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ABSTRACT 

Photon statistics is a branch of physics that involves observing the behavior of single or a small 

number of photons and then aggregating the results through statistical averaging. This process is essential 

to obtain meaningful and reliable data, especially in quantum optics research. Photon statistics provides 

valuable information about correlations in the electromagnetic field and characteristics of the type of light 

being measured. For example, second-order correlation function obtained via Hanbury Brown and Twiss 

experiment is the fundamental way to differentiate between coherent, chaotic and quantum light. 

 Moreover, extensive investigations into the quantum properties of light resulted in significant 

progress that allows for precise control of quantum optical systems and sets the stage for genuine quantum 

engineering. This progress extends to applications in confirming the generation of entangled photons and 

exploring their properties for various purposes. The non-classical correlation between the entangled photons 

has resulted in various quantum optical techniques that enable the practical implementation of conceptual 

experiments that probe the core principles of quantum theory. This enhanced control over quantum 

phenomena offers exciting opportunities to explore novel information-processing approaches, with the 

potential to revolutionize technologies rooted in quantum information science. 

Driven by the significance and pivotal role of photon statistics, our research pursuits were directed 

toward two specific domains: the characterization of nanolasers and the characterization of time-bin 

entangled photons. In the first segment, we delve into the realm of metallic coaxial nanolasers, renowned 

for their intriguing threshold-less lasing behavior. Through comprehensive photon statistics analysis, we 

seek to unravel the coherence properties inherent in these nanolasers. Our focus also lies on understanding 

the elusive threshold-less operation, which has remained a subject of debate and intrigue. To evaluate this 

unique lasing characteristic, we conduct rigorous second-order coherence measurements alongside time-

resolved second-order correlation analyses.  

The second segment of this study ventures into the generation and characterization of high-

dimensional time-bin entangled states, a critical resource for quantum technological applications. We 

simulate a synthetic photonic lattice by employing a coupled fiber-loop system to perform various quantum 

walk schemes to generate and process high-dimensional time-bin entangled states. Our investigation 

focuses on the quantum interference phenomena through detailed photon statistics analysis, with an 

emphasis on their applications across diverse quantum technologies. 

Through these two interconnected research endeavors, this thesis demonstrates the profound 

significance of photon statistics as a versatile tool, bridging classical and quantum realms, and paving the 

way for advancements in diverse applications, ranging from nanolasers to quantum technologies. 
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SOMMAIRE RÉCAPITULATIF 

STATISTIQUES DES PHOTONS: UN OUTIL POLYVALENT POUR LES APPLICATIONS 

CLASSIQUES ET QUANTIQUES 

Résumé 

Les statistiques sur les photons sont une branche de la physique qui implique l'observation du 

comportement d'un seul ou d'un petit nombre de photons, puis l'agrégation des résultats par le biais d'une 

moyenne statistique. Ce processus est essentiel pour obtenir des données significatives et fiables, en 

particulier dans la recherche en optique quantique, telles que des informations précieuses sur les corrélations 

dans le champ électromagnétique et les caractéristiques du type de lumière mesuré. Par exemple, la fonction 

de corrélation de second ordre obtenue facilement par l'expérience de Hanbury Brown et Twiss est le moyen 

fondamental de différencier une lumière cohérente et chaotique d'une lumière quantique. Les recherches 

approfondies sur les propriétés quantiques de la lumière ont abouti à des progrès notables qui permettent 

un contrôle précis des systèmes optiques quantiques et ouvrent la voie à une véritable ingénierie quantique. 

Cela nous amène à l'application suivante des statistiques sur les photons, la confirmation de la création des 

photons intriqués. La corrélation non classique entre les photons intriqués a donné naissance à diverses 

techniques d'optique quantique qui permettent la mise en œuvre pratique d'expériences conceptuelles qui 

sondent les principes fondamentaux de la théorie quantique. Ce contrôle accru des phénomènes quantiques 

offre des possibilités passionnantes d'explorer de nouvelles approches de traitement de l'information, 

susceptibles de révolutionner les technologies fondées sur la science de l'information quantique. 

Motivés par l'importance et le rôle central des statistiques sur les photons, nos travaux de recherche 

ont été orientés vers deux domaines spécifiques : la caractérisation des nanolasers et la caractérisation des 

photons intriqués dans le temps pour des applications en métrologie quantique. Dans le premier segment, 

nous nous plongeons dans le domaine des nanolasers coaxiaux métalliques, réputés pour leur comportement 

intriguant de lasing sans seuil. Grâce à une analyse statistique complète des photons, nous cherchons à 

démêler les propriétés de cohérence inhérentes à ces nanolasers. Notre objectif est de comprendre 

l'insaisissable fonctionnement sans seuil, qui est resté un sujet de débat et d'intrigue. Pour évaluer cette 

caractéristique unique, nous effectuons des mesures rigoureuses de cohérence du second ordre ainsi que 

des analyses de corrélation du second ordre résolues dans le temps.  

La deuxième partie de cette thèse porte sur la génération de photons intriqués dans le temps, une 

ressource essentielle pour les applications de technologies quantiques. En utilisant un système de boucles 

de fibre couplées, nous simulons un réseau photonique synthétique pour effectuer divers schémas de marche 
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quantique afin de traiter des états intriqués en dimension élevée dans la base des créneaux temporels (time-

bin). 

Grâce à ces deux projets de recherche interconnectés, cette thèse démontre la signification profonde 

des statistiques sur les photons en tant qu'outil polyvalent, faisant le lien entre les domaines classique et 

quantique, et ouvrant la voie à des avancées dans diverses applications, allant des nanolasers à la métrologie 

quantique. 
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1. Caractérisation du nanolaser coaxial métallique 

Introduction  

Les progrès constants de la société moderne, dans des domaines tels que les soins de santé, l'éducation et 

les transports, dépendent fortement de notre capacité à générer, traiter, transmettre et recevoir des données. 

Actuellement, les dispositifs et circuits électroniques jouent un rôle important dans la réalisation de ces 

tâches, mais ils sont limités par des facteurs tels que la vitesse, la consommation d'énergie et les effets 

d'auto-échauffement. Pour surmonter ces limitations, la vision d'avenir consiste à remplacer les dispositifs 

et circuits électroniques par des équivalents photoniques. Les éléments fondamentaux de tout système 

photonique sont les sources de lumière. Au départ, comme les premiers transistors, les premiers lasers 

étaient des dispositifs macroscopiques, occupant une surface physique importante allant de quelques 

centimètres à quelques décimètres. Lorsque la taille d'une cavité électromagnétique est réduite par rapport 

à la longueur d'onde d'émission, des phénomènes physiques fascinants, spécifiques à ces cavités, 

apparaissent. Par exemple, les premières expériences menées dans les fréquences radio et micro-ondes ont 

montré que le taux d'émission spontanée des atomes à l'intérieur d'une cavité pouvait être soit augmenté 

soit inhibé par rapport à leur taux d'émission dans l'espace libre. Cette modification du taux d'émission 

spontanée s'est avérée être influencée par la géométrie de la cavité ainsi que par l'orientation et les spectres 

des atomes. Ce phénomène, connu sous le nom d'effet Purcell, a trouvé des applications significatives, 

notamment dans les lasers à diode avec une largeur de bande de modulation améliorée, une efficacité 

énergétique accrue et un éclairage sans seuil. 

Un nanolaser souhaitable doit avoir un seuil très bas et présenter des dimensions inférieures à la longueur 

d'onde dans les trois directions, à la fois dans sa taille physique et dans le confinement de son mode optique. 

De tels dispositifs sont essentiels pour diverses applications pratiques, notamment les circuits photoniques 

hautement intégrés à l'échelle de la puce, les écrans et les capteurs. Diverses architectures de lasers à petite 

échelle, y compris les VCSEL, les lasers à micropiliers, les lasers à cristaux photoniques, etc. ont été 

introduites. Cependant, la structure globale reste relativement grande, tandis que pour d'autres, les modes 

ne sont pas bien confinés dans leurs régions actives et peuvent s'étendre au-delà des limites physiques de la 

cavité, conduisant à un couplage de mode indésirable entre les dispositifs voisins. 

Les nanolasers à revêtement métallique, introduits à la fin des années 2000, ont révolutionné ce domaine 

en permettant à la fois des empreintes physiques inférieures à la longueur d'onde et des volumes de modes. 

Dans les métaux, les modes excités sont connus sous le nom de polaritons plasmoniques de surface (SPP), 

qui consistent en un photon couplé à une oscillation collective d'électrons. Les SPP ont une longueur d'onde 

effective plus courte que la longueur d'onde dans l'espace libre. Cela permet de confiner les champs 

électriques à des échelles inférieures à la longueur d'onde. La gaine métallique guide efficacement les 
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modes optiques, ce qui permet une conception précise de la cavité afin de canaliser la majeure partie de 

l'émission spontanée dans le mode de télédiffusion, ce qui se traduit par des valeurs 𝛽𝛽 élevées, qui décrivent 

le degré d'utilisation de l'émission spontanée dans le mode de télédiffusion, donnant ainsi lieu à une 

télédiffusion sans seuil. Cependant, il est important de noter que les nanolasers ont un seuil et ne doivent 

pas être confondus avec un hypothétique seuil zéro. Le seuil de ces lasers ne peut pas être déterminé par les 

approches classiques habituelles, telles que le rétrécissement de la largeur de ligne ou la courbe d'entrée et 

de sortie de la lumière (courbe 𝐿𝐿 − 𝐿𝐿). Par conséquent, nous devons utiliser des mesures de corrélation de 

second ordre (𝑔𝑔2(0)) effectuées par le biais de la configuration Hanbury Brown et Twiss (HBT) pour 

déterminer le seuil réel. Cette fonction dépend de la nature de la source lumineuse et est indépendante de 

la puissance d'entrée ou de sortie. 

Nanolaser coaxial métallique 

 Dans nos études, nous avons utilisé un nanolaser coaxial métallique dont les dimensions sont Rcore 

= 65 nm et ∆ = 285 nm (le schéma du nanolaser coaxial métallique est présenté à la figure 1).  Le laser 

comprend un barreau métallique (Rcore) entouré d'un anneau semi-conducteur recouvert d'un métal argenté, 

qui agit comme un dissipateur thermique efficace, facilitant le processus de télédiffusion sous pompage 

optique, et un milieu de gain, qui consiste en six couches alternées empilées verticalement sous la forme 

d'anneaux d'Inx=0,56Ga1-xAsy=0,938P1-y et Inx=0,734Ga1-xAsy=0,57P1-y d'une épaisseur de 10 nm et 20 nm, 

respectivement. Le système de puits quantiques d'une hauteur totale de ℎ = 260 nm est protégé par SiO2 

(30 nm) et InP (10 nm) pour la couche supérieure, ainsi que par un bouchon d'air (20 nm) dans la partie 

inférieure. Les faces supérieure et inférieure, terminées respectivement par un bouchon de SiO2 et de l'air, 

améliorent le confinement des modes. En outre, la couche de SiO2 empêche la formation de modes 

plasmoniques indésirables à l'interface, tandis que le bouchon d'air inférieur permet le pompage optique et 

le découplage de la lumière. Cette cavité coaxiale présente plusieurs propriétés prometteuses d'un nanolaser 

“ideal”, notamment la capacité de supporter des modes confinés ultra-petits malgré une longueur d'onde 

inférieure. 
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Fig. 1 :  Schéma d'un nanolaser coaxial métallique. Le système a la forme d'un pilier composé de puits multi-quantiques 
InGaAsP, entourant un cœur métallique plasmonique. Les côtés supérieur et inférieur sont terminés par un 
bouchon de SiO2 et de l'air, respectivement, pour améliorer le confinement des modes.  

 

L'échantillon contenant les nanolasers coaxiaux métalliques a été refroidi à des températures cryogéniques 

(77 K) et maintenu à une pression de 10-2 mbar.  Cela a permis de surmonter les pertes métalliques en 

réduisant les pertes par effet Joule et en augmentant le gain semi-conducteur réalisable, améliorant ainsi les 

performances de la nanolaser coaxiale métallique. Par conséquent, le nombre de photons émis était 

suffisamment élevé pour notre système de détection de photons uniques.   

Dispositif expérimental 

Le nanolaser coaxial métallique a été pompé optiquement par un laser Q-switché de 1064 nm avec une 

largeur d'impulsion de 5 ns à un taux de répétition de 1 MHz. Un atténuateur a été installé afin de contrôler 

la puissance d'entrée délivrée au nanolaser coaxial métallique sans modifier les conditions de gain du laser 

de pompage. Compte tenu de notre taille de spot de 150 µm déterminée à partir de mesures en lame de 

couteau, la fluence de pointe au nanolaser par impulsion de pompe est estimée à 310 W/cm2, pour une 

puissance d'entrée moyenne de 150 µW à 1 MHz. Une illustration détaillée du dispositif expérimental est 

présentée à la figure 2. 

Le dispositif expérimental comporte un miroir cinématique qui dirige la sortie couplée du nanolaser coaxial 

métallique soit vers un monochromateur, soit vers un montage HBT. Le premier caractérise les propriétés 

spectrales, y compris le spectre et la largeur de raie, en utilisant un monochromateur en plus de l'analyse de 

la courbe 𝐿𝐿 − 𝐿𝐿. Le second étudie les propriétés de cohérence et la largeur de raie. La seconde étudie les 

propriétés de cohérence et la dynamique temporelle de l'émission du nanolaser. La configuration HBT se 

compose d'une paire de détecteurs de photons uniques à nanofils supraconducteurs très sensibles et d'un 

marqueur de temps électronique, qui sont placés après le séparateur de faisceau non polarisant 50:50. Sur 
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ce dernier chemin, la lumière est passée à travers un réseau de diffraction et une fente avant la mesure de 

𝑔𝑔2(0) pour le filtrage spectral et l'élimination de toute fuite de la pompe. 

 

Fig. 2 :  Montage expérimental pour la cohérence statistique des photons et les mesures spectrales. L'échantillon 
contenant les nanolasers est maintenu au foyer d'un objectif. L'émission du nanolaser coaxial métallique est 
dirigée vers trois lignes de faisceau distinctes (caméra CCD dans le proche infrarouge, spectromètre ou 
détecteurs de photons uniques). L'échantillon est refroidi à 77 K (chambre cryogénique et alimentation de 
refroidissement non représentées). Le schéma de pompage optique peut être modifié en mode CW ou en mode 
pulsé avec différents taux de répétition, durées et formes d'impulsions. 

Résultats   

Le dispositif de mesure de la microphotoluminescence a été utilisé pour effectuer des mesures classiques. 

Le nanolaser coaxial métallique a été excité à l'aide d'un laser pulsé. Nous avons fait varier la puissance 

d'entrée moyenne entre 45 μW et 750 μW. L'émission a été collectée et envoyée au monochromateur. 

Initialement, les données spectrales ont été collectées et la longueur d'onde d'émission s'est avérée être 

~1300 nm. En outre, nous avons observé un décalage bleu avec l'augmentation de la puissance, qui a été 

attribuée à la saturation des états d'énergie dans le puits quantique induite par les porteurs localisés. Avec 

l'augmentation de la puissance de la pompe et la saturation des états quantiques, les porteurs libres ont 

tendance à sortir de ces états, ce qui provoque un décalage vers le bleu de l'émission de photoluminescence. 

En outre, nous avons mesuré la largeur de ligne de l'émission du nanolaser, qui augmentait avec la puissance 

d'entrée. Cet élargissement pourrait être le résultat de fluctuations de l'indice de réfraction liées à la densité 

de porteurs et à l'effet d'auto-échauffement.   

Nous avons également tracé la courbe 𝐿𝐿 − 𝐿𝐿 pour le nanolaser coaxial, où la puissance de sortie est obtenue 

en intégrant la densité spectrale de puissance sur l'ensemble du pic PL en fonction de la puissance d'entrée 
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moyenne. Au lieu d'une courbe typique en forme de “𝑆𝑆”, nous avons observé un comportement linéaire 

sans coude prononcé. L'absence de coude est typique des lasers à haut−𝛽𝛽 et s'accorde bien avec l'hypothèse 

d'un laser sans seuil. Cependant, le concept de fonctionnement sans seuil basé sur la courbe 𝐿𝐿 − 𝐿𝐿 est un 

sujet de débat et nous avons donc effectué des mesures statistiques de photons pour étudier son 

comportement sans seuil. 

 

Fig. 3 :  a) Diminution de la longueur d'onde centrale pour des valeurs croissantes de la puissance d'entrée moyenne. 
L'encadré montre les spectres de photoluminescence à deux puissances de pompe d'entrée différentes. b) 
Graphique normalisé de la puissance d'entrée-sortie du nanolaser coaxial métallique sur une échelle 
logarithmique. Notamment, ces mesures n'ont révélé aucun comportement de lasing de type seuil.  

Après la caractérisation classique du nanolaser, nous avons effectué des mesures HBT pulsées pour 

déterminer les statistiques des photons. Tout d'abord, nous avons calculé la moyenne de la fonction de 

corrélation de second ordre sur l'ensemble de l'impulsion de pompe, comme c'est généralement le cas. Le 

𝑔𝑔2(0) pour différentes puissances d'entrée a été déterminé. Nous avons observé que même si la courbe 𝐿𝐿 −

𝐿𝐿 montrait une émission sans seuil, le nanolaser pose un seuil. Au fur et à mesure que la puissance d'entrée 

augmentait, il y avait une transition de l'émission chaotique à l'émission cohérente de photons du nanolaser. 

L'émission chaotique dans le régime à faible puissance d'entrée est due à une émission spontanée qui 

commence progressivement à émettre au seuil. D'après la mesure HBT, le seuil a été déterminé à ~400 μW, 

où la valeur de 𝑔𝑔2(0) est proche de l'unité. Un léger écart par rapport à l'unité a été observé même pour des 

puissances d'entrée plus élevées en raison des fluctuations d'amplitude de l'impulsion de pompe.  

En outre, la largeur du pic de corrélation normalisé pour différentes puissances de pompe a également été 

déterminée pour suivre la transition d'un comportement thermique à un comportement cohérent, car le 

FWHM est influencé par l'impulsion de pompe et la durée de vie des photons. Nous avons observé 

qu'initialement, la largeur du pic se rétrécit à mesure que l'intensité de la pompe augmente dans le régime 

d'émission spontanée, et tombe au minimum dans le régime d'émission spontanée amplifiée. Pour les 
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puissances d'entrée supérieures au seuil, la largeur du pic s'élargit, puis se rétrécit à nouveau pour des 

puissances de pompe plus élevées en raison des effets de chauffage. 

 

Fig. 4 :  a) Exemple de mesure de 𝒈𝒈𝟐𝟐(𝟎𝟎) au-dessus et au-dessous du seuil. b) Valeurs de la fonction de corrélation du 
second ordre 𝒈𝒈𝟐𝟐(𝟎𝟎) tracées pour une puissance de pompe variable. c) FWHM des pics de corrélation en 
fonction de la puissance moyenne. d) FWHM de la trace d'autocorrélation en fonction de la puissance de pompe 
obtenue à partir du modèle de l'équation de taux. 

 

En outre, nous avons mené une étude détaillée de la fonction de corrélation de second ordre résolue dans le 

temps (𝑔𝑔2(𝑡𝑡, 𝜏𝜏 = 0)) dans la durée de l'impulsion émise par le nanolaser coaxial métallique, en utilisant des 

fenêtres temporelles plus étroites sur l'ensemble de l'enveloppe temporelle de l'impulsion. Nous avons 

cartographié la transition d'une réponse thermique à une réponse cohérente des impulsions émises dans 

l'enveloppe de l'impulsion à différents niveaux de puissance d'entrée, sans qu'il soit nécessaire de procéder 

à un filtrage spectral supplémentaire. Nous avons observé que le front d'attaque de l'impulsion de pompe 

génère des porteurs dans les états supérieurs du puits quantique ou de la barrière et que ces porteurs se 

relaxent rapidement dans les états inférieurs du puits quantique, produisant une émission spontanée 

(𝑔𝑔2(0)  >  1). Lorsque l'intensité de l'impulsion de pompe augmente dans le temps, la population devient 

suffisamment forte et le système passe au régime d'émission cohérente (𝑔𝑔2(0) = 1). Comme les cavités 

des nanolasers ont une réponse ultrarapide, au bord de fuite de l'enveloppe de l'impulsion (où l'intensité de 

l'impulsion de pompe est faible), l'émission spontanée domine sur l'émission cohérente, ce qui conduit à 
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𝑔𝑔2(0)  >  1. En outre, pour des densités d'excitation plus élevées, l'émission stimulée est maintenue plus 

longtemps, ce qui entraîne une asymétrie dans les données résolues en temps. 

 

Fig. 5 :  a) Schéma de la statistique des photons attendue en fonction de l'enveloppe temporelle de l'impulsion émise 
pour deux cas, au-dessus et au-dessous du seuil. b) Évolution de 𝒈𝒈𝟐𝟐(𝝉𝝉) d'un comportement thermique 
(regroupement de photons) à un comportement cohérent balayé sur la longueur de l'impulsion émise. 

 

En résumé, notre enquête a fait appel à la caractérisation classique et à la statistique des photons pour étudier 

de manière exhaustive les propriétés d'émission d'un nanolaser sans seuil. Il est devenu évident que les 

méthodes conventionnelles telles que le graphe 𝐿𝐿 − 𝐿𝐿 et la caractérisation spectrale étaient insuffisantes, et 

les statistiques de photons sont apparues comme l'approche clé pour extraire le comportement d'émission 

du nanolaser. Nos résultats indiquent que l'émission du nanolaser, même à des puissances d'entrée plus 

élevées, comprend une combinaison d'émissions spontanées et stimulées. 
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2. Caractérisation de l'état intriqué dans le temps 

Introduction 

Le contrôle accru des phénomènes quantiques, grâce aux progrès réalisés dans le domaine de l'ingénierie 

quantique, offre des possibilités passionnantes d'explorer de nouvelles approches du traitement de 

l'information. L'une des ressources les plus importantes dans la technologie quantique est l'intrication, 

essentielle notamment pour le calcul quantique, la communication quantique, la simulation quantique et la 

métrologie quantique. L'intrication est un phénomène purement quantique qui fait référence à la corrélation 

entre d’au moins deux systèmes, où l'état d'un système ne peut pas être décrit indépendamment de l'autre. 

L'intrication est la clé qui permet d'atteindre la « suprématie quantique », en particulier dans les systèmes 

utilisant des qubits. Le qubit, un système à deux niveaux, est l'unité de base de l'information dans la 

technologie quantique. 

L'information quantique peut être encodée dans divers systèmes physiques, notamment les atomes de 

Rydberg, les ions piégés, les défauts à l'état solide, les molécules polaires, les circuits supraconducteurs et 

les photons. Parmi les divers systèmes physiques qui peuvent être utilisés, les photons sont particulièrement 

adaptés pour le traitement de l’information quantique en raison de leurs propriétés avantageuses telles que 

la haute vitesse, l'interaction minimale avec l'environnement, les longs temps de cohérence et les 

technologies bien établies pour leur génération, leur manipulation et leur détection. De plus, ils possèdent 

de nombreux degrés de liberté externes ainsi qu'internes qui peuvent être exploités. Les degrés de liberté 

internes incluent la polarisation, le moment angulaire orbital, la fréquence et le temps de génération, tandis 

que les degrés de liberté externes incluent la position spatiale et le chemin parcouru par un photon. En 

conséquence, le développement de plateformes et de techniques pour générer des états photoniques 

quantiques appropriés est crucial pour leur déploiement pour des technologies pratiques.  

Les premières expériences utilisant la polarisation, les chemins optiques et les modes de moment angulaire 

orbital ont été réalisées dans l'espace libre. Cependant, le développement des télécommunications basées 

sur les fibres a conduit à l'exploitation de degrés de liberté qui sont plus robustes et compatibles avec les 

fibres, tels que la fréquence et le temps. L'idée d'utiliser des créneaux temporels pour porter l’informations 

quantiques a été proposée pour la première fois en 1989 et des expériences ultérieures ont démontré avec 

succès l'intrication bidimensionnelle des créneaux temporels. Pour créer une intrication entre deux photons 

et coder l'information quantique dans le domaine de l'intervalle de temps, on utilise deux impulsions laser 

indiscernables séparées par une différence de temps fixe. Chaque impulsion laser génère des paires de 

photons à l'aide d'une source de lumière non linéaire telle que la conversion paramétrique spontanée vers 

le bas (spontaneous parametric down conversion, SPDC).  
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Pour des applications telles que la communication ou l'informatique quantiques, les systèmes 

quantiques à haute dimension, ou qudits, offrent des avantages par rapport aux qubits en raison de leur plus 

grande capacité d'information, de leur sécurité accrue et de leur résistance au bruit. Par conséquent, 

l'intrication quantique de haute dimension fournit un domaine riche tant pour la recherche fondamentale 

que pour l'innovation technologique.  

En principe, la dimensionnalité des états intriqués dans l'intervalle de temps peut être augmentée en 

augmentant le nombre d'impulsions indiscernables. Cependant, la caractérisation des états intriqués à haute 

dimension nécessite l'estimation de nombreux paramètres, tels que les valeurs de phase multiples qui 

découlent des retards entre les impulsions. Le processus d'estimation nécessite un grand nombre de mesures, 

ce qui devient peu pratique à mesure que la dimensionnalité augmente. Les limitations expérimentales 

deviennent donc des obstacles considérables pour un traitement efficace de l'intrication. Leur  

caractérisation implique généralement l'utilisation d'interféromètres déséquilibrés en cascade, où chaque 

interféromètre mesure la phase entre deux intervalles de temps. Ainsi, pour obtenir des états intriqués dans 

un intervalle de temps de dimension 𝑁𝑁, il faut 𝑁𝑁 − 1 interféromètres, ce qui devient irréalisable pour les 

grandes dimensions. En outre, cela se traduit par une complexité et un coût expérimentaux considérables. 

Par conséquent, des méthodes efficaces et innovantes pour générer et traiter des états intriqués à haute 

dimension dans le temps, en particulier dans les fibres optiques, sont cruciales pour la communication 

quantique pratique. 

Dans les réseaux de fibres optiques, la génération et le traitement d'états intriqués à haute dimension dans 

le temps peuvent être réalisés par des marches quantiques. Les marches quantiques, l'analogue quantique 

des marches aléatoires classiques, reposent sur l'interférence et la superposition. En tant que dispositif de 

mesure généralisé, elles décrivent efficacement le transport de photons intriqués dans les réseaux de fibres 

optiques. Par exemple, un système de boucles de fibre couplées, qui peuvent simuler un réseau photonique 

synthétique, ont été largement utilisés pour étudier la propagation non linéaire de la lumière à travers des 

marches quantiques. Cependant, l'application de ce système dans le traitement de l'information quantique 

et les technologies quantiques rest à explorer.  

Ces considérations nous motivent à enquêter expérimentalement sur 1) la génération d'états intriqués de 

haute dimension en créneaux temporels dans un réseau photonique synthétique et 2) le traitement des états 

intriqués générés via divers schémas de marche quantique. 

Réseau photonique synthétique et marche quantique contrôlée  

Dans notre travail, le réseau photonique synthétique est simulé à l'aide d'un système de boucle de fibre 

couplée comprenant deux boucles de fibre de longueurs variables couplées à un commutateur optique qui 
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peut contrôler la proportion et la direction du flux de lumière. L'entrée et la sortie des impulsions lumineuses 

dans le système de boucle de fibre couplée sont également contrôlées par deux autres commutateurs 

optiques, appelés portes 1 et 2. Pour comprendre le réseau photonique synthétique, considérons la boucle 

de fibre couplée, où le commutateur optique est maintenu en permanence à un rapport de transmission-

réflexion de 50-50. Chaque fois qu'une impulsion lumineuse atteint le commutateur optique, elle se divise 

en deux boucles, l'une longue et l'autre courte. La différence de temps nécessaire à ces impulsions pour 

atteindre le séparateur de faisceau après chaque aller-retour correspond à la différence de longueur des 

boucles de fibre. L'aller-retour et le temps d'arrivée des impulsions définissent respectivement le pas de 

temps (𝑡𝑡) et la position synthétique (𝑥𝑥) dans le réseau photonique synthétique, ce qui permet une marche 

quantique unidimensionnelle en temps discret (DTQW) à l'aide de l'impulsion lumineuse. Cependant, pour 

obtenir des mesures optimales, nous devons utiliser un schéma de marche quantique contrôlée, dans lequel 

nous utilisons les propriétés dynamiques du commutateur optique. 

 

Fig. 6 :  a) Boucle de fibre couplée constituée de deux boucles de fibre de longueurs différentes couplées à un coupleur 
de faisceau 50-50. b) Marche quantique décrivant la propagation d'une impulsion lumineuse dans le système 
de boucle de fibre couplée. 

 

La marche quantique contrôlée comprend trois opérations, à savoir la réflexion (100:0), la transmission 

(0:100) et Fourier (50:50) en fonction des rapports de division du coupleur optique. Lorsque l'impulsion 

lumineuse se trouve dans la boucle longue, l'opération de réflexion passe de la boucle longue à la boucle 

courte, tandis que pour la transmission, elle reste dans la boucle résidente, c'est-à-dire la boucle longue. 

Lorsque le commutateur optique est réglé sur le fonctionnement de Fourier, il divise également l'impulsion 

lumineuse en boucles longues et courtes. 

Dispositif expérimental 
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Le dispositif expérimental complet illustré à la Fig. 7 comprend quatre tâches principales : 1) la génération 

d'une double impulsion classique, 2) la génération d'un état intriqué dans le temps et le codage de 

l'information, 3) l'étape de traitement qui comprend la marche quantique et, enfin, 4) l'étape de détection. 

 

Fig. 7 :  Préparation des photons : Le taux de répétition de la sortie du laser fs est réduit à 181,81 kHz à l'aide d'un 
modulateur acousto-optique (AOM). Ces impulsions sont envoyées au système de boucle pour générer deux 
impulsions classiques pour la préparation de l'état. Ces impulsions sont transmises aux cristaux PPLN pour la 
génération d'une paire de photons corrélés dans deux intervalles de temps, 𝒕𝒕𝟏𝟏 et 𝒕𝒕𝟐𝟐. Codage et traitement de la 
phase : Le modulateur de phase module la phase de l'un des intervalles de temps et est autorisé à interférer dans 
le système de boucle à fibres optiques. Détection : Les pics d'interférence à différentes phases codées sont 
envoyés au DWDM pour séparer les photons de signal et les photons parasites. Ces photons sont détectés par 
des détecteurs de photons uniques à la pointe de la technologie. 

 

L'impulsion classique générée par le laser est dirigée vers la porte 1 pour préparer une double impulsion, le 

commutateur optique étant maintenu à 50-50 pendant le processus. Les doubles impulsions générées, 

séparées par un délai correspondant à la différence entre les longueurs des boucles courte et longue, sont 

utilisées pour exciter une paire de cristaux de niobate de lithium à pôles périodiques (PPLN) afin de générer 

une paire de photons signal-idler dans deux intervalles de temps, 𝑡𝑡1 et 𝑡𝑡2. Ensuite, l'état quantique préparé 

subit un codage individuel de l'information de phase 𝜙𝜙 = {𝜙𝜙1,𝜙𝜙2, …𝜙𝜙𝑛𝑛} à l'aide d'un modulateur de phase. 

L'état résultant, |𝜓𝜓1⟩ = 1
√2

 �|𝑡𝑡1, 𝑡𝑡1⟩𝑠𝑠,𝑖𝑖 + 𝑒𝑒2𝑖𝑖𝑖𝑖|𝑡𝑡2, 𝑡𝑡2⟩𝑠𝑠,𝑖𝑖�, est ensuite injecté dans la plate-forme de marche 

quantique par la porte 2 pour subir le schéma de mesure optimal utilisant le schéma de marche contrôlée, 

qui nécessite deux allers-retours (Fig. 8).  

Pour le DTQW non contrôlé, l'interrupteur optique était réglé sur l'opération de Fourier en permanence. 

Lors du second aller-retour, la première fenêtre temporelle dans la boucle longue et la seconde fenêtre 

temporelle dans la boucle courte ont atteint l'interrupteur optique en même temps, entraînant une 

interférence quantique. Le composant interféré dans la boucle courte a ensuite été extrait par la porte 2 et a 

été dirigé vers l'étape de détection. 
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Pour le DTQW contrôlé, au départ, les boîtes quantiques sont injectées dans le système par la boucle courte. 

Au cours du premier aller-retour, nous effectuons des opérations de réflexion et de transmission pour régir 

l'arrivée de 𝑡𝑡1 et 𝑡𝑡2, en déplaçant 𝑡𝑡1 vers la boucle longue (𝑥𝑥 = −1) et 𝑡𝑡2 vers la boucle courte (𝑥𝑥 = 1). 

Dans l'aller-retour suivant, l'opération de Fourier répartit les composantes d'interférence entre les boucles 

courte et longue. Enfin, ces composantes d'interférence sont dirigées vers l'étage de détection par la porte 

2. Un multiplexeur dense à répartition en longueur d'onde (DWDM), compatible avec les 

télécommunications, sépare les photons du signal et les photons parasites, qui sont envoyés aux détecteurs 

de photons uniques de pointe. L'heure d'arrivée du signal et des photons parasites est enregistrée par un 

système électronique de marquage temporel. 

 

Fig. 8 :  Le schéma de marche quantique non contrôlée a) et contrôlée d) dans un réseau photonique synthétique. c) 
représente diverses opérations de pièce utilisées dans la marche quantique. b) et e) sont les illustrations des 
histogrammes de photons uniques obtenus dans les schémas de marche quantique contrôlée et non contrôlée. 
Les flèches bleues et rouges représentent respectivement les boucles courte et longue. 

 

Nous avons également généré des états intriqués en temps-bin de quatre dimensions sur la même 

plateforme. Contrairement au cas à deux dimensions, cela nécessitait quatre aller-retours. Une fois que les 

quatre impulsions classiques en superposition cohérente ont été générées, elles ont été envoyées pour exciter 

une paire de guides d'onde PPLN afin de générer des états intriqués en temps-bin de quatre dimensions. 

L'état quantique est donné par |𝜓𝜓1⟩ = 1
√2

 �|𝑡𝑡1, 𝑡𝑡1⟩𝑠𝑠,𝑖𝑖 + 𝑒𝑒2𝑖𝑖𝑖𝑖|𝑡𝑡2, 𝑡𝑡2⟩𝑠𝑠,𝑖𝑖 + 𝑒𝑒4𝑖𝑖𝑖𝑖|𝑡𝑡3, 𝑡𝑡3⟩𝑠𝑠,𝑖𝑖 + 𝑒𝑒6𝑖𝑖𝜙𝜙|𝑡𝑡4, 𝑡𝑡4⟩𝑠𝑠,𝑖𝑖�. 

L'état intriqué en temps-bin de quatre dimensions a ensuite été envoyé au système de boucles de fibre 

couplées pour le traitement. Nous avons utilisé deux schémas de DTQW contrôlés pour obtenir des franges 

d'interférence. Le schéma de marche quantique contrôlée 1 consistait en deux opérations : réflexion et 

Fourier. Pour les deux premiers aller-retours, nous avons maintenu l'interrupteur optique en mode Fourier, 

et pour le troisième aller-retour, nous avons maintenu l'interrupteur optique en pleine réflexion. Lors du 

dernier aller-retour, l'interrupteur optique a de nouveau été maintenu en mode Fourier pour subir une 

interférence quantique. Le signal interféré, ainsi que les modes latéraux, ont ensuite été dirigés vers l'état 

de détection. 
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Dans le second schéma de contrôle, nous avons découpé l'état intriqué, c'est-à-dire que les deux premières 

fenêtres temporelles ont été envoyées dans la boucle longue et les deux dernières fenêtres temporelles ont 

été conservées dans la boucle courte. Lors du second aller-retour, l'interrupteur optique a été maintenu en 

mode pleine réflexion, permettant aux fenêtres temporelles de rester dans leurs boucles respectives. Au 

cours des deux aller-retours suivants, l'interrupteur optique a été maintenu en mode Fourier pour 

l'interférence quantique. Le signal interféré, ainsi que les modes accompagnants, ont été extraits par la porte 

2 et envoyés vers l'étape de détection. 

 

Fig. 9:  Les schémas de DTQW contrôlés 1 (a) et 2 (b) dans un réseau photonique synthétique. 
 

Résultats 

Nous avons recueilli les statistiques des photons à chaque réglage de phase, 𝜙𝜙 ∈ (0,𝜋𝜋) et mesuré les franges 

d'interférence. La Fig. 10 (a) et (b) démontre les franges d'interférence obtenues grâce aux marches 

quantiques contrôlées et non contrôlées utilisées pour les états intriqués en temps-bin à deux dimensions. 

Les visibilités de ces franges ont été estimées à 95,45 % et 90,17 %, respectivement, ce qui viole l'inégalité 

de Bell.  

 

Fig. 10:   Franges d'interférence. a) Frange d'interférence obtenue en utilisant le schéma de marche quantique non 
contrôlée. b) Frange d'interférence obtenue grâce au schéma de marche quantique contrôlée. 
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Les franges d'interférence pour les états intriqués en temps-bin de quatre dimensions obtenues via les 

schémas de DTQW contrôlés 1 et 2 sont présentées dans la Fig. 11 (a) et (b), respectivement. Les visibilités 

de ces franges ont été estimées à 91,55 % et 89,51 %, respectivement, et ont violé l'inégalité de CGLM.  

 

Fig. 11:  Franges d'interférence. a) Frange d'interférence obtenue en utilisant le schéma de marche quantique contrôlée 
1. b) Frange d'interférence obtenue grâce au schéma de marche quantique contrôlée 2. 

 

Nous démontrons les propriétés quantiques des réseaux photoniques synthétiques (SPL) comme un cadre 

prometteur pour la préparation, la génération et la manipulation de paires de photons intriqués en temps-

bin de dimension 𝑑𝑑 basées sur un système de boucle de fibre couplées dynamiquement et une marche 

quantique en temps discret. Nous avons pu mettre en œuvre un schéma de marche quantique contrôlée nous 

permettant de mesurer une interférence quantique sans sélection postérieure pour des états intriqués à deux 

dimensions, ainsi que d'optimiser l'évolution de marches quantiques pour des efficacités de détection et des 

comptages de coïncidence plus élevés, tant pour les cas à deux que pour ceux à quatre dimensions. 
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1 INTRODUCTION 

1.1 General introduction 

Optics, the study of light and its behavior, could be considered among the oldest branches of physics. 

Even today, after two thousand years, optics remains a vibrant field of study with significant developments 

that continue to push the boundaries of our understanding.  

In the 17th century, Sir Isaac Newton made a groundbreaking contribution to optics with his work 

“Opticks”, which is widely regarded as one of the most important works in the history of science. He 

proposed a corpuscular theory, viewing light as small, discrete particles called ‘corpuscles’. While this 

could account for reflection or refraction, it fell short in explaining other optical phenomena such as 

interference, diffraction, and polarization. On the contrary, Huygens’s wave theory suggested that light 

behaves as waves, leading to an improved understanding of light and providing explanations for various 

optical phenomena. In the 19th century, James Clarke Maxwell formulated a wave model to describe the 

wave-like nature of electromagnetic radiation, including light. However, these models were insufficient to 

explain the characteristics of subatomic particles or their interaction between light and matter as 

demonstrated by the photoelectric effect, ejection of electrons from a metal surface when it is exposed to 

light, discovered by Hertz in 1887 (1). 

The quantum theory of light had its origins with Plank in 1900 when he proposed that the energy of 

a harmonic oscillator is quantized based on his observations of blackbody radiation. He found that the 

harmonic oscillator with angular frequency, 𝜔𝜔, can only have energies that are integral multiple of ℎ𝜔𝜔
2𝜋𝜋

, 

where ℎ is the Planck’s constant. Subsequently, in 1905, Albert Einstein again introduced the concept of 

“corpuscularity” to explain the photoelectric effect, suggesting that light can be regarded as a stream of 

discrete particles known as photons. However, the term “photon” for the quantum of electromagnetic field 

was officially coined later in 1926. Shortly after Einstein introduced the concept of light quanta, Taylor in 

1909 conducted an experiment using extremely faint light in a two-slit Young-type setup. The light was so 

weak that, on average, only one photon was present in the apparatus at a time. Surprisingly, no deviation 

from classical interference patterns was observed. Dirac later accomplished the formal quantization of the 

electromagnetic field in 1924, introducing the idea of wave-particle duality, where particles can exhibit 

both wave-like and particle-like behavior. With the development of a fully-fledged theory of quantized 

light, we now understand that experiments of this nature cannot distinguish between the classical 

explanation that involves interference of electric field waves and the quantum explanation that involves 

interference of probability amplitudes for photons passing through the slits (2).  
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The complete quantum theory of light and matter, known as quantum electrodynamics (QED), was 

developed around 1950 by Sin-Itiro Tomonaga, Julian Schwinger, Richard Feynman, and Freeman Dyson. 

QED has exhibited remarkable accuracy in explaining all prevailing electromagnetic phenomena and its 

inclusion of nuclear processes forms the foundation of the present day model of physics.  

The origin of quantum optics began with the invention of laser around 1960, which prompted Roy 

Glauber to formulate a theory that specifically describes light. In his quantum optics framework, he 

maintained the QED concept of ordering processes based on the number of particles involved (3, 4). The 

first order deals with the coherence properties of individual, non-interacting photons and aligns with 

predictions from wave theory (5). The second order, however, delves into correlations between two photons 

in terms of both time and space (5). This level of analysis becomes particularly significant because wave 

theory fails to account for all second-order phenomena. To reconcile theory with experimental results, one 

commonly assumes space-time separability and then examine simultaneous correlations between pairs of 

photons. Consequently, multiphoton experiments, which were previously unattainable, now directly unveil 

the intrinsic quantum nature of the electromagnetic field. 

 In 1956, Hanbury Brown and Twiss made a ground-breaking contribution to modern quantum 

optics by introducing intensity interferometry (6). This marked the first serious attempt to explore 

correlations between intensities measured at two separate detectors, sparking further development in photon 

counting and correlation experiments. Subsequently, Glauber’s quantum theory of optical coherence (3, 4) 

was verified experimentally through the manipulation of lasers. In the early experiments, atomic beams 

were employed as sources, leading to unavoidable fluctuations in atomic number and emission statistics. 

However, progress was made, and in 1987, Diedrich and Walther successfully conducted experiments using 

a single trapped ion, observing photon antibunching and sub-Poissonian statistics in the system (7). 

Furthermore, squeezed states of light were experimentally generated using different techniques, such as 

four-wave mixing in atomic sodium (8) and optical fibers (9), as well as by employing an optical parametric 

oscillator (10).  

Photon detection and counting are key components in all quantum optics experiments. These 

experiments typically involve observing the behavior of a single or a small number of photons and then 

aggregating the results through statistical averaging. This process is essential for obtaining meaningful and 

reliable data in quantum optics research, such as valuable information about correlations in the 

electromagnetic field and characteristics of the type of light being measured. In typical quantum optics 

experiments, one measures the number of photons that arrive at a detector within a specific time interval. 

When more than one photon arrives within the detector time window, they are said to be recorded in 

coincidence, which means that they arrive at the same time. Quantum optics experiments often focus on the 
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behavior of only a few photons, with the most studied cases involving the coincident arrival of just two 

photons.  

One practical application of this involves confirming the creation of a so-called two-photon state, 

which is generated by splitting an incident photon into two photons. Although the creation of such photon 

pairs is a rare event, it can be achieved using a laser and a nonlinear crystal (11). What makes this 

phenomenon remarkable is that the two photons, born simultaneously, remain connected or “entangled” 

even after their creation (12). Einstein in the mid-1930s famously debated this concept, naming it as 

“spooky action at a distance”. However, it was the modern proof of entanglement that earned Alain Aspect, 

John Clauser, and Anton Zeilinger the Nobel Prize in Physics in 2022 (13). Recent developments in the 

field of quantum optics resulted in crucial advancement of many quantum technologies, such as lithography 

(14, 15), quantum communication (11, 16–20), quantum metrology (21–24), quantum computation (25–

27), and photonic quantum simulations (28, 29).   
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1.2 Objectives  

The main objective of this thesis is to explore the application of photon statistics in different scenarios. 

Specifically, we investigate two key areas: characterization of the emission properties of thresholdless 

nanolasers (30) and characterization of time-bin entangled states (31). 

Characterization of the emission properties of thresholdless nanolasers 

 In this part, we face the challenges arising when we use classical characterization techniques to 

quantify the thresholdless behavior of nanolasers. To overcome this limitation, we resort to second-order 

coherence measurements, which provide deeper insights into the emission behavior of these small-scale 

lasers. The classical characterization includes conventional spectral analysis and Light input - Light output 

(𝐿𝐿 − 𝐿𝐿) curves (32), focusing on the emission wavelength and its spectral bandwidth, as well as its 

dependence on pump power. While narrowing of the spectral bandwidth/linewidth indicates lasing, a 

straight line in the 𝐿𝐿 − 𝐿𝐿 curve suggests thresholdless behavior (32–34). However, these classical methods 

alone cannot precisely define the threshold for these nanolasers. To address this, we perform photon 

statistics by conducting second-order correlation measurements at different pump powers, enabling us to 

determine the threshold more accurately. Additionally, we delve into the properties of the emission itself 

by analyzing the temporal profile of the emitted light. 

Characterization of time-bin entangled states   

The second part of the thesis benefits from the know-how previously acquired and revolves around 

the characterization of time-bin entangled photons (16). The study involves two main sub-focuses: a) 

generation, and b) processing of time-bin entangled photons. We generate and process high-dimensional 

time-bin entangled photons in a synthetic photonic lattice (35, 36), simulated by a coupled fiber-loop system 

through quantum walks. The coupled fiber-loop system features two fiber loops of different lengths coupled 

with a programmable optical switch. By leveraging the programmability of the optical switch, various 

quantum walk schemes are implemented to process the high-dimensional time-bin entangled state (31). The 

photon statistics of the processed quantum states are collected and analyzed to obtain interference fringes, 

which are essential for evaluating the quality of the generated entangled states. This process enables precise 

control over the entangled state without requiring complex experimental setups.  
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1.3 Thesis structure 

The thesis is structured around the two main objectives mentioned earlier. Chapter 2 establishes the 

fundamental principles of photon statistics and quantum optics, serving as the theoretical foundation for the 

subsequent chapters. Chapters 3 and 4 build upon this foundation, each dedicated to one of the main 

objectives: a) characterization of metallic coaxial nanolaser; b) characterization of time-bin entangled 

states. These chapters provide a comprehensive account of the respective experiments, including an 

overview, theoretical background, experimental methods, and results obtained. 

Chapter 2: Fundamentals of Photon Statistics and Quantum Optics 

This chapter provides the theoretical foundation for the thesis. It begins with an introduction to photon 

statistics and correlation measurements, which are used to categorize different photon sources used in this 

thesis. The chapter then covers key principles of nonlinear optics, which are exploited to generate entangled 

photons, and quantum interference, which characterize the generated entangled states and plays a 

fundamental role in quantum optics experiments. Finally, the chapter discusses quantum walks, 

highlighting their role in quantum information processing, particularly for the optimal characterization of 

photonic entangled states. 

Chapter 3: Characterization of Metallic Coaxial Nanolaser 

This chapter is dedicated to the nanolaser characterization. It commences with an overview, 

highlighting the significance of nanolaser devices in today’s rapidly advancing world and the progress made 

in this field. Subsequently, the theory and methods employed in our experiments are described, covering 

material properties, their impact on the nanolaser thresholdless emission, as well as aspects related to photon 

detection, correlation measurements, and photon statistics. The chapter then presents the experimental setup 

utilized for the measurements, followed by the main results obtained. A summary concludes the chapter, 

highlighting the key results. 

Chapter 4: Characterization of Time-Bin Entangled States 

This chapter centers on the characterization of time-bin entangled states. Like the previous chapter, it 

begins with an overview that underscores the importance of high-dimensional entangled states for quantum 

technologies. The theory and methods utilized in the experiment are then elucidated, including discussions 

on the generation of the time-bin entangled state, quantum interference, and quantum walk. The 

experimental setup and processing scheme employed for the measurements are presented, and the main 

results obtained from the measurements are discussed. The chapter concludes with a summary, 

encapsulating the essential outcomes. 
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Chapter 5: Conclusion and Outlook 

This chapter summarizes the key outcomes of the thesis and discusses their broader impact. It also 

outlines potential future directions in both nanolaser characterization and time-bin entanglement research. 

 

Chapter 6: Bibliography 

This chapter contains a comprehensive list of references cited throughout the thesis.



 

 

2 Fundamental Concepts in Photon Statistics and Quantum Optics 

Chapter abstract: 

This chapter covers the fundamental concepts of photon statistics and quantum optics. It begins with an 

overview of correlation measurements, starting with the Hanbury Brown and Twiss experiment, which 

introduces key principles for understanding photon correlations. We then explore the generation of 

entangled photonic states through nonlinear optics, a vital technique in quantum information science. The 

chapter also discusses the principles of quantum interference, including the operation of beam splitters, and 

introduces quantum walks. Finally, the photon detection technique used in our experiments is explained. 

Chapter content: 

2.1 Correlation measurements 

2.1.1 Hanbury Brown and Twiss experiment 

2.1.2 Second-order correlation function 

2.2 Generation of entangled photonic states using nonlinear optics 

2.3 Quantum interference  

2.3.1 Beam splitter operation 

2.3.2 Quantum interference measurements 

2.4 Quantum walk 

2.5 Photon detection 
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2.1 Correlation measurements 

Correlation measurements are used to analyze the statistical relationships between photons detected 

at different times or positions. These measurements help to characterize the nature of light, distinguishing 

between classical and quantum light sources. In quantum optics, correlation measurements are crucial for 

understanding photon statistics and quantum coherence. A key example is the Hanbury Brown and Twiss 

experiment, which measures intensity correlations to determine whether light exhibits random, bunching 

or antibunching behavior. 

2.1.1 Hanbury Brown and Twiss experiment 

The Hanbury Brown, and Twiss (HBT) interferometer (6) is based on the principle that the 

coherence of a beam of light is directly linked to its intensity fluctuations (3, 4, 37–39). Fig. 2.1 illustrates 

the fundamental concept of the HBT interferometer. When a coherent source of light is impinged upon a 

HBT interferometer, its coherence can be quantified via the intensity correlations measured at the two 

detectors, 𝐷𝐷1 and 𝐷𝐷2. In the original HBT experiment, they considered two light beams generated by 

independent sources on the disk of a star, with wave vectors denoted as 𝑘𝑘� and 𝑘𝑘′� . The angle between the 

emitted light be 𝜙𝜙. Assuming that the sources 𝑘𝑘� and 𝑘𝑘′�  produce electric fields 𝐸𝐸𝑘𝑘𝑒𝑒𝑖𝑖𝑘𝑘
� .𝑟̅𝑟 and 𝐸𝐸𝑘𝑘′𝑒𝑒𝑖𝑖𝑘𝑘

′���.𝑟̅𝑟, 

respectively, the total amplitudes at 𝑟𝑟1�  and 𝑟𝑟2�  can be expressed as follows: 

𝐸𝐸(𝑟𝑟1�) = 𝐸𝐸𝑘𝑘𝑒𝑒𝑖𝑖𝑘𝑘
� .𝑟𝑟1��� + 𝐸𝐸𝑘𝑘′𝑒𝑒𝑖𝑖𝑘𝑘

′���.𝑟𝑟1���    (2.1.1) 

𝐸𝐸(𝑟𝑟2� ) = 𝐸𝐸𝑘𝑘𝑒𝑒𝑖𝑖𝑘𝑘
� .𝑟𝑟2��� + 𝐸𝐸𝑘𝑘′𝑒𝑒𝑖𝑖𝑘𝑘

′���.𝑟𝑟2���    (2.1.2) 

The intensities of the light beams at 𝑟𝑟1�  and 𝑟𝑟2�  can be measured with two detectors 𝐷𝐷1 and 𝐷𝐷2. The 

coherence between the signals, given by the second-order correlation function, can be described as:  

𝐶𝐶 = 〈𝐸𝐸∗(𝑟𝑟1�)𝐸𝐸∗(𝑟𝑟2� )𝐸𝐸(𝑟𝑟1�)𝐸𝐸(𝑟𝑟2� )〉 

𝐶𝐶 = 〈(|𝐸𝐸𝑘𝑘|2 + |𝐸𝐸𝑘𝑘′|2)2〉 + 2〈|𝐸𝐸𝑘𝑘|2〉〈|𝐸𝐸𝑘𝑘′|2〉(1 + cos(𝑘𝑘𝑟𝑟0𝜙𝜙))  (2.1.3) 

where 𝑘𝑘 = �𝑘𝑘�� = �𝑘𝑘′� � and 𝑟𝑟0 = |𝑟𝑟1� − 𝑟𝑟2� |. 𝑟𝑟0 is the magnitude of the vectorial distance between 𝐷𝐷1 and 𝐷𝐷2.  
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Fig. 2.1:  Schematic diagram of a HBT interferometer. The wave vectors of the two rays are represented by 𝒌𝒌� and 𝒌𝒌′� . 
The intensities of these rays are measured at positions,  𝒓𝒓𝟏𝟏��� and 𝒓𝒓𝟐𝟐��� using two detectors. The signals from the 
detectors are combined in an electronic correlator, which calculates the second-order correlation function. 

 

By varying the separation of the detectors in the HBT interferometer, the angle between the two 

rays can be determined from the equations above. This angle allows to infer the size of the star. Since the 

intensity of each light is proportional to the number of photons, the correlation function can also be 

expressed in terms of the mean photon numbers and the angle between the rays.   

𝐶𝐶 = 〈𝑛𝑛�𝑘𝑘
2〉 + 〈𝑛𝑛�𝑘𝑘′

2〉 + 2〈𝑛𝑛�𝑘𝑘〉〈𝑛𝑛�𝑘𝑘′〉(1 + cos(𝑘𝑘𝑟𝑟0𝜙𝜙))  (2.1.4) 

where 〈𝑛𝑛�𝑘𝑘〉 and 〈𝑛𝑛�𝑘𝑘′〉 are the mean photon number of the two lights (40).  

The approach developed by Hanbury Brown and Twiss provided a means to determine the spatial 

coherence of the source through intensity correlations at different separations, 𝑟𝑟0. However, it is important 

to note that the intensity interference effects are also influenced by the temporal coherence of the light and 

HBT measurement readily give the second-order correlation function. The temporal coherence, which is 

determined by the dynamics of the light-emitting atoms in the source, controls the fluctuations and 

correlations of the fields (5).  
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2.1.2 Second-order correlation function 

Classical theory 

Let us consider the statistical properties of the intensity fluctuations in chaotic light, in which 

fluctuations occur at a rapid pace, making direct observations challenging. Typically, measurements are 

obtained by averaging the intensity fluctuations over the response time of a detector.  Here, we assume that 

ideal detectors are available with response time much shorter than the coherence time, 𝜏𝜏𝑐𝑐, and this will 

enable instantaneous measurements of the intensity. 

The average intensity, 𝐼𝐼(̅𝑡𝑡), can be obtained by considering the statistical average over the 

distribution of phase angles. For a plane parallel light beam, the long-term average intensity is given by,  

𝐼𝐼(̅𝑡𝑡) ≡ 〈𝐼𝐼(̅𝑡𝑡)〉 = 1
2
𝜀𝜀0𝐸𝐸02𝑐𝑐 〈�exp�𝑖𝑖𝜙𝜙1(𝑡𝑡)� + exp�𝑖𝑖𝜙𝜙2(𝑡𝑡)� + ⋯+ exp (𝑖𝑖𝜙𝜙𝜈𝜈(𝑡𝑡))�2〉   (2.1.5) 

where 𝜈𝜈 is the number of radiating atoms, 𝜙𝜙𝜈𝜈 denotes the phase factors of each atom, 𝐸𝐸0 is the amplitude 

of the electric field, 𝐸𝐸(𝑡𝑡), expressed as 𝐸𝐸(𝑡𝑡) = 𝐸𝐸0exp (−𝑖𝑖𝜔𝜔0𝑡𝑡)�exp�𝑖𝑖𝜙𝜙1(𝑡𝑡)� + exp�𝑖𝑖𝜙𝜙2(𝑡𝑡)� + ⋯+

exp (𝑖𝑖𝜙𝜙𝜈𝜈(𝑡𝑡))� with 𝜔𝜔0 as the radiation frequency (5). By taking the average, the cross-terms between the 

phase factors cancel out, resulting in,  

𝐼𝐼(̅𝑡𝑡) ≡ 〈𝐼𝐼(̅𝑡𝑡)〉 = 1
2
𝜀𝜀0𝐸𝐸02𝑐𝑐𝑐𝑐.     (2.1.6) 

Thus, the variance of the average intensity, denoted as (∆𝐼𝐼)2, is given by, 

(∆𝐼𝐼)2 = 〈𝐼𝐼(̅𝑡𝑡)2〉 − 〈𝐼𝐼(̅𝑡𝑡)〉2 = 𝐼𝐼2̅     (2.1.7) 

implying that the intensity fluctuation, ∆𝐼𝐼, is dependent on the mean value, 𝐼𝐼 ̅(5). 

Now, let us consider the case of two time measurements, where pairs of readings of the averaged 

intensity are taken with a fixed time delay, 𝜏𝜏. The average of the product of each pair of readings gives us 

the intensity correlation function of light (5). The normalized form of this correlation function, known as 

the second-order temporal coherence, is defined as: 

𝑔𝑔2(𝜏𝜏) = 〈𝐼𝐼(̅𝑡𝑡).𝐼𝐼(̅𝑡𝑡+𝜏𝜏)〉
𝐼𝐼2̅

= 〈𝐸𝐸∗(𝑡𝑡).𝐸𝐸∗(𝑡𝑡+𝜏𝜏).𝐸𝐸(𝑡𝑡).𝐸𝐸(𝑡𝑡+𝜏𝜏)〉
〈𝐸𝐸∗(𝑡𝑡).𝐸𝐸(𝑡𝑡)〉2    (2.1.8) 

According to Cauchy's inequality, which applies to any pair of real numbers, the following relation 

holds for two measurements of the intensity at times 𝑡𝑡1 and 𝑡𝑡2: 

2𝐼𝐼(̅𝑡𝑡1). 𝐼𝐼(̅𝑡𝑡2) ≤ 𝐼𝐼(̅𝑡𝑡1)2 + 𝐼𝐼(̅𝑡𝑡2)2    (2.1.9) 

Extending this inequality to 𝑁𝑁 number of measurements,  



11 
 

�𝐼𝐼(̅𝑡𝑡1)+𝐼𝐼(̅𝑡𝑡2)+⋯+𝐼𝐼(̅𝑡𝑡𝑁𝑁)
𝑁𝑁

�
2
≤ 𝐼𝐼(̅𝑡𝑡1)2+𝐼𝐼(̅𝑡𝑡2)2+⋯+ 𝐼𝐼(̅𝑡𝑡𝑁𝑁)2

𝑁𝑁
   (2.1.10) 

In terms of statistical average, this can be expressed as  

𝐼𝐼2̅ ≡ 〈𝐼𝐼(̅𝑡𝑡)〉2 ≤ 〈𝐼𝐼(̅𝑡𝑡)2〉    (2.1.11) 

This implies that  

1 ≤ 𝑔𝑔2(0).                               (2.1.12) 

Furthermore, considering the expression 

{𝐼𝐼(̅𝑡𝑡1)𝐼𝐼(̅𝑡𝑡1 + 𝜏𝜏) + ⋯+ 𝐼𝐼(̅𝑡𝑡𝑁𝑁)𝐼𝐼(̅𝑡𝑡𝑁𝑁 + 𝜏𝜏)}2 ≤ {𝐼𝐼(̅𝑡𝑡1)2 + ⋯+ 𝐼𝐼(̅𝑡𝑡𝑁𝑁)2}{𝐼𝐼(̅𝑡𝑡1 + 𝜏𝜏)2 + ⋯+ 𝐼𝐼(̅𝑡𝑡𝑁𝑁 + 𝜏𝜏)2} 

  (2.1.13) 

for a sufficiently long and numerous series of measurements, the two summations on the right-hand side 

become equal (5). Taking the square root of the above equation, we obtain: 

〈𝐼𝐼(̅𝑡𝑡). 𝐼𝐼(̅𝑡𝑡 + 𝜏𝜏)〉 ≤ 𝐼𝐼(̅𝑡𝑡)2    (2.1.14) 

In terms of the correlation function, this can be expressed as  

𝑔𝑔2(𝜏𝜏) ≤ 𝑔𝑔2(0)               (2.1.15) 

Therefore, the degree of second-order coherence can never exceed its value at zero time delay (5). This 

inequality applies to both stationary and non-stationary light beams in classical theory. The second-order 

electric field correlation function (Eq. 2.1.8), taking into account the contribution from each atom (𝑖𝑖) can 

be approximated as 

〈𝐸𝐸∗(𝑡𝑡).𝐸𝐸∗(𝑡𝑡 + 𝜏𝜏).𝐸𝐸(𝑡𝑡).𝐸𝐸(𝑡𝑡 + 𝜏𝜏)〉 = 𝜈𝜈2{〈𝐸𝐸𝑖𝑖∗(𝑡𝑡)𝐸𝐸𝑖𝑖(𝑡𝑡)〉2 + |〈𝐸𝐸𝑖𝑖∗(𝑡𝑡)𝐸𝐸𝑖𝑖(𝑡𝑡 + 𝜏𝜏)〉|2}     (2.1.16) 

For large values of 𝜈𝜈, this equation can be simplified to  

𝑔𝑔2(𝜏𝜏) = 1 + |𝑔𝑔1(𝜏𝜏)|2    (2.1.17) 

Where 𝑔𝑔1(𝜏𝜏) is the first-order correlation function and its limiting value yields 𝑔𝑔2(0) = 2 (5).         

 In contrast to chaotic beams, the electric field of a coherent wave (coherent at all space-time points), 

propagating in the 𝑧𝑧 direction with wavevector 𝑘𝑘 = 𝜔𝜔
𝑐𝑐
 is 𝐸𝐸(𝑧𝑧, 𝑡𝑡) = 𝐸𝐸0 exp(𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑖𝑖𝜔𝜔𝜔𝜔 + 𝑖𝑖𝑖𝑖). Substituting 

the electric field in Eq. 2.1.8, we obtain 𝑔𝑔2(0) = 1 for coherent light (5).  

Quantum theory 

One remarkable aspect of the theory of light is the significant agreement between the predictions 

of classical and quantum theory, despite their fundamental differences. Classical and quantum theories 
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provide identical predictions for interference effects and associated degrees of coherence in experiments 

involving coherent or chaotic light. However, phenomena that deviate from classical theory typically arise 

when non-classical light beams are used, which exhibit fluctuations and coherence properties that cannot 

be described classically. Many experiments demonstrating such phenomena can be expressed in terms of 

the components of the degree of second-order coherence, which play a crucial role in distinguishing 

between light beams that can or cannot be described by classical modes (5). 

The degree of second-order coherence for single-mode light in the quantum regime can be defined 

as 

𝑔𝑔2(𝜏𝜏) = 〈𝑎𝑎�†𝑎𝑎�†𝑎𝑎�𝑎𝑎�〉
〈𝑎𝑎�†𝑎𝑎�〉

     (2.1.18) 

where 𝑎𝑎�† and 𝑎𝑎� are creation and annihilation operators, respectively, with the properties 

[𝑎𝑎�,𝑎𝑎�] = �𝑎𝑎�†,𝑎𝑎�†� = 0 

�𝑎𝑎�,𝑎𝑎�†� = 𝑎𝑎�𝑎𝑎�† − 𝑎𝑎�†𝑎𝑎� = 1 

𝑎𝑎�†𝑎𝑎� = 𝑛𝑛�     (2.1.19) 

Where 𝑛𝑛� is the number operator. Interestingly, Eq.  2.1.18 is independent of position and time, however it 

depends on the nature of a light beam. By using the properties of 𝑎𝑎�† and 𝑎𝑎�, the degree of coherence can be 

expressed in terms of the mean and mean-square photon numbers as  

𝑔𝑔2(𝜏𝜏) = 〈𝑛𝑛(𝑛𝑛+1)〉
〈𝑛𝑛〉

= 〈𝑛𝑛2〉−〈𝑛𝑛〉
〈𝑛𝑛〉2

= 1 + ∆𝑛𝑛2−〈𝑛𝑛〉
〈𝑛𝑛〉2

   (2.1.20) 

Thus, depending on the value of second-order correlation function, light can be classified as 

coherent, bunched, and antibunched (5). 

In coherent light, the photodetector records a time-independent pair correlation function, resulting 

in a random stream of photocounts and an overall random distribution of photons (3, 5). On the other hand, 

high-intensity fluctuations or photon bunches in chaotic (bunched) light lead to closely spaced photo counts. 

This photon bunching effect is typically observed in the classical description of chaotic or thermal light. 

Conversely, in antibunched light, the succession of photo counts exhibits a significant spacing in the 

detection frequency.  

Coherent light 

 The most commonly encountered single-mode states of light are represented by linear 

superpositions of number states, denoted as |𝑛𝑛⟩ (3). Among these states, the coherent state |𝛼𝛼⟩ holds 

significant importance in practical applications of quantum theory. Coherent states exhibit quantum 
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properties that closely resemble those of classical electromagnetic waves, and a single-mode laser operating 

above threshold generates a coherent state excitation. A coherent state |𝛼𝛼⟩ is given by the expression,  

|𝛼𝛼⟩ = exp �− 1
2

|𝛼𝛼|2�∑ 𝛼𝛼𝑛𝑛

𝑛𝑛!1 2⁄
∞
𝑛𝑛=0 |𝑛𝑛⟩.   (2.1.21) 

For this state, the mean photon number squared is given by 

〈𝑛𝑛〉2 = ⟨𝛼𝛼|𝑛𝑛�2|𝛼𝛼⟩ = |𝛼𝛼|4 + |𝛼𝛼|2 = 〈𝑛𝑛〉2 + 〈𝑛𝑛〉   (2.1.22) 

And the photon number variance, denoted by ∆𝑛𝑛2, is 

∆𝑛𝑛2 = |𝛼𝛼|2 = 〈𝑛𝑛〉    (2.1.23) 

which arises due to the particle-like nature of light in the quantum theory (3). Additionally, the probability 

of finding 𝑛𝑛 photons in the mode can be obtained as  

𝑃𝑃(𝑛𝑛) = |⟨𝑛𝑛|𝛼𝛼⟩|2 = exp (−|𝛼𝛼|2) |𝛼𝛼|2𝑛𝑛

𝑛𝑛!
   (2.1.24) 

This probability distribution follows a Poissonian distribution. Also, the degree of second-order coherence 

for the coherent state, |𝛼𝛼⟩, is given by (5): 

𝑔𝑔2(𝜏𝜏) = 1.      (2.1.25) 

Bunched light 

 Let us now consider a chaotic light beam in an optical cavity, which is characterized by an uncertain 

phase and the inability to carry a coherent signal. The photon number probability of a single-mode chaotic 

light is given by 

𝑃𝑃(𝑛𝑛) = 〈𝑛𝑛〉𝑛𝑛

(1+〈𝑛𝑛〉)1+𝑛𝑛
      (2.1.26) 

And the photon number variance is given by  

∆𝑛𝑛2 = 〈𝑛𝑛〉2 + 〈𝑛𝑛〉.     (2.1.27) 

The first term on the right-hand side represents fluctuations beyond those of coherent light, and its 

variance is equal to the mean photon number (5). This term corresponds to the wave contribution, while the 

second term represents the particle analogue in classical theory. It is important to note that light with a 

photon number variance exceeding the mean photon number, such as chaotic light, exhibits super-

Poissonian fluctuations (5). From the above equations, for bunched light, the degree of second-order 

coherence is 

𝑔𝑔2(𝜏𝜏) = 2.      (2.1.28) 
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Antibunched light 

In antibunched light, the photons are emitted with regular gaps between them, as opposed to random 

spacing. This is depicted in Fig. 2.2 c). If the flow is regular, then there will be long time intervals between 

observing photon counting events. In this case, there are longer time intervals between consecutive photon 

counts. As a result, the probability of detecting a photon on a detector is small for small values of 𝜏𝜏 and 

increases with 𝜏𝜏. The degree of second order coherence for such light sources satisfies the inequality (5) 

𝑔𝑔2(𝜏𝜏) > 𝑔𝑔2(0).     (2.1.29) 

An example for such light sources exhibiting antibunching is resonance fluorescence by a single 

atom, where the time delays between successive photons arise due to atomic recovery between emissions.  

Additionally, photon antibunching is a significant phenomenon in the quantum theory of light, as it is a 

purely quantum effect without a classical counterpart. This non-classical effect is distinct from sub-

poissonian statistics, which is identified by the condition (5) 

𝑔𝑔2(0) < 1.     (2.1.30) 

 

 

Fig. 2.2:  Comparison of various photon streams. a) Bunched light (Chaotic light): In this case, the photons arrive in 
a clustered manner with high-intensity fluctuations. The correlation between photon arrival times is relatively 
strong, resulting in closely spaced photo counts. This type of light is commonly associated with chaotic or 
thermal sources., b) Coherent light: Coherent light exhibits random arrival times of photons. The correlation 
between the arrival times is weak, leading to a random distribution of photo counts. This type of light is 
characteristic of sources with good temporal coherence, such as lasers. c) Antibunched light (single-photon 
regime). In the case of antibunched light, the photon stream shows a significant spacing between successive 
photo counts. This phenomenon occurs in the single-photon regimes and implies that the probability of 
detecting two photons at the same time is exceptionally low. The coherence time of the light, 𝝉𝝉𝒄𝒄, represents the 
characteristic timescale over which the temporal coherence of the light persists (5). 
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Fig. 2.3:  Second-order correlation function, 𝒈𝒈𝟐𝟐(𝝉𝝉) for various classifications of light. The blue curve represents 

bunched (chaotic), the dashed maroon curve corresponds to random (coherent) light and the green curve 
corresponds to antibunched (quantum) light. 
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2.2 Generation of entangled photonic states using nonlinear optics 

Nonlinear optics, which occurs as a consequence of the modification of the optical properties of a 

material system in the presence of external electric field, embraces a wide variety of phenomena and it 

forms an extensive field of study (41). When an intense electric field travels through a dielectric medium, 

its electric field induces a dipole moment to the atoms in the path of the radiation causing a displacement 

of the electron cloud with respect to the positive charged core. In the case of conventional (i.e., linear) 

optics, the induced polarization (𝑃𝑃�⃗ (𝑡𝑡)) depends linearly on the electric field strength (𝐸𝐸�⃗ (𝑡𝑡)) described by, 

𝑃𝑃�⃗ (𝑡𝑡) = 𝜖𝜖0𝜒𝜒(1)𝐸𝐸�⃗ (𝑡𝑡)     (2.2.1) 

where 𝜖𝜖0 and 𝜒𝜒(1) are the permittivity of free space and linear susceptibility, respectively. At low electric 

field strengths, the dipoles oscillate with the frequency of the incoming electric field, thus, the material will 

not alter the frequency of the electric field. In addition, material properties such as refractive index or 

absorption coefficient are independent of the light intensity.  

However, as the electric field strength increases, the dipoles lose their equilibrium and oscillate 

with different frequencies giving rise to nonlinear processes. The resultant nonlinear optical response is 

expressed in terms of the polarization density as: 

𝑃𝑃�⃗ (𝑡𝑡) = 𝜖𝜖0�𝜒𝜒(1)𝐸𝐸�⃗ (𝑡𝑡) + 𝜒𝜒(2)𝐸𝐸�⃗ 2(𝑡𝑡) + 𝜒𝜒(3)𝐸𝐸�⃗ 3(𝑡𝑡) + ⋯� = 𝑃𝑃�⃗𝐿𝐿(𝑡𝑡) + 𝑃𝑃�⃗𝑁𝑁𝑁𝑁(𝑡𝑡)  (2.2.2) 

where 𝑃𝑃�⃗𝐿𝐿(𝑡𝑡) and 𝑃𝑃�⃗𝑁𝑁𝑁𝑁(𝑡𝑡) represent the linear and nonlinear terms, respectively. The nonlinear polarization, 

represented as  

𝑃𝑃�⃗𝑁𝑁𝑁𝑁(𝑡𝑡) = 𝜖𝜖0�𝜒𝜒(2)𝐸𝐸�⃗ 2(𝑡𝑡) + 𝜒𝜒(3)𝐸𝐸�⃗ 3(𝑡𝑡) + ⋯�,    (2.2.3) 

consists of the second- (𝜒𝜒(2)) and third- (𝜒𝜒(3)) order nonlinear optical susceptibilities that govern the 

nonlinear processes involving three and four fields, respectively. 𝜒𝜒(2) interactions occur in non-

centrosymmetric crystals, that is, media that do not display inversion symmetry. If the electric field of the 

incident light contains two distinct frequency components, 𝜔𝜔1 and 𝜔𝜔2, as described as 𝐸𝐸1����⃗ =

𝐸𝐸�⃗ (𝜔𝜔1) exp(−𝑖𝑖𝜔𝜔1𝑡𝑡) + 𝑐𝑐. 𝑐𝑐. and 𝐸𝐸2����⃗ = 𝐸𝐸�⃗ (𝜔𝜔2) exp(−𝑖𝑖𝜔𝜔2𝑡𝑡), respectively, the resultant second-order term in 

Eq. 2.2.3 can be described as 𝑃𝑃�⃗𝑁𝑁𝑁𝑁
(2)

(𝑡𝑡) = 𝜒𝜒(2)𝐸𝐸1����⃗ 𝐸𝐸2����⃗ . This gives rise to three nonlinear processes, namely, 

sum- (SFG) and difference- frequency generation (DFG) as well as second harmonic generation (SHG) 

process governed by the frequency components 𝜔𝜔1 + 𝜔𝜔2, 𝜔𝜔1 − 𝜔𝜔2, and 2𝜔𝜔 (when 𝜔𝜔1 = 𝜔𝜔2), respectively. 

Additionally, the nonlinear susceptibility depends on the polarization vectors of the field components and 

on the direction of the induced polarization. Therefore, 𝜒𝜒(2) in bulk media is described by a function of two 
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frequencies and three spatial directions (5, 41). In nonlinear waveguided systems, the spatial dependency 

of 𝜒𝜒(2) is restricted to the propagation axis of the waveguide due to confinement (42). 

Fig. 2.4 (a) demonstrates the generalized schematic involving three fields that describe a typical 

classical nonlinear optical process of SHG. This requires the two stringent requirements to be met: i) Energy 

conservation – this dictates that the total energy within the system is preserved, implying ∑𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =

 ∑𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜. In the standard notation, field interaction can be described as ℏ𝜔𝜔1 +  ℏ𝜔𝜔2 =  ℏ𝜔𝜔3, where 𝜔𝜔1 =

 𝜔𝜔2 =  𝜔𝜔 provides the degeneracy condition for second harmonic generation, given by 𝜔𝜔3 = 2𝜔𝜔 and ℏ =
ℎ
2𝜋𝜋

, where ℎ is the Planck’s constant. ii) Momentum conservation – this dictates that the momentum of the 

interacting fields must be matched given by 𝑘𝑘1 + 𝑘𝑘2 = 𝑘𝑘3, where 𝑘𝑘𝑖𝑖 = 2𝜋𝜋𝑛𝑛𝑖𝑖
𝜆𝜆𝑖𝑖

 is the wave vector of the 

interacting fields within the crystal (2, 5, 41). When fields propagate within a nonlinear medium, a phase 

mismatch arises due to group velocity dispersion of the different fields. This phase mismatch results in the 

nonlinearly generated light to destructively interfere with itself, resulting in the failure to generate 

upconverted light (see Fig. 2.5 (b)).  A possible way to circumvent this problem is to utilize anomalous 

dispersion, where the refractive index decreases with increasing frequency by means of quasi-phase-

matching utilizing a periodically poled material (Fig. 2.5 (a)). 

 Periodically poled lithium niobate (PPLN) is a highly efficient nonlinear medium that exploits the 

second-order susceptibility term 𝜒𝜒(2) to enable nonlinear processes between interacting fields, giving access 

to a wide range of frequency conversion processes including SHG, SFG, and DFG (41, 43). This is made 

possible by the versatility of the PPLN optical properties in terms of its transparency window, high 

refractive index, phase matching scheme mature fabrication technologies, etc. (44, 45). The nonlinear 

process occurring within PPLN can be dictated by quasi phase-matching, i.e., engineering via periodic 

poling of the lithium niobate crystal. Furthermore, the quasi-phase matching in PPLN waveguides gives 

access to tailorable polarization properties of the interacting fields, namely type-0, type-1, and type-2 

processes. Type-0 interactions involve fields having identical polarizations. The most dominant interaction 

in PPLN occurs when two V-polarized fields interact to generate a V-polarized output during second 

harmonic and sum-frequency generation processes. On the other hand, type-1 interactions involve fields 

with the same polarization as the input to generate an orthogonally polarized output, and type-2 processes 

involve two orthogonal input fields.  

Such second-order nonlinear processes can also be enabled in the in the quantum domain, given by 

the process known as spontaneous parametric down conversion (SPDC). Here, the nonlinear interaction 

occurs when a pump photon of energy  𝜔𝜔𝑝𝑝 decays spontaneously to generate twin photons, signal and idler 

with energies 𝜔𝜔𝑠𝑠 and 𝜔𝜔𝑖𝑖, respectively, as shown if Fig. 2.4 b (top). Like second-order classical frequency 
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conversion processes, the SPDC process necessitates the conservation of energy and momentum. In this 

case, 𝐸𝐸𝑝𝑝 = 𝐸𝐸𝑠𝑠 + 𝐸𝐸𝑖𝑖 and 𝑘𝑘𝑝𝑝 = 𝑘𝑘𝑠𝑠 + 𝑘𝑘𝑖𝑖 + 𝑘𝑘𝐺𝐺  defines the energy (see Fig. 2.4 b (bottom)) and momentum 

conservation laws, respectively, where 𝑘𝑘𝐺𝐺  is the momentum vector associated with the poling of PPLN 

waveguide. This gives rise to interesting quantum properties, specifically, the energy-time correlations 

between the twin photons. Furthermore, materials like PPLN allows for type-0 and type-2 interactions, 

giving access to polarization-dependent non-classical correlations (44, 46). Such correlations forms the 

basis for entanglement generation across various photonic degrees of freedom such as frequency, time, 

polarization, and path (12, 13, 147, 148).  

 

 

Fig. 2.4:  Second harmonic generation and spontaneous parametric down conversion. a) Geometry and energy-level 
diagram describing second harmonic generation. b) Geometry and energy-level diagram describing 
spontaneous parametric down conversion. 
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Fig. 2.5:  PPLN waveguide. a) Schematic representation of a PPLN in which the positive c axis alternates in orientation 
with a certain period. b) Comparing the field amplitude of the generated wave in a nonlinear optical interaction 
under three different phase-matching conditions in relation to spatial variation. Reproduced from (41) with 
permission from Springer Nature, © 2023 Springer Nature. 

 

  



20 
 

2.3 Quantum interference  

Quantum interference arises from the coherent superposition of probability amplitudes 

corresponding to indistinguishable quantum processes. This phenomenon is fundamental to various 

quantum technologies, including quantum computing, quantum communication, and precision metrology, 

where it enables the manipulation and control of quantum states with high fidelity. 

2.3.1 Beam splitter operation  

A beam splitter is one of the most fundamental building blocks of interferometers. It has two inputs 

(a and b) and two outputs (c and d) as shown in Fig. 2.6 (a). In the classical regime, when a light beam is 

incident on a beam splitter either at ports a or b, the beam splitter divides the intensity into reflected and 

transmitted components through the two output ports c and d, respectively. The proportion at which this 

splitting occurs depends on the complex parameters, reflectance, 𝑟𝑟, and transmittance, 𝑡𝑡. When a balanced 

beam splitter is considered, the beam-splitting operation is dictated by |𝑟𝑟| = |𝑡𝑡| = 1
√2

, representing a 50-50 

beam splitting operation. However, in the non-classical realm, a quantum description of a beam splitter 

proves to be the most effective as it elucidate fundamental concepts of quantum superposition and 

randomness through the statistical behavior of photons (48, 49). 

The quantum description of a beam splitter, in the second quantization formalism, can be 

represented by employing a set of bosonic annihilation and creation operators, 𝑎𝑎�𝑖𝑖 and 𝑎𝑎�𝑖𝑖
†, respectively, to 

represent the input and output photonic modes (5). These operators satisfy the commutation relation 

�𝑎𝑎�𝑖𝑖 ,𝑎𝑎�𝑗𝑗
†� = 𝛿𝛿𝑖𝑖,𝑗𝑗. Let us use the notations, 𝑎𝑎�, 𝑏𝑏�, 𝑐̂𝑐, and 𝑑̂𝑑 to represent annihilation operators for the beam 

splitter ports a, b, c and d, respectively. The 50-50 operation of the beam splitter, also known as the Fourier 

operation, is given by (50, 51):  

𝑎𝑎� = 1
√2

(𝑐̂𝑐 + 𝑑̂𝑑)      (2.3.1) 

𝑏𝑏� = 1
√2

(𝑐̂𝑐 − 𝑑̂𝑑).     (2.3.2) 
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2.3.2 Quantum interference measurements 

In two-photon interference experiments, the photons (1 and 2) are directed through two alternative 

pathways, a and b (acquiring a phase difference of 𝜙𝜙), of the beam splitter. Subsequently, the photons are 

combined, and the resulting interference fringes are observed by measuring the coincidence count rates 

with two detectors at the output ports (c and d) at each phase values.  

The initial state at the beam splitter can be written as  

|𝜓𝜓⟩ = |1⟩𝑎𝑎|2⟩𝑏𝑏 = 𝑎𝑎�†1𝑏𝑏�†2|0⟩    (2.3.3) 

where 𝑎𝑎�†1 and 𝑏𝑏�†2 are the creation operators of photons, 1 and 2, at ports a and b of the beam splitter, 

respectively. The output state of the beam splitter (i.e., after photons interfere) is given by the following 

transformation: 

𝑎𝑎�†1𝑏𝑏�†2|0⟩ →
1
2
�𝑐̂𝑐†1 + 𝑑̂𝑑†1��𝑐̂𝑐†2 − 𝑑̂𝑑†2�|0⟩ 

= 1
2
�𝑐̂𝑐†1𝑐̂𝑐†2 − 𝑐̂𝑐†1𝑑̂𝑑†2 + 𝑐̂𝑐†2𝑑̂𝑑†1 − 𝑑̂𝑑†1𝑑̂𝑑†2�|0⟩ (2.3.4) 

where 𝑐̂𝑐†1 and 𝑐̂𝑐†2 are the creation operators at the output port 𝑐𝑐, while 𝑑̂𝑑†1 and 𝑑̂𝑑†2 are the creation 

operators at the output port 𝑑𝑑, after the beam splitter interaction. This results in four possibilities when two 

photons interact at the input of a beam splitter, as shown in Fig. 2.6. The output terms 𝑐̂𝑐†1𝑐̂𝑐†2 and 𝑑̂𝑑†1𝑑̂𝑑†2 

indicate that both photons leave the beam splitter through the same output, i.e., either c or d, respectively 

(50–52), while 𝑐̂𝑐†1𝑑̂𝑑†2 and 𝑐̂𝑐†2𝑑̂𝑑†1 depict that both photons exit at different outputs of the beam splitter. 

Considering a balanced beam splitter configuration, each of these output terms have the same probability 

of occurrence, i.e., 25%. For instance, for a two-photon entangled state, the two-photon detection 

probabilities at the output ports of a beam splitter are given by:  

𝑃𝑃𝑐𝑐1𝑐𝑐2 = 1+cos2𝜙𝜙
4

, 𝑃𝑃𝑐𝑐1𝑑𝑑2 =  1+cos2𝜙𝜙
4

, 𝑃𝑃𝑐𝑐2𝑑𝑑1 = 1−cos2𝜙𝜙
4

, and 𝑃𝑃𝑑𝑑1𝑑𝑑2 =  1−cos2𝜙𝜙
4

 

Here, the subscripts correspond to the four interaction possibilities as given in Eq. 2.3.4. 
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Fig. 2.6:  Operation of a beam splitter. Illustration of four possible ways photons 1 and 2 can interact in a beam splitter 
and their corresponding output modes. a) and b) In casual configuration where a and b are the inputs and c and 
d are the outputs. c) and d) represent the HOM effect, where indistinguishable photons entering from both sides 
of the beam splitter interfere and will go out along the same direction. Therefore, there will be two photons in 
one of the two outputs of the beam splitter. 

 

 Interestingly, when we consider the specific case of interference between two indistinguishable 

(identical) photons, the above equation reduces to,  

𝑎𝑎�†𝑏𝑏�†|0⟩ →
1
2
�𝑐̂𝑐†𝑐̂𝑐† − 𝑐̂𝑐†𝑑̂𝑑† + 𝑐̂𝑐†𝑑̂𝑑† − 𝑑̂𝑑†𝑑̂𝑑†�|0⟩ 

=
1
2
��𝑐̂𝑐†�2 − �𝑑̂𝑑†�

2� |0⟩ 

= 1
√2

(|2⟩𝑐𝑐 − |2⟩𝑑𝑑)     (2.3.5) 

The final equation is obtained from the general equation, �𝑎𝑎�†�𝑛𝑛|0⟩ = √𝑛𝑛! |𝑛𝑛⟩. In this case, the two photons 

take output c or d showing a bunching effect due to bosonic character of photons. This kind of interference, 

giving ideally zero coincidences at zero delay/phase difference, i.e., when temporal indistinguishability of 

the photons are achieved, is called Hong-Ou-Mandel (HOM) interference (Fig. 2.7) (53). The theoretical 

and experimental work demonstrated by Hong, Ou, and Mandel outlines the occurrence of a dip in 

coincidence detections at the output of a MZI, when indistinguishable photons are passed through the inputs 

of MZI for various delays/phase values (Fig. 2.7) (53). HOM effect is truly quantum mechanical in nature 

and has no classical analogue, thereby providing a distinct advantage to outperform classical computations, 

securely communicate information, simulate highly complex physical systems and increase sensitivity of 

precise measurements (51, 53). However, in the case of fermions, the creation operators anti-commute, 

implying 𝑐̂𝑐†𝑑̂𝑑† = −𝑑̂𝑑†𝑐̂𝑐†, causing fermions to exit through different output ports (51, 54).  
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Fig. 2.7:  Illustration of the Hong-Ou-Mandel effect. When two identical photons are passed through two inputs of the 

beam splitter, the photons show bunched behavior and exit through one of the output ports of the beam splitter. 
The coincidence graph plotted for various delays is given on the right side. At zero delay, the coincidence 
between the detectors D1 and D2 is zero, resulting in HOM interference. Reproduced from (55) under the CC 
BY 4.0 license.  
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2.4 Quantum walk 

Quantum walks (56, 57) are the quantum mechanical counterparts of classical random walks, where 

the evolution is governed by quantum superposition and interference effects. Quantum walks have found 

applications in diverse fields such as quantum computation (58–60), topological phases (61), and quantum 

simulation (62). A quantum walk comprises two essential components: a walker and an environment that 

serves as a processing platform for the walker. Atoms, ions, photons, and quasi-particles like excitons are 

potential walkers (63), capable of exhibiting a wave-like propagation in the quantum environment.  

A quantum walk essentially include the integration of the actual detection process into the theory 

involving correlating each potential shift with another degree of freedom, serving as a quantum coin (56). 

Consider the evolution of a two-level quantum state |𝑐𝑐⟩ with basis {| ↕⟩, | ↔⟩} (56). When the walker is in 

the state | ↔⟩, it takes one direction and when the walker is in the state | ↕⟩, it takes the opposite direction. 

Thus, the internal state can exist in superposition of both states, |𝑐𝑐⟩ = 𝛼𝛼1| ↕⟩ + 𝛼𝛼2| ↔⟩. Moreover, the final 

probability distribution of the walker (after a large number of iterations) in a quantum walk can be predicted 

by utilizing its wave function. When the walker is in the initial state | ↔⟩, its evolution demonstrates an 

asymmetrical probability distribution, where the walker’s final position is more likely to reside in one 

direction (Fig. 2.8 (a)); and similarly, when the walker is in the state | ↕⟩, it shows a higher probability of 

occupying the opposite direction. However, if the walker’s initial state exists in a superposition of both 

bases given by |𝑐𝑐⟩ = 𝛼𝛼1| ↕⟩ + 𝛼𝛼2| ↔⟩,  its probability distribution spreads in both directions leading to a 

superposition of the wave function in position space (Fig. 2.8 (b)). 

 

Fig. 2.8:  Probability distribution. An example that presents a comparison between the probability distributions for 
quantum walks (blue) and a classical random walk (red) after 100 steps. a) The asymmetric probability 
distribution due to asymmetric initial state. b) The symmetric probability distribution due to symmetric initial 
state. Reproduced from (63) under the CC BY-NC-ND 3.0 license. 

There are three key properties that distinguish quantum walks: firstly, the quantum walker explores 

all feasible paths simultaneously, resulting in an accelerated spread of the probability distribution of the 
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walker (64). Secondly, in a quantum walk, the quantum coin and the movement of the walker are unitary 

transformations, which ensures that the quantum walk process is reversible (64, 65). Thirdly, unlike 

classical random walks where randomness arises from transitions between states, quantum walk 

randomness stems solely from measurement operations on the quantum system (64). These unique 

properties have enabled the development of quantum algorithms known as probabilistic algorithms (66). In 

these algorithms, the quantum system exists in a distribution across various states, each with a specific 

probability, therefore the evolution of the system can be predetermined (66). Also, with knowledge of the 

initial quantum state distribution and the state transition matrix, the distribution after a certain time 

evolution can be calculated theoretically (66). Apart from quantum algorithms, quantum walks also find 

several applications in the field of quantum communication (67), computation (68) and other quantum 

information technologies (57, 64, 69). 

One-dimensional discrete-time quantum walk 

There are two types of quantum walks: 1) discrete-time quantum walk (DTQW) and 2) continuous-

time quantum walk (CTQW) (57). DTQW employs a discrete quantum coin which governs the operations 

performed on the walker during its propagation, while CTQW involves the continuous transition of the 

walker without the help of a quantum coin (57). This thesis focuses solely on DTQW, and CTQW is beyond 

its scope. 

The wave function of a walker, |𝜓𝜓⟩ = ∑ ∑ 𝐴𝐴𝑥𝑥,𝑐𝑐𝑐𝑐𝑥𝑥 |𝑥𝑥⟩ ⊗ |𝑐𝑐⟩, where 𝐴𝐴𝑥𝑥,𝑐𝑐 ∈ ℂ denotes the complex 

amplitude of the wave function, is a vector in a complex vector space called the Hilbert space, ℋ, (2) and 

the quantum walk is dictated by ℋ = ℋ𝑥𝑥 ⊗ℋ𝑐𝑐,  where ℋ𝑥𝑥 and ℋ𝑐𝑐 are the Hilbert spaces of the position 

space (|𝑥𝑥⟩) and the quantum coin (|𝑐𝑐⟩), respectively. In DTQW, the evolution of the quantum walk is 

described in discrete steps by two unitary operations given by the coin (𝐶̂𝐶) and the shift operators (𝑆̂𝑆) (63, 

70). The 𝐶̂𝐶 impacts the internal state of the walker, such as spin of an electron or polarization of a photon, 

while the 𝑆̂𝑆 moves the walker to a nearby site or lattice position.  

For the general mathematical description of a one-dimensional DTQW (71, 72), we first initialize 

the quantum walker at the position state |0⟩ with the coin state | ↕⟩.  

|𝜓𝜓0⟩ = |0⟩ ⊗ | ↕⟩    (2.4.1) 

The bases of the quantum coin state can be written in the matrix form as | ↕⟩ = �1
0� and | ↔⟩ = �0

1�,  

representing a two-level quantum system. The coin operation on the walker, denoted as 𝕀𝕀 ⊗ 𝐶̂𝐶, transforms 

the initial coin state of the walker, but not its position state. The quantum coin operation can be represented 

as, 
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𝐶̂𝐶 = �𝑒𝑒
𝑖𝑖(𝜙𝜙1+𝜙𝜙2)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑒𝑒𝑖𝑖𝜙𝜙1𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑒𝑒𝑖𝑖𝜙𝜙2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�     (2.4.2) 

where 𝜙𝜙1,2 are the phases of the walker and 𝛼𝛼 is the rotation parameter (63). When 𝜙𝜙1 = 𝜙𝜙2 = 0 and 𝛼𝛼 =
𝜋𝜋
4
, it becomes the Hadamard coin 𝐶̂𝐶𝐻𝐻. The Hadamard operation transforms each of the coin basis states into 

an equal superposition state, making it highly similar to a classical coin toss with a balanced coin. This 

operation can be expressed as follows: 

𝐶̂𝐶𝐻𝐻| ↕⟩ =
1
√2

(| ↕⟩ + | ↔⟩) 

𝐶̂𝐶𝐻𝐻| ↔⟩ = 1
√2

(| ↕⟩ − | ↔⟩).     (2.4.3) 

Applying the coin operation to our initial state we obtain, 

𝕀𝕀 ⊗ 𝐶̂𝐶|𝜓𝜓0⟩ = |0⟩ ⊗ 1
√2

(| ↕⟩ + | ↔⟩).     (2.4.4) 

After the coin operation, the next step is to perform the shift operation, which moves the walker along the 

lattice positions defined by the quantum environment or platform. The shift operator performs the following 

one-dimensional propagation,  

𝑆̂𝑆 = ∑ |𝑥𝑥 + 1⟩⟨𝑥𝑥| ⊗ | ↔⟩⟨↔ | +𝑥𝑥 |𝑥𝑥 − 1⟩⟨𝑥𝑥| ⊗ | ↕⟩⟨↕ |   (2.4.5) 

This means that the shift operator moves a particle that resides at 𝑥𝑥 either to 𝑥𝑥 − 1 or 𝑥𝑥 + 1 in accordance 

with the coin state, i.e., | ↕⟩ or | ↔⟩, respectively.  

The complete evolution of a quantum walker after 𝑛𝑛 steps is given by a consecutive iteration of, 𝐶̂𝐶 

and 𝑆̂𝑆 applied to the initial state |𝜓𝜓0⟩. This is expressed through the evolution operator, 𝑈𝑈� = �𝑆̂𝑆𝐶̂𝐶�𝑛𝑛 and the 

final state is then given by,  

|𝜓𝜓𝑛𝑛⟩ = �𝑈𝑈��𝑛𝑛|𝜓𝜓0⟩ = �𝑆̂𝑆𝐶̂𝐶�𝑛𝑛|𝜓𝜓0⟩.    (2.4.6) 

Several numerical, analytical, and experimental findings have greatly enriched and solidified the 

field of DTQW. Shikano et al. (73) proposed employing DTQW as a tool for exploring quantum 

foundations, presenting an analytical expression for the limit distribution of DTQW with periodic position 

measurements and delved into the concept of randomness. Kurzynski and Wójcik (74) demonstrated the 

feasibility of quantum state transfer in DTQWs by introducing position-dependent coins. Stang et al. (75) 

introduced a history-dependent DTQW, incorporating memory effects into the walk’s evolution, and 

proposed a correlation function to measure such effects. Additionally, DTQWs have been harnessed for 

entanglement generation. Chandrashekhar (76) proposed leveraging entanglement generated during DTQW 
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execution as a resource for entangling spatially-separated systems. Allés et al. (77) introduced a shift 

operator for DTQW involving two walkers, offering conditions for maximal entanglement generation, 

albeit with a low degree of probability. Moreover, DTQWs find application in quantum metrology, as 

demonstrated by Annabestani et al. (69), who showcased its potential as a probe in multi-parameter 

estimation studies. Thus, DTQWs serve as a versatile framework for studying quantum dynamics, 

leveraging superposition and interference to explore fundamental and applied quantum phenomena.  
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2.5 Photon detection 

Single photon detection plays a crucial role in photonic quantum technologies by enabling high-

accuracy and high-efficiency measurement, as well as the study of individual photon properties. There are 

several types of single photon detectors available, each with its own strengths and limitations. These include 

avalanche photodiodes, photomultiplier tubes, and superconducting nanowire single photon detectors 

(SNSPDs). 

Among these, SNSPDs are the most promising technology in the field of quantum optics and high-

speed optical communications. These detectors operate by applying a DC bias current slightly below a 

threshold switching current. When a photon is absorbed, the nanowire switches from a low-resistance 

superconducting state to a high-resistance non-superconducting state, resulting in a rapid increase in the 

output voltage. The detector then recovers during a dead-time before it is ready to detect another photon. 

SNSPDs require stable electronic biasing and low-noise amplification for efficient performance.  

The projects described in the thesis have utilized SNSPDs with 90 ± 5 % detection efficiency, 1 

kHz dark count rate, and 80 ns dead time (Quantum Opus, Opus1). When a single photon is detected, both 

systems generate an electronic pulse that is sent to precise timing electronics (a time-to-digital converter, 

TDC), which allocates a time-tag (i.e., the measurement time) to each detection event (PicoQuant, 

HydraHarp400). While the resolution of the TDC is 1 ps, the timing accuracy of the full system is lower 

due to timing jitter of the detectors and their electronics.  

By saving a time-tag for each event, it becomes possible to perform different types of post-

processing. In each measurement, the photons are sent to two different single photon detectors either using 

beam splitters (nanolaser output, see chapter 3) or frequency filters (time-bin entangled states, see chapter 

4). The events for each detector are gathered on a different channel of the TDC. After collecting data for a 

long period of time (15 minutes for nanolaser output, see chapter 3 and 15 minutes each for time-bin 

entangled photons, see chapter 4), the arrival times of multiple single photon detection events were collected 

and sorted to build up a histogram over different relative arrival times (between two photons, or a single 

photon event and a trigger). This histogram can then be used to characterize the temporal waveform or to 

extract information about  

a) The emission characteristics of a light source. 

b) The purity of entangled states, and to assess the efficiency of the quantum system in processing 

those states. 

 

 



 

 

3 CHARACTERIZATION OF METALLIC COAXIAL NANOLASER 

Chapter abstract: 

In this chapter, we delve into the realm of application of photon statistics for the characterization of 

nanolaser cavities. Reduced cavity sizes relative to the emission wavelength give rise to unique physical 

phenomena known as cavity quantum electrodynamics effects, stemming from the interaction between 

matter and electromagnetic fields in subwavelength structures (32). These effects lead to the generation of 

coherent radiation, due to the quantum electrodynamic properties inherent to small volumes. These devices 

hold great potential for various future applications, including on-chip optical communication, ultrahigh 

resolution imaging, sensing, and spectroscopy (32, 78).  

The chapter starts with an overview, covering the background, the issue addressed, and the proposed 

solutions. Subsequently, we expound on the fundamental principles underlying the project and the 

experimental methods employed. Then, we present and discuss the results obtained and then summarize the 

chapter. 

 

Chapter content: 

3.1 Overview  

3.2 Theory and Method 

3.2.1 Metallic coaxial nanolaser 

3.2.2 Correlation measurements 

3.3 Results 

3.3.1 Experimental setup for emission characterization 

3.3.2 Classical characterization of metallic coaxial nanolasers 

3.3.3 Photon statistics of metallic coaxial nanolasers 

3.4 Conclusion 
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3.1 Overview  

The progress and functioning of modern society heavily rely on the continuous advancement of 

information generation, transmission, reception, and processing. While electronic devices with complex 

integrated circuits have played a crucial role in this advancement, they do have limitations, notably in the 

form of thermal issues and resistor-capacitor (RC) time delays (79). In response, photonic devices and 

circuits are seen as a promising complement to, and potentially a replacement for, electronic circuits. 

Moreover, as the field of microelectronics has experienced exponential growth in the number of transistors 

per chip, known as Moore’s law, with the number doubling approximately every two years over the past 

four decades (80), photonics has also witnessed progress, although it is still in its early stages. For example, 

Fig. 3.1 illustrates the development of complexity in InP-based photonic integrated circuits, measured by 

the number of integrated components on a single chip.  

 

 

Fig. 3.1:  The progression of chip complexity over time, quantified by the number of components integrated per 
chip. AWG in the figure stands for Arrayed waveguide grating. Reproduced from (81) with permission from 
John Wiley and Sons, © 2011 John Wiley and Sons. 

 

For any photonic system, light sources, such as lasers, are the fundamental element. Similarly to the 

first transistors, early lasers were macroscopic devices occupying a significant physical footprint ranging 

from centimeters to decimeters. When the size of an electromagnetic cavity is reduced relative to the 

emission wavelength, fascinating physical phenomena, specific to such cavities, emerge. Early experiments 

conducted in the radio and microwave frequencies demonstrated the Purcell effect, where the spontaneous 

emission rate of atoms within a cavity could be either enhanced or inhibited compared to their emission 
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rate in free space (82). This change in the spontaneous emission rate was found to be influenced by the 

cavity’s geometry in addition to the orientation and spectra of the atoms (82). 

In the 1990s, the concept of the Purcell effect, which had been only observed in the radio and 

microwave domains, was extended to the optical regime. Experiments were conducted on dyes and 

semiconductors placed in optical micro-cavities, revealing modified spontaneous emission rates (83–86). 

The Purcell effect has since found significant applications, including diode lasers with improved 

modulation bandwidth (87–89), enhanced energy efficiency (90, 91), and thresholdless lasing (34, 92). 

Moreover, the observation of the Purcell effect in semiconductor cavities has resulted in demonstrating 

lasing in various wavelength and sub-wavelength scale structures. 

Laser miniaturization 

The process of laser miniaturization began with the introduction of solid-state laser diodes (93), 

which reduced device sizes from meters to millimeters. Subsequent advancements led to the development 

of vertical-cavity surface-emitting lasers (VCSELs) (94), further reducing the size to tens of micrometers. 

Additionally, micro-scale whispering-gallery mode (WGM) lasers have been achieved using micro-

pillars/disks (95, 96) and micro-spheres (97). In parallel, efforts have been made to miniaturize the optical 

modes using 2D photonic crystals in laser designs (98). Fig. 3.2 illustrates the timeline of laser 

miniaturization progress over the last few decades.  

A desirable nanolaser must exhibit subwavelength dimensions in all three directions, both in its 

physical size and the confinement of its optical mode. Such devices are crucial for various practical 

applications, including highly integrated chip-scale photonic circuits, displays, and sensors. However, the 

majority of dielectric laser cavities fail to meet this criterion due to their large physical footprint or mode 

volume. For instance, micro-disk lasers with diameters smaller than the free-space emission wavelength 

exist, however, they suffer from poor mode confinement, making it impractical to pack a large number of 

such lasers with dielectric cavities in a small region (99, 100). Distributed Bragg resonators and photonic 

crystal cavities, on the other hand, while they achieve localized energy distribution and small effective 

mode volumes, these structures require tens to hundreds of Bragg layers or lattice periods to effectively 

confine the mode, thus resulting in physical footprints that are still many wavelengths in size. 
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Fig. 3.2:  Small-scale laser evolution, from the first demonstration. Electron microscopy pictures of different lasers 

are scaled to their respective free-space emission wavelength (𝝀𝝀𝟎𝟎): (a) Vertical-Cavity Surface-Emitting Laser 
(VCSEL), (b) Microdisk Laser, (c) Photonic Crystal Laser, (d) Metallic Non-Plasmon Mode Laser, (e) Metallic 
Propagating Plasmon Mode Laser, (f) Localized Plasmon Mode Laser, and (g) PT-symmetric microring laser. 
A size comparison of various types of small lasers is also shown. Reproduced from (101, 102) with permission 
from Springer Nature, © 2014 Springer Nature, © 2017 Springer Nature. 

 

Metal-clad nanolasers, introduced in the late 2000s, have revolutionized this field by enabling both 

subwavelength physical footprints and mode volumes. Fig. 3.3 highlights the significance of metal-based 

lasers in terms of their operating speed and device dimensions. In a metal-dielectric interface, the excited 

modes are known as surface plasmon polaritons (SPPs), which consist of a photon coupled with a collective 

oscillation of electrons (32). SPPs have an effective wavelength that is shorter than the wavelength in free 

space allowing for the confinement of electric fields at subwavelength scales, although it comes with the 

drawback of increased loss (103). Moreover, the metal cladding effectively guides optical modes, allowing 

for precise design of the cavity to channel most of the spontaneous emission into the lasing mode (34). This 

mitigates unwanted emission into non-lasing modes, and the efficiency below the lasing threshold is limited 

only by non-radiative recombination (34).  
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Fig. 3.3:  Advantages of metallic nanoplasmonics. Different domains in terms of operating speed and device sizes are 
determined by the unique material properties of semiconductors (electronics), insulators (photonics), and 
metals (plasmonics). The dashed lines in the figure represent the physical limitations of different technologies. 
Semiconductor electronics faces limitations in speed due to heat generation and interconnect delay time issues, 
typically reaching around 10 GHz. On the other hand, dielectric photonics is limited in size by the fundamental 
laws of diffraction. Plasmonics, however, offers a promising solution as it can act as a bridge between photonics 
and nanoelectronics. It combines the advantages of both fields, providing enhanced operating speeds and 
enabling smaller device dimensions beyond the limitations of traditional semiconductor electronics and 
dielectric photonics. Adapted from (104). 

 

Recently, PT-symmetric microring lasers based on the concept of PT symmetry accessed by 

judiciously incorporating optical gain and loss in a coupled microring cavity system have been developed 

(102, 105, 106). When the gain and loss that are defined by optical pumping are closely controlled to be 

identical, i.e. at the so-called exceptional point, a transition among lasing modes occurs providing better 

performance and robustness (105). More recently, it has been discovered that the optical modes of 

topological insulators are immune to the obstacles or perturbations caused by defects or disorders in 

cavities. These unique properties of topological insulators, when harnessed within the boundaries of a 

cavity, can be used to create what is known as a “photonic topological insulator laser” (107). Additionally, 

the concept of Bound States in the Continuum (BIC) has been introduced as a means of confining light 

within an open system, achieved through the elimination of radiation states due to destructive interference 

between resonant modes. BIC modes exhibit extremely high quality (𝑄𝑄) factors, which become infinitely 

large at a specific wavevector within the continuous spectrum range (108). All these strategies for light 

confinement hold significant promise for enabling strong interactions between light and matter and for the 

development of ultra-compact, low-threshold lasers.  

Among various micro and nanolaser architectures, we will focus, in the upcoming sections, on 

metallic coaxial nanolasers and their lasing properties. These lasers have the remarkable capability to 

eliminate threshold constraints, achieving a “thresholdless” lasing (34). The concept of thresholdless 
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operation, a topic that continues to be a subject of debate and investigation, is extensively evaluated through 

classical characterization techniques and photon statistics analysis. However, it is important to note that 

nanolasers do have a threshold and should not be confused with a hypothetical zero threshold. Additionally, 

to evaluate the threshold of these lasers, one should perform photon statistics analysis. This chapter focuses 

on evaluating the lasing behavior of metallic coaxial nanolasers at various input powers and finding the 

actual threshold that cannot be determined through classical characterization techniques.  
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3.2 Theory and Method 

In this section, we describe the architecture of the metallic coaxial nanolaser, along with the characterization 

techniques employed to study its emission properties. These techniques include an investigation of 

photoluminescence, analysis of 𝐿𝐿 − 𝐿𝐿 curves, and the implementation of second-order correlation 

measurements, all aimed at investigating and understanding the thresholdless behavior exhibited by metallic 

coaxial nanolasers. 

3.2.1 Metallic coaxial nanolasers 

Quantum well – The dielectric cavity 

A quantum well is formed when a semiconductor with thickness (𝐿𝐿𝑧𝑧) comparable to the de Broglie 

wavelength (𝜆𝜆 = ℎ
𝑝𝑝

~𝐿𝐿𝑧𝑧 , wher𝑒𝑒 ℎ and 𝑝𝑝 are Plank’s constant and momentum, respectively) is sandwiched 

between barriers made of semiconductor materials with higher bandgap (109, 110). The quantum well 

structure consists of a series of energy levels and associated sub-bands formed due to the quantization of 

electrons in the direction of the quantum well thickness (Fig. 3.4). This is an example of the famous particle-

in-the-box problem in quantum mechanics (109).  

 

Fig. 3.4:  Schematic diagram illustrating the energy band shapes of bulk and quantum well structures. Reproduced 
from (109) with permission from Springer Nature, © 1993 Springer Nature. 

. 
 

The energy of electrons in a quantum well, confined in the 𝑥𝑥 − 𝑦𝑦 plane is given by: 

𝐸𝐸�𝑛𝑛, 𝑘𝑘𝑥𝑥 , 𝑘𝑘𝑦𝑦� = 𝐸𝐸𝑛𝑛 + ℏ2

2𝑚𝑚
�𝑘𝑘𝑥𝑥

2 + 𝑘𝑘𝑦𝑦
2�    (3.2.1) 
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Here, 𝐸𝐸𝑛𝑛 is the energy eigenvalue of the 𝑛𝑛th confined particle, 𝑚𝑚 is the effective mass of the electron, ℏ =
ℎ
2𝜋𝜋

, and 𝑘𝑘𝑥𝑥(𝑦𝑦) are the 𝑥𝑥(𝑦𝑦) components of the crystal “momentum” (110). The density of states of the 

confined electrons is given by,  

𝜌𝜌𝑐𝑐(𝐸𝐸) = ∑ 𝑚𝑚
𝜋𝜋ℏ2

𝐻𝐻[𝐸𝐸 − 𝜖𝜖𝑛𝑛]∞
𝑛𝑛=1     (3.2.2) 

where 𝐻𝐻[𝑥𝑥] is a Heaviside function, which describes discontinuities in the density of states, taking values 

of 0 for negative arguments and unity for positive arguments. Here 𝜖𝜖𝑛𝑛 is energy for the quantized energy 

level of electrons in the 𝑛𝑛th sub-band of the quantum well (111). When the barriers are sufficiently high and 

the barrier thickness is sufficiently large,  

𝜖𝜖𝑛𝑛 = (𝑛𝑛𝑛𝑛ℏ)2

2𝑚𝑚𝐿𝐿𝑧𝑧2
     (3.2.3) 

where 𝐿𝐿𝑧𝑧 is the thickness of the quantum well (111).  

Interestingly, the density of states can be modified through a multi-quantum well structure. When 

the barrier layers between quantum wells are thick enough, each quantum well operates independently. This 

modification results in the density of states being expressed as follows, where 𝑁𝑁 represents the number of 

quantum wells (111)  

𝜌𝜌𝑐𝑐(𝐸𝐸) = 𝑁𝑁∑ 𝑚𝑚
𝜋𝜋ℏ2

𝐻𝐻[𝐸𝐸 − 𝜖𝜖𝑛𝑛].∞
𝑛𝑛=1     (3.2.4) 

On the other hand, if the barrier is sufficiently thin or its barrier height is small enough such that coupling 

between adjacent wells is substantial, the quantized energy levels are no longer degenerate, and each single 

well level splits into 𝑁𝑁 different energy levels. In this case, the density of states is expressed by,  

𝜌𝜌𝑐𝑐(𝐸𝐸) = ∑ ∑ 𝑚𝑚
𝜋𝜋ℏ2

𝐻𝐻[𝐸𝐸 − 𝜖𝜖𝑛𝑛𝑛𝑛]𝑁𝑁
𝑘𝑘=1

∞
𝑛𝑛=1    (3.2.5) 

where 𝜖𝜖𝑛𝑛𝑛𝑛  (𝑘𝑘 =  1, … ,𝑁𝑁 ) are the energy levels which split from a single well energy level (111). 

Thus, by leveraging the capability to grow semiconductor layers with atomic scale precision in 

thickness, it becomes possible to engineer the material bandgap, confining electrons within the structure. 

This quantum confinement along the growth direction significantly modifies the semiconductor’s band 

structure and can potentially alter every property of the material (112). In the case of quantum well lasers, 

confinement alters the wave functions of electrons and holes, leading to modifications in the optical gain 

of the material, thus improving the lasing characteristics (112). The widespread interest in the application 

of these lasers stems from their fascinating physical properties and outstanding characteristics, including 

low threshold current density, tunability of lasing wavelength, and excellent dynamic performance (111). 

However, the development of small-scale lasers faces two primary challenges: improving mode 
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confinement and surpassing the fundamental diffraction limit (32). One effective solution to address these 

challenges is to incorporate metals into dielectric cavities.  

Metallo-dielectric cavity 

Metals can effectively suppress leaky optical modes and isolate them from the surrounding 

environment. The modes in metallo-dielectric cavities can be classified into two types: (i) resonant optical 

modes resulting from the light guiding operation within the metal cavity owing to total internal reflection 

and (ii) surface-bound resonant modes known as surface plasmon polaritons (32).  

In classical electromagnetic theory, a surface plasmon polariton refers to an electromagnetic mode 

that exists at the interface between a metal and a dielectric, typically characterized by the electrical 

permittivity functions of the materials. In the context of condensed matter physics, a surface plasmon 

polariton can be understood as a collective oscillation of the “electron sea” against a stationary background 

of positively charged ions (113). This oscillation can be excited by an incident radiation that matches the 

frequency and momentum of the collective motion (113). The unique characteristic of surface plasmon 

polaritons helps to achieve higher spatial confinement compared to modes found in purely dielectric 

materials (114).  

In addition, in metal-dielectric interfaces, the optical density of states experiences a significant 

enhancement compared to systems composed solely of dielectric materials. This enhancement is directly 

linked to the capability of plasmonic modes to surpass the limitations imposed by diffraction (32, 113, 114). 

Furthermore, metals possess negative permittivity; therefore, can act as efficient mirrors, leading to the 

second class of metallo-dielectric cavity modes. These modes exhibit higher quality factors (𝑄𝑄 factors) and 

lower lasing gain thresholds compared to plasmonic modes.  

However, metal shield introduces Joule losses (energy loss in the form of heat) and the high 

refractive index of the dielectric core exacerbates the problem, resulting in increased plasmonic and Fresnel 

reflection losses (115). Hence, achieving a purely plasmonic dielectric laser at telecommunication 

wavelengths becomes challenging due to the substantial increase in the gain threshold. Nevertheless, these 

issues can be rectified to an extend by lowering the operating temperature. This helps to overcome metal 

losses by reducing Joule losses and increasing the achievable semiconductor gain (115). 

The ultra-small mode volumes offered by these resonators have significant implications in 

nanolaser design, facilitating lasing effects. By carefully designing the cavity to enhance the spontaneous 

emission rate through the Purcell effect and ensuring a single mode within the gain bandwidth, it becomes 

possible to achieve a nearly perfect spontaneous emission coupling ratio (i.e., close to unity) thus realizing 

‘thresholdless’ lasing (34).  
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Purcell effect and Spontaneous emission factor 

Spontaneous emission, which arises from the interaction between atoms and the vacuum field, is 

irreversible due to the infinite number of vacuum states available to the emitted photon. Also, modifying 

the geometry of the cavity can enhance spontaneous emission from atoms by altering the mode structure of 

the vacuum field (116, 117). For example, by carefully designing the cavity of a subwavelength laser, it is 

possible to direct a significant portion of the spontaneous emission into the lasing mode (34, 92, 118). This 

effect is called the Purcell effect, and it describes the enhancement or inhibition of the spontaneous emission 

rate of a radiating dipole (emitter) by manipulating the dipole-field interaction and density of available 

photon modes using a cavity (116, 119). 

Let us consider a scenario where a single radiating dipole is localized within a medium of refractive 

index, 𝑛𝑛 (86). This dipole is weakly coupled to the field and is placed inside a monomode cavity. When the 

emission line of the dipole is significantly narrower than the cavity resonance, we can treat the cavity as a 

continuum of modes. This allows to compute its spontaneous emission using the Fermi Golden rule (86). 

The average spontaneous emission rate for an electric dipole transition, considering the various modes 

experienced by the emitter, can be expressed as: 

1
𝜏𝜏

= 2𝜋𝜋
ℏ2
𝜌𝜌(𝜔𝜔𝑒𝑒). 〈|〈𝑑̅𝑑. 𝜀𝜀(̅𝑟𝑟𝑒𝑒�)〉|2〉.      (3.2.6) 

Here, 𝜌𝜌(𝜔𝜔𝑒𝑒) represents the density of photon modes at the angular frequency of the emitter, 𝜔𝜔𝑒𝑒. The 

terms 𝑑̅𝑑, 𝜀𝜀 ̅ and 𝑟𝑟𝑒𝑒�  are the transition dipolar matrix element, electric field operator and emitter location, 

respectively  (86). The electric field operator for the cavity mode can be defined as: 

𝐸𝐸�(𝑟̅𝑟, 𝑡𝑡) = 𝑖𝑖𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑓𝑓(̅𝑟̅𝑟)𝑎𝑎�†(𝑡𝑡) + ℎ. 𝑐𝑐.     (3.2.7) 

In this expression, 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum field per photon, 𝑎𝑎�† is the photon creation operator, ℎ. 𝑐𝑐. represents 

the Hermitian conjugate and 𝑓𝑓 ̅characterizes the spatial function of the mode that describes the local field 

polarization and relative field amplitude (86). 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚 can be estimated by equating that the vacuum-field 

energy for effective cavity volume 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒, to ℏ𝜔𝜔
2

 for each mode of frequency, 𝜔𝜔, as: 

𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚 = � ℏ𝜔𝜔
2𝜀𝜀0𝑛𝑛2𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒

�
1
2
.      (3.2.8) 

Introducing the radiating dipole into the cavity modifies its spontaneous emission rate in three 

distinct ways: the spectral density of modes, amplitude of the vacuum field, and the orientation of the field 

relative to dipole (86). Here, the mode density of the mono-mode cavity, 𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐, observed by the emitter � 1
𝜔𝜔𝑐𝑐
� 

follows a normalized Lorentzian and is given by  
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𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔) = 2
𝜋𝜋∆𝜔𝜔𝑐𝑐

. ∆𝜔𝜔𝑐𝑐
2

4(𝜔𝜔−𝜔𝜔𝑐𝑐2)+∆𝜔𝜔𝑐𝑐
2     (3.2.9) 

And  

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝑐𝑐) = 2
𝜋𝜋∆𝜔𝜔𝑐𝑐

= 2𝑄𝑄
𝜋𝜋𝜔𝜔𝑐𝑐

     (3.2.10) 

Where 𝑄𝑄 is the quality factor, 𝜔𝜔𝑐𝑐
∆𝜔𝜔𝑐𝑐

 and ∆𝜔𝜔𝑐𝑐 is the linewidth of the cavity mode  (32, 86). Additionally, the 

mode density in free-space is given by 

𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜔𝜔) = 𝜔𝜔2𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒3

𝜋𝜋2𝑐𝑐3
.       (3.2.11) 

Thus, the enhancement of the spontaneous emission rate compared to free space is determined as 

𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝜏𝜏𝑐𝑐𝑐𝑐𝑐𝑐

=
3𝑄𝑄�𝜆𝜆 𝑛𝑛� �

3

4𝜋𝜋2𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒
. ∆𝜔𝜔𝑐𝑐

2

4(𝜔𝜔−𝜔𝜔𝑐𝑐2)+∆𝜔𝜔𝑐𝑐
2 . |𝜀𝜀�(𝑟𝑟𝑒𝑒� )|2

|𝜀𝜀�𝑚𝑚𝑚𝑚𝑚𝑚|2 𝜂𝜂
2   (3.2.12) 

for 𝜂𝜂 = 𝑑̅𝑑. 𝜀𝜀(̅𝑟𝑟𝑒𝑒�) |𝑑̅𝑑|. |𝜀𝜀� (𝑟𝑟𝑒𝑒�)|⁄ . The first term of this equation relates to cavity properties and is considered 

the figure-of-merit for maximizing the Purcell effect, which represents the spontaneous emission 

enhancement (31, 40). The other terms depend on the spectral detuning, and are always smaller than one 

(86). The figure-of-merit, thus, takes the form 

𝐹𝐹𝑝𝑝 = 𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝜏𝜏𝑐𝑐𝑐𝑐𝑐𝑐

=
3𝑄𝑄�𝜆𝜆 𝑛𝑛� �

3

4𝜋𝜋2𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒
.      (3.2.13) 

In nanolasers, the interplay between enhanced emission and a reduced number of cavity modes 

compared to larger lasers has significant implications, particularly for subthreshold behavior. These effects 

are generally favorable as they promote the efficient utilization of spontaneous emission in the lasing mode, 

thereby, lowering the laser threshold. The degree of utilization of spontaneous emission into the lasing 

mode is quantified by the spontaneous emission factor, 𝛽𝛽 (84, 85). It represents the ratio of spontaneous 

emission channeled into the lasing mode (𝐹𝐹𝑝𝑝,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) to the total spontaneous emission across all modes 

(∑ 𝐹𝐹𝑚𝑚 𝑝𝑝,𝑚𝑚). 

𝛽𝛽 = 𝐹𝐹𝑝𝑝,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

∑ 𝐹𝐹𝑚𝑚 𝑝𝑝,𝑚𝑚
     (3.2.14) 

The value of 𝛽𝛽 is, therefore, a measure of the efficiency of the carrier photon dynamics below 

threshold and is often considered a performance indicator for nanolasers. Experimentally, spontaneous 

emission factor can be determined by analyzing the spectral measurements of the laser output at cryogenic 

temperatures (~4.5 𝐾𝐾) (32). At such low temperatures, non-radiative recombination processes are 
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suppressed, allowing the spontaneous emission factor to be extracted as the fitting parameter in the rate 

equation analysis. 

3.2.1.1 Designing metallic coaxial nanolasers 

The miniaturization of laser resonators in three dimensions, using dielectric or metallic material 

structures, presents two challenges. Firstly, it requires ensuring the scalability of the (eigen-) modes, 

ensuring the existence of a self-sustained electromagnetic field regardless of the cavity size. Secondly, there 

is a need to address the relationship between optical gain and cavity loss, which often leads to a large and 

potentially unattainable lasing threshold as the resonator volume is reduced (120). Therefore, the design of 

nanolasers that overcome these challenges focuses on two objectives. 

The first objective is to design subwavelength-sized nanocavities with modes significantly smaller 

than the operating wavelength (121). This is achieved by utilizing coaxial resonators that support the cut-

off-free TEM mode (122). Coaxial cavities, commonly found in microwave frequencies, consist of a central 

cylindrical metal piece surrounded by a symmetric dielectric piece, which is further surrounded by a 

hollowed-out cylindrical metal structure (34, 123). The resonator length or height is chosen to be 𝑙𝑙𝑙𝑙
2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

, 

where 𝑙𝑙 is an integer greater than zero. At microwave frequencies, the metal behaves as a perfect conductor, 

and 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is equal to the refractive index of the dielectric. On the other hand, at optical wavelengths, the 

metal deviates from perfect conductivity, and surface plasmon polaritons form along the metallic and 

dielectric interfaces. This plasmonic property enables confinement of optical wave into dimensions much 

lower than the diffraction limit, allowing for simultaneous size reduction in all three dimensions of the 

coaxial cavity. The second objective is to reduce the high lasing threshold inherent to small resonators by 

utilizing cavity quantum electrodynamics (QED) effects to maximize the coupling of spontaneous emission 

into the lasing mode (121).  

A metallic coaxial nanolaser is an example of such a design (34) and is illustrated in Fig. 3.5. It 

consists of a metallic rod (silver) at the center of the cavity, surrounded by a ring of semiconductor gain 

(quantum wells), which is then encapsulated by silver. The top and bottom sides are terminated by a SiO2 

plug and air, respectively, to enhance mode confinement. The SiO2 layer prevents the formation of 

unwanted plasmonic modes at the interface, while the lower air plug enables optical pumping and out-

coupling of light. The silver acts as an effective heat sink, aiding the lasing process under optical pumping. 

This coaxial cavity exhibits several promising properties of an “ideal” nanolaser, including the capability 

to support ultra-small confined modes despite being subwavelength. This results in a large Purcell factor 

and a significant portion of spontaneous emission being coupled into the laser mode. The small cavity size, 
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high Purcell factor, 𝐹𝐹𝑝𝑝, and lower 𝑄𝑄-factor associated with these cavities are expected to provide a large 

direct modulation bandwidth, eliminating the need for standalone on-chip modulators (34). Additionally, 

the reduced radiative lifetime due to the Purcell factor decreases the total carriers available for 

recombination through non-radiative channels, reducing the sensitivity to Auger and surface recombination 

processes intrinsic to semiconductor lasers (34). 

 

 

Fig. 3.5:  Schematic of metallic coaxial nanolaser. It comprises multi-quantum-wells (MQWs) that encircle a 
plasmonic metal core. The plasmonic metal core provides enhanced light-matter interaction and facilitates 
confinement of the optical modes. The top and bottom sides are terminated by a SiO2 plug and air, respectively, 
to enhance mode confinement. The metal cladding helps to confine the light within the pillar and provides 
effective heat dissipation, enabling the nanolaser to operate under optical pumping conditions. 

 

Rate equations for high- 𝜷𝜷 coaxial nanolasers 

The rate equations are a commonly used approach for analyzing the steady state and dynamic 

behavior of lasers. While studying nanolasers, additional considerations must be considered, specifically, 

the Purcell effect needs to be incorporated into the rate equations. Proper normalization of the optical field 

and the dispersive nature of materials, particularly metals commonly used in nanolaser design, must also 

be considered. 

Taking into account these factors and the carrier density dependence of various parameters, the rate 

equations can be expressed as follows (32, 123): 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝜂𝜂𝑖𝑖
𝐼𝐼

𝑞𝑞𝑉𝑉𝑎𝑎
− 𝑅𝑅𝑛𝑛𝑛𝑛(𝑛𝑛) − 𝑅𝑅𝑠𝑠𝑠𝑠(𝑛𝑛) − 𝑅𝑅𝑠𝑠𝑠𝑠(𝑛𝑛)𝑆𝑆   (3.2.15) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= − 𝑆𝑆
𝜏𝜏𝑝𝑝

+ 𝛽𝛽𝑅𝑅𝑠𝑠𝑠𝑠(𝑛𝑛) + 𝛽𝛽𝑅𝑅𝑠𝑠𝑠𝑠(𝑛𝑛)𝑆𝑆    (3.2.16) 

Here, 𝑛𝑛 represents the carrier density, 𝐼𝐼 denotes the injection current, 𝜂𝜂𝑖𝑖 represents the current injection 

efficiency, 𝑞𝑞 is the unit charge of an electron, 𝑉𝑉𝑎𝑎 stands for the active volume, 𝑆𝑆 represents the photon 

density, and 𝛽𝛽 is the spontaneous emission coupling factor. The non-radiative recombination rate, 𝑅𝑅𝑛𝑛𝑛𝑛(𝑛𝑛), 
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is given by 𝑛𝑛
𝜏𝜏𝑛𝑛𝑛𝑛

. The total spontaneous emission rate, 𝑅𝑅𝑠𝑠𝑠𝑠(𝑛𝑛), is given by 𝑛𝑛𝐹𝐹𝑝𝑝
𝜏𝜏𝑠𝑠𝑠𝑠

. The stimulated emission 

coefficient, 𝑅𝑅𝑠𝑠𝑠𝑠(𝑛𝑛), is given by 𝑛𝑛𝛽𝛽𝛽𝛽𝛽𝛽𝑝𝑝
𝑛𝑛𝑠𝑠𝑠𝑠𝜏𝜏𝑠𝑠𝑠𝑠

, where 𝛤𝛤 is the mode confinement factor that accounts for plasma 

dispersion and the negative permittivity of metals, ensuring positive optical energy (124). Also, the 

spontaneous and non-radiative lifetimes are denoted as 𝜏𝜏𝑠𝑠𝑠𝑠 and 𝜏𝜏𝑛𝑛𝑛𝑛, respectively. 𝑛𝑛𝑠𝑠𝑠𝑠 is determined by  

𝑛𝑛𝑠𝑠𝑠𝑠 = �𝑓𝑓𝑐𝑐(1−𝑓𝑓𝑣𝑣)�
𝑓𝑓𝑐𝑐−𝑓𝑓𝑣𝑣

 ,    (3.2.17) 

where 𝑓𝑓𝑐𝑐 and 𝑓𝑓𝑣𝑣 are Fermi-Dirac functions in the conduction and valence bands (85, 125). At steady state, 

the photon density, 𝑆𝑆, and the threshold current, 𝐼𝐼𝑡𝑡ℎ, can be expressed as:  

𝑆𝑆 = 𝛤𝛤𝛤𝛤𝑅𝑅𝑠𝑠𝑠𝑠(𝑛𝑛)
1
𝜏𝜏𝑝𝑝
−𝛤𝛤𝑅𝑅𝑠𝑠𝑠𝑠(𝑛𝑛)

     (3.2.18) 

And  

𝐼𝐼𝑡𝑡ℎ = 𝑛𝑛𝑠𝑠𝑠𝑠
𝜔𝜔𝑘𝑘

. 𝑞𝑞
𝛤𝛤𝛤𝛤𝛤𝛤

�1 + 𝜏𝜏𝑠𝑠𝑠𝑠
𝐹𝐹𝑝𝑝𝜏𝜏𝑛𝑛𝑛𝑛

�    (3.2.19) 

Where 𝜏𝜏𝑝𝑝, the photon lifetime, is given by  

1
𝜏𝜏𝑝𝑝

= 𝜔𝜔𝑘𝑘
𝑄𝑄

= 𝜔𝜔𝑘𝑘
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟

+ 𝜔𝜔𝑘𝑘
𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎

    (3.2.20) 

here, 𝜔𝜔𝑘𝑘 is the resonant angular frequency of the 𝑘𝑘th mode and 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 is the 𝑄𝑄 factor due to radiation and 

𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎 is the 𝑄𝑄 factor due to absorption and scattering loss.  

It can be observed that the threshold is inversely proportional to the product of 𝛽𝛽, 𝛤𝛤, and 𝑄𝑄. 

Additionally, the Purcell factor contributes to threshold reduction by increasing the decay rate of 

spontaneous emission relative to non-radiative processes. In most semiconductor gain systems where 𝜏𝜏𝑠𝑠𝑠𝑠
𝜏𝜏𝑛𝑛𝑛𝑛

≫

1, a significant Purcell factor is expected to play a crucial role in determining the threshold value. 

3.2.1.2 Micro-photoluminescence characterization 

When stimulated emission dominates the output power, a light-emitting device is classified as a 

laser. Generally, the Light-Injection (𝐿𝐿 − 𝐼𝐼) or Light-Light (𝐿𝐿 − 𝐿𝐿) curve, which are plotted between the 

light input/ current injection versus output light, are utilized to study the emission properties of a laser (32).  

The 𝐿𝐿 − 𝐿𝐿 curve exhibits three distinct regions (Fig. 3.6), showing a visible “kink” for the curve with a 

small 𝛽𝛽 value. At low pump intensities, the device operates in the photoluminescence (PL) regime, 

functioning as a thermal source similar to a LED, with a unitary slope in the 𝐿𝐿 − 𝐼𝐼 or 𝐿𝐿 − 𝐿𝐿 curve (32, 34, 

126). As the pump intensity increases, there is a sudden power surge allocated to the ‘future’ lasing mode, 
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resulting in a nonlinear kink known as the amplified spontaneous emission regime (ASE), where the slope 

of the log-log curve exceeds one (32, 34, 126). Further increasing of the pump energy causes the slope to 

return to unity, indicating operation in the lasing mode (32, 34, 126). 

Fig. 3.7 illustrates the influence of 𝛽𝛽 on both the linear light-light curve and the log-log plot of the 

𝐿𝐿 − 𝐿𝐿 curve, along with the threshold condition. The kink in the curve is commonly referred to as the lasing 

threshold (32). However, as 𝛽𝛽 increases, the kink gradually transforms into a smoother feature and 

eventually disappears completely in the extreme case of 𝛽𝛽 = 1. While conventional semiconductor lasers 

typically have 𝛽𝛽 values around 1×10−5, the range of values used in Fig. 3.7 is typical for nanolasers (32). 

To better observe the subthreshold behavior, nanolaser 𝐿𝐿 − 𝐿𝐿 curves are usually plotted in logarithmic scale, 

as shown in Fig. 3.7 (b). Since the kink region is associated with the lasing threshold, it is argued that the 

threshold decreases as 𝛽𝛽 increases (assuming all other factors remain constant), ultimately leading to a 

thresholdless behavior when 𝛽𝛽 reaches unity (32). 

 

Fig. 3.6:  Illustration of 𝑳𝑳 − 𝑳𝑳 curve for a laser in logarithmic scale. The input power is represented on the x-axis, 
while the output power is represented on the y-axis. In the low pump intensity regime (indicated by the orange 
shading), the device operates in the PL region. As the pump power is gradually increased, there is a sudden rise 
in the output power, implying the onset of amplified spontaneous emission (ASE; indicated by the grey 
shading). With further power increase, the device enters the lasing regime, characterized by sustained and 
coherent emission, which is depicted by the green shading. 
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Fig. 3.7:  𝑳𝑳 − 𝑳𝑳 curve for various 𝜷𝜷 values. The light-in vs. light-out curve is simulated for various values of the 
spontaneous emission factor 𝜷𝜷, and it is presented in two different scales: (a) linear scale and (b) logarithmic 
scale. Reproduced from (32) with permission from Cambridge University Press, © 2014 Cambridge University 
Press. 
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3.2.2 Correlation measurements 

Though the 𝐿𝐿 − 𝐿𝐿 or 𝐿𝐿 − 𝐼𝐼 curve is the most common characterization technique to study the 

emission properties of a semiconductor laser, improved insights into the threshold and emission properties 

at the micro/nano scale lasers can be obtained by studying the photon statistics. Hanbury Brown and Twiss 

experimental setup (6) leads to the determination of second-order correlation function and can be used for 

the classification of light properties as coherent, bunched, or antibunched (5).  

Hanbury Brown and Twiss experiments with photons 

In the HBT setup, a stream of photons enters a 50-50 beam splitter, dividing the photons equally 

between two output ports so as to reach the detectors, 𝐷𝐷1 and 𝐷𝐷2 as shown in Fig. 3.8. By measuring the 

time interval between pulses from the two detectors and counting the number of pulses at each input, we 

can analyze the second-order correlation function in terms of photon counts.  The degree of second-order 

coherence, 𝑔𝑔2(𝜏𝜏), in this experimental setting can be expressed as: 

𝑔𝑔2(𝜏𝜏) = 〈𝑛𝑛1(𝑡𝑡)𝑛𝑛2(𝑡𝑡+𝜏𝜏)〉
〈𝑛𝑛1(𝑡𝑡)〉〈𝑛𝑛2(𝑡𝑡+𝜏𝜏)〉

     (3.2.21) 

Here, 𝑛𝑛𝑖𝑖(𝑡𝑡) represents the number of counts registered on the detector 𝑖𝑖 at time 𝑡𝑡. This formulation allows 

the HBT measurements to provide a direct measurement of the second-order correlation function (5).  

  

 

Fig. 3.8:  Hanbury Brown and Twiss experiment with photons.  A stream of photons incident a 50-50 beam splitter, 
where is equally divided between the two output ports. The photons then impinge on the detectors 𝑫𝑫𝟏𝟏 and 𝑫𝑫𝟐𝟐 
and the resulting output pulses are timed utilizing an electronic counter/timer.  
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3.3 Results and Discussion 

This section presents the experimental setup and main results concerning the emission properties, in 

particular, the thresholdless behavior of nanolaser via 𝐿𝐿 − 𝐿𝐿 curve and second-order correlation function. 

In addition, we will utilize the second-order correlation function to investigate the temporal dynamics of 

the photon statistics associated to the nanolaser emission.  

3.3.1 Experimental setup for emission characterization 

Micro-PL optical characterization is a commonly employed method to study the laser performance. 

It offers valuable insights into the spectroscopic properties of active devices across different excitation 

levels and provides data on light emission as a function of input power (𝐿𝐿 − 𝐿𝐿 curve). While this method is 

straightforward for conventional electrically/optically pumped semiconductor lasers with high output 

power, it poses challenges for nanolasers due to their low output power, making both excitation and 

detection more difficult in micro-PL measurements. 

In Micro-PL excitation, several factors need consideration. Firstly, the specific design of the metal-

cladding and bottom aperture demands that the measurement be conducted in reflection mode. This means 

using the same optical setup for both optical pumping of the nanolaser and collecting the emitted light. 

Secondly, achieving effective illumination and imaging of the sample requires high magnification to 

identify and test specific lasers. Thirdly, despite the low signal strength, spectral measurements with high 

resolution are necessary. Taking these constraints into account, the design depicted in Fig. 3.9 was adopted 

for micro-PL characterization. 

During the characterization process, the sample was initially illuminated using an Amplified 

Spontaneous Emission source (ASE source) in the infrared (IR) region. To ensure uniform illumination and 

reduce spatial coherence, the ASE output was passed through a diffuser. Subsequently, the ASE output, 

after crossing the rotating diffuser, was directed towards the sample via a kinematic mirror. A cooled 

InGaAs CCD camera was employed to image the sample, facilitating the identification and positioning of 

the specific laser device of interest at the center of the field of view.  

In the experiment, a pulsed 1064 nm laser was used to pump the nanolaser sample. Pulsed excitation 

was chosen to minimize heating effects within the laser cavity design. The pulse width and repetition rate 

were carefully selected to achieve a high enough peak power to reach the lasing threshold while maintaining 

the average power low enough to prevent thermal damage to the device under test. The pump beam was 

directed through a dichroic beam splitter and focused onto the sample using a microscope objective 

(Mitutoyo 50× objective with a numerical aperture of 0.42), resulting in a spot size of 150 𝜇𝜇𝜇𝜇 on the sample. 



47 
 

The same objective was utilized to collect the emitted light from the nanolaser. To selectively collect the 

emitted light from the nanolaser and eliminate any residual power from the pump laser, a bandpass filter 

was employed, ensuring that the detected signal originated solely from the nanolaser emission. 

Following the removal of the kinematic mirror, the collected nanolaser light was directed towards 

a monochromator for micro-PL characterization. The monochromator enabled the acquisition of spectral 

information and the measurement of the total output power emitted by the nanolaser.  

Additionally, the experimental setup included a removable mirror that redirected the coupled output 

towards the Hanbury Brown and Twiss (HBT) setup. The HBT configuration comprised a pair of highly 

sensitive QuantumOpus SNSPDs, which were read out with the PicoQuant Hydraharp 400 system. To 

ensure accurate correlation measurements and eliminate pump laser interference, nanolaser emission was 

again passed through a diffraction grating and slit before reaching the detectors, filtering out the nanolaser 

output to maintain the coherence time to be 200 ps, exceeding the detector resolution. This also made sure 

the effective removal of any residual pump leakage. Furthermore, a polarizer integrated into the setup 

maintained the required polarization component throughout the measurement. 

 

 

Fig. 3.9:  Experimental setup for photon statistical coherence and spectral measurements. The sample containing 
the nanolasers is held at the focus of an objective lens. The emission from the metallic coaxial nanolaser is 
directed to three separate beam lines (CCD near-infrared camera, spectrometer or single photon detectors). The 
sample is cooled down to 77 K (cryo chamber and cooling feed not shown). The optical pumping scheme could 
be varied between CW operation or pulsed mode with various pulse repetition rates, durations and shapes. (30) 
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Metallic coaxial nanolasers 

 The metallic coaxial nanolaser sample was cooled to cryogenic temperatures (77 K) and maintained 

at a pressure of 10-2 mbar, enhancing its performance, particularly in terms of output power, to ensure a 

sufficient number of emitted photons for detection.    

 

 

Fig. 3.10:  Schematic of a metallic coaxial nanolaser. The system is shaped like a pillar consisting of InGaAsP multi-
quantum-wells, surrounding a plasmonic metal core. The top and bottom sides are terminated by a SiO2 plug 
and air, respectively, to enhance mode confinement. (30) 

 

Throughout our experiments, we utilized a metallic coaxial nanolaser with core radius, Rcore = 65 

nm and thickness, ∆ = 285 nm (the nanolaser schematic is depicted in Fig. 3.10). The fabrication details of 

this metallic coaxial nanolaser using nanofabrication techniques are outlined in Reference (34).  The 

nanolaser comprised a metallic rod (Rcore) surrounded by a silver metal-coated semiconductor ring and gain 

medium featuring six vertically stacked alternating layers in the form of rings composed of  

Inx=0.56Ga1-xAsy=0.938P1-y and Inx=0.734Ga1-xAsy=0.57P1-y with thicknesses of 10 nm and 20 nm, respectively. The 

quantum well system, with a total height of ℎ = 260 nm, was protected by SiO2 (30 nm), and InP (10 nm) 

for the top layer, and an air plug (20 nm) at the bottom. During excitation, the pump pulse was introduced 

into the gain medium through the air plug and the emission from the nanolaser was extracted using the same 

air plug. The function of each layer is described in Section 3.2.1.1. 
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3.3.2 Classical characterization of coaxial nanolasers 

In the experiment, a pulsed laser emitting at 1064 nm with 5 ns pulses and 1 MHz repetition rate 

was used as the pump laser for excitation. Compared to continuous wave (CW), pulsed pumping enables 

the delivery of a larger number of photons for the same average power, promoting a more efficient build-

up of optical gain in the metallic coaxial nanolaser while reducing sample heating due to the inter-pulse 

cooling time of 1 microsecond (127). The peak fluence at the nanolaser per pump pulse was estimated at 

310 W/cm2, for an average input power of 150 µW at 1 MHz.  

Spectral characterization 

To fully characterize the spectral output characteristics of the metallic coaxial nanolaser emission, 

we varied the input average power between 45 µW and 750 µW, accounting for all losses from both the 

steering optics and the objective. The images of metallic coaxial nanolasers when excited at 250 µW and 

630 µW are depicted in Fig. 3.11.  

 

 

Fig. 3.11:  Images of metallic coaxial nanolasers. The images are captured by an InGaAs CCD camera when excited by 
the pump laser of powers 250 µW (a) and 630 µW (b). 

 

The spectral emission of the metallic coaxial nanolaser for various input powers is given in Fig. 

3.12. As the pump power increased, the peak emission shifted towards shorter wavelengths, starting from 

a resonance of 1302 nm at 60 µW and dropping to a resonance of 1296 nm at 600 µW. This blue-shift with 

increasing input power was attributed to the saturation of energy states in the quantum well induced by the 

localized carriers. With increasing input powers, along with the saturation of the quantum states, free 

carriers tend to spill out from these states, which resulted in a blue-shift of the PL emission (128).  

Wavelength shifts in MQW based structures have been previously reported by Wang et al. (128) and 

Rosencher et al. (129).  
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Fig. 3.12:  Blue-shift in metallic coaxial nanolaser as the input power increases. a) The figure shows the PL spectra at 
both 100 µW input pump power (green dots, experimental points; red line, Lorentzian fit) and 580 µW input 
pump power (blue dots, experimental points; red line, Lorentzian fits). b) Decrease of the central wavelength 
for increasing values of the average input power (blue dots), where a polynomial fit (red line) has been used as 
an optical guidance.(30) 

 

Additionally, the linewidth of the spectrum, determined through Lorentzian fitting, exhibited an 

increase with input pump powers, as illustrated in Fig. 3.13. Specifically, for the metallic coaxial nanolaser 

under examination, the measured linewidth, without spectral filtering, ranged from 1.6 nm for lower input 

powers to 2.6 nm as the pump power increased. At the lowest input power, an isolated data point exhibits 

a deviation from the general trend, showing a larger linewidth. This discrepancy is likely due to 

measurement noise, which can arise from fluctuations in the detection system or the limited signal-to-noise 

ratio at low excitation power.  

Several factors contributed to the linewidth broadening in nanolasers. Among them, fluctuations in 

the refractive index with carrier density played a significant role (33). Spontaneous emission induced phase 

and intensity changes in the laser field, leading to changes in the imaginary part of the refractive index, 

thereby causing additional phase fluctuations and line broadening. Furthermore, Padrotti et al. predicted 

that the expected decrease in linewidth with increasing power would not occur in high-beta lasers (130), 

emphasizing the dependence of the laser linewidth on the ratio of decay rates from the lower and upper 

lasing levels. Moreover, they highlighted the fact that the enhancement in spontaneous emission into the 

lasing mode could elevate the linewidth floor. Consequently, our results reflected the increased number of 

spontaneous emission events associated with a single pump event as the photon number rose.  

Furthermore, the self-heating in metallic coaxial nanolasers could have played a role. Beyond a 

pump power of approximately 600 µW, the surrounding substrate began to heat up significantly, making it 

impractical to maintain the nanolaser in the focus of the objective due to excessive thermal drifts. Moreover, 
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the pump laser operates at 1064 nm, while the resonance wavelength is near 1300 nm, which means that 

the system is pumped well above the absorption band, leading to substantial energy dissipation as heat. 

Therefore, we believe that a combination of these factors likely caused the slight increase in linewidth and 

blueshift with increasing input power in our metallic coaxial nanolasers. 

 
Fig. 3.13:  Linewidth vs input power. The linewidth value with respect to the input power was determined via a 

Lorentzian fit. As the input power increases, the linewidth also increases. The measured linewidth, without 
spectral filtering, was found to be 1.6 nm for lower input powers and increased to 2.6 nm as the pump power 
was increased. (30) 

 

Light-light characterization 

The 𝐿𝐿 − 𝐿𝐿 curve, where the output power as a function of average input power is plotted in log-log 

scale, for the metallic coaxial nanolaser is reported in Fig. 3.14. It is important to note that the output power 

was normalized and calculated by integrating the spectral power density across the entire PL peak. 

Typically, the 𝐿𝐿 − 𝐿𝐿 graph of a nanolaser exhibits an 𝑆𝑆 shaped curve, revealing the laser threshold (32, 34, 

126), however, in the case of thresholdless lasers, the 𝐿𝐿 − 𝐿𝐿 graph is linear. Our results demonstrated a 

linear 𝐿𝐿 − 𝐿𝐿 behavior in the fit, with no pronounced kink, which aligns well with the characteristics of high-

𝛽𝛽 nanocavity lasers and supports the hypothesis of thresholdless lasing (131, 132). 
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Fig. 3.14: 𝑳𝑳 − 𝑳𝑳 plot for metallic coaxial nanolaser. Normalized input-output power graph of the metallic coaxial 
nanolaser in a logarithmic scale (blue dots) and best theoretical fit with 𝜷𝜷=0.9 (red line). Notably, there is no 
threshold-like lasing behavior emerging from these measurements. (30) 

 

To determine the 𝛽𝛽 of the nanolaser under investigation, we employed the semi-classical coupled 

rate equations (34, 126) to fit the data. The coupled rates are given by:  

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝛤𝛤𝑔𝑔0(𝑁𝑁 − 𝑁𝑁0)𝑆𝑆 − 𝑆𝑆
𝜏𝜏𝑝𝑝

+ 𝛤𝛤𝛤𝛤𝛤𝛤
𝜏𝜏𝑟𝑟𝑟𝑟

                               (3.3.1) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐼𝐼p exp �(𝑡𝑡−𝑡𝑡0)2

∆2
� − 𝑔𝑔0(𝑁𝑁 − 𝑁𝑁0)𝑆𝑆 − 𝑁𝑁

𝜏𝜏𝑟𝑟𝑟𝑟
− 𝑁𝑁

𝜏𝜏𝑟𝑟𝑟𝑟
,          (3.3.2) 

where 𝑆𝑆 represented the photon density of the lasing mode and 𝑁𝑁 denoted the carrier density. 𝐼𝐼𝑝𝑝 was the 

total pump injected carrier density, accounting for factors such as the pump intensity, the thermal effect 

arising from optical pumping and the effect of drift/diffusion. 𝜏𝜏𝑝𝑝 represented the photon lifetime, and 𝜏𝜏𝑟𝑟𝑟𝑟 

and 𝜏𝜏𝑛𝑛𝑛𝑛 denoted the radiative and non-radiative recombination lifetimes, respectively. 𝛤𝛤 was the energy 

confinement factor, while the spontaneous emission coupling factor 𝛽𝛽 was defined as the fraction of 

spontaneous emission coupled into the lasing mode, and written as 

𝛽𝛽 = 𝑆𝑆𝑆𝑆𝐿𝐿
𝑆𝑆𝑆𝑆𝐿𝐿+𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁+𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹

                                                        (3.3.3) 

where 𝑆𝑆𝑆𝑆𝐿𝐿, 𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁 and 𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹  represented the spontaneous emission into the lasing mode, other non-lasing 

cavity modes, and the free space continuum, respectively. Small-scale lasers, such as nanolasers, exhibit 𝛽𝛽 

values ranging from 0.1 to unity. In our study, the estimated β for the metallic coaxial nanolaser under 

pulsed optical pumping conditions was ~0.9. Also, the coupled rate-equation parameters resulting from the 

best fit to the measured data for the 𝐿𝐿 − 𝐿𝐿  curve were: 𝜆𝜆 = 1.30 µm, 𝑄𝑄 = 350, and 𝛤𝛤 =  0.65. However, 

𝐿𝐿 − 𝐿𝐿 curve alone could not determine the thresholdless properties of a nanolaser. Hence, we utilized photon 

statistics to estimate the true threshold value of our metallic coaxial nanolaser.   
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3.3.3 Photon statistics of coaxial nanolaser emission 

The photon statistics of the metallic coaxial nanolasers are discussed in this section. The nanolaser 

was excited by the pump pulse with an input average power between 45 µW and 750 µW, accounting for 

losses from both the steering optics and the objective. The photon statistics were collected using SNSPDs 

coupled with an electronic time-tagger with a resolution of 128 ps. For all quantum measurements, the 

coherence time of the nanolaser, 200 ps, was tailored to exceed the detector resolution. This was achieved 

by passing the nanolaser emission through a diffraction grating and slit before reaching the detectors. A 

resolution of 128 ps was chosen because it was well below the coherence time of the nanolaser output, 

allowing the collection of photon arrival times over a longer time window after each trigger event compared 

to 4 ps resolution. This extended window enabled the generation of a more comprehensive time histogram 

without affecting the results. Moreover, to prevent both multiphoton events and any nonlinear effects in the 

𝑔𝑔2(0) measurements, we ensured that the single photon count rate on the detectors was between 3×103 and 

1×104 counts per second corresponding to <0.01 photons/pulse. 

Second-order correlation measurements 

Following the classical laser characterization, we performed pulsed HBT measurements to 

determine the second-order correlation function for various pump powers. We averaged the second 

order correlation function over the full pump pulses as previously done in the literature (133–135). 

To determine the threshold and coherence properties of the metallic coaxial nanolaser, we 

measured the transition from thermal to coherent photon statistics for increasing optical pump powers 

(Fig. 3.15). The figure reveals that for ~420 µW, the value of 𝑔𝑔2(0) approached unity, signifying the 

threshold and onset of coherent emission. This indicated that the threshold of the coaxial nanolaser 

occurred at ~420 µW. However, we found a slight deviation of ~0.02 for 𝑔𝑔2(0) from unity, which we 

primarily attributed to amplitude fluctuations in the pump pulse (126).  
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Fig. 3.15:  Second order correlation function. a) Example of coincidence histograms for 𝒈𝒈𝟐𝟐(𝝉𝝉) above and below 

threshold. b) Second-order correlation function values 𝒈𝒈𝟐𝟐(𝟎𝟎) plotted for varying pump powers. The dotted line 
is the 𝒈𝒈𝟐𝟐(𝟎𝟎) value of the pump pulse, which is constant over all input powers. The transition of the output 
radiation from thermal to coherent is clearly seen in the 𝒈𝒈𝟐𝟐(𝟎𝟎) values, which vary from ~ 1.25 to ~ 1 as a 
function of increasing pump power. (30) 

 

Examples of the coincidence histograms for 𝑔𝑔2(𝜏𝜏) as a function of delay 𝜏𝜏 between different 

pulses with respect to the trigger are presented in Fig. 3.15 (a) for both the below and above threshold 

scenarios. In the former case (top panel), an increase of 0.2 in the peak height was observed at zero 

delay compared to neighboring pulses. This increase, which was absent in the above threshold (lower 

panel) case was due to photon bunching emerging from the spontaneous emission (SE) regime (126). 

The full width half maximum (FWHM) of a correlation peak for the nanolaser emission served as 

another metric for monitoring the transition from thermal to coherent states. This was attributed to the 

FWHM being influenced by several factors, including (i) the input pump pulse temporal duration, (ii) the 

photon lifetime in the upper excited electronic states and (iii) the radiative recombination lifetime. Fig. 3.16 

(a) illustrates the measured correlation peak for pump powers of 300 µW and 600 µW, while Fig. 3.16 (b) 

displays the corresponding determined FWHM for different pump powers.  

Initially, as the pump intensity increased in the spontaneous emission (SE) regime, the width of the 

correlation peak narrowed, reaching a minimum in the amplified spontaneous emission (ASE) regime (126), 

as shown in Fig. 3.16 (b). Beyond approximately 350 µW, the FWHM initially increases in the lasing 

regime, reaching a peak around 600 µW, before decreasing at higher pump powers. This behavior is likely 

influenced by the self-heating effect, which becomes significant beyond 600 µW (126). The error bars 

remain relatively constant across the pump power range, as they primarily reflect the temporal resolution 

of the detection system rather than variations in the measured correlation width. 
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Fig. 3.16:  FWHM of the correlation peak. a) The measured correlation peak for 300 µW, 600 µW and pump pulse. b) 
FWHM of the correlation peaks as a function of average power. The brown dotted line represents the FWHM 
of the pump. We note that around the threshold, i.e. ~350 µW, the FWHM of the correlation peak begins to 
increase, before falling off again above 600 µW. (30) 

 

To describe the broadening of the FWHM as a function of pump power, we employed the semi-

classical coupled rate equations, Eq. 3.3.1 and Eq. 3.3.2. By numerically solving the coupled rate equations, 

we simulated the carrier density and the emission photon density for a single pulse. Our analysis of the 

measured data revealed variations in both coherence properties and output pulse profiles for different pump 

intensities, even with the same input pulse temporal profile. Consequently, varying pump carrier densities, 

denoted as 𝐼𝐼𝑝𝑝 influenced both the autocorrelation peak width and profile. 

Considering the impact of thermal effects induced by high pump photon density (126) as well as 

the attenuation and defocusing introduced by the cryostat, perfect agreement between the experimentally 

measured FWHM and simulation data was challenging. To address this, we refined the pump intensity 

parameter 𝐼𝐼𝑝𝑝 in the rate equations for a realistic fit. Specifically, we introduced a modulation factor 𝑚𝑚(𝑃𝑃), 

to account for different degrees of thermal influence on 𝐼𝐼𝑝𝑝. Assuming a linear relationship between the input 

average pump power 𝑃𝑃 and thermal effects, we calculated an effective 𝐼𝐼𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒, where 𝑚𝑚(𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚) ranged from 

0.30 to 0.60, and 𝐼𝐼𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒 was calculated as 𝑚𝑚(𝑃𝑃) · 𝐼𝐼𝑝𝑝(𝑃𝑃). The resulting parameters are presented in Table 

3.1.  

To illustrate the impact of thermal effects on the width of the autocorrelation peak, we generated 

two traces from the model: one without modulation (red curve) and another with modulation (blue curve), 

as shown in Fig. 3.17 (a). The thermal effects in the cavity and the surrounding medium led to a decrease 

in the number of injected carriers in the cavity, consequently decreasing the FWHM for higher pump powers 

(126). Indeed, similar outcomes have been reported in reference (136). 
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Fig. 3.17:  Photon density and FWHM. a) Example of simulated carrier density (top panel) and the corresponding 

autocorrelation traces (bottom panel) for two different injected carrier densities 𝑰𝑰𝒑𝒑 = 9.7 × 1020 (red) and 𝑰𝑰𝒑𝒑 =
𝑰𝑰𝒑𝒑,𝒆𝒆𝒆𝒆𝒆𝒆 = 3.9 × 1020 (blue) with 𝜷𝜷 = 𝟎𝟎.𝟗𝟗. The narrowing of the autocorrelation peak is interpreted here as a 
result of pump-induced thermal effects. b) The FWHM of the autocorrelation trace as a function of the pump 
power obtained from the rate equation model with varying modulation factors 𝒎𝒎 at maximum power, 𝒎𝒎(𝑷𝑷𝒎𝒎𝒎𝒎𝒎𝒎) 
= 0.30, 0.3107, 0.3643, 0.3857, 0.4071, 0.4179, 0.4393, 0.45 (from red to violet). The measured data are 
presented as black circles, and lie within the range 0.3107 ≤ 𝒎𝒎(𝑷𝑷𝒎𝒎𝒎𝒎𝒎𝒎) ≤ 0.4071. (30) 

 
Table 3.1: Carrier density 𝑰𝑰𝒑𝒑 values and corresponding 𝑰𝑰𝒑𝒑,𝒆𝒆𝒆𝒆𝒆𝒆 . 

𝑷𝑷 (µW) 𝑰𝑰𝒑𝒑 𝑰𝑰𝒑𝒑,𝒆𝒆𝒆𝒆𝒆𝒆 

51 1.26E+19 1.26E+19 
85 2.10E+19 2.03E+19 
128 3.16E+19 2.94E+19 
170 4.20E+19 3.76E+19 
213 5.26E+19 4.54E+19 
255 6.30E+19 5.21E+19 
298 7.36E+19 5.84E+19 
340 8.39E+19 6.37E+19 
383 9.46E+19 6.85E+19 
425 1.05E+20 7.24E+19 
468 1.16E+20 7.58E+19 
510 1.26E+20 7.82E+19 
553 1.37E+20 8.02E+19 
595 1.47E+20 8.12E+19 
638 1.58E+20 8.16E+19 
680 1.68E+20 8.12E+19 
723 1.79E+20 8.02E+19 
765 1.89E+20 7.84E+19 

 

Time-resolved second-order correlation measurements 
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In principle, a nanolaser emission comprises time-independent, statistical mixture of coherent and 

incoherent modes (126). To understand this better, we studied the temporal dynamics of nanolaser emission 

within a pulse, with respect to the temporal profile of the pump pulse. The temporal profile of the pump 

pulse obtained from single-photon detector measurements is shown in Fig. 3.18.   

To evaluate the thermal/coherent behavior with respect to the temporal envelope of the pump pulse, 

we systematically scanned the entire pulses’ time window in steps of 128 ps. The sub-window size, 

spanning 33% of the entire pulse, allowed us to gather sufficient statistics. It is worth noting that similar 

results were obtained with a 20% sub-window size, albeit with no qualitative difference. The 𝑔𝑔2(0) was 

determined for each sub-window position, so as to compute the 𝑔𝑔2(𝑡𝑡, 𝜏𝜏 = 0) across the entire pulse duration 

as illustrated in Fig. 3.19. In the case of pulsed excitation, where the pump power changed over time (Fig. 

3.18), the output of the metallic coaxial nanolaser exhibited, as expected, a delayed but rapid transition 

from thermal to coherent behavior based on the instantaneous value of the pump pulse temporal envelope 

(Fig. 3.19 (a)).  

 

 

Fig. 3.18:  Temporal profile of the pump pulse. Pump pulse at 1064 nm and1 MHz repetition rate, featuring a Gaussian 
profile with FWHM = 5 ns obtained from single-photon detector measurements. (30) 

 

In the below-threshold regime (~ 170 µW), the response was mostly thermal at the wings of the 

pulse, with 𝑔𝑔2(𝑡𝑡, 𝜏𝜏 = 0) > (1.6±0.05), whereas towards the center it reached values close to 𝑔𝑔2(𝑡𝑡, 𝜏𝜏 = 0) = 

(1.25±0.01) (see Fig. 3.19 (b), black curve). In the above-threshold regime (~ 595 µW), the 𝑔𝑔2(𝑡𝑡, 𝜏𝜏 = 0) 

decreased from (1.5 ± 0.06) to (1.01 ± 0.01) (see Fig. 3.19 (b), green curve), still exhibiting a thermal 
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behavior at the edges, which was notably less pronounced than in the below-threshold regime (green and 

yellow curves).  

The leading edge of the pump pulse generated carriers in the higher quantum well (QW) or barrier 

states, which rapidly relax into the lower QW states yielding spontaneous emission (g2(0) > 1) (137, 138). 

As the intensity of the pump pulse increased over time, population became sufficiently strong, driving the 

system into the regime of coherent emission (𝑔𝑔2(0) = 1) (137, 138). Since nanolaser cavities have an 

ultrafast response, at the trailing edge of the pulse envelope (where the intensity of the pump pulse is low), 

SE dominated over coherent emission, leading to  𝑔𝑔2(0) >  1 (137, 138). Moreover, for higher excitation 

densities, stimulated emission was maintained for a longer time, hence resulting in an asymmetry in the 

time resolved data. It was also influenced by the amplitude fluctuations in the pump pulse train.  

To visualize the difference in 𝑔𝑔2(𝑡𝑡, 𝜏𝜏 = 0) for the temporal edges and the center of the pulse, cross 

sections for various 𝑡𝑡 are shown as a function of pump power as dashed, dotted and solid blue lines, 

respectively (see Fig. 3.19 (c)). It can be noted that the error margin for the 𝑔𝑔2(𝑡𝑡, 𝜏𝜏 = 0) at the pulse start 

and end was generally higher, as fewer number of photon coincidence events were recorded compared to 

the center of the pulse, where photon brightness was generally larger. While integrating for longer periods 

can enhance accuracy, it came at the expense of increased thermal effects on the metallic coaxial nanolaser. 
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Fig. 3.19:  Time-resolved second-order correlation measurements. a) Schematic of the expected photon statistic as a 
function of the emitted pulse’s temporal envelope shown for two cases, above and below threshold. b) g2(t,τ=0) 
evolution from a thermal (photon bunching) to a coherent behavior scanned over the emitted pulse length. c) 
g2(t,τ=0) as a function of input power at various timings t. The edges of the pulse are shown in dashed and 
dotted lines (t= 2 ns, t =16 ns) while the center of the pulse (t = 10.5 ns), where the intensity of the pump pulse 
is maximum) is shown as a solid line. d)  Color plot of g2(t,τ=0) vs. the emitted pulse’s temporal envelope for 
increasing pump powers. We note that, below threshold and for low pump powers, the response is mostly 
thermal. Above threshold, the output still presents a thermal behavior around the wings of the pump but is 
coherent in the center, as depicted in panel a). (30) 

 

Thus, there exists a close relationship between the temporal profile of the pump laser and the 

emission characteristics of the metallic coaxial nanolaser. Using time-resolved second-order coherence 

measurement, we i) studied the nature of the nanolaser emission with respect to the temporal profile of the 

pump pulse and ii) mapped out the threshold as a function of both average pump power and instantaneous 

intensity (Fig. 3.19 (d)). The experimental results demonstrate that it is possible to switch the nanolaser 

emission between thermal and coherent by simply altering the temporal profile of the pump laser.    
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3.4 Conclusion 

This project focuses on elucidating the fundamental emission properties of metallic coaxial 

nanolasers. Due to the specific architecture, the size of these lasers was reduced to subwavelength 

dimensions, which enhanced the Purcell effect with a large spontaneous emission factor, resulting in a 

thresholdless behavior. However, in a practical scenario, one should not confuse this feature with a 

hypothetical zero threshold. This encouraged us to conduct an elaborate study on metallic coaxial lasers in 

the classical and quantum domain under pulsed pumping conditions. The key objectives of this project were 

to 1) Demonstrate the limits of classical characterization in describing the emission behavior, 2) Determine 

the threshold of nanolasers via photon statistics, and 3) Study the emission behavior within the nanolaser 

output by performing time-resolved photon statistics.  

For classical characterization, we studied spectral properties such as the emission wavelength, the 

linewidth narrowing and the  𝐿𝐿 − 𝐿𝐿 curve of the nanolaser emission. The emission wavelength of the 

metallic coaxial nanolaser was found to be at ~1300 nm. However, in the metallic coaxial nanolaser, the 

linewidth of the emission increased with the power due to refractive index fluctuations and self-heating 

effects, which is not typical for a semiconductor laser. Moreover, a blue-shift of the emission wavelength 

was observed with increasing power, which was attributed to the saturation and spill out of free carriers 

from the energy states in the quantum well. Furthermore, the 𝐿𝐿 − 𝐿𝐿 curve obtained for the metallic coaxial 

nanolaser was a straight line demonstrating a thresholdless behavior. This uncertainty and ambiguity in the 

determination of the nanolaser threshold via classical characterization techniques motivated us to perform 

second-order correlation measurements via Hanbury Brown and Twiss experimental setup. We determined  

𝑔𝑔2(0) for various input powers and found that the value of  𝑔𝑔2(0) reached near unity at  ~420 𝜇𝜇W, marking 

the threshold of the nanolaser. In addition, we characterized the width of the normalized correlation peak 

for different pump powers so as to track the transition from thermal to coherent behavior because the 

FWHM was influenced by the pump pulse and photon lifetime (126). To investigate the dynamics of 

emission within the nanolaser output, we studied the time-resolved second-order correlation function 

(𝑔𝑔2(𝑡𝑡, 𝜏𝜏 = 0)) by sliding narrower time windows across the entire pulse temporal envelope. This time-

resolved study demonstrated that the emission from the metallic coaxial nanolaser, even at higher input 

powers, was comprised of spontaneous and stimulated emission. Furthermore, it was possible to switch 

between thermal and coherent within the nanolaser, by simply altering the temporal profile of the pump 

laser.   

The experimental results presented in this chapter are a step towards the development of photonic 

integrated circuits, which is envisioned to replace electronic circuits. However, practical applications of 

these devices are still limited due to immature fabrication technologies. One of the biggest challenges is the 
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integration of nanolasers into photonic integrated circuits, particularly achieving efficient coupling between 

the nanolaser output and silicon waveguides. This process is hindered by insertion losses stemming from 

the highly divergent emission profile and the broadband nature of the near-IR output. An interesting 

solution involves incorporation of solid immersion lenses (139), which are commonly used to enhance the 

coupling between nano-emitters and integrated devices (139), and yet have never been used in combination 

with nanolasers. Adapting this technique to nanolasers could facilitate precise focusing of their strongly 

divergent emission cone into silicon waveguides, thereby overcoming key integration barriers and paving 

the way for a new class of compact, high-performance on-chip light sources. 

 

 





 

 

4 CHARACTERIZATION OF TIME-BIN ENTANGLED STATES  

Chapter abstract: 

In this chapter, we delve into the application of photon statistics in quantum technologies. We generate 

high-dimensional time-bin entangled states in a synthetic photonic lattice, which has practical applications 

in quantum communication, computation, sensing, and other areas. The chapter starts with an overview, 

covering the background, the issues addressed, and the proposed solutions. Subsequently, we expound on 

the fundamental principles underlying the project and detail the experimental methods employed in the 

project. Then, we present the results obtained and conclude with a discussion and summary of our work. 
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4.1 Overview  

Approximately half a century ago, extensive investigations into the quantum properties of light 

began, resulting in notable progress that allows for precise control of quantum optical systems and sets the 

stage for quantum state engineering. Significant developments in quantum optical techniques have enabled 

the practical implementation of conceptual experiments that are tailored to probe the core principles of 

quantum theory. This enhanced control over quantum phenomena offers exciting opportunities to explore 

novel information processing approaches, with the potential to revolutionize technologies rooted in 

quantum information science.  

One of the most important resources in quantum technology is entanglement, a purely quantum 

phenomenon which refers to the correlation between two or more quantum systems, where the state of one 

system cannot be described independently of the other (140, 141). This phenomenon offers unique 

advantages in quantum information science, including quantum computation (25, 26, 142), quantum 

communication (16, 17), quantum simulation (70), and quantum metrology (25). Entanglement provides 

the key to achieve ‘quantum supremacy’ (25, 140, 143–145), particularly in systems utilizing qubits. A 

qubit, a two-level system, is the basic unit of information in quantum technology (146).  

Quantum information can be encoded in various physical systems, such as Rydberg atoms (147), 

trapped ions (148), defects in solid-states (149), polar molecules (150), and photons (151). Among these, 

photons are particularly suitable due to their advantageous properties such as high speed, minimal 

interaction with the environment, long coherence times, and well-established technologies for the 

generation, manipulation, and detection of photons (152–154). Moreover, they possess several internal as 

well as external degrees of freedom. Internal degrees of freedom include polarization (12, 155), orbital 

angular momentum (156), frequency (157) and generation time (158), while the external degrees of freedom 

include the spatial position and the path traveled by a photon (76, 159, 160).  

Early experiments exploring quantum entanglement employed polarization, optical paths, and orbital 

angular momentum modes in free space. However, advancements in fiber-based telecommunications have 

shifted focus to more robust and fiber-compatible degrees of freedom, such as frequency (151) and time 

(16, 158, 161, 162). The concept of using time-bins to carry quantum information was first proposed in 

1989 (163) and subsequent experiments successfully demonstrated two-dimensional time-bin entanglement 

(16, 164). To create entanglement between two photons and encode quantum information in the time-bin 

domain, two indistinguishable laser pulses separated by a fixed time difference are utilized (16). Each laser 

pulse generates photon pairs using nonlinear light sources base on, e.g., spontaneous parametric down-

conversion (SPDC) (165, 166) and spontaneous four-wave mixing (SFWM) (167, 168), as well as on other 
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platforms,  such as quantum dots (169–174), ions (175, 176), color centers (177–179) and ensemble of 

atoms (180–182). 

For applications like quantum communication or quantum computation, high-dimensional quantum 

systems, or qudits, offer advantages over qubits due to their higher information capacity, enhanced security 

and resilience to noise (183, 184). Consequently, high-dimensional quantum entanglement provides a rich 

area for both fundamental research and technological innovation (Fig. 4.1) (146, 151).  

 

 

Fig. 4.1:  Fundamental quantum properties and associated technological applications as a function of system 
dimensionality. Reproduced from (146) with permission from Springer Nature, © 2020 Springer Nature. 

 

In principle, the dimensionality of the time-bin entangled states can be scaled up by increasing the 

number of indistinguishable pulses (185) as demonstrated in Fig. 4.2. For example, eight distinguishable 

pulses can create an eight-dimensional time-bin entangled state. Higher-dimensional time-bin entangled 

states have been realized in free-space (186–188), on-chip platforms (167), and optical fiber systems (31, 

189–191). This scalability offers exciting possibilities for quantum information processing, making it a 

valuable approach for quantum communication. 
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Fig. 4.2: Generation of high-dimensional time-bin entangled states. Here, 𝑵𝑵 indistinguishable pulses produce 𝑵𝑵-
dimensional entangled states. Each pulse probabilistically generates a photon pair at time 𝝉𝝉𝒊𝒊, resulting in a high-
dimensional time-bin entangled state |𝝍𝝍⟩𝒂𝒂𝒂𝒂. Reproduced from (146) with permission from Springer Nature, © 
2020 Springer Nature. 

 

 

However, characterization of these entangled states requires estimation of numerous parameters, 

such as the multiple phase values that arise from delays between pulses. The estimation process demands a 

large number of measurements, which becomes impractical as dimensionality increases. Experimental 

limitations further constraints efficient entanglement processing. Characterization of a high-dimensional 

time-bin entangled state typically involves the utilization of cascaded unbalanced interferometers (192, 

193), where each interferometer measures the phase between two time-bins. Thus, the realization of a 𝑁𝑁-

dimensional time-bin entangled state requires 𝑁𝑁 − 1 interferometers, which becomes infeasible for large 𝑁𝑁 

(Fig. 4.3). Moreover, this results in significant experimental complexity and cost. Therefore, efficient and 

innovative methods to generate and process high-dimensional time-bin entangled states, particularly in 

optical fibers, are crucial for practical quantum communication.  

 

 

Fig. 4.3: Characterization of high-dimensional time-bin entangled states. The characterization of high-dimensional 
time-bin entangled states requires multiple unbalanced Mach–Zehnder interferometers, enabling the coherent 
superposition of time bins at the central bin of the interferometer output. (146, 163). Reproduced from (146) 
with permission from Springer Nature, © 2020 Springer Nature. 
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In our work, we implement a fiber-based unbalanced interferometer to generate and process high-

dimensional time-bin entangled states through quantum walks. Quantum walks, the quantum analog of the 

classical random walks, rely on interference and superposition (56, 57, 63, 76). As a generalized 

measurement device,  they effectively describe the transport of entangled photons in optical fiber networks 

(54, 56). For example, a coupled fiber loop system, which simulate a synthetic photonic lattice (SPL), has 

been extensively employed to study the nonlinear propagation of light through quantum walks (194–197). 

However, the application of such systems in quantum information processing and quantum technologies 

remains largely unexplored, presenting an opportunity to further investigate how time-bin entangled states 

and quantum walks can be integrated within optical fiber networks. This approach will potentially unlock 

new capabilities in quantum communication and processing.  

In this chapter, we focus on three main objectives: first, to simulate SPL using a coupled fiber-loop 

system; second, to generate high-dimensional time-bin entangled states in the SPL; and finally, to process 

these entangled states through various quantum walk protocols. Our work aims to provide significant 

applications in quantum technologies, offering new pathways for generating and processing quantum 

information. 
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4.2 Theory and Method 

This section covers the employed theory and methods to gather and analyze the experimental results 

presented in section 4.3. We begin with the generation of photonic entangled states, in particular, time-bin 

entangled states, via spontaneous parametric down conversion process. We also describe the basics of 

quantum walk in synthetic photonic lattice (SPL) through which we process the generated entangled state.  

4.2.1 Generation of time-bin entangled states  

Time-bin entanglement 

Entanglement-based quantum information protocols including quantum communication, 

teleportation, and entanglement swapping for long distance communication are mainly mediated through 

optical fibers (158, 161, 162, 198, 199). Among various types of entanglement, time-bin entanglement are 

both known for their robust nature, and immunity to polarization mode dispersion that causes decoherence 

during transmission, particularly in fibers (158). Time-bin entangled states are a discrete version of energy-

time entanglement (16, 200), which typically comprises two qubits that are in a superposition of two 

temporal modes (bins). However, a necessary condition to be satisfied for entanglement generation using 

time qubits is that the temporal separation between the two time modes must be larger than the coherence 

time of the interacting photons. This typically requires a pulsed operation of quantum photonic sources like 

PPLN (11).  

Pumping scheme: A standard pumping method involves the use of an unbalanced Mach-Zehnder 

interferometer (MZI), which is injected with either a picosecond or femtosecond pulse. Standard 

unbalanced MZIs feature two beam-splitters coupled together by a long and a short arm. The first beam-

splitter divides an input pulse into two pulses of equal amplitude, one of which travels through the long 

path and the other through the short one. This induces a relative phase 𝜃𝜃 between the two paths. The two 

pulses are then recombined by the second beam-splitter to produce a pulse doublet, 𝛼𝛼|𝐸𝐸⟩ + 𝛽𝛽𝑒𝑒𝑖𝑖𝑖𝑖|𝐿𝐿�, where 

|𝐸𝐸⟩ and |𝐿𝐿⟩ denotes the early and late pump pulses, and 𝛼𝛼 and 𝛽𝛽 are their corresponding probability 

amplitudes. In an ideal system, the beam-splitters will possess a perfect coupling ratio, thereby resulting in 

𝛼𝛼 =  𝛽𝛽, meaning both output pulses are perfect copies of each other in terms of amplitude.   

Interferometers are used to perform phase-sensitive measurements; hence it is a common practice 

to introduce an element for phase tuning such as a phase-shifter or an electro-optic phase modulator (157, 

200, 201). This is illustrated in Fig. 4.4, where an additional phase 𝜙𝜙 is applied between the two pulses 

(16). The output from the interferometer then takes the form,  

𝛼𝛼|𝐸𝐸⟩ + 𝛽𝛽𝑒𝑒𝑖𝑖(𝜃𝜃+𝜙𝜙)|𝐿𝐿�.     (4.2.1) 
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For simplicity, the overall phase term is denoted as 𝜑𝜑, where 𝜑𝜑 =  𝜃𝜃 + 𝜙𝜙.  

 

Fig. 4.4:  Schematic of a Mach-Zehnder interferometer to generate twin pulses. The laser pulse is sent to the device  
(left to right in the figure) and is split to travel both a short and along arm. By adjusting the coupling ratio in 
the beam splitter and the phase 𝝓𝝓 of the phase shifter, any superposition of the basic states |𝑬𝑬⟩ and |𝑳𝑳⟩ can be 
prepared and analyzed. The delay between the pulses is equal to the difference in the length of the arms. 

 

Entanglement generation: When a twin pump pulse passes through a nonlinear medium, for example, a 

PPLN waveguide, SPDC process generates signal and idler photons that exist in a superposition of two time 

modes. The resultant state is time-bin entangled, and is given by |𝜓𝜓⟩ = 𝛼𝛼|𝐸𝐸⟩𝑠𝑠|𝐸𝐸⟩𝑖𝑖 + 𝛽𝛽𝑒𝑒𝑖𝑖𝑖𝑖|𝐿𝐿⟩𝑠𝑠|𝐿𝐿⟩𝑖𝑖, where 𝑠𝑠 

and 𝑖𝑖 are the signal and idler photons, respectively (16). For the optimal generation of time-bin entangled 

states, the probabilities for generating early and late photon pairs are equal, resulting in the state,  

|𝜓𝜓⟩ = 1
√2
�|𝐸𝐸⟩𝑠𝑠|𝐸𝐸⟩𝑖𝑖 + 𝑒𝑒𝑖𝑖𝑖𝑖|𝐿𝐿⟩𝑠𝑠|𝐿𝐿⟩𝑖𝑖�.     (4.2.2) 

 

Entanglement verification: The existence of entanglement in the generated quantum state (Eq. 4.2.2) can 

be verified through quantum interference measurements (163). The measurement involves sending a 

photonic quantum state into an interferometer and then performing coincidence measurements for various 

delay/phase values. It serves as the foundation for several applications leveraging optical quantum states. 

Moreover, it facilitates applications in quantum cryptography (18), quantum metrology (202), and quantum 

computation (142).  

The two-photon time-bin entangled state, |𝜓𝜓⟩ = 1
√2
�|𝐸𝐸⟩𝑠𝑠|𝐸𝐸⟩𝑖𝑖 + 𝑒𝑒𝑖𝑖𝑖𝑖|𝐿𝐿⟩𝑠𝑠|𝐿𝐿⟩𝑖𝑖�, when passes through 

a MZI results in a quantum interference pattern with twice the periodicity compared to quantum interference 

with a single photon. The visibility, 𝑉𝑉2, of the quantum interference can then be defined, and a function, 

𝐶𝐶𝐷𝐷=2(𝜙𝜙)  ∝  1 +  𝑉𝑉2 𝑐𝑐𝑐𝑐𝑐𝑐 (2𝜙𝜙), can be fitted to the measured quantum interference. The 𝑉𝑉2 can also be 

determined via (𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚) (𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚)⁄ , where 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 are the maximum and minimum 

intensity or coincidences obtained from the quantum interference fringes. If the measured visibility exceeds 
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𝑉𝑉2 > 1
√2

, it confirms the quantum properties of the qubit system as it violates the Bell’s inequality threshold 

(203, 204).   

For a four-dimensional time-bin entangled state, quantum interference 𝐶𝐶𝐷𝐷=4(𝜙𝜙)  ∝  4 +  2𝑉𝑉4 ∙

[3𝑐𝑐𝑐𝑐𝑐𝑐 (2𝜙𝜙) + 2𝑐𝑐𝑐𝑐𝑐𝑐 (4𝜙𝜙) + 𝑐𝑐𝑜𝑜𝑜𝑜 (6𝜙𝜙)]. If 𝑉𝑉4 > 0.8170, it violates the Collins-Gisin-Linden-Massar-

Popescu (CGLM) inequality and confirms entanglement (205–207).  

However, generating and processing four-dimensional states is not straightforward. To overcome 

this challenge, we turn to quantum walks, which provide a robust and efficient method for generating and 

manipulating high-dimensional entangled states. This technique allows us to explore the quantum 

properties of systems with dimensions beyond those easily achievable through conventional interference 

setups. 

Discrete-time quantum walk (DTQW)  

A DTQW is often implemented in the path degree of freedom (63, 208–210), where the walker’s 

propagation leads to interference effects, resulting in interesting spatial distributions. This is achieved using 

a spatially organized pyramid of beam splitters, as shown in Fig. 4.5. Beam splitters within the pyramid act 

on the walker, transforming its initial state into a position-dependent probability distribution outcome. The 

final position of the walker is determined by its initial state as well as the transformations imposed by the 

platform, typically in the form of beam splitting operations (50–52). However, constructing such a pyramid 

of optical free-space beam splitters presents experimental challenges, due to the exponential increase in the 

number of components, such as detectors and beam splitters with each increasing step.  

Quantum walks have also been realized using photonic structures, which are materials or devices 

that are utilized to manipulate the behavior of light depending on their geometric dimensionalities (35). A 

few examples for photonic structures are multi-path waveguides (211) as well as 2D photonic crystals and 

metamaterials (212, 213). Unfortunately, these structures are limited to a maximum of three spatial 

dimensions, constraining many technological applications to lower-dimensional devices. Therefore, a 

suitable alternative is to employ a synthetic photonic lattices (SPLs) for practical and scalable quantum 

walk implementations. 
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Fig. 4.5:  The beam splitter cascade. Each beam splitter splits the incident beam equally in two different directions. 
When two light beams reach the beam splitter at the same time, they give rise to interference. This interference 
continues to influence the spatial distribution of the light beams from the third step onward. Reproduced from 
(63) under the CC BY-NC-ND 3.0 license. 
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4.2.2 Synthetic photonic lattice  

A synthetic space is created by utilizing non-spatial/internal degrees of freedom of the walker either 

by replacing or integrating the geometrical degrees of freedom. Moreover, quantum walks in SPLs offer a 

powerful tool for exploring the complex interplay between quantum mechanics and optics, with 

implications in fundamental science, e.g., understanding quantum superposition and interference effects, as 

well as practical technologies such as quantum computation and simulation (214), providing  a resource-

efficient scalability in quantum information processing.  

The creation of a synthetic space can be done in two ways, either forming a lattice or exploiting the 

parameter dependency of the system (35, 215). In the former way, the dimensionality of the SPL is 

determined by the coupling between a set of photonic states. For instance, these can be represented by red 

spheres as illustrated in Fig. 4.6 (a). A one-dimensional photonic lattice is formed when there is a nearest-

neighbor coupling, i.e., the sphere labelled 1 is coupled to sphere 2, sphere 2 is coupled to sphere 3, etc., as 

shown in Fig. 4.6 (b). On the other hand, a higher-dimensional photonic lattice is formed when there is 

long-range coupling between the photonic states as illustrated in Fig. 4.6 (c). For example, if one considers 

optical modes at different frequencies as red spheres and they are coupled in such a way that the energy in 

one mode can be transferred to nearby modes or between them, along the frequency axis of light, it forms 

a one-dimensional lattice (215). 

 

 

Fig. 4.6: Synthetic lattice space: (a) Consecutive integers are used to label photonic states. (b) One dimensional 
synthetic lattice is created by the between nearest-neighbor photonic states (coupling between 1 and 2, 2 and 
3, and so on). (c) Two dimensional synthetic lattice is generated via long-range coupling between different 
photonic states (coupling between 1 and 2, 2and 3, 1 and 4, 3 and 6, etc.) (35). 
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The second way of creating a synthetic space involves utilizing parameter degrees of freedom. Let 

us consider a physical system in 𝑛𝑛-dimensional space, which is described by the 

Hamiltonian, 𝐻𝐻(𝑝𝑝1,𝑝𝑝2, … , 𝑝𝑝𝑚𝑚, 𝑟𝑟1, 𝑟𝑟2, … , 𝑟𝑟𝑛𝑛), where 𝑝𝑝1,𝑝𝑝2, … ,𝑝𝑝𝑚𝑚 are external parameters and 𝑟𝑟1, 𝑟𝑟2, … , 𝑟𝑟𝑛𝑛 

are spatial parameters. In this approach, each parameter in the Hamiltonian contributes to a synthetic 

dimension. This means that the parameter dependence of the system can be described with a new axis, the 

𝑝𝑝-axis, as a supplementary synthetic dimension alongside the conventional physical space, resulting in a 

higher-dimensional synthetic space (35). 

SPLs using photonic degrees of freedom 

SPLs, realized by utilizing photonic states (Fig. 4.7), provide a diverse range of additional degrees 

of freedom that can be precisely manipulated, effectively serving as synthetic dimensions. By utilizing one 

or more of these degrees of freedom and by appropriately coupling the corresponding states, one can 

introduce enhanced dynamics in this space, expanding the effective dimensionality of the system. One of 

the accessible degrees of freedom is polarization, which introduces an additional dimension with two basis 

states (35, 36). The continuous conversion between these polarization directions during propagation results 

in the coupling between the two lattices by means of a superposition of polarization-entangled eigenstates1 

(36).  

 

 
Fig. 4.7:  Synthetic photonic spaces. a) Polarization of a photon employed for synthetic dimension generation. b) 

Equidistantly spaced modes of a ring resonator, coupled through periodic modulation synchronized with the 

                                                 
1 If equation of the Hamiltonian is given by 𝐻𝐻�|𝐸𝐸𝑛𝑛⟩ = 𝐸𝐸𝑛𝑛|𝐸𝐸𝑛𝑛⟩, then 𝐻𝐻� is the operator, |𝐸𝐸𝑛𝑛⟩ is the eigenstate and 𝐸𝐸𝑛𝑛 is 
the eigenvalue (216). 
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round trip time. c) Optical resonators enabling coupling of different orbital angular momentum modes through 
spatial light modulators. d) Equidistant energetic separation of spatial modes serving as a synthetic dimension. 
(36, 217–219). Reproduced from (36) under the CC BY-NC license. 

 

The spectral degree of freedom is an another common way to enable SPLs due to the natural support 

of different frequency modes in photonic architectures, such as microring resonators (215). These modes 

can be coupled to create a lattice by dynamically modulating the structure using nonlinear optical methods 

(35, 215), for example, by incorporating electro-optic modulators (220). Waveguides are another platform 

which can be utilized to generate frequency synthetic dimensions, as they support the propagation of modes 

across a spectrum of frequencies (215). By combining input frequencies with traveling-wave modulation, 

it becomes possible to define the frequency grid for such systems (215). Furthermore, the orbital angular 

momentum introduces another avenue, where appropriately driven spatial light modulation enables 

selective conversion of portions of a beam into modes with higher or lower orbital angular momentum, 

thereby establishing a lattice model in this dimension (36). Additionally, the spin angular momentum of 

photons contributes to dynamics in this space through spin-orbit coupling (36). Utilizing the spatial degree 

of freedom available in optical modes can also generate synthetic dimensions (36). 

In this study, SPLs have been implemented by harnessing the temporal degrees of freedom. The 

propagation of pulses within these lattices is modeled analogously to the movement of walkers navigating 

discrete lattice sites. Specifically, the roundtrip or iteration and arrival times of the pulses define the time-

step (𝑡𝑡) and synthetic position (𝑥𝑥) in the synthetic photonic lattice, respectively. This temporal framework 

provides a unique perspective as it explores the dimensionality enhancement through the application of 

time-division multiplexing, a technique widely employed in optical telecommunication for bandwidth 

optimization (36, 63). The method involves organizing signals into distinct time slots and transmitting them 

through optical fibers. At the receiving end, pulse separation based on individual arrival times allows direct 

detection. This technique is a widely adopted approach in optical telecommunication aiming to increase the 

bandwidth of communication channels to meet the growing demand for higher information capacities (70, 

221, 222).   

4.2.2.1 Coupled fiber-loop system 

A coupled fiber-loop system featuring two fiber loops of different lengths, connected with a 

dynamic optical switch (Fig. 4.9 (a)) has been utilized in this study to implement SPL to perform DTQW 

in the temporal domain (194). The optical switch is an electro-optic component that can control the 

proportion and direction of the light flow in accordance with an external voltage signal. The response of an 
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optical switch with respect to voltage was investigated by measuring the optical output at one of the ports 

using a fast photodiode, the results of which is shown in Fig. 4.8.  

 

 
Fig. 4.8:  Response of an optical switch. An external voltage (shown on the x-axis) is used to control the optical switch. 

The power output from one of the switch ports was directed to a photodiode, whose the output voltages were 
measured for different input voltages. The graph shows that for voltages below 0.9 V, no output is observed 
from this port, indicating that the light is directed through the other port. Conversely, for voltages above 1.8 V, 
the device completely switches to the opposite port. Around 1.6 V, the optical switch behaves like a 50-50 
beam splitter. 

 

In the coupled fiber-loop system, the time taken by light pulses to propagate through long and short 

loops are denoted by 𝑇𝑇𝐿𝐿 and 𝑇𝑇𝑆𝑆, respectively, have a time difference of 𝑇𝑇𝐿𝐿 − 𝑇𝑇𝑆𝑆 = ∆𝑇𝑇 and average time of  
𝑇𝑇𝐿𝐿+𝑇𝑇𝑆𝑆
2

= 𝑇𝑇�. The lengths of the loops are designed such that 𝑇𝑇� > ∆𝑇𝑇, which corresponds to a maximum 

number of pulses the system can accommodate, 𝑁𝑁 = 𝑇𝑇�
∆𝑇𝑇

. 𝑁𝑁 is tailored to the required dimensionality of the 

system, which is designed to a particular application, here, generation and processing of high-dimensional 

time-bin entangled states.  

The propagation of the light pulse in the coupled fiber-loop system is illustrated in Fig. 4.9 (b) and 

(c). When a light pulse is injected to into the coupled fiber-loop system, for example, through the long loop, 

it reaches the optical switch, which acts as a 50-50 beam splitter. This results in the creation of two identical 

pulses with half the amplitude of the original pulse, of which one propagates in the long loop and the other 

in the short loop. The two pulses then return to the optical switch, however, at different times, owing to the 

length difference of ∆𝑇𝑇 between the long and short loops. The optical switch, still set to behave as a 50-50 

splitter, divides each pulse into two pulses, providing a pulse doublet in both the long and short loops. Then, 

light undergoes another roundtrip in the fiber loops. On reaching the optical switch, the first pulse from the 

long loop and the second pulse from the short loop interfere, as they reach the coupler at the same time. 
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This interference results in the distribution of the constructive and destructive interference components over 

the long and short loops (194).  

Thus, the number of pulses in each loop can be increased as a function of number of roundtrips, 

thereby allowing for the easy scalability of the system. Here, the time-step (𝑡𝑡) corresponds to each roundtrip, 

while the synthetic position (𝑥𝑥) is defined by the arrival time of the pulses within the lattice. This association 

establishes a temporal framework, where each roundtrip contributes to the progression of the synthetic 

position in the synthetic photonic lattice. 

 

 
 
Fig. 4.9: Coupled fiber-loop system and quantum walk a) Coupled fiber-loop consisting of two fiber loops of different 

lengths coupled with an optical switch. b) Quantum walk describing the propagation of the light pulse in the 
coupled fiber-loop system when the optical switch is configured to a 50-50 beam splitter. c) A pictorial 
representation of pulses in the long and short loops in roundtrips, t = 1, 2 and 3. 

 

Time-division multiplexing schemes in coupled fiber-loop exhibit significant potential for future 

extensions, offering exceptional scalability, stability, and flexibility. Through active modulation of both 

amplitude and phase, it becomes possible to introduce real and imaginary on-site terms into the associated 

Hamiltonian, allowing dynamic adjustments for individual sites across synthetic space and time. 

Leveraging these capabilities, photonic time-division multiplexing schemes have been used to provide 

diverse phenomena in the classical domain. For instance, the realization of parity-time (PT) symmetry in 
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such systems has been explored, where PT symmetry refers to a property wherein the Hamiltonian remains 

unchanged under combined parity and time reversal operations. The PT-symmetry in the coupled fiber-

loop system was initially studied by A. Regensburger et al. (195) and A. L.M. Muniz et.al. (223), who 

extended it to a two-dimensional synthetic lattice. PT symmetry was implemented in the system by 

incorporating tunable gain, loss, and phase structure. Furthermore, experiments by A. Basinov et al. (224) 

have demonstrated anomalous Floquet interface states in such systems. Additionally, studies on photon-

photon thermodynamic processes (225), superfluidity of light (197) and Bloch oscillations (196) were 

conducted in the coupled fiber-loop system. 

Our group has initiated research into the potential of coupled fiber-loop systems for quantum 

applications. We have successfully generated and confirmed two-level and four-level time-bin 

entanglement using DTQW and controlled quantum walk  techniques in (31, 226, 227) and is discussed in 

this thesis. 

4.2.2.2 Quantum walks in the SPL 

The wave function of the light pulse in this system is defined by 

|𝜓𝜓⟩ = ∑ ∑ 𝐴𝐴𝑥𝑥,𝑐𝑐𝑐𝑐𝑥𝑥 |𝑥𝑥⟩ ⊗ |𝑐𝑐⟩    (4.2.3) 

where 𝐴𝐴𝑥𝑥,𝑐𝑐 is the complex amplitude of the wave function in its position |𝑥𝑥⟩ and coin state |𝑐𝑐⟩ = {|𝑙𝑙⟩, |𝑠𝑠⟩}. 

The states |𝑙𝑙⟩ and |𝑠𝑠⟩ describe the configurations in which the light pulse travels in the long and short loops, 

respectively. The full evolution of the controlled quantum walk in a coupled fiber-loop system can be 

represented by the coin and step operators, 𝐶̂𝐶 and 𝑆̂𝑆. The coin operation in the SPL on each step is described 

as (|𝑥𝑥⟩⟨𝑥𝑥| ⊗ 𝐶̂𝐶)|𝜓𝜓⟩, with general unitary coin operation,  

𝐶̂𝐶 = �𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�     (4.2.4) 

where 𝛼𝛼 is the rotation parameter that dictates the coin operation (57).The step operator is still given by Eq. 

2.4.5, and depicted as follows using the notations of the coupled fiber-loop system.  

𝑆̂𝑆 = ∑ |𝑥𝑥 + 1⟩⟨𝑥𝑥| ⊗ |𝑙𝑙⟩⟨𝑙𝑙| +𝑥𝑥 |𝑥𝑥 − 1⟩⟨𝑥𝑥| ⊗ |𝑠𝑠⟩⟨𝑠𝑠|  (4.2.5) 

Controlled quantum walk 

A DTQW is considered as a generalized measuring device (228) that can provide Positive Operator-

Valued Measures (POVMs) (25, 229). POVMs (25, 229) comprise a collection of positive operators, 

denoted as {Π𝑥𝑥}, which represent the potential outcomes of a measurement. For instance, when a 

measurement described by the operator 𝑀𝑀𝑥𝑥 is applied to a quantum system in the state, |𝜓𝜓⟩, the probability 
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of obtaining the outcome 𝑥𝑥 is calculated as  𝑃𝑃(𝑥𝑥) = ⟨𝜓𝜓|𝑀𝑀𝑥𝑥
†𝑀𝑀𝑥𝑥|𝜓𝜓⟩. Each operator, Π𝑥𝑥 = 𝑀𝑀𝑥𝑥

†𝑀𝑀𝑥𝑥, 

corresponds to an outcome, and they collectively satisfy the condition ∑ Π𝑥𝑥𝑥𝑥 = 𝐼𝐼, where 𝐼𝐼 is the identity 

matrix (25, 229). POVMs and their applications in quantum information processing (230), non-locality of 

quantum states (231), optimal quantum-state tomography (232), quantum state discrimination (233) as well 

as in quantum metrology (202) have been theoretically studied. However, implementing them 

experimentally in any optical system is still a challenge (234). In classical schemes, optimizing interference 

operations may not be essential because it is possible to increase light intensity via optical amplification. 

However, in the quantum realm, such optimizations are not possible. In such scenarios, engineering 𝐶̂𝐶 or, 

in other words, controlled quantum walks, becomes important as it allows us to achieve quantum 

interference involving all the photons in the initial state, thus providing POVMs. 

Here, we explore a controlled quantum walk, where the evolution of light pulse is influenced by an 

external control mechanism (coupling ratio of optical switch), to employ a measurement scheme and 

achieve quantum interference of high-dimensional time-bin entangled states. The term ‘controlled’ refers 

to the manipulation of external parameters to guide the evolution of the quantum walk, providing a 

programmable behavior compared to standard DTQW. A conventional DTQW in a coupled fiber loop 

system produces the characteristic pattern depicted in Fig. 4.9 (c).  However, by exploiting the dynamic 

capabilities of an optical switch (Fig. 4.8), one can tailor the pulse propagation to investigate intriguing 

interference effects across various time modes. 

The coin operator, which describes the optical switch, takes different settings based on the target 

quantum walk scheme. Recalling Eq. 4.2.4, these settings can be implemented by modifying the rotation 

parameter, 𝛼𝛼. To employ a controlled quantum walk, three coin operations are introduced, i.e., for 𝛼𝛼 = 𝜋𝜋
2

,
𝜋𝜋
4

, and 0, which gives the Reflection 𝑅𝑅�, Fourier 𝐹𝐹�, and Transmission 𝑇𝑇�  coin operations, respectively, such 

that: 

𝑅𝑅� = �1 0
0 1�   𝐹𝐹� = 1

√2
�1 𝑖𝑖
𝑖𝑖 1�  𝑇𝑇� = �0 𝑖𝑖

𝑖𝑖 0�  (4.2.6) 

When a light pulse residing in the long loop reaches the optical switch, if 𝐶̂𝐶(𝑥𝑥, 𝑡𝑡) = 𝑇𝑇� , a light pulse 

shifts from a long to a short loop, while for 𝐶̂𝐶(𝑥𝑥, 𝑡𝑡) = 𝑅𝑅�, it remains in the residing loop, that is, the long 

loop. Similarly, if the light pulse is in the short loop, 𝐶̂𝐶(𝑥𝑥, 𝑡𝑡) = 𝑇𝑇�  shifts it from a short to a long loop (Fig. 

4.10 (a)), whereas 𝐶̂𝐶(𝑥𝑥, 𝑡𝑡) = 𝑅𝑅�, let the light pulse to remain in the short loop (Fig. 4.10 (b)). When the coin 

operator is set to 𝐹𝐹�, the optical switch functions as a 50-50 beam splitter and equally splits the light pulse 

into long and short loops (Fig. 4.10 (c)). The functions of operators are summarized in Table 4.1. These 

operations are utilized to control the quantum walk and to provide an optimal measurement for phase 
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sensing problems in quantum metrology. This contrasts with the scheme mentioned above where the optical 

switch acts solely as a 50-50 splitter, thus enabling the realization of only one coin operation, 𝐹𝐹�. After 

several time-steps (referred to as roundtrips in a coupled-fiber loop system), the evolution operator of the 

final state is given by, 

|𝜓𝜓𝑛𝑛⟩ = �𝑈𝑈��𝑡𝑡|𝜓𝜓⟩ = �𝑆̂𝑆𝐶̂𝐶�𝑡𝑡|𝜓𝜓⟩.     (4.2.7) 

 

Fig. 4.10:  Operators and functions. The panels above show the pulse shift when various operators act on them, where 
the red (blue) arrow indicates a short (long) loop. Here, we assume that the light pulse enters through the short 
loop. When the 𝑹𝑹� (a) and 𝑻𝑻� (b) operators act on the pulse in position 𝒙𝒙 = 𝟎𝟎, the pulse moves to 𝒙𝒙 = −𝟏𝟏 and 
𝒙𝒙 = 𝟏𝟏, respectively. c) When a light pulse acts under 𝑭𝑭� (which resembles a 50-50 beam splitter), it splits equally 
and take the positions at 𝒙𝒙 = −𝟏𝟏 and 𝒙𝒙 = 𝟏𝟏. 

 
 

Table 4.1: Operators and functions 

Operator Function 

Transmission (𝑇𝑇�) Sends photons from one loop to the other 

Reflection (𝑅𝑅�)  Keeps photons in the same loop 

Fourier (𝐹𝐹�) Acts as a 50-50 coupler, where 50% of photons is sent 

to both loops 
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4.3 Results and Discussion 

This section presents the experimental setup and main results of the characterization of time-bin 

entangled states. The coupled-fiber loop system was utilized for the generation and processing of the 

entangled state, along with photon statistics to analyze the correlation of entangled photons.  

4.3.1 Experimental setup 

One of the most common methods to generate and characterize time-bin entangled states is via the 

use of MZIs. The wavefunction of a time-bin entangled quantum state is presented in Eq. 4.2.2. 

Interferometers allow for the creation of photonic superpositions, a key aspect for the measurement of 

entanglement in the temporal domain. This is enabled by mixing early and late time modes, via carefully 

engineering of the interferometric design such that the photons are temporally indistinguishable. The 

interferometers required for the generation and processing of time-bin and used in the experimental setup 

(Fig. 4.11) are realized using the coupled-fiber loop system described in Section 4.2.2.1. The procedure for 

entanglement generation is as follows: i) preparation of indistinguishable classical pulses to pump the 

nonlinear medium, here, PPLN; ii) generation of signal and idler photon pairs via SPDC in PPLN; iii) 

encoding of photon pair states and their subsequent processing for two-photon quantum interference 

measurements; and iv) detection of interferometric outcomes using state-of-the-art superconducting 

nanowire single-photon detectors in conjunction with high-speed time tagging modules. 

The classical pump pulses were obtained from a tunable laser with a center wavelength of 1549.7 

nm, a repetition rate of 10 MHz and a pulse width of~10 fs. The laser featured two outputs: the primary 

output was utilized as the pump, and the secondary output served as a trigger for an acousto-optic modulator 

(AOM). The AOM was connected in series with the laser for pulse picking, enabling tunability of the laser 

repetition rate. In this experiment, the repetition rate was tailored to match the length of the coupled fiber-

loop system to allow for convenient quantum state processing, as well as to minimize crosstalk between the 

different temporal modes in the setup. The operation of the AOM was controlled by a cosine wave generated 

via an arbitrary function generator, which was amplified by an RF power amplifier at the required frequency 

for the desired repetition rate. The AOM was then attached to a 90-10 beam splitter, where the output of 

the 90% port was used for the experiment, while the 10% port was detected using a photodiode. The trigger 

from this photodiode was used for the time synchronization of all the active devices in the experiment. 

The coupled fiber-loop system is described in Section 4.2.2.1. The main advantage of employing 

such a system lies in its ability to facilitate a controlled light walk which allows for the processing of 

quantum states. This is critical for lowering the losses of the scheme, a valuable benefit for realizing 

practical quantum photonic processing stages. A full description on the controlled light walk scheme is 
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described in Section 4.2.2.2. The system comprised two fiber-loops of different lengths, long (blue color) 

and short (brown color) loops of lengths of ~120 m and ~100 m, respectively. Therefore, photons in the 

long and short loops take 600 ns and 500ns, respectively, to complete a roundtrip. The two loops were 

coupled together with a dynamic optical switch (BATi). The light flow in and out of the loops were 

controlled by two additional dynamic optical switches, labeled as gates 1 and 2. The transmission and 

reflection ratios of all optical switches were tuned by an external applied voltage for them to either act as a 

full reflector or transmitter, or as a 50-50 beam splitter. We recall that reflection and transmission settings 

on the dynamical coupler cause the light to either transfer to the other loop or to stay in the residing loop, 

respectively. The signals controlling the optical switches were generated by function generators 

synchronized with the laser frequency and triggered by the 10% output of the AOM. For the generation of 

a classical pulse doublet, a single light pulse from the laser underwent two roundtrips with the optical switch 

set to operate as a 50-50 beam splitter. The pulse doublet exited the fiber-loop through gate 1, which was 

directed to a 90-10 beam coupler, where the output from the 10% port was used to monitor the output pulse, 

while that from the 90% port was employed to pump the source of entangled photons after amplification.  

The classical pump doublet was injected into the entangled photon source after passing through a 

notch filter centered at 1549.7 nm. The source was a pair of PPLN waveguides: the first waveguide (PPLN1) 

served as an up-conversion module in the telecommunications C-band through SHG, and the second PPLN 

(PPLN2) behaved as a photon pair source due to SPDC. The SHG process in PPLN1 resulted in the 

generation of ~775 nm wavelength light which was used to excite PPLN2. The pump wavelength was 

mitigated by a 775 nm bandpass filter prior to the SPDC process. Here, owing to type-0 SPDC, broadband 

entangled signal and idler photon pairs were generated in the telecom band. The photons were filtered using 

a 1550 nm bandpass filter, which provided effective suppression of the SHG wavelength components. Note 

that both PPLN waveguides were optimized in terms of temperature to provide maximum nonlinear 

conversion efficiency in the classical (SHG) and quantum (SPDC) domains, confirmed via SHG power as 

well as single-photon detection measurements, respectively.  

To enable the required encoding to the time-bin entangled states, a relative phase between the early 

and late temporal modes was applied using an electro-optic phase modulator to the classical pulse doublet.  

A reference signal which was configured as a step function ranging from 0 to 3.3 V imparted a phase 

difference from 0 to 𝜋𝜋 rad onto the entangled state. This phase encoded quantum state was then directed 

back into the coupled-fiber loop system for processing, employing the controlled walk schemes outlined in 

Sections 4.3.2 and 4.3.3. The processed quantum state was then extracted through gate 2 for subsequent 

detection.  
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The detection part included a dense wavelength-division multiplexer (DWDM) featuring a channel 

bandwidth of 200 GHz. The DWDM separated the signal and idler photons according to their wavelengths 

through ITU channels H38.5 (1546.72 nm – 1549.32 nm) and H30.5 (1553.33 nm – 1552.52 nm), 

respectively. The photon states were detected by single-photon detectors backed with time-tagging 

electronics triggered by the AOM signal. It is important to note that the entanglement generation and 

processing setups were realized on an all-fiber platform using polarization-maintaining components and 

off-the-shelf fiber-optic telecom instrumentation. 

 

 

Fig. 4.11: Experiment setup. The repetition rate of the output from the fs laser is reduced to 181.81 kHz using an acousto-
optic modulator (AOM). Such pulses are sent to the loop system to generate two classical pulses for state 
preparation. These are then propagated through the periodically poled lithium niobate (PPLN) crystals for the 
generation of a pair of correlated photons in two time bins, t1 and t2. The PPLN1 crystal generates second 
harmonic light that is used by the second PPLN2 crystal for spontaneous parametric down conversion (SPDC), 
from which correlated photon pairs are generated. The entangled state is then fed to the phase modulator for 
phase encoding. The phase encoded time-bin entangled photons are then allowed to interfere in the fiber-loop 
system. The interfered peaks at various phases are sent to a dense wavelength-division multiplexer (DWDM) 
to separate signal and idler photons. Such photons are detected by the state-of-art single photon detectors. (31) 

  



83 
 

4.3.2 Generation and processing of Two-dimensional time-bin entangled states  

Preparation of classical pulses 

The preparation of the classical pulses for the generation of time-bin entangled photons and the 

processing of the generated entangled state were done in the same coupled loop system. The repetition rate 

of the pump source was reduced to 181.81 kHz using the AOM to account for the beam propagation time 

through the long fiber loops. The pump pulse was then spectrally filtered to a bandwidth of ∆𝜏𝜏 = 0.208 nm 

prior to its injection into the coupled fiber-loop system.  

For its preparation, the classical double pulse was sent to the coupled fiber-loop system by opening 

gate 1, where it could be prepared through two different methods.  

Method 1: As described in Sections 4.2.2 and 4.3.1, this method involved setting the optical switch at a 

constant 50:50 transmission-reflection (T-R) ratio. After two roundtrips, two classical pulses were 

extracted, while gates 1 and 2 remained closed throughout the process.  

Method 2: This approach utilized a controlled quantum walk, incorporating Fourier (𝐹𝐹�), Transmission (𝑇𝑇�) 

and Reflection (𝑅𝑅�) operations. When the initial light pulse entered the coupled fiber-loop system through 

gate 1, the optical switch was set at a 50:50 T-R ratio (𝐹𝐹�), evenly splitting the pulse between the long and 

short loops. During the second roundtrip, the pulse in the short loop advanced by 100 ns relative to the pulse 

in the long loop, due to the inherent delay between the loops. By opening the optical switch (𝑅𝑅�) and 

promptly closing it (𝑇𝑇�), the pulse in the short loop was reflected into the long loop, while the pulse in the 

long loop continued its original propagation. The resulting pair of classical pulses in the long loop was then 

extracted through gate 1. 

For both methods, the output state of the photon can be written as (200) 

|𝜓𝜓⟩𝑃𝑃 = 1
√2

(|1,0⟩ + |0,1⟩)    (4.3.1) 

The state |1,0⟩ (|0,1⟩) corresponds to the case where one photon is in the first (second) time bin. These 

classical double pulses were passed through an electro-optic phase modulator to encode phase 

information, 𝜙𝜙 ∈ (0,𝜋𝜋). After phase encoding, the pulses were directed back into the coupled fiber-loop 

system for classical interference characterization, with the processed state subsequently detected by a 

photodetector. 

To generate time-bin entangled state, instead of sending the classical doublet to phase modulator, 

the pulses were amplified, filtered, and then directed to the pair of PPLN waveguides.  

Preparation of time-bin entangled state 
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A type-0 PPLN waveguide, where all the interacting photons have same polarization, was utilized 

to realize time-bin entanglement. The coherent superposition of a classical double pulse was directed 

through a pair of PPLN waveguides to generate the entangled state. The first PPLN waveguide (PPLN1) 

converted the pump wavelength to ~ 775 nm via second harmonic generation. The frequency doubled output 

was used to initiate a SPDC process in PPLN2. Photon pairs, i.e., signal and idler, were generated in the 

two temporal modes, corresponding to early and late time-bins, represented by 𝑡𝑡1 and 𝑡𝑡2. To eliminate the 

classical beams (pump and SHG light), suitable bandpass and notch filters were employed.  The quantum 

state of the system can be represented by: 

|𝜓𝜓0⟩ = 1
√2

 �|𝑡𝑡1, 𝑡𝑡1⟩𝑠𝑠,𝑖𝑖 + 𝑒𝑒2𝑖𝑖𝑖𝑖|𝑡𝑡2, 𝑡𝑡2⟩𝑠𝑠,𝑖𝑖�    (4.3.2) 

where 𝜙𝜙 is the relative phase encoded between time modes,  𝑡𝑡1 and 𝑡𝑡2.  

One-dimensional discrete time quantum walk  

Fig. 4.12 illustrates the uncontrolled and controlled schemes used in the experiment. Initially, the 

time-bin entangled state was injected into the coupled-fiber loop system through gate 2, as depicted in the 

experimental setup. The early and late time-bins were positioned at  𝑥𝑥 = −1 and 𝑥𝑥 = 1 in the synthetic 

photonic lattice, respectively. 

In the uncontrolled scheme (Fig. 4.12 (a)), when the entangled state reached the optical switch, the 

operation 𝐹𝐹� was applied to both the early time-bin, 𝑡𝑡1, and late time-bin, 𝑡𝑡2, for two roundtrips. After the 

first roundtrip, photons in the early time bin could be positioned either at 𝑥𝑥 = −2 or 𝑥𝑥 = −1, while photons 

in the late time-bin could be at either 𝑥𝑥 = 0 or 𝑥𝑥 = 1. In the following roundtrip, photons at positions 𝑥𝑥 =

−1  and 𝑥𝑥 = 0  arrived at the optical switch simultaneously, resulting in quantum interference and 

distributing interference components between 𝑥𝑥 = −1 and 𝑥𝑥 = 0. The interfered component at 𝑥𝑥 = −1, 

along with the side peaks at 𝑥𝑥 = −3 and 𝑥𝑥 = 3, was directed to the detection stage. The resulting single-

photon histogram is demonstrated in Fig. 4.12 b). The middle peak, containing the coincidence events, was 

post-selected and analyzed to measure the quantum interference.  

For the controlled scheme (Fig. 4.12 (c)), during the first roundtrip, the two coin operations, 𝑇𝑇�  and 

𝑅𝑅� governed the propagation of early time-bin, 𝑡𝑡1, and late time-bin, 𝑡𝑡2, at the optical switch. 𝑇𝑇�  directed 𝑡𝑡1 

to the long loop, while 𝑅𝑅� directed 𝑡𝑡2 to the short loop, positioning 𝑡𝑡1 at 𝑥𝑥 = −1  and 𝑡𝑡2  at 𝑥𝑥 = 1 in the 

synthetic photonic lattice. In the second roundtrip, the coin operator 𝐹𝐹� acted on both 𝑡𝑡1 and 𝑡𝑡2. The 

impossibility to distinguish at which time the photons pass the optical switch led to quantum interference. 

The interfered components were distributed between the short loop at position 𝑥𝑥 = −1 and the long loop at 

position 𝑥𝑥 = 1. The interfered component in the short loop was then sent to the detection stage. The single-
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photon histogram (Fig. 4.12 (d)) showed only one peak, indicating that all the photons contributed to 

quantum interference and that the coincidence events could be extracted without post-selection.  

Subsequently, the signal and idler states were separated utilizing a DWDM from the evolved state 

and were detected by state-of-the-art single-photon detectors. The arrival times of the signal and idler 

photons were recorded by a time-tagging electronics (Hydraharp). The photon statistics were gathered for 

15 minutes at each phase setting, 𝜙𝜙 ∈ (0,𝜋𝜋) and the coincidence events were recorded for each phase value. 

The quantum interference fringes obtained in uncontrolled and controlled cases are shown in Fig. 4.12 c) 

and f), respectively.  

We demonstrated that the uncontrolled scheme exhibited a significantly lower detection probability 

compared to the controlled scheme due to the distribution of photons across three time-bins. Consequently, 

the controlled scheme increased the coincidence counts from 21 to 77 per minute relative to the uncontrolled 

counterpart. The experimentally obtained data points were fitted using  

𝐶𝐶𝐶𝐶𝑑𝑑=2 = 1+𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐(2(𝜙𝜙+𝑏𝑏))
𝑐𝑐

    (4.3.3) 

where 𝑉𝑉 is the visibility accounting for the noise admixture, and 𝑎𝑎, 𝑏𝑏 and 𝑐𝑐 are constants. The visibilities of 

these fringes can also be computed using,  

𝑉𝑉 = 𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚−𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚+𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚

    (4.3.4) 

where 𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 are maximum and minimum measured coincidences, respectively. The visibilities 

obtained for uncontrolled and controlled DTQW, estimated using the symmetric noise model (235), were 

found to be 97.82% and 96.83%, respectively. These values were well beyond the Bell inequality threshold 

value of 70.71% (203, 205), providing clear evidence of entanglement between the two time bins. 
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Fig. 4.12:  DTQW schemes for Two-dimensional time-bin entangled states a), d), Spatial representations of two 
roundtrips of the DTQW in the coupled fiber-loop system under uncontrolled (a) and controlled (d) schemes. 
The legend in the center introduces the action of the three operators used in the experiment (Fourier (50:50), 
transmission and reflection). b), e), Single-photon histograms. The light-blue box in the single-photon 
histogram represents the interference coincidence window at zero relative time delay taken from the central 
interference bin. c), f), Normalized coincidence counts of entangled photons and classical light intensity (blue 
squares and red circles, respectively) as a function of the relative phase difference (𝜽𝜽) between the time bins. 
Experimental measurements are fitted with theoretical models (blue solid line for entangled qubits and dotted 
red line for classical light). From two-photon quantum interference measurements, raw visibility values of 
97.82% and 96.83% were extracted for the uncontrolled (c) and controlled (d) schemes, respectively. (31, 227) 
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4.3.3 Generation and processing of Four-dimensional time-bin entangled states  

After demonstrating the potential of the coupled fiber-loop system for generating and processing 

two-dimensional time-bin entangled states, the next challenge is to generate and process high-dimensional 

time-bin entangled states.  

Preparation of classical pulses 

Similar to the two-dimensional case, the first step is to generate four classical pulses that are in 

coherent superposition. For the preparation of four classical pulses, the initial seed pulse was sent to the 

coupled fiber-loop system through gate 1. The classical pulses could be prepared through two different 

methods.  

Method 1: The optical switch was kept at a constant 50:50 T-R ratio. After four roundtrips, four classical 

pulses were extracted from the coupled fiber-loop system. To ensure uniform pulse amplitude, the T-R ratio 

of gate 1 (for the middle two pulses) was adjusted based on the amplitude of the pulses generated. 

Method 2: In the second method, a controlled DTQW was employed. For the first two roundtrips, the optical 

switch was set to a 50:50 T-R ratio, generating four classical pulses—two in the long loop and two in the 

short loop. During the third roundtrip, the optical switch was set to 𝑅𝑅�, causing the pulses to continue in their 

respective loops, maintaining a 100 ns time difference between them. During the fourth roundtrip, the 

optical switch was opened (𝑇𝑇�) to send the double pulse from the short loop to the long loop. The optical 

switch was then closed (𝑅𝑅�) to allow the pulses to propagate within the long loop. Finally, the resulting four 

pulses in the long loop were extracted through gate 2. 

Preparation of high-dimensional time-bin entangled state 

Like the generation of two-dimensional time-bin entangled states, the four classical pulses in 

coherent superposition were directed through a pair of PPLN waveguides to create four-dimensional time-

bin entangled states. The resultant quantum state can be represented by  

|𝜓𝜓0⟩ = 1
2

 �|𝑡𝑡1, 𝑡𝑡1⟩𝑠𝑠,𝑖𝑖 + 𝑒𝑒2𝑖𝑖𝑖𝑖|𝑡𝑡2, 𝑡𝑡2⟩𝑠𝑠,𝑖𝑖 + 𝑒𝑒4𝑖𝑖𝑖𝑖|𝑡𝑡3, 𝑡𝑡3⟩𝑠𝑠,𝑖𝑖 + 𝑒𝑒6𝑖𝑖𝑖𝑖|𝑡𝑡4, 𝑡𝑡4⟩𝑠𝑠,𝑖𝑖�  (4.3.5) 

where 𝜙𝜙 is the relative phase encoded between different time modes. 

One-dimensional discrete time quantum walk  

To implement four-dimensional quantum interference measurements, we employed two controlled 

DTQW strategies, referred to as controlled scheme 1 and controlled scheme 2. Fig. 4.13 (a) and (b) illustrate 

the respective controlled schemes employed in the experiment.  
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Initially, the time-bin entangled state was injected into the coupled-fiber loop system through gate 

2 (as shown in the experimental setup). The four time-bins, 𝑡𝑡1, 𝑡𝑡2, 𝑡𝑡3 and 𝑡𝑡4, were positioned at  𝑥𝑥 =

−3,−1, 1 and 3 in the synthetic photonic lattice, respectively.  

Controlled scheme 1: In this scheme, only 𝐹𝐹� and 𝑅𝑅� were applied to various time bins during different 

roundtrips (Fig. 4.13 (a)). For the first two roundtrips, the optical switch was set to 50:50 ratio (𝐹𝐹�), 

distributing photons in four time-bins at positions 𝑥𝑥 = −5,−4,−3,−2,−1, 0, 1, 2, 3,  and 4. During the 

following roundtrip, the optical switch was set to full reflection (𝑅𝑅�), positioning photons at 𝑥𝑥 =

−6,−4,−3,−2,−1, 0, 1, 2, 3, and 5. However, the interfered components at each position were different 

due to the interference between different time-bins. In the final roundtrip, the optical switch was set at 𝐹𝐹�, 

resulting in a total of 14 time-bins, with interfered components of all four time-bins mixed at 𝑥𝑥 = −1 and 

𝑥𝑥 = 0. The time-bins in the short loop were then extracted through gate 2 and directed to the detection 

stage, as shown in Fig. 4.13 (b). To measure coincidences between the signal and idler photons, the central 

mode of seven time-bins was post selected.  

Controlled scheme 2: This controlled DTQW scheme, shown in Fig. 4.13 (c), used all three control 

operations. In the first roundtrip, the optical switch directed the first two time-bins (𝑡𝑡1 and 𝑡𝑡2) into the long 

loop by applying 𝑇𝑇� , while the remaining two time-bins (𝑡𝑡3 and 𝑡𝑡4) stayed in the short loop due to the 

application of 𝑅𝑅�. This positioned 𝑡𝑡1 and 𝑡𝑡2 at 𝑥𝑥 = −3, and −1, respectively, while positioning 𝑡𝑡3 and 𝑡𝑡4 at 

𝑥𝑥 = 0 and 2. During the second roundtrip, the coupler was set to full reflection (𝑅𝑅�), allowing the time-bins 

to propagate in their respective loops. During the final two roundtrips, 𝐹𝐹� was applied to photons at all 

positions. This resulted in distributing the interfered components at positions 𝑥𝑥 = −3,−2,−1,0, 1 and  2, 

with interfered components at 𝑥𝑥 = −1 and 𝑥𝑥 = 0 containing the interference from all four time-bins. The 

components in the short loop were then extracted through gate 2 and sent to the detection stage. Finally, the 

central mode, containing the information, was post-selected from the three output modes.  

The interference fringes obtained for both controlled schemes are shown in Fig. 4.13 (b and d). 

Controlled scheme 2 yielded 8.3 counts per minute, while controlled scheme 1 resulted in 4.5 counts per 

minute. This shows that the controlled scheme 2, increased the coincidence detection probability due to 

efficient mixing of photons, compared to controlled scheme 1.  

We fitted the experimental data with the following equation: 

𝐶𝐶𝐶𝐶𝑑𝑑=4 = 4+2𝑉𝑉𝑑𝑑=4(3𝑐𝑐𝑐𝑐𝑐𝑐(2(𝜙𝜙+𝑏𝑏)+2𝑐𝑐𝑐𝑐𝑐𝑐(4(𝜙𝜙+𝑐𝑐)+cos (6(𝜙𝜙+𝑑𝑑))
𝑒𝑒

   (4.3.6) 
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where 𝑉𝑉𝑑𝑑=4, 𝑏𝑏, 𝑐𝑐,𝑑𝑑, and 𝑒𝑒 are fitting parameters. The controlled scheme 1 and 2 procedure yielded raw 

visibilities of 91.55% and 89.51%, respectively, both surpassing the threshold of 81.70% necessary to 

violate the Collins-Gisin-Linden-Massar-Popescu (CGLM) inequality (151, 205).  

 These results highlight a significant advantage of our system in generating and processing high-

dimensional time-bin entangled states. By leveraging the programmability of the optical switch, we were 

able to manipulate and process entangled states, thus opening the door to investigating various quantum 

walk protocols, leading to more complex processing with promising applications in quantum technologies. 

 

 
 
Fig. 4.13:  DTQW schemes for Four-dimensional time-bin entangled states a) ,c), Spatial representations of four 

DTQW roundtrips: the coupled fiber-loop system under roundtrip-wise controlled scheme 1 (a) and roundtrip- 
and synthetic position-wise controlled scheme 2 (c). Coincidence counts are measured at the central time bin 
coincidence window of the fiber loop’s interference output, and at zero photon time delay. b), d), Normalized 
coincidence counts of four-level entangled photons and classical light intensity (blue squares and red circles, 
respectively) as a function of the relative phase difference (θ) between the time bins. Experimental 
measurements are fitted with theoretical models (solid blue line for entangled qudits and dotted red line for 
classical light). From two-photon quantum interference measurements, raw visibility values of 91.55% and 
89.61% were extracted for scheme 1 (b) and scheme 2 (d), respectively. (31, 227) 
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4.4 Conclusion 

This chapter of the thesis focused on the experimental investigation of quantum interference by 

processing two and four-dimensional time-bin entangled states via quantum walk protocols. The main 

objective of this project was to demonstrate that quantum walk schemes in a synthetic photonic lattice with 

judiciously tailored coin operations can be used for generating high-dimensional quantum state and its 

(efficient) processing.  

 This objective was conceptualized and implemented through a controlled quantum walk within a 

synthetic photonic lattice in the temporal domain. The synthetic photonic lattice was realized through a 

coupled fiber-loop system, which served as the heart of the experiment. The experiment to investigate high-

dimensional quantum interference consisted of four main steps: 1) generation of classical pulses, 2) 

generation of time-bin entangled states and phase encoding, 3) processing stage that involved various 

controlled quantum walks and finally, 4) the detection stage. After the processing of time-bin entangled 

state, the photon statistics of output signals were collected, and their respective visibilities were determined. 

Additionally, for the first time, a proof-of-concept experiment showcasing the potential of a synthetic 

photonic lattice in the temporal domain for quantum information processing was demonstrated through this 

study.  

The experimental results presented in this chapter contribute to the development of photonic quantum 

technologies, as well as their real-world applications. The coupled fiber-loop system with controlled DTQW 

will provide a versatile platform for various quantum technologies, by enabling the implementation of 

POVMs. Apart from its application in quantum communication (16, 200), controlled quantum walk scheme 

will find a host of applications in quantum metrology (22, 23, 202), non-locality of quantum states (231), 

quantum state discrimination (236), quantum tomography (237), and coherent controls (238). For example, 

extending the presented controlled DTQW for two-level time-bin entangled state enables the construction 

of a POVM (Π𝑗𝑗) consisting of four positive operators that satisfy the condition ∑ Π𝑗𝑗𝑗𝑗 = 𝐼𝐼. In addition, the 

system could be tailored to obtain post-selection loop-hole free Bell violation as presented in (239) for two 

or higher dimensional time-bin entangled states. Furthermore, the results presented in this chapter will open 

new avenues, providing a compact and flexible tool, for studying a variety of different topological quantum 

walks, and for exploring rich quantum dynamics that have not yet been experimentally investigated. 



 

 

5 Conclusion and Outlook 

This thesis investigated the role of photon statistics in two key areas: the characterization of 

thresholdless nanolasers and the characterization of time-bin entangled states. Through second-order 

correlation measurements, we demonstrated the limitations of classical techniques in defining nanolaser 

threshold behavior and introduced a more precise method for assessing their emission properties. Similarly, 

by leveraging quantum walks in synthetic photonic lattices, we successfully generated and processed high-

dimensional time-bin entangled states, enabling precise entanglement control via a programmable optical 

system. 

These results contribute to both fundamental and applied research in photonics and quantum optics. 

The characterization of thresholdless nanolasers provides critical insights into the development of compact, 

energy-efficient laser sources for integrated photonic applications. Meanwhile, the generation and 

manipulation of time-bin entangled states offer a scalable approach to quantum information processing, 

with potential applications in secure communication, computation, and metrology. 

 A key future direction of this research is the integration of nanolasers into photonic integrated circuits 

(PICs) for quantum applications. By combining advanced photon statistics with innovative experimental 

platforms, this work lays the foundation for the realization of high-performance quantum and classical 

photonic systems, bridging the gap between nanophotonics and quantum optics. Therefore, future efforts 

could focus on overcoming current challenges in integrating nanolasers into PICs, optimizing their 

performance for quantum applications, and further exploring synthetic photonic lattices for quantum 

computing, metrology and communication systems. The continued development of these technologies will 

pave the way for more efficient, scalable quantum systems with a broad impact. 
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APPENDIX A 

English version of French summary 

PHOTON STATISTICS: A VERSATILE TOOL FOR CLASSICAL AND QUANTUM 

APPLICATIONS 

Abstract 

Photon statistics is a branch of physics that involves observing the behavior of single or a small 

number of photons and then aggregating the results through statistical averaging. This process is essential 

to obtain meaningful and reliable data especially in quantum optics research. Photon statistics provides 

valuable information about correlations in the electromagnetic field and characteristics of the type of light 

being measured. For example, second-order correlation function obtained via Hanbury Brown and Twiss 

experiment is the fundamental way to differentiate between coherent, chaotic and quantum light. 

 Moreover, extensive investigations into the quantum properties of light resulted in significant 

progress that allows for precise control of quantum optical systems and sets the stage for genuine quantum 

engineering. This progress extends to applications in confirming the generation of entangled photons and 

exploring their properties for various purposes. The non-classical correlation between the entangled photons 

has resulted in various quantum optical techniques that enable the practical implementation of conceptual 

experiments that probe the core principles of quantum theory. This enhanced control over quantum 

phenomena offers exciting opportunities to explore novel information-processing approaches, with the 

potential to revolutionize technologies rooted in quantum information science. 

Driven by the significance and pivotal role of photon statistics, our research pursuits were directed 

toward two specific domains: the characterization of nanolasers and the characterization of time-bin 

entangled photons. In the first segment, we delve into the realm of metallic coaxial nanolasers, renowned 

for their intriguing threshold-less lasing behavior. Through comprehensive photon statistics analysis, we 

seek to unravel the coherence properties inherent in these nanolasers. Our focus also lies on understanding 

the elusive threshold-less operation, which has remained a subject of debate and intrigue. To evaluate this 

unique lasing characteristic, we conduct rigorous second-order coherence measurements alongside time-

resolved second-order correlation analyses.  

The second segment of this study ventures into the generation and characterization of high-

dimensional time-bin entangled photons, a critical resource for quantum technological applications. We 

simulate a synthetic photonic lattice by employing a coupled fiber-loop system to perform various quantum 

walk schemes to generate and process high-dimensional time-bin entangled states. Our investigation 
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focuses on the quantum interference phenomena through detailed photon statistics analysis, with an 

emphasis on their applications across diverse quantum technologies. 

Through these two interconnected research endeavors, this thesis demonstrates the profound 

significance of photon statistics as a versatile tool, bridging classical and quantum realms, and paving the 

way for advancements in diverse applications, ranging from nanolasers to quantum technologies. 
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1. Characterization of metallic coaxial nanolaser 

Introduction  

The continuous progress in modern society, encompassing fields like health care, education, and 

transportation, heavily relies on our ability to generate, process, transmit, and receive data. Currently, 

electronic devices and circuits play a significant role in achieving these tasks, but they are limited by factors 

such as speed, power consumption, and self-heating effects. To overcome these limitations, the future vision 

involves replacing electronic devices and circuits with photonic counterparts. Fundamental elements for 

any photonic system are the light source. Initially, like the first transistors, early lasers were macroscopic 

devices, occupying a significant physical footprint ranging from centimeters to decimeters. When the size 

of an electromagnetic cavity is reduced relative to the emission wavelength, fascinating physical 

phenomena, specific to such cavities, emerge. For example, early experiments conducted in the radio and 

microwave frequencies showed that the spontaneous emission rate of atoms within a cavity could be either 

enhanced or inhibited compared to their emission rate in free space. This change in the spontaneous 

emission rate is found to be influenced by the cavity's geometry in addition to the orientation and spectra 

of the atoms. This phenomena, known as the Purcell effect has significant applications, including diode 

lasers with improved modulation bandwidth, enhanced energy efficiency, and thresholdless lasing. 

A desirable nanolaser must have ultra-low threshold and exhibit subwavelength dimensions in all 

three directions, both in its physical size and the confinement of its optical mode. Such devices are crucial 

for various practical applications, including highly integrated chip-scale photonic circuits, displays, and 

sensors. Various architectures of small-scale lasers, including VCSELs, micropillar lasers, photonics crystal 

lasers, etc. have been introduced. However, for some the overall structure remains relatively large, while 

for others the modes are not well confined to their active regions and can extend beyond the physical 

boundaries of the cavity, leading to undesirable mode coupling between neighboring devices.  

Metal-clad nanolasers, introduced in the late 2000s, have revolutionized this field by enabling both 

subwavelength physical footprints and mode volumes. In metals, the excited modes are known as surface 

plasmon polaritons (SPPs), which consist of a photon coupled with a collective oscillation of electrons. 

SPPs have an effective wavelength that is shorter than the wavelength in free space. This allows for the 

confinement of electric fields at subwavelength scales. The metal cladding effectively guides optical modes, 

allowing for precise design of the cavity to channel most of the spontaneous emission into the lasing mode 

resulting in high 𝛽𝛽 values, which describes the degree of utilization of spontaneous emission into the lasing 

mode, giving rise to thresholdless lasing. However, it is important to note that nanolasers do have a 

threshold and should not be confused with hypothetical zero threshold. The threshold of these lasers cannot 

be determined by usual classical approaches, such as linewidth narrowing or Light input - Light output 
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curve (𝐿𝐿 − 𝐿𝐿 curve). Therefore, we need to utilize second-order correlation measurements (𝑔𝑔2(0)) carried 

out through Hanbury Brown and Twiss (HBT) setup to determine the actual threshold. This function 

depends on the nature of the light source and is independent of the input or the output power. 

Metallic coaxial nanolaser 

 In our studies, we used a metallic coaxial nanolaser with the dimensions of Rcore = 65 nm and 

∆ = 285 nm (the schematic of the metallic coaxial nanolaser is shown in Fig. 1).  The laser comprises a 

metallic rod (Rcore) surrounded by a silver metal-coated semiconductor ring, which acts as an effective heat 

sink, aiding the lasing process under optical pumping,  and gain medium, which consists of six vertically 

stacked alternating layers in the form of rings of  

Inx=0.56Ga1-xAsy=0.938P1-y and Inx=0.734Ga1-xAsy=0.57P1-y with 10 nm and 20 nm thickness, respectively. The 

quantum well system featuring a total height of ℎ = 260 nm is protected by SiO2 (30 nm), and InP (10 nm) 

for the top layer, as well as an air plug (20 nm) at the bottom. The top and bottom sides, terminated by a 

SiO2 plug and air, respectively, enhance mode confinement. Additionally, the SiO2 layer prevents the 

formation of unwanted plasmonic modes at the interface, while the lower air plug enables optical pumping 

and out-coupling of light. This coaxial cavity exhibits several promising properties of an “ideal” nanolaser, 

including the capability to support ultra-small confined modes despite being subwavelength. 

 

 

Fig. 1:  Schematic of a metallic coaxial nanolaser. The system is shaped like a pillar consisting of InGaAsP multi-
quantum-wells, surrounding a plasmonic metal core. The top and bottom sides are terminated by a SiO2 plug 
and air, respectively, to enhance mode confinement.  

 

The sample containing the metallic coaxial nanolasers was cooled to cryogenic temperatures (77 K) 

and maintained at a pressure of 10-2 mbar.  This helped to overcome metal losses by reducing Joule losses 

and increasing the achievable semiconductor gain thereby improving the performance of metallic coaxial 
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nanolaser. Consequently, the number of emitted photons was high enough for our single photon detection 

scheme.   

Experimental setup 

The metallic coaxial nanolaser was pumped optically by a Q-switched 1064 nm laser with pulse 

width 5-ns at a repetition rate of 1 MHz. An attenuator was installed in order to control the input power 

delivered to the metallic coaxial nanolaser without changing the pump laser gain conditions. A detailed 

illustration of the experimental setup is shown in Fig. 2. 

The experimental setup features a kinematic mirror, which directs the coupled output of the metallic 

coaxial nanolaser either to a monochromator or to an HBT setup. The former characterizes the spectral 

properties including spectrum and linewidth, utilizing a monochromator in addition to the analysis of 𝐿𝐿 −

𝐿𝐿 curve. The latter studies the coherence properties and temporal dynamics of the nanolaser emission. The 

HBT configuration consisted of a pair of highly sensitive superconducting nanowire single photon detectors 

and read out with an electronic time tagger, which were positioned after the 50:50 non-polarizing beam 

splitter. In the latter path, the light was passed through a diffraction grating and a slit prior to the 𝑔𝑔2(0) 

measurement for spectral filtering and eliminating any pump leakage.  

 

 

Fig. 2:  Experimental setup for photon statistical coherence and spectral measurements. The sample containing 
the nanolasers is held at the focus of an objective lens. The emission from the metallic coaxial nanolaser is 
directed to three separate beam lines (CCD near-infrared camera, spectrometer or single photon detectors). The 
sample is cooled down to 77 K (cryo chamber and cooling feed not shown). The optical pumping scheme could 
be varied between CW operation or pulsed mode with various pulse repetition rates, durations and shapes. 
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Results   

The micro-PL measurement setup was used to do classical measurements. The metallic coaxial 

nanolaser was excited using a pulsed laser. We varied the average input power between 45 𝜇𝜇W and 750 

𝜇𝜇W. The emission was collected and send to the monochromator. Initially, the spectral data was collected 

and emission wavelength was found to be ~1300 nm. Moreover, we observed a blue-shift with increasing 

power, which has been attributed to the saturation of energy states in the quantum well induced by the 

localized carriers. With increasing pump powers, along with the saturation of quantum states, free carriers 

tend to spill out from these states, causing a blue-shift of the PL emission. In addition, we measured the 

linewidth of the nanolaser emission, which increased with increasing input power. This broadening could 

be the result of refractive index fluctuations related to the carrier density and self-heating effect.   

We also plotted the 𝐿𝐿 − 𝐿𝐿 curve for the coaxial nanolaser, where output power is obtained by 

integrating the spectral power density over the entire PL peak as a function of average input power. Instead 

of a typical ‘𝑆𝑆’ shaped curve, we observed a linear behavior without any pronounced kink. The absence of 

a kink is typical of high-𝛽𝛽 lasers and agrees well with the hypothesis of thresholdless lasing. However, the 

concept of thresholdless operation based on 𝐿𝐿 − 𝐿𝐿 curve is a subject of debate and therefore, we performed 

photon statistics measurements to study its thresholdless behavior. 

 

 
Fig. 3:  a) Decrease of the central wavelength for increasing values of the average input power. The inset shows the PL 

spectra at two different input pump powers. b) Normalized input-output power graph of the metallic coaxial 
nanolaser in a logarithmic scale. Notably, there is no threshold-like lasing behavior emerging from these 
measurements.  

 

Following the classical nanolaser characterization, we performed pulsed HBT measurements to 

determine the photon statistics. First, we averaged the second-order correlation function over the full pump 

pulse as it is typically done. The 𝑔𝑔2(0) for various input powers was determined. We observed that even 
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though the 𝐿𝐿 − 𝐿𝐿 curve showed thresholdless emission, the nanolaser does pose a threshold. As the input 

power increased, there was a transition from chaotic to coherent emission of photons from the nanolaser. 

The chaotic emission in the lower input pump regime is due to spontaneous emission which gradually starts 

lasing at the threshold. From the HBT measurement, the threshold was determined to by at ~400 𝜇𝜇W, where 

the value of 𝑔𝑔2(0) reached near unity. A slight deviation from unity was observed even for higher input 

powers because of amplitude fluctuations in the pump pulse.  

In addition, the width of the normalized correlation peak for different pump powers was determined 

to track the transition form thermal to coherent behavior because the FWHM is influenced by the pump 

pulse, and lifetime of the photons. We observed that initially, the width of the peak narrows as the pump 

intensity increases in the spontaneous emission regime, and falls to minimum in the amplified spontaneous 

emission regime. For input powers above the threshold, the FWHM broadened and then again narrowed 

down for higher pump powers due to heating effects.  

 

 

Fig. 4:  a) Example of a 𝒈𝒈𝟐𝟐(𝟎𝟎) measurement above and below threshold. b) Second-order correlation function values 
𝒈𝒈𝟐𝟐(𝟎𝟎) plotted for varying pump power. c) FWHM of the correlation peaks as a function of average power. d) 
The FWHM of the autocorrelation trace as a function of the pump power obtained from the rate equation model. 
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Furthermore, we conducted a detailed investigation of the time-resolved second-order correlation 

function (𝑔𝑔2(𝑡𝑡, 𝜏𝜏 = 0)) within the duration of the emitted pulse from the metallic coaxial nanolaser, using 

narrower time windows across the entire pulse temporal envelope. We mapped out the transition from a 

thermal to a coherent response of the emitted pulses within the pulse envelope at various input power levels, 

without the need for additional spectral filtering. We observed that the leading edge of the pump pulse 

generates carriers in the higher quantum well or barrier states and these carriers rapidly relax into the lower 

quantum well states yielding spontaneous emission (𝑔𝑔2(0)  >  1). As the intensity of the pump pulse 

increases in time, population becomes sufficiently strong and the system is driven into the regime of 

coherent emission (𝑔𝑔2(0) = 1). Since nanolaser cavities have an ultrafast response, at the trailing edge of 

the pulse envelope, (where the intensity of the pump pulse is low), spontaneous emission dominates over 

the coherent emission, leading to 𝑔𝑔2(0)  >  1. Moreover, for higher excitation densities, stimulated 

emission is maintained for a longer time resulting in an asymmetry in the time resolved data. 

 

 

Fig. 5:  a) Schematic of the expected photon statistic as a function of the emitted pulse’s temporal envelope shown for 
two cases, above and below threshold. b) 𝒈𝒈𝟐𝟐(𝝉𝝉) evolution from a thermal (photon bunching) to a coherent 
behavior scanned over the emitted pulse length. 

 

In summary, our investigation involved classical characterization and photon statistics to 

comprehensively study the emission properties of a thresholdless nanolaser. It became evident that 

conventional methods like the 𝐿𝐿 − 𝐿𝐿 graph and spectral characterization were insufficient, and photon 

statistics emerged as the key approach to extract the nanolaser's emission behavior. Our findings indicate 

that the emission from the nanolaser, even at higher input powers, comprises a combination of spontaneous 

and stimulated emission. 
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2. Characterization of time-bin entangled state 

Introduction 

The enhanced control over quantum phenomena, due to advancements in the field of quantum 

engineering, offers exciting opportunities to explore novel information-processing approaches with the 

potential to revolutionize technologies rooted in quantum information science. One of the most important 

resources in quantum technology is entanglement. Entanglement is a purely quantum phenomenon which 

refers to the correlation between two or more quantum systems where the state of one system cannot be 

described independently of the other. This phenomenon offers unique advantages in quantum information 

science, including quantum computation, quantum communication, quantum simulation, and quantum 

metrology. Entanglement provides the key to achieve ‘quantum supremacy, particularly in systems utilizing 

qubits. A qubit, a two-level system, is the basic unit of information in quantum technology. 

Quantum information can be encoded in various physical systems, including Rydberg atoms, trapped 

ions, solid-state defects, polar molecules, superconducting circuits, and photons. Among these, photons are 

particularly suitable due to their advantageous properties such as high speed, minimal interaction with the 

environment, long coherence times, and well-established technologies for their generation, manipulation, 

and detection. Moreover, they possess many external as well as internal degrees of freedom. Internal 

degrees of freedom include polarization, orbital angular momentum, frequency and generation time, while 

the external degrees of freedom include the spatial position and the path traveled by a photon. Consequently, 

the development of experimental techniques to generate suitable quantum photonic states becomes crucial 

for practical applications.  

Early experiments using polarization, optical paths, and orbital angular momentum modes were 

performed in free space. However, the development of fiber-based telecommunications has led to 

exploitation of robust and fiber-compatible degrees of freedom, such as frequency and time. The concept 

of using time-bins to carry quantum information was first proposed in 1989 and subsequent experiments 

successfully demonstrated two-dimensional time-bin entanglement. To create entanglement between two 

photons and encode quantum information in the time-bin domain, two indistinguishable laser pulses 

separated by a fixed time difference are utilized. Each laser pulse generates photon pairs using a nonlinear 

light sources such as spontaneous parametric down-conversion (SPDC).  

For applications like quantum communication or quantum computation, high-dimensional quantum 

system, or qudits, offer advantages over qubits due to their higher information capacity, enhanced security 

and resilience to noise. Therefore, high-dimensional quantum entanglement provides a rich area for both 

fundamental research and technological innovation.  
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In principle, the dimensionality of the time-bin entangled states can be scaled up by increasing the 

number of indistinguishable pulses. However, characterization of high-dimensional entangled states 

requires estimation of numerous parameters, such as the multiple phase values that arise from delays 

between pulses. The estimation process demands a large number of measurements, which becomes 

impractical as dimensionality increases. Experimental limitations further constraints efficient entanglement 

processing. The setup for their characterization typically involves the utilization of cascaded unbalanced 

interferometers, where each interferometer measures the phase between two time-bins. Thus, an N-

dimensional time-bin entangled states requires N − 1 interferometers, which becomes infeasible for large 

N. Moreover, this results in significant experimental complexity and cost. Therefore, efficient and 

innovative methods to generate and process high-dimensional time-bin entangled states, particularly in 

optical fibers, are crucial for practical quantum communication. 

In optical fiber networks, the generation and processing of high-dimensional time-bin entangled 

states can be realized through quantum walks. Quantum walks, the quantum analog of the classical random 

walks, rely on interference and superposition. As a generalized measurement device, they effectively 

describe the transport of entangled photons in optical fiber networks. For example, a coupled fiber loop 

system, which can simulate a synthetic photonic lattice, has been extensively employed to study the 

nonlinear propagation of light through quantum walks. However, the application of this system in quantum 

information processing and quantum technologies remains largely unexplored.  

These considerations motivate us to experimentally investigate 1) the generation of high-dimensional 

time-bin entangled states in synthetic photonic lattice and 2) processing of the generated entangled states 

via various quantum walk schemes. 

Synthetic photonic lattice and controlled quantum walk  

In our work, the synthetic photonic lattice is implemented using a coupled fiber-loop system 

comprising two fiber loops of varying lengths coupled with an optical switch that can control the proportion 

and the direction of flow of light. The in and out-flow of light pulses in the coupled fiber-loop system are 

controlled by two other optical switches, named gate 1 and 2. To understand synthetic photonic lattice, let 

us consider the coupled fiber-loop, where the optical switch is kept at 50-50 transmission-reflection ratio 

all the time. Whenever a light pulse reaches the optical switch, it splits the pulse splits equally into long and 

short loops. The difference in time taken by these pulses to reach the beam splitter after each roundtrip 

corresponds to the difference in the lengths of the fiber loops. The roundtrip and the arrival time of the 

pulses define the time-step (𝑡𝑡) and synthetic position (𝑥𝑥), respectively, in the synthetic photonic lattice, 

enabling one-dimensional discrete time quantum walk (DTQW) using the light pulse. However, to obtain 
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optimal measurements, we need to employ controlled quantum walk scheme, where we utilize the 

dynamical properties of the optical switch.  

 

 

Fig. 6: a) Coupled fiber-loop consisting of two fiber loops of different lengths coupled with a 50-50 beam coupler. b) 
Quantum walk describing the propagation of light pulse in the coupled fiber-loop system. 

 

The controlled quantum walk comprises three operations, namely Reflection (100:0), Transmission 

(0:100) and Fourier (50:50) depending on the splitting ratios of the optical coupler. In case where the light 

pulse is in the long loop, reflection operation shifts from long loop to short loop, while for transmission, it 

remains in the residing loop, that is, the long loop. When the optical switch is set to Fourier operation, the 

optical switch equally splits the light pulse into long and short loops. 

Experimental setup 

The complete experimental setup shown in Fig. 7, consists of four main tasks: 1) Generation of 

classical double pulse, 2) Generation of time-bin entangled state and information encoding, 3) Processing 

stage that includes quantum walk and finally, 4) The detection stage.  
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Fig. 7:  Experiment setup. The repetition rate of the output from the fs laser is reduced to 181.81 kHz using an acousto-
optic modulator (AOM). These pulses are sent to the loop system to generate two classical pulses for the state 
preparation. The classical pulases are passed through the periodically poled lithium niobate (PPLN) crystals 
for the generation of a pair of correlated photons in two time bins, t1 and t2 The PPLN1 crystal generates second 
harmonic generation that is used by the second PPLN2 crystal for spontaneous parametric down conversion 
(SPDC), from which correlated photon pairs are generated. The entangled states are fed to a phase modulator 
for phase encoding. The phase-encoded time-bin entangled photons are allowed to interfere in the fiber-loop 
system. The interfered peaks at various encoded phase are sent to dense wavelength-division multiplexer 
(DWDM) to separate signal and idler photons. These signal and idler photons are detected by the state-of-art 
single photon detectors. 

 

The classical pulse generated by the laser is directed through gate 1 to prepare double pulse, with the 

optical switch kept at 50-50 during the process. The generated double pulses, separated by a delay 

corresponding to the difference in the lengths of the short and long loops, are used to excite a pair of 

periodically poled lithium niobate (PPLN) waveguides to generate signal-idler photon pair in two time bins, 

𝑡𝑡1 and 𝑡𝑡2. Later, the prepared quantum state undergoes individual phase information encoding 𝜙𝜙 =

{𝜙𝜙1,𝜙𝜙2, …𝜙𝜙𝑛𝑛} utilizing a phase modulator. The resulting state, |𝜓𝜓1⟩ = 1
√2

 �|𝑡𝑡1, 𝑡𝑡1⟩𝑠𝑠,𝑖𝑖 + 𝑒𝑒2𝑖𝑖𝑖𝑖|𝑡𝑡2, 𝑡𝑡2⟩𝑠𝑠,𝑖𝑖�, is 

then injected into the quantum walk platform through gate 2 to undergo the optimal measurement scheme 

utilizing controlled walk, which requires two roundtrips (Fig. 8).  

For the uncontrolled DTQW, the optical switch was set at Fourier operation all the time. In the second 

roundtrip, the first time-bin the long loop and the second time-bin in the short loop reached the optical 

switch at the same time resulting in quantum interference. The interfered component in the short loop where 

then taken out through gate 2 and was directed towards the detection stage. 

For the controlled DTQW, initially, quantum bins are injected into the system through the short loop. 

During the first roundtrip, we do reflection and transmission operations to govern the arrival of 𝑡𝑡1 and 𝑡𝑡2, 

shifting 𝑡𝑡1  to the long loop (𝑥𝑥 = −1) and 𝑡𝑡2  to the short loop (𝑥𝑥 = 1). In the subsequent roundtrip, the 

Fourier operation distribute the interference components between the short and long loops. Finally, the 

interfered component is directed to the detection stage through gate 2.  
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A telecom compatible dense wavelength-division multiplexer (DWDM) separates the signal and 

idler photons, which are sent to the state-of-the-art single photon detectors. The arrival time of the signal 

and idler photons are recorded by a time-tagging electronics. 

 

 

Fig. 8:  The uncontrolled a) and controlled d) quantum walk scheme in synthetic photonic lattice. c) represents various 
coin operations employed in the quantum walk. b) and e) are the illustration of single photon histogram obtained 
in controlled and uncontrolled quantum walk schemes.  

 

 We also generated four-dimensional time-bin entangled states in the same platform. In contrast to 

two-dimensional case, this required four roundtrips. Once the classical four pulses that are in coherent 

superposition is generated, they were sent excite a pair of PPLN waveguides to generate four-dimensional 

time-bin entangled states. The quantum state is given by |𝜓𝜓1⟩ = 1
√2

 �|𝑡𝑡1, 𝑡𝑡1⟩𝑠𝑠,𝑖𝑖 + 𝑒𝑒2𝑖𝑖𝑖𝑖|𝑡𝑡2, 𝑡𝑡2⟩𝑠𝑠,𝑖𝑖 +

𝑒𝑒4𝑖𝑖𝑖𝑖|𝑡𝑡3, 𝑡𝑡3⟩𝑠𝑠,𝑖𝑖 + 𝑒𝑒6𝑖𝑖𝑖𝑖|𝑡𝑡4, 𝑡𝑡4⟩𝑠𝑠,𝑖𝑖�.  

 The four-dimensional time-bin entangled state was then sent to the coupled fiber-loop system for 

processing. We utilized two controlled DTQW schemes to obtain interference fringes. The controlled 

quantum walk scheme 1 consisted of two operations: Reflection and Fourier. For the first two roundtrips, 

we kept the optical switch at Fourier operation and for the third roundtrip, we kept the optical switch at full 

Reflection. In the final roundtrip, the optical switch was again kept at Fourier operation to undergo quantum 

interference. The interfered signal along with side modes were then directed towards the detection state. 

 In the second control scheme, we sliced the entangled state, that is, the first two time-bins were 

sent to the long loop and the last two time-bins were kept in the short loop. In the second roundtrip, the 

optical switch was kept at full Reflection mode allowing the time-bins to stay in their respective loops. In 

the following two roundtrips, the optical switch was kept at Fourier operation for quantum interference. 

The interfered signal along with accompanying modes were taken out through gate 2 and was sent to the 

detection stage. 
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Fig. 9:  The controlled DTQW schemes 1 (a) and 2 (b) in synthetic photonic lattice.  

 

Results 

We collected the photon statistics at each phase setting, 𝜙𝜙 ∈ (0,𝜋𝜋) and measured the interference 

fringes for two and four-dimensional time-bin entangled states.  

Fig. 10 (a) and (b) demonstrate the interference fringes obtained through controlled and 

uncontrolled quantum walks, respectively, employed for two-dimensional time-bine entangled states . The 

visibilities of these fringes were estimated to be 95.45%, and 90.17%, respectively, and these violated the 

Bell inequality.  

 

 

Fig. 10:  Interference fringes. a) Interference fringe obtained by utilizing uncontrolled quantum walk scheme. b) 
Interference fringe obtained through controlled quantum walk scheme. 

 

The interference fringes for four-dimensional time-bin entangled states obtained via controlled 

DTQW scheme 1 and 2 are given in Fig. 11 (a) and (b), respectively. The visibilities of these fringes were 

estimated to be 91.55%, and 89.51%, respectively, and these violated the CGLM inequality.  



122 
 

 

Fig. 11:  Interference fringes. a) Interference fringe obtained by utilizing controlled quantum walk scheme 1. b) 
Interference fringe obtained through controlled quantum walk scheme 2. 

 

We demonstrated the quantum properties of SPL as a promising framework for the preparation, 

generation, and manipulation of d-dimensional time-bin entangled photon pairs based on a dynamically 

coupled fiber-loop system and discrete-time quantum walk. We could implement a controlled quantum 

walk scheme enabling us to measure post-selection free quantum interference for two-dimensional 

entangled states, as well as to optimize the evolution of the quantum walker for higher detection efficiencies 

and coincidence counts for both two- and four-dimensional cases. 
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