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Refractive index measurement has been studied since Ernest Abbé initially designed a refractometer in 1869, which is named the Abbé refractometer. Since then, numerous types of refractometers have been developed by employing either the optical prism-based refractometer or the optical fiber-based refractometer, due to their wide-ranging applications such as for sensing various physical, biological and chemical parameters. Recently, a large number of researchers have been developing refractometers based on optical fibers, exploiting mechanisms such as surface plasmon resonance (SPR), multimode interference, fiber Bragg gratings (FBG), longperiod gratings (LPG), tapered optical fibers, and striped-cladding multimode fibers (MMFs), for their advantages in immunity against electromagnetic interference, electrical passivity at the sensing probe, and capability to long term in situ measurement.

This thesis concerns the development of comprehensively functional and accurate models for optical fiber refractometers based on optical intensity modulation, in particular for stripped-cladding MMF refractometry as well as hybrid systems involving a combination of single-mode-multimode fiber refractometery and the allfiber hybrid refractometer using photonic crystal fibers. A key objective of this work is to characterize the performance of these intensity-based optical fiber refractometers in terms of their power response, sensitivity, resolution, and dynamic range. The simulation results which are corroborated experimentally demonstrate very high sensitivity being obtained in Zone II (i.e. the sensing regime typically employed for measuring a sensing medium index higher than the cladding index but less than or equal to the core index) for all three types of refractometers. However, the sensitivity in Zone III (i.e. the sensing regime for which the sensing medium index is higher than the core index) is very low. A hybrid single-mode fibermultimode fiber configuration is used to improve the sensitivity in Zone III. On other hand, the sensitivity for Zone I (i.e. the sensing regime typically employed for measuring a sensing medium index lower than the cladding index) has been improved by increasing evanescent wave absorption using the all-fiber hybrid refractometer based on solid-core photonic crystal fibers.

As a further potential of the fiber refractometer for applications in biochemical sensing, the proof-of-concept for a methane gas sensor has been demonstrated using supramolecular cryptophane-A which enables to trap the methane molecules. Cryptophane-A incorporated into a functionalized film of Styrene-Acrylonitrile (SAN) host is applied to a de-cladded region of the sensor as the sensitive region. The refractive index of this functionalized layer increases proportionally with increasing methane concentration, subsequently inducing variations in the transmitted optical power along the fiber sensor.

Résumé

La mesure de l'indice de réfraction a été étudiée depuis qu'Ernest Abbé aie initialement conçu un réfractomètre en 1869, appelé le réfractomètre d'Abbé. Depuis lors, de nombreux réfractomètres ont été développés tels que le réfractomètre à prisme optique ainsi que le réfractomètre à fibre optique, en raison de leurs applications étendues pour la détection de divers paramètres physiques, biologiques et chimiques. Récemment, un grand nombre de chercheurs ont mis au point des réfractomètres basés sur des fibres optiques, exploitant des mécanismes tels que la résonance des plasmons de surface (SPR), les interférences multimodes, les fibres à réseaux de Bragg (FBG), les fibres à réseaux à longues périodes (LPG), les fibres optiques coniques et la fibre multimode à gaine dénudée. Les capteurs fibrés sont avantageux grâce à leur immunité contre les interférences électromagnétiques, passivité électrique au niveau de la sonde de détection et potentiel de mesure in situ à long terme.

Cette thèse concerne le développement de modèles complets fonctionnels et précis pour les réfractomètres à fibres optiques basés sur la modulation d'intensité optique, en particulier la réfractométrie à fibre multimode à gaine dénudée ainsi que les systèmes hybrides associant fibres monomode et multimode, et un réfractomètre hybride tout fibré utilisant des fibres à cristaux photoniques. L'objectif clé de ce travail est de caractériser les performances de ces réfractomètres à fibres optiques basés sur la modulation d'intensité en termes de réponse en puissance, de sensibilité, de résolution et de dynamique de mesure. Les résultats de simulation qui sont corroborés expérimentalement démontrent que la très grande sensibilité obtenue dans la zone II (c'est-à-dire le régime de détection typiquement utilisé pour mesurer l'indice du milieu supérieur à l'indice de gaine mais inférieur ou égal à l'indice du coeur) pour tous les trois réfractomètres. Cependant, la sensibilité dans la Zone III (c"est-à-dire le régime de détection pour lequel l"indice du milieu à mesurer est supérieur à celui du coeur) est très faible. Ainsi, un refractomètre fibré hybride monomode-multimode est utilisé pour améliorer la sensibilité dans la Zone III. D'autre part, la sensibilité pour la zone I (c'est-à-dire le régime de détection pour mesurer l"indice du milieu inférieur à l'indice de la gaine) a été améliorée en augmentant l'absorption des ondes évanescentes à l'aide du réfractomètre hybride tout fibré à base de fibres à cristaux photoniques à coeur solide.

En termes d'application réelle du réfractomètre à fibre pour la détection biochimique, une preuve de concept pour un capteur du gaz méthane a été démontrée en utilisant les supramolécules de cryptophane-A qui permettent de piéger les molécules du méthane. Le cryptophane-A incorporé dans un film hôte à base de styrèneacrylonitrile (SAN) est appliqué sur la zone dénudée du capteur comme une région fonctionnalisée. L'indice de réfraction de cette couche sensible augmente proportionnellement avec l'augmentation de la concentration du méthane, ce qui induit une variation de la puissance optique transmise dans le capteur fibré.

Mots clés: réfractomètre, indice de réfraction, fibre optique, fibre multimode, fibres à cristaux photoniques, cryptophane-A, gaz méthane.

General Introduction

In the 1960s, Charles Kuen Kao led some revolutionary and ambitious work in developing and experimentally investigating the low-loss glass-based optical fiber by technically removing most of the existing impurities in Quartz which was employed as the key component material in the fiber [START_REF] Cheung | Kao and other telecommunication pioneers[END_REF]. His successful accomplishment in the realization of the low-loss optical fiber led Kao to being regarded as "the father of fiber optics" for which he was later awarded one half of the Nobel Prize in Physics in 2009 for "groundbreaking achievements in the transmission of light in fibers for optical fiber communication". The other co-Laureates of the Nobel Prize were Willard S. Boyle and George E. Smith for "the invention of an imaging semiconductor circuit -the CCD sensor".

The aftermath of this successful trial experiment on low-loss optical fiber has since motivated researchers to exploit fiber optics not only in applications for broadband telecommunications, but also for numerous sensing and measurement domains. This motivation can also, in large part, be attributed to certain advantages intrinsic to the optical fiber over more conventional electro-mechanical sensor technologies, such as its immunity to electromagnetic interference, small size and light weight, electrical passivity at the sensing probe or head, multiplexing potential, and remote sensing capability [START_REF] Grattan | Fiber optic sensor technology: an overview[END_REF][START_REF] Kersey | A review of recent developments in fiber optic sensor technology[END_REF][START_REF] Lee | Review of the present status of optical fiber sensors[END_REF].

Optical fiber sensors (OFSs) have been successfully exploited, either as extrinsic devices where the optical fiber simply acts as a waveguide to transmit a useful optical signal from the measurement point to the photodetector, or as an intrinsic sensor with the fiber acting directly as the sensing element subject to a modulation of the interrogating lightwave's optical properties (such as optical intensity, phase, refractive index, propagation direction and velocity, etc.) as a function of the physical quantity being measured [START_REF] Grattan | Fiber optic sensor technology: an overview[END_REF][START_REF] Norris | Optical fiber chemical sensors: fundamentals and applications in Optical Fiber Sensor Technology[END_REF]. OFSs have been developed for many applications such as for sensing various physical, biological, and chemical parameters. As a chemical sensor, the OFS is commonly employed for sensing chemical processes, monitoring environmental conditions, and pollution parameters due to its robustness to relatively harsh ambient conditions and its chemical inertness while offering explosion-free security since the sensor requires no electrical power at the sensing point [START_REF] Norris | Optical fiber chemical sensors: fundamentals and applications in Optical Fiber Sensor Technology[END_REF]. In addition, the OFS offers rapid continuous real-time in situ measurement potential for remote sensing.

In chemical sensing, one sensor type that is frequently employed is the bulk refractive index (RI) sensor or refractometer for quantifying the concentration level of various aqueous solutions, such as sucrose, salt, glycerol, dimethyl sulfoxide (DMSO), methanol, aceto-nitrile, etc [START_REF] Saunders | The refractive index of common solvents and solutions at 1550 nm[END_REF], in addition to measuring other parameters like temperature since the RI of a medium is generally temperature-dependent [START_REF] Abbate | The temperature dependence of the refractive index of water[END_REF][START_REF] Valkai | Temperature dependence of the refractive index for three chloromethane liquids at 514.5 nm and 632.8 nm wavelengths[END_REF][START_REF] Xu | Simple fiber-optic refractive index sensor based on fresnel reflection and optical switch[END_REF][START_REF] Yang | Research on the temperature characteristics of optical fiber refractive index[END_REF][START_REF] Hu | Fiber optic SPR sensor for refractive index and temperature measurement based on MMF-FBG-MMF structure[END_REF].

Further, the advent of the sol-gel technique has facilitated the synthesis of bespoke sensitized coatings that can be deposited on the surface of an optical fiber as a thin film in replacement of the cladding [START_REF] Badini | Development of pHsensitive substrates for optical sensor applications[END_REF][START_REF] Maccraith | Optical waveguide sensor using evanescent wave excitation of fluorescent dye in sol-gel glass[END_REF][START_REF] Shibata | Sol-gel-derived silica preforms for optical fibers[END_REF]. This approach can allow the fiber-based refractometer to selectively measure specific organo-chemical species. For example, using a thin film of Polydimethylsiloxane (PDMS) functionalized by incorporating cryptophane-A or cryptophane-E supramolecules as the sensitive region [START_REF] Benounis | Study of evanescent wave optical fibre sensor for methane detection based on cryptophane molecules[END_REF] , the refractometer can be used to detect methane (CH 4 ) concentration. The cryptophanebased molecular traps will absorb or entrap the CH 4 molecules and reversibly produce a bond in the bulk polymeric material that will induce variations in the RI of the sensitized region as a function of CH 4 concentration [START_REF] Benounis | Study of evanescent wave optical fibre sensor for methane detection based on cryptophane molecules[END_REF].

Various operating principles have been exploited for fiber RI sensing schemes such as surface plasmon resonance (SPR) [START_REF] Lin | Characteristics of optical fiber refractive index sensor based on surface plasmon resonance[END_REF][START_REF] Mishra | SPR based fiber optic sensor for refractive index sensing with enhanced detection accuracy and figure of merit in visible region[END_REF][START_REF] Mishra | Surface-Plasmon-Resonance Refractive-Index Sensor With Cu-Coated Polymer Waveguide[END_REF][START_REF] Al-Qazwini | Refractive index sensor based on SPR in symmetrically etched plastic optical fibers[END_REF][START_REF] Ji | Surface plasmon resonance refractive index sensor based on ultraviolet bleached polymer waveguide[END_REF], multimode interference (MMI) [START_REF] Wan | High-resolution optical spectroscopy using multimode interference in a compact tapered fibre[END_REF][START_REF] Li | Multimode interference refractive index sensor based on coreless fiber[END_REF][START_REF] Fukano | High-sensitivity fiber-optic refractive index sensor based on multimode interference using small-core single-mode fiber for biosensing[END_REF][START_REF] Fukano | Reflection-type optical fiber refractive-index sensor using a multimode interference structure with high sensitivity[END_REF], fiber Brag gratings (FBGs) [START_REF] Iadicicco | Thinned Fiber Bragg Gratings as High Sensitivity Refractive Index Sensor[END_REF][START_REF] Liang | Highly sensitive fiber Bragg grating refractive index sensors[END_REF][START_REF] Kuhne | Experimental and numerical study on refractive index sensors based on fibre Bragg gratings inscribed in multimode fibre[END_REF][START_REF] Wu | Fiber refractometer based on a fiber Bragg grating and single-modemultimode-single-mode fiber structure[END_REF], long-period gratings (LPGs) [START_REF] Swart | Long-period grating Michelson refractometric sensor[END_REF][START_REF] Yang | Longperiod grating refractive index sensor with a modified cladding structure for large operational range and high sensitivity[END_REF][START_REF] Bhatia | Optical fiber long-period grating sensors[END_REF][START_REF] Nidhi | Investigation of Long Period Grating as refractive index sensor[END_REF], etc. These techniques exploit spectral or wavelength modulation-based measurements, generally requiring a spectrometer or an optical time-domain reflectometer (OTDR) to extract the RI values as a function of the variation in the measured spectrum. Sensor instrumentation employing the expensive but high-precision spectrometer and/or the OTDR is thus not very cost-effective and practical for field measurements, in addition to the relative fragility of these instruments.

However, a simple and relatively cost-effective OFS-based refractometer can potentially be realized by exploiting intensity modulation-based schemes in which the variation of RI values will induce a variation in the measured optical power.

Several techniques for fiber refractometry based on intensity modulation have been successfully developed using Fresnel reflection at the end face of a single-mode fiber (SMF) [START_REF] Xu | Simple fiber-optic refractive index sensor based on fresnel reflection and optical switch[END_REF], tapered optical fibers [START_REF] Villatoro | High resolution refractive index sensing with cladded multimode tapered optical fibre[END_REF][START_REF] Wong | Automation and dynamic characterization of light intensity with applications to tapered plastic optical fibre[END_REF], and a totally or partially stripped cladding as the sensing region in a multimode fiber (MMF) [START_REF] Banerjee | Fiber optic sensing of liquid refractive index[END_REF][START_REF] Sequeira | Refractive index sensing with d-shaped plastic optical fibers for chemical and biochemical applications[END_REF][START_REF] De-Jun | D-shaped plastic optical fiber sensor for testing refractive index[END_REF][START_REF] Liu | Evanescent wave analysis and experimental realization of refractive index sensor based on D-shaped plastic optical fiber[END_REF].

This thesis concerns the development of comprehensively functional and accurate models for OFRs based on intensity modulation, in particular for stripped-cladding type MMF refractometry as well as hybrid systems involving a combination of SMFs, MMFs, and photonic crystal fibers (PCFs). One key objective of this work is to characterize the performance of these intensity-based OFRs in terms of their power response, sensitivity, resolution, and dynamic range. As a further demonstration of the potential of the fiber refractometer for applications in biochemical sensing, in particular in selective gas sensing, a CH 4 gas sensor has been realized using a thin (~12 µm) functionalized film of Styrene-Acrylonitrile (SAN) incorporating cryptophane-A supramolecular traps as the sensing region (de-cladded area). This PhD thesis, entitled "Study, analysis and experimental validation of fiber refractometers based on single-mode, multimode and photonic crystal fibers for refractive index measurements with application for the detection of methane", is composed of five chapters briefly summarized below. Some conclusions and a discussion on perspectives for future work conclude this thesis.

Chapter I introduces the refractive index as a key optical parameter for refractometric applications while also giving an overview of the existing techniques behind refractive index measurements, using both the optical fiber and non-optical fiberbased sensor systems. In this chapter, the general principles of refractive index measurement using various sensor types based on intensity modulation as well as those employing wavelength modulation-based techniques are discussed.

In Chapter II the stripped-cladding MMF refractometer together with its operating principles for refractive index sensing are described. In particular, the classification of the sensing zones as a function of the different sensing mechanisms involved is comprehensively studied. In addition, the accurate operational models henceforth developed to estimate the power response of these fiber sensors for each zone are detailed. The models are then validated experimentally by employing a combination of glycerol-water solutions and calibrated oils.

Chapter III discusses the design of a hybrid fiber refractometer based on fusion splicing an SMF to an MMF to further improve the sensor performance, particularly by reducing parasite mechanical vibration noise and by improving the sensitivity in two of the higher RI regions (Zone II and Zone III). The development of the actual models for this hybrid system is carried out by adapting those developed in Chapter II to accurately estimate the optical power response of the refractometric sensor.

Further experimental corroboration for this refractometer is also performed by a similar measurement procedure as carried out in Chapter II.

Chapter IV is dedicated to investigating the prospect of exploiting solid core PCFs in RI measurements. Two different schemes for injecting the interrogating laser beam into a PCF are investigated theoretically and experimentally, one of which uses a hybrid SMF-PCF-MMF architecture while the second involves an SMF-MMF-PCF-MMF hybrid design. The key objective is to achieve a significant increase in evanescent wave absorption (EWA), thus leading to several fold improvements in the measurement sensitivity in the lower index region (Zone I). It is found that EWA can be increased in solid-core PCFs by controlling or configuring their ability to guide injected lightwaves in the outer silica cladding of the fiber. Experimental measurements are next performed on solid-core PCFs with their coating removed. These fiber sections are then employed as the sensing element for probing an aqueous medium whose RI is varied, similar to the experiments carried out in Chapters II and III.

Chapter V demonstrates the proof-of-concept of the developed fiber optic-based refractometers for CH 4 detection. Here, the procedure to realize the CH 4 sensor involves employing a thin polymeric film of SAN incorporating Cryptophane-A supramolecules as the sensitized region or layer of the sensor. Methane gas is subsequently detected by the supramolecular traps (Cryptophane-A) which selectively absorb or entrap the CH 4 molecules, and reversibly produce a bond in the bulk polymeric material of SAN that induces a variation in the RI of the sensitized region as a function of CH 4 concentration. The preliminary results demonstrate the capability of this sensor to detect CH 4 with a resolution of 174 ppm, but have an issue with repeatability, i.e. the sensor has only good sensitivity during the first measurement while degradation in performance (sensibility) occurs when the same sensor is re-used in subsequent measurements.

Conclusions and Perspectives concludes the work performed in this thesis, offers some recommendations with regard to improving the performance of the CH 4 sensor as well as discusses further prospective applications of the fiber refractometers developed in this research.

Chapter I Refractive Index Measurement

Introduction

The refractive index (RI) or index of refraction n of a substance is defined as the ratio of the speed of an electromagnetic wave in vacuum c (= 2.99792458 × 10 8 m/s) to its velocity in that substance v, or n = c/v [START_REF] Kuwana | Physical methods in modern chemical analysis[END_REF]. According to this definition, RI could be used to describe "the optical velocity density" of a medium, since the light velocity propagating through a medium depends on the RI value of that medium. RI can also determine the deviation of the light"s ray path when traversing or refracting into another medium. This is described by Snell"s law, given by n 1 sin 1 = n 2 sin 2 ,

where n 1 and n 2 are the indices of the first and second medium, while  1 and  2 represent the incident and refracted angles, respectively, as schematically illustrated by Figure 1.1 [START_REF] Hecht | Optics fourth edition[END_REF]. The RI value is an important optical property in a dielectric medium for studying the laws of reflection and refraction. The law of reflection was introduced by Euclid in 300 B.C.E., while the refraction law was initiated in 50 B.C.E. by Cleomedes which was then continued by Claudius Ptolemy (130 C.E.) who realized a precise tabulation of the angles of incidence and refraction for several media through experimental measurements [START_REF] Hecht | Optics fourth edition[END_REF]. Abu Sa`d al-`Alā" Ibn Sahl (940-1000 C.E.), a mathematician and physicist who worked at the Abbasid court in Baghdad, introduced a diagrammatical illustration of refraction. He also described both parabolic and ellipsoidal burning mirrors, as well as analyzed the hyperbolic plano-convex and biconvex lenses. Further, Abu Ali al-Hasan ibn al-Haytham, known also in the western world as Alhazen (965-1039 C.E.), elaborated the Law of reflection using spherical and parabolic mirrors. In the 17 th century, a Dutch spectacle maker, Hans Lippershey, applied for a patent on a refracting telescope in October 1608, while in 1609 Galileo Galilei, inspired by this invention, then built his own version of telescope. In 1611, Johannes Kepler discovered total internal reflection, and described the detailed operating principles for both the Keplerian (positive eyepiece) and Galilean (negative eyepiece) telescopes. Willebrord Snel, more commonly known as Snell and Professor at Leiden University, in 1621 empirically discovered the Law of Refraction. The Law of Refraction was then simplified by René Descartes into the current sine form in 1637, which today is known as Snell-Descartes' law or Snell"s law [START_REF] Hecht | Optics fourth edition[END_REF].

Since then Snell-Descartes" law has been universally exploited in various optical measurements, in particular for RI measurement (refractometry), to study the optical properties of materials. Additionally, according to Maxwell"s equation, RI represents the relationship between the permittivity  and permeability  (with 𝑛 = 𝜀𝜇 ) of a dielectric material or medium. Therefore, RI is a unique intrinsic optical property of a specific material in relation with the propagation characteristics. By measuring RI, one can, for example, investigate the presence of impurities or contaminants in a medium for quality control purposes [START_REF] Golebiowski | Dual-Channel filter photometer system for biocomponent content determnaion in diesel oil[END_REF][START_REF] Kontturi | Simultaneous detection of the absorption Spectrum and refractive index ratio with a spectrophotometer: Monitoring contaminants in bioethanol[END_REF][START_REF] Ventura | The use of thermal lens spectroscopy to assess oil-biodiesel blends[END_REF][START_REF] Kanyathare | Hand-Held Refractometer-Based Measurement and Excess Permittivity Analysis Method for Detection of Diesel Oils Adulterated by Kerosene in Field Conditions[END_REF]. In addition, accurate knowledge of this parameter is important to enable the manipulation of lightwave propagation through any dielectric medium in a form of a waveguide or an optical fiber. In this context, various measurement techniques, including those most widely-exploited currently in both research and in the industry, are briefly discussed in the following sections.

Refractive index measurements

The measurement of RI (refractometry) is typically carried out using an optical glassbased prism where an incoming light beam is made to incident on one of the inclined sides of the prism. By varying the index of the target medium which is in direct contact with the prism, the critical or refraction angle will vary following Snell-Descartes" law, as a function of the incident angle and the medium index being investigated. The angular variation is then quantified and translated into the desired RI value.

In 1869, Ernest Abbé designed the first refractometer which was then known as the Abbé refractometer. This refractometer was subsequently commercialized in 1881 by Carl Zeiss, a Swiss Company which became the first and only manufacturer of the refractometer for over 40 years [46]. The Abbé refractometer is both simple and quick to use for measuring RIs of both solid and liquid media. In 1887, a second critical-angle refractometer was designed by Carl Pulfrich which became known as the Pulfrich refractometer [46]. Hereafter, in 1899, Pulfrich succeeded in designing an immersion refractometer which allowed direct quick measurement of the RI of liquids under storage [47]. Another refractometer type is a hand-held device which was designed as a low-cost and portable refractometer using prism optics for measuring the RI of liquids [START_REF] Thompson | Hand-held refractometer[END_REF]. This refractometer has since been further developed into a digital refractometer using an LED source and a photoelectric sensor to replace the traditional eye observation technique [START_REF] Nakajima | Refractometer[END_REF].

In addition to the prism optic-based refractometer, other refractometer types, such as the interference-based [START_REF] Hulands | Portable interference refractometers in anaesthesia[END_REF][START_REF] Diprose | An automatic interference refractometer[END_REF][START_REF] Singer | Interferometric refractometer for measuring the relative refractive index of two liquids[END_REF] and optical fiber-based devices [START_REF] Kapany | Fiber Optics. Part IV. A Photorefractometer[END_REF][START_REF] Kapany | Photorefractometer I. Extension of Sensitivity and Range[END_REF][START_REF] Kapany | Photorefractometer II. Measurement of N and K[END_REF][START_REF] David | Design, development, and performance of a fiber optics refractometer: Application to HPLC[END_REF][START_REF] Arie | Measurement and analysis of light transmission through a modified cladding optical fiber with applications to sensors[END_REF][START_REF] Arie | Measurement and analysis of a modified cladding optical fiber with various input illuminations[END_REF][START_REF] Arie | Light transmission through a modified cladding optical fiber -inverse problem analysis[END_REF][START_REF] Golunski | Optical fibre refractometer for liquid refractive index measurement[END_REF][START_REF] Cole | An Optical Fiber Refractometer for Measuring the Dispersion of Turbid Fluids[END_REF][START_REF] Mukherjee | Characterization of a fiber optic liquid refractive index sensor[END_REF][START_REF] Chen | A Multi-D-Shaped Optical Fiber for Refractive Index Sensing[END_REF], have also been developed. Interference-based refractometers allow for measuring the RI value of a medium which is usually in gaseous form by observing the movement of the interference pattern across a calibrated scale through an optical microscope [START_REF] Hulands | Portable interference refractometers in anaesthesia[END_REF]. For the optical fiber-based refractometer, the variation in RI values of the medium can be measured using optical intensity modulation as well as wavelength or spectral modulation. Some widely-exploited principles and techniques for RI measurements are discussed below.

The Abbé refractometer

The Abbé refractometer was the first refractometric device constructed by Ernest Abbé (Figure 1.2) in 1869. In 1874, Abbé then published a comprehensive booklet which described the operating principle of his invention, as well as the construction process [46,[START_REF] Paselk | The Evolution of the Abbé Refractometer[END_REF]. Here, the input light is incident at the illuminating glass prism (with index n g ) at an angle  i1 . This is refracted into the sample medium with a refracted angle  r1 . The RI of the sample medium n sm can thus be calculated using Snell"s law as a function of n g ,  i1 , and  r1 via

𝑛 𝑔 𝑠𝑖𝑛𝜃 𝑖1 = 𝑛 𝑠𝑚 𝑠𝑖𝑛𝜃 𝑟1 (1.1)
The refracted light within the sample will again be refracted into the measuring prism (of index n g ) with a refracted angle  r2 according to

𝑛 𝑔 𝑠𝑖𝑛𝜃 𝑟2 = 𝑛 𝑠𝑚 𝑠𝑖𝑛𝜃 𝑟1 (1.2)
Since n g is known, n sm can thus be calculated using Equations (1.1) and (1.2) for a given  i1 corresponding to the refracted angle  r2 . In practice, the mathematical calculation is not necessary since the Abbé refractometer has a holder beneath a telescope (T) (Figure 1.4(c)) with a set of crosshairs which can gradually be rotated for scanning the light exiting the measuring prism. This telescope is mounted with a displacing Vernier (V) which is connected to the turning knob of the prism holder along a fixed scale as illustrated in Figure 1.4(c). The measurement is thus realized by sandwiching the sensing medium between the illuminating prism and measuring prism. This is then observed with a small magnifying lens attached to the Vernier.

The point at which half of the visual field is light and the other half is dark is next obtained by turning the telescope holder to give the measured RI scale as illustrated in the inset of Figure 1.4(b) [START_REF] Jensen | Refractometers[END_REF].

The basic principle of the Abbé refractometer described above could, however, only function for a monochromatic light due to dispersion at other wavelengths. To reduce or eliminate dispersion, two compensating Amici prisms are added to the design as shown in Figure 1.4(b). This complete design also has the advantage that both the telescope position and that of the Amici prisms can be adjusted to correct the dispersion effects [67].

The Pulfrich refractometer

The Pulfrich refractometer is another refractometer that was developed around 1887 by Carl Pulfrich (Figure 1.5), a German physicist who worked at Carl Zeiss for most of his career. This refractometer used only a single optical prism (the measuring prism), while the Abbé refractometer in the previous section (1.2.1) employed a dual prism system (i.e. illuminating and measuring prisms) [START_REF] Jensen | Refractometers[END_REF]. These are connected in series with a thermometer which is immersed into a cell for holding the target liquids. Thus, both the measuring prism and the substance experimented upon are entirely jacketed, except the vertical prism face from which the light emerges and a small rectangular aperture by which the light enters the prism. Therefore, by pumping a stream of water at constant temperature through the system, a very constant temperature can be maintained [69].

The immersion refractometer

The immersion or dipping refractometer was initially designed by Carl Pulfrich, and then commercialized by Carl Zeiss in 1899. This original design was then modified by Lowe in 1902 [70]. The immersion refractometer was designed primarily for determining and measuring solution concentrations, such as in the sugar industry, pharmaceutical products, milk serum, and alcohol. This refractometer is also very useful, in particular, for measuring the RI of acids since only the inert glass prism is immersed and therefore in contact with the corrosive acid solution.

The original Pulfrich immersion refractometer can detect RI variation (resolution) down to 4.2 × 10 -5 RIU over a dynamic range of 1.325 to 1.367 RIU. Despite a relatively high resolution, the accuracy of the immersion refractometer was limited since a calibration process was necessary through a known sample for every new measurement [70]. Similar to the Abbé and Pulfrich refractometers, the immersion refractometer measurement is based on the critical angle represented by the bordering dark and light regions. Nevertheless, unlike the Abbé and Pulfrich refractometers, the immersion device is not supported by the moveable telescope incorporating a Vernier for reading the RI value. In its place, a calibrated micrometer screw is employed to measure the fractional distance required to displace the border to the nearest scale division. The dark and light regions will thus be projected onto the linear scale-reading to determine the corresponding index of the measured liquid (Figure 1.8(a)) [START_REF] Jensen | Refractometers[END_REF]. 

Hand-held refractometers

Hand-held refractometers are one of the most popular analog instruments used for determining the RI of a liquid due to their relatively low cost and portability. These The basic measurement principle of hand-held refractometers is by measuring the variation of the refraction angle in relation to the target liquid index and is similar to the immersion refractometer which commonly exploits ambient light as the source for illumination. Thus the illuminating light will be refracted in the illuminator flap, the measured liquid medium, as well as the measuring prism and will be projected onto a measuring scale. The measured liquid index can then be read by observing the position of a shadow boundary on the measuring scale which displaces with variation of the refracted angle. In addition, as the RI value is a function of temperature, a bimetallic strip is coupled to the measuring index scale to compensate temperature variation by adjusting the calibration screw.

Hand-held digital refractometers

The hand-held digital refractometer was developed as a result of the successful development in low-cost integrated optoelectronic devices such as, in particular, the light-emitting diode (LED) and photodetector or photoelectric sensor. This refractometer uses an LED as the illuminating source and a photoelectric sensor to replace the eye observation technique which could be subject to operator-induced errors as illustrated in Figure 1.10(a). refractometer is supported by a digital temperature compensator for measurement correction when the temperature is beyond that specified for the measurement range.

The measured RI value and temperature are then displayed on an LCD monitor as illustrated in Figure 1.10(b).

Fiber optic surface plasmon resonance refractometers

The surface plasmon resonance (SPR)-based optical fiber device can typically be realized as illustrated in Figure 1.11. The cladding and coating of a plastic-clad silica (PCS) multimode fiber (MMF) with a relatively large numerical aperture (NA), for example 0.40, must first be removed over a certain length (e.g. 1 cm). The unclad MMF is then coated with a thin metal nano-particle layer (typically silver nanoparticles) of several 10's of nm thick. This metal layer could be followed by a very a) b)

thin silicon layer of several nm thick (e.g. 5 nm) to increase the sensitivity and to protect the metal layer from oxidation [START_REF] Bhatia | Surface-plasmon-resonance-based fiber-optic refractive index sensor: sensitivity enhancement[END_REF]. This coated section will serve as the sensing region which is surrounded by the target or sensing medium. Polychromatic light with a fixed angle of incidence is next launched into the system via a microscope objective and guided along the fiber by the phenomenon of total internal reflection (TIR) [START_REF] Bhatia | Surface-plasmon-resonance-based fiber-optic refractive index sensor: sensitivity enhancement[END_REF][START_REF] Gupta | Fiber optic sensors based on plasmonics[END_REF]. If this incident angle is accordingly matched to a predetermined propagation condition, resonance will occur at a specific wavelength known as the resonance wavelength [START_REF] Bhatia | Surface-plasmon-resonance-based fiber-optic refractive index sensor: sensitivity enhancement[END_REF][START_REF] Gupta | Fiber optic sensors based on plasmonics[END_REF]. Spectral or wavelength interrogation is typically used for measuring the refractive index value by exploiting a spectrometer or an equivalent system. Any index variation of the sensing medium will thus induce a shift of the resonance wavelength which will be indicated by a sharp dip of the transmitted power over the interrogated wavelength range as represented in Figure 1.12. The SPR curves in Figure 1.12(a) show that the resonance wavelength increases and shifts towards the longer wavelength with increasing index values for a constant silicon layer thickness.

Figure 1.12(b), on the other hand, illustrates the resonance wavelength variation when this thickness is varied from 0 nm, 5 nm, 7 nm, and 10 nm, respectively.

Hence, for a fixed RI value, increasing the thickness of the silicon layer will induce an increasing resonance wavelength as well as an increase in the sensitivity (as seen from the curves' slope or gradient in Figure 1.12(b)). Nevertheless, the silicon layer
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thickness cannot be increased indefinitely since this will increasingly broaden the SPR response and reduce the system accuracy [START_REF] Bhatia | Surface-plasmon-resonance-based fiber-optic refractive index sensor: sensitivity enhancement[END_REF]. c)

SMF 1 SMF 2
subsequently resulting in a phase difference () between the LP 0m and LP 0n modes which can be expressed as [START_REF] Wang | Refractive index sensor based on all-fiber multimode interference[END_REF]  

     L n L n n n m eff n eff m eff n m , , 2 2      (1.3)
where m and n are positive integers, L is the length of the unclad MMF, 𝑛 𝑒𝑓𝑓 𝑚 ,𝑛 the effective refractive index difference between the LP 0m and LP 0n modes and  is the free-space wavelength. Further, the wavelength spacing  between two adjacent minima can be determined by [START_REF] Wang | Refractive index sensor based on all-fiber multimode interference[END_REF] 

L n n m eff , 2      (1.4)
Thus,  will increase for decreasing length of unclad MMF. Concurrently, the variation of RI around the MMF sensing region will also modify the effective index difference between the LP 0m and LP 0n modes. This effect will induce changes in the coupling conditions between the core and cladding modes to further result in a shift of the interference fringes as illustrated in Figure 1.14. A spectral interference fringe for the 20 mm sensing length is observed at 1571.7 nm with 19.5 dB of power transmission, while for the 40 mm sensor, two spectral interference fringes are observed at 1539.33 nm and 1582.08 nm with power transmissions of 20 dB and 25 dB, respectively. A single-fringe signal is observed for the shorter MMF sensing length since, according to Equation (1.3), the phase difference between the guided modes is small, while the longer MMF sensor has a larger phase difference between the modes and  being smaller according to Equation (1.4) [START_REF] Wang | Refractive index sensor based on all-fiber multimode interference[END_REF]. Hence, more interference fringes can be observed for the longer sensor. Further, Equation (1.4) predicts that a wider interference pattern spectrum will be obtained by the shorter sensor since it induces a weaker interference fringe amplitude compared to the longer MMF, as validated by Figure 1.14. 

Fiber Bragg grating-based refractometers

A fiber Bragg grating (FBG) is an optical fiber whose core has been subject to a periodic refractive index modulation, resulting in a grating structure being permanently inscribed in the fiber core [START_REF] Kuhne | Experimental and numerical study on refractive index sensors based on fibre Bragg gratings inscribed in multimode fibre[END_REF]. This grating functions as a wavelengthselective reflector or optical filter hence, only a particular wavelength is reflected into a backward propagating mode or signal while the remaining wavelengths are transmitted along the fiber after the grating to result in a forward-propagating mode.

The reflected wavelength, which is also called the Bragg resonance wavelength, can be expressed by [START_REF] Asseh | Fiber Optical Bragg Grating Refractometer[END_REF] 𝜆 𝐵 = 2𝑛 𝑒𝑓𝑓 Λ (1.5)

where n eff and  are the effective modal index for the guided mode and the periodicity or pitch of the core RI modulation, respectively. Any changes to n eff and/or  due to external perturbations will thus modify  B . Hence, a response to longitudinal strain and temperature variations along the FBG can be estimated as a function of the shift in the Bragg wavelength ( B ) such that [78]
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The first term on the right of Equation (1.6) represents the strain sensitivity (l/ B ), while the second term represents the influence of temperature variation on  B .

Therefore, the FBG can be employed for strain as well as temperature sensing.

Under normal conditions, n eff and, hence,  B are not influenced by the external environment since it is shielded by the cladding index. However, when the cladding is reduced or removed such as by an etching process, n eff will become highly sensitive to the surrounding medium in contact with the uniform FBG. Thus, any variation in the medium index will induce a shift in  B as predicted by Equation (1.5). Figure 1.16(a) illustrates a typical experimental set-up employed for RI measurement in which  B is detected against variation in the surrounding medium index and plotted in Figure 1.16(b) [START_REF] Iadicicco | Thinned Fiber Bragg Gratings as High Sensitivity Refractive Index Sensor[END_REF]. The FBG-based refractometer typically employs a broad-band superluminescent diode (SLD) operating at 1550 nm which is connected to the input arm of a directional coupler. Light is then transmitted to the sensor probe in the form of a Bragg grating which is immersed in the medium under investigation. The coupler's return arm is employed to collect the reflected spectrum from the FBG that can be subsequently analyzed by an optical spectrum analyzer (OSA) for a medium index ranging from 1.333 to 1.4547 RIU. As illustrated by Figure 1.16(b),  B shifts toward the shorter wavelength range for decreasing sensing medium index. This is a consequence of the diminution of n eff as well as of the power of the fundamental mode. Thus, for an OSA resolution of 1 pm at 1550 nm, a potential RI resolution of the order of ~10 -5 to ~10 -4 RIU could be achieved [START_REF] Iadicicco | Thinned Fiber Bragg Gratings as High Sensitivity Refractive Index Sensor[END_REF].

Long-period grating-based refractometers

Fiber gratings are classified into FBGs which have a smaller uniform sub-micron grating period or pitch , and long-period gratings (LPGs) which have much larger non-uniform grating periods or pitch [START_REF] Tsuda | Characterization of Long-period Grating Refractive Index Sensors and Their Applications[END_REF]. Although FBG-based refractometers can demonstrate attractive RI sensing characteristics, they need to be suitably configured through cladding processing and by isolating the grating from temperature and strain perturbations in order to achieve the necessary performance since under normal operation, FBGs are intrinsically insensitive to external medium index variation [START_REF] Chong | Measurements of refractive index sensitivity using long-period grating refractometer[END_REF][START_REF] Singh | Study and investigation of long period grating as refractive index sensor[END_REF]. However, processing the cladding typically reduces the fiber diameter rendering the device very thin and fragile.

LPGs, on other hand, do not require any modification to the fiber cladding since the grating structure basically couples light from the fiber core into modes in the cladding. These cladding modes are hence inherently sensitive to external index variations. As illustrated in Figure 1.17, the light coupling between the propagating core mode and the co-propagating cladding modes occurs in the gating structure.

Upon satisfying the phase matching condition between the fundamental core mode and cladding mode, a resonance wavelength  res can be obtained, given by [START_REF] Singh | Study and investigation of long period grating as refractive index sensor[END_REF] 𝜆 𝑟𝑒𝑠 = 𝑛 𝑐𝑜 𝑒𝑓𝑓 -𝑛 𝑐𝑙 ,𝑚 𝑒𝑓𝑓 Λ

(1.7)

Figure 1.17. Coupling of fundamental core mode into cladding modes in LPG [START_REF] Singh | Study and investigation of long period grating as refractive index sensor[END_REF].

In the LPG, 𝑛 𝑐𝑜 𝑒𝑓𝑓 represents the fundamental core mode and is principally isolated against the external sensing medium index while the cladding modes, defined by 𝑛 𝑐𝑙 ,𝑚 𝑒𝑓𝑓 , are exposed to the external medium. These will thus be influenced by its index variation. The sensitivity of 𝑛 𝑐𝑙 ,𝑚 𝑒𝑓𝑓 to external index variation, for example, of an LPG immersed in a medium (see Figure 1.18(a)), thus induces a shift in  res according to Equation (1.7). The transmission attenuation of the coupling mode is also concurrently altered, as measured experimentally in Figure 1.18(b). The experimental results demonstrated a shift of  res to the left by 1.4 nm (i.e. toward the lower wavelength range) for an RI variation from 1 to 1.4 RIU or equivalent to 3.5 nm/ RIU of sensitivity, coupled with an increase in the optical power attenuation for increasing index [START_REF] Tsuda | Characterization of Long-period Grating Refractive Index Sensors and Their Applications[END_REF].

Fiber-tip reflection-based refractometers

A simple and cost-effective RI measurement scheme can also be performed by exploiting Fresnel reflections at the tip of an optical fiber [START_REF] Xu | Simple fiber-optic refractive index sensor based on fresnel reflection and optical switch[END_REF][START_REF] Kim | Measurement of the refractive index of liquids at 1.3 and 1.5 micron using a fibre optic Fresnel ratio meter[END_REF][START_REF] Yuan | A Fresnel Reflection-Based Optical Fiber Sensor System for Remote Refractive Index Measurement Using an OTDR[END_REF][START_REF] Yüksel | Optical fiber sensor system for remote and multi-point refractive index measurement[END_REF]. Due to the index difference between the fiber core and the sensing medium, which can be given by [START_REF] Yüksel | Optical fiber sensor system for remote and multi-point refractive index measurement[END_REF] 𝑛 𝑠𝑚 = 𝑛 𝑐𝑜 where n sm and n co represent the measured index and the fiber core index, respectively.

Also, R end is the reflected power coefficient (in dB) due to Fresnel reflections at the fiber end and can be calculated as a function of n co and the air index n a through [START_REF] Yüksel | Optical fiber sensor system for remote and multi-point refractive index measurement[END_REF] 𝑅 𝑒𝑛𝑑 = 𝑛 𝑐𝑜 -𝑛 𝑎 𝑛 𝑐𝑜 +𝑛 𝑎 2

(1.9)

A simple experimental set-up illustrated in this sensor has been found to have good repeatability over three measurements, with a standard deviation of 1.7 × 10 -4 RIU [START_REF] Yüksel | Optical fiber sensor system for remote and multi-point refractive index measurement[END_REF].

Tapered optical fiber-based refractometers

Tapering an MMF is realized by reducing the MMF diameter into a "taper waist" form. A conventional MMF can thus be "linked" to two fiber tapers through a conical tapered sector called the "taper transition", as illustrated in Figure 1.20 [START_REF] Villatoro | High resolution refractive index sensing with cladded multimode tapered optical fibre[END_REF]. At the taper transition, core modes are excited into cladding modes, which could then be guided within the cladding when the surrounding medium index is lower than that of the cladding. As these cladding modes are in direct contact with the sensing medium the subsequent evanescent waves generated in the cladding can be absorbed by the sensing medium. Furthermore, since the multimode fiber-based sensing section has a smaller diameter, higher evanescent wave absorption (EWA) can be achieved thus leading to an improved sensitivity [START_REF] Villatoro | High resolution refractive index sensing with cladded multimode tapered optical fibre[END_REF]. 

D-shaped fiber-based refractometers

These refractometers measure RIs by exploiting EWA induced at the surface of a Dshaped fiber section in contact with the target medium. Any index variation in the medium will thus result in an attenuation of the transmitted optical power or intensity [START_REF] Sequeira | Refractive index sensing with d-shaped plastic optical fibers for chemical and biochemical applications[END_REF][START_REF] De-Jun | D-shaped plastic optical fiber sensor for testing refractive index[END_REF][START_REF] Liu | Evanescent wave analysis and experimental realization of refractive index sensor based on D-shaped plastic optical fiber[END_REF][START_REF] Chen | A Multi-D-Shaped Optical Fiber for Refractive Index Sensing[END_REF]. Such a fiber can be fabricated by removing the outer surface of a plastic optical fiber (POF) over a specific length up to a certain depth to form a "D-shape" section. A typical D-shaped fiber obtained by the side-polishing method is illustrated in Figure 1.22 [START_REF] De-Jun | D-shaped plastic optical fiber sensor for testing refractive index[END_REF]. Since the cylindrical fiber section is transformed into a D-shape, the effective Vparameter V D for this fiber can be expressed by [START_REF] De-Jun | D-shaped plastic optical fiber sensor for testing refractive index[END_REF] 𝑉 𝐷 = 2𝜋𝑟 𝑒𝑓𝑓 (𝑑) 𝜆 𝑛 𝑐𝑜 2 -𝑛 𝑠𝑚 2 (1.10)

where r eff represents the effective radius of the D-shaped fiber with respect to the side-polished depth of the zone, while n co and n sm are the core and sensing medium indices, respectively. Therefore, when n sm varies, V D will be modified according to Equation (1.10). Consequently, the optical power ratio between the power confined in the core and that penetrated into the sensing medium as evanescent fields varies with n sm [START_REF] De-Jun | D-shaped plastic optical fiber sensor for testing refractive index[END_REF]. A typical experimental set-up for measuring RIs using a D-shaped fiber-based refractometer is illustrated in 

Stripped-clad multimode fiber (MMF)-based refractometer

Refractometers based on stripped-clad multimode fiber are realized by removing a certain length of the MMF cladding as the sensitive region [START_REF] Banerjee | Fiber optic sensing of liquid refractive index[END_REF][START_REF] Arie | Measurement and analysis of light transmission through a modified cladding optical fiber with applications to sensors[END_REF][START_REF] Arie | Measurement and analysis of a modified cladding optical fiber with various input illuminations[END_REF][START_REF] Arie | Light transmission through a modified cladding optical fiber -inverse problem analysis[END_REF][START_REF] Golunski | Optical fibre refractometer for liquid refractive index measurement[END_REF][START_REF] Cole | An Optical Fiber Refractometer for Measuring the Dispersion of Turbid Fluids[END_REF][START_REF] Mukherjee | Characterization of a fiber optic liquid refractive index sensor[END_REF]. This device is similar to the dielectric rod refractometer [START_REF] Kapany | Fiber Optics. Part IV. A Photorefractometer[END_REF][START_REF] Kapany | Photorefractometer I. Extension of Sensitivity and Range[END_REF][START_REF] Kapany | Photorefractometer II. Measurement of N and K[END_REF]. Typically, the refractometer employs a plastic-clad silica (PSC) fiber due to the ease in removing the cladding part using a thermal stripper as illustrated in Figure 1.24.

Figure 1.24. Stripped-clad MMF as the sensing region in multimode fiber refractometer [START_REF] Cole | An Optical Fiber Refractometer for Measuring the Dispersion of Turbid Fluids[END_REF].

The sensing region is subsequently immersed in a liquid measurand as illustrated in 

P                 (1.11)
where I is the light intensity, and r a /D represents the fiber"s numerical aperture for which r a represents the outer ray radius, while D represents the outer ray hypotenuse. Further, when n cl  n sm < n co , the mathematical model to estimate P t under this condition is influenced by mode loss due to the modified numerical aperture (NA mod = (n co ²-n sm ²) 0.5 ), and the corresponding reflectivity (R) from Fresnel reflections which originate from the mode loss. The second model is represented by
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) is reflectivity from the mode loss by Fresnel reflections as a function of r, n co , and n sm , while N(r) represents the number of reflections along the sensitive region, given by N(r) = L/(2 tan  i ). The third model predicts the guided power along the sensor when n sm = n co , which can be expressed as
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Here, L and  represent the sensing length and the MMF radius, respectively. The final or fourth model describes the power guided when n sm > n co . Under this condition, the guiding mechanism is uniquely due to Fresnel reflections, and, hence, the model can be expressed as
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Using the models in Equations (1.12), (1.13) and (1. When n cl  n sm < n co , good agreement is obtained between the experimental and simulation results. However, when n sm > n co a relatively high discrepancy occurs between simulation and experiment. In addition, the first model in Equation (1.11) predicts that when n sm < n cl , the guided power does not change with varying n sm . In this study [START_REF] Cole | An Optical Fiber Refractometer for Measuring the Dispersion of Turbid Fluids[END_REF] as well as in another by Arie et al. [START_REF] Arie | Measurement and analysis of light transmission through a modified cladding optical fiber with applications to sensors[END_REF][START_REF] Arie | Measurement and analysis of a modified cladding optical fiber with various input illuminations[END_REF][START_REF] Arie | Light transmission through a modified cladding optical fiber -inverse problem analysis[END_REF], the models proposed, in particular the first and second models, did not consider evanescent wave absorption.

Nevertheless, under this condition (n sm < n cl ), evanescent waves exist since the lightwaves propagate along the MMF by total internal reflection (TIR). These evanescent waves will be absorbed by the sensing medium, and, hence, will contribute to the reduction in the guided optical power along the MMF.

In this thesis, therefore, 3 functional and accurate models will be developed to estimate the power response in MMF-based as well as in photonic crystal fiber (PCF)-based refractometers. Here, the mathematical models will exploit a combination of the ray optics approach, Gaussian beam analysis, and the EWArelated analytical equation. Ray optics is used in a similar manner to previous studies [START_REF] Arie | Measurement and analysis of light transmission through a modified cladding optical fiber with applications to sensors[END_REF][START_REF] Arie | Measurement and analysis of a modified cladding optical fiber with various input illuminations[END_REF] since it can represent the mode loss phenomenon for increasing n sm .

Gaussian beam analysis, on the other hand, is employed to accurately analyze the injected optical power distribution into the MMF. This thesis will therefore strive to reinforce existing work in MMF refractometry, for example that by Arie et al. who proposed a relatively accurate approximation to determine the injected optical power distribution, albeit for beams launched from a lens system. In addition, Gaussian beam analysis can be employed for any launch conditions, i.e. for coupling condition using a lens through beam coupling from an SMF. The analytical equation of EWA is also employed since the propagation modes in the MMF occur principally by TIR, resulting in the generation of evanescent waves. Therefore, EWA must be considered to comprehensively describe the power response in the MMF as well as the PCF refractometers.

Comparison and conclusion

Refractometers based on prism optic are typically used for measuring the RI of sample media in the laboratory. They cannot, however, be used for continuous in situ measurements over long periods. For in situ and remote measurements, optical fiberbased refractometers are the most suitable alternative and can be divided into broad categories, those based on spectral interrogation and intensity measurement, respectively. Table 1.1 below gives a brief comparison of optical fiber refractometers exploiting spectral-based measurements. 1.404-1.452 [START_REF] Bhatia | Optical fiber long-period grating sensors[END_REF] 1.33 -1.45 [START_REF] Tsuda | Characterization of Long-period Grating Refractive Index Sensors and Their Applications[END_REF] Optical fiber refractometers based on spectral measurements enable to measure RI variations by observing the spectrum shift using an OSA, a spectrometer, or by OTDR which are relatively costly. In terms of performance, the fiber SPR-based refractometer can offer very high resolution in the order of 10 -7 RIU, but is limited by a relatively narrow dynamic range. This refractometer is also more complicated to realize since it requires the deposition of a very thin metal layer (nanometric range)

as the sensing element. On the contrary, the refractometer based on MMI is very easy to fabricate and can be made to achieve a good resolution in the order of 10 -6 RIU, although the dynamic range is still relatively narrow. Refractometers based on FBGs and LPGs, on the other hand, allow exploiting a larger dynamic range coupled with a relatively good resolution.

However, more competitive and cost-effective optical fiber refractometers can be realized using intensity-based measurement which does not require expensive interrogating instruments for measuring the optical spectrum. Table 1.2 summarizes some widely-used refractometers based on intensity measurement. refractometer with a resolution of at least of 5.5 × 10 -6 RIU is necessary [START_REF] Boulart | A novel, lowcost, high performance dissolved methane sensor for aqueous environments[END_REF].

In this thesis, therefore, stripped cladding and/or stripped coating optical fibers will be further studied for their geometrical flexibility, cost effectiveness, large dynamic range together with a relatively good overall performance. Furthermore, as will be demonstrated in this work, the resolution achieved for a stripped cladding fiber refractometer developed has been increased to 10 -6 RIU order, thus potentially allowing CH 4 concentrations down to 1 nmol/L in water to be detected.

CHAPTER II

Stripped-cladding Multimode Fiber-based Refractometer

Introduction

A large variety of refractive index (RI) sensors or refractometers exploiting different measurement techniques have been reported since the first Abbé refractometer designed by Ernest Abbé at the end of the 19 th century [START_REF] Jensen | Refractometers[END_REF]. Their popularity, which generates a significant level of commercial viability over the past few decades, is due to their wide-ranging application potential in chemistry and physics, in environmental monitoring, as well as across the biochemical, pharmaceutical, and the food and beverage industries [START_REF] Grattan | Fiber optic sensor technology: an overview[END_REF][START_REF] Kersey | A review of recent developments in fiber optic sensor technology[END_REF]. Amongst these RI sensors, a multitude of optical fiber refractometers (OFRs) has also been developed for their intrinsic advantages, such as robustness to relatively harsh ambient conditions, non-cumbersome size, explosion-free security since no on-probe electrical power is necessary, relatively rapid real-time in-situ measurement for remote sensing, multiplexing potential, and immunity to electromagnetic interference (EMI) [START_REF] Grattan | Fiber optic sensor technology: an overview[END_REF][START_REF] Kersey | A review of recent developments in fiber optic sensor technology[END_REF][START_REF] Lee | Review of the present status of optical fiber sensors[END_REF][START_REF] Norris | Optical fiber chemical sensors: fundamentals and applications in Optical Fiber Sensor Technology[END_REF].

One RI measurement method which is widely exploited is the optical intensity-based refractometer [START_REF] Kapany | Fiber Optics. Part IV. A Photorefractometer[END_REF][START_REF] Kapany | Photorefractometer I. Extension of Sensitivity and Range[END_REF][START_REF] Kapany | Photorefractometer II. Measurement of N and K[END_REF][START_REF] David | Design, development, and performance of a fiber optics refractometer: Application to HPLC[END_REF][START_REF] Arie | Measurement and analysis of light transmission through a modified cladding optical fiber with applications to sensors[END_REF][START_REF] Arie | Measurement and analysis of a modified cladding optical fiber with various input illuminations[END_REF][START_REF] Arie | Light transmission through a modified cladding optical fiber -inverse problem analysis[END_REF][START_REF] Golunski | Optical fibre refractometer for liquid refractive index measurement[END_REF][START_REF] Cole | An Optical Fiber Refractometer for Measuring the Dispersion of Turbid Fluids[END_REF][START_REF] Mukherjee | Characterization of a fiber optic liquid refractive index sensor[END_REF][START_REF] Chen | A Multi-D-Shaped Optical Fiber for Refractive Index Sensing[END_REF] due to its simplicity and cost effectiveness. In such a device, the variation in RI value will induce a variation in the optical power or intensity to be measured. OFR techniques based on optical intensity modulation have been realized using tapered multimode fibers (MMFs) [START_REF] Villatoro | High resolution refractive index sensing with cladded multimode tapered optical fibre[END_REF][START_REF] Wong | Automation and dynamic characterization of light intensity with applications to tapered plastic optical fibre[END_REF], back-reflection fiber core tips [START_REF] Xu | Simple fiber-optic refractive index sensor based on fresnel reflection and optical switch[END_REF][START_REF] Kim | Measurement of the refractive index of liquids at 1.3 and 1.5 micron using a fibre optic Fresnel ratio meter[END_REF][START_REF] Yuan | A Fresnel Reflection-Based Optical Fiber Sensor System for Remote Refractive Index Measurement Using an OTDR[END_REF][START_REF] Yüksel | Optical fiber sensor system for remote and multi-point refractive index measurement[END_REF], dual MMF configurations similar to the fiber bundle proximity sensor [START_REF] Chaudharia | Multi-wavelength optical fiber liquid refractometry based on intensity modulation[END_REF][START_REF] Chaudharia | Simulation and experimental studies of an extrinsic fiber optic sensor for liquid refractometry[END_REF][START_REF] Muthuraju | Low cost fiber optic sensing of sugar solution[END_REF], D-shaped multimode plastic optical fibers [START_REF] Sequeira | Refractive index sensing with d-shaped plastic optical fibers for chemical and biochemical applications[END_REF][START_REF] De-Jun | D-shaped plastic optical fiber sensor for testing refractive index[END_REF][START_REF] Liu | Evanescent wave analysis and experimental realization of refractive index sensor based on D-shaped plastic optical fiber[END_REF][START_REF] Chen | A Multi-D-Shaped Optical Fiber for Refractive Index Sensing[END_REF], and stripped-cladding

MMFs [START_REF] Banerjee | Fiber optic sensing of liquid refractive index[END_REF][START_REF] Arie | Measurement and analysis of light transmission through a modified cladding optical fiber with applications to sensors[END_REF][START_REF] Arie | Measurement and analysis of a modified cladding optical fiber with various input illuminations[END_REF][START_REF] Arie | Light transmission through a modified cladding optical fiber -inverse problem analysis[END_REF][START_REF] Golunski | Optical fibre refractometer for liquid refractive index measurement[END_REF][START_REF] Cole | An Optical Fiber Refractometer for Measuring the Dispersion of Turbid Fluids[END_REF][START_REF] Mukherjee | Characterization of a fiber optic liquid refractive index sensor[END_REF].

Development of the stripped-cladding MMF refractometer has been reported since the 1980"s [START_REF] Arie | Measurement and analysis of light transmission through a modified cladding optical fiber with applications to sensors[END_REF][START_REF] Arie | Measurement and analysis of a modified cladding optical fiber with various input illuminations[END_REF][START_REF] Arie | Light transmission through a modified cladding optical fiber -inverse problem analysis[END_REF][START_REF] Golunski | Optical fibre refractometer for liquid refractive index measurement[END_REF], inspired by a dielectric rod refractometer immersed in a liquid which was used as the equivalent cladding [START_REF] Kapany | Fiber Optics. Part IV. A Photorefractometer[END_REF][START_REF] Kapany | Photorefractometer I. Extension of Sensitivity and Range[END_REF][START_REF] Kapany | Photorefractometer II. Measurement of N and K[END_REF]. Various models of the strippedcladding MMF refractometer have been proposed and are based on the estimation of their optical power response measured against the RI variation with respect to the fiber core index [START_REF] Arie | Measurement and analysis of light transmission through a modified cladding optical fiber with applications to sensors[END_REF][START_REF] Arie | Measurement and analysis of a modified cladding optical fiber with various input illuminations[END_REF][START_REF] Arie | Light transmission through a modified cladding optical fiber -inverse problem analysis[END_REF][START_REF] Golunski | Optical fibre refractometer for liquid refractive index measurement[END_REF][START_REF] Cole | An Optical Fiber Refractometer for Measuring the Dispersion of Turbid Fluids[END_REF]. In these early refractometers, Snell"s law and Fresnel"s reflection law were employed to interpret the sensor response for measured indices lower than that of the core while only Fresnel reflections were employed when the indices were higher than the core index. Although previous models [START_REF] Arie | Measurement and analysis of a modified cladding optical fiber with various input illuminations[END_REF][START_REF] Arie | Light transmission through a modified cladding optical fiber -inverse problem analysis[END_REF] attempted to determine and take into account the power distribution density of the incident beam, the influence of evanescent wave absorption (EWA) was, however, not considered. Nevertheless, EWA exists since the beams or rays are essentially guided by total internal reflection (TIR). In addition, the resulting approximation from these existing models was sufficiently precise only when applied to a beam launched through a lens system [START_REF] Arie | Measurement and analysis of a modified cladding optical fiber with various input illuminations[END_REF][START_REF] Arie | Light transmission through a modified cladding optical fiber -inverse problem analysis[END_REF].

We propose, in this chapter, an alternative Gaussian beam analysis method to accurately estimate the optical power distribution density of the laser beam launched from a microscope objective (MO) into an MMF. This method achieves a good estimation of the power response of stripped-cladding MMF refractometers.

Consequently, it is necessary to incorporate Gaussian beam optic analysis into the model describing an incident beam distribution launched into an MMF from a singlemode (SM) laser source. Although experimentally validated for beam injections or launching via an MO in this chapter, this method can also be extended to deal with other launch conditions, including that from a single-mode fiber (SMF) spliced to an MMF which will be discussed in the next chapter (Chapter III). As a result, a functional and accurate model has been developed in this work and will be detailed ). In the third and final zone (Zone III), the power response is due uniquely to Fresnel reflections when the measured index is higher than the core index (n sm > n co ).

The model thus proposes the integration of Snell"s law, Fresnel reflections and EWA into a complete inter-dependent relationship, and is developed using a combination of Gaussian beam principles, ray optics, and wave optic analysis to comprehensively describe the optical power response across the three sensing zones of an MMF-based refractometer. The use of Gaussian beam analysis enables to fully characterize the launching conditions at the input end of the MMF, while wave optic analysis can accurately describe and, hence, predict the absorption characteristics of the evanescent waves. Both Gaussian beam and wave optic principles are subsequently employed to reinforce ray optic analysis of the propagating modes in the MMF, leading to a highly accurate and robust model. The model is then experimentally validated in terms of the optical power response over a broad range of RI values.

Theory of propagation in multimode fibers

A lightwave or laser beam is propagated in an optical fiber by TIR which occurs as the beam injected into the fiber core is incident at the core-cladding interface at an angle higher than the critical angle. This critical angle,  c , can be explained by Snell's law as a function of the RI contrast between the core index (n co ) and the cladding index (n cl ), respectively, as follows:

          co cl c n n 1 sin  (2.1)
For a single-mode fiber (SMF), only one mode propagates in the fiber. On the contrary, in an MMF numerous modes can propagate. The propagating modes are modes that are incident at the core-cladding interface with an angle comprising between  c and 90 o . Theoretically, the number of modes (M) for a very large number of modes in a step-index MMF can be estimated by [START_REF] Saleh | Fundamental of Photonics[END_REF] 

2 2 V M  (2.2)
where V is an all-important parameter known as the normalized frequency for determining whether an optical fiber is single or multi mode. For V  2.405, the fiber will be single-mode while an MMF has a V-parameter greater than 2.405. The value of V is related to n co , n cl , the fiber core radius (a), and the wavelength (λ) of the injected beam via

2 2 2 cl co n n a V     (2.3)
where 𝑛 𝑐𝑜 2 -𝑛 𝑐𝑙 2 is also known as the numerical aperture (NA) of the fiber. NA defines the acceptance angle within which an injected beam can be propagated or radiated by the fiber. Hence, to excite all the modes over the entire possible acceptance angle, the injected beam must be matched to the NA of the step-index MMF.

Sensing mechanism and modeling in Zone I

Consider the case of the sensing medium having an RI value (n sm ) less than the cladding RI (n cl ). Under this condition, all the modes propagate in the fiber core up tothe sensing zone by the phenomenon of TIR as shown in Figure 2.1(a). given by [START_REF] Woerdeman | Model of a Fiber-Optic Evanescent-Wave Fluorescence Sensor[END_REF] 2 2 2 sin 2

cl co p n n d      (2.4)
When the incident beam angle ( b ) is larger than  c , almost all power is confined within the core while the previously transmitted part of the beam propagates as evanescent waves penetrating into the cladding. Hence, the resulting power transmitted to the fiber end while propagating over a stripped cladding of length, L, can be estimated by [START_REF] Keller | Waveguiding properties of fiber-optic capillaries for chemical sensing applications[END_REF]  
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where γ is the attenuation coefficient of the evanescent wave and P 0 the initial power propagated by TIR in the MMF. For a weakly guiding fiber, i.e. for a fiber with only a small RI difference between the cladding and core, γ is a function of the bulk absorption coefficient (α) and the fractional power in the cladding and core (r), i.e. the ratio of the power in the cladding to the total power, given by [START_REF] Keller | Waveguiding properties of fiber-optic capillaries for chemical sensing applications[END_REF]   r  (2.6) Now, r can be estimated by a simple equation related to the number of modes (M) using [START_REF] Keller | Waveguiding properties of fiber-optic capillaries for chemical sensing applications[END_REF] 
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Nevertheless, since the MMF is generally a non-weakly guiding fiber, γ thus has to be re-defined to account for the number of modes with a transmission coefficient (T) penetrating into the cladding over a number of reflections per unit length (N) as a function of the critical angle of the sensing medium (θ csm = sin -1 (n sm /n co )) in replacement of the cladding and θ b for  b  c [START_REF] Keller | Waveguiding properties of fiber-optic capillaries for chemical sensing applications[END_REF] such that
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Further, by adopting Equations (2.8), (2.9), and (2.10) to solve Equation (2.5) for non-weakly guiding fibers, the power over a sensing length, L, can be calculated as a function of the angle over all the acceptance angles (θ b , π/2) as (2.12)
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As illustrated in Figure 2.2(b), when the total lens area of the MO is completely illuminated by the input collimated beam, the injection angle β' = β 0 , can be obtained from the relationship NA = n air sin β 0 . However, since the input beam does not illuminate the entire lens area due to the lens diameter (d lens ≈ 5.5 mm) being larger than the total beam diameter (D = πw' = 3.2987 mm [START_REF] Siegman | Lasers[END_REF]), β' cannot, consequently, be calculated directly using the NA equation which gives a β 0 value of ~40.54°. By simplifying MO to a one-lens system, f can first be obtained using Equation (2.13) relating β 0 to the lens radius (r lens = 0.5d lens ), after which β' can then be obtained for a given D value via Equation (2.14)
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In ray optics, mode propagation in the MMF is represented by individual rays at specific angles injected into and, subsequently, propagating in the fiber, and can thus be simply analyzed by considering the beam with an incident θ i at the core-cladding interface. Rays which have incident angles less than θ c of the fiber will not be propagated in the core, when compared to rays with angles greater than θ c. These latter rays will be guided in the core by TIR. To simplify the propagation model, the incident beam characteristics illustrated in However, since the onset of TIR starts at z i , the diffraction effects of the Gaussian beam are annulled at z i [START_REF] Kowalevicz | Beam Divergence from an SMF-28 Optical Fiber[END_REF]. Thus the power distribution for each angle of the individual rays propagated along the MMF follows on from the ray power distribution at point z i , as will be explained below. Consequently, the sensing region must be placed after the point z i . Then, by using Equation (2.15) and considering that the beam is injected into the center of the fiber core with a = 100 µm, for a 1 cm sensing length, the beam will be incident at the interface of the sensing area at least once up to θ i = 89.427°. Hence, almost all of the rays injected will reach the sensing region. Further, for a Gaussian beam injected from air and expanded in the fiber core (silica with n co = 1.444), the beam spot radius at z i (w zi ) can be calculated by [START_REF] Siegman | Lasers[END_REF] 2
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The optical intensity at z i (I zi ) and the normalized optical power injected into the fiber (P inj in a.u.) can respectively then be given by [START_REF] Saleh | Fundamental of Photonics[END_REF][START_REF] Siegman | Lasers[END_REF] 
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Subsequently, as illustrated in Figure 2.2(b), when θ b is lower than θ c of the fiber, the total power arrives at the core-cladding interface at the point z 1 . Only the optical power between θ b and θ c will exit the core while the remaining power will still be guided in the fiber core by TIR. This power is represented as the beam with a radius a' which can be calculated by simple trigonometry as

c i z a  cot '  (2.19)
Substituting the new radius a' into Equation (2.18) then allows P 0 , the normalized power guided by TIR for  b <  c of the fiber, to be obtained as Here, θ b = 71.57° is higher than θ c (70.60°), thus all injected beams are guided by TIR. Consequently, the limit of Zone I is the RI value (n b ) which is equivalent to the angle of the incident beam (via θ b = sin -1 (n b / n co )). Further, w z2 = 67.898 µm is obtained via Equation (2.16) for the point z 2 = 300.14 µm while w 0 = 1.51 µm is obtained using Equation (2.12). Then, to solve Equation (2.11), P 0 in Equation (2.20) can be discretized into individual ray powers between θ b and 90° (i.e. P 0 (θ b , π/2)) at the point z 2 by varying a' in discrete steps (from 100 µm to 0) corresponding to the θ i value for each ray. Substituting these step variations of a' into Equation (2.20) then allows the decremental power difference, P 0 (θ b , π/2), to be calculated for each individual ray with a corresponding set of T(θ b , π/2) and N(θ b , π/2) parameters.
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Finally, these powers are integrated over θ b -90° in Equation (2.11) to obtain the total transmitted power (P L ) subject to EWA for a given sensing length L.

Sensing mechanism and modeling in Zone II

For the second operating condition or Zone II response, where the RI of the sensing medium (n sm ) lies between the cladding RI and the core RI (i.e., n cl < n sm < n co ), two optical phenomena are concurrently influencing the optical power loss (see Figure 2.3) through (1) reduction of the number of propagation modes due to the modification of the critical angle (from  c to θ csm ) upon variation of n sm and (2) EWA since TIR is always present in this operating zone, identical to the explanation of losses described for Zone I. As illustrated in Figure 2.3, the sensing mechanism originates from the combined contribution of both EWA and mode power loss by the modification of the critical angle ( csm ). Under initial conditions, the blue line represents the mode propagated in the MMF by TIR at critical angle. However, when n sm increases,  c is modified to θ csm and this mode will be transmitted through the medium and lost to the exterior.

The remaining rays incident at an angle greater than the new  csm will be guided in the MMF by TIR and concurrently subject to EWA. The reflection at the sensing medium-air interface is negligible since the medium thickness is typically more than 20 times the core diameter in addition to its strong absorption at 1550 nm. The dotted blue and red lines represent very weak Fresnel reflections off the core-medium boundary. Hence, the model of the power response for Zone II can mathematically be expressed by
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The first term on the right side of Equation (2.21) describes the power response of the sensor which is induced by EWA for guided modes by TIR from  csm to 90°, while the second term corresponds to the influence of Fresnel reflections. Here, R represents the reflectivity of the rays from  b to  csm , and can be calculated as a function of the reflectance under both p-polarization (r p ) and s-polarization (r s ), respectively, as [START_REF] Saleh | Fundamental of Photonics[END_REF]  
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for which the reflectances of the respective polarizations are given by
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where  t is the transmitted angle which is obtained by Snell"s law as
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However, the contribution from Fresnel reflections in Zone II is very weak due to a high total number of reflections (NL) along the sensor, as well asa relatively small index contrast between n sm and n co . Hence, these reflections can be neglected. Subsequently, the model for Zone II in Equation (2.21) can be simplified using only the left term on the right of the equation to
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According to Equation (2.26), propagation by TIR still occurs for rays with incident angles from  csm to 90°. Therefore, in Zone II, a reduction in the number of propagation modes occurs for increasing n sm since the critical angle also increases as
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This leads to a decrease in the guided power by TIR (P 0 ) as the beam radius a' at point z 2 decreases (see Equation (2.20)), subsequently reducing the sectional area at this point as illustrated by Figure 2.4. The beam radius, a', is here calculated by using the following relation: As described in Equations (2.27) and (2.28), increasing n sm leads to increasing θ csm , which represents the mode loss occurring in the MMF as illustrated by a decrease of the red beam in Figure 2.4(a). This also reduces the beam area as illustrated in This decreased guided power due to mode loss contribution will concurrently be subject to EWA as described in Equation (2.26).
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Sensing mechanism and modeling in Zone III

The last condition is Zone III where n sm > n co . Here, propagation by TIR is no longer supported although a very small portion of optical power can still be guided due to the phenomenon of external reflection. This can be explained by Fresnel equations for a beam incident at an interface between two media of different RI values as illustrated in Figure 2.5. . The majority of the power is transmitted to the exterior while a small portion is reflected back into the core. This mechanism again arises when the ray intersects the interface between the sensing region and the external medium. This phenomenon is more prominent for rays which have incident angles close to 90°.

Since n sm > n co , most of the optical power of the ray will be transmitted to the exterior. Furthermore, as illustrated in Figure 2.5, the sensing medium is much thicker than the core diameter, and, hence, the transmitted ray will not be backreflected into the core. However, a small proportion of power is still reflected back into the core by the external reflection mechanism at the core-sensing medium interface. This proportion of back-reflected power can be obtained by calculating the reflectivity (R) for the light containing both the p-polarization (r p ) and s-polarization 

(
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Experimental set-up

During the measurements, a differential probe configuration is employed, as shown in Figure 2.6. One MMF serves as the reference fiber while the other MMF is exploited as the sensing fiber. The differential set-up allows to compensate commonmode noise produced by both MMFs. The sensor, based on the ratiometric intensities from the two MMFs, thus measures the transmitted power for both the reference and sensing MMFs using two identical Thorlabs Ge-type PDA50B photodetectors (PDs) with a peak spectral response within 800-1800 nm. A single-mode fiber-pigtailed DFB laser diode from Modulight, Inc., emitting at 1550 nm and driven by precision current and temperature controllers, is employed to interrogate the fibers. The laser output beam is divided by a single-mode fiber coupler to obtain two equal or symmetrical beams. These are next collimated and then injected into the reference and sensing MMF arms of the sensor via two identical MOs with NA = 0.65 in order to transmit the launched beam over all acceptance angles in the fibers. The MMFs are plastic-clad silica (PCS) fibers exhibiting an NA of 0.48 ± 0.02, with 200 µm core diameter and 230 µm cladding diameter. The output powers detected from both MMF arms are then transmitted to a dedicated computer via a 14-bit 2-MHz Agilent data acquisition system (DAQ) for further processing. This is then followed by a simple procedure of cleaning the fiber core using acetone and isopropanol solutions, resulting in a typical MMF sensor structure as shown in 

Simulation and experimental results

A suite of simulations is next performed based on the above models and validated against experimental data for the three sensing Zones with three different sensor lengths. The sensing medium is composed of a combination of glycerol-water mixture which is adjusted [START_REF] Saunders | The refractive index of common solvents and solutions at 1550 nm[END_REF] to obtain different RI values ranging from 1.3164 to 1.4571 RIU (refractive index unit) at a wavelength of 1550 nm as shown in Figure 2.9.

Figure 2.9. Refractive index of glycerol-water solutions at 1550 nm [START_REF] Saunders | The refractive index of common solvents and solutions at 1550 nm[END_REF].

For RI values beyond 1.4571, calibrated RI liquids from Cargille Laboratories, Inc.

were employed. Furthermore, different glycerol-water concentration levels exhibit varying absorption coefficients (α), with that of water being experimentally determined in a controlled environment to be 11.49 cm -1 and that of glycerol being 11.10 cm -1 . Assuming a linear relationship between the imaginary part or extinction coefficient of the mixture's RI (k mix ) and its volume fraction, which is a function of the glycerol (f g ) and water (f w ) fractions (with f g + f w = 1), and the extinction coefficients of glycerol (k g ) and water (k w ), we can estimate k mix = f g k g + f w k w . The composite absorption coefficient of the solution  mix can then be obtained via [START_REF] Jenkins | Fundamentals of optics[END_REF]   

mix mix k 4  (2.30)
The simulation procedure is carried out according to the following flow chart in Here, the sensitivity for each sensor has been obtained by first fitting specific response curves to the 3 respective sensing Zones in Figure 2.13 followed by their derivation with respect to RI.

Discussion

Three Although the guided power is relatively weak, this will increase for further increases in the value of RI beyond that of n co . This is validated experimentally in Figure 2.13 through the measurement of increasing power at the fiber output end as n sm increases beyond that of the core. Complementary to this, Equation (2.29) further correctly predicts a higher power guided over shorter lengths of sensing region in the MMF since there are fewer reflections (NL) which, in turn, reduce the transmitted power or number of rays to the exterior through the sensing medium. Nonetheless, the respective discrepancies between the simulations and the experimental results for the different sensing lengths in Zone III could be due to non-ideal conditions during the experimental study, such as the existence of very small bends in the MMF which can alter the optical power distribution and/or modify the beam quality factor (M 2 ) by inducing changes to the MMF index profile in the bending area [START_REF] Schermer | Improved bend loss formula verified for optical fiber by simulation and experiment[END_REF]. There could, in addition, be minute influences from the mechanical stability of the experimental setup (minor variation of the focal points of the MOs, slight mechanical drifts in the translation stages, etc, induced by temperature variations).

The sensitivity curves plotted in Figure 2.14 illustrate the best sensitivity being achieved in Zone II for the shortest sensing length (i.e. 1-cm stripped-cladding fiber)

as the shortest sensor is subject to the least EWA. Consequently it suffers higher losses through modification of the critical angle (mode loss mechanism) as predicted by the continuous green line in Figure 2.13. Toward the end of the Zone II response, there is more power variation for a small RI variation. The three sensitivity curves first increase sharply from the middle of Zone II, and then decline less sharply toward almost the end of this Zone before decreasing back toward zero at the core index (1.444) which is the minimum point of the optical power response (see Figure 2.13). The respective inflexion points of the sensitivity curves in Figure 2.14 occur before the end of Zone II and correspond to the beginning of the decreasing gradient of the optical power response as described above with respect to the circular aperture area (with top-hat type peak profile) of the Gaussian beam. A zero sensitivity value could potentially be obtained when the power response in Figure 2.13 occurred over very small RI variations (i.e. tending toward 0 or RI0) of the sensing medium.

However, since the practical RI variations induced in this work cannot be infinitesimal, the sensitivity of the three sensing lengths obtained at the end of Zone II cannot reach zero value. Nevertheless, the sensitivity curves plotted in Figure 2.14 decrease toward zero when the measured RIs approach the end of Zone II (i.e. close to the core index).

Conversely, for Zone I, the longest sensor has better sensitivity since the principally EWA contributions to the sensing mechanism are cumulative over the entire sensing length. There is thus more absorption by the longest sensor resulting in the largest power variation as a function of RI. In Zone III, on the contrary, the shortest sensor is again more sensitive since less power is lost to the exterior, and consequently more power is guided in the fiber core. Hence, according to Equations (2.22), (2.23),

(2.24) and (2.29), the guided power increases with increasing RI, with the increasing power being sharper at the beginning of Zone III, and subsequently declines less sharply with increasing RI. Thus, the sensitivity decreases with increasing RI in the sensing medium since the rate of power variation with RI decreases. Nevertheless, although this sensor theoretically has virtually unlimited dynamic range for operation over Zone III, its performance could be limited to only a certain RI range when the sensitivity approaches the noise level.

Based on the sensitivity (S) curves in Figure 2.14, the sensor resolution is determined with respect to the measurement noise level using the 6σ-definition (6 times RMS noise ( rms ) corresponding to ~99.7% confidence level) [START_REF] Fleming | A review of nanometer resolution position sensors: Operation and performance[END_REF] as given by Equation The best resolution achieved is 2.2447 × 10 -5 RIU by the 1-cm sensor in Zone II. It is also in this Zone that the 2.5-cm and 4-cm sensors have the best relative resolutions of 2.9919 × 10 -5 RIU and 3.2634 × 10 -5 RIU, respectively, compared to the other two Zones. For Zone I, the best resolution is achieved by the 4-cm long sensor with a minimum detection level of 1.5438 × 10 -3 RIU while the 1-cm and 2.5-cm sensors are capable of resolutions of 5.1952 × 10 -3 RIU and 1.7462 × 10 -3 RIU, respectively.

The achievable sensor resolution in Zone I is not very high due to the induced multiplicative noise from multiple reflections in the sensing region as well as the relatively low sensitivity in this zone. For the Zone III response, the noise level is relatively low since most of the injected power, including the noise from multiple reflections, are transmitted to the exterior. In this zone, the normalized noise level ranges from approximately 1.2 × 10 -4 (a.u.)  1.6 × 10 -4 (a.u.) and is typically dominated by the measured photodetector noise, normalized to 8.66 × 10 -5 (a.u.). The minimum RI resolution that can be detected in Zone III are 1.0031 × 10 -3 RIU, 1.8070 × 10 -3 RIU, and 3.1920 × 10 -3 RIU for the 1-cm, 2.5-cm, and 4-cm sensing lengths, respectively. The low resolution obtained in Zone III can simply be understood by the low sensitivity in this zone as a consequence of higher losses arising from external reflection, as explained previously. Table 2.1 below summarizes the performance of the three MMF refractometers. EWA and mode losses. The third or last Zone has been defined as the RI regime in which the sensing mechanism is stimulated only by Fresnel reflections which occur when the sensing medium index is higher than the core index.

Three models were next proposed and developed in Chapter II integrating Snell"s law, Fresnel reflections, and the analytic equation for EWA which are supported by Gaussian beam analysis. Gaussian beam analysis was employed to fully characterize the launching conditions through a microscope objective (MO) at the input end of the MMF, while wave optic analysis permitted to predict the absorption characteristics of the evanescent waves. Subsequently, both Gaussian beam and wave optic principles were employed to reinforce ray optic analysis of the propagating modes in the MMF, leading to highly accurate and robust models for Zone I and Zone II. In addition, to develop the model for Zone III, Gaussian beam analysis was combined with Fresnel"s reflection equations in a ray optic analysis to accurately estimate the power response for a sensing medium index which was higher than that of the core.

The previous models applied to the stripped-cladding MMF-based refractometer have successfully predicted the power response curves over three sensing zones which were experimentally validated. According to simulation and experimental results, the classic sensitivity curves can be obtained, where the best sensitivity and resolution were achieved for Zone II. However, less sensitivity and a lower resolution were achieved in Zone III. In addition, since the previous experimental set-up employed mechanical translation stages for adjusting the beam injection condition into the MMF, any minute vibrations or mechanical perturbations could influence the sensor performance.

To overcome those problems, a hybrid compact all-fiber set-up is proposed in this chapter through the use of a single-mode fiber (SMF) and MMF combination without the inconvenience of opto-mechanical elements such as translation stages and MOs.

The laser beam is launched into a lead-in SMF which is fusion-spliced to an MMF.

This ensures that the beam is injected directly from the SMF into the MMF with an incident angle closer to 90° (or more precisely ~83.6°) at the MMF core-cladding (or external medium) interface in the present set-up compared to ~71.57° when MOs were used. Subsequently, the total number of reflections (NL) decreases along the sensing region, leading to lower losses by refraction across the interface when the sensing medium index, n sm , is higher than the MMF core index, n co2 . This will consequently increase the guided optical power and, hence, the sensitivity in Zone III due to contribution from higher Fresnel reflections when compared to Chapter II. A key objective of this chapter is thus to develop and validate a realistic and practical model of an all-fiber RI sensor with direct injection of light from an SMF coupled to an MMF. This model should accurately estimate the optical power response as a function of the measured RI for different sensing lengths, which are the lengths of the fiber sections where the cladding and the coating or buffer have been removed.

Two different lengths of 2-cm and 5-cm de-cladded regions are theoretically analyzed and corroborated experimentally to very good agreement.

Modeling of hybrid SMF-MMF refractometer

Determination of the input power into the MMF

A hybrid SMF-MMF refractometer is realized using an SMF which is fusion-spliced to a plastic-clad silica (PCS) MMF with a core diameter (a 2 ) of 200 µm and a numerical aperture (NA 2 ) of 0.50. This has been carried out using a fusion splicer as shown in Figure 3.1(a), resulting in a hybrid SMF-MMF architecture in Figure 3.1(b). The subsequent injected lightwave will then be diffracted according to the principles illustrated by Figure 3.1(c). Here, it is supposed that the guided beam output from the lead-in SMF has similar characteristics to a collimated beam with a Gaussian distribution, where the fiber"s mode field diameter (MFD SMF ) is defined as at 1/e² of the beam intensity with a spot radius of w 0 = 0.5MFD SMF . Thus, 99% of the beam intensity in the SMF is contained within a diameter D 0 = w 0 [START_REF] Siegman | Lasers[END_REF]. Furthermore, as illustrated by Figure 3.1(c), the laser beam is diffracted from the lead-in SMF into the MMF with an incident beam angle  b = 90°-β b , where the radiated beam angle β b is calculated in terms of both the SMF"s numerical aperture (NA 1 ) and the core index of the MMF (n co2 ) as For an SMF, the numerical aperture cannot be trivially calculated as for an MMF, i.e.

as a function of the core index (n co ) and the cladding index (n cl ) using the relation 𝑁𝐴 = 𝑛 𝑐𝑜 2 -𝑛 𝑐𝑙 2 . In practice, for an SMF, NA is defined by measuring 99% of the optical power level at distance z after diffraction [START_REF] Kowalevicz | Beam Divergence from an SMF-28 Optical Fiber[END_REF] as illustrated in Figure 3.2. where D = w z is the beam diameter at 99% of the optical power at distance z, resulting in a relation between NA 1 and the beam radius at distance z (w z ) which can be given as
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Now, w z is the beam radius at distance z which is diffracted from the SMF with a beam spot radius w 0 using the following relation Further, as w 0 is the SMF beam spot radius which is half its mode field diameter (MFD SMF = 2w 0 ), MFD SMF must be estimated. Theoretically, MFD SMF can be estimated by taking the diameter at 35% of the Gaussian intensity distribution of the fundamental mode [START_REF] Grant | Understanding lightwave transmission: applications of fiber optics[END_REF]. Here, the fundamental mode of SMF is obtained using FEM simulation in COMSOL, as illustrated in Figure 3.3, from which MFD SMF is ~9.7 µm. This is equivalent to w 0 = 4.75 µm. The input optical power into MMF, P z , can be obtained by integrating the optical intensity in Equation (3.11) over the transverse plane of the beam with respect to the beam radius, followed by normalizing through With NA 2 = 0.50, and only the middle region of MMF stripped of its cladding,  b in MMF is thus always higher than its critical angle ( c ). Therefore, this beam will completely be propagated within MMF by TIR without any part of the beam (rays) being transmitted or refracted into the cladding. In Zone I, the guided optical power along MMF for a sensing region length, L, can then be estimated by integrating the optical power for each ray

I 0 = πw z ²/2 to result in [90, 95]             
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where P 0 represents the input power into MMF while N and T are the number of reflections per unit length and the transmission coefficient of the penetrating evanescent waves into the external sensing medium, respectively. These two parameters can be given by [START_REF] Keller | Waveguiding properties of fiber-optic capillaries for chemical sensing applications[END_REF]  

2 2 cot a N i i    (3.15)   i csm csm sm i co i n n T        2 2 2 2 2 cos cos cos cos   (3.16)
Here,  is defined as the absorption coefficient of the sensing medium, and  csm the equivalent critical angle at the interface core-sensing medium (θ csm = sin -1 (n sm /n co2 )). in the inset of Figure 3.5(a). This will consequently contribute to decreasing optical power being guided along the fiber since more power is absorbed in the functional cladding due to evanescent waves (i.e. by EWA).

In the case of the second condition or Zone II, where n sm is higher than n b but lower than n co2 , a different sensing mechanism occurs. Here, in parallel with EWA, there is also an additional contribution from mode losses due to the increase in critical angle in the sensing region. This is proportional to an increasing n sm , as illustrated in Figure 3.6, and will induce a larger number of modes being transmitted or refracted into the external medium, hence leading to increasing mode losses. Nevertheless, there are also Fresnel reflections from rays with  i lower than  csm which are no longer guided by TIR. These Fresnel reflections are represented by the dotted yellow and white lines, for which the yellow rays represent rays with  i <  csm , subject to mode loss, while the white rays represent rays with  i   csm which are guided by TIR as well as subject to EWA. Here, mode losses from the MMF core into the functional cladding (i.e. sensing or external medium) increase when the latter index is increased as a consequence of the proportionally increasing critical angle of the sensing medium. Hence, mode losses will subsequently increase with increasing n sm up to n co2 . A series of oscillating signals very akin to mode-field "interference" patterns (as if the mode fields interfere) which grow in amplitude as they penetrate further into the medium is also observed in Figure 3.7(c). This interference occurs in the external medium since during simulation, a scattering boundary condition (SBC) has been used which cannot perfectly absorb the electromagnetic waves, in particular for θ i from 80° to almost 90°. These correspond to reflection coefficients from 25% to 90%

[102], implying the loss of modes which normally exit the cladding being backreflected into the cladding. Another observation in this RI zone (Zone II) concerns the frequency nature of the electric field intensities in the functional cladding, with the lower-index fields (n sm = 1.438) oscillating at a lower frequency with respect to fields with a higher index (n sm = 1.442). This could be understood by analogy to the multimode interference effect in a waveguide of relatively large lateral dimensions for which a lower index implies fewer reflections along the guide area (i.e. functional cladding in this simulation) per unit length. Hence, fewer interference can statistically occur between the propagating modes in the given medium (of n sm ), resulting in a series of low-frequency oscillations in the electric field intensity. A higher-index guide will, on the other hand, generate more reflections per unit length, resulting in the propagation of more refracted or transmitted modes along the guide area. A higher number of propagating modes per unit length (by reflection within the guide"s radial extremity or boundary limit) are thus able to interfere, hence leading to the higher-frequency oscillations.

Finally, for Zone III, in which the sensing region of the refractometer is employed for measuring n sm higher than that of the MMF core (n co2 ), propagation by TIR is no longer allowed. Nevertheless, some optical power will still be guided by the phenomenon of external reflection. This can be explained using Fresnel equations for the interaction of the optical rays at the interface of two media with different RI values, as illustrated in Figure 3.8. When n sm > n co2 , the optical power from the core will be transmitted to the external region (sensing medium). In addition, there is also a small amount of optical power where R represents the reflectivity of the rays from  b to  csm , and can be calculated as a function of the reflectance under both p-polarization (r p ) and s-polarization (r s ) states, respectively, as [START_REF] Saleh | Fundamental of Photonics[END_REF] 
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for which the reflectances under the respective polarizations are given by  
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The simulation results in Figure 3.9 clearly show that although the rays are principally transmitted or refracted to the external medium, there is still some portion of the optical power guided along the core due to external reflections when n sm > n co2 . Figure 3.9(a) shows more transmitted power in the external medium than in reflected into the simulated functional cladding to induce interference along its entire length. A higher electric field intensity with a peak of ~0.15 V/m is observed for a lower n sm of 1.446 RIU, while a lower peak intensity of 0.09 V/m is present for a higher n sm (1.480 RIU) since more optical power is refracted when n sm is close to n co2 , as predicted by the model for Zone III.

Experimental investigation and validation

The refractometer operates on the basis of ratiometric intensity measurement through a differential probe configuration, with one SMF-MMF serving as the sensing arm, while the other serves as the reference arm to compensate common-mode noises, as shown in Figure 3.10. A combination of water-glycerol mixture with different concentrations is employed as the sensing medium to obtain a range of RI values from 1.3164 to 1.4571 RIU at 1550 nm, similar to [START_REF] Saunders | The refractive index of common solvents and solutions at 1550 nm[END_REF]. Nonetheless, this mixing process also modifies the extinction coefficient of the glycerol-water mixture which has to be determined experimentally. 

Results and discussions

The 2D wave optic simulation results by FEM under COMSOL in Figures 3.5 The response curves show that, in comparison with previous results in Chapter II, the dynamic range of Zone I is wider in this hybrid SMF-MMF refractometer (from 1.3164 RIU to 1.4351 RIU), contrary to Zone II, due to the injected  b from lead-in SMF into MMF being higher (i.e. closer to 90°). For the Zone I response, a higher power loss is achieved for the longer 5-cm sensor, and the measured optical power decreases for increasing RI due to increasing EWA as predicted by Equation (3.14).

Higher power losses are also achieved by the 5-cm sensor in Zone II since in this zone, there is still EWA which additionally contributes to the response. Furthermore, the sharp decrease in Zone II response for both the 2-cm and the 5-cm sensors results from the mode losses due to the modification of the critical angle for increasing RI values. This leads to a higher number of modes being continuously lost through refraction.

For Zone III response, the dynamic range for this zone undergoes no change compared with previous results in Chapter II since the characteristics of the MMF core are identical, i.e. PCS fiber with a silica core. However, the power response significantly increases compared to previous results in Chapter II, in particular for the shorter 2-cm sensor since the incident beam angle from lead-in SMF into MMF,  b , is closer to 90° compared to the previous chapter. Hence, the total number of reflections along the sensor decreases, resulting in more power being guided along the MMF, according to Equation (3.18).

The power response curves are next derived based on the models, as a function of RI across all 3 zones, to obtain the sensitivities for both sensors as plotted in Figure 3.14. Very high sensitivities are achieved in Zone II for both the 2-cm and 5-cm sensors, with the best sensitivity (of -248 a.u./RIU) achieved for the 2-cm stripped-cladding MMF. This is justified by the sharp decrease in the optical power response in Figure 3.13 as the shorter sensor is subject to the least EWA. Consequently, it suffers higher losses through modification of the critical angle (mode loss mechanism) as previously explained in Chapter II. This sharp decrease then declines less sharply when the measured index approaches the core index at the end of Zone II. The optical power response in Figure 3.13 then exhibits a flat response at the exact boundary between Zone II and Zone III, consequently resulting in a zero sensitivity value.

The sensitivity at the beginning of Zone I, on the contrary, is very low (-0.016 a.u./RIU and -0.0399 a.u./RIU for the 2-cm and the 5-cm sensors, respectively) since the slow gradient of the optical power response in this zone is affected by the low penetration of evanescent waves into the cladding and lower total reflection number (NL) along the de-cladded area. This is due to the incident beam angle into MMF being near 90° (~83.6°). Consequently, a higher sensitivity for Zone I is achieved by a longer sensing region (5 cm) due to more EWA from a higher total reflection number in this sensor.

Further, the sensitivity curves in Zone III (Figure 3.14) describe a higher sensitivity being achieved for the 2-cm sensor. However, this sensitivity then decreases for further increasing RI. The sensitivities for the 2-cm and 5-cm sensors in Zone III are higher (22.07 a.u./RIU and 12.05 a.u./RIU) compared to the previous Zone III in

Chapter II, and even when compared to the shortest (1 cm) previous sensor with a sensitivity of 1.20 a.u./RIU.

The refractometer resolution is next determined through the sensitivity curves in Figure 3.14 by taking 6 times the RMS measurement noise (6σ), corresponding to ~99.7% confidence level [START_REF] Fleming | A review of nanometer resolution position sensors: Operation and performance[END_REF]. The best resolution in this work is 2.76 × 10 -6 RIU achieved by the 2-cm sensor in Zone II. This resolution is an order of magnitude improvement over the refractometer in Chapter II where the best resolution was 2.2447 × 10 -5 RIU. Further, the higher resolution for Zone III in this work is ~2.83 × 10 -5 RIU, also achieved by the 2-cm sensor compared to 1.39 × 10 -4 RIU for the 5cm sensor. This is also a significant improvement compared to the resolution of the previous shortest sensor (of ~1.45 × 10 -3 RIU). However, the resolution at the beginning of Zone I is 1.64 × 10 -2 RIU, achieved by the 5-cm sensor, while the 2-cm sensor resolution is ~3.39 × 10 -2 RIU. These resolutions are very weak compared to the best resolution of 8.34 × 10 -3 RIU at the beginning of Zone I in the previous chapter, which was achieved by the 4-cm sensor. The performance of the two fiber refractometers are summarized and compared in Table 3.1 below. 

Conclusion

Two hybrid SMF-MMF fusion splice-coupled refractometers have been realized to reduce mechanical perturbations as well as, in particular, to improve the sensitivity in Zone II and Zone III. Since the injected beam angle from the lead-in SMF corresponds to its NA, this then determines the equivalent angle to the RI value for the boundary between Zone I and Zone II. Accordingly, the ray power distribution density which propagates along the MMF can theoretically be obtained using Gaussian beam analysis. Subsequently, the optical power response for both the 2-cm and 5-cm refractometers can be estimated by applying the ray power distribution into the model for Zone I and Zone II through ray optic principles and the analytical equation for evanescent waves, while the model for Zone III employs the ray power distribution density combined with Fresnel equations.

The simulation results for the three sensing zones have been corroborated

experimentally by de-cladding two MMFs over 2 cm and 5 cm in length, respectively, demonstrating very high agreement. In addition, since the incident beam angle ( b ) from lead-in SMF is very close to 90°, the range of Zone II is consequently very narrow (1.4351 to 1.444 RIU), compared to the relatively wider range obtained in Zone I.

In terms of sensitivity, the results achieved with these hybrid SMF-MMF splicecoupled refractometers show significantly improved sensing performance by more than 8 and 51 times, in particular for the shorter 2-cm sensor in Zones II and III, respectively, compared to previous results in Chapter II. On the contrary, the sensitivity at the beginning of Zone I is very low (-0.016 a.u./RIU and -0.0399 a.u./RIU for the 2-cm and the 5-cm sensing lengths, respectively) while previous results in Chapter II exhibited a sensitivity of -0.392 a.u./RIU for the 4-cm sensor (which increased exponentially with increasing RI until the limit between Zone I and Zone II, as the described by the model for Zone I in Equation (3.14)). Nevertheless, to increase the sensitivity in Zone I, stronger EWA will be required. This potential improvement to the overall performance of the fiber refractometers will be discussed in Chapter IV.

CHAPTER IV

All-Fiber Hybrid Refractometer using Photonic Crystal Fibers

Introduction

The photonic crystal fiber (PCF), known also as micro-structured optical fiber (MOF), is a more recent class of optical fiber whose theoretical concept and propagation characteristics have been reported by Birks et al. [START_REF] Birks | Full 2-D photonic bandgaps in silica/air structures[END_REF]. The PCF was inspired from the planar photonic crystal (PC) waveguide which can guide lightwaves over a certain wavelength range by exploiting the photonic bandgap (PBG) mechanism [START_REF] Yablonovitch | Photonic band-gap structures[END_REF]. Theoretically, the hollow-core PCF enables to guide the lightwaves with an effective index less than 1 (n eff < 1) by PBG across a certain wavelength range and can potentially be a good candidate as gas sensors [START_REF] Birks | Full 2-D photonic bandgaps in silica/air structures[END_REF][START_REF] Russel | Photonic Crystal Fibers[END_REF].

However, the very first PCF fabricated was a solid-core PCF which did not support light guiding defined by PBG [START_REF] Knight | All-silica single mode optical fiber with photonic crystal cladding[END_REF]. This solid-core PCF can guide the lightwaves within the core by modified total internal reflection (MTIR) with n eff close to the silica index (n SiO2 ) used as the core material. MTIR is similar to total internal reflection (TIR) in a conventional step-index (SI) fiber, in which the functional cladding index is replaced by the fundamental space-filling mode index (n FSM ) of the periodic cladding structure. Due to MTIR, the solid-core PCF allows propagation of the lightwaves in single-mode within the core over a broad wavelength range, from at least 458 nm to 1550 nm, despite the core diameter being bigger than a typical single-mode fiber (SMF) core [START_REF] Knight | All-silica single mode optical fiber with photonic crystal cladding[END_REF][START_REF] Birks | Endlessly single-mode photonic crystal fiber[END_REF] when the ratio between the air-hole diameter d and the hole-to-hole spacing  is inferior to 0.43 (i.e. d/  0.43). In addition, the solid-core PCF can guide single-mode laser radiation with a mode field diameter (MFD) which is smaller than the diameter of the core, while the MFD of the SI SMF is always bigger than that of the core [START_REF] Nielsen | Low-loss photonic crystal fibers for transmission systems and their dispersion properties[END_REF]. This consequently leads to less evanescent waves penetrating into the PCF cladding, and, hence, less confinement loss occurring along the PCF.

Since its first successful fabrication, numerous researchers have been intensively

involved in the study of the PCF characteristics, as well as its application areas, in particular for sensing applications. Numerous sensors have been developed using PCFs such as for displacement/strain measurements [START_REF] Villatoro | Temperatureinsensitive photonic crystal fiber interferometer for absolute strain sensing[END_REF][START_REF] Shi | Environmentally stable Fabry-Perot-type strain sensor based on hollow-core photonic bandgap fiber[END_REF][START_REF] Zhang | Temperature-insensitive displacement sensor based on high-birefringence photonic crystal fiber loop mirror[END_REF][START_REF] Dash | Nano-displacement sensor based on photonic crystal fiber modal interferometer[END_REF], temperature sensing [START_REF] Ju | Temperature sensitivity of a two-mode photonic crystal fiber interferometric sensor[END_REF][START_REF] Monzon-Hernandez | High-temperature sensing with tapers made of microstructured optical fiber[END_REF][START_REF] Choi | Miniature fiberoptic high temperature sensor based on a hybrid structured Fabry-Perot interferometer[END_REF], pressure measurements [START_REF] Bock | A photonic crystal fiber sensor for pressure measurements[END_REF][START_REF] Gahir | Design and development of a temperature-compensated fiber optic polarimetric pressure sensor based on photonic crystal fiber at 1550 nm[END_REF][START_REF] Martynkien | Measurements of sensitivity to hydrostatic pressure and temperature in highly birefringent photonic crystal fibers[END_REF][START_REF] Shinde | Dynamic pressure sensing study using photonic crystal fiber: application to tsunami sensing[END_REF], as well as for bio-chemical [START_REF] Jensen | Photonic crystal fiber based evanescent-wave sensor for detection of biomolecules in aqueous solutions[END_REF][START_REF] Jensen | Selective detection of antibodies in microstructured polymer optical fibers[END_REF][START_REF] Rindorf | Photonic crystal fiber long-period gratings for biochemical sensing[END_REF][START_REF] Rindorf | Biomolecule detection with integrated evanescent-wave microstructured optical fibre sensor[END_REF] and gas detection [START_REF] Hoo | Evanescent-wave gas sensing using microstructure fiber[END_REF][START_REF] Wang | Improved sensitivity of a photonic crystal fiber evanescent-wave gas sensor[END_REF][START_REF] Kornaszewski | Mid-infrared methane detection in a photonic bandgap fiber using a broadband optical parametric oscillator[END_REF][START_REF] Cubillas | Methane sensing at 1300 nm band with hollow-core photonic bandgap fibre as gas cell[END_REF][START_REF] Austin | Fibre optical sensor for c 2 h 2 gas using gas-filled photonic bandgap fibre reference cell[END_REF][START_REF] Ritari | Gas sensing using air-guiding photonic bandgap fibers[END_REF]. Most PCF-based sensors require the introduction of measurands (gas or aqueous solution) into the air-hole micro-structure and/or the hollow core used as the sensing region. The presence of these measurands can be detected by measuring the absorption spectrum of the guided optical power in the hollow core [START_REF] Kornaszewski | Mid-infrared methane detection in a photonic bandgap fiber using a broadband optical parametric oscillator[END_REF][START_REF] Cubillas | Methane sensing at 1300 nm band with hollow-core photonic bandgap fibre as gas cell[END_REF][START_REF] Austin | Fibre optical sensor for c 2 h 2 gas using gas-filled photonic bandgap fibre reference cell[END_REF][START_REF] Ritari | Gas sensing using air-guiding photonic bandgap fibers[END_REF] or by measuring the transmission power which is affected by evanescent waves in the micro-structured cladding (inner cladding) [START_REF] Hoo | Evanescent-wave gas sensing using microstructure fiber[END_REF][START_REF] Wang | Improved sensitivity of a photonic crystal fiber evanescent-wave gas sensor[END_REF][START_REF] Jensen | Photonic crystal fiber based evanescent-wave sensor for detection of biomolecules in aqueous solutions[END_REF].

However, this technique is not highly efficient since the measurand has to be injected first into the air-holes of the hollow-core of the PCF and then continuously drained out during measurements. The fiber and, in particular, the air-holes then have to be cleaned each time for re-use, which not only significantly reduces the operating frequency of the system but also requires tedious additional steps to prepare the device for further operations.

As a consequence, the solid-core PCF is exploited in this chapter to improve evanescent wave absorption (EWA) in the outer cladding area (outer silica region) instead of EWA in the inner cladding zone (air-hole micro-structure). Here, the laser beam is injected mainly into the cladding area (inner and outer cladding), with only a small portion of the beam guided within the core. Consequently, most of the light is guided within the outer cladding region. Furthermore, with a very thin outer cladding thickness, several-fold increase in EWA can be achieved. The sensitivity of evanescent wave-based PCF sensors can consequently be increased, in particular for an all-fiber (or hybrid) sensor system in which the injected beam angle incident at the target PCF"s outer diameter from the lead-in fiber can be made to be closer to 90°.

In an all-fiber SMF-MMF scheme, the incident beam angle ( b ) of the sensor depends principally on the numerical aperture (NA) of the SMF, with the radiated beam angle (β b ) usually being less than 10° or, equivalently, the incident beam angle arriving at the outer diameter ( b = 90°-β b ) being close to 90°. This consequently results in a lower number of reflections along the sensitive outer region, thus inducing less EWA along the sensor. A lower sensitivity has been found in Zone I as demonstrated in Chapter III, i.e. the sensing regime in which the power response is affected only by EWA. On the other hand, an all-fiber hybrid system can improve the sensitivity in Zone II (defined as the regime in which the sensing mechanism is a combination of EWA and mode losses concurrently) and Zone III (regime affected only by Fresnel reflections for a sensing medium index (n sm ) higher than the MMF core index), compared to the results (see Chapter II) obtained when the beam is launched using microscope objectives. In addition, an all-fibered sensor configuration is less prone to mechanical vibrations while concurrently offering high flexibility in the experimental set-up.

To increase EWA in the outer cladding of the PCF, an SMF is first coupled to a multimode fiber (MMF 1 ) which, in turn, is spliced to a solid-core PCF serving as the sensing region. The MMF 1 core diameter must be larger than the inner cladding diameter of the PCF to enable (some) light or rays from MMF 1 to be injected into the outer cladding (outer silica region) of PCF as illustrated in Figure 4.1. Rays which fall within the acceptance angle of PCF and penetrate into the outer cladding (see the red ray in Figure 4.1) can be propagated in the outer cladding region if the surrounding medium index (or n sm ) is lower than the silica index (n SiO2 ). This can occur when the outer cladding region is made of the same silica material as the PCF core having an index (n SiO2 ) higher than that of the inner cladding (n FSM ) of the PC structure. Hence, light can be propagated within the outer cladding region when its radiated angle is lower than the PCF"s acceptance angle, β PCF , and n sm < n SiO2 . This will subsequently contribute to higher EWA since the thickness of this region is relatively thin compared to the MMF or PCF diameter. The second extremity of the PCF is next coupled to a second MMF (MMF 2 ) by fusion splicing. Here, the core diameter of MMF 2 must be equal to or larger than the PCF"s outer diameter in order to efficiently collect all the guided optical power from the PCF core as well as cladding.

In this chapter, a theoretical model of the PCF refractometer will be proposed and described. This is subsequently corroborated experimentally to validate the expected higher rate of EWA obtained with this sensing approach using a configuration illustrated in Figure 4.1, in comparison with the previously proposed hybrid SMF-MMF scheme. in the sensing medium index (n sm ) will be discussed in the following sections.

Sensing mechanism and modeling

Determination of MFD and NA

The guiding mechanism in a solid-core PCF, shown in Here, n FSM can be determined using the FEM solver in COMSOL Multiphysics by employing the boundary conditions given in Table 4.1. These are applied to an elementary unit of the air-hole lattice structure to find the corresponding mode in both polarizations (x and y) [START_REF] Jian | Highly Birefringence Photonic Crystal Fibers and sensors[END_REF]. Table 4.1. Boundary conditions to calculate n FSM using perfect magnetic conductor (PMC) and perfect electric conductor (PEC) limits [START_REF] Jian | Highly Birefringence Photonic Crystal Fibers and sensors[END_REF]. 

Polarization

35% of maximum intensity

According to the simulation result in Figure 4.4(b), MFD PCF of the ESM-12B PCF is ~11.12 µm which corresponds to NA SMF ~0.14 , β PCF ~5.54° and  PCF ~84.46°.

All-fiber PCF sensing mechanism and modeling

Enhancing EWA by exploiting a solid-core PCF in an all-fiber scheme can effectively be realized by injecting the lightwave into the outer cladding of the PCF as initially proposed in Figure 4.1. The radiated beam from lead-in SMF propagated into MMF 1 will remain guided within the PCF. Some portion of the beam, for which

β i > β PCF
, cannot be confined and guided in the core as illustrated by the blue ray in 
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where θ PCF1 , θ PCF2 , and θ PCF3 represent the rays angles which are within the PCF acceptance angle and such that all the rays in between θ PCF1 < θ i < θ PCF2 , θ PCF2 < θ i < θ PCF3 , and θ PCF1 < θ i < 90° reach the outer cladding, the inner cladding, and the PCF core, respectively. N and N ex are the number of reflections along the PCF and the number of reflections along the outer silica cladding respectively. N can be expressed as

  PCF i i a N 2 cot   (4.4)
where a PCF represents the PCF radius. On other hand, N ex is given by

  2 2 cot cl i i ex a N    (4.5)
with a cl2 the outer cladding radius (thickness) of the PC structure (see Figure 4.5(c)).

The PC structure serves as the inner cladding which has a hexagonal form with a radius of a cl1 as represented in Figure 4.5I. This structure can, however, be approximated by a circular form to simplify the model from hexagonal form [START_REF] Birks | Endlessly single-mode photonic crystal fiber[END_REF] is transformed approximately into b) circular form [START_REF] Birks | Endlessly single-mode photonic crystal fiber[END_REF], and c) hexagonal form of PC structure approximated as circular form.

c)

The transmission coefficient T of the penetrating evanescent waves into the sensing medium, previously given by Equations (2.9) in and (2.10) Chapter II, can be reemployed here.

Thus, for a PCF section illustrated in When n sm becomes slightly higher than n b , some modes which are not guided within the core will be lost through refraction into the sensing medium if its incident angles

 i <  csm .
The remaining modes will still be guided both within the PCF and within the outer cladding PCF for  i   csm , thereby resulting in evanescent waves being induced at the interface between the fiber and the sensing medium. Under this condition (Zone II), two concurrent sensing mechanisms thus occur, i.e. mode losses and EWA for which rays are still guided and reach the sensing medium. This phenomenon is similar to the Zone II behavior in the MMF refractometer.

In the all-fiber PCF sensor, however, the mathematical model for Zone II operation is divided into two complementary sub-models. The first of these determines the power response for which n sm , with a corresponding angle  csm , is both higher than n b and lower than the equivalent index (n PCF ) to  PCF . The values of  csm and n PCF can be obtained by Snell"s law as

          2 1 sin SiO sm csm n n  (4.8) PCF SiO PCF n n  sin 2  (4.9)
The first sub-model for Zone II can subsequently be given by

                          i i i L T N i i L T N i i csm L T N i L d P d e P d e P d e P P PCF PCF PCF i i i ex PCF PCF i i ex PCF i i                                  90 0 0 0 0 3 3 2 2 1 1 (4.10)
The second sub-model estimates the power response for which n sm > n PCF and up to n SiO2 . In this case, the portion of the beam which is not within β PCF is no longer guided along the PCF (i.e. the blue ray in Figure 4.1 no longer exists within the PCF). Consequently, the first term on the right of Equation (4.10) can be eliminated since the beam angle β b > β PCF (i.e. the portion of the beam from  b to  PCF is lost to the sensing medium), thus simplifying into Therefore, the complete model to estimate the total guided optical power corresponds to a combination of the guided power in the ESM-12B core by MTIR for rays with  PCF <  i  90°, and for all the other refracted beams with  b <  i  PCF . These latter beams are affected by EWA which consequently reduces the optical power transmitted to the end of the fiber. This is similar to the mechanism present in Zone I in the MMF based-refractometer, as previously explained in Chapters II and III. The resulting total guided power can thus be given as

                  i i i L T N i i L T N i L d P d e P d e P P PCF PCF PCF i i i ex PCF csm i i ex                        
          i L T N i i i L d e P d P P PCF b i i PCF                0 90 0 (4.12)
However, when n sm increases such that the associated  csm becomes higher than  b , mode losses will be induced for the refracted beam or rays with angles less than  csm .

The remaining refracted rays with  csm < θ i <  PCF are still guided by TIR within ESM-12B, across the inner and outer cladding (see yellow ray in Figure 4.7) and will thus be subject to EWA in the sensing medium. This will further reduce the optical power transmitted to the end of the fiber. On the other hand, the beam which is within the PCF"s acceptance angle (i.e. from  PCF to 90°) is guided within the ESM-12B core by MTIR. Hence, for  csm >  b , the optical power losses are induced by both the losses due to the reduction of propagation modes and EWA of the refracted rays (i.e. from  b to  csm ). Consequently, the optical power guided along the fiber can be expressed mathematically as

          i L T N i i i L d e P d P P PCF csm i i PCF                0 90 0 (4.13)
Hence, maximum losses occur when n sm is equal to n SiO2 , resulting in all refracted rays being rejected from the PCF toward the sensing medium surrounding the external diameter of the fiber. The remaining optical power for rays between  PCF and 90° is, however, guided in the ESM-12B core. This condition is determined as the coupling losses of the SMF fusion-spliced to ESM-12B due to the higher NA of the SMF which radiates the beam with β b > β PCF . This will lead to a portion of the beam between β PCF and β b (i.e. β PCF < β i < β b ) being lost to exterior.

Results and discussions

Fusion splicing of SMF-ESM-12B PCF-MMF

To validate the principle of the guiding mechanisms in the solid-core PCF previously described in To investigate the loss mechanism at the splice induced by the refracted beam beyond  PCF , a variation in the glycerol-water solute concentration from 0% to ~91.3% has been carried out. This enables n sm to be varied from 1.3164 to 1.444 RIU at 1550 nm [START_REF] Saunders | The refractive index of common solvents and solutions at 1550 nm[END_REF]. The various solute parameters have been determined in accordance with the procedure in Section 2.4 of Chapter II. Here, the principal parameter contributing toward the absorption of evanescent waves at the sensing medium-ESM-12B interface is again the solute"s absorption coefficient  mix as described by Equation (2.29). These waves are generated by the refracted rays from  b to  PCF , as predicted by Equations (4.12) and (4.13).

Since the beam is radiated from the same SMF type as in Chapter III, the same radiated optical power density, illustrated in Figure 4.9, can therefore be employed. The differential scheme employed in Figure 4.9 is next realized to perform experimental characterization of the coupling losses from the all-fiber hybrid set-up. Further, the power response at the beginning of Zone I of the ESM-12B PCF sensor decreases more sharply than that of the LMA-20 PCF device as well as the MMF sensor, thus inherently resulting in a higher sensitivity for the first sensor. The higher losses in ESM-12B PCF occur since its relatively smaller diameter leads to higher absorption of the induced evanescent waves. 

Conclusions

In Chapter III, a very high sensitivity in Zone II has been achieved by the all-fiber SMF-MMF refractometer. This device also has the highest sensitivity in Zone III.

However, its sensitivity in Zone I, particularly at the beginning of Zone I, is very low due to a lower number of reflections. This is a consequence of the incident angle from the lead-in SMF being closer to 90°.

To improve the sensitivity in Zone I in which only EWA influences the sensing performance, the number of reflections along the sensing area must be increased.

Increasing these reflections in an all-fiber refractometer has been realized by employing solid-core PCFs as the sensing element in a hybrid SMF-MMF 1 -PCF-MMF 2 architecture. This enables propagation of the lightwaves within the outer silica cladding by rejecting the normally-core modes toward the outer area of the PCF. In this way, EWA can be significantly increased due to the thinner thickness of the outer cladding layer.

The models to estimate the power response of the PCF-based sensors have been developed and corroborated experimentally with relatively good agreement.

Furthermore, for the same sensing length, the results show that a better sensitivity of Methane is produced and released from both anthropogenic and natural sources.

Naturally, CH 4 can be produced from biological degradation of organic matters by anaerobic microbes as a result of the methanogenesis process [START_REF] Hakemian | The Biochemistry of Methane Oxidation[END_REF]. These organic matters can originate from, for example, detached or fallen leaves, as well as from human activities such as agricultural waste, household waste and wastewater. One consequence will evidently be the rise in temperature in both the atmosphere as well as the ocean. The subsequent increase in the ocean's temperature will potentially induce large amounts of CH 4 being released from the ocean floor as well as from the Artic, since CH 4 is stored as clathrates in the deep-sea floor and the Artic. Moreover, this warming will degrade the permafrost layer in the Artic as well as in other highlatitude regions, which contain vast quantities of trapped CH 4 , potentially releasing it to the atmosphere [START_REF] Kennett | Methane Hydrates in Quaternary Climate Change: The Clathrate Gun Hypothesis[END_REF].

With CH 4 playing such a critical role in the global warming effect, an intensive global monitoring and study effort thus needs to be implemented to observe the evolution of its concentration both in the atmosphere as well as from aquatic sources.

To support this objective, various kinds of CH 4 sensors, such as the solid state-based sensor [START_REF] De Angelis | Selectivity and stability of a tin dioxide sensor for methane[END_REF][START_REF] Quaranta | A novel gas sensor based on SnO 2 /Os thin film for the detection of methane at low temperature[END_REF][START_REF] Licznerski | Humidity insensitive thick film methane sensor based on SnO 2 /Pt[END_REF], calorimetric-based sensor [START_REF] Bartlett | A micromachined calorimetric Gas Sensor: an application of electrodeposited nanostructured palladium for the detection of combustible gases[END_REF][START_REF] Debeda | Development of a reliable methane detector[END_REF], and photoacoustic-based sensor [START_REF] Schilt | Application of antimonide diode lasers in photoacoustic spectroscopy[END_REF], have been developed by researchers. Although these sensors are relatively low-cost and can be used for long-term measurement, most are, however, also often sensitive to other kinds of gases. In addition, since most, if not all, of these sensors require electrical supply, they consequently cannot be easily deployed for in situ monitoring in the natural environment.

The optical fiber sensor is one alternative solution which can be employed for long term in situ measurement involving no risk of explosion or short circuit since no onprobe electrical supply is necessary. Various optical fiber-based CH 4 sensors have been studied, such as the surface plasmon resonance (SPR) sensor [START_REF] Boulart | A novel, lowcost, high performance dissolved methane sensor for aqueous environments[END_REF][START_REF] Boulart | Sensing dissolved methane in aquatic environments : an experiment in the central Baltic Sea using surface plasmon resonance[END_REF], the waveguide Mach-Zehnder interferometer [START_REF] Dullo | Sensitive on-chip methane detection with a cryptophane-A cladded Mach-Zehnder interferometer[END_REF], and the evanescent wave multimode fiber (MMF) sensor [START_REF] Benounis | Study of evanescent wave optical fibre sensor for methane detection based on cryptophane molecules[END_REF]. These sensors exploit cryptophane-A supramolecules incorporated into an organic transparent polymer of PDMS or styrene acrylonitrile (SAN) which selectively trap and bind CH 4 molecules. SPR sensors operate principally on spectral modulation and typically require an optical spectrum analyzer (OSA) or an optical time domain reflectometer (OTDR) both of which are relatively costly and fragile to operate. The Mach-Zehnder interferometer employs relative phase measurement, thus requiring relatively complex interrogation schemes and setups. The MMF evanescent wave sensor based on intensity modulation, on the other hand, while relatively simple and cost-effective to realize, has been reported to potentially offer very good resolution and sensitivity [START_REF] Benounis | Study of evanescent wave optical fibre sensor for methane detection based on cryptophane molecules[END_REF][START_REF] Yang | An optical fiber methane gas sensing film sensor based on core diameter mismatch[END_REF]. This chapter will thus describe development effort on intensity-based MMF sensors for methane gas detection through functionalized polymeric thin films encapsulating cryptophane-A supramolecular traps.

Sensor fabrication

As described in previous chapters, the MMF sensor can be realized by stripping a certain length of its cladding and buffer or coating, as shown in Figure 5.5. For a differential sensor configuration, the sensing fiber consists of one stripped-cladding length that is coated with a thin film of host polymer of either PDMS or SAN with cryptophane-A incorporated into its bulk volume while the reference fiber employs an identical stripped fiber length coated uniquely with the host PDMS or SAN polymer without any cryptophane-A. During initial trials, PDMS is used as the host polymer incorporating cryptophane-A as the sensing layer which covers a length of 2  0.1 cm of the MMF core. Here, 10 mg of cryptophane-A is first dissolved in 2 ml of tetrahydrofuran (THF) which is used as the solvent. The PDMS polymer host is prepared by mixing 1 ml of siloprene (K1000) with 0.1 ml of cross-linking agent (K11) for ~10 minutes. This PDMS solution is then mixed with the dissolved cryptophane-A and deposited onto the MMF core. To obtain a uniform sensing film layer, control the layer thickness as well as ensure the repeatability of the process, the coated MMF is placed and secured on a silicon wafer using adhesive paper, then mounted onto a spin-coater which was subsequently turned at 3000 rpm for 1 minute. This coated fiber is next cured in an oven at 100 °C for at least 120 minutes, resulting in a sensitized MMF sensor as illustrated in Figure 5.6. However, the sensitive polymeric film is not uniformly deposited along the bare MMF core as can be observed in Figure 5.6(a), with a measured outer diameter varying from 222 µm to 259 µm. In addition, there is also strong evidence that the cryptophane-A molecules are not perfectly or completely dissolved in the THF solvent. These are observed as residues or precipitates on the surface of the polymer film (see Figure 5.6(b)). One consequence of this problem would be a higher sensor noise floor since these residues could induce unwanted scattering effects at the interface of the MMF core and sensitive layer. More important, to achieve the necessary performance to detect very low concentrations of CH 4 , the MMF sensor should be optimized to operate in the Zone II operating regime where sensitivity has been found to be highest (see Chapter III). However, more than 90% of the injected optical power has been transmitted by the sensitized arm of the MMF sensor suggesting that the sensor response is in Zone I as described in previous chapters.

This occurs since the bulk RI of the PDMS is ~1.3997 RIU at 1550 nm, indicating an RI response in Zone I, with characteristics similar to that described for the hybrid a)

b)

a differential configuration in order to compensate common mode noise (e.g. variation in ambient temperature, laser output power, vibration, etc).

Hybrid SMF-MMF set-up of for CH 4 measurement

The hybrid SMF-MMF-based refractometer to be used in this chapter for CH 

Results and discussions

To measure atmospheric CH 4 concentration in a controlled volume using the experimental set-up shown in The transmitted power of the MMF sensing fiber (blue line) decreases from an initial value of 3.78 V (i.e. without CH 4 ) to ~3.60 V, equivalent to 0.936 mW and 0.892 mW of optical power, respectively, and is detected by the photodetector set to a 10-dB gain level. These results represent a decrease of ~4.76 % of optical power for 10000 ppm of injected CH 4 . The power subsequently increases back to its original value when the flask is drained of CH 4 . This transmitted power variation could be interpreted as the MMF sensor being in the Zone II operating regime of the hybrid SMF-MMF refractometer. In this highly sensitive zone, the optical power will decrease with increasing index (i.e. increasing CH 4 concentration) and vice versa.

Further, a difference in the measured signal levels between the sensing MMF (blue line) and the reference MMF (red line) is observed in Figure 5.9. The sensing MMF which has been coated with a thin film of SAN incorporating cryptophane-A is observed to transmit a higher power of ~3.78 V compared to ~2.84 V transmitted by the reference MMF. This difference could be attributed to the dissolved cryptophane-A which could potentially contribute to decreasing the bulk index of the host SAN polymer and, hence, leading to an increase in the transmitted power. (5.1) interferometry (MZI) which has a reported LOD of 17 ppm [START_REF] Dullo | Sensitive on-chip methane detection with a cryptophane-A cladded Mach-Zehnder interferometer[END_REF], and is due to a relatively lower sensitivity of our MMF methane sensor. This lower sensitivity could potentially originate from a lower index variation of cryptophane-A sensitized film in response to CH 4 variation. It is, however, to be noted that the MMF refractometer has been configured to operate in the highly-sensitive Zone II regime, which has the capability to easily detect minute RI variations (resolution ~2.7 x 10 -6 RIU) as demonstrated in Chapter III. The current performance of the MMF refractometer is significantly influenced by the comparatively lower index variation of the sensitized polymer film in the presence of CH 4 . This thus calls into question the quality of the cryptophane-A supramolecules which could not efficiently entrap the target CH 4 molecules. To investigate this hypothesis, a new batch of cryptophane-A has been tested by following an identical coating preparation procedure. Compared to the first batch of cryptophane-A, the new batch is found to be even less sensitive with an LOD of 1116 ppm or 0.1116 % CH 4 concentration. Nevertheless, the MMF refractometer exploiting the first batch of cryptophane-A is at least 100 times more sensitive than the evanescent wave absorption (EWA)-based fiber methane sensor using PDMS as the polymeric host, with a reported LOD of 2% [START_REF] Benounis | Study of evanescent wave optical fibre sensor for methane detection based on cryptophane molecules[END_REF]. It is also comparatively more sensitive than the 0.2% LOD (i.e. by more than 10 times) from the long-period fiber grating sensor reported in [START_REF] Yang | Long-period fiber grating sensor with a styrene-acrylonitrile nano-film incorporating cryptophane A for methane detection[END_REF] which used SAN as the host polymer.

Nonetheless, the current MMF refractometric CH 4 sensor has been observed to exhibit a repeatability issue. For every first measurement with this sensor, the CH 4 concentration can be detected with a relatively good response. However, the performance (i.e. sensitivity) decreases or is degraded for subsequent measurements or repeated utilizations. Unfortunately, the origin of this repeatability problem has not yet been confirmed, and is still under investigation.

Conclusions

In initial trials, the sensing layer was fabricated by incorporating cryptophane-A supramolecules into PDMS hosts using THF as the solvent to dissolve cryptophane-A. However, it is found that THF apparently cannot efficiently dissolve the supramolecules. As such white precipitates or residues of cryptophane-A have been observed to be suspended within the PDMS host substrate under the microscope. These residues could induce undesired scattering at the interface of the MMF core and the sensing layer, potentially contributing to a higher sensor noise floor. In addition, it has also been observed that the PDMS film was not uniformly distributed throughout the circular MMF core, which could affect the sensor's reproducibility in terms of performance as well as response time.

To overcome those problems, another polymer variant based on SAN (or styrene acrylonitrile) is employed. Here, 1,1,2,2,-tetrachloroethane has been used as the solvent to completely dissolve the cryptophane-A supramolecules, with no residues being observed under the microscope. The use of SAN as the polymeric host also enables a relatively uniform sensitized layer or film to be deposited on the fiber surface, contrary to the PDMS-based layer.

More important, the experimental work performed to characterize the sensor for CH 4 measurement has demonstrated a relatively fast response (~25 seconds) achieved by the sensitized or functionalized MMF refractometer. Nevertheless, a detection limit of only ~174 ppm or 0.0174 % has currently been obtained. This is 10 times inferior to that of the MZI-based CH 4 sensor where an LOD of 17 ppm has been reported. This result is, however, comparatively better than both the EWA-based CH 4 fiber sensor and the long-period grating sensor which had detection limits of 2 % [15] and 0.2 % [START_REF] Yang | Long-period fiber grating sensor with a styrene-acrylonitrile nano-film incorporating cryptophane A for methane detection[END_REF], respectively. Last, but not least, the repeatability issue observed in the MMF refractometric methane sensor must be further investigated and solved before the full capability of the sensor can be characterized for real-world applications in the natural environment.

Conclusions and Perspectives

Conclusions

In this thesis, functional and accurate models to describe the sensing mechanisms in intensity-based fiber refractometers have been conceived and successfully implemented by combining Gaussian beam principles, ray optics, and wave optic analysis. On the one hand, Gaussian beam principles enable to characterize the injected beam (i.e. the input angular power distribution density) into the input end of the fiber refractometer. On the other hand, analytical equation wave optics can accurately describe and predict evanescent wave absorption (EWA) characteristics.

Both Gaussian beam and wave optic principles are thus employed to support ray optic analysis of the propagation modes allowed in the MMF.

According to ray optic analysis, three sensing zones or regimes can be determined based on the different sensing mechanisms involved for each zone. In the first zone or Zone I, all rays or propagating modes along the sensor are guided by total internal reflection (TIR), generating evanescent waves as a result. Evanescent waves which penetrate into the cladding as well as into the sensing medium, can subsequently be absorbed. Hence, the sensing mechanism in Zone I is influenced only by EWA. In Zone II, two sensing mechanisms (i.e. mode loss and EWA) are concurrently involved in the sensor. In this Zone, the critical angle of the sensing medium is higher than the fiber"s critical angle thereby inducing mode loss. In addition, EWA still occurs for the remaining modes which are still guided by TIR. The last sensing zone or Zone III describes the sensing mechanism due to Fresnel reflections when no propagating modes by TIR are allowed. As a result, the model for Zone I is typically employed when the sensing medium index (n sm ) is lower than the fiber cladding index (n cl ), while the Zone II model is employed for n sm ≥ n cl , but n sm ≤ n co (the core index). However, the boundary between Zone I and Zone II cannot be defined as at The proposed models have then been developed for three types of refractometer namely, the MMF-based refractometer (Chapter II), the hybrid single-modemultimode fiber refractometer (Chapter III), and the all-fiber hybrid refractometer based on solid-core photonic crystal fibers (PCFs) (Chapter IV), respectively. Good results (i.e. very small discrepancy of between simulation and experiment results) have been obtained by the second refractometer (hybrid single-modemultimode fiber refractometer in Chapter III; see Figure 3.13). It can be explained by the fact that this refractometer does not have any inconvenience due to the use of optomechanical elements. It also has no optical components (e.g. lens and microscope objective) or fiber deformation structure which can alter the optical power density and/or modify the beam quality factor (M²). On the contrary, for the first refractometer based on MMF (Chapter II), optical components such as collimators and microscope objectives could potentially modify M². In the case of the third refractometer (all-fiber hybrid refractometer based on solid-core PCFs in Chapter IV) deformations and collapses in the photonic crystal structure could change the optical power density. As a result, a relatively larger discrepancy has been observed for both refractometers, in particular for the third refractometer.

In terms of performance, all three types of refractometers have very high sensitivity in Zone II since in this zone, there are two sensing mechanisms (i.e. the mode loss and EWA) that lead to power loss. In addition, although the sensitivity of Zone III is low compared to Zone II, it was shown that this sensitivity can be increased by using hybrid single-modemultimode sensor designs (the second refractometer), since it allows to launch the interrogating beam from a lead-in single-mode fiber (SMF) to the MMF with a small radiated angle. This will consequently reduce the number of reflections along the MMF, and thus leads to higher optical power being guided by Fresnel reflections. Likewise, the sensitivity in Zone I can also be increased by using the all-fiber hybrid solid-core PCF refractometer (the third refractometer), as it enables to propagate the light in the thin outer cladding, resulting in higher EWA. This is due to the fact that thin outer cladding of the PCFs enables to increase the proportional variation of the refractive index of the sensing layer. Our present sensor offers a relatively fast response (~25 seconds). However, a detection limit of only ~174 ppm or 0.0174 % has currently been obtained. This result is 10 times inferior to the Mach-Zehnder interferometer-based CH 4 sensor which has a detection limit of 17 ppm [START_REF] Dullo | Sensitive on-chip methane detection with a cryptophane-A cladded Mach-Zehnder interferometer[END_REF]. Nevertheless, this sensor is still better than the long-period grating sensor with reported detection limits between 2 % [15] and 0.2 % [START_REF] Yang | Long-period fiber grating sensor with a styrene-acrylonitrile nano-film incorporating cryptophane A for methane detection[END_REF]. Last, but not least, the current MMF refractometric methane sensor has been observed to exhibit a repeatability issue, where the sensitivity is degraded for subsequent utilization. The origin of this problem has unfortunately not been confirmed yet at the time of this manuscript write-up.

Perspectives

The current models can very accurately estimate the power response of the strippedcladding MMF-based refractometers as demonstrated in Chapters II and III. These models, however, should be employed under the condition whereby the cladding is completely removed, without leaving any residual cladding material. In the case when the cladding is not totally removed, for example when using the etching process, where some µm (on the order of a wavelength) of the remaining cladding thickness might still exist in the sensing area, the models cannot be used to completely represent the sensing mechanisms. Under this condition, the current models have to take into account the additional mechanism of, namely, frustrated total internal reflection (F-TIR) [START_REF] Voros | A simple demonstration of frustrated total internal reflection[END_REF]. With this additional model, the power response of the MMF refractometer for different thickness of cladding layer could then be efficiently estimated.

In terms of impact applications, the MMF refractometric methane sensor has demonstrated potentially good performance in terms of sensor response time.

However, the origin of degradation in the measurement repeatability of this sensor must be further investigated and solved. Further studies should also be carried out to explore other host polymers compatible with cryptophane-A, in particular, for a refractive index range between 1.4351 to 1.444 RIU at 1550 nm (Zone II), since the highest refractometer sensitivity is obtained in this range for the hybrid single-mode multimode configuration.

The fiber refractometers could also be employed to detect other gases such as carbon dioxide (CO 2 ) and hydrogen sulfide (H 2 S), or volatile organic compounds (VOC), for example BTEX (Benzene, Toluene, Ethyl benzene, and Xylenes). Using sensitive functional films based on phenol with didodecyl-dimethyl-ammonium hydroxide (DDMA) being used to deprotonate the phenols, CO 2 can then be detected due to the sensitized layer"s index changes of the order of ~0.05 RIU for CO 2 concentration range from 10% to 90% [START_REF] Gouveia | Measurement of CO 2 using refractometric fiber optic sensors[END_REF]. Another low cost sensitive layer of poly(ethyleneimine) (PEI)/ poly(vinyl alcohol) (PVA) can also be used for detecting CO 2 with a concentration range of 7.6% -86.9% [START_REF] Ma | CO 2 gas sensing using optical fiber Fabry-Perot interferometer based on polyethyleneimine/ poly(vinyl alcohol) coating[END_REF]. Further, for detecting H 2 S, zinc oxide (ZnO) film and nanorods can be used. An increase of the sensitized layer"s index occurs when ZnO react with H 2 S leading to the formation of zinc sulfide [START_REF] Usha | Zinc oxide thin film/ nanorods based lossy mode resonance hydrogen sulphide gas sensor[END_REF]. This sensor can detect very low concentrations of H 2 S up to 60 ppm [START_REF] Usha | Zinc oxide thin film/ nanorods based lossy mode resonance hydrogen sulphide gas sensor[END_REF]. In the case of BTEX sensors, 0.01% of dichloro-methane (DCM) can be mixed with commercial polymers such as PDMS or poly[methyl (3,3,3triflouropropyl)siloxane] (PMTFPS) as the sensitized polymeric film. The refractive index of the polymeric film will then vary reversibly as a function of BTEX concentration with a limit of detection of a few nanograms [START_REF] Silva | Microscale optical fiber sensor for BTEX monitoring in landfill leachate[END_REF].

Moreover, the fiber refractometers can also be exploited as biochemical sensors, for example, for detecting thrombin, an important protein in the blood coagulation and homeostasis processes that are associated with certain diseases such as Alzheimer"s disease, pregnancy-induced hypertension and thromboembolic disease. Thrombin can be detected by the refractometer because the RI of a functionalized surface of aptamers binding to thrombin varies about 1.3365 RIU depending on the concentration levels [START_REF] Sun | Label-free Thrombin detection using a tapered fiber-optic interferometric Aptasensor[END_REF]. Finally, the fiber refractometers can also be employed as an electrochemical process sensor, for example, to monitor the state of charge in lithium batteries [START_REF] Ghannoum | Development of embedded fiber-optic evanescent wave sensors for optical characterization of Graphite anodes in lithium-ion batteries[END_REF]. Here, the transmitted power along the MMF sensor varies when the battery is charged, due to the index variation of the graphite material.
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 11 Figure 1.1. Refraction occurring when light passes from one medium into another.
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 12 Figure 1.2. Ernest Abbé, inventor of the Abbé refractometer [65].
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 13 Figure 1.3. The Abbé refractometer: a) the first Abbé refractometer designed by Ernest Abbé [66], and b) variants of the Abbé instrument [65].

Figure 1 . 4 .

 14 Figure 1.4. Schematic of the Abbé refractometer, illustrating a) basic principle of the instrument [67], b) integrating Amici prisms within the telescope tube to compensate diffraction effects [67], and c) schematic of Abbé refractometer with Vernier displacement (V), telescope (T), scale (S), compensator (C), mirror (M), and prism (P) with its rotating holder [66].

Figure 1 . 5 .

 15 Figure 1.5. Carl Pulfrich, inventor of the Pulfrich refractometer and the immersion refractometer [65].

Figure 1 .

 1 Figure 1.6. a) Schematic of the basic principle of the Pulfrich refractometer [65], and b)simplified cross-section of the Pulfrich refractometer, with thermometer (T), sample compartment (S), prism (P), light source (L), transit circle (C), and telescope (T")[START_REF] Jensen | Refractometers[END_REF].

Figure 1 . 7 .

 17 Figure 1.7. Metal water-jacket to control temperature in the Pulfrich refractometer [68].

Figure 1 . 8 .

 18 Figure 1.8. Immersion refractometer [65]: a) schematic of immersion refractometer with eyepiece (E), scale (S), micrometer (M), Amici prism (A), and prism (P), and b) image of Zeiss immersion refractometer with a turning collar.

  produced by Carl Zeiss in 1955 for applications in the fruit and food processing industry for measuring fruit culture, sugar concentration, moisture content of honey as well as in other related industries [71]. These refractometers employ only a single measuring prism incorporating an illuminator flap with matted surface to hold the target liquid, as illustrated in Figure 1.9.

Figure 1 . 9 .

 19 Figure 1.9. Typical example of hand-held refractometer [72].

Figure 1 .

 1 Figure 1.10. Hand-held digital refractometer [49] with a) schematic of the measurement principle, and b) sketch of the hand-held digital refractometer.

Figure 1 . 11 .

 111 Figure 1.11. Schematic of a typical fiber optic SPR-based refractometer [74].

Figure 1 . 12 . 1 . 2 . 7 .

 112127 Figure 1.12. Typical results from SPR-based fiber optic refractometer [73]: a) SPR spectra with 5 nm thick silicon layer for RI variation from 1.333 to 1.353, and b) resonance wavelength shift with sensing medium index for different thickness of silicon layer.

Figure 1 .

 1 Figure 1.13. Fiber-based MMI refractometry, a) using MMF-unclad MMF-MMF structure [75], b) using SMF-unclad MMF-SMF structure [24], and c) schematic diagram of complete refractometer set-up [24].

Figure 1 . 14 .

 114 Figure 1.14. Transmission spectra for 20 mm and 40 mm sensor lengths in surrounding medium of air [76].

Figure 1 .

 1 Figure 1.15 shows the response of the longer 40-mm refractometer employed for RI measurement having a better sensitivity (187.78 nm/RIU) with a fringe shift of 6.76 nm for a dynamic range from 1.336 to 1.372 RIU. The 20-mm sensor, as a comparison, has a fringe shift of 5.72 nm which is equivalent to 158.89 nm/RIU of sensitivity. From Figure 1.15(a), when the sensor is exposed to air, resonant wavelengths at 1539.33 nm and 1582.08 nm are observed. These then shift toward the longer wavelength spectrum for increasing medium index from 1.336 to 1.372 RIU. The resulting spectral response from the 40-mm sensor is plotted in Figure 1.15(b).

Figure 1 . 15 .

 115 Figure 1.15. Experimental results from 40-mm MMI-based refractometer demonstrating [76] a) transmission spectra for different RIs, and b) resonant wavelength responses for different RIs.

Figure 1 .

 1 Figure 1.16. FBG-based refractometer [25]: a) schematic of experimental set-up, and b) response of Bragg wavelength shift to variation in surrounding index.

Figure 1 .

 1 Figure 1.18. LPG-based refractometer [79]: a) experimental set-up, and b) measurement results with a 20 mm LPG sensor.

Figure 1 .

 1 19(a) can typically be employed for measuring liquid RI based on Fresnel's reflection principles. Lightwave from a tunable laser source is modulated by an optical/electrical (O/E) converter. This light is transmitted via an SMF coupler to the fiber tip which is immersed in the liquid being studied. The light is then reflected at varying degrees of intensity as a function of the liquid index, as predicted by Equations (1.8) and (1.9). Simulation and experimental results are also presented in Figure1.19(b) to illustrate the response of the fiber-tip refractometer.

Figure 1 .

 1 Figure 1.19. Fiber-tip refractometer based on Fresnel reflections [84]: a) experimental set-up, and b) simulation and experimental results.

Figure 1 .

 1 Figure 1.19(b) shows very good agreement being achieved between simulation and the experimental measurements of Fresnel reflections at the fiber tip. Furthermore,

Figure 1 . 20 .

 120 Figure 1.20. Tapered MMF [34].

Figure 1 . 21 .

 121 Figure 1.21. Transmission output of tapered fiber-based refractometer for three different waist diameters [34].

Figure 1 .

 1 Figure 1.22. D-shaped optical fiber sensor [38].

Figure 1 .

 1 23(a) while Figure 1.23(b) plots the subsequent response curves (transmission loss) as a function of RI variation in the sensing medium.

Figure 1 .

 1 Figure 1.23. D-shaped optical fiber-based refractometer [38]: a) experimental set-up, and b) transmission loss occurring in 350 um groove depth.

Figure 1

 1 Figure 1.25.

Figure 1 . 25 .

 125 Figure 1.25. Experimental set-up to measure RI values of liquids using stripped-clad MMF [61].

  [START_REF] Shibata | Sol-gel-derived silica preforms for optical fibers[END_REF], simulations have been realized and validated experimentally as illustrated in Figure1.26.

Figure 1 .

 1 Figure 1.26. Simulation and experimental results from a stripped-clad MMF refractometer [61].

  in this chapter. It clearly identifies and defines three distinct sensing regions (or RI zones) through different sensing mechanisms and their subsequent responses to RI variations. Typically, the first zone (Zone I) describes the sensing mechanism uniquely attributed to EWA for an external or sensing medium index (n sm ) inferior to the cladding index (n cl ) while the second zone (Zone II) corresponds to combined contributions from EWA and mode power loss due to the number reduction of propagating modes for n cl  n sm  n co (core index). Note that the typical RI boundary between Zone I and Zone II given as n cl is still valid when the injected beam angle (β b ) is higher than or equal to the MMF"s acceptance angle (β MMF ). However, for β b < β MMF , the RI boundary between Zone I and Zone II will transform into an equivalent index (n b ) with respect to  b (

Figure 2 . 1 .

 21 Figure 2.1. Propagation by TIR in an MMF: a) for incident lightwave angles  i larger than critical angle  c , and b) evanescent wave generated at the core-cladding interface and penetrating into the cladding when TIR occurs along the MMF [91].

0( 2

 2 .11) Moreover, due to the comparatively low power transmission loss in the MMF over a length of ~80 cm, the absorption effect by the fiber cladding is assumed to be negligible (attenuation ~0.028 dB/m from manufacturer"s datasheet [94]). Hence, the initial power can be taken as the combined power of all the rays launched into the fiber under TIR as shown in Figure2.2.

Figure 2 . 2 .

 22 Figure 2.2. Schematic of beam launching conditions into MMF where the red beam represents the portion of the beam which transmits ~86% of the total power (or 1/e 2 beam intensity) and which is used to determine the spot size radius (w 0 ), while the yellow beam represents over 99% of the total beam power. a) Collimated beam from lead-in SMF with Gaussian power distribution is focused by MO into the MMF for more specific launch parameters when b) θ b < θ c of the fiber and when c) θ b > θ c of the fiber.

  Figures 2.2(b) and 2.2(c) are analyzed.The beam with a propagating angle β b in the MMF will arrive at the core-cladding interface at a distance z i , calculated using - b ) is related to β' by Snell's law via n air sin β' = n co sin β b and i = 1 or 2. The incident Gaussian beam can be represented as a set of rays with different individual optical power values exhibiting a Gaussian distribution, where the outer rays have a lower power density than the rays towards the center fiber axis.

  θ b > θ c , all the incident beams arriving in the sensing region are reflected by TIR. Thus, for this condition, a' = a and P inj = P 0 . Equation (2.20) must then employ z i = z 2 (see Figure 2.2(c)), and w zi takes on w z2 . Since the surface of the MO lens is not entirely illuminated by the collimated beam (c.f. d lens ≈ 5.5 mm and D ≈ 3.2987 mm), θ b can be obtained by applying Equations (2.13), (2.14) and Snell's law.

Figure 2 . 3 .

 23 Figure 2.3. Illustration of sensing mechanism in Zone II.

  Figure 2.4. Evolution of optical power and intensity in the MMF RI sensor for various values of n sm by modification of the critical angle,  csm , for n cl < n sm < n co : a) increasing n sm will increase  csm which reduces the acceptance angle of the propagating beam, b) power in transversal plane decreases for increasing n sm , and c) illustrates decreasing optical intensity over different a' values obtained by Equation (2.17).

Figures 2 .

 2 Figures 2.4(b) and 2.4(c) which represent a decreasing guided power in the MMF.

Figure 2 . 5 .

 25 Figure 2.5. Optical power guided by external reflection in Zone III when n sm > n co .The majority of the power is transmitted to the exterior while a small portion is reflected back into the core. This mechanism again arises when the ray intersects the interface between the sensing region and the external medium. This phenomenon is more prominent for rays which have incident angles close to 90°.
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 2627 Photodetector

Figure 2

 2 Figure 2.8.

Figure 2 . 8 .

 28 Figure 2.8. Stripped-cladding region of MMF sensing arm. The MMF core diameter is 200 µm and the outer (coating) diameter is 500 µm. A target liquid or fluid serves as the sensing medium to substitute the stripped cladding.

Figure 2 . 10 .

 210 Figure 2.10. The subsequent simulation results illustrate the sensor response in terms of the normalized optical power as a function of RI.

Figure 2 . 10 .

 210 Figure 2.10. Flow chart to calculate RI-dependent guided power.

Figure 2 . 11 .

 211 Figure 2.11. Simulated input angular power distribution density P 0 ( i ) injected into the MMF for incident angles from  b to 90°.

Figure 2 .Figure 2 . 13 .

 2213 Figure 2.12. a) Gaussian beam intensity, and b) cross-section of Gaussian beam for different radius a'.

Figure 2 . 14 .

 214 Figure 2.14. Sensitivity curves of RI sensors in three different Zones by derivation of the experimental curves (dP/dRI). '', '', and '', represent the sensitivity response for the 1-cm, 2.5-cm, and 4-cm sensors, respectively.

  Figure 2.3. Here, the rays arrive in the sensing region guided by TIR since the

( 2 .

 2 [START_REF] Bhatia | Optical fiber long-period grating sensors[END_REF] with only ~0.3% of the samples lying outside this distribution.

2. 6 .

 6 ConclusionsThree models have been proposed based on a combination of analytical wave optics to obtain the EWA equation, Gaussian beam optics to describe the injected power distribution, and ray optics to explain the principle of optical mode losses in an MMF configured for refractive index measurements. These models have been adapted to consider the three different sensing mechanisms as a function of the relative cladding and core RIs. Nonetheless, the models for Zone I and Zone II are fundamentally similar, whereby both zones are subject to EWA as the fundamental loss mechanism.However, Zone II involves the additional phenomenon of critical angle modification, which modifies the model employed through the use of different values of P 0 (θ csm ,/2) as a function of RI variation. Further, since the incident beam angle in the fiber is higher than θ c , the boundary between Zone I and Zone II is no longer the cladding RI value (1.362 RIU), but the RI which corresponds to the incident beam angle (RI ~1.370 RIU). Finally, the model for Zone III exploits Fresnel relations, where the rays propagating in the sensing region exhibit different power variations as a function of the ray angle with respect to their initial P 0 (θ b , /2) for an acceptance angle carried over from Zone II. These models are, however, limited to a certain length of MMF cladding to be removed without any residual cladding remaining in the sensing area.The experimental measurements performed are found to validate the simulation results derived from the models to describe the three different optical sensing mechanisms in the MMF refractometer. The results confirm that in Zone I, the sensing mechanism is uniquely via EWA which induces the largest losses in the sensor with the longest sensing region. For Zone II, the best sensor resolution of 2.2447 × 10 -5 RIU is achieved for the 1-cm sensor. The sharp power decrease occurring in Zone II is a consequence of the losses induced by modification of the critical angle for a Gaussian beam, where most power is concentrated at the center axis (top-hat area), corresponding to an incident angle close to 90° (i.e. close to the core RI). However, at the beginning of Zone II, the losses are relatively small due to the weaker power distribution at the edges of the Gaussian beam which corresponds to an RI approaching that of the cladding, such that the losses are dominated by EWA. Last, but not least, in Zone III, when the external reflection mechanism intervenes, only a relatively small initial guided power exists, which subsequently increases as the external medium"s RI increases due to the increasing reflectivity of the rays back into the fiber core. As predicted by the models, the longest sensor will guide less optical power since more reflections are induced by a longer sensing region, resulting in more rays being transmitted toward the exterior.In the previous chapter, a functional and accurate model has been developed to explain the three sensing conditions or RI zones in the stripped-cladding multimode fiber (MMF)-based refractometer, as a function of different sensing phenomena or mechanisms and their subsequent responses to RI variations. Also, as explained and demonstrated in Chapter II, the first Zone has been classified as the RI regime in which the sensing mechanism is due uniquely to evanescent wave absorption (EWA). The second Zone or regime describes sensing mechanisms combining both

Figure. 3 . 1 .

 31 Figure. 3.1. Coupling between SMF and MMF: a) fusion splicer,b) photo image of fusionsplicing region between SMF and MMF, and c) illustration ofprinciples of lightwave injection and diffraction at interface of both fibers from incoming single-mode laser through lead-in SMF, with radiated beam angle β b into MMF and incident beam angle  b .

Figure 3 . 2 .

 32 Figure 3.2. Beam radiated by an optical fiber where the red area represents 1/e² of the optical power while the yellow region represents more than 99% of the optical power.

  distance z can be obtained using a simple trigonometric function in terms of the MMF radius a 2 and β b in the form

Figure 3 . 3 .

 33 Figure 3.3. Gaussian distribution of fundamental mode in SMF, a) under 3D representation, with b) its equivalent electrical field intensity.

  As explained and demonstrated in the previous chapter, the sensing mechanisms in the stripped-cladding MMF-based refractometer are classed according to 3 conditions or RI zones. Zone I is defined for the condition when the light is fully guided by TIR in the sensing region and, therefore, only EWA occurs as the sensing mechanism as illustrated byFigure 3.4. 

Figure 3 . 4 .

 34 Figure 3.4. Sensing mechanism in Zone I based on EWA.

Now, the integral

  function in Equation(3.14), which will require both Equations(3.15) and(3.16), is relatively complicated to be solved analytically. Hence, to solve Equation (3.14) numerically, the input optical power in Equation (3.12) must consequently be discretized as individual rays to obtain P 0 for each  i value, from  b to 90°. Discretizing the input beam into its individual rays can be carried out by injecting varying a 2 values into Equation (3.12) as explained in Chapter II.A clearer and more intuitive illustration of the sensing mechanism in Zone I from which the results in Figure3.5 physically demonstrate the evolution of the evanescent waves as a function of RI values is next performed. In this work, 2D wave optics simulation in the COMSOL Multiphysics environment is used since simulation in 3D would require excessively high computational load due to the extremely high number of meshes to be generated. In addition, 3D simulation is not necessary due to the cylindrical symmetry of the MMF structure. In this simulation, a core diameter of 60 µm is used instead of 200 µm, to avoid high load computation. A functional cladding defined by the simulator is used as the equivalent external sensing medium.

Figure. 3 . 5 .

 35 Figure. 3.5. COMSOL 2D wave optics simulation of wave propagation for Zone I for a) n sm = 1.385, b) n sm = 1.435, and c) evanescent waves penetrating with exponential decay of the electric fields into functional cladding.

Figure 3 . 6 .Figures 3

 363 Figure 3.6. Mechanism of EWA illustrated by white rays and mode losses illustrated by yellow rays due to modification of  csm with respect to n sm in Zone II.

Figure 3 . 7 .

 37 Figure 3.7. COMSOL 2D wave optics simulation of wave propagation for Zone II with a) n sm = 1.438, b) n sm = 1.442, and c) electric field intensity for both functional cladding indices.

Figure 3 .

 3 7(b) thus shows more power being transmitted or refracted into the external medium due to its higher index when compared to the lower n sm in Figure3.7(a). In addition, evanescent waves which are generated by the rest of the rays guided along the fiber by TIR still remain at the core-external medium interface. This is evidenced from the electric field decay from the interface into the functional cladding, as illustrated by Figure3.7(c) as well as by the insets of Figures 3.7(a) and 3.7(b).

Figure 3 . 8 .

 38 Figure 3.8. Illustration of sensing mechanism by Fresnel reflections in Zone III.

  being reflected back into the core through Fresnel reflections with respect to Equations (3.19) -(3.21). The guided power in this condition can thereby be estimated by

Figure 3 .

 3 Figure 3.9(b), due to the presence of a lower index medium. In addition, as further demonstrated by Figure 3.9(c) as well as the insets of Figures 3.9(a) and 3.9(b), evanescent waves do not appear at the core-cladding interface, since propagation by TIR does not exist in Zone III, thus justifying the 3 sensing zone phenomena.

Figure 3 . 9 .

 39 Figure 3.9. COMSOL 2D wave optics simulation of guiding mechanism in Zone III for a) n sm = 1.446, b) n sm = 1.480, and c) electric field intensities of both cladding indices (1.446 and 1.480).

Figure 3 . 10 .

 310 Figure 3.10. Experimental schematic of hybrid SMF-MMF refractometer for RI measurement in differential configuration for common-mode noise compensation.

, 3. 7 ,

 7 Figure 3.11.

Figure 3 . 11 .Figure 3 . 13 .

 311313 Figure 3.11. Simulated input beam characteristics at distance z, with a) the input beam intensity, and b) the input beam power at distance z in the MMF.

Figure 3 . 14 .

 314 Figure 3.14. Sensitivity curves of 2-cm and 5-cm SMF-MMF hybrid refractometers.

Figure 4 . 1 .

 41 Figure 4.1. All-fibered PCF-based sensor scheme to increase EWA by injecting the lightwave into the outer silica cladding of the solid-core PCF.

Figure 4 .

 4 Figure 4.1 shows the guiding mechanism in the all-fiber-based PCF sensor. Rays outside β PCF , i.e. with radiated angles (β i ) > β PCF (see blue ray), will cross the PC structure and be guided along the PCF. For rays within β PCF , there are 3 possibilities, i.e. the rays will (1) penetrate into the outer cladding and be guided within the outer cladding as represented by the red line in Figure 4.1; (2) penetrate the inner cladding and subsequently be refracted into the outer cladding to be guided within the outer cladding (see green ray in Figure 4.1); and (3) reach the core and be guided within the PCF core by MTIR as illustrated by the yellow ray in Figure 4.1. Mathematical models to represent this physical phenomenon and the sensor response to variation

Figure 4 .

 4 2(a), by MTIR is similar to TIR in an SI fiber. In the solid-core PCF, the functional cladding is replaced by n FSM as the equivalent inner cladding index of the PC structure. Hence, the effective index n eff (β/k) of the propagating mode in a solid-core PCF is

  corresponding mode of the PC structure, illustrated in Figure 4.2(b), represents the cladding index of the PCF. Subsequently, the PCF structure can be represented by an equivalent model shown in Figure 4.2(c).

Figure 4 . 2 .

 42 Figure 4.2. Transformation of PCF"s cross-section for a) ESM-12 (Thorlabs) PCF crosssection, with b) n FSM as cladding index obtained by COMSOL simulation of an elementary lattice, into c) equivalent PCF form where triangular air-hole lattice is represented by n FSM .

Figure 4 .

 4 Figure 4.3(a). Thus, for this fiber with air-hole and pitch diameters (d and ) of 5.9 µm and 12.6 µm respectively, as shown in Figure 4.3(a), an MFD PCF of 17.33 µm is obtained. This corresponds to NA PCF ~0.089 and an acceptance angle, β PCF , of 3.55°.The incident angle that can be accepted by the PCF is thus given by  PCF (= 90°β PCF ) of 86.45°.

Figure 4 .

 4 Figure 4.3. a) SEM image of LMA-20 PCF, b) its fundamental mode, and c) electric field distribution of fundamental mode.

Figure 4 . 4 .

 44 Figure 4.4. ESM-12B PCF: a) cross-section of ESM-12B PCF, and b) electric field intensity of its fundamental mode.

Figure 4 . 1 .

 41 Figure 4.1. However, this beam can still be guided along the PCF by TIR, albeit not in the core, when the surrounding medium index n sm is lower than the equivalent index at critical angle (see blue line in Figure 4.1). On the other hand, for another portion of the beam with radiated angles (β i ) lower than β PCF , light can be guided within the outer silica cladding if the beam can penetrate the cladding (inner and outer cladding) as illustrated by the red and green lines in Figure 4.1, while the beam which penetrates the core (the yellow ray in Figure 4.1), i.e. respecting the β PCF condition, will be guided within the PCF core.

  Figure 4.1 by adapting the method proposed by Birks et al. [108]. This subsequently transforms the hexagonal structure in Figure 4.5(a) into a circular structure illustrated by Figure 4.5(b).

Figure 4 . 5 .

 45 Figure 4.5. Circular approximation of hexagonal form of photonic crystal structure, where a)hexagonal form[START_REF] Birks | Endlessly single-mode photonic crystal fiber[END_REF] is transformed approximately into b) circular form[START_REF] Birks | Endlessly single-mode photonic crystal fiber[END_REF], and c) hexagonal form of PC structure approximated as circular form.

Figure 4 . 6 ,

 46 L represents the PCF sensor length, while L i is the length of the PCF sensing area for rays within acceptance angles  i which reach and penetrate into the inner cladding, and are then guided within the outer cladding. L i can be mathematically calculated by 𝐿 𝑖 = 𝐿 -𝐿 𝑥𝑖 𝐿 𝑖 = 𝐿 -𝑎 cl1 -𝑎 𝑦 tan𝜃 𝑖 (4.6)

Figure 4 . 6 .

 46 Figure 4.6. Illustration of PCF sensing region for rays which are injected via inner cladding of PC structure.

  the PCF guiding mechanisms as explained above, an SMF is first coupled to a solid-core ESM-12B type PCF by fusion splicing. The objective is to confirm that the portion of the beam with β b > β PCF (= 90°- PCF ) will be transmitted or refracted through the first cladding layer to finally reach the outer cladding of the PCF. This will subsequently be guided along the PCF by TIR across the inner and outer cladding when n sm < n b , as illustrated by the yellow line in Figure 4.7.

Figure 4 . 7 .

 47 Figure 4.7. Illustration of coupling losses occurring for SMF coupled to ESM-12B type PCF using 125 µm MMF to recover the optical signal, with NA SMF > NA PCF or for beam angles lower than  PCF as represented by the yellow ray. .

Figure 4 . 7 ,

 47 an SMF is fusion-spliced to one end of ESM-12B PCF the outcome of which is illustrated in Figure 4.8. The lossy high-index polymer coating of ESM-12B is first removed thermally before the fusion splicing process. Although effort has been made to sufficiently adjust the fusion power to avoid a collapse in the air-holes at the SMF-ESM-12B interface, slight deformation, however, occurred in the PC structure, as shown in Figures 4.8(a) and 4.8(b). This can potentially result in undesired mode field excitation in the ESM-12B cladding.

Figure 4 . 8 . 4 Figure 4 . 9 .

 48449 Figure 4.8. Fusion splicing between ESM-12B and step-index fiber, a) SMF spliced to ESM-12B, b) ESM-12B spliced to MMF with diameter of 125 µm.

Rays from  b = 83 .

 83 638° to  PCF = 84.46° (red shaded area in Figure4.10) are then refracted towards a 5-cm long ESM-12B cladding and will subsequently reach the interface between its outer cladding and the sensing medium. These will be totally reflected and guided along ESM-12B by TIR. Additionally, they will also be subject to EWA, similar to Zone I in the MMF-based refractometer in Chapters II and III, when n sm < n b . The remaining beam from  PCF = 84.46° to 90° (represented by the unshaded area in Figure4.10) will, however, be guided in the ESM-12B core and thus will not be affected by any n sm variation.

Figure 4 . 10 .

 410 Figure 4.10. Simulated angular power distribution density radiated from lead-in SMF to ESM-12B PCF from  b to 90°.

Figure 4 .

 4 Figure 4.11. Simulated (blue line) and experimentally-measured (blue dots) power responses of SMF fusion-spliced to 5-cm long ESM-12B. The simulated response for an SMF fusion-spliced to an ESM-12B has a theoretical maximum coupling loss of ~2.32% in terms of optical power, as illustrated by the continuous blue line in Figure 4.11, for which n sm ≌ nSiO2 = 1.444. This corresponds to a combination of refracted rays from  b = 83.64° to  PCF = 84.46° (illustrated by the red shaded area in Figure 4.10), which are transmitted or refracted into the sensing medium since they are no longer guided or supported by TIR. The flat

Figure 4 . 13 .

 413 Figure 4.13. Angular power distribution density using adapted refracted rays based on experimental loss measurement for 5-cm long ESM-12B.It is thus by considering both the refracted and core-guided ray contributions according to the models in Equations (4.12) and (4.13) that the simulated power response can be more accurately estimated. This is validated experimentally as illustrated by the continuous simulated red line in Figure4.14(a) plotted against the "*"-dotted measured data.

Figure 4 .

 4 Figure 4.14. a) Experimental and adapted simulation responses based on measured power loss for n sm variation up to ≌ 1.444, and b) difference between both responses.

Figure 4 . 15 .

 415 Figure 4.15. Collapse of air-hole structure when one side of ESM-12B is coupled by fusion splicing to an MMF of 200 µm.

Figure 4 . 16 . 4 . 3 . 2 .

 416432 Figure 4.16. Higher losses occurring in experimental power response of SMF-ESM-12B-MMF 200 µm configuration compared to SMF-ESM-12B-MMF 125 µm configuration in Figure 4.14 due to collapse in ESM-12B photonic crystal structure.
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  (c)) to form a hybrid all-fiber system (c.f. Figure4.1). The LMA-20 PCF is employed in this work for its diameter compatibility with that of the MMF core diameter (200 µm) thus enabling a comparison of the enhancement level of EWA obtained with this PCF.

Figure 4 . 17 .

 417 Figure 4.17. Fusion splicing of a) SMF-MMF 1 , b) MMF 1 -LMA-20 PCF, c) LMA-20 PCF -MMF 2 .

  medium as in Section 4.3.1 is also exploited. The MFD PCF of LMA-20 PCF is determined to be ~17.33 µm which corresponds to NA PCF ~0.089. This NA PCF value consequently results in an acceptance angle (β PCF ) of 3.55° corresponding to an incident angle  PCF of ~86.45°. Therefore, part of the beam with incident angles  i < 86.45 ( PCF ), illustrated by the green shaded area in Figure4.18, will be refracted into the cladding. The refracted beam will then reach the PCF outer cladding-sensing medium interface as well as propagate along the PCF subject to EWA, represented by the green shaded area in Figure4.18 and by the blue ray in

Figure 4 . 1 .

 41 Figure 4.1. The unshaded area, on the other hand, represents part of the beam with incident angles  i >  PCF.

Figure 4 . 18 .

 418 Figure 4.18. Input ray power density distribution P 0 ( i ) as a function of incident angles from  to 90°. Green shaded area represents portion of refracted beam .

  (b) and 4.17(c). Such a collapse could consequently diffract the beam which is injected into the LMA-20 PCF core, and, hence, induce a higher power loss from the core. This has been experimentally analyzed previously such that when n sm ~1.444, the normalized measured optical power is almost 0 a.u., while simulation still results in a normalized power of ~0.092 a.u. In addition, this phenomenon would subsequently reduce  b or equivalently increase β b from the lead-in MMF, and consequently could displace the boundary between Zone I and Zone II toward the lower RI region. Furthermore, the deformation occurring in the air-hole PC structure at the splicing point can reduce MFD PCF . This, in turn, leads to a decrease in β PCF , as demonstrated in Section 4.3.1, where a relatively high agreement has been achieved by exploiting the adapted simulation results (Figure 4.14) with respect to the original simulation results in Figure 4.11 for an SMF coupled to an ESM-12 PCF. This would simultaneously induce a sharper power response in Zone I experimentally, as is illustrated in both Figure 4.19 and Figure 4.11 since more power should be refracted.

Figure 4 .

 4 Figure 4.19. a) Power response of LMA-20 PCF sensor with variations of n sm , and b) difference in response between simulation and experimental results for LMA-20 PCF sensor, with a maximum difference of 10.6%.

Figure 4 . 20 .

 420 Figure 4.20. Power response of MMF sensor ("o"), LMA-20 PCF sensor ("*") and ESM-12B PCF sensor (""). Under typical conditions (c.f. conventional step-index MMF), a larger-diameter MMF will exhibit smaller EWA as well as a lower sensitivity. Nevertheless, the results in Figure 4.20 experimentally demonstrate a higher overall sensitivity level for the larger-diameter LMA-20 PCF sensor than for the MMF sensor (230 µm vs 200 µm) in Zone I (uniquely EWA mechanism). This is indicated by a sharper decrease in the response of the LMA-20 PCF sensor. Hence, the PCF can be exploited in refractometric-type sensing to improve the sensitivity at the beginning of Zone I despite having a larger diameter (by 30 µm). The increased EWA in the solidcore PCF-based sensor results from the modes which are propagated within the PCF"s outer cladding which has smaller thickness. Hence, more evanescent waves can be absorbed, as described by Figure 4.1 as well as by Equation (4.3).

Figure 4 .

 4 21 subsequently compares the sensitivity level between the 200-µm MMF, LMA-20 PCF and ESM-12B PCF refractometers over a 5  0.1 cm sensing length.

Figure 4 . 21 .

 421 Figure 4.21. Sensitivity level comparison between 200-µm MMF , LMA-20 PCF, and ESM-12B PCF sensors. a) Sensitivity in Zone I and Zone II, and b) sensitivity only in Zone I for uniquely EWA-induced response. As illustrated, PCF-based sensors have a better sensitivity in Zone I for which only EWA contributes to the sensor performance. In particular, the ESM-12B device has the highest sensitivity due to the strongest EWA since the fiber has a thinner outer diameter. Hence, the highest number of reflections and highest EWA are achieved by this sensor. A sensitivity -0.37 a.u./RIU is initially achieved at the beginning of Zone I by the ESM-12B PCF sensor, while the best sensitivity of -53.67 a.u./RIU is achieved at the end of Zone I. In the case of the LMA-20 PCF, despite its larger diameter compared to the 200 µm MMF, this PCF has a relatively better sensitivity

up to 2

 2 times (-0.085 a.u./RIU) has been achieved at the beginning of Zone I by the LMA-20 PCF-based sensor, while more than 8 times improvement of the sensitivity (-0.37 a.u./RIU) has been achieved by the ESM-12B PCF sensor in comparison with the MMF device (-0.039 a.u./RIU). A higher sensitivity at the end of Zone I is also achieved by both PCF-based sensors (-53.67 a.u./RIU and -42.89 a.u./RIU for the ESM-12B and the LMA-20 PCFs, respectively). One potential application of the fiber refractometer is in the detection of the methane (CH 4 ) gas whereby the sensing element can be functionalized to CH 4 by exploiting supramolecules of cryptophane-A. Cryptophane-A, which has a molecular structure illustrated in Figure 5.1, was first discovered by Gabard and Collet in 1981 [134]. It can entrap CH 4 gas effectively since the lipophilic internal cavity volume of cryptophane-A (~81.5 Å 3 ) is sufficiently spacious to incorporate the CH 4 molecule with an internal volume of ~28.4 Å 3 [135]. In addition, cryptophane-A has a relatively strong affinity towards CH 4 , with a binding constant of 130 M -1 at 295 K. Hence, CH 4 molecules which penetrate within cryptophane-A can be efficiently entrapped.

Figure 5 . 1 .

 51 Figure 5.1. Molecular structure of cryptophane [135].

Figure 5 . 2 .

 52 Figure 5.2. Measurement results of RI variation versus methane concentration in aqueous environment [86].

Figure 5 . 3 .

 53 Figure 5.3. Percentage of emitted greenhouse gases in the USA in 2016 [142].

Furthermore, CH 4

 4 can also be released into the atmosphere from leakages during natural gas production, gas and oil drilling, and coal mining [144]. Hence, continuously-growing human population and the associated energy-dependent activities would contribute an increasing CH 4 concentration in the atmosphere as forecast in Figure 5.4.

Figure 5 . 4 .

 54 Figure 5.4. Global anthropogenic methane emission from 1990 to 2030 [144].

Figure 5 . 5 .

 55 Figure 5.5. Stripped-cladding silica fiber as the sensing region.

Figure 5 . 6 .

 56 Figure 5.6. Sensitized MMF using host polymer film of PDMS incorporating cryptophane-A supramolecules showing a) non-uniform thickness of sensitive layer, and b) some cryptophane-A precipitates on film surface, implying that molecules were not completely dissolved in THF.

4 detection

 4 photodetectors which are connected to a 8-channel simultaneous 16-bit National Instrument data acquisition system (NI-DAQ). The experimental data are next transferred to a dedicated PC for processing.

Figure 5 . 8 .

 58 Figure 5.8. Experimental set-up to measure atmospheric and dissolved CH 4 concentration: a) schematic, and b) actual image.

Figure 5 . 8 ,

 58 the output signals from the sensing and reference MMFs as well as that from the reference MQ-4 sensor are initially recorded in the absence of CH 4 . Methane is then progressively introduced into the container by slowly opening a screw valve from the CH 4 input tube. This is subsequently closed when the output from reference MQ-4 sensor is at a maximum voltage, corresponding to a controlled CH 4 concentration of 10000 ppm or 1%. This thus enabling the entire sensor system to be calibrated. This level is maintained for approximately 60 seconds. The CH 4 gas is next drained by opening the small caps of the flask as well as the output valve to observe and record the response of the refractometric sensor during cyclic injection of CH 4 . A sample of the measurement results for both increasing and decreasing CH 4 concentration is presented in Figure5.9.

Figure 5 . 9 .

 59 Figure 5.9. Response of SMF-MMF sensor and reference MQ-4 sensor to cyclic injection of 10000 ppm of methane.

Furthermore, while the

  sensing MMF responds to the presence of CH 4 as expected (blue line), the reference MMF (red line) remains stable throughout the experiments, thus exhibiting no sensitivity to CH 4 . The optical power of the sensing MMF, measured in voltage by the photodetector, decreases when CH 4 is introduced. This clearly indicates an increase in the RI of the host polymer since the sensing MMF is in Zone II which exhibits a sharply decreasing power with increasing index. More important, the response of the sensing MMF to cyclic variations in CH 4 concentration is relatively fast (~25 seconds) compared to[START_REF] Boulart | A novel, lowcost, high performance dissolved methane sensor for aqueous environments[END_REF] which reported a response time of ~1.8 minutes. The MMF refractometer is thus highly suitable for applications where fast response is required, in particular to increase the temporal resolution of the measurements.In terms of sensitivity, the MMF sensor (sensing arm) is found to exhibit a relatively low response (V) of ~180 mV for 10000 ppm of CH 4 concentration. The reference MQ-4 sensor, on the other hand, is subject to a voltage variation of ~4.65 V. By assuming a linear variation of the polymeric SAN-Cryptophane-A index with CH 4 concentration as demonstrated in Figure5.2[START_REF] Boulart | A novel, lowcost, high performance dissolved methane sensor for aqueous environments[END_REF], as well as a linear response approximation in Zone II, the sensitivity (S) of the fiber sensor can then be predicted by 4

n

  cl when the incident beam angle θ b is higher than the critical angle of the fiber θ c . Under this condition, the boundary between Zone I and Zone II corresponds to the equivalent index (n b ) associated with θ b (n b = n co sin θ b ), while the boundary n co between Zone II and Zone III remains unchanged, since the same plastic clad silica multimode fiber (MMF) is used.

  

  

  

  

Table 1 .

 1 

	Type of refractometer	Cost	Fabrication difficulty	Resolution (RIU)	Dynamic range (RIU)
				4×10 -6 [18]	1.5375 -1.5515 [18]
	SPR-based [18, 19, 73]	+++	+++	6.25×10 -7 [19]	1.3353 -1.3653 [19]
				1.92×10 -7 [73]	1.333 -1.353 [73]
				6×10 -6 [23]	1.33 -1.36 [23]
	MMI-based [23, 24, 76]	++	+	6.8×10 -6 [24]	1.33 -1.36 [24]
				5.32×10 -6 [76]	1.336 -1.372 [76]
				10 -5 [25]	1.333 -1.4547 [25]
	FBG-based [25, 26, 28]	++	++	1.4×10 -6 [26]	1 -1.378 [26]
				1.4×10 -4 [28]	1.324 -1.439 [28]
	LPG-based [31, 79]	++	++	7.69×10 -5 [31] 1.92×10 -4 [79]	

1. Optical fiber refractometers based on spectral measurements with OSAs having a typical resolution of ~1 pm.

Table 1 .

 1 

	Type of refractometer	Cost	Fabrication difficulty	Resolution (RIU)	Dynamic range (RIU)
	Fiber-tip reflection [82-84]	+	+	2.5×10 -5 [82] 3.28× 10 -5 [83] 1.7×10 -4 [84]	1.3296 -1.453 [82] 1.3486 -1.4525 [83] 1.33 -1.45 [84]
	Tapered optical fiber [34, 35]	+	++	10 -4 [34] 6×10 -3 [35]	1.36 -1.45 [34] 1.33 -1.492 [35]
	D-shaped optical fiber [37, 38]	+	+	6.48×10 -3 [37] 10 -3 -10 -4 [38]	1.332 -1.471 [37] 1.33 -1.455 [38]
	Stripped cladding optical fiber [36, 85]	+	+	10 -1 -10 -4 [36] (10 -6 ) 10 -3 -10 -5 [85]	1.33 -1.56 [36] 1.31 -1.61 [85]

2. Optical fiber refractometers based on intensity measurement. Typically, optical fiber refractometers based on intensity measurement are less costly, relatively simple to fabricate, and can achieve relatively good resolution with a large dynamic range, as presented in Table 1.2. These resolutions, however, are not sufficient to enable detection of 1 nmol/L of dissolved methane (CH 4 ) in water, for example, since as reported by Boulart et al., the RI variation as a function of dissolved CH 4 concentration has a linear relation with a sensitivity of 5.5×10 -6 RIU/nM CH 4 . Hence, to be capable of measuring 1 nM (1nmol/L) CH 4 , a

Table 2 .

 2 1. Performance comparison between three MMF refractometers characterized by three distinct stripped-cladding lengths.

		MMF refractometer (1 cm)	MMF refractometer (2.5 cm)	MMF refractometer (4 cm)
		Zone I	Zone II Zone III	Zone I	Zone II Zone III	Zone I	Zone II Zone III
	Dynamic range (RIU)	1.316 -1.37	1.37-1.444	1.444-1.61	1.316 -1.370	1.4351-1.444	1.444-1.61	1.316 -1.37	1.37-1.444	1.444-1.61
	Highest									
	resolution	5.295	0.02245	1.003	1.746	0.02992	1.807	1.54	0.0326	3.192
	(mRIU)									

  Using a linear relation, one can thus estimate the extinction coefficient of the sensing medium is given by Equation (2.30) in Chapter II. To obtain RI values beyond those of glycerol (i.e. RI > 1.4571), calibrated oils from Cargille Laboratories ranging from 1.468 to 1.608 RIU are employed.

Table 3 .

 3 1. Performance comparison between two hybrid refractometers with different sensing lengths.

		Hybrid SMF-MMF refractometer (2 cm) Hybrid SMF-MMF refractometer (5 cm)
		Zone I	Zone II	Zone III	Zone I	Zone II	Zone III
	Dynamic range (RIU)	1.316 -1.4351 1.4351-1.444 1.444-1.61 1.316 -1.4351 1.4351-1.444 1.444-1.61
	Resolution (mRIU)	33.9	0.00276	0.0283	16.4	0.00397	0.139

Table 4 .

 4 2. Performance comparison between hybrid SMF-MMF and PCF refractometers.
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Inferring from the sensing principles, the boundary between Zone I and Zone II will be at an index equivalent to θ b , due to NA 2 (MMF) being higher than NA 1 (SMF).

From Equation (3.13), this boundary is determined to be at n b ≌ 1.4351, and, consequently, the beam from the lead-in SMF will be entirely guided by TIR for n sm < n b . Additionally, for estimating the guided power by the phenomenon of EWA in Zone I, as expressed by Equation (3.14), the input power distribution density P 0 ( i ) in Figure 3.12 for each angle has to be known. This is obtained using the method proposed in Chapter II for an input power distribution P 0 ( i ) from  b to 90°, as shown in Figure 3.12. The experimental results also show comparatively more losses occurring when n sm ≌ n SiO2 . This discrepancy between simulation and experiment occurs since the splicing process potentially deforms the PC lattice (see Figure 4.8). This thus induces a reduction of the air-hole diameter d, thereby increasing the pitch distance  at the SMF-ESM-12B interface (see Figure 4.3(a)). Increasing  leads to an increase in MFD PCF as explained by Ju et al. [START_REF] Ju | A simple method for estimating splice loss of photonic crystal fiber/single-mode fiber[END_REF]. This relationship is plotted in Figure 4.12.

NA PCF is subsequently reduced, thereby inducing a decrease in β PCF , consequently reducing the optical power guided along the PCF core. SMF-MMF refractometer in Chapter III. This subsequently means that only a relatively low sensitivity to RI variation would be obtained when PDMS is employed in the hybrid SMF-MMF system. Consequently, in order to improve the refractometer sensitivity, it is necessary to use a host polymer with a higher RI that is situated in the Zone II regime. Another polymer variant, styrene acrylonitrile or SAN [START_REF] Yang | Long-period fiber grating sensor with a styrene-acrylonitrile nano-film incorporating cryptophane A for methane detection[END_REF][START_REF] Dullo | Sensitive on-chip methane detection with a cryptophane-A cladded Mach-Zehnder interferometer[END_REF][START_REF] Yang | High-sensitivity long-period fiber grating sensor with SAN/cryptophane A for coal mine gas detection[END_REF] with an RI value of 1.5496 RIU at a wavelength of 1052 nm, is also tested for use as another potential polymeric host. To synthesize the sensing film, a carefully-proportioned quantity of the 1,1,2,2,-tetrachloroethane solvent is used to dissolve both cryptophane-A and SAN, as reported in [START_REF] Lindecrantz | Waveguide Mach-Zehnder interferometer for measurement of methane dissolved in water[END_REF]. Here, 10 mg of cryptophane-A in powder form is first dissolved in 2 ml of 1,1,2,2,-tetrachloroethane after which 100 mg of SAN powder are then added. To enable complete solution of SAN as well as ensure a homogenous distribution of the cryptophane-A supramolecules, the mixture is shaken for a minimum of 30 minutes. The solution is then deposited onto a 2  0.1 cm length of bare MMF core and smoothed by passing over an optical fiber stripper with a predetermined hole size of 250 µm in order to obtain a relatively homogenous sensing layer surface. The coated MMF is then heated in an oven to cure at 100 °C for 60 minutes, an example of which is illustrated in Figure 5.7. As clearly shown, the sensing layer is relatively homogenous and does not appear to contain any cryptophane-A residues or precipitates. This is subsequently employed for detecting CH 4 in parallel with an MMF reference arm which has been coated

uniquely with SAN but without cryptophane-A. Both fiber arms are then mounted in

~225 µm

a)

where V and CH 4 represent the response of the sensing MMF and the corresponding CH 4 concentration variation, respectively. According to Equation (5.1), we thus obtain a sensitivity of 18µV/ppm (or 180 mV/10000 ppm).

Corresponding to this sensitivity value, the limit of detection (LOD) can be estimated by [START_REF] Steed | Supramolecular chemistry[END_REF][START_REF] Yang | High-sensitivity long-period fiber grating sensor with SAN/cryptophane A for coal mine gas detection[END_REF][START_REF] Lindecrantz | Waveguide Mach-Zehnder interferometer for measurement of methane dissolved in water[END_REF] rms S LOD

where  rms is the noise level of the sensing MMF which can subsequently be obtained by analyzing the power spectral density (PSD) of the direct output signal (i.e. without any pre-processing) in the frequency domain through the fast Fourier transform (FFT) function in Matlab. The estimated noise level is then presented in However, this LOD has been improved by filtering the measured signal using a moving average filter (signal smoothing) to further reduce the "white" noise contribution of the system. This consequently results in a noise level of 1.11 mV rms and translates to an equivalent LOD of 174 ppm or 0.0174% of CH 4 concentration in air. The LOD obtained is lower than another CH 4 sensor based on Mach-Zehnder number of reflections along the sensor. Table A summarizes the performance of the refractometers which have been developed in this thesis.