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Design, modelling, and experiments of mid-infrared supercontinuum generation in soft-glass photonic crystal fibers

a

[µm] Core radius of a fiber a 1 Sellmeier coefficient

a 2 Sellmeier coefficient A 0 Sellmeier coefficient A 1 Sellmeier coefficient A 2 Sellmeier coefficient A eff [µm 2 ] Effective mode area A i [V m -1 ]
Electric field amplitude of idler wave

A j Sellmeier coefficient A p [V m -1 ]
Electric field amplitude of pump wave

A s [V m -1 Full-width at half-maximum of an optical pulse

T k [s]
Temporal width of fundamental soliton v g [m s -1 ] Group velocity of an optical mode v g,s [m s -1 ] Group velocity of a soliton

V V number/Normalized frequency V c [s -1 ]
Cut-off frequency

V PCF V number/Normalized frequency for photonic crystal fiber α [dB m -1 ] Attenuation constant α confinement [dB m -1 ] Confinement loss in an optical fiber

β [m -1 ]
Propagation constant of an optical mode

β 0 [m -1 ]
Propagation constant at centre frequency

β 1 [s m -1 ] Fist order dispersion β 2 [s 2 m -1 ]
Group-velocity dispersion T HE scientific results presented in this thesis have been carried out in the nonlinear optics group at the FEMTO-ST Institute and in the DTU Fotonik at the Technical University of Denmark. Out of 7 journal paper publications referred as (I)-(VII), presented earlier in the list of publications, this thesis is mostly based on papers (IV), (V), and (VII). All the simulations and characterizations (except the one related to paper (V)) presented in this thesis have been performed by the author. The author has written papers (IV) and (VII). The author's further contribution in paper (IV) includes drawing and fabrication of polarization-maintaining PCF and tapers (as a part of secondment in the SelenOptics company and the University of Rennes, France), characterization of the PCFs for mid-IR supercontinuum generation (as a part of secondment in the DTU Fotonik, Denmark), numerical computation and simulation in COMSOL and MATLAB, respectively. In paper (VII), author has also performed the numerical simulation and characterization of photonic crystal fiber for supercontinuum generation. Among the remaining 5 coauthored papers, author's contribution in paper (I) is some part of the experiment regarding SC generation in PM-ANDi fiber, in paper (II) is a part of numerical computation in COMSOL regarding the chalcogenide fiber, in paper (III) is design and numerical computation of UV-grade silica-based photonic crystal fiber in COMSOL, in paper (v) is fabrication of tapered chalcogenide photonic crystal fiber and in paper (VI) is some part of the experiment regarding the mid-IR transmission and bending sensitivity measurements in nestedcapillary anti-resonant silica fiber. All the 7 journal papers are attached at the end of this thesis.

β 3 [s 3 m -1 ] Third order dispersion β m [s m m -1 ] m th order disperion γ [W -1 m -1 ] Nonlinear coefficient γ [N m -

GENERAL INTRODUCTION

I NFRARED (IR) light, positioned beyond the red limit of the visible band in the electro- magnetic spectrum, was first discovered by astronomer Sir Frederick William Herschel in 1800 while studying the difference in temperature induced by the individual colors of light [START_REF] White | Herschel and the puzzle of infrared[END_REF]. He created a spectrum of different colours by directing sunlight through a prism and then by using a thermometer he measured each color's temperature, which found to be increasing from violet to the red part of the spectrum. He further found that beyond the red part of the spectrum surprisingly had the highest temperature of all, which led to the discovery of IR radiation. According to the ISO 20473 scheme, IR spectrum can be divided into three regions: near-infrared (0.78-3 µm), mid-infrared (3-50 µm), and far-infrared (50-1000 µm).

1.1/ MOTIVATION

In this thesis we are mostly interested in the properties and applications of light in the mid-IR spectral region, particularly, 2-20 µm mid-IR band, which is often referred as the molecular "fingerprint region". This region contains highly distinctive absorption features from the fundamental vibrational resonances of molecules. For example, vibration frequencies of different greenhouse gases, toxic chemicals and explosives lie in this fingerprint region as shown in Fig. 1.1. When IR light is incident on such substances, the Absorbance (a.u.) The absorption of various molecules in the mid-IR region, reproduced from [START_REF] Caffey | Recent results from broadly tunable external cavity quantum cascade lasers[END_REF].

interaction between IR light and the vibration of molecules leads to the absorption of some part of the light, which creates a unique fingerprint for that specific molecule and thus allow us to identify them. This leads to numerous spectroscopic applications such 16 CHAPTER 1. GENERAL INTRODUCTION as early cancer diagnostics [START_REF] Walsh | IR microspectroscopy: potential applications in cervical cancer screening[END_REF]158,[START_REF] Hughes | Can mid-infrared biomedical spectroscopy of cells, fluids and tissue aid improvements in cancer survival? A patient paradigm[END_REF], protein dynamics [46,[START_REF] Carbonaro | Secondary structure of food proteins by Fourier transform spectroscopy in the mid-infrared region[END_REF], trace gas detection [START_REF] Allen | Diode laser absorption sensors for gas-dynamic and combustion flows[END_REF][START_REF] Cezard | Supercontinuum laser absorption spectroscopy in the mid-infrared range for identification and concentration estimation of a multi-component atmospheric gas mixture[END_REF], atmosphere pollutant monitoring [START_REF] Hancock | Time-resolved detection of the CF3 photofragment using chirped QCL radiation[END_REF], and explosive detection [START_REF] Vodopyanov | Sensing with mid-infrared frequency combs: a novel modality for ultrasensitive detection of hazardous materials[END_REF]. Furthermore, the mid-IR spectral region contains the atmospheric transparent windows (3-5 µm) and (8-12 µm) where both military and civilian thermal imaging can take place [START_REF] Manninen | Long distance active hyperspectral sensing using high-power near-infrared supercontinuum light source[END_REF].

Supercontinuum (SC) generation, which is one of the most spectacular and visually perceptible nonlinear effects, is produced by a cascade of linear and nonlinear processes in transparent nonlinear media such as specially designed optical fibers made from special type of glasses, where a high intensity laser pulse undergoes extreme spectral broadening while propagating through the fiber [START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF]. SC generation was first reported in bulk glass by Alfano et al. in 1970 [8]. Since then SC generation has enormously attracted a great deal of scientific and technological interest and it has been widely studied in various nonlinear media or materials such as solids, liquids, gases and different types of waveguides [126,[START_REF] Leo | Generation of coherent supercontinuum in a-Si:H waveguides: experiment and modeling based on measured dispersion profile[END_REF].

With the new technological advances, the development of novel laser sources, extensive research on highly nonlinear materials and upgraded design and fabrication technique of optical fibers and waveguides are continuously leading to new studies on SC generation extended to the yet unexplored parts of the electromagnetic spectrum. In recent times, spatially coherent, single-mode output, deliverable through fiber system, broadband, and high brightness SC sources with their multioctave wide spectral bandwidth have shown very high potential to replace the traditional thermal sources like incandescent bulb and Globar (silicon carbide thermal emitter), which provide broadband IR radiation. Another alternative to thermal sources providing broadband IR radiation is synchrotron IR beamlines, however, its widespread use is limited due to its extremely large size and high installation and operational cost. The brightness of SC sources are found to be 5-6 orders of magnitude higher than Globars and 1-2 orders of magnitude higher than synchrotron IR beamlines [START_REF] Petersen | Towards a table-top synchrotron based on supercontinuum generation[END_REF].

Fiber-based SC sources are the broadband light sources based on the principle of SC generation. For over a decade, SC sources are commercially available for the visible and near-IR spectral range, where they have been used in numerous applications like optical coherence tomography (OCT) [START_REF] Cimalla | Shear flow-induced optical inhomogeneity of blood assessed in vivo and in vitro by spectral domain optical coherence tomography in the 1.3 µm wavelength range[END_REF][START_REF] Chu | In vivo imaging of airway cilia and mucus clearance with micro-optical coherence tomography[END_REF], various advanced microscopy techniques, such as stimulated emission depletion (STED) microscopy and multiphoton microscopy, interference reflection microscopy, and multispectral photoacoustic microscopy [START_REF] Wildanger | STED microscopy with a supercontinuum laser[END_REF][START_REF] Chiu | Use of a white light supercontinuum laser for confocal interference-reflection microscopy[END_REF][START_REF] Tu | Stain-free histopathology by programmable supercontinuum pulses[END_REF][START_REF] Dasa | All-fibre supercontinuum laser for in vivo multispectral photoacoustic microscopy of lipids in the extended near-infrared region[END_REF]. Currently, a significant amount of research effort is focused on extending the spectral width of SC sources toward the mid-IR in the 2-20 µm molecular fingerprint region, which offers numerous practical applications of SC sources, such as material processing, gas monitoring, absorption spectroscopy, biomedical imaging, chemical sensing, and OCT [START_REF] Hult | High bandwidth absorption spectroscopy with a dispersed supercontinuum source[END_REF][START_REF] Petersen | Mid-infrared supercontinuum covering the 1.4-13.3 µm molecular fingerprint region using ultra-high NA chalcogenide step-index fibre[END_REF][START_REF] Belli | Vacuum-ultraviolet to infrared supercontinuum in hydrogen-filled photonic crystal fiber[END_REF][START_REF] Møller | Multi-milliwatt mid-infrared supercontinuum generation in a suspended core chalcogenide fiber[END_REF][START_REF] Yu | 1.8-10 µm mid-infrared supercontinuum generated in a step-index chalcogenide fiber using low peak pump power[END_REF][START_REF] Cheng | Mid-infrared supercontinuum generation spanning 2.0 to 15.1 µm in a chalcogenide step-index fiber[END_REF][START_REF] Amiot | Cavity enhanced absorption spectroscopy in the mid-infrared using a supercontinuum source[END_REF][START_REF] Petersen | Increased mid-infrared supercontinuum bandwidth and average power by tapering large-mode-area chalcogenide photonic crystal fibers[END_REF][START_REF] Dai | A review of mid-infrared supercontinuum generation in chalcogenide glass fibers[END_REF][START_REF] Petersen | Towards a table-top synchrotron based on supercontinuum generation[END_REF][START_REF] Petersen | Mid-infrared multispectral tissue imaging using a chalcogenide fiber supercontinuum source[END_REF][START_REF] Zorin | Mid-infrared Fourier-domain optical coherence tomography with a pyroelectric linear array[END_REF][START_REF] Israelsen | Real-time high-resolution mid-infrared optical coherence tomography[END_REF][START_REF] Lemi Ère | Mid-infrared supercontinuum generation from 2 to 14 µm in arsenic-and antimony-free chalcogenide glass fibers[END_REF].

1.2/ STATE-OF-THE-ART FOR MID-INFRARED SUPERCONTINUUM (SC) GENERATION

Development of mid-IR SC sources through mid-IR SC generation, which is the goal of this thesis, suffers a significant challenge due to requirement of exotic glasses, complex fabrication techniques, and new pump laser wavelengths. Various soft glasses based on chalcogenide (As 2 S 3 , As 2 Se 3 ,GeAsSe) [START_REF] Petersen | Mid-infrared supercontinuum covering the 1.4-13.3 µm molecular fingerprint region using ultra-high NA chalcogenide step-index fibre[END_REF][START_REF] Petersen | Increased mid-infrared supercontinuum bandwidth and average power by tapering large-mode-area chalcogenide photonic crystal fibers[END_REF], tellurite (TeO 2 ) [START_REF] Édavy | Supercontinuum generation in tellurite optical fibers[END_REF], telluride (GeTe,
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GeAsTeSe) [START_REF] Lucas | Telluride glasses for far infrared photonic applications[END_REF][START_REF] Zhao | Mid-infrared supercontinuum covering 2.0-16 µm in a low-loss telluride single-mode fiber[END_REF], and ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) [START_REF] Xia | Mid-infrared supercontinuum generation to 4.5 µm in ZBLAN fluoride fibers by nanosecond diode pumping[END_REF][START_REF] Michalska | Mid-infrared supercontinuum generation to ∼4.7 µm in a ZBLAN fiber pumped by an optical parametric generator[END_REF][START_REF] Agger | Supercontinuum generation in ZBLAN fibers-detailed comparison between measurement and simulation[END_REF] have been used for drawing highly nonlinear infrared fibers. SC sources with their spectra reaching up to 4 µm (in some cases up to 4.8 µm) have already become commercially available by leading photonics companies like NKT Photonics, Le Verre Fluor é, and Leukos [257,[START_REF] Nkt Photonics | Supercontinuum white light lasers[END_REF]. Norblis recently launched an SC source up to 10 µm with 50 mW of output power [259]. Although much progress in this field has been reported recently, state-of-the-art mid-IR SC systems are still in their infancy and considerable effort is required before mature broadband IR SC light sources beyond 10 µm with high output power are made available for industrial applications.

We present a brief state-of-the-art for mid-IR SC generation, which can be classified into two types: direct pumping and cascaded pumping. Direct pumping is based on bulky and extremely expensive mid-IR pump sources such as, tunable optical parametric oscillator (OPO) and optical parametric amplifier (OPA). On the other hand, cascaded pumping uses less expensive near-IR fiber lasers and amplifiers, and in most of the cases they do not require free-space propagation, thus making all-fiber SC system possible.

Among the direct pumping SC generation systems, Zhao et al. recently demonstrated mid-IR SC generation spanning from 2 to 16 µm in a 14 cm long low-loss step-index telluride (Ge-Te-AgI) fiber pumped in the normal dispersion regime at 7 µm by 150 fs pulses emitted from an OPA system [START_REF] Zhao | Mid-infrared supercontinuum covering 2.0-16 µm in a low-loss telluride single-mode fiber[END_REF]. Cheng et al. reported SC generation in the range 2-15.1 µm in a 3 cm long step-index As 2 Se 3 fiber. The fiber with a core diameter of 15 µm was pumped at 9.8 µm with peak power of 2.89 MW delivered from a mid-IR pump source comprising of a Ti:Sapphire mode-locked seed laser, a traveling-wave optical parametric amplifier of superfluorescence (TOPAS), and a difference frequency generation (DFG) unit [START_REF] Cheng | Mid-infrared supercontinuum generation spanning 2.0 to 15.1 µm in a chalcogenide step-index fiber[END_REF]. Lemi ère et al. most recently demonstrated SC generation spanning from 2 to 14 µm in arsenic-and antimony-free chalcogenide glass fiber [START_REF] Lemi Ère | Mid-infrared supercontinuum generation from 2 to 14 µm in arsenic-and antimony-free chalcogenide glass fibers[END_REF]. Here, a 40 mm long 10 µm core step-index fiber, made from glass pair: Ge 20 Se 60 Te 20 /Ge 20 Se 70 Te 10 , was pumped by 65 fs pulses in the mid-IR. The pulses were delivered from a non-collinear optical parametric amplifier (NOPA) pumped by chirped pulse amplified (CPA) Ti:sapphire system and the NOPA was then followed by a DFG module [START_REF] Lemi Ère | Mid-infrared supercontinuum generation from 2 to 14 µm in arsenic-and antimony-free chalcogenide glass fibers[END_REF]. Ou et al. also reported a mid-IR SC spectrum spanning from 1.8 to 14 µm in a 20 cm long and 23 µm core diameter Ge 15 Sb 25 Se 60 /Ge 15 Sb 20 Se 65 step-index fiber pumped by 150 fs pulses at 6 µm delivered by an OPA system [START_REF] Ou | Ultrabroad supercontinuum generated from a highly nonlinear Ge-Sb-Se fiber[END_REF]. C. R. Petersen et al. demonstrated the generation of a SC spectrum covering from 1.4 to 13.3 µm using ultra-high numerical aperture chalcogenide step-index fiber [START_REF] Petersen | Mid-infrared supercontinuum covering the 1.4-13.3 µm molecular fingerprint region using ultra-high NA chalcogenide step-index fibre[END_REF]. They pumped a 16 µm core diameter fiber made from As 40 Se 60 /Ge 10 As 23.4 Se 66.6 (core/cladding) glass at 6.3 µm using a Ti:sapphire laser pumped tunable OPA and a noncollinear difference frequency generation (NDFG) module, which generated the above mentioned continuum with output power of 150 µW that can be scaled up by increasing the repetition rate or the pulse duration [START_REF] Petersen | Mid-infrared supercontinuum covering the 1.4-13.3 µm molecular fingerprint region using ultra-high NA chalcogenide step-index fibre[END_REF]. Yu et al. reported a widest spectrum in step-index chalcogenide fibers with low peak power of 3 kW [START_REF] Yu | 1.8-10 µm mid-infrared supercontinuum generated in a step-index chalcogenide fiber using low peak pump power[END_REF]. By pumping an 11 cm long Ge 12 As 24 Se 64 /Ge 10 As 24 S 66 fiber with 330 fs pulses at 4.0 µm emitted from an OPA system, they obtained a SC spectrum spanning from 1.8 to 10 µm [START_REF] Yu | 1.8-10 µm mid-infrared supercontinuum generated in a step-index chalcogenide fiber using low peak pump power[END_REF].

On the other hand, among the most advanced fiber-based SC systems, Martinez et al. recently reported a mid-IR SC generation from 1.6 to 11 µm with an average output power of 139 mW in a cascaded fiber system using concatenated step-index ZBLAN, As 2 S 3 , and As 2 Se 3 fibers, pumped at 1.553 µm by a master oscillator power amplifier (MOPA) system and three thulium-doped fiber amplifier stages [START_REF] Martinez | Mid-infrared supercontinuum generation from 1.6 to >11 µm using concatenated step-index fluoride and chalcogenide fibers[END_REF]. Hudson et al. demonstrated a SC spectrum spanning from 1.8 to 9.5 µm with an average output power of around 30 CHAPTER 1. GENERAL INTRODUCTION mW in a polymer coated As 2 Se 3 /As 2 S 3 taper fiber pumped by 4.2 kW peak power pulses emitted from a holmium based fiber laser at 2.9 µm [START_REF] Hudson | Toward allfiber supercontinuum spanning the mid-infrared[END_REF]. Kubat et al. reported SC generation spanning from 0.9 to 9 µm with an average output power of 15 mW above 6 µm in a ZBLAN-As 2 Se 3 fiber cascade pumped by a thulium laser at 2 µm. The thulium laser pumped ZBLAN step-index fiber generated a SC from 0.9 to 4.1 µm, which is then injected into a 5 µm As 2 Se 3 microstructured PCF that generated the long wavelength edge [START_REF] Kubat | Thulium pumped midinfrared 0.9-9 µm supercontinuum generation in concatenated fluoride and chalcogenide glass fibers[END_REF]. C. R. Petersen et al. demonstrated mid-infrared cascaded SC generation beyond 7 µm in a silica-fluoride-chalcogenide fiber cascade pumped by a 1.55 µm seed laser and a thulium-doped fiber amplifier [START_REF] Petersen | Mid-IR supercontinuum generation beyond 7 µm using a silica-fluoridechalcogenide fiber cascade[END_REF]. They pumped a commercially available Ge 10 As 22 Se 68 -glass photonic crystal fiber with 135 mW of the pump continuum spanning from 3.5-4.4 µm and obtained a SC spectrum up to 7.2 µm with a total output power of 54.5 mW [START_REF] Petersen | Mid-IR supercontinuum generation beyond 7 µm using a silica-fluoridechalcogenide fiber cascade[END_REF]. SC spectrum with record 565 mW of output power spanning from 1.9 to 4.8 µm at -20 db level was demonstrated by pumping a fiber cascade comprising of step-index silica and As 2 S 3 fibers with a multistage MOPA system by Gattass et al. in 2012 [183]. In our European project, we also recently demonstrated mid-IR SC generation from 2 to 10 µm in a cascaded silica-ZBLAN-As 38 Se 62 fiber system directly pumped with a commercially available 460-ps pulsed fiber laser at 1.55 µm without any fiber amplifier stage [START_REF] Venck | 2-10 µm mid-infrared fiber-based supercontinuum laser source: experiment and simulation[END_REF]. This technique paves the way for low cost, practical, and robust broadband SC sources in the mid-IR without the requirement of mid-infrared pump sources or Thulium-doped fiber amplifiers.

1.3/ STRUCTURE OF THE THESIS

The main focus of this thesis is the research of mid-IR SC generation in soft-glass microstructured PCFs for the development of mid-IR SC sources with high average output power, capability of maintaining stable and linear polarization, and spectral bandwidth extended beyond 6 µm for applications in optical sensing, absorption spectroscopy, and optical coherence tomography. This thesis is organised as follows:

In Chapter 2, the basic theory of light propagation in an optical fiber which includes both the linear and nonlinear effects leading to SC generation is presented. Linear effects include the processes such as linear loss, chromatic dispersion, and polarization-mode dispersion and the nonlinear effects include processes like optical Kerr effect, self-phase modulation, cross-phase modulation, four-wave mixing, modulation instability, Raman scattering, solitons, and dispersive waves, to name a few. Finally, the generalized nonlinear Schr ödinger equation governing all the linear and nonlinear processes in an optical fiber that is useful for the numerical investigation of SC generation, is further presented.

Chapter 3 starts with an overview of soft-glass materials that offer mid-IR transmission and are appropriate for mid-IR SC generation. Then the stack-and-draw method for fabrication of heavy metal-oxide glass based suspended-core PCFs, which was manufactured at the Institute of Electronics Material Technology (ITME) in Warsaw, is further demonstrated here. The chapter continues with computation of group velocity dispersion parameters, which are very important for the numerical analysis of SC generation. A brief introduction of the experimental setup including the generation and measurements of SC light is presented and followed by the analysis of obtained results. A detailed numerical analysis of SC generation based on the generalized nonlinear Schr ödinger equation and its comparison with experimental results are further provided here. The results was published in journal paper (VII). The chapter ends with a conclusion of the overall work.

STRUCTURE OF THE THESIS

In Chapter 4, a detailed fabrication process of high purity chalcogenide glass using the standard melt-quenching method is presented in the beginning. The chapter then continues with the fabrication of polarization-maintaining (PM) and non-PM PCFs and tapers using casting method, as a part of author's secondment in the University of Rennes and the SelenOptics company. Transmission and attenuation characteristics of the drawn PCFs and tapers are shown further in this chapter. Numerical computations of the groupvelocity dispersion and the birefringence properties of the fibers are then discussed to show in particular how both the birefringence and the dispersion can be tailored to enhance SC generation by tapering the PCF down to a few µm core diameter. Then the results of mid-IR SC generation with various fiber and pump configurations, obtained at the DTU Fotonik as a part of author's secondment, is presented. First the results of journal paper [IV] is presented, which at the time of publication represented the broadest spectrum ever recorded in a polarization-maintaining PCF with direct pumping. Then the results of both direct and cascaded pumped SC generation in a non-PM taper fiber is presented where the cascaded pumped SC, at the time of publication, represented the broadest SC recorded in a taper PCF generated in cascaded configuration and the result was published in journal paper (V). Finally, power damage threshold measurement of chalcogenide photonic crystal fiber (delivered by the University of Rennes) is presented.

Chapter 5 deals with general conclusion, where the accomplished results are summarized along with all the major issues and an outlook presents the possibilities to further overcome the issues and enhance the efficiency of mid-IR SC sources in the future.

LIGHT PROPAGATION IN AN OPTICAL

FIBER

T HIS chapter introduces the building block of nonlinear optics in connection to the su- percontinuum (SC) generation in optical fibers. Like the electromagnetic wave in radio frequency (RF) domain, optical waves can only interact with each other indirectly through an optical medium. In the first section, we start with linear propagation of light inside an optical fiber through the introduction of Maxwell's equations and the wave equation. Optical pulses in fiber experience linear changes from linear loss, chromatic dispersion, and polarization-mode dispersion. Once the linear effects have been established, the readers in the second section have been introduced to the nonlinear effects, which are mostly relevant to SC generation. Furthermore, in an optical fiber, the linear and nonlinear optical phenomenon have combine effect on pulse propagation, which is modelled using the generalized nonlinear Schr ödinger equation.

2.1/ LINEAR PROPAGATION OF LIGHT IN OPTICAL FIBERS

2.1.1/ MAXWELL'S EQUATIONS AND THE WAVE EQUATION

Propagation of an electromagnetic field in an optical medium is described by one of the most successful set of equations ever written in the history of physics: the Maxwell equations. In the absence of free charges (i.e., current J = 0 and charge density ρ = 0) in an optical fiber, Maxwell's equations can be expressed as (in SI units) [START_REF] Jackson | Classical Electrodynamics[END_REF] ∇ • D = ρ = 0, (2.1.1)

∇ • B = 0, (2.1.2) ∇ × E = - ∂ B ∂t , (2.1.3) 
∇ × H = J + ∂ D ∂t , (2.1.4) 
where D and B represent electric and magnetic flux densities, respectively and E and H are the corresponding electric and magnetic field vectors. The rate of changes of electric and magnetic flux densities in response to the electric and magnetic fields propagating 

B = µ 0 H + M, (2.1.6) 
where ǫ 0 and µ 0 are the vacuum permittivity and permeability, respectively and P and M are the electric and magnetic polarizations, respectively. The effect of magnetic polarization disappears ( M = 0) in an optical fiber, which is a nonmagnetic medium. From Eqs. 2.1.1-2.1.6, the wave equation, which describes the light propagation in an optical fiber, can be derived as

∇ × ∇ × E = - 1 c 2 ∂ 2 E ∂t 2 -µ 0 ∂ 2 P ∂t 2 , (2.1.7) 
where c = 1/ √ µ 0 ǫ 0 is the speed of light in vacuum. Using the relations ∇ × ∇ × E = ∇(∇ • E) -∇ 2 E = -∇ 2 E and ∇ • D = ∇ • ǫ 0 E = 0, Eq. 2.1.7 can be rewritten in the following form

∇ 2 E = 1 c 2 ∂ 2 E ∂t 2 + µ 0 ∂ 2 P ∂t 2 .
(2.1.8)

Induced electric polarization P is not linear with the strength of applied electric field and it can be expressed by the general relation [28,45,[START_REF] Boyd | Nonlinear Optics[END_REF]]

P = ǫ 0 [χ (1) E + χ (2) E 2 + χ (3) E 3 + • • • + χ (n) E n ],
≡ P (1) + P (2) + P (3) 

+ • • •, (2.1.9) 
where P (1) , P (2) , and P (3) are referred to as first-order polarization, second-order nonlinear polarization, and third-order nonlinear polarization, respectively. χ (n) is a rank n + 1 material response tensor known as the susceptibility, which is defined by the material's composition and molecular structure. Usually, tensor χ is time-dependent, which will be neglected in the further mathematical derivations. The first term of right-hand side of Eq. 2.1.9 accounts for the linear response which dominates on P at low electromagnetic field interacting with the material. The effect of linear susceptibility χ (1) includes through the refractive index n and attenuation coefficient α, which will be discussed in the later part of this section. For a strong field, we have to take account the higher-order susceptibilities, which cause different nonlinear effects. The second-order susceptibility term χ (2) , which is responsible for nonlinear effects such as second-harmonic generation and sum or difference-frequency generation [28], vanishes along with other even terms of susceptibility for isotropic centro-symmetric materials, such as glasses. Thus, the third-order susceptibility term χ (3) is the very first and most significant higher-order polarization term for glass fiber, referred as third-order nonlinearity. χ (5) , the next higher-order nonlinear term being approximatively 10 -24 times higher than χ (3) [START_REF] Boyd | Nonlinear Optics[END_REF], is neglected in this thesis. Therefore, the induced polarization P can be split into the linear contribution, P L from χ (1) and nonlinear contribution, P NL from χ (3) , such that P( r, t) = P L ( r, t) + P NL ( r, t).

(2.1.10)

In the linear propagation regime, we can only focus on P L , which can be expressed in terms of electric field as

P L ( r, t) = ǫ 0 t -∞
χ (1) (tt ′ ) E( r, t ′ )dt ′ .

(2.1.11)

The Fourier transform of P L ( r, t) is ˜ P L ( r, ω) which is given by ˜ P L ( r, ω) = χ(1) (ω) Ẽ( r, ω), (2.1.12) where χ(1) (ω) is the Fourier transform of χ (1) (t) and Ẽ( r, ω), which represents the Fourier transform of E( r, t), can be defined as

Ẽ( r, ω) = ∞ -∞
E( r, t)exp(iωt)dt.

(2. 1.13) Therefore, the wave equation (Eq. 2.1.8) can now be expressed in the frequency domain as

∇ 2 Ẽ( r, ω) = -ǫ(ω) ω 2 c 2 Ẽ( r, ω), (2.1.14) 
where ǫ(ω) is the frequency-dependent dielectric constant that can be defined for lossless medium as

ǫ(ω) = 1 + χ(1) (ω) = n 2 (ω), (2.1.15) 
where n(ω) is the refractive index, which often does not depend on the spatial coordinates in core and cladding of a step-index fiber. Therefore, Eq. 2.1.14 takes the form of Helmholtz equation [START_REF] Saleh | Fundamentals of Photonics[END_REF] as

∇ 2 Ẽ + n 2 (ω) ω 2 c 2 Ẽ = 0. (2.1.16)
The solution to Eq. 2.1.16 will be discussed in the following sections.

2.1.2/ OPTICAL FIBERS AND PROPAGATION MODES

The development of optical fibers has been tremendously growing since the demonstration of low loss propagation in silica fibers in 1970 [9], and therefore, their possible application for the telecommunication industry. The simplest type of optical fiber is step-index fiber (SIF) in which a central glass core (circular) with refractive index n core is surrounded by a circular cladding whose refractive index n clad is lower than n core as shown in Fig. 2.1. a and b are the core and cladding radius, respectively. There is another type of fiber known as gradient-index fiber in which n core decreases gradually from the centre of the core to its boundary [21,24]. Based on the theory of ray optics, according to Snell's law of refraction, light in optical fiber is guided by the physical effect of total internal reflection (TIR). At the air-fiber interface, we can have n 0 sin(θ in ) = n core sin(θ t ), (2.1.17) where θ in is the angle of incidence of a ray of light on the fiber face and θ t is the refracted angle in the core of the fiber, both being taken with respect to the normal and n 0 is the refractive index of air, which is 1 in case of air, as shown in Fig. 2.1. TIR occurs up to a maximum angle of incidence such that the core/cladding refraction is greater than a certain limiting angle, called the critical angle, which is defined as 

n 0 sin(θ c ) = n clad n core . (2.1.18) 
From trigonometry, the acceptance angle of the fiber for which the above condition is fulfilled is then given by the numerical aperture (NA), which can be expressed by Pythagorean subtraction of core and cladding refractive indices as [START_REF] Saleh | Fundamentals of Photonics[END_REF][START_REF] Agrawal | Fiber-Optic Communication Systems[END_REF] sin(θ in ) = n core 2n clad 2 = NA.

(2. 1.19) Another important parameter that characterizes an optical fiber is the relative refractive index difference ∆ of n core and n clad :

∆ = n core -n clad n core .
(2. 1.20) In the context of wave optics, we can have more accurate understanding of guiding properties of a SIF by solving the wave equation ( 2.1.16), derived in Section 2.1.1. It is done by adopting a scalar approach along with slowly varying envelope approximation, where the quasi-monochromatic optical field is assumed to be linearly polarized with polarization unit vector x along the fiber length and the rapidly varying part of electric field is separated such that E( r, t) = 1 2

x[E( r, t)exp(-iω 0 t) + c.c.], (2.1.21) where E( r, t) is a slowly varying function of time (relative to optical period), ω 0 is carrier central frequency, and c.c. denotes the complex conjugate. It is more convenient to work in the Fourier domain while obtaining wave equation for amplitude E( r, t). Therefore, Eq. 2.1.16 can be solved by using the method of separation of variables such that it gives a solution of the form Ẽ( r, ωω 0 ) = F(x, y) Ã(z, ωω 0 )exp(iβ 0 z), (2.1.22) where F(x, y) represents the transverse spatial distribution of electric field, Ã(z, ω) is a slowly varying function of z, and β 0 is the propagation constant of the wave. The spatial modes in optical fiber are generally described by their effective area, which is defined as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] A eff = The effective mode area is evaluated using the modal distribution F(x, y) of the fundamental mode (can also be done for all other modes) and it depends on the structural parameters of fiber such as the radius of the core and the core-cladding refractive index difference. In case of highly nonlinear fiber on which this thesis is based on, the nonlinear effects are enhanced by reducing the effective mode area. It is an important factor while considering nonlinear effects on pulse propagation as described in Section 2.2. Since, the SIF (see Fig. 2.1) has cylindrical symmetry, therefore, the modal distribution can be expressed using cylindrical coordinate system as [131]

d 2 F dρ 2 + 1 ρ dF dρ + n 2 k 2 0 -β 2 - m 2 ρ 2 F = 0, (2.1.24) 
where refractive index n = n core for ρ ≤ a (within the core) and n = n clad for ρ ≥ a (within the cladding). Eq. 2.1.24 is a well-known differential equation for the Bessel functions. In the core region (ρ ≤ a), solutions to Eq. 2.1.24, by using the boundary condition that E and H should be continuous at the core-cladding interface with increasing radial distance (ρ), can be written as

F(ρ) = J m (pρ), (2.1.25) 
where J m (x) is the Bessel function and p = (n core 2 k 2 0 -β 2 ) 1/2 . In the cladding region (ρ ≥ a), the solution F(ρ), which is represented by the modified Bessel function k m , decays exponentially with increasing radial distance (ρ). Therefore,

F(ρ) = k m (qρ), (2.1.26) 
where q = (β 2n clad 2 k 2 0 ) 1/2 gives the following important relation

p 2 + q 2 = k 2 0 (n core 2 -n clad 2 ).
(2.1.27)

Using Eq. 2.1.27, the eigenvalue equation can be directly written as [24,50]

J ′ m (pa) pJ m (pa) + k ′ m (qa) qk m (qa) J ′ m (pa) pJ m (pa) + n clad 2 n core 2 k ′ m (qa) qk m (qa) = mβk 0 (n core 2 -n clad 2 )
an core p 2 q 2 2 , (2. 1.28) where the notation prime represents the differentiation with respect to the argument. The eigenvalue equation ( 2.1.28) has several solutions for β for each integer values of m. Each eigenvalue β ms , where s is an integer, describes a specific mode, which is guided by the fiber that fulfils the condition, k 0 n clad < β < k 0 n core . There are two types of fiber modes: HE ms and EH ms . The number of modes that is supported by a specific fiber generally depends on several parameters such as the radius of fiber core (a), numerical aperture (NA), and the excitation wavelength. In this respect, an important parameter is the normalized frequency or V-parameter, which can be used along with the eigenvalue equation ( 2.1.28) to determine the cut-off of different modes in the fiber. Therefore, V can be expressed as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] V = p c a = ak 0 (n core

2 -n clad 2 ) 1/2 = 2πa λ NA, (2.1.29)
where p c is obtained from Eq. 2.1.27 at q = 0. Since, in this thesis, we are mainly interested in single-mode fiber, therefore, we only discuss about the cut-off condition that allows only one mode to be guided in the fiber. A single mode fiber only supports the fundamental mode HE 11 for which the cut-off condition is V < V c , where the cut-off frequency V c is found to be the smallest solution to the Bessel function, J 0 (V c ) = 0, which occurs when V c = 2.405 [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF].

2.1.3/ PHOTONIC CRYSTAL FIBER

A particular fiber design that revolutionized the field of nonlinear fiber optics and supercontinuum generation is the photonic crystal fiber (PCF), also known as holey fiber. In the 1970s, Kaiser et al. suggested the possibility to modify the light guidance properties of optical fibers by introducing a microstructure in its refractive index profile [14]. However, fabrication of such fibers has become technologically well known since the work done by Philip Russell's group in 1996 [55]. PCF's technology has matured extremely during the last two decades. In particular, the control of the fiber drawing process with extreme precision has enabled to produce a great variety of complex structures.

Photonic crystal fibers exhibit some unique features in comparison to the standard optical fibers [55,[START_REF] Broeng | Photonic crystal fibers: A new class of optical waveguides[END_REF][START_REF] Knight | Anomalous dispersion in photonic crystal fiber[END_REF][START_REF] Zheltikov | Holey fibers[END_REF][START_REF] Birks | Photonic crystal fibres: An endless variety[END_REF][START_REF] Hecht | Holes in photonic crystal fibers open new possibilities[END_REF][START_REF] Monro | Holey optical fibres: Fundamental properties and device applications[END_REF]. Cross-section of PCFs consists of glass materials and hollow air channel along the longitudinal direction. Introduction of these air-holes allows us to tailor the modal, dispersive and nonlinear properties of the fiber more flexibly compared to standard fibers. For examples, it is possible to design endlessly single-mode PCFs with different core sizes, which guide light in a single transverse mode from the near-ultraviolet to infrared wavelength range [57,[START_REF] Knight | Large mode area photonic crystal fibre[END_REF][START_REF] Knight | Anomalous dispersion in photonic crystal fiber[END_REF][START_REF] Monro | Holey optical fibres: Fundamental properties and device applications[END_REF][START_REF] Koshiba | Applicability of classical optical fiber theories to holey fibers[END_REF]. Mechanically robust PCFs with extremely small core diameter around 1 µm [START_REF] Knight | Anomalous dispersion in photonic crystal fiber[END_REF] are feasible for enhancing nonlinear optical processes along the fiber [START_REF] Broderick | Nonlinearity in holey optical fibers: measurement and future opportunities[END_REF][START_REF] Monro | Holey optical fibres: Fundamental properties and device applications[END_REF][START_REF] Møller | Multi-milliwatt mid-infrared supercontinuum generation in a suspended core chalcogenide fiber[END_REF]. On the other hand, large core single mode PCFs can also be manufactured enabling the useful features like reduced nonlinearities and the ability to sustain high peak power from an amplifier system or high power lasers [START_REF] Knight | Large mode area photonic crystal fibre[END_REF][START_REF] Monro | Holey optical fibres: Fundamental properties and device applications[END_REF][START_REF] Baggett | Comparative study of large-mode holey and conventional fibers[END_REF][START_REF] Zheltikov | Limiting efficiencies of nonlinear-optical processes in microstructure fibers[END_REF][START_REF] Mortensen | Improved large-mode-area endlessly single-mode photonic crystal fibers[END_REF][START_REF] Limpert | High-power rod-type photonic crystal fiber laser[END_REF]. It is possible to design PCFs that exhibit very low dispersion values with a flat profile over a broad wavelength range for application like optical parametric amplification and supercontinuum generation in the infrared [START_REF] Ferrando | Designing a photonic crystal fibre with flattened chromatic dispersion[END_REF][START_REF] Reeves | Demonstration of ultra-flattened dispersion in photonic crystal fibers[END_REF][START_REF] Renversez | Dispersion management with microstructured optical fibers: ultraflattened chromatic dispersion with low losses[END_REF][START_REF] Saitoh | Chromatic dispersion control in photonic crystal fibers: application to ultra-flattened dispersion[END_REF][START_REF] Hansen | Dispersion flattened hybrid-core nonlinear photonic crystal fiber[END_REF]. Moreover, using proper arrangement and size of the air holes, the waveguide dispersion of PCFs can also be tailored to push the zero-dispersion wavelength close to the pumping wavelength for efficient supercontinuum generation in the infrared [START_REF] Amraoui | Strong infrared spectral broadening in low-loss As-S chalcogenide suspended core microstructured optical fibers[END_REF][START_REF] Domachuk | Over 4000 nm bandwidth of mid-IR supercontinuum generation in sub-centimeter segments of highly nonlinear tellurite PCFs[END_REF][START_REF] Hu | Maximizing the bandwidth of supercontinuum generation in As 2 Se 3 chalcogenide fibers[END_REF][START_REF] Li | Mid-infrared supercontinuum generation in dispersion-engineered highly nonlinear chalcogenide photonic crystal fiber[END_REF], Furthermore, it is possible to maintain the polarization of guided light along the fiber by introducing large amount of birefringence in the core of the fiber [START_REF] Ortigosa-Blanch | Highly birefringent photonic crystal fibers[END_REF][START_REF] Hansen | Highly birefringent index-guiding photonic crystal fibers[END_REF][START_REF] Mogilevtsev | Design of polarization-preserving photonic crystal fibres with elliptical pores[END_REF][START_REF] Suzuki | Optical properties of a low-loss polarization-maintaining photonic crystal fiber[END_REF][START_REF] Ju | Properties of a highly birefringent photonic crystal fiber[END_REF][START_REF] Saitoh | Single-polarization single-mode photonic crystal fibers[END_REF]. However, due to various phenomena such as bending, micro-deformation, and glass-impurities, PCFs have propagation losses which are an order of magnitude higher than the conventional all-solid fibers [START_REF] Lizier | Splice losses in holey optical fibers[END_REF][START_REF] White | Confinement losses in microstructured optical fibers[END_REF][START_REF] Sorensen | Macro-bending loss properties of photonic crystal fibre[END_REF][START_REF] Ferrarini | Leakage properties of photonic crystal fibers[END_REF][START_REF] Frosz | Radial deformation losses in photonic crystal fibres[END_REF][START_REF] Finazzi | The role of confinement loss in highly nonlinear silica holey fibers[END_REF][START_REF] Koshiba | Polarization-dependent confinement losses in actual holey fibers[END_REF][START_REF] Nielsen | Reduced microdeformation attenuation in large-mode-area photonic crystal fibers for visible applications[END_REF] and this point will be discussed in the next section.

Depending on the nature of the core, PCFs can be classified in two categories: microstructured fibers (MFs) and photonic band-gap fibers (PBFs). Most of the widely used PBFs exhibit a hollow core at the centre of the structure and a periodic air-hole lattice which forms the cladding [START_REF] Knight | Photonic band cap guidance in optical fibers[END_REF][START_REF] Barkou | Silica-air photonic crystal fiber design that permits waveguiding by a true photonic bandgap effect[END_REF][START_REF] Bjarklev | Photonic Crystal Fibres[END_REF][START_REF] Poli | Photonic Crystal Fibers[END_REF]. There are also soild core PBFs, which consist a 1D or 2D periodic structure in the cladding and a solid core whose refractive index is lower than that of cladding [START_REF] Dianov | Solid-core photonic bandgap fibers for high-power fiber lasers[END_REF][START_REF] Pureur | Overview on solid core photonic bandgap fibers[END_REF]. Therefore, confinement of the light in such fibers cannot be explained by the total internal reflection mechanism but it can be interpreted as a consequence of the cladding periodicity. For example, light guidance in a hollow core PBF occurs through genuine photonic band-gap i.e., the periodicity of the air-hole lattice enables to trap the light in the core by a two-dimensional photonic band-gap. Only light with a certain wavelength range can fulfill the guidance condition, therefore, it results in rather narrow transmission bandwidths for such hollow core fibers. Transmission in these PBFs can be broadened by introducing a Kagom é lattice design in the crosssection of the fiber [127,[START_REF] Pearce | Models for guidance in kagome-structured hollow-core photonic crystal fibres[END_REF]. These Kagom é fibers are considered to be one type of inhibited coupling fibers (ICFs) as the light guidance in such fibers occurs through a socalled inhibited-coupling guidance, which is based on a strong phase mismatch of core and the cladding modes preventing the leakage of the core modes into the inner cladding [START_REF] Benabid | Stimulated Raman scattering in hydrogen-filled hollow-core photonic crystal fiber[END_REF][START_REF] Couny | Generation and photonic guidance of multi-octave optical-frequency combs[END_REF]. Another type of ICFs with a more simplified structure is the anti-resonant fiber (ARF) whose cladding consists of only one ring of circular capillaries offering low loss transmission in the mid-IR wavelength regime [START_REF] Fevrier | Understanding origin of loss in large pitch hollow-core photonic crystal fibers and their design simplification[END_REF][START_REF] Pryamikov | Demonstration of a waveguide regime for a silica hollow-core microstructured optical fiber with a negative curvature of the core boundary in the spectral region > 3.5 µm[END_REF][START_REF] Kolyadin | Light transmission in negative curvature hollow core fiber in extremely high material loss region[END_REF][START_REF] Yu | Spectral attenuation limits of silica hollow core negative curvature fiber[END_REF][START_REF] Belardi | Design and properties of hollow antiresonant fibers for the visible and near infrared spectral range[END_REF]. A recent study has been demonstrated a mid-IR transmission up to 4.2 µm with an attenuation of 1.5 dB/m within 3.6-4 µm wavelength range and a bending loss of 0.5 dB/m at a bending radius of 40 mm at around 3.8 µm in a nested capillary anti-resonant nodeless fiber (NANF), which is a variant of ARFs [START_REF] Klimczak | Nested capillary anti-resonant silica fiber with mid-infrared transmission and low bending sensitivity at 4000 nm[END_REF]. The Hollow-core PBFs have attracted much interest due to their potential for lossless and distortion-free transmission, optical sensing, and other novel applications in nonlinear optics [START_REF] Benabid | Stimulated Raman scattering in hydrogen-filled hollow-core photonic crystal fiber[END_REF][START_REF] Knight | Photonic crystal fibres[END_REF][START_REF] Ouzounov | Generation of megawatt optical solitons in hollow-core photonic band-gap fibers[END_REF][START_REF] Russell | Photonic crystal fibers[END_REF]. However, they are not that much used in SC generation experiments, therefore, are beyond the scope of this thesis. On the other hand, SC generation is mainly observed in solid-core MFs, which will be discussed in details in this thesis in the following paragraphs. 

CHAPTER 2. LIGHT PROPAGATION IN AN OPTICAL FIBER

Microstructured fibers possess a solid core in the centre of the structure made from silica [START_REF] Russell | Silica/air photonic crystal fibres[END_REF][START_REF] Bennett | Toward practical holey fiber technology: fabrication, splicing, modeling, and characterization[END_REF][START_REF] Knight | Microstructured glass for optical fibers[END_REF] or non-silica glasses [START_REF] Monro | Chalcogenide holey fibres[END_REF][START_REF] Kiang | Extruded singlemode non-silica glass holey optical fibres[END_REF][START_REF] Kumar | Extruded soft glass photonic crystal fiber for ultrabroad supercontinuum generation[END_REF]. The typical design of a solid core microstructured photonic crystal fiber is based on a periodic, hexagonal lattice of aircapillaries forming a cladding region (also referred as the photonic crystal cladding) with one or more missing capillaries in the center forming the core, as shown in Fig. 2.2. The air-capillaries are maintained down the longitudinal direction of the fiber to create a lowindex region, thus, the effective refractive index of the central core region of the PCF is higher than that of the surrounding air-hole cladding region. These fibers, also known as index-guiding PCFs, guide light through modified total internal reflection, conceptually similar to the standard SIFs guiding [57,[START_REF] Bjarklev | Photonic Crystal Fibres[END_REF][START_REF] Poli | Photonic Crystal Fibers[END_REF]. However, unlike SIFs, the effective refractive index of the photonic crystal cladding is highly wavelength dependent, and is determined by the properties of the fundamental space filling mode (β f sm ), i.e. cladding mode [START_REF] Midrio | The space filling mode of holey fibers: an analytical vectorial solution[END_REF][START_REF] Zhu | Analysis of the space filling modes of photonic crystal fibers[END_REF]. The modal properties of MFs can be analyzed using the corresponding normalized frequency defined as [100]

V PCF = a k 2 n core 2 -β 2 f sm , (2.1.30)
where a and n core are the radius and refractive index of MF's core, respectively. In comparison to Eq. 2.1.29, the primary difference is that, in the high frequency limit, value of V PCF converges towards a stationary value due to a vanishing core-cladding index contrast and therefore, depends only on the air-capillary diameter d and the distance between two adjacent air-capillaries, also known as lattice pitch Λ [START_REF] Bjarklev | Photonic Crystal Fibres[END_REF]. The second-order cutoff in MFs occurs at V PCF < 4.2, therefore, for a PCF with d/Λ < 0.45, V PCF converges towards a value below the cut-off that makes the PCF endlessly single-moded [START_REF] Bjarklev | Photonic Crystal Fibres[END_REF]. In MFs, dispersion can be altered significantly through the appropriate selection of d and Λ.

2.1.4/ LOSSES IN OPTICAL FIBER

In an optical fiber, there are several linear losses such as propagation loss and Fresnel loss, which affect the transmission of light inside the fiber. If P L amount of power is launched in the beginning of the fiber having a length L, then the transmitted power at the output of the fiber will be given by

P out = P L exp(-αL), (2.1.31) 
where α (km -1 in linear unit) is known as the attenuation constant, which is the measure of losses from all sources. The relationship between α in dB unit and linear unit (which will be used in numerical simulation later in the thesis) is given by

α dB = - 10 L log P out P L = 4.343α. (2.1.32)
The linear propagation loss inside the fiber usually originates from material absorption, scattering at the interfaces between different materials of the fiber, and bending loss.

2.1.4.1/ BENDING LOSS

Light inside a fiber experiences two types of bending loss: macrobending and microbending. Macrobending loss associates with bending or wrapping of the fiber. In a bent fiber, in order to maintain the wavefront, the outer side of guided mode needs to travel faster than inner side, which becomes difficult in case of small bending radius of curvature, resulting leakage of some part of energy out of the fiber. The critical bending radius of curvature (R c ), for which bending loss can be neglected, is given by [START_REF] Zendehnam | Investigation of bending loss in a single-mode optical fibre[END_REF].

R C = 3n clad λ 4π(NA) 3 , (2.1.33)
where n clad is refractive index of cladding and NA is the numerical aperture of the fiber. Macrobending loss becomes insignificant in case of highly nonlinear fiber (requires short length), when the fiber is kept straight or the bending radius is large enough. On the other hand, microbending loss arises from random axial distortions of the core-clad interface generated from mechanical tensile forces during fiber drawing. This loss can be avoided by using efficient drawing parameters. Therefore, in highly nonlinear microstructured fiber like chalcogenide fiber or heavy metal-oxide fiber, contribution of material absorption loss and interface scattering loss are dominant.

2.1.4.2/ SCATTERING LOSS

For microstructured photonic crystal fiber (as shown in Fig. 2.2) from soft glasses such as heavy metal-oxide or chalcogenide glass, scattering loss originates from the scattering at interfaces between fiber material and air due to imperfect smoothness, which is the cause for aging of the fiber and increase in loss during storage [START_REF] Mouawad | Impact of optical and structural aging in As 2 S 3 microstructured optical fibers on mid-infrared supercontinuum generation[END_REF][START_REF] Toupin | Optical aging of chalcogenide microstructured optical fibers[END_REF]. Such problem can be avoided by storing the fibers in dry atmosphere. Since, Rayleigh scattering is inversely proportional to fourth power of wavelength, therefore, attenuation due to Rayleigh scattering can be reduced by operating at the longer wavelength. Mie scattering, which is proportional to the square of wavelength, originates from the refractive index fluctuation in the core and cladding of the fiber due to inhomogeneity, impurities and defects in the glass. It can be removed by using highly purified glass for fiber drawing.

2.1.4.3/ MATERIAL ABSORPTION LOSS

Another source of linear propagation loss comes from the material absorption. There are two types of absorption loss: intrinsic absorption and extrinsic absorption. Intrinsic absorption originates from the interaction between the guided light and the glass materials of the fiber. Modifying the glass material is a good way to reduce these losses, which determine the fundamental minimum possible losses. On the other hand, extrinsic absorption is caused by the interaction between the guided light and the impurities present in the glass or atmosphere. Soft glass like chalcogenide glass-based optical fibers (composed of S, Se or Te) support transmission in the mid-IR region. Figure 2.3 shows the transmission spectra of microstuctured hexagonal suspended-core Ge [START_REF] Toupin | Optical aging of chalcogenide microstructured optical fibers[END_REF]. All these fibers show good transmission from 2 µm up to the mid-IR region with several attenuation peaks due to impurities in the glass and atmosphere.

Using standard stack-and-draw method (which will be discussed in Chapter 3), a single-mode fiber shows a minimum optical loss (α) of 10 dB/m at 1.55 µm [START_REF] Fatome | Linear and nonlinear characterizations of chalcogenide photonic crystal fibers[END_REF] and a multi-mode fiber shows a minimum loss of 3 dB/m at the same wavelength [START_REF] Brilland | Interfaces impact on the transmission of chalcogenide photonic crystal fibres[END_REF]. Attenuation lower than 1 dB/m have been obtained by using moulding method, which will be later discussed in Chapter 4 [START_REF] Troles | Low loss microstructured chalcogenide fibers for large non linear effects at 1995 nm[END_REF][START_REF] Coulombier | Casting method for producing lowloss chalcogenide microstructured optical fibers[END_REF]. The lowest attenuation of < 0.05 dB/m at 3.7 µm was observed in a As 38 Se 62 glass-based six air holes suspended-core photonic crystal fiber (SC-PCF), which offers multi-mode propagation [START_REF] Troles | Low loss microstructured chalcogenide fibers for large non linear effects at 1995 nm[END_REF]. This attenuation is close to the record of 0.012 dB/m measured in a As 2 S 3 glass-based classical step-index fiber 

2.1.4.4/ COUPLING LOSS

When a light beam is launched into a fiber core, it experiences Fresnel reflection loss from the input facet of the fiber and only a percentage of input power (P in ) is coupled to the fiber. The coupled power (P c ) is then transmitted at the output of the fiber as output power (P out ), after experiencing propagation loss (α) and another Fresnel reflection loss from fiber's output facet as shown in Fig. 2.4. Fresnel reflectance (R F ) for normal incidence is given by

R F = n 1 -n 2 n 1 + n 2 2 , (2.1.34)
where n 1 is the refractive index of air and n 2 is the refractive index of the glass used to draw the fiber. If the length (L) of the fiber, R F , and α are known, then the coupling efficiency can be estimated from the measured P in and P out . We neglected any kind of outcoupling losses to measure P out . The coupled power is defined by The factor (1 -R F ) takes into account the contribution of Fresnel reflection from the output facet of the fiber. The percentage coupling efficiency is then defined by Eq. 2.1.36 as

P c = P out (1 -R F ) 10 αL 10 . ( 2 
C % = P c P in × 100.
(2.1.36)

2.1.5/ CHROMATIC DISPERSION

The response of a dielectric medium depends on the optical frequency ω when the bound electrons of that medium interact with an incident electromagnetic wave leading to different refractive index. Thus the phase velocity and group velocity will be also frequency dependant. This frequency dependence property of refractive index of a medium is known as chromatic dispersion. Medium's refractive index can be described using the Lorentz model [START_REF] Lorentz | The Theory of Electrons and Its Applications to the Phenomena of Light and Radiant Heat[END_REF][START_REF] Blinder | Lorentz oscillator model for refractive index[END_REF]. Far from the resonant frequency of the medium, one can calculate the refractive index of a material using the Sellmeier equation with the following form [29]

n 2 (λ) = 1 + k j=1 A j λ 2 λ 2 -B 2 j , (2.1.37)
where n is the refractive index at wavelength λ, B j is the material resonance wavelength and A j is the strength of j th resonance. The Sellmeier formula is one of the most accurate formula, when absorption is negligible, i.e., in the transparent region of the glass. It is capable of fitting the refractive index data to similar accuracy level of measured such data with currently available methods. It has been found that the necessary and sufficient value for satisfactorily fitting of almost all the practical materials within their transparency region is k = 3 [3,5]. For soft glasses like heavy metal oxide (PbO-Bi 2 O 3 -Ga 2 O 3 -SiO 2 -CdO) or chalcogenide (As 2 S 3 , As 2 Se 3 , GeAsSe), these parameters B j and A j had been reported in the previous literatures [START_REF] Rampur | Development of suspended core soft glass fibers for fardetuned parametric conversion[END_REF][START_REF] Barh | Design of an efficient mid-IR light source using chalcogenide holey fibers: a numerical study[END_REF][START_REF] Caillaud | Highly birefringent chalcogenide optical fiber for polarization-maintaining in the 3-8.5 µm mid-IR window[END_REF][START_REF] Petersen | Increased mid-infrared supercontinuum bandwidth and average power by tapering large-mode-area chalcogenide photonic crystal fibers[END_REF].

The effective refractive index (n eff ) of the modes guided in a step-index fiber can be obtained by analysing the propagation mode using COMSOL software. Three types of beam propagation method (BPM) do exists, which are based on the fast Fourier transform (FFT) [17], finite difference method (FDM) [47] and finite element method (FEM) [47,[START_REF] Tsuji | Finite element beam propagation method for three-dimensional optical waveguide structures[END_REF], respectively. In particular, FEM is an efficient tool for the most general i.e., arbitrarily-shaped, inhomogeneous, dissipative, anisotropic, and nonlinear optical waveguide problem with advantage of renewing the finite element mesh at each propagation step according to the optical power distribution [53]. The commercial COMSOL software is based on finite element method. The basic equations that COMSOL uses are described here. In a 3D optical waveguide, the propagation of transverse electric and magnetic field along the propagation direction z is shown in Fig. 2.5. For a monochromatic wave with frequency ω and propagation constant β, the electric field ( E) and the magnetic field ( H) are given by E(x, y, z, t) = E(x, y)e j(ωt-βz) ,

(2.1.38) H(x, y, z, t) = H(x, y)e j(ωt-βz) , (2. 1.39) where φ = ωtβz is the phase of the wave. When the relative permeability of the medium is constant, the Helmholtz's equation for the electric field can be expressed as

∇ 2 ⊥ E + (k 2 -β 2 )E = 0, or, ∇ 2 ⊥ E + k 2 0 (ε r -n eff 2 )E = 0, (2.1.40) 
and for the magnetic field, the equation can be summarized as

∇ 2 ⊥ H + (k 2 -β 2 )H = 0, or, ∇ 2 ⊥ H + k 2 0 (ε r -n eff 2 )H = 0, (2.1.41)
where

∇ 2 ⊥ = ∂ 2 ∂x 2 + ∂ 2 ∂y 2 .
The optical waveguide has uniform structure along z direction which leads to ∂ ∂z =jβ. Furthermore, for the magnetic field, the eigenvalue of the equation can be obtained by deriving the Helmholtz's equation as

∇ × (n -2 ∇ × H) -k 2 0 H = 0, (2.1.42) 
where ∇ represents the Laplace operator. Here Helmholtz's equation is solved for the eigen value λ =jβ. The chromatic dispersion originates from both material dispersion and waveguide dispersion and effective refractive index (n eff ) is used to represent their combined effect. The effective refractive index of the modes in an optical waveguide is expressed by the ratio between the propagation constant β and the wavenumber in vacuum k 0 as

n eff = β k 0 . (2.1.43)
Therefore, propagation constant β becomes

β = 2π λ 0 n eff , (2.1.44)
where λ 0 is the vacuum wavelength. The imaginary part of the effective refractive index obtained from the FEM analysis gives the confinement loss in the optical fiber. It is defined as

α confinement = 40π × Im[n eff ] λ × ln(10) . (2.1.45)
Normally, the effect of chromatic dispersion on light propagation in an optical fiber is included by expanding the propagation constant β around some centre frequecy ω 0 as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] 

β(ω) = β 0 + β 1 (ω -ω 0 ) + 1 2 β 2 (ω -ω 0 ) 2 + 1 6 β 3 (ω -ω 0 ) 3 + ..... + 1 m! β m (ω -ω 0 ) m , (2.1.46)
where

β m = d m β dω m ω=ω 0 , (m = 0, 1, 2, 3, ....). (2.1.47)
The term β 0 in Eq. 2.1.46 represents the propagation constant at center frequency ω 0 . The relationship between the parameters β 1 and β 2 with effective refractive index n eff (ω) is given by

β 1 = 1 v g = 1 c n eff + ω dn eff dω , (2.1.48) 
β 2 = 1 c 2 dn eff dω + ω d 2 n eff dω 2 . (2.1.49)
The envelope of an optical pulse can be said to travel as a wave packet with group velocity v g , which is the inverse of parameter β 1 . The parameter β 2 is responsible for pulse broadening in optical fiber and known as group-velocity dispersion (GVD) parameter, which is often expressed through the dispersion parameter D, given by There are two types of dispersion depending on the sign of the GVD parameter:normal and anomalous. When β 2 > 0, the dispersion is known as normal in which low-frequency (red-shifted) components of an optical pulse travel faster than high-frequency (blue-shifted) components of the same pulse. The exact opposite phenomena occurs in anomalous dispersion when β 2 < 0. The wavelength at which β 2 = 0 is known as zero-dispersion wavelength (ZDW). However, at ZDW, effect of dispersion does not disappear completely. Therefore, inclusion of the parameter β 3 in Eq. 2.1.46, which is known as the third-order dispersion (TOD) parameter, is necessary for pulse propagation near ZDW and it is responsible for asymmetric pulse broadening [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]. The third-order dispersion has an important impact on SC generation of introducing a perturbation to the stability of solitary waves, known as solitons, which then break-up and generate resonant radiation, known as dispersive waves (DW) [START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF].

D = dβ 1 dλ = - 2πc λ 2 β 2 = - λ c d 2 n eff dλ 2 . ( 2 
It is evident from chromatic dispersion that due to group velocity mismatch, pulses at different wavelength travel at different speed inside a fiber. This feature leads to a walk-off effect, which affects nonlinear interaction between two optical pulses in a way such that when the faster moving pulse completely walk through the slower pulse, the nonlinear interaction between them disappears. The propagation length after which the pulse interaction becomes negligible is known as walk-off length L W , which is defined by the following Eq. 2.1.51 for pulses with width T 0 as [131]

L W = T 0 |β 1 (ω 2 ) -β 1 (ω 1 )| , (2.1.51)
where ω 1 and ω 2 are the center frequencies of two pulses and the parameter β 1 at these frequencies are calculated using Eq. 2.1.48. Another characteristic length scale from the impact of dispersion that should be mentioned here is the dispersion length L D , which is defined by the relation

L D = T 2 0 |β 2 | . (2.1.52)
It describes the length of a fiber over which dispersion causes a pulse with width T 0 to broaden by a factor of √ 2.

2.1.6/ POLARIZATION-MODE DISPERSION

A single-mode fiber, not being truly single mode, can support two orthogonally polarized degenerate modes, which do not couple with each other when excited under ideal conditions like perfect cylindrical symmetry and absence of fiber stress. However, in real fiber with random variation of core shape along its length, two degenerate modes polarized in orthogonal x and y directions mix with each other having different propagation constant β due to the modal birefringence or phase birefringence B phase , whose strength is defined by [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] B

phase (λ) = |β x (λ) -β y (λ)| k 0 = n x eff (λ) -n y eff (λ) , (2.1.53)
where n x eff (λ) and n y eff (λ) are the effective refractive indices of x-polarized and y-polarized states. The axis with larger and smaller mode effective refractive index are known as slow axis and fast axis, respectively. The group birefringence can be expressed as [START_REF] Geisler | Measured phase and group birefringence in elliptical core fibers with systematically varied ellipticities[END_REF] 

B group (λ) = B phase (λ) -λ dB phase (λ) dλ . (2.1.54)
The difference between group and phase birefringence is often neglected except for elliptical core fiber where the difference is quite significant and hence, both birefringence are measured to characterize the fiber [22,34]. Two orthogonal modes exchange their power in a periodic fashion while propagating inside a fiber with beat length L B , which is given by [131]

L B = 2π |β x (λ) -β y (λ)| = λ B phase (λ) . (2.1.55)
In a standard optical fiber, when an optical pulse is excited, random change in phase birefringence broadens the pulse at the output as both orthogonal components of that pulse having different group velocities travel with different speed along the fiber. This phenomena is known as polarization-mode dispersion (PMD). For an optical fiber with length L and a constant phase birefringence B phase , the amount of pulse broadening can be obtained from the time delay between two orthogonally polarization components of the optical pulse, also know as differential group delay (DGD), which is defined as

DGD = L|β 1x -β 1y | = L(∆β 1 ), (2.1.56) 
where ∆β 1 is related to group-velocity mismatch. Eq. 2.1.56 can be used to estimate PMD only for short length fibers and fibers which maintain the initial polarization of incident light. For fibers which do not maintain polarization, DGD is proportional to √ L for L > 0.1 km. PMD can be minimized using polarization-maintaining or polarization-preserving fibers [19,23,44,[START_REF] Ortigosa-Blanch | Highly birefringent photonic crystal fibers[END_REF][START_REF] Hansen | Highly birefringent index-guiding photonic crystal fibers[END_REF]. The polarization-maintaining fibers are discussed in details in Chapter 4.

2.1.7/ DISPERSIVE PULSE PROPAGATION

In the solution to the Helmholtz equation expressed in Eq. 2.1.22 in Section 2.1.2, we assumed the amplitude term Ã(z, ω) to be slowly varying function of z compared to the carrier frequency. In the time domain, slowly varying approximation represents the condition in which the carrier frequency is higher than the bandwidth of the optical field. Therefore, ∂ 2 Ã/∂z 2 can be neglected and it leads to [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] 

2iβ 0 ∂ Ã ∂z + (β 2 -β 2 0 ) Ã = 0. (2.1.57)

CHAPTER 2. LIGHT PROPAGATION IN AN OPTICAL FIBER

Using the approximation β 2 -β 2 0 = 2β 0 (ββ 0 ), Eq. 2.1.57 can be written as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] ∂ Ã 

∂z = i[β(ω) -β 0 ] Ã. ( 2 
∂A ∂z = - α 2 A -β 1 ∂A ∂t - iβ 2 2 ∂ 2 A ∂t 2 . (2.1.59)
Eq. 2.1.59 can be used to demonstrate the effect of GVD on optical pulse propagating in a linear dispersive medium. Therefore, in a retarded time frame moving with the pulse at the group velocity (T = tz/v g = t -β 1 z), Eq. 2.1.59 for lossless propagation becomes

∂A ∂z = - iβ 2 2 ∂ 2 A ∂T 2 . (2.1.60)
Eq. 2.1.60 is solved in the frequency domain by using Fourier transform method. Fourier transform (FT) of

A(z, T ) is Ã(z, ω) such that A(z, T ) = 1 2π ∞ -∞ Ã(z, ω)exp(-iωT )dω, (2.1.61) 
which leads to ∂ 2 A/∂T 2 = FT(-ω 2 Ã). Therefore, in frequency domain, Eq. 2.1.60 becomes

∂ Ã ∂z = iβ 2 2 ω 2 Ã, (2.1.62)
with the following solution,

Ã(z, ω) = exp iβ 2 2 ω 2 z Ã(0, ω). (2.1.63)
From Eq.2.1.63, it can be seen that the effect of GVD is to impose a phase shift on the spectral component of the pulse depending on both the frequency and propagation length. Although this kind of phase change does not affect the spectral shape of the pulse, however, it can modify the temporal shape of the pulse. Therefore, the general solution for Eq. 2.1.60 becomes

A(z, T ) = 1 2π ∞ -∞ Ã(0, ω)exp i 2 β 2 ω 2 z -iωT dω, (2.1.64)
where Ã(0, ω), which is the FT of the incident field (at z = 0), can be obtained as

Ã(0, ω) = ∞ -∞ A(0, T )exp(iωT )dT. (2.1.65)
Eq. 2.1.64 may be used for any input pulses of arbitrary shapes. However, in this thesis, we have worked with only Gaussian pulses. For a Gaussian pulse, the incident field can be written as

A(0, T ) = exp        - T 2 2T 2 0        , (2.1.66)
where T 0 is pulse's half-width (1/e of maximum |A| 2 ). It is related to full-width at halfmaximum (FWHM) by the following relation

∆T = T FWHM = 2(ln2) 1/2 T 0 ≈ 1.665T 0 . (2.1.67)
If we use Eqs. 2.1.65 and 2.1.66 on Eq. 2.1.64 and perform integration over ω using the following identity [START_REF] Jeffrey | Table of Integrals, Series, and Products[END_REF],

∞ -∞ exp(-ax 2 + bx)dx = π a exp b 2 4a , (2.1.68)
the amplitude A(z, T ) at a certain point z along the fiber length can be written as

A(z, T ) = T 0 (T 2 0 -iβ 2 z) 1/2 exp        - T 2 2(T 2 0 -iβ 2 z)        . (2.1.69)
Eq. 2.1.70 shows that a propagating Gaussian pulse maintains its shape. However, the width T 1 of the Gaussian pulse broadens with z due to GVD as given by

T 1 (z) = T 0 [1 + (z/L D ) 2 ] 1/2 , (2.1.70)
where L D is the dispersion length described in Eq. 2.1.52. For a Gaussian pulse having a pulse width T 0 = 1 ps, pulse intensity |A| 2 and spectrum was calculated at different propagating length along z at zero and four times the dispersion length. The preservation of spectral shape of the Gaussian pulse is shown in Fig. 2.7(a). Figure 2.7(b) shows the extent of dispersion induced broadening of its temporal shape. The fiber imposes a linear frequency chirp across the broadened pulse as shown in Fig. 2.7(c), which is calculated using the following [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] 

δω(T ) = sgn(β 2 )(z/L D ) 1 + (z/L D ) 2 T T 2 0 .
(2.1.71)

2.2/ NONLINEAR EFFECTS

This section provides a brief introduction into the basic nonlinear-optical phenomena in optical medium. The area of nonlinear optics is related to the analysis of the interaction between light and matter where the material's response to the applied field in nonlinear. Propagation of high-intensity light beam through an optical medium results in some incredible physical phenomena, known as nonlinear optical effects. The typical properties of a nonlinear medium, such as absorption and refractive index, can be altered due to the intense pump beam. The interaction of light with the nonlinear medium leads to a complex coupling between the spectral and spatial components of light through the optical medium. Optical fibers have been accepted as an ideal optical medium due to their strong light confinement capabilities. These nonlinear effects have been exploited in optical fibers for all-optical processing applications in telecommunication and fiber laser industries. The nonlinear effects in optical fiber can occur in two ways. The first one is due to instantaneous intensity dependence of the refractive index of the medium from the distortion of electronic structure of the molecules of fiber material. The second one is due to the inelastic-scattering phenomenon. They will be discussed in details in this section.

The bandwidth of supercontinuum generation is related to the nonlinear response of a dielectric material to an applied electric field with high optical intensity, for example high power laser pulses. Furthermore, a time varying polarization acts as the source of new components of electromagnetic field. Nonlinear wave equation for an isotropic material can be written as [START_REF] Boyd | Nonlinear Optics[END_REF] ∇

2 E - ǫ r c 2 ∂ 2 E ∂t 2 = 1 ǫ 0 c 2 ∂ 2 P NL ∂t 2 , (2.2.1)
where ǫ r is the dimensionless relative permittivity of the material. As it is discussed earlier in Eq. 2.1.10 that the induced polarization ( P) is a combination of linear ( P L ) and nonlinear ( P NL ) contribution from χ (1) and χ (3) , respectively, therefore, P NL can be expressed in terms of electric field as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] 

P NL ( r, t) = ǫ 0 t -∞ χ (3) (t -t 1 , t -t 2 , t -t 3 ) . . . E( r, t 1 ) E( r, t 2 ) E( r, t 3 )dt 1 dt 2 dt 3 . (2.2.2)
Eq. 2.2.2 provides a general description of third-order nonlinear effects in optical fibers. Due to its complexity, it is necessary to assume the nonlinear response to be instantaneous and also only from electronic origin as the electron's response to optical field is faster than that of nuclei. Therefore, the third-order nonlinear polarization P (3) , when the rapidly varying part of electric field is separated as in Eq. 2.1.21, becomes [131]

P (3) = ǫ 0 χ (3) 1 8 [ E 1 exp(-iω 1 t) + E 2 exp(-iω 2 t) + E 3 exp(-iω 3 t) + c.c.] 3 , (2.2.3)
where ω 1 , ω 2 , and ω 3 are the three frequency components of applied electric field. Expansion of Eq. 2.2.3 leads to a large number of combination terms, 44 different frequency components to be exact if the negative and positive frequencies are considered to be distinct. All of these 44 terms are not shown in this thesis explicitly as they are long, however, it is possible to find them in most of the general nonlinear optics books like ref [START_REF] Boyd | Nonlinear Optics[END_REF].

These terms describe multiple nonlinear processes, including: the optical Kerr effect, which is responsible for self-phase modulation (SPM) [18,[START_REF] Agrawal | Nonlinear Fiber Optics[END_REF], cross-phase modulation (XPM) [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF], four-wave mixing (FWM) [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF], and third harmonic generation (THG) [56] and the last two processes require phase-matching to be efficient [56,[START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]. All these processes are termed as elastic nonlinear processes, which correspond to photonphoton interactions where total energy remains constant because of the absence of any kind of energy exchange between the medium and the electric field. On the other hand, inelastic nonlinear processes correspond to photon-phonon interactions in which a small portion of optical energy is converted into phonon energy. Such effects include Raman and Brillouin scattering [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]. Since, in the assumption of instantaneous nonlinear response earlier, we neglected the contribution of molecular vibration to χ (3) , therefore, Eq. 2.2.3 does not include those inelastic processes like Raman or Brillouin scattering, but will be introduced later in the chapter. All the above mentioned nonlinear processes are described separately in the following sections except THG and Brillouin scattering, which have negligible effects in short-pulsed SC generation in optical fibers due to phase matching requirements and long electrostrictive response time [START_REF] Boyd | Nonlinear Optics[END_REF], respectively.

2.2.1/ KERR EFFECT AND THE NONLINEAR SCHR ÖDINGER EQUATION

Most of the nonlinear effects in optical fibers originate from nonlinear refraction, which is also known as the optical Kerr effect. It is a phenomenon that refers to the intensity dependance of refractive index, i.e., the change in refractive index caused by a high optical intensity, I. In such conditions, the refractive index of an optical material can be written as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF][START_REF] Boyd | Nonlinear Optics[END_REF] n(ω, I)

= n L (ω) + n I 2 I = n L (ω) + n 2 |E| 2 , (2.2.4)
where n L is the linear part of the refractive index given by Eq. 2.1.37, I = (nǫ 0 c 0 |E| 2 )/2 is the optical intensity inside the fiber, and n 2 represents the nonlinear index coefficient, which is directly related to real (Re) part of χ (3) . For a linearly polarized electric field and assuming χ (3) contains only one component in its tensor, n 2 and n I 2 can be calculated from χ (3) using the following relations as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] n I 2 =

4n 2

L ǫ 0 c 0 Re(χ (3) ) and n 2 = 3 8n L Re(χ (3) ).

(2.2.5)

Nonlinear refraction can be included in Eq. 2.1.59 by considering the Kerr effect as a small perturbation ∆n to the refractive index that is given by

∆n = n 2 |E| 2 + i α 2k 0 , (2.2.6)
where α is the intensity dependent absorption coefficient. If we neglect losses, then second term on the right hand side of Eq. 2.2.6 disappears. According to the first-order perturbation theory [2], ∆n does not affect the modal distribution F(x, y). However, it modifies the propagation constant as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] β

(ω) = β(ω) + ∆β(ω), (2.2.7) 
where

∆β(ω) = ω 2 n(ω) c 2 β(ω) ∞ -∞ ∆n(ω)|F(x, y)| 2 dxdy ∞ -∞ |F(x, y)| 2 dxdy . (2.2.8)
Due to the quasi-monochromatic assumption (∆ω ≪ ω 0 ), Taylor expansion of ∆β can be omitted and the perturbation reduces to ∆β ≈ ∆β 0 . Therefore, Eq. 2.1.59 becomes

∂A ∂z + α 2 A + β 1 ∂A ∂t + iβ 2 2 ∂ 2 A ∂t 2 = i∆β 0 A.
(2.2.9) Now using Eq. 2.2.6 and β(ω) ≈ n(ω)ω/c and assuming that F(x, y) in Eq. 2.2.8 does not vary much over the bandwidth of the pulse, then the perturbation is further reduced to

∆β 0 (ω) = γ|A| 2 , (2.2.10) 
where the nonlinear parameter γ can be defined by

γ = n I 2 ω 0 cA eff . ( 2 

.2.11)

The parameter A eff represents the effective mode area as defined in Eq. 2.1.23. Therefore, for lossless propagation and using the transformation T = t -β 1 z, Eq. 2.2.9 can be written as

∂A ∂z + iβ 2 2 ∂ 2 A ∂T 2 = iγ|A| 2 A.
(2.2.12)

The pulse propagation Eq. 2.2.12 is referred to as the nonlinear Schr ödinger equation (NLSE) as it resembles the Schr ödinger equation with a nonlinear potential.

Another consequence of the Kerr effect is the intensity dependence of the group velocity that leads to the phenomena of self-steepening and optical shock wave formation [6,12]. The intensity dependence of group velocity causes the peak of the pulse to slow down more than the edges of the pulse, leading to steepening of the trailing edge of the pulse. When the edge becomes infinitely steep, the intensity changes instantaneously, and eventually it leads to form an optical shock wave and wave-breaking. However, optical shocks with an infinitely sharp trailing edge never occur in practice as group velocity dispersion acts against the steepening, and therefore, it requires numerical simulations to investigate further. Self-steepening also affects self-phase modulation induced spectral broadening, which will be discussed in Section 2.2.2. Blue frequency components broadens more than the red ones when self-steepening is combined with SPM. Self-steepening also substantially reduces process like soliton self-frequency shift (will be discussed in Section 2.2.6) due to the decrease of the nonlinearity as the center wavelength of the soliton shifts towards the red. Self-steepening will be included into the NLSE in Section 2.2.7.

2.2.2/ SELF-PHASE MODULATION AND CROSS-PHASE MODULATION

Self-phase modulation (SPM) is a phenomenon that leads to spectral broadening of optical pulses. It refers to the self-induced nonlinear phase shift over the temporal envelope that an optical pulse experiences from the nonlinear refractive index of the fiber through which it propagates [7,13,16,18]. The accumulated phase of a propagating pulse over a fiber length L due to nonlinear refraction is given by [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] 

φ = 2π λ 0 nL = (n L + n I 2 I) 2π λ 0 L. (2.2.13)
Therefore, the intensity dependent nonlinear phase-shift induced by SPM becomes,

φ NL = 2π λ 0 Ln I 2 I = γP 0 L, (2.2.14) 
where P 0 is the peak power of the pulse and γ is the nonlinear coefficient, defined in Eq. 2.2.11. Due to its time-dependence, this nonlinear phase-shift translates into broadening of the optical spectrum as the pulse propagates inside the fiber. However, the temporal pulse shape remains unaffected by SPM. The effective propagation distance at which the maximum phase-shift becomes equals to 1 is known as nonlinear length (L NL ).

It is defined as

L NL = 1 γP 0 . (2.2.15)
The spectral content of the transmitted pulse can be intuitively described by introducing the concept of the instantaneous frequency ω(t), i.e., the frequency of the pulse at a specific time instance of the pulse envelope. SPM leads to a shift in the instantaneous frequency, which is described by [START_REF] Boyd | Nonlinear Optics[END_REF] 

ω(T ) = ω 0 + δω(T ), (2.2.16) 
where

δω(T ) = - ∂φ NL ∂T (2.2.17)
represents the variation of the instantaneous frequency. The minus sign is due to the choice of the factor exp(-iω 0 t) in Eq. 2.1.21. At the leading edge of the pulse, intensity and nonlinear phase increase which in turn decrease the instantaneous frequency and vice versa for the trailing edge. The time dependence of the variation of instantaneous frequency (δω) is referred to as frequency chirping. The nonlinear frequency chirp induced by SPM continuously generates new frequency components, therefore, producing a symmetric spectral broadening as the pulse propagates along the fiber [START_REF] Dudley | Supercontinuum Generation in Optical Fibers[END_REF]. The SPM-induced chirp δω(T ) for a Gaussian pulse of the form P = P 0 exp(-T 2 /T 2 0 ) is given by [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] where L eff = [1 -exp(-αL)]/α is the effective length, which becomes equals to fiber length L in the absence of fiber losses. The chirp of SPM can also be comparable to positive GVD, where shorter wavelength components of the spectrum are shifted towards the trailing edge of the pulse. By solving Eq. 2.2.12 with β 2 = 0, the SPM-induced spectral broadening and frequency chirp of a 1 ps Gaussian pulse with propagation distance in an optical fiber are illustrated in Figs. 2.8(a) & (b), respectively. The preservation of temporal shape of the pulse is shown in Fig. 2.8(c). As discussed earlier, self-steepening leads to an asymmetry in SPM-induced spectral broadening of ultrashort pulses [30,31]. The effect of self-steepening (s) is defined by [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] 

δω(T ) = 2T T 2 0 L eff L NL exp        - T 2 T 2 0        , (2.2.18) 
s = 1 ω 0 T 0 , (2.2.19)
where T 0 and ω 0 are initial pulse width and central frequency, respectively. The shock time scale is defined as τ shock = τ 0 = 1/ω 0 . The distance at which the shock is formed can be obtained as

z s = e 2 1/2 L NL 3s . ( 2 

.2.20)

As a result, for femtosecond pulses, a significant amount of self-steepening of the pulse can occur in few-cm long nonlinear fiber. It is noted that, additional dispersion of the nonlinearity arises from the frequency dependence of the effective area of the mode A eff , which is defined in Eq. 2.1.23 [48,[START_REF] Fang | Nonlinear propagation of a-few-optical cycle pulses in a photonic crystal fiber-experimental and theoretical studies beyond the slowly varyingenvelope approximation[END_REF][START_REF] Kolesik | Simulation of femtosecond pulse propagation in sub-micron diameter tapered fibers[END_REF]. The frequency dependence of A eff can be included to first order through a simple correction to the value of shock time scale τ shock . Therefore, the corrected τ shock becomes [42,[START_REF] Karasawa | Comparison between theory and experiment of nonlinear propagation for a-few-cycle and ultrabroadband optical pulses in a fused silica fiber[END_REF][START_REF] Kibler | Supercontinuum generation and nonlinear pulse propagation in photonic crystal fiber: influence of the frequency-dependent effective mode area[END_REF]] 

τ shock = τ 0 - 1 n eff (ω) dn eff (ω) dω ω 0 - 1 A eff (ω) dA eff (ω) dω ω 0 . ( 2 
P (3) = ǫ 0 χ (3) 1 8 [ E 1 exp(-iω 1 t) + E 2 exp(-iω 2 t) + c.c.] 3 . (2.2.22)
Expansion of Eq. 2.2.22 gives the following terms [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF][START_REF] Boyd | Nonlinear Optics[END_REF],

P (3) (ω 1 ) = ǫ 0 χ (3) 8 ( 3 
E 1 E * 1 + 6 E 2 E * 2 ) E 1 = χ (3) e f f (| E 1 | 2 + 2| E 2 | 2 ) E 1 , (2.2.23) 
P (3) (ω 2 ) = ǫ 0 χ (3) 8 (3 E 2 E * 2 + 6 E 1 E * 1 ) E 2 = χ (3) e f f (| E 2 | 2 + 2| E 1 | 2 ) E 2 , (2.2.24) 
P (3) (3ω 1 ) = χ (3) e f f 3 E 1 3 , (2.2.25) 
P (3) (3ω 2 ) = χ (3) e f f 3 E 2 3 , (2.2.26) 
P (3) (2ω 1 + ω 2 ) = χ (3) e f f E 1 2 E 2 , P (3) (2ω 1 -ω 2 ) = χ (3) e f f E 1 2 E 2 * , ( 2 
.2.27)

P (3) (2ω 2 + ω 1 ) = χ (3) e f f E 1 E 2 2 , P (3) (2ω 2 -ω 1 ) = χ (3) e f f E 1 * E 2 2 , (2.2.28)
where χ (3) e f f = (3ǫ 0 /8)χ (3) acts as an effective nonlinear parameter. Neglecting all the four terms (Eqs. 2.2.25-2.2.28) that generate polarization at frequencies other than ω 1 and ω 2 because of their strong phase-mismatch, only two terms (Eqs. 2.2.23-2.2.24) with exclusively ω 1 and ω 2 are considered here. The two terms on the right hand side of Eqs. 2.2.23-2.2.24 are due to SPM and XPM, respectively. Therefore, the induced nonlinear phase-shift of the two pulses can be expressed as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] 

φ NL,ω 1 = k 0 Ln I 2 (| E 1 | 2 + 2| E 2 | 2 ) = γL(P 1 + 2P 2 ), φ NL,ω 2 = k 0 Ln I 2 (| E 2 | 2 + 2| E 1 | 2 ) = γL(P 2 + 2P 1 ), (2.2.29) 
where P 1 and P 2 are the peak powers of the two pulses at frequency ω 1 and ω 2 , respectively. From Eq. 2.2.29, the contribution of XPM to nonlinear phase-shift is seen to be twice that of SPM. Furthermore, XPM is also responsible for asymmetric spectral broadening of co-propagating pulses in optical fiber because of dispersion-induced pulse walk-off.

Degenerate cross-phase modulation (DXPM) occurs between the two orthogonal polarization components associated with a single-frequency optical wave [58]. For an arbitrary polarized optical wave, the electric field can be expressed as

E( r, t) = 1 2 [ xE x + ŷE y ]exp(-iω 0 t) + c.c., (2.2.30) 
where E x and E y are the complex amplitudes of the polarization components of the field and the longitudinal component E z is neglected for being small compared to E x and E y . Therefore, the induced polarization's nonlinear part P NL may be written as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] 

P NL ( r, t) = 1 2 [ xP x + ŷP y ]exp(-iω 0 t) + c.c., (2.2.31) 
where

P x = 3ǫ 0 χ (3) 4 |E x | 2 + 2 3 |E y | 2 E x + 1 3 (E * x E y )E y , (2.2.32) 
P y = 3ǫ 0 χ (3) 4 |E y | 2 + 2 3 |E x | 2 E y + 1 3 (E * y E x )E x , (2.2.33) 
where the last term in Eqs. 2.2.32 and 2.2.33 leads to vector four-wave mixing process, which is discussed in the next section. XPM will be further explained in Section 2.2.6 during the discussion of soliton dynamics.

2.2.3/ FOUR-WAVE MIXING

From the expansion of Eq. 2.2.22, the four neglected terms (Eqs. 2.2.25-2.2.28), which contain either third harmonics or combination of ω 1 and ω 2 , represent four-wave mixing (FWM). FWM is a third-order nonlinear parametric recombination process, where two or more pump photons at one or more frequencies are annihilated to create photons at new frequencies through the third-order susceptibility χ (3) while conserving the net momentum and energy during the parametric interaction [15,27,56,[START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]. In addition, the nonlinear change on the refractive index of the material would also impact the momentum of the system. Here, momentum and energy of photons can be treated as propagation constant and angular frequency, respectively. Therefore, this process requires matching of both frequency and wave vector between four interacting waves. The latter requirement is known as phase matching. Significant FWM occurs only if phase-mismatch nearly vanishes. There are two types of phase matched FWM. In the first one, three photons at frequencies ω 1 , ω 2 , and ω 3 transfer their energy to a single photon at the frequency ω 4 = ω 1 + ω 2 + ω 3 . This term is responsible for THG (ω 1 = ω 2 = ω 3 ) or frequency conversion (ω 1 = ω 2 ω 3 ). However, due to dispersion walk-off in this process, it is difficult to satisfy the phase matching with ∆β = β ω 1 + β ω 2 + β ω 3 -β ω 4 = 0. In the second case, two photons at frequencies ω 1 and ω 2 are annihilated and simultaneously two new photons at frequencies ω 3 and ω 4 are generated such that ω 3 + ω 4 = ω 1 + ω 2 . It is easier to satisfy the phase matching in this process since the requirement is ∆β =

β ω 3 + β ω 4 -β ω 1 -β ω 2 = 0 [131].
Figure 2.9 demonstrates the degenerate four-wave mixing (DFWM) case of ω 1 = ω 2 , which is the most relevant to SC generation. This process is also very interesting as FWM here can be initiated with a strong single pump beam at frequency ω p that creates two sidebands located symmetrically at frequencies ω s (signal) and ω i (idler) with a frequency shift Ω s , given by [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]]

Ω s = ω p -ω s = ω i -ω p .
(2.2.34)

The low and high frequency sidebands at ω s and ω i are referred to as the Stokes and ω ω s ω p ω i Figure 2.9: Illustration of DFWM where two pump photons at frequency ω p are annihilated and two photons are simultaneously generated at signal (ω s ) and idler (ω i ) frequencies. The dashed curves illustrate the formation of lobes by the gain versus signal wavelength due to the non-zero peak gain at ∆β 0.

anti-Stokes bands, respectively. The requirement for phase matching condition in this case is ∆β = β ω s + β ω i -2β ω p [START_REF] Hansryd | Fiberbased optical parametric amplifiers and their applications[END_REF]. The DFWM can also be used for optical parametric amplification where parametric gain (g) is provided to the weak signal at ω s through the pumping at ω p . The parametric gain g is defined as

g = (γP p ) 2 -(κ/2) 2 , (2.2.35)
where P p is the pump power and κ = ∆β + 2γP p represents the effective phase mismatch. The maximum gain of the optical parametric amplification that occurs at κ = 0, is therefore given by [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] 

g max = γP p = 2πn I 2 P p λ p A eff , (2.2.36)
where λ p is the pump wavelength.

From an electromagnetic point of view, we may consider the interaction of three stationary copolarized waves which are signal, idler and pump at frequencies ω s , ω i , and ω p , characterized by the slowly varying electric fields with complex amplitudes A s (z), A i (z), and A p (z), respectively. Assuming single transverse mode and including the losses, we can derive three coupled equations for the complex field amplitudes of the three waves as [15,49,[START_REF] Hansryd | Fiberbased optical parametric amplifiers and their applications[END_REF] 

dA p dz = iγ |A p | 2 + 2(|A s | 2 + |A i | 2 ) A p + 2A s A i A * p exp(i∆βz) - α 2 A p , (2.2.37 
)

dA s dz = iγ |A s | 2 + 2(|A i | 2 + |A p | 2 ) A s + A * i A 2 p exp(i∆βz) - α 2 A s , (2.2.38 
)

dA i dz = iγ |A i | 2 + 2(|A s | 2 + |A p | 2 ) A i + A * s A 2 p exp(i∆βz) - α 2 A i , (2.2.39) 
where * denotes complex conjugate, z is the propagation length of the fiber, and α represents the attenuation coefficient. The first two terms on the right-hand side of Eqs. 2.2.37-2.2.39 describe SPM and XPM, respectively. The third term is responsible for the energy transfer between the three interacting waves that strongly depends on the phasemismatch ∆β. If we expand β(ω) in a Taylor series to the third order (neglecting fourth and higher order terms) around the zero-dispersion frequency ω ZDW , then ∆β can be expressed as [START_REF] Hansryd | Fiberbased optical parametric amplifiers and their applications[END_REF] 

∆β = β 3 (ω p -ω ZDW )(ω p -ω s ) 2 . (2.2.40)
When the pump wavelength is in the normal dispersion regime (∆β > 0), accumulated phase-mismatch will increase with the signal wavelength, thus decreasing the resulting efficiency of the process. Phase matching is possible to achieve even in normal dispersion regime in multimode or highly birefringent fibers due to the substantially different waveguide dispersion of different modes. On the other hand, when the pump wavelength is positioned in the anomalous dispersion regime (∆β < 0), the nonlinear phase-mismatch 2γP p can be compensated with linear phase-mismatch ∆β. Therefore, the gain versus signal will form two lobes on each side of fixed pump with peak gain at ∆β = 2γP p . This parametric process establishes a balance between GVD and the Kerr effect and it is identical to the phenomenon known as modulation instability [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF], which will be discussed in the next section.

2.2.4/ MODULATION INSTABILITY

In optical fibers, modulation instability (MI) describes a process, where a CW or quasi-CW signal is unstable against perturbations of background noise, which then breaks up into a train of ultrashort pulses [25,26,35]. MI is therefore the exponential growth of a perturbation to the waveform, which can arise from e.g. pump noise or quantum noise. MI usually occurs in the anomalous dispersion region, where the leading and trailing edge of a pulse undergoes a frequency-upshift and frequency-downshift, respectively due to GVD [35], which is exactly the opposite to SPM. MI can generally be described as a degenerate FWM process phase matched by SPM that leads to a temporal modulation of the pulse which results two symmetric broad side lobes on each side of the pump. If the NLSE (Eq. 2.2.12) is solved for the steady state assuming A(z, T ) remains time independent during the propagation inside the fiber and furthermore, adding a perturbation to the steady state leads to the perturbation of the wavenumber (k) and frequency (Ω), which satisfy the following dispersion relation as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] 

k = ± 1 2 |β 2 Ω|[Ω 2 + sgn(β 2 )4γP 0 /|β 2 |] 1/2 , (2.2.41)
where sgn(β 2 ) = ±1 depending on the sign of β 2 . In the normal GVD region (β 2 > 0), steady state is stable against small perturbations as wavenumber k is real all Ω. However, in some cases, MI is possible to observe in normal GVD region, which is although outside the scope of this work. In the anomalous GVD region (β 2 < 0), the wavenumber k becomes imaginary, which leads to an exponential growth of the perturbation wave with z, similar to what was found in the analysis of SPM-phase-matched FWM. The gain spectrum of MI can be obtained by setting sgn(β 2 ) = -1 and g(Ω) = 2Im(k) in Eq. 2.2.41. The peak position (Ω max ) of the gain sidebands and maximum gain (g max ) are given by [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]]

Ω max = ± 2γP 0 |β 2 | 1/2
, g max = 2γP 0 .

(2.2.42)

Peak gain does not depend on β 2 , rather shows a linear increase with incident power. Fiber losses decrease the MI gain along the fiber length as they reduce incident power [25]. When the power of MI sidebands grows, they can further develop more sidebands, thus can create a cascade of MI peaks, which ultimately results to the total break-up of the pulse into a train of short sub-pulses. These sub-pulses are stable solutions known as solitons or solitary waves, which balance the effect of GVD and SPM for certain pulse energies and temporal pulse shapes of these sub-pulses throughout propagation inside the fiber. This concept will be further discussed in details in Section 2.2.6.

2.2.5/ RAMAN SCATTERING

Raman Scattering (RS) is an inelastic scattering, which comes from the photon-phonon interaction in an optical medium where the incident photons are scattered from the vibrational modes of the material molecules [1,[START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]. Simply stated, it is a non-resonant process in which the material absorbs a photon and thereby creates an excitation to a virtual upper energy level and can occur irrespective of optical pump frequency. Figure . 2.10 illustrates the energy level diagram describing the basic principle of two possible spontaneous Raman scattering processes [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF][START_REF] Boyd | Nonlinear Optics[END_REF]. In the Stokes process, pump photon (ω p ) excites the vibrational quanta in the medium, i.e., phonon. During the relaxation, a new phase matched photon (ω S ) is generated with an energy that is decreased by the energy of the phonon and whose spectrum is therefore red-shifted, i.e., the Stokes frequency shift. On the other hand, the anti-Stokes process involves scattering from the already excited vibrational state (Vib S ) and results a phase matched photon (ω AS ) with increased energy having blue-shifted spectrum, i.e., anti-Stokes frequency shift. The probability of the first one is much higher because the materials in thermal equilibrium have a higher population in ground state compared to excited state by the Boltzmann factor exp( Ω/k B T ) [START_REF] Boyd | Nonlinear Optics[END_REF]. Another reason for Stokes line to be stronger is the relaxed phase matching requirements between phonon and photon that results in an overall asymmetric gain profile. Raman scattering is spontaneous in the absence of any photon at the Stokes frequency. RS is further known as stimulated Raman scattering (SRS) when the process is stimulated by a seed through build-up from spontaneous Raman, which leads to the amplification of the seed [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]. The gain spectrum of SRS, being independent of the pump wavelength, offers a flexible possibility for power amplification at any wavelengths. SRS can be used to provide distributed amplification to a signal propagating in an optical fiber along with a Stokes shifted high power continuous wave Raman pump. Following the similar argument, it seems apparent that Raman gain can amplify the low frequency components of a sufficiently broadband pulse by transferring energy from the high frequency components of that pulse. This effect is known as intrapulse Raman scattering (IPRS) [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]. IPRS is an important effect in SC generation that leads to red-shifting of sub-picosecond pulses, which will be further discussed in Section 2.2.6.

SRS contributes to the third-order nonlinear polarization through delayed Raman (vibrational) response. If we introduce the delayed response into the general form of time dependent nonlinear polarization given in Eq. 2.2.12, then the scalar form of nonlinear induced polarization becomes [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] 

P NL ( r, t) = 3ǫ 0 4 χ (3) E( r, t) t -∞ R(t -t ′ ) E 2 ( r, t ′ )dt ′ , (2.2.43) 
where R(t) is the nonlinear response function, which includes both the instantaneous electronic (Kerr) response that normally modelled as a Delta function δ(t) and a delayed Raman response h R (t), is given by

R(t) = (1 -f R )δ(t) + f R h R (t), (2.2.44) 
where f R is the fractional contribution of the delayed Raman response to nonlinear polarization P NL . h R (t) can be determined from the Raman gain spectrum, which is related to the imaginary part of Fourier transform of h R (t) [43]. In silica, delayed Raman response can be approximated by an exponentially-decayed sinusoidal function as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] h

R (t) = τ 2 1 + τ 2 2 τ 2 1 τ 2 2 exp(-t/τ 2 )sin(t/τ 1 ), (2.2.45) 
where τ 1 and τ 2 are the relaxation parameters taken to be 12.2 fs and 32 fs for fused silica, respectively, which were chosen to provide a good fit to the actual Raman gain spectrum of standard single-mode silica fibers [42]. 

N = L D L NL = γP 0 T 2 0 |β 2 | . ( 2 

.2.46)

The case N = 1 corresponds to a fundamental soliton, i.e., a state in which the effects of SPM and GVD are in balance and allow for the pulse to maintain its shape as it propagates inside an optical fiber. When N ≪ 1, no soliton formation occurs as the nonlinearity from γP 0 is too weak and the pulse broadening is dominated by dispersion alone. In the case of 2 > N > 1, the pulse will adjust itself its shape during the propagation in anomalous dispersion regime in order to achieve the above mentioned balance and irrespective of the initial shape, it eventually evolves into a secant-hyperbolic (sech) pulse. As a result, if the processes such as loss, Raman, and TOD are neglected, then the soliton is relatively stable against small perturbations and therefore, it will maintain its temporal and spectral shape throughout the propagation. The cases N ≥ 2 corresponds to higher-order solitons that do not maintain their shapes. Here SPM and GVD can interact in such a way that the higher-order solitons follow a periodic evolution during propagation with their shape recovering at multiples of the soliton period (z 0 ), which is defined as z 0 = πL D /2 [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]. Higher-order soliton actually consists of N fundamental solitons that propagate together due to the degeneracy of their group-velocities [38]. The relative peak power (P k ) and the temporal width (T k ) of these fundamental solitons are given by [38,52,[START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]]

P k = (2N -2k + 1 2 ) N 2 P 0 , (2.2.47) 
T k = T 0 2N -2k + 1 , (2.2.48) 
where k is an integer from 1 to N. Therefore, the solitons, which are ejected first, have higher amplitudes, shorter durations, and propagate with faster group velocities, and the following solitons will be weaker and longer. Higher-order solitons periodically change their temporal shape and spectrum while propagating along the fiber due to interference between the fundamental solitons. Only the degeneracy of the group-velocities binds these fundamental solitons of a higher-order soliton together. However, if we assume that the N-order soliton behaves as a superposition of N fundamental solitons, then perturbation of the soliton steady-state though the effects such as third-order dispersion and intrapulse Raman effect will force the solitons to travel with different group velocity. As a result, N-order soliton is split up into N fundamental solitons. This non-instantaneous process is known as soliton decay or soliton fission [37,38,[START_REF] Herrmann | Experimental evidence for supercontinuum generation by fission of higher-order solitons in photonic fibers[END_REF]. For input pulses of duration exceeding 200 fs with sufficiently low bandwidth (which is the case of this thesis work), soliton fission is generally dominated by the Raman perturbation. On the other hand, dispersive perturbation dominates soliton fission process for the input pulses of duration From Eq. 2.2.48, it seems apparent that solitons with very short duration may be generated. For a soliton whose temporal width is 1 ps or shorter, the bandwidth of its optical spectrum is broad enough and consequently, the spectrum overlaps with the Raman gain. In that case, stimulated Raman scattering continuously transfers energy from the high frequency part of the pulse spectrum to its low frequency part. This energy transfer results an increasing red-shift of the soliton with propagation along the fiber. This process is commonly referred to as the soliton self-frequency shift (SSFS) and this prime process along with soliton fission cause strong spectral broadening towards longer wavelengths [33]. In the anomalous dispersion regime, the longer wavelengths correspond to smaller group velocities and therefore, the solitons continuously slow down with propagation inside the fiber [START_REF] Gorbach | Light trapping in gravity-like potentials and expansion of supercontinuum spectra in photonic-crystal fibres[END_REF]. The dynamics of the soliton self-frequency shift ν SSFS can be expressed as [32] 

ν SSFS ∝ |β 2 | T 4 0 . (2.2.50)
Therefore the shorter-duration solitons that are ejected first in the fission process experience greater self-frequency downshifts due to the increased peak power and walk-off proportionally faster from the input pump wavelength. The following solitons will further experience a decreasing shift, thus forming a continuum of spectrally separated solitons.

On the other hand, the presence of higher-order dispersion modifies the soliton fission dynamics and generates the so-called dispersive waves (DWs). TOD leads to the transfer of energy from the soliton, which was generated in the fission process, to a narrow-band resonance in the normal GVD regime [36,[START_REF] Herrmann | Experimental evidence for supercontinuum generation by fission of higher-order solitons in photonic fibers[END_REF][START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF]. Each fundamental soliton generates a dispersive wave whose frequency can be calculated from a phase-matching argument involving the soliton linear and nonlinear phase and the linear phase of a continuous wave at a different frequency [54]. The initial DW is emitted primarily from the first ejected soliton having the broadest bandwidth and thus has maximum overlap with the resonance of the DW. For a soliton with peak power P s and group velocity v g,s at a frequency ω s , the DW is generated at the frequency ω DW , which can be obtained from the following relation [START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF]:

β(ω s ) - ω s v g,s + (1 -f R )γP s = β(ω DW ) - ω DW v g,s . 
(2.2.51)

If we neglect the fourth-order dispersion, then the frequency shift (Ω) between soliton and dispersive wave may be approximated as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]]

Ω = ω s -ω DW ≈ - 3β 2 β 3 + γP s β 3 3β 2 2 . (2.2.52)
When the dispersion slope is positive (β 3 > 0), solitons propagating in that region experience positive frequency shift, therefore, the DWs are generated in the normal dispersion regime at shorter wavelengths. On the other hand, for negative dispersion slope (β 3 < 0), DWs are generated in the normal dispersion regime at longer wavelengths as the solitons in this case approach the normal dispersion regime on the long-wavelength side.

Initially DWs lag behind the solitons as they have group velocities smaller than those of solitons. However, continuous deceleration of solitons allow the DWs to catch up with them. Therefore, the generated DWs can overlap with the solitons in time, which leads to their interaction through XPM and FWM to generate new frequency components at even shorter wavelengths, but it may also lead to a soliton-like two-frequency soliton-DW state [START_REF] Skryabin | Theory of generation of new frequencies by mixing of solitons and dispersive waves in optical fibers[END_REF][START_REF] Gorbach | Four-wave mixing of solitons with radiation and quasi-nondispersive wave packets at the short-wavelength edge of a supercontinuum[END_REF][START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]. Furthermore, the Raman and Kerr effects with a varying local GVD may together lead to a localized non-dispersive trapped state of the DWs, in which they continuously blue-shift in response to the red-shifting solitons [START_REF] Gorbach | Light trapping in gravity-like potentials and expansion of supercontinuum spectra in photonic-crystal fibres[END_REF]. It is noted that the short-wavelength pulse is typically much weaker than the associated long-wavelength soliton, therefore, the nonlinear refractive-index change induced by the soliton is very significant. The previous mechanism therefore may be explained by the soliton imposing a potential on the DW that is trapped on one side by the nonlinear refractive-index change induced by the intense solitons, and on the other side by a linear potential originating from the fact that the soliton moves with changing group velocity dispersion. During the redshift, soliton changes its group velocity. However, it can match its group velocity with the trapped DW if DW maintains its group velocity through blue-shifting. Furthermore, in long run, the DWs inevitably leak radiation with shifting and may completely dissociate from the solitons due to the finite trapping potential imposed on DWs by them. SPM, soliton generation, SSFS, and DWs generation are illustrated through numerical simulation and explained in details in Section 3.6 in Chapter 3 and in Section 4.6.2 in Chapter 4. The following section will briefly present a generalized form of the NLSE, which models the above mentioned higher-order effects.

2.2.7/ GENERALIZED NONLINEAR SCHR ÖDINGER EQUATION

The generalized NLSE (GNLSE) is a more accurate model than the NLSE presented in Eq. 2.2.12. It includes higher-order dispersion terms, self-steepening through the (i/ω 0 )∂/∂T term, and the vibrational contribution to the nonlinear induced polarization through the delayed Raman response function R(T ), can be written as [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF] ∂A ∂z

+ α 2 A Linear-loss - m≥2 i m+1 m! β m ∂ m A ∂T m Dispersion = iγ 1 + i ω 0 ∂ ∂T Kerr+S el f -steepening ×           A(z, T ) ∞ -∞ R(T ′ )|A(z, T -T ′ )| 2 dT ′ Raman           . (2.2.53)
The terms in the left-hand side and right hand side of Eq. 2.2.7 represent linear and nonlinear effects, respectively. Each term is labeled with their physical representation. Inclusion of these terms in GNLSE simulation is much needed to explain the highly complex spectral and temporal evolution of SC generation. Details about the implementation of the GNLSE used in this work are given in Section 3.6 in Chapter 3 and a two-polarization code based on two coupled generalized nonlinear Schr ödinger equations (CGNLSEs) are discussed and implemented in Section 4.6.2 in Chapter 4.

SUPERCONTINUUM GENERATION IN

HEAVY METAL-OXIDE FIBER B ROADBAND and compact supercontinuum (SC) sources in the infrared (IR) are very attractive for sensing and spectroscopy applications [START_REF] Hult | High bandwidth absorption spectroscopy with a dispersed supercontinuum source[END_REF][START_REF] Sych | Broadband time-domain absorption spectroscopy with a nspulse supercontinuum source[END_REF][START_REF] Amiot | Cavity enhanced absorption spectroscopy in the mid-infrared using a supercontinuum source[END_REF] because this wavelength range contains chemical "fingerprints" of numerous molecules [START_REF] Petersen | Mid-infrared supercontinuum covering the 1.4-13.3 µm molecular fingerprint region using ultra-high NA chalcogenide step-index fibre[END_REF]. Soft glasses such as chalcogenide (As 2 S 3 ) [START_REF] Petersen | Mid-infrared supercontinuum covering the 1.4-13.3 µm molecular fingerprint region using ultra-high NA chalcogenide step-index fibre[END_REF][START_REF] Gao | Mid-infrared supercontinuum generation in a suspended-core As 2 S 3 chalcogenide microstructured optical fiber[END_REF][START_REF] Yu | Mid-infrared supercontinuum generation in chalcogenides[END_REF], tellurite [START_REF] Édavy | Supercontinuum generation in tellurite optical fibers[END_REF][START_REF] Klimczak | Broadband infrared supercontinuum generation in hexagonal-lattice tellurite pho-tonic crystal fiber with dispersion optimized for pumping near 1560 nm[END_REF], and ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) [START_REF] Xia | Mid-infrared supercontinuum generation to 4.5 µm in ZBLAN fluoride fibers by nanosecond diode pumping[END_REF][START_REF] Michalska | Mid-infrared supercontinuum generation to ∼4.7 µm in a ZBLAN fiber pumped by an optical parametric generator[END_REF][START_REF] Agger | Supercontinuum generation in ZBLAN fibers-detailed comparison between measurement and simulation[END_REF] have been widely used for drawing highly nonlinear fibers, and experiments have shown efficient SC generation in the mid-IR up to 15 µm [START_REF] Petersen | Mid-infrared supercontinuum covering the 1.4-13.3 µm molecular fingerprint region using ultra-high NA chalcogenide step-index fibre[END_REF][START_REF] Gao | Mid-infrared supercontinuum generation in a suspended-core As 2 S 3 chalcogenide microstructured optical fiber[END_REF] and up to 11 µm using all-fiber systems [START_REF] Hudson | Toward allfiber supercontinuum spanning the mid-infrared[END_REF][START_REF] Martinez | Mid-infrared supercontinuum generation from 1.6 to >11 µm using concatenated step-index fluoride and chalcogenide fibers[END_REF]. Another approach for mid-IR SC generation is gas-filled, hollow-core photonic crystal fiber, which provides low-loss guidance and much higher effective nonlinearity than capillary-based systems [START_REF] Russell | Hollow-core photonic crystal fibers for gas-based nonlinear optics[END_REF][START_REF] Hasan | Mid-infrared supercontinuum generation in supercritical xenon-filled hollow-core negative curvature fibers[END_REF]. Record output power of 1.4 W with broadest SC up to 3.2 µm have also been recently achieved in highly germanium-doped fibers [START_REF] Jain | Record power, ultra-broadband supercontinuum source based on highly GeO 2 doped silica fiber[END_REF]. An alternative to ZBLAN fibers that has recently received attention is small-core heavy metal oxide PCFs [START_REF] Sobon | Infrared supercontinuum generation in soft-glass photonic crystal fibers pumped at 1560 nm[END_REF]. They possess a number of optical and mechanical properties that make them also attractive for SC generation, despite their limited transmission window from 0.55 to 2.8 µm compared to other soft glasses. The nonlinear index n 2 of this glass is one order of magnitude larger (4.3 • 10 -19 m 2 /W) than ZBLAN and silica glasses [START_REF] Sobon | Infrared supercontinuum generation in soft-glass photonic crystal fibers pumped at 1560 nm[END_REF]. In particular, suspended core photonic crystal fibers (SC-PCFs) can be readily drawn in which the microstructures enable tight optical confinement and a small effective mode area in the order of few µm 2 [START_REF] Dong | Highly nonlinear silica suspended core fibers[END_REF][START_REF] Klimczak | Mid-infrared supercontinuum generation in soft-glass suspended core photonic crystal fiber[END_REF]. This results in a high nonlinear coefficient and zero-dispersion wavelength in the telecommunication C band. In recent years, suspended-core fibers have received less attention in the context of SC generation than regular lattice PCFs, although existing literature reports evidence about the versatility of this approach, including the choice of a glass platform (silica/soft glass), spectral coverage (near-IR/mid-IR), and the dispersion regime of SC generation (solitonic/allnormal) [START_REF] Mergo | Supercontinuum generation in suspended core microstructured optical fibers[END_REF][START_REF] Amraoui | Strong infrared spectral broadening in low-loss As-S chalcogenide suspended core microstructured optical fibers[END_REF][START_REF] Ghosh | Efficient supercontinuum sources based on suspended core microstructured fibers[END_REF][START_REF] Domachuk | Over 4000 nm bandwidth of mid-IR supercontinuum generation in sub-centimeter segments of highly nonlinear tellurite PCFs[END_REF][START_REF] Hartung | Nanoscale all-normal dispersion optical fibers for coherent supercontinuum generation at ultraviolet wavelengths[END_REF].

In this chapter, we experimentally demonstrated SC generation in lead-bismuthgallium-cadmium-oxide glass (PBG81) based SC-PCFs pumped by 220 fs pulses around 1550 nm. We present a short overview of soft glasses for MIR SC generation and the motivation behind the selection of heavy metal-oxide glasses. The SC-PCFs containing six big air holes with large air fill fraction, are drawn from PBG-81 glass using stackand-draw method. The group velocity dispersion for the fundamental mode of the fibers was computed from the scanning electron microscope (SEM) images of the fiber samples. We identify a number of nonlinear phenomena such as spectral broadening due to self-phase modulation, soliton generation, and Raman soliton self-frequency shift in the 53 54 
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fiber at the pumping wavelengths. The experimental spectra are compared with numerical simulations of the generalized nonlinear Schr ödinger equation including the group velocity dispersion.

3.1/ SOFT GLASSES FOR MID-INFRARED SUPERCONTINUUM GEN-ERATION

Development of optical materials that support transmission in mid-IR region as well as high optical nonlinearity, is essential due to the growing interest in the 2-20 µm molecular fingerprint region. Among other optical materials, glass plays very important role due to its unique structural and thermodynamic features. Moreover, glass has good stability, excellent homogeneity, good thermo-mechanical properties, and a viscosity-temperature relationship, which makes fiber drawing from it possible [START_REF] Rao | Structural Chemistry of Glasses[END_REF]. Silica based glasses are the most widespread material used for fiber systems, however, they exhibit high intrinsic absorption beyond 3.5 µm [START_REF] Calvez | Chalcogenide glasses and glass-ceramics: Transparent materials in the infrared for dual applications[END_REF][START_REF] Dai | A review of mid-infrared supercontinuum generation in chalcogenide glass fibers[END_REF] and also possess low nonlinear refractive index (e.g, n 2 = 2.74 • 10 -20 m 2 /W measured at the wavelength of 1053 nm for fused silica [START_REF] Milam | Review and assessment of measured values of the nonlinear refractive-index coefficient of fused silica[END_REF]) compared to soft glasses [START_REF] Cimek | Experimental investigation of the nonlinear refractive index of various soft glasses dedicated for development of nonlinear photonic crystal fibers[END_REF] or liquids [START_REF] Zhao | Nonlinear refraction dynamics of solvents and gases[END_REF] that limits their use in the mid-IR range. The limit of transmission window in silica glass for longer wavelengths, due to multi- Tellurite and fluoride glasses offer transmission up to 4.5 µm and 8 µm, respectively, which is much higher than that of silica and chalcogenide glass offers the broadest transmission up to 25 µm range. Since, the variation of linear refractive index with wavelength depends on the glass composition and furthermore, according to Miller's rule (i.e., the
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third-order nonlinear dielectric susceptibility χ (3) is proportional to the fourth power of the linear susceptibility χ (1) [4]), a high-intrinsic nonlinearity is usually associated with a high linear refractive index. Hence, the glasses composed of ions with high polarizibility supposed to have a high nonlinear refractive index. Figure 3.1(b) shows a summary of the relation between the linear refractive index n and the nonlinear refractive index n 2 in various glasses [START_REF] Price | Mid-IR supercontinuum generation from nonsilica microstructured optical fibers[END_REF]. From this figure, we can see that, by introducing heavy atoms (i.e., heavy metal compounds) or ions with a large ionic radius (i.e., using chalcogen elements such as sulfur (S), selenium (Se), and tellurium (Te) to replace oxygen), it is possible to increase the polarizibility of the components in the glass matrix, which in turn increases the nonlinear refractive index n 2 . In this thesis, we worked with heavy metal-oxide glasses in Chapter 3 and chalcogenide glasses in Chapter 4.

3.1.1/ HEAVY METAL-OXIDE GLASSES

Heavy metal-oxide glasses are very well known for their relatively high recrystallization resistance, ease of handling, and good mechanical properties compared to chalcogenide glasses and they also possess high nonlinearity and combination of visible to mid-infrared transmission window, compared to silica glass. The glass has a high linear refractive index of 1.886 at 1550 nm. The glass transition temperature (T g ) of this glass is around 489°C. The nonlinear refractive index of PBG81 glass was measured as n 2 = 4.3 • 10 -19 m 2 /W, using standard Z-scan method at 1240 nm for bulk sample [START_REF] Olivier | Nanosecond Z-scan measurements of the nonlinear refractive index of fused silica[END_REF][START_REF] Lorenc | Nonlinear refractive index of multicomponent glasses designed for fabrication of photonic crystal fibers[END_REF], which is very high for oxide soft glasses and also much higher than that reported for any other oxide glass used in mid-IR supercontinuum generation. The attenuation spectrum of this PBG81 bulk glass was measured using standard cutback method as shown in Fig. 3.2. This soft glass has a transmission window from 550 to 2800 nm with typical attenuation of around 2.5 dB/m within 1000-2000 nm. Above 2800 nm, this particular glass melt shows the onset of strong attenuation assigned to OH absorption and has been subject only to standard bubbling of the glass melt with dry air (<1000 ppm of OH). As Fig. 3.2 shows, the attenuation curve does not feature a local peak around 1380 nm, which is the main difference between PBG81 and previously used
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PBG08 glass [START_REF] Sobon | Infrared supercontinuum generation in soft-glass photonic crystal fibers pumped at 1560 nm[END_REF].

3.2/ FIBER FABRICATION

The SC-PCFs were fabricated at the Institute of Electronic Materials Technology in Warsaw, Poland. Here the fiber design is based on the traditional suspended-core geometry. The fiber was designed to have a central core, which is surrounded by 6 large air holes. Large air fill fraction was obtained by making the bridges/struts thinner and also increasing their number for better support of the core. High crystallization resistance of the glass allows fabrication of SC-PCFs via stack-and-draw method, which is a very well known technique for making PCFs. During the fiber drawing process, it is very important to maintain a precise pressure control, which in turn maintains a certain pressure difference across the internal and external surface and also to control the surface tension via furnace temperature at which the fiber is being drawn and they determine the final deformation of the holes. Luzi et al. experimentally and numerically investigated the effect of pressure and surface tension in six-hole fiber to inner holes enlargement and elongation along the radial direction during the fiber drawing process [START_REF] Luzi | Numerical solution and experimental validation of the drawing process of six-hole optical fibers including the effects of inner pressure and surface tension[END_REF]. The relationship can be written as

[187] ∆P = γ R , (3.2.1) 
where ∆P represents the pressure difference, surface tension is denoted by γ, and R es represents the radius of the internal surface. In this thesis, the fiber drawing parameters are not presented as they were not disclosed by the manufacturer. Here, the SC-PCFs are fabricated in four steps. In the first step, several capillary tubes and several solid rods were drawn from PBG81 glass. In the second step, stacking is performed with six big air hole capillaries in the middle and several solid glass rods surrounding those capillaries as shown in Fig. 3.3. The stack is then put inside a jacket tube made from same PBG81 glass and there after, a preform is drawn from the stacked form in the drawing tower at the third step. During this process, the air hole deformation in the preform was controlled by controlling the pressure inside the capillaries. In the last step, the final fiber was drawn from previously drawn preform. Here air hole structures are achieved by controlling the pressure inside the air hole during drawing. The diameter of the fiber is further controlled by the pulling speed of the fiber and the feeding speed of the preform into the furnace. The microstructure of one of the five drawn PCFs is shown in scanning electron microscope (SEM) images in Figs. 3.4(a-c). Since, the SC-PCF has a hexagonal core shape, hence, the fiber core diameter d is defined as the diameter of the circle that is inscribed within the hexagonal core as shown in Fig. 3.4(b). The SC-PCF has outer diameter (d out ) of 120.3 µm and core diameter d of 4.5 µm. The hexagonal core is suspended in the outer glass region by six fine struts/bridges with thickness of about 81 nm. These thin struts result in a negligible modal confinement loss for the fundamental mode by ensuring a high degree of isolation in the core area. The small core and thin struts are protected by the outer glass region, which also provides sufficient mechanical strength for handling and cleaving of the fiber. Five different fibers were fabricated with dimensions chosen to yield zero-dispersion wavelengths (ZDWs) covering the range 1519-1653 nm. The opto- geometric parameters of the five fiber samples are given in Table 3.1. Here the labeling of the fiber sample was done according to the different fiber drawn in the drawing tower.

The fibers have core diameter between 3.51 µm and 4.5 µm, and the strut thickness are in the range of 47 to 99 nm. The last column in this table represents ZDW of the five fiber samples, which are computed in the following section.

3.3/ COMPUTATION OF DISPERSION

Chromatic dispersion of optical fiber was presented in Chapter 2 from where several equations will be used to compute the effective refractive index and group velocity dispersion in this section. The dispersion properties of the SC-PCFs are computed from the cross-section SEM images of the fiber samples, one of which is shown in Fig. 3.4(b), using COMSOL software based on a full vector finite-element method. At first, based on the processed SEM photo of the fiber cross section, the air hole structure was depicted accurately, and then, it was drawn in COMSOL. The refractive index of the air holes is set to 1. Considering the material dispersion, the refractive index for the PBG-81 glass is determined by a standard Sellmeier equation with the following form:

n 2 (λ) = 1 + B 1 λ 2 λ 2 -C 1 + B 2 λ 2 λ 2 -C 2 + B 3 λ 2 λ 2 -C 3 , (3.3.1) 
Table 3.2: Sellmeier coefficients for PBG81 glass.

B 1 B 2 B 3 C 1 [µm 2 ] C 2 [µm 2 ] C 3 [µm 2 ]
2.30350920 0.21430548 1.73310331 0.02084623 0.08262994 183.5615768 where, B 1 , B 2 , and B 3 are dimensionless coefficients and C 1 , C 2 , and C 3 are the material resonant wavelengths. The measured Sellmeier coefficients for PBG81 glass that are used in the numerical modelling are given in Table 3.2.

(d) (e) (f) (b)
According to the simulation, for the real (fabricated), asymmetric hexagonal core sixstrut fiber, two orthogonally polarized fundamental modes (LP 01 ) and four LP 11 modes, four LP 21 modes, four LP 31 modes, and four LP 41 modes were found, which are shown in Figs. 3.5(a-e). Experimentally, we obtained a mode profile at the output end of a 60 cm long fiber sample using an IR camera as shown in Fig. 3.5(f). This image confirms that the light inside the fiber is guided in the fundamental LP 01 mode for SC generation (described in the next section), which motivates to focus only on the fundamental mode guiding in our thesis. We further calculated the effective refractive index (n eff ) of the fundamental mode of five fiber samples, as shown in Fig. 3 Since, for real (fabricated) structure, the air holes in the fibers are not symmetric, which introduces significant amount of phase birefringence. Hence, the phase birefringence is further calculated using Eq. 2.1.53 from Chapter 2 and they are shown in Fig. 3.7(c) for the five fiber samples. From this figure, it is seen that the phase birefringence varies between 1.6 • 10 -4 and 7.02 • 10 -5 at 1550 nm for the five SC-PCF samples with core diameter between 3.51 µm and 4.5 µm. We can also see that the phase birefringence is more dependent on the air hole structure than the core diameter of fiber samples. Among the five SC-PCF samples described above, we have used NL44C2a, NL44C5c, and NL44C4b for experimental demonstration as we obtained best results with these fibers. 

NL44C1a NL44C2a NL44C3a NL44C4b NL44C5c

3.4/ EXPERIMENTAL SETUP FOR SC GENERATION

The experimental setup for generating and measuring supercontinuum spectra is shown in Fig. 

3.5/ RESULTS

Figures 3.9(a-d) show the variation in the measured SC spectra for different fiber output powers as indicated for two SC-PCF samples NL44C2a (core diameter = 4.3 µm, length = 60 cm, ZDW = 1593 nm) and NL44C5c (core diameter = 3.51 µm, length = 180 cm, ZDW = 1519 nm), pumped using signal wavelengths of 1550 nm (in the normal dispersion regime) and 1580 nm (in the anomalous dispersion regime), respectively. The output spectra recorded for these two fiber samples show strong spectral broadening around the pump wavelength due to self-phase modulation at low input power. Note that, in addition to the peak contributed by pump wavelength, we have an additional peak due to the residual OPO idler that otherwise does not contribute to SC generation. As the power increases, we see red-shifted solitons beyond 2 µm and simultaneous generation of upshifted dispersive waves down to 1 µm. At maximum coupling power, we obtained SC spectra of 1151 nm and 1575 nm bandwidths (at the -20 dB) for fiber samples NL44C2a and NL44C5c, respectively. The propagation loss was measured to be 4 dB/m at 1550 nm using standard cut-back method, where the loss in the glass at 1550 nm was 2.54
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dB/m as can be seen from Fig. 3.2. Using the measured output power, Fresnel loss from the output facet of the fiber, and propagation loss inside the fiber in Eqs. 2.1.35 and 2.1.36 from Chapter 2, we estimated the coupling efficiency to be 38% and the coupling peak power to be 5.8 kW at 1550 nm. 
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Another SC-PCF sample NL44C4b (core diameter = 3.8 µm, length = 183 cm, ZDW = 1557 nm) was also pumped at 1740 nm in the strong anomalous dispersion regime using the OPO's idler output. The variation in the measured SC spectra for different output powers for this fiber is shown in Figs. 3.10(a)&(b). As we pumped at a wavelength far away from the zero-dispersion wavelength of this fiber, we obtained three individual high power solitons beyond 2 µm and dispersive waves down to 1 µm instead of a smooth supercontinuum. At maximum power, the bandwidth of this broad spectrum is 1477 nm at the -20 dB level. The coupling efficiency and coupling peak power were estimated to be 38% and 3.8 kW, respectively. Furthermore, the SC-PCFs have six big air holes, which are not symmetric in reality due to the fabrication process and it introduces some amount of birefringence in the fiber. From Fig. 3.7(c), NL44C4b sample shows a birefringence of 9.5 • 10 -5 at 1740 nm. Therefore, we investigated the effect of birefringence on SC spectra for SC-PCF sample NL44C4b at 1740 nm. Figure 3.11 shows the recorded SC spectra when tuning the input polarization from 0°till 240°with 20°steps and with constant output power of 11.7 mW. As it can be seen, the input pump polarization strongly affects the broadband SC generation. Since, from Fig. 3.10(a), pumping at 1740 nm results in a broad spectrum with three individual high power solitons, therefore, instead of SC bandwidth, we estimated the position of final soliton peak, which changes with input polarization angle due to birefringence of the fiber as shown in Fig. 3.12, with an angular periodicity of around 90°. 
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3.6/ COMPARISON WITH NUMERICAL SIMULATIONS

Nonlinear pulse propagation and supercontinuum generation was modelled using the generalized nonlinear Schr ödinger equation (GNLSE) as shown below [START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF][START_REF] Dudley | Supercontinuum Generation in Optical Fibers[END_REF]:

∂A ∂z + α 2 A - k≥2 i k+1 k! β k ∂ k A ∂T k = iγ 1 + iτ shock ∂ ∂T × A(z, T ) ∞ -∞ R(T ′ )|A(z, T -T ′ )| 2 dT ′ . (3.6.1)
Here the second term in the left-hand side of Eq. 3.6.1 accounts for linear loss with loss coefficient α. The third term represents the dispersion with dispersion coefficient β k associated with Taylor series expansion of the propagation constant β(ω) about central frequency ω 0 and we have included the dispersion terms up to fourth order in the numerical simulation. In the simulation, we introduced a linear loss of 4 dB/m (measured using the Kerr nonlinearity, f R = 0.5 was measured from Raman scattering spectra of bulk glass [START_REF] Stepniewski | Development of dispersion-optimized photonic crystal fibers based on heavy metal oxide glasses for broadband infrared supercontinuum generation with fiber lasers[END_REF]. Raman response function h R (t) was fitted from a simulation for a different type of fiber made from the same glass where the first order Raman shift frequency was ±29 THz, and the Lorentzian fit to the first-order Raman scattering term provides the value of relaxation parameters τ 1 and τ 2 as 5.5 fs and 32 fs, respectively [START_REF] Stepniewski | Development of dispersion-optimized photonic crystal fibers based on heavy metal oxide glasses for broadband infrared supercontinuum generation with fiber lasers[END_REF]. The input pulse was considered to be Gaussian. Frequency-resolved optical gating measurements of our input pulses (MeasPhotonics FROGscan) showed the presence of a linear chirp (parabolic phase), which was also included in the initial conditions. In the simulation for SC-PCF samples NL44C2a and NL44C5c, we used fiber lengths of 60 cm and 180 cm, and pump pulse duration of 225 fs and 220 fs, respectively. The peak power at the input of fiber was considered to be 2.5 kW for both SC-PCF samples NL44C2a and NL44C5c and they are in the same order to the experimental coupling peak powers estimated from the measured maximum output powers of 53 mW and 32 mW, corresponding to their respective maximum spectral broadening. The comparisons between simulation and experiment in the 1550 nm and 1580 nm pump case are shown in Fig. 3.14. Both the simulated and experimental SC spectra almost agree with each other in terms of SC bandwidth but they are quite different in terms of structure of the spectrum as can be seen from Fig. 3.14(a) for SC-PCF sample NL44C2a. We speculate that the observed discrepancy is accountable to some assumptions in the model. First, we did not take into account the wavelength-dependent losses over the full SC span and the higher-order optical modes. Second, the dispersion profile was numerically estimated from the cross-section image of the fiber structures. It is reasonable that small change of the slope of normal dispersion at wavelengths blue-shifted from the pump wavelength, would result in different dispersive wave phase matching conditions, which would be a plausible explanation to explain the short-wavelength discrepancies between the theoretical and measured spectra in Fig. 3.14. The relatively long fiber samples used in the experiment (for soft glass fibers and femtosecond pump pulses), would suggest significant contribution of the OH absorption loss, however, no such features are observed at around 1380 nm in spectra shown in Fig. 3.14. Bend loss of any higher-order mode-contained blue-shifted parts of the supercontinuum spectra could also be related to the observed discrepancies, but we did not observe such loss behavior for any reasonable bend radii in these fibers during the measurements. Wideband SC generation from 1120 nm -2271 nm and from 891 nm -2466 nm was demonstrated by pumping two suspended-core photonic crystal fibers in the both normal and anomalous dispersion regimes, respectively, with femtosecond pulses at 1550 nm and 1580 nm. These results demonstrate the strong potential of heavy metal-oxide SC-PCF for SC generation. Numerical simulations using nonlinear Schr ödinger equation and the group velocity dispersion computed from the scanning electron microscope images of the SC-PCF samples show good qualitative agreement with the experimental one for 4.3 µm and 3.51 µm core diameter SC-PCF samples. It was further shown that strong anomalous dispersion pumping (1740 nm) of a SC-PCF sample with core diameter of 3.8 µm generates a broad spectrum from 962-2439 nm with individual high power solitons instead of a smooth SC spectrum. The SC-PCFs were drawn from high crystallization resistant heavy metal-oxide (PBG81) glass using standard stack-and-draw method. These SC-PCF structures offer tight light confinement and very small effective mode area of 8.8 • 10 -12 µm 2 at 1550 nm for one of these samples. The SC-PCFs show birefringence of the order of 10 -5 to 10 -4 due to the asymmetric six big air holes in the fiber microstructure. So, it has also been shown that tuning the input polarization angle with respect to the fiber axes affects the supercontinuum bandwidth. Since, the heavy metal-oxide glass has a high nonlinear index of 4.3 • 10 -19 m 2 /W, short length of SC-PCF, e.g., around 60 cm is found to be enough for efficient SC generation as most of the nonlinear effects occur in the first few cm of highly nonlinear fiber. In spite of this, two out of our three experiments use a fiber length of around 180 cm. This is due to the fact that the fiber samples with an initial length of 2 meters used to get broke frequently while cleaving and handling during the experiment. Therefore, we perform the SC generation experiment with the maximum available fiber length for each samples to get the best SC spectrum at any account. It is important to stress that the SC spectra obtained using heavy metal-oxide (PBG81) glass SC-PCFs are limited by their transmission window up to 2.8 µm, which may limit their potential use for e.g., infrared spectroscopy. They are actually comparable to those can be obtained with highly nonlinear germanium-doped optical fibers [START_REF] Jain | Record power, ultra-broadband supercontinuum source based on highly GeO 2 doped silica fiber[END_REF]. The next chapter will be devoted to extending the SC in the mid-IR using chalcogenide glass based PCFs.

SUPERCONTINUUM GENERATION IN CHALCOGENIDE FIBERS

S UPERCONTINUUM (SC) generation towards the mid-infrared (MIR) range is a very active field of research motivated by a wide range of applications including optical coherence tomography (OCT), material processing, optical sensing and absorption spectroscopy. Among the wide variety of infrared fibers, chalcogenide-glass-based optical fibers (composed of S, Se or Te) are excellent photonic platforms for SC generation in the mid-IR due to their wider transmission window, tailorable dispersion in the mid-IR, and high optical nonlinearity up to hundred times greater than silica or ZBLAN glasses [START_REF] Petersen | Mid-infrared supercontinuum covering the 1.4-13.3 µm molecular fingerprint region using ultra-high NA chalcogenide step-index fibre[END_REF][START_REF] Cheng | Mid-infrared supercontinuum generation spanning 2.0 to 15.1 µm in a chalcogenide step-index fiber[END_REF][START_REF] Petersen | Increased mid-infrared supercontinuum bandwidth and average power by tapering large-mode-area chalcogenide photonic crystal fibers[END_REF][START_REF] Theberge | Infrared supercontinuum generated in concatenated InF 3 and As 2 Se 3 fibers[END_REF][START_REF] Lemi Ère | Mid-infrared supercontinuum generation from 2 to 14 µm in arsenic-and antimony-free chalcogenide glass fibers[END_REF].

In order to obtain significant spectral broadening, the fiber should be pumped in the anomalous group velocity dispersion regime, which means the zero dispersion wavelength (ZDW) of the fiber should be close to the central wavelength of the pump laser as this will minimize the walk-off between different part of the generated spectrum allowing further broadening [START_REF] Dudley | Supercontinuum Generation in Optical Fibers[END_REF]. Most of the chalcogenide fibers have material zero group velocity dispersion far in the mid-IR. Therefore, for efficient SC generation with relatively short pump wavelengths (around 2 µm), the dispersion in chalcogenide fiber is tailored through specific waveguides as of small-core microstructured optical fibers [START_REF] Amraoui | Strong infrared spectral broadening in low-loss As-S chalcogenide suspended core microstructured optical fibers[END_REF][START_REF] Domachuk | Over 4000 nm bandwidth of mid-IR supercontinuum generation in sub-centimeter segments of highly nonlinear tellurite PCFs[END_REF][START_REF] Hu | Maximizing the bandwidth of supercontinuum generation in As 2 Se 3 chalcogenide fibers[END_REF], fiber tapering [START_REF] Hudson | Octave spanning supercontinuum in an As 2 S 3 taper using ultralow pump pulse energy[END_REF], or even both [START_REF] Liao | Five-order SRSs and supercontinuum generation from a tapered tellurite microstructured fiber with longitudinally varying dispersion[END_REF]. Furthermore, chalcogenide fiber has a little bit of disadvantage of having low damage threshold which is problematic while launching either high continuous power or high peak power pulses into the fiber. Scaling up of the fiber core is the simplest way to improve power handling capabilities in chalcogenide fiber. However, increase in core diameter comes with a cost. It results in low nonlinearity in the fiber and multimode propagation, which affect the further extension of SC spectrum. Therefore, one way to increase the nonlinearity while maintaining a moderate damage threshold is to reduce the core diameter of the fiber along the propagation distance through thermal tapering. Fiber tapering is a very well-known post-processing technology. Taper fiber increases the optical nonlinearity as well as enables dispersion engineering of the fiber. Birks et al. in 2000 first demonstrated that by tapering a largecore SMF-28 step-index silica fiber, efficient SC generation could be obtained with high coupling efficiency [START_REF] Birks | Supercontinuum generation in tapered fibers[END_REF]. Since then, many researchers tried to implement this scheme in mid-IR using chalcogenide fibers. In 2007, M ägi et al. first reported the use of chalcogenide tapered fibers, where a 1.2 µm taper-waist core diameter As 2 Se 3 taper offers a nonlinear coefficient γ of 68000 W -1 km -1 , which was 62000 times larger than that of silica single-mode fiber [START_REF] Ägi | Enhanced Kerr nonlinearity in sub-wavelength diameter As 2 Se 3 chalcogenide fiber tapers[END_REF]. In 2011, Hudson et al. demonstrated an octave spanning SC generation from 0.97 to 1.99 µm in an As 2 S 3 tapered fiber with a core diameter of 1.3 µm by pumping at 1.55 µm with only 77 pJ of pulse energy [START_REF] Hudson | Octave spanning supercontinuum in an As 2 S 3 taper using ultralow pump pulse energy[END_REF]. Rudy et al. in 2013 reported a SC generation from 1-3.7 µm in an As 2 S 3 tapered fiber pumped by a 2 µm thulium-doped fiber laser with about 300 pJ of pulse energy [START_REF] Rudy | Octavespanning supercontinuum generation in in situ tapered As 2 S 3 fiber pumped by a thulium-doped fiber laser[END_REF]. In 2014, Al-kadry et al. demonstrated a SC generation covering a bandwidth from 1.1 to 4.4 µm in a 10 cm long and 1.6 µm diameter As 2 Se 3 microwire by pumping with 500 pJ of pulse energy at a wavelength of 1.94 µm [200]. Petersen et al. recently reported a broadband SC spanning from 1 to 11.5 µm with an average output power of 35.4 mW by pumping a 5.9 µm-diameter tapered Ge 10 As 22 Se 68 PCF at 4 µm [START_REF] Petersen | Increased mid-infrared supercontinuum bandwidth and average power by tapering large-mode-area chalcogenide photonic crystal fibers[END_REF]. Despite significant progress in this field, SC generation in the mid-IR beyond 6 µm with high average output power is still remains challenging in chalcogenide step-index tapered fibers.

On the other hand, there is particular interest in combining the chalcogenide fiber platform with polarization-preserving properties as this will enable polarization-dependent applications in interferometric techniques, gas and pressure sensing, integrated-optic devices and also polarization-sensitive OCT [40,41,[START_REF] Fu | Pressure sensor realized with polarization-maintaining photonic crystal fiber-based Sagnac interferometer[END_REF][START_REF] Gotzinger | Polarization maintaining fiber based ultra-high resolution spectral domain polarization sensitive optical coherence tomography[END_REF][START_REF] Wang | Polarization-maintaining fiber based polarization-sensitive optical coherence tomography in spectral domain[END_REF][START_REF] Israelsen | Real-time high-resolution mid-infrared optical coherence tomography[END_REF]. Polarizationmaintaining fibers also help in minimizing detrimental effects such as polarization noise and instability [START_REF] Gonzalo | Polarization noise places severe constraints on coherence of all-normal dispersion femtosecond supercontinuum generation[END_REF]. There are several ways of introducing strong birefringence in the fiber for polarization-maintaining propagation. For instance, birefringence can be obtained by applying mechanical stress in the cladding thus inducing anisotropy of the refractive index in the core region, which results in a modal birefringence up to 5 • 10 -4 for the so-called PANDA fibers [19,23,44] and close to 60% higher birefringence in bow-tie fibers [20]. Highly birefringent fibers can also be fabricated using the powder-in-tube process where two rods of glass material are placed on the sides of the core [START_REF] Kudinova | Multimaterial polarization maintaining optical fibers fabricated with the powder-in-tube technology[END_REF]. Another way of obtaining high birefringence is by breaking the symmetry of the fiber structure. This was achieved in photonic crystal fibers (PCFs) where an asymmetric arrangement of air holes is designed with two different diameter air holes located in orthogonal position near the core of the fiber, thus providing higher effective index difference between the two orthogonal polarization modes [START_REF] Ortigosa-Blanch | Highly birefringent photonic crystal fibers[END_REF][START_REF] Hansen | Highly birefringent index-guiding photonic crystal fibers[END_REF][START_REF] Ju | Properties of a highly birefringent photonic crystal fiber[END_REF][START_REF] Suzuki | Highspeed bi-directional polarization division multiplexed optical transmission in ultra low-loss (1.3 dB/km) polarization-maintaining photonic crystal fiber[END_REF][START_REF] Caillaud | Highly birefringent chalcogenide optical fiber for polarization-maintaining in the 3-8.5 µm mid-IR window[END_REF]. In addition to the alteration of air hole diameter in the core region of PCFs, an asymmetric structure can also be obtained by either introducing mechanical stress [START_REF] Schreiber | Stress-induced single-polarization single-transverse mode photonic crystal fiber with low nonlinearity[END_REF] or modifying the shape of air holes [START_REF] Chen | Highly birefringent elliptical-hole photonic crystal fibers with double defect[END_REF]. It has been shown that the birefringence of silica based polarization-maintaining photonic crystal fibers (PM-PCFs) can reach high values up to 10 -3 [START_REF] Hansen | Highly birefringent index-guiding photonic crystal fibers[END_REF][START_REF] Suzuki | Highspeed bi-directional polarization division multiplexed optical transmission in ultra low-loss (1.3 dB/km) polarization-maintaining photonic crystal fiber[END_REF][START_REF] Caillaud | Highly birefringent chalcogenide optical fiber for polarization-maintaining in the 3-8.5 µm mid-IR window[END_REF], which is one order of magnitude higher than that of conventional PANDA or bow-tie silica fibers [19,23,44,20].

In this chapter, we demonstrate SC generation in chalcogenide glass based polarization-maintaining photonic crystal fiber (PM-PCF) and non-PM-PCF tapers using femto second pulses. This work results from a collaboration between the FEMTO-ST Institute, the University of Rennes, the SelenOptics company, and the DTU Fotonik, in the framework of the European H2020-MSCA-ITN SUPUVIR project. The author of this thesis did a secondment in the University of Rennes and the SelenOptics company with Prof. Johann Troles and Dr. Laurent Brilland where he participated in chalcogenide glass fabrication, PCFs drawing, and fabrication of tapers. He did another secondment in the DTU Fotonik with Prof. Ole Bang and Dr. Christian R. Petersen where he characterized the chalcogenide PCFs and tapers to generate supercontinuum spectra. Here we outline the methods for fabrication of chalcogenide glass, polarization-maintaining photonic crystal fibers, and fiber tapers in Section 4.1 and 4.2. Optical transmission and attenuation of the fibers and tapers are provided in Section 4.3. In Section 4.4, we discuss the numerical computations of the group-velocity dispersion and the birefringence of the fibers.
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We show in particular how we can tailor both the birefringence and the dispersion by tapering the PCF down to a few µm core diameter. The experimental setup for mid-IR SC generation is explained in Section 4.5. In Section 4.6, we show experimental results of broadband SC spectra in PM-PCF and non-PM-PCF tapers at different pump wavelength. The effect of pump polarization angle is finally investigated in the PM-PCF both experimentally and numerically using two-coupled generalized nonlinear Schr ödinger equations (GNLSEs). The effect of taper-waist core diameter and taper-waist length on the SC bandwidth by both direct pumping and pumping in cascaded system is further shown here. Finally, power damage threshold measurement of chalcogenide fiber, a colaboration work between the Femto-st Institute and the University of Rennes, is described in Section 4.7.

4.1/ CHALCOGENIDE GLASSES

Chalcogenide glasses are very attractive optical photonic materials due to their wide transparency range, low optical losses, stability to atmospheric moisture, and high optical non-linearity (typically ∼ 500 times more than traditional silica glasses) [START_REF] Adam | Chalcogenide Glasses: Preparation, Properties and Applications[END_REF][START_REF] Le | Wavelength conversion in a highly nonlinear chalcogenide microstructured fiber[END_REF]. Chalcogenide glasses contain at least one chalcogen elements such as S, Se, and Te. Depending on the composition, chalcogenide glasses can be transparent from visible up to 12 µm for sulfide, up to 16 µm for selenide, and up to 25 µm for telluride glass [START_REF] Dai | A review of mid-infrared supercontinuum generation in chalcogenide glass fibers[END_REF]. These glasses also have high linear refractive indices such as between 2.2 and 2.6 for sulfide, 2.4 and 3.0 for selenide, and 2.6 and 3.5 for telluride glasses [START_REF] Zhang | Glasses for seeing beyond visible[END_REF]. Because of these unique properties, chalcogenide glasses are excellent candidates for SC generation towards the mid-IR and their applications.

4.1.1/ GLASS FABRICATION

The chalcogenide glass (As 38 Se 62 ), which will be described in this thesis in details, was made at the University of Rennes and the SelenOptics company in France, where the author of this thesis participated in the glass fabrication process as a part of his PhD secondment. It was produced using the conventional melt-quenching method through several steps, which includes two stages of synthesis, annealing, quenching, and distillation [START_REF] Meneghetti | Purification of Ge-As-Se ternary glasses for the development of high quality microstructured optical fibers[END_REF][START_REF] Jiang | Fabrication and characterization of chalcogenide polarization-maintaining fibers based on extrusion[END_REF][START_REF] Shiryaev | Preparation of low-loss core-clad As-Se glass fibers[END_REF]. Before the main synthesis process, we will discuss about the preparation of all necessary materials. During the glass preparation process, hydrogen and oxygen may be produced due to the presence of some water content in the glass. Therefore, the water needs to be removed in order to increase the purity of the glass and to remove absorption peak due to water contamination. We used tellurium chloride (TeCl 4 ), and magnesium to remove hydrogen and oxygen, respectively. TeCl 4 with hydrogen produces hydrocloric acid (HCl) and magnesium with oxygen produces magnesium-oxide (MgO), which were removed during dynamic distillation process later. Since, magnesium stored in plastic container gets oxidized very easily, it was treated with HCl and distilled water before we mix it with other materials. Next the silica ampoule (i.e., the housing of prepared glass) was also treated with hydrofluoric acid (HF) and distilled water. Then inside a glove box, the silica ampoule was filled with high purity arsenic (As) (99.999), Se (99.999), TeCl 4 (200 mg) and magnesium (20 mg). After that the silica ampoule was taken out of the glove box and placed in a two-stage vacuum pump, which is shown in Fig. 4.1. The primary pump is an oil pump to create vacuum inside the silica ampoule in the first stage and the second one is a turbo molecular pump to achieve ultra-vacuum. The blue cylinder contains a cylindrical glass trap, inside which, there is a spiral tube in order to make extra space for the gas/impurities to cool down. This trap works as a condensation trap, which blocks both the flow of liquid from vacuum pump to silica ampoule (or the distillation tube during the case of distillation process later) and the flow of impurity gases into the vacuum pump. Outside of the glass trap, i.e., the rest of the blue cylinder is filled with liquid nitrogen that cools down the impurity gases. The silica ampoule was then pumped here for approximately 3 hours to create vacuum inside the ampoule. During the filling of silica ampoule in the glove box, selenium was poured at the top along with arsenic and TeCl 4 at the bottom, and magnesium in the middle so that after achieving the vacuum, selenium at the top can be melt using an external heater in order to make more space inside of it. Finally, the top end of the silica ampoule was sealed with a glass blower.

4.1.1.1/ FIRST SYNTHESIS

At this stage, we will start the first synthesis process. Here the previously filled silica ampoule will be put inside a furnace, which is shown in Fig. 4.2(a). Before putting into furnace, the ampoule was covered with an iron net to block the broken silica glass pieces and other material from spreading in case of an explosion inside the furnace. The ampoule was then inserted inside the furnace and the remaining part of the furnace is blocked with an insulating glass wool (can tolerate high temperature), which prevents the heat leakage from the furnace. The furnace has a rotational motion that enables uniform mixture of molten materials. The furnace's temperature was initially at 450°C when the silica am- poule was being inserted into it. The temperature of the furnace was then programmed using the furnace controller as shown in Fig. 4.2(b). The evolution of the temperature inside the furnace progresses was as follows: temperature increased from 450°C to 850°C in 4 hours and maintained this temperature for 30 minutes, then decreased to 810°C in one hour, again maintained this temperature for 30 minutes, and finally decreased to 700°C in 2 hours. After the first synthesis was done in 8 hours, the silica ampoule was kept inside the furnace at 700°C for 4 hours and then it was taken out of the furnace and placed into a water bucket for 15-20 seconds. This process is called quenching, which prevents crystallisation. In order to relieve the thermal stresses caused by quenching, the ampoule was then annealed at a temperature slightly below the glass transition temperature (T g ) around 165°C for 30 minutes inside an annealing furnace and after that, it was gradually cooled down to room temperature in 6 hours. Finally, the resultant chalcogenide glass was retrieved by breaking and removing the silica ampoule. In order to reduce absorption due to different impurities in the glass and to have a better transmission window, the resultant chalcogenide glass was purified through two distillation processes namely dynamic distillation, which was performed in an open setup and static distillation, which was performed in a sealed tube setup.

4.1.1.2/ DYNAMIC DISTILLATION

In the first step, the impurity gases like HCl and CCl 4 were removed from the chalcogenide glass using dynamic distillation [START_REF] Meneghetti | Purification of Ge-As-Se ternary glasses for the development of high quality microstructured optical fibers[END_REF]. This distillation process is called dynamic distillation as it is performed with the dynamic two-stage vacuum pump. At first, the retrieved chalcogenide glass (including impurities) from the silica ampoule was filled in one chamber of a two-chamber distillation tube (properly treated with HF and distilled water). Then the distillation tube was mounted on a settings attached with a two-stage vacuum pump and a localized heater in a way such that the half portion of the empty batch chamber (considered as first chamber) and the full portion of the filled batch chamber (considered as second chamber) stays inside the localized heater as shown in Fig. 4.3. The rest part of the distillation tube was covered with an insulating glass wool to trap the heat from the localized heater. The temperature of the heater was initially kept at 400°C for 30 minutes and then gradually increased to 600°C in 12 hours. During the distillation process, at first, all the impurity gases (HCl gas and CCl 4 ) will pass through the distillation tube and be sucked into the condensation trap. Then all the distilled material/glass from the second batch chamber will come to the first batch chamber and also in the lower part of the beginning length of the distillation tube as the upper part/cross section of the tube will be empty, which was used to create vacuum. The remaining impurities like MgO, which did not go through the distillation process due to high melting temperature of around 2852°C will stay at the second batch chamber.

4.1.1.3/ STATIC DISTILLATION

In the second step, static distillation was performed to remove carbon, silica and other refractory oxides from the glass. It is called static distillation as it is performed without the vacuum pump. After the dynamic distillation, the second batch chamber filled with impurities was removed by sealing the distillation tube from one end of first batch chamber to first few cm of the distillation tube (i.e., the region covered with white cotton like substance where the distilled glass was deposited) on the other side of the first batch chamber using a glass blower. Then the sealed distillation tube was placed inside a furnace. The furnace was initially fixed at an inclined position and it has a hot zone and a cold zone as shown in Fig. 4.4. The position of distillation tube inside the furnace is also shown in the same figure. The furnace was heated at 640°C for 10 minutes in order to melt the chalcogenide glass inside the distillation tube. After 10 minutes, the distillation tube inside the furnace was rotated to place the batch chamber in downward direction and a small part of the distillation tube was placed outside the furnace to expose it to cold environment i.e., at room temperature instead of using the cold zone of the furnace. Now the position of the furnace was changed from inclined to vertical state and its temperature was increased to near 700°C. During the static distillation process, the distilled glass will travel from the batch chamber to the cold part of the distillation tube outside the furnace in vapour form and will be deposited there leaving behind the impurities like carbon, silica and other refractory oxides in the batch chamber inside the furnace. Since, during the two distillation processes, different materials from the chalcogenide glass were distilled at different speed due to their different melting point, which in turn separates the glass into different compounds physically. For this reason, the resultant distilled glass needs a second synthesis process in order to homogenize the glass material. Hence, after second distillation, the silica ampoule filled with distilled glass was sealed with a glass blower to remove the batch chamber with impurities and then it was placed inside the same furnace (as shown in Fig. 4.2(a)) for a second synthesis, where the glass was again homogenously heated for 10 hours at 850°C. Then the ampoule was 

4.2/ FABRICATION OF CHALCOGENIDE PHOTONIC CRYSTAL FIBER (PCF)

In this section, we will describe the drawing procedure of microstructured photonic crystal fibers from chalcogenide glass. The fibers were drawn at the University of Rennes and the SelenOptics company in France. We fabricated two different type of fibers: highly birefringent polarization-maintaining photonic crystal fiber (PM-PCF) from As 38 Se 62 glass and regular lattice PCF (non-PM) from Ge 10 As 22 Se 68 glass. Several tapers from both type of PCFs were further fabricated directly on the drawing tower. Since, both types of PCFs and PCF tapers from two different glasses were fabricated through similar process, only the fabrication process of PM-PCF and tapers are reported in this section. Brilland et al. in [START_REF] Brilland | Interfaces impact on the transmission of chalcogenide photonic crystal fibres[END_REF] reported that drawing of microstructured PCFs from chalcogenide glass using conventional stack-and-draw method is not efficient as defects appear at the glass interfaces when the interstitial holes are collapsed during drawing, which results in strong optical losses above 20 dB/m without depending on the glass composition (Ge-Sb-S, As-Se, Te-As-Se). Therefore, here the PCFs were drawn from a preform, which was fabricated with an alternative method known as moulding method as described below.

4.2.1/ PREFORM FABRICATION

The PM microstructure preform containing 36 air holes organized in 3-rings, shown in Fig. 4.7(a), was prepared using the molding method [START_REF] Coulombier | Casting method for producing lowloss chalcogenide microstructured optical fibers[END_REF]. In this method, the highly purified As 38 Se 62 glass (as described in Section 4.1.1) is heated and flowed into a silica mold, which has the negative shape of the final preform. The silica mold is made of silicaglass capillaries with a thickness of 30 µm. These capillaries are organized in a hexagonal periodical pattern, using slices of a silica microstructured preform to keep them in place.

The hole diameter (d hole ) is 460 µm and the pitch (Λ) is 1350 µm. In order to make a PM preform, the geometry of slices is modified (from regular lattice PCF) by placing two larger holes with a diameter of 650 µm in diametrically-opposed positions in the first ring, while maintaining the diameter of small air holes (d SA )/Λ ratio. Both the As 38 Se 62 glass rod and the silica mold are placed in a silica ampoule. The ampoule is then heated in a rocking furnace at 600°C for one hour so the chalcogenide glass can flow down in to the mold having a glass viscosity about 10 -4 Pa.s. After that, air quenching is performed on the full mold for four minutes before annealing it at 165°C for one hour. The silica tube around the preform is then removed with a diamond tool. At the final step, the chalcogenide preform is obtained by removing the embedded silica capillaries with a hydrofluoric acid treatment. The final As 38 Se 62 glass preform has a diameter of around 16 mm and a length of 80 mm.

4.2.2/ FIBER FABRICATION

PM-PCF is drawn from the preform through the following procedure. At first, As 38 Se 62 preform is installed in the drawing tower inside a silica glass enclosure, through which helium gas is flowed to remove any remaining moisture from inside it, as shown in Fig. 4.6(a). An annular electrical furnace is placed around the preform in such a way that it helps to heat the lower part of the preform. Both the preform chamber and the furnace chamber were filled with helium gas. The temperature of the annular furnace is increased until a drop of glass fall down from the preform due to the gravitational force (around 340°C) as shown in Fig. 4.6(b). Then the fiber accompanying the drop is attached to a rotating drum to continue the drawing while the preform is being fed gradually inside the annular furnace in the same time. During the drawing process, the desired air-hole diameter is obtained by controlling the helium gas pressure inside the enclosure. For a given feeding speed of the preform into the furnace, the diameter of the fiber is further controlled by the pulling speed of the rotating drum. ratio of 0.477 that makes the PCF with uniform holes endlessly single-mode in the mid-IR [START_REF] Koshiba | Applicability of classical optical fiber theories to holey fibers[END_REF].

4.2.3/ TAPER FABRICATION

As 38 Se 62 PM-PCF tapers were directly made on the drawing tower (see Fig. 4.6(a)) using the following method. One end of a previously drawn PM fiber (as described in Section 4.2.2) with a length of 80 cm is glued (a special kind of glue which is dried using a UV lamp) with the fixing rod of the drawing tower. Then the annular electrical furnace is placed in the middle portion of the fiber. The other end of the PM fiber is glued with a silica fiber, which is fixed with the rotating drum. Then helium flow is being started inside 

4.3/ OPTICAL TRANSMISSION AND ATTENUATION OF FIBERS

In this section, we will discuss about the optical attenuation and transmission of the As 38 Se 62 PM-PCF, Ge 10 As 22 Se 68 PCF, and the PCF tapers, which are described in the previous section. The attenuation of the drawn As 38 Se 62 PM-PCF with a core diame-ter of 8.11 µm and Ge 10 As 22 Se 68 PCF with a core diameter of 14.9 µm were measured with a Bruker Tensor 37 FTIR spectrometer equipped with a liquid nitrogen cooled mercury-cadmium-tellurite (MCT) detector having a sensitivity from 1.2 to 14 µm, as shown in Fig. 4.9. The attenuation of the fibers were precisely measured using the standard cut-back technique and guidance of cladding modes was eliminated by applying a layer of graphite on the surface of the fiber during the measurement. The attenuation spectrum also shows four notable absorption peaks as follows: first small peak from left at 2.9 µm due to the presence of O-H bonds, second peak at 3.5 µm due to surface contamination by C-H bonds of non-cyclic organic compounds, the third peak at 4.56 µm due to the presence of Se-H bonds (as in the bulk sample, see Fig. 4.5(b)), and the fourth peak at 7.9 µm due to the presence of Ge-O bonds.

The power transmission (i.e., the percentage of incident power (at the input facet of the fiber) that is transmitted at the output of the fiber) of a tapered As 38 Se 62 PM-PCF with taper-waist of 1.77 µm and taper-waist length of 27 cm was measured to be 13% at 1.55 µm using an 1 mW continuous wave (CW) laser and a Thorlabs power meter. Then, the transmission spectra of all three As 38 Se 62 PM-PCF tapers with a taper-waist length of 27 cm, 40 cm, and 53 cm were measured with the same FTIR spectrometer as previous, which is shown in Fig. 4.10(a). The tapers transmit light from 1.84 to 5.23 µm (at the 3 dB level of maximum transmission) and there is no significant change in transmission window with taper length. However, the transmission bandwidth is significantly reduced compared to the untapered PM-PCF (see Fig. 4.9(a)) and there are three transmission dips clearly visible because of the presence of three new absorption bands at 2.9 µm due to O-H bonds, at 3.5 µm due to surface contamination by C-H Bonds of non-cyclic organic compounds, and at 4.25 due to CO 2 molecules. These are mainly due to the contamination of the taper-waist, non-adiabatic taper transitions during taper drawing process, and high -f). The transmission spectra are recorded to be compared to the untapered initial fiber attenuation and in order to check the transmission windows which is strongly linked to the core size. Indeed, when the core size is smaller than the propagated wavelength, additional confinement losses appear due to the structure of the PCF. From Figs. 4.10(b-f), we can see that, the transmission window inside the tapers increases with increasing taper-waist core di-ameter and we obtained maximum transmission window from 3.3 µm up to 9.1 µm (at the 3 dB level of maximum transmission) for the tapers with taper-waist core diameter of 6 µm. Furthermore, transmission window decreases with increasing taper-waist length for the same taper-waist core diameter due to increasing propagation losses in the taper section as shown in Figs. 4.10(b-f). The transmission spectra of tapers also show several new dips such at 4.26 µm due to the presence of CO 2 molecules, at 4.94 µm due to Ge-H bonds, at 6.3 µm due to H 2 O molecules, along with already present attenuation peaks in the untapered PCF (see Fig. 4.9(b)). Since, the Ge 10 As 22 Se 68 PCF tapers with taper-waist of 6 µm have the broadest transmission window up to 9.1 µm (similar to the untapered fiber), therefore, they will be tested for mid-IR SC generation in Section 4.6.

4.4/ COMPUTATION OF DISPERSION AND BIREFRINGENCE

Group-velocity dispersion (GVD) and birefringence properties of the PM-PCF and the PM-PCF taper are computed using COMSOL software based on a full vector finiteelement method from the cross-section images shown in Fig. 4.7(c) and Fig. 4.8(d). The refractive index of the air holes is set to 1 and the refractive index of the glass was calculated using a standard Sellmeier equation with the following form [10]

n 2 (λ) = A 0 + A 1 λ 2 λ 2 -a 2 1 + A 2 λ 2 λ 2 -a 2 2 , (4.4.1) 
where, A 0 , A 1 , and A 2 are dimensionless coefficients and a 1 and a 2 are the material resonant wavelengths. For As 38 Se 62 glass, the values of the coefficients used in the simulation are: A 0 = 3.7464, A 1 = 3.9057, A 2 = 0.9466, a 1 = 0.4073 µm, and a 2 = 40.082 µm [START_REF] Caillaud | Highly birefringent chalcogenide optical fiber for polarization-maintaining in the 3-8.5 µm mid-IR window[END_REF].

The PM-PCFs are assumed to be single-mode (HE 11 ) in the mid-IR as the second-order and higher-order modes have much higher confinement loss (18 In this section, at first we reported the SC spectra generated in 8.11 µm core diameter As 38 Se 62 PM-PCF with 4 µm and 4.53 µm pumping and also its polarization dependency. In order to have better understanding of the underlying physical phenomena behind the experiment, these results were then compared with a numerical simulation performed with a two-polarization code based on two coupled generalized nonlinear Schr ödinger equations (CGNLSE). Finally the SC spectra generated with a 6 µm core diameter Ge 10 As 22 Se 68 PCF taper was further investigated to show the influence of taper-waist core diameter and taper-waist length on SC bandwidth. ). An available maximum power of 98 mW provided a spectral broadening from 3.33 to 5.78 µm (at the -30 dB level) with an average output power of 6.23 mW. However, the spectrum at 4.53 µm has a lower bandwidth than the spectrum at 4 µm due to available lower input power from the laser in spite of pumping closer to the ZDW. Furthermore, with a constant input power of 62 mW at 4.53 µm, we were able to measure the polarization dependency of the SC spectra by rotating the fiber, which amounts to turning the input pump polarization with respect to the principal axes of the PM fiber. Using the measured output power, Fresnel loss from the output end face of the fiber, and intrinsic attenuation of the fiber in Eqs. 2.1.35 and 2.1.36 from Chapter 2, we estimated the coupling efficiency to be ∼ 11% and ∼ 9%, the coupling peak power as 2.74 kW and 1.59 kW at 4 µm pumping and 4.53 µm pumping, respectively. Figure 4.13(c) shows the recorded SC spectra when tuning the fiber angle from 0°till 182°with 10°s teps and with constant output power of 3.8 mW. As it can be seen from Fig. 4.13(c), the input pump polarization strongly affects the SC generation in the PM-PCF. The obtained SC bandwidth reduces from 2140 nm down to 1620 nm (at the -20 dB level) with an angular periodicity of about 90°. Polarization-maintaining property of the PM-PCF could be further investigated efficiently by placing an analyzer after the PM-PCF output in order to check the polarization of the SC spectra. Unfortunately, it was not performed due to the absence of a mid-IR polarizer during the experiment.

n 2 (λ) = 1 + B 0 + B 1 λ 2 λ 2 -b 2 1 + B 2 λ 2 λ 2 -b 2 2 , ( 4 

4.6.2/ COMPARISON WITH NUMERICAL SIMULATIONS

Detailed modelling of the polarization and modal properties of mid-IR SC generation in multi-mode step-index non-PM chalcogenide fibers was studied in [START_REF] Kubat | Multimode supercontinuum generation in chalcogenide glass fibres[END_REF], which demonstrated how important it is to control the polarization and the number of modes participating in the SC generation process. Here the uniform PM-PCF is single-mode at the pump wavelength, which means that we can restrict ourselves to consider only the fundamental mode with both polarizations. Nonlinear pulse propagation and SC generation in the highly-birefringent PM-PCF was therefore modelled using a two-polarization code based on the two coupled generalized nonlinear Schr ödinger equations (CGNLSEs) [START_REF] Zhu | Polarization properties of supercontinuum spectra generated in birefringent photonic crystal fibers[END_REF][START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF][START_REF] Agrawal | Nonlinear Fiber Optics[END_REF][START_REF] Dudley | Supercontinuum Generation in Optical Fibers[END_REF]. These equations can be written in following reduced form in a linearly polarized basis

∂A x,y ∂z + α 2 A x,y + β 1x,y ∂A x,y ∂T - k≥2 i k+1 k! β x,y k ∂ k A x,y ∂T k = iγ 1 + iτ shock ∂ ∂T × (1 -f R ) |A x,y | 2 + 2 3 |A y,x | 2 + f R A x,y (z, T ) T -∞ h R (T -T ′ )|A x,y (z, T -T ′ )| 2 dT ′ , (4.6.1) 
where A x and A y are the slow and fast axis field amplitudes, α is the wavelengthdependent propagation loss taken from Fig. 4.9(a), β

x,y k is the k th Taylor expansion of the propagation constants for the two linearly polarized field amplitudes. It accounts for the phase birefringence of the PM-PCF plotted in green in Fig. 4.11(a). The second-order dispersion β

x,y 2 (ω) is also shown in Fig. 4.11(a) as the D parameter. We also included 4.6. RESULTS
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higher order dispersion coefficients from Fig. 4.11(a). Nonlinear coefficient γ was calculated from effective mode area of PM-PCF and nonlinear index of the As 38 Se 62 glass using γ = 2πn 2 λA eff (λ) . This gives γ = 358.6 W -1 km -1 and 301 W -1 km -1 at the two pumping wavelengths, 4 µm and 4.53 µm, respectively [START_REF] Lenz | Large Kerr effect in bulk Se-based chalcogenide glasses[END_REF]. The time derivative term in RHS of Eq. 4.6.1 models the effects such as self-steepening and optical shock formation with τ shock = 1 ω 0 . The bottom first term in the RHS represents the nonlinear response function, which includes both instantaneous self-phase modulation (SPM) and degenerate crossphase modulation (DXPM) between the two cross-polarized fields with the coupling factor 2/3 [START_REF] Agrawal | Nonlinear Fiber Optics[END_REF][START_REF] Zhu | Polarization properties of supercontinuum spectra generated in birefringent photonic crystal fibers[END_REF]. The coherent coupling term between the two cross-polarized fields is here neglected because of the high birefringence [START_REF] Dudley | Supercontinuum generation in photonic crystal fiber[END_REF]. f R is the Raman fractional contribution to the Kerr effect and we find f R = 0.1, using the parameter reported in [START_REF] Slusher | Large Raman gain and nonlinear phase shifts in high-purity As 2 Se 3 chalcogenide fibers[END_REF] for chalcogenide glass. The Raman response delayed function h R (t) in the last term of Eq. 4.6.1 can be expressed in the time domain as follows: Raman gain can be obtained as

h R (t) = τ 2 1 + τ 2 2 τ 2 1 τ 2 2 exp -T τ 2 sin T τ 1 . ( 4 
g(Ω) = (2ω p /c)n 2 f R Im[H R (Ω)],
where ω p and

Im[H R (Ω)] denote the pump frequency and the imaginary part of the Fourier transform of h R (t), respectively [43]. Then Re[H R (Ω)], whose inverse Fourier transform yields h R (t), can be then determined from Im[H R (Ω)] using the Kramers-Kronig relations (Hilbert transformation) [43]. width, but in terms of structure of the spectrum, they are quite different. In 4 µm pumping, since the pump was located in the strong normal dispersion regime but far from the ZDW, therefore, initial SC generation was driven mainly by self-phase modulation (SPM). From both the numerical and experimental observations (see Figs. 4.15(a)&(c)), we can see due to SPM, pumping below the ZDW initiates a large build-up of power in the 3.3-4.3 µm region. Therefore, it limits the amount of power which crosses the ZDW to generate the long-wavelength part of the spectrum. However, after just 2 cm of propagation in the fiber, the spectrum extends beyond the ZDW, which then initiates soliton formation and fission followed by Raman soliton self-frequency shifting (SSFS). As a result, we could observe multiple soliton generation towards the infrared up to 6 µm. Simultaneously there are dispersive waves that are emitted from solitons in the short wavelength range down to 3 µm. The cross phase modulation (XPM) interaction between dispersive waves and Raman solitons could be observed around 3.3 µm of the spectra in Fig. 4.15(a). Figure 4.16(a) shows a series of computed SC spectra as a function of input polarization angle θ, from 0°to 180°with respect to the fast axis. This leads to SC bandwidth reduction from 2010 nm down to 1450 nm with an angular periodicity of around 90°, as shown in Fig. 4.16(b), as a black curve. This can be explained by the fact that when tuning the polarization angle from one principal axis to the other, the degenerate cross-phase modulation between the A x and A y vector fields is lower than the self-phase modulation (SPM) itself by a factor 2/3, giving rise to less SC broadening when pumping off axis with a minimum at 45°. The agreement with experimental measurements (blue curve) is quite satisfactory, except the small offset that is due to the different SC bandwidth shown in Fig. 4.15(b). It is well known that SC generated in a fiber pumped in the anomalous group velocity dispersion regime usually contains large amount of intensity noise due to soliton dynamics and stimulated Raman scattering, which is the basis of SC generation. However, here the PM-PCF pumped in the anomalous group velocity dispersion regime only maintains the polarization of generated SC but it anyway does not contribute to the reduction of noise unlike ANDi PM-PCF [START_REF] Heidt | Limits of coherent supercontinuum generation in normal dispersion fibers[END_REF]. The zero-dispersion wavelength of a tapered fiber is much lower compared to the nontapered section and it allows coupling of more pump power into the anomalous dispersion regime in order to improve efficiency of SC generation in the taper. However tapering a fiber has a drawback as it also pushes the confinement loss edge towards shortwavelengths. Therefore, it introduces a trade-off between efficiency and long-wavelength loss. As previously explained in Section 1.2, mid-IR SC spectra in optical fiber can be generated in two ways: direct pumping and cascaded pumping. Therefore, we will focus on both methods in the following sections. 4.2) with a taper-waist d core of 6 µm and a total length of 45 cm, which consists a taper-waist length (L W ) of 11 cm, before taper section length (L B = L BT + L DT ) of 15 cm, and after taper section length (L A = L AT + L UT ) of 19 cm, was directly pumped in the anomalous GVD region at 4 µm central wavelength, above the ZDW of 3.541 µm using the same experimental setup demonstrated in Section 4.5. The variation of measured spectra with output power is shown in Fig. 4.17(a). We obtained a SC spectrum spanning from 1.3 to 6.3 µm with an average output power of 12.70 mW for an input pump power of 195 mW. Figure 4.17(b) shows the measured SC spectra with different output power when the pump wavelength is tuned to 4.53 µm in the strong anomalous GVD region. An available maximum input power of 98 mW provided a spectral broadening from 3.61 to 6.56 µm (at the -30 dB level) with an average output power of 7.5 mW. In this case, we were able to extend the SC broadening towards the long-wavelength edge by few 100 nm by pumping far in the anomalous GVD region but in the same time, the SC broadening was shortened in the short-wavelength edge as we were limited by low input power compared to 4 µm pumping. The estimated coupling efficiency using Eq. 2.1.36 are ∼ 9% and ∼ 14%, the coupling peak power using Eq. 2.1.35 are 3.26 kW and 2.62 kW at 4 µm pumping and 4.53 µm pumping, respectively.

4.6.3.2/ CASCADED PUMPING

In a recent study on SC generation in tapered Ge 10 As 22 Se 68 PCFs using direct pumping by Petersen et al [START_REF] Petersen | Increased mid-infrared supercontinuum bandwidth and average power by tapering large-mode-area chalcogenide photonic crystal fibers[END_REF], it was found that generated SC bandwidth is greatly influenced by the length of uniform fiber before taper section (L B ) and after taper section (L A ). In this section, an investigation of the influence of taper-waist core diameter to the SC generation is performed using cascaded fiber system, as reported in [START_REF] Petersen | Nanoimprinting and tapering of chalcogenide photonic crystal fibers for cascaded supercontinuum generation[END_REF]. In this investigation, the two same 6 µm (d core ) Ge 10 As 22 Se 68 PCF tapers with taper-waist length (L w ) of 11 and 30 cm as described in Table 4.1 & Table 4.2 along with other tapers (d core between 6.5 and 7.5 µm) from the same Ge 10 As 22 Se 68 glass were pumped in a cascaded SC system. The structural parameters of all the tapers together are reported in Table 4.3. The pump source for the cascaded system was a SC source based on 7 µm core diameter ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) fiber with a spectral coverage from 1-4.2 µm. The ZBLAN fiber was pumped with a four-stage all-fiberized master oscillator power amplifier (MOPA) configuration [START_REF] Jain | Scaling power, bandwidth, and efficiency of mid-infrared supercontinuum source based on a GeO 2 -doped silica fiber[END_REF], as shown in Fig. 4 Furthermore, the generated SC light at the output of tapers A-E was measured with a grating-based Spectro 320 spectrometer and a custom version of the FTIR spectrometer (FOSS, with extended coverage from 2.8-14 µm) as described in Section 4.5. For an average pump power of ∼ 270 mW at 1 MHz repetition rate, the generated SC spectra at the output of tapers A-D is shown in Fig. 4.19(a) with total measured output power for each taper. We obtained total transmission between 31-38% in tapers A-D and managed to achieve highest output power of 103 mW in taper D. It can be seen from Fig. 4.19(a) that the taper A-C show similar spectra with SC bandwidth up to 8 µm at -30 dB level, despite having different taper-waist core diameter. However, the SC spectrum in taper D was limited to 7.5 µm and the flatness in the SC spectra was much less compared to tapers A-C. The pump SC source (1-4.2 µm) has a cut off at around 4 µm, therefore, for taper D (d core = 7.5 µm and estimated ZDW around 4 µm), the coupled solitons in the PCF initially experience self phase modulation in the normal dispersion regime and the part which crosses ZDW and broadens in the anomalous dispersion regime contributes to long-wavelength in the spectra. As a result, in taper D, the amount of power above 3.5 µm is ∼ 21% (22.2 mW), lower than compared to ∼ 29% (25.8) in taper C (ZDW is lower compared to taper D).

Another taper E (same d core = 6 µm as taper A but twice the length of L w and longer L B ) was tested in order to investigate whether the spectral extensition of SC was limited by taper-waist length (L w ). The long-wavelength region of generated SC spectrum in taper E is shown in Fig. 4.19(a) and the full SC spectrum is reported in Fig. 4.19(b). From Fig. 4.19(a), we can see that the long taper-waist length in taper E increases the bandwidth in the long-wavelength region but in the same time output power decreases significantly due to increasing propagation losses in the taper section. From the full spectrum of taper E in Fig. 4.19(b), it is observed that the maximum SC broadening covers from 1.07-7.94 µm (at -20 dB level) with a total output power of a 41 mW for an input pump power of 350 mW. Furthermore, we were not able to increase the long-wavelength edge of the SC spectrum by increasing the input pump power in taper E and the SC broadening was limited to around 8 µm as can be seen from Fig. 4.19(c). The same behavior was found in all other tapers B-D and it suggests that further broadening in the long- 

4.7/ PRELIMINARY INVESTIGATIONS OF DAMAGE THRESHOLD IN CHALCOGENIDE FIBERS

In many application like air pollution monitoring and hyperspectral imaging, the mid-IR supercontinuum light sources require to have high brightness with several mW/nm of spectral density in addition to the broad spectral coverage. It is very difficult to increase the output SC power after certain limit due to the laser induced damage threshold in chalcogenide glass. In recent years, several research has been done to investigate laser damage characteristics of several chalcogenide glasses with the aim to acquire glass materials with high laser damage resistance [START_REF] Messaddeq | Self-organized periodic structures on Ge-S based chalcogenide glass induced by femtosecond laser irradiation[END_REF][START_REF] You | Midinfrared femtosecond laser-induced damages in As 2 S 3 and As 2 Se 3 chalcogenide glasses[END_REF]. Zhang et al. recently reported power damage threshold measurement in Ge-As-S glasses [START_REF] Zhang | Mid-infrared supercontinuum generation in chalcogenide fibers with high laser damage threshold[END_REF].

It is well known that all of the nonlinear phenomena occurring in an optical fiber are extensively dependent on optical power. From this perspective, chalcogenide index guiding PCFs have a major disadvantage in nonlinear applications due to their low powerdamage threshold property. Therefore, in this chapter, the power-handling capability of chalcogenide fibers is verified by a set of measurements using As x Se y and Ge x As y Se z PCFs with different glass compositions, mainly increasing the germanium (Ge) content in the glass. The fibers were provided by the University of Rennes for a collaboration project as a part of European Union H2020 SUPUVIR consortium. These measurements include the evolution of the output power of fixed length PCFs with variable input power or over time with fixed input power at different wavelengths, which will be described and analyzed in this section.

4.7.1/ DETAILS OF CHALCOGENIDE PCFS USED FOR TESTING

Microstructured optical fibers with 3 hexagonal rings of air holes organised in a triangular lattice containing 36 air holes are used for this power handling capacity measurements. One of the PCFs with a core diameter of 11 µm is shown in the optical microscope image in Fig. 4.20(a). In the matter of glass composition, we have used Ge 10 As 22 Se 68 , Ge 14 As 20 Se 66 , and Ge 16 As 20 Se 64 glass PCFs as well as As 38 Se 62 glass PCF in order to test both the effect of different germanium content and also the presence and absence of germanium content in the glass. The geometrical parameters of the drawn PCFs with the above mentioned glass compositions used for the power handling capacity measurements, are given in Table . 4.4. The d/Λ ratio of all the PCFs are greater than 0.4, which emphasizes that the PCFs are not endlessly single mode. This was confirmed 1750 nm, and obtained from the experiment described in the following section. Therefore, in order to have a proper comparison between all the measurements, it is made sure to excite always the same mode. In our case, we have chosen to excite the fundamental (LP 01 ) mode for our power handling capacity measurements as only this mode can transmit in the mid-IR spectral region where the application of chalcogenide fibers mainly takes place.

The measured attenuation spectra of the PCFs are shown in Fig. 4.21. The estimated optical attenuation of the PCFs at the measurement wavelengths 1750 nm and 2100 nm are also provided in Table 4.4 with high degree of approximation due to the low sensitivity of the detector below 2.5 µm. It can be seen from Fig. 4.21 that the fibers with different glass composition show quite different attenuation. This could be due to scattering effect rather than absorption and it should not affect the thermal load that will be put on the fiber while injecting light in to it. Furthermore, power handling properties are related to absorption, which is expected to be similar between the drawn fibers.

4.7.2/ EXPERIMENTAL SETUP

The experimental setup for power damage threshold and power handling capacity measurement of chalcogenide fibers is shown in Fig. 4.22. It is similar to the experimental setup described in Section 3.4 of Chapter 3 excluding the measurement part with the spectrometer. Since the transmission range of chalcogenide PCF is in the mid-IR spectral region, idler output of the OPO with tunability from 1.7-4 µm is chosen for the pump laser. However, the power output of the OPO idler beyond 2100 nm was very low and not sufficient for power damage measurement, hence we have tested the above-mentioned chalcogenide PCFs using our OPO at two different pumping wavelengths (1750 nm and 2100 nm) and we have observed dramatically different power damage effects. It is noted that in the above mentioned test wavelength range, our chacogenide PCFs show high linear and nonlinear absorption coefficients. Therefore, the performance of the tested PCFs in terms of power handling capacity is expected to be significantly better in the mid infrared compared to our chosen wavelengths due to insufficient power of our laser system. The light from the OPO was injected into the PCF through an IR-coated focusing objective (20X magnification) and the input power was controlled via a variable attenuator. The input power after the attenuator was measured with a Thorlabs thermal power meter (operating range: 1-10 µm). The light at the fiber output was collimated by a Dcoated GeSbSe aspheric lens with an effective focal length of 4 mm and the power was then measured with Thorlabs S132c Ge photodiode (operating range: 700 to 1800 nm) or with a Thorlabs thermal power meter S401C (operating range 0.2-10.6 µm), depending on the wavelength. The coupling efficiency and the coupling power were calculated from the ratio between output and input powers taking into account the fiber's intrinsic attenuation and Fresnel losses. Furthermore, before measurement with every fiber, the second power meter was replaced with an IR camera combined with neutral density (ND) filters to study the light guidance inside the fiber core and excitation of only the fundamental mode as shown in Fig. 4.20(c).

4.7.3/ POWER HANDLING BEHAVIOR OF CHALCOGENIDE PCFS WITH DIFFER-ENT COMPOSITIONS

The maximum peak power delivered by the laser system can reach up to 15 kW, which leads to an optical intensity up to several tens of GW/cm 2 in the fiber core with few µm 2 effective mode area. Although the laser has low pulse energy (few nJ) due to low average power and high repetition rate (80 MHz), but the high optical intensity combined with high repetition rate can leads to power related damage in the chalcogenide fiber due to
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a number of thermal effects such as thermally induced stress, fatigue effects, cumulative pulse effects, and melting, which are caused because of the local increase in temperature given by linear, nonlinear, and free carrier absorption.

The amount of launched input power coupled to the core of the fiber, that is the coupled input power (P c ), is different for every PCF sample in our experiment due to nonreproducible cleaving and low idler beam quality. Since, the length of the fiber, wavelength dependent attenuation in dB/m and Fresnel loss from the fiber's output facet are known, the coupled input power P c and the coupling efficiency C eff were calculated using P out and P in in Eqs. 2.1.35 and 2.1.36 from Chapter 2. The estimated coupling efficiency are reported in Table 4.5. From Table 4.5, it can be seen that Ge 10 As 22 Se 68 and Ge 14 As 20 Se 66 fiber offers the worst and best coupling, respectively. The coupling efficiency was lower at 2100 nm than 1750 nm for each individual fiber due to lower beam quality (wavelength dependent) of idler at 2100 nm. During the measurement, it was noticed that the idler power was a little bit unstable with a fluctuation of around 10-15 mW, directly coming from the OPO. So the error on the obtained data should be regarded as quite large, however, with large number of collected points, the accuracy has been deemed sufficient for deriving at least trends in the fibers' behavior under laser power. In order to minimize the effects due to accumulation of damage in the fiber, the P out data was taken for shortest possible beam exposure time by using a beam blocker on the beam path. Figure 4.23 shows the measured output power with increasing input coupled power for the four fiber samples with four different compositions. From Fig. 4.23, we can see a common trend for all the fiber. At first for both pump at 1750 nm and 2100 nm, output power increases linearly for a certain value of coupled input power. After this value of P c , the slope in P out vs P c plot (see red curves in Fig. 4.23) for 1750 nm started to decrease. This value is defined as power damage threshold, which is reported in Table 4.6 for all four fiber samples at 1750 nm. This change in slope at different P c for different glass composition (see Table 4.6) suggests that at shorter wavelength, the germanium contain in the glass increases the power handling capabilities of the fiber. However, for Ge 10 As 22 Se 68 fiber, poor quality data collection restrains us from correct estimation of a power damage threshold but the value seems to be in the same range as the one of As 38 Se 62 . The power damage at 1750 nm seems to happen in the beginning part of the fiber's input end as the original slope was possible to retrieve again by removing the first few centimeters of fiber's input end. In 1750 nm case, just before the fiber burns, we can observe a sharp fall of P out over a few seconds at a certain high value of P c (see red curves in Fig. 4.23) for all the fibers except Ge 14 As 20 Se 66 .

After checking the input fiber end with a fiberscope, the fiber surface appeared to be completely melted with the holes closed, which suggests that not only the coupled power but also the whole launched power was involved in this phenomena. The input/coupled power at which the fiber burns is denoted as burning power, which is reported in Table 4.6 for all four fiber samples. Here, we can see no trend relating the coupled burning power to the amount of germanium in the glass composition but when comparing the values of P in with respect to fiber burning, there is a clear distinction between As 38 Se 62 (∼ 180 mW) and the germanium containing compositions (>216 mW). A comparison between the compositions containing germanium would not be satisfactory due the above mentioned sources of errors.

At the 2100 nm pumping case, we did not observe any permanent change in slope of P out and P c plots (see blue curves in Fig. 4.23) due to insufficient power but it seems that such changes in slope, if present, would occur in much higher input power than those at 1750 nm. This being consistent with the attenuation data of the fibers, suggested a significantly higher band-gap related absorption (thus more thermal load) at 1750 nm than that of 2100 nm. High peak power related two photon absorption (TPA) is also more significant at wavelengths closer to the band-gap.

For better understanding of power damage phenomena happening in the fiber, an extensive study of the output power with time at fixed input power under continuous exposure of laser was performed for the fiber samples with all the compositions. At 1750 nm, for the coupled input power lower than the damage threshold value of the individual fibers mentioned in Table 4.6, no variation in output power over time could be seen. When the fixed coupled input power reaches above the damage threshold value, output power decreases by a significant amount over in few minutes as shown in Fig. 4.24 for all four fibers with four different compositions. From Fig. 4.24, we can see that the decrease in output power is not linear and there are few changes in the slope, which could be at least partially due to the cumulative effect of the power absorbed while collecting the points and also due to the very small movement of the centre of laser beam in our experiment, despite the necessary precautions taken to avoid it. After these experiments, the laser beam was stopped to cool down the fiber. Then after one hour, without modifying the input power, injection of light into the fibers leads to retrieval of only a few percentage (∼ 33% -70%) of the initial output power suggested that the loss in transmittance induced in the fibers due to power damage experiment is partially reversible as well as partially permanent. At 2100 nm, for the similar length of the fiber, no significant change in output power over time could be observed even for maximum amount of available coupled input power. This means that the power drop in time is mainly due to two-photon absorption.
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4.8/ CONCLUSIONS

In Section 4.6, polarization-preserving supercontinuum generation in the mid-infrared from 3.1 to 6.02 µm and from 3.33 to 5.78 µm with output power of 11 mW and 6.23 mW, respectively, has been demonstrated by pumping a highly-birefringent photonic crystal fiber made of chalcogenide glass with femtosecond pulses at 4 µm and 4.53 µm, respectively. It has been further shown that tuning the input polarization angle with respect to the fiber principle axes affects the supercontinuum bandwidth and this was checked against numerical simulations based on two coupled generalized nonlinear Schr ödinger equations. The chalcogenide glass was fabricated using standard melt-quenching method and the fiber was drawn using the casting method from As 38 Se 62 glass, which features a transmission window from 2 to 10 µm and a high nonlinear index of 1.13 • 10 -17 m 2 /W. It has a large birefringence of 6.5 • 10 -4 at 4.6 µm enabling strong polarization maintaining properties. Long tapered optical fibers have also been designed and fabricated from the same polarization-maintaining fiber with taper-waist core diameter down to a 1.77 µm that increases the birefringence up to 10 -2 . This work constitutes an important step towards stable and linearly-polarized supercontinuum generation for mid-IR applications.

By tapering a 15 µm core diameter Ge 10 As 22 Se 68 PCF (non-PM) down to a core diameter of 6 µm over a 11 cm taper-waist section, a SC spectrum covering from 1.3-6.3 µm with output power of 12.7 mW was obtained by direct pumping at 4 µm and a SC spectrum covering from 1-7.4 µm with 82 mW of output power was achieved by pumping in a cascaded system with pump source covering 1-4.2 µm. The SC spectrum in the cascaded system was further broadened in the long-wavelength edge from 1.03-7.94 µm with output power of 41 mW using 30 cm of taper-waist section. We have shown that the taper-waist core diameter mainly influences the maximum output power and power in the long-wavelength region, but has negligible influence on the SC bandwidth. The length before taper section also appears to have negligible impact on the SC bandwidth within the range of tested lengths. However using a combination of much longer length before taper section and longer length of taper-waist, a significant impact on the output spectrum was observed suggesting the importance of the length of taper-waist section. In this case, although the output power is significantly lower due to the longer length of fiber, however, the percentage of the power in the longer wavelength region is higher.

In Section 4.7, we have demonstrated power damage threshold measurements in chalcogenide fiber with glass compositions such as Ge 10 As 22 Se 68 , Ge 14 As 20 Se 66 , Ge 16 As 20 Se 64 , and As 38 Se 62 . The power damage effect visible in these fibers at 1750 nm are due to band-gap related absorption and two-photon absorption. These fibers showed power damage threshold of between 10-40 mW of coupled input power. PCF made from Ge 14 As 20 Se 66 composition is the best among the other three compositions in terms of both the burning coupled power (117 mW) and coupling efficiency (48.9%) at 1750 nm. Ge 16 As 20 Se 64 fiber showed the highest damage threshold of 39 mW. No significant damage was seen for the fibers pumped at 2100 nm due to insufficient laser power. Surprisingly, the Ge 10 As 22 Se 68 fiber showed the worst coupling efficiency with respect to the other fibers for unknown reason and we need to test it again in the future for much better estimation of its damage threshold. In addition to this, further measurements with much higher and stable pump power in the mid-IR region will be needed to have a better and clear understanding of the physical origin of the difference in power handling behavior between these fibers made from different compositions. Finally, the fibers with higher scattering losses appear to exhibit the best properties, which further confirms that the power-related damage experienced by fibers as can be seen from our measurements were not affected by the presence of particles inside the glass.

GENERAL CONCLUSION AND OUTLOOK

I N this thesis, our goal was to develop mid-IR SC light sources in soft glass microstruc- tured photonic crystal fiber platform for numerous practical applications like optical sensing, material processing, biomedical imaging and microscopy cell and tissue analysis using OCT, confocal and fluorescence imaging, and infrared spectroscopy for molecular fingerprints. The combination of enhanced nonlinearities and tailorable dispersion characteristics enables small core microstructured fibers to efficiently generate ultra-broad supercontinua spanning from near-IR to mid-IR wavelengths. SC generation in microstructured PCFs through various nonlinear processes had been studied in details for different pump pulse parameters such as width, wavelength, and power.

In the project, strong collaboration with various national and international universities and companies had provided us incredible resources to achieve our goal. Towards our goal, in collaboration with the Institute of Electronic Materials Technology in Poland, we achieved a record SC bandwidth covering the near-IR from 891 nm -2466 nm in heavy metal-oxide glass based suspended core microstructured PCF using femtosecond pulses pumped at 1580 nm. This suspended-core PCF structure offers tight light confinement and very small effective mode area. This geometry also prevents from glass recrystallization during fiber drawing using stack-and-draw method and provides higher mechanical durability. Using femtosecond pulses with peak power higher than the one used in this project, the SC bandwidth in these fibers could be increased until their transmission cutoff up to 2800 nm. This result demonstrates the strong potential of heavy metal-oxide suspended-core PCF for SC generation.

Our main goal of extending the SC bandwidth to mid-IR was achieved in a collaboration with the SelenOptics company, the University of Rennes, and the DTU Fotonik, where we obtained a polarization-preserving supercontinuum generation with a record broadening from 3.1 to 6.02 µm with output power of 11 mW by pumping a highly-birefringent microstructured photonic crystal fiber made of chalcogenide glass (As 38 Se 62 ) with femtosecond pulses at 4 µm. Effects of polarization on SC bandwidth have also been investigated. This work constitutes an important step towards stable and linearly-polarized supercontinuum generation for various mid-IR applications such as gas and pressure sensing, integrated-optic devices and polarization-sensitive OCT. In spite of featuring a transmission window up to 10 µm, the SC bandwidth in As 38 Se 62 PCF in this project was limited to 6 µm due to the unavailability of sufficiently high peak power of our laser pulses at desired pump wavelength and low coupling efficiency because of poor beam quality of our laser and difficulty to achieve smooth cleaving of chalcogenide fiber facet. The high purity As 38 Se 62 glass was fabricated using standard melt-quenching method, fiber 104 CHAPTER 5. GENERAL CONCLUSION AND OUTLOOK preform was prepared using moulding method and the final PCF was drawn using the casting method. All these methods have been demonstrated in great details. Furthermore, to extend the SC bandwidth beyond 6 µm, As 38 Se 62 PCF tapers, which increase the nonlinearity while maintaining a moderate damage threshold, were realized and investigated for efficient SC generation with relatively short pump wavelengths (around 2 µm). However, various factors like contamination of the taper-waist, crystallization of As 38 Se 62 glass and non-adiabatic taper transitions during taper drawing process, high confinement loss for non-uniform and small taper-waist (1.77 µm diameter) unfortunately limit the transmission window of these tapers to around 5.5 µm and as a result they were not efficient for mid-IR SC generation beyond 6 µm for our project.

The above mentioned limitations were overcome in a collaboration with the SelenOptics Company and the DTU Fotonik where several microstructured PCF tapers with core diameters between 2.5-6 µm were fabricated from Ge 10 As 22 Se 68 glass and a SC spectrum covering from 1.3-6.3 µm with output power of 12.7 mW was obtained by direct pumping at 4 µm and the same taper with core diameter of 6 µm and 11 cm taper-waist section generated another SC spectrum covering from 1-7.4 µm with output power of 82 mW by pumping in a cascaded system with pump source covering 1-4.2 µm. The latter was further broadened up to 7.94 µm with output power of 33.4 mW using 30 cm of taperwaist section. Furthermore, the investigation also showed that taper-waist core diameter had negligible influence on the SC bandwidth, however, it influences the maximum output power and power in the long-wavelength region. Near-IR pumped cascaded system have made a revolutionary change in mid-IR SC generation to allow us to build compact and low cost all fiber SC sources. SC bandwidth has been further broadened up to 10 µm by using short length chalcogenide fiber in an all fiber cascaded system, which was realized in another collaboration with SelenOptics, LEUKOS, and Le Verre Fluor é companies, McGill University and the University of Rennes.

Lastly, in a collaboration with the University of Rennes, the power handling capabilities of chalcogenide fiber had been investigated in the near-IR wavelengths in PCFs with different glass compositions (mainly increasing the germanium content in the glass) such as Ge 10 As 22 Se 68 , Ge 14 As 20 Se 66 , Ge 16 As 20 Se 64 , and As 38 Se 62 . Power damage effect in chalcogenide fibers usually occurs due to a number of thermal effects such as thermally induced stress, fatigue effects, cumulative pulse effects, and melting that are caused as a result of the local increase in temperature given by linear, nonlinear and free carrier absorption. At 1750 nm, band-gap related absorption and two-photon absorption were the main contributor to the power damage effect. Ge 16 As 20 Se 64 had showed the highest damage threshold behaviour where as Ge 14 As 20 Se 66 PCFs had showed to support the highest burning coupled power and coupling efficiency than the rest of the fibers. Due to insufficient laser power, fibers pumped at 2100 nm did not show any significant damage. Therefore, we do require further measurements with much higher and stable pump power in the mid-IR region for a better and clear understanding of the physical origin of the difference in power handling behavior between these different compositions.

From the experimental evidence, in my opinion cascaded pumping system is the best and efficient way to develop mid-IR SC sources up to 10 µm and beyond. Here we will provide several recommendations to improve the performance of mid-IR SC sources. We will recommend for telluride-glass fibers as a final fiber to further broaden the cascaded spectrum beyond 10 µm. Another recommendation is the use of anti-reflection coating or nanoimprinting of the chalcogenide fibers that could significantly reduce the Fresnel losses and the input damage threshold, which in turns allow us to considerably increase both the output power and the power spectral density. Polarization and coherence properties of the mid-IR SC light are the key parameters for some applications such as mid-IR OCT and interferometric measurements. Therefore, polarization property could be maintained for example by replacing the fiber laser and the cascaded system with polarizationmaintaining fibers. All the anomalous dispersion regime SC generation demonstrated in this thesis do not maintain the initial temporal coherence of the input laser. Therefore, in order to maintain the coherence property, we could consider all-normal dispersion (ANDi) chalcogenide fibers directly pumped with mid-IR femtosecond fiber lasers. 

Cross-phase modulation instability in PM ANDi fiber-based supercontinuum generation

All-normal dispersion (ANDi) optical fibers have recently emerged as attractive platforms to improve the noise and coherence of supercontinuum generation (SC/SCG) beyond the limits of anomalous SC generation [1][2][3][4]. ANDi SCG is based on two fully coherent nonlinear effects: self-phase modulation (SPM) and optical wave breaking (OWB) [2,5] while anomalous SCG is typically susceptible to or even generated by incoherent nonlinear effects [6]. Despite this, ANDi SCG has its own limitations, being both very sensitive to Raman noise [2][3][4]7] and requiring low and flat fiber dispersion engineering that is technically challenging to achieve [1]. When pumping with femtosecond pulses, it has been shown that other factors should be considered including polarization modulation instability (PMI) or the amplitude noise of the laser, both of which can drastically degrade the relative intensity noise (RIN) and coherence [3,4,8]. These factors limit the available parameter space for coherent SCG; however, fs-pumped ANDi SC generation still has significant potential to generate temporally coherent SC with realistic laser parameters, a feature hard to come by in the anomalous dispersion regime. This gives such systems potential in a range of fields including optical coherence tomography (OCT), optical metrology, photoacoustic imaging, and spectroscopy [9][10][11].

In this work, we investigate SCG in a polarizationmaintaining (PM)-ANDi silica photonic crystal fiber (PCF) with a femtosecond stable optical parametric oscillator (OPO) with intention to suppress PMI. However, in doing this, we discovered the generation of a sideband outside the SC bandwidth that was not observed in previous PM-ANDi SCG [12,13]. We identify this sideband as the result of a cross-phase modulation instability (XPMI) process that builds up from coherent SCG and OWB. As described in [14,15], XPMI is usually observed when a beam is launched at a 45 • angle from the principal axis of a highly birefringent fiber. This beam is then split into two linearly polarized modes on each axis that will nonlinearly interact with each other to generate two frequency-detuned and crosspolarized four-wave mixing (FWM) sidebands [14]. However, this XPMI process has never been observed before through the stimulation of fs-SC generation but only via spontaneous generation of the interaction of picosecond or nanosecond pulses.

Our results show that we can generate a stimulated XPMI sideband in a PM-ANDi PCF using femtosecond pulses. As expected, this sideband is most powerful while pumping the fiber at 45 • off the axes. We also demonstrate this sideband can be completely suppressed when pumping the fiber on the fast axis.

The experimental setup used to observe and analyze SC and XPMI generation in the PM-ANDi PCF is shown in Fig. 1. As a pump laser, we used a Ti:Sa femtosecond pulsed laser (Coherent Chameleon) tunable from 680-1080 nm, delivering 200 fs pulse duration at an 80 MHz repetition rate with a maximum average power of 450 mW at 1040 nm. The output power is controlled using a variable neutral density filter (ND). A halfwave plate is used to turn the input polarization state , while the polarizer at the fiber's output is used to observe the spectral content on the light of each axis. A 40x microscope objective is used to couple the light into the 40 cm of PM ANDi PCFthe NL-1050-NE-PM from NKT Photonics. This fiber has a relative hole size of d/L = 0.45, a small hole-to-hole pitch of 1.44 µm, and a nonlinear coefficient of γ = 26.8 W -1 km -1 at 1040 nm. A set of two aspheric lenses is used to collimate the output beam and then focus it to the multimode pick-up fiber.

The dispersion was measured using white-light interferometry and calculated for an idealized structure with a uniform hole structure with fixed pitch and hole diameter using COMSOL. The calculation fits the measurements well and is shown as the blue curve in Fig. 2. The numerical modeling using the experimental dispersion data did not reproduce the experimental results; this is probably due to the uncertainties on this dispersion curve that increase when the dispersion is close to zero. We therefore considered the dispersion given by the brown curve, which is shifted upwards in the center as the dispersion approaches zero. This is still within the measurement uncertainties and is able to reproduce the experiments as we will demonstrate. As expected, the small holes of the PCF give a confinement loss edge wavelength significantly below the material loss edge wavelength, calculated to be at 1450 nm using COMSOL (see Fig. 2, green curve). The dispersion profile has a minimum of -13 ps/nm/km at 1040 nm and is rather symmetrical within the low-loss window. The PM effect of this fiber is stress-rod induced, with a slight degree of core-ellipticity that causes a linearly increasing birefringence [16], which goes from 2.5 • 10 -4 at 850 nm to 6.8 • 10 -4 at 1300 nm, as shown in Fig. 2 (red circles).

We pumped the fiber at 1040 nm, at the minimum dispersion wavelength (MDW); thus we should expect the broadest SC. Figure 3 shows the spectral evolution while pumping on the slow axis, fast axis, and at 45 • . The broadest SC spectrum (bandwidth at -20 dB is 460 nm) is obtained by pumping on the slow axis, while the narrowest is obtained by pumping at 45 • because only half the power is available for spectral broadening in each axis and due to the temporal walk-off, which tends to eliminate the influence of cross-phase modulation [17]. Also, the SC spectrum is quite symmetric whatever the input angle Fig. 2. Numerical (solid blue), experimental (black dots) and modeled (dashed brown) dispersion profiles, and fiber losses (solid green) of the NL-1050-NE-PM ANDi PCF. The inset shows the group birefringence: linear fitting (solid black) and measured data (circles red). due to the parabolic shape of the fiber dispersion. Interestingly a sideband appears at 1360 nm, which is strongest when pumping at 45 • and which we identify as XPMI. When pumping on the slow axis, the sideband intensity is reduced by 12 dB but is still clearly observable. Finally, when pumping on the fast axis, the sideband appears to be completely suppressed with an extinction of at least 25 dB. To understand the appearance of this sideband and the efficiencies regarding the input polarization angle, let us recall that the phase-matching condition for XPMI should give rise to a Stokes sideband on the slow axis and an anti-Stokes sideband on the fast axis because of positive (normal) group-velocity dispersion (GVD) [6,18]. This means to stimulate the generation of an idler-pumped sideband in the Stokes side of the spectrum, we need energy in the pump (on both axes) and energy in the anti-Stokes sideband (aligned to the fast axis). Experimentally, we use a pump laser with a polarization extinction ratio (PER) of 40 dB and inject the light into the PM-ANDi fiber, whose input face was end-collapsed to remove back reflections into the Ti:Sa laser. At the output, we measure a maximum achievable PER of 17 dB, which has a relatively even distribution over the whole SC bandwidth. This shows that at some point in the propagation, light has deviated from the input axis to become distributed more over both axes, probably due to the collapse of the fiber holes. This can explain why it is possible to observe a Stokes sideband at 1360 nm even when the input beam is almost aligned on the slow axis, as shown in Fig. 3.

Figure 4 shows the evolution of the SC spectrum as a function of the pump power for an input polarization at 45 • off axes. The SC bandwidth is 430 nm at -20 dB (845-1275 nm) for an average output power of 220 mW. The XPMI sideband grows and slightly broadens to longer wavelengths when increasing the coupled power. It starts to appear only when SC extends past 1200 nm and when the OWB also starts to appear (see the green spectrum in Fig. 4). In addition, there is no observable anti-Stokes sideband outside the SC, even when observing the spectrum over a wide bandwidth (600-2000 nm).

Adding a polarizer at the output of the fiber to analyze the sideband polarization angle, we show in Fig. 5 the SC spectrum measured after the polarizer as a function of the polarizer angle at maximum output power (220 mW average power). We notice that the three spectra obtained by aligning the polarizer on the slow axis (blue curve), fast axis (red curve), and at 45 • of the axes (pink curve) have a similar bandwidth and shape. We observe the most powerful sideband when the polarizer is aligned on the slow axis and a 10 dB suppression when aligning the polarizer at 45 • of the axes. Finally, aligning the polarizer on the fast axis totally suppresses the sideband, confirming that the sideband is polarized along the slow axis.

To simulate the SCG in the PM-ANDi fiber, we use a MATLAB code solving the two coupled generalized nonlinear Schrodinger equations (CGNLSEs) for highly birefringent fibers as described in [19]. We used as input parameters a pump wavelength of 1040 nm, a sech-shaped pump pulse with duration of 200 fs (full width half maximum intensity), 12 kW peak power, a longer fiber length of 60 cm for better visibility, the loss profile as described in Fig. 2 (green curve), and the birefringence values taken from the inset. One-photon-per-mode noise and intensity noise of 1% was added to our input condition, and the results were sampled average over 20 simulations. Using these parameters, we obtain a quite good agreement between simulation and experimental results. This is shown in Figs. 6(a)-6(d), which depict both the spectral and temporal intensity dynamics on each axis when pumping the PM-ANDi fiber at 45 • . First, the numerical SC bandwidth at -20 dB level is estimated to be 450 nm, which is very close to the experimental one (430 nm). Second, we can clearly see the generation of a small signal at 1360 nm polarized on the slow axis, which fits with the experimentally observed XPMI sideband [see Fig. 6(b)]. We also notice that the sideband appears after 20 cm of propagation exactly where the OWB sets in and stops the red-shift of the SPM lobes. Interestingly, the temporal trace plotted in Fig. 6(d) reveals that the signal at 1360 nm behaves as a small dispersive wave (DW) shed by the pump pulse on the slow axis, in a way akin to the DW emission by OWB in the anomalous dispersion region [20,21].

To go further into detail, in Fig. 7, we plot the theoretical XPMI sidebands as a function of pump wavelength using the well-known formula for the XPMI frequency shift [22] where δn is the group birefringence, P 0 the total peak power, and β 2 the wavelength-dependent GVD. The XPMI wavelengths are plotted in Fig. 7 for different peak powers. From the modeling, the slow axis XPMI generation is seen to be closely linked to the long wavelength SPM lobe in the slow axis, marked with white dots. According to this conjecture, the XPMI gain is efficient only when the red shift of the SPM lobe, acting as the pump, slows down, and for lengths not much longer than the walk-off length of 22 cm. This is exactly what is observed: the XPMI peak is first growing after about 20 cm when the red-shift of the SPM lobe is stopped by OWB, and after about 30 cm, the power in the XPMI peak does not grow anymore. Looking into more detail, we find that the peak power decreases from 12 kW at z = 0 to 1.5 kW at z = 60 cm. From the corresponding phase-matching curves in Fig. 7, we see that the XPMI phasematches to the center wavelength of the SPM lobe initially at 2787 nm (P 0 = 12 kW, λ SPM = 1040 nm), then it rapidly decreases because of the red-shift of the SPM lobe. The observed final SPM lobe wavelength of 1152 nm is seen to generate XPMI at 1360 nm in the valley of the linear phase-matching curve, which corresponds nicely to the numerically and experimentally observed XPMI wavelength, for the adjusted dispersion profile. The observed SCG-induced XPMI generation thus requires a delicate balance between strong SPM stopped sufficiently before, say, twice the walk-off length by OWB.

s (λ, z) = δn(λ) 2c β 2 (λ)   1 + 1 -4β 2 (λ)γ P 0 (z) c δn(λ)
In conclusion, we have reported the observation of XPMI while pumping a PM-ANDi PCF with a femtosecond laser. A sideband was generated through a XPMI process at 1360 nm during coherent SCG from SPM and OWB. We demonstrated this sideband cannot be generated while pumping on the fast axis and is itself polarized along the fiber's slow axis. Further clarifying that we were observing XPMI, theoretical calculation and simulation performed solving the CGNLSE confirmed the degenerate FWM between a pump corresponding to the red edge of the SPM on the fiber's slow axis, an anti-Stokes idler pump in the central SPM area on the fiber fast's axis, and a signal at 1360 nm polarized on the fiber's slow axis. Our study is of substantial value to potential applications, such as OCT and metrology, which require ultra-low-noise SC light sources. To achieve low noise in these future SC sources, a high degree of suppression of XPMI will be required and for this a solid understanding of the underpinning physics. Indeed, this study shows that controlling the input polarization is very important to avoid noise the amplification effect and thus keep the noise-free/stability given by fs PM-ANDi SCG.
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Disclosures. The authors declare no conflicts of interest. Among the most advanced fiber-based systems, Martinez et al. recently demonstrated a mid-IR SC from 2 to 11 µm with 139 mW average power by concatenating solid-core ZBLAN, arsenic sulfide, and arsenic selenide fibers, pumped by a master oscillator power amplifier and three thulium-doped fiber amplifier stages. [29,30] Hudson et al. combined a 2.9 µm ultrafast fiber laser based on holmium with an environmentally stable, polymerprotected chalcogenide fiber taper. By launching femtosecond, 4.2 kW peak power pulses into the As 2 Se 3 /As 2 S 3 tapered fiber, they demonstrated a SC spectrum spanning from 1.8 to 9.5 µm with an average power of more than 30 mW. [27] C.R. Petersen et al. also demonstrated in 2016 Mid-IR SC generation beyond 7 µm using a silica-fluoride-chalcogenide fiber cascade pumped by a 1.55 µm seed laser and a thulium-doped fiber amplifier. By pumping a commercial Ge 10 As 22 Se 68 -glass photonic crystal fiber with 135 mW of the pump continuum from 3.5-4.4 µm, they obtained a continuum up to 7.2 µm with a total output power of 54.5 mW, and 3.7 mW above 4.5 µm. [33] Commercially available mid-IR SC source with an extended bandwidth up to 10 µm and with 50 mW output power is now on sale at Norblis. [36] In this paper, we demonstrate mid-IR SC generation from 2 to 10 µm in a cascaded silica-ZBLAN-As 2 Se 3 fiber system directly pumped with a commercially available 460-ps pulsed fiber laser at 1.55 µm without any fiber amplifier stage. We provide details of the experimental cascaded fiber system and discuss the choice of the parameters such as chromatic dispersion and nonlinear coefficients used for optimal spectral broadening. We further report a fully realistic numerical model based on cascaded generalized nonlinear Schrödinger equations with an adaptive step size method. The model includes all the linear and nonlinear responses of the fibers, the infrared filtering function, and the effective mode area variation across the full SC spectrum. We then use our numerical results to discuss the physical processes underlying the spectral broadening in the cascaded system, such as modulation instability (MI), soliton fission, dispersive wave generation, and intrapulse Raman scattering (IRS). [37,38] We conclude with recommendations to optimize the current cascaded systems based on the simulation results.

Experimental Section

A diagram of the experimental setup for cascaded mid-IR SC generation is shown in Figure 1a. It consists of a concatenation of three commercially available optical fibers including a 20 cmlong single-mode silica fiber (SMF-28), a 25 m-long ZBLAN fiber, and a 9 m-long chalcogenide-glass photonic crystal fiber. Detailed specifications for each fiber segment are given in the next section including all parameters used in numerical simulations. This cascaded fiber arrangement was directly pumped by a compact (90 × 70 × 15 mm 3 only) pulsed fiber laser providing 460 pswidth pulse train at 100 kHz repetition rate and at a center wavelength of 1550.6 nm, a high peak power per pulse (18 kW), an average output power of 750 mW, and a near diffraction limited randomly polarized beam (M 2 < 1.1). These compact lasers are mainly commercialized for range-finding and LIDAR applications. Light coupling between each fiber was achieved using highnumerical aperture aspheric lenses matching the fiber numerical apertures and their effective mode areas. A key element in the cascaded fiber system is a mid-IR long pass filter (LPF) placed in between the ZBLAN and the chalcogenide fibers. This filter rejects wavelengths below 1.9 µm. This prevents from two-photon absorption (TPA) and optical damage in the chalcogenide fiber, enabling a better long-term stability of the mid-IR SC source. The long-pass filter is a Germanium (Ge) Ar-coated broadband window inserted in between two aspheric lenses. The generated SC www.lpr-journal.org spectra have been recorded using a mid-IR optical spectrometer including a monochromator (ORIEL 7240) and a highly sensitive Hg-Cd-Te detector. The chalcogenide fiber output face was terminated with an end cap fiber and connectorized using an FC/PC connector for practical applications.

Experimental data for the spectra measured are provided at three key points in the cascaded fiber setup (A, B, C). The first spectrum, shown in Figure 1b (light blue), was measured at the output of the ZBLAN fiber at point A, before the long-pass infrared filter. The supercontinuum spans from 0.7 up to 4.1 µm. The inset in Figure 1b shows the ZBLAN fiber's mode profile measured with an IR camera. The second spectrum, also shown in Figure 1b (dark blue), was measured after the filter at point B. This is the filtered IR spectrum injected into the chalcogenide fiber. The final SC spectrum at the output of the chalcogenide fiber is shown in Figure 1c in yellow. As can be seen, the full SC spans from 2 up to 9.8 µm with a relatively smooth and flat bandwidth. The measured spectrum however shows a decrease in spectral intensity for shorter wavelengths and significant modulations in intensity (especially from 2 to 4 µm). Our simulations will show that those are not entirely a result of SC dynamics, but presumably artefacts from the wavelength sensitivity of the spectrometers used for measurement. The measured average power at the output is 16 mW, which corresponds to roughly 2% of the pump's average power (750 mW). Significant losses occur in the cascaded system, mainly from the free-space optics between the ZBLAN fiber and the chalcogenide fiber, including Fresnel reflections and coupling losses due to mode field diameter mismatch, aspheric lenses, cleaving imperfections, and optical misalignment. All these losses and the output power of every stage of the cascade fiber system are mentioned in red in Figure 1a. Despite this low conversion efficiency, the brightness of this source of a few microwatt per nanometer is sufficient for practical applications. It is worth mentioning that the experimental spectra are provided only at maximum pump power (750 mW) at the output of every fiber-stage, which look very flat and therefore hard to tell what actual broadening mechanism is dominant. However, it was observed that when decreasing the input pump laser current (from 4600 to 3600 mA), the SC in the ZBLAN fiber considerably reduces its lateral extension at long wavelength from 4.2 µm to 3.5 µm, thus limiting the additional extension in stages in the chalcogenide fiber. In such a cascade system, it is indeed crucial to obtain the most efficient SC extension in the ZBLAN fiber, as will be seen thereafter using numerical simulations.

Numerical Method

To simulate nonlinear pulse propagation in the cascaded fiber system, we used the generalized nonlinear Schrödinger equation (GNLSE) and solved the propagation equation numerically with the split-step Fourier method (SSFM) [37,38] combined with an adaptive step size. [39] The GNLSE can be written in the following form:

𝜕A(z, T) 𝜕z =- 𝛼 2 A + i ∞ ∑ k=2 i k 𝛽 k k! 𝜕 k 𝜕T k A + i𝛾 ( 1 + i𝜏 0 𝜕 𝜕T ) × [ A ⋅ R(T) ⊛ |A| 2 ] (1) 
This equation models the evolution of the complex pulse envelope A(z, T) as it propagates inside an optical fiber in a frame of reference moving with the group velocity of the pulse: T = t -𝛽 1 z. The first term on the right models optical losses with the linear loss coefficient 𝛼. The second term models dispersion with a Taylor expansion of the propagation constant 𝛽(𝜔),

where

𝛽 k = 𝜕 k 𝛽(𝜔)
𝜕𝜔 k . The third term models Kerr nonlinearity, including the Raman response of the material and a first-order correction for the frequency dependence of the nonlinear parameter 𝛾, 𝛾(𝜔) = 𝜔n 2 (𝜔) cA eff (𝜔) . The first-order correction is referred to as the "shock" term and is characterized by a time-scale 𝜏 0 , which can include the frequency-dependence of A eff , n 2 ,andn eff (see ref. [40] for more details).

𝜏 0 = 1 𝜔 0 - [ 1 n eff (𝜔) dn eff d𝜔 ] 𝜔 0 - [ 1 A eff (𝜔) dA eff d𝜔 ] 𝜔 0 + [ 1 n 2 (𝜔) dn 2 d𝜔 ] 𝜔 0 (2)
The nonlinear response of the fiber is modeled with a convolution (denoted by ⊛) of the nonlinear response function R(T) and the pulse power profile |A(z, T)| 2 . R(T) is commonly divided into an instantaneous electronic response (Kerr) and a delayed molecular response (Raman), and reads as

R(T) = (1 -f R )𝛿(T) + f R h R (T)
, where f R is the fractional contribution of the delayed Raman response, 𝛿(T) is the Dirac delta function that models the instantaneous Kerr response, and h R (T) is the delayed Raman response function.

R(T) is normalized such that ∫ ∞ -∞ R(T)dT = 1.
The Raman response function h R (T) is modeled using two characteristic times related to phonon dynamics in the material, 𝜏 1 and 𝜏 2 (see ref. [38] for more details):

h R (T) = (𝜏 -2 2 + 𝜏 -2 2 )𝜏 1 exp(-T∕𝜏 2 ) sin(T∕𝜏 1 ) ( 3 ) 
We will use Equation (3) for both the silica and chalcogenide fibers (See Table 1 for parameters). However, as the ZBLAN fiber has a dual-peak Raman gain spectrum, we will use another model based on Equation (5). A crucial step in modeling nonlinear pulse propagation in a cascaded fiber system is defining the longitudinal step size h. To accurately model the effects of nonlinearity and dispersion, h must be much smaller than both the dispersion length and the nonlinear length, defined as,

L NL = 1 𝛾P 0 and L D = T 2 0 |𝛽 2 |
, respectively, where P 0 is the peak power, and T 0 is the 1∕e pulse width. These two conditions must hold throughout the propagation length. Pumping with a quasi-continuouswave laser (i.e., 460 ps pulses) leads to the break-up of the initial pulse via modulation instability (MI) into a vast collection of ultrashort soliton-like pulses with variable peak powers P 0 and durations T 0 . The choice of h is therefore not as straightforward in this case. Our simulations show that the nonlinear length L NL is a much more limiting factor than the dispersion length L D for the step size h because of the high peak power reached within the soliton train. When the soliton train starts propagating, the maximal peak power varies significantly along the propagation distance z because of randomly occurring soliton collisions. This means that the condition h ≪ L NL can change drastically along z. To account for this, we used an adaptive step size method for the SSFM algorithms: the nonlinear phase-rotation method (see Ta b l e 1 . Nonlinear parameters for the cascaded fiber system. ref. [39] for more details). This method consists of limiting the nonlinear phase-shift 𝜙 NL = 𝛾P 0 h to a sufficiently small value at each iteration, that is, the step size h is adapted at each iteration to optimize computing time and accuracy. For a train of soliton pulses, the maximal phase-shift is calculated from the maximal soliton peak power P max 0 . Every iteration i, the step size h(i)isdetermined by h(i) = 𝜙 max NL 𝛾 0 P max 0 (i) . For our simulations, we found that a maximal nonlinear phase-shift of 𝜙 max NL = 1∕50 rad is enough for convergence and allows for reasonable computing times.

Fiber L [cm] n 2 [cm 2 W -1 ] A eff [µm 2 ] 𝛾 [W -1 km -1 ] f R 𝜏 1 [fs] 𝜏 2 [

Cascaded Fiber System

This section provides all linear and nonlinear parameters of the cascaded fiber system used in numerical simulations. The first fiber segment consists of a length of 20 cm of standard SMF-28. Although this fiber plays little role in SC broadening, it serves as a nonlinear modulation instability stage that triggers the soliton dynamics in both the ZBLAN and chalcogenide fibers. The nonlinear parameters for fused silica fiber are taken from ref. [38] and are shown in Table 1.

The wavelength dependence of A eff and n 2 is negligible over the spectral bandwidth along this first fiber segment. The dispersion characteristics of SMF-28 are modeled using a Taylor series expansion. The following values are used: 𝛽 2 = -21.4 × 10 -27 s 2 m -1 , 𝛽 3 = 0.12 × 10 -39 s 3 m -1 (from ref. [38]). The 1550 nm pump is in the anomalous dispersion regime. Optical losses were neglected for this fiber segment given the short length (20 cm) and low absorption of silica fibers at 1550 nm (0.2 dB km -1 ).

The second fiber consists of a length of 25 m of a commercially available step-index fluoride (ZBLAN) fiber from Le Verre Fluoré. [41] The core and cladding diameters are 8.5 µm and 125 µm, respectively. The refractive index of core and cladding are plotted in Figure 2a and the dispersion curve is shown in Figure 2b in blue. Experimental data of dispersion from 1.2 to 2.2 µm are provided in red dots. To obtain the dispersion of the fiber over the full bandwidth, we solved the characteristic equation for a step-index fiber with the wavelength-dependent core and cladding indices shown in Figure 2a. Results show that the zero dispersion wavelength (ZDW) is 1525 nm. Therefore, the 1550 nm pump wave is in the slightly anomalous dispersion regime. The strong effective mode area variation from 0.5 to 5 µm was also considered. We calculated A eff over the same bandwidth by solving the characteristic equation for a step-index fiber with the wavelength-dependent core and cladding indices. The results are compared with the experimental data in Figure 2c. Our simulated results were used instead of the measured data because it provided a better fit with the experimental SC when the wavelength dependence of A eff was included.

Figure 2d shows the optical losses of the ZBLAN fiber. The measurements are shown in blue, and the data used in the simulations (taken from ref. [42]) is shown in orange. The data from ref. [42] was used in our simulations to better model the limit of the transmission window in the infrared, which ends between 4 and 4.5 µm. As we will show in our results, the transmission window limit of the ZBLAN fiber is the only feature of the loss curve that has a significant impact on spectral nonlinear dynamics. The small discrepancies with the measured loss curve should not affect the overall SC mechanisms.

The nonlinear parameters for the ZBLAN fiber are listed in Table 1. The wavelength dependence of the nonlinear index is neglected. The Raman response function h R was obtained with the model developed in ref. [24], where the measured Raman gain spectrum g R (Ω) is approximated by a sum of two Gaussian functions, and the response function is extracted from the imaginary part of the Fourier transform as

h R (T > 0) = C ⋅ ∫ ∞ 0 g R (Ω) sin(ΩT)dΩ ( 4 
)
where C is a normalization constant chosen such that ∫ ∞ -∞ h R (T)dT = 1. The following equation was used in our simulations to model g R (Ω):

g R (Ω) = a 1 exp ( (Ω∕(2𝜋) -𝜈 1 ) 2 2𝜔 2 1 ) + a 2 exp ( (Ω∕(2𝜋) -𝜈 2 ) 2 2𝜔 2 2 ) (5) 
with a 1 = 0.54 × 10 -11 cm W -1 , a 2 = 0.25 × 10 -11 cm W -1 , 𝜈 1 = 17.4THz,𝜈 2 = 12.4THz,𝜔 1 = 0.68 THz, 𝜔 2 = 3.5THz. [24] The third fiber sample is a chalcogenide-glass solid-core microstructured optical fiber. It was fabricated from As 38 Se 62 glass using the casting method. [45] It has a core diameter of 11.2 µm, a pitch of 7.11 µm, and an air-hole diameter of 3.23 µm. Figure 3 shows in inset a cross section of the microstructure with dimensions for the air hole structure as well as the refractive index of As 38 Se 62 glass. The following Sellmeier model was used,

n 2 = A 0 + A 1 𝜆 2 𝜆 2 -a 2 1 ++ A 2 𝜆 2 𝜆 2 -a 2 2
, with A 0 = 3.7464, A 1 = 3.9057, A 2 = 0.9466, a 1 = 0.4073 µm, and a 2 = 40.082 µm. These values were chosen to obtain the best fit with the refractive index measured data shown in Figure 3a.

The dispersion curve for the fundamental mode was calculated by the finite-element method using the COMSOL software. The result is shown in Figure 3b chemical bonds in the glass. The nonlinear parameters considered for this As 38 Se 62 glass fiber are summarized in Table 1. The nonlinear index n 2 is very large and is taken from refs. [45,46]. The Raman response is modelled with Equation ( 3) and the Raman parameters are taken from ref. [27]. This gives Raman gain peak centered around 6.9 THz with a linewidth of about 3.2 THz.

Infrared Optical Filter

The short-wavelength filtering of the ZBLAN fiber output is achieved experimentally with a combination of a germanium window and lenses with IR antireflective (AR) coatings for infrared. This filtering window aims to cut all the energy <1.9 µm in the ZBLAN fiber output spectrum to prevent two-photon absorption and optical damage in the chalcogenide optical fiber. The global transmission function of this filtering system was modelled with a supergaussian function of the following form,

T = exp ( - ( 𝜆 -Λ 0 Δ𝜆 ) m ) (6) 
The parameters Λ 0 , m,andΔ𝜆 were adjusted to obtain the best fit with the experimental spectrum measured after the filtering system. The following values where used: Λ 0 = 11.87 µm, m = 80, and Δ𝜆 = 10 µm.

Simulation Results

In this section, we present simulation results for three different pump pulse durations: 50, 200, and 460 ps (the measured experimental duration). All the spectral and temporal evolutions shown thereafter are plotted with colormaps of relative intensity with a 80 dB range from blue to red (Figure 4). For the simulations, a Gaussian pulse was used. Quantum noise was added to the initial pulse following the one photon per mode model (see ref. [44] for more details). The numerical models used for each fiber are also presented, including dispersion, nonlinear parameters, and losses. A peak power of 6 kW was chosen for the three pump pulses to get the best match with experimental results. For this type of simulation, we typically use a lower peak power than the experimental peak power, which is around 18 kW in this case. This is due to the fact that the simulation model considers perfectly polarized and single-mode propagation. In experimental conditions, random polarization and multimode behavior is generally detrimental to spectral broadening mechanisms, hence the need for more peak power than in simulations. Simulations were carried out for the three pump pulse durations in the SMF-28 fiber and the ZBLAN fiber. As expected from the theory of SC generation with quasi-CW pulses, we show that the same mechanisms occur for the three different pump pulse durations, and that the experimental SC bandwidths at the output of the ZBLAN and chalcogenide fibers can be achieved with pump pulses as short as 50 ps. The SSFM algorithm requires high longitudinal precision in the chalcogenide fiber because of high nonlinearity (𝛾 0 = 720 km -1 W -1 ). As a result, simulations for 200 ps and 460 ps pump pulses, which require at least Nt = 2 21 sampling points, would require unrealistic computing times. Therefore, simulations in the chalcogenide fiber were only carried out with the intermediate ZBLAN results from the 50 ps pump pulse.

Silica Fiber

The simulation results for 20 cm of propagation in the singlemode silica fiber are shown in Figure 4 in colormap and for a 460 ps pulse. The pulse shape remains virtually unchanged throughout this fiber segment. The only notable feature is the apparition of weak MI Stokes and anti-Stokes sidebands in the spectrum around 1.51 and 1.59 µm, respectively. They can be seen appearing on either side of the pump in the spectral evolution, as shown in top of Figure 4b. Their specific frequencies relative to the pump (Ω MI = 𝜔 P -𝜔 S ) are given by the scalar phase-matching relation that reads as 𝛽 2 Ω 2 MI + 𝛽 4 12 Ω 4 MI + 2𝛾P 0 = 0, where P 0 is the peak power, 𝛾 is the nonlinear parameter, 𝛽 2 is the GVD parameter, and 𝛽 4 is the fourth-order dispersion. [38] A more detailed view is shown in Figure 6. It is worth noting, however, that our simulations show this first fiber segment has little to no effect on the overall SC evolution in the ZBLAN and chalcogenide fibers.

ZBLAN Fiber

The simulated spectral and temporal evolutions in both the silica and the ZBLAN fibers are shown in Figure 5. In Figure 5c, the final spectrum after 25 m of propagation is compared to the experimental spectrum. The agreement is particularly excellent. This is due to the fact that the total bandwidth and soliton self-frequency shift (SSFS) are only limited by the transmission window of the fiber in the mid-infrared which ends between 4 and 4.5 µm (Figure 2d). The break-up of the pulse into a train of solitons can be seen from 2 m in Figure 5b. Beyond this point, the continuous Raman-induced self-frequency shift of the solitons is clearly seen in both the spectral and temporal evolutions as they gradually separate from the main pulse due to their dispersion increasing with the SSFS. Events of soliton collision can also be observed in the spectral evolution. They manifest themselves as sharp increases in the spectrum bandwidth on the long-wavelength side (e.g., around 16 m in the 50 ps spectral evolution). Dispersive waves can be seen rapidly drifting away from the main pulse in the time evolution beyond 1000 ps. In www.lpr-journal.org terms of bandwidth, the simulation provide a nearly perfect match with the experimental spectrum (within 0.05 µm at the -20 dB level of the maximum intensity).

From Figure 5b, we see that the SC in ZBLAN reached a maximum extension at 4.2 µm around 13 m. At longer distance, the SC becomes slightly narrower due to the absorption edge around 4-4.2 µm in ZBLAN, and since there is not much spectral evolution between 15 and 25 m in the ZBLAN fiber, this might indicate that the peak power of the solitons are not very high, nonlinear effects are not very important and the dispersion continue to increase the pulse duration of these solitons. Therefore, it might be more efficient to cut the ZBLAN fiber at 13-15 m to inject its output SC (which is broader and maybe more intense soliton train) in the following chalcogenide fiber.

To gain insight on the processes initiating SC generation in the ZBLAN fiber, we show in Figure 6 the details of the first 50 cm of spectral evolution. The strongest sidebands correspond to the MIenabled Stokes and anti-Stokes Raman sidebands around 1.42 and 1.70 µm. [43] Around 1.51 and 1.59 µm are the residual MI sidebands from the silica fiber. Weak MI ZBLAN sidebands are visible around 1.39 and 1.755 µm. Each of the wavelength pairs given here and identified on the plot were calculated theoretically. The MI wavelengths can be derived from the same equation as for the silica fiber, and the Raman wavelengths correspond to the peak of the ZBLAN Raman gain at 17.4 THz.

From theory and simulation, we confirm that the time and spectral domain evolutions of the 460 ps pulse is well approximated by the 50 ps pulse. Longer pulses simply provide a longer collection of solitons but that will not change the statistical distribution of peak powers and pulse widths. Therefore, from now on, simulations are carried out only with the 50 ps pump pulse to save computing time. Figure 7 shows the filtered simulated spectrum compared with the experimental filtered spectrum using 50-ps input pulse. This is the spectrum injected in the chalcogenide fiber.

Chalcogenide Fiber

The simulation results for the first 2 cm of propagation in the chalcogenide fiber are shown in Figure 8. The injected spectrum from the filtered ZBLAN output lies entirely in the normal dispersion regime of the chalcogenide fiber which has its ZDW at 4.838 µm (marked by the dotted line). The initial spectral evolution shows that, from the train of thousands of pulses injected in the chalcogenide fiber, a fraction of them have a small enough width T 0 to drift through the zero-dispersion via intrapulse Raman scattering (IRS). The pulses crossing the ZDW evolve into www.lpr-journal.org Figure 9. Full spectral evolution in the chalcogenide fiber with final output spectrum.

solitons and create an initial low-intensity continuum on the long-wavelength side through SSFS.

The spectral evolution over the full length of chalcogenide fiber is shown in Figure 9. The top of the figure shows the final simulated output spectrum compared to the experimental spectrum. In terms of spectral bandwidth, our numerical result matches nearly perfectly with the experimental measurement. If we compare the numerical and experimental SC bandwidth at -20 dB of maximum intensity, we get a deviation of only 0.04 µm over the full 8 µm width. As for the ZBLAN fiber, spectral broadening in the chalcogenide fiber is only limited by its transmission window and the confinement losses.

The spectral evolution of Figure 9 shows interesting SC dynamics. From 0 to 5 m, most of the energy remains in the normal dispersion regime (𝛽 2 > 0). Energy rapidly accumulates at the limit of the transmission window (around 9.5 µm) from the pulses that initially crossed the ZDW. These solitons tend to accumulate around this wavelength as their SSFS is stopped by the upper limit of the transmission window. The effect of the absorption peak at around 4.6 µm (Figure 3) can be clearly seen on the low-energy continuum. From the beginning, the main train of pulses can be seen drifting through intrapulse Raman scattering toward the ZDW. After 5 m, most of the pulses remain trapped by the ZDW barrier and stop their frequency drift. From 5 m onward, a fraction of the pulses cross the ZDW barrier and start evolving as solitons on the anomalous dispersion side (𝛽 2 < 0). This gradually adds energy to the initial low-energy continuum via the SSFS of the solitons. The spectrum evolves toward thermalization, where energy is equally distributed throughout the transmission bandwidth. The output is therefore a relatively flat spectrum from 2 to 9.7 µm.

Conclusion and Recommendations

In this work, we have developed a broadband fiber-based supercontinuum source spanning from 2 to 10 µm with 16 mW output power. This was achieved using cascaded ZBLAN-chalcogenide optical fibers directly pumped by a compact 1550-nm pulsed fiber laser without using thulium-doped fiber amplifiers. We have further carried numerical simulations for broadband midinfrared SC generation in a cascaded fiber system. Our simulations were consistent with the theory of quasi-CW SC generation. We show that noise amplification through MI and Raman gain leads to the break-up of the pulse envelope into a chaotic train of solitons which broadens the spectrum through Ramaninduced self-frequency shift and dispersive waves. In terms of bandwidth, our numerical results are nearly identical to the experimentally measured spectra, both at the output of the ZBLAN fiber (within 0.05 µm at -20 dB level) and the chalcogenide fiber (within 0.04 µm at -20 dB level). The final output spectrum is a flat broadband spectrum covering the mid-IR from 2 to 10 µm. Further broadening is only limited by the transmission window of the chalcogenide fiber. Our main recommendation drawn from our numerical simulations would consist of using a shorter ZBLAN fiber (around 13 m) and a chalcogenide microstructured fiber with a smaller core diameter (ideally 7 µm). [47] This would shift its zero-dispersion wavelength toward shorter wavelengths (<4 µm) and allow to fill the desired window (from 2 to 10 µm) with a few centimeters of fiber only (based on numerical simulations, See Supporting Information), while reducing the linear loss (8.3 dB). Our second recommendation consists into exploring different options for the infrared filtering system and to avoid free-space optics. Free-space optics and recoupling to the chalcogenide fiber induces considerable losses in the system. An allfiber filtering system, for example, would provide improved robustness and reduced losses. Anti-reflection coating or nanoimprinting of the chalcogenide fibers could also significantly reduce the Fresnel losses and the input damage threshold. [48,49] This would allow to considerably increase both the output power and the spectral power density. Another way to reduce free-space optics in this cascaded fiber setup is to use a fusion splice between the silica and the ZBLAN fiber, as demonstrated in refs. [50,51]. Finally, we also recommend exploring telluride-glass fibers as a fourth fiber to add to the system. This would potentially allow to further broaden the spectrum and reach wavelengths beyond 10 µm. [52] Polarization and coherence properties of the mid-IR cascaded SC light are further key parameters for some applications such as mid-IR OCT and interferometric measurements. We could for instance replace the fiber laser and the cascaded system with polarization-maintaining fibers. [53,54] About coherence, it is evident that this cascaded fiber system does not maintain the initial temporal coherence of the input laser but we could consider all-normal dispersion (ANDi) chalcogenide fibers directly pumped with mid-IR femtosecond fiber lasers to improve this feature. [44] Nevertheless, we believe that, despite the mentioned weaknesses, current mid-infrared supercontinuum allfiber sources will find several applications and represent a landmark to foster the improvement of such broadband sources in other fiber or chip-based photonic platforms. 

Silica-based photonic crystal fiber for the generation of broad band UV radiation

Introduction

A major current challenge in supercontinuum (SC) generation is the generation of spectral components in the ultraviolet (UV) wavelength range below 400 nm [1]. There is particular need for UV broadband light sources in applications such as fluorescence microscopy for the simultaneous coherent excitation of multiple fluorophores, and in UV absorption spectroscopy [2]. However, UV generation in conventional silica-core fibers has proven to be extremely difficult because of factors such as high material electronic absorption, increased Rayleigh scattering, glass solarization (photo-darkening and optically-induced color centers), and large normal dispersion which limits the generated bandwidth from nonlinear frequency conversion processes [3]. These factors have stimulated much recent work on alternative approaches, primarily using gas-filled hollow-core photonic crystal fibers (PCFs) [4][5][6][7][8][9][10]. Although these efforts show great promise for deep UV generation down to 110 nm [8], compatibility with the ubiquitous silica platform remains a problem. There is therefore great interest in generating UV-light using modified UV-resistant glasses instead.

In this work, we report on the design and fabrication of a UV-resistant silica-based multimode photonic crystal fiber (PCF) for broadband UV generation below 400 nm exploiting intermodal nonlinear wave mixing. The fiber was fabricated using F110 UV-Grade glass from Heraeus, selected for its excellent transmission and low solarization in the UV-A range (260 nm-400 nm). Using a picosecond UV pump laser at 355 nm, we demonstrate a number of intermodal four-wave mixing (FWM) processes in the UV, which extend beyond the pump wavelength to 380 nm. The generated FWM signal and idler sidebands were carefully analyzed and imaged to determine their modal content. We determine the intermodal phase-matching conditions from the computed first and second-order dispersion parameters obtained from finite-element method (FEM) modelling, and obtain good agreement between experimental results and calculations. Significantly, we also observe a broadband Raman cascade from 355-391 nm when pumping the fiber directly in the microstructured cladding. This observation is interpreted using generalized nonlinear Schrödinger equation simulations of propagation in one bridge of the microstructure. We specifically show that the tight optical confinement allows for strong enhancement of the Raman effect with few intermodal FWM.

UV-Grade silica photonic crystal fiber

Figures 1(a-c) show, respectively, the UV-grade PCF design, a scanning electron microscope (SEM) image of the fabricated fiber cross-section, and a contrast-enhanced black and white image for improved visibility. The fiber was designed using a finite element method approach (COMSOL Software) to support multiple spatial modes with effective indices and dispersion profiles suitable to enable intermodal nonlinear FWM in the UV range. The fiber was then drawn at Photonics Bretagne in Lannion using the F110 UV-Grade silica glass from Heraeus. This glass has a high OH content up to 400 ppm and features good transmission in the UV-A range, from 260 nm to 400 nm. It also possesses a low solarization threshold around 300 nm and has a good transmission near the OH absorption band minima around 670, 800 and 1030 nm. The typical measured fiber attenuation provided by the manufacturer was 100 dB/km at 300 nm. This compares with an attenuation as large as 1000 dB/km at this wavelength for standard (low-OH) F300 silica glass used in conventional telecommunications fibers (SMF-28). The design in Fig. 1(a) was based on a triangular photonic lattice with core diameter of 4.26 µm, hole diameter d = 3.5 µm, pitch Γ = 3.88 µm, and air-fill fraction d/Γ = 0.902. The UV fiber theoretically supports the first eight LP modes at 355 nm including the fundamental mode LP01 and 7 higher-order modes from LP11 up to LP22. They are plotted in Fig. 2(a) in colormap. and (c) show their inverse group velocity β 1 and their second-order dispersion β 2 in the UV range, respectively. As can be seen, the second-order dispersion is highly normal for all modes at 355 nm (up to 12 × 10 -26 s 2 m -1 for the LP22 mode) because it is mainly dominated by material dispersion. This strong normal dispersion in turn precludes standard soliton and dispersive wave dynamics usually involved in anomalous-dispersion supercontinuum generation [11][12][13], and it this limitation which motivates the design of a multimode fiber for intermodal FWM in the UV [14][15][16][17][18][19][20].

Experimental setup

Figure 3 shows the experimental setup used to investigate intermodal FWM and Raman scattering in the UV. As a pump source, we used a passively Q-switched Nd:YAG microchip laser (Teemphotonics PowerchipTM series) at 355 nm with a repetition rate of 1 kHz, a pulse duration (FWHM) of 350 ps, and an output mean power of 18 mW (peak power of ∼50 kW). The laser power was further controlled by a variable density filter and the laser beam was injected into the fiber using a UV-coated aspherical injection lens controlled by a 3-axis translation stage. We used several different injection lenses with focal lengths f of 7.5 mm, 8 mm, 11 mm and 15.3 mm and numerical aperture (N.A.) of 0.3, 0.5, 0.3 and 0.16. This allowed a change of beam waist diameter from 3.4 µm, 3.6 µm, 4.9 µm to 6.8 µm, modifying the fiber injection conditions and modal properties, allowing us to explore the various intermodal FWM processes. A coupling efficiency of 20 % was obtained using aspherical lenses with focal length f = 7.5 mm, f = 8 mm and f = 11 mm, respectively, and of 28 % for an aspherical lens with f = 15.3 mm. These measurements of optimal injection efficiency were measured using a short fibre length of 75 cm, but we note that in the experiments described below to excite particular mode combinations, the coupling efficiency could be significantly less than the optimal. The fiber output beam was then imaged using a CCD camera after a diffraction grating to record the modal profiles of the generated parametric sidebands. Another part of the fiber output beam was deflected using a beam splitter and recorded with an UV-visible optical spectral analyzer (OSA) operating in the wavelength range 350-1200 nm (Yokogawa AQ6373). 

Experimental results

Intermodal four-wave mixing

Initial experiments were carried out using a 4 m long fiber sample and a coupling lens with focal distance f = 7.5 mm. Figure 4 shows two typical optical spectra recorded out of the fiber for two different coupling powers and injection conditions. We can clearly see a series of intermodal FWM sidebands around the pump wavelength at 355 nm. In Fig. 4(a), a first Stokes sideband is generated at 359 nm with a weaker anti-Stokes idler at 350.5 nm. The modal content of the Stokes signal (shown in inset) reveals that it propagates in the LP31 mode. We can further notice the onset of the first-order stimulated Raman scattering sideband at 360.8 nm, which matches with the Raman frequency shift of fused silica (13.2 THz). Figure 4(b) shows, for different transverse coupling conditions, two new FWM processes involving a Stokes signal at 357.3 nm in the LP41 mode, and an anti-Stokes sideband below the pump at 352 nm, respectively. The second FWM involves a Stokes signal at 363.1 nm, still in the LP41, due to the coupling with the Raman Stokes at 360.8 nm. The image in the middle shown in Fig. 4(b) is a mix between the first Raman order at 360.8 nm and an intermodal FWM process at 361 nm [21]. Next, we investigated in the same fiber sample the intermodal FWM with a focal length f = 8 mm. In Fig. 5, we show an output optical spectrum for a mean output power of 14 µW. It features different intermodal FWM and modal content. A first FWM signal appears at 358.1 nm in the LP11 mode, a second signal at 359.8 nm in the LP21, a third signal at 363.4 nm in the LP21, and a fourth signal is at 369 nm in the LP11 mode, respectively, while the pump beam at 354.8 nm has a complex mixed-mode profile. Other intermodal FWM sidebands have been observed using the coupling lens with f = 15.3 mm with a beam waist of 6.8 µm that over matches the core diameter of around 4.14 µm. One can first see in Fig. 6(a), in addition to the Raman line at 360.8 nm, a new FWM sideband generated at 364.9 nm in the LP02 mode. Figures 6(b-d) also shows more FWM spectra. We retrieve the FWM signals at 358.1 nm and 359.9 nm as in Fig. 5. However, new FWM Stokes signals are now generated at 358.9 nm and 363.7 nm with a modal image of LP11. The fifth peak at 366 nm with a large modal image of LP01 is similar to a Raman second order. In Fig. 6(c), there is only one FWM case with an anti-Stokes sideband at 351.1 nm in the LP01 and a Stokes sideband at 358.3 nm in the LP11 mode. In Fig. 6(d), we again show four FWM. A first signal wavelength is at 358.6 nm with a modal image of LP31, a second signal wavelength is at 359.2 nm, a third signal wavelength is at 361.1 nm without any clear modal image, a fourth signal wavelength is at 364.2 nm with a modal image of LP31. The first modal image is the one of the pump at 355 nm. The other peak at 360 nm with a modal image of LP21 corresponds to the first Raman line involved with the FWM process. Finally, using the coupling lens with f = 11 mm with a beam waist of 4.9 µm we observed the broadened intermodal FWM spectrum generated with a pump at 355 nm (see Fig. 7). Fig. 7 shows three strong intermodal FWM bands at 359.5 nm in LP21, at 363.6 nm in LP02 and at 364.9 nm in LP02, respectively. It also shows the broadened peak generated via intermodal FWM at 379.7 nm in the LP22 mode. These results have been further compared to the theoretical calculations of intermodal phase-matching conditions (see Table 1 in the next section).

Intermodal FWM theory

Here we briefly review the basic theory of degenerate intermodal FWM and the related phase matching conditions [22][23][24][25][26][27][28]. First, we consider energy conservation, with λ the wavelength in nm, p, i and s denote the pump, idler and signal, respectively. Similarly, momentum conservation yields a phase-matching condition expressed as:

2 λ p = 1 λ i + 1 λ s , (1) 
∆β = (β k(p) 1 -β j(p) 1 )Ω + (β k(p) 2 + β j(p)
2 )

Ω 2 2 = 0, (2) 
with Ω = ω pω s ≥ 0, ω the angular frequency, β 1 is the reciprocal group velocity and β 2 the group-velocity dispersion (GVD) coefficient. The superscripts k and j are mode indices and (p) indicates that all parameters are calculated at the pump wavelength. Curves of β 1 and β 2 are plotted in Fig. 2(b) and Fig. 2(c) respectively for all spatial modes. Both β 1 and β 2 are obtained from the propagation constant through a Taylor expansion around the pump angular frequency (ω p ). Then, one finds the idler and signal angular frequencies of the involved intermodal FWM process as:

ω k i = 2(β j(p) 1 -β k(p) 1 ) (β k(p) 2 + β j(p) 2 ) + ω p , ω j s = ω p - 2(β j(p) 1 -β k(p) 1 ) (β k(p) 2 + β j(p) 2 ) , (3) 
where k and j are again the different mode indices. Equation 3 is used in the theoretical intermodal FWM calculations from the computed data such as the inverse group velocity and the group velocity dispersion coefficients plotted in Fig. 2. Table 1 summarizes the theoretical FWM signal and idler wavelengths for different modal combinations and compares them with results obtained from experiment. The agreement between theory and experiments is particularly good for all FWM signal sidebands, confirming the intermodal FWM processes occurring in the UV-grade multimode PCF. Note however that most of the calculated idler sidebands are absent in the experimental spectra shown in Figs. 4567) due to the wavelength limitation of our spectrometer.

Cascaded Raman scattering

We investigated the stimulated Raman scattering (SRS) response of the fiber using an aspherical lens with f = 8 mm, with a beam waist diameter of 3.6 µm and a N.A. of 0.5. Figure 8 shows two different coupling conditions that allow for the generation of a Raman cascade until the sixth-order. The fiber output image shown in Fig. 8 Then the aspherical lens with f = 15.3 mm and N.A. = 0.15 was used in order to broaden the Raman cascade since the coupling efficiency with this lens is better than with the two other aspherical lenses. However, the experiments revealed a decreasing Raman cascade, which is mixed with intermodal FWM processes to generate a continuum (see Fig. 9). Figure 9(b) shows the spectral evolution as a function of the fiber output power for the generation of the Raman cascade mixed with two FWM processes. At low power only the Raman cascade is generated. Then at high power one can see two FWM peaks, one with the signal wavelength at 358.1 nm and the idler wavelength at 351.3 nm and a second one with the signal wavelength at 370.5 nm. These combined effects generate a continuum from 350 nm to 377.7 nm. We performed additional FEM-based numerical simulations that confirm that the light can be indeed guided in the silica bridges (cladding modes) [5,29,30] in the UV-Grade PCF. Typical computed mode profiles are shown in Figs. 10(a-c) where we plotted three cases with their effective indices and losses, respectively. When the number of bridges involved in the cladding mode increases, the Raman cascade of six orders from 350 nm to 391 nm evolves towards a continuum, as shown in Fig. 8(a). Then the cladding modes are mixed with core modes. This is shown in Fig. 9(b) where we can see both cascaded Raman scattering and intermodal FWM from 350 nm to 380 nm. To interpret the cascaded Raman spectra shown in Fig. 8, we simulated the nonlinear pulse propagation and Raman cascade in one silica bridge of the microstructured cladding, using the computed first and second-order dispersion parameters for the fundamental mode (see Figs. 11(a) and (b)) from a finite-element method (FEM) computation. The generalized nonlinear Schrödinger equation (GNLSE) [31,32] was used to perform this simulation: 
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is the response function of the Raman contribution including both a delayed and an instantaneous electronic Raman contribution. Here the silica glass is doped with high content of OH -but its characteristics such as f R and h R (t) are very close to the standard silica glass (f R = 0.18) [31][32][33][34]. The input pulse shape was considered as Gaussian. Experimentally the estimated peak power for the Raman cascade in the silica bridges is around 300 W. For a peak power P 0 = 100 W a pulse width of 300 ps and a fiber length of 4 m and 1 dB/m loss, the numerical result is shown in Fig. 12. The colormap in Fig. 12 shows the evolution of the continuum generation versus distance in the silica bridge function of the length of the fiber (4 m in total). We see a typical Raman cascade generation over the propagation in one bridge until the sixth order. The result of the simulation in Fig. 12 supports well the experimental spectra in Fig. 8 as a Raman cascade is generated through the bridge in the simulation and the spectral broadening is also reached. However, as it is a simulation in only one bridge, we cannot go further in the interpretation of losses, peak power or number of bridges involved in the experimental results.

Conclusion

We have designed and manufactured a new photonic crystal fiber made of UV-grade silica glass for broadband light generation in the UV range. The fiber has been drawn from F110 UV-Grade silica glass for its low loss and solarization in the UV-A band. We have observed intermodal FWM and cascaded Raman scattering in the UV-Grade silica multimode PCF, which is enabled by the modal properties of the fiber core and the tight confinement in the fiber bridges, respectively. These results are highly promising in the search of new optical fibres, which feature both a high nonlinearity and UV-resistance thus opening the way toward supercontinuum generation in the strong normal dispersion regime, which does not rely on soliton dynamics and dispersive wave generation. However, further research is needed to improve the fabrication methods with this material to reduce absorption in the UV and to improve design parameters such as a smaller core size, which would lead to improved optical confinement.
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Introduction

Supercontinuum (SC) generation towards the mid-infrared (MIR) range is a very active field of research motivated by a wide range of applications including optical coherence tomography (OCT), material processing, optical sensing and absorption spectroscopy [1][2][3][4][5][6][7][8][9][10][11][12][13][14][15][16][17]. Although much progress in this field has been reported recently, state-of-the-art mid-IR SC systems are still in their infancy and considerable effort is required before mature broadband IR SC light sources beyond 5 μm are made available for industrial applications. Soft glasses, such as chalcogenide (As 2 S 3 ,As 2 Se 3 , GeAsSe) [1][2][3][4][5], Tellurite (TeO 2 ), chalcohalides (GeTe, GeAsTeSe) [18,19], heavy metal oxide (PbO-Bi 2 O 3 -Ga 2 O 3 -SiO 2 -CdO) [9] and ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) [20][21][22] have been widely used for drawing highly nonlinear infrared fibers, and experiments have shown efficient SC generation in the mid-IR up to 15 μm [1,2], and up to 11 μm using all-fiber cascaded systems [23,24]. Among the wide variety of infrared fibers, chalcogenide-glass-based optical fibers (composed of S, Se or Te) are excellent photonic platforms for nonlinear applications in the mid-IR due to their wider transmission window, tailorable dispersion in the mid-IR, and high optical nonlinearity up to hundred times greater than silica or ZBLAN glasses [1][2][3][4][5].

On the other hand, there is particular interest in combining the chalcogenide fiber platform with polarization-preserving properties as this will enable polarization-dependent applications in interferometric techniques, gas and pressure sensing, integrated-optic devices and also polarization-sensitive OCT [25][26][27][28][29][30]. Polarization-maintaining fibers also help in minimizing detrimental effects such as polarization noise and © 2019 The Author(s). Published by IOP Publishing Ltd instability [31]. There are several ways of introducing strong birefringence in the fiber for polarization maintaining propagation. For instance, birefringence can be obtained by applying mechanical stress in the cladding thus inducing anisotropy of the refractive index in the core region, which results in a modal birefringence up to 5×10 -4 for the so-called PANDA fibers [32][33][34] and close to 60% higher birefringence in bow-tie fibers [35]. Highly birefringent fiber can also be fabricated using the powder-in-tube process where two rods of glass material are placed on the sides of the core [36]. Another way of obtaining high birefringence is by breaking the symmetry of the fiber structure. This was achieved in photonic crystal fibers (PCFs) where an asymmetric arrangement of air holes is designed with two different diameter air holes located in orthogonal position near the core of the fiber, thus providing higher effective index difference between the two orthogonal polarization modes [37][38][39][40][41]. In addition to the alteration of air hole diameter in the core region of PCFs, an asymmetric structure can also be obtained by either introducing mechanical stress [42] or modifying the shape of air holes [43]. It has been shown that the birefringence of silica based polarization-maintaining photonic crystal fibers (PM-PCFs) can reach high values up to 10 -3 [38,40,41], which is one order of magnitude higher than that of conventional PANDA or bow-tie silica fibers [32][33][34][35].

Here we report the design and fabrication of a chalcogenide glass-based highly birefringent PM-PCF for SC generation in the mid-infrared. Numerical modelling is carried out in order to compute the birefringence and dispersion properties of the fiber. Two supercontinuum spectra spanning from 3.1 to 6.02 μm and 3.33-5.78 μm were experimentally demonstrated using a MHz femtosecond optical parametric oscillator with a central wavelength of 4 μm and 4.53 μm, respectively. The polarization dependence of the supercontinuum when pumping at 4.53 μm was also studied, and the experimental spectra were checked against numerical simulations of the two-polarization model based on two coupled generalized nonlinear Schrödinger equations. We furthermore report on the fabrication of long PM-PCF tapers directly on the drawing tower.

The remainder of this paper is organized as follows: in section 2 we outline the methods for chalcogenide glass fabrication, preform, PCF and taper drawing. In section 3 we report numerical simulations of the microstructured optical fibers and provide both the birefringence and the group-velocity dispersion (GVD).We show in particular how we can tailor both the birefringence and the dispersion by tapering the PM PCF down to a few μm core diameter. In section 4 we provide the transmission and attenuation spectra of the PM PCFs. In section 5 we describe the experimental setup for mid-IR SC generation and in section 6 we show experimental results of broadband SC spectra at different pump wavelength. The effect of pump polarization angle is finally investigated in section 7 both experimentally and numerically using two-coupled generalized nonlinear Schrödinger equations (GNLSE).

Preform and fiber fabrication 2.1. Glass fabrication

The fiber preform was made at the University of Rennes from As 38 Se 62 chalcogenide glass. It was produced using the conventional melt-quenching method where a silica ampoule is filled with high purity As (99.999%),Se (99.999%) and oxygen and hydrogen getters like TeCl 4 and Mg [44][45][46]. The silica tube is then placed in a twostage vacuum pump (combination of oil pump and turbo molecular pump) where it is pumped for approximately 3 h. Next, the silica ampoule is sealed and then placed inside a furnace for 12 h at 850 °C. The furnace has a rotational motion that enables uniform mixture of molten materials. During the heating process, TeCl 4 produces HCl and CCl 4 by collecting additional hydrogen and carbon, thus increasing the purity of the glass. After that, the ampoule is cooled down to 700 °C and quenched inside water for few seconds. The ampoule is then annealed at a temperature slightly below the glass transition temperature (T g ) around 165 °C. In the next step, the chalcogenide glass rod is retrieved by breaking and removing the ampoule and put in a two-chamber distillation tube in order to purify it through several distillation processes. In the first distillation step, distillation tube is placed inside a localized heater at 600 °C and the glass rod is distilled under dynamic vacuum to remove impurity gas like HCl and CCl 4 residue [44]. In the second step, static distillation is performed at 640 °C and carbon, silica and other refractory oxides are removed from the glass. At the end of second distillation step, the glass is again homogenously heated inside a furnace for 10 h at 850 °C, then the ampoule is cooled down to 500 °C, quenched and finally annealed below T g to get the final glass. The attenuation spectrum of bulk As 38 Se 62 glass measured with a Bruker Tensor 37 FTIR spectrometer is shown in figure 1. This glass offers light transmission from 2 to 9 μm range with a minimum attenuation of 0.40 dB m -1 at 7.42 μm and an absorption peak at 4.56 μm due to the presence of Se-H chemical bonds.

Preform fabrication

The PM microstructure preform containing 3-rings of air holes shown in figure 2(a) is prepared using the molding method [47]. In this method, the above-synthesized highly purified As 38 Se 62 glass is heated and flowed into a silica mold, which has the negative shape of the final preform. The silica mold is made of silica-glass capillaries with a thickness of 30 μm. These capillaries are organized in a hexagonal periodical pattern, using slices of a silica microstructured preform to keep them in place. The hole diameter is 460 μm (d hole ) and the pitch is 1350 μm (Λ). In order to make a PM preform, the geometry of slices is modified by placing two larger holes with a diameter of 650 μm in diametrically-opposed positions in the first ring, while maintaining the d h /Λ ratio. Both the As 38 Se 62 glass rod and the silica mold are placed in a silica ampoule. The ampoule is then heated in a rocking furnace at 600 °C for one hour so the chalcogenide glass can flow down in to the mold having a glass viscosity about 10 -4 Pa.s. After that, air quenching is performed on the full mold for four minutes before annealing it at 165 °C for one hour. The silica tube around the preform is then removed with a diamond tool. At the final step, the chalcogenide preform is obtained by removing the embedded silica capillaries with a hydrofluoric acid treatment. The final diameter of the As 38 Se 62 glass preform is around 16 mm having a length of 80 mm.

Fiber fabrication

For the drawing process, the As 38 Se 62 preform is installed in the drawing tower inside a silica glass enclosure, through which helium gas is flowed to remove any remaining moisture from inside it. An annular electrical furnace is placed around the preform in such a way that it helps to heat the lower portion of the preform. Both the preform chamber and the furnace chamber were filled with helium gas. The temperature of the furnace is increased until a drop of glass fall down from the preform due to the gravitational force (around 340 °C). Then the fiber accompanying the drop is attached to a rotating drum to continue the drawing while the preform is being fed gradually inside the annular furnace in the same time. During the drawing process, the desired air-hole diameter is obtained by controlling the helium gas pressure inside enclosure. The diameter of the fiber is further controlled by the pulling speed of the rotating drum and the feeding speed of the preform into the furnace.

Figures 2(b) and (c) show the scanning electron microscope (SEM) images of the PM-PCF drawn from the preform. As can be seen, it consists of 36 circular air holes in 3 rings with 2 larger air holes adjacent to the core that provides strong birefringence and polarization maintaining guiding. The distance between the closest points of the two large air holes is 8.11 μm and the outer diameter of the PCF is 125 μm. The diameter of the large air holes (d LA ) and small air holes (d SA ) are 5.8 μm and 3.35 μm, respectively. The distance between two small air holes, also known as the pitch is 7.025 μm, which gives a d SA /Λ ratio of 0.477, which makes the PCF with uniform holes endlessly single-moded in the mid-IR [48].

Taper fabrication

As 38 Se 62 PM-PCF tapers were directly made on the drawing tower using the following method. One end of a previously drawn PM fiber (as described in section 2.3) with a length of 80 cm is fixed at the top of the drawing tower. In this case, the outer fibre diameter was 162 μm. Finally, the taper is obtained by drawing a second time the fiber.

Since the initial PM fiber has an outer diameter of 162 μm and core diameter of 10 μm, the output diameter of the waist should be 28.74 μm in order to have an approximate core diameter of 1.77 μm in the taper waist region. For this purpose, the pulling speed and the feeding speed are fixed at 0.05 m min -1 and 1.5 mm min -1 , respectively. The obtained PM-PCF tapers have a down-taper section length of 2-3 cm, waist section length of 22-53 cm, and up-taper section length of 2-3 cm. Figures 3(a 1, where d core , d out , d SA , and Λ represent waist core diameter, outer fiber diameter, small air hole diameter and pitch, respectively. Proper maintenance of d SA /Λ ratio during the taper fabrication provides closer values of 0.499 and 0.478 for the normal section and the taper section, respectively.

Computation of dispersion and birefringence

Dispersion and birefringence properties of the PM-PCF and the PM taper are computed from the cross-section images shown in figures 2(c) and 3(c). We calculated the effective refractive index of the fundamental mode using COMSOL software based on a full vector finite-element method. The PM-PCF fibers are assumed to be single-mode (HE 11 ) as the second-order and higher-order modes have much higher confinement loss (18 dB m -1 at 3 μm, 56 dB m -1 at 4 μm, and 176 dB m -1 at 5 μm) than HE 11 mode over the wavelength range under investigation. The refractive index of the air holes is set to 1 and the refractive index of the glass was calculated using a standard Sellmeier equation with the following form [49] 
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where n x eff and n y eff are the effective refractive indices of x-polarized HE 11 mode (slow axis) and of y-polarized HE 11 mode (fast axis). The computed GVD and phase birefringence are plotted in figure 4(a) for the PM-PCF with a core diameter of 8.11 μm and in figure 4(b) for a PM-PCF taper with a waist diameter of 1.77 μm. The PM-PCF has a zero-dispersion wavelength (ZDW) at 4.56 μm for the fast axis and 4.68 μm for the slow axis and, at average ZDW, a large birefringence of 6.5×10 -4 such that strong polarization maintaining properties are expected. This is in excellent agreement with the experimental measurement recently reported in [47]. By tapering the PM-PCF core from 8.11 μm to 1.77 μm, we are able to bring down the ZDW from 4.5 μm to 2.507 μm along with a second ZDW at 3.51 μm. The PM-PCF taper also gives higher phase birefringence of 7.97×10 -3 and 1.79×10 -2 at two respective ZDWs.

Optical transmission and attenuation

Optical attenuation of the drawn PM-PCF with a core diameter of 8.11 μm was measured with a Bruker Tensor 37 FTIR spectrometer equipped with a liquid nitrogen cooled mercury-cadmium-tellurite (MCT) detector having a sensitivity from 1.2 to 14 μm, as shown in figure 5(a). The attenuation of the fiber was precisely measured using the standard cut-back technique and guidance of cladding mode is eliminated by applying a layer of graphite on the surface of the fiber during the measurement. Figure 5(a) shows light transmission in the PM-PCF between 2 μm and 10 μm with a minimum attenuation of 0.25 dB m -1 at 6.64 μm. Two absorption peaks can be observed in the attenuation spectrum of the fiber including a peak at 4.5 μm due to the presence of Se-H bonds (as in the bulk sample, see figure 1) and another peak at 6.3 μm due to the presence of H 2 O molecules.

The power transmission of a tapered PCF with taper waist core diameter of 1.77 μm and taper waist length of 22 cm was measured to be 13% at 1.55 μm using a 1 mW continuous wave (CW) laser and a Thorlabs power meter. Then, the transmission spectra of all four tapers were measured with the same FTIR spectrometer as previous, which is shown in figure 5(b). The tapers transmit light from 1.5 to 5.5 μm and there is no significant change in transmission window with taper length. As can be seen, the transmission bandwidth is significantly reduced compared to the untapered PM-PCF and there are three transmission dips clearly visible because of the presence of three new absorption bands at 2.9 μm due to O-H bonds, at 3.5 μm due to surface contamination by C-H Bonds of non-cyclic organic compounds, and at 4.25 due to CO 2 molecules. These are mainly due to the contamination of the taper waist, non-adiabatic taper transitions during taper drawing process, and high confinement loss for non-uniform and small taper waist. This unfortunately prevents the use of the PM tapers for mid-IR SC generation beyond 5.5 μm and we will therefore in the following sections focus on the straight PM-PCFs only. The phase-matching relation was achieved by selecting the appropriate poling period of the fan-out structure using a linear translation stage, and the crystal was kept in an oven at a constant temperature of 150 °C to avoid photorefraction. The combination of tunable seed and tunable poling period of the crystal provides a tunable MIR output between 3.7 μm and 4.53 μm whose spectrum corresponds to a 252 fs transform limited pulse train at 4 μm (see [50] for the first use of the laser).A reflective long pass filter (LPF) was used after the crystal system in order to eliminate any residual pump and other radiation below 3.5 μm. The mid-IR output beam was then collimated by an achromatic air-space lens doublet, which is optimized for a central wavelength of 4 μm and anti-reflection (AR) coated for the 3-5 μm range. The pump beam was then injected into the PM-PCF through an AR coated ZnSe aspheric lens with a focal length of 12 mm and the coupling power was controlled by rotating a wire grid polarizer relative to the linear polarization of the pump. The generated SC light was measured using an FTIR from 3 to 10 μm and a monochromator-based spectrometer from 1 to 5 μm. The output power was measured with a thermal power meter.

Experimental setup for supercontinuum generation

Results and discussions

Figure 7(a) shows the generated SC spectra with increasing pump power in a 25 cm long PM-PCF with the pump tuned to 4 μm central wavelength. For a pump power of 135 mW, we obtained a SC spectrum spanning from 3.1 to 6.02 μm (at the -30 dB level) with an average output power of 11 mW. Then we tuned the pump wavelength close to the ZDW at 4.53 μm and the obtained SC spectra with different output power are shown in figure 7(b). An available maximum power of 98 mW provided a spectral broadening from 3.33 to 5.78 μm (at the -30 dB level) with an average output power of 6.23 mW. Therefore, the spectrum at 4.53 μm has a lower bandwidth than the spectrum at 4 μm due to available lower input power from the laser in spite of pumping closer to the ZDW. Furthermore, with a constant input power of 62 mW at 4.53 μm, we were able to measure the polarization dependency of the SC spectra by rotating the input fiber, which amounts to turning the input pump polarization with respect to the principal axes of the PM fiber. Using the measured output power, Fresnel loss from both front and end surface of the fiber, and propagation loss inside the fiber, we estimated the coupling efficiency to be 18% and 13.62 %, the coupling peak power as 4.62 kW and 2.54 kW at 4 μm pumping and 4.53 μm pumping, respectively. Figure 7(c) shows the recorded SC spectra when tuning the fiber angle from 0°F till 182°with 10°steps and with constant output power of 3.8 mW. As it can be seen, the input pump polarization strongly affects the SC generation. The SC bandwidth reduces from 2140 nm down to 1620 nm (at the -20 dB level) with an angular periodicity of about 90°.

Numerical simulations: the vector model

Detailed modelling of the polarization and modal properties of mid-IR SC generation in multi-mode step-index non-PM chalcogenide fibers was studied in [51], which demonstrated how important it is to control the polarization and the number of modes participating in the SC generation process. Here the uniform PM-PCF is single-moded, which means that we can restrict ourselves to consider only the fundamental mode with both polarizations. Nonlinear pulse propagation and SC generation in the highly-birefringent PM-PCF was therefore modelled using a two-polarization code based on two coupled generalized nonlinear Schrödinger equations (CGNLSE) [52][53][54][55]. These equations can be written in following reduced form in a linearly polarized basis
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where A x and A y are the slow and fast axis field amplitudes, a is the wavelength-dependent propagation loss taken from figure 5(a), k xy , b is the kth Taylor expansion of the propagation constants for the two linearly- polarized field amplitudes. It accounts for the phase birefringence of the PM-PCF plotted in green in figure 4(a). The second-order dispersion xy 2 , bw () is also shown in figure 4(a) as the D parameter. We also included higherorder dispersion coefficients from figure 4(a). Nonlinear coefficient g was calculated from effective mode area of PM-PCF and nonlinear index of the As 38 Se 62 glass using . The bottom first term in the RHS represents the nonlinear response function which includes both instantaneous self and degenerate cross-phase modulation (DXPM) between the two cross-polarized fields with the factor 2/3 [54, 55]. f R is the Raman fractional contribution to the Kerr effect and we find f 0.1 R = using the parameter reported in [57] for chalcogenide glass. The Raman response delayed function ht R ()in the last term of equation (2) can be expressed in the time domain as follows:

ht TT exp sin , 3 R 1 2 2 2 1 2 2 2 21 tt tt tt = + - ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ () ()
where 1 t and 2 t are 23.14 fs and 157 fs, respectively, which was fitted for a Raman gain peak of 230 cm -1 (6.9 THz) for As 38 Se 62 fiber whose Raman gain peak was measured in [58]. The same Raman function was used for both fiber axes because the perpendicular Raman gain is almost negligible [54]. For the PM-PCF sample with pump at 4 μm and 4.53 μm, we used a fiber length of 25 cm and pump pulse duration of 252 fs for both cases. The coupling peak power at the input of the fiber was considered to be 1.33 kW and 0.40 kW for the pump at 4 μm and 4.53 μm, respectively, in order to have the best fit with experimental results. Figure 8(g) shows a series of computed SC spectra as a function of input polarization angle , q from 0°to 180°w ith respect to the fast axis. This leads to SC bandwidth reduction from 2010 nm down to 1450 nm with an angular periodicity of around 90°, as shown in figure 8(h), as a blue curve. This can be explained by the fact that when tuning the polarization angle from one principal axis to the other, the degenerate cross-phase modulation between the A x and A y vector fields is lower than the self-phase modulation (SPM) itself by a factor 2/3, giving rise to less SC broadening when pumping off axis with a minimum at 45°. The agreement with experimental measurements (red curve) is quite satisfactory, except the small offset that is due to the different SC bandwidth shown in figure 8(c).

Conclusion

In summary, polarization-preserving supercontinuum generation in the mid-infrared from 3.1 to 6.02 μm and from 3.33 to 5.78 μm have been demonstrated by pumping a highly-birefringent photonic crystal fiber made of chalcogenide glass with femtosecond pulses at 4 μm and 4.53 μm, respectively. It has been further shown that tuning the input polarization angle with respect to the fiber axes affects the supercontinuum bandwidth and this was checked against numerical simulations using vectorial two-coupled nonlinear Schrödinger equations. The fiber was drawn using the casting method from As 38 Se 62 glass which features a transmission window from 2 to 10 μm and a high nonlinear index of 1.13×10 -17 m 2 W -1 . It has a large birefringence of 6.5×10 -4 at 4.6 μm enabling strong polarization maintaining properties. Long tapered optical fibers have also been designed and fabricated from the same fiber with waist diameter down to a 1.77 μm and with ultra-high birefringence up to 10 -2 . Finally, this work constitutes an important step towards stable and linearly-polarized supercontinuum generation for mid-IR applications. Improved long-wavelength transmission and supercontinuum (SC) generation is demonstrated by antireflective (AR) nanoimprinting and tapering of chalcogenide photonic crystal fibers (PCFs). Using a SC source input spanning from 1 to 4.2 μm, the total transmission of a 15 μm core diameter PCF was improved from ∼53% to ∼74% by nanoimprinting of AR structures on both input and output facets of the fiber. Through a combined effect of reduced reflection and redshifting of the spectrum to 5 μm, the relative transmission of light >3.5 μm in the same fiber was increased by 60.2%. Further extension of the spectrum to 8 μm was achieved using tapered fibers. The spectral broadening dynamics and output power were investigated using different taper parameters and pulse repetition rates. © 2019 Optical Society of America https://doi.org/10.1364/OL.44.005505 Supercontinuum (SC) light sources based on chalcogenide glass optical fibers are among the main candidates for enabling new and improved mid-infrared photonic applications within broadband imaging and spectroscopy [1][2][3]. Currently, the most promising method for generating SC reaching far into the mid-infrared fingerprint region is through so-called cascaded generation using a series of concatenated silica, fluoride, and chalcogenide fibers that gradually extend the spectrum from the near-infrared to the mid-infrared [4][5][6][7].

One critical point in particular is the coupling to and from the chalcogenide fiber. Due to the high refractive index of chalcogenide glasses, a significant part of the pump light is reflected at the end facets, which means that both the input and output power is substantially reduced. One way to mitigate this is by using antireflective (AR) thin-film coatings such as Al 2 O 3 or diamond deposited on the fiber end facets [8]. However, deposition of thin films on fiber facets is an elaborate and timeconsuming cleanroom process that requires careful sample preparation, and the resulting coating is typically narrowband, which is not ideal for cascaded generation with a broadband input source. Another way to achieve AR over a broad bandwidth is by direct thermal nanoimprinting [9][10][11]. Due to the low glass transition temperature (T g ) of chalcogenide glasses (∼160-280°C), the process can be performed using simple heating elements, and takes only a few minutes to complete.

Another critical aspect of coupling light to a chalcogenide fiber is avoiding damage when launching high peak power pulses. The simplest solution to allow for better power handling is to scale up the fiber core. However, when the core diameter is increased, the nonlinearity of the fiber is reduced, thus hindering further extension of the spectrum. In order to increase the nonlinearity without sacrificing the damage threshold, the fiber diameter can be gradually reduced along the propagation direction through thermal tapering, thus improving the midinfrared generation efficiency [12,13].

In this work, we investigate these two thermal postprocessing techniques, nanoimprinting and tapering, in order to improve the output power and bandwidth of cascaded SC sources. We chose to work with single-material Ge 10 As 22 Se 68 photonic crystal fiber (PCF) in order to avoid issues with varying T 0 g s and viscosities between the core and cladding in step-index fibers (SIF). The pump source for the experiments was a SC source based on a master oscillator power amplifier (MOPA) configuration with a variable pulse repetition rate and 1 ns pulse envelope [14]. The MOPA was used to pump a 7 μm core diameter ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF (ZBLAN) glass fiber generating a spectrum covering 1-4.2 μm.

The principle of fiber nanoimprinting is depicted in Fig. 1(a). A nickel (Ni) mold with the negative structure is placed on a hot plate and heated to above the T g of the chalcogenide glass (∼175°C [15]). For more details regarding the fabrication of the mold, see Refs. [9,16]. The fiber is then pressed against the mold for a brief period of time, after which the fiber is quickly released to allow for the imprinted structure to settle. Force was applied by manually moving a translation stage, and the combination of force, imprint time, and temperature enabled varying degrees of structuring and deformation of the fiber. In general, higher temperatures allow for faster imprinting using low force, which also reduces the heat conduction to the rest of the fiber and thus reduces deformation.

Figure 1(b) shows the PCF used in the experiments, which has a core diameter of 15 μm and cladding diameter of 170 μm. The best imprints were achieved using a temperature between 230-250°C applying a very small translation force for just a few seconds. Figures 1(c) and 1(d) show high-magnification scanning electron microscope (SEM) images of the imprinted structures, which were designed to have a pitch of 1050 nm and a height of around 1350 nm, providing excellent antireflection from 2.6-6.2 μm( <4% reflection) peaking at 4 μm( <1% reflection) [9,16]. The size of the structure meant that for wavelengths below ∼2.2 μm, the imprint acts as a diffraction grating, effectively scattering much of the light into the cladding. This effect is seen from the microscope image of Fig. 2(b), which shows the chalcogenide fiber lighting up near the butt-coupling interface with the ZBLAN fiber from the pump source. It is also apparent from the image that the imprinting procedure in this case caused significant deformation of the fiber tip, resulting in a so-called elephant's foot shape. However, this deformation affects mainly the outermost part of the cladding, leaving the core area more or less intact except for some hole shrinkage, as is apparent from Fig. 1(c). The effect of fiber tip deformation and hole shrinking on the output beam profile is seen when comparing the beam profiles of Figs. 2(c) and 2(d), which shows the near fields of the nonimprinted and imprinted fibers, respectively. The near-field images were captured using an uncooled PbSe camera covering from 1-5 μm wavelength (Tachyon 6400, NIT). In the nonimprinted fiber output beam, the PCF structure is clearly seen, while the imprinted output beam shows a significant distortion of the air-cladding structure while maintaining a circular core-guided mode. Note that the intensity scale on the figures is logarithmic in order to clearly see the air hole patterns. By optimizing the temperature, pressure, and imprinting time, it was possible to reduce the fiber tip deformation while maintaining a full imprint of the structure, but it was found to have no influence on the transmission since the core area is seemingly unaffected by the deformation.

To measure the output spectra, the PCF output was buttcoupled to a 150 μm core diameter chalcogenide patch cable (IRF-Se-150, IR Flex) and guided to a grating-based spectrometer covering from 0.2-5 μm (Spectro 320, Instrument Systems). From comparing the red output spectrum of the nonimprinted fiber in Fig. 2(a) to the purple and blue output spectra of the one-face (output) and two-face imprinted fiber, respectively, it is clear that a significant fraction of the light below 2.2 μm is lost due to diffraction. Such properties could potentially be useful for reducing the linear and nonlinear absorption of shorter wavelengths, in particular two-photon absorption, which may improve the power handling. It is also evident from the spectra that the long-wavelength transmission was improved after imprinting. In order to quantify the improvement, the total output power and output power after a 3.5 μm long-pass filter (LPF) were measured for the nonimprinted and the two-face imprinted fibers. Many fiber samples with similar lengths around 20-30 cm were prepared and measured, and because the imprinting was performed manually, the results varied from producing only minor or no improvement in transmission, to even reducing the output power compared to the nonimprinted reference. However, some samples also produced a significant increase in transmission, and these results are presented in Table 1. The total transmission improvement (ΔT ) between the nonimprinted and two-face imprinted fibers ranged from 7.0-27.9%, and the maximum total transmission (T ) was 73.8%. As seen from the orange curve of Fig. 2(a), a significant part of the pump spectrum is below the diffraction limit of the imprinted structure, so the transmission increase > 3.5 μm was also measured and found to range from 12.3-60.2% with a maximum transmission of 98.4%. However, this extremely high value is attributed to a combination of both reduced reflection and increased redshifting of wavelength components below 3.5 μm due to the higher transmission.

Previous work with fiber nanoimprinting has focused on large-core multimode As 2 S 3 SIFs (50-100 μm core diameters) [11], and so it was not clear whether the micron scale structures and especially the fiber tip deformation would affect transmission of smaller core fibers. In that respect, this work represents the first demonstration of AR nanoimprinting of a single-mode chalcogenide PCF, achieving increased transmission in a fiber suitable for SC generation (SCG) without significantly affecting the core mode of the fiber. Despite the increased transmission and redshifting in the imprinted fibers, the spectral extent was limited to 5 μm, so in order to increase the bandwidth even further, fiber tapering was, for the first time to the authors' knowledge, investigated for cascaded SCG. In a previous study on SC in tapered chalcogenide PCFs [12] using direct pumping, it was found that the length of uniform fiber before (L b ) and after (L a ) the tapered fiber section (L t ) greatly influenced the bandwidth obtained, but the influence of the tapered core diameter was never fully explored. Here we have investigated the influence of the tapered core diameter (d c ) in five different tapered fibers, whose parameters are summarized in Table 2. All tapers were designed to have around 2.5 cm adiabatic taper transitions.

When the fiber core is reduced, the zero-dispersion wavelength (ZDW) is shifted towards shorter wavelengths from around 4.9 μm at the initial 15 μm diameter to around 3.6-4 μma t6 -7.5 μm diameter, respectively [12]. But while the reduced ZDW allows for more pump power to couple into the anomalous dispersion regime for improved SCG efficiency, the confinement loss edge is also pushed towards shorter wavelengths, which introduces a trade-off between efficiency and long-wavelength loss. Figure 3(a) shows the resulting spectra from pumping tapers A-E with around 270 mW of average power at 1 MHz pulse repetition rate. The spectra were measured using a fiber-coupled Fourier transform infrared (FTIR) spectrometer (FOSS, custom) covering from 2.8-14 μm. The total transmission of the nonimprinted tapers A-D varied from 31-38%, with the highest output power of 103 mW achieved for taper D.

Despite the differences in taper parameters, tapers A-C produced very similar output spectra reaching up to around 8 μm at the -30 dB level, while taper D was limited to 7.5 μm and exhibited significantly lower flatness compared to the three others. For a 7.5 μm core diameter, the ZDW is estimated to be around 4 μm, which is exactly where we see a dip in the output spectrum of taper D. Such a dip followed by a peak or pedestal of lower intensity is commonly observed when pumping in the normal dispersion region close to the ZDW [17,18]. Since the SC pump starts to cut off at around 4 μm, the solitons coupled into the PCF will initially experience normal dispersion and therefore only the part that broadens into the anomalous dispersion via self-phase modulation (SPM) will then contribute to the long-wavelength edge. As a result, the amount of power >3.5 μm is only ∼21% in taper D (22.2 mW) compared to ∼29% in taper C (25.8 mW).

To investigate whether the spectral extension was limited by the taper length, another taper denoted taper E was tested. Taper E has the same 6 μm core diameter as taper A, but twice the tapered section length and a longer length of uniform fiber before the taper. It is seen in Fig. 3(a) that the longer taper improves the long-wavelength generation, but reduces the output power significantly due to increased losses. Figure 3(b) shows the entire taper E output spectrum at ∼350 mW pump power (41 mW output power), where maximum broadening was observed covering from 1.07-7.94 μm at the -20 dB level with. Further increasing the pump power did not improve the long-wavelength edge, as seen from the trend in Fig. 4(a), which shows that for these pump and taper parameters, the broadening is limited to around 8 μm.

This behavior was found in all of the tapers tested, which suggests that further broadening is limited mainly by the soliton dynamics of the MOPA source and ZBLAN fiber rather than confinement loss or dispersion in the tapers [5,7]. Lastly, the output power stability was tested. Note that at the point of this measurement (four months later), taper C had degraded significantly due to exposure to ambient lab conditions [15], and so the obtainable bandwidth and output power were reduced. Figure 4(b) shows the degradation in output power during a 116.5 h continuous power stability measurement and adjusting the coupling did not improve the output power. This highlights the need for proper sealing of the optical facets. This could for instance be realized by either fully collapsing the air holes, or by splicing an unstructured fiber end cap onto the PCF prior to imprinting.

In conclusion, we have demonstrated for the first time improved transmission and broadening in cascaded SCG through nanoimprinting and tapering of Ge 10 As 22 Se 68 chalcogenide PCFs. The maximum total transmission of a nanoimprinted uniform fiber was increased by 27.9% relative to the nonimprinted fiber, and the average power >3.5 μm was increased by up to 60.2%. By tapering a nonimprinted 15 μm core PCF down to a core diameter of 7 μm over a 12 cm section, a spectrum covering up to ∼8 μm with 90 mW output power and 25.8m W> 3.5 μm was achieved. By combining the two postprocessing methods, we expect that the output power can be increased to more than 120 mW with more than 40 mW above 3.5 μm without damaging the fiber. Such power levels would enable applications such as optical coherence tomography to push further into the mid-infrared for improved inspection of ceramics, coatings, polymers, and fiber-reinforced composites [19].
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Hollow-core glass fibers (HCFs) rely on guiding mechanisms, which enable significant reduction of overlap of the guided mode with solid microstructure forming the cladding. The inhibited coupling fibers (ICFs) and hollow-core anti-resonant guiding fibers (ARFs) are two examples that have received particularly strong attention. The first reported ICFs were the Kagomé fibers, developed in 2002 [1]. The principle of light guidance in ICFs was explained in 2007 [2], revealing the fundamental difference between photonic bandgap (PBG) and inhibited coupling (IC). ARFs can be considered as simplified ICF structures, consisting of only one ring of circular capillaries in the cladding. These fibers were first reported in 2011 [3], and the anti-resonant reflecting optical waveguide model [4] is considered to be the most accurate in describing guiding in these structures. Various designs of hypocycloid-core fibers have followed since, with emphasis on fibers with the core area limited by a single ring of circular, non-touching capillaries [5,6]. Low intrinsic nonlinearity and dispersion of these fibers make them particularly attractive for high-energy pulse delivery [7]. The possibility to largely modify their optical properties by infiltration with liquids or gases opens interesting applications in optofluidics [8] or in temporal compression down to single optical cycles of laser pulses in the mid-infrared [9]. Low attenuation is the obvious advantage of any fiber for a practical application and loss below 10 dB/km in the visible and at important laser wavelengths in the near-infrared has been reported in HCFs [10,11]. More recently, an ARF with measured attenuation of 2 dB/km at a wavelength of 1512 nm made it possible to consider them for specific telecommunication applications [12]. Such applications are among the important motivations for the development of HCFs, and data transmission was demonstrated in an air core PBG fiber already in 2013 [13]. Dramatic improvement in the bringing down of attenuation-ultimately to around 1 dB/km-prompted later demonstrations of data transmission in hollow-core ARFs in the third telecommunication window, as well [14][15][16]. Midinfrared guidance in silica fibers is disruptive for gas sensing and spectroscopy applications [5,17]. The feasibility to design robust multiple-pass setups is crucial for development of fiberbased cavity-enhanced spectroscopy [18]. Several-meter or longer gas-filled fibers are becoming important for fiber-based gas lasers exploiting Raman scattering [19]. More recently, midinfrared lasers operating between 3100 and 4600 nm wavelengths and based on optical transitions between vibrational energy bands of different molecular gasses have been reported using gas-filled HCFs [20][21][22][23]. The fiber cavity length, exceeding 10 m in either case, was reported among the key parameters of optimizing laser efficiency, which puts significant pressure on bending loss performance of fibers used to build such systems. Gas-filled HCFs have also been shown as attractive experimental platforms for nonlinear propagation, broadening, and compression of ultrashort pulses across the UV to the midinfrared [24][25][26][27]. Silica glass ARFs have been demonstrated to guide light at wavelengths up to 7900 nm, with attenuation at 3900 nm of roughly 50 dB/km [28]. Attenuation of 34 dB/km at 3050 nm and 85 dB/km at 4000 nm was found for ARFs with a triangular cladding [29,30].

Mode confinement in HCFs is very sensitive to bending [31]. Hollow-core PBG fibers were outperforming ARFs in this regard [31]. Significant research effort has been devoted to overcoming this drawback, resulting in reported bend losses of ICFs in the order of 0.25 dB/turn [32], 0.2 dB/m of attenuation at 5 cm radius in the NIR range [33] and, finally, a result of 0.03 dB/turn bend loss for a 30 cm bend diameter at 750 nm has been reported [12]. Bend loss below 1 dB/km for R 10 cm at 1512 nm has recently been demonstrated as well [12]. An important conclusion has been drawn between low bending loss and small core diameter ARFs [34]. A variant of ARFs with nested capillaries, later commonly referred to as the nested capillary anti-resonant nodeless fiber (NANF), has been shown to alleviate the challenge of bend losses [35]. The first report on a physical NANF structure involved a 10-capillary fiber, followed by a five-capillary fiber [36,37].

In this Letter, we report on the development of a silica glass NANF, and on the characterization of its transmission, attenuation, and bending losses with a focus on the mid-infrared spectral range around wavelength of 4000 nm.

Our silica glass NANF was fabricated using the stack-anddraw technique. The microstructure of the fiber is shown in a scanning electron microscopy (SEM) image in Fig. 1. It consists of a cladding with seven nested capillaries. The criterion for the number of capillaries is usually attenuation and exceptionally low attenuation has been reported for ARFs with between five [15,38], through six-seven [10,31] to eight-10 capillaries [5] in the cladding. A seven-nested capillary ARF has been reported previously, albeit with less uniform structure, than in Fig. 1 [39] and NANFs have been numerically studied for midinfrared transmission [40]. The outer diameter of our fiber is 162 μm, and the core diameter is 62 μm. The outer and inner capillary diameters are 29 and 16 μm, and their wall thickness is 1.6 and 0.9 μm, respectively.

All transmission measurements and mode imaging have been performed with a 150 cm long sample. Light from a Leukos Electro-250-Mir or NKT Photonics SuperK MIR supercontinuum has been coupled to the fiber with a black diamond aspheric lens (Thorlabs C036TME). At the output of the fiber, light was collimated with a parabolic off-axis silver mirror with a 10 cm focal length into a free-space input of a Fourier transform infrared (Thorlabs OSA205, FTIR) optical spectrum analyzer (OSA) for measurements in the midinfrared or to a diffractive OSA for long-wave near-infrared measurements (Yokogawa AQ6375B). This, together with securing of both fiber ends in 9 cm long bare fiber mounts on translation stages, assured mechanical stability during measurements. In a similar way, the fiber output was collimated for characterization using an extended InGaAs beam profiler.

The fiber supports guidance of few modes at 2500 nm, but the fundamental mode (FM) can be selectively excited, as shown in Fig. 2(a), where light from an optical parametric oscillator has been used with around 100 nm of spectral width. Higher-order modes in this case were excited using offset launch, as shown in Fig. 2(c). We also measured numerical aperture (NA) of the fiber by registering output beam profiles in far field with a phosphor-covered CCD camera. The output of a single-mode laser diode operating at 1548 nm was coupled into the fiber with an aspheric lens (NA 0.25). The FM or higher-order modes were selectively excited by changing the coupling conditions. The output beam size was measured at 1∕e 2 of maximum intensity. The NA was calculated from the slope of linear fitting of measurement points (beam radius as a distance function) using formulas slope tgφ and NA sinφ, obtaining NA 0.037 for the FM and NA 0.077 for a higher-order mode. The fiber was protected with an acrylic coating, and bending as tight as to a radius of R 0.5c mwas possible. Depending on the coupling adjustment, the LP 11 mode could be observed, as shown in Figs. 2(c) and 2(d). Bending of the fiber with these modes excited resulted in scrambling to a structure similar to the FM.

Figure 3 contains results related to the transmission, and results of the attenuation measurements are shown in Fig. 4. Finite element method simulation results, obtained using Comsol Multiphysics (Wave optics module) for the fiber based on a vectorized image of real fiber structure, are shown in Fig. 3(a). Triangular mesh was used with a size from 0.4 to 0.015 μm over glass parts of the structure and between 0.6 and 0.06 μm over the air core. A 3 μm thick perfectly matched layer was assumed for the boundary condition. The material loss of silica was neglected. Bending loss was modeled assuming straight fiber with modified refractive index [41]. The simulations predict transmission windows in the 1800-2600 nm spectral range and over 3400-5000 nm. An attenuation penalty of around a factor of 10 at a wavelength of about 4500 nm can be anticipated, and this is related to the fact that equal capillary thickness has not been maintained in the technological process. Numerical simulations of bend loss further reveal that confinement loss penalty of about 1 dB/m can be expected, regardless of the bend radius, when comparing the developed fiber to an equal capillary thickness (0.9 μm) structure. Up to the wavelength of around 4200 nm, there is good agreement between the simulated and measured transmission spectra, as shown in Fig. 3 simulations show that the nested capillary design would have a magnitude lower bend loss in each of the transmission windows and, lower straight fiber attenuation, although straight fiber advantage would be lost closer to 5000 nm due to uneven capillary wall thickness. Simulations allow us to expect transmission in the mid-infrared window up to at least to 5000 nm, although we did not have light sources with spectral coverage above 4200 nm to verify this experimentally.

Attenuation of the fiber was measured by a standard cutback method starting with a 12 m long sample, which was the longest uninterrupted length of the reported fiber available. The fiber was cut by 2 m in the following measurement steps, down to 4 m of final sample length. During the measurement, he fiber was loosely looped over roughly 1 m of diameter, and no loops were made toward the end of measurement. A standard telecommunications fiber cleaver produced high-quality, repeatable cleaves and, for every fiber length, the spectrum was recorded for three consecutive cleaves, to ensure measurement repeatability. Measured attenuation from around 3600 to 4000 nm was 1.5 dB/m and between 0.5 and 1.0 dB/m in the long-wave near-infrared, as shown in Fig. 4 (thick red traces). LP 01 mode losses obtained in simulations are up to three orders of magnitude lower around 2400 nm and a factor of two smaller around 4000 nm. This mismatch cannot be due to the inclusion of silica material loss in modeling, because the calculated power fraction in glass for this fiber is between 10 -4 to 10 -5 . Surface scattering loss in the considered spectral range can account for 1 dB/km and does not explain the discrepancy either [3]. The measured attenuation level is qualitatively reproduced in simulations only when the contribution of higher-order modes is assumed, especially that of LP 02 . Thus, we relate attenuation of the fiber to content of higher-order modes, which prompts the optimization of cladding and core diameters ratio of the fiber. We note that decibel/kilometer straight-fiber loss has been reported in the HCFs of the single capillary or "ice-cream cone" designs in a similar wavelength range [10,29].

Bending loss measurement was performed by coiling of the 4 m long fiber sample into consecutive, full turns (full loops) of identical diameter, similarly to the procedure reported earlier for ARFs in Ref. [32]. Results-shown in Fig. 5-were recorded for different bending radii from 40 mm down to 7.5 mm. In the mid-infrared window between 3500 and 3900 nm, the loss remains below 5 dB/m for bending radii of 15 mm or more while, for loops with a radius of 30 or 40 mm, it remains below 2.5 dB/m down to 0.5 dB/m around 3800-3900 nm for 40 mm of bend radius. In the 1900-2600 nm window, a sharp short-wavelength transmission cutoff can be observed, which redshifts under bending with a decreasing bending radius. This is consistent with earlier reported results in low ring number Kagomé ICFs, where the redshift of short-wavelength bend loss edge has been assigned to bendinginduced mode coupling between the core mode and leaky cladding modes [42] and has been numerically confirmed for NANFs as well [5]. We note that in state-of-the-art single capillary-ring ARFs, bending loss at the level of decibel/ kilometer has been reported, although this related to the telecommunications wavelengths, i.e., less than 5 dB/km of loss (50 mm radius) over 1250-1650 nm [12] or over larger bending radii, i.e., 15 cm with 50 dB/km at around 3500 nm [10].

We reported the successful development of a silica nested capillary anti-resonant nodeless fiber with mid-infrared transmission up to around 4200 nm, while numerical simulations allow us to anticipate this transmission to continue up to at least 5000 nm. This would cover frequencies of asymmetric stretching vibrational modes of CO 2 and N 2 O molecules (around 4250 and 4500 nm). The measured mid-infrared attenuation of 1-2 dB/m prompts for improvement of both the fiber design and the technological procedure. At the design level, the cladding capillary to the core diameter ratio should be optimized for effective single-mode operation. Recent theoretical results reported for NANFs identify this ratio at around 1.129 [38], while in our case it is around 0.46. At the technological level, the pending improvement relates to maintaining of similar capillary wall thickness. Despite these imperfections, already with the demonstrated fiber were we able to achieve very low bending sensitivity corresponding to bending loss down to 0.5 dB/m at a bending radius of just 40 mm at 3800-3900 nm wavelengths, by introducing nested capillaries into the fiber microstructure. We note, that exceptional results in terms of attenuation and bending loss at a single decibel/ kilometer level have been reported in hollow-core conjoined tube capillary fibers and in NANFs, in each case in the third telecommunication window [12,15]. Tens of decibel/kilometer loss in effectively straight ARFs has been reported around 3000-4000 nm, e.g., [29,30], which also identified the challenge of bend loss in this wavelength range for bending radii smaller than 20 cm. Our results provide experimental evidence for the feasibility of limiting bending loss to reasonable levels for bend radii as small as 3-4 cm and for the crucial role of the nested anti-resonant capillaries in providing high bend loss resistance in hollow-core silica fibers operating in the mid-infrared.
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INTRODUCTION

Broadband, compact, and cost-effective supercontinuum (SC) sources in the infrared (IR) are very attractive for sensing and spectroscopy applications [1][2][3] because this wavelength range contains the ground tones of many molecules, yielding unique "fingerprints" of their chemical composition [4]. However, state-of-the-art mid-IR SC systems are still in their infancy, thus motivating further efforts in fiber drawing and in soft-glass chemistry to remove absorption bands while enhancing both transmission and nonlinearity. Soft glasses such as chalcogenide (As 2 S 3 ) [4][5][6], tellurite [7,8], and ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) [9][10][11] have been widely used for drawing highly nonlinear fibers, and experiments have shown efficient SC generation in the mid-IR up to 15 μm [ 4,5] and up to 11 μm using all-fiber systems [12,13]. Another approach for mid-IR SC generation is gas-filled, hollow-core photonic crystal fiber, which provides low-loss guidance and much higher effective nonlinearity than capillary-based systems [14,15]. Record output powers up to 3.2 μm have also been recently achieved in highly germanium-doped fibers [16].

An alternative to ZBLAN fibers that has recently received attention is small-core heavy metal oxide photonic crystal fibers (PCFs) [17]. They possess a number of optical and mechanical properties that make them also attractive for SC generation, despite their limited transmission window from 550 to 2800 nm compared to other soft glasses. The nonlinear index n 2 of this glass is one order of magnitude larger (4.3 × 10 -19 m 2 ∕W) than ZBLAN and silica glasses [17]. In particular, suspended core photonic crystal fibers (SC-PCF) can be readily drawn in which the microstructures enabled have tight optical confinement and a small effective mode area in the order of few μm 2 [18,19]. This results in a high nonlinear coefficient with one drawback: lower coupling efficiency to the fiber due to a small core diameter. In recent years, suspended-core fibers have received less attention in the context of supercontinuum generation than regular lattice PCFs, although existing literature reports provide evidence about the versatility of this approach, including the choice of a glass platform (silica/soft glass), spectral coverage (NIR/MIR), and the dispersion regime of SC generation (solitonic/allnormal) [20][21][22][23][24].

Here, we report SC generation in lead-bismuth-galliumcadmium-oxide glass (PBG-81) based suspended-core PCF pumped by 200 fs pulses (delivered by a Ti-sapphire laser pumped OPO system) around 1550 nm.

Using two SC-PCFs (core diameter 4.5 μm and 3.5 μm) with respective lengths of 60 cm and 180 cm, we demonstrate SC generation spanning 1.07-2.31 μm with an output mean power of 53 mW and 0.89-2.46 μm with an output mean power of 32 mW, respectively, by pumping at 1550 nm and 1580 nm. We identify a number of nonlinear phenomena such as spectral broadening due to self-phase modulation, soliton generation, and a Raman soliton self-frequency shift in the fiber at the pumping wavelengths. The experimental spectra were compared to numerical simulations of the generalized nonlinear Schrödinger equation, including the group velocity dispersion computed from the scanning electron microscope (SEM) images of the fiber samples.

HEAVY-METAL-OXIDE SUSPENDED-CORE PHOTONIC CRYSTAL FIBERS

The suspended-core photonic crystal fibers were drawn from lead-bismuth-gallium-cadmium-oxide (PBG81) glass. Its chemical composition contains these oxides: PbO: 39.17, Bi 2 O 3 : 27.26, Ga 2 O 3 : 14.26, SiO 2 : 14.06, and CdO: 5.26. The nonlinear refractive index of PBG-81 glass was measured as n 2 43 × 10 -20 m 2 ∕W (Z-scan method at 1240 nm, bulk sample) [25,26]. The attenuation spectrum of this PBG-81 bulk glass is shown in Fig. 1. This soft glass has a transmission window from 550 to 2800 nm with typical attenuation of around 2.5 dB/m within 1000-2000 nm. Above 2800 nm, this particular glass melt shows the onset of strong attenuation assigned to OH absorption and has been subject only to standard bubbling of the glass melt with dry air (<1000 ppm of OH). As Fig. 1 shows, the attenuation curve does not feature a local peak around 1380 nm, which is the main difference between PBG-81 and previously used PBG-08 glass [17].

The microstructure of one of the five PCFs is shown in Figs. 2(a)-2(c). The PCF's outer and core diameters are 99.5 and 3.95 μm, and there are six struts or bridges supporting the hexagonal core. These thin struts result in a negligible modal confinement loss for the fundamental mode by ensuring a high degree of isolation in the core area. We fabricated five different fibers with a microscale suspended hexagonal core with dimensions chosen to yield zero-dispersion wavelengths (ZDWs) covering the range 1519-1653 nm.

The opto-geometric parameters of the five fibers are given in Table 1. From SEM images [Fig. 2 the fiber sample NL44C2a. As shown in Fig. 3(b), the zerodispersion wavelength shifts from 1519 nm to 1653 nm as the core diameter increases from 3.51 μm to 4.5 μm.

EXPERIMENTAL SETUP

The experimental setup for generating and measuring supercontinuum spectra is shown in Fig. 4. For a pump laser, we used a 200-fs optical parametric oscillator (Chameleon Compact OPO-Vis), pumped by a Ti-sapphire mode-locked laser (Chameleon Ultra II) at an 80 MHz repetition rate. The OPO signal is tunable in the range 1-1.6 μm with mean output powers 1 W-230 mW, and the idler from 1.7 μmt o 4 μm with powers from 250 mW to 50 mW. The signal from the OPO was injected into the SC-PCF through a focusing objective and the coupling power was controlled via a variable attenuator. An IR camera and imaging system (another focusing objective) were combined with wavelength filters to study the mode structure and guidance inside the fiber core. The generated SC light was measured using an IR spectrometer (Ocean Optics NIRQuest512-2.5) with sensitivity in the wavelength range of 900-2500 nm. The result of the IR imaging showed that the SC was generated in the fundamental mode over the full wavelength range and no evidence for the presence of multimode operation could be observed. The output spectra recorded for these two fiber samples show strong spectral broadening around the pump wavelength due to self-phase modulation at low input power. In addition to the peak contributed by pump wavelength, note that we have an additional peak due to the residual OPO idler, which otherwise does not contribute to SC generation. As the power increases, we see red-shifted solitons beyond 2 μm and simultaneous generation of upshifted dispersive waves down to 1 μm.

RESULTS AND DISCUSSION

At maximum coupling power, we obtain SC spectra of 1238 nm and 1575 nm bandwidths (at the -25 dB and -20 dB level, respectively) for fiber samples NL44C2a and NL44C5c, respectively.

A SC-PCF sample NL44C4b (length 183 cm, ZDW 1557 nm) is also pumped at 1740 nm in the strong anomalous dispersion regime using the idler OPO output. The variation in the measured SC spectra for different output powers for this fiber is shown in Fig. 6. As we pumped at a wavelength far away from the zero-dispersion wavelength of this fiber, we obtained three individual high-power solitons beyond 2 μm and a dispersive wave down to 1 μm instead of a smooth supercontinuum. At maximum power, the bandwidth of this broad spectrum is 1495 nm at the -25 dB level. 

SUPERCONTINUUM SIMULATION

Nonlinear pulse propagation and supercontinuum generation was modelled using the generalized nonlinear Schrödinger equation (GNLSE) [27,28],

∂A ∂z α 2 A - X k≥2 i k1 k! β k ∂ k A ∂T k iγ 1 iτ shock ∂ ∂T × Az, T Z ∞ -∞
RT 0 jAz, T -T 0 j 2 dT 0 ,

where the second term in the left-hand side accounts for a linear loss with loss coefficient α, and the third term represents the dispersion with the dispersion coefficient β k associated with Taylor series expansion of the propagation constant βω about central frequency ω 0 . In the simulation, we introduced a linear loss of 5 dB/m (measured using a cutback method). We also used the dispersion parameters (up to the fourth order) computed from the SEM image of the SC-PCF samples. The righthand side (RHS) of Eq. ( 1) models the nonlinear effects in the fiber: nonlinear coefficient γ 2πn 2 ∕λ 0 A eff , where the nonlinear refractive index n 2 was 4.3 × 10 -19 m 2 ∕W and the effective mode area A eff was calculated from the SEM image of the fiber sample at pump wavelength. The time derivative term in the RHS of Eq. ( 1) models effects such as self-steepening and optical shock formation with τ shock 1∕ω 0 . The term RT 1 -f R δtf R h R t represents the response function, which includes both an instantaneous electronic and a delayed Raman contribution with f R 0.05. The value of f R was measured from the Raman scattering spectra of bulk glass, and the Raman contribution to Kerr nonlinearity h R t was fitted from nonlinear simulation for a different type of fiber made from the same glass. The input pulse was considered to be Gaussian. Frequency-resolved optical gating measurements of our input pulses (MeasPhotonics FROGscan) showed the presence of a linear chirp (parabolic phase), which was also included in the simulation initial conditions. In the simulation for SC-PCF samples NL44C2a and NL44C5c, we used fiber lengths of 60 cm and 180 cm, and pump pulse durations of 225 fs and 220 fs, respectively. The peak power at the input of fiber was considered to be 25 kW for both cases. We speculate that the observed discrepancy is accountable to some assumptions in the model. First, we did not consider the wavelength-dependent losses over the full SC span and the higher-order optical modes. Second, the dispersion profile was numerically estimated from the cross-section image of the fiber structures. It is reasonable that a small change in the slope of the normal dispersion at wavelengths blue-shifted from the pump wavelength would result in different dispersive wave phasematching conditions, which would most reasonably explain the short-wavelength discrepancies between the theoretical and measured spectra in Fig. 8. The relatively long fiber samples used in the experiment (for soft glass fibers and femtosecond pump pulses) would suggest a significant contribution of the OH absorption loss; however, no such features are observed at around 1380 nm in the spectra shown in Fig. 8. Bend loss of any higher-order, mode-contained blue-shifted parts of the supercontinuum spectra could also be related the observed discrepancies, but we did not observe such loss behavior for any reasonable bend radii in these fibers during the measurements.

CONCLUSION

Wideband SC generation from 1073 nm to 2311 nm and from 891 nm to 2466 nm was recorded by pumping two suspended core photonic crystal fibers in the both normal and anomalous dispersion regimes, respectively, with femtosecond pulses at 1550 nm and 1580 nm. These results demonstrate the utility of heavy-metal-oxide PCF for SC generation. Numerical simulations using a nonlinear Schrödinger equation and the group velocity dispersion computed from the SEM images of the SC-PCF samples show good qualitative agreement with the experimental one for 4.3 μm and 3.51 μm core diameter SC-PCF samples. It is important to stress that the SC spectra obtained using PBG-81 glass suspended-core optical fibers are limited by their transmission windows up to 2.8 μm, which may limit their potential use for applications such as infrared spectroscopy. They are actually comparable to those that can be obtained with highly nonlinear germanium-doped optical fibers [26]. 

  Figure 1.1: The absorption of various molecules in the mid-IR region, reproduced from [173].
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 212 LIGHT PROPAGATION IN AN OPTICAL FIBER inside a fiber are related by the following equations [61] D = ǫ 0 E + P, (2.1.5)

Figure 2 . 1 :

 21 Figure 2.1: Schematic of the geometric structure of an optical fiber. Refraction at the air-glass interface and total internal reflection at the core-cladding interface are shown by the ray diagram. The step-index refractive index profile showing the contrast between the refractive index of core (n core ) and cladding (n clad ) is presented as a function of radial coordinate ρ. a and b are the core and cladding radius, respectively.

Figure 2 . 2 :

 22 Figure 2.2: Schematic of a solid-core index-guiding PCF with a cladding consisting of triangular lattice of air-holes, which guides light through modified total internal reflection. The diameter (d) of air-capillary and the pitch (Λ) are defined in the zoomed-in region of the core in the left. The refractive index profile of the PCF, shown on the right, indicates that the resulting effective refractive index of air hole-glass cladding is lower than the core.

Figure 2 . 3 :

 23 Figure 2.3: Linear loss of chalcogenide glass based microstuctured optical fibers after drawing. Figure reproduced from [210].
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 24 Figure 2.4: Schematic representation of coupling model to estimate coupling efficiency.

CHAPTER 2 .Figure 2 . 5 :

 225 Figure 2.5: Propagation of electric and magnetic field (TEM modes).

Figure 2 . 6 :

 26 Figure 2.6: Variation of numerically computed group-velocity dispersion parameter β 2 with wavelength. Red curve:suspended-core PCF from PBG81 glass with 4.3 µm core diameter (described in Chapter 3), black curve:microstructured PCF from Ge 10 As 22 Se 68 glass with 6 µm core diameter (described in Chapter 4), and blue curve:microstructured PCF from As 38 Se 62 glass with 8.11 µm core diameter (described in Chapter 4).
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 27 Figure 2.7: (a) Calculated spectrum of a 1 ps Gaussian pulse before and after propagating a distance z = 4 × L D , demonstrating the preservation of its spectral shape. (b) Normalized intensity |A| 2 , showing the temporal pulse broadening and (c) frequency chirp δω/δt as a function of time for z = 0, z = L D , z = 2 × L D , and z = 4 × L D .
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 28 Figure 2.8: (a) Illustration of SPM-induced spectral broadening of a 1 ps Gaussian pulse with increasing propagation length from z = 0 to z = 8 × L NL in an optical fiber. (b) Demonstration of the evolution of frequency chirp δω(T ) over the pulse envelope with increasing propagation length from z = 0 to z = 8 × L NL . (c) Preservation of the temporal shape of the pulse during propagation.

Figure 2 . 10 :

 210 Figure 2.10: Illustration of spontaneous Raman scattering describing the principle of Stokes and anti-Stokes frequency shift. g s , Vib s , and Vir s represent ground energy state, vibrational energy state, and virtual energy state, respectively. ω p , ω S , and ω AS are the frequencies of pump, Stokes and anti-Stokes photons, respectively.
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 31 Figure 3.1: (a) Typical infrared transmission spectra of millimeter thick various bulk glass samples. The insets are examples of sulfide As 2 S 3 (yellow), selenide As 2 Se 3 (red), and telluride Te 20 As 30 Se 50 (black) glasses (taken from [228]). (b) Relation between the linear refractive index n and nonlinear refractive index n 2 in various glasses taken from [140].
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 3 1(a) shows the infrared transmission spectra of different glasses measured with 2-3 mm bulk sample[START_REF] Calvez | Chalcogenide glasses and glass-ceramics: Transparent materials in the infrared for dual applications[END_REF][START_REF] Dai | A review of mid-infrared supercontinuum generation in chalcogenide glass fibers[END_REF].
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 32 Figure 3.2: Attenuation spectrum of bulk lead-bismuth-gallium-cadmium-oxide glass used for drawing SC-PCFs, measured by our collaborator at ITME.

Figure 3 . 3 :

 33 Figure 3.3: Stack containing capillaries and solid rods for preform drawing.

Figure 3 . 4 :

 34 Figure 3.4: Cross-section SEM images of a SC-PCF: (a) Image of the fiber with outer diameter of 120.3 µm. (b) Expanded view of the microstructure region with core diameter of 4.5 µm. (c) One of the 6 struts supporting the core with thickness of 81 nm.
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 35 Figure 3.5: Computed mode field distribution inside the core of fiber sample NL44C2a at 1550 nm for (a) LP 01 mode, (b) LP 11 mode, (c) LP 21 mode, (d) LP 31 mode, (e) LP 41 mode. (f) Experimentally obtained mode profile at the output end of the fiber sample NL44C2a at 1550 nm showing the fundamental LP 01 mode.

  .6(a). The computed effective mode area are shown in Fig. 3.6(b) for 3 SC-PCF samples NL44C2a, NL44C5c, NL44C4b, which will be later used for experimental demonstration. Using Eq. 2.1.50 from Chapter 2, the effective refractive index is then used to calculate the group velocity dispersion (GVD) for the fundamental mode, which are shown in Figs. 3.7(a)&(b).

  Figure 3.7(a) shows the group velocity dispersion curve of our five SC-PCF samples covering almost the entire transmission window of the fiber. As can be seen in Fig. 3.7(b), the zero-dispersion wavelength shifts from 1519 nm to 1653 nm as the core diameter increases from 3.51 µm to 4.5 µm.
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 36 Figure 3.6: (a) Effective refractive index of 5 SC-PCFs calculated for the fundamental mode from SEM images. (b) Effective mode area for 3 SC-PCF samples, which are used for experimental demonstration.

Figure 3 . 7 :

 37 Figure 3.7: Dispersion and birefringence characteristics of 5 SC-PCFs computed for the fundamental mode: (a) Group velocity dispersion of SC-PCF samples. (b) Dispersion curve of the SC-PCFs showing zero-dispersion wavelength (ZDW). (c) Phase birefringence of the SC-PCFs.
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 38 As a pump laser we used a 220-fs optical parametric oscillator (Chameleon Compact OPO-Vis), pumped by a Ti-Sapphire mode-locked laser (Chameleon Ultra II) at 80 MHz repetition rate having 140-fs pulse duration. The OPO signal is tunable in the range 1-1.6 µm with mean output powers 900 mW -230 mW, and the idler from 1.7 µm3.5. RESULTS61to 4 µm with powers from 250 mW to 80 mW. The signal (or the Idler in case of pumping above 1.7 µm) from the OPO was injected into the SC-PCF through an IR-coated focusing objective (40X magnification) and the coupling power was controlled via a variable attenuator. The light at the output of SC-PCF was collimated using a C-coated aspheric lens with a focal length of 3.5 mm. An IR camera was combined with neutral density (ND) filters to study the mode structure and guidance inside the fiber core. The generated SC light was measured using an IR spectrometer (Ocean Optics NIRQuest512-2.5) with sensitivity in the wavelength range of 900-2500 nm, combined with an imaging system (another focusing objective) and fluoride (InF 3 ) multimode fiber with a core diameter of 100 µm. The beam quality at OPO output was measured with a Thorlabs dual Scanning Slit Beam Profiler (900 -2700 nm), as shown in the left inset of Fig.3.8. The result of the IR imaging (right inset of Fig.3.8) showed that the SC was generated in the fundamental mode over the full wavelength range and no evidence for the presence of multimode operation could be observed.

Figure 3 . 8 :

 38 Figure 3.8: Schematic of the experimental setup for generating and measuring supercontinuum infrared light. SC-PCF, suspended core photonic crystal fiber; MMF, multimode fiber [inset-left: beam profile at OPO output, right: IR image at SC-PCF output].

Figure 3 . 9 :

 39 Figure 3.9: Supercontinuum spectra generated in two SC-PCF samples with 220 fs pulses pumped at 1550 nm and 1580 nm, respectively, as a function of mean output power. (a) and (c) Generation of SC spectra through spectral broadening, soliton ejection, and dispersive wave generation in two fiber samples NL44C2a and NL44C5c, respectively. (b) and (d) Evolution of SC spectrum with the fiber output power for the respective SC-PCF samples.

Figure 3 . 10 :

 310 Figure 3.10: Spectra generated in SC-PCF sample NL44C4b with 220 fs pulses pumped at 1740 nm. (a) Generation of broad spectra through spectral broadening, soliton ejection, and dispersive wave generation. (b) Evolution of spectrum with the fiber output power.
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 311312 Figure 3.11: Dependency of SC spectra with incident angle of polarization from 0°to 240°for pumping at 1740 nm in SC-PCF sample NL44C4b.
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 63 Figure 3.13: (a) & (c) Numerically generated evolution of SC spectra along the fiber length for NL44C2a & NL44C5c PCFs with 1550 nm and 1580 nm pumping, respectively. (b) & (d) Corresponding temporal distribution along the fiber length for NL44C2a & NL44C5c PCFs, respectively.
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Figure 3 . 14 :

 314 Figure 3.14: Comparison between numerically and experimentally generated SC spectra for 1550 nm and 1580 nm pumping in (a) NL44C2a and (b) NL44C5c PCFs, respectively.
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 41 Figure 4.1: A two-stage vacuum pump, consisting of an oil pump and a turbo molecular pump where the silica ampoule (filled with glass materials as highlighted by the red circle) is pumped to achieve vacuum.

Figure 4 . 2 :

 42 Figure 4.2: (a) Furnace for the synthesis of our glass. (b) Synthesis-furnace controller.

Figure 4 . 3 :

 43 Figure 4.3: Dynamic distillation setup. Inset(top-middle): two-chamber distillation tube. Inset (bottom-right): the inner part of the localized heater where the half portion of the empty chamber and the full portion of the filled chamber (with chalcogenide glass as highlighted by the red circle) of the distillation tube is placed.

Figure 4 . 4 :

 44 Figure 4.4: Different states of static distillation process

Figure 4 . 5 :

 45 Figure 4.5: Attenuation spectrum of (a) As 38 Se 62 glass and (b) Ge 10 As 22 Se 68 glass.
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 4647 Figure 4.6: (a) Fiber drawing tower with the preform mounted on it inside an annular furnace (marked in red circle). (b) The event of neck down and the first drop from the preform at around 340°C due to the gravitational force, highlighted by a red circle in the image.

Figure 4 . 8 :

 48 Figure 4.8: (a) & (b) Schematic of longitudinal sections of As 38 Se 62 PM-PCF tapers and Ge 10 As 22 Se 68 PCF tapers, respectively: length before taper (L BT ), length of down-taper section (L DT ), length of uniform taper-waist section (L W ), length of up-taper section (L UT ), and length after taper (L AT ). (c) & (d) Cross-section images of normal section and taper-waist section of As 38 Se 62 PM-PCF with respective outer diameter (d out ) of 162 µm and 28.74 µm and respective core diameter (d core ) of 10 µm and 1.77 µm. (e) Cross-section image of normal section of Ge 10 As 22 Se 68 PCF with d out of 166.5 µm and d core of 14.59 µm. (f) Cross-section image of taper section of Ge 10 As 22 Se 68 PCF with d out of 68.47 µm and an expanded view of the taper waist region in (g) showing d core = 6 µm, d SA =2.039 µm, and Λ = 4.131 µm.
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 449 Figure 4.9: Attenuation spectrum of (a) As 38 Se 62 PM-PCF with cut-back length of 3.35 m and (b) Ge 10 As 22 Se 68 PCF with cut-back length of 4.3 m, measured with a Bruker Tensor 37 FTIR spectrometer.

Figure 4 . 10 :

 410 Figure 4.10: Qualitative transmission spectra of different chalcogenide tapered fibers measured with a Bruker Tensor 37 FTIR spectrometer: (a) As 38 Se 62 PM-PCF tapers with different taper-waist length having a waist diameter 1.77 µm. (b-f) Ge 10 As 22 Se 68 PCF tapers with different taper-waist length having a waist diameter of (b) 2.5 µm, (c) 3 µm, (d) 4 µm, (e) 5 µm, and (f) 6 µm.

Fig. 4 .

 4 11(c)) is computed following the same procedure, as that of As 38 Se 62 PM-PCF taper discussed above, using the SEM image shown in Fig.4.8(g). In this case the refractive index of the glass was calculated using the following form of 4.4. COMPUTATION OF DISPERSION AND BIREFRINGENCE 83 standard Sellmeier equation,

.4. 2 )

 2 where the values of the coefficients in Eq. 4.4.2 for Ge 10 As 22 Se 68 glass are: B 0 = 2.774, B 1 = 2.892, B 2 = 0.7320, b 1 = 0.4047 µm, and b 2 = 38.53 µm [236].
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 44114412 Figure 4.11: Dispersion and birefringence characteristics of the As 38 Se 62 PM-PCF, taper, and Ge 10 As 22 Se 68 PCF taper simulated for the fundamental mode from SEM image. (a) As 38 Se 62 PM-PCF with d core of 8.11 µm. Blue and red curve: group-velocity dispersion of PM-PCF sample for different polarization axis. Inset: optical power density of the fundamental mode for the fast axis at a wavelength of 2 µm inside the core of the fiber. Black curve: phase birefringence of PM-PCF. (b) PM-PCF taper with a taper-waist core diameter 1.77 µm. Green curve: group-velocity dispersion of taper-waist section. Blue curve: phase birefringence of the taper-waist section. (c) Ge 10 As 22 Se 68 PCF taper with d core of 6 µm. Inset: optical power density of the fundamental mode at a wavelength of 1.7 µm inside the core of the fiber. Red curve: group-velocity dispersion of taper-waist section.
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 4134 Figure 4.13: Supercontinuum spectra generated in a 25 cm long PM-PCF sample with 252 fs pulses. Different spectra are all shifted by 10 dB. (a) & (b) SC spectra generated with 4 µm and 4.53 µm pump, respectively, as a function of mean output power. (c) Dependency of SC spectra with incident angle of polarization from 0°to 182°for pumping at 4.53 µm.

Figure 4 .

 4 Figure 4.14: (a) The imaginary part of third-order susceptibility for an As 2 Se 3 chalcogenide fiber, whose Raman gain was measured at the Naval Research Laboratory, taken and adapted from [168]. The third-order susceptibility is proportional to the Raman gain. It has been normalized to 1 at the peak gain. (b) The real part of the third-order susceptibility, adapted from [168]. (c) Raman response delayed function for As 38 Se 62 fiber.

Figure 4 .

 4 14(a) shows the imaginary part of third-order susceptibility N ′′ (Ω), which is proportional to Im[H R (Ω)] and has been normalized to 1 at the peak gain. The real part of the third-order susceptibility N ′ (Ω), which is the corresponding Hilbert transforms of N ′′ (Ω) is shown in Fig.4.14(b), as reported in[START_REF] Hu | Maximizing the bandwidth of supercontinuum generation in As 2 Se 3 chalcogenide fibers[END_REF]. In our case τ 1 and τ 2 in Eq. 4.6.2 are 23.14 fs and 157 fs, respectively, which was fitted for the Raman gain peak of 230 cm -1 or 6.9 THz (see Fig.4.14(a)) for As 38 Se 62 fiber whose Raman gain peak was measured in[START_REF] Hu | Maximizing the bandwidth of supercontinuum generation in As 2 Se 3 chalcogenide fibers[END_REF]. The Raman response delayed function is shown in Fig.4.14(b). The same Raman function was used for both fiber axes because the perpendicular Raman gain is almost negligible[START_REF] Agrawal | Nonlinear Fiber Optics[END_REF]. For the PM-PCF sample with pump at 4 µm and 4.53 µm, we used a fiber length of 25 cm and pump pulse duration of 252 fs for both cases. The coupling peak power at the input of the fiber was considered to be 1.33 kW and 0.40 kW for the pump at 4 µm and 4.53 µm, respectively, in order to have the best fit with experimental results.Figures 4.15
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 415416 Figure 4.15: Numerical simulation:(a) and (b) Comparison between numerically and experimentally generated SC spectra in the PM-PCF for pumping at 4 µm (a) and 4.53 µm (b). (c) and (d) Numerically generated evolution of SC spectra along the fiber length at the respective pumping wavelength. The vertical black line represents the zero-dispersion wavelength (ZDW). (e) and (f) Corresponding temporal distribution along the fiber length.
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 417 Figure 4.17: Supercontinuum spectra generated in a Ge 10 As 22 Se 68 taper sample (taper-waist core diameter of 6 µm) with 252 fs pulses as a function of mean output power. (a) SC spectra generated with a 4 µm pump. (b) SC spectra generated with a 4.53 µm pump.
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 934 Figure 4.19: (a) SC spectra of the long-wavelength edge obtained for tapers A-E for a pump power of ∼ 270 mW. The corresponding measured total output power (power > 3.5 µm in brackets) is indicated in the legend ( * = estimated). (b) Output spectrum (total) of taper E showing a spectral broadening from 1.07-7.94 µm at -20 dB level with a total output power of a 41 mW for a pump power of 350 mW. (c) Spectral broadening in taper E with increasing output power, reproduced from [254]. Courtesy of C.R. Petersen from the Technical University of Denmark.
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 4 Figure 4.20: (a) Optical microscope image of a Ge 10 As 22 Se 68 PCF with core diameter of 11 µm. LP 11 (b) and LP 01 (c) modes exited in one of the PCF under test at 1750 nm.
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 421 Figure 4.21: Attenuation spectra of different chalcogenide PCFs tested for power handling capacity.
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 422 Figure 4.22: Schematic of the experimental setup for measuring power damage threshold and power handling capacity of chalcogenide PCFs. OPO, optical parametric oscillator.
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 423 Figure 4.23: Attenuation spectra of different chalcogenide PCFs tested for power handling capacity: (a) Ge 10 As 22 Se 68 PCF, (b) Ge 14 As 20 Se 66 PCF, (c) Ge 16 As 20 Se 64 PCF, and (d) As 38 Se 62 PCF.
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 424 Figure 4.24: Output power vs time at 1750 nm for fixed input power for (a) Ge 10 As 22 Se 68 , (b) Ge 14 As 20 Se 66 , (c) Ge 16 As 20 Se 64 , and (d) As 38 Se 62 fibers.
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Fig. 1 .

 1 Fig.1. Schematic of the setup, including a wavelength tunable Ti:Sa femtosecond laser, variable neutral density filter (ND), half-wave plate (HWP), 40x microscope objective (OM), aspheric lenses (L), 3D translation stages (S), 40 cm of all-normal dispersion PCF (PM-ANDi), a polarizer (P), 2 m of multimode pick-up fiber (MM), and an optical spectrum analyzer (OSA).

Fig. 3 .

 3 Fig. 3. Experimental SC spectra for different input polarizations with 220 mW output power.

Fig. 4 .

 4 Fig.4. SC evolution for different pump powers while pumping at 45 • from the two axes (power offset for clarity).

Fig. 5 .

 5 Fig. 5. SC evolution for different polarizer orientations while pumping at 45 • from the two axes.

Fig. 6 .LetterFig. 7 .

 67 Fig.6. Simulated spectral (top) and temporal (bottom) SC evolution on each fiber axis as a function of fiber length. The dots represent the theoretical XPMI wavelength (black) using the redder SPM wavelength (white) as a pump.

Figure 1 .

 1 Figure 1. a) Experimental setup for mid-infrared SC generation in a cascaded silica-ZBLAN-chalcogenide optical fiber system. b) Experimental SC spectra at the ZBLAN fiber output (light blue) and after the long-pass filter (dark blue). c) Experimental SC spectrum at the chalcogenide fiber output (yellow). The insets show the optical mode profiles out of both the ZBLAN (b) and chalcogenide (c) optical fibers.

Figure 2 .

 2 Figure 2. ZBLAN step-index optical fiber specifications: a) Core (blue) and cladding (red) refractive indices versus wavelength. b) Computed dispersion (blue curve) and experimental data (red dots). c) Simulated (red) and experimental (blue) effective mode area. d) Loss spectrum: blue, measured data; red, data from ref. [42].

Figure 3 .

 3 Figure 3. a) Refractive index of As 38 Se 62 glass calculated with the Sellmeier model. Inset shows the cross-section image of the microstructured chalcogenide fiber. b) Computed dispersion curve for the microstructured chalcogenide fiber with a zero dispersion wavelength near 5 µm. c) Absorption loss of the chalcogenide-based microstructured fiber. d) Computed effective mode area. Inset shows the fundamental optical HE 11 mode.

  . The zero-dispersion wavelength is at 4.84 µm. The calculated effective mode area is shown in Figure 3d. Optical losses for the chalcogenide fiber are shown in Figure 3c. The transmission window ends near 10 µm, and there is an absorption peak around 4.56 µm due to the presence of Se-H www.lpr-journal.org

Figure 4 .

 4 Figure 4. a) Temporal and b) spectral evolution in the silica fiber (SMF-28) for a 460 ps pulse and a 6 kW peak power.

Figure 5 .

 5 Figure 5. a) Spectral and b) time-domain evolution for the 460 ps pump pulse with the output experimental and numerical spectra shown in (c).

Figure 6 .

 6 Figure 6. Initial spectral evolution in the ZBLAN fiber. The wavelengths marked with the dotted lines correspond to the theoretical MI and Raman wavelengths calculated with phase-matching equation in the text and the Raman gain peak at 17.4 THz, respectively.

Figure 7 .

 7 Figure 7. Filtered spectrum injected in the chalcogenide fiber.

Figure 8 .

 8 Figure 8. Initial spectral evolution in the chalcogenide fiber.
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Fig. 1 .

 1 Fig. 1. (a) Design of the UV-grade solid-core microstructured fiber for nonlinear UV generation. (b) SEM image of the PCF manufactured by Photonics Bretagne using F110 UV-grade silica glass. (c) Contrast-enhanced black and white image from the SEM image (b).

Fig. 2 .

 2 Fig. 2. (a) Computed mode profiles of the 8 main guided modes from LP01 to LP22. (b) Computed inverse group velocity β 1 for 8 spatial modes versus wavelength. (c) Computed group velocity dispersion parameter β 2 for 8 spatial modes versus wavelength.

Figures

  Figures 2(b) and (c) show their inverse group velocity β 1 and their second-order dispersion β 2 in the UV range, respectively. As can be seen, the second-order dispersion is highly normal for all modes at 355 nm (up to 12 × 10 -26 s 2 m -1 for the LP22 mode) because it is mainly dominated by material dispersion. This strong normal dispersion in turn precludes standard soliton and dispersive wave dynamics usually involved in anomalous-dispersion supercontinuum generation[11][12][13], and it this limitation which motivates the design of a multimode fiber for intermodal FWM in the UV[14][15][16][17][18][19][20].

  Figures 2(b) and (c) show their inverse group velocity β 1 and their second-order dispersion β 2 in the UV range, respectively. As can be seen, the second-order dispersion is highly normal for all modes at 355 nm (up to 12 × 10 -26 s 2 m -1 for the LP22 mode) because it is mainly dominated by material dispersion. This strong normal dispersion in turn precludes standard soliton and dispersive wave dynamics usually involved in anomalous-dispersion supercontinuum generation[11][12][13], and it this limitation which motivates the design of a multimode fiber for intermodal FWM in the UV[14][15][16][17][18][19][20].

Fig. 3 .

 3 Fig. 3. Experimental setup for intermodal FWM and Raman generation in the UV-Grade fiber (UV-PCF).

Fig. 4 .

 4 Fig. 4. Experimental output spectrum showing intermodal FWM sidebands for (a) an output power of 23 µW and (b) a fiber output power of 31 µW. The spectral resolution is 0.5 nm and the images in the inset show the modal content of each component of interest (f = 7.5 mm for both).

Fig. 5 .

 5 Fig. 5. Intermodal FWM spectrum for a fiber output power of 14 µW with the modal images of each FWM component of interest. The spectral resolution is 0.1 nm (f = 8 mm).

Fig. 6 .

 6 Fig. 6. Experimental results of intermodal FWM spectra in the UV-grade photonic crystal fiber pumped at 355 nm with the aspherical lens of f = 15.3 mm and for different fiber output power and fiber length (a) L = 1 m, P out = 187 µW, (b) L = 4 m, P out = 21 µW, (c) L = 1 m, P out = 145 µW, (d) L = 4 m, P out = 23.5 µW.

Fig. 7 .

 7 Fig. 7. Intermodal FWM spectrum for a fiber output power of 34 µW, with a resolution of 0.5 nm and with the modal images of each component of interest (f = 11 mm).

Table 1 .

 1 Comparison between theory and experiment for a number of intermodal FWM processes. The experimental values listed correspond to results shown in different figures as follows: Wavelengths shown in black correspond to the results in Fig. 6(a) or (b) or (c) or (d). Wavelengths shown in Blue correspond to the results in Fig. 5; Wavelengths in Green correspond to the results in Fig. 9(b); Wavelengths in Red correspond to the results in Fig. 7; Wavelengths in Purple correspond to the results in Fig. 4(a) or (b). Those idler wavelengths marked (*) have been calculated from the experimental signal wavelengths.

  (a) shows, surprisingly, a coupling of the pump in several bridges of the fiber with no propagation in the core. In Fig. 8(b) an example is shown where coupling occurs only over a few bridges. The bridges, which have a diameter around 1.6 µm, allow a tight confinement of the light. Despite the strong attenuation of this 4 m long fibre sample, a cascaded Raman response of six orders is generated through cladding mediated modal coupling.

Fig. 8 .

 8 Fig. 8. (a) Experimental output spectrum for a fiber length of 4 m showing wideband cascaded Raman scattering from 355 nm to 391 nm. The fiber output image shows pump coupling in almost all the bridges. (b) Experimental output spectrum for a fiber length 4 m showing similar results but with pump coupling in only a few bridges (f = 8 mm for both).

Fig. 9 .

 9 Fig. 9. (a) Experimental output spectrum for a 4 m long fiber showing wideband cascaded Raman scattering from 355 nm to 385 nm. The fiber output image shows where the pump is coupled in the fiber, here in all bridges and the core. (b) Experimental output spectra for a fiber length 4 m showing wideband cascaded Raman scattering from 355 nm to 377.7 nm and intermodal FWM effects at 358.1 nm and 370.5 nm. Output power level varies from 0.1 to 0.2 mW from bottom to top (f = 15.3 mm for both).

Figure 9 (

 9 Figure 9(a) shows the fiber output spectrum with a cascaded Raman until the fourth order mixed with an intermodal FWM with an idler wavelength at 351.3 nm (see Figs. 9(a) and (b)) and a signal wavelength at 358.1 nm (not visible in Fig. 9(a) but visible in Fig. 9(b)). Perhaps the most surprising result is shown in the inset of Fig. 9(a) where light is seen to couple both into the whole photonic cladding as well as into the solid core.Figure9(b) shows the spectral evolution as a function of the fiber output power for the generation of the Raman cascade mixed with two FWM processes. At low power only the Raman cascade is generated. Then at high power one can see two FWM peaks, one with the signal wavelength at 358.1 nm and the idler wavelength at 351.3 nm and a second one with the signal wavelength at 370.5 nm. These combined effects generate a continuum from 350 nm to 377.7 nm. We performed additional FEM-based numerical simulations that confirm that the light can be indeed guided in the silica bridges (cladding modes)[5,29,30] in the UV-Grade PCF. Typical computed mode profiles are shown in Figs.10(a-c) where we plotted three cases with their effective indices and losses, respectively.

Fig. 10 .

 10 Fig. 10. Typical computed cladding mode profiles with (a) an effective index (n eff ) of 1.460546 with 0.1897 dB/m losses, (b) n eff = 1.460524 and 1.3501 dB/m losses. (c) n eff = 1.460539 with 0.2276 dB/m losses. Figures 10(a) and (b) show the first two computed cladding modes with their effective indices that match with the modal images from Fig. 8(a) and (b), respectively. The mode losses are

  )with the nonlinear parameter γ(ω 0 ) = [n 2 (ω 0 ) ω 0 ]/(cA eff ) = 0.8474 m -1 •W -1 and the effective mode area A eff = 6.6838 × 10 -13 m 2 for the fundamental mode at 355 nm. The normalized pulse amplitude |A| 2 represents the optical power in Watt. The second term in the left-hand side accounts for a linear loss with loss coefficient α. The dispersion data such as β k come from COMSOL. On the right-hand side, τ shock = 1/ω 0 with λ 0 = (2πc)/ω 0 and c the speed of light. The term

Fig. 11 .

 11 Fig. 11. (a) To calculate the dispersion properties of the PCF bridges, we performed FEM modelling of the structure as shown with each large air hole having diameter of 3.5 µm. The figure shows the computed fundamental mode in the bridge region between the air holes. (b) Computed group velocity dispersion parameter β 2 for the fundamental mode versus wavelength.

Fig. 12 .

 12 Fig. 12. Simulation with a peak power of 100 W and a loss of 1 dB/m with under a colormap of the simulation of the continuum generation over 4 m of the fiber length.
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Figure 1 .

 1 Figure 1. Attenuation spectrum of bulk As 38 Se 62 glass.

Figure 2 .

 2 Figure 2. Cross-section images of As 38 Se 62 preform and solid-core microstructured fiber. (a) Preform of As 38 Se 62 glass. (b) SEM image of As 38 Se 62 PM-PCF with an outer diameter of 125μm. (c) Expanded view of the microstructure region showing core diameter (d core =8.11 μm), small air hole diameter (d SA =3.35 μm) and pitch (Λ=7.025 μm).

  ) and (b) represent the SEM image of the normal section and tapered section of As 38 Se 62 PM-PCF taper. The geometrical parameters of this taper are given in table

Figure 3 .

 3 Figure 3. (a) Schematic of longitudinal sections of As 38 Se 62 PM-PCF tapers: Length before taper (L BT ), length of down-taper section (L DT ), Length of uniform waist section (L W ), Length of up-taper section (L UT ), and length after taper (L AT ). (b) and (c) Cross-section images of normal section and taper-waist section of As 38 Se 62 PM-PCF with respective outer diameter of 161.9 μm and 28.8 μm and respective core diameter of 9.97 μm and 1.77 μm.

Figure 4 .

 4 Figure 4. Dispersion and birefringence characteristics of the PM-PCF simulated for the fundamental mode from SEM image. (a) PM-PCF with core diameter of 8.11 μm. Blue and red curve: group velocity dispersion of PM-PCF sample for different polarization axis. Inset: optical power density of the fundamental mode for the fast axis at a wavelength of 2 μm inside the core of the fiber. Green curve: phase birefringence of PM-PCF. (b) PM-PCF taper with a waist core diameter 1.77 μm. Red curve: group velocity dispersion of taperwaist section. Blue curve: phase birefringence of the taper-waist section.

Figure 6

 6 Figure6outlines the experimental setup for mid-IR pumping of the chalcogenide-based PM-PCF and measuring the output SC infrared light[5]. The experiment was performed at the Technical University of Denmark. A 10 mm periodically-poled fan-out MgO:LiNbO 3 crystal (MgO:PPLN) was used to generate the mid-IR pump through a single-pass parametric generation process. The nonlinear crystal was pumped by a continuous-wave (CW) seed laser (tunable from 1350 to 1450 nm) along with a 1.04 μm mode-locked Yb: KYW solid-state laser (having a full width half maximum pulse duration of 250 fs at 21 MHz repetition rate) to stimulate quasi phase-matched parametric anti-Stokes generation. The phase-matching relation was achieved by selecting the appropriate poling period of the fan-out structure using a linear translation stage, and the crystal was kept in an oven at a constant temperature of 150 °C to avoid photorefraction. The combination of tunable seed and tunable poling period of the crystal provides a tunable MIR output between 3.7 μm and 4.53 μm whose spectrum corresponds to a 252 fs transform limited pulse train at 4 μm (see[50] for the first use of the laser).A reflective long pass filter (LPF) was used after the crystal system in order to eliminate any residual pump and other radiation below 3.5 μm. The mid-IR output beam was then collimated by an achromatic air-space lens doublet, which is optimized for a central wavelength of 4 μm and anti-reflection (AR) coated for the 3-5 μm range. The pump beam was then injected into the PM-PCF through an AR coated ZnSe aspheric lens with a focal length of 12 mm and the coupling power was controlled by rotating a wire grid polarizer relative to the linear polarization of the pump. The generated SC light was measured using an FTIR from 3 to 10 μm and a

Figure 5 .

 5 Figure 5. (a) Attenuation spectrum of As 38 Se 62 PM-PCF with cut-back length of 3.35 m. (b) Transmission spectra of As 38 Se 62 PM taper fibers with different taper waist length having a waist diameter 1.77 μm.

Figure 6 .

 6 Figure 6. Scheme of the experimental setup for mid-IR pump laser and supercontinuum infrared light generation. LPF, long-pass filter; PM-PCF, polarization maintaining photonic crystal fiber.

igure 7 .

 7 Supercontinuum spectra generated in a 25 cm long PM-PCF sample with 252 fs pulses as a function of mean output power. (a) SC spectra generated with a 4 μm pump. (b) SC spectra generated with a 4.53 μm pump. (c) Dependency of SC spectra with incident angle of polarization from 0°to 182°for pumping at 4.53 μm.

  This gives g =358.6 W -1 km -1 and 301 W -1 km -1 at the two pumping wavelengths, 4 μm and 4.53 μm, respectively[56]. The time derivative term in RHS of equation (2) models the effects such as self-steepening and optical shock formation with .

Figures 8 (

 8 b) and (d) show the evolution of numerically computed SC spectra along fiber length for a pump wave polarized along one of the principal axis at 4 μm and 4.53 μm, respectively. The temporal counterparts are shown in figures 8(e) and (f). The comparisons between simulated and experimental SC spectra for respective pump wavelength of 4 μm and 4.53 μm are shown in figures 8(a) and (c). The simulated and experimental SC spectra are in qualitative agreement in terms of bandwidth, but in terms of structure of the spectrum, they are quite different. In figures 8(b) and (d), we plotted the SC dynamics along the propagation distance and we can clearly observe multiple soliton generation and ejection towards the infrared up to 6 μm due the Raman-self frequency shift. Simultaneously there are dispersive waves that are emitted from solitons in the short wavelength range down to 3 μm.

Figure 8 .

 8 Figure 8. (a) and (c) Comparison between numerically and experimentally generated SC spectra in the PM-PCF for pumping at 4 μm (a) and 4.53 μm (c). (b) and (d) Numerically generated evolution of SC spectra along the fiber length at the respective pumping wavelength. The vertical black lines show the zero-dispersion wavelengths (ZDW). (e) and (f) Corresponding temporal distribution along the fiber length. (g) Polarization dependency of numerically generated SC spectra at 4.53 μm pumping when tuning the input polarization angle from 0°up to 180°from the fast axis. (h) Comparison of bandwidth (at -20 dB level) between experimental and simulated SC spectra at different polarization angle for 4.53 μm pumping.

Fig. 1 .

 1 Fig. 1. (a) Principle of fiber nanoimprinting using a heated Ni mold. (b) SEM image of the PCF prior to imprinting. (c) SEM image of the imprinted core and air-clad region. (d) High-magnification SEM of the imprinted structures in the core.

Fig. 2 .

 2 Fig. 2. (a) Comparison between the input spectrum (orange) and the nonimprinted (red), output imprinted (purple), and two-face imprinted (blue) output spectra, respectively. (b) Microscope image of the ZBLAN to PCF butt-coupling, revealing scattered light from diffraction caused by the imprinted structure. (c), (d) Output beam profile of the (c) nonimprinted and (d) imprinted fiber. Note that log scale was used on the intensity axis to better visualize the air cladding.

Fig. 3 .

 3 Fig. 3. (a) FTIR spectra of the long-wavelength edge obtained for tapers A-E for a pump power of ∼270 mW. The corresponding measured total output power and power >3.5 μm (brackets) is indicated in the legend (* = estimated). (b) Stitched total output spectrum for taper E using 350 mW pump power and generating a 41 mW continuum with a 20 dB bandwidth from 1.07-7.94 μm.

Fig. 4 .

 4 Fig. 4. (a) Spectral broadening in taper E with increasing output power (brackets, power >3.5 μm). (b) Output power degradation in Taper C during 116.5 h testing.

Fig. 1 .

 1 Fig. 1. SEM image of the developed fiber.

Fig. 2 .

 2 Fig. 2. Beam profiler images of fiber output recorded at 2500 nm: (a) FM in an effectively straight fiber; (b) FM in a fiber coiled at 0.5 cm radius; (c) and (d) LP 11 modes with the fiber effectively straight and coiled at 0.5 cm radius, respectively.

Fig. 3 .

 3 Fig. 3. (a) Finite element method simulation of the fiber transmission; (b) measured transmission spectrum for a 150 cm long fiber.

Fig. 4 .

 4 Fig. 4. Measured attenuation (solid traces) and calculated losses for different modes (dotted traces) of the developed NANF.

Fig. 5 .

 5 Fig. 5. Measured bend loss (a) over the long-wave infrared and (b) over the mid-infrared in the developed NANF.

  (b)], we calculated the effective refractive index of the fundamental mode and the corresponding group-velocity dispersion (GVD) using COMSOL software. We used a standard Sellmeier equation and the coefficients used in the simulation were B 1 2.30350920, B 2 0.21430548, B 3 1.73310331, C 1 0.02084623 μm 2 , C 2 0.08262994 μm 2 , and C 3 183.5615768 μm 2 . The numerical results are shown in Figs. 3(a) and 3(b) for our five fiber samples.

Figure 3 (

 3 a) shows the group velocity dispersion curve of our five SC-PCF samples covering almost the entire transmission window of the fiber. The inset image represents the optical power density of the fundamental mode inside the core of

Fig. 1 .

 1 Fig. 1. Attenuation spectrum of bulk lead-bismuth-galliumcadmium-oxide glass used for drawing SCPCFs.

Fig. 2 .

 2 Fig. 2. Cross-section SEM images of a suspended core PCF. (a) Image of the fiber with an outer diameter of 99.5 μm. (b) Expanded view of the microstructure region (core diameter of 3.95 μm). (c) One of the six struts supporting the core with thickness of 89.7 nm.

Fig. 3 .

 3 Fig. 3. Dispersion characteristics of the SC-PCFs simulated for the fundamental mode from SEM images. (a) Group velocity dispersion of five SC-PCF samples (inset: optical power density of the fundamental mode inside the core of fiber sample NL44C2a). (b) Dispersion curve of the PCFs showing zero-dispersion wavelength (ZDW).

Figures 5 (

 5 Figures 5(a)-5(d) shows the variation in the measured SC spectra for different fiber output powers as indicated for two SC-PCF samples NL44C2a (length 60 cm, ZDW 1593 nm) and NL44C5c (length 180 cm, ZDW 1519 nm) using signal wavelengths of 1550 nm (in the normal dispersion regime) and 1580 nm (in the anomalous dispersion regime), respectively.The output spectra recorded for these two fiber samples show strong spectral broadening around the pump wavelength due to self-phase modulation at low input power. In addition to the peak contributed by pump wavelength, note that we have an additional peak due to the residual OPO idler, which otherwise does not contribute to SC generation. As the power increases, we see red-shifted solitons beyond 2 μm and simultaneous generation of upshifted dispersive waves down to 1 μm.

Fig. 4 .

 4 Fig. 4. Scheme of the experimental setup for generating and measuring supercontinuum infrared light. TSFL, Ti-sapphire femtosecond laser; FO, focusing objective; SC-PCF, suspended core photonic crystal fiber; MMF, multimode fiber (left inset: beam profile at OPO output; right inset: IR image at SC-PCF output).

Fig. 5 .

 5 Fig. 5. Supercontinuum spectra generated in two SC-PCF samples with 200 fs pulses pumped at 1550 nm and 1580 nm, respectively, as a function of mean output power. (a) and (c) Generation of SC spectra through spectral broadening, soliton ejection, and dispersive wave generation in two fiber samples, NL44C2a and NL44C5c, respectively. (b) and (d) Evolution of SC spectrum with the fiber output power for SC-PCF samples NL44C2a and NL44C5c.

Figures 7 (

 7 a)-7(d) shows the evolution of numerically generated supercontinuum spectra along the fiber length in spectral and time domain for the two previously mentioned fiber samples pumped at 1550 nm and 1580 nm. We only show the first beginning of pulse propagation to highlight the main nonlinear effects in SC generation. In Figs.7(a) and 7(c), strong spectral broadening can be seen in the beginning of the fiber due to selfphase modulation. With an increase in length, we can see soliton ejection and generation of dispersive waves. The soliton distribution as a function of time is shown in Figs. 7(b) and 7(d). The comparisons between simulation and experiment in the 1550 nm and 1580 nm pump case are shown in Fig. 8. Both the simulated and experimental SC spectra almost agree with each other in terms of SC bandwidth, but they are quite different in terms of the structure of the spectrum, as can be seen from Fig. 8(a) for SC-PCF sample NL44C2a.

Fig. 6 .

 6 Fig. 6. Spectra generated in SC-PCF sample NL44C4b with 200 fs pulses pumped at 1740 nm. (a) Generation of broad spectra through spectral broadening, soliton ejection, and dispersive wave generation. (b) Evolution of spectrum with the fiber output power.

Fig. 7 .

 7 Fig. 7. (a) and (c) Numerically generated evolution of SC spectra along the fiber length for NL44C2a and NL44C5c PCFs with 1550 nm and 1580 nm pumping, respectively. (b) and (d) Corresponding temporal distribution along the fiber length for NL44C2a and NL44C5c PCFs.
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Fig. 8 .

 8 Fig. 8. Comparison between numerically and experimentally generated SC spectra for 1550 nm and 1580 nm pumping in (a) NL44C2a and (b) NL44C5c PCFs.

  

  10 As 22 Se 68 , As 38 Se 62 , As 40 S 60 , and Te 20 As 30 Se 50 fibers

  .1.58) Now we return to the time domain by performing inverse Fourier transform of Eq. 2.1.58 in order to obtain the propagation equation for A(z, t). If we include the Taylor series expansion term of propagation constant β (as shown in Eq. 2.1.46) up to second order, which means β 0 vanishes, and considering the losses (α) in fiber, Eq. 2.1.58 for linear propagation therefore becomes

Table 3 . 1 :

 31 Geometric parameters of SC-PCFs used for dispersion computation and supercontinuum generation.

	No.	Label	Core diameter [µm] Strut thickness [nm] ZDW [nm]
	1	NL44C1a	4.5	81	1653
	2	NL44C2a	4.3	99	1593
	3	NL44C3a	3.95	90	1574
	4	NL44C4b	3.8	40	1557
	5	NL44C5c	3.51	47	1519

  , quenched and finally annealed below T g to remove any mechanical constraints. Finally, the As 38 Se 62 glass was retrieved from silica ampoule and stored in glove box to avoid contamination and water exposure. Using the similar procedure as above, a Ge 10 As 22 Se 68 glass (T g is around 180°C) was also prepared with slightly different heating time and temperature of the furnaces than the As 38 Se 62 glass.4.1.2/ GLASS PROPERTIES The nonlinear refractive index of As 38 Se 62 glass and Ge 10 As 22 Se 68 glass are 1.1 • 10 -17 m 2 /W and 8.8 • 10 -18 m 2 /W, which are approximately 420 times and 350 times higher than silica value, respectively [73, 151]. The linear refractive index of As 38 Se 62 glass and
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  CHAPTER 4. SUPERCONTINUUM GENERATION IN CHALCOGENIDE FIBERSthe furnace and a suction pump attached to the furnace is enabled to suck moisture and chalcogenide vapour from the furnace. In this case, the outer fibre diameter was 162 µm.Finally, the taper is obtained by drawing a second time the fiber at around 210°C with a

Table 4 .

 4 1: Fabrication parameters and taper-waist length of different tapers.

	Taper	Taper	Taper	Pulling speed Feeding speed Taper length
	type	d core (µm) d out (µm)	(m/min)	(mm/min)	(cm)
	As 38 Se 62	1.77	28.74	0.05	1.6	27,40,53
	PM-PCF					
		2.5	28.53	0.05	1.5	5,12
	Ge 10 As 22 Se 68	3	34.24	0.05	2.1	12,28
	PCF	4	45.65	0.05	3.8	16,26,34
		5	57.06	0.05	5.9	20,30
		6	68.47	0.05	8.5	11,30

Table 4 .

 4 2: Mean structural parameters of As 38 Se 62 PM-PCF and Ge 10 As 22 Se 68 PCF measured in the untapered fiber and in the taper-waist using SEM image. Since the initial PM fiber has an d out of 162 µm and d core of 10 µm, the output diameter of the waist should be 28.74 µm, which corresponds to an approximate core diameter of 1.77 µm in the taper-waist region. For this purpose, for a given pulling speed (0.05 m/min) of the rotating drum, the feeding speed of the preform into the furnace is calculated as 1.6 mm/min as reported in Table.4.1. For the Ge 10 As 22 Se 68 PCF tapers, d out and d core of the normal region were 166.5 µm and 14.59 µm. Therefore, similarly, d out and d core of the taper-waist region, fixed pulling speed, and calculated feeding speed for different tapers with different taper-waist core diameter are reported in Table 4.1. The obtained tapers from both glass compositions have a down-taper section length (L DT ) of 2-3 cm, uniform taper-waist section length (L W ) of 27-53 cm for As 38 Se 62 PM-PCF and 5-34 cm for Ge 10 As 22 Se 68 PCF, and up-taper section length (L UT ) of 2-3 cm as shown in Figs. 4.8(a)&(b), respectively. Figures 4.8(cg) represent the SEM images of the normal section and tapered section of As 38 Se 62 PM-PCF taper and Ge 10 As 22 Se 68 PCF taper. It was not possible to take SEM images of taper-waist section of all individual tapers having different taper-waist d core without destroying them. Therefore, we have reported the geometrical parameters of only one Ge 10 As 22 Se 68 PCF taper and one As 38 Se 62 PM-PCF taper with taper-waist of 6 µm and 1.77 µm, respectively, as given in Table 4.2. Proper maintenance of d SA /Λ ratio during the taper fabrication provides closer values of

			Initial fiber					Taper waist	
	Taper	d core	d out	d SA	Λ	d SA /Λ d core	d out	d SA	Λ	d SA /Λ
	type	(µm)	(µm) (µm) (µm)		(µm) (µm)	(µm) (µm)
	AsSe	10	162	4.25 8.51 0.499 1.77 28.74 0.808 1.69 0.478
	GeAsSe 14.59 166.5 5.23 10.36 0.504	6	68.47 2.04 4.13 0.494
	tensile strength around 30 g.						

  dB/m at 3 µm, 56 dB/m at 4 µm, and 176 dB/m at 5 µm, obtained using Eq. 2.1.45 from Chapter 2) than HE 11 mode over the wavelength range under investigation. Therefore, the effective refractive index (n eff ) is calculated for the fundamental mode of PM-PCF followed by computation of group-velocity dispersion (D) and phase birefringence (B(λ)) of the fundamental mode using Eqs. 2.1.50 and 2.1.53 from Chapter 2. The computed GVD and phase birefringence are plotted in Fig.4.11(a) for the PM-PCF with a d core of 8.11 µm and in Fig.4.11(b) for a PM-PCF taper with a taper-waist d core of 1.77 µm. The PM-PCF has a zero-dispersion wavelength (ZDW) at 4.56 µm for the fast axis and 4.68 µm for the slow axis and, at average ZDW, a large phase birefringence of 6.5 • 10 -4 such that strong polarization maintaining properties are expected. This is in excellent agreement with the experimental measurement recently reported in[START_REF] Caillaud | Highly birefringent chalcogenide optical fiber for polarization-maintaining in the 3-8.5 µm mid-IR window[END_REF] using crossed-polarizers technique. By tapering the PM-PCF core from 8.11 µm to 1.77 µm, we are able to bring down the ZDW from 4.56 µm to 2.507 µm for the fast axis and from 4.68 µm to 2.75 µm for the slow axis along with a second ZDW at 3.51 µm for the fast axis and 3.78 µm for the slow axis. The PM-PCF taper also shows quite high phase birefringence of 9 • 10 -3 and 1.93 • 10 -2 at two respective average ZDWs.As mentioned before, out of all the Ge 10 As 22 Se 68 PCF tapers with different taper-waist core diameter as reported in Table.4.1, the taper with taper-waist d core of 6 µm is used for experimental SC generation. Therefore, its group-velocity dispersion for the fundamental mode (see inset of
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Table 4 .

 4 3: Structural parameters of Ge 10 As 22 Se 68 PCF tapers, reproduced from [254].

	Taper ID d core [µm] L B [cm] L w [cm] L A [cm] L total [cm]
	A	6	6	11	18	35
	B	6.5	10	15	11	36
	C	7	2	12	19	33
	D	7.5	9	15	18	42
	E	6	27	30	12	69

Ge 10 As 22 Se 68 PCF taper

  .18. The MOPA is based on erbium-ytterbium (Er-Yb) and other co-ion-doped fibers. The first stage of MOPA is comprised of a directly modulated laser diode at 1556 nm with a variable pulse repetition rate Figure 4.18: Schematic of the experimental setup for mid-IR SC generation in cascaded pumping configuration, reproduced from [249, 254]. MOPA, master oscillator power amplifier.and 1 ns pulse duration acting as a seed source. The signal was further amplified in three stages where the first two stages have Er-doped fiber and the third stage has an Er-Ybdoped fiber. The MOPA generates the above mentioned 1-4.2 µm SC in ZBLAN fiber and it was then injected into the chalcogenide PCF taper to extend the long wavelength edge of the SC.
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		In house four-stage MOPA 1556 nm, 1ns	×	×	Mid-IR Spectrometer
			ZBLAN PCF	
			(7 µm)	

Table 4 .

 4 4: Characteristics of chalcogenide PCFs used for power handling capacity measurements.

	Glass	Core diameter [µm] d/Λ Attenuation [dB/m] Attenuation [dB/m]
	Composition			at 1750 nm	at 2100 nm
	Ge 10 As 22 Se 68 Ge 14 As 20 Se 66 Ge 16 As 20 Se 64 As 38 Se 62	11 11.1 11.1 11.2	0.47 0.50 0.49 0.49	∼ 2 ∼ 6.5 ∼ 6.5 ∼ 2.5	∼ 1.2 ∼ 5 ∼ 5 ∼ 2

by Figs. 4.20(b)&(c), which show the presence of LP 11 and LP 01 modes, respectively, at

Table 4 .

 4 5: Coupling efficiency for different sets of measurements.

	Glass	Wavelength [nm]	Fiber	Estimated C eff [%]
	Composition		length (m)	
	Ge 10 As 22 Se 68	1750	0.25	21.4
		2100	0.24	17.2
	Ge 14 As 20 Se 66	1750	0.65	48.9
		2100	0.59	26.4
	Ge 16 As 20 Se 64	1750	0.45	38.3
		2100	0.43	22.1
	As 38 Se 62	1750	0.47	37.4
		2100	0.44	19.7

Table 4 .

 4 6: Estimation of damage threshold and burning power for the different fibers pumped at 1750 nm.

	Glass	Damage threshold Burning power (mW)
	Composition	[mW]	Total	Coupled
	Ge 10 As 22 Se 68	10-17	216	46
	Ge 14 As 20 Se 66	22-31	> 239	> 117
	Ge 16 As 20 Se 64 As 38 Se 62	∼ 39 13-20	223 180	85 67
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Table 1 .

 1 Structural parameters of a PM-PCF taper. A 0 , A 1 , and A 2 are dimensionless coefficients and a 1 and a 2 are the material resonant wavelengths. For As 38 Se 62 glass, the values of the coefficients used in the simulation are: A 0 =3.7464, A 1 =3.9057, A 2 =0.9466, a 1 =0.4073 μm, and a 2 =40.082 μm[41]. The effective refractive index (n eff ) is then used to calculate the

			Initial fiber					Taper waist		
	d core (μm)	d out (μm)	d SA (μm)	Λ(μm)	d SA /Λ	d core (μm)	d out (μm)	d SA (nm)	Λ (μm)	d SA /Λ
	9.97	161.9	4.25	8.51	0.499	1.77	28.8	808.03	1.69	0.478

Table 1 .

 1 Measured Transmission (T P out ∕P in ) of Nonimprinted and Two-Face Imprinted PCFs a The improvement in transmission is defined as ΔT = T(two-face)/T(non). Square brackets denote values >3.5 μm. Calculated using the output power >3.5 μm for Non #2 and two-face #4.

	Fiber Sample	P in (mW)	P out (mW)	T (%)	ΔT b (%)
	Non #1	139.8 [31.9]	74.4 [18.9]	53.2 [59.2]	-
	Two-face #1	139.8 [31.9]	83.5 [23.3]	59.7 [73.0]	10.9 [18.9]
	Two-face #2	139.8 [31.9]	86.5 [25.8]	61.9 [80.9]	14.1 [26.8]
	Two-face #3	133.5 [31.2]	98.5 [30.7]	73.8 [98.4]	27.9 [60.2]
	Non #2	160.5 [-]	72.5 [19.9]	45.2 [-]	-
	Two-face #4	160.5 [-]	78.0 [22.7]	48.6 [-]	7.0 [12.3] b

a b

Table 2 .

 2 Core Diameter and Length Parameters for Tapers A-E

	A6	6	1 1	1 8	3 5
	B	6.5	10	15	11	36
	C7	2	1 2	1 9	3 3
	D	7.5	9	15	18	42
	E	6	27	30	12	69

Taper ID d c (μm) L b (cm) L t (cm) L a (cm) L tot (cm)

1
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Table 1 .

 1 Geometric Parameters of SC-PCFs Used for Dispersion Calculation and Supercontinuum Generation

			Core Diameter	Strut Thickness	ZDW
	No.	Label	(μm)	(nm)	(nm)
	1	NL44C1a	4.5	81	1653
	2	NL44C2a	4.3	99	1593
	3	NL44C3a	3.95	90	1574
	4	NL44C4b	3.8	40	1557
	5	NL44C5c	3.51	47	1519

Vol. 45, No. 13 / 1 July 2020 / Optics Letters

Vol. 45, No. 13 / 1 July 2020 / Optics Letters

Laser Photonics Rev. 2020, 2000011 © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

0146-9592/19/225505-04 Journal © 2019 Optical Society of America

Vol.44, No. 22 / 15 November 2019 / Optics Letters

Vol. 44, No. 22 / 15 November 2019 / Optics Letters Letter

Vol. 44, No. 17 / 1 September 2019 / Optics Letters

0146-9592/19/174395-04 Journal © 2019 Optical Society of America

Vol. 44, No. 17 / 1 September 2019 / Optics Letters

Vol. 44, No. 17 / 1 September 2019 / Optics Letters Letter

0740-3224/18/092311-06 Journal © 2018 Optical Society of America

Vol. 35, No. 9 / September 2018 / Journal of the Optical Society of America B

ACKNOWLEDGEMENTS

F IRST of all I wish to express my gratitude to my supervisors at the FEMTO-ST Insti- tute, Dr. Thibaut Sylvestre and Prof. John Dudley for their thorough guidance and

Acknowledgements

The project received funding from the European Union H2020 programme MSCA-ITN-SUPUVIR under grant agreement 722380 and the Agence

Acknowledgments

The authors thank L Gauthier-Manuel, G. Soro, A. Mosset, F. Devaux, E. Dordor, M. Raschetti, J. Chretien and C. Billet for technical support.

Acknowledgment. The authors acknowledge technical support of LEUKOS, Interlab, NKT Photonics, and Prof. R. Piramidowicz from Warsaw University of Technology.

Acknowledgment. The authors thank Damien Bigourd, Gil Fanjoux, and Alexis Mosset for technical support.

-ST Institute, Alex, Jean-Charles, Kien, and Vincent for providing me several technical supports in the laboratory. I would like to thank CNRS and European Union's Horizon 2020 Research and Innovation Programme under grant agreement n°722380 project SUPUVIR for providing me the funding for this work. I also thank Aline, Sarah, and Val érie for taking care of all the work related travel and reimbursements during my PhD thesis.

Funding

Introduction

Fiber-based supercontinuum (SC) sources have become enormously useful in the last decade for a wide range of industrial and scientific applications. [1,2] New uses are also constantly emerging due to their unique properties that combine high brightness, multioctave frequency bandwidth, fiber delivery and single-mode output. Applications include optical coherence tomography (OCT), material processing, chemical sensing, gas monitoring, broadband imaging, and absorption spectroscopy. Currently, there is a significant research effort focused on extending the wavelength coverage toward the mid-Infrared (mid-IR) in the 2-20 µm molecular fingerprint region. [3-18] Various soft glasses based on chalcogenide (As 2 S 3 ,A s 2 Se 3 , GeAsSe), [3,8] tellurite (TeO 2 ), [19] telluride (GeTe, GeAsTeSe), [20,21] heavy-metal oxide (PbO-Bi 2 O 3 -Ga 2 O 3 -SiO 2 -CdO), [10] and ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF), [22-25] have been used for drawing highly nonlinear infrared fibers, and experiments have shown efficient mid-IR SC generation up to 14 µm in chalcogenide optical fibers [3] and up to 16 µm in telluride fibers. [21] However, most of these mid-IR SC sources have been demonstrated using bulky mid-IR pump sources such as optical parametric oscillators (OPO) and amplifiers (OPA). Mid-IR fiber lasers and cascaded fiber systems have recently emerged as attractive and promising solutions for practical and commercial applications. [25-35] These fiber lasersbased systems indeed open routes to practical, table-top, and robust mid-IR supercontinuum sources with high spectral power density. Of particular interest are cascaded fiber systems as they are pumped by standard pulsed fiber lasers at telecommunication wavelength. In cascaded SC generation, an initial pulsed fiber laser at a wavelength of 1550 nm is progressively red-shifted in a cascade of silica and soft-glass fibers, enabling a stepwise extension toward the Mid-IR. From a fundamental point of view, the overall objective is to strongly enhance the soliton self-frequency shift (SSFS) using dispersion-tailored highly nonlinear fiber segments to push forward the SC generation far in the mid-IR. [29-31] 
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Chalcogenide-glass polarization-maintaining photonic crystal fiber for mid-infrared supercontinuum generation In this paper we investigate supercontinuum generation in several suspended-core soft-glass photonic crystal fibers pumped by an optical parametric oscillator tunable around 1550 nm. The fibers were drawn from lead-bismuth-gallium-cadmium-oxide glass (PBG-81) featuring a wide transmission window from 0.5 to 2.7 μm and a high nonlinear refractive index up to 4.3 • 10 19 m 2 ∕W. They have been specifically designed with a microscale suspended hexagonal core for efficient supercontinuum generation around 1550 nm. We experimentally demonstrate two supercontinuum spectra spanning from 1.07 to 2.31 μm and 0.89 to 2.46 μm by pumping two PCFs in both normal and anomalous dispersion regimes, respectively. We also numerically model the group velocity dispersion curves for these fibers from their scanning electron microscope images. The results are in good agreement with numerical simulations based on the generalized nonlinear Schrödinger equation including the pump frequency chirp. © 2018 Optical Society of America