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Titre : Sources THz Non-lineaires pour la Spectroscopie Résolue en Temps Résumé : L'objectif de cette thèse est d'étudier différents types de spectromètre dans le domaine THz grâce à une génération par rectification optique et une détection électrooptique. La génération THz a été réalisée à l'aide de deux cristaux non linéaires de ZnTe et BNA. En utilisant le ZnTe comme émetteur, un champ électrique THz bipolaire d'une durée de 1 ps a été généré par rectification optique associé à un spectre THz étroit centré à 0,5 THz. La détection a été réalisée par un échantillonnage électrooptique dans un cristal de ZnTe de 1 mm d'épaisseur. L'expérience a été réalisée à l'aide d'un laser ytterbium émettant un spectre centré à 1030 nm et une durée d'impulsion de 500 fs. De même, des impulsions THz à cycles multiples ont été générées en remplaçant l'émetteur de ZnTe par un cristal de BNA de 390 μm d'épaisseur. La durée de l'impulsion THz générée était inférieure à 1 ps, avec une bande passante spectrale de 0,5 THz et une fréquence centrale de 1,3 THz. En complément, la possibilité de générer et de détecter à la fois des impulsions THz de quelques picosecondes dans le même cristal a été démontrée. Les impulsions THz ont été caractérisées par une détection électrooptique monocoup. Du point de vue applicatif, des échantillons collectés au Nigeria sur un site industriel ont été notamment caractérisés par spectroscopie THz résolue en temps. En effet, les ondes térahertz (THz) sont apparues comme un nouvel outil scientifique et technologique, en particulier dans le domaine de l'industrie pétrolière et gazière. La spectroscopie THz peut détecter diverses vibrations intermoléculaires, du réseau en particulier les structures organiques comme le kérogène présent dans ces échantillons. Les données rapportées complètent d'autres analyses optiques (LIBS et SEM-EDX) et ont révélé plusieurs mélanges d'éléments en plus du carbone, constituant majeur des matières organiques de type kérogènes. Une nette inhomogénéité dans les échantillons a été révélée.
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Résumé

Les sources THz ont été de plus en plus développées au cours des dernières décennies, en raison de la disponibilité et de la commercialisation croissantes de lasers Ti:Saphir ultrarapides générant des impulsions femtosecondes à la longueur d'onde centrale de 800 nm. Récemment, les lasers femtosecondes à ions ytterbium (Yb) sont devenus une alternative prometteuse aux sources Ti:Saphir en raison de leurs avantages évidents en termes de stabilité, de compacité et de puissance moyenne élevée grâce à un taux de répétition élevé rendant ces lasers très compétitifs. Ce travail de thèse exploite ces sources laser avec différents types de spectromètres dans le domaine THz grâce à une génération par redressement optique et une détection électro-optique. Les mécanismes d'émission et de détection ont d'abord été étudiés théoriquement et numériquement dans les chapitres 2 et 3 pour pouvoir concevoir des spectromètres résolus en temps. Les résultats expérimentaux de ce travail sont divisés en trois parties et décrits dans les chapitres 4 et 5. La première partie traite de la théorie de la génération et de la détection du THz. La deuxième partie traite des études expérimentales sur la génération et la détection d'impulsions THz, tandis que la troisième partie étudie l'application de la spectroscopie THz sur des échantillons de schiste bitumineux. Dans cette dernière partie, les mesures spectroscopiques ont été complétées par d'autres mesures optiques. L'optimisation de la génération THz dans les cristaux non linéaires réside dans la compréhension théorique de la rectification optique. Ainsi, il a été réalisé que, pour un processus de génération efficace, la vitesse de groupe de l'impulsion optique doit être bien adaptée à la vitesse de phase de l'impulsion THz pour une source laser donnée. Même pour une longueur d'onde laser appropriée, l'épaisseur du cristal émetteur électro-optique (EO) peut limiter la bande passante THz du détecteur. Généralement, les cristaux plus minces favorisent la condition d'accord de phase au détriment de l'efficacité de détection du champ THz généré. Si les conditions d'accord de phase ne sont pas satisfaites, certaines techniques telles que le schéma de front d'impulsion incliné, le refroidissement cryogénique et le quasi-accord de phase sont généralement utilisées pour compenser le désaccord de phase. De plus, avec l'utilisation d'impulsions de pompe courtes et intenses, un spectre THz large et intense peut être généré en plus d'autres effets non linéaires tels que l'absorption de porteur libre (FCA) et l'absorption à deux photons (TPA) qui peuvent être préjudiciables à l'efficacité globale du processus de rectification optique. En effet, la largeur du spectre THz est limitée par la réponse spectrale du cristal émetteur. Dans le régime de mesure, la détection EO de l'impulsion THz est généralement effectuée dans un cristal non linéaire. L'effet Pockels constitue la base par laquelle la détection EO peut être obtenue en échantillonnant l'impulsion THz avec une sonde courte ou en superposant l'impulsion THz avec une impulsion sonde à dérive de fréquence. Ce dernier cas a typiquement un taux d'acquisition plus rapide que le premier. Outre la différence de temps d'acquisition entre l'échantillonnage EO et la détection monoccoup, les conditions EO pour une détection efficace sont essentiellement similaires. Des conditions telles qu'une grande réponse spectrale, un coefficient EO non linéaire élevé et un accord de phase dans le cristal du détecteur doivent être satisfaites pour une détection efficace d'un large vi spectre. La réponse spectrale utilisable du cristal détecteur est limitée par l'épaisseur du cristal détecteur. Avec l'utilisation de cristaux plus fins, toute la largeur spectrale de la réponse peut être utilisée. Pour cette raison, un cristal avec un coefficient EO élevé est préférable.

Dans le chapitre présentant les résultats expérimetaux, une source laser ytterbium centrée à 1030 nm avec un taux de répétition de 42 kHz a été utilisée comme faisceau d'entrée du montage expérimental. En sortie de la source laser, la taille du faisceau est de 2024 μm de diamètre et la durée est de 500 fs (à pleine largeur à mi-hauteur) et il est polarisé linéairement. La configuration est principalement divisée en deux bras composés des bras de détection et de génération. Un séparateur de faisceau est placé sur le trajet de la source laser afin de réfléchir 35 % de la puissance laser d'entrée (c'est-à-dire le faisceau de sonde) pour la détection, tandis que 65 % de la puissance (c'est-à-dire l'impulsion de pompe) est transmise à l'autre bras pour la génération de l'impulsion THz. L'impulsion de pompe est ensuite focalisée sur le cristal émetteur en utilisant une lentille dont la distance focale est 500 mm. Au fur et à mesure que l'impulsion de pompe se propage à travers le cristal émetteur, les impulsions THz sont émises et diffractées. Afin de collecter efficacement le faisceau rayonné (c'est-à-dire l'impulsion optique et THz), un miroir parabolique hors axe de 50 mm de diamètre est placé en sortie du cristal de manière à collimater le faisceau rayonné. Il est ensuite focalisé par un second miroir parabolique sur un cristal détecteur EO. L'impulsion THz focalisée est superposée temporellement et spatialement sur le cristal détecteur avec l'impulsion sonde. Le décalage temporel relatif est balayée à l'aide d'une ligne à retard motorisée et contrôlée par ordinateur. En l'absence de champ THz, aucune phase ne sera induite dans l'impulsion de la sonde. Ainsi, l'impulsion de la sonde sera polarisée circulairement lors du passage par une lame quart d'onde positionnée devant polariseur. Cependant, en présence du champ THz, un changement d'indice de réfraction se produit dans le cristal de détection. Il en résulte un changement de phase des impulsions de la sonde lors de son passage à travers le cristal. Afin de mesurer le changement de phase induit, le polariseur est utilisé pour séparer les états de polarisation en transmettant et en réfléchissant les deux composantes. A l'aide d'une photodiode balancée, la différence de signal entre les deux composantes de polarisation est enregistrée. Afin de minimiser l'effet du bruit et d'améliorer le rapport signal sur bruit de la photodiode balancée, la sortie est connectée à une détection synchrone. L'intérêt particulier était d'étudier la forme du spectre THz généré avec les paramètres du laser. Avec l'utilisation du cristal ZnTe comme émetteur THz, une impulsion de 1 ps avec une bande passante étroite de 0,5 THz a été générée. On observe que l'effet non linéaire tel que le TPA peut être négligé car il existe une dépendance quadratique de la puissance THz sur l'intensité de pompe optique. Cela s'explique notamment par une énergie par impulsion du laser inférieure à 10 μJ. Dans ce cas, l'effet de saturation sur l'impulsion de la pompe peut ne pas avoir été significatif. L'intensité du signal THz peut être faible, bien qu'aucune caractérisation de l'intensité THz n'ait été effectuée.

La détection a été réalisée par échantillonnage EO dans un cristal de ZnTe de 1 mm d'épaisseur. Des différences marquées entre l'impulsion THz générée expérimentalement et simulée ont été observées. Ces différences ont été attribuées à la fonction de réponse du cristal, à la durée d'impulsion de la sonde et à l'effet de la diffraction. Afin d'optimiser la configuration vii expérimentale, nous suggérons d'utiliser un cristal plus fin pour l'EOS afin que la largeur spectrale complète de l'impulsion THz puisse être fidèlement mesurée. Bien que l'effet de diffraction puisse ne pas être complètement éliminé aux basses fréquences THz, l'utilisation d'un grand miroir parabolique (pour collimater le faisceau THz) est indiquée pour limiter l'effet de diffraction.

De même, des impulsions THz multi-cycles ont été générées en remplaçant l'émetteur ZnTe par un cristal organique BNA de 390 μm d'épaisseur. La détection a été réalisée par échantillonnage EO dans un cristal de ZnTe de 1 mm et 0,2 mm d'épaisseur. Le résultat du signal THz échantillonné dans les différents cristaux de ZnTe a indiqué des différences évidentes en termes de largeur spectrale du signal et de dynamique. Lorsque le cristal ZnTe de 1 mm est utilisé comme détecteur, l'impulsion THz échantillonnée avait une durée inférieure à 1 ps et un fréquence centrale d'environ 1,3 THz, tandis qu'une durée d'impulsion plus courte avec une fréquence centrale décalée a été réalisée avec l'utilisation du cristal plus fin. Pour comprendre l'écart entre ces résultats, la fonction de réponse de détection des deux cristaux a été comparée au spectre THz détecté. Il a été déduit de la comparaison qu'il est surprenant de détecter des fréquences supérieures à 0,8 THz lorsque le cristal de 1 mm est utilisé. Un cristal plus mince a donc été utilisé pour étendre la fréquence de coupure à 2,4 THz. Un spectre THz centré à 2 THz avec une durée d'impulsion de 0,5 ps a été mesuré par ce cristal plus fin. Ces résultats indiquent que la bande passante du signal THz généré est plus large que la fonction de réponse de détection du cristal ZnTe de 1 mm. En tant que telle, elle était insuffisante pour caractériser l'impulsion THz. Le remplacement du cristal plus épais par le cristal plus fin a élargi la limite de détection, mais le niveau de bruit a significativement affecté le signal. On a observé que la puissance du signal THz (mesurée en prenant l'intégrale au carré du champ électrique THz) variait quadratiquement avec l'intensité de la pompe, ce qui soutient en partie une exclusion des effets TPA et FCA qui entre en concurrence avec le processus de rectification optique. En comparant les signaux THz issus des cristaux de BNA et ZnTe, nous avons conclu que les impulsions THz sont multi-cycles dans le cas du BNA, tandis que les impulsions THz sont bipolaires dans le cas du ZnTe. En conclusion, je suggère qu'un cristal EO différent, par exemple un cristal GaP, puisse être utilisé comme cristal détecteur pour optimiser l'accord de phase et limiter l'absorption THz. Ainsi, un spectre THz plus large exempt d'artefacts devrait être mesuré.

Ensuite, un montage expérimental différent a été mis en place. Dans cette configuration, la génération et la détection de THz ont été effectuées dans un seul cristal de ZnTe. Le rayonnement THz généré a été caractérisé par une détection EO monocoup à l'aide d'un spectromètre optique standard et d'un diagnostic de caractérisation d'impulsion (de type FROG-Frequency Resolved Optical Gating). Un laser Ti:Sapphire centré à 800 nm délivre une impulsion à dérive de fréquence d'une durée de 3,6 ps. Dans cette configuration monocoup, l'impulsion THz est générée dans une première partie du cristal par le faisceau pompe incident puis elle induit un changement de phase sur un faisceau sonde présentant également une dérive de fréquence. L'impulsion THz générée au début du cristal rencontre alors l'impulsion de sonde dans la dernière partie du cristal. L'impulsion THz mesurée a une durée FWHM de 6,5 ps et a peu de cycles. Le spectre correspondant est centré viii à 0,1 THz avec une largeur de 0,1 THz. Les données expérimentales étaient bien conformes aux prédictions de la théorie de la rectification optique et de l'effet Fabry Pérot avec une contribution négligeable des effets non linéaires tels que les effets TPA et Kerr. Les composantes de polarisation du faisceau modulé par la sonde THz ont été récupérées indépendamment. Bien que l'objectif n'était pas d'étudier l'accordabilité du spectre THz à bande étroite, la fréquence peut être réglée en ajustant le taux de dérive de fréquence de la pompe via la distance entre les réseaux de diffraction dans la source laser. La bande spectrale optique de la sonde et sa dérive de fréquence utilisée dans la détection est un compromis entre la fenêtre temporelle et la résolution. Ce schéma peut être exploité pour plusieurs applications. Ces résultats soutiennent d'avantage la possibilité de réaliser des systèmes intégrés photoniques THz avec l'utilisation de cristaux de ZnTe. Habituellement, la configuration des sources et de la détection THz est relativement complexe et il est souvent nécessaire d'intégrer le système en combinant la génération et la détection. Notre étude peut également déboucher sur une application en physique de la matière condensée pour exciter les modes de phonons excités par un spectre THz à bande étroite accordable. Enfin, en tirant profit de schéma de détection monocoup, ce type de montage peut être implémenter pour étudier la dynamique moléculaire sur une échelle de temps ultra-rapide par spectroscopie résolue en temps pour les réactions chimiques et les transformations de phase.

Dans une partie de la thèse, la spectroscopie des schistes bitumineux a été étudiée dans le domaine THz. Les schistes bitumineux sont des sources de combustible non conventionnelles et sont particulièrement importants dans le contexte de la diminution des réserves de pétrole brut et de la hausse des prix du pétrole. Le schiste bitumineux dans de vastes gisements a été signalé dans de nombreux pays, dont le Nigéria. Le schiste bitumineux nigérian est appelé schiste bitumineux de Lopkanta. Des études de faisabilité économique sur l'exploration du schiste bitumineux de Lokpanta ont confirmé son potentiel pour l'approvisionnement en produits pétroliers même après la fin supposée de l'approvisionnement en pétrole brut (dans la région) d'ici 2057. Depuis la découverte du schiste bitumineux de Lokpanta, peu de travaux expérimentaux ont étudié leur potentiel en termes de rendement en huile. Bien que plusieurs techniques aient été utilisées pour caractériser ce schiste bitumineux, aucune investigation n'a été réalisée par spectroscopie THz. Les schistes bitumineux sont particulièrement sensibles au rayonnement THz en raison de la présence d'un constituant organique appelé kérogène. Le constituant kérogène du schiste bitumineux représente un petit pourcentage en masse du poids total car il détermine la qualité et la quantité du rendement en pétrole. Le kérogène est souvent dispersé dans la matrice de minéraux inorganiques présents dans les schistes bitumineux. L'objectif de ce travail est d'identifier qualitativement la présence élémentaire de Carbone qui se trouve être un constituant majeur du kérogène. Deux systèmes THz commerciaux (spectromètres TPS 3000 et TPS 4000 de TeraView) ont été utilisés respectivement en mode transmission et réflexion pour acquérir des images spectroscopiques des échantillons de schiste bitumineux. Une inhomogénéité claire dans les échantillons a été révélée par l'indice de réfraction et le coefficient d'absorption différents à certains points sélectionnés de l'échantillon. Le résultat des images spectroscopiques obtenues à la fois en mode réflexion et transmission a également révélé des différences marquées dans le modèle d'absorption à différentes fréquences THz. Sur la base de la spectroscopie THz actuelle et de la mesure

Introduction en Français

Les ondes térahertz (THz) sont des rayonnements électromagnétiques couvrant la région du spectre entre l'infrarouge et les micro-ondes. Ils représentent le lien entre la photonique et l'électronique. Le spectre THz varie généralement de 0,1 à 100 THz. Typiquement, 1 THz correspond à 300 µm de longueur d'onde, 4,1 meV d'énergie de photon et 1 picoseconde de période.

Les scientifiques se sont efforcés d'atteindre des fréquences THz en convertissant les sources laser à haute fréquence vers les basses fréquences. Les sources THz en laboratoire sont très diverses. Les sources THz courantes sont principalement classées en 3 groupes à savoir les antennes photoconductrices, les cristaux non linéaires et les sources à base de plasma. Pour la détection du rayonnement THz, il existe de vastes systèmes et mécanismes disponibles pour la détection. Selon la possibilité de détecter le champ électrique ou la puissance de l'impulsion THz, les détecteurs peuvent être regroupés en détecteurs cohérents ou incohérents. Les détecteurs cohérents (tels que les détecteurs PCA, électro-optiques et basés sur un plasma dans l'air) peuvent récupérer à la fois le champ et la phase THz, tandis que les détecteurs incohérents (tels que les bolomètres, les cellules de Golay et les détecteurs pyroélectriques) ne peuvent récupérer que la puissance ou l'intensité.

Des efforts considérables pour développer des sources THz utiles pour des applications ont été réalisés. Les applications impliquent l'identification de tissus cancéreux dans des échantillons biologiques, la caractérisation de revêtements de médicaments dans l'industrie pharmaceutique, l'étude de l'art/de la peinture, la détection de pesticides/substances nocives dans les produits agricoles, la détection d'explosifs et d'autres armes de destruction massive ainsi que l'analyse de pétrole. Les schistes bitumineux, qui sont des sources non conventionnelles de combustible, sont particulièrement importants dans le contexte d'une baisse des réserves de pétrole brut et d'une hausse des prix du pétrole. Afin de se préparer à la fin des sources de pétrole conventionnelles, les efforts sont depuis orientés vers l'évaluation du potentiel de rendement en pétrole des schistes bitumineux de différents pays. Le schiste bitumineux est une roche mère combustible, composée de minéraux et de matière organique, c'est-à-dire de kérogène. Ils sont capables de générer de l'huile de schiste et du gaz de schiste ainsi que d'autres produits pétroliers lorsqu'ils sont soumis à des réactions pyrolytiques. Le schiste bitumineux dans des gisements étendus a été signalé dans des pays tels que les États-Unis d'Amérique (États-Unis), l'Estonie, la Chine et le Brésil. Les États-Unis possèdent la plus grande réserve de schiste bitumineux au monde, avec un total de 3340 milliards de tonnes. D'autres pays possèdent une quantité considérable de réserves de schiste bitumineux comme la Chine, Israël, Roumanie, Égypte, Allemagne, Jordanie, Maroc, Turquie et Nigeria. Le premier schiste bitumineux au Nigeria, a été trouvé dans la région de Lopkanta de l'État d'Imo, et il est donc appelé schiste bitumineux de Lopkanta. Jusqu'à présent, aucune investigation n'a été menée sur les schistes bitumineux de Lopkanta en utilisant la spectroscopie ou l'imagerie THz. Cependant, plusieurs travaux ont été menés pour étudier la réponse THz des schistes bitumineux provenant d'autres pays. Dans la littérature, les propriétés optiques de ces xii

Introduction in English

Terahertz (THz) waves are electromagnetic radiation covering the region of the spectrum between infrared and microwaves. They represent the link between photonics and electronics. The THz spectrum generally ranges from 0.1 to 100 THz. Typically, 1 THz corresponds to 300 µm of wavelength, 4.1 meV of photon energy and 1 picosecond of period.

Scientists have tried to reach THz frequencies by converting high frequency laser sources to low frequencies. THz sources in the laboratory are very diverse. Common THz sources are mainly classified into 3 groups' namely photoconductive antennas (PCA), nonlinear crystals and plasma based sources. For the detection of THz radiation, there are extensive systems and mechanisms available for detection. Depending on the possibility of detecting the electric field or the power of the THz pulse, the detectors can be grouped into coherent or incoherent detectors. Coherent detectors (such as PCA, electro-optical, and air plasma-based detectors) can recover both the THz field and phase, while incoherent detectors (such as bolometers, Golay cells and pyroelectric detectors) can only retrieve the power or intensity of the THz radiation.

Considerable efforts to develop THz sources for useful applications have been made. The applications involve the identification of cancerous tissues in biological samples, characterization of drug coatings in the pharmaceutical industries, study of art/paints, detection of pesticides/harmful substances in agricultural products, detection of explosives and other weapons of mass destruction as well as oil analysis (in oil and gas industry). Oil shales, which are unconventional sources of fuel, are particularly important in the context of declining crude oil reserves and rising oil prices. In order to prepare for the end of conventional oil sources, efforts are sine directed towards assessing the oil yield potential of oil shale from different countries. Oil shale as a combustible source rock is composed of minerals and organic matter (i.e. kerogen). They are capable of producing shale oil and shale gas as well as other petroleum products when subjected to pyrolytic reactions. Oil shale in extensive deposits has been reported in countries such as the United States of America (USA), Estonia, China and Brazil. The United States has the largest reserves of oil shale in the world, with a total of 3340 billion tons. Other countries such as China, Israel, Romania, Egypt, Germany, Jordan, Morocco, Turkey and Nigeria have considerable amount of oil shale. The first oil shale in Nigeria, was found in the Lopkanta region of Imo State, and hence it is called Lopkanta oil shale. So far, no investigation has been carried out on the Lopkanta oil shales using THz spectroscopy/imaging. However, several works have been carried out to study the THz response of oil shales from other countries. In the literature, the optical properties of these oil shales such as refractive index, absorption coefficient and refractive index anisotropy have been correlated with their oil yields, maturity and chemical compositions. In a part of this work, an attempt to explore the use of THz spectroscopy/imaging to characterize the Lopkanta oil shales is carried out.

xiii This manuscript is organized into five chapters. Chapter 1 is a general introduction and highlights the common table-top THz sources, detectors and applications of THz technology. In chapter 2, the theory of THz pulse generation by optical rectification is discussed since in this work the experimentation has been carried out with ZnTe and BNA crystals (which have been identified as optical rectification of THz sources). Chapter 3 deals with the theory of THz detection by electrooptical sampling and single-shot detection. In chapter 4, the experimental results of the generated THz pulses are presented. The chapter is broadly divided into two parts. In the first part, the THz pulses generated by ZnTe and BNA crystals are characterized by electro-optical sampling. Then in the second part, a combined generation and single-shot detection is performed in a ZnTe crystal. In chapter 5, experimental results involving the optical analysis of Lokpanta oil shale are presented. Commercial THz sources were used to perform THz-TDS/imaging in both transmission and reflection mode. The THz spectroscopy/imaging were performed in addition to two other optical methods namely Laser Induced Breakdown Spectroscopy (LIBS) and Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy (SEM-EDX). 

THz sources

THz sources are widely diversified. Depending on the material medium, the common THz sources can be classified into 3 groups namely photoconductive antennas, nonlinear crystals and plasma sources.

Photoconductive Antenna

The use of photoconductive antenna (PCA) is among the earliest method for the generation of THz pulses. This technique was first introduced by Auston in the early 1980's [2]. PCA consists of a semiconductor material (usually GaAs or InGaAs [3]) with a short carrier lifetime and an electrode structure composed of either gold or aluminum. The electrodes are typically biased with a voltage of about 10 to 50 V. When a laser pulse hits the biased gap of the semiconductor, free carriers are created, and are accelerated by the bias field. The rapid change in polarization induced by the ultrafast acceleration of the carriers generates a sub-picosecond, single-cycle coherent electromagnetic pulse in the THz range. The magnitude and efficiency of the generated THz pulse depends on the applied electric bias, the pulse duration of the femtosecond laser and the carrier rise time (a material dependent property). Nowadays, large aperture PCA are commonly used as the semiconductors substrate in order to improve the efficiency of the process [4].

Non-linear crystals sources

Another widely used method for ultrashort THz pulse generation is optical rectification of femtosecond laser pulses in nonlinear crystals. Optical rectification (OR) was first demonstrated in KDP crystals in 1962 by using 100 ns pulses from a ruby laser [5]. Compared with PCA's, THz generation using OR of femtosecond laser pulses is usually much simpler, with no need for an external high-voltage power supply. In general, the laser pulses induce a time-dependent nonlinear polarization within the crystal. This polarization may contain many frequency components, which can result in the emission of electromagnetic waves in the THz spectral range. Ideally, the spectral bandwidth of the generated THz pulse depends on the frequency components of the incident laser pulse. However, in reality, in order to generate high energy THz pulses with high efficiency, several conditions need to be fulfilled. First of all, in addition to the noncentrosymmetric crystal structure, the medium needs to be transparent at all the frequencies involved, and possess a relatively high damage threshold to tolerate the high intensities of the incident laser [6-7]. Secondly, many other material properties should be carefully considered, such as absorption, diffraction, saturation and phase matching conditions. Among these, the matching between the optical group velocity and the THz phase velocity is one of the most crucial factors for an efficient OR process, which ultimately determines the crystal thickness and orientation [8-9].

Plasma-based sources

THz pulse can also be emitted from gaseous plasma. This method was first proposed and demonstrated in 1993 [10]. When an intense femtosecond laser pulse is focused in air, plasma is generated due to the ionization of the air molecules. Plasma emits a broad continuum of coherent radiation from which the THz pulses are also emitted through four wave mixing (FWM). In recent times, the efficiency of this process has been improved by mixing the fundamental (at ) and second harmonics (at 2) of the laser fields [11][12]. By using this two-color method, improved efficiency has been recorded. The generation of ultra-broad band THz pulses containing frequencies up to 100 THz has been demonstrated by using ultra-short pulses [13]. By replacing the air medium with noble gases, the THz generation efficiency has also been significantly improved. The pressure of the target gas also strongly influences the THz generation efficiency [14]. THz generation in plasma is advantageous in that there is no damage threshold for the emitter since the gaseous target is continuously replenished and that the available bandwidth of the THz pulses is essentially limited only by the duration of the pump laser pulse [11].

THz detectors

Vast detector systems and mechanism are available to detect THz pulse. Depending on the possibility to either detect the electric field or power of the THz pulse, the detectors can be grouped as coherent or incoherent detectors. Coherent detectors (such as PCA, electro-optic and air-based detectors) can retrieve both the THz field and phase, while incoherent detectors (such as bolometers, Golay cells and pyroelectric detectors) can only retrieve the power or intensity of the THz pulse. A brief summary of the underlying detection mechanism will be highlighted in this section.

PCA detectors

THz pulses can be detected by using PCA. The mechanism of THz detection by PCA is an inverse process of the generation in PCA but without the need of an external bias voltage. In PCA detectors, a femtosecond probe laser illuminates the gap of the PCA and excites carriers into the conduction band. The THz field to be measured accelerates the carriers, leading to a transient photocurrent inside the PCA detector. The measured photocurrent depends both on the incident THz electric field and the surface conductivity of the PCA [15]. Importantly, the bandwidth of the detectable THz pulse is determined by the characteristics of the laser pulse and the PCA substrate. As a result, materials with short carrier lifetime (such as low-temperature grown GaAs (LT-GaAs) and doped GaAs) are usually selected [16][17][18].

Electro-Optic detectors

Electro-optic (EO) detectors utilizes the Pockels effect in an EO crystal. When the THz pulses are incident on the crystals, the Pockels effect causes a linear change in the refractive index of the crystal. This results to the change in the phase of an incoming beam (commonly referred to as probe beam) that passes through the crystal. By measuring the change in the phase of the probe beam, the THz electric field can then be determined [19][20]. EO technique can be broadly divided into two methods namely EO Sampling (EOS) and single shot detection. In EOS, a short probe beam is used to temporally scan the THz field, while in a typical single shot detection, a long and usually chirped probe is overlapped with the THz pulse without a necessary need for sampling. Though the acquisition time required by the single shot detection are generally less than the EOS, they are often limited by their spectral resolution. To this end several variations of this techniques have been proposed and implemented. The differences between these variations lies majorly in the encoding algorithm. They are namely space-time encoding and angle-time encoding [21][22].

Air-based detectors

Air-based detectors uses a technique similar to the THz generation process from plasma. In this technique, air is used as the nonlinear medium for detection. In essence, it involves interacting a weak fundamental laser field 𝜔 , with the THz pulse [23][24]. This process which can be described by FWM model results to the generation of the second harmonic (2𝜔) of the fundamental field. In practice it is the intensity of the second harmonic that is retrieved, but not its electric field. Thus, the intensity of the second harmonic is measured in order to retrieve the THz characteristic and therefore the phase information is lost. In order to realize a coherent measurement, a DC or an AC field is usually applied at the focus point between the laser and THz pulse. An important feature of the Air-based technique is that the detectable THz bandwidth is only limited by the optical pulse duration [11].

THz Power detectors

THz power detectors are incoherent detectors. They are capable of detecting only the THz intensity. As such, the phase information of the THz pulse is completely lost. The commonly used power detectors are namely; bolometers, pyro-electric detectors and Golay cells. Golay cells consist of a filled gas chamber with an absorbing substance and a flexible membrane. As the THz pulses are absorbed by the Golay cells, the gases heat up and expand. By quantifying the volumetric expansion of the gases, the THz power can be inferred. While in the case of bolometers and pyroelectric detectors, the incident THz pulses causes a temperature change in the detectors from which the THz power can be measured [25-27].

General application of THz technology

Considerate effort to develop THz sources for useful applications have been realized. Here, a brief review on some examples of the general application shall be mentioned.

Biological application

THz radiation has very low photon energy and does not cause any ionization hazard for biological tissues. This feature makes THz radiation attractive for biomedical applications [28]. Defective body tissues such as cancer often induces increased blood supply to the affected tissue and a local increase in tissue water content which can be utilized as contrast for THz imaging of cancerous tissues. As a result, brain tumors have been identified via THz imaging as well as cancerous breast tissues [29-32].

Pharmaceutical application

Sugar coating, film coating and press coating are common methods used to deposit coatings on tablets. These coatings are used to modify the properties of drugs. The thickness, uniformity and density of these coatings influences the tablet performance. As such advanced quality control are required to characterize coating quality. Due to the advantageous penetration depth that THz radiation offers, they have been widely used to evaluate and characterize drug coatings [33][34][35].

Art and painting

THz is valuable for the investigation of art and cultural paintings since no radiation risk is associated with deep penetration. Several studies have shown that THz imaging is capable of revealing features which cannot be seen by other optical inspection. Obscured mural painting, oil canvas painting, panel painting, apsidal wall painting among others have been investigated with THz imaging [36][37][38][39].

Agricultural application

The application of THz spectroscopy in the agriculture industry is premised on the detection of pesticides and harmful substances in agricultural products. In conjunction with the partial least square method, THz-Time Domain Spectroscopy (THz-TDS) have been used to quantify the relative amounts of pesticides in food powders. In addition, the relative difference in absorption peaks and refractive index of selected food samples have been used to identify food samples containing no pesticides [40][41][42].

Security application

The detection of explosives and other weapons of mass destruction have been carried out with THz spectroscopy. The absorption spectral of explosives such as 2, 3-dinitro toluene, 4-nitro toluene and 2, 6-dinitro toluene have been carried out with both THz reflection and transmission spectroscopy [43][44]. Moreover, THz spectroscopy have also been proven to be able to detect hidden explosives [45].

Condensed matter application

The meV energy scale of THz pulses have enabled the possibility to probe low-energy carrier dynamics in various electronic materials, such as superconductors [46]. On one hand, certain materials can emit THz pulse through the ultrafast modulation of photo-excited carriers from which THz emission spectroscopy can be performed. For example, high-critical temperature superconductors, manganites, ferromagnetics and multiferroics have been examined using THz emission spectroscopy [47-49].

THz application in oil and gas-based industry

THz spectroscopy is also gaining a huge attention in the oil and gas-based industry. Since a part of this work, involves THz spectroscopy measurement with rock samples reported to be oil shales, we will commence this section by first discussing the relevance of oil shales, and this will be followed by a general application of THz technology in the petroleum community.

Oil shales which are unconventional sources of fuel are particularly important in the context of a decline in the crude oil reserves and rise in oil prices. In order to prepare for the futuristic tail off in the conventional oil sources, efforts are since geared towards evaluating the oil yield potential of oil shale of different countries. Oil shale is a combustible source rock, composed of minerals and organic matter (i.e. kerogen). The kerogen content of the oil shale are insoluble substances dispersed within the matrix of the inorganic minerals [50-52]. Oil shale are capable of generating shale oil and oil shale-gas as well as other petroleum products when subjected to pyrolytic reactions [53][54][55][56]. Shale oil and oil shale-gas are chemically identical to the products of fossil fuel, and thus serve as a substitute for conventional crude oil and natural gas respectively. By adopting an efficient mining technique, they could be particularly useful when the price of crude oil rises or when the hydrocarbon reserves of the fossil fuel is no longer economical for exploration [57-60]. Oil shale in widespread deposits has been reported in countries such as United States of America (USA), Estonia, China, and Brazil. USA has the largest oil shale reserve in the world, with the total of 3340 billion tons. Other countries with considerable amount of oil shale reserves includes among others China, Israel, Romania, Egypt, Germany, Jordan, Morocco, Turkey, and Nigeria [61-63]. The first oil shale in Nigeria, was found in Lopkanta area of Imo state, and therefore called Lopkanta oil shale. Lokpanta is geologically situated in the Lower Benue Trough of Nigeria. The oil shale reserve of the region has been estimated at 5.76 billion tones, of which 1.70 billion barrels are recoverable [64-65]. Moreover, economic feasibility studies on the exploration of the Lokpanta oil shale has endorsed its potential to supply petroleum products even after the supposed end of crude oil supply (in the region) by the year 2057 [66-67]. Since the discovery of the Lokpanta oil shale, there have been only a few numbers of experimental works to identify their oil yield potential. Several techniques have been employed to characterize the Nigerian oil shale namely: the Fischer Assay method (combined with geochemical analysis), Infra-Red Spectroscopy Analysis, Gas Chromatography-Mass Spectrometer (GC-MS) and Thermal Analysis (Thermo Gravimetric, TGA & Differential Thermal Analysis, DTA). As no single method is ideal [68-69], a combination of two or more of these techniques were employed by the researchers. Until now, no investigation has been carried out on the Lopkanta oil shale using THz spectroscopy/imaging. However, several works have been carried out to study the THz response of oil shales obtained from other countries. In the literature, the optical properties of such oil shales such as refractive index, absorption coefficient and refractive index anisotropy were correlated with their oil yields, maturity and chemical compositions [START_REF] Ojo | Investigation of Oil shale response using THz-TDS[END_REF]. In a part of this work, an attempt to explore the use of THz spectroscopy/imaging in order to characterize the Lopkanta oil shales shall be examined.

Other than the unconventional sources of fuel, fossil fuels which are conventional fuel sources have also been investigated with THz spectroscopy in addition to other geological methods. Due to the mechanical action during oil-well drilling, the fossil fuels are released as crude oil and natural gas [START_REF] Cordes | Environmental Impacts of the Deep-Water Oil and Gas Industry: A Review to Guide Management Strategies[END_REF]. In what follows, we shall highlight some general applications of THz spectroscopy in oil well reservoir and the analysis of crude oil/natural gas properties.

Analysis of petroleum products

Petroleum products obtained by processing crude oil uses chemical and physical methods to change their viscosity, fluidity and wax content. In recent times magnetic fields have also been applied because of their low investment and easy maintenance. In addition, the applied magnetic fields affect the rheological properties of the crude oil. However, the resulting effect due to the applied magnetic field is still unclear. A proper understanding of this process is useful in order to manipulate the properties of the petroleum products. To this end, a THz-TDS was performed to provide an insight into this process. The absorption and extinction coefficient obtained by performing the THz-TDS shows that, the induced magnetic field results to a disaggregation of the suspended colloidal particles in wax bearing crude oil [START_REF] Jiang | Probing Disaggregation of Crude Oil in a Magnetic Field with Terahertz Time-Domain Spectroscopy[END_REF].

Sorting out identical crude oil

Following exploration, it is important to appropriately identify the sources and components of the crude oil/natural gas for subsequent and proper processing. With the use of THz spectroscopy in combination with multivariate statistical method (Principal Component Analysis [73]), obvious difference has been observed in the oil produced by seven (7) oil fields. The refractive index and absorption coefficients were retrieved. Then the distribution of the refractive index was calculated with Principal Component Analysis. Identical oil shale samples were found to possess similar principal components and vice versa. Similarly, the distribution of the absorption coefficient was also computed and similar observance was found [START_REF] Zhan | Qualitative identification of crude oils from different oil fields using terahertz time-domain spectroscopy[END_REF].

Compositional evaluation of natural gas

The composition of the main constitients of natural gas (which are methane ethane and propane) have been qualitatively and quantitatively analyzed using THz-TDS. These components were artificially mixed in different proportions to obtain several mixtures. The THz amplitude and the time delay within each sample mixtures were extracted and found to correlate with the concentration of the different components. Moreover, back-propagation artificial neural networks (BPANN) method was used to build a quantitative model between the THz spectra and natural gas concentrations. These results indicate that THz is a promising tool for the qualitative and quantitative detection of natural gas [75-76].

Assessment of oil yield of bedrocks

The research regarding oil-gas adsorption in tight reservoirs has important practical significance. In a particular study, the adsorption dynamics in oil-gas reservoirs were simulated using active carbon to absorb water molecules [START_REF] Zhan | Water adsorption dynamics in active carbon probed by terahertz spectroscopy[END_REF]. Since the hydrogen bond collective network formed by water molecules changes on a picosecond timescale, the THz spectrum was found to be sensitive to fluctuations in the dipole moment of the water content. Their results showed that, THz technology can identify the different stages of the adsorption process of water molecules into the pores of active carbon. Thus, providing an alternate means to characterize the oil-bearing capacity of parent rocks [START_REF] Zhan | Water adsorption dynamics in active carbon probed by terahertz spectroscopy[END_REF]. The term "reservoir's seepage law" is used to describe the flow of oil within cracks in underground rocks. A better understanding of the reservoir's seepage law during mining process is essential to improve oil recovery and predict future performance of the oil field, especially for the low permeability reservoirs. A sample of a sandstone reservoir was measured with a reflective THz-TDS [START_REF] Miao | Characterizing the oil and water distribution in low permeability core by reconstruction of terahertz images[END_REF]. Before each measurement, the cores were firstly deoiled and saturated with water, then flooded with kerosene in order to simulate the real situation underground. Slices of the samples were scanned by THz-TDS to obtain the distribution of oil and water in the entire core. The presence of kerosene, water and remaining oil was clearly displayed by THz tomography [START_REF] Miao | Characterizing the oil and water distribution in low permeability core by reconstruction of terahertz images[END_REF].

Correlating bedrock maturity with THz absorption

According to modern hydrocarbon generation theory, the hydrocarbon evolution paths of sedimentary organics such as kerogens can be divided into three stages namely diagenesis, catagenesis, and metagenesis. The reflectance of vitrinite (R0%) which is defined as the proportion of normal incident light reflected by a plane polished surface of vitrinite, is used to describe the maturity stage of kerogens and their oil yielding potential. Lower R0% corresponds to immature kerogen and vice versa. In a THz spectroscopy experiment, different kerogen samples with known R0% were analyzed [START_REF] Wu | Applying terahertz time-domain spectroscopy to probe the evolution of kerogen in close pyrolysis systems[END_REF]. By comparing the R0% with the corresponding absorption coefficient of the samples, it indicates that less matured kerogen which has the potential to yield oils are lower in absorption coefficient than matured kerogen which are potentially able to yield gases. This shows that there exists a relation between the THz absorption and the maturity level of kerogens [START_REF] Wu | Applying terahertz time-domain spectroscopy to probe the evolution of kerogen in close pyrolysis systems[END_REF]. Also, by irradiating bulk samples (halite rocks), THz-TDS has been used in addition to other methods to evaluate the evolutionary stage in the halite rocks [START_REF] Qian | Terahertz spectroscopic characteristics of the geological diagenetic and metallogenic evolution[END_REF].

Analysis of crude oil by-products

THz spectroscopy also finds useful application in the analysis of pyrolytic products. Semi-coke which is a by-product of pyrolysis are generally lower in oil concentrations and finds useful application in chemical industry. The characterization of this by-product can serve as an indicator to optimize their utilization. A correlation between absorption coefficient and oil contents have been established in semi-coke. Peak values of THz absorption coefficient have been associated to semi-cokes with low oil concentration [START_REF] Li | Probing the oil content in oil shale with terahertz spectroscopy[END_REF].

The rest of this manuscript is organized into four other chapters. In chapter 2, the theory of THz pulse generation by optical rectification is discussed. This is because the experiment work were performed with ZnTe and BNA crystals which have been identified as optical rectification sources of THz pulse. The conditions for an efficient generation of the THz pulses were investigated. These conditions include; the orientation of the pump pulse polarization with respect to the crystal, the effect of phase mismatch between the pump and the generated THz pulse as well as other effects that competes with the efficiency of the process such as Two Photon absorption, Free carrier Absorption and diffraction effects. Also, the utilization of BNA crystals are studied with respect to the characteristics of the incident laser. Chapter 3 discusses the theory of the THz detection by EOS and single shot detection. The relative orientation of the crystal with respect to the probe and THz pulse for maximum detection are examined. Certain parts of the discussion compare the performance of ZnTe and GaP crystals since they are the commonly used EO crystals in literatures. The last part of the chapter describes the principle of single shot detection and highlights the variations in the method. In chapter 4, the experimental results of the generated THz pulses are presented. The experimental set-ups are explained with a brief review of relevant literatures having a similar design. The chapter is broadly divided into three parts. The first part discusses the THz generated in the ZnTe crystal by using a 500 fs laser centered at 1030 nm with a repetition rate of 42 kHz, while the second part discusses the THz generated in the BNA crystal using the same experimental set-up as in ZnTe crystal. EOS was performed to characterize the generated THz pulses. In the third part, a single ZnTe crystal was used to both generate and detect THz pulse from an 800 nm laser which was initially chirped to 2 ps. Experimental results involving the optical analysis of Lokpanta oil shale are presented in chapter 5. THz spectroscopy were carried out in addition to two other optical methods namely; Laser Induced Breakdown Spectroscopy (LIBS) and Scanning Electron Microscope-Energy Dispersive X-rays (SEM-EDX) technique. Commercial THz sources were used to perform the THz-TDS in both transmission and reflection mode. The LIBS and SEM-EDX techniques were employed to assist in the interpretation of the THz spectral images.

Chapter 2

Theory of THz Pulse Generation in Non-linear Crystals

Inorganic and organic nonlinear crystals are important emitters of THz pulses. An understanding of the underlining mechanism of the emission process is pertinent in order to optimize the efficiency of the process. In view of this, this chapter is dedicated to treat the theory of THz generation by optical rectification and examine the factors that limits the scalable THz amplitude and spectral bandwidth. Specific attention will be given to ZnTe and BNA crystals since the experimental results of this work were based on these crystals.

Nonlinear polarization

Optical rectification is a second order nonlinear effect corresponding to the generation of lowfrequency radiation by frequency difference. Physically, optical rectification is the low-frequency response of a nonlinear material to the envelope of an intense laser pulse. This response will give rise to a nonlinearly induced second order polarization described as Assuming that the input electric field is linearly polarized and impinges with normal incidence on two zinc-blende crystals as shown in Fig. 2.1 and Fig. 2.2 (cut at (110) plane (111) plane respectively). The electric field components of the pump pulse in the laboratory frame are defined as follows where x', y', z' refers to the laboratory frame. 𝐸 refers to the amplitude of the pump pulse, 𝜃 refers to the angle between the (110) crystal's z'-axis and the pump beam polarization Ep, while 𝜃′ refers to the angle between the (111) crystal's z'-axis and the pump beam polarization, while 𝜙 refers to the angle between the THz pulse ETHz, and the (110) crystal's z'-axis. In what follows, a description of the nonlinear polarization in the form of matrix equation will be performed. Thus, by using equations (2-1) and (2-2), the induced nonlinear polarization is now,

𝑃 𝑃 𝑃 𝜖 0 0 0 0 0 0 0 0 0 𝜒 0 0 0 𝜒 0 0 0 𝜒 ⎝ ⎜ ⎜ ⎜ ⎛ 𝐸 𝐸 𝐸 2𝐸 𝐸 2𝐸 𝐸 2𝐸 𝐸 ⎠ ⎟ ⎟ ⎟ ⎞ 2-4 𝑃 𝑃 𝑃 𝜖 𝜒 2𝐸 𝐸 2𝐸 𝐸 2𝐸 𝐸 2-5
Since measurement can only be performed in the laboratory frame, it makes sense to define a rotation matrix R, that performs the transformation into the laboratory frame,

𝑥′ 𝑦′ 𝑧′ 𝑅 𝑥 𝑦 𝑧 1 √2 1 1 0 1 1 0 0 0 √2 𝑥 𝑦 𝑧 2-6
So, the induced nonlinear polarization in the laboratory frame can be expressed as follows, Furthermore, the polarization direction of the generated THz field can be predicted as,

𝑃
𝑡𝑎𝑛𝜙 𝑃 𝑃 2 𝑐𝑜𝑡𝜃 2-10
This implies that, the direction of the THz field depends on 𝜃, as such when 𝜃 55°, 𝜙 55° implying that the THz field vector will be aligned along the same polarization direction as the pump pulse. A similar procedure to compute the THz field 𝑬 , , induced in the (111) ZnTe can also be performed. In this case, a new set of transformation equation is defined as follows, [3],

𝑥′ 𝑦′ 𝑧′ 1 √6 √2 √3 1 √2 √3 1 √2 0 2 𝑥 𝑦 𝑧 2-11
As earlier, the modulus of the resulting THz electric field for the case of the (111) cut crystal is as follows,

𝑬 , ∝ |𝑷| 𝜖 0 𝜒 14 2 𝐸 2-12
For this cut orientation, the amplitude of the THz field is independent on 𝜃′. It is also important to observe that, the maximum THz amplitude obtainable from the (110) cut crystal is by a factor of higher than that obtained from the (111) cut crystal. This explains the reason behind its popular usage in the literature [4-8]. In the rest of this manuscript, the discussion shall be restricted to only the (110) ZnTe crystal except otherwise mentioned. By maintaining a relative angle of 55° between the pump polarization and crystal z-axis, the (110) ZnTe crystal will generate THz pulse with the most maximum amplitude. This method of enhancing the THz amplitude by tuning the crystal angle is referred to as birefringent phase matching (a detailed treatment of other types of phase matching conditions shall be treated in subsequent sections). In the meantime, i.e., in the section that immediately follows, a description of the propagation effect of THz generation shall be studied by solving the nonlinear Maxwell's equation [9].

THz field propagation

Following the optimization of the crystal orientation, it has been realized that a factor of 4 3 ⁄ should be multiplied with 𝑃 . Next, the main concern becomes the shape of the THz following its generation. As the THz pulses are emitted, they will propagate until they exit the nonlinear crystal. The evolution of these THz pulses can be modelled by the solving the non-linear Maxwell propagation equation. Assuming that the conductivity of the crystal is neglected, the non-linear Maxwell equation simplifies to [9-11],

𝜕 𝜕𝑧 𝜔 𝜀 𝜔 𝑐 𝐸 𝜔, 𝑧 4 3 4𝜋 𝑐 𝜔 𝑃 𝑖 𝑁𝐿 𝜔, 𝑧 2-13
Solving these equations is not trivial, but several simplifications can be made to make the problem easy to solve. The two main physical effects which will be considered are the following: (i) dispersion and absorption of the THz field, (ii) phase mismatch between the pump and the THz pulse. If the Rayleigh lengths of both the THz and laser fields are longer than the crystal thickness, one can reduce equation (2-13) to a one-dimensional equation. In a well-designed system, the Rayleigh length of the laser beam should be longer than the crystal length in order to benefit from the high laser intensity throughout the crystal's length.

In order to define the laser field 𝐸 𝑡, 𝑧 , the effect of pump depletion and absorption will be neglected. By assuming a Gaussian pulse envelope one can conveniently write,

𝐸 𝑡, 𝑧 𝐸 2 𝑒𝑥𝑝 𝑡 𝑧 𝑣 2𝜏 . 𝑒𝑥𝑝 𝑖 𝜔 𝑡 𝑘 𝑧 2-14
where, 𝑣 refers to the pump's group velocity, 𝜔 is the center frequency, and 𝜏 is the pulse duration of the pump pulse and 𝑘 is the pump's wavenumber. By taking the Fourier transform of equation 2-14 , and substituting into the equation Assuming that THz field is not generated at the entrance of the crystal, the following sets of boundary condition are applied; 𝐸 𝜔, 0 0, , = 0 so that the analytical solution of

equation (2-15) becomes [10], 𝐸 𝜔, 𝑧 𝜒 𝜔 𝜋√2 𝑛 𝑛 𝜏 4 3 𝑒 𝐸 ⎣ ⎢ ⎢ ⎡ 1 2 1 𝑛 𝑛 𝑒 ⁄ 1 2 1 𝑛 𝑛 𝑒 ⁄ 𝑒 ⁄ ⎦ ⎥ ⎥ ⎤ 2-16
Where 𝑛 refers to the pump's group index defined as 𝑛 𝑐 𝑣 ⁄ , 𝑛 𝜀 𝜔 𝑛 𝑖𝑘 is the index of refraction of the material in the THz spectral range; n is the real index of refraction and 𝑘 is the complex index of refraction. As can be observed, the pump intensity dependence of the THz field in equation (2-9) and (2-12) is again recovered in equation (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16). By increasing the pump intensity, the THz field strength is increased accordingly. However, there is a saturation limit beyond which this linearity is not obeyed in practice. According to equation (2-16), the resulting THz field is a sum of three terms: the first term is a forward propagating field, the third term is also a forward propagating field but with a different phase velocity Fig. 2.4 Simulated effect of the contributory terms in a THz signal. There is usually a backward THz signal (labelled 1, 2 and 3) generated with the forward signal whose contribution depends on the pulse duration of the pump laser. Sub-picosecond laser sources such as 150 fs (blue) and 300 fs (red) generates an insignificant backward THz signal term. However, for a picosecond laser pulse, this backward term has remarkable effects on the forward propagating THz signal (black line) when compared to only the forward term (dashed green line). The second term is a backward propagating field but has a lower amplitude and are usually neglected. However, we have observed in some part of this work that this backward field does contribute significantly to the form of the overall THz field. By using the Fourier inverse transform of equation (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16), a comparison between the THz field generated by different pump pulse duration are shown in Fig. 2.4. The plot illustrates the effect of the backward propagating THz pulse term on the overall THz field. By using a 2 ps long pump pulse, it is observed that the simulated THz field with the backward term (black line) and without the backward term (dashed green line) shows a significant discrepancy, such that the effect of this term cannot be neglected as in the case of shorter pump pulses. Another important term in equation (2-16) is 𝑒𝑥𝑝 𝜔 𝜏 4 ⁄ , which is a Gaussian term and acts as a low-pass filter. The shorter the transform-limited pump pulse duration 𝜏, the wider the generated THz bandwidth. However, in most practical cases of generation, the achievable bandwidth is not infinitely wide, since it mostly depends on the response function of the crystal, as we will show later in subsequent sections. At the moment, assuming we do not exceed the limit of the crystal's response function, the influence of the propagation distance experienced by the generated THz field can influence both its bandwidth and amplitude. To illustrate this effect, the THz spectrum generated by a ZnTe crystal using an 800 nm laser and whose pulse duration is 100 fs will be used. By using equation (2-16), the simulated THz spectrum is plotted at two different propagation distances (which corresponds to two ZnTe crystals with different thickness). As shown in Fig. 2.5, the 0.1 mm thick crystal can generate a broader spectrum up to 4 THz but the THz amplitude will be comparatively lower than when a 1 mm crystal is used. By using the 1 mm thick crystal, higher THz amplitude is observed but the spectrum is narrowed to about 2. 5 THz.

Normalized THz field

Normalized THz field Fig. 2.5 Effect of crystal thickness on the generated THz spectrum. For thin crystal a broader bandwidth can be generated but at the expense of the THz amplitude.

Next, a treatment on certain linear and non-linear phenomena that competes with the THz optical rectification process will be investigated. These effects are namely diffraction, Two Photon Absorption (TPA) and Free Carrier Absorption (FCA) [12-14].

Effect of diffraction, TPA and FCA on THz generation

In this section, certain effects that co-exist with optical rectification are studied. These effects compete with the scalable THz power. The presence of these effects typically leads to the breakdown of the THz quadratic power law. We shall begin the discussion with the role of the pump beam size as it does affect the diffraction of the THz beam. Then, the concept of TPA and FCA effects will be examined respectively in relation to the pump and THz pulses. The focusing of the pump pulse onto the crystal can be described by the Rayleigh diagram shown in Fig. 2.6.

Fig. 2.6

The pump pulse Gaussian width as a function of propagation distance z, at the center of the crystal. 𝑤 is the beam waist, while 𝑧 refers to the Rayleigh length.

As previously illustrated, the THz electric field varies linearly with the intensity I, of the pump pulse. The intensity of the pump pulse which in part depends on its beam size, can affect the extent to which the THz pulse can be diffracted

[15], 𝐸 𝑡, 𝑧 ∝ 𝐼 ∝ 𝜀 𝜋𝑤 𝑧 𝜏 𝑃 𝜋𝑤 𝑧 2-17
Here 𝜀 is the pump energy per pulse, 𝑃 is the peak pump power, 𝑤 𝑧 𝑤 1 𝑧 𝑧 ⁄ is the pump beam radius in the ZnTe crystal and 𝑧 is the Rayleigh diffraction length of the pump beam. The position z = 0 is defined as the focal point of the pump beam. Here, our point of interest is the diffraction pattern of the THz beam. It has been reported that, the THz beam diffracts more than the pump beam, and as such, the Rayleigh law will not be suitable to define its diffraction length, rather the Bethe diffraction theory is used to obtain the THz diffraction length as follows [16],

𝑧 𝜔 𝑤 4√2𝑐 2𝜋 𝑟 𝜆 2-18
Where, 𝑟 𝑤 √2 ⁄ , is the spot size of the THz pulse, and 𝑤 describes the pump waist. It can be seen that for lower frequencies 𝜔, the THz beam will diffract strongly, since it depends on the square of the frequency. However, for larger pump waist size, diffraction is practically negligible for the whole bandwidth [17]. On the other hand, an off-axis parabolic mirror is usually placed after the emitter crystal in order to collect the diffracted beam (THz and pump beam). The geometry of the mirror and the diffraction pattern of the THz beam are used to derive a diffraction transfer function 𝑇

. The 𝑇 which is used to model the effect of diffraction on the generated THz field is as follows

[10], 𝑇 𝜔, 𝜃 1 𝑒𝑥𝑝 𝑡𝑎𝑛 𝜃 𝑧 𝑟 2-19
Where, 𝜃 𝑡𝑎𝑛 .

, refers to the semi-aperture, D is the diameter and f is focal length of the off-axis parabolic mirror.

Another process that competes with the optical rectification process is the absorption of the optical pulse. The differential intensity of the pump pulse is described by [18-20],

𝑑𝐼 𝑑𝑧 𝛼 𝛽. 𝐼 𝑧, 𝑡

2-20

Where 𝛼 refers to the linear absorption coefficient of the pump pulse, 𝛽 refers to the TPA coefficient which describes the nonlinear absorption of the pump pulse. This coefficient is responsible for saturation effect in the pump pulse intensity profile, and consequently leads to a frequency-dependent intensity profile. TPA are more significant at higher pump intensity than at lower intensities. Thus, limiting the THz field strength that can be achieved according to equation (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16). As a consequence, the THz spectrum in the presence of TPA will be different from that affected only by a linear absorption. So, in the presence of TPA, the pump pulse intensity is represented as

[21], 𝐼 𝐼 𝑧, 𝑡 1 𝛽𝐼 𝑧, 𝑡 𝑆 𝑒 2-21
Where,
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𝑆 1 𝑒 𝛼

One other important effect that limits process of optical rectification is the presence of free carriers in the emitter crystal. These carries which arises due to the effect of TPA, have been reported to contribute to the absorption of the generated THz pulses. The effect of THz absorption by these free carriers is called Free Carrier Absorption. It is described by an attenuation factor 𝐼 , as follows

[22], 𝐼 𝑎. 𝑒𝑥𝑝 𝑁 𝑡 . 𝑏 2-22
Where, a and b are scaling factors that provides the best fit between theory and experiment. 𝑁 𝑡 describes the instantaneous electrons generated. The amount of attenuation is higher for high power and low pump pulses.

In the next section, we will study the underlining factors that favors the generation of efficient and spectrally broadened THz spectrum. These factors are namely; velocity phase matching (or simply called phase matching), crystal length as well as second-order nonlinear susceptibility coefficient.

Phase matching condition and coherence length

The generation of spectrally broadband THz pulses in nonlinear crystals can be determined by matching the THz phase velocity to the pump pulse group velocity. Given that, there is a perfect match between the two velocities, then there will be no restriction to the crystal length appropriate for the generation process. However, since a perfect matching condition is not possible in practice, then the choice of the crystal length can limit the phase matching condition. In this section, the relationship between phase matching and crystal length shall be examined. The study will begin with the investigation of inorganic nonlinear crystals, then followed by organic nonlinear crystals.

Phase matching criteria in inorganic crystals

Zinc blende structures namely, ZnTe, GaP and CdTe are principal sources of THz radiation among nonlinear crystals [23-25]. The refractive index properties of these crystals have an important effect on the magnitude of the THz frequencies that can be generated. In order to illustrate this concept, it has been shown that the THz spectrum can be approximated as a cardinal sinus function [26],

𝐸 𝜔, 𝑧 ∝ 𝑠𝑖𝑛 ∆𝑘𝑧/2 ∆𝑘𝑧/2 2-24
Chapter 2

Theory of THz Pulse Generation in Non-linear Crystals

26

Where, ∆𝑘 𝑛 𝑛 describes the degree of phase mismatch between the pump and THz pulse. As ∆𝑘 → 0, 𝐸 in equation (2-24) will be optimum given that,

𝑠𝑖𝑛𝑐 ∆𝑘𝑧/2 1 2-25
Thus, ∆𝑘𝑧 𝜋. So, the minimum corresponding length for which a phase mismatch can be tolerated, is thus

𝑧 𝑙 𝜋 ∆𝑘 2-26
Where 𝑙 refers to the coherence length needed for generation. This can be described as the minimum crystal length for which the THz pulse phase changes by 𝜋. Where 𝑛 refers to the optical refractive index of the crystal, and depends on the wavelength of the pump laser and c refers to the speed of light. By interposing 𝑛 and 𝑛 it is possible to intuitively determine the extent of phase mismatch between the THz and pump pulse. Taking the case study of ZnTe, it's 𝑛 and 𝑛 plots are interposed on the same figure as shown in Fig. 2.7. As can be seen, the value of 𝑛 at 800 nm is around 3.25, and a similar match to this value for 𝑛 occurs at around 2.5 THz. Thus, the THz and optical pulse can only be phase matched at such THz frequencies giving rise to narrow band THz spectrum. It is important to observe that the 𝑛 value becomes high at around 5.3 THz. This value defines the phonon frequency of the material, beyond which it becomes extremely difficult to generate higher THz frequency components [27]. However, in the case of GaP, a phonon resonance occurs only at around 10 THz as shown in Fig. 2.8, as such it is possible to generate higher THz frequencies with GaP crystals than with ZnTe crystals. However, there is a severe mismatch when operated at 800 nm laser. This is because, the 𝑛 is higher than the 𝑛 value at this wavelength. In order to take advantage of its wide spectral width, several methods [28] have been implemented to compensate for this phase mismatch which shall be treated in subsequent sections. It is noted earlier, that for a ZnTe crystal, up to 5.2 THz bandwidth can be generated when the phase matching condition is satisfied with a 800 nm laser. However, this frequency value can in part be attainable if the thickness of the crystal is equal to or less than the coherence length. Fig. 2.9, represents the plot of coherence length at two different wavelengths namely 800 nm and 1030 nm. As can be observed, a 1 mm thick ZnTe crystal can generate up to 1 THz and 2.3 THz at 800 nm and 1030 nm respectively, while higher frequencies can be generated with thinner crystals. In the case of GaP crystals, much thinner crystals are required, and the coherence length curve of GaP are less stepper than ZnTe curve thus ensuring a much broader frequency generation.

Fig. 2.9 The coherence length of ZnTe and GaP crystal at laser wavelength of 800 nm and 1030 nm.

Haven studied the crystal coherence length that corresponds to phase matching, next I shall examine the extent to which a particular crystal can emit varying bandwidth of THz frequencies.

In that case, a new term is introduced which is commonly referred to as generation response function 𝑅 𝜔 [29-31],

𝑅 𝜔 2 𝑛 1 𝑠𝑖𝑛𝑐 𝜔𝑧 𝑛 𝑛 𝑐 ⁄ 2-28
The generation response function is derived to include the influences of linear optics such as the mismatch between the THz phase velocity and the group velocity of the pump pulse, reflection losses at the emitter surface, and absorption. A plot of the generation response function for ZnTe and GaP crystals are shown in Fig. 2.10 for a laser wavelength of 800 nm. The plots were obtained by inserting the data in Fig. 2.7 and Fig. 2.8 into equation . The region in the plots where the value of the response function are maximal corresponds to the instance when the THz and pump are well phase matched. For values of the response function close to zero, the THz and the pump experiences severe mismatch. As can be seen in Fig. 2.10a, the broadest THz frequency that can be generated is up to 4.5 THz by using the thinnest crystal. Frequencies up to 3 THz can be generated by a ZnTe crystal thickness of 200 𝜇𝑚. Although 1 𝑚𝑚 thickness can also generate up to 3 THz, however in the latter, the THz signal will be distorted and less effectively generated. Generally, the thinner the crystal, the broader the THz spectra and vice versa. In the case of the GaP crystal (Fig. 2.10b), the generation response shows a slightly different behavioral pattern but in generally, broader THz spectra are effectively generated by thinner crystals. Their response curve are less flattened (except for the 15 𝜇𝑚 and 50 𝜇𝑚 thickness) and the magnitude of the corresponding THz frequencies are less effectively generated.

In order to expand the scope of comparing the properties of various crystals, a list of the optical and THz refractive index of some inorganic crystals are tabulated in Table 2.1. In order to understand the results in the By comparing the FOM values in Table 2.1, we realize that LiNbO3 has the highest FOM followed by CdTe and ZnTe crystal. In practice, the efficiency of LiNbO3 crystal are never as high as compared to ZnTe in collinear focusing. This difference can be understood based on the large difference between the 𝑛 and 𝑛 values of LiNbO3, in which 𝑛 is almost twice 𝑛 , thus the THz and the pump pulse do not effectively interact during propagation through the crystal, thereby leading a much lower efficiency. Also, the THz absorption in LiNbO3 absorption is about thirteen times higher than ZnTe crystal. In the case of ZnTe crystal, there is a better phase matching since 𝑛 and 𝑛 do not widely differ, in addition to possessing a lower absorption effect on the THz pulse. Also, the effect of phase mismatch is high in GaAs. However, their 𝑑 is reasonably high. In other to fulfil the phase matching condition, and upgrade the efficiency in GaAs and LiNbO3 crystals, certain modifications have already been proposed and implemented. In the next section, we shall briefly discuss the concept of Quasi-Phase Matching (QPM), tilted pulse front scheme and thermal cooling among commonly adopted strategies to augment the efficient of these crystals.

Compensating for phase mismatch

Compensating for phase mismatch basically involves optimizing the parameters that defines the coherence crystal length, 𝑙 namely; the relative velocity of the pump (or THz pulse) and refractive index of the crystal [36]. In view of these, the geometry of the pump pulse and the intrinsic properties of the crystal are the main site of interest. We shall commence by treating these factors under the following headings; Quasi-Phase Matching (QPM), tilted pulse front scheme and cryogenic cooling.

Quasi-Phase Matching

Quasi-Phase Matching (QPM) is a complex technological process in terms of performing phasematching for crystals that does not require birefringence to achieve phase matching. It is a reversal process that causes a periodic modulation in the nonlinear susceptibility phase of the crystal. This is so called because phase mismatch is not eliminated within each modulation period but it is compensated periodically. Since a phase mismatch leads to a change of the phase over the coherence length, then by periodically modulating 𝜒 such that an opposite phase is introduced, the phase, will then reset to its initial value so that the amplitude annihilation is prevented. This is essentially the principle of QPM. Practical methods for achieving QPM by the modulating nonlinear polarization phase include the stacking of crystalline plates with a periodic rotation of 180°, periodic poling, orientation-patterned epitaxial growth, among others [37-39]. For example, the periods of the LiNbO3 are periodically pooled by applying an external electric field. Following this ionic modification, better efficiencies have been recorded [33]. However, it is important to note that, the periodically poled crystals create a multiple-cycle THz pulse instead of a single cycle, and the efficiency cannot be as high as in the case of a true velocity matching since the THz components generated in the different domain pairs exit the crystal temporally separated, with no constructive interference [33].

Tilted pulse front scheme

The arrival time of an incident pulse on a nonlinear crystal can be made to vary across the beam profile through tilted pulse scheme. By using a grating-lens system, the pump pulse front is tilted upon irradiating the crystal. The THz radiation excited by the tilted pulse front of the pump propagates perpendicularly to this front with a velocity 𝑣 . Consequently, the angle between the propagation direction of the THz radiation and the propagation direction of the pump pulse will be the same as the tilt angle 𝛾 of the pulse front relative to the phase front of the pump (which is perpendicular to its propagation direction). Because of this, the phase matching condition will be satisfied as follows [ 

Cryogenic cooling

The irradiation of intense beam can result to TPA which can then lead to an increased absorption of the incident beam. As more power becomes absorbed in the crystal, it causes the crystal to heat up to temperature that causes dissociation in the molecular structure of the crystal, thus giving rise to thermo-optic effect. As an example, the crystal refractive index becomes temperature dependent. The reversal of this heating process otherwise called cryogenic cooling has been exploited in THz generation from GaP, PPLN of which higher THz efficiency were recorded compared to an uncooled crystal [42-44]. Thus, by controlling the temperature rise in the crystal with the aid of an external cooling system, the beams are less absorbed.

THz efficiency remains generally low for inorganic crystals than for organic crystals. In the following section, we shall discuss this effect with particular emphasis on the BNA crystals operated at around 800 nm and 1030 nm laser wavelength.

Phase matching effect in organic crystals

Organic crystals are important class of nonlinear crystals in the generation of THz pulse when the efficiency is considered. The presence of hydrogen bonds and Van Der Waals forces within these crystals forms the basis for their efficient performance. DAST, OH1, DSTMS, HMQ-TMS, CONAP and BNA are commonly used as organic crystals [45][46]. A list of some optical and THz properties at laser wavelength >1000 nm for some of these selected crystals are tabulated in Table 2.2. As can be seen, the second order nonlinear susceptibilities are between 160 -234 pm/V, which are about ten times higher than that of inorganic crystals. As such, an increase in efficiency by one hundred times is expected according to equation . By using DSTMS for THz emission, a conversion efficiency of 3%, was achieved which led to an ultra-high THz pulse energy of 0.9 mJ at a laser repetition rate of According to equation (2-28) and equation , the efficiency of optical rectification can be improved given that 𝑛 and 𝑛 are low. By comparing the refractive indices of the inorganic and organic crystals in Table 2.1 and Table 2.2 respectively, it is thus expected that the latter will be more efficient that the former. Moreover, it can also be inferred from Table 2.2 that the dispersion of the refractive indices is intrinsically lower in organic crystals as compared to inorganic crystals, thereby guarantying a broad bandwidth THz spectrum generation. To properly study the phase matching condition in BNA a plot of 𝑛 and 𝑛 is shown in Fig. 2.11. It can be observed, that the refractive indices corresponding to phase matching between the optical and THz pulses are typically less than 2.2. In the wavelength region between 800 nm-1200 nm, the 𝑛 and 𝑛 are similar, and as such leads to the generation of about 2-6 THz frequencies. It is important to note that, unlike in inorganic crystals where profound phonon frequency is present, this is not the case with BNA instead the refractive index decreased with frequency. In order to evaluate the crystal thickness that corresponds to the phase matching condition, the plot of coherence length for BNA crystal at 800 nm and 1030 nm laser wavelength is shown in Fig. 2.12. Generally, a crystal thickness less than 1 mm is ideal for higher THz frequency generation at both wavelength sources. It is easy to observe that, multiple THz frequencies can be generated for a particular crystal length. In practice these frequency components do not usually appear distinct, instead they are coalesced resulting to a broad bandwidth spectrum. Fig. 2.12 The calculated coherence length of BNA crystal at laser wavelength of 800 nm and 1030 nm.

Fabrication and structure of BNA crystals

N-benzyl-2-methyl-4-nitroaniline (BNA) are single large crystals belonging to the point group of mm2 with an orthorhombic crystal structure. It has a melting temperature of 103°C, with a very high second order nonlinear coefficient of 234 pm/V in the near-infra red region [55]. They are fabricated from polycrystalline BNA granules. The vertical-Bridgeman techniques were the earliest methods employed in the production of BNA crystals. In this method, a moveable crucible is lowered into a furnace (consisting of different temperature sections in which a negative temperature gradient exists from the top to the bottom of the furnace). The BNA poly crystals are poured at the top of the furnace into the crucible. Since the temperature at the top of the furnace are often higher than the melting point of the crystals, a phase transition from solid to molten-solid occurs. So, as the crucible moves vertically downward through the furnace, the molten crystals become solidified into a single large crystal when it crosses into the temperature region lower than its melting point [56]. Another technique referred to as the solution growth method is now becoming more popular than the vertical-Bridgeman method for growing BNA crystals. In this method, the polycrystalline BNA granules are usually dissolved into a solvent of alcohol (ethanol or methanol). By increasing the temperature of the solution, more granules are dissolved. Subsequently, the solution are gradually cooled for several days resulting to the crystallization of pure BNA single crystal out of the solution. If required, the crystalized BNA are placed on a substrate, so that the BNA crystal are further grown on the substrate by further cooling down the solution. Eventually, a large yellow colored crystal will precipitate from the solution whose crystallographic axis are labelled a, b, c, where the b-axis direction corresponds to the propagation direction of the pump pulse and the generated THz radiation under the collinear phase-matching conditions of optical rectification [55].

The performance efficiency of both the vertical-Bridgeman and ethanol solution grown BNA have previously been reported. The result showed that when the crystal is operated with a 1064nm, 100 Hz laser source, a damage threshold of 18 MW/cm 2 and 27 MW/cm 2 was recorded for the vertical-Bridgeman and ethanol solution grown BNA respectively [57]. Hence, we have utilized the latter in our work.

Thermal-optical effect in BNA crystal.

Generally, BNA crystals possess relatively weak intermolecular binding compared to other organic crystals. The binding are even weaker in vertical-Bridgman than in solution grown crystals. Thus, in the presence of moderate power lasers, the crystals tend to produce defects and distortion. As a result of this thermal instability, they are usually glued to a substrate that possesses a good thermal conductivity. The substrate serves to conduct away the laser heat, so that a high damage threshold can be attained. Commonly utilized substrates are diamond and sapphire substrate. From the table, it can be inferred that pure BNA crystals are less efficient for THz generation, owing to the poor conduction of the laser's thermal heat away from the crystal. In order to overcome this effect, the glued substrates which are often larger in dimensions are placed in the leading path of the pump pulse [55]. By comparing glass-BNA and sapphire-BNA under the same laser condition, the latter appears to be significantly higher in damage threshold. As can also be infer from Table 2.3, the repetition rate of the lasers plays a crucial role when operated with BNA crystals. Low rate repetition lasers are optimum for BNA crystals if one considers generating THz pulses [64]. Since these lasers are low in average power, the BNA crystals do not heat up quickly thus maintaining the structure of the otherwise fragile crystal. Lower the repetition rate of lasers have been reported to have achieved higher damaged threshold [65-66]. Though, the average power (for repetition rate between 10 Hz -1 kHz) are low, however the energy per pulse which are often higher makes them the preferable candidates that offer high efficiency with a lower thermal effect on the crystal. Higher rate repetition lasers (in the order of several kHz to MHz) has certain drawbacks considering their application with BNA crystals [50], in that the time between their pulses do not match the thermal relaxation time of the BNA crystals 𝜏 . 𝜏 gives an estimate of the time required to dissipate the laser's heat away from the BNA crystals. This value has been estimated at around 5-10 ms [64]. Taking the particular example of a 1 MHz laser source, the time between their laser pulses is 1 ns. As such, the BNA crystals does not have sufficient time to cool off before encountering subsequent pulses in the pulse train of the laser, thus heating up the crystal quickly. In order to circumvent this challenge, the use of controllable duty-cycle chopper was proposed and implemented [50, 67]. The duty-cycle of the chopper decides the ON/OFF time of the laser pulse energy which interacts with the crystal. With the use of low duty-cycle chopper wheels, BNA have been operated with high repetition rate laser, and improved efficiency obtained [50]. In this case, the 'burst pulses' controls the dynamics of the input laser rather than the 'single pulse'. Also, the longer off time (i.e. the time between the pulses) will provide a better match with the thermal relaxation of the crystal.

Conclusion

The optimization of THz generation in nonlinear crystals lies in the understanding of the theoretical framework governing optical rectification. For an efficient process, the group velocity of the optical pulse must be well matched to the phase velocity of the THz pulse for a given laser source. Even for an appropriate laser wavelength, the thickness of the EO crystal can limit the bandwidth of the THz spectrum. Generally, thinner crystals favor the phase matching condition at the expense of the strength of the generated THz field. If the conditions for phase matching are not satisfied certain techniques such as tilted pulse front scheme, cryogenic cooling and quasi phase matching are usually employed to compensate for the phase mismatch. With the use of short and intense pump pulses, broad and intense THz spectral can be generated in addition to other nonlinear effects such as FCA and TPA which may be detrimental to the overall efficiency of the process.

In fact, the broadness of the THz spectrum is limited by the spectral response of the crystal.

Chapter 3

Electro-optic THz Pulse Characterization Techniques

This chapter deals with the electro-optic detection of THz pulse in a non-linear crystal. There are two commonly used electro-optic techniques namely Electro-Optic Sampling (EOS) and single shot detection. This chapter will begin by first treating the theory and experimental configuration of the EOS scheme, and followed by the single shot scheme. Though, the latter scheme reduces the acquisition time of the THz characterization process, however they are limited by temporal resolution. As such, the different variations of the single shot scheme which are available in literature to help address the lapses of this scheme shall be highlighted.

Typically, EOS involves overlapping the THz pulse and a short optical pulse (otherwise referred to as probe pulse) in an electro-optic crystal. By varying the temporal delay of the probe pulse with respect to the THz pulse, the full waveform of the THz signal can be determined over time. At the same time, the convolution of the THz pulse shape is measured with the spectral response function of the crystal [1-2]. In order not to distort the THz signal, it is recommended that the response function of the crystal should extend beyond the measured THz frequency. Therefore, it makes sense to use a crystal that is well phase matched in addition to possessing low absorption effect within the range of the measured THz frequencies.

Phase mismatch and absorption in electro-optic crystals

In this section, the effect of phase mismatch (i.e. the different propagation velocities of the THz and the probe pulse) will first be discussed using the specific examples of ZnTe and GaP because these crystals are popularly operated with 800 nm and 1030 nm laser. Furthermore, the frequencydependent absorption of THz radiation in ZnTe and GaP are discussed while emphasizing on the prerequisites for efficient phase matching and lower losses of the measured THz signal.

In the context of this work, the propagation of two types of electromagnetic pulses is of interest. The first of these electromagnetic pulses are the probe pulse, for which the following description is used [3, 4]:

𝐸 𝑧, 𝑡 𝐸 𝑧, 𝑡 * 𝑒𝑥𝑝 𝑖𝜔 𝑡 𝑛 𝜔 𝑧 𝑐 3-1
The first term 𝐸 𝑧, 𝑡 , describes the temporal envelope of the probe pulse, while the second term describes the carrier wave of the pulse oscillating with the frequency 𝜔 . The associated group velocity 𝑣 , by which the envelope propagates through the crystal is given by [5, 6],

𝑣 𝑐 𝑛 3-2
Where,

𝑛 𝜔 𝑛 𝜔 𝜔 𝑑𝑛 𝜔 𝑑𝜔 or,

𝑛 𝜆 𝑛 𝜆 𝜆 𝑑𝑛 𝜆 𝑑𝜆

Where 𝑛 𝜔 and 𝑛 𝜆 are the probe group refractive indices in terms of frequency 𝜔 , and wavelength 𝜆 respectively. When considering the propagation of the probe pulse, only this group velocity 𝑣 and the associated group refractive index 𝑛 are relevant.

The second type of electromagnetic pulse is the generated THz pulse. They generally consist of only few half-waves, implying that the THz pulse has a high spectral bandwidth relative to the probe pulse. In spite of this fact, the refractive index of the THz pulses does not remain constant within a dispersive material [7].

For the electro-optical detection scheme used in this work, one is particularly interested in adjusting the propagation velocity of the probe and the THz pulse. The difference in the propagation velocity between the optical and the THz pulse can determine the minimum crystal length that can be used for detection. This is referred to as the detection coherence length 𝑙 , 𝟖 𝟏𝟎 Where k refers to the imaginary THz refractive index and 𝑓 describes the THz frequencies. A plot of the THz absorption coefficient is shown in Fig. 3.1b. As seen from the plot, GaP crystals generally have a lower absorption coefficient at THz frequencies less than 7 THz, while ZnTe crystals are low in absorption coefficient only at THz frequencies less than 2 THz.

Linear Pockels effect in ZnTe crystal

The quasi static nature of the electric field of a THz pulse is capable of inducing a change in the refractive index of a nonlinear crystal 𝑛 𝑛 𝑛 𝐼

3-5

Where, I is the intensity of the applied field, 𝑛 and 𝑛 are the corresponding linear and nonlinear refractive indices of the crystal respectively. The 𝑛 terms are higher-order terms that lead to a quadratic dependency on the applied electric field of the EM wave. For the particular case of the THz field strength obtainable in a table top experimental set-up, their electric field are weak in strength, and thus are unable to cause a nonlinear change in the refractive index of the EO crystal.

As such, the relationship between 𝑛 and the intensity of the applied field is linear, and this phenomenon is referred to as the Pockels effect [24].

In general, the refractive index of an electro-optical crystal subjected to the electric field of a THz wave can be described by the refractive index ellipsoid. If x, y, and z define the principal coordinate axes in the crystal, then prior to the presence of the THz field, the refractive index is described by a spheroid equation [25],

1 𝑛 𝑥 1 𝑛 𝑦 1 𝑛 𝑧 1 3-6
Where 𝑛 , 𝑛 , 𝑛 , are the respective principal refractive index in the x, y, z coordinates. It should be noted that the x-axis is the [100]-axis, the y-axis is the [010]-axis and the z-axis corresponds to the [001] axis of the crystal. In this present work, where a ZnTe crystal has been used, the principal refractive indices are identical because the refractive index of an isotropic crystal is directionindependent (this is true only in the absence of the THz field). However, during the electro-optic detection, their refractive index will no longer be equal, in addition to modification in their coordinates. Generally, the refractive index ellipsoid in the presence of the where 𝑟 is the coefficient used in the 𝑟 matrix (6 X 3) referred to the electro-optical tensor with i=1,2,3 while, m=1,2,3,…6. For the ZnTe cubic crystal with point group 43m, the only nonzero coefficient of the electro-optic tensor are 𝑟 = 𝑟 = 𝑟 [26], thus,

𝑟 ⎝ ⎜ ⎜ ⎛ 0 0 0 0 0 0 0 0 0 𝑟 0 0 0 𝑟 0 0 0 𝑟 ⎠ ⎟ ⎟ ⎞ 3-8
According to equation (3-7), it can be observed that the presence of the THz field causes the appearance of mixed terms in the equation of the ellipsoid. These refers to the terms with xy, xz, yz. This means that the major axes of the ellipsoid with THz field applied are no longer parallel to the x, y, and z crystal axes. It becomes necessary then, to find the directions of the new axes (x', y', z') and the magnitude of the refractive indices (𝑛 , 𝑛 , 𝑛 ) due to the presence of 𝐸 so that one can determine the effect of the field due to its propagation.

Two kinds of geometries have commonly been reported in the literature, which considers the relative polarization direction of the THz field as it travels through the electro-optic crystal [27-28]. In the first geometry, the THz field is oriented at 45 degree with respect to the probe polarization. While in the case of the second geometry, both the THz and probe polarization are parallel to each other. In both geometries the optical axis of the ZnTe crystal is adjusted such that it lies perpendicularly to the travel direction of the two pulses. In the following sections, these two geometries will be presented.

Detection in ZnTe with 45° polarization difference between the THz and probe pulse

In this geometry, the angle between the THz and probe pulse polarization is set at 45° as shown in Fig. 3.2. The electric field of the THz pulse is aligned along the z-axis of the crystal, A laboratory coordinate system (𝑥 , 𝑦 , 𝑧 ) needs to be chosen in order to transform the measurement in the crystal frame to a form that can be visualized. With these coordinate systems, the mixed term 𝑥𝑦 will thus vanish. These required coordinate transformation can be defined as follows [30],

𝐸 𝐸 0 0 1 3-9
x y z

1 √2 ⁄ 1 √2 ⁄ 0 1 √2 ⁄ 1 √2 ⁄ 0 0 0 1 . x y z 3-11
The x'-axis of the laboratory coordinate system lies in the crystal surface, while the y'-axis was chosen parallel to the (110) crystal direction (or to the direction of propagation). Using the sets of equation in equation (3)(4)(5)(6)(7)(8)(9)(10)(11) to transform the ellipsoid in equation (3-10), one obtains,

𝑥 𝑟 𝐸 𝑦 𝑟 𝐸 𝑧 1 3-12
By comparing the transformed ellipsoidal equation with the original ellipsoid, it can be shown that, the refractive index in the x' direction is thus;

1 𝑛 1 𝑛 𝑟 𝐸 3-13
By rearranging and applying the Taylor expansion up to the first order, one finally obtains

𝑛 𝑛 𝑛 2 𝑟 𝐸 , 3-14
while the refractive index remains unchanged in the z'-direction:

𝑛 𝑛 3-15
Since the optical probe beam is polarized at 45° to the x' and z' axes, then the refractive index change between the x' and z' axis induced by the THz pulse is simply

∆𝑛 𝑛 𝑛 𝑛 2 𝑟 𝐸 3-16
In summary, the geometry shown above is relatively clear and easy to calculate, which probably explains why they are mostly appreciated in the literature [31]. However, the results to be obtained in the next subsection, will indicate that this geometry does not achieve the maximum possible refractive index change.

Detection in ZnTe with 0° polarization difference between the THz and probe pulse

In the geometry shown in Fig. 3.3, the polarization of the THz and probe pulse are parallel to each other. Also, both polarizations are perpendicular to the z-axis of the crystals. In general, this geometry ensures the largest possible refractive index change per induced electric field applied By rearranging and applying the Taylor expansion up to the first order, one finally obtains

𝑛 𝑛 𝑛 2 𝑟 𝐸 3-22
And similarly,
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Since the probe beam is polarized at 45° to the x' and z' axes, then the refractive index change between the x' and z' axis induced by the THz pulse is simply

∆𝑛 𝑛 𝑛 𝑛 𝑟 𝐸 3-24
In comparison to ∆𝑛 obtained when there exist a 45° polarization difference, we conclude that there is a factor of 2 between these two geometries. The 0° polarization difference induces a higher refractive index change, as such we shall henceforth restrict our discussion to this particular geometry except otherwise stated. At the same time, this is popularly utilized particularly for the (110) ZnTe crystal.

Measurement of induced phase by ellipsometry

The refractive index change in the ZnTe crystal induced by the presence of the THz field will affect the phase of the probe pulse. So, as the probe pulse travels through the y'-direction, it will encounter a different refractive index in the different crystal's axis. This difference in refractive index is what have been derived in the previous section. In practice, it is not possible to directly detect this acquired phase since optical detectors such as photodiodes can only measure the intensity and not the phase of a pulse. The option available in order to circumvent this challenge is to introduce a λ 4 ⁄ -plate at the exit of the electro-optic crystal [33][34]. The λ 4 ⁄ -plate converts the polarization of the probe pulse from linear to circular polarization. With the aid of a polarizer, the main polarization components (i.e. the vertical and horizontal polarization) are then separated, and the difference in their intensity is measured by a balanced photodiode. In what follows, we shall show that this differential intensity is proportional to the phase induced on the probe beam by the THz pulse.

In order to compute the detectable intensity difference, resulting from the ordinary and the extraordinary axis of the /4 plate, it is best to use the Jones matrix. To begin, we first neglect the effect of the THz pulse on the probe pulse. It then follows that, the complex field amplitude of the input probe with an assumed phase difference Δφ in the x'y'z'-coordinate frame is [32],

𝑬 , , √ , 3-25
where 𝐸 is the complex field amplitude of the corresponding linearly polarized probe pulse. The λ 4

⁄ plate gives rise to a 45° rotation about the y'-axis. A transfer matrix M45 can be used to model this rotation as follows,

𝑴 1 √2 1 1 1 1 . 𝑒 0 0 𝑒 . 1 √2 1 1 1 1 3-26 1 √2 1 𝑖 𝑖 1
The resulting complex field amplitude at the exit of the λ 4 ⁄ plate is then derived as follows:

𝑬 𝐸 , 𝐸 , 𝑴 . 𝑬 1 √2 1 𝑖 𝑖 1 . 𝐸 √2 𝑒 𝑒 𝐸 2 𝑒 𝑒 ∆ 𝑒 𝑒 ∆ 𝑒 𝑒 ∆ 𝑒 𝑒 ∆ 𝐸 𝑒 𝑐𝑜𝑠 ∆𝜑 2 𝜋 4 𝑠𝑖𝑛 ∆𝜑 2 𝜋 4 3-27
The above expression indicates that the output beam at this point is circularly polarized, consisting of a vertical and horizontal component. In the case, that the THz pulse interacts with the probe, the initial probe phase will become modified (because the crystal's refractive indices will change by different amount in different axes), consequently equation (3-28) will become elliptically polarized. With the help of a polarizer, the output beam is then separated into the components polarized in the y' and z' direction. A pair of photodiodes placed in the path of the output beam then measures the respective intensities 𝐼 𝜖 𝑐 𝐸 , 𝑎𝑛𝑑 𝐼 𝜖 𝑐 𝐸 , of each polarization. The difference in their intensity becomes amplified by an amplifier system. Often times, the diodes and the amplifier are integrated within as a single system referred to as balanced photodiode device. The output difference is then detected by a phase locked lock-in-amplifier. By assuming a linear relationship between the lock-in signal 𝑈 , and the intensity difference (𝐼 𝐼 ), we can then write the following [35-37],

𝑈 ∝ ∆𝐼 𝐼 𝐼 1 2 𝜖 𝑐 𝐸 , 𝐸 , 1 2 𝜖 𝑐 𝐸 𝑠𝑖𝑛 ∆𝜑 𝐼 𝐼 𝑠𝑖𝑛 ∆𝜑 𝐾 𝑠𝑖𝑛 ∆𝜑 3-28
For very small values of ∆𝜑, i.e. ∆𝜑<< 1, it follows that ∆𝐼 𝐾 ∆𝜑, where, 𝐾 , represents the scaling factor of the electro-optic system [38-39]. Thus, we realize that, the induced probe phase change can be indirectly measured by, first converting the probe's output signal into an elliptically polarized beam, then spatially splitting the two polarization components, and thereafter computing the differential intensity.

Spectral bandwidth of electro-optic detection

Until now, we have only discussed the retrieval process for the induced phase difference in the probe pulse (due to the THz field). Other than the effect the THz pulse has on the magnitude of the induced phase 𝛥𝜑, there are certain characteristics such as the crystal's electro-optic coefficient and phase mismatch that limits the detection bandwidth of the electro-optic process [34,40]. In order to study these effects, the detection response function needs to be considered. To begin, an approximate expression to calculate the induced phase is given as follows [41],

𝛥𝜑 𝛥𝑛. 𝑧 𝑛 𝑟 𝐸 𝑧 3-29

During electro-optic detection, the probe pulse scans through the entire length of the THz pulse within the crystal, while the THz pulse position is kept fixed. This scanning is achieved by including a delay stage in the path of the probe pulse. As such a time lag is introduced between the two pulses. At each point in the scanning process, the probe pulse overlaps with the THz field at different position as shown in the Fig. 3.4. Where 𝐼 corresponds to the intensity of the probe pulse defined in equation . By considering the convolution function, the induced phase in equation can now be written as,

𝛥𝜑 𝑡 ~ 𝑛 𝑟 𝑧 𝑑𝑡 ∞ ∞ 𝐸 𝑇𝐻𝑧 𝑡 𝜏, 𝑧 . 𝐼 𝑝𝑟 ′ 𝑡, 𝑧 3-31
In practice, the detected THz frequency obtained from 𝛥𝜑, is limited by the detection spectral response G, of the crystal [43][44]. By including the effect of 𝐺 in equation 3-31 , it follows that the induced phase is,

𝛥𝜑 𝑡 ~ 𝑛 𝑟 𝑧 𝑑𝑡 ∞ ∞ 𝐸 𝑇𝐻𝑧 𝑡 𝜏, 𝑧 * 𝐹𝑇 𝐺 . 𝐼 𝑝𝑟 ′ 𝑡, 𝑧 3-32
It can be observed in equation that the induced phase is proportional to the thickness of the crystal. This implies that, in thicker EO crystals the amplitude of the detected THz signal is higher than in thinner crystals. The detection spectral response is an intrinsic property of the electro-optic crystal that determines the bandwidth of the detectable THz pulse. It considers, the interaction between the THz and probe pulse. Similar to the generation response spectral (see chapter 2), the detection spectral response will approach a maximum value if the velocities between these two pulses are well matched while it drops to a zero value when there exist a large walk-off between the two pulses. In essence, the detection spectral response would depend on the probe's wavelength and the crystal length according to [44],

𝐺 𝜆, 𝜔, 𝑧 2 𝑛 𝑇𝐻𝑧 1 𝑠𝑖𝑛𝑐 𝜔𝑧 𝑛 𝑔 𝑛 𝑇𝐻𝑧 𝑐 ⁄ 3-33
The term 𝑛 can be derived from the complex dielectric function ε ν and it describes the refractive index encountered by the THz pulse within the crystal. It is defined as Where 𝜀 describes the electronic contribution, 𝜀 represents the oscillatory strength, 𝜈 represents the transverse optical phonon mode, and 𝜁 represents the damping constant of the transverse optical phonon mode, and k refers to the imaginary refractive index of the THz field. A brief summary of the experimentally reported coefficients used for determining the THz refractive index of ZnTe, GaP and CdTe crystal is found in Table 4.1 

Effective spectral response function

In order to achieve a comprehensive treatment of the response function, it is a good practice to consider the effect of the frequency-dependent electro-optic coefficient, 𝛾 𝜈 . Thus, a new term referred to as the effective response function is defined as follows Where, 𝑑 represents the electronic influence on the electro-optical coefficient, 𝜉 which is called the Faust-Henry coefficient gives a measure of the ratio between the electronic and ionic part of the electro-optical coefficient at zero frequency and 𝛤 represents the damping constant of the transverse optical phonon mode. The magnitude of each of these parameters have been tabulated for ZnTe and GaP crystals in Table 4.3. It can be noted that, there are small differences in the magnitude of these parameters in different articles, but I have adopted the results obtained from experimental set-up similar to mine. and the parameters in Table 3.3, a comparison between the electro-optic coefficient of ZnTe and GaP crystals is shown in Fig. 3.5. As can be observed, ZnTe has a coefficient of about 4 pm/V. This value remains fairly constant until it drops off to 0 pm/V at around 5 THz. Beyond this point, it's 𝛾 rapidly decreases to 5.3 THz. This observation can be explained by the presence of transverse optical phonon resonance that restricts the detection limit of the crystal to less than 5.3 THz. However, a broader detection limit is achievable with GaP crystal. It's detection range which is set at around 7 THz, is about one-half times broader than that of ZnTe crystals. Though, the phonon resonance occurs at around 10.9 THz, but it is impossible to detect frequencies above 7 THz due to a negative γ value. The plot of the effective response function at different laser wavelength is shown in Fig. 3.6 and Fig. 3.7 for ZnTe and GaP crystals respectively. I have chosen wavelengths of 800 nm and 1030 nm since my experiment was performed with Ti:Saphhire and ytterbium lasers. For ZnTe crystal, a spectral range of less than 2.5 THz is investigated while, a spectral range up to 5 THz is investigated for GaP crystal. Considering the GaP crystal, it can be observed that within each subfigure, the thinner crystals result in a broader detection bandwidth. A maximum detectable bandwidth up to 5 THz is observed with the 0.2 mm crystal length operated at 1030 nm laser while a narrower spectral of up to 1.8 THz can be detected with the use of 800 nm laser. In the case of ZnTe crystal, narrower detection bandwidth are generally observed. The detection limit is broadest extending up to 3.2 THz when operated at 800 nm laser, while it is narrowest when operated at 1030 nm laser. It is equally important to note that, the effective response function shows a rapid fall off towards the phonon resonance at 5.3 THz for the 0.2 mm thick ZnTe crystal. EO detection can also performed in variety of other ways by modifying the probe pulse profile. These modifications gives rise to either a chirped probe or series of beamlets. Different orientations for overlapping the THz and these modified probe have already been studied in the literatures. In particular, the use of a chirped probe for EO detection usually limits the time required to characterize the THz pulse, hence this technique is generally referred to as single shot detection. Contrary to EOS in which a short probe scans the THz pulse, the single shot detection can sample the THz with a single pulse or in some cases by averaging over the single pulse measurement. All the EO factors (such as phase mismatch, coherence length, and spectral response function) that limits the EOS also apply in single shot detection. In what follows, I shall discuss the principle of the single shot detection while leaving out the EO effects for the sake of simplicity.

Single shot electro-optic detection

Single shot electro-optic detection involves overlapping the THz pulse with a long-chirped probe. In this scheme, there is no need to scan the probe. In this section we will treat the general scheme of the single shot electro-optic detection.

The temporal profile of the probe beam used in single shot EO detection is markedly different from those in EOS. In the single shot detection scheme, the probe beam is first dispersed by a material medium for example to produce a chirped and temporally broadened pulse. The probe pulse can be defined as the product of an envelope and carrier frequencies function as shown in Where 𝐸 describes the undispersed probe, whose original length is 𝑇 , and 𝐸 refers to the dispersed probe which have been chirped and stretched to a new length 𝑇 , 𝜎 refers to the chirp rate. In practice, a chirped and temporally stretched pulse can be obtained by passing the probe beam through a prism, pair of diffraction grating, or dispersion blocks. [56]. Since the entire length of the THz pulse is not scanned in the single shot detection, a different time scaling is adopted [57]. The time scaling involves an indirect retrieval process (which shall be discussed later in details) in which frequency is being mapped to time. In order to facilitate the easy retrieval of time information, a linear frequency-time mapping is beneficial. Creating a linear chirp over the probe pulse is possible if the change of refractive index (𝑑𝑛 𝑑𝜆 ⁄ ) over the bandwidth of the pulse is constant. In reality this is not achieved and higher order dispersion effects need to be considered.

A general approach to the dispersion introduced by a material is based on the group velocity dispersion GVD, which is defined as [57],
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Where GVD is expressed in the unit of 𝑓𝑠 𝑚𝑚 ⁄ .The group velocity dispersion takes the first and second order dispersion effects into account. In order to achieve a large linear chirp over the probe pulse, the contribution of the first parameter needs to be much larger than the contribution of the second parameter. A large contribution of the second order effect will limit the linear range and therefore the usable temporal window (temporal window is defined as the minimum length of THz pulse that can be measured by the probe). The dispersive material used in this work is SF6. After the probe has been chirped, both the THz and the chirped probe pulses will then be collinearly overlapped in the electro-optic crystal. Both a spatial and temporal overlap must be maintained between the pulses. The different frequency components of the chirped probe will be rotated by the THz pulse by different amount. The degree and direction of rotation is proportional to the THz field strength. The induced polarization in the probe beam is then sent through a polarizer. The polarizer helps to convert the probe's modulated polarization into an intensity modulation [58]. The electric field of the intensity modulated probe beam 𝐸 , can be expressed as [59-60],

𝐸 𝑡 𝐸 𝑡 𝜏 1 𝑘𝐸 𝑡 3-41

Where k is a modulation constant with k << 1, 𝐸 ∝ 𝑒𝑥𝑝 ∆ , and ∆𝑇 refers to the THz pulse duration. Then, another dispersive element (for instance a grating) within an optical spectrometer will be used to disperse the modulated beam onto a CCD-chip. The spectrally modulated probe will then be spatially separated on the CCD pixel. Therefore, a frequency to spatial mapping is realized. 𝑔 𝜔 describes the response function of the optical spectrometer. ∆𝜔 refers to the spectral resolution of the optical spectrometer. As can be observed from equation , the recovery of the THz waveform occurs in two distinct steps; first of which is the registration of the chirped pulse spectrum in the absence of the THz pulse i.e. 𝑔 * |𝐸 𝜔 | 𝜔 , and followed by the measurement of the THz modulated-probe spectrum 𝑔 * |𝐸 𝑚 | 𝜔 . The ratio of the difference between these signals to the probe spectrum is proportional to the electric field of the THz pulse. As in the case of EOS, the crystal thickness and spectral response sets the limit to the detectable THz bandwidth. Until now, the retrieved THz field is represented as a function of the CCD pixel. So, there is a need to calibrate the CCD pixel in terms of ps time scale in order to determine the THz pulse duration. To achieve this, a spatial to time mapping is carried out by adjusting the temporal overlap between the probe and THz beam. As seen in equation , a temporal delay is inserted in the probe beam. By adjusting the position of the delay stage, the positioning of the modulated probe on the pixel will be shifted accordingly and recorded. In order to represent the position of the delay stage in time, the following transformation is performed, 𝑇 , where 𝑇 describes the temporal scaling of the THz pulse, c represents the speed of light, and x is the length traveled by the delay stage. Thus, by plotting 𝑇 against the recorded CCD pixel, the time information of the THz pulse can be retrieved. However, in this work, a simpler and different approach involving the use of Frequency Resolved Optical Gating (FROG) characterization was performed (details of these technique are found in chapter 4). In terms of measurement reliability, there are two important points of interest to note about the single shot detection which are namely; the temporal resolution and time window of the measurement. The temporal resolution of this measurement is principally affected by both the spectral width of the unchirped pulse and the spectral resolution of the optical spectrometer. Considering the situation where the spectral resolution of the optical spectrometer is very high, the temporal resolution of the single shot measurement can then be represented as [60],

𝜏

𝑇 𝑇 given that 𝑇 ≫ ∆𝑇.

Where 𝑇 gives a measure of the temporal window. As can be observed, when 𝑇 is increased (i.e. the time window is elongated), the THz field will be imprinted onto a narrower range of frequency components thereby degrading the temporal resolution. For example, a 100 fs transform-limited input pulse that is chirped to 10 ps provides a temporal resolution of 1 ps, while for a 3 ps chirped pulse, it results to a temporal resolution of 0.5 ps leading to a much better resolution but at the expense of the time window [57]. In order to improve the resolution of this detection scheme, a short read out pulse is introduced to in order to overlap with the modulated probe [57]. The temporal resolution in this case, is set by the pulse width of the short read out pulse, while the time window is given by the pulse width of the chirped pulse. As a result, this method has provided a 10 ps time window with 100 fs temporal resolution, making it as a better diagnostic tool in terms of time resolution compared to the absence of the read-out pulse [59]. However, given that 𝑇 ∆𝑇, then in the absence of the read out pulse, a better resolution independent on 𝑇 can be realized as follows, In this case, the parameter that can be adjusted is 𝑇 . This implies that the duration of the chirped pulse has no influence on the resolution of the measurement. Thus, high temporal resolution can be achieved by shortening 𝑇 . In this work, the resolution of the single shot measurement followed the definition in equation .

So far, we have discussed the single shot measurement in the unbalanced mode. This means that, the modulated probe beam was analyzed without splitting the beam into its vertical (s) and horizontal (p) polarization components, as in the case of the EOS where the probe beam is first elliptically polarized, then separated into its polarization by a polarizer (wollaston prism). As a way to suppress noise and increase the dynamic range of the single shot measurement, a balanced detection scheme is usually utilized. The implementation of the balanced detection scheme is similar to the configuration in the EOS except that the balanced photodiodes are being replaced with sets of Charge Coupled Device (CCD) systems. Usually, two sets of grating-spectrometer-CCD systems are each used in place of the balanced photodiodes, and are synchronized to each other. Usually, it is recommended to also replace the Wollaston beam splitter with a wire gridbased polarizer. These wire grid polarizers guarantee higher and uniform extinction ratio, and also are capable of minimizing additional dispersion. By subtracting the s and p signal, the noise is sufficiently suppressed [61].

Variations of the single shot electro-optic detection

Other than the frequency-time encoding scheme discussed in previous section, there are two other methods of encoding the THz pulse. These methods are angle to time encoding and space to time encoding. We shall examine these variations and their sub-variations in this section.

The angle-to-time encoding method uses a non-collinear geometry. In this method, the readout probe samples the THz field when they spatially overlap in the detection crystal at different times.

The mapping between the spatial and time coordinates is calculated geometrically and depends only on the non-linear crossing angle. As a result, the time window T is determined as, 𝑇 𝑤. tan 𝜃 𝑐 ⁄ , where, 𝑤 is the beam width and c is the speed of light in vacuum. While this method is relatively easier to implement as there is minimal modification to the conventional EO sampling method, there are limitations to the time window, as a large beam width is required. In addition, to achieve a large crossing area, the readout and THz pulses are not focused at the detection crystal significantly reducing SNR compared to other techniques [62-64]. Another variance of the space to time encoding involves the use of a second harmonic cross correlation. The THz is first mapped onto a chirped pulse profile; however, the temporal profile of the pulse is measured by crossing it with a short readout pulse in a -Barium Borate (-BBO) crystal to produce a second-harmonic signal. Different frequencies of the chirped pulse, and thus different parts of THz waveform, are projected onto different spatial locations on the BBO crystal. The spatial profile of the second harmonic (SH) signal is recorded on a CCD array which is represented as an intensity crosscorrelation of the two pulses at the detection crystal. This method does not suffer from significant time resolution degradation from the chirped pulse, however it requires a second nonlinear process, SHG, in addition to the EO effect, which significantly effects the signal intensity and SNR.

Increasing the temporal window is achieved by larger beam widths which inherently lowers SHG efficiency and measurement sensitivity [65-66].

The space-to-time encoding is achieved using transmissive dual echelons. This single-shot technique is built around a complementary pair of custom-made transmission-mode echelons, optics that look like glass stairways. When the readout beam passes through a pair of echelons, each with m steps, it splits into an array of beamlets incrementally delayed in time. The more the glass the beamlet passes through, the longer the time delay associated with it. The time window is determined by the total beamlet delay time of all m steps and the temporal resolution is the larger of the readout pulse duration and the time delay introduced by the smallest time increment. This method requires minimal modification to the probe arm in a conventional EOS setup and achieves high temporal resolution and wide time windows with relative ease [67-68].

In summary, the electro-optic detection of THz pulse which can be carried out in a nonlinear crystal can either be performed by sampling the THz pulse with a short probe or typically overlapping the THz pulse with a chirped probe. The latter case typical have faster acquisition rate of detection than the former. In both cases, the thickness and detection spectral response of the crystal sets the limit of the detectable THz spectral bandwidth.

Conclusion

The Pockels effect forms the basis by which EO detection can be achieved with the use of either a short or chirped probe (as well as a combination of both a short and chirped probe). Other than the difference in the acquisition time between the EOS and single shot detection, the EO conditions for efficient detection is essentially similar. Conditions such as large spectral response, high nonlinear EO coefficient and phase matching in the crystal must be satisfied for an efficient broadband detection. The useable spectral response of the crystal is limited by the thickness of the crystal. With the use of thinner crystals, the entire width of the response function can be utilized, however, the intensity of the measured THz signal will be compromised and vice versa. For this reason, a crystal with a high nonlinear EO coefficient are preferable.
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Chapter 4

Generation and Detection of Narrow Bandwidth THz Spectrum

This chapter discusses the experimental results on THz generation and detection. The results are based on optical rectification processes in ZnTe and BNA crystals. These results can be broadly divided into two parts. In the first part, the THz pulses generated by the nonlinear crystals are characterized by EOS. Then in the second part, a modified single shot detection is performed in a ZnTe crystal. The uniqueness of this single shot, is that the generated THz is characterized in the same crystal used for detection. This scheme will be referred to as single crystal configuration.

EOS of THz pulse emitted by ZnTe crystal

The efficiency of optical rectification is strongly dependent on the phase matching condition between the laser pulse and the THz pulse. For a Ti:Sapphire laser centered at 800 nm, the phase matching condition (in a ZnTe crystal) is well satisfied for a broad range of THz frequencies [1-3]. Other than the Ti:Sapphire laser source, the ytterbium (Yb) doped fiber lasers has emerged in a wide range of scientific and industrial applications, offering advantages such as stability, low maintenance, high average power in its regenerative amplification section and a tunable repetition rate up to several tens of megahertz [4-6]. However, its application is limited to certain nonlinear crystals, in which ZnTe crystal is an exemption. It is because, at this wavelength the phasematching conditions in the ZnTe crystal are not optimal.

Nevertheless, the phase mismatch condition has been advantageously used for the generation of radially polarized THz beams with 300 fs, 120 MHz Yb lasers. In this case, the induced nonlinear polarization radiates into a Cherenkov cone and it is manifested in the far field as a radially polarized terahertz beam. By increasing the Cherenkov radiation angle through creating a larger velocity mismatch, the emitted power of the radially polarized terahertz beam was improved [7].

ZnTe has a bandgap energy of 2.3 eV at 300 K. So, the effect of TPA cannot be neglected when the crystal is pumped with laser sources whose photon energy are lower than 2.3 eV. Generally, the effect of TPA in (110) ZnTe is more severe at 800 nm than at higher wavelengths. The TPA coefficient of ZnTe measured at 800 nm laser is around 5.6-15 cm/GW [8-12], while the TPA coefficient at 1060 nm is around 4.2 cm/GW [13]. Following this comparison, it has be suggested that this effect of strong TPA at 800 nm can ultimately limit the terahertz scaling power [7].

On one hand, the TPA effect at 1030 nm has been favorably harnessed. By using a 280 fs with a repetition rate of 25 kHz, the ultrafast charge carrier dynamic arising from TPA filtered the out-of-phase components of the THz signal, thus enabling the recovery of broadband THz pulse generations at the expense of lower efficiency. It was also highlighted that the effect of TPA tends to be significant in thicker crystals. As such a 1mm thick ZnTe crystal yielded more efficiently than 2 mm thickness [14]. In this work, I also will utilize an Yb-based laser but with a longer pulse duration at 500 fs and operated at moderately high repetition rate to irradiate a 1 mm thick ZnTe crystal.

Experimental design for the EOS in ZnTe/BNA

An Ytterbium laser source centered at 1030 nm with a repetition rate of 42 kHz was used as the input beam for the experimental set-up shown in Fig. 4.1. At the output of the laser source, the beam size is 2024 μm in diameter and the duration is at 500 fs FWHM and it is linearly polarized. The pulse duration was measured with an autocorrelation device and found to be 500 fs, while the maximum average power was recorded as 380 mW. The set-up is mainly divided into two arms namely; the detection and generation arm. A beam splitter (BS) is placed in the path of the laser source in order to reflect 35 percent of the input laser power to the detection arm, while the remaining 65 percent is transmitted to the generation arm of the set-up. I will refer to the reflected and transmitted beams as the probe and pump pulses respectively. The pump pulse is then focused onto the non-linear crystal by using a lens of 500 mm focal length. As the pump pulse propagates through the non-linear crystal, THz pulses are radiated out in a conical form. In order to efficiently collect the radiated beam (i.e. the optical and THz pulse), a 2" inch diameter off axis parabolic mirror (PM1) is placed at the exit portion of the non-linear crystal such that it collimates the radiated beam. To achieve this, the distance between the PM1 and non-linear crystal is adjusted to fit the PM1 focal length. The pump pulse is filtered out if the radiated beam by placing a 2 mm thick silicon filter in the path of the collimated beam. Thus, the beam at the exit of the filter is mainly the THz pulse. A second off axis parabolic mirror PM2 is used to focus the collimated THz pulse on to a ZnTe crystal that is used as the electro-optic crystal.

As the THz pulse is focused on the electro-optic crystal, the probe pulse overlaps with it spatially and temporally with the aid of a computerized delay stage. In order to ensure the overlap between the THz and the pump pulse, the overlap position was initially determined by overlapping the probe and pump pulses in the absence of the silicon filter. By doing this, one can only have an estimate of the possible overlap position between the THz pulse and the probe pulse. However, when the filter is in place, the overlap between the THz and probe pulse is realized by optimizing the orientation of PM2. It is important to note that, the Half Wave Plate (HWP) placed in the path of the probe pulse is used to influence of the polarization of the probe such that the polarization are optimized for detection. Also, the probe is collinear focused by passing it through a hole in PM2.

In the absence of the THz field, no phase will be induced in the probe pulse. As such, the probe pulse will be circularly polarized upon passing through the Quarter Wave Plate (QWP). To verify this assumption, the THz is cut off so that only the probe goes through the electro-optic crystal. At the exit of the QWP the probe pulse becomes equally polarized in two directions (i.e. circularly polarized). A Wollaston prism (WP) is used to separate the individual polarization by transmitting one of the components while reflecting the other component. The difference between these components was observed to be negligible. However, in the presence of the THz field, a refractive index change occurs in the electro-optic crystal. This results to a change in the phase of the probe pulses as it passes through the crystal (see chapter 3). In order to measure the amount of the induced phase change, the probe beam is initially elliptically polarized by passing through the QWP. Then the WP is used to separate the individual polarization by transmitting one of the components while reflecting the other component. With the aid of the balanced photodiode, the difference between the two polarization components is recorded. In order to suppress the effect of noise, and to improve the signal-to-noise ratio of the balanced photodiode, the output of the balanced photodiode is connected to a Lock-In-Amplifier (LIA).

The LIA uses a phase-sensitive detection technique to single out the component of the signal at a specific reference frequency. The noise occurring at frequencies other than the reference frequency are filtered out and do not affect the measurements. In our case this frequency is 400 Hz and it is given by the chopper frequency which is transmitted to the LIA by BNC cable. Then, a LabVIEW code is used to record the data from the LIA as the delay stage is translated. At the same time, the spatial position of the delay stage is recorded. Thus, the LIA signal is measured as a function of the delay stage position. The spatial position is then converted to time. 

Results and discussion (using ZnTe as the THz emitter)

The experimental result of the EOS shows that a 1 ps (FWHM) long THz pulse was sampled, whose electric field is bipolar in shape as shown in Fig. 4.2a. A comparison between this pulse and the simulated pulses is performed in order to understand the profile of the experimentally observed THz pulse. The emitted and detected pulse in Fig. 4.2a which are simulation results correspond to the THz pulse without and with EO effect respectively. Equation (2-16) equation and equation were used for the simulation. The result of the simulation shows that, the experimentally observed THz pulse (blue) is shorter than the simulated-detected pulse (red) which has a pulse duration of about 2 ps. Without considering EO effect, the simulated-emitted pulse (dashed black) tends to be similar to the experimentally observed THz pulse. The marked difference between the experimentally observed and simulation-detected pulse arises from the narrowed dip towards the positive time axis, as well as the winged pattern towards the negative time axis in Fig. 4.2a. In order to resolve these features more clearly, a log plot of the corresponding THz spectral is shown in Fig. 4.2b. As shown, the spectral width of the experimentally observed spectrum (blue line) extends up to about 1.7 THz, and the simulatedemitted spectrum (dash black) extends up to 1.1 THz, whereas, the simulated-detected spectrum (red) has a narrower cut off at about 0.68 THz. It can be noted that, spectral width which extends The right side of the emitted THz spectrum extends out of the response function. So, the result of multiplying the response function and THz spectrum may lead to a falsified extension of the spectral width as observed in the experiment. The discrepancy between experiment and simulationemitted, refer to Fig. 4.2b) which sets in at around 0.6 THz corresponds to point where the response function begins to roll-off to zero. Thus, the frequency component between 0.6 -1.7 THz cannot be interpreted as part of the experimentally emitted frequencies. So, the narrowed dip in the time domain is probably an artifact. Moreover, the discrepancy between simulation and experimental result can be illustrated by simulating the pulse duration of the emitted and detected THz pulse. To do this, a plot of their respective THz intensity is shown in Fig. 4.3b. The pulse duration of the detected THz pulse (red line) is 2 ps long whereas the pulse duration of the emitted THz pulse (black) is 1 ps. The detected THz pulse is simulated by considering EO effect. i.e. by including equation and . The result reveals that, the detected THz pulse is longer than the emitted THz pulse. This may be due to the usage a long probe pulse to sample the THz pulse or the poor phase matching that is inherent in the usage of ZnTe at 1030 nm laser.

A slight narrowing of the experimental THz spectrum occurs at frequencies less than 0.4 THz. This might be due to the effect of diffraction. By using equation (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19), a plot of the diffraction function is plotted as shown in Fig. 4.4. The result indicates that THz frequencies less than 0.4 THz are more prone to diffraction effect than higher frequencies. Since the wavelength equivalent of the experimentally measured THz spectrum is 600 Um, which is LONGER than the pump beam size (324 μm), then the effect of diffraction cannot be neglected. This diffraction effect has also been confirmed by [15]. Thus, it appears that the winged pattern in the time domain might have originated from the effect of diffraction. Fig. 4.4 Effect of diffraction on sub-THz frequencies. The diffraction curve (blue line) shows that at frequencies below 0.3 THz the diffraction effect is obvious, and less significant at higher frequencies.

The aforementioned spectral discrepancy between 0.6 -1.7 THz can be further studied in relation to the thickness of the detector crystal. Assuming that a 200 μm is used for detection, it can be observed that the THz spectrum is situated away from the cutoff (see Fig. 4.5). As such, it will be possible to perform detection without distortion. So, I remark that the distortion and discrepancy observed may be overcome by the use of thinner crystal, because there will be a better compensation for phase mismatch between the probe and THz pulse (refer to chapter 3). Next, the power of the experimentally generated THz pulse (measured as the absolute squared of the detected signal) is studied with respect to the intensity of the pump pulse. The probe pulse intensity is fixed while the pump intensity is varied with the help of neutral density filters. The plot of the outcome is as shown in Fig. 4.6. The experimental data (brown circles) indicates that, at the instance the pump intensity is below 2 X 10 13 W/m 2 , the measured THz power slowly. However, at intensity levels beyond 3 X 10 13 W/m 2 , the THz power rises quickly and attain a maximum value at about 13 X 10 13 W/m 2 . A fit (blue) for the experimental data shows that the variation of the THz power can be modelled by a quadratic law. This finding obeys the theoretical dependency of the THz power on the pump intensity given as 𝑃 ∝ 𝐼 . I highlight that, since this scaling law have been recovered experimentally, then the effect of the nonlinear absorption of the pump intensity is insignificant. Usually, this nonlinearly absorption gives rise to both TPA and FCA effect that absorb the useable pump and THz pulse power respectively. It does appear that, in this work, the nonlinearities are inherently suppressed. Moreover, it was possible to obtain a quadratic fit because the pump energy is low (10 μJ). However, saturation effect of the pump pulse can lead to linear fit at higher pump pulse energy [4].

Conclusion (using ZnTe as the THz emitter)

A 1 ps long bipolar THz field has been generated by a 1 mm thick ZnTe crystal via optical rectification. A corresponding narrow THz spectrum was realized whose frequency is centered at 0.5 THz. The detection was performed by EOS in a 1 mm thick ZnTe crystal. The experiment which was performed in ambient air was carried out using an ytterbium-based laser whose center wavelength is at 1030 nm, with a 42 kHz repetition rate and a pulse duration of 500 fs.

It is observed that, nonlinear effects such as TPA may have been negligible since there is a quadratic dependency of the THz power on the pump pulse intensity. In addition to other factors, this may be because the energy per pulse of the laser is less than 10 μJ. As such, saturation effect on the pump pulse may not have been significant. The consequence of this result is that the strength of the THz signal may be weak, although no characterization of the THz strength was performed.

In the same vein, the effect of phase mismatch between the THz and optical pulses which limits the scalable THz frequency may not have been severe as compared to other effects. Other effects such as the crystal thickness and the diffraction of the THz beam seems to better explain the discrepancy between the simulated and experimental THz signal. As a way to optimize the experimental set-up, I suggest that a thinner crystal should be used for the EOS so that the full spectral width of the THz pulse can be faithfully recovered. Though, the effect of diffraction may not be completely eliminated at low THz frequencies, the use of a large semi-aperture parabolic mirror may limit diffraction effect.

EOS of THz pulse emitted by BNA crystal

In chapter 2, it was highlighted that, the usability of BNA crystals is limited by two important factors. These are namely, the repetition rate of the incident laser and the presence of a bonded substrate on the BNA crystals. In what follows, I shall briefly discuss the impact of the incident laser wavelength on the performance efficiency of BNA crystals.

Brief state of the art

Recently, BNA crystal are gaining attention in the THz community. They have the potentiality to emit broad THz spectrum. In the literature, several laser wavelengths ranging from 800 -1550 nm have been used to generate THz pulses from the BNA crystals. A summary of these wavelengths sources is tabulated in Table 4.1. The results are particular to the substrate-BNA crystals. For a clear understanding, I shall group the results into two main parts depending on the wavelength characteristics of the incident laser. Accordingly, the shaded portion are obtained from the use of 1 μm lasers while the unshaded part is from 0.8 μm laser. At the earliest stage in the use of BNA, it was initially irradiated by 800 nm, 50 fs laser, and this led to the generation of up to 3 THz [16]. Later on, by using 1150-1550 nm, 35 fs laser, an extended THz spectrum up 7 THz was realized at an improved efficiency of 0.8 % with the use of longer crystal length [17]. In a bid to predict the THz yield from BNA as function of laser repetition rate, a 10 Hz repetition rate laser pulse centered at 800 nm with 100 fs pulse duration was used to irradiate a 650 μm thick BNA resulting to the generation of up to 2.5 THz [18], and with an approximate efficiency equal to the earliest result but much lower than that obtained from the 1150-1550 nm laser. After the publications of the afore cited references, several other groups have conducted experimental works in the past few years with either a 0.8 μm or a 1 μm laser [19-24]. In the strict sense, though, it is difficult to compare the results from different experiments that were performed in different conditions. However, there seems to be a consistent trend with the results of the 1 μm laser in relation to the 0.8 μm laser. Broader THz spectral up to 6-7 THz are generated from 1 μm laser compared to a narrower spectral of 2.5-4 THz generated from the 0.8 μm laser. This is possibly due to the favorable phase matching occurring at 1 µm wavelength. Recently, a laser pulse duration of 85 fs and centered at 1030 nm was used to irradiate the BNA crystals, and this resulted to the generation of broad THz spectrum up to 7 THz with a measured efficiency of 0.12% [24]. 

Results and discussion (using BNA as the THz emitter)

The resolution of an EO measured signal depends directly on the experimental time window. A longer window leads to better spectral resolution, but extends the experimental scan time, and thus finding an optimum time window to balance this trade-off is preferred. As a result, a longer delay stage was used to replace the initial delay stage in Fig. 4.1.

A long range scan of the THz signal emitted by the BNA crystal is shown in Fig. 4.8. It spans 40 ps with a temporal step of 133 fs. An obvious feature in the long range scan is the appearance of multiple terahertz pulses. After the initial THz pulse, attenuated waveforms equally spaced by 10 ps can be seen. This observation which is commonly referred to as etalon effect is a Fabry-Pérot like effect. It is very important to note here, that these pulses will add oscillation features to the Fourier spectra. Thus, the time-domain waveforms need to be time-windowed numerically in order to eliminate the multiple pulse reflections. On the other hand, these reflections may be eliminated by using a thinner misaligned piece of the silicon filter. There are notably three absorption peaks occurring at 1.3 THz, 2.2 THz and 3.6 THz. In between these peaks the absorption is minimal (i.e. at around 1.7 THz and 2.7 THz). So, it is expected that the spectral amplitude of the generated THz pulse at the former frequency values will be low compared to the latter values. However, this is not exactly the case in our experimental result. Instead, the THz frequency is centered at around 1.3 THz. To further the analysis, it is observed that the detection response function of the detector crystal has a cutoff frequency at 0.8 THz (see Fig. 4.3a). As such, the response function corresponding of the 1 mm thick detector is only effective to detect frequencies not higher than 0.8 THz. According to this argument, it is therefore surprising to have been able to detect frequency components higher than 0.8 THz. shows more resemblance to each other and are a bit different from that obtained at high intensity (i.e. at 8.7 X 10 13 W/m 2 . In the spectral domain, a central frequency of about 1.7 THz is obtained at pump intensities of 4.6 X 10 13 and 6.6 X 10 13 W/m 2 . This center frequency is a bit wider than that obtained with 8.7 X 10 13 W/m 2 pump intensity, although the cutoff is narrower and occurred at around 2.2 THz. As earlier noted, the detector response function may not have guaranteed the possibility of detecting such broader spectral. Generally, these frequency values are higher than that obtained detected from the ZnTe emitter. It does seem that broader THz spectral which is broader than the detection limit must have been emitted. In order to confirm the presence of the broadly emitted spectrum, a thinner detector of 200 μm is used to replace the 1 mm crystal. The detected spectrum by using this thinner crystal is shown in Fig. 4.10b.

With the use of thinner crystal it is expected that the detected spectrum will be relatively lower in spectral amplitude. This follows from our discussion in chapter 3, that thinner crystals are able detect broader spectrum at the expense of the signal amplitude. As such, the dynamic range in Fig. 4.12 is expected to be lower than in The THz power is graphed in Fig. 4.13 as a function of the pump intensity. The measured power gradually increases at pump intensity beyond 3.0 X 10 13 W/m 2 and rapidly peaks beyond 9 X 10 13 W/m 2 as shown by the experimental data (red circles). The corresponding fit (blue) is found by a quadratic curve. This observation suggests the exclusion of the TPA and FCA effect that competes with optical rectification. In order to emphasize the multicyle nature of the BNA THz pulse, a comparison with the ZnTe THz pulse is shown in Fig. 4.14. The thickness of the detector crystal is 1 mm for both crystals. A THz spectrum centered at 0.5 THz is detected in the case of ZnTe while, a spectrum centered at 1.3 THz is observed in the case of BNA crystal. Though, it is not possible to detect frequencies as high as 1.3 THz by using a 1 mm thick ZnTe crystal, it can be observed that the BNA THz pulse is multicycled as compared to the bipolar form of the ZnTe THz field. 

Conclusion (using BNA as the THz emitter)

Multicycle THz pulse has been generated by a 390 μm thick BNA crystal via optical rectification.

The detection was performed by EOS in a 1 mm and 0.2 mm thick ZnTe crystal. The experiment which was performed in ambient air was carried out using an Ytterbium-based laser whose center wavelength is at 1030 nm, with a 42 kHz repetition rate and a pulse duration of 500 fs.

The result of the THz signal sampled in the different ZnTe crystal, indicated obvious differences in terms of the signal spectral component and dynamic range. When the 1 mm ZnTe crystal is used as the detector, the sampled THz pulse had a duration less than 1 ps and a center frequency of around 1.3 THz, while a shorter pulse duration with an extended center frequency was realized with the use of the thinner crystal. To understand the discrepancy in these results, the detection response function of the two crystals were compared to the detected THz spectrum. It was inferred from the comparison that it is surprising to detect frequencies higher than 0.8 THz when the 1 mm crystal is used. As such, a thinner crystal was used which had a cut-off frequency at 2.4 THz. A THz spectrum centered at 2 THz with a pulse duration of 0.5 ps was measured by this thinner crystal. These results indicate that the bandwidth of the generated THz signal is broader than the detection response function of the 1mm ZnTe crystal, as such it was inadequate to characterize the THz pulse. Replacing the thicker crystal with the thinner crystal broadened the detection limit, however the noise level severely affected the signal.

The power of the THz signal (measured by taking the integral square of the THz electric field) was observed to vary as the squared pump intensity which in part supports the claim of the exclusion of TPA and FCA effects that competes with the optical rectification process. It is noted that the maximum pump fluence of our laser source is lower than the crystal damage threshold. As such, it is likely that our measurement did not extend up to the pump's saturation region. By comparing the BNA and the ZnTe THz signal it was realized that the BNA THz pulses are multi-cycled, while the ZnTe THz pulses are bipolar. In conclusion, I suggest that, a different EO crystal, for example, a GaP crystal can be used as the detector crystal. Since phase matching is well optimized for such crystal and that the effect of THz absorption is lesser, then broader THz spectrum free from artifacts may be measured.

Single crystal configuration.

Oftentimes, two nonlinear crystals are needed in typical experimental set-up for THz emission and detection respectively. In this set-up, the THz pulse being radiated by one of the crystal is detected at the other crystal by either a collinear or non-collinear interaction with a weak probe beam. Due to the usage of the weak probe beam in the detection arm, there are usually no other observed processes other than the linear electro-optic (EO) effect. However, in the case where the generation occurs alongside with the detection in the same crystal, in what I shall refer to as single crystal configuration, the EO effect may coexist with other nonlinear processes such as two photon absorption (TPA) and free carrier absorption (FCA), which competes with the generated THz pulse As can be observed in the previous paragraph, the single crystal configuration is a great tool to study the response of ZnTe crystal. Additionally, they are useful for application purposes in integrated THz devices. Chen et. al. has demonstrated the possibility of this configuration to be applied in tomography, in which they used a ZnTe to transmit pulsed signal which was detected in the same crystal upon being reflected [32,33]. Thus, it appears there will be a need to minimize the nonlinearities in the single crystal configuration in order to boost their applications. Being temporally stretched, chirped laser pulses are less powerful than their Fourier transformed limited pulse duration. However, their higher pulse-energy can be used to reach the same power, thus leading to an increase of the THz yield due to many photons present. Previously, efficient THz yield have been reported using a pre-chirped pump pulse in air-plasma THz based sources 

Experimental design for the single layout configuration.

The experimental set-up for the single ZnTe crystal is shown in Fig. 4.15. The laser source used for this experiment is the Coherent Libra Ti-sapphire laser. The output beam from the laser is coupled to a Chirped Pulse Amplifier (CPA) to generate a beam centered at a wavelength of 796 2 nm, with a repetition rate of 1 kHz and ~0.6 mJ of energy per pulse. The distance between the compressor's gratings in the CPA was adjusted to initially chirp the pulse. This resulted to the generation of 3.6 ps long pulses as measured by a Frequency Resolved Optical Gating (FROG) device. A beam splitter is placed in the path of the output pulse to transmit 50 percent and reflect the other 50 percent of the total laser power. The reflected beam is used as the pump pulse, while the transmitted beam is used as the probe pulse. The probe beam is additionally chirped by repeated passage through an assembly of dispersion blocks made up of SF6 material. A total of twenty-four (24) passes was realized in the 52 mm long blocks and the probe pulse finally broadens to 5.2 ps due to material-dispersion. The pre-chirped 3.6 ps pump beam is focused on the 0.6 mm thick (110) ZnTe crystal with few tens of μJ. Due to the inherent complexity to simultaneously optimize the crystal angle for efficient emission and detection in the single layout configuration, there is certainly an unarguably tradeoff between these two phenomena. To this regard, an optimum angle of 26° (relative to the (001) axis) has been proposed and explored [32]. In this present work, the crystal angle is adjusted to maximize the detected THz signal, in that the 5.2 ps horizontally polarized chirped probe overlaps temporally and spatially with the vertically polarized pre-chirped pump beam on the crystal at a crossing angle of ~12°. The two beams were focused independently on the crystal, with the inclusion of a manual delay stage in the arm of the chirped probe. The diameter of the pump and probe beam at the crystal 88 position were 570 μm and 125 μm respectively. It is straight forward to see that the beam size of the THz pulse given by 𝑟 𝑟 √2 ⁄ , is larger than the probe size, where 𝑟 denotes the pump size. Thus, I have assumed that the THz pulse has a constant intensity profile around the probe, as such 𝐸 is spatially independent in the simulation.

In this single crystal configuration, the THz pulse is generated in a first part of the crystal by the incident pre-chirped pump beam, then it induces a phase change on the incoming chirped probe beam. The overlap length between the THz pulse and the probe depends on the crossing angle and crossing point. This probe-THz beam is collimated by lens L3, and subsequently circularly polarized by a QWP of which the vertical and horizontal polarized components exit the polarizer with a slight deviation from each other. The HWP located between the QWP and polarizer switches between the beam paths of the polarization components. Since a gating-based optical spectrometer is sensitive to polarization, then with the aid of the HWP, the appropriate polarization component can be injected into the spectrometer. In this work, the p polarization was injected into the spectrometer.

The choice of the optical spectrometer is such that, its spectral resolution is effectively high in order to effectually resolve the frequency components of the measured signal. The recovery of the THz waveform occurs in two steps. (1) First the probe spectrum is recorded in the absence of the pre-chirped pump pulse. (2) Then the probe spectrum is measured with the THz (i.e in the presence of the chirped pump pulse. (3) Finally, the ratio of the difference between these signals to the chirped pulse spectrum is calculated. This ratio is proportional to the electric field of the THz pulse, since it has been established that the EO retrieved THz in equation is identical to the measured electric waveform of the THz spectrum in equation (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16). Prior to performing the THz field retrieval, the chirped probe is characterized once at the beginning of the experiment by a FROG device. This is important to determine the spectral phase 𝜙 𝜔 of the probe, from which the frequency-time calibration is obtained. Since each temporal slice of the THz field is projected onto different frequency components in the chirped probe, the THz field can be reconstructed from the direct mapping of frequency to time.

Results and discussion (using the single layout configuration)

There are two posssibilities to calibrate the time-frequency distribution in order to retrieve the duration of the THz signal. This involves analyzing the FROG measurement of the chirped probe or by displacing the relative position of the THz pulse with respect to the chirped probe. The latter is a simple technique, and involves translating the manual delay stage in order to observe a shift in the position of the ridge-like pattern seen on top of the chirped probe being due to the presence of the THz signal. However, the high order terms of the spectral term cannot be effectively estimated leading to a loss of accuracy. Instead, the former was adopted to calibrate the THz signal. This involved characterizing the chirped probe by using a FROG technique to determine its spectral phase. In this technique, a replica of the chirped pulse is produced and subsequently delayed with the use of an interferometer. The replica is then used to gate the main pulse in an Second Harmonic Generation (SHG) nonlinear crystal. So, a second harmonic of the chirped pulse is created whose spectrogram is as follows [42],
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Where 𝐸 𝑡 refers to the main chirped pulse, 𝐸 𝑡 𝜏 refers to the replica of the chirped pulse and 𝐼 𝜔, 𝜏 refers to the spectrogram of the SHG signal. The information about the spectrogram is sufficent to essentially characterize the chirped probe (only that the sign of its spectral phase can not be determined, which of course is not of interest in this work). The information about its spectral phase is then used to associate each of its frequency component to a time scale. During the THz-chirped probe interaction, the THz signal overlaps on the chirped probe, so that by mapping out the frequency region on which the THz signal lies, the corresponding time scale for the THz signal was constructed. The retrieved spectrogram of the chirped probe pulse as measured by the FROG device is shown in Fig. 4.16a. A 3 rd order polynomial curve fit (red line) was performed for the spectral phase of the chirped probe (blue circles) as shown in Fig. 4.16b. The group delay expression 𝑇 , is then constructed from the coefficients of the fitted spectral phase. Where,

𝜙 𝜔, 𝜏 𝜙 Δ𝜔

As such, a cubic fit was obtained in which there is an observed linearity behaviour within the spectral bandwidth of the chirped probe as shown in Fig. 4.16c. It was observed that, it was possible to retrieve the THz signal by analyzing only one out of the two polarization beams from the polarizer. Hence, an unbalanced detection was utilized to reconstruct the spectrally encoded THz signal. The optical spectrometer records the chirped probe signal in two sequences. The first measurement is taken in the absence of the pre-chirped pump to give rise to the unmodulated probe signal. This unmodulated probe which serves as the reference signal is subtracted from the measurement taken afterwards in the presence of the pre-chirped pump. The result of this substraction is proportional to the product of the THz signal and the reference beam. To extract only the THz signal shown in Fig. 4.17b, I normalized accordingly. In a way to verify the reproducibility of the spectrometer signals, several shots were recorded and a resemblance was observed among the shots from which the average signals of these shots are shown in Fig. 4.17a.

As can be seen, the intensity of the chirped probe spectrum increased due to the overlapping THz signal that was emitted by the presence of the pre-chirped pump.

In the data analysis, only the s polarization of both the modulated probe and unmodulated probe were analyzed and presented. The measured THz pulse has a FWHM duration of 6.5 ps and exhibits few cycles of oscillations. The corresponding spectrum is centered at 100 GHz with a width of 100 GHz. The narrow bandwidth is due to the long pulse duration of the pump. This THz pulse is generated with significant contribution of the backward THz component.

Fig. 4.17 (a) Signal of the modulated and unmodulated chirped probe spectra recorded by the spectrometer in the presence and absence of the pump beam respectively. The consistency in the spectra profile was confirmed by recording one hundred shots of each spectrum. The presence of the THz on top of the chirped probe tends to skew up the tip of the chirped probe. (b) The duration of the retrieved THz pulse is about 6.5 ps FWHM. The form of its shape is impacted by certain contributions. At the tail end of the field, there exists an amplitude difference between the experimental data (red circles) and simulation (blue line) been due to Fabry Pérot which that gave rise to faster oscillations (c) The corresponding low frequency narrow bandwidth spectrum is centered at 0.1 THz. The inset corresponds to the spectrum plotted in the log-scale.

The comparison between the experimentally retrieved and the simulated THz pulse do not fit well. This dissimilarity which is essentially due to Fabry-Pérot effect can be observed in both Fig. 4.17b and inlet of Fig. 4.17c. The Fabry-Pérot effect in this case is due to the reflection of the THz pulse at the boundary of the crystal. In fact, the effect of multiple reflection cannot be neglected since the round-trip time of the THz pulse within the crystal is shorter than its pulse duration. By considering the bouncing of the THz pulse between the opposite faces of the crystal, a transfer function for the Fabry-Pérot effect is defined as per [43],
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Where, 𝑟 𝑛 1 𝑛 1 , ⁄ corresponds to the amplitude of the reflected THz pulse, and 𝐿 represents the effective length of the crystal for THz generation, 𝑛 refers to the TH refractive index, c refers to the speed of light and 𝜔 refers to the THz frequency. As the THz pulse bounces off from the crystal-air interface with successively decreasing amplitude, it encounters the chirped probe in the last part of the crystal length. The THz pulse that have been generated in the first-part of the crystal length and modified by the Fabry-Pérot effect, becomes coalesced on to the chirped probe. Though, the duration of the chirped pulse is not long enough to reveal the entire oscillation length of the Fabry-Pérot effect, yet the calculated magnitude of the maximum reflected pulse is around 25 percent which agrees with our experimental plot. Generally, there is an observed uncertainty around 5-20 % percent between the one hundred measured signal. The comparison between the root mean squared (rms) error and the 100 signal shots indicates two maxima values around the edges and central position of the signal (see Fig. 4.18). Generally, this fluctuation is mostly due to the laser fluctuation. On the other hand, this can be traced to the pulse duration of the chirped pulse. A comparison between the chirped probe (red line) and THz pulse (black line) is shown in Fig. 4.19. Since both pulses are temporally overlaped, it can easily be observed that part of the fast oscillations in the THz pulse protrudes out of the edges of the chirped probe. Thus, the high rms value at the right side edges of the THz causes the chirped probe to fluctuate rapidly at their edges. As such the probe's chirp rate may have been insufficient to provide a wide temporal window leading to inaccuracies in regions farther from its FWHM. Fig. 4.19 Simulation of the pulse duration of the chirped probe and THz pulse. The THz and chirped probe nearly overlap at the zero delay thanks to their similar refractive index value which ensures that they propagate with more or less equal speed. However, the limited temporal window made some part of the THz pulse extends out of the probe's spectral.

It is most likely that an increase in the intensity of the pump pulse will increase the THz signal strength and highten the effect of TPA on the chirped probe, which in turn will decrease the amplitude of the measured THz pulse, however this was contrary to our observation in that the THz signal increased in magnitude (see Fig. 4.20). As such, there is a reported negligible TPA effect that co-exist with the retrieved signal. Since the effect of TPA is negligible on the chirped probe, the huge number of photons in the pre-chirped pump freely participates in the Difference Frequency Generation (DFG) process thus facilitating the optical-THz conversion efficiency. In this work, the Kerr signal could not be isolated contrary to the case of other works, where a temporally short pump pulse was used for pumping, and in which the Kerr signal was situated around the overlap position between the probe and pump pulse, and lags the generated THz signal, making it possible to identify and isolate the Kerr signal to certain extent [27,29]. I remark that, since the presence of THz Kerr-like effect induced by the generated THz signal is less dominant in (110) ZnTe crystal as observed by He et. al., [28]. Coupled with the fact that our experiment and theory are in good agreement with no significant deviation that warrants the skepticism about the presence of other effects, I believe that such cascaded nonlinear effects and Kerr effect are minimally present. The corresponding narrow bandwith THz spectral in Fig. 4.17c has a peak frequency at around 0.1 THz, and a cut-off at 0.2 THz. The high frequency features in the spectrum correspond to the oscillatory part of the THz time domain signal. In the overall, the simulation and experimental data are in close agreement with only minor differences because the chirped probe is not long enough to properly retrieve the edges of the THz signal. The relationship between the pre-chirped pump intensity and THz power is as shown in Fig. 4.20.

The fit (blue line) is a quadratic plot that follows the experimental data (red circles). I noted that due to certain technical difficulties that arose in the laser source only few data points could only be accurately illustrated.

Conclusion on the single crystal configuration

I have investigated the response of ZnTe crystal in the presence of a pre-chirped pump pulse. The results indicate the feasibility of both generating and detecting few picosecond THz pulse in the same crystal. The THz pulse was characterized via the single shot EO scheme with an accompanied high resolution. The experimental data conformed well to the predictions of optical rectification theory and Fabry Pérot effect with a negligible contribution of nonlinear effects such as TPA, Kerr, and Kerr-like effects. The polarization components of the THz-probe modulated beam were independently recovered, thanks to the simplicity and flexibility of the set-up. Although, I have generated narrow band THz spectrum at low frequency (without focusing on the tunability of their spectrum), their frequencies can be tuned by adjusting the pump chirp rate via the separation distance between the gratings in the laser source. The choice between the selection of the

Power (norm. unit)
bandwidth and chirp rate of the chirped probe used in this detection scheme is a compromise between the temporal window and resolution of our measurement.

This scheme may be harnessed for practical application in various ways as follow; Firstly, the results of our findings further supports the possibility of realizing photonic THz integrated systems [44] with the use of ZnTe crystals. Usually, the set-up for THz sources and detection been huge and complex do not facilitate their affordability and mobility for outdoor applications. So, there is often times a need for an integrated system that combines the generation and detection in a miniature device. The quest for such compact THz spectroscopy system has previously been realized by the use of THz integrated systems. Secondly, our findings can also find favorably application in condensed matter physics, since with the use of tunable narrow band THz spectrum, the excitation of selective phonon modes has been achieved previously [41]. Lastly, since the conventional single shot detection scheme have previously been used to monitor molecular dynamics occurring on a fast time scale such as laser induced material damage, chemical reactions, and phase transformations [45], then our experimental set-up may be adapted to serve as a time resolved spectroscopy set-up if certain modifications in the pump pulse path is considered.

99 Chapter 5

Optical Analysis of Oil Shales

Following the generation and detection of THz radiation in the preceding chapter, a concentration on the application perspective will be discussed in this current chapter. This chapter is dedicated to explore the application of THz radiation on some oil shale samples. Oil shales have shown to be very responsive to THz radiation. This is due to the presence of an organic constituent referred to as kerogen. Their response in the presence of THz radiation have previously been studied in relation to their oil yielding capacity. Parameters such as the refractive index and absorption coefficient of the oil shales have previously been examined. In what follows, a brief review on the THz-Time Domain Spectroscopy (THz-TDS) on oil shales shall be examined, and this will be followed by presenting the experimental results obtained from the analysis of Lopkanta oil shales. Subsequently, two other optical measurements namely Scanning Electron Microscope-Electron Dispersive X-ray (SEM-EDX) and Laser Induced Breakdown Spectroscopy (LIBS) shall be performed to supplement the oil shale THz spectroscopy/imaging results.

THz spectroscopy generality

We consider that a THz pulse travels through an oil shale sample at normal incidence. In order to investigate the effect of the sample on the THz pulse, the THz signal is recorded firstly without the sample, then with the sample. The signal obtained in the former and latter cases are respectively termed reference and sample signals. Where the first term in equation (5-2) is the transmission coefficient which considers the effect of amplitude decreases due to absorption. The second term is responsible for the time delay, and represents the phase acquired by the pulse on its passage through the oil shale whose thickness and refractive index are 𝑑 and 𝑛 respectively. The Fabry Pérot (𝐹𝑃) term, accounts for the reflections of the pulse within the oil shale. Similarly, in the reflection mode, the theoretical complex reflectance signal 𝑅 𝜔 , is given by

𝑅 𝜔 𝑛 1 𝑛 1 . 1 𝑒 5-3
Solving for 𝑛 𝜔 , involves performing the following operations: 𝑇 𝜔 𝑇 𝜔 or 𝑅 𝜔 𝑅 𝜔 .The foregoing equation is an inverse value problem that can be solved analytically by assuming an initial guess solution. The fixed-point iteration, Newton Raphson and Nicolson-Ross-Weir method have been so far used to obtain 𝑛 𝜔 which has been shown to exhibit good correlation with oil yield of oil shales [4]. By considering the results of different literatures, it has been found experimentally that, oil shales with lower 𝑛(𝜔) usually exhibits a negative correlation with oil yields, i.e. high-oil yielding oil shales have lower 𝑛(𝜔) and vice versa [1, 5-6]. It is worth mentioning that the experimental techniques employed in preparing the samples, have impact on the outcome of the measured 𝑛 𝜔 . Li et al. observed that using pulverized over bulk oil shale samples possessed no true correlation with oil yield. Due to the complex heterogeneity of the oil shale, their properties were altered upon mechanical processing [5]. Thus; it is usually preferable to work with the bulk samples, in which case the original form is preserved.

Oil shale has shown to possess anisotropy, in which their optical properties differ in different plane. The presence of lamination, i.e. alternating layers with varying organic matter content in the oil shale is a possible reason for anisotropy. As such, during field extraction, it is recommended to cut through the earth crust at specific plane, preferably at the bedding plane of deposition. Miao et al.

[6] investigated the anisotropy of some oil shale in relation to oil yield. In their procedure, they used oil shales cut at a direction parallel to the bedding plane. The refractive index was measured when the incoming THz pulse was incident parallel to the bedding plane of the oil shale, to obtain 𝑛 , then the oil shale is rotated up to 90º to obtain the minimum refractive index, 𝑛 . They observed a symmetric behaviour in 𝑛(𝜔) at every 180º, such that the anisotropy in the refractive index is given by,
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A strong positive correlation between ∆𝑛 ω and oil yields from different oil shales was observed. I.e. the higher the refractive index anisotropy, the higher the oil yield and vice versa [6].

The absorption coefficient α (𝑐𝑚 -1 ), which measures the magnitude of absorbed THz pulse, have also been used as an indicator tool to assess the oil yield potential of some oil shales. This quantity is proportional to the imaginary component of the complex refractive index [3],

𝛼 𝑐𝑚 2𝜔 𝑐 𝐼𝑚 𝑛 𝜔 5-5

Typically, 𝛼 (𝑐𝑚 -1 ) increases with THz frequency and falls between 400-1800 𝑐𝑚 -1 . A comparison between the absorption plots of different oil shales analysis has indicated that, higher 𝛼 (𝑐𝑚 -1 ) corresponds to higher oil yield, and vice versa. However, when the refractive index in equation is replaced by ∆𝑛 ω , the value of the new absorption coefficient ∆𝛼 (𝑐𝑚 -1 ), have been observed to be lower for oil shales with higher oil yields, and vice versa [6-8]. In order to reveal detailed information about the bulk samples of the Hudian oil shale, Yi et al. [9] made several absorption plots at different pyrolysis temperature, to determine the 𝑇𝑚𝑎𝑥 for useful oil yields. The 𝑇𝑚𝑎𝑥 value corresponded to the maximum recorded temperature just before inconsistency in the absorption plot begins to appear; possibly due to THz absorption by metallic oxides in the pyrolyzed oil shale.

The inorganic constituent of oil shale comprises of minerals and water. Quartz, calcite, dolomite, and pyrite has been identified as been among the principal mineral constituent of oil shales [10][11][12]. During a THz-TDS at room temperature, THz pulse are mainly absorbed by the kerogen content, due to the fact, that kerogen are large macromolecules whose aromatic compounds typically have vibration modes in the THz region around 0.5 -4 THz. When the THz-TDS is performed with a pyrolyzed oil shale sample, there are generally two major stages in the optical response of the kerogen to the THz pulse. The first stage occurring at lower temperature, involves the evaporation of moisture from the oil shale thereby resulting to an increase in the strength of the transmitted THz signal. The second stage is typically characterized by a decrease in the strength of the THz signal, due to absorption of the pulses at high temperature [5, 9, 13]. At such high temperature, the minerals are dissolved in water, then become generally conductive, and subsequently absorbing the THz pulse. The comparison between the first and second stages as well at room temperature signifies that the absorption of THz pulse is an interplay between the water, kerogen and mineral constituent. At high temperature, the kerogen macromolecules decompose into lighter molecules mostly with short chains alkanes, while the minerals are decomposed into metals and metallic oxides. At this stage, the absorption of THz pulse is reversed, and mainly dominated by the metallic components [5,14]. Also, at such high temperatures, oil shale with significant pyrite composition decomposes to elemental Iron (Fe) and Sulphur (S), whose ferromagnetic response to an external magnetic field can also be studied to reveal the nature of the constituent minerals. Unfortunately, this has not been investigated in the oil shale.

Moreover, investigation has been carried out on the transmitted THz signal of an oil shale under increasing temperature up to 1000 ℃, and a different trend was observed. The plot of the maximum electric peak 𝐸 , of the THz signal obtained at each pyrolysis temperature made by Honglei et al. [1], revealed four stages of oil shale decomposition. These four stages are grouped under four different temperature ranges. For the temperature range between 25 -200 ℃, 𝐸 increased and then stabilized around 200 -300 ℃. Following this stabilization, 𝐸 gradually increased from 300 -500 ℃ until a maximum is reached, then a sharp decrease between 500 -600 ℃ was observed.

During the first stage, the initial increase in 𝐸 was due to moisture loss and become stabilized during the second stage after the moisture content was at minimum. During the third stage, the macromolecules of the kerogen were broken down, resulting to an unexpected increase in 𝐸 possibly due to the loss of more moisture. During the fourth stage, THz pulses were absorbed due to the decomposition of the minerals to their respective metallic oxides resulting to decrease in 𝐸 nearly up to the same magnitude at 25℃. In a recent work, Honglei et.al investigated the absorptive behavior of oil shales at temperature beyond 600 ℃, and observed that, 𝐸 at 1000℃, was much lesser than at 25℃, due to metallic (semi-coke) formation. On the other hand, THz subsurface imaging of oil shales has been achieved via the reflection mode of the THz-TDS [1]. The reflected THz amplitude from different regions of the oil shale was employed to reconstruct the non-uniform distribution of organics on the oil shale surface. Three regions corresponding to high kerogen, low kerogen and mineral regions were observed based on the intensity distribution. Their THz contrast image showed good with results obtained from optical micrographs and micro-Raman spectra.

THz Spectroscopy and Imaging Measurement

In our study on oil shales, the THz pulse used for spectroscopy and imaging were provided by two commercial systems namely, the TPS spectra 3000 and the TPS spectra 4000 both from TeraView. The latter was used in the reflection mode, while the former was used in the transmission mode.

The system photograph and the sketch of the set-up in both transmission and reflection geometry are shown in Fig. 5.1 and Fig. 5.2.

The TPS spectra 3000 uses GaAs Photoconductive Antennas (PCA) as both THz emitter and detector. An incoming 80 fs Ti:Sa laser operated at 800 nm with a repetition rate of 76 MHz is first passed through a beam splitter in order to reflect and transmit the beam in different proportions. The transmitted beam (pump beam) is then used to illuminate the PCA emitter, while the reflected beam (probe beam) is sent through a delay line and later injected into the PCA detector. As the THz pulse is emitted, it is collimated and focused at normal incidence onto the sample as shown in Fig. 5.1. Both the emitter, sample and detector are contained in a chamber. Prior to detection, the chamber, is purged with dry air to eliminate water vapor, in order to avoid undesired absorption bands in the spectral window under study.

103 The TPS spectra 4000 is similar to the TPS spectra 3000 except that the sample is not placed in a chamber and that the generated THz pulses are not normally incident on the sample, instead it irradiates the sample at about 30° to the normal as shown in Fig. 5.2. The first pair of OAPM collimate and focus the THz pulse onto the sample, while the reflected THz pulse emanating from the sample were re-collimated and re-focused (using another pair of OAPM) onto the PCA detector. A reference signal is obtained by first by irradiating a metal slab, thereafter the oil shale sample is placed on the metal slab. By sweeping the delay line through the entire THz pulse, the time domain THz waveforms were obtained. By keeping the sample position fixed, the THz pulse was raster scanned in the x-y plane to form an image. The reflection mode offered a useful frequency range of 0.06 -4.5 THz with a maximum dynamic range around 80dB. By zooming in on the second layer, a shallow pattern was observed as shown in Fig. 5.5a. As can be observed, the sample is generally grey-colored with whitish and dark spots. By considering the central position, the grey-whitish-dark color is better resolved in Fig. 5.5b. A localized view on the middle of Fig. 5.5b was performed in which the result shows a dark hollow region (see Fig. 5.5c). Generally, the surface at difference locations consists of varying shades of grey-whitish dark color. Next, THz spectroscopy is performed at some specific positions in the samples.

106 Fig. 5.5 Ultra high magnifcation of the surface view of L3S4 sample.

THz Spectroscopy of Lokpanta Oil Shales

THz spectroscopy was performed by recording the temporal profile and the spectrum was obtained through a Fast Fourier Transform (FFT) to obtain the index of refraction and absorption coefficient in the frequency domain. The transmission measurements were achieved at three to four different points in some selected samples. The transmitted THz signal as well as the retrieved absorption coefficient and refractive index will be discussed for samples L7S1, L5S1, L9S2 and L3S2. In Fig. 5.6, the results of the spectroscopy measurements are shown for L7S1. A significant decrease in the transmitted THz signal (inlet) is observed in Fig. 5.6a as compared to the reference signal. Though, the absorption coefficient tends to be similar as seen in Fig. 5.6b, the sample variation at the different points was clearly shown by the refractive index in Fig. 5.6c. It varied from 2.1-2.2. The same spectroscopy measurement is repeated on the L9S2 sample, and the results are shown in Fig. 5.8. Variations in the absorption coefficient was observed, as well as in the refractive index which ranged from 2.02-2.12. Based on the forgoing results, it can be clearly observed that the oil shale samples exhibit inhomogeneity at different points in the samples. The variation in the absorption coefficient and refractive clearly illustrated this attribute. In particular, the variation in the refractive index was more pronounced. This result is in agreement with the surface morphology images that indicated varying surface features such as color and heights. In the next line of action, an entire mapping of two selected samples will be performed to check the sample inhomogeneous state.

The transmission spectroscopy map of the L3S3 sample is shown in Fig. 5.10. The photograph of the sample is placed along side with the measurements. The spectroscopic analysis was carried out at two selected frequencies; 400 GHz and 500 GHz. The absorption pattern shows remarkable differences. Certain features that are not obvious in the 400 GHz were observed in the 500 GHz. Similarly, the spectroscopic map of sample L5S2 exhibited different degree of absorption particularly at the central portion of the sample at 190 GHz and 400 GHz as shown in Fig. 5.11. 

THz reflection imaging of Lokpanta oil shales

Owing to the fact that the spectroscopy measurement have demontrated the heteroegrnous nature of the samples, THz imaging is carried out to identify any spatial variataion on the sample surfaces. The image of three selected samples are shown in Fig. 5.12, Fig. Chapter 5

Optical analysis of oil shales 112

Conclusion on THz spectroscopy/imaging results

Based on the present THz spectroscopy and imaging measurement, it appears to be fairly impossible to associate the absorption patterns to the presence of organics owing to the large imhomogenous pattern observed. Moreover, due to the inhomogeneous nature of this material, variariation of the rugosity , the mixing of different chemical element , the correlation between the dielectric response of the material and the presence of kerogen is utopic. For future work, I suggest the incorporation of pyrolytic technique in the THz spectroscopy and imaging measurement. In this technique, the oil shales will be heated above room temperature in stepwise manner. For example, at every 50°C interval in the heating process, spectroscopy of samples but also of reclaimed gazes and imaging can be performed after cooling the sample. Since, the constituent of oil shales are decomposed during pyrolysis, then a relationship between the transmitted/reflected THz signals can be plotted as a function of the pyrolytic temperature to reveal varying absorption patterns on the THz signal amplitude. In the result to be obtained, it may be possible that the different stages of pyrolysis (i.e. moisture loss, decomposition of macromolecules (organics) and mineral decomposition) may be linked to the strength of the transmitted THz signal. As such, a reasonable conclusion may be drawn with respect to relative presence of moisture, inorganics or organics.

On the other hand, the THz analysis in this work were supplemented with SEM-EDX and LIBS measurements for the sole aim to verify the imhomogeneous nature in the samples and to determine their elemental composition. The operation principle of SEM-EDX will first be discuseed and the results will be presented. Then the LIBS measurement will be presented too.

SEM-EDX Measurements

SEM has a variety of applications in a number of scientific and industry-related fields especially where characterization of solid materials is beneficial [15-17]. In addition to topographical, morphological information, a SEM can reveal spatial variations in chemical composition. Broad range of elements, i.e., from Boron to Uranium can be examined synchronously. To facilitate this measurement, an EDX is attached to SEM to provide information about the quantitative presence of elements in the material [18-20].

The basic principle involve in SEM-EDX is that a beam of electron is generated by a source and used to irradiate the sample. The photograph of the SEM-EDX equipment is shown in Fig. 5.15. It consists of a SEM unit (made up of a vertical chamber and sample chamber), EDX unit and the data analysis unit. The components in SEM are housed in a vacuum environment so that the electron beams do not encounter interference from air particles in the atmosphere. An electron gun located at the top of the SEM emits the electron beam when thermally (or electrically) driven. As the electrons are released, they follow a downward vertical path through the column of the microscope. Condenser lens made up of magnets are placed in the column of the microscope. They are used to focus and control the directions of the electron beam towards the sample chamber. By 113 using a user selectable aperture, the size of the electron beam is suitably adjusted to the desired beam size as it reaches the sample chamber. The surface of the sample is cleaned to remove dust and then placed in the sample chamber. The sample is mounted in a motorized stage so that the electron beam scans the entire surface. X-ray radiations in addition to various kinds of radiations (backscattered electrons, Auger electrons, secondary electrons) are emitted from the sample by the action of the scanning electron beam. The emission of the X-ray can be explained based on electronic transition between energy levels in the atoms of the sample. As the incoming electron beam hits the sample, electrons from the inner shell are released and a positively charged hole is created. Due to the displaced electron, the hole attracts another electron from an outer shell to fill the vacancy. As the electron moves from the outer higher-energy to the inner lower-energy shell of the atom, an amount of energy is released in the form of an X-ray. The energy of this X-ray is unique to the specific element and transition. Only the emitted X-rays are collected by a suitably positioned EDX detector that converts the photon into an electronic signal. The energy of the emitted X-rays can be obtained from the Moseley's relation [21],
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Where B, C are constant depending on the X-ray transition line. Z refers to the atomic number, e refers is the electron charge, c is the speed of light and h is Planck's constant. The characteristic of the X-ray energy from the different positions in the sample is used to perform a 2-dimensional elemental map distribution. By comparing the result to standard X-ray data, the qualitative and quantitative nature of the present elements are determined. 

Conclusion on SEM-EDX results

The elemental composition of the Lopkanta oil shales on selected areas on the samples have been performed by SEM-EDX analysis. Though, there is a slight variation in the composition between the different oil shale samples, they generally consist of a combination of more than one of the following elements; Al, Si, Ca, O, K, C, Fe, Mg, Mn, Ti, S, C and Na. Based on the relative composition in the detected elements, certain minerals such as quartz, calcite, feldspar may be present. The results agree well with previous works on the Lokpanta oil shales. In all the SEM-EDX analysis, C was detected but in low proportion. However, the typical elemental mineral composition of the Lopkanta oil shale was faithfully ascertained.
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In order to verify the SEM-EDX results, a LIBS measurement was conducted on the samples. In what follows, the principle of LIBS technique will be discussed briefly and it will be followed by the results.

LIBS Measurements

Laser-induced breakdown spectroscopy (LIBS) is a reliable and versatile form of atomic emission spectroscopy that has broad capability for rapid in situ elemental detection in solid, liquid, or gaseous materials [24-26].

In LIBS, a high-intensity pulsed laser beam is focused onto the surface of a sample to create a high-temperature plasma. With the use of a short-pulse laser beam, a small volume of the sample mass is ablated (i.e. removed via thermal mechanisms) -in a process known as Laser Ablation.

Usually, the ablated mass ranges from hundreds of nanograms to a few micrograms. The maximum amount of ablated mass, M that can be evaporated by a laser pulse can be calculated as follows

[27], 𝑀 𝐸 1 𝑅 𝐶 𝑇 𝑇 𝐿 5-7
Where 𝑅 refers to the surface reflectivity, 𝐶 refers to the specific heat, 𝑇 refers to the boiling point, 𝑇 refers to the room temperature, 𝐸 refers to the energy of the laser pulse and 𝐿 refers to the latent heat of vaporization. This ablated mass will further interact with a trailing portion of the laser pulse to form a highly energetic plasma that contains free electrons, excited atoms and ions at high energy state 𝐸 . When the laser pulse terminates, the plasma starts to cool. During the plasma cooling process, the electrons of the atoms and ions at the excited electronic states fall down into natural ground states 𝐸 , thus, causing the plasma to emit light with discrete spectral peaks according to [28],

𝐸 𝐸 ℎ𝑐 𝜆

5-8

Where, ℎ refers to Planck's constant, 𝑐 refers to the speed of light, while, 𝐸 and 𝐸 refer to the high energy and ground state. In the simplest set-ups, the emitted light from the plasma is collected and sent into a wide spectral range spectrometer. Because all elements emit in the 200-900 nm spectral range, a LIBS emission intensity spectrum will consist of unique finger prints of spectral emission lines. LIBS is especially sensitive to the light elements (H, He, Li, Be, B, C, N, O, Na, and Mg) that can be present in high abundance within natural materials but are difficult to determine by many other analytical techniques [29-30]. Monitoring the wavelength and intensity of the emission lines in the LIBS plasma will provide information on both the chemical species present and their abundance. The spectral line wavelength documents the identity of an element, whereas its intensity is proportional to the number of atoms of the element present. One particularly The LIBS measurements were carried out by placing the nose of the instrument against the samples and then pulling the trigger. As a result high temperature intense plasma are generated. The radiations emitted by samples as they cool off are collected and sent to an internal spectrometer within the analyzer. The spectrometer is time-gated to allow the rejection of background Bremsstrahlung radiation emitted during the plasma creation. The analyzer is equipped with a userselectable XYZ stage to enable beam rastering. A 4 X 3 array of locations were rastered in which ten laser shots were performed at each point. This was necessary in order to increase the sensitivity of the measurement and to reduce the standard deviation in the recorded data. The data were then collected and analyzed by averaging all the data points. In what follows, the LIBS measurement shall be presented.

The LIBS measurement taken on the L5S4 sample (as shown in Fig. 5.21) revealed distinct spectral peaks in the range of 380 -770 nm. It indicates the presence of a wide list of elements including Ca, Al, Na, K, Ti, Si, Mg and Fe. These results are in accordance with the SEM-EDX measurements. In addition, trace elements such as Sr, Rb and Ba were identified in the sample.

Since these trace elements have previously been identified as among the principal constituent of Lopkanta oil shale [23], the LIBS measurement appears to be reliable. A comparative measurement was performed between samples L1S2, L3S1, L3S3, L3S4, L5S4, L7S2 and L9S1 as shown in Fig. 5.23. Generally, the results indicates that the L3 and L5 samples show the highest spectral peaks, followed by L9S1 sample. L1 and L7 samples have the lowest spectral peaks. These differences on the spectral intensities are due to the relative quantity of the detected elements presents in the samples. Thus, L3 and L5 samples contain the highest amount of elements, while L1 and L7 samples have the least amount of elements. 

Conclusion on LIBS results

The LIBS results confirmed the presence of a wide list of elements including Ca, Al, Na, K, Ti, Si, Mg and Fe in addition to trace elements such as Sr, Rb and Ba. The results of the experimental procedure which are in close agreement to previous work on the Lopkanta oil shales could not have been able to detect C under the same experimental condition. Since the presence of C was only detected under a strict condition (experiment was performed in an inert environment), it may be that the percentage of C in the sample is comparatively weak which is in agreement to the SEM-EDX results. It is important to note that, in all the LIBS results Nitrogen was not detected. This also agrees with the SEM-EDX result.

General Conclusion in English

Since the early days of Physics, scientists have been fascinated by the interaction of electromagnetic waves with matter. Rich information about the matter can be explored by spectroscopy techniques using the optical and mm waves. While the development of electromagnetic sources at microwave and optical frequencies have rapidly advanced in the last century, Terahertz (THz) technology is relatively new, and has only seen significant progress in the last three decades. This progress was facilitated by the invention of the Ti: Sapphire laser which are capable of supplying intense short and high energy pulses. On the other hand, considerate effort to develop THz sources using Yb-based laser sources are currently emerging owing to its stability, low maintenance, high average power in its regenerative amplification section and a tunable repetition rate up to several tens of megahertz. In this work, both laser sources have been explored for use in nonlinear crystals namely ZnTe and BNA crystals.

In the first part of this work, an Yb-laser source centered at 1030 nm with a repetition rate of 42 kHz and with a 500 fs FWHM was used as the input beam to pump the ZnTe and BNA crystals.

The particular interest was to study the form of the THz spectrum that can be generated with such a long pulse duration. With the use of the ZnTe as THz emitter, a narrow bandwidth of 0.5 THz was generated with a center frequency of 0.5 THz. It was observed that, nonlinear effects such as TPA may have been negligible since there was a quadratic dependency of the THz power on the pump pulse intensity. In the same vein, multicycle THz pulses were generated by replacing the ZnTe emitter with a 390 μm thick BNA. In this case, the detection was performed by electro-optic sampling in a 1 mm and 0.2 mm thick ZnTe crystal. The result of the THz signal obtained from the different thickness of the ZnTe crystal, indicated obvious differences in terms of the signal spectral component and signal amplitude. When the 1 mm ZnTe crystal is used for detection, the sampled THz pulse had a duration of 1 ps and a center frequency of 1.3 THz, while a shorter pulse duration with an extended center frequency was realized with the use of the thinner crystal. To understand the discrepancy in these results, the effective response function of the two crystals were compared to the detected THz spectrum. It was inferred from the comparison that it is surprising to detect frequencies higher than the 0.7 THz when the 1 mm crystal is used. As such, a thinner crystal was used whose cut-off frequency was at 2.4 THz. A THz spectrum centered at around 2 THz with a pulse duration of 0.5 ps was measured by this thinner crystal, however, the dynamic range were compromised. The replacement of the ZnTe detector with a GaP is suggested since the GaP have a more suitable phase matching condition at 1030 nm and possess less absorptive effect on the detected THz pulse. As regards the etalon effect observed during the long scanning range, they may be eliminated by using a thinner misaligned piece of the silicon filter.

In the second part of this work, a Ti: Sapphire laser centered at 800 nm and pre-chirped to 3.6 ps was focused onto a ZnTe crystal in order to demonstrate the feasibility of both generating and detecting few picosecond THz pulse in the same crystal. The THz pulse was characterized via the single shot electro-optic scheme. The experimental data conformed well to the predictions of optical rectification theory and Fabry Pérot effect with a negligible contribution of nonlinear effects such as TPA, Kerr, and Kerr-like effects. The polarization components of the THz-probe modulated beam were independently recovered, thanks to the simplicity and flexibility of the setup. Although, narrow band THz spectrum at low frequency were generated (without focusing on the tunability of their spectrum), their frequencies may be tunable by adjusting the pump's chirp rate via the separation distance between the gratings in the laser source. The choice between the selection of the bandwidth and chirp rate of the chirped probe used in this detection scheme is a compromise between the temporal window and resolution of the measurement. In line with the advent of compact THz systems, the results of this findings supports the possibility of realizing photonic THz integrated systems with the use of ZnTe crystals. These findings can find favorably application in condensed matter physics, since with the use of tunable narrow band THz spectrum, the excitation of selective phonon modes have been achieved previously. With regards to other application purposes, it was noted that since the conventional single shot detection scheme have previously been used to monitor molecular dynamics occurring on a fast time scale such as laser induced material damage, chemical reactions, and phase transformations, then the experimental set-up may be adapted to serve as a time resolved spectroscopy set-up if certain modifications in the pump pulse path is considered.

It is clear that crude oil reserves are declining due to heavy demands to meet the energy need of the society. In Nigeria, the end of crude oil supply has been projected to occur by the year 2057.

As such, the quest to find an alternative fuel source are currently ongoing. Oil shales in widespread deposit have previously been identified as unconventional fuel sources. A prior characterization of oil shales are necessary to determine the degree of their potentiality to yield oil. In the third part of this work, preliminary investigation of oil shales by THz spectroscopy were performed to demonstrate its capability to probe oil shales. A clear inhomogeneity in the samples was revealed by the different refractive index and absorption coefficient at some selected points in the sample, cause by the strong inhomogeneity of the stones. The result of the spectroscopic images obtained both in the reflection and transmission mode also revealed marked differences in the absorption pattern at different THz frequencies that must be correlated to other quantitative measures. Supplementary analysis namely LIBS and SEM-EDX were carried out to better examine the samples. Both analysis confirmed the presence of C, Fe, Mg, Si, Ti, K, Al and Ca. For future work, I suggest the incorporation of pyrolytic technique in the THz-TDS. In this technique, the oil shales are heated above room temperature in stepwise manner. For example, at every 50°C interval in the heating process, THz-TDS can be performed after cooling the sample. Since, the constituent of oil shales are decomposed during pyrolysis, then a relationship between the transmitted THz signals can be plotted as a function of the pyrolytic temperature to reveal varying absorption patterns on the THz signal amplitude. In the result to be obtained, it may be possible that the different stages of pyrolysis (i.e. moisture loss, decomposition of macromolecules (organics) and mineral decomposition) may be linked to the strength of the transmitted THz signal. As such, a reasonable conclusion may be drawn with respect to relative presence of moisture, inorganics or organics. Since THz-TDS is only a supplementary technique in the analysis, then for a firm assertion of the investigation, geochemical analysis such as the rock Eva pyrolysis must be carried out in order to quantitatively determine the amount of extractable oil in the oil shales.

Conclusion Générale en Français

Depuis les débuts de la physique, les scientifiques sont fascinés par l'interaction des ondes électromagnétiques avec la matière. Des informations riches sur la matière peuvent être explorées par des techniques de spectroscopie utilisant les ondes optiques et mm. 
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Fig. 1 . 1

 11 Fig. 1.1 THz frequency region in the electromagnetic spectrum. THz frequencies represent the missing spectral between electronics and optics.
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Fig. 2 . 1

 21 Fig. 2.1 Crystallographic coordinate system for the (110) zinc-blende crystal.

Fig. 2 . 2

 22 Fig. 2.2 Crystallographic coordinate system for the (111) zinc-blende crystals.

Fig. 2 . 3

 23 Fig. 2.3 Dependency of THz signal amplitude as a function of the polarization angle between the pump pulse and the optical axis of the (110) ZnTe crystal.

Fig. 2 .

 2 Fig. 2.7 Optical (𝑛 ) and THz refractive index (𝑛 ) of ZnTe crystal in the wavelength region between 750 -1200 nm and 0-5.3 THz respectively.

Fig. 2 .

 2 Fig. 2.10 The generation response function of ZnTe and GaP crystal (at 800 nm) for varying crystal thickness of 15 𝜇𝑚, 50 𝜇𝑚, 200 𝜇𝑚 and 1 𝑚𝑚.

Fig. 2 .

 2 Fig. 2.11 Calculated optical (𝑛 ) and THz refractive index (𝑛 ) of BNA crystal in the wavelength region between 750 -1250 nm and 0-6 THz respectively.

Fig. 3 . 1

 31 Fig. 3.1 Comparison between the coherence length (a), and (b) log-scale absorption coefficient of two common electro-optic crystals namely ZnTe and GaP crystals when operated with 1030 nm laser.

[ 23 ]

 23 . The refractive index 𝑛, induced by any given Electromagnetic (EM) field can be modelled by the following equation [24],

Fig. 3 . 2

 32 Fig. 3.2 The 45° polarization geometry for detecting THz pulse. The THz pulse is aligned along the optical axis of the crystals and oriented at 45° with respect to the probe pulse polarization. From equation 3-9 , it follows that there exists no THz field component in the 𝑦 and 𝑥 direction, i.e. 𝐸 𝐸 0, as such the results for the refractive index ellipsoid is given by [29],

[ 17 ]. 50 TheFig. 3 . 3 51 By

 17503351 Fig. 3.3 The 0° polarization geometry for detecting THz pulse. The THz pulse is aligned perpendicularly to the optical axis of the crystals and oriented parallel with respect to the probe pulse polarization.

Fig. 3 . 4

 34 Fig. 3.4 The convolution scheme between the THz and probe pulse. A preset time delay between these pulses is created by a delay stage in the path of the probe pulse.

Fig. 3 . 5

 35 Fig. 3.5 Comparison of the real electro-optical coefficient for ZnTe and GaP for the THz frequency range from 1 to 11 THz. The respective transverse optical phonon resonances is obvious at around 5 and 11 THz.

Fig. 3 . 6

 36 Fig. 3.6 Comparison of the ZnTe effective spectral response function for different crystal thicknesses and at laser wavelengths of (a) 1030 nm and (b) 800 nm.

Fig. 3 . 8 Fig. 3 . 8

 3838 Fig. 3.8 The envelope and carrier wave of a pulse.

Fig. 4 . 1

 41 Fig. 4.1 The experimental set-up for the generation and detection of THz pulse using ZnTe or BNA crystals as emitters. The THz pulse is characterized by EOS in ZnTe crystal. The beam path of the

Fig. 4 . 2

 42 Fig. 4.2 Experimental (blue) and simulation result (red) of the THz pulse emitted by the ZnTe crystal. (a) The simulated electric field is broader than the experimentally observed field. (b) The experimental spectral is unexpectedly broader than the simulated spectral.

Fig. 4 . 3

 43 Fig. 4.3 Effect of spectral response of the 1 mm thick detector crystal and phase mismatch. (a) Simulation of the emitted THz spectrum (black) extends beyond the cutoff frequency of the 1 mm thick detector (cyan). (b) The probe (dash green) may not have been properly phase matched with the emitted THz pulse (black line), thereby leading to an extrapolation in the pulse duration of the detected THz pulse (red).

Fig. 4 . 5

 45 Fig. 4.5 Effect of spectral response of a 200 μm thick detector. The detection response function (cyan) is broader than the spectrum of the emitted THz spectrum (black).

Fig. 4 . 6

 46 Fig. 4.6 The quadratic dependency of the ZnTe THz power as a function of pump pulse intensity. The experimental data (brown circles) is fitted by a quadratic curve (blue )

  work on BNA crystal, a long pump pulse measuring 500 fs FWHM and with a center wavelength of 1030 nm, was used in order to investigate the form of the THz pulse that can be generated with a long pulse. The photograph of the BNA crystal used in this work is shown in Fig.4.7. The crystal size along the a, b and c axis respectively are 4 mm X 2 mm X 0.38 mm. For the experimentation, the same experimental set-up in Fig.4.1 is adopted in which the ZnTe crystal is replaced by the BNA crystal.

Fig. 4 . 7

 47 Fig. 4.7 Image of the 0.38 mm thick single BNA crystal fabricated by Swiss THz technology, which was used in this work. It has a damage threshold of 3.7 mJ/cm 2 .

Fig. 4 . 8 4 Generation and detection of narrow bandwidth THz spectrum 81 Fig. 4 . 9

 4848149 Fig. 4.8 Long range sampling of BNA THz pulses offered by a 150 mm delay stage. Multiple pulse reflections are observed at a consistent spacing of 10 ps. These features may be attributed to the nature of the pump pulse filter used in this work.

Fig. 4 .

 4 Fig. 4.10 BNA absorption coefficient and ZnTe response function. (a) BNA absorption coefficent at THz frequencies. (b) Response function of the detector crystal at 200 μm thickness.

Fig. 4 .

 4 Fig. 4.11 BNA THz pulses emitted at several pump intensity, and sampled in 1 mm thick detector. (a) The spectrum is centered at 1.5 THz for the maximum pump intensity, and at 1.7 THz for other intensities. (b) The electric field are multi-cycled and each have a pulse duration of 0.5 ps.

Fig. 4 .

 4 11, thereby resulting to a noisy detection. The frequency of the detected pulse is centered around 2 THz, and has a spectral bandwidth of 1 THz. The corresponding THz electric field has a pulse duration close to 0.5 ps, which is shorter compared with the result of the thicker detector crystal. Based on the detection response function plot of a 200 μm thick crystal shown in Fig 4.10b, it indicates that up to 2 THz can be detected. Close to 2.2 THz frequency (which corresponds to an absorption peak (see Fig. 4.10a)), the THz spectrum in Fig. 4.12a rapidly rolls off to zero, possibly due to the effect of THz absorption. On the other hand, it may also be due to the use a long pump pulse.

Fig. 4 .

 4 Fig. 4.12 Sampling of BNA THz pulses in 200 μm thick detector. (a) The spectrum is centered at 2 THz. (b) The electric field is multi-cycled and has a pulse duration of 0.5 ps.

Fig. 4 .

 4 Fig. 4.13 The quadratic dependency of the BNA THz power as a function of pump pulse intensity. The experimental data (red circles) is fitted by a quadratic curve (blue line)

Fig. 4 .

 4 Fig. 4.14 Comparison between the THz pulses generated from BNA (red) and ZnTe (blue) crystals. (a) The THz spectrum of the BNA has a peak central frequencies at 1.3 THz while that of ZnTe has a center frequency at 0.5 THz. (b) The electric field of the BNA is multi-cycled and shorter than that of the ZnTe crystal.

[ 25 ,

 25 26]. In order to have a close look into these nonlinear effects, Caumes et. al. in their heterodyne Kerr experimental set-up, have observed optical Kerr effect and Kerr-like effect in certain zinc blend structures that modifies the form of the detected THz pulse [27]. The Kerr-like effects are cascaded nonlinear signal induced by the generated THz pulse. Few years later, other researchers adopted the single crystal configuration as a tool to study and evaluate these additional nonlinear effects in the ZnTe crystals. He et. al. confirmed the observation of Caumes et. al. in the (111) ZnTe in which the measured nonlinear refractive index, was dominated by Kerr and Kerrlike effects, whereas, only the Kerr effect was more significant in the (110) ZnTe [28]. Furthermore, the effect of the Kerr signal which usually appears at the onset of the THz waveform because the optical group velocity is lower than the THz phase velocity, was minimized by creating a temporal shift [29-30]. In a bid to distinguish the presence of either effects, Xiaoshu. et. al. included a phase sensitive time-resolved z-scan in their experiment. By moving the crystal along a defined direction, they evaluated the contribution of each effects [31].

  [34].Erschens et. al. extended this concept to nonlinear crystal-based sources [35-37]. Usually, chirped pump laser sources are capable of generating tunable and narrow-band THz frequencies [38-39], which have been used to selectively excite phonon in certain mediums by some research groups [40-41]. In this manuscript, I will introduce the idea of adding a chirp to the pump pulse in the single crystal configuration [46].

Fig. 4 .

 4 Fig. 4.15 Single layout configuration for the generation and detection of THz pulse, in which the pre-chirped pump and chirped probe beam crosses the ZnTe crystal at an angle of 12°. The pump being spatially broader overlaps with the probe by appropriately adjusting the translational delay stage. The beam path of these pulses and the THz modulated-probe beam are indicated in red and brown color respectively. For the sake of simplicity, the FROG characterization unit is not included. Mirrors; M M , Lens: L L , Half Wave Plate; HWP, Quarter Wave Plate; QWP. Beam splitter; BS, Delay line; DL, Wollaston prism; WS.

Fig. 4 .

 4 Fig. 4.16 FROG trace of the 800 nm chirped probe pulse, spectral phase fit 𝜙 𝜔 , spectrum and group delay derivation 𝑇 . (a) the spectrogram of the retrieved FROG trace has well defined regions. (b) The data from the retrieved FROG trace phase (red lines), is used to create the third order polynomial phase fit (blue circles). The bandwidth of the chirped probe spectrum (black line) is wide enough to accommodate THz signal. (c) The frequency to time calibration is extracted from the first order derivative of the phase fit in which the cubic term in 𝑇 , is ignored.
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Fig. 4 .

 4 Fig. 4.18 Estimation of the experimental uncertainty. In a bid to verify the consistency in the form of the retrieved THz signal, one hundred shots of these signals were recorded in a total time of 8 s. The corresponding root rms (that represents the deviation of the average signal from each signal) has low uncertainty values except at regions corresponding to the right edges and central area of the chirped probe.

Fig. 4 .

 4 Fig. 4.20 Influence of the pump pulse intensity on the THz signal power. The power law of the THz signal is a quadratic polynomial in terms of the pump intensity. Though the experimental data points (red circles) are few due to certain constraints, they tend follow the theoretical prediction (blue line).

Fig. 5 . 1

 51 Fig. 5.1 Schematic set-up and photograph of the TPS 3000 Teraview in transmission mode. The emitted THz pulse irradiates the oil shale sample at normal incidence. Off Axis Parabolic Mirror; OAPM, Mirror; M.An x-y translating stage is positioned in the plane of the sample to allow a raster scanning. The obtained data set is three-dimensional with time as the third axis. The time axis corresponds to the scanning delay provided by the probe beam. So, each point in the x-y plane is associated with a time scale. Thus, the THz electric field of the THz pulse can be reconstructed. Each THz temporal trace is averaged to reduce noise and artifacts thereby stabilizing the signal fluctuation. In order to provide an image of the sample, a fast Fourier transform (FFT) is applied to the temporal trace according to equation (5-2). This TDS system offers a useful frequency range 0.06 -6 THz with a maximum dynamic range around 85 dB, a spectral resolution of 0.06 THz and a rapid scan mode at the rate of 30 scans/second.

Fig. 5 . 3

 53 Fig.5.3 Photographic images of the oil shale samplesIn order to examine the surface layer of the samples, an ultra-magnification view of the samples were performed using a numerical microscope whose spatial resolution is 200 μm. It was revealed that the thickness across the sample surfaces varied slightly. For example, the 3D microscope image of L3S4 sample as shown in Fig.5.4a indicated three levels of layers. The distance between the first and second level is 208 μm, while the distance between the second and third layer is 106 𝜇𝑚. The varied thickness is due to the fissile nature of oil shales. And since the oil shales are made up of slates stacked together, then slight pressure applied on the samples may cause depressions on the surface as clearly seen in the colored image in Fig.5.4b

Fig. 5 . 6 Fig. 5 . 7

 5657 Fig. 5.6 THz spectroscopy of the L7S1 sample showing the (a) time domain signal, (b) absorption coefficient and (c) refractive index. The sample thickness is ~2.98 𝑚𝑚.

Fig. 5 . 8 Fig. 5 . 9

 5859 Fig. 5.8 THz spectroscopy of the L9S2 sample showing the (a) time domain signal, (b) absorption coefficient and (c) refractive index. The sample thickness is ~2.43 𝑚𝑚.

Fig. 5 .

 5 Fig. 5.10 Transmission spectroscopy of L3S3 sample at (a) 400 GHz and (b) 500 GHz.

Fig. 5 .

 5 Fig. 5.11 Transmission of spectroscopy L5S2 at (a) 190 GHz and (b) 400 GHz.

  5.13, and Fig.5.14. Distinct images were obtained in sample L3S3 and L3S4 at different frequencies. Only sample L7S2 had slight variations at the different frequency of analysis.

Fig. 5 .

 5 Fig. 5.12 reflection imaging of L3S3 sample at (a) 200 GHz, (b) 270 GHz and (c) 650 GHz.

Fig. 5 .

 5 Fig. 5.13 Reflection imaging of L3S4 sample at (a) 400 GHz and (b) 200 GHz.

Fig. 5 .

 5 Fig. 5.14 Reflection imaging of L7S2 sample at (a) 300 GHz, (b) 500 GHz and (c) 1000 GHz.

Fig. 5 .Fig. 5 .Fig. 5 .Fig. 5 . 117 Fig. 5 .

 55551175 Fig.5.15 SEM-EDX equipment. The electron beam is generated at the top of the SEM and released vertically downward to the sample chamber. The emitted X-rays are collected by the EDX and the results of the analysis are displayed on a system monitor.

Chapter 5 Optical

 5 analysis of oil shales 119 attractive attribute of this technique, is that it is highly spatially resolved. As the plasma forms over a limited spatial area of only tens to hundreds of microns on the sample surface, only a small amount of material (typically picograms to nanograms) is sampled by each laser pulse. This allows for in situ analysis of individual particles [31] and the fine-scale compositional mapping of a complex sample [32-33].The LIBS measurement in my work was performed with Z-903 LIBS handheld gun manufactured by SCIAP. The photograph of this analyzer is shown in Fig.5.20. This handheld LIBS analyzer consists of a Nd-YAG laser with an energy of 6 mJ, 6 ns FWHM pulse duration. The spot size of the laser is around 80 μm.

Fig. 5 .

 5 Fig. 5.20 Front and back view of the SciAps Z-903 handheld laser-induced breakdown spectroscopy analyzer.

Fig. 5 .

 5 Fig. 5.21 LIBS spectrum of L5S4 sample.

Fig. 5 .

 5 Fig.5.22 LIBS Measurement on the L7S2 sample (red) and a sample containing Carbon (blue). Both samples have an identical peak at around 193 nm and thus, indicating the presence of elemental carbon in the L7S2 sample.

Fig. 5 .

 5 Fig. 5.23 LIBS measurement of L1S2, L3S1, L3S3, L3S4, L5S4, L7S2 and L9S1 samples. The anomalies around 550 nm and 600-620 nm (shoulder shape) are still under investigation. It could be very important since H𝛼 lines shows strongly broadened Hα line at 656.28 nm together. The other hydrogen shows expressively that effects in hydrogen line intensity caused by moisture could obscure the differences caused by the different content of organics: there is almost no difference between the intensities of Hα line in dry oil shale and in moistened lime-stone spectra [36].
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	where, 𝐸 and 𝐸 * describes the electric field of the incident laser field. The permitivity of free
	space is denoted as 𝜖 . The index i, indicates the cartesian coordinates (x,y,z) of the induced non-
	linear polarization. 𝜒 describes the second-order nonlinear susceptibility tensor element of the
	crystal system which usually consist of 27 tensor elements [2]. Since the product of E is symmetric
	in j and k (i.e. 𝜒	𝜒 ), it implies that the 27 tensor elements can be reduce to 18 tensor
	elements i.e. 𝜒 → 𝜒 . Generally, for a ZnTe crystal, the only elements of the nonlinear
	susceptibility tensor that are non-zero are 𝜒		𝜒	𝜒 [3], thus,
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  2-13 , the following is obtained,
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Table 2 .

 2 Table, I will quickly introduce the concept of Figure of Merit (FOM). FOM is used to compare the relative efficiency of optical rectification in different crystals. Depending on the effect of THz absorption in nonlinear crystals, two FOMs are defined respectively for a weakly absorbing and strongly absorbing crystal as follows [32], refers to the coefficient of nonlinear susceptibility, 𝐹𝑂𝑀 and 𝐹𝑂𝑀 refers to the FOM of a weakly and strongly absorbing crystal respectively and, while 𝛼 refers to the absorption of THz by the crystal. As can be observed, crystals with large 𝑑 have a corresponding high FOM and are likely to be more efficient in the optical rectification process. A list of FOM values for different crystal is shown in Table 2.1. 1 Optical and THz characteristics of some nonlinear inorganic crystals. The values in the table have been considered at 800 nm laser except for CdTe and GaAs crystal obtained between 1030-1060 nm. 𝑛 is measured at 1 THz [

				𝐹𝑂𝑀	𝑑 𝐿 𝑛 𝑛	2-29
				𝐹𝑂𝑀	4𝑑 𝑛 𝑛 𝛼	2-30
	Where, 𝑑	𝑛 𝜒	⁄	4

33-35]

  

		𝑛	𝑛	𝑑	𝑝𝑚 𝑉 ⁄	𝐹𝑂𝑀 𝑝𝑚 𝑐𝑚 𝑉 ⁄	𝛼 𝑐𝑚
	ZnTe	3.13	3.17	68.5		7.27	1.3
	GaP	3.67	3.34	24.8		0.72	0.2
	CdTe	2.81	3.24	81.8		11.0	4.8
	GaAs	4.18	3.93	65.6		4.21	0.5
	LiNbO3	2.25	4.96	168		48.6	17

33],

  Thus, by tilting the pump pulse front appropriately, the otherwise huge refractive index of the THz field (for instance in LiNbO3) becomes scalable to the optical refractive index of the pump pulse, thereby leading to an enhanced efficiency over QPM. However, this non-collinear focusing of the pump pulses is not easy to align[40]. Certain photorefractive effects which also coexist and leads to the absorption of the THz pulses are mitigated by doping the LiNbO3 crystals with Magnesium (Mg)[41].
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		𝑛 𝑐𝑜𝑠𝛾	𝑛	2-32
		𝑣 𝑐𝑜𝑠𝛾	𝑣	2-31
	Equivalently,		
		32	

Table 2 .

 2 2 Optical and THz characteristics of some nonlinear organic crystals at 2 THz.

		ng	nthz	deff (pm/V)	Laser wavelength
					(nm)
	DAST	2.26 2.24	242	1535
	OH1	2.32 2.3	278	1319
	DSTMS 2.12 2.2	167	1907
	BNA	1.95 2.00	234	1060

In particular, THz signal bandwidth of more than 20 THz was obtained by using DSTMS pumped by 38 fs, 1250 nm laser pulses

[48]

. The organic crystal HMQ-TMS was investigated with a compressed Yb-doped fiber to achieve 1.38 mW of THz average power in which the spectrum extended up to 6 THz at -30 dB

[52]

. By using Ti:Saph laser followed by an Optical Parametric Amplifier at 65 fs, 1350 nm, THz pulses whose bandwidth extends up to 12 THz with an electric field of 0.06 GV/cm were generated

[53]

. The BNA crystals have also been operated with 1200 nm, 85 fs laser, in which the obtained spectral contents extend up to 7 THz and a nominal peak electric field of 0.01 GV/cm [54].

Table 2 .

 2 3 summarizes some reported difference between substrate-BNA and pure-BNA [

50, 55, 58].Table 2 .

 2 3 Comparison among substrate-BNA and pure-BNA performance. A direct comparison cannot be made between 1 and 2 since a different repetition rate laser was used. However, the authors of the work highlighted that the diamond-BNA was more efficient than the Sapphire-BNA.

	Glass-	2 kHz, 800			3.7
	BNA	nm		
	Sapphire-	2 kHz, 800			12
	BNA [62]	nm		
	Pure-BNA 500 Hz, 800			4
		nm		
	Pure-BNA	1 kHz, 800			2
	[63]	nm		
		Laser	Max.THz	THz field	Damage
		operating	power	(kV/cm)	threshold
		condition	(mW)		(mJ/cm 2 )
	Pure-BNA	1 kHz, 800		4.84
		nm		
	Sapphire-	1 kHz, 800		13.2
	BNA [59]	nm		
	Pure-BNA	13.3 MHz,	0.32	
		1030 nm		
	Diamond-	13.3 MHz,	0.95	
	BNA [60]	1030 nm		
	1 Diamond-	13.3 MHz,	0.95	
	BNA	1030 nm		
	2 Sapphire-	540 kHz,	5.6	
	BNA [61]	1030 nm		

Table 3 .

 3 The behavior of the optical refractive index 𝑛 , can be modelled by the Sellmeier equation as follows[47].Where, A, B and C are parameters that fits the experimental data. There are several values of these parameters that are obtainable in the literature. In this work, we have chosen the parameters obtained within the optical wavelength range relevant to our laser source. For this purpose, we have selected the parameters within a wavelength region of 580 2500 𝑛𝑚 for both the ZnTe and GaP crystals. The corresponding values of the parameters are listed in Table4.2 [26].

	PARAMETERS			
	𝜺	𝜺 𝒔𝒕	𝝂 𝑻𝑶 𝑻𝑯𝒛	𝜸
	CRYSTAL			
	7.44	2.58	5.32	0.025
	ZnTe			
	8.46	1.72	10.9725	0.033
	GaP			
	6.8	3.008	4.361	0.0505
	CdTe			

1 The parameters commonly utilized for the calculation of the complex dielectric function of ZnTe, GaP and CdTe crystals [45, 47-48].

Table 3 .

 3 2 The Sellmeier parameters for the determination of the optical refractive index of ZnTe and GaP crystral [49-51].We shall now discuss an extension of the detection response function called the effective response function. It takes into account the frequency dependency of the crystal's electro-optic coefficient.

	PARAMETER		
	𝐀 𝛍𝐦	𝐁 𝛍𝐦	𝐂 𝛍𝐦
	CRYSTAL		
	4.27	3.01	0.142
	ZnTe		
	2.68	6.40	0.0903
	GaP		

  The effective response function 𝐺 , allows the accurate estimation of the detection bandwidth of the crystal, with respect to the probe's wavelength. 𝛾 𝑓 which is used to describe the motion of the bound electrons and lattice oscillations in the electro-optic crystals can be express as follows [48],

	Chapter 3		Electro-optic THz Pulse Characterization Techniques
	𝛾 𝑓	𝑑 1	𝑓	𝜉𝑓 𝑓	𝑖𝛤 𝑓	3-37
					[52],	
	𝐺	𝐺 𝜆 , 𝜔	, 𝑙	. 𝛾 𝜈	3-36
			57			
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	PARAMETERS			
	𝑑 𝑝𝑚/𝑉	𝜉	𝑓 𝑇𝐻𝑧	𝛤 𝑇𝐻𝑧
	CRYSTAL			
	4.25	-0.07	5.3	0.09
	ZnTe			
	8.46	-0.53	10.98	0.02
	GaP			
	By using equation			

3 Electro-optic crystal parameters for the determination of the electro-optic coefficient of ZnTe and GaP crystals [53-54].

Table 4 .

 4 1 Incident laser characteristics of the emitted THz pulses from BNA crystals

	Laser parameters	Crystal	THz bandwidth	Efficiency (%)
		thickness	(THz)	
		𝛍m)		
	800 nm, 50 fs,	680	3	0.26
	100 Hz [16]			
	1150-1550 nm, 35 fs,	1100	7	0.8
	1kHz [17]			
	800 nm, 100 fs,	650	2.5	0.2
	10 Hz [18]			
	800 nm, 100 fs,	183	4	-
	1 kHz [19]			
	1250 nm, 100 fs,	700	6	-
	1 kHz [20]			
	800 nm, 100 fs,	300-400	4	-
	500 Hz [21]			
	960 nm, 35 fs,	300	7	0.6
	1 kHz [22]			
	1030 nm, 85 fs,	305	6	0.04
	13.3 MHz [23]			
	1030 nm, 45 fs,			
	540 kHz [24]			

  The waveform of these two signals often indicates obvious differences. The sample signal is both delayed i.e. propagating at a lower speed and reduced in amplitude due to absorption and reflection at interfaces within the sample, as compared to the reference signal. In practice, the signals are represented in the frequency domain in relation to each other as per [1], 𝜔 is the THz frequencies, ∆𝜑 𝜔 is the phase difference between the sample and reference signal. |𝑇 𝜔 | is the transmission coefficient, and 𝑇 𝜔 is the complex transmission signal. Afterwards, 𝑇 𝜔 is analyzed, from which important optical properties of the oil shale (such as refractive index and absorption coefficient) can be deduced. Assuming the THz pulse is incident at an angle away from normal incidence, the complex reflectance signal, 𝑅 𝜔 instead can be obtained. Using this reflection geometry,Miao et al. have observed subsurface images of the 100 Hudian oil shale, by representing the peak amplitudes of the spectra obtained at different positions from the oil shale on a contrast image plot [2].

	𝑇 𝜔 𝜔 given by [3], 𝑆 𝑆 where, The refractive index 𝑛 𝜔 , is obtained by comparing the experimental result, 𝑇 𝜔 with its 𝜔 𝜔 |𝑇 𝜔 | 𝑒 ∆ 5-1 theoretical form 𝑇 𝑇 𝜔 4𝑛 𝑛 1 . 𝑒 . 𝐹𝑃 5-2

  Alors que le développement des sources électromagnétiques aux fréquences micro-ondes et optiques a rapidement progressé au cours du siècle dernier, la technologie Terahertz (THz) est relativement nouvelle et n'a connu des progrès significatifs qu'au cours des trois dernières décennies. Ce progrès a été facilité par l'invention du laser Ti : Saphir qui est capable de fournir des impulsions intenses courtes et de haute énergie. D'autre part, des efforts considérables pour développer des sources THz utilisant des sources laser à base d'Yb émergent actuellement en raison de sa stabilité, de sa faible maintenance, de sa puissance moyenne élevée dans sa section d'amplification régénérative et d'un taux de répétition accordable jusqu'à plusieurs dizaines de mégahertz. Dans ce travail, les deux sources laser ont été explorées pour une utilisation dans des cristaux non linéaires, à savoir des cristaux de ZnTe et de BNA. Dans la première partie de ce travail, une source laser Yb centrée à 1030 nm avec un taux de répétition de 42 kHz et avec une FWHM de 500 fs a été utilisée comme faisceau d'entrée pour pomper les cristaux de ZnTe et de BNA. L'intérêt particulier était d'étudier la forme du spectre THz qui peut être généré avec une durée d'impulsion aussi longue. Avec l'utilisation du ZnTe comme émetteur THz, une bande passante étroite de 0,5 THz a été générée avec une fréquence centrale de 0,5 THz. Il a été observé que les effets non linéaires tels que le TPA peuvent avoir été négligeables car il y avait une dépendance quadratique de la puissance THz sur l'intensité de l'impulsion de pompe. Dans le même ordre d'idées, des impulsions THz multicycles ont été générées en remplaçant l'émetteur ZnTe par un BNA de 390 μm d'épaisseur. Dans ce cas, la détection a été réalisée par échantillonnage électro-optique dans un cristal de ZnTe de 1 mm et 0,2 mm d'épaisseur. Le résultat du signal THz obtenu à partir des différentes épaisseurs du cristal de ZnTe a indiqué des différences évidentes en termes de composante spectrale du signal et d'amplitude du signal. Lorsque le cristal ZnTe de 1 mm est utilisé pour la détection, l'impulsion THz échantillonnée avait une durée de 1 ps et une fréquence centrale de 1,3 THz, tandis qu'une durée d'impulsion plus courte avec une fréquence centrale étendue a été réalisée avec l'utilisation du cristal plus fin. Pour comprendre l'écart entre ces résultats, la fonction de réponse effective des deux cristaux a été comparée au spectre THz détecté. Il a été déduit de la comparaison qu'il est surprenant de détecter des fréquences supérieures à 0,7 THz lorsque le cristal de 1 mm est utilisé. Ainsi, un cristal plus fin a été utilisé dont la fréquence de coupure était à 2,4 THz. Un spectre THz centré à 2 THz avec une durée d'impulsion de 0,5 ps a été mesuré par ce cristal plus fin, cependant, la plage dynamique a été compromise. Le remplacement du détecteur ZnTe par un GaP est suggéré puisque le GaP a une condition d'accord de phase plus appropriée à 1030 nm et possède moins d'effet d'absorption sur l'impulsion THz détectée Dans la deuxième partie de ce travail, un laser Ti: Saphir centré à 800 nm et pré-chirpé à 3,6 ps a été focalisé sur un cristal de ZnTe pour démontrer la faisabilité de générer et de détecter à la fois une impulsion THz de quelques picosecondes dans le même cristal. L'impulsion THz a été caractérisée via le schéma électrooptique monocoup. Les données expérimentales étaient bien conformes aux prédictions de la théorie de la rectification optique et de l'effet Fabry Pérot avec une contribution négligeable des effets non linéaires tels que sous forme d'effets d'absorption à deux photons et Kerr. Les composantes de polarisation du faisceau modulé par la sonde THz ont été récupérées indépendamment, grâce à la simplicité et à la flexibilité de la configuration. Bien que des spectres THz à bande étroite à basse fréquence aient été générés (sans se concentrer sur l'accordabilité de leur spectre), leurs fréquences peuvent être réglées en ajustant le taux de dérive de fréquence de la pompe via la distance entre les réseaux de diffraction dans la source laser. Le choix des paramétres de la sonde optique (bande passante spectrale et le taux de dérive de fréquence) utilisée dans ce schéma de détection est un compromis entre la fenêtre temporelle et la résolution. Conformément au avancée des systèmes THz compacts, les résultats de ces découvertes soutiennent la possibilité de réaliser des systèmes intégrés photoniques THz avec l'utilisation de cristaux de ZnTe. Habituellement, la configuration des sources et de la détection THz est relativement complexe et il est souvent nécessaire d'intégrer le système en combinant la génération et la détection. Notre étude peut également déboucher sur une application en physique de la matière condensée pour exciter les modes de phonons excités par un spectre THz à bande étroite accordable. Enfin, en tirant profit de schéma de détection monocoup, ce type de montage peut être implémenter pour étudier la dynamique moléculaire sur une échelle de temps ultra-rapide par spectroscopie résolue en temps pour les réactions chimiques et les transformations de phase.Du côté applicatif de ce travail, nous avons étudié le potentiel des ondes THz pour analyser le schiste bitumeux. Il est clair que les réserves de pétrole brut diminuent en raison de la forte demande pour répondre aux besoins énergétiques de la société. Au Nigéria, la fin de l'approvisionnement en pétrole brut devrait se produire d'ici 2057. Ainsi, la recherche d'une source de carburant alternative est actuellement en cours. Les schistes bitumineux dans des gisements étendus ont déjà été identifiés comme des sources de combustibles non conventionnelles. Une caractérisation préalable des schistes bitumineux est nécessaire pour déterminer le degré de leur potentialité à produire du pétrole. Dans la troisième partie de ce travail, une étude préliminaire des schistes bitumineux par spectroscopie THz a été réalisée pour fournir ou démontrer sa capacité à détecter les schistes bitumineux. Une nette inhomogénéité dans les échantillons a été révélée par la différence d'indice de réfraction et de coefficient d'absorption à certains points sélectionnés de l'échantillon, causée par la forte inhomogénéité des pierres. Le résultat des images spectroscopiques obtenues à la fois en mode réflexion et transmission a également révélé des différences marquées dans le schéma d'absorption à différentes fréquences THz qui doivent être corrélées à d'autres mesures quantitatives. Des analyses supplémentaires, à savoir LIBS et SEM-EDX, ont été effectuées pour mieux examiner les échantillons. Les deux analyses ont confirmé la présence de C, Fe, Mg, Si, Ti, K, Al et Ca. Pour les travaux futurs, je suggère l'incorporation de la technique pyrolytique dans le THz-TDS. Dans cette technique, les schistes bitumineux sont chauffés au-dessus de la température ambiante de manière progressive. Par exemple, à chaque intervalle de 50 °C dans le processus de chauffage, une mesure THz-TDS peut être effectuée après refroidissement de l'échantillon. Puisque, les constituants des schistes bitumineux sont décomposés lors de la pyrolyse, alors une relation entre les signaux THz transmis peut être tracée en fonction de la température pyrolytique pour révéler des modèles d'absorption variables sur l'amplitude du signal THz. Il est alors possible que les différentes étapes de la pyrolyse (c'est-àdire la perte d'humidité, la décomposition des macromolécules (organiques) et la décomposition minérale) soient liées à l'amplitude du signal THz transmis. Ainsi, une conclusion raisonnable pourrait être tirée en ce qui concerne la présence relative d'humidité, de matières inorganiques ou organiques.

Sample and surface morphology inspection

The oil shales used in this work are referred to as Lokpanta oil shales. With the aid of geological tools (fossil hammers), the oil shales were excavated from several different geological locations in Lokpanta, Nigeria. The oil shale samples were originally large mass in size when they were extracted from the earth. Prior to analysis, thin slices with an average thickness of 2 mm were prepared from the large masses, and thereafter polished in order to maintain plain surfaces on the samples. The photograph of all the different samples prepared are shown in Fig. 5.3. Depending on the location of extraction, the samples are labelled as L3S2, L3S3, L3S4, L5S1, L5S2, L5S3, L7S1 and L9S2.