 nm, which means that photons at 1560.48 nm are present and converted inside the PPLN/w. Note that the 1560.48 nm laser is switched off. The red line shows the photonic noise after successfully filtering out all Raman scattering noise.
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 522 Figure 5.22: Experimental setup towards evaluating the performance of the quantum interface. A tunable telecom laser (RIO) at 1560.48 nm is attenuated down to the single photon level and sent to a intensity modulator allowing to generate weak coherent pulses at the single photon level. We implement a narrow filter (500 MHz) in order to remove any noise comingform the amplified spontaneous emission of the RIO. The intensity modulator consists in two f-PC, a phase modulator and an f-PBS. At the preparation stage we simulate photons with different polarization |H , |V , |A , |D , |L , and |R (using HWP P and PBS P ). The photons are sent through the conversion stage and up converted. They are filtered down with the cavity and their polarization is analyzed by the analysis stage. The polarization analysis stage is made of a HWP A , a QWP A and a PBS A .

Figure 5 . 23 :

 523 Figure 5.23: Weak coherent pulses calibration, showing the mean number of photons per pulse (n) as a function of the attenuation level. The errors shown in the graph are ±5%.
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 524 Figure 5.24: Measured SNRs for different n. The black line shows the estimated SNR for the full time window of the coincidence peak (10 ns), and the red line the SNR for a 2 ns time window around the maximum of the coincidence peak.

Figure 5 .

 5 Figure 5.25: Measured overall conversion efficiency for different n. The black line shows the estimated conversion efficiency for the full time window of the coincidence peak (10 ns), and the red line shows the conversion efficiency for a 2 ns time window around the maximum of the coincidence peak.
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 526 Figure 5.26: The amplitudes of the real and imaginary part of all the elements of the density matrix measured in the output state for (a): |H tel → |H vis , (b):|V tel → |V vis , (c):|D tel → |D vis , (d):|A tel → |A vis , (e):|R tel → |R vis and (f):|L tel → |L vis .
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 527 Figure 5.27: Coincidence histogram of the coincidences between a visible and a telecom photon. The rising of the peak can be fitted with a Lorentzian function (red line) induced by the temporal shape of the optical cavity and the dropping of the peak can be fitted with a Gaussian function induced by the temporal shape of the FBG filter. The integrated area of the histogram framed in cyan color divided by the integrated area of the histogram framed in yellow color provides the SNR.
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 5282 Figure 5.28: Demonstration of our capability to tune the phase. For the realization of this measurement, Alice's and Bob's analysers are fixed in the diagonal basis, and therefore, we are capable of measuring the phase dependent coincidence rate between Alice and Bob. The experimental data are fitted with the function C (ϕ) = Max Counts 2 • (1 + V • cos(ϕ)), where V is the visibility, ϕ the applied phase, and C (ϕ) the coincidence rate. As indicated in the graph, for ϕ = 0 or ϕ = π, the maximally polarization entangled Bell states |Φ + or |Φ -are obtained, respectively.
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 529 Figure 5.29: Coincidence counts when Alice's polarization analyzer has been set to analyze along |H (black line) and |D (red line) basis. The HWP at Bob's site is continuously rotated. High net visibilities are measured to be V Alice→|H =94.0%±1.5% and V Alice→|D =94.5%±2.6%.
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 530 Figure 5.30: Raw coincidence counts when Alice's polarization analyzer has been set in the phase sensitive basis |D . The HWP at Bob's site is continuously rotated. The sinusoidal fitting permits to infer a visibility in the raw data of 85.3%±3.8%.
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 61 Figure 6.1: Typical experimental setup for standard spectrally-resolved WLI. BS, beamsplitter; SUT, sample under test.

Figure 6 . 2 :

 62 Figure 6.2: Simulation of ideal speactral interferograms with WLI.

Figure 6 . 3 :

 63 Figure 6.3: Typical experimental setup for spectrally-resolved Q-WLI. BS, beam-splitter; SUT, sample under test; SPD, single photon detector. &-symbol, time-tagging and coincidence logic.

Figure 6 . 4 :

 64 Figure 6.4: A 780.24 nm, actively stabilized, continuous wave laser pumps a type-0 PPLN/w.The generated photon pairs are sent to the MZI. In the top arm is inserted the sample under test (SUT) while the bottom is free space. The two mirrors of teh latter arm are placed on a transition stage such that the legth of it can be tuned. Furthermore, a piezoelectric transduser allows for fine tuning. The insertion of a modulation signal permits the stabilization of the interferometer. The reference stabilization light is an actively stabilized 1560.48 nm laser which is inserted into the inrefrometer from the backward direction thanks to an ITU21 DWDM. Finaly, two tunable filters, one in each output of the interferometer are inserted, allowing the registration of coincidence events between energy matched entangled photons. M, mirror; L,lens.
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 65 Figure 6.5: Broadband SPDC emission spectrum of the photon pair generator. With the black line (120.30 • ) is depicted the spectrum at the degeneracy point. With the red (122.34 • ) and the blue line (123.30 • ) the spectrum is wider due to the phase matching conditions implied by the temperature of the PPLN/w.
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 66 Figure 6.6: Data acquisition for the WLI. (a) Typical spectrum emission of the superluminescent diode with the black line and the phase dependent spectral interferogram in the output of the MZI with the red line. (b) Normalized data of the phase dependent spectral interferogram (blue line).
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 67 Figure 6.7: Fitting of the standard WLI acquired data (red dots) with a function taking into accound terms up to d 2 n dλ 2 | λ 0 (green line) and d 3 n dλ 3 | λ 0 (blue line). Only the latter shows a perfect overlap with the experimental data.
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 68 Figure 6.8: Typical measurements when inferring chromatic dispersion in a 1 m long standard single-mode fiber using Q-WLI. The top graph insets show registered coincidence histograms for different settings on the single photon spectrometer. Red dots, data points; Blue lines, appropriate fits to the data from which D is extracted (see Equations 6.10 and 6.15). Error bars assume poissonian photon number statistics.
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 69 Figure 6.9: Experimental results when using Q-WLI for inferring residual chromatic dispersion in our interferometer without the SUT. Red dots, data points; Blue lines, appropriate fit to the data.
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 610 Figure 6.10: Histograms of inferred chromatic dispersion coefficients after 100 repetitions on the same SUT using both standard (blue) and entanglement-enhanced (red) measurements, respectively. Fits to the data assume a normal distribtion.
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 612 Figure 6.12: Infrared spectroscopy with visible light. Drawing extracted from Kalashnikov et al. [333].
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 6 Figure 6.13, depicts the basic principle and concept of transferring a two-photon phase shift onto a single one. A pump laser is split by a beam-splitter (BS) which allows to coherently illuminate two nonlinear downconverters (NL 1 and NL 2 ). In the first crystal (NL 1 , type-II PPLN/w), crosspolarized signal and idler photon pairs |H s |V i are generated, and subsequently transmitted through a phase object, where the individual photons accumulate a phase shift ϕ s and ϕ i , respectively. In other words, the state evolution is given by |H s |V i → e i (ϕs+ϕ i ) |H s |V i . After being transmitted through a first dichroic mirror (DM 1 ), this quantum state is coherently superposed with the contribution induced in the second nonlinear crystal (NL 2 , type-0 PPLN), i.e. |V s |V i . The output quantum state reads:

Figure 6 . 13 :

 613 Figure 6.13: Basic principle of the experiment. The pump laser light (red) is divided into two at a beam-splitter (BS).In NL 1 , cross-polarised photon pairs |H s |V i can be produced through SPDC (blue and yellow). By passing through the phase object, a two-photon phase ϕ s + ϕ i is accumulated. Signal, idler, and pump photons are overlapped at a dichroic mirror (DM) and sent to NL 2 where co-polarised photon pairs |V s |V i can be generated. Working in a weak pumping regime ensured that, globaly, only one pair of photons is created within the coherence time of the laser. Therefore, as idler contributions from both sources are indistinguishable, they reveal no information about the origin of the considered photon pair. This effectively transfers the entire two-photon phase shift to the signal photon. The phase may be revealed by rotating the signal photon polarisation by 45 • using a half-wave plate (HWP) and projecting it on a polarising beam-splitter (PBS) followed by two intensity detectors.

Figure 6 .

 6 Figure 6.14: Experimental setup. A 780 nm pump laser is sent to a Mach-Zehnder interferometer. NL 1 is a type-II PPLN/w generating cross-polarised photon pairs. The phase object is a glass plate which can be tilted using a step motor. When passing through the phase object, the photon pair contibution accumulates a two-photon phase shift, as in standard quantum metrology protocols. After the interferometer, the photon pair contribution and the pump laser are sent to a type-0 PPLN whose co-polarised photon pair emission effectively transfers the entire two-photon phase shift onto one of the photons (λ 1 ). A standard phase-sensitive intensity measurement is therefore enough to infer the phase shift with doubled sensitiviy compared to classical approaches.

Figure 6 .

 6 Figure 6.16: Measurement of quantum-enhanced interference fringes using a standard photodiode.
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 71 Figure 7.1: Schematic for a configurable two-photon-number state generation. The generator consists of two ideal loss-less beam splitters in series forming a MZI, and a phase shifter in one of the two interferometric arms. Two identical photons are also required on each input of the interferometer.
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 72 Figure 7.2: Experimental setup. A ps-laser at 712 nm is coupled to an integrated directional coupler (Block I on the right) to simultaneously pump two PPLN/ws (Block II in the center). Each of them can produce pair of photons at 1310/1560 nm by a SPDC process. Each pair is then coupled to the state-engineering chip (Block III on the left) and are first deterministically separated by means of integrated WDMs. The two 1310 nm photons herald the complementary 1560 nm photons routed towards a MZI, which can be actively phase-controlled using a thermo-optic, voltage-driven, transducer placed over one of its two arms. Detection scheme: The photons are first collected using single mode optical fibers arranged in a fiber array. Then a filtering stage permits to obtain a single temporal mode per pulse. Finally, quantum correlations are measured by recording 4-fold coincidences through a detection scheme comprising two detectors at the two output modes of the MZI triggered by the detection of two heralding photons in the external modes. FBG : fiber Bragg grating, APD : avalanche photodiode, TDC : time-to-digital converter, DC : 50/50 directional coupler, PPLN/w : periodically poled lithium niobate waveguide, MZI : Mach-Zehnder interferometer, WDM : wavelength division multiplexer, FLDW: femtosecond laser direct written, OD : Optical Delay, V : Voltage controller.
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 73 Figure 7.3: Design and acknowledged labels of the input/output of the N 00N chip.
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 74 Figure 7.4: Scematic of the 3D MZI and the heat-based phase tuning system.

2 ,

 2 the product state |1 t |1 b and the two-photon N 00N state

  |2 t |0 b +|0 t |2 b √ 2can be generated, respectively (Equation7.3).
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 75 Figure 7.5: Classical characterization of the MZI transmission as a function of the applied voltage.We inject laser light at 1560 nm in the backward direction of the chip (A2) and we collect the power at the ports H2 and A2 which corresponds in the "top" output of the MZI and at the ports H1 and A1 which corresponds to the "bottom" output of the MZI. For 0 V the MZI fully transmits the 1560 nm light, for 10 V it behaves as a beam splitter and for 15 V it almost fully reflects the arriving photons. The non perfect cosinus function shape is because the non linear relation between applied phase and voltage.
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 76 Figure 7.6: Calibration of the phase of the MZI as a function of the applied voltage. The phase control is achieved using an external voltage generation that creates a temperature gradient between the two arms of the MZI.
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 77 Figure 7.7: In black and red points we present the spectrum of the idler photons (1560 nm) generated from the top source and the bottom source, respectively, in arbitrary units, when pumped with a 712.2 nm laser. Both are fitted with a sinc-squared equation. I would like to note that both spectrum show a good spectral overlap ensuring the high indistinguishability of the heralded photons. Measurement conditions: Poling period: 14 µm; Temperature: 50 • C. λ p : 712.2 nm.
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 78 Figure 7.8: Setup used for the characterization of each individual source in the single photon regime.
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 79 Figure7.9: The TDC allows measuring quantum correlations with a start and a stop given from the heralded detectors, and ∆T is referred to as time interval between coupled "start" and "stop" events. a1 When the two photons that enters the MZI originate from the same laser pulse, i.e. in each PPLN/w one photon pair is generated, they interfere according to Equation7.8. We therefore observe two-photon interference, associated with fringes with a period= π for ∆T = 0. a2 Single photon interference can also been observed for pulses that only generate one photon pair in one of the two PPLN/ws with a sequence equal to 1/τ . Since the heralded detectors are only triggered according to the detection scheme described in the main text (see also Figure7.2), we observe single photon interference patterns with a period of 2π for ∆T = 0. b Coincidence histogram recorded for 3 different phase settings. The coincidence peak at ∆T = 0 comes from simultaneous detection events and is associated with two-photon interference. Note that the coincidence peaks that rise at ∆T = nτ , n = 1, 2, 3 . . . are associated with single photon interference. As can be seen, and as predicted by Equation7.9, no coincidence peak emerges for ϕ = 3π/2 (coalescence effect) while it rises up for other phase settings.
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 710 Figure 7.10: Schematic of the experimental setup for the acquisition of 4-fold coincidence events.

  d 1 , d 2 , d 3 = 0.2 and d 4 = 0.2 are the quantum efficiencies of Det 1 , Det 2 , Det 3 and Det 4 respectively. η 1 = d 1 µ 1 , η 2 = d 2 µ 2 , η 3 = d 3 µ 3 and η 4 = d 4 µ 4 are the overall detection efficiency inducing the losses for H2, A2, A1 and H1 respectively. I 11 = P t 1 P b 1 is the probability to generate one photon pair in each source, I 21 = P t 2 P b 1 is the probability to generate two photon pairs in the "top" and one in the "bottom" source, I 12 = P t 1 P b 2 is the probability to generate one photon pair in the "top" and two in the "bottom" source, and I 22 = P t 2 P b 2 is the probability to generate 2 photon pair in each source. Finally ϕ is the applied phase in the MZI by tuning the voltage.
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 711 Figure 7.11: Number of 4-fold coincidences expected, for 8 hours accumulation time, in the 0-delay coincidence peak (blue line) and τ -delay coincidence peak (red line). teh blue shaded area is highlighting the phase tuning area that our device is capable of doing. It worth to note that the two photon interference is running twice faster than the single photon interference.

Figure 7 .

 7 Figure7.12: The estimation of the visibility (black line) and the number of the coincidences per 8 hr for a phase equal to π, (ϕ = π),(red line) as a function of the n. We assume that both "top" and "bottom" source are performing with the same n = n top = n bottom . We observe that by pumping with higher power we can have more coincidences which facilitates the demonstration of the experiment but degrades the quantum performance of the device.

Figure 7 .

 7 Figure 7.13 presents the recorded 4-fold coincidence events for different phase settings. The acquired experimental data for both two-photon (blue squares) and single photon interference (red squares) are plotted.The fitting-curve parameters have been extracted from a classical characterization of the MZI as described in Section 7.3, allowing only the amplitude (A) and the visibility (V) of the interference fringes as free parameters. The fitting equations are
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 713 Figure 7.13: Interference patterns recorded at the output of the device as a function of the phase setting in the MZI. Here blue and red data are given for two-photon and single photon interference, respectively. The uncertainty associated with each point has been calculated using standard squared root deviation refered to Poissonian distribution of the photocounts. The curves are fitting functions of the experimental data (squares), for which the only free parameters are the visibility (V) and the amplitute (A). For the calculation of the error bars we assume poissonian statistics.

Figure A. 1 :

 1 Figure A.1: Schematic of a periodically poled lithium niobate waveguide (PPLN/W) operating in the SPDC regime. An incoming pump photon, characterized by an angular frequency ω p and a momentum k p is converted into a pair of signal (ω s , k s ) and idler (ω i , k i ) photons.In order to increase the efficiency of this process, a waveguide is employed, which maintains high light field energy densities over a few cm of distance. In order to permit finding the phase matching condition for the three photon process of interest, the ferroelectric polarization of the crystal is repeatedly inverted (poling period Λ) along the light propagation axis. This results in the so-called quasi phase matching (QPM). The QPM is mainly influenced by the poling period while the waveguide width (d) and the crystal temperature allow for further fine tuning of the QPM conditions.
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 32 Equation C.1 can be written as follows:ϕ(λ 0 + ∆λ) ≈ 2 π d sIn the case of energy-time entangled photons the following equations hold:ϕ(λ 0 + ∆λ) = ϕ(λ 1 ) + ϕ(λ 2 ) λ 0 = -λ 0 ∆λ λ 0 + 2∆λ (C.9)Equation C.1 and Equation C.4 gives:ϕ N 00N (λ 0 + ∆λ) = ϕ(λ 1 ) + ϕ(λ 2 ) = 2π λ 1
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1 ) 2 â 2 . 2 |2, 1 = 21 √ 2 ! √ 2 (s 3 -

 1222121223 † t + i(1+e iϕ ) 2 â † b = s • â † t + c • â † b (F.11)where we set c = i(1+e iϕ ) 2 and s = (e iϕ-1) and for shake of simplicity I nm = P t n P b m with n, m = {1, 2} where |I nm | 2 is equal with the probability to generate the state |n, m per laser pulse. From the |Input , the quantum states |0, 0 , |1, 0 , |0, 1 , |2, 0 and |0, 2 can not contribute in any 4-fold coincidences, therefore finally the post-selected state will be:|Input = I 11 |1, 1 + I 12 |1, 2 + I 21 |2, 1 + I 22 |2, 2 . (F.13)Each wavefunction evolves after the MZI as follows:|2, 0 + I 11 (-s 2 + c 2 ) |1, 1 + I 11 √ 2!cs |0, (â † t ) 2 √ 2 (â † b ) |0, 0 → I 21 √ 3! √ 2 (-s) 2 c |3, 0 + I 21 √ 2! √ 2 (c 3 -2s 2 c) |1, 2 +I 2c 2 s) |2, 1 + I 21
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 2442233232 cs 3 ) |1, 3 (F.14) Therefore the output state can be written: |Output = C 11 |1, 1 + C 12 |1, 2 + C 21 |2, 1 + C 22 |2, 2 + C 31 |3, 1 + C 13 |1, 3 (F.15) where C 11 = I 11 (c 2 -s 2 ), C 12 = I 21 (c 3 -2s 2 c)+I 12 (2c 2 s-s 3 ), C 21 = I 21 (s 3 -2c 2 s)+I 12 (c 3 -2s 2 c), C 22 = I 22 (s 4 +c 4 -4s 2 c 2 ), C 31 = I 22 2 cs 3 -sc 3 ) and C 13 = I 22 2 √ sc 3 -cs 3 ) are the probability amplitudes for the states |1, 1 , |1, 2 , |2, 1 , |2, 3 , |3, 1 and |1, 3 respectively.
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	BW C d d r d s ER L A L B n n(λ) N pair N pump number of pump photons bandwidth coincidences physical length physical length of the reference arm physical length of the SUT extinction ratio long optical path of Alice's ET-analyzer long optical path of Bob's ET-analyzer refractive index of an optical medium refractive index of the SUT number of photon pairs N up number of up-converted photons short optical path of Alice's ET-analyzer S B short optical path of Bob's ET-analyzer ∆d A Alice's interferometer physical length difference ∆d A Bob's interferometer physical length difference ∆f pump laser frequency range ∆ν full spectral emission bandwidth ∆L A Alice's ET-analyzer optical path difference ∆L B Bob's ET-analyzer optical path difference ∆L AB Alice's and Bob's ET-analyzers optical path difference m GHz Hz m m m dB m m a.u. a.u. Hz Hz Hz m m m m GHz nm m m ∆ϕ A relative phase in Alice's ET-analyzer rad ∆ϕ B relative phase in Bob's ET-analyzer rad η detector quantum efficiency % η SPDC SPDC efficiency N pair • N -1 p η up up-conversion efficiency N up • N -1 p η qi up-conversion efficiency N in • N -1 out θ phase rad λ i wavelength of the idler photon nm λ p wavelength of the laser pump photon nm λ s wavelength of the signal pump nm µ losses % or dB µ m losses due to absorption in a cavity % µ s losses due to imperfections in a cavity % f frequency Hz τ delay s τ c single photon coherence time s τ pc pump laser coherence time s τ tpc two-photon coherence time s ϕ phase rad ϕ A phase accumulated at Alice's interferometer rad P S A ϕ B phase accumulated at Bob's interferometer rad
	ϕ p	pump laser phase	rad

pump power of the pump laser W (J • s -1 ) S 1 , S 2 single counts Hz

  .52) From Equations 1.49, 1.50, 1.51, 1.52, and 1.47, we can evaluate the S-parameter for a mixed state S m as

  Taking into account the energy conservation ω A + ω B = ω p and the fact that the MIs are properly aligned with respect to each other (∆L ∆L represents the optical path length difference. It can be written as ∆L = n ref ∆d, where n ref is the refractive index of the fiber and ∆d the physical length difference in the interferometers. It is easy to see that by tuning the frequency of the pump laser we can also observe the expected two-photon interference fringes. This is actually something that can be used by an experimentalist to check if everything in the experiment has been set correctly. Note that in order to have a 2π phase shift on the fringes. It becomes obvious that the bigger the ∆L the more sensitive the Franson interferometer is. Note that similar to singlephoton interference effects the interference visibility depends on interferometer detunings, and the resulting interference can thus be exploited to measure the coherence function of the twophoton state.We can also see that if we only postselect the states |l A l B and the |s A s B we can observe interference fringes with 100% visibility

	Equation 3.23 reads:			
	∆ϕ =	ω p ∆L 2 c	.	(3.24)
	∆f =	2c2π ∆L	,		(3.25)
	can be applied			

A = ∆L B = ∆L) and to the individual photons coherence length (∆L A , ∆L B cτ c ),

  .30) where ∆d A and ∆d B are the physical path length difference of Alice's and Bob's interferometer, respectively. n A and n B are the refractive indices that correspond to the wavelength of the photons of Alice and Bob. By scanning the piezoelectric transducer in each interferometer, we observe a classical interferogram and, by means of a lock-in amplifier, we can "lock" the interferometer on a maximum or on a minimum (first derivative) of the 1560.48 nm interferogram. The relative phase in the interferometer of Alice (∆ϕ st,A ) and Bob (∆ϕ st,B ) is then given by:

	∆ϕ st,A =	2π λ stab	n stab ∆d A ,	(3.31)
	∆ϕ st,B =	2π λ stab	n stab ∆d B ,	(3.32)

Table 4 . 1 :

 41 Estimated visibilities for hyperentanglement for all the four combinations at Alice's analyzer.

	Alice settings	{|H , 0}	|H , π 2	{|D , 0}	|D , π 2
	V p	97.0%±1.8% 98.4%±2.0% 99.5%±2.1% 98.8%±1.3%
	V et	98.9%±1.8% 98.1%±1.8% 99.9%±2.1% 97.8%±1.2%

Table 4 . 3 :

 43 .3. Results in different DWDM channels. In all channel pairs, a strong violation of the generalized CHSH Bell inequality is observed.

	Signal	Idler	Maximum Standard
	channel channel	β	deviations
	ITU10 ITU33 7.73 ± 0.12	31
	ITU11 ITU32 7.25 ± 0.12	27
	ITU12 ITU31 7.63 ± 0.12	30
	ITU13 ITU30 7.61 ± 0.11	32
	ITU14 ITU29 7.78 ± 0.13	29

  and D H A &D V B , respectively. At ∆ϕ A = π 2 , we obtain 82.8±1.4%, 84.4± 1.6%, 90.5 ± 1.5%, and 86.3 ± 1.5% for the detector pairs D

Table 4 . 4 :

 44 User settings that are applied at Alice's and Bob's sites.

Table 4 . 5 :

 45 

  2, two type-0 PPLN/ws (HC Photonics) are used. The employed samples have both a length of 3.8 cm. The goal of this classical optical characterization is to set the suitable parameters to find the desired QPM: |V 1560.48 |V 1620.58 → |V 794.98 , (5.4)

Table 5 . 2 :

 52 Net single photon rates recorder by the Si-APD in counts/s. The first line denotes the prepared polarization states. The first column denotes the polarization basis set at the analysis stage.

  The integrated phasetunable MZI is made by exploiting the 3D capabilities of the FLDW waveguides on glass (Block III). For generating the input state in Equation7.2 (|1 t |1 b ), we exploit two heralded single photon sources (HSPSs) based on PPLN/ws, where the SPDC process allows the generation of photon pairs (see Subsection 2.3.2). Finally, an integrated beam splitter, made on glass by the FLDW technique (Block I), is used to pump simultaneously the two PPLN/ws in the nonlinear region (Block II) that feed with single photons the N 00N state preparation chip (Block III).

Table 7 . 1 :

 71 Measurement of the output power in modes In H1 , In A1 , In A2 , In H2 for 1 mW at @1310 nm/1560 nm in modes Out H1 , Out H2 , towards evaluating the WDM performances. normalized to the overall output power. Note that high ER values are more desirable for higher performances of the photonic chip. The ER for each WDM at the corresponding wavelengths are estimated to be equal to ER (W DM top,1310 ) = 7 dB, ER (W DM bot,1310 ) = 8 dB, ER (W DM top,1560 ) = 6.5 dB and ER (W DM bot,1560 ) = 4 dB. The results are presenting in Table7.2.

	In H2	0	0.112		0	0.363
	In A2	0	0.385		0	0.090
	In A1	0.256	0		0.057	0
	In H1	0.155	0		0.310	0
	SUM	0.411	0.487		0.367	0.453
	performance is. The ER can be calculated as follows:	
		ER = 10 log	Power wrong-port Power wrong-port + Power good-port	,	(7.5)
	and it is extinction ratio @1560 nm @1310 nm
		W DM top	6.5 dB	7 dB
		W DM bot	4 dB	8 dB

Table 7 . 2

 72 

: WDM performance in terms of spectral separation.

Table 7 .

 7 3. 

		Source "top" Source "bottom"
	P 0	96.10%	95.3%
	P 1	3.88%	4.70%
	P >1	0.02%	0.04%
	g (2) (0)	0.221	0.373
	n	0.040	0.047

Table 7 . 3 :

 73 Characterization of the performance of each individual single photon source when we pump with 1.5 mW visible light. The low values of of n < 0.1 is ensuring a good visibility for the two-photon interference.

  • (d r -n(λ 1 )d s ) + 2π λ 2 • (d r -n(λ 2 )d s ) By Equation C.2 the term n(λ 1 ) λ 1 + n(λ 2 )

			= 2πd r •	1 λ 1	+	1 λ 2	-2πd s •	n(λ 1 ) λ 1	+	n(λ 2 ) λ 2
			=	4πd r λ 0	-2πd s •	n(λ 1 ) λ 1	+	n(λ 2 ) λ 2	(C.10)
				λ 2		is written:
	n(λ 1 ) λ 1	+	n(λ 2 ) λ 2	=	2n(λ 0 ) λ 0
									factor 1
				+	dn dλ λ 0	•	λ 1 -λ 0 λ 1	+	λ 2 -λ 0 λ 2
									factor 2
				+	d 2 n dλ 2 λ 0	•	(λ 1 -λ 0 ) 2 λ 1	+	(λ 2 -λ 0 ) 2 λ 2
									factor 3
				+	d 3 n dλ 3 λ 0	•	(λ 1 -λ 0 ) 3 λ 1	+	(λ 2 -λ 0 ) 3 λ 2	(C.11)
	Calculation of factor 1 in Equation C.11:				

  Additionally, we consider that, in our detection scheme, we detector only horizontally polarised photons |H 1 after the PBS. Therefore we omit all terms that comprise |V 1 .

	1 →	1 √ 2	(|H 1 + |V 1 )	(E.7)
	|V 1 →	1 √ 2	(|V 1 -|H 1 ) .	(E.8)
	|ψ PBS ∝ |H 1				
						
						 .	(E.9)
	|ψ PBS ∝ |H 1 •				
	  (t η 1 +	√	α η 2 ) sin ϕ + (t η 1 -	√	α η 2 ) cos ϕ |V 2
	+ (t η 1 (1 -η 1 ) +	√	α η 2 (1 -η 2 )) sin ϕ
	+(t η 1 (1 -η 1 ) -	√ α η 2 (1 -η 2 )) cos ϕ

  e 2 i ϕ t η 1 |V 2 + η 1 (1 -η 1 ) +e i ϕ t • (1 -t) η 1 -√ α η 2 |V 2 + η 2 (1 -η 2 ) + t (1 -t) η 1   .

(E.10)

RSA is made of the initial letters of the surnames Ron Rivest, Adi Shamir and Leonard Adleman who are its creators.

In QIS, the basis {|0 , |1 } is often referred to as the computational basis.

The loopholes of a Bell inequality will be explained in more details in Chapter

[START_REF] Giovannetti | Quantum metrology[END_REF], along with the description of the experimental violation of the Bell inequalities by generating entangled photon pairs.

In reality, the visibility can be reduced not only due to a mixture in the produced state but also due to background noise. In this case Equations 1.49, 1.50, 1.51, and 1.52 can be expressed by p = 1 4 (1 ± V • cos (2 (θ A -θ B ))) + N , where N stands for the background noise. However, this quantity can easily be quantified in the experiments and be discarded.

For example, the heralded single photon sources, that I am dealing with in this thesis are truncated Poissonian, which is imposed by the probabilistic nature of the spontaneous parametric down conversion (SPDC) process.

(2) (τ ) as a function of a tunable delay time τ .

This is also true for the spatial observable and in general for any observable that belongs to a two-level system.

This can be easily achieved by using integrated photonics, by tuning the propagation constant of two evanescently coupled waveguides thanks to the exploitation the electrooptic properties of the considered medium[START_REF] Tanzilli | On the genesis and evolution of integrated quantum optics[END_REF].

and

[START_REF] Dowling | Quantum optical technologies for metrology, sensing, and imaging[END_REF].

The reader interested in the related calculations can refer to the references[START_REF]Quantum metrology and its application in biology[END_REF][START_REF] Dowling | Quantum optical technologies for metrology, sensing, and imaging[END_REF].

Note that one could have implemented here one polarization fiber controller for each arm of the Sagnac loop. However, in such a case scenario, there are two possible drawbacks. One is the increase of the experiment complexity which eventually will add more losses in the photon pair collection. The second is the fact that the polarization rotation into such fiber device (fiber polarization controller) depends on the wavelength of the photons. Both issues are overcome by the utilization of the PMFs, since their rotation angle has been set deterministically by simulating the generated photons (polarization and wavelength) with a tunable telecom laser and projecting the output light onto a fiber-PBS.

State of the pump laser is |pump = α p |H + e iϕp β p |V .

A C/L telecom-band WDM acts as a fiber dichroic mirror by reflecting all the photons at wavelengths below 1565 nm, while transmitting all the photons at wavelength longer than 1565 nm.

The anti-reflection coating for the PPLN/w has been provided by HCP Photonics[252].

The anti-reflection coating for the fibers of the Sagnac loop has been provided by AMS technologies[253].

ID220 NIR Free-Running SPAD.

567 Time-to-Amplitude Converter / SCA-ORTEC.

Note that the two-photon coherence time (τ tpc ) is strongly related with the single photon coherence time (τ c ) implied by the spectral mode filtering at the individual photons.

For the expression of the above probability we take into account a normalization factor

The response time of the detectors can be estimated by evaluating the FWHM of the coincidence peak. By using IDQ 220 APDs it is calculated to be in the order of 200 ps.

Note that usually the detectors show shorter jitters when the quantum efficiency is set to the maximum[START_REF] Korzh | Free-running InGaAs single photon detector with 1 dark count per second at 10% efficiency[END_REF].

The laser needs to be frequency stabilized, such that the variation of ω p is limited to a few KHz only. Special care has to be taken for the laser to be operated also in a single mode regime. Otherwise the interference fringes will be washed out.

The factor 1 4 has been replaced by[START_REF] Gisin | Quantum cryptography[END_REF] 

due to the normalization of the post-selected state.

The errors for the visibilities have been estimated by setting the confidence bound of the fitting to be equal to one standard deviation which is equal to 68.2%.

for Alice and

Note that instead of six negative and ten positive expectation values we could have 6 positive and ten negative expectation values which will result in a negative S parameter as we can also see in Figure

4.3. 

The uncertainties have been estimated by considering poissonian statistics and standard theory of error propagation.

Yenista XTM-50.

Note that one could use fibered-polarization controllers to actively control the polarization of the photons in the upper and lower arms. However, this will add higher experimental complexity and additional losses.

The shortest coherence length of about 1 mm is mainly given by the SFG spectral acceptance bandwidth of the employed PPLN/w. This is typically on the order of a few tens of GHz, which corresponds to a ∼ 1 mm photon coherence length.

Note that the amplitudes α and β and the phase factor e i ϕ also depends on the settings of the entangled photon pair source (see Section 3.3 for all the details).

Perkin Elmer SPCM-AQR-16

√ 2 . Although, in order to be sure that no phase fluctuations originate from the MZI we need to employ a stabilization system that allows to stabilize the phase ϕ of the MZI, as explained in the following section.

Such vibrations could effect the phase of the MZI mainly on the mechanical coupling system of the nonlinear waveguides.

Semrock-786/22 BrightLine single-band bandpass filter.

Note that the separation of the

810.29 nm light field would have been straightforward by the use of a dichroic mirror. However, we take advantage of the bandpass filter here to collect this light by setting it up with a slight angle. This reduces the complexity of the experimental setup and avoid additional losses from the dichroic mirror.

Thorlabs DET10A.

Thorlabs DET10A.

Thorlabs, FB-800-40, Bandpass Filter, central wavelength = 800 ± 8 nm, FWHM = 40 ± 8 nm.

Iridian Spectral Technologies Ltd. Long Pass Filter 1610 LPP.

Thorlabs, FB-1620-12, Bandpass Filter, central wavelength = 1620 ± 2.4 nm, FWHM = 12 ± 2.4 nm

C/L band WDMs transmit wavelengths above

nm and reflect wavelengths below 1570 nm. The transmission rejection ratio is typically of -30 dB.15 Id Quantique id220 operating at 20% efficiency and 7 µs dead time.

Perkin Elmer SPCM-AQR-16.

Note that the temperature of the phase modulator is stabilized with a standard temperature stabilization system.

ID210 NIR 100MHz Gated Detector

Dark counts of the ID210 are subtracted

Perkin Elmer SPCM-AQR-16

Note, that by using standard linear algebra, the full density matrix of a polarization state can be also fully defined by projecting the state only to the four following bases (|H , |V , |D , |R )

The dark counts of the visible single photon detector have been subtracted from the raw single photon rate.

AOS, Ultra narrow FBG (1560.2 nm• • • 1560.7 nm), FWHM<4 pm→<480 MHz.

The natural laser linewidth is less than 1 MHz. Additionally, we stabilize it actively against a hyperfine rubidium transition in atomic Rb in order to avoid slow drifts.

For more details of this active phase stabilization scheme, see Subsection

3.6.2. 

The PPLN/w has been exclusively designed and manufactured bu the University of Paderborn in Germany (N. Montaut, H. Herrmann, C. Silberhorn).

The expected visibility is theoretically calculated and described in Appendix E.

Note that the generated wavelengths are close enough (1557 nm and 1563 nm), such that they experience flat chromatic dispersion.

Note that N 00N states can also exist for other modes than spatial.

The losses for waveguides based in LiNbO

and SiO 2 platforms, when collecting with single mode fibers, are at the order of 2 dB.

Note that for filtering the unwanted photons taking the wrong path, a filter, before the detection scheme, is added.

The same optical circuit have been exploited for the demonstration of an other experiment described in reference[START_REF] Meany | Hybrid photonic circuit for multiplexed heralded single photons[END_REF] 

Note that low losses here are important, since too high power in the PMF could lead in self-phase modulation processes that are unwanted

Model: Photonetics Tunics-PRI.

Coherent FieldMax II.

Toptica DL-Pro.

Yenista XTM-50.

Id quantique id220, operated at 20% detection efficiency and 5 µs dead time.

Yenista XTM-50.
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Appendix A

SPDC source A.1 Photon pair generation via SPDC

One of the most convenient and exploited ways for generating photon pairs is the so-called spontaneous parametric down-conversion (SPDC) process [START_REF] Kaiser | Photonic entanglement engineering for quantum information applications and fundamental quantum optics[END_REF]. This second order optical nonlinearity can be exploited in non-centrosymmetric crystals, and as discussed in Subsection 2.3.2 is widely used in order to produce single photon emitters when experimental configurations that herald one of the two generated photons are implemented [START_REF] Barz | Heralded generation of entangled photon pairs[END_REF][START_REF] Meany | Hybrid photonic circuit for multiplexed heralded single photons[END_REF][START_REF] Torres-Company | Tailoring the spectral coherence of heralded single photons[END_REF].

The SPDC process is a three wave mixing process where a high energy pump photon (p) propagating in a suitable crystal is down-converted i.e. generate photons with less energy, into a pair of photons with a certain probability, typically referred to as signal (s) and idler (i) photons. This process is restricted by the laws of conservation of momentum and energy:

Here, ω denotes the photons' angular frequencies. k = 2 π n λ u is the photon momentum, with λ being the photon vacuum wavelength, u a normalized vector along the light propagation axis and n is the refractive index. Equation A.2 is typically called the phase matching condition and comprises the wavelength dependent refractive indices for the three photons of interest. Therefore, this equation can be only fulfilled under certain circumstances, i.e. for certain photon wavelengths, propagation directions and polarization modes (birefringent phase matching). What is usually referred as to the "good" phase matching conditions for generation of photons in the desired wavelengths. In general, it holds ω i ≤ ω s .

In bulk crystals the SPDC efficiency is typically very weak, on the order of 10 -10 generated pairs per pump photon and centimetre of crystal length. Although, the advances in microfabrication technologies allows us to exploit integrated waveguides that permits the increasing of the SPDC efficiency by several orders of magnitude [START_REF] Fiorentino | Spontaneous parametric down-conversion in periodically poled KTP waveguides and bulk crystals[END_REF]. A schematic is given in Figure A.1. The main reason that the SPDC efficiency is much higher into waveguides is because strongly confined light beams can be continuously interact with the crystal for longer lengths (in the order of a few centimeters), while in bulk crystals, it is hard to maintain this high light field energy densities of more than a few mm.

Although, natural birefringent phase matching is difficult to achieve using such a waveguide structure. The waveguide implies a fixed photon propagation direction depending on the waveguide fabrication procedure and only certain polarization modes are guided in the structure [START_REF] Tanzilli | On the genesis and evolution of integrated quantum optics[END_REF].

The non-linear devices used for this thesis are all based on waveguide structures on PPLN. The exploited interaction types are type-II (|V p → |H s |V i ) as well as type-0 (|V p → |V s |V i ).

A.2 Photon statistics in a SPDC source

The generation of photons pairs in SPDC sources follow thermal (Bose-Einstein) statistics. It has been stated [START_REF] Tapster | Photon statistics of pulsed parametric light[END_REF][START_REF] Blauensteiner | Photon bunching in parametric down-conversion with continuous-wave excitation[END_REF] that the statistics of SPDC as a multimode process, i.e when the pulse duration of the laser is much longer that the coherence time of the produced photons, leads to the observation of Posissonian statistics. Although, by filtering narrow enough thermals statistics (Bose-Einstein) can be observed as shown in [START_REF] Tapster | Photon statistics of pulsed parametric light[END_REF]. Therefore, a SPDC source generates i = 0, 1, 2 • • • photon pairs with a probability:

where n is the mean number of photon pairs. The generated state in the output of an SPDC source reads

By heralding one of the two generated photons we suppress the vacuum state |0 i 0 s . Hence, the state above heralding reads

which now follows truncated thermal statistics, and P * are renormalized coefficients. As it has been shown in [START_REF] Guo | Parametric down-conversion photonpair source on a nanophotonic chip[END_REF] by using one of the two photons to herald the appearance of the other photon, non-classical anti-bunching behavior is observed. Note that this anti-bunching behavior of a SPDC heralding scheme is strongly related with the mean number of generated photons pairs n. In general for n 1, the second order correlation function for small time intervals tents to zero (g (2) (0) → 0), which is a clear evidence of anti-bunching behavior. This type-II crystal is a waveguide device that consists of periodically poled Z-cut LiNbO 3 sample with Ti-diffused [START_REF] Hu | Low-loss ridge waveguides on lithium niobate fabricated by local diffusion doping with titanium[END_REF], which allows propagation of arbitrary polarization modes, as opposed to waveguide fabrication procedures based on proton-exchange [START_REF] Chanvillard | Soft proton exchange on periodically poled LiNbO 3 : A simple waveguide fabrication process for highly efficient nonlinear interactions[END_REF]. The waveguides' poling periods Λ are around 9 µm to provide first-order type-II PDC generation with pump at 780 nm for conversion to 1560 nm at 100 • C. The waveguide end-faces are coated to minimize A wavelength tunable telecom laser is sent through a polarization controller to orient its polarization to be diagonal at the waveguide input. When the quasi phase matching condition is achieved, the laser light is frequency doubled. Light at the waveguide output is collected using a lens and sent to a power meter.

Appendix

This way horizontal and vertical light contributions are simultaneously available in the sample and the type-II second harmonic generation process |H 1560 |V 1560 → |V 780 can be observed. Here, the subscripts denote the photons' wavelength. Note that this process is the inverse of the SPDC process. When the laser is operated at the right wavelength, i.e. the quasi phase matching condition is achieved, two telecom laser photons can be combined to produce a second harmonic generated photon, i.e. a photon at half of the original wavelength (twice the frequency). The converted photons are then detected using an optical power meter being only sensitive to light below 1000 nm, thus no additional filtering of infrared light is required 2 . The key point of this experiment is that when the phase matching condition is achieved for the process 2 × 1560 nm → 1 × 780 nm, the inverse process (SPDC, which is the desired one) is obtained for the same conditions. The particular type-II sample offers a vast variety of different poling periods and waveguide diameters, thus the choice on the used waveguide allows to choose a nearly appropriate QPM via the opto-geometrical parameters. In addition, the sample is placed in a home-made oven, to precisely achieve the good quasi phase matching condition via temperature control.

As shown in Figure B.3, the acquired data are perfectly fitted with a sinc-squared function of the form

where A is the amplitude, λ c is the central wavelength and FWHM is the bandwidth of the emission spectrum. Here the A = 1 (normalised), and it gives us a SHG emission spectrum with a FWHM= 345 pm centered at 1560.48 nm. The desired interaction 2 × 1560 nm → 1 × 780 nm is obtained for a 7 µm diameter waveguide, having a 9.24 µm poling period and at a temperature of 106.9 • C. Consequently, this characterization permits finding good starting parameters in a short time consummation. 

B.2.2 Type-II spontaneous parametric down-conversion

Now, the actual desired experimental configuration is tested. The experimental setup is outlined in Figure B.4. A continuous wave pump laser is set up 3 , operated at a wavelength of 780 nm wavelength controlled using a wavemeter. Then the laser is coupled to the PPLN/W to generate the paired photons 1×770 nm → 2×1540 nm. Note that for the type-II interaction, this process is only possible when the pump laser is horizontally polarized |V p → |H s |V i . The emission at the waveguide output is collected using a single-mode fiber. After a polarization controller, the photons are sent to a tunable optical filter 4 , showing a transmission bandwidth of about 80 pm. As this is much narrower than the expected emission bandwidth, a good resolution is obtained. After the filter, the photons are subjected to a fiber polarizing beam-splitter (f-PBS). The f-PBS reflects (transmits) vertically (horizontally) polarized photons, which are then detected using avalanche photodiodes 5 . A typical emission spectrum for the |H and |V modes is shown in Figure B.5. The experimental data has been fitted with the sum of two sinc-squared function (SPDC = f H(λ,T) + f V(λ,T) ) versus the wavelength of the emitted spectrum and the central wavelength that depends linearly with the temperature of the sample λ c = α T + β. From the fitting we can also define the spectral tunability of the type-II crystal by the slope of this linear equation.

It is found that the emission bandwidth is on the order of 1.33 nm. As shown in Figure B.5, the emission wavelengths of the two polarization modes can be shifted as a function of the waveguide temperature. The non-perfect overlap in the side peak regions represents a major issue, as the polarization modes are partially wavelength labelled [START_REF] Martin | A polarization entangled photon-pair source based on a type-II PPLN waveguide emitting at a telecom wavelength[END_REF]. This labelling can be circumvented by spectral filtering photons only around the degeneracy point and rejecting photons in the side peaks. The fitting parameters define that every 1 • C a drift of 0.7 nm is observed in the central wavelength of the SPDC spectrum. Note that this slope is negative for the horizontally polarized photons and positive for the vertically polarized photons.

B.3 Brightness of the type-II source

As in Subsection 3.4.1 the brightness of the type-II waveguide will be given by the Equation 3.3 ( [START_REF] Tanzilli | Highly efficient photon-pair source using a Periodically Poled Lithium Niobate waveguide[END_REF][START_REF] Tanzilli | PPLN waveguide for quantum communication[END_REF])

where, N pair is the number of generated photon pairs for a given pump power (P pump ) coupled into the PPLN/w, for a given time (t) and well defined spectral bandwidth BW . The experimental configuration used for the performance of the above measurements is shown in picture Figure B.4. The polarization of the pump laser has been set it, in vertical polarization, and for the good phase matching is generating a horizontal and a vertical polarized photon at the degenaracy. The photon pairs are filtered down with a tunable optical filter 6 that has been set for a central wavelength 1560.48 nm and a BW of 500 pm that corresponds to 61.56 GHz and they are separated deterministically thanks to a fiber-polarization beam splitter. The photons are detected thanks to two APDs placed in the two outputs of the fiber beam-splitter. The electrical signal generated from the single photons detection events is sent to a TAC allowing us to obtain coincidences. We can now estimate the single photon count rates in D 1 and D 2 are given from the following equations:

where µ 1 and µ 2 , η 1 and η 2 are the overall transmissions from the source to the detectors in path "1" and "2" and the detection efficiencies of the detectors D 1 and D 2 , respectively. The net coincidences rate will be given by

where, here thanks to deterministic separation of the photons the factor 1 2 comes is missing as opposed with Equation 3.7. Combining Equation B.5, Equation B.6 and Equation B.7 delivers

Subsequently, by realizing the experiment depicted in Figure B. [START_REF] Giovannetti | Quantum metrology[END_REF] we can now estimate the N pair . We measured the single photon rates to be equal to S 1 = 6509 s -1 and S 2 = 5815 s -1 after the subtraction of the dark counts and the coincidence rate to be equal to C = 125 s -1 , therefore we calculate N pair = 20.7 • 10 4 s -1 photon pairs generated per second. The coupled power into the waveguide is measured to be ∼0.2 mW at 780.24 nm. Now it is easy to calculate the brightness by the Equation B.4 to be equal

The FWHM of the SPDC emission spectrum is found to be 1.33 nm that corresponds to 163.7 GHz and therefore by Equation 3.12, [START_REF] Tanzilli | Highly efficient photon-pair source using a Periodically Poled Lithium Niobate waveguide[END_REF][START_REF] Tanzilli | PPLN waveguide for quantum communication[END_REF] we can calculate the total internal conversion efficiency η SPDC of the type-II SPDC process for this sample 7 , which is equal to

The SPDC efficiency of the employed PPLN/W is one of the best ever reported. Although, as it already have been calculated in Subsection 3.4.2 the type-0 crystal is 3 orders of magnitude much more efficient.

7 Special care should be taken for the conversion of the units

Appendix C

Quantum phase derivation

The relative phase of the MZI that consists from the reference (free-space) arm and teh sample under test (SUT) is given by:

where λ represents the wavelength, d r and d s are the physical lengths of the reference arm and the SUT, respectively. n(λ) is the refractive index of the SUT and n air = n r ≈ 1. The refractive index of the SUT n(λ) can be approximated by a third order Taylor series:

Generalization of the phase addition scheme for N particles

We detail here the generalisation of our measurement scheme for obtaining an N -fold enhanced phase-sensitivity through a single particle measurement. For this consider the following input quantum state:

With a probability of (1 -p), the vacuum state is generated (|vac ). With a probability of p 1, an N particle product state is generated. Each of the particles is in its individual state |ψ i (i = 1 . . . N ). No special requirements are made for particles i = 2 . . . N , however, particle i = 1 needs to be in a state which is distinguishable from all other particles. In our realisation with photons, this state has been produced using type-II spontaneous parametric downconversion, and distinguishability was obtained by choosing different wavelengths.

All N particles are used to probe the phase object, thus introducing an N particle phase shift of

Here, ϕ i corresponds to the phase shift of each individual particle. Consequently, the quantum state reads

In a second step, |ψ ϕ needs to be brought into a coherent superposition with the transfer state

Here, |ψ ⊥ 1 is the orthogonal state compared to |ψ 1 . Considering only events in which an N particle state has been generated (i.e. omitting |vac ), leads to

)

Thus, the entire N particle phase shift has been transferred to particle i = 1, making the detection of particles i = 2 . . . N obsolete. In our photon-based realisation, |ψ transfer is generated through type-0 spontaneous parametric downconversion.

Finally, particle i = 1 is projected measured in its diagonal basis, i.e. onto 1

, resulting in a phase-sensitive state detection probability of P ∝ 1 ± cos ϕ.

(D.7)

In our experimental realisation, P is directly proportional to the light intensity at the output of the fibre-PBS.

Appendix E

Influence of propagation losses on the visibility

In order to estimate the expected fringe visibility, we consider one optical transmission coefficient and two coupling coefficients.

• The transmission from the center of the first photon pair source (type-II PPLN/W) to the phase object, t.

• The fibre coupling efficiency, η 1 , giving the (conditional) probability that a photon from the first photon pair source is coupled into the collection fibre, conditioned that is has arrived in the center of the second photon pair source (type-0 PPLN).

• The fibre coupling efficiency, η 2 , giving the probability that a photon which has been generated in the second photon pair source is coupled into the collection fibre.

We start with the quantum state of the photon pair generated in the type-II PPLN/W.

Propagation losses towards the phase object lead to

Here, |vac denotes the vacuum state. As our detection scheme is sensitive only to photons at λ 1 , we drop, for the rest of this analysis, all terms which do not comprise a photon at λ 1 . This will greatly simplify our analysis. The phase object introduces a phase shift:

If the wavelengths of both photons are sufficiently close, we can further simplify

Appendix F

Evaluation of 4-fold coincidences for ∆τ = 0 and ∆τ = 0 F.1 Evaluation of 4-fold coincidences ∆τ = 0

F.1.1 Statistics on the SPDC sources

In order to simulate the impact of using two heralded SPS to perform the N 00N state generator experiment, we have to estimate the probabilities P i of having i photon inside a heralded pulse. In this case, the photons pairs generation follows thermal statistics (see Appendix A), therefore we can write:

if n = 0.1 for instance P 0 = 0.9,

if n = 0.1 for instance P 1 = 0.08,

if n = 0.1 for instance P 2 = 0.008.

where n is the mean number of photon pairs generated pair pulse. We can define now the input state on the MZI as follows: 

Abstract

The aim of this thesis was to develop photonic entanglement sources and study their implementation in the general field of quantum information technologies. To this end, a novel fully wave-guided, high performance photonic entanglement source is presented, able to generate hyper-entangled states in the observables of polarization and energy-time by means of a nonlinear Sagnac loop. The waveguidebased design makes it flexible, reliable, and adaptable to a wide spectral range, paving the way towards compact photonic entanglement generators, compatible with fiber-based communication systems and networks. This has been underlined by generating and distributing hyperentanglement in 5×2 dense wavelength division multiplexed channel telecom pairs, simultaneously, towards higher bit rates. The quality of the generated entanglement has been qualified by violating the Bell inequalities in a 16dimension Hilbert space. Moreover, to adapt the wavelength of the entangled telecom photon pairs to the absorption wavelength of current quantum memory systems, a coherent wavelength converter is demonstrated. Furthermore, within the framework of quantum metrology, a new concept for a highprecision chromatic dispersion (CD) measurement in standard single mode fibers is introduced and demonstrated. In this demonstration, due to conceptual advantages enabled by quantum optics, an unprecedented 2.4 times higher accuracy on CD measurements is shown, compared to state-of-the-art techniques. In the same context, a new protocol for measuring two-photon phase shifts is performed using single photon detection only, promising scalable and potential real device applications with limited resources and simplified detection schemes. Finally, any potential application of quantum optics will be realized using small-scale devices. In this framework, an integrated on-chip heralded path entanglement generator is demonstrated, and shown to be adaptable to logic gate operations. Key words: Integrated Optics, PPLN waveguides, Quantum Optics, Quantum entanglement, Quantum Interference.

Résumé

Le but de cette thèse est de développer des sources d'intrication photonique en vue d'applications en sciences information quantique. Dans ce contexte, nous présentons une source très performante et entièrement guidée permettant, au moyen d'une boucle de Sagnac, la génération d'états hyper-intriqués en polarisation et en énergie-temps. La configuration guidée rend le dispositif versatile, efficace et compatible avec une large bande spectrale, répondant ainsi au besoin des systèmes et réseaux de communication fibrés. À cette fin, nous avons distribué simultanément dans différents canaux télécoms des paires de photons hyper-intriqués au moyen de multiplexeurs en longueur d'onde à 5 canaux (DWDM), augmentant de fait le débit. La qualité de l'intrication est validée par la violation d'une inégalité de Bell étuendue à un espace de Hilbert à 16 dimensions. Afin de pouvoir interfacer des photons aux longueurs d'ondes des télécommunications avec les bandes d'absorption des mémoires quantiques situées dans le visible, nous avons également développé une interface cohérente en longueur d'ondes. Un nouveau dispositif de métrologie quantique permettant la mesure avec une précision inégalée des effets de la dispersion chromatique dans les fibres optiques standards est également proposé. Notre approche "quantique" améliore la précision par un facteur 2.4 par rapport aux méthodes de mesures conventionnelles. Dans ce même contexte, nous avons aussi implémenté un nouveau protocole de metrologie de la phase de deux photons en ne détectant uniquement qu'un seul photon. Cette réalisation ouvre la voie à des applications potentielles simples s'appuyant sur peu de ressources au niveau de la détection. Finalement, dans la perspectives de la miniaturisation de dispositifs quantiques, nous avons démontré un générateur d'intrication annoncée intégré sur puce qui trouve des applications en calcul et metrologie quantique. Mots clés: Optique Intégrée, Guides PPLN, Optique Quantique, Intrication Quantique, Interférences Quantique.