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Abstract 
Many molecule bonds have vibration frequencies in the mid-infrared band. Thus, this 

band is of great interest to molecular spectroscopy, material processing and medical 

applications. However, many optical materials typically used for laser sources 

experience high losses due to the presence of such vibration bonds making the design 

of mid-infrared coherent sources challenging. Such task is even more difficult when 

considering designing all-fiber sources which offer additional compactness and 

robustness. The goal of this project is to address such challenge by designing all- fiber 

mid-infrared sources based on chalcogenide fibers and nonlinear effects. Using 

degenerated parametric conversion of a 2 μm pump and a telecom band signal laser, 

one can generate an idler in the mid-infrared band. 

As a first step, the linear and nonlinear performances of several chalcogenide fibers 

were compared. The results prove the chalcogenide photonic crystal fiber design to be 

the ideal platform for this project as it offers high nonlinearity and low loss. Numerical 

simulations provide further improvement of photonic crystal geometry. Our improved 

designs allow for an extreme shaping of the dispersion to optimize the four-wave-

mixing process within the thulium /holmium fiber laser band. 

In the meantime, several cavity configurations were tested to boost the 

thulium/holmium laser performance, that are required for pumping of our chalcogenide 

fibers. Polarizer-free cavity designs result more compact laser footprint, which 

moreover enables a higher slope efficiency. Such lasers enable precise measurements 

of sample fiber optical parameters.  

The combined efforts on fiber and laser optimization leads to efficient continuous-

wave parametric conversion. Thanks to the excellent mid-infrared transmittance of 

chalcogenide glass, this high efficiency can be extended to longer pumps in mid-

infrared. However, fiber fuse, a result of heat dissipative solitons, is the main constrain 

for reaching better conversion efficiency.  

For ultrafast applications, a sub-cm length chalcogenide photonic crystal fiber 

generates flat-top, linearly chirped supercontinuum in the normal dispersion region. 

This pulse length could be compressed to two optical cycles by linear compression. 

Once again, the experimental results match perfectly with the simulations.  

Overall, we show in this thesis that chalcogenide PCFs are promising for highly 

efficient and low threshold nonlinear optics in the middle infrared, offering new options 

for light generation in this critical wavelength band 
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Résumé 
e nombreuses liaisons moléculaires ont des fréquences de vibration dans la bande 

infrarouge moyenne. Cette bande présente donc un grand intérêt pour la spectroscopie 

moléculaire, le traitement de matériaux et les applications médicales. Cependant, de 

nombreux matériaux optiques généralement utilisés pour les sources laser subissent des 

pertes élevées dues à la présence de telles liaisons de vibration, ce qui complique la 

conception de sources cohérentes dans l'infrarouge moyen. Une telle tâche est encore 

plus difficile lorsque l’on envisage de concevoir des sources toutes fibres qui offrent 

une compacité et une robustesse supplémentaires. Ce projet a pour objectif de relever 

ce défi en concevant des sources infrarouges moyennes entièrement en fibres, basées 

sur des fibres de chalcogénure et des effets non linéaires. En utilisant la conversion 

paramétrique dégénérée d'une pompe de 2 µm et d'un laser de signal de bande télécom, 

il est possible de générer un oisif dans la bande infrarouge moyenne. 

Dans un premier temps, les performances linéaires et non linéaires de plusieurs fibres 

de chalcogénure ont été comparées. Les résultats démontrent que la conception de la 

fibre à cristaux photoniques de chalcogénure est la plate-forme idéale pour ce projet, 

car elle offre une grande non-linéarité et de faibles pertes. Les simulations numériques 

améliorent encore la géométrie des cristaux photoniques. Nos conceptions améliorées 

permettent une mise en forme extrême de la dispersion afin d'optimiser le processus de 

mélange à quatre ondes dans la bande laser à fibres de thulium / holmium. 

Dans l’intervalle, plusieurs configurations de cavités ont été testées pour améliorer les 

performances du laser thulium / holmium, nécessaires au pompage de nos fibres de 

chalcogénure. La conception des cavités sans polariseur produit une empreinte laser 

plus compacte, ce qui permet en outre une plus grande efficacité de la pente. De tels 

lasers permettent des mesures précises des paramètres de fibre optique de l'échantillon. 

Les efforts conjugués d'optimisation de la fibre et du laser conduisent à une conversion 

paramétrique efficace en onde continue. Grâce à l'excellent facteur de transmission dans 

l'infrarouge moyen du verre de chalcogénure, ce rendement élevé peut être étendu à des 

pompes plus longues dans l'infrarouge moyen. Cependant, la fusion des fibres, résultat 

des solitons dissipant la chaleur, est la principale contrainte pour atteindre un meilleur 

rendement de conversion. 

Pour les applications ultra-rapides, une fibre à cristaux photoniques à base de 

chalcogénure d’un centimètre de long génère un supercontinuum à sommet plat et 

chirpé linéairement dans la zone de dispersion normale. Cette durée d'impulsion 

pourrait être comprimée à deux cycles optiques par compression linéaire. Une fois 

encore, les résultats expérimentaux correspondent parfaitement aux simulations. 

Globalement, nous montrons dans cette thèse que les PCF de chalcogénure sont 
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prometteurs pour une optique non linéaire très efficace et à seuil bas dans l'infrarouge 

moyen, offrant de nouvelles options pour la génération de lumière dans cette bande de 

longueur d'onde critique. 

 

Keyboard: chalcogenide fibers, microstructured fibers, photonic crystal fibers, fiber 

laser, nonlinear fiber optics, supercontinuum generation, four-wave-mixing, mid-

infrared, nonlinear Schrodinger equation, fiber fuse
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Chapter 1 

Introduction 
 

 

 

 

1.1 Thesis motivation 

1.1.1 Applications of MIR photonics 

Most molecule bonds have vibration frequencies in the mid-infrared (MIR) band. Thus, 

this band is of great interest to molecular spectroscopy [1-4], food industry [5] and 

medical applications [6-8]. The research and development of MIR components is a 

highly active research area. In the MIR band, the wavelength range of 2 to 20 µm is 

typically referred as the “molecular fingerprint region”. This term comes from the fact 

that many molecular bonds have fundamental vibration frequency lying in this window. 

As shown in Fig. 1.1, the vibration frequencies of greenhouse gas, toxic chemicals and 

explosives lie in this wavelength range.  

 

Figure 1.1. The absorption of multiple molecules in MIR. These molecules are of great interest 

for industrial, security or medical applications [9].  
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The strong absorption of incident light allows for highly sensitive spectroscopy, 

such as for atmosphere pollutant monitoring [10] and explosive detection [11]. Notably, 

a sensitivity down to ppm level of greenhouse gas was recently demonstrated using air-

born system at telecommunication wavelengths [12] – an even higher sensitivity can be 

expected with MIR band source due to better absorption. From a purely scientific point 

of view, this band also opens opportunities to study water molecules, who have 

fundamental vibration band about 2800 nm, in different physical states. These 

applications require a coherent, stable and narrow linewidth optical source covering the 

band of interest in MIR. 

In medical application, selective photothermolysis (SP) applies the preferential 

heating of target tissue leading to less denatured neighboring tissues and was studied 

using medical free electron laser (FEL) [7]. It has been found that laser surgery at 

wavelength of 6.45μm is more effective in cleaving of protein bonds and has less 

scattering to surrounding tissues [7]. The O-H bond in water also has a fundamental 

vibration frequency at 2.8 µm (or 3950 cm-1), which is another targeted spectral window 

for surgery.  

On the other hand, the atmosphere has multiple transmission windows in the MIR 

band (Fig. 1.2). The atmospheric transparency in the 2 – 2.5 µm window enables secure 

optical free-space optical communication systems, remote sensing and LIDAR 

techniques [13-16]. Two other atmospheric windows lie in 3-5 μm and 8-13 μm 

wavelength band. In an early research, it was proven that the performance of 8.1µm 

free space communication system is superior to 850 nm under dense fog [17].  

 

Figure 1.2. Atmosphere transmission as a function of wavelength. In this model, the sensor is 

at 50 km altitude. Atmospheric visibility is 23 km. The temperature is 294.2 Kelvin. The data 

is generated using online data base of [18] 
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1.1.2 Coherent MIR light source 

Due to the presence of vibration bonds in the MIR, many optical materials for coherent 

light sources experience high losses. This is a more severe issue for optical waveguides 

which have a long interaction length and small mode area. For gain medium, the phonon 

energy of the host material must be much lower than the photon energy of the designed 

wavelength, to avoid non-radiative transition [19, 20]. As such, most MIR components 

consist of low-phonon energy materials. In this section, we briefly review multiple 

types of coherent MIR sources. The scope of this part is limited to solid-state sources, 

who have the highest density of states.  

Like a laser, one can place a nonlinear gain medium into a resonator to create an 

optical parametric oscillator (OPO). Thanks to the broad gain bandwidth, OPOs have 

wide emission range. In 1972, Swedish scientists demonstrated the first optical 

parametric amplification and optical parametric oscillator using a KDP crystal [21]. 

OPOs are among the earliest coherent light sources and have experience more than 40 

years of continuous development [22]. Till today, they are still one of the most reliable 

and widely used optical source in laboratories around the world. OPOs are known for 

achieving great tunability, high peak power, short pulse duration and high pulse quality. 

In the near infrared and MIR bands, the periodically poled lithium niobate (PPLN) 

allows for a tuning range from 975 nm to 4.55 µm thanks to the large gain bandwidth 

and high transparency [23]. Due to the long wavelength absorption of PPLN, the 

maximum emitting wavelength limit is about 5 μm [24]. To reach further in the MIR, 

different crystals, such as CdSiP2 [25], orientational-patterned GaP (OP-GaP) [26] and 

OP-GaAs [27] are under exploration and in various application stages. As a free space 

optical resonator, OPOs are highly sensitive to mechanical vibration. In addition, 

perturbation of air path length can lead to cavity length change, hence a shift of idler 

wavelength [28]. Therefore, despite their impressive performances, OPOs require 

precise alignments and careful maintaining. Recently, people started leveraging the 

high conversion efficiency (CE) of nonlinear crystals as single path wavelength 

converters for generation of MIR optical frequency combs. PPLN [29] and OP-GaP [30] 

are two noticeable examples.  

In the 1994, researchers from Bell lab proposed and demonstrated quantum cascade 

laser (QCL) operating as MIR band solid-state lasers [31]. The cascaded energy level 

gives QCL a good tunability in principle. Researches have also demonstrated the self-

mode-locking operation of a QCL [32]. However, since the excited electron has many 

ways to lose energy without emitting a photon, the efficiency of QCLs is low and 
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requires proper diode material to achieve lasing at different wavelength range [33]. 

Thus, a single QCL material can typically support only about 1 μm tunability [33], 

which is even smaller if converted into the frequency domain. Besides, when operating 

at long wavelengths, non-radiative processes, such as multi-phonon decay, have a much 

higher probability to happen. Thus, a MIR QCL requires external temperature control. 

On the other hand, the operation of a QCL below 3 µm is still challenging [34]. As a 

rectangular waveguide, further beam shaping is required for QCL to reach a Gaussian 

spatial distribution [35].  

Doping a host glass or crystal with active ions is another way to build a laser in the 

MIR region. An Er3+ doped YAG crystal can lase at 2900 nm and can accommodate a 

broad pump wavelength range [36, 37]. For better operation in the MIR, people 

exploited the transition metal II-VI laser crystal – ZnSe/S crystals with Cr2+ or Fe2+ 

dopants. The Cr:ZnSe/S crystal covers from 1.8 to 3.4 µm [38, 39] and Fe:ZnSe/S 

covers the range of 3.4 to 5.2 µm [39, 40]. Recently, lasers utilizing such crystals have 

already entered the market with both ultrafast pulsed and continuous wave (CW) 

options [41]. A few month ago, researchers have demonstrated 4.24 μm laser using 

Fe:ZnSe micro-crystal [42]. Like other lasers utilizing laser crystals, the main part of 

the laser remains in free-space. To build more robust and compact lasers, one option is 

to consider fully fiberized architectures.  

With their prolonged interaction length and large surface area, optical fiber sources 

enable distributed heat dissipation and high output efficiency. By fusion splicing cavity 

components, fiber lasers are generally more robust and compact than their free-space 

counterparts. Due to the silica-oxygen bond vibration, silica fibers are excessively lossy 

in the MIR region. Until today, the longer CW silica fiber laser can only reach 2198.4 

nm [43]. Soft glasses have lower phonon energy, hence allowing for lasing at longer 

wavelengths. The most common examples are doped fluoride fibers, such as ZrF4-BaF2-

LaF3-AlF3-NaF (ZBLAN). With a low phonon energy of approximately 500 cm-1 [44], 

depending on the exact ratio of each fluoride compound, more phonons are required to 

cross the energy gap and thus a maximum emission of about 3.1 μm can be expected. 

The operation of a femtosecond Er-doped ZBLAN was demonstrated at 2.8 μm in 2015 

[45]. Because of the limitations on dopant selection, multi-phonon decay (~3.2 μm for 

6 phonons) and increasing linear losses beyond 3.5 μm [46], ZBLAN fiber lasers are 

not likely to be able to reach more than 3.5 μm. On the other hand, ZrF3 and InF3 

fluoride fibers show good transmission beyond the ZBLAN window [46]. In 2017, 

Maes et al. demonstrated 5.6 W laser operation at 3.55 µm using Er-doped ZrF4 fiber 
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[47]. Laser operation beyond 4 µm is feasible by doping InF3 with Dy3+ or Ho3+ – the 

host InF3 fiber can transmit up to 5 µm. In 2018, an Australian group demonstrated 4 

µm fluorescence using a Dy-doped InF3 fiber [46]. Later in the same year, they showed 

a CW 4 µm laser using Ho-doped InF3 fiber laser operating at room temperature [48].   

To operate at longer wavelength, Chalcogenide glasses (ChGs) are very good 

candidates. The transmission window of ChGs can slightly vary depending on the 

composition. Typically, sulfide-based ChG has a transparent window from 0.8 to 7 μm, 

selenide-based ChG is transparent from 1 to 10 μm and tellurite-based ChG can transmit 

from 2 to 12 μm [49]. However, due to the increase of phonon energy induced by oxides 

in gallium lanthanum sulfide (GLS), the first and currently the only rare earth doped 

ChG laser emits at 1.08 μm [50]. To avoid adding the oxides, people have changed 

direction to Ge-Sb-S, Ge-As-Se and Ge-As-Se-Te hosted glasses. In 2014, photo-

luminescence was observed inside a Pr-doped GeAsGaSe fiber in wavelength range of 

3.5 to 5.5 μm [50]. There are other groups working on this topic and in different 

research stages, such as [51-53]. Although it is known that Er3+ dopants lead to clusters 

inside ChG, internal gain around L-band region was recently observed inside Er-doped 

As2S3 waveguide [54]. It should be noted that great progress has been made since the 

work on doped GaLaS in the late 90’s, but the research on doped ChG fiber lasers is 

still at the very basic stage. Until now, no MIR fiber lasers are built from doped ChG 

fibers. Research groups are currently in early stages of doped fiber development, such 

as numerical modeling [55, 56], material loss optimization [57, 58], and emission 

spectrum characterization [52, 53, 59]. In addition, the lack in MIR fiber-based optical 

components (particularly beyond 4 µm) and material aging of ChG induce further 

challenges.   

Another way to develop MIR coherent light source is to utilize nonlinear optical 

effects inside optical fibers. Thanks to the small mode area and long interaction length, 

multiple coherent nonlinear processes can be utilized for coherent MIR sources. As 

nonlinear parametric process involves virtual energy levels with femtosecond lifetime, 

they support a large bandwidth in the frequency domain. Degenerated four-wave-

mixing (DFWM), all-normal dispersion supercontinuum generation (ANDi SCG) and 

dispersive wave (DW) generation are the most widely used methods. The excessive loss 

of silica in the MIR region excludes it from the potential host fiber for MIR coherent 

sources. The generation of MIR coherent light based on nonlinear effects in non-silica 

glasses has seen many advances during the years 2016 to 2018. A far-detuned FWM is 

demonstrated in 2018 using a suspended core fiber (SCF) [60]. In 2017, Canadian 

researchers showed a DFWM using tapered ChG fiber and confirmed well-defined 
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phase matching condition follow perfectly with simulation [61]. With ChG tapers, it is 

possible to generate a multi-octave spanning MIR SCG with only 4.2 kW peak power 

[62]. Very recently, researchers have demonstrated DW generation until 7 µm using a 

suspended silicon waveguide and performed preliminary tests with dual-comb 

spectroscopy (DCS) [63]. However, all the above-mentioned experiments were carried 

out using a femtosecond or picosecond pump source.  

The purpose of this thesis is to exploit the possibility of efficient MIR light 

generation using ChG fibers. The good transparency of ChG in MIR is already known 

from 1950s [64]. A tapered ChG fiber possesses a1000 times larger nonlinear parameter 

than a silica highly nonlinear fiber (HNLF) [65, 66], making it an ideal platform for 

MIR nonlinear applications. Using DFWM with a CW pump, the properties of the idler 

wave is almost entirely dependent on the signal laser, which could be in the 

telecommunication band, thus allowing for multiple applications. Strong nonlinearity 

and high MIR transparency also make ChG fiber a promising platform for ANDi SCG. 

On the other hand, as ChG fiber is still a less developed platform, there are still many 

concerns about this material, especially for CW applications. Thus, the project also aims 

to check the power handling, CW operation stability and damage mechanism of these 

fibers, which are all critical for out-of-lab application. 
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1.2 Main contributions 

The followings are the main contributions of my thesis: 

Characterization and design of ChG PCFs for efficient FWM in MIR 

A good starting point of this project is to study and characterize fibers with different 

materials and geometries. For efficient far-detuned FWM, the nonlinear fiber not only 

needs a proper zero dispersion wavelength (ZDW), but also must have a good 

uniformity [67]. In the first few characterizations, I have performed low power FWM 

with AsSe, GeAsSe and AsS fiber. The experimental results show that ChG photonic 

crystal fiber (PCF) geometry is a better platform than the ChG SCF. More importantly, 

it confirms the high quality of the GeAsSe PCF which is available from the market. 

Using the initial test results, a proper fiber geometry is designed for better CE, larger 

conversion bandwidth and a blue-shifted ZDW.  

Demonstration of amplified parametric conversion using CW pumping scheme 

It was long believed ChG fibers can only sustain kW/cm2 level of CW power [68, 

69]. Inspired by a report in 2015 from US naval lab [70], we believe ChG fibers should 

have better power handling abilities. With improved fabrication and proper preparation 

of test samples, I managed to send more than 6 MW/cm2 intra-core power intensity at 

1950 nm. Using the tapered GeAsSe PCF, I have achieved the first amplified parametric 

conversion in the MIR region in any χ(3) waveguide platform under CW laser pumping. 

Detailed linear and nonlinear characterizations showed no degradation of ChG fiber. 

Multiple tapers drawn from the same ChG fiber spool showed that such results are 

repeatable.  

Demonstration and optimization of fiber lasers for operation at 2.1 µm 

The fabricated ChG PCF has a smaller hole-pitch ratio than our targeted design, 

hence exhibits a longer ZDW then aimed for. From our experimental test and 

simulations, the fabricated PCF has a ZDW at beyond 2.1 µm. To reach longer 

operational wavelength, the active fiber is changed from Tm-doped silica to Ho-doped 

silica fiber. For a more efficient lasing and less cavity loss, I have designed and 

characterized a new cavity featuring a polarization-maintaining fiber Bragg grating 

(PM FBG) as the wavelength selection element. This configuration allows a 

polarization extinction ratio of more than 99.997% at 2.1 µm lasing wavelength with 

truly all-fiber cavity.  
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Observation and study of fiber fuse in ChG PCF 

In our experiment with MW/cm2 intra-core intensity experiments, I noticed a fast 

and backward propagating damage in some of the tapered ChG PCFs. After inspection 

of fiber facet and polishing the fiber longitudinally, I confirmed the first observation of 

backward propagating optical discharge in non-silica glass fiber – fiber fuse. For almost 

twenty years [71, 72], people believed the damage in ChG fiber is purely thermal and 

distinct from fiber fuse (or optical discharge) in silica fiber. In this investigation, I 

proved this point is wrong. In addition, I have conducted the first ever study on the 

impact of fiber fuse beyond the fused region in PCF. The results showed clear dispersion 

change due to deposition of ChG gas onto the walls of air holes. Because of the 

extended damage, fiber fuse poses greater threat to PCF systems than conventional 

fibers.  

Demonstration of a linearly chirped SCG using ChG PCF 

Without tapering, our GeAsSe PCF has a highly linear normal group velocity 

dispersion (GVD) until 2.95 µm. With its high nonlinear parameter of 1.7 (W·m)-1, it is 

possible to pump the fiber at Tm-Ho laser band and output a wide-spanning SCG. In 

this experiment, I demonstrated an ANDi SCG with 3 dB bandwidth of 27.6 THz 

centered at 2.08 µm using sub-cm length of ChG PCF at 2.9 kW of peak power. In 

addition, the evolution of the SCG in terms of both power and fiber length fit perfectly 

with my simulations. By simulating the spectrogram of the output pulse, I proved that 

the output pulse has a linear chirp. 
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1.3 Thesis structure 

In the beginning of this thesis, I will cover the theories behind all the experiments. In 

chapter 2, as a starting point, I summarize and explain the theories and numerical 

methods behind all my experiment. Chapter 2 starts with the basic pulse propagation 

theory inside an optical fiber, including both linear and nonlinear optical effects. Then 

I show the famous generalized nonlinear Schrodinger equation (GNLSE) governing the 

linear and nonlinear processes in optical fibers, which can be solved numerically using 

the split-step Fourier method (SSFM). For CW pumped parametric conversion, I go 

through the development of coupled-wave equation. With proper assumptions and 

simplifications, I show the analytical solution of these equations. Using these analytic 

solutions, I develop the figure-of-merit (FOM) as the reference for selection fiber 

geometry and material.  

Experimental investigations of the designed fibers start with building the pump 

laser. Thus, in chapter 3, I describe the available dopants, Thulium and Holmium, in 

silica fibers for lasing at 2 µm. Following a brief introduction of the experimental setup, 

I show the laser performance of different tested cavities with Tm-doped and/or Ho-

doped laser. For the signal Tm-doped fiber laser, I show a new cavity allowing for lasing 

until 2.107 µm with only 1.7 W L-band pump power. The 2.1 µm pump laser linewidth 

and polarization stability, slope efficiency and output power stability are detailed 

described. At last, I show the importance of using a narrow linewidth laser for this 

project.  

Once the pump is fixed, we can move on to the selection of right fiber material and 

fiber geometry combination. In chapter 4, I review the current state-of-art MIR fiber 

platforms, including glass, crystal and hollow core fibers. I then explain the reasons for 

the choice of ChG fiber based on its optical properties and fabrication maturity. For 

more freedom in dispersion engineering, microstructured fiber is preferred. I then show 

the good uniformity of the GeAsSe PCF which has the possibility to be tapered. With 

these preliminary experimental results from ChG PCFs and SCFs, I explain the reasons 

for selection of the PCF structure.  

 After the pump laser configuration and sample fiber structure is set, the thesis 

moves to the main results on CW pumped FWM in chapter 5. Based on the 

characterization results from GeAsSe PCF, I show the designed tapered PCF geometry 

and dispersion characteristics. Using the tapered GeAsSe PCF, CW pumped amplified 

parametric conversion is recorded at MIR region. A full characterization, signal sweep 
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and CE-pump relation is then stated in detail. Unfortunately, the fabricated PCF taper 

is off from the designed value, which is confirmed by simulation and experiment.  

In chapter 6, I describe the observation and confirmation of fiber fuse in ChG PCF. 

At last, I show the modified dispersion of PCF due to the deposition of ChG vapor on 

the PCF air holes.  

At last, I show the fiber a good platform for generation of linearly chirped ANDi 

SCG. In chapter 7, I first explain the experimental setup and components’ properties. 

Then, the preliminary results using long fiber length proves the feasibility of experiment 

and accuracy of simulation. After that, the thesis covers the pump pulse evolution in 

different fiber length and at different pump power levels. A calculated spectrogram 

follows and show the linear property of the pump pulse. Next part illustrates a 

simulation of pulse compression by purely removing the GDD. At last, the impact of 

water absorption and SCG stability is studied.  

In the end, the chapter 8 makes a conclusion and suggest future works on improved 

ideas of coherent MIR source based on ChG fibers.  
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Chapter 2 

Light propagation in an 

optical fiber 
 

 

 

 

2.1 Introduction 

Similar to the electromagnetic wave in radio frequency (RF), optical waves can only 

interact with each other indirectly through an optical medium. Inevitably, the study of 

nonlinear optical effects in this thesis starts by the treatment of light-matter interaction. 

Naturally, the frequencies of all evolved light must lie beyond the resonance frequency 

of the nonlinear material, if one intends to build an optical source. Therefore, this 

chapter only focuses on the non-resonant nonlinear optical responses.  

With this assumption, the polarization 𝑷(𝒓, 𝑡) , or unit dipole, induced by an 

incident light can be written as [73]: 

𝑷(𝒓, 𝑡) = ε0[χ(1) ⋮ 𝑬(𝒓, 𝑡) + χ(2) ⋮ 𝑬2(𝒓, 𝑡) + χ(3) ⋮ 𝑬3(𝒓, 𝑡) + ⋯ ] (2.1) 

where ε0 is the electric permittivity of the material, E(𝒓, 𝑡) is the incident electric 

field. In Eq. (2.1), χ(n) is the n-th order optical susceptibility tensor. Optical fibers 

studied in this thesis are all made from amorphous glass material. Thus, the tensor 

product simplifies to scalar product due to the material symmetry. Since amorphous 

materials are macroscopically centrosymmetric, the even terms of optical susceptibility 

will vanish. Thus, the very first nonlinear term for glass fiber is the χ(3) term, referred 

as third order nonlinearity. The very next nonlinear term, χ(5), is roughly 10-24 times 

that of the third order nonlinearity term [74], hence can be safely neglected in this thesis. 
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Apart from nonlinear effects, light propagation in an optical fiber also experiences 

linear changes from material dispersion, waveguide dispersion and linear loss. In 

addition, the linear and nonlinear optical phenomenon are coupled effects on optical 

pulse evolution in the waveguide. The generalized nonlinear Schrödinger equation 

(GNLSE) is an accurate and proven tool to study optical pulse evolution. Based on the 

input light properties, some terms can be neglected and could even lead to an analytical 

solution.  

This chapter will start with the linear propagation of light inside an optical fiber. 

Before going into any nonlinear effects, we first define some terms that are generally 

used in nonlinear fiber optics. Then, using coupled wave equations, we find the 

parameters governing FWM in optical fibers. At last, we explain the femtosecond pulse 

evolution inside an optical fiber and the simplification of GNLSE for this thesis.  

2.2 Linear propagation in optical fibers  

The term “linear” could have slightly different definition depending on the discipline. 

In this thesis, and widely accepted in fiber optics, we would consider the optical effects 

that are independent from input light average and peak power as “linear effects”. 

Following this definition, both linear propagation loss and chromatic dispersion fall 

within this category.  

2.2.1 Propagation loss of ChG optical fiber 

Inside an optical fiber, the linear propagation losses mainly come from the bending loss 

scattering and material absorption. When an optical fiber is bent, the outer side of the 

guided mode needs to travel faster than the inner side to keep the wavefront. If the 

bending curvature is large enough, the wavefront can no longer be kept, hence leaking 

out some portion of the energy. The bending loss becomes trivial if one straightens the 

fiber or keeps large enough bending curvature. In the ChG microstructured fibers, the 

linear propagation loss mainly originates from interface scattering and material 

absorption.  

Using highly purified ChG glass preforms and proper fiber drawing parameters, 

the linear propagation loss can be greatly suppressed. Unlike conventional step index 

fibers, the microstructured fibers also have scattering at interface between fiber material 

and air. In Fig. 2.1(a) and (b), we sketch the geometry of ChG SCF and PCF tested in 

this project, respectively. Here, the scattering on the interface due to imperfect 

smoothness is the main source of scattering loss. For most of ChG fibers, such 

interfaces are the main reason of aging and loss increase during storage, no matter SCF 
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[75], PCF [76] or step indexed tapers [77, 78]. To avoid such problems, our ChG fibers 

are stored in dry atmosphere (below 30% relative humidity). Due to a smaller exposure 

with air, we expect a slower degradation speed of PCF than SCF. To lower the scattering 

loss, another way is to operate at longer wavelength, since Rayleigh scattering is 

inversely proportional to 𝜆4.   

 
Figure 2.1. Facet geometry of two microstructured fiber geometry. (a) Geometry of a suspended 

core fiber; (b) geometry of a 3-ring photonic crystal fiber. 𝛬 and 𝑑 is the hole period and 

diameter, respectively. 𝛷 is the effective core diameter. We have simulated and experimented 

with both fiber geometries in this project. 

Another source of linear loss results from the material absorption. Generally, it 

comes from absorption of both fiber material and impurities from either glass or 

atmosphere. Both -S and -Se based ChGs transmit well into the MIR band. Fig. 2.2 is 

the transmission of “grape fruit” microstructured GeAsSe and AsS fibers [79]. Both 

fibers show good transmission after 2 µm wavelength. The several absorption peaks are 

due to pollution of the fiber preform. While the 2 µm wavelength is not at the minimum 

loss point, it represents a good compromise between accessibility with fiber lasers and 

ChG fibers transmission windows.  

 

Figure 2.2. Linear loss of As40S60 and Ge10As22Se68 microstructured fibers after fabrication. 

Data comes from [79]. 

Experimentally, we estimate the linear loss 𝛼 using cutback measurements. Since 

the linear loss leads to an exponential decrease of pump laser power along the fiber, it 

is directly related with the strength of nonlinear optical effect. The impact of linear loss 

becomes less significant for propagation length L much less than the effective length 
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𝐿𝑒𝑓𝑓 which will be covered in chapter 2.3. For our project, the typical linear loss is 

measured to be less than 1 dB/m in the 2 µm band. Thanks to the strong nonlinearity of 

ChG fibers, only meters of fiber are needed for efficient nonlinear process, satisfying 

𝐿 <  𝐿𝑒𝑓𝑓.  

2.2.2 Chromatic dispersion 

In this section, all the discussions will assume non-resonant operation. The response of 

a dielectric medium to an incident electromagnetic wave is frequency dependent, 

leading to different refractive index. Thus, the phase velocity inside a medium will be 

frequency dependent. One can describe a medium’s refractive index using the Lorentz 

modal. Far from the resonant frequencies, one can calculate the refractive index of a 

material using Sellmeier equation [80]: 

𝑛(λ)2 − 1 = ∑
𝐴𝑖λ2

λ2−λ𝑖
2

𝑛
𝑖 (2.2)                     

where λ𝑖  and 𝐴𝑖  are the ith resonance wavelength and its strength, respectively. In 

most cases, three terms will be enough to provide an accurate estimation. The Sellmeier 

equation terms of AsS, AsSe and GeAsSe comes from previous literatures [1, 64, 81]. 

It should be noted that Sellmeier equation is not the only fitting function nor necessarily 

the best fitting. We are using this equation due to its availability.  

Unlike conventional step-index fibers, the PCF features a modified total internal 

reflection guiding, where the air hole filled region serves as an effective cladding. Apart 

from material, waveguide structure also has frequency dependent propagation constant. 

The waveguide dispersion is a result of the distribution of mode profile variation at 

different wavelengths, which determines the mode overlapping in fiber core and 

cladding. Thus, it is possible to tune the waveguide dispersion by varying the fiber 

geometry. Tapering the fiber is one way to change fiber core size, hence the waveguide 

dispersion. Unique to the PCF geometry, the hole-period ratio, 𝜌, of the cladding will 

alter the fiber dispersion. The design parameter is defined as: 

𝜌 =
𝑑

𝛬
(2.3) 

As illustrated in Fig. 2.1(b), 𝑑 is the diameter of air hole and 𝛬 is its period.  

The chromatic dispersion comes from the combination of material dispersion and 

waveguide dispersion. For simplicity, the effective refractive index 𝑛𝑒𝑓𝑓  is used to 

represent their combined effect. In this case, the propagation constant  is: 

𝛽 = 𝑛𝑒𝑓𝑓

2𝜋

𝜆0

(2.4) 
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The term 
2𝜋

𝜆0
  is the vacuum wavenumber. Normally, the chromatic dispersion is 

expanded using Taylor expansion.  

𝛽 = 𝛽0 + 𝛽1(𝜔 − 𝜔0) +
1

2
𝛽2(𝜔 − 𝜔0)2 +

1

6
𝛽3(𝜔 − 𝜔0)3 + ⋯ (2.5)  

The expansion is made around a central frequency 𝜔0. The term 𝛽0 is the propagation 

constant at this frequency. 𝛽1 corresponds to the inverse of the group velocity and 𝛽2 

is typically referred as group velocity dispersion (GVD). The sign of 𝛽2 term tells if 

blue or red wavelengths travel faster. The higher order terms become important when 

one studies supercontinuum generation, operation near ZDW or evolution of 

femtosecond pulses.  

Previous researches have shown that third order nonlinear susceptibility is 

proportional to the first order or linear susceptibility [82]. Naturally, one can expect 

ChG has the highest nonlinear refractive index among all fiber glasses (typical 

refractive index from 2.4 to 2.9 at 1.5 μm). However, with a bandgap around 2 eV [83, 

84], ChG also has the strongest material dispersion among all fiber glasses. Using their 

corresponding Sellmeier equation, one can estimate that the ZDW (Fig. 2.3) for AsS is 

approximately at 5 µm and beyond 7 µm for -Se based glass. One needs to induce strong 

dispersion engineering on the fiber geometry to counterbalance the material dispersion 

and shift ZDW close to 2 µm if fiber laser pumping is to be used, which will be a central 

point of the thesis  

 

Figure 2.3. Material dispersion of As2S3, As2Se3 and Ge11.5As24Se61.5 chalcogenide glasses. All 

of them can be used as platform for suspended core fibers and photonic crystal fibers.  

However, dispersion engineering also leads to more fabrication challenges. Thus, 

we need to consider the available technology and work with multiple degrees of 

freedoms. Detailed dispersion engineering will be discussed in chapter 5, based on 

initial experimental results.
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2.3 Nonlinear propagation in optical fibers 

2.3.1 Definition of parameters 

In nonlinear fiber optics, it is common to use the nonlinear refractive index 𝑛2 during 

the theoretical derivations. The third order susceptibility 𝜒3  and 𝑛2  have the 

following relation: 

𝑛2 ≅ (
3𝜒(3)

4𝑐𝜀0𝑛2
) (2.6) 

The real part of the nonlinear refractive index is responsible for the Kerr effect. 

The imaginary part of the refractive index is the two-photon absorption (TPA). They 

are normally written as [73]: 

𝑛(𝜔) = 𝑛0(𝜔) + 𝑛2(𝜔)𝐼 (2.7)                     

𝛼(𝜔) = 𝛼0(𝜔) + 𝛼2(𝜔)𝐼 (2.8)                     

𝑛0(𝜔)  and 𝛼0(𝜔)  are the linear refractive index and absorption, respectively. 

𝑛2(𝜔)  is the nonlinear refractive index and 𝛼2(𝜔)  is the nonlinear absorption 

coefficient. 𝐼 is the irradiance of incident light. In guided wave optics, it is always 

more convenient to convert the Kerr nonlinearity into the following equation: 

𝛾 = (𝑛2𝜔0)/(𝐴𝑒𝑓𝑓𝑐) (2.9) 

The term 𝛾, which has the unit of (W·m)-1, is the nonlinear parameter of a waveguide 

with an effective area of , 𝐴𝑒𝑓𝑓 [85]: 

𝐴𝑒𝑓𝑓 =
(∬ |𝐹(𝑥, 𝑦)|2∞

−∞
𝑑𝑥𝑑𝑦)

2

∬ |𝐹(𝑥, 𝑦)|4𝑑𝑥𝑑𝑦
∞

−∞

(2.10) 

where 𝐹(𝑥, 𝑦) is the transverse field dispersion of the mode under study.  

The Kerr nonlinearity term is responsible for self-phase modulation (SPM), 

cross-phase modulation (XPM) and four-wave-mixing (FWM). Those effects are 

termed as elastic nonlinear processes, where the total optical energy remains constant. 

When light interact with optical (Raman scattering) or acoustic phonons (Brillouin 

scattering), a small portion of the optical energy converts into the phonon energy. 

These effects are termed as inelastic nonlinear effects. In this thesis, we mainly focus 

on the theories and applications with elastic processes.  
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2.3.2 CW four wave mixing 

In a DFWM process, two pump photons excite the electron into a virtual energy level. 

When electron returns to the ground level, the transition emits one signal photon and 

one idler photon. When a signal photon is sent together with the pump photon, as shown 

in Fig. 2.4, the spontaneous process becomes stimulated FWM, hence with a much 

higher efficiency. In this thesis, we use the DFWM process to transfer a signal at L-

band to the MIR band.  

 
Figure 2.4 Schematic of FWM process. (a)Demonstration of a degenerated four-wave-mixing 

process, (b) where two pump photons from the same frequency generated two new photons at 

different frequencies. The newly generated frequency depends on the phase matching condition 

of the medium.  

For a sustained interaction among the four photons, the system must conserve both 

its momentum and energy. In addition, the nonlinear change on the material refractive 

index would also impact the system’s momentum. Since the relation of momentum and 

energy of photons can be treated as propagation constant and angular frequency, 

respectively, the momentum and energy conservation can be expressed mathematically, 

as: 

𝜅 = ∆𝑘 + 2𝛾𝑃0 = 2𝛽𝑝 − 𝛽𝑠 − 𝛽𝑖 + 2𝛾𝑃0 = 2𝛾𝑃 +
1

2
𝛽2∆𝜔2 +

1

12
𝛽4∆𝜔4 (2.11) 

2𝜔𝑝 = 𝜔𝑠 + 𝜔𝑖 (2.12)                

where 𝜔𝑝, 𝜔𝑠 and 𝜔𝑖 are the pump, signal and idler angular velocities respectively; 

𝛽𝑝, 𝛽𝑠 and 𝛽𝑖 are the propagation constants of pump, signal and idler respectively. 

𝛥𝜔 is the angular velocity difference between signal and pump which is the same as 

the difference between pump and idler. 𝜅 is normally referred to as the phase mismatch. 

P0 is the pump peak power. The term 𝛥𝑘 is the linear phase mismatch. The term 2𝛾𝑃0 

in Eqn. (2.11) is the nonlinear phase mismatch.  

For this section, we only consider the FWM under the CW or pseudo-CW (defined 

as [86]) case. In this case, the evolution of optical field amplitude can be expressed as 

[85]: 
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𝜕𝐴1

𝜕𝑧
= 𝑗𝑛2𝑘1 [(𝑓11|𝐴1|2 + 2 ∑ 𝑓1𝑘|𝐴𝑘|2

𝑘≠1

) 𝐴1 + 2𝑓1234𝐴2
∗ 𝐴3𝐴4𝑒𝑗∆𝑘𝑧] −

𝛼1

2
𝐴1 (2.13) 

𝜕𝐴2

𝜕𝑧
= 𝑗𝑛2𝑘2 [(𝑓22|𝐴1|2 + 2 ∑ 𝑓2𝑘|𝐴𝑘|2

𝑘≠2

) 𝐴2 + 2𝑓2134𝐴1
∗ 𝐴3𝐴4𝑒𝑗∆𝑘𝑧] −

𝛼2

2
𝐴2 (2.14) 

𝜕𝐴3

𝜕𝑧
= 𝑗𝑛2𝑘3 [(𝑓33|𝐴3|2 + 2 ∑ 𝑓3𝑘|𝐴𝑘|2

𝑘≠3

) 𝐴3 + 2𝑓3412𝐴1𝐴2𝐴4
∗ 𝑒𝑗∆𝑘𝑧] −

𝛼3

2
𝐴3 (2.15) 

𝜕𝐴4

𝜕𝑧
= 𝑗𝑛2𝑘4 [(𝑓44|𝐴1|2 + 2 ∑ 𝑓4𝑘|𝐴𝑘|2

𝑘≠4

) 𝐴4 + 2𝑓4321𝐴1𝐴2𝐴3
∗ 𝑒𝑗∆𝑘𝑧] −

𝛼4

2
𝐴4 (2.16) 

Here, the term 𝐴𝑖(𝑧, 𝑡) is the amplitude of the incident field. We define 𝐴1,2 to be the 

pump wave. 𝐴3 and 𝐴4 then become the signal and idler wave, respectively. The term 

𝑓𝑖𝑘 is the mode overlap integral. This integral determines the overlap of energy between 

different waves, which is critical for XPM and FWM efficiency. Normally, this term is 

defined as: 

𝑓𝑖𝑘 =
∬ |𝐹𝑖(𝑥, 𝑦)|2|𝐹𝑘(𝑥, 𝑦)|2∞

−∞
𝑑𝑥𝑑𝑦

∬ |𝐹𝑖(𝑥, 𝑦)|2∞

−∞
𝑑𝑥𝑑𝑦 ∬ |𝐹𝑗(𝑥, 𝑦)|

2
𝑑𝑥𝑑𝑦

∞

−∞

(2.17)  

The other term, 𝑓𝑖𝑗𝑘𝑙 is the transverse overlap integral given by 

𝑓𝑖𝑗𝑘𝑙 =
〈𝐹𝑖

∗𝐹𝑗
∗𝐹𝑘𝐹𝑙〉

[〈|𝐹𝑖|2〉 〈|𝐹𝑗|
2

〉 〈|𝐹𝑘|2〉〈|𝐹𝑙|2〉]

1
2

(2.18)
 

In order to solve these equations analytically, a few assumptions are necessary. 

First, we assume the pump power is much higher than both signal and idler waves. In 

this case, we can assume an un-depleted pump for wave 𝐴2 and 𝐴1 over the entire 

interaction. Then, we assume the transverse mode of all the four waves are the same. 

In this case, the overlapping integral can be reduced to 𝑓𝑖𝑗𝑘𝑙 ≅
1

𝐴𝑒𝑓𝑓
. We assume the 

involved waves are CW. Also, the nonlinear refractive index is independent of optical 

frequency/wavelength. With these simplifications, we can assume a constant nonlinear 

parameter γ. For a more straightforward solution, we also assume the fiber is lossless. 

The lossless model has very high accuracy when our ChG fiber has less than 1 dB/m 

loss and short fiber length around 1 m. In the end of this chapter, we show the 
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simulation methodology for lossy fiber using a simplified nonlinear Schrodinger 

equation.  

For DFWM close to the pump wavelength, i.e. 𝜔𝑠~𝜔𝑝~𝜔𝑖, the converted power 

from pump to signal is identical to the converted power from pump to idler. With these 

assumptions, the signal gain (𝐺𝑠) and CE can be deduced by solving Eqn. (2.13) to 

(2.16), and is given by [85] as the signal gain 𝐺𝑠: 

𝐺𝑠 =
𝑃3(𝐿)

𝑃3(0)
= 1 +

(𝛾𝑃0𝑟)2

4𝑔2
sinh2(𝑔𝐿) (2.19) 

𝐶𝐸 = 𝐺𝑠 − 1 (2.20) 

𝐿 is the fiber length. The parameter 𝑟 is defined as: 

𝑟 =
2√(𝑃1𝑃2)

𝑃0
, 𝑃0 = 𝑃1 + 𝑃2 (2.21) 

The total pump power is 𝑃0. Clearly, 𝑟 = 1 for the single pump configuration. The 

parameter 𝑔 is the parametric gain: 

𝑔 = √(𝛾𝑃0𝑟)2 − (𝜅/2)2 (2.22) 

From Eqn. (2.22), we can find two interesting regimes. First, we study the regime 

when linear phase mismatch dominates the nonlinear phase shift, that is when ∆𝑘 ≫

𝛾𝑃0𝑟  . In this case, Eqn. (2.22) becomes an imaginary term and the 𝑠𝑖𝑛ℎ  term 

becomes imaginary. The original Eqn. (2.19) can be reduced into a sinc function.  

𝐺𝑠 ≅
(𝛾𝑃0𝐿𝑟)2

4𝑔2
𝑠𝑖𝑛𝑐2(𝜅𝐿/2) + 1 (2.23) 

When pump wavelength resides in the region of high group velocity dispersion 

(typically with pump wavelength far from ZDW), the signal gain follows Eqn. (2.23). 

By sweeping the signal wavelength, one should record a clear 𝑠𝑖𝑛𝑐 shape of the CE. 

The sharpness of the dips serves as an indication of fiber loss and uniformity. From the 

Eqn. (2.23), one can find that the signal gain and idler CE both increase quadratically 

with the pump power and fiber length. In such case, when linear dispersion dominates, 

we can deduce the fiber GVD at the pump wavelength using Eqn. (2.11). 

If one has perfect linear phase matching, the term ∆𝑘  vanishes to zero. Under 

strong parametric gain 𝛾𝑃0𝑟 ≫ 1, Eqn. (2.19) can be approximate to  

𝐺𝑠 ≅
1

4
𝑒𝑥𝑝(𝛾𝑃0𝐿𝑟) (2.24) 
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Here, the signal gain (or CE of idler) increases exponentially with the pump power and 

fiber length. However, the maximum gain peak does not happen at ∆𝑘(𝜔) = 0. Due to 

the nonlinear phase mismatch, the gain peak always appears at Ω𝑚𝑎𝑥 = ±√2𝛾𝑃0/|𝛽2|.  

As we can seem, under the phase mismatched case, the DFWM (single pump) can 

produce a CE with 𝑠𝑖𝑛𝑐 function shape. By sweeping the signal, one can record the 

CE trace at different pump power levels and monitor the fiber structural variations. 

From Eqn. (2.23), the first dip (first minima of the sinc function) appears when: 

√[
𝛽2,𝑝𝑢𝑚𝑝∆𝜔2 + 2𝛾𝑃0

2
]

2

− (𝛾𝑃0)2 ∙ 𝐿 = 𝜋 (2.25) 

Solving this equation and taking the only physical solution, the frequency difference 

from the first dip and the pump wavelength is therefore: 

|∆𝜔| = √
−4𝛾𝑃0 + √(4𝛾𝑃0)2 + 4(2𝜋/𝐿)

2𝛽2

(2.26) 

In terms of wavelength, one can expect the first dip at  

𝜆𝑑𝑖𝑝 = 2𝜋𝑐0/(𝜔𝑝𝑢𝑚𝑝 + |∆𝜔|) (2.27) 

When designing the nonlinear platform, it is always more convenient to have a 

figure-of-merit (FOM) to estimate the platform’s performance. In this case, we assume 

all potential waveguides can be fabricated to their corresponding effective length. The 

effective length is defined as the propagation length inside a lossy medium to the 

propagation of the length of lossless medium with equivalent nonlinear phase shift. As 

a result, the nonlinear phase shift inside a lossy medium of length L becomes equivalent 

to that of a lossless medium of length 𝐿𝑒𝑓𝑓. The effective length is derived to be: 

𝐿𝑒𝑓𝑓 =
1 − 𝑒−α𝐿

α
(2.28) 

For a rough estimation of parametric amplification/conversion performance, we can 

consider the two extremes: 

   1.  Not phase matched, 𝛥𝑘 + 2𝛾𝑃0 ≫ 𝛾𝑃0 

𝐺𝑠(𝐿) ≈ 1 + (𝛾𝑃0𝐿𝑒𝑓𝑓)
2

∙ 𝑠𝑖𝑛𝑐2 ((𝛥𝑘 + 2𝛾𝑃0)𝐿𝑒𝑓𝑓/2) ∝

𝛾𝑃0 ∙
1 − 𝑒−𝛼𝐿

𝛼
∝

𝛾

𝛼
(2.29)
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2. Perfectly phase matched, 𝑔𝐿 ≫ 1 

𝐺𝑠(𝐿)|𝑑𝐵 ≈ 2𝛾𝑃0𝐿𝑒𝑓𝑓 ∙ (log10(𝑒) − log10(4)) ∝

𝛾𝑃0 ∙
1 − 𝑒−𝛼𝐿

𝛼
∝

𝛾

𝛼
(2.30)

 

In both cases, the parametric amplification/conversion performance is proportional to 

𝛾/𝛼. If any necessary waveguide length can be fabricated, we can therefore use the 

term 𝛾/𝛼 as a FOM for the platform selection reference. The same FOM definition is 

also used for silica HNLFs for quick estimation of their performance [87].  

By fitting the experimental result with simulation, one can deduce the fiber linear 

loss under the same un-depleted pump assumption. In the lossy case, the solution to the 

coupled-wave equation is way more complex and cannot provide straightforward 

insight to the physical conditions behind [86]. If the pump laser lies far from ZDW, one 

can also use a simplified nonlinear Schrodinger equation as 

𝑗
𝜕

𝜕𝑧
𝐴(𝑧, 𝑡) + 𝑗

𝛼

2
𝐴 −

𝛽2

2

𝜕𝐴2

𝜕𝑡2
+ 𝛾𝐴|𝐴|2 = 0 (2.31) 

To simulate the conversion efficiency at various signal wavelength, one can set the 

pump and signal as two points on the frequency domain. By sweeping the signal in 

every loop, the CE can be built in a large wavelength region.  

2.3.3 Nonlinear propagation of a pulse in fibers 

Since the linear and nonlinear optical effects are coupled, the generalized nonlinear 

Schrodinger equation (GNLSE) is used to simulate short pulse propagation inside an 

optical waveguide. As light is an electromagnetic wave, the propagation of an optical 

pulse can be well described by Maxwell’s equations. By taking the nonlinear 

polarization into the wave function, one can include the nonlinear effect as: 

∇2𝑬 −
1

𝑐2

𝜕2𝑬

𝜕𝑡2
= 𝜇0

𝜕

𝜕𝑡2
(𝑷𝑵𝑳 + 𝑷𝑳) (2.32) 

The polarization is now decomposed into the linear  𝑃𝐿  and nonlinear 𝑃𝑁𝐿  terms. 

Starting with this equation, one can derive the GNLSE to simulate the propagation of a 

slowly varying envelope 𝐴 [88].  

𝜕𝐴

𝜕𝑧
− ∑

𝑖𝑘+1

𝑘!
𝛽𝑘

𝜕𝑘𝐴

𝜕𝑇𝑘

𝑁

𝑘≥2

+
𝛼

2
𝐴 = 

Linear loss Dispersion 
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𝑖𝛾 (1 + 𝜏𝑠ℎ𝑜𝑐𝑘

𝜕

𝜕𝑇
) × [𝐴(𝑧, 𝑡) (∫ 𝑅(𝑇′)|𝐴(𝑇 − 𝑇′)|2𝑑𝑇′ 

+∞

−∞

+ 𝑖𝛤𝑅(𝑧, 𝑇))] (2.33) 

Here, T is the new reference frame moving at the pulse group velocity: 

𝑇 = 𝑡 − 𝛽1𝑧 (2.34) 

The term 𝑅(𝑇)  and 𝛤𝑅(𝑧, 𝑇)  are the Raman contribution and spontaneous Raman 

scattering. A more detailed discussion on the 𝑅(𝑇) is in the end of this chapter.  

In Eqn. (2.33), we put the linear terms on the left-hand side and the nonlinear terms 

on the right-hand side. Each term is labeled with their physical representation. Note that 

the group velocity term vanishes by changing the reference frame to the same speed of 

the pulse envelope. The term 𝜏𝑠ℎ𝑜𝑐𝑘 =
1

𝜔𝑝𝑢𝑚𝑝
 is the shock term, which characterize the 

self-steepening effect – an effect originated from intensity dependent refractive index. 

In order to simulate of ANDi SCG, only the terms above red brackets need to be 

considered. Due to the short length and low loss of the ChG PCF, we can also ignore 

the loss term. The pump laser is a sub-100 fs laser, whose spectrum content can cover 

the 1st Raman stoke of GeAsSe glass. Thus, the spontaneous Raman noise can be 

neglected. In addition, we have omitted the TPA term. Since we are focussing on a 

pumping wavelength at 2 µm which is far from the bandgap of ChG, the contribution 

of TPA is trivial.  

The Kerr effect term includes FWM, XPM and SPM. For ANDi SCG, the spectral 

broadening is dominated by the SPM and optical wave breaking (OWB) effect. The 

SPM effect was first observed as early as 1967 [89]. When propagating inside an optical 

fiber, the pulse experiences an intensity dependent nonlinear phase shift. This effect 

leads to a decrease of the pulse peak power and a broadening of pulse spectrum. 

Normally, the nonlinear phase shift, 𝜙𝑁𝐿(𝑧, 𝑇), and its induced chirp, 𝛿𝜔(𝑇), which 

depend on the propagation distance z and time t, are expressed as 

𝜙𝑁𝐿(𝑧, 𝑡) = −𝛾𝑃(𝑧, 𝑡)𝐿 (2.35) 

𝛿𝜔(𝑡) = −𝛾𝐿
𝜕𝑃(𝑧, 𝑡)

𝜕𝑡
(2.36) 

For the simulation of input pump pulse, it is important to use proper fitting by 

considering the nature of the pump source. In Fig. 2.5, we show a simulation of SPM 

Raman  Kerr  Self-steepening  Spontaneous Raman noise  
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for Gaussian and sech2 pulses. As a result, for a fundamental soliton pulse pump, the 

use of Gaussian model would degrade matching between simulation and experiment. 

For the location with the same amount of induced nonlinear chirp, the resulting 

interferences lead to the well-known oscillations in the frequency domain.  

 

Figure 2.5. Comparison of Gaussian and sech2 pulses. (a) The temporal profile of a Gaussian 

pulse (blue) and a sech2 pulse; (b) The corresponding chirp, where only nonlinear phase shift 

is included in the simulation. Here we simulate a SPM phase shift of π radians 

When interacting with dispersion, the pulse behavior can be very different in 

normal and anomalous dispersion regions. In the normal dispersion region, the chirp 

induced by SPM and chirp induced by dispersion have the same direction. The GVD 

and SPM will increase the temporal domain broadening and lead to a rectangular shaped 

temporal signal [90]. Such effect is advantageous for generating ultra-flat top SC and 

pulse re-compression [91, 92]. On the other hand, the anomalous domain will lead to 

formation of solitons, if the SPM and GVD properly cancel each other. Together with 

Raman effect, the fundamental soliton can self-shift to longer wavelengths while losing 

part of its energy [93]. The fundamental soliton is a solution of sech form to the NLSE. 

Thus, the sech pulse fitting will be used for laser sources utilizing soliton self-frequency 

shift.    

The self-steepening term comes from the result of intensity dependent refractive 

index. This effect results in a pulse distortion which leads to an increase sharpness in 

the trailing edge of the wave.   
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The last term is the Raman effect. The stimulated Raman effect comes from the 

photon-phonon interaction in the optical medium, when the incident photons interact 

with the molecular vibrational modes. During this interaction, the photon converts part 

of its energy to an optical phonon resulting in a red-shifted wavelength. The Raman 

scattering is typically modelled as a damped oscillator [88]: 

𝑅(𝑡) = (1 − 𝑓𝑅)𝛿(𝑡) + 𝑓𝑅ℎ𝑅(𝑡) (2.37) 

On the right-hand side of Eqn. (2.37), the first term corresponds to the 

instantaneous Raman response and the second term is the delayed response. The factor 

𝑓𝑅 corresponds to the contribution fraction of the delayed Raman response. The Raman 

response function ℎ𝑅(𝑡) is normally described as: 

ℎ𝑅(𝑡) =
𝜏1

2 + 𝜏2
2

𝜏1𝜏2
2 exp (−

𝑡

𝜏2
) sin (

𝑡

𝜏1
) (2.38) 

For AsSe ChG, the parameters are measured to be [94] 

• 𝑓𝑅 = 0.148 - delayed Raman contribution 

• 𝜏1 = 23𝑓𝑠 - inverse phonon frequency 

• 𝜏2 = 164.5𝑓𝑠 - phonon lifetime 

Conclusion 

The theories in this chapter are the fundamental guidelines for fiber design and 

experimental data processing. In the low power FWM experiments, we retrieve the fiber 

parameters by fitting simulation with experimental data. These precisely measured fiber 

parameters then allow us to predict ANDi SCG in frequency and temporal domain 

accurately. With these proven data and simulation, we can bring out reliable new fiber 

designs for broadband and distant wavelength conversion.  
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Chapter 3 

Fiber lasers at 2 µm 
 

 

 

 

3.1 Introduction 

In chapter 2, we described that all ChGs have very strong material dispersion while 

efficient FWM requires pumping around the fiber ZDW. On the one hand, strong 

dispersion engineering can be performed on fiber geometry in order to blue shift the 

ZDW. On the other hand, we can approach the ZDW from the red side by building fiber 

lasers operating at longer wavelength. As silica fibers are the most widely used and 

most fiber optical components are based on such fibers, we decided to rely on this 

technology for the design of our fiber lasers. Indeed, as ChG fibers are still a relatively 

new platform, it is more reasonable to build their pump lasers using available and 

mature technology. In silica fibers, the maximum phonon energy is 1000 cm-1 [95]. Due 

to the multi-phonon relaxation process, efficient silica fiber lasers are limited at 2200 

nm [43, 96]. Given this constrain, we cannot use any transitions beyond 2.2 µm, where 

5 phonons can effectively bridge the bandgap. Due to this reason, the only two active 

dopants available to use are thulium (Tm) and holmium (Ho) ions.  

Both Tm- and Ho- doped silica fibers are available on the market from multiple 

vendors. For efficient lasing and high ASE suppression, we will try to operate the fiber 

lasers around the ASE peak. Therefore, we use multiple fiber lengths to blue or red shift 

the ASE center. Due to re-absorption of the photons, the ASE peak experiences redshift 

in longer active fiber, similar to what is observed in erbium doped fibers. By proper 

design of the laser cavity and careful selection of cavity components, it is possible to 

build a signal laser and a pump laser for FWM measurements covering the range from 

1880 to 2100 nm.  
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In this chapter, we will start with the introduction of the pumping schemes for both 

dopants. Then we will show the experimental setup for the FWM test. For easier 

operation and construction, we use the C- or L-band erbium doped fiber amplifier 

(EDFA) as the pump source. Based on this pump, we will show several cavity schemes 

and compare their performance on Tm-doped fiber lasers. Then we move to the 2.1 µm 

pump laser based on Ho-doped fibers. Due to the fast-increasing loss of silica fiber 

beyond 2 µm, it is more challenging to build an efficient laser. In this section, we 

introduce the polarizer-free all-fiber Ho-doped fiber laser, which can provide more than 

99.997% polarization extinction ratio with high stability. In the end, we will show the 

importance of having a narrow linewidth laser, based on some of our experimental 

results.

3.2 Experimental setup for FWM 

 

Figure 3. 1. A generalized setup for this project. The pump laser is a fixed wavelength CW laser 

while the signal laser features a continuous wavelength sweep by using a tunable filter. An 

optical spectrum analyzer records the data. PC: polarization controller; PBS: polarization beam 

splitter, to ensure same pump and signal laser polarization. LF: lensed fiber, for in and out 

coupling; FUT: fiber under test.  

In Fig. 3.1, we show the concept of a generalized FWM test setup. Before building the 

lasers, it is important to design the complete experimental setup. The experimental 

setup can provide the requirements for the fiber lasers in terms of laser power, linewidth, 

tunability and polarization extinction ratio. Most importantly, we will here focus on 

estimating the required powers for the pump and signal lasers. For an efficient FWM 

process, the polarization of pump and signal lasers should be the same. A commercial 

polarization beam splitter (PBS) maintains a low insertion loss for wavelength range of 

2000±50 nm. For longer pump wavelength, it is preferable to avoid the PBS, which can 

result in significant additional losses, and align the polarization of pump and signal 

laser directly, based on the idler power on the optical spectrum analyzer (OSA). In this 

case, the polarization of pump and signal are adjusted manually in order to maximize 

the idler power. The signal and pump lasers are combined using an optical coupler 

before going into the fiber-under-test (FUT). A typical coupling ratio is 90/10, where 

CW pump 

laser

CW signal  

laser

PC1

PC2
Power 

meter

FUTLF1
PBS

LF2
Coupler
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90% of pump and 10% of signal power is sent into the FUT. However, depending on 

the operation wavelength and the efficiency of both lasers, the coupling ratio can be 

varied to guarantee a detectable idler. More details of the setup will be explained in 

chapter 4, with specific FUT and laser designs.  

For the ChG fibers, the insertion loss ranges from 5 to 10 dB, depending on the 

fiber mode field mismatch between ChG fiber and input lensed fiber. In the case of 

90/10 coupling ratio, we expect an extra 3 dB loss and 13 dB loss for the pump and 

signal laser, respectively. Under the “High/Chop”, mode, the OSA noise floor appears 

at -70 dBm. If we set the coupled signal power to 0 dBm, a minimum conversion 

efficiency of -70 dB can be detected. As we will see, the ChG FUTs typically have a 

nonlinear parameter γ higher than 1 (W·m)-1 and a length longer than 30 cm. With 100 

mW coupled pump power, a CE higher than -30 dB can be expected [67]. In this case, 

one can clearly distinguish the idler from the OSA noise floor. Therefore, the aimed 

maximum pump power for pump and signal lasers are 1 W and 20 mW, respectively. 

Such back of the envelope approximation, allows for significant operation margins and 

will allow changing the coupling ratio in case either pump or signal laser fail to provide 

enough power. 

3.3 Basics of Tm3+ and Ho3+-doped fiber laser 

In Fig. 3.2, we show the excited energy level transitions for Tm3+ and Ho3+ ions. Note 

that some of the transitions will not be accessible inside a host material, due to either 

multi-phonon relaxation or material photo-darkening. For our Tm- or Ho-doped fiber 

lasers, we will be utilizing the 3F
4 → 3H

6 transition of Tm3+ and 5I
7 → 5I8 transition of 

Ho3+ ions, as illustrated in Fig. 3.2. As a result, a C- or L-band laser and a homemade 

1950 nm laser work as pump laser for the Tm-doped fiber laser and Ho-doped 

fiber laser, respectively.  

 

Figure 3.2. The energy level transitions for multiple rare earth ions. In this project, we utilize 

the in-band pumping scheme for both Tm3+ and Ho3+ ions.  
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From Fig. 3.3(a), to excite the ground energy level to the desired excited levels, 

we can simply use an L-band laser for Tm-doped silica fiber. Experimentally, our 

L-band EDFA can work efficiently even at 1620nm, where pump can be absorbed 

more efficiently. For Ho3+, however, the in-band pumping configuration requires to 

pump at approximately 1950 nm for best pump absorption (Fig. 3.3(b)). Therefore, 

we would also need to build an efficient 1950 nm laser as a pump for Ho3+. There 

are several potential configurations, which will be covered in chapter 3.5 

 

Figure 3.3. The emission and absorption cross-sections of Tm3+ (a) and Ho3+ (b) [97]. Note that 

the emission and absorption can experience red shift when doping concentration or active fiber 

length increases.   

Also, from Fig. 3.3, it is clear that Tm3+ dopant has a broader emission cross section 

than Ho3+ dopant. For pump laser below 2039 nm, we will use the Tm-doped silica fiber 

as gain medium. For pump laser of 2100 nm, the gain medium then switches to Ho-

doped silica fiber. For the signal laser, we will always utilize the Tm-doped silica fiber 

since tunability is the most important factor for the signal laser.  

3.4 Tm-doped fiber lasers 

The FWM experiment requires very little or no tunability for pump laser. For the signal 

laser, a sweep range of roughly more than 100 nm is desirable for better FWM 

wavelength coverage. Thus, the wavelength selection of pump laser can be done with 

fiber Bragg grating (FBG) while the signal laser requires a tunable filter. Both linear 

and ring cavity configurations have been tested for the two lasers. Initial FWM tests 

with ChG fibers were performed with, both pump and signal lasers utilized ring cavity 

configurations. Further FWM tests were then performed using improved linear cavity 

for pump laser, as the quality of the pump source is critical for improving the precision 

of the characterization.  
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3.4.1 Pump lasers 

 

Figure 3.4. Pump laser configurations utilizing backward (a) and forward (b) ASE. We use the 

forward pump scheme to exploit the red-shifted emission wavelength from Tm3+. ECL: external 

cavity laser; EDFA: erbium-doped fiber amplifier; WDM: wavelength division multiplexer; 

FBG: fiber Bragg grating; PC: polarization controller; PBS: polarization beam splitter.  

With limited L-band pump power (5W maximum), we need to decrease the component 

loss inside the cavity and put larger out-coupling ratio. We have used the OFS Tm-

doped fiber, TmDF200, as the gain medium. The fiber is a single clad, core pumped, 

single mode (cut-off at 1350 nm) active fiber. The 11.5 m length is selected for better 

laser slope efficiency since its ASE peak resides close to 1950 nm. In Fig. 3.4, we 

illustrate the pump laser cavities utilizing forward and backward pumping scheme. The 

pump laser wavelength is selected by changing the FBG. For these lasers, FBG for 1980, 

2007 and 2039 nm operation were available (with more than 95% reflectivity for all). 

The insertion loss of the circulator is approximately 2.3 dB per port measured at 2004 

nm. The PBS gives an extra loss of 2 dB and the polarization controller has an insertion 

loss of about 1.5 dB, both measured at 2004 nm. For operation at wavelength up to 

2008 nm, the backward amplified spontaneous emission (ASE) is used for better 

efficiency. For lasing at 2039 nm, we use the forward ASE to benefit from the red-

shifted central wavelength. Such implementation can lead to a maximum output power 

of around 1 W.  
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Figure 3.5. The slope efficiency and laser linewidth of multiple pump wavelengths. (a) Slope 

efficiency for the three lasing wavelengths. (b) Pump laser spectrum for lasing at 1980, 2008 

and 2039 nm (resolution at 0.05 nm). 

To characterize the pump laser performance, the standard method is to measure the 

laser linewidth, slope efficiency and lasing threshold. In Fig. 3.5(a), we show the 

linewidth of 1980, 2008 and 2040 nm lasing wavelength. The ASE for 2040 nm 

operation follows a slightly different trend due to the forward pumping scheme, since 

forward pumping scheme favors a longer wavelength emission than backward. For both 

1980 and 2008 nm, the laser full width half maximum (FWHM) was measured to be 

about 0.1 nm. Due to the larger bandwidth of the 2040 nm FBG (0.8 nm FWHM), the 

FWHM of this laser is approximately 0.45 nm. This large linewidth will lead to strong 

SPM of pump laser if the ChG fiber has strong enough nonlinearity.  

Figure 3.5(b) plots the laser output power as a function of the L-band pump power.  

At 1980 nm lasing wavelength, the slope efficiency is 23.4 % with lasing threshold at 

161.7 mW and maximum output of 1.13 W. For 2008 nm FBG, the laser outputs a 

maximum 1 W of power with 21.0% slope efficiency. The laser threshold for this case 

is 217.8 mW. The forward pumping laser at 2040 gives a maximum output power of 

0.691 W and a slope efficiency of 14.9 %. Lasing starts at a higher power of 354.6 mW 

in this case. The low slope efficiency and high threshold of the 2040 nm laser is due to 

the operation on the edge of Tm3+ emission and increased loss of optical components 

at the 2040 nm wavelength. Since all the components were designed for operation at 

2000 nm, they are expected to have a higher loss at 2040 nm.  
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The cavity design in Fig. 3.5 proves to be efficient and meet our experiment 

requirement at both 1980 and 2008 nm wavelengths [66]. However, at high pump power, 

the large bandwidth of the pump laser at 2040 nm induced strong SPM on the pump 

and hence distorted both the signal and idler light. The larger laser linewidth of the 2040 

nm laser leads to more temporal fluctuations of laser power, hence stronger SPM. In 

addition, during our experiment, we have noticed some pulsing operation of the pump 

laser near the laser threshold for all FBG wavelengths. This is due to nonlinear 

polarization rotation (NPR), where the nonlinearity comes from the 20 m in-cavity fiber. 

However, characterization of the tapered ChG PCFs are preferably performed at very 

low pump power, to avoid the impact of un-tapered region.   

To avoid this problem, we decided to remove the PBS and PC from the laser cavity. 

In addition, the coupler switches to 90/10 coupling ratio where the 10% port serves as 

the output. In this case, the pulsing of laser at low output power is eliminated. For 

characterizing the tapered ChG PCFs (1m length), a 5 mW coupled power guarantees 

a CE of about -40 dB [66]. For this power level, an extra loss of about 4 dB at the outer-

cavity PBS is absolutely tolerable. Therefore, this cavity configuration is ideal for low 

power characterization of tapered ChG PCFs at various wavelengths, which is done in 

multiple of our works [66, 67].  

In addition, the linear cavity configuration requires much less in-cavity 

components. They can be simply made by a higher-reflective (HR) FBG and a low-

reflective (LR) FBG pair with a Tm-doped fiber in between. The laser wavelength is 

1950 nm, so it can also serve as the pump laser for Ho-doped fiber laser. In addition, a 

linear cavity can be directly incorporated into the Ho-doped fiber laser cavity due to its 

simple structure. The HR FBG has a reflectivity of 99.5% and 1.5 nm FWHM. The LR 

or output FBG has a 0.18 nm FWHM and reflectivity of 19.6 %. In between, we still 

use the 11.5 m of Tm-doped fiber, since its ASE is centered around 1943 nm (Fig. 

3.7(b)).  
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Figure 3.6. The 1950 nm pump laser cavity and output properties. (a) Experimental setup for 

1950 nm pump laser. The simple linear cavity allows for a high slope efficiency to provide 

enough pump power for parametric amplification. (b). The laser output spectrum (c) The laser 

output relation with the L-band pump power.  

The laser setup is illustrated in Fig. 3.6(a). After passing the PBS (Fig. 3.1), the 

laser can still provide around 1 W to the FUT. The PBS is removed when the laser acts 

as a pump for Ho-doped fiber. At the maximum output power of 2.51 W, the FWHM of 

laser is 0.12 nm. The lasing threshold is 197.7 mW, due to the large out-coupling ratio. 

A slope efficiency of 52.3 % is measured. The WDM was added for protection of the 

EDFA by directing the laser power leakage from the HR to an optical terminator. It is 

not an essential part of the laser and can be removed to further increase the slope 

efficiency and lower the lasing threshold. We have used this laser setup for our work on 

amplified parametric conversion, characterization of tapered ChG PCF, and 

construction of 2.1 µm all-fiber laser [98].  

3.4.2 Signal laser 

The signal laser requires continuous sweeping of wavelength. The wavelength tuning 

element is a commercial tunable filter. The filter has a tuning range of 1975 ± 75 nm, 

FWHM of 1 nm and insertion loss about 4 dB. The filter has a polarization dependence 

due to use of free space grating. Thus, we can expect a polarized output directly from 

the laser cavity. To reduce the signal laser linewidth, we decrease the out-coupling ratio 

to 10% and use the minimum required cavity components. The laser features ring cavity 

as indicated in Fig. 3.7(a). The insertion loss of isolator is less than 2 dB for all the 

whole operation band of tunable filter.  
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Figure 3.7. Signal laser cavity and ASE for various active fiber lengths. (a) Laser setup for the 

tunable signal laser. (b) Forward ASE spectrum for different Tm-doped fiber length (credit to 

Dr. Svyatoslav Kharitonov). The 25 m Tm-doped fiber is necessary for signal laser to reach 

beyond 2050 nm.  

In order to operate more efficiently, we change the in-cavity Tm-doped fiber length 

for different laser operation range. While keeping the same doping concentration, the 

Tm3+ ASE features stronger red-shift with longer fiber length. Thus, for different 

sweeping bands, we use a corresponding optimal fiber length for the signal laser. For 

operation between 1900 to 1950, the Tm-doped fiber length is 1.4 m. For tuning range 

of 1950~2000 nm and 2000~2050 nm, the 4 m and 11 m Tm-doped fiber spools are 

used, respectively. Limited by the tunable filter operation range, 2050 nm is the longest 

lasing wavelength using this cavity configuration. At all the tuning wavelengths, the 

laser can output more than 50 mW, but more pump power is needed for operation longer 

than 2020 nm. The maximum laser linewidth (FWHM) of 0.18 nm happens at 2050 nm.  

Ideally, the signal laser should be able to operate until 2100 nm. This coverage is 

necessary when we conduct experiment with 2100 nm pump laser. For L-band core 

pumped Tm-doped, it is very challenging to reach the 2100 nm wavelength. To the best 

of our knowledge, there is no report of such lasers. From our side, our limited 

equipment motivates us to explore the possibility of building such lasers. Therefore, we 

aim to build a Tm-doped fiber laser with L-band pump which can be continuously tuned 

between 2000 to 2100 nm. To achieve the design parameters, we need to reduce the 

number of components inside the laser for minimal inter-cavity loss.  
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Figure 3.8. The wavelength dependent response of free space grating and fiber loop mirror. (a) 

The reflection of the grating, GR25-0616 under Littrow configuration (data from [99]); (b) One 

can perform broadband tuning of the out-coupling ratio (or reflection) in an FLM by inserting 

a polarization controller in the loop (data from [100]). The curves correspond to reflection 

percentages accessible from the LM (blue: maximum reflection, yellow: maximum 

transmission, orange: intermediate). The blue curve indicates maximum achievable reflection 

while the yellow curve is the maximum achievable transmission.  

We worked with a new cavity configuration, where wavelength sweeping is 

obtained with a free space grating. Also, we use the grating with strong polarization 

dependent reflection. This would induce polarization selectivity into the cavity, hence 

removing the necessity of in-cavity polarizer. The Thorlabs GR25-0616 grating meets 

these requirements, as shown in Fig. 3.8(a). It has good reflection for the band from 1.5 

to 3 µm and high polarization selectivity. With a groove density of 600/mm, it also 

provides a narrow FWHM bandwidth, due to the high spatial dispersion. A triplet 

collimator, TC12APC-2000, couples light to and back from the grating. This collimator 

has a 1/e2 beam waist diameter of 2.49 mm and operation range of 1880 to 2116 nm. 

An in-line PC made with SM2000 fiber, controls the input polarization to the grating. 

The whole assembly (including inline PC) has an insertion loss of 3.8 dB measured 

using a 2050 nm diode laser. This assembly acts as the HR part for a linear cavity.  

The LR or out-coupling component is achieved by using a fiber loop mirror (FLM). 

By inserting a PC, one can tune the reflectivity of FLM from 0 to (2R𝑜𝑐 − 1)2 [100], 

where R𝑜𝑐  is the coupling ratio. This has been demonstrated experimentally and 

theoretically in previous works [100, 101] [also replotted in Fig. 3.8(b)]. The 

reflectivity tuning in FLM is valid for both defined polarization and randomly polarized 

ASE. Due to the insertion loss of the PC, mating sleeves and coupler, the maximum 

reflection will be lower, and minimum will be higher in real experiment. The broadband 

50/50 coupler, TW2000R5A2A, offers a working range of 2000±200 nm and is 

fabricated with SM2000. Using this coupler, the FLM works as a broadband out-

coupling mirror with a tunable reflectivity. Similar to the HR reflector, we use an in-

line PC to control the polarization inside the FLM. An insertion loss of less than 1 dB 

was measured using 2004 nm diode laser.  
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We sketch the new signal laser setup in Fig. 3.9. To further narrow the laser 

linewidth, an iris is placed inside the HR reflector/filter. The FWHM bandwidth of this 

filter is measured to be approximately 0.2 nm. At the laser output, a 90/10 coupler send 

90% of light into the power meter (PM) and 10% into the OSA for spectrum recording.  

 

Figure 3.9. Cavity configuration for the new signal laser. This cavity enables signal laser 

operation up to 2107 nm with Tm-doped silica fiber. The iris helps to stabilize laser line when 

operating around 2100 nm. PM: power meter; OSA: optical spectrum analyzer.  

Using the 25 m Tm-doped fiber as gain medium, the laser can easily cover the 

range of 2000 to 2105 nm, filling the gap of previous signal laser tuning range. At the 

maximum operation wavelength of 2105 nm, the ASE suppression ratio is more than 

47 dB. Parasitic lasing starts to occur at 2108 nm and cannot be properly suppressed as 

shown in the black curve of Fig. 3.10(a). The spectrum around 1600 to 1700 nm is a 

result of OSA stray light [43].  

In Fig. 3.10(b), we zoom in the output linewidth of the signal laser. For lasing 

below 2060 nm, only 1 W of L-band pump is needed. At 2000 nm, the output power is 

100 mW and it drops to 40 mW for 2060 nm. For wavelength range of 2060 to 2090 

nm, we increased the pump to 1.4 W. At 2080 nm, the output power is 28 mW. To 

operate around 2100 nm without parasitic lasing, the in-line PC2 is tuned to increase 

the reflection of FLM, hence reducing the cavity loss at the lasing wavelength. To keep 

an output power above 20 mW, the pump power is increased to 1.7 W. At this point, the 

output power reaches 24 mW. Further increase of pump power starts to induce parasitic 

lasing around 2000 nm. For the entire working range, the laser FWHM linewidth is 

below 0.09 nm. The polarization extinction ratio is larger than 15 dB for during the 

entire sweep of lasing wavelength. 
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Figure 3.10. The OSA spectrum of improved signal laser using 25 m of Tm-doped fiber. (a) 

Laser output spectrum with full span of OSA. The resolution is 2 nm. At the wavelength of 

2107, parasitic lasing starts to appear and very difficult to compress. Before 2017 nm, the ASE 

suppression ratio is more than 40 dB. (b) Zoom in of the lasing wavelengths. This cavity 

configuration covers the entire 2000 to 2100 nm range. We did not show the operation below 

2000 nm since this wavelength poses little challenge to Tm-doped fiber laser.  

3.5 Ho-doped fiber lasers 

3.5.1 Background of 2.1 µm fiber lasers 

Though the signal laser utilizing 25 m of Tm-doped fiber laser manages to reach 2.1 

µm and is an appropriate signal laser, the slope efficiency and output power are not high 

enough to serve as a pump laser for FWM in ChG PCFs. For this purpose, we decided 

to build a 2.1 µm pump laser with Ho-doped fiber as the active medium. An efficient 

scheme for Ho-doped fiber laser is to use 1950 nm fiber laser as an in-band pump. Due 

to the limited power of Tm-doped fiber at 1950 nm, such approach required an all-fiber 

cavity that directly outputs highly polarized light. Since Ho-doped fiber lasers are not 

as mature as Tm-doped fiber lasers and cannot be pumped with telecom light, building 

a Ho-doped fiber laser is in general more challenging. The 2.1 µm wavelength has 

higher transmission and bending loss in silica fibers compared with 2 µm lasers, hence 

a shorter cavity is preferred. In addition, most optical components are optimized to 

perform at 2 µm band. Thus, we need to avoid the use of free space components, like 
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isolator and polarizers, for the cavity design.  

Besides, the 2.1 µm CW lasers have found applications in several other aspects 

besides of the interest of our project. The atmosphere has a low-loss window at the 2.09 

~ 2.1μm range [14]. Actually, comparison experiment and estimation had been made 

between a 10 µm CO2 laser and a 2.1 µm solid-state laser in the 1990s [102]. It was 

found that 2.1 µm operation out-performs the CO2 laser under all the tested atmosphere 

condition [14]. In addition, a solid-state laser offers much more efficient and integrated 

platform than a gas laser. Therefore, the compact and robust 2.1 µm fiber lasers are 

attractive for coherent LIDAR [13, 15] and can be potential sources for new optical 

communication windows for both free-space and hollow core fibers [103]. In both areas 

of applications, modulation of the laser is essential either for data transmission or to 

improve the LIDAR performance. Modulators require stable, linearly polarized and 

narrow-linewidth input. Therefore, developing linearly polarized and long term stable 

laser source is important for optical system at this wavelength range. A highly-polarized 

laser offers another degree of freedom for data retrieval, which has been used for a long 

time in polarization backscattering LIDAR [104]. Besides, the optical system for 

polarization-related LIDAR applications should possess a high and stable degree of 

polarization (DOP) [105].  

During the past years, intensive studies have been made on the development of 

2.1μm fiber lasers. Using 790 nm diode pumping, Tm-doped fiber lasers can cover 

1925nm to 2200nm with a slope efficiency of more than 42% [43]. However, and ASE 

suppression drops around 40dB for wavelength near 2100nm and continue to decrease 

at longer wavelengths. On the other hand, Ho-doped fiber lasers have an emission cross-

section favouring the longer wavelengths and have been demonstrated to lase efficiently 

until 2171nm. The most efficient 2116 nm wavelength of Ho-doped fiber laser exhibits 

a slope efficiency of 43% and ASE suppression of more than 50dB [96]. However, up 

to now, there is a lack of high efficiency lasers emitting polarized light directly from 

the cavity in this wavelength range. Due to their insertion loss, limited bandwidth 

(typically ~50nm around 2μm), and low availability as fiberized components, it is 

preferable to avoid the use of polarizers. Instead high quality polarized light should 

directly be generated from the laser cavity. In addition, a completely all-fiber and simple 

cavity design is ideal for long-term stability, power handling and compactness.  
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3.5.2 Linear cavity design for 2.1 µm fiber laser  

Though Tm-doped silica fibers provide broad emission spectrum close to 2.2 µm, it 

remains a challenge to supress parasitic lasing around 1.9 µm. For Ho-doped fibers, it 

is feasible to shift the peak of ASE close to 2.1 µm, by using higher doping 

concentration and/or longer fiber length. As a result, pump laser for wavelength beyond 

2.05 µm utilizes Ho-doped fibers as gain medium. Moreover, we would like to avoid 

use of free-space polarizers inside laser cavity to further reduce cavity losses. To bypass 

the polarizer, we use the PM-FBG as a polarization selection element.  

As indicated in Fig. 3.11(a), the PM-FBG has Bragg wavelengths centered at 

2100.2nm and 2100.7nm on fast and slow-axis, respectively. The bandwidth and 

reflection for both axes are the same, 0.175nm and 95.85%, respectively. The pump 

laser is a homemade Tm-doped fiber laser at 1950nm explained in chapter 3.4.1. The 

maximum output power is approximately 2.3W and has a bandwidth less than 0.1 nm. 

As shown in Fig. 3.11(b), the output of 1950 nm laser directly goes into the Ho-doped 

fiber as a pump. A 1.7m of Ho-doped double clad fiber (Nufern SM-HDF-10/130) is 

used as the gain unit. SMF-28 pigtails were spliced for core pumping with less than 1 

dB loss per slice, measured at 2004 nm. The Ho-doped fiber then goes through an in-

line PC to adjust the input polarization to the PM-FBG. By operating the PC, the laser 

can lase on either or both of the PM-FBG axes. On the other side, a gold coated mirror 

acts as the HR mirror. The insertion loss of this mirror is 0.8 dB measured at 2004 nm. 

Basically, this cavity configuration uses the 1950 nm pump cavity as a sub-cavity. Thus, 

the 2.1 µm light also goes through all the components of the 1950 pump laser.  

 

Figure 3.11. The reflection of PM-FBG and laser cavity design. (a) The fast (blue) and slow 

(orange) axes of PM-FBG. This test is conducted with low pump power. (b) Laser cavity for 

the polarized Ho-doped fiber laser. The Tm-doped fiber laser serves as the in-cavity pump.  

This configuration gives a maximum output power of 321.4 mW as shown in Fig. 

3.12(a). The slope efficiency is 17.5 % and the lasing threshold is 600.4 mW in terms 

of the 1950 nm pump laser. These parameters are the same for both operation at fast 

and slow axes. In Fig. 3.12(b), we show a zoom in of the laser line when lasing on the 
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fast axis. The laser FWHM linewidth is no more than 0.06 nm, limited by the OSA 

resolution. The center wavelength is 2100.3 nm, which is slightly red-shifted due to 

heat-up of FBG.  

 

Figure 3.12 Laser property of the 2100 nm pump laser. (a) 2100 nm pump laser slope efficiency; 

(b) Laser line spectrum under 0.05 nm resolution. 

Since 2100 nm PM-FBGs are not widely available on the market, in order to 

improve the output power and slope efficiency, we looked into optimizing the cavity 

design. A clear improvement is to move the 1950 nm and 2100 nm lasers into 

independent cavities with a possibility to bypass the WDM. For 2100 nm laser, the PM-

FBG can be the HR. For the LR, we can use FLM for its continuously tunable reflection. 

Before disassembling the laser cavity in Fig. 3.11(b), we use this laser to characterize 

the performance of an FLM utilizing an 85/15 coupler and in-line PC. The coupler was 

also made of SM2000 to reduce losses in the 2.1 μm range. Figure 3.13 is the FLM 

characterization setup, where two photodiodes, PD1 and PD2, record the transmission 

and the reflection, respectively.  
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Figure 3.13 Test setup for FLM operation at 2100 nm. The insertion loss from the circulator is 

compensated in data processing step. 

We plot the test results in Fig. 3.14. From simulation, an 85/15 coupler should have 

a maximum reflection of 49% when both clockwise and counter-clockwise 

propagations have the same polarization. By tuning the in-line PC, the reflection should 

drop close to zero. We measured a 0.7 dB insertion loss of this FLM at 2100 nm. The 

maximum and minimum reflection are 44% and 0.15%, respectively. The maximum 

transmission and minimum transmission are 88% and 44%, respectively.  

 

Figure 3.14. The tunable reflection from FLM at 2100 nm. (a). By tuning the inline PC, one 

can achieve 0 to 50 % of reflection (or 50 to 100% output ratio). (b) The maximum tuning 

range of the reflection (dashed) and transmission (solid) of the FLM.  

The complete laser cavity and characterization setup is illustrated in Fig. 3.15. An 

SM2000 fiber was inserted inside the inline polarization controllers (PC1 and 2) and 

each of them has less than 0.4 dB insertion loss (measured at 2004 nm). The previously 

mention FLM is placed as the LR at the end of cavity. Another inline polarization 

controller (in-line PC1) was inserted for tuning the reflectivity of FLM, which allows 

for the switching of lasing axis. We have made multiple tests with this cavity and cavity 

in Fig. 3.9(b) regarding the position of in-line PC1. We conclude that the optimal 

position for this PC is right after the PM-FBG. The mating sleeves inside the fiber cavity 

are labeled with red double diagonal marks in Fig. 3.13. This new cavity configuration 

makes the pump and Ho-doped fiber lasers into two independent cavities. In this case, 
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the new Ho-doped fiber laser has a cavity length of about 5 m (or 10 m round-trip 

length), leading to a reduced loss in silica fiber.  

 
Figure 3.15 Experimental setup of the laser cavity and characterization setup. PM-FBG: 

polarization maintaining fiber Bragg grating; PD: photodetector;  

The monitoring/characterization setup of the laser is indicated outside the dashed 

box in Fig. 3.15. The laser output is connected to a 90/10 coupler. An OSA is connected 

to the 10% port for spectrum recording. The 90% coupler port is connected to a 3-

paddle PC (PC3) and then through a PBS for power monitoring on both polarization 

axes. The fiber in PC3 is also SM2000 and has an insertion loss of 2 dB. The 

semiconductor integrating sphere sensor has a sensitivity of -30dBm, which was used 

to monitor the low power port of PBS. A thermal detector monitors the high-power port 

after the PBS.  

 

Figure 3.16 ASE spectrum recorded with multiple configurations. FBG-FLM cavity (blue); 

HR-FBG cavity (red); and forward ASE of fiber (orange). By implementing an FLM with 

lower reflection, the Ho3+ ASE center was red-shifted towards 2100nm. 

The forward ASE of our 1.7 m Ho-doped fiber is centered at approximately 2070 

nm. We compare the ASE with the previous linear cavity [Fig. 3.11(b)] using a free-

space mirror as HR to evaluate the effect of the FLM on the laser performances (Figure 

3.16). For the cavity in Fig. 3.9(b), the ASE central wavelength (red line) stays roughly 

the same as cavity-less forward ASE (orange line). Implementing an FLM lowers the 

in-cavity energy. The gain cross section was redshifted due to less population inversion, 

which induces a loss favoring long wavelength side [106], thus increasing 2100nm 

lasing efficiency and ASE suppression (blue line).  
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Figure 3.17. OSA record of the laser line spectrum and ASE suppression. (a)Broad range 

spectrum of laser (2nm resolution). (b) Spectrum recorded on two port of PBS (blue and orange) 

with PC3 fixed. The green trace is an intermediate state. (c). Laser spectrum when lasing on 

fast (blue) or slow axis (orange), respectively.  

A broad range spectrum was recorded to study the ASE suppression and pump 

absorption (Figure 3.17(a)) from 1900 nm to 2300 nm with a resolution of 2 nm at four 

pump power levels – from the 400 mW to maximum pump power of 2.3 W. When FLM 

was optimized to have the maximum output power, an ASE suppression of more than 

70 dB was measured at the maximum pump power of 2.3 W. The peaks were measured 

at approximately 2100.4 nm and 2100.9 nm, for fast and slow axis, respectively. 

Compared to the measurement at low power of FBG wavelength, the small drift from 

the initial central wavelength is a result of thermal expansion when the FBG is heated 

up by laser. This expansion redshifts the FBG center wavelength on both axes, with the 

same amount, as was measured here. Naturally, we would expect a stronger red-shift if 

the laser output power further increases. We were limited by the resolution of our OSA 

for estimation of the laser linewidth. An upper boundary of 0.06nm can be found as 

seen in Fig. 3.17(b), for lasing on both axes. To check the laser polarization property of 

dual-wavelength operation, inline PC1 and 2 were then tuned to achieve roughly equal 

power on both axes. The two lasing wavelengths are expected to be perpendicular to 

each other. The longer lasing wavelength was maximized on PD1 after the polarization 

beam splitter (PBS) by tuning the PC3 and then recorded by OSA. Then, keeping the 

PC3 unchanged, the spectrum of the other PBS output was immediately recorded. A 
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DOP of more than 99.999% can be clearly observed in Fig. 3.17(c) for both lasing axes, 

showing that a good orthogonality between the two lasing wavelengths is preserved. 

Laser slope efficiency was then checked by inserting the laser output directly into 

an integrating sphere sensor. Lasing threshold was found to be 590 mW and slope 

efficiency is approximately 30% for the slow axis (Figure 3.18); Single-wavelength 

lasing on either axis was found to have the same slope efficiency and threshold while 

dual-wavelength lasing has ~0.2 dB lower efficiency. The laser threshold is 577.3 mW 

in terms of the output power of 1950 nm pump laser. Maximum output power of 

480mW was reached, limited by the power of our pump laser. No indication of 

saturation is observed. Due to the mode field mismatch between the Nufern PM 1950 

fiber and the Thorlabs SM2000 fiber, we measured approximately 1.5 dB input loss for 

the 1950 nm pump laser. Using an infrared thermometer, the mating sleeve temperature 

rises from 23 to 33 degrees during operation. Thus, the actual pump power coupled into 

the Ho-doped fiber laser cavity is smaller than the output power of the pump laser by 

1.5 dB. We also plot the slope efficiency of this laser with respect to the coupled pump 

power. Under this condition, the slope efficiency reaches 44 % and the laser threshold 

drops to 381 mW.   

 

Figure 3.18. The 2100.9 nm output power with respect to 1950nm pump laser. By splicing all 

in-cavity components, the slope efficiency can be even higher. The 2.1 μm output power is 

limited by the pump laser power; no output saturation is noticed during our measurement.   

PC1 was tuned to select to lase on fast or slow axis and PC2 was tuned to maximize 

the output power. As FLM is a polarization sensitive element, PC2 also helps to enhance 

the degree of polarization (POD). The long-term spectrum/linewidth stability was then 

monitor on the OSA and power meters. In Fig. 3.19(a) and (b), a superposition of the 

laser linewidth over about 2.5 hours was plotted using more than 2000 recorded trace 

at a resolution of 0.05nm. The linewidth jitter does not exceed 12 pm both for single- 

and dual-wavelength operation regimes. The technique for the linewidth jitter 
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evaluation is stated elsewhere [107]. Stability of the dual wavelength lasing condition 

was then monitored for ~40min with 1000 traces shown in Fig. 3.19(c).  

 

Figure 3.19. The laser line stability over time for all three operation categories. (a). Laser line 

distribution when lasing at fast axis; (b) Laser line distribution when lasing at slow axis; (d) 

laser distribution of dual-wavelength lasing. All data were recorded after 30 min of heating-up. 

The color bar (range from 0 to 1) corresponds to the probability of recording the laser line on a 

certain pump power and wavelength coordinate 

The power stability of single wavelength lasing and dual wavelength lasing were 

also recorded with power meter as demonstrated in Fig. 3.20(a) and (b). The monitoring 

time for dual wavelength lasing and single wavelength lasing was 40 min and 120 min, 

respectively. Limited by the sensitivity of our integrating sphere sensor, the DOP can 

only be estimated to a lower boundary of 45dB. During single wavelength operation, 

the laser exhibits a good stability in terms of both power and polarization. For dual 

wavelengths operation, optical power at the cavity output on both polarization axes is 

equally distributed.  
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Figure 3.20. The laser stability when operating in single wavelength mode and dual 

wavelength mode. (a) Power meter readings for dual-wavelength lasing corresponding to Fig 

4(d); (b). Power and polarization stability when lasing on single axis. Data recorded after 30min 

of heating up.  

In the end, the laser efficiency was degraded by the loss between connectors. The 

highest connection loss comes from the mode field mismatch and Fresnel reflection 

between SMF-28 and PM 1950, which is around 1 dB. Splicing all cavity components 

is an effortless way to increase the slope efficiency, but also to enhance the high-power 

stability of the laser. Also, PM-FBG with higher reflection can be implemented. This 

laser is a promising light source for LIDAR and new telecommunication window. 

Conclusion 

In this chapter, we reviewed the configurations and performance of all our fiber laser 

cavities used in this project. By using properly designed cavities and active fiber lengths, 

we managed to cover until 2.1 µm for both pump and signal lasers. Thanks to the 

homemade fiber lasers, we can adjust the laser working parameters based on our 

experiment purpose and sample condition.  
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Chapter 4 

Selection of fiber material 

and geometry 
 

 

 

 

4.1 Introduction 

With the 2 µm homemade fiber lasers, we can now move onto fiber design and 

characterizations. At the beginning of this project (year 2015), there are already a 

number of MIR fibers with various materials and geometries. Take tellurite and fluoride 

(including ZBLAN) glasses as an example. Though their transmission window does not 

extend as far as ChG in MIR, they can be good fiber material for MIR operation within 

5 µm band. Both tellurite and fluoride glasses have low dispersion, hence releasing the 

requirements for dispersion engineering. Meanwhile, crystal fibers are becoming more 

interesting and practical in recent years. They have a lower theoretical loss, strong 

nonlinearity and significantly higher melting point. Besides, researchers are also trying 

to combine Tellurite and ChG soft glasses as another degree of freedom for dispersion 

engineering. There are also efforts made into combination of glass and crystal materials 

to ease the fabrication of crystal core fibers. 

Figure 4.1 shows a list of current MIR fibers, categorised by their geometry and 

material types. It is worth mentioning that most of the mentioned fibers in Fig. 4.1 are 

research fibers – an indication of the active research in MIR fiber photonics – and that 

many parameters and characteristics have not been measured, hence not fully known. 

Only ChG step index fiber, ChG PCF and ZBLAN/fluoride step index fibers are 

commercially available. Note that this is not an exhaustive list – the figure only takes 

one fiber for each type. Even for the same fiber type, say ChG PCF in Fig. 4.1(g), there 
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are always multiple ChG fiber candidates. With such abundance of options, it is crucial 

to understand the state-of-art technology and challenges for all the MIR fibers.  

  

Figure 4.1. An overview of various MIR fibers. Step index fibers [108-110]: ChG (a), ZBLAN 

(b) and tellurite (c). Suspended core fiber [111-113]: (d) AsS ChG SCF; (e) Heavy metal oxides 

SCF; (f) Tellurite SCF. Photonic crystal fibers [114, 115]: (g) GeAsSe PCF; (h) ZBLAN PCF; 

(i) tellurite PCF. Crystalline fibers [116-118]: (j) silicon fiber; (k) sapphire fiber; (l) ZnSe fiber. 

Hollow core fibers [119-121]: (m) negative curvature fiber; (n) ChG photonic bandgap fiber; 

(o) omni-reflection/Bragg fiber. Hybrid fiber [77, 122, 123]: (p) AsS-CYTOP fiber; (q) AsS-

tellurite fiber; (r) silicon-silica fiber. The figures are adopted with permission from publishers.   
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As a starting point, we compare ChG, tellurite, fluoride and crystal materials as 

material for the fiber preform. It is not possible to find a material that outperforms all 

the others in every aspect. We must make trade-offs based on the material’s optical 

properties, the state-of-art fabrication technology and the market availability. Based on 

the comparison, we explain the reason for selection of ChG fiber as the material for our 

nonlinear platform. As mentioned before, there are multiple ChGs available for fiber 

fabrication. Hence, we make a short review of AsS, AsSe and GeAsSe ChG fiber using 

previous literatures to explain the use of GeAsSe glass in this project.  

With the advance of fiber drawing technology, we now have multiple options for 

fiber geometry with GeAsSe ChG. The conventional step-index ChG fiber can leverage 

tapering and polymer cladding for dispersion engineering. Both SCF and PCF 

geometries are feasible options for microstructured GeAsSe fiber. We compare the 

performance and potential of step-index and microstructured ChG fibers. The final 

decision is made based on the possibility of dispersion engineering, linear loss, 

nonlinear parameter, fiber damage threshold, fiber chemical stability, coupling stability 

and fiber availability. The FOM, explained in Eqn. (2.28) to (2.30), can provide a more 

quantitative comparison of the structures. For a more complete view, we would also 

include several other MIR nonlinear waveguide platforms in this final comparison.  

In the last sections of this chapter, we show experimental results on both SCF and 

PCF using low power FWM characterizations. Since ChG fibers are known for 

difficulties in handling, we will also describe the fiber preparation technique and 

compare different methods for preparation of fiber facets. At last, we specify the ChG 

PCF geometry and material for distant conversion into the MIR. 
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4.2 Material selection 

4.2.1 Comparison of MIR fiber material options 

Unlike ordinary MIR fibers, the fiber platform for nonlinear parametric conversion 

requires not only low propagation loss, but also high nonlinear parameter and good 

fiber uniformity. From Eqn. (2.9), a high nonlinear parameter comes from stronger 

mode confinement, hence higher optical power intensity. A small mode area leads 

however to two significant drawbacks. First, the fiber mode area increases at long 

wavelength, leading to high propagation. Second, high intra-core optical power 

intensity could lead to purely thermal damage or fiber fuse (optical discharge). To avoid 

such damages, the fiber needs to have a relatively high glass transition temperature (𝑇𝐺) 

and, more importantly, low absorption of laser power.  

Table 4.1 MIR fiber glass properties. 

Material 

𝒏 𝒏𝟐/𝒏𝟐,𝒔𝒊𝒍𝒊𝒄𝒂
(3) ZDW Transparency (4s) 𝑻𝑮 

at 2 µm  (µm) (µm) (℃) 

Fused silica [124] 1.43 1 1.26 0.2 – 2.6 1200 

ZBLAN [125](1) 1.51  0.85 – 1.2 ~1.71 0.35 – 7 260 

Tellurite [126](2) 2 ~25 ~1.9 – 2.1 0.4 – 5 240 – 400 

As2S3 [127, 128] 2.43 122 4.9 0.6 – 12 180 – 190 

As2Se3 [129, 130] 2.79 500 7.5 1 – 16 165 – 171 

Ge10As22Se68 [67, 79] 2.63 215 7 >1 – 11(5)  ~175 

[1,2] The exact nonlinear refractive indices of ZBLAN and tellurite glasses depend on the 

glasses’ composition. Here, we put the generally accepted values. 

[3] The nonlinear refractive index of fused silica is 𝑛2 = 2.73 × 10−20𝑚/𝑊 

[4] This is the bandwidth when glass transparency drops by 50% from maximum values 

[5] Limited by data availability, we place the transparency of a microstructured GeAsSe fiber. 

The GeAsSe glass has better transmission window then AsS at longer wavelength side.  

In Table 4.1, we list the major soft glass candidates for fabrication of MIR fibers. 

We also include fused silica in the first row as a reference material. Once drawn into 

fibers, the glass transition window narrows due to defective bonds induced during the 

drawing process [69]. For this project, the fiber must have good transmission from 1.5 

to at least 4 µm. All soft glasses in Table 4.1 satisfies the requirement for the telecom 

band laser. However, the long wavelength coverage is insufficient for most ZBLAN 

[131] or fluoride fibers [46]. On the other hand, tellurite [126] (including fluorotellurite 

[132]) fibers typically support low loss transmission slightly more than 5 µm. As early 

as 2010, highly purified ChG microstructured fibers achieved less than 50 dB/km 

transmission loss at 3.7 µm [133].   
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In terms of material nonlinearity, –Se and –S based ChGs [134] and tellurite glass 

[113] have ultrahigh nonlinear refractive index 𝑛2 and good viscosity. The fluoride 

fibers, including ZBLAN, have a nonlinear refractive index close to that of silica [125]. 

From Table 4.1, we expect an easy dispersion engineering effort to shift ZDW of 

fluoride fibers to telecommunication laser band. However, this small 𝑛2  requires 

larger fiber length and higher pump power for efficient FWM. For the matured silica 

HNLF, the fluctuations of fiber core size vary the phase matching condition along the 

fiber [135]. Unavoidably, the same problem will occur for ZBLAN fibers. One solution 

is to use very short fiber length, hence less core size fluctuations. In this case, the 

material must be highly nonlinear for efficient FWM under CW pump.   

Under this condition, we hold a tendency towards either ChG or tellurides fibers. 

Since the bulk soft glass all have low loss in 4 µm range (Table 4.1), the propagation 

loss 𝛼  of fiber is mainly dependent maturity of fabrication technique (purification, 

fiber drawing parameters, preform smoothness, etc.). In addition, the slope of ChG 

viscosity is very similar to that of silica fiber [69]. This could be one reason behind the 

extremely low loss of ChG microstructured fibers in several previous papers [111, 136-

138]. Among all soft glass fibers, only fluoride/ZBLAN fiber has reported a similar 

small loss [69]. The first experiment with tapered ChG PCF appeared in 2012, with a 

nonlinear parameter of 11 (W·m)-1 and waist length of 1 m [139]. Due to an inherently 

much lower nonlinear refractive index of tellurite glass, one would need either a three 

times smaller core or nine times longer fiber to reach comparable performance as ChG 

fibers. Unfortunately, small fiber core leads to higher confinement loss and long fiber 

length increases the chance of core fluctuations. Unlike ChG PCFs, tellurite PCFs still 

suffer from high propagation loss of 4.2 dB/m at 2 µm [115] and the actual loss in MIR 

band could even be higher than reported [140]. Indeed, we did not see further nonlinear 

optical experiments on this PCF. Therefore, we believe tellurite fibers are not yet at the 

same level of maturity as ChG fibers. 

Crystal fibers could be an ideal nonlinear platform in the future, once the 

fabrication techniques become more mature. The crystal ZnSe and sapphire can be 

made into a fiber with proper technique [117, 125, 141]. The sapphire crystal has good 

transmission until 5 µm [142]. The ZnSe crystal has a huge transmission window from 

0.5 to 22 µm [118] and has already been used as a commercial MIR laser crystal. 

However, the ZnSe fiber propagation loss is still in orders of dB/cm, which mainly 

comes from scattering loss [69]. Efforts have been made into increasing of interface 

smoothness on Sapphire fibers leading to a loss below 0.1 dB/cm [117]. There are also 

explorations on combination of glass cladding with crystalline core to achieve small 
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fiber core size and long length [123]. However, these fibers still have high loss (likely 

more than several dB/m). Due to the big difference of refractive index between core 

and cladding, they are expected to be highly multimode. In addition, the low viscosity 

of crystals prevents any use of conventional fiber drawing techniques, hence requiring 

development of new fabrication methodologies. At this point, the freedom of dispersion 

engineering for crystalline fibers is highly limited, if not impossible. Thus, we conclude 

that crystalline MIR fibers are still in the early stage of development and not a suitable 

candidate for our project.  

The negative curvature fibers [Fig. 4.1(m)] also have good transmission window. 

Silica negative curvature fibers can transmit from UV to MIR, thanks to the small mode 

overlap with the fiber material [143]. In negative curvature fibers, the MIR fiber lasers 

beyond 3 µm are already demonstrated utilizing gas excitation [144] or gas Raman shift 

[145]. The dispersion of such fibers can be tuned by changing the gas pressure [143]. 

However, due to the low nonlinearity of gas, these fibers are more suitable for high 

peak power ultrafast applications, especially few-cycle pulse generation [146-148]. It 

is impossible to expect a gas to have higher nonlinearity than solid state materials. 

Hence, we also exclude such fibers from our platform candidates.  

4.2.2 Selection of ChG glasses 

In the category of ChG glass, AsS, AsSe and GeAsSe are the three main candidates for 

fiber fabrication. Fabrication of tapered step index fibers, SCFs and PCFs have been 

reported with all three ChGs [61, 138, 139]. In terms of optical properties, AsS has the 

lowest ZDW while AsSe holds the largest nonlinear refractive index, as shown in Table 

4.1. With a higher glass transition temperature, one can expect better power handling 

from an AsS platform. However, the higher nonlinearity of the AsSe platform implies 

less power is required for the same nonlinear parametric CE as AsS platform. In general, 

GeAsSe ChG has material properties lying between those of AsSe and AsS. Since none 

of the ChG materials is perfect, we must make proper trade-offs to find the best material 

for this project.  

Compared with AsSe, GeAsSe has slightly less material dispersion. In addition, 

GeAsSe has a higher melting point and larger bandgap [79, 84], hence an expected 

better handling of optical power. More importantly, GeAsSe allows tapering of a PCF 

structure to small core size over long length while keeping high smoothness and low 

loss [139]. Compared with AsS, the GeAsSe glass holds larger nonlinearity and better 

environment stability [79]. Though AsS is very attractive due to its low dispersion, the 

fast environment degradation of microstructured AsS fibers prohibits at this point any 
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further development. Indeed, we did not see any further progress of AsS PCFs after its 

first appearance almost ten years ago [149]. AsS SCF suffers heavily due to surface 

degradation due to water absorption [75]. Thus, we believe GeAsSe is the optimal 

solution for the moment, providing a long aging time [79] and the best freedom for 

dispersion engineering. It is worth mentioning that investigation and optimization of 

the exact composition of GeAsSe (Table 4.2) glass will allow for further improvements 

of GeAsSe PCFs.  

Table 4.2. Optical and thermal properties of GeAsSe with various composition [84] 

Material 

Bandgap 

(nm) ± 4% 

𝒏𝟐(× 𝟏𝟎−𝟏𝟖 𝒎𝟐/𝑾) 

±25% 

𝑻𝑮 

(℃) 

Ge35As15Se50 639 24.6 380 

Ge33As12Se55 600 15 362 

Ge22As20Se58 614 9.2 292 

Ge25As10Se65 585 6 305 

It is important to mention that there used to be concerns regarding CW operation 

with ChG mainly due to questioning of their power handling capability. Thanks to the 

advances in fabrication, the damage threshold was found to be higher than 5.6kW/cm2 

when pumped with a Tm-doped fiber laser at 1.97 μm and the overall fiber temperature 

has seen about ten degree increase [150]. Higher pump power was not tested only due 

to the limit of the authors’ pump laser power. These finding were then confirmed by us 

and other researchers with even higher values for both AsS and GeAsSe ChGs [66, 108]. 

More importantly, low loss and robust splicing between ChG and silica fiber was 

demonstrated with a splicing loss of 0.5 dB at 2 μm range [150]. From Table 4.2, it is 

also possible to further vary the composition of GeAsSe glass for a higher melting 

temperature, hence a better power handling capability. Integration of a ChG fiber with 

silica fiber laser now becomes feasible. Splicing with silica fiber not only allows for 

all-fiber systems, but also closes the air holes of PCFs thus limiting water absorption 

for longer lifetime. 
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4.3 Geometry and preparation of ChG fiber facet  

4.3.1 ChG fiber geometries 

In 2007, the first ChG fiber taper was fabricated in order to further enhance its 

nonlinearity [151]. The tapering process not only reduces the mode effective area, but 

also enhances the waveguide dispersion. Using a proper cladding material, such as 

polymer or air, it is possible to shift the ZDW of ChG taper even to C-band wavelength, 

which allows efficient and broad parametric amplification under a ns pulse pump [152]. 

To avoid the TPA and reduce the fabrication difficulties, it proves to be useful to pump 

the tapered ChG fibers in the 2 µm band. It was later found that the use of PMMA 

polymer limits the use of ChG tapers in MIR due to PMMA’s strong absorption [78]. 

Thus, a large linear loss was measured [78], which strongly pulls down the FOM of this 

fiber. In 2016, researchers found that another polymer, CYTOP, has a good transmission 

in MIR (Fig. 4.3) and the right viscosity for making a ChG taper [77]. Using such tapers, 

ChG tapers based OPO and broadband wavelength converters were demonstrated with 

2 µm pulsed pump [61]. However, such fibers still have a relatively high loss at 0.5 

dB/cm at the 2 µm wavelength band [61]. This is mainly due to the viscosity difference 

between the ChG and CYTOP polymer which leads to strong surface scattering [77]. 

Under this condition, the fiber performance under high intensity CW pump power is 

doubtable. In addition, longer tapers are yet to be demonstrated and are essential to 

lower the required pump power for efficient nonlinear conversion. Therefore, it is 

preferable to use a fiber fully fabricated from the one or very similar material.  

 

Figure 4.2. Transmission of a 0.1 mm thick CYTOP in the MIR band. The first absorption peak 

comes from CF2 bond and the second comes from the COOH bond. Data from [153].  

Low loss ChG PCFs and SCFs were developed in recent years [133]. For ChG 

SCFs, including the “grape fruit” structure, the cladding is effectively air, leading to a 

refractive index difference of 1.4 to 1.8. Thus, ChG SCFs are highly multi-mode 
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(numerical aperture > 2.4) at the core size range of ~1um and remains to be a problem 

to be solved [138]. From the light guiding mechanism, the SCFs are the same as the 

ChG tapers, except from using air as their cladding. Though termed as microstructured 

fibers, the SCFs only have one degree of freedom for dispersion engineering same as 

step-index fibers. In addition, having the direct air contact of the core results in water 

absorption on the ChG surface and degrades surface smoothness, which increases 

propagation loss and harms nonlinear optical performance [75]. 

Unlike the SCF or step-index fibers, the ChG PCFs can provide additional degrees 

of freedom for dispersion engineering. By changing the hole-pitch ratio, the waveguide 

dispersion can be alternated. Thanks to the modified total internal reflection, the ChG 

PCF can be operated in single mode region starting at 1.5 μm [67]. As early as 2012, 

researchers have demonstrated FWM using tapered ChG PCF, where the PCF structure 

is well maintained. The purpose of tapering in that work [139] was solely to enhance 

the fiber nonlinearity. Naturally, one can also use the tapering for dispersion 

engineering of the ChG PCF.  

Table 4.3 FOM of various nonlinear waveguides  

  SMF-

28 

[124, 

154] 

Silica 

HNLF 

[155] 

Si 

waveguide 

[156] 

As2S3 

waveguide 

[128] 

As2Se3 

taper  

[157, 

158] 

Tellurite 

SCF 

[113] 

GeAsSe 

PCF 

[67] 

GeAsSe 

T-PCF 

[66] 

n2 ∙10-20 

(m2/W) 
2.7 2.7 1100 300 1100 59 530 530 

n2/α∙10-19 

(m3/W) 
58 16 1.9 2.6 16 86 230 100 

FOM 

(W-1) 
0.19 0.14 1.89 0.85 3.44 2.41 7.31 85.05 

Design of a waveguide based optical parametric converter at MIR should take three 

factors into consideration: material, geometry and feasibility of fiber fabrications. There 

are, of course, some trade-off among those parameters and we use FOM as the design 

reference, which provides a quick estimation of nonlinear platform performance. The 

derivation of FOM is based on the coupled-wave equation under the assumption of no 

pump depletion as described in chapter 2. The design rule is straightforward – maximize 

nonlinear parameter γ and minimize propagation loss α. Here, 𝛼 is dependent on the 

loss resulted from scattering, absorption, fabrication imperfection and surface 
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smoothness. Thus, the FOM can provide a good estimation of the fiber nonlinearity and 

fabrication maturity. For better comparison, we compute the FOM of our ChG tapered 

PCF together with other nonlinear waveguide platforms in Table 4.3. With a much 

higher FOM, we can expect highly efficiency FWM processes using ChG PCF taper.  

4.3.2 ChG facet preparation for coupling 

Since ChG is a type of soft glass, very few cleavers are available to make a good 

cleaving facet. Flat cleaving facet of ChG PCFs can be achieved using the York 

ultrasonic cleaver and Vytran cleaver. When inspecting the facet, the light absorption 

on the input facet must be reduced to minimum. Otherwise, the high reflection from the 

ChG facet would easily saturate the camera and hide the defects. An optical microscope 

can normally provide enough resolution for ChG fiber facet inspections. Comparing the 

facet quality of Fig. 4.3(a) and (b), the York ultrasonic cleaver cannot provide a good 

facet quality, even though we have adjusted the tension rigorously.  

Table 4.4 Polishing disk number and smoothness 

Disk number 1 2 3 4 5 

Roughness 3µm 1µm 0.5µm 0.3µm NA 

Another method to get a smooth facet is polishing. I modified the standard Krell 

polishing setup for bare fiber polishing. With proper arrangement of polishing disks and 

careful control of fiber holder pressure, highly smooth surface can be polished. Our 

experimental measurements indicate that the polished facet has the same loss as the 

cleaved facet obtained with the by Vytran. From the microscope photos in Fig.4.5 (c) 

and (d), the smoothness is ultrahigh. With a high quality polished ChG facet, one can 

fuse splice the ChG fiber with silica fiber using the same technique as [70]. There are 

small grains of ChG inside the air holes. We did not notice any thermal damage nor 

extra coupling loss due to the ChG grains. In addition, for the 4 µm core sized GeAsSe 

PCF, the small air holes prevent the entrance of ChG grains during polishing.  

When cleaving our new GeAsSe PCF with Vytran cleaver, however, the cleaving 

repeatability is very low. Most of the time, even the lowest tension setting breaks the 

GeAsSe PCF. The reason of this failure is not yet clear. Polishing, on the other hand, 

leads highly repeatable results and very low coupling losses. In addition, we can also 

make angled PCF facets at Brewster’s angle to further reduce coupling loss. A small 

polishing angle can also avoid back-reflection into the pump laser, which is not 

achievable by normal cleaving method for soft glass fibers. We show the list of 
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polishing disks in Table 4.4 in the order of usage. For fine polishing, it is recommended 

to add 80% alcohol onto the disks.   

 

Figure 4.3. Comparison of facets from different cleaving methods. (a) AsSe PCF cleaved by 

ultrasonic cleaver. (b) AsSe PCF cleaved by Vytran cleaver. (c) AsSe PCF after polishing. (d) 

GeAsSe PCF after polishing. (e) manually prepared GeAsSe tapered PCF. (f) Manually cleaved 

GeAsSe PCF; (g) Manually cleaved AsS SCF; (h) Far-field image from IR camera at fiber 

output after sending telecom band laser, indicating proper core coupling.  
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However, preparation of a good polishing facet is time consuming. Moreover, 

polishing does not allow for mm fiber length, which as we will see, is critical for the 

study of ANDi SCG. Therefore, we have also developed the proper manual/hand 

cleaving method using a Ruby blade from Thorlabs. Fig. 4.3(e) to (g) show the 

manually prepared facets of a 1.5 µm core GeAsSe tapered PCF, 4 µm core GeAsSe 

PCF, 3 µm core AsS SCF, respectively. The coupling tests indicate same coupling loss 

as polished fiber facets. The defect on the cleaving starting point does not degrade the 

coupling if the fiber core is smooth and without defect. At the output side, we inspect 

with an IR camera using low power 1.5 µm laser to ensure core coupling [Fig. 4.3 (h)]

4.4 Experimental results 

In this section, we compare the performance of PCF and SCF fiber geometries. In 

addition, this series of experiment enables us to check the uniformity of our samples, 

to extract nonlinear refractive index and to confirm our simulation results. We 

performed the test with AsS SCF instead of AsSe or GeAsSe SCF due to the limited 

fiber availability. Since As-S bond is stronger than the As-Se bond, the AsS SCFs have 

a better mechanical stability than the AsSe SCFs. Therefore, any mechanical stability 

issues happening for AsS SCFs are also expected to occur for (Ge)AsSe SCFs with 

similar (or smaller) core sizes.  

4.4.1 AsSe Photonic crystal fibers 

We tested an As38Se62 PCF with a length of 31.5 cm, provided by PERFOS. The core 

diameter is 14 µm while the external diameter is 125 µm. From an SEM image, the air 

hole diameter d and the pitch distance Λ are measured to be about 3.79 µm and 8.54 

µm, respectively, leading to a ratio of 0.44 between air hole diameter and pitch distance. 

From our COMSOL simulations using “Wave optics” module, the fiber shows a single 

mode behavior for wavelength beyond 1.3 μm. The refractive index at different 

wavelengths is provided by the manufacturer. Using interpolation, we simulated the 

dispersion of this fiber from 1.5 µm to 6 µm as showed in Fig. 4.4. Due to the large 

core size compared to the operational wavelength, the dispersion is expected to be 

mostly dominated by material dispersion. The simulated ZDW is 5.1 µm, which is in 

accordance with expectation.  
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Figure 4.4. Dispersion parameter as a function of the wavelength. Inset: SEM image of the cross 

section of the AsSe PCF.  

The set-up follows the same principle of Fig. 3.1. The pump was fixed at 1980.6 

nm and we tuned the signal laser wavelength and recorded the FWM spectrum on the 

OSA. We collect the output of the AsSe ChG PCF using a multimode fluoride fiber. 

The total coupling loss is about 11 dB. Fig.4.5 shows the superimposed optical spectra 

by sweeping the signal laser on the blue side of the pump, where pump power is 54 mW 

and signal power is about 6 mW. Multiple periods of oscillations in the idler generation 

are observed in Fig.4.5 for a relatively small wavelength detuning due to the high 

dispersion (699 ps2/km) of the fiber at 2 µm. It can be noticed that idlers are generated 

both on the signal and pump side. This is a combined effect of high fiber nonlinearity 

and high signal power, which allows the signal to act as a pump as well.     

 

Figure 4.5. Superimposed FWM spectra of different signal laser positions with constant pump 

power. Pump wavelength at 1980 nm and swept signal wavelength starting from 1950 nm to 

1978nm. Maxima and minima in CE due to the phase matching condition are clearly visible. 

Inset: view from the top to view. 
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To confirm that the observed effect is indeed FWM, we first characterize the CE as 

a function of the pump power with a fixed signal detuning of 6 nm. A Tm-doped fiber 

amplifier (TDFA) was used to get measurements at high pump power. The linear loss 

was retrieved by a cutback experiment and estimated to be between 4.5 and 6 dB/m at 

2 μm wavelength, which is slightly higher than the nominal one attributed to water 

absorption, aging and photodarkening. The CE as a function of the pump power follows 

the expected quadratic behavior (slope = 1.9), as it is shown in Fig. 4.6(a). Maximum 

CE of about -36 dB is achieved at 151 mW coupled pump power without any sign of 

saturation. When we vary the signal power keeping the pump power constant, we 

verified the linear dependence between idler and signal powers plotted in Fig. 4.6(b). 

The CE as a function of the wavelength for three different coupled pump powers is 

shown in Fig. 4.6(c). Idler waves are seen over a bandwidth of at least 25 nm with a 3 

dB conversion bandwidth of about 18 nm considering both sides around the pump 

wavelength.  

 

Figure 4.6.FWM results with the AsSe PCF. (a) Conversion efficiency (CE) as a function of 

coupled pump power in logarithm scale together with the theoretical fit of a quadratic 

polynomial. (b) Idler output power as a function of the signal input power. (c) CE as a function 

of the generated idler wavelength for three different coupled pump powers. (d) CE for three 

different coupled pump powers normalized to the pump power squared superimposed to the 

theoretical CE/Pp
2 plotted with different linear losses values. 
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As seen in Fig. 4.6(c), the conversion bandwidth does not change as a function of 

the pump power, hence the nonlinear phase mismatch can be safely neglected in 

calculation. In Fig. 4.6(d) we normalize the three curves to the coupled pump power 

squared to remove the influence of pump variation. The data was then fitted with the 

normalized CE to retrieve the dispersion parameter 𝐷 = −2𝜋𝑐𝛽2/𝜆2 and the nonlinear 

coefficient 𝛾 retrieved from the quadratic behavior. We used different fitting curves, 

with different 𝛼 values ranging from 4.5 dB/m to 6 dB/m. The estimated dispersion is 

𝐷 =  −336 𝑝𝑠/𝑛𝑚/𝑘𝑚 , in perfect agreement with the numerical simulation (𝐷 =

 −334 𝑝𝑠/𝑛𝑚/𝑘𝑚 ) in Fig. 4.4. The nonlinear parameter is estimated to be 𝛾 ≈

0.53 (𝑊𝑚)−1. Since the nonlinear refractive index n2 is more universal, we calculated 

the nonlinear refractive index n2 from the estimated   and the mode effective area of 

the fiber obtained from COMSOL simulations resulting in 𝑛2 = 𝜆𝐴𝑒𝑓𝑓𝛾/(2𝜋) ≈ 7.9 ∙

10−13𝑐𝑚2/𝑊. This value is indeed consistent with previous results found in literature 

at telecommunication wavelength obtained by SPM experiment: 𝑛2 ≈ 1.1 ∙

10−13cm2/W [159] and by FWM with pulsed pump: 𝑛2 ≈ 1.3 ∙ 10−13cm2/W [138].  

4.4.2 AsS Suspended core fibers  

Due to the air cladding nature of this kind of fiber, the SCF structure has a large 

waveguide dispersion which can be engineered by varying the core size. Therefore, it 

is possible to shift the ZDW of AsSe SCFs even to the telecommunication wavelength 

band by tapering. There have already been several experiments utilizing dispersion 

engineered ChG SCF including supercontinuum generation and FWM with a tapered 

SCF as mentioned in previous section. To simulate the dispersion, we constructed the 

SCF structure using 3rd order Bezier curves as indicated in Fig. 4.7(a).  

 

Figure 4.7. AsS SCF geometry and light leakage. (a) Geometric structure of SCF used for 

COMSOL simulation. (b) In the red circle: Observed light leakage from the SCF due to internal 

damage 

Since the strut size is normally smaller than the operational wavelength, the SCF 

is effectively a triangular fiber with air cladding. In this thesis, the core size of SCF is 
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defined as the circle diameter that is tangential to the three Bezier curves. We have 

tested some As2S3 SCFs of different core sizes fabricated by Université de Bourgogne. 

We characterized several pieces of SCFs using CW FWM at both 1.55 µm and 2 µm 

band.  

We started our experiment with the same setup as shown in Fig. 3.1. We used a pair 

of identical lensed fibers for in and out coupling. The most critical problems come from 

the mechanical strength of such fibers. Due to the extremely narrow strut (sub-

micrometer) and fragility of soft glass, the struts can break easily. The build-in tension 

during the cooling process after fiber drawing releases when the fiber is straightened or 

bent in another direction. This small energy is strong enough to break the strut. The 

broken struts lead to sharp bending of the fiber core. Light is no longer guided with 

such strong bending and escape from the fiber as indicated by the photo taken from a 

top-view IR camera [Fig. 4.7(b)]. In addition, we noticed strong coupling fluctuations 

once the pump power exceeds 40 mW, due to the optical pressure. Due to the SCF 

geometry, the struts need relatively high deformation to compensate for the optical 

pressure and leads to misalignment. As a result, the coupled pump power is greatly 

limited for this fiber geometry.  

 

Figure 4.8. FWM result with the AsS SCF. (a) experimental retrieved CE superimposed with 

the simulated curve; (b) superimposed spectrum when sweeping the signal. 

We conducted the 2 μm FWM experiment on SCF with 20 mW pump power and 

13 mW signal power. However, the experimental CE completely diverges from the 

simulations. From Fig. 4.8, no obvious oscillations of the CE can be observed. We did 

not observe the presence of dips after a complete sweeping of input polarization either. 

It is a combined result of the strong multimode nature of this fiber (1.4 difference in 

refractive index) and SCF core size variation. Given the strong confinement, the higher 

order modes can propagate with low loss. Under SEM, we noticed core variations of ± 

0.2 µm, which leads to strong dispersion fluctuations along the fiber length.  
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Besides the abovementioned issues, splicing of SCF with silica fiber is yet to be 

demonstrated and the possibility remains unclear. Due to the chemical and mechanical 

instabilities, multimode behavior and core fluctuations, we believe ChG SCF is not a 

suitable platform for CW nonlinear parametric converters.  

4.4.3 GeAsSe Photonic crystal fibers 

We tested a new Ge10As22Se68 PCF of 27.5 cm in length with core size of 4 µm and 

diameter-to-pitch ratio r = 0.49 fabricated by PERFOS. The GeAsSe has less material 

dispersion and slightly smaller nonlinear refractive index at the same time. Thanks to 

the smaller core size, the ZDW is shifted closer to 2 µm and the nonlinear parameter γ 

is expected to be comparable to our AsSe PCF. As mentioned in section 3.5, we used 

the Sellmeier equation from Ge11.5As24Se64.5 for the dispersion simulation. From the 

COMSOL simulation, we estimated the ZDW at ~ 3 µm (Fig. 4.9).  

 

Figure 4.9. Dispersion parameter as a function of the wavelength. 

We tested the fiber for three different pump wavelengths: 1565 nm, 1981nm and 

2008 nm, while the pump powers were measured to be: 36 mW, 65 mW and 60 mW 

respectively. Due to a high material absorption and potential two photon absorption 

(TPA), we used the lowest power at 1565 nm range. The average overall losses were 

about 4.5 dB, with an estimated 2.5 dB in-coupling losses, 1.5 dB out-coupling losses 

and 0.5 dB of propagation losses, i.e. 𝛼 = 2 dB/m. Fig.4.10 (a)-(c) show the CE as a 

function of the idler wavelength for the three employed pump wavelengths. The 

experimental data are superimposed with the theoretical simulated CE. It is noticed that 

the magnitude of the lowest experimental points has an upper bound given by the OSA 

noise floor. The dispersion parameters are estimated to be 𝐷 =  −171 𝑝𝑠/(𝑛𝑚 𝑘𝑚) 

at 2008 nm, 𝐷 =  −183 𝑝𝑠/(𝑛𝑚 𝑘𝑚) at 1980 nm, and 𝐷 =  − 477 𝑝𝑠/(𝑛𝑚 𝑘𝑚) 

for 1565 nm pump. As expected, the dispersion decreases (in absolute value) when the 
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pump wavelength approaches the ZDW, leading to a maximum overall 3 dB conversion 

bandwidth of 24 nm for the 2008 nm pump wavelength. The theoretical values, 𝐷 =

 −185 𝑝𝑠/(𝑛𝑚 𝑘𝑚) , 𝐷 =  −196 𝑝𝑠/(𝑛𝑚 𝑘𝑚)  and 𝐷 =  −480 𝑝𝑠/(𝑛𝑚 𝑘𝑚)  at 

2008 nm, 1980 nm and 1565 nm respectively, are larger (in absolute value) than the 

experimental ones. This could be explained by the slight difference in our glass 

composition which leads to a small difference in material dispersion.  

 

Figure 4.10. Experimental points superimposed to theoretical fits of the CE as a function of the 

idler wavelength for pump wavelength of (a) 1565 nm. (b) 1980 nm and (c) 2008 nm. (d) CE 

as a function of the coupled pump power for pump wavelength of 1980 nm and pump signal 

detuning of 6 nm. 

In Fig. 4.10(d) is shown the CE as a function of the coupled pump power for the 

1980 nm pump wavelength, and signal – pump detuning of 6 nm. The experimental 

data follow very well the expected quadratic dependence, notably there is no sign of 

saturation due to fiber damage or multiphoton absorption and the CE reaches -25.4 dB 

for a CW coupled pump power of about 20.5 dBm. Experimental data in Fig. 4.10(b) 

are fitted using the dispersion value retrieved from the experimental setting 𝛾 as the 

fitting parameter. The nonlinear parameter is thus found to be 1.68   0.11 W-1m-1. 

Using Eqn. (2.19) to (2.23), a nonlinear refractive index 𝑛2 ≈ 5.3 ∙ 10−13cm2/W  has 

been estimated using the effective area computed from numerical simulations.  

These first experiments with ChG PCF and SCF structures helped us to decide the 

fiber geometry for further experiments in this project. Both AsSe and GeAsSe PCFs 
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have shown good uniformity and ease of handling. AsS SCF, however, is not suitable 

in this project due to its low mechanical strength, core fluctuation, and strong 

multimode behavior. In the following content of this thesis, we will concentrate our 

discussion on ChG PCFs.  

 

4.5 Design of tapered GeAsSe PCF 

For distant wavelength conversion to happen, the pump laser needs to be set close to 

the ZDW. Dispersion engineering is possible thanks to the geometry freedom offered 

by microstructured fibers. By enhancing the waveguide dispersion of ChG PCF, it is 

possible to shift the ZDW towards to pump laser wavelength (i.e. 2 μm band). However, 

larger diameter-to-pitch ratio would also increase the fabrication difficulty, especially 

for soft glasses. The fiber design simulates the dispersion of a realistic hole-period 

upper limit to the ratio at 𝑟 =  0.7 provided by the manufacturer. Simulation results 

indicate that varying this ratio alone is not enough to shift the ZDW down to 2 µm. For 

this purpose, a further reduction of the core size diameter is needed, implying a further 

technological step for tapering the fiber. While maintaining the PCF structure in the 

tapering process is not trivial, low loss tapered GeAsSe PCFs can be made with good 

uniformity and performance. Chalcogenide PCF tapers were originally investigated to 

increase the nonlinearity through a reduction of the effective area. In our design we thus 

combine high ratio and a small fiber core diameter for dispersion management, more 

precisely to shift the ZDW around 2 µm. 

The proposed fiber geometry is shown in the insets of Fig. 4.11. The core is the 

circle tangential to the first ring of air-holes. Currently, a three-ring of air holes 

geometry is achievable in fabrication. From a simple geometry analysis, the fiber core 

diameter 𝜙 follows the relation: 

𝜙 = (2Λ − 𝑑)𝑇 = (
2

𝑟
− 1) 𝑑𝑇 (4.1) 

Here, T is the scaling or tapering factor for simulating the tapering process. We assume 

that the ChG PCF core diameter can be tapered down to 1.5 µm with a good uniformity. 

Since we do not have a Sellmeier equation for our fiber material Ge10As22Se68, we used 

the Sellmeier equation of Ge11.5As24Se64.5 [1] in the COMSOL simulation instead. In 

the purple and green curves of Fig. 4.11, we managed to blue-shift the ZDW of ChG 

PCF down to 1.995 µm with a ratio 𝑟 = 0.64 through the tapering process. However, 



4.5 Design of tapered GeAsSe PCF 

 

65 

 

the larger 𝑟 means more difficulty in ChG PCF fabrication. Therefore, we select the 

ratio of 0.64 instead of the ratio 0.66.  
 

 

Figure 4.11. The dispersion of designed fiber and tested fibers. Inset: PCF geometry of 0.49 

ratio and 0.58 ratio. After tapering down to 1.5 μm core, one can shift the ZDW to 2 μm band.  

Figure 4.12 shows the simulation result for the GeAsSe T-PCF with a ratio of 0.64 

at three pump wavelengths. In this simulation, we consider a coupled power of 50 mW 

into the 1 m fiber waist. At the 2 μm band, the theoretical effective area is approximately 

1.7 × 10−12 m2. Employing the measured value for the nonlinear refractive index, the 

calculated nonlinear parameter is 𝛾 = 9.8 W−1m−1. For all the simulations, we neglect 

fiber loss and pump depletion. 

 

Figure 4.12 The simulated CE plot with two pump wavelengths at normal and anomalous region 

For a broadband conversion, the pump laser lies close to the ZDW to merge the MI 

peaks into the central lobe. Pumping at 1994 nm, one can achieve a 3 dB conversion 

bandwidth of 440 nm. When placing the pump in a slightly normal dispersion region, 

the phase mismatch from second and fourth order dispersion cancels each other and 
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result in distant FWM conversion. One option is to pump at 1991 nm. In this scenario, 

a signal in the 1620 nm band can convert into an idler at 2550 nm band, as the orange 

curve of Fig. 4.12. For a more distant conversion, another possibility is to involve even 

higher dispersion order into the phase matching condition. With a pump at 2008 nm, 

we can achieve a phase matching condition until the sixth order of dispersion. The phase 

matched signal at 1480 nm down converts into an idler wave at 3121 nm.  

However, since COMSOL applies finite element method for solving partial 

differential equations, the effective refractive index solution is not a perfectly smooth 

trace. The finite size of individual element gives tiny fluctuations of the solution, 

leading to larger fluctuations at higher dispersion orders. Besides, for the real 

experiment, tiny variation of the PCF geometry can lead to huge change in β4  and β6. 

We can only be sure that when pumped close to the ZDW, distant and/or broadband 

conversion could happen. However, the exact position to put the signal may differ a lot 

from the simulation. Therefore, we would use the FWM near pump to estimate the 

experimental ZDW. Then, by utilizing the high CE of ChG tapered PCF, we try to find 

the phase matched wavelengths using a CW pump and a broadband ASE seed.  

Conclusion 

In this chapter, we compared various fiber glass material and concluded that ChG is the 

most suitable glass for this project. By experimental comparison between SCF and PCF 

structured ChG fiber, we proved ChG PCF has good uniformity and mechanical 

strength. In the end, we designed GeAsSe T-PCFs to blue-shift the ZDW into the 2 μm 

laser band. The simulation of designed fiber geometries shows the possibility to have 

broadband and distant FWM from GeAsSe T-PCFs.  
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Chapter 5 

Amplified parametric 

conversion 
 

 

 

5.1 Introduction 

In this chapter, we present the main experimental results from the tapered fiber as 

designed in chapter 4, for FWM experiments. At the beginning of this chapter, we 

describe the experimental setup for characterization of the fabricated ChG PCF tapers. 

Pumped at low power, we show the retrieved dispersion. By rotating the input PM 

lensed fiber, we map the birefringence of the ChG PCF tapers and report the geometry 

vibrations on the fast and slow axes. The taper dispersion is also retrieved using a low 

coherent interferometry method. We show that all the experimental results match 

perfectly with our simulations and the tapers have exceptional uniformity. With the low 

power FWM characterization, we conclude the ChG PCF tapers have a hole-period 

ratio varying from 0.56 to 0.58, instead of the targeted 0.64. 

After we confirm the low propagation loss of our ChG PCF tapers with both linear 

and nonlinear characterizations, we move forward to improve the CE under CW 

pumping condition. In the second part of this chapter, we report our experimental results 

confirming a 5 dB signal gain and 3 dB amplified parametric conversion in the 2 µm 

band under continuous wave operation. The study of CE relation with pump and signal 

powers proves the amplification is due to parametric processes. We have checked the 

repeatability of our results using different ChG PCF tapers fabricated from the same 

fiber preforms at different times. In addition, the result is repeatable at different pump 

wavelengths. By closely monitoring the relation of input pump power and the output 

pump power, we can conclude on the stable coupling and good taper condition under 

all pump levels. At last, we show the importance to have a narrow linewidth pump laser 
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so as to avoid strong SPM of pump laser. It is worth mentioning that we did not observe 

purely thermal damage in any of the tested ChG PCF tapers under all the pump power 

levels and more than 70% relative humidity. These results are not only the first 

demonstration of amplified parametric conversion for CW MIR pump wavelength, but 

also confirms the possibility to operate ChG fibers under several MW/cm2 of intra-core 

power intensity.  

5.2 Experimental setup and fiber parameters 

5.2.1 Fiber geometry and fabrication 

 

Figure 5.1 Dispersion engineered GeAsSe tapered PCF. (a). schematic of the GeAsSe fiber: the 

microstructured fiber of initial core size 𝜙𝑠 =  4 µ𝑚   is tapered to a new core size 𝜙𝑡 =

 1.5 µ𝑚 over a length l. On either side of the taper is a 𝑙𝑡 = 1.5 cm waist region acting as a 

mode filter. (b). Image of the fabricated microstructure fiber before tapering. (c). Image of the 

fiber after tapering, within the waist. The structure appears well preserved. The facet is prepared 

by manual cleaving 

The zero-dispersion wavelength (ZDW) of a PCF is highly dependent on the hole-

period ratio (𝜌). Based on the results in chapter 4, we aimed for a ChG PCF with hole-

period ratio 𝜌 ≈  0.64. A segment from the fiber spool can be tapered to a core size of 

1.5 μm for further blue-shift of ZDW [Fig. 5.1(a)] down to the 2 μm band.  

 The fabrication starts from a previously synthetized highly purified Ge10As22Se68 

bulk glass. The glass preform has an optical loss of 0.6 dB/m measured at 1.55 µm 
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measured by SelenOptics. Part of the GeAsSe glass was then modeled to fabricate a 

preform with 3 hexagonal rings of air holes. The preform was drawn into a cane of 4 

mm diameter. This cane was then inserted into an As2Se3 tube and the whole tube 

assembly was drawn into a photonic crystal fiber with an outer diameter of 

approximately 130 µm and a core size about 4 µm [Fig. 5.1(b)]. The period of hole, Λ, 

was measured to be approximatively 2.88 µm and the air hole diameter was 1.69 µm; 

leading to a hole-period ratio of 0.58 measured by the manufacturer. Clearly, the hole-

period ratio is smaller than the designed value of 0.64, leading to a ZDW beyond 2.1 

μm. The propagation loss of the PCF was measured to be 0.65 dB/m at 1.55 µm using 

a cutback experiment by the manufacturer. With a segment of this PCF, tapered fibers 

with about 1 m waist were then fabricated on the drawing tower at a temperature around 

270 °C. During the fabrication process, the PCF holes are purged by nitrogen gas to 

prevent shrinking. Due to the slight variations in temperature control, tapering speed 

and nitrogen gas pressure, we expect a shrink and variation of hole size among different 

samples. In the following experiment part, we will investigate this assumption. The core 

diameter in the waist portion was decreased to approximately 1.5 µm and the transition 

length lt is around 1.5 cm [see Fig. 5.1(c)]. The fiber fabrication and tapering are 

performed by SelenOptics.  

Table 5.1 Data of FUTs in this experiment 

 Insertion loss  Production date Waist length 

T-PCF1 9 dB 2015.12 0.8 m 

T-PCF2 10 dB 2016.07 1 m 

T-PCF3 8.5 dB 2016.07 1.12 m 

T-PCF4 8.5 dB 2016.09 1.2 m 

T-PCF5 5 dB 2017.01 1 m 

In Table 5.1, we summarize the known ChG T-PCF parameters at the beginning of 

the tests. For clarification, we will differentiate the tapers by their production set 

number. In the following context, the ChG PCF tapers will be referred as T-PCFs with 

a number to distinguish different samples. The T-PCFs fabricated from the same month 

have very similar tapering condition, hence similar hole-period ratio. Since all the T-

PCFs are research fibers, their property and transmission vary from set to set. All the T-

PCFs were stored with silica gels under the relative humidity of 30%. In the Table 5.1, 

we perform the in- and out-coupling to the T-PCF using a pair of identical lensed fiber. 

Hence, the insertion loss here includes in- and out-coupling loss, Fresnel reflection, loss 

of taper transitions and linear propagation loss.  
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5.2.2 Experimental setup 

While an interferometric method was used to characterize the dispersion of the un-

tapered PCF, it cannot be directly applied to measure the dispersion of the tapered ChG 

PCF structure shown in Fig. 5.1(a) since the phase delay contribution from the un-

tapered and transition sections are significant and could not be decoupled from the 

targeted contribution of the tapered region only. Therefore, to perform an 

interferometric measurement, the fiber sample must contain the ChG PCF waist only. 

On contrary, in the FWM method, the nonlinear conversion from other part of taper is 

negligible compared with taper waist. Therefore, we can apply the low power FWM 

process to retrieve the dispersion of the taper waist directly. This process also can 

provide a good indication of fiber uniformity, suppression of higher order modes and 

strength of birefringence.  

 

Figure 5.2 Experimental setup for GeAsSe T-PCF characterization. TLS: tunable laser source; 

WDM: wavelength division multiplexer; TDF: Tm-doped fiber; OT: optical terminator; ISO: 

isolator; PC: polarization controller; BPF: bandpass filter; PBS: polarization beam splitter; PD: 

photodetector (2µm); LF: lens fiber; (a). Pump laser cavity used to get parametric amplification 

in our experiment, which favors high slope efficiency and simple geometry to avoid pulsing; 

(b). Pump laser cavity for low power characterization and dispersion retrieval of ChG fiber. An 

additional PC was inserted at the output of coupler before going to the PBS. (c). Tunable signal 

laser; (d). Complete setup for light injection and data recording. 

 We used an all-fibered FWM set-up, detailed in Fig 5.2. The sources in this test 

were covered in detail in Chapter 3. We provide here a quick summary of their 

characteristics. The 2 µm pump and signal lasers used in this experiment were 

implemented with Tm-doped fiber pumped by an amplified 1620 nm laser source. The 

pump laser utilized either linear or ring cavity depending on the wavelength. To achieve 

signal amplification, a high slope efficiency, linear cavity laser was built with a 1950 

nm fiber Bragg grating (FBG) pair. Due to a lack of matched FBG pairs at other 



5.2. Experiment setup and fiber parameters 

 

71 

 

wavelengths, a ring cavity was built and different FBGs were used to select the pump 

wavelength for dispersion characterization. Both pump configurations were checked 

using a photodetector to confirm CW operation and no parasitic pulsing operation. The 

pump laser linewidth was measured to be approximately 0.08 nm at 1950 nm in the 

linear cavity configuration. The signal laser was based on a ring cavity where the 

wavelength was selected by a tunable bandpass filter of 1 nm linewidth. The length of 

the Tm-doped fiber was 11.5 m in the pump and 4.5 m in the signal laser. The output 

from pump and signal lasers were combined by a 95/5 fiber coupler, designed to operate 

at 2 μm, and then send through a 2 m circulator to prevent back reflection. A fibered 

PBS was mounted after the circulator. One arm of the polarizer was connected to a PM 

lensed fiber for coupling into the PCF and the other arm was used for power monitoring. 

The PM lensed fiber was fabricated with PM1550 and has a beam spot diameter of 

approximately 4 µm at 2 µm wavelength. The output from the chalcogenide fiber was 

collected using another PM lensed fiber with the same parameters. The lensed fiber was 

then connected to an optical spectrum analyzer (OSA), Yokogawa AQ 6375, for data 

recording. A total insertion loss of 8.5 dB was measured at 1950 nm for T-PCF3, where 

approximately 4.5 dB are the total coupling losses (including Fresnel reflection), 3.4 

dB comes from the transition regions and 0.6 dB comes from propagation losses (α). 

The insertion loss fluctuations among different T-PCFs, expect for T-PCF5, come from 

variations of cleaving quality, coupling efficiency and loss in the transition regions. For 

T-PCF5, a longer transition region and a better coating, dramatically reduced the total 

insertion loss by more than 3dB. By rotating the input PM lensed fiber in an increment 

of 15 degrees, we can change the input angle of the linearly polarized pump laser. We 

then perform a sweep of signal at each input rotation to estimate the birefringence of 

the T-PCF.  

Figure 5.3 shows the dispersion simulations with various hole-period ratios for T-

PCF with 1.5 μm core diameter. Among different T-PCFs, the hole variations come 

from the hole shrinking during the tapering process [160, 161] and leads to different 

dispersion among T-PCF samples. For a single T-PCF, the fluctuations of hole sizes lead 

to fiber birefringence. When we pump close to the expected ZDW of the test fiber, we 

would expect a stronger influence from birefringence on the conversion bandwidth 

when rotating the input lensed fiber, as is illustrated in the insets of Fig. 5.3. Ideally, for 

more accurate measurement, the FWM characterizations should be conducted at 

wavelength longer than 2.1 µm. However, since not all lasers presented in chapter 3 

were available during the early tests, we present mainly FWM results tested using Tm-

doped fiber lasers operating at a maximum pump wavelength of 2040 nm. At the 2040 
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nm, it is still possible to find the fast and slow-axis of our T-PCFs. The test data 

presented here were obtained with samples T-PCF1 and T-PCF5. 

 

Figure 5.3 Dispersion simulation for different hole-period ratios. Inset: demonstration of 

birefringence due to hole-period ratio depending on the input polarization. The different 

dispersion from various hole-period ratios leads to different bandwidth in FWM experiment. 

By matching the retrieved dispersion with simulation, we can estimate the actual T-PCF hole-

period ratio. In addition, one can notice more significant dispersion change among different 

hole-size ratios when getting closer to the ZDW. 

5.3 T-PCF characterization at low and medium power 

In this section, we present some notable experimental results when characterizing the 

T-PCFs with low or medium coupled pump powers. We show the experimentally 

retrieved FWM lobes and their high coincidence with theoretical simulations. Here, we 

refer to the low coupled power when CE is about -20 dB. For CE of around -15 dB, we 

consider the coupled power as medium power.  

To start, we show the test result on T-PCF1 and explain the retrieval of fast- and 

slow-axis. By recording the FWM sweep over multiple lobes, we can deduce important 

information about the uniformity of the T-PCF. Knowledge about the fiber 

birefringence and uniformity is critical for broadband or far-detuned FWM processes 

as they are much more sensitive to any fluctuations. We show that at medium power 

level, the impact of the input un-tapered region starts to be more pronounced, 

contributing to a shift of CE dips. By including the CE contribution from this un-tapered 

region, the theoretical simulation and experimental results match perfectly for higher 

pump power conditions, giving us a full modeling of the fiber. In addition, the 

simulation of contributed CE from the un-tapered region can be used to re-check loss 

estimations in the taper transition region. This extensive experimental characterization 
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and extracted information is finally used to estimate the T-PCF hole-period ratio 

variations and the ZDW range.  

5.3.1 FWM characterization of T-PCFs at low pump power 

All our characterizations of T-PCFs start with low pump power level (around 10 mW 

of coupled power in taper waist). By using a low pump power, we can minimize the 

impact of other nonlinear optical effects and avoid potential fiber damages during the 

lengthy and extensive testing period. Low power operation also means that the effect 

of the un-tapered region on the dispersion is strongly suppressed. Therefore, the CE dip 

positions and depth is only impacted by the taper waist length and dispersion. The 

available pump laser wavelengths are 1950 nm, 1980 nm, 2008 nm, 2040 nm, 2090 nm 

and 2100 nm. In this sub-section, we mainly present the experimental data retrieved 

from T-PCF1 to avoid redundancy. For 2090 and 2100 nm pump wavelengths, a 

complete signal sweep was performed only recently such that the full characterization 

at 2100 nm pump is shown for T-PCF5 wavelength. The same characterization 

procedure was followed for all other T-PCFs.  

 

Figure 5.4. FWM spectrum together with theoretical fitting. (a) FWM with pump wavelength 

at 2008 nm. (b) FWM with pump at 2090 nm. Limited by the signal laser wavelength at the 

time of experiment, we could only cover up to 2070 nm (in year 2016).  

Figure 5.4 shows two examples of FWM spectrum at 2008 nm and 2090 nm pump 

wavelengths. When recording the spectrum, we align the pump laser polarization so 

that the first dip appears at the longest possible wavelength. The largest conversion 

bandwidth implies smallest dispersion, hence the fast axis of the PCF. In this scenario, 

we ensure the recorded FWM traces are from the same fast axis. Then, using the 

coupled wave equation discussed in chapter 2, we fit the simulation result with recorded 

data and retrieve the fiber dispersion (T-PCF1 in this case). Limited by the operation 

wavelength of our signal laser, we could only sweep the signal up to 2070 nm [Fig. 

5.4(b)]. However, we still managed to find the first dip and second lobe, hence deducing 
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the dispersion at 2090 nm pump wavelength. We have performed similar experiment 

with 1980, 2040 and 2100 nm pump wavelengths. A summary is made at the end of this 

section.   

The input light polarization was rotated to record the change of CE bandwidth to 

check the fiber birefringence. Here, we show the FWM test with pump wavelength at 

2040nm on T-PCF1, where Tm-doped laser and optical components work better, and 

the pump wavelength is close to the ZDW. Before going to the ChG PCF, a polarizer 

was added to make sure the polarization maintains constant during the sweep of signal 

wavelength. The rotation of input polarization was achieved by rotating the lensed fiber 

chuck. After each rotation of lensed fiber, we perform minor adjustments to recover the 

coupling of the T-PCF. Typically, the rotation angle of PM-lensed fiber is 0, 45, 90 and 

135 degrees. In some cases, we use smaller rotation steps to reach higher precision.  

 

Figure 5.5. Spectrum indicating birefringence of T-PCF1. (a) Superimposed spectrum of a 

complete sweep with pump at 2040 nm. The coupled pump power is approximately 10 mW, 

leading to a CE of -20 dB. (b) By rotating the PM lensed fiber at input, we managed to find the 

slow axis of T-PCF1. The pump power is fixed at roughly the same value as (a).  

Figure 5.5 shows a superposition of signal sweep with pump laser fixed at 2040 

nm with input polarization aligned at slow- and fast-axis, respectively. The T-PCF1 has 
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a taper waist length of 80 cm. With approximately 10 mW of coupled power, the 

maximum CE can reach -20 dB. The 3 dB bandwidth of conversion is about 32 nm, 

when pump aligns to the fast-axis. A preliminary fitting, indicated by the dashed lines 

in Fig. 5.5(a), is a signature of small propagation loss and exceptional uniformity of T-

PCF1. By rotating the input PM lensed fiber, we found the fast-axis in Fig. 5.5(b), where 

the 1st CE dip is about 4 nm broader than the slow axis. The dispersion β2 for fast and 

slow axis is 53.49 ps2/km and 73.70 ps2/km, respectively. This dispersion variation 

matches with the dispersion for hole-period ratio change from 0.58 to 0.585. From our 

simulation in Fig. 5.3, the ZDW varies from 2.13 to 2.16 µm, which could be reached 

by a carefully designed Ho-doped fiber laser.  

 

Figure 5.6. Retrieved CE data and simulation on the fast (blueish color) and slow (reddish color) 

axes. This different corresponds to effectively 1 % fluctuations of the hole-period ratio.  

We then use the Eqn. (2.31) to retrieve the dispersion by fitting the measured FWM 

data points. The linear loss is set to 0.5 dB/m by fitting the curvature of the 

experimentally retrieved points near the dip. This loss estimation agrees with our 

measurement in chapter 5.2. The nonlinear refractive index n2 of our GeAsSe fiber was 

measured from our previous work [67]. Since the pump laser is CW and low power, 

this simplified NLSE, is valid for dispersion retrieval. The nonlinear coefficient γ and 

the coupled optical power were all fixed using values deduced from previous 

measurements. The effective area for each wavelength comes from simulation results 

using the commercial FEM software COMSOL. The fitting with Eqn. (2.31) was 

performed to match the theoretical and experimental dip/minima of the CE positions. 

The tolerance of this fitting was set to 0.05nm. Using this method, we retrieve the 

dispersion of fast- and slow-axis of T-PCF1 as in Fig. 5.6. The lower CE on the second 

lobe for both polarizations is likely due to small fluctuations in the coupling efficiency, 

which has twice impact on the CE in dB scale. One can notice the dip level is higher 
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than the simulation. This is due to the CE contribution from the un-tapered region, 

which will be further explored in chapter 5.3.2.  

Ideally, the hexagonal shaped PCF structure should not express any birefringence 

[162]. However, two main sources lead to inevitable breaking of its geometry symmetry 

and cause birefringent. First, minor variations of preform hole sizes always exist. Then, 

during the taper process, the difference in nitrogen pressure among the holes results in 

further hole size variations. The size fluctuations of cladding air hole size lead to 

effectively a different hole-period ratio depending on the input light polarization angle 

with respect to the fiber facet. For a single T-PCF, this polarization dependent dispersion 

corresponds to fluctuation of ρ of less than 1%, further proving the good uniformity of 

the tapered PCF. By comparing the dispersion of all sets of T-PCFs, we conclude a total 

hole-period variation of 2% as indicated in Fig. 5.7.  

 

Figure 5.7. The retrieved dispersion from T-PCF1 and simulations at several wavelengths. In 

this plot, we fixed the polarization on the fast axis of the T-PCF.  

Due to the limited availability of 2.1 µm fiber components, we have only recently 

managed to build the 2.1 µm tunable fiber laser as the signal laser. The signal laser 

utilizes the same cavity configuration demonstrated in Fig. 3.8.   
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Figure 5.8. The retrieved dispersion with 2.1 µm pump from T-PCF5. The improved Tm-doped 

fiber laser covering the entire 2~2.1 µm is recently developed.  

As a result, only the T-PCF5 has been fully characterized at 2.1 µm wavelength. 

Figure 5.8 shows data retrieved after a sweeping of signal laser from 2060 to 2100 nm. 

Further signal detuning is not performed due to the fast drop of CE and limited pump 

power. With a coupled pump power of about 4 mW, the maximum CE reaches -28 dB. 

The retrieved dispersion of T-PCF5 is approximately 63.7 ps2/km, corresponding to the 

dispersion of 0.565 hole-period ratio. Limited by the noise floor of OSA, the dips of 

CE are higher than simulated. Note that the total insertion loss of T-PCF5 is less than 5 

dB. Thus, the coupled power between the taper and un-tapered region is very similar. 

In the case of low pump power, the impact of the un-tapered part can be safely neglected.  

5.3.2 Impact of transition un-tapered fiber  

As previously discussed, the depth of CE dips can be used to retrieve the linear loss 

of fiber samples. While this is always true with standard fibers or un-tapered ChG PCFs, 

for T-PCFs more parameters need to be taken into consideration. As Fig. 5.1(a) 

illustrates, the T-PCFs consists three distinct sections: un-tapered PCF, transition region 

and taper waist. All the regions have a contribution to the FWM process. Our T-PCFs 

all have taper transition regions of around 2 cm, which is more than 50 times smaller 

than the taper waist length. Therefore, it is reasonable to ignore their contribution in the 

FWM process when the CE is low. However, the un-tapered part can be longer than 15 

cm. Consequently, when the coupled power is higher ( for 𝐶𝐸 >  −20 𝑑𝐵), the CE in 

the long un-tapered segment alone could reach more than -40 dB. While still lower than 

the CE expected from the waist segment, the position of the CE dips for un-tapered and 

waist regions will differ due to the dispersion difference. In rare cases, the peak 

conversion from the un-tapered region could overlap with the dips of the taper waist. 



5.3 T-PCF characterization at low and medium power 

 

78 

 

In this case, the dips of the resulted overall CE trace will be higher and lead to an over-

estimation of T-PCF’s linear loss.  

To solve this problem and provide a more accurate modeling of the FMW process, 

we simulate the contribution of the un-tapered input side and add the corresponding 

generated idler linearly to the final output, as indicated in Fig. 5.8. The experimental 

data plotted in Fig. 5.8 comes from a FWM sweep on T-PCF4, with a coupled power of 

15 mW in the taper waist and 25 mW in the un-tapered region at input side. The un-

tapered region on the output side has little contribution to the CE trace, due to an even 

lower pump power inside and can therefore be safely neglected. We can confirm that 

the un-tapered region has limited effect on the CE spectrum shape: the position of the 

dips is unaffected due to the strong dominance of the long waist region dispersion. 

However, we observed a decrease in the depth of FWM dips. To retrieve the fiber 

parameters from such FWM traces, fitting with the slope of the lobes is more precise 

than fitting with the bottom of the dips. Overall, it is still more suitable and precise to 

perform the characterization of T-PCF at very low pump power, typically around 5 mW, 

which completely avoid the impact of the un-tapered input segment.  

 

Figure 5.9. The retrieved data from T-PCF4 using 1950 nm pump laser. The CE contribution 

from un-taper region increased the dip value, but the position sees only trivial changes.  

5.3.3 Temperature dependence 

Naturally, one might consider the impact of environmental condition to the T-PCF’s 

dispersion, one of them being temperature. Due to thermal expansion, the hole-period 

ratio is dependent on the environment temperature. From previous researches [163], 

however, ChG was found to exhibit a very small thermal expansion. Therefore, we 

would expect the same or very similar dispersion characteristics of the T-PCFs at 

various temperature conditions.  
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Figure 5.10. Test of fiber dispersion at different temperature. Clearly, the peak of the second 

FWM lobe remains identical at 7 and 22 degrees.  

We conducted the experiment on a 28 cm T-PCF waist. To cool down the sample 

temperature, we put the fiber close to an ice folded by an aluminum foil. We then carried 

out the experiment at stabilized temperature around 7 °C. An infrared thermal meter 

monitored the T-PCF environment temperature during the whole test. Figure 5.10 

shows the FWM trace at lab temperature and 7 °C. No difference in the dip or peak 

positions could be observed. As a result, we confirm that normal lab temperature 

fluctuations will not impact the precision of our experimental measurements.  

5.3.4 Summary of the test results 

Comparing the experimental results and simulations, we can estimate that the T-PCFs 

available for testing have a hole-period ratio varying from 0.56 to 0.59. The 

interferometric measurements performed on both the un-tapered and tapered segments 

further confirmed the results from FWM and simulation. The details of this low-

coherent interferometry method are explained in detailed in [164]. In Fig. 5.11, we 

present a summary of all our experimental and simulation results on T-PCF GVD values. 

To avoid redundancy, the data points for T-PCF2 and T-PCF4 are not plotted as they 
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coincide with the ones for T-PCF1 and T-PCF3, respectively. T-PCF4 has the same hole-

period ratio as T-PCF1 while T-PCF2 has the same ratio as T-PCF3. One can also notice 

that the GVD values of T-PCF3 and T-PCF5 are identical at 1980 and 2008 nm pump 

wavelengths. Thus, they both have the same hole-period ratio. The difference measured 

at 2040 nm is an indication of birefringence of T-PCF3.  

 

Figure 5.11. The summarized data from various T-PCFs. The birefringence corresponds to 1% 

effective hole-period ratio fluctuations. Among different T-PCFs, the fluctuation is around 2%. 

In addition to parametric conversion, the interferometric method is applied to both tapered and 

un-tapered PCFs. Good matching from simulations and experiments is obvious.    

The excellent agreement with simulation indicates the accuracy of our model and 

the excellent quality of the tapered fibers. In addition, we also show in the same graph 

the simulated and measured dispersion of the ChG PCF before tapering, i.e. core 

diameter at 4 µm. Before tapering, the ZDW is expected around 2.9 µm. The tapering 

process helps to red-shift the ZDW to 2.1~2.2 µm, which is closer to the Tm-Ho fiber 

laser band. The hole-period ratio fluctuation from 0.56 to 0.58 can be translated to a 

fabrication variation of 2%. It is worth mentioning that the variation between T-PCFs 

is a common result due to change of tapering condition, like nitrogen pressure, tapering 

temperature, temperature slope, motor speed, etc. However, for each T-PCF, the hole-

period ratio is highly constant as indicated from our FWM measurements.  

While simulations indicate a slight multimode behavior, the transition region acts 

as a mode filter so that only the fundamental mode propagates in the taper waist region. 

The single mode operation is confirmed both in FWM experiment and interferometry 

measurement. We believe it is due to the good mode match between the input lens fiber 

and PCF fundamental mode. In addition, the PCF structure is found to be more immune 

to higher order modes due to the strong difference in wave vector between different 
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modes [88]. Therefore, it is more difficult to excite higher order modes when input 

beam diameter matches with the fundamental mode of GeAsSe PCF.   

Another important conclusion of these tests is that the fabricated ratio is lower than 

the targeted one. The consequence, as mentioned above, is that the ZDW is longer than 

expected. Our initial goal of broadband or far-detuned/distant FWM requires a pump 

positioned near the ZDW. For our fabricated fibers, it means that a pump laser between 

2.12 and 2.2 µm is required. This wavelength is however beyond the optimal or 

conventional operation range for Tm- or Ho-doped silica fibers. With the currently 

available sources and fibers, we therefore first aim on improving of the FWM CE. 

Indeed, practical MIR fiber sources would also require high CE but very few MIR 

waveguided platforms can reach +0 dB CE in single path configuration, and none so 

far in CW pump configuration.

5.4 Amplified parametric conversion 

In this section, we will concentrate our experimental results and discussions on T-PCF4. 

Since this is the last T-PCF tested for amplified conversion, the data of T-PCF4 is the 

most complete. Chapter 5.4 starts with the experimental results on amplified conversion. 

We then analyze the results to prove that the purely CE comes from parametric process. 

At the end, we show the amplified parametric conversion spectra from T-PCF1 and T-

PCF3, to prove the repeatability of our results on different samples and at different 

pump wavelengths.  

5.4.1 Impact of laser linewidth 

A CW laser does not equal to a single-frequency laser. Thus, the SPM effect is inevitable. 

As explained in chapter 3, the 2.04 µm pump laser uses a broadband FBG as wavelength 

selection element. In addition, operation at 2.04 µm with Tm-doped fiber requires 

higher output ratio to reach enough power to achieve CW parametric amplification [see 

the ASE in Fig. 3.7(b)]. With a low Q-factor cavity and a large bandwidth FBG, the 

laser linewidth of our 2.04 µm laser can easily exceed 0.4 nm. However, we expect a 

larger FWM conversion bandwidth when pumping closer to the ZDW. Thus, it is still 

worth investigation high power operation with this laser despite its relatively large 

linewidth.  
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Figure 5.12. Broadening of pump laser linewidth due to strong nonlinearity of T-PCF. The drop 

of signal power comes from the misalignment on the output side because of laser radiation 

pressure.  

After a fiber fuse at the middle of the waist on T-PCF2 (detailed in next section), 

we used the remaining half of the taper for experimenting with the 2.04 µm pump. This 

half taper (50 cm long) from T-PCF2 has an total insertion loss of 11 dB, the increase 

being mainly due to the output coupling loss. Figure 5.12 shows the OSA recorded 

spectra at the output of the taper with 2mW (blue) and 120 mW (red) of coupled pump 

power. The strong SPM experienced by the pump at high power significantly distorted 

the pump spectrum. This SPM effect is also converted to the 1st and 2nd order signal and 

idler through FMW. Such distortion is clearly not acceptable for a nonlinear parametric 

converter. At high pump power, the signal peak value also seems to be lowered by 2 dB. 

This is a consequence of output misalignment due to radiation pressure.  

To avoid strong pump SPM and provide the best possible characterization, a 

smaller linewidth laser is necessary. As such, we reverted to 1950 nm operation, closer 

to the Tm-doped fiber ASE peak, enabling the construction of a simpler linear cavity 

with higher Q-factor and less in-cavity components. In the following test with T-PCF3 

to 5, we thus performed the main characterizations with this 1950 nm laser. We used 

the 1980 nm laser only to confirm the repeatability at other wavelengths.  

5.4.1 Experimental results 
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Figure 5.13. The amplification of laser ASE at various pump power. The ASE shows a clear 

phase matching feature with local maxima and minima. In addition, no strong SPM can be 

noticed.   

During a FWM process, the ASE from the pump laser can also act  seed for the 

parametric process. Thus, the ASE near the pump wavelength will grow and express 

the features of conversion maxima and minima, which is clearly demonstrated by Fig. 

5.13. Since the laser ASE is not constant over wavelength, one would also notice 

unbalance between the red and blue side of the pump laser. Once the coupled pump 

power reaches 125 mW, one can notice three orders of cascaded FWM, indicating high 

efficiency of the process. More importantly, no obvious pump broadening can be seen 

during increase of pump power. Therefore, the pump laser will not induce distortion to 

the signal laser and the idler laser will truthfully replicate the signal laser properties.  

 

Figure 5.14. The ON/OFF signal amplification recorded on OSA. The signal power is taken 

with pump off. We can see obvious signal gain and idler amplification.  

At the coupled power of 125 mW, we tune the signal laser 2 nm longer than the 

pump wavelength. The signal has a coupled power of about 1 mW. We illustrate the 

resulting spectrum in Fig. 5.14. When the pump laser is on, one can notice a cascaded 
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FWM up to the 3rd order. For the cascaded FWM processes, either the signal or the idler 

acts as the “pump” and the pump acts as a new “signal” laser. As a result, part of the 

signal and pump laser power will be converted into the cascaded idler peak. Reading 

from Fig. 5.14, the signal laser experiences about 4.7 dB on-fiber gain (ON/OFF 

amplification) and the idler on-fiber CE is about 2.4 dB. The signal gain and idler CE 

satisfies the relation given in Eqn. (2.20). 

 

Figure 5.15. The retrieved data points with 125 mW coupled pump power. The maximum CE 

reaches about 2.4 dB. We can still see the local minima and maxima.  

When sweeping the signal laser at a given pump power level, the idler as a function 

of wavelength can be recorded, as shown in Fig. 5.15 for a signal positioned on the blue 

side of the pump. Here, we show the recorded data at the maximum pump power of 

25.5 dBm, corresponding to a coupled waist power of 125 mW. Due to the non-

negligible contribution of the input un-tapered region, the dips are not as deep. Because 

of the combination of parametrically amplified laser ASE and laser SPM due to finite 

linewidth, it is difficult to match the experimental data perfectly with simulations. For 

4 nm around the pump (one sided), we have an idler CE larger than transparency (CE > 

0 dB). The -20 dB bandwidth is about 15 nm (one sided). The first dip happens at 1940 

nm – a few nanometers earlier than for the measurement with low pump power (< 10 

mW). This can be explained by the nonlinear phase mismatch which, at high pump 

intensity, starts to induce strong impact on the FWM trace bandwidth.  
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Figure 5.16. Parametric amplification of T-PCF4 with various signal laser positions. (a) OSA 

recorded traces from T-PCF4. The dashed spectrums are the reference signals with pump off. 

(b) Superimposed ON/OFF amplifications at various pump power. The shrink of bandwidth is 

a result of increased nonlinear phase mismatch.  

As expected from the theory, we have observed a similar sinc shaped signal gain 

trace on the red side of the pump laser. Figure 5.16(a) shows the recorded spectra during 

the signal sweep for a coupled pump power of 125 mW. One can notice strong signal 

gain for detuning within the first ASE lobe. In Fig. 5.16(b), we show the experimental 

data for signal gain at four coupled pump power levels. The ON/OFF amplification is 

calculated using the ratio between the measured output signal power without pump laser 

and with pump laser on. Due to the operation in the normal dispersion regime, we notice 

as expected a narrowing of the first dip position with increasing pump power levels. 

This effect will be discussed in more detail in the following chapter.  

5.4.2 Data analysis  

As a starting point, we check the evolution of the first dip position at various pump 

power levels. The PCF geometry has direct impact on the fiber dispersion, hence the 

position of first FWM dip. By monitoring the dip position at various pump power, we 

can deduce the condition of fiber geometry. We present the experimental data and 

simulation extracted for T-PCF4 in Fig. 5.17. The theoretical values for the 1st 
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dip/minima position can be estimated using Eqn. (2.27). Since we cannot monitor the 

T-PCF geometry during the experiment directly, tracking the evolution of 1st dip 

position is one alternate way to check the existence of the T-PCF’s geometry variations. 

The 1st dip position follows perfectly with the simulation, indicating no dispersion 

variation as the pump power level increases. Thus, we conclude that no noticeable 

changes to the PCF geometry happen during testing, even at 6.65 MW/cm2 intra-core 

pump intensity, as any changes would impact the dispersion of the fiber, 

 

Figure 5.17. The simulation and experimental position of first dip. Perfect matching with the 

theory indicates that the fiber geometry remains intact at all pump power levels.  

It is also important to confirm whether damage exists after the test performed at 

high power intensity to ensure no structural damage or loss increase. After all tests at 

125 mW coupled pump power described in chapter 5.4.1, we inspected the facet of T-

PCF4 using an optical microscope. No damage could be observed on either input or 

output facets. To check the waist dispersion, once again a way to quantify any changes 

to the PCF geometry, we performed an additional FWM experiment at low pump power 

level. For comparison, we also superimpose the test results before sending high 

intensity pump power, shown in Fig. 5.18. For both tests, we use only 3 mW of coupled 

pump power. The experimental data before and after the high-power test show perfect 

overlap and match well with the simulation. The small changes on the second and third 

lobes are due to the fiber birefringence and non-identical coupling conditions as the test 

were performed on different days. Thus, we can conclude that no structural changes or 

loss increase occurred during the high-power tests.  
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Figure 5.18. Low pump power characterizations before and after sending 125 mW of coupled 

power into T-PCF4. The small discrepancy is due to slightly different input polarization.  

From Eqn. (2.23), we expect the CE to increase quadratically with the coupled 

pump power. This behaviour can also help us to exclude the contribution of other effects 

to the CE. To check the input-output characteristics of T-PCF4, we placed the signal 

laser at 1951.5 nm. Reading from the left y-axis of Fig. 5.19, one can see a linear 

relation between CE and coupled pump power in logarithm scale. A linear fitting gives 

a slope of 1.8, which is very close to 2. This small discrepancy is a combined result 

from cascaded FWM where idler light acts as a pump, the linear propagation loss that 

lowers the pump power during propagation, and SPM of pump laser that effectively 

lowers the pump power during propagation.      

 

Figure 5.19. The CE and coupled pump power result in a slope of 2 linear fitting in log scale. 

This indicates the amplification comes from nonlinear parametric conversion. In addition, the 

output pump power follows linearly as input, showing good alignment and fiber transmission.  

On the right y-axis of Fig. 5.19, we plot the input and output pump power 

relationship. The fitting gives a slope of 1, indicating a stable free-space coupling. Also, 

the slope of 1 implies no increase of fiber propagation loss during the operation. 
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Therefore, T-PCF4 can sustain at least 6.62 MW/cm2 CW intra-core optical intensity at 

1950 nm.  

 

Figure 5.20. The relation between signal gain (Gs) and idler CE. The curves follow equation 

𝐺𝑠 = 𝐶𝐸 + 1 perfectly, which is another signature of nonlinear parametric conversion.   

The relation between CE and signal gain should follow the relation of Eqn. (2.20) 

in linear scale. We show the experimental data in Fig. 5.20. Both the signal gain and 

CE follow a constant difference and same slope, which correlates well with the theory 

and shows no sign of saturation. Based on all the data, T-PCF4 clearly shows a 

parametric amplification process and is able to operate at very high intra-core optical 

intensity level.  

5.4.3 Repeatability 

 

Figure 5.21. The spectrum recorded on OSA for T-PCF1. In this plot, the dashed colored signals 

are references. The pump power is lowed by more than 10 times, hence 100 times lower signal 

gain for these references.  

For any experiment, it is critical to guarantee the repeatability of the result. We have 

performed similar set of tests on T-PCF1 and T-PCF3. With both T-PCFs, we recorded 

amplified parametric conversion with similar pump power levels. Particularly for T-
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PCF1, the pump wavelength was set at 1980 nm instead of 1950 nm, showing that our 

result is not limited to a specific wavelength of operation. Actually, from the absorption 

of GeAsSe fiber [79], a longer pump wavelength will yield less loss and, thus, even 

better performance for parametric conversion. One of the OSA spectrum for T-PCF1 is 

displayed in Fig. 5.21, for pump wavelength of 1980 nm. Limited by the pump laser 

power, we managed to couple a maximum pump power of 207 mW. The signal power 

is approximately 1 mW. In this case, we have a maximum signal gain of about 5.2 dB 

and CE of 3.7 dB. The corresponding intra-core pump intensity is more than 11 

MW/cm2. We did not observe any damage to the T-PCF1 at this pump power over 1 

hour of data recording.  

 

Figure 5.22. The CE normalized to fiber length for T-PCF1, 3 and 4. All the results have almost 

the same slope efficiency. The data for T-PCF1 is recorded with 1980 nm pump laser.  

Since the three T-PCFs have different waist length, the CE over length squared is 

plotted as a function of coupled pump power in Fig. 5.22 for better comparison. Instead 

of a gradually increased pump power, we used different start pump power level for T-

PCF3 and different step size for T-PCF1 to check different pump power increase 

schemes. All three T-PCFs follow the same slope of about 1.8. Clearly, we managed to 

couple much higher power into T-PCF1, leading to a higher maximum normalized CE. 

The discrepancy among the T-PCFs is due to slight difference of loss in the taper 

transition region. When we further increase the pump power for T-PCF3 and T-PCF4, 

the samples were damaged by fiber fuse – a catastrophic damage due to a localized 

defect, direct result of the extremely high intensity inside the taper. Thus, a better way 

to increase the CE or signal gain is to fabricate longer T-PCFs, reducing the required 

pump for highly efficient parametric process. Given the linear loss of 0.5 dB/m, the 

ChG T-PCFs have an effective length of 9 m. If a T-PCF of such length can be fabricated, 

one can reach 0 dB CE with no more than 15 mW.  
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5.4.4. Summary of all test results 

We summarize the final test results and conditions after all the experiments on T-

PCFs in table 5.2, which is an extended version of table 5.1. We have observed the first 

amplifier parametric conversion (CE > 0 dB) in T-PCF1. The maximum intra-core 

power intensity is more than 11 MW/cm2. T-PCF1 operated under such intensity level 

for more than 1 hour and no damage happened during the entire time. The maximum 

waist power intensity is only limited by our pump power. In T-PCF2, we have observed 

the first fiber fuse starting at the middle of taper waist at an intra-core pump intensity 

of close to 10 MW/cm2. The fiber fuse is likely due to the high environmental humidity 

during the test, which reached more than 80%. In both T-PCF3 and T-PCF4, we have 

observed more than 4 dB signal gain and about 3 dB CE. The starting point of fiber fuse 

for both fibers were found around the output transition regions. We have performed 

detailed study on these two fibers [165]. The results and findings will be stated in the 

last part of this chapter. The last taper, T-PCF5, has improved coating and tapering 

parameters. The fiber has only 4.8 dB insertion loss, measured at 2004 nm. However, 

the hole-period ratio requires longer pump wavelength to reach the ZDW.  

Table 5.2 Data of FUTs in this experiment 

 ρ Insertion loss  Production date Waist length Notes 

T-PCF1 0.58 9 dB 2015.12 0.8 m >11 MW/cm2, no damage 

T-PCF2 0.56~0.57 10 dB 2016.07 1 m Fiber fuse in middle of waist 

T-PCF3 0.56 8.5 dB 2016.07 1.12 m Fiber fuse, signal gain 

T-PCF4 0.58 8.5 dB 2016.09 1.2 m Fiber fuse, signal gain 

T-PCF5 0.57 5 dB 2017.01 1 m Low loss, ~3 cm transition 

Conclusion 

In this chapter, we start with low power characterization of T-PCFs. Using low power 

FWM, we managed to retrieve the T-PCF uniformity and birefringence. Then, using 

increased pump power, we demonstrated the amplified parametric conversion under 

CW light at MIR band. To achieve this, we need a power intensity reaching the range 

of MW/cm2. In some T-PCFs, an optical discharge occurs and leads to catastrophic 

damage to the fibers (T-PCF2 to 4 in Table 5.2). In the next chapter, we will cover the 

studies on this damage effect.  
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Chapter 6 

Fiber fuse in chalcogenide 

Photonic crystal fibers 
 

 

 

 

 

6.1 Introduction 

Fiber fuse – an optical discharge occurs at fiber core due to the thermal runaway at a 

localized defect – leads to irreversible and catastrophic damage to the optical fiber 

system. The induced plasma propagates backward to the pump source, where energy is 

provided, and leaves discrete voids inside fiber core. Since its first observation in the 

1980s [166], many studies have been performed on this topic with both continuous-

wave (CW) lasers and pulsed laser [72, 167]. An intensity threshold was found to be in 

orders of several MW/cm2 with a propagation speed in orders of m/s [167]. Due to its 

severe threat to dense wavelength division multiplication system, fiber amplifiers and 

fiber laser systems, both characterization [168-171] and suppression methodologies 

[172-174] , mostly limited to silica fiber networks, have been explored. However, study 

of such effects is mostly confined within silica fibers. For other fiber materials, fiber 

fuse in polymer fibers has also been observed in 2014 [175]. Another study performed 

in fluoride and As2S3 fibers claimed fiber fuse to be improbable in such fibers due to 

their low melting temperatures [71]. Thus, for a long time, it was believed that the 

destruction mechanism inside soft-glass fibers was purely thermal and distinct from 

fiber fuse in silica fibers [71, 176].  

In recent years, the interest in mid-infrared (MIR) applications and compact MIR 

platforms has catalyzed the development of MIR fibers with novel materials and 
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structures as well as improved transmission [69]. Among them, Chalcogenide glass 

(ChG) fibers possess the largest transmission band, nonlinearity, and can be fabricated 

into suspended core [177] or photonic crystal fiber (PCF) [178] geometry for various 

applications. It followed that great efforts have been put into ChG fiber development 

and optimization. In terms of the ChG fiber platforms, breakthroughs in both CW and 

pulsed applications have been reported in the recent two years. For pulsed applications, 

all-fiber MIR optical parametric oscillator [157], parametric wavelength converter [61] 

and all-fiber MIR supercontinuum source [62] became feasible. For CW laser 

applications, advances in fabrication technology now allows for amplified parametric 

conversion in MIR [66], power delivery [109] and integration into the silica fiber 

network [70]. In CW applications, power intensities have exceeded 5 MW/cm2. Such 

values, orders of magnitude higher than what used to be believed feasible [69], are 

sufficient to ignite fiber fuse in silica fiber. At this early stage of research and 

development it is therefore important to look back into the possibility of fiber fuse in 

ChG fibers. In addition, fiber fuse inside a different material platform can provide more 

insights and lead to better understanding of the phenomenon.  

 

In this chapter, we report the first observation of fiber fuse in non-silica fibers. 

Inside T-PCF3 and T-PCF4, fast backward propagating damages were observed at a 

lowest power intensity of 6.5MW/cm2. The fiber fuse propagation speed is estimated 

to be larger than 0.6m/s. Inspection with scanning electron microscope (SEM) and 

optical microscope revealed smooth, shallow and discrete voids inside fiber core region. 

We also polished a small segment of un-tapered region along its longitudinal axis and 

revealed the quasi-periodic nature of voids inside our ChG PCF. By a quick shutdown 

of pump laser, we managed to terminate fiber fuse and saved a 30-cm segment of 

tapered fiber. By performing a parametric conversion experiment, clear change of 

dispersion can be noticed. This is a result of decreased hole-period ratio, where hole 

size shrinks due to solidification of vaporized core material the walls. To our knowledge, 

this is also the first study on the impact of fiber fuse to the survived PCF segment, 

meaning suppression of fiber fuse in a PCF system is more challenging than traditional 

fibers.
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6.2 Observation of fiber fuse 

 

Figure 6.1. FWM power evolution before the onset of fiber fuse. (a) OSA traces recording 

increase of pump power values: 16.53 dBm, 19.75 dBm, 22.07 dBm, 24.14 dBm, 25.49 dBm, 

26.52 dBm. (b) Retrieved CE in terms of pump laser output power. The fitting uses only the 

first five points.  

Before going into detailed study of fiber fuse in ChG T-PCFs, it is helpful to check what 

happens right before the fiber fuse. We observed the first fiber fuse in T-PCF2 when 

increasing the pump laser power gradually towards 0 dB CE. We increased the pump 

power following: 16.53 dBm, 19.75 dBm, 22.07 dBm, 24.14 dBm, 25.49 dBm, 26.52 

dBm, as illustrated in Fig. 6.1(a). By scaling the CE at 16.53 dBm pump, we expect to 

reach 0 dB CE with a pump laser power of approximately 27 dBm. However, when 

pump power increased from 25.49 dBm to 26.52 dBm, the CE does not follow the same 

increase. If we perform a linear fitting for the first five data points, we can notice a 

sudden offset on the sixth data point [increase of 0.7 dB instead of 2 dB, in Fig. 6.1(b)]. 

When further increase the pump power to 27.81 dBm, which proved to be safe to T-

PCF1, the display on OSA suddenly went to zero. At this point, the intra-core power 

intensity is about 8.3 MW/cm2.  

From the spectrum in Fig. 6.1 (a), no strong SPM effect occurred during experiment. 

In addition, the same cavity was used to get +0 dB CE in the old taper. Thus, it is not 

likely to be a problem of the fiber laser. Initially, due to previous beliefs, we failed to 

realize the damage came from a fiber fuse. Checking the fiber facets, we noticed the 

core was vaporized in both tapered and un-tapered region. It should be noticed the shape 

of the hole changes with the length and we noticed some periodicity. Also, at some 

point, the core seemed to be intact, but further test indicates existence of holes after this 

point. Thus, we have a damage that extend along the fiber, has some sort of periodicity 

and blast lots of fiber material out from the input end. After comparison with previous 

literatures [72, 167], the only phenomenon leading to this kind of damage is fiber fuse. 

With this initial knowledge in mind, we managed to perform more rigorous 

characterizations on fiber fuse in T-PCF3 and T-PCF4.  
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Figure 6.2. The top-view of T-PCF3 input after fiber fuse. (a) ball of Chalcogenide formed on 

the PCF input facet. Note high reflection from sphere surface; (b) SEM image of (a), the “crater” 

came from collision with lens fiber. 

We gradually increased the 1950 nm pump power until the intensity in T-PCF3 

waist reached about 6.5 MW/cm2. At this intensity the transmitted light abruptly 

dropped to zero, and the pump laser was shut down within 2 seconds. Inspection with 

the top-view microscope at the input side showed an input lensed fiber coated by ChG 

and formation of a smooth ChG ball on the T-PCF3 input as Fig. 6.2(a). Top-view 

inspection of the output side revealed no noticeable changes, indicating that the damage 

propagated backwards from an ignition point all the way back to the input where the 

core material blasted out. In Fig. 6.2(b), the SEM image shows a sphere on T-PCF3 

input. The “crater” on the sphere results from collision with the input lensed fiber during 

the sphere formation. Formation of such sphere is an indication of fast thermal 

equilibrium process and discrete blast of ChG. Noticeably, core material blast from 

input facet is one of fiber fuse’s distinct features in contrast with other fiber damage 

mechanisms [72, 167]. 



6.2 Observation of fiber fuse  

 

95 

 

 
Figure 6.3. Optical images of damaged PCF facets. (a), (b) and (c). Optical image of T-PCF3 

waist facets after fiber fuse cleaved continuously around the center of waist. The interval 

between each cleaving is about 1 cm. As a comparison with purely thermal damage, we show 

(d) Core void due to fiber fuse; (e) A purely thermal induced damage on input facet; (f) An 

intact facet 

The rings of air holes inside T-PCF3 cladding prohibit us from a direct inspection 

of the core voids’ geometry. One way to solve this issue is to cleave piecewise along T-

PCF3 and image the facets. Given a proper cleaving step size, such method could also 

guide us close to the starting point of fiber fuse.  Due to the large number of cleaves 

required, the optimal approach is to start with an optical microscope then move the most 

important samples to an SEM for better details. During the process, we noticed that 

voids exist in both taper waist and input un-tapered region. The optical images of three 

consecutive cleaved facet inside the waist region are shown in Fig. 6.3(a) to (c), 

respectively. Apparently, these voids in waist core have various geometry and are 

isolated. The smooth voids confined in the fiber core implies the hot point/damage must 

propagate faster than the thermal conduction speed in GeAsSe. Fiber fuse also managed 

to travel through the input un-tapered region [Fig. 6.3(d)]. Thus, while the fuse ignited 

at 6.5 MW/cm2 in T-PCF3, its propagation was maintained after the intensity dropped 

to 1 MW/cm2. Facet damage from fiber fuse differs significantly from a purely 

thermally induced facet damage, shown in Fig 6.3(e). For comparison, an intact fiber 

facet is included in Fig. 6.3(f). 
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Figure 6.4. SEM images of T-PCF3 at various locations. (a) SEM image of a facet on output 

transition region of T-PCF3, close to the start point of fiber fuse; (b) SEM image of the facet 

from Fig 6.24(d); (c) and (d) SEM image of two facets inside the taper waist, separated by about 

10 cm; shallow bottoms can be seen by using the in-lens detector. 

The cleaving was performed from fiber input until the output taper transition region. 

Voids were observed along the whole fiber until the transition region on output side. 

The un-tapered PCF after the transition region has the same transmission as an intact 

fiber. Thus, we can conclude that fiber fuse started around the taper transition region at 

output side. We imaged a facet at this region with a Zeiss Merlin SEM and observed 

clear footprint of fiber fuse [Fig 6.4(a)]. A facet from input un-tapered region was also 

imaged as shown in Fig 6.4(b), corresponding to the facet shown in Fig. 6.3(d). The 

SEM in-lens detector allows us to check the existence of the voids bottom. In Fig. 6.4(c) 

and (d), facets from the taper waist were recorded together with the voids’ bottoms. 

Like fiber fuse in silica, voids in GeAsSe PCF are also isolated. In Fig. 6.4, it can be 

noticed that some air holes were filled by re-solidification of vaporized ChG 

[particularly Fig. 6.4(b) and (d)] while the fuse voids were well-confined within the 

core region. After the formation of voids, high temperature ChG managed to burn its 

way into the air holes then propagated a certain length and re-solidified along the holes 

during certain length of propagation.  

Rather than examining the T-PCF3 with near or mid-infrared light, “opening” the 

fiber is most reliable way to check the voids’ period and fuse impact on the air holes. 

Due to the small dimension of the taper waist, polishing can only be performed on the 

input un-tapered segment. A 6 mm segment of un-tapered region was glued onto a 

holder and the whole polishing setup was illustrated in Fig 6.5(a). This holder assembly 
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was mounted on a vertical linear translation stage. Polishing films have grain size from 

6 to 0.02 μm. We monitored the polishing process in real-time. The polishing angle is 

indicated in Fig. 6.5(b). 

 

Figure 6.5. The setup for “opening” T-PCF3 and the images from fused region. (a) Sketch of 

the polishing assembly; (b) The polishing angle of the segment; (c) Composed image of the 

“opened” fiber. Note the clear periodicity of voids; (d) Enlarged image of voids’ top-view. 

We imaged the top-view of the polished segment with a 100X long working distance 

objective. Figure 6.5(c) is composed of five successive images. Fiber core is placed in 

the middle of image and isolated voids from fiber fuse are well-confined to the core. 

The voids period/interval is around 60 μm. Each period contains three smaller voids, 

which has a total length of 28 μm. Zooming in Figure 6.5(d), one can also notice the 

filled air holes close to the voids. We would also like to emphasise that the images in 

Figure 6 came from the un-tapered region where light intensity is about 1 MW/cm2. 

Since the intensity in taper waist of T-PCF1 region is 6.5 MW/cm2, the voids size and 

period/interval can be different.  

 

Figure 6.6. Top-view of the input side from T-PCF4. (a) Input lens fiber before fuse happened; (b) Input 

lensed fiber coated by ChG after fiber fuse; lensed fiber is out of focus to better image the deposited ChG; 

(c) SEM image of the input facet of T-PCF2, showing no trace of damage on this facet.   

T-PCF4 has a waist length of 1.2 m and was fabricated from the same fiber spool 

as T-PCF3. Fiber fuse happened at a waist power intensity of 7.5 MW/cm2. As with 

taper 1, input lens fiber and ChG PCF input facet were inspected with microscope. In 
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Fig. 6.6(a) and (b), though the lens fiber was deposited with ChG, the ChG PCF input 

facet is intact under SEM [Fig. 6.6(c)]. Further investigation confirmed that we 

managed to stop fiber fuse before it traveled through the whole fiber. A 28-cm taper 

waist segment was saved. With the propagation length fixed, we can estimate a 

transmission speed of at least 0.5 m/s, which is in the same order of magnitude as the 

fuse propagation speed in silica fibers [167] and orders of magnitude higher than the 

reported thermal damage speed in AsS fiber [71]. 

Although this 28 cm piece showed the same propagation loss as the original 

GeAsSe T-PCF2 (0.5 dB/m), the large amount of deposited ChG on the input lensed 

fiber does raise concerns about its properties. As ChG vapor made its way to the input 

lensed fiber, it could have condensed and deposited on the walls of the air holes, hence 

effectively reducing the hole-period ratio – an effect that would also apply to silica PCF. 

However, to our knowledge, fiber fuse’s impact on properties of remained/survived 

PCF has yet to be reported.   

6.3 Impact beyond fiber fused region 

In Fig. 6.7(a), we show the experiment measured parametric conversion trace for 1980 

nm pump. Clear dips appeared on the recorded spectrum, indicating good fiber 

uniformity and low loss. The CE feature matches perfectly with the simulation of a 0.56 

hole-period ratio taper. Measurements with several different pump wavelengths [figure 

6.7(b)] confirms the estimated hole-period ratio.  

Same experiment was also performed before fiber fuse on taper 2 at 1950 nm. The 

calculated dispersion corresponded to a hole-period ratio of 0.58. In Fig. 6.7(b), we put 

measured data from another taper of same geometry and simulated dispersion for better 

comparison. The dispersion difference before and after fiber fuse is significant. To 

exclude temperature and birefringence influences, we performed two extra tests.  

Parametric conversion performed at 7  ̊C showed no change on retrieved dispersion. 

Rotation of input lens fiber showed hole-period change within 2%, in accordance with 

our previous work [66]. Therefore, we conclude that the ChG vapor travelled in air 

holes uniformly deposited on their wall, hence effectively shrinking air hole size. 
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Figure 6.7. FWM characterization of the leftover part from T-PCF4. (a) Superimposed spectrum of 

signal sweep with theoretical fitting from Eq. (2), about 5 mW pump and 0.3 mW signal power coupled 

into fiber; (b) Comparison of dispersion before and after fuse. 

Conclusion 

In conclusion, we observed first fiber fuse in non-silica fibers and characterized its 

effect on the remaining ChG PCF. We also noticed one of the samples, T-PCF1, was 

tested under 11 MW/cm2 with no damage. Thus, we believe a better coating process 

and improved fabrication can push the power handling of ChG PCF further.    
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Chapter 7 

Linearly chirped 

supercontinuum generation 
 

 

 

 

7.1 Introduction 

When an optical pulse experiences strong spectrum broadening inside a nonlinear 

medium, people normally refer to this phenomenon as supercontinuum generation 

(SCG). SCG inside photonic crystal fibers (PCFs) has been exhaustively studied and 

has found applications in various areas [88, 179]. Silica PCFs have led to impressive 

performance for supercontinuum generation in the visible and near infrared bands. To 

reach longer wavelength, towards the mid-infrared (MIR) where many molecular bonds 

have fundamental vibration frequencies, novel fiber materials and geometries have 

been investigated over the last few years. Soft glasses are characterized by a low phonon 

energy, hence showing good transmission in longer wavelength. Fluoride [114], 

telluride [180] and chalcogenide glasses (ChG) [181-183] are the main candidates for 

MIR SCG in optical fibers. Among them, ChG has the largest nonlinearity and a 

suitable viscosity for producing low loss fibers [69], making it the ideal material for 

MIR fibers. In fact, the first SCG covering the complete molecular fingerprint region 

was demonstrated inside a ChG fiber in 2014 [183]. Later, researchers demonstrated 

multi-milliwatt SCG inside tapered ChG PCFs [161].  

The spectrum broadening mechanism of SCG is highly dependent on the pump 

wavelength domain. The origin of pulse evolution for normal dispersion and anomalous 

dispersion pumping can be very distinct from each other. For anomalous dispersion 

pumping schemes, spectrum broadening is dominated by soliton dynamics and 

modulation instability. However, soliton dynamics are highly sensitive to the input laser 
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shot noise, leading to complex temporal profile, shot-to-shot fluctuation and degraded 

coherence [88, 184]. In the time domain, soliton fission breaks the SCG into multiple 

pulses, causing different arrival times. This problem could be greatly suppressed by 

pumping with sub-100fs pulses at proper wavelength and using short fiber length (less 

than a few cm), hence compression of the SCG to few-cycle pulses could be possible 

[185]. For single-pulsed, highly coherent, stable and re-compressible supercontinuum, 

researchers also revisited the use of all-normal dispersion (ANDi) fibers for SCG – the 

idea of ultrashort pulse generation by self-phase modulation (SPM) dating back to 1984 

[186]. Indeed, numerical simulations demonstrated that SPM and optical wave breaking 

(OWB) dominate such ANDi SCG [91, 92]. Also, ANDi SCG typically has an ultra-

flat top in frequency domain [92], supporting a shorter pulse duration.  

The availability of highly nonlinear silica PCF allows for the study of ANDi SCG 

at moderate pump power and provides more freedom for dispersion engineering. A.M. 

Heidt, et al. demonstrated the single-pulse property of ANDi SCG theoretically and 

experimentally [187]. Since SPM and OWB induce linear chirp while preserving 

single-pulse property, compression of ANDi SCG pulse is feasible [90, 92]. In the same 

year, L. E. Hooper, et al. demonstrated ANDi SCG and experimentally compressed the 

SCG to 20 fs using a set of prisms from a 420 fs input pulse [188]. Later, A.M. Heidt., 

et al. compressed their ANDi SCG from 15 fs pump pulse down to 5 fs (sub-2 optical 

cycles) with chirped mirrors [189]. Simulations from this work also showed the 

possibility to achieve single cycle pulse, but a careful selection of the fiber and pump 

parameters must be carried out. Details about this selection will be discussed later 

particularly for ChG PCF SCG.  

While both silica and silicate PCF ANDi SCG can reach ~2.3μm [190, 191], 

pushing ANDi SCG further towards the MIR requires better transparency. As such, in 

recent years broad MIR ANDi SCG was demonstrated in ChG tapered step-index fibers 

[177], and ChG microstructured fibers [62, 192]. However, for applications like 

spectroscopy or pulse re-compression, SCG with improved flatness is advantageous. 

Particularly, efficient pulse re-compression requires not only a large 3-dB bandwidth, 

but also preferably linear group velocity dispersion (GVD). In addition, pumping with 

a fiber laser can lead to more compact and robust setups. To such end, a large nonlinear 

parameter is beneficial, so that efficient broadening can occur at moderate peak power 

provided directly from a fiber laser. A combination of ChG with a PCF structure, to not 

only increase nonlinearity but also correctly shape the dispersion, would satisfy such 

requirements and greatly benefit the SCG bandwidth, flatness and efficiency.  
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As mentioned, there are many MIR ANDi SCG demonstrations using multiple 

types of soft glasses, including ChG. Besides the limited 3 dB bandwidth obtained from 

previous studies, their numerical simulation and experimental results have room for 

further improvements [62, 177, 191]. This is either due to the incomplete 

characterization of free-space components dispersion or nonlinear fibers. Therefore, we 

believe there is a necessity to perform a more rigorous and complete study to prove that 

ChG PCF as a good candidate for ANDi SCG. The perfect matching between 

simulations and experimental data also serves as a proof that the process is completely 

deterministic. Besides, the use of a fiber laser instead of an OPO/OPA is an important 

step towards a more compact and robust all-fiber system.  

In this chapter, we show the results from ANDi SCG on an un-tapered ChG PCF 

to utilize its linear and positive GVD. The chapter begins with a description of the 

experimental setup and pump laser characteristics. We then show the recorded SCG, 

impact of water absorption and spectrum stability of the ANDi SCG. Using NLSE, we 

show a good matching between theory and experiment. Calculations indicate a linearly 

chirped pulse at the output and a GDD compression allows for sub 20 fs pulse. Then, 

we design a tapered PCF for generation of an octave spanning SCG. At the end, we 

simulate the ANDi SCG span under various pump durations.  

7.2 Experimental setup and fiber parameters 

 

Figure 7.1. The experimental setup and pump laser spectrum. (a) Experimental setup. M1&M2: 

un-protected gold coated mirrors; DM: Dichroic mirror, high reflection for 1500~1750 nm and 

high transmission for 1850~2100nm; NA: neutral density filter; L1: aspherical lens; FUT: fiber 

under test; inset: far-field image once coupled into FUT core (b) 2080 nm pump spectrum and 

fitting using sech2 function. 

Fig.7.1 (a) sketches the experimental setup for supercontinuum generation. We used a 

commercial femtosecond laser utilizing Raman soliton self-frequency shift as the pump. 

This pump laser is thus tunable from 2050 to 2100 nm, with a repetition rate of 19.03 

MHz. The collimated output beam has a diameter of 4 mm. For our experiment, 2070 

and 2080 nm wavelengths are used, where pulse duration directly out of the laser is 
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measured to be approximately 79 fs for both wavelengths. Since the laser output is a 1st 

order soliton, we use a sech2 function to simulate the input pulse, as demonstrated in 

Fig.7.1 (b). A reflective continuous variable neutral density (ND) filter positioned at the 

output of the laser enables smooth tuning of the pump power. The dichroic mirror (DM) 

reflects a low power 1.55 µm C-band continuous-wave laser to the same beam path as 

the 2 µm pump laser. The initial alignment is thus performed with the C-band laser to 

get a far field diffraction pattern on the infrared camera as seen in the inset of Fig. 7.1(a), 

while the pump laser is blocked after ND. Then we switch off the C-band laser and 

perform final adjustments with the 2 µm pump laser attenuated to 0 dBm. A 100 µm 

core-sized InF3 multi-mode (MM) fiber collects the output from fiber-under-test (FUT). 

An MIR optical spectrum analyzer (OSA), Yokogawa AQ 6736 covering 1.5 m to 3.4 

m, records the output spectrum. 

Two single-mode PCFs with identical 4 µm core size but slightly different air-hole 

sizes were tested for SCG in this experiment. Six segments of these PCFs, further 

referred to as fiber under test (FUT) 1 to 6 were tested. All FUTs, except for FUT2, 

have a hole-pitch ratio of 0.58 [Fig.2 (a)]. For FUT2, the hole-pitch ratio is 0.49, as the 

segment comes from a different preform which has been previously drawn. Since the 

pumping wavelength is far from the zero dispersion wavelength (ZDW) as seen in Fig.2 

(b) where the theoretical dispersion as a function of wavelength for the two geometries 

is plotted, the dispersion parameter for all FUTs are very close – around 360 ps2/km. 

The dispersion of all FUTs is simulated using the commercial finite element method 

COMSOL software package. To confirm the simulation, dispersion of FUT1 was 

measured by a low-coherence interferometry method [154]. From Fig.7.2(b), we can 

conclude that the simulation matches well with the measured dispersion and FUT1 is 

ANDi until approximately 2.87 μm, owing to the strong material dispersion [green 

curve in Fig. 2(b)].  

Table 7.1. Data of FUTs in this experiment 

 ρ 𝜱(m)  (dB/m) 
  

(W-1m-1) 
Production date Storage 

FUT1, 3 -6 0.58 4 0.6 1.7 2015.12 Dry air (<30% relative humidity) 

FUT2 0.49 4 0.6 1.7 2014.12 Lab atmosphere 

Since FUT2 has been stored in normal atmosphere condition for 3 years, we expect 

strong water absorption. On the contrary, all other FUTs were fabricated within 2 years 

from the same preform and stored in dry air with silica gels. The nonlinear parameter γ 

is approximately 1.7 (Wm)-1 for all FUTs at 2080 nm, estimated based on our past 
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experiments [66, 67]. The input coupling loss is 7±1 dB, where the uncertainty comes 

from the mounting angle and cleaving quality of the FUTs. In terms of the linear 

propagation loss, all FUTs show less than 0.7 dB/m at 2004 nm. We summarise the 

FUT data in table 7.1.   

 

Figure 7.2. PCF facet and dispersion. (a) Manually cleaved fiber facet; (b) Simulated and 

experimental fiber GVD; the material GeAsSe has ZDW at about 7 µm 

During our experiment, we increased average pump power gradually from 0 dBm 

to a maximum of 15 dBm in 1 dB steps, corresponding to a maximum coupled peak 

power of 2.9 kW. All data presented here were recorded under high sensitivity with 

chopper mode (“Hi/CHOP1”) of the OSA at 1 nm resolution. We used the GNLSE to 

study the SCG evolution with respect to pump power and propagation length. Due to 

the short fiber length and small propagation loss, the linear loss term is excluded in the 

simulation. In addition, as we pump far from strong two-photon-absorption (TPA) 

region [84], we also ignore the TPA term in the simulation. Due to the short pulse 

duration, we include the optical shock term in the same manner as [88]. Finally, we use 

COMSOL to simulate the frequency dependent effective area. This frequency 

dependent effective area leads to a frequency dependent nonlinear parameter, like the 

method in [92]. Instead of a constant nonlinear parameter, we used this array of 

nonlinear parameters in our GNLSE simulation. As ANDi SCG is a coherent and 

deterministic process, one should expect a good match between the theoretical 

prediction and experimental result. 
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7.3 Results and analysis  

7.3.1 Preliminary tests at 2070nm with cm-long PCFs  

For preliminary test of the ANDi SCG, we used FUT1 with 10 cm length to study the 

PCF performance and accuracy of our simulations. ANDi SCG pumped with 

femtosecond pulses typically has millimeter-scale effective length for spectrum 

broadening [177, 187, 188, 191]. We selected a relatively long length to ease the 

handling of the fiber and coupling, and to neglect the dispersion contribution from other 

free-space components. For all measurements in chapter 7.3, we fixed the pump 

wavelength at 2070 nm, with a possible maximum coupled peak power of 1.9 kW. We 

derived the coupled peak power through the coupled average power into the FUTs.  

 

Figure 7.3. SCG at different peak powers for FUT 1 (solid line), and the corresponding 

simulations (dashed line). Lines at different peak power levels are shifted by 10 dB for better 

representability 

The solid lines in Fig. 7.3 are experimentally recorded data at different pump 

powers. From now on, to better illustrate the spectrums, we shift each curve in the plot 

by 10 dB. At the maximum peak power of 1.9 kW, we measure a -20 dB bandwidth 

from 1.7 to 2.7 µm. We do not detect any water absorption dip, meaning a dry 

atmosphere is sufficient to properly store ChG fibers. Water in the air inside the OSA 

causes the absorption lines observed between 2500 nm to 2800 nm. As expected from 

previous research [91, 92], the ANDi SCG shows very flat top, leading to a large 3 dB 

bandwidth. Indeed, our 3 dB bandwidth covers from 1941 nm to 2301 nm (24 THz), 
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hence in theory can be compressed to few-cycle pulses. The dominant broadening 

mechanisms, SPM and OWB, are both elastic processes, resulting in a full conversion 

of pump power into the SCG. We measured 2.5 mW output average power, which is 

smaller than coupled average power owing to 20% loss from Fresnel reflection at the 

output facet. Further increase of average output power could be achieved by increasing 

the pump repetition rate, while keeping the peak power at a moderate value (a few kW).  

 

Figure 7.4. The experiment recorded SCG spectrum with simulations under multiple 

approximations.  

We then take a closer look at the experimental result and simulation at the 

maximum pump peak power of 1.9 kW (Fig.7.4). Though the wavelength dependent 

effective area should lead to a different nonlinear parameter for the SCG band, we did 

not notice this impact from our simulation. A.M.Heidt has reported similar observation 

in his research [187]. For the newly generated frequency components, they require time 

to acquire the corresponding effective areas. In an ANDi SCG process, however, the 

pulse revolution is very rapid in both time and spectrum domain. As a result, we did 

not notice impact of wavelength dependence of nonlinear parameter. On the other hand, 

the simulation indicates that using up to 4th order of dispersion term already provides 

highly precise simulations. The small offset between simulation using either up to the 

3rd or the 4th order dispersion terms indicates the wavelength where 4th order 

dispersion starts to be nontrivial. 

For the theoretical study of our ANDi SCG, we have ignored the delay contribution 

from our dichroic mirror (DM) and chalcogenide lens, and the results are depicted by 

the dotted lines in Fig.7.3. As the length of FUT1, 10 cm, has a much stronger 

dispersion contribution than the DM and aspherical lens, the simplification is valid for 

this particular experiment. During the whole simulation process, we only adjust the 
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pump peak power according to the recorded average power to fit the experimental 

results. Generally, a SCG simulation are based on the mean of multiple runs [88]. ANDi 

SCG has perfect coherence and maximum phase stability [92, 188-190], so in this case 

only a single run of simulation is sufficient [189]. In section 7.3, we perform the study 

of pulse evolution during propagation with the dispersion contribution from optical 

components is also included.  

 

7.3.2 Study of SCG stability and environment sensitivity 

From the dispersion in Fig. 7.2(b), FUT2 is expected to produce slightly narrower SCG 

given the larger GVD of 368 ps2/km at 2070 nm pump. In addition, FUT2 was 

fabricated more than 3 years ago and stored in lab atmosphere without humidity control. 

Therefore, this fiber can serve as a good example to study water absorption impact on 

ANDi SCG under a normal atmospheric/environmental condition, which is critical for 

field applications. ANDi SCG in our FUTs have millimeter scale effective lengths, so 

a longer fiber length will not contribute to further broadening of the SCG. However, a 

longer fiber length can enhance the impact of water absorption and a 80-cm-long fiber 

was therefore tested in the same setup as depicted before. Compared to the experiments 

performed with FUT, the coupling loss only slightly varied  (<1 dB) while no 

difference in the linear transmission loss at 2070 nm were observed .  

 

Figure 7.5. SCG at different peak powers for FUT2 (solid line), and the corresponding 

simulations (dashed line). Data shows clear trace of O-H bond absorption. 
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Fig. 7.5 shows the recorded SCG spectra (solid lines) together with simulation in 

the absence of water absorption (dashed lines) at different pump powers. Before the 

blue edge of SCG reaches 1950 nm band, simulation matches perfectly with 

experimental data. When we further increase the coupled peak power to 200 W, a clear 

dip appears at about 1935 nm, associated with the O-H bond vibration. Subtracted from 

the simulation, FUT2 has an absorption peak of 7 dB/m at around 1935 nm. Previous 

research shows more significant absorption peak should be expected centered at 2800 

nm (3575 cm-1), fundamental vibration frequency of O-H bond), which strongly hinders 

the expansion of our SCG expansion towards longer wavelength at higher pump power.  

We believe the water absorption mainly comes from moisture inside atmosphere. 

The wet air travels through the PCF air holes and brings water to PCF core. One solution 

to avoid water absorption is to close the air holes or purge PCF with dry air. On the 

other hand, results from FUT1 shows no water absorption feature, meaning a dry 

atmosphere storage condition can well protect the fiber for at least two years. In addition, 

drying the sample inside a vacuum oven could remove the water from ChG [193], but 

may need more investigations.  

 

Figure 7.6. Superimposed SCG spectrum for FUT2. The figure consists of 700 traces taken in 

40 minutes.  

In addition to the environmental stability, it is important to demonstrate that the 

ANDi SCG is spectrally stable over time. We assess the long term ANDi SCG stability 

using the Yokogawa AQ 6375 OSA, which features a faster sweep speed and higher 

sensitivity than AQ 6376. However, the AQ 6375 has a wavelength coverage up to 2400 

nm. During 40 minutes of monitoring time, the OSA recorded over 700 traces under 

normal sensitivity with a resolution of 2 nm. The shaded region of Fig. 7.6 shows the 

superimposed data of 700 traces, recorded on FUT2, confirming the good stability of 

the ANDi SCG. The spectral instability comes from coupling fluctuations. Since our 
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pump laser and FUT setup are on two separate optical tables, the unlocked mechanical 

vibration is the main contribution to this issue.   

7.3.3 SCG evolution and pulse properties 

For very short fiber lengths, optical components’ contribution to dispersion becomes 

more significant and therefore can not be neglected in simulations. The main dispersion 

contribution comes from the dichroic mirror (fused silica) and aspherical lens (black 

diamond, BD-2). We used refractive index equation provided by Thorlabs [194, 195] 

to simulate their delay contributions. The dichroic mirror is 3 mm thick and the 

aspherical lens is 2 mm thick. Since the collimated pump laser beam waist (4 mm) is 3 

orders of magnitude larger than the beam size in our PCF, the nonlinear parameter of 

these components is at least 6 orders of magnitude smaller than all the FUTs and can 

be set to zero in numerical study. GNLSE simulates the complete pulse propagation 

process from laser output to FUT.   

 

Figure 7.7. Simulated pulse evolution in wavelength (a) and time domain (b), at 2kW peak 

power. The intensity is normalized to 1 (0 dBm) and plotted in dB scale. Dispersion from lens 

and dichroic mirror is considered (first 5 mm of the simulation). 

In Fig. 7.7, we simulated pulse evolution starting with 5 mm propagation inside the 

free space optics components (indicated before the black line). After the free space 

optical components, the pulse goes directly into the ChG PCF.  The total simulated 

fiber length is 4 cm with the same properties as FUT1 and the coupled pump peak power 

is 2 kW. After entering the FUT, pulse evolution occurs mostly within the first 1 cm of 

propagation [Fig. 7.7(a)]. In the time domain, the SCG remains a single pulse during 

the whole propagation length. For a length smaller than 1cm, the pulse maintains a 
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width of less than 1 ps [Fig. 7.7(b)]. Due to the relatively large dispersion and short 

input pulse duration, further broadening in the spectral domain is inhibited by the strong 

pulse broadening in the time domain.  

 

Figure 7.8. Experimental and simulated results of ANDi SCG at different power levels for 

FUT3. Fiber length is 2 cm. The maximum coupled peak power is 2.9 kW. 

As a starting point for the experimental investigation, we tested a 2 cm segment 

(FUT3). Fig. 7.8 shows the SCG evolution with peak power from 30 to 2890 W. The 

maximum pump power expands the tail of SCG slightly beyond the ANDi region and 

the SCG spans close to one octave. At this point, the experimental data show a 3 dB 

bandwidth from 1925 to 2340 nm (27.6 THz), large enough to support a sub-2 optical 

cycle pulse. The -20 dB bandwidth is 75.5 THz (1670 to 2880 nm). 

 

Figure 7.9. ANDi SCG coherence and 3 dB bandwidth evolution. (a) 1st-order coherence for a 

peak pump power of 2.89 kW on a 2 cm FUT, corresponding to the maximum power in Fig. 

7.6. (b) Evolution of -20 dB bandwidth and 3 dB bandwidth during propagation. The peak 

power is 2 kW in this figure. 
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From our simulation, even at the highest pump power of 2.9 kW, the pulse remains 

to be single pulse and highly coherent, i.e. all the advantages of ANDi SCG remain 

valid. To prove this point, we simulate the first order coherence g12 using the widely-

accepted one photon per wavelength noise assumption [184]. Fig. 7.9(a) shows that the 

coherence of the whole SCG band is 1, even including part of the spectrum beyond 

ANDi region. We also plot the evolution of 3 dB bandwidth and -20 dB bandwidth as 

a function of fiber length in Fig. 7.9 (b). From this simulation, the optimal length for 

largest 3 dB bandwidth is 7 mm while -20 dB bandwidth only has minor increase 

beyond 10 mm of fiber length propagation.  

We then tested FUT4 (3.4 mm), FUT5 (7.1 mm) and FUT6 (9.7 mm) and 

summarize the obtained SCG traces in Fig. 7.10. All these short FUTs were prepared 

by manual cleaving. For better illustration, we show three power levels (0.5, 1 and 2 

kW) for each FUT. The inset of Fig. 8 is the picture of FUT4. At the maximum pump 

power, FUT4 has -20 dB bandwidth of 49 THz and 3 dB bandwidth of 16 THz. 

Experimental results from FUT4 confirm that we have correctly included the effect of 

free space optical components in our simulation. Clearly, FUT4 is not long enough for 

complete broadening of the SCG process, as expected from simulations.  

 

Figure 7.10. SCG at different pump powers for FUT4, FUT5 and FUT6. The simulations 

(dashed) is superimposed onto the experimental data (solid). Inset: FUT4 on a grid paper. 

From Fig. 7.10, FUT6 is close to the optimal length for a complete broadening at 

2 kW peak power. At 2 kW peak power, the ANDi SCG from FUT6 shows the same 

coverage as FUT3. The small difference comes from variations in coupling efficiency. 
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The maximum 3-dB bandwidth of FUT6 is 23.3 THz, within 4% difference compared 

with FUT3. In the time domain, simulations indicate 600 fs pulse duration. Notably 

from Fig.7 (b), the slope of 3 dB bandwidth expansion converges to zero with longer 

fiber, which is in accordance with the result in [189].This is also seen by comparing the 

results for FUT5 and FUT6. Though the -20 dB bandwidth is slightly smaller than for 

FUT3, both FUT5 and FUT6 show approximately an identical 3-dB bandwidth of 23 

THz at 2 kW peak power. However, the shorter length of FUT5 outputs a less dispersed 

pulse.  

 

Figure 7.11. The simulated chirp properties of the ANDi SCG pulse. (a) Simulated spectrogram 

of FUT5 output pulse, amplitude is normalized to 0 dBm; (b) this pulse has a linear chirp. In 

both plots, the frequency is normalized to the pump 

A linearly chirp pulse greatly simplifies the pulse recompression setup. Due to the 

linear dispersion from our FUTs, we expect linear chirp from the ANDi SCG pulse. 

Since FUT5 has the optimal length for compression, we retrieve the output pulse 

properties from simulation. Fig. 7.11(a) shows the simulated spectrogram of FUT5 (7.1 

mm length) output at peak power of 2 kW. The spectrogram shows that FUT5 outputs 

a single pulse with simple phase distribution. Indeed, the output chirp is linear for the 

complete span of SCG, shown in Fig. 7.11(b). With a linear chirp, the FUT5 output 



7.4 Potential improvements 

 

113 

 

pulse can be easily compressed with chirped mirrors in 2 µm band. However, due to 

the difficulty to get chirped mirror at this band, current compression can use grating 

pair or prism pair constitutions. 

7.4 Potential improvements 

7.4.1 Simulation of linear pulse compression 

 

Figure 7.12. Simulation of compressed output power. (a) Simulation of compressed pulse 

autocorrelation from FUT5 (blue) and FUT6 (red); a -50 fs shift is applied for better illustration. 

(b) Field profile of FUT5 pulse (blue) and FUT6 pulse (red); higher peak power means better 

compression. 

To start, we simulate the pulse duration by only compressing the group delay dispersion 

(or 𝛽2 dispersion). The most straightforward method is compression through a pair of 

chirped mirrors. Here we compare the minimum achievable pulse duration after 

compression output from FUT5 and FUT6 by simulating of linear compression process, 

i.e. 𝛽𝑖,𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 = 0, 𝑓𝑜𝑟 𝑖 > 2 . Given a similar 3 dB bandwidth, the output pulse 

from the shorter FUT is expected to have a smaller duration after linear compression. 

In this case, the third order dispersion contribution becomes the limiting factor of 

compressed pulse duration. We show, in Fig. 7.12(a), the autocorrelation after a 

complete compression of 2nd dispersion. FUT5 gives a 19.4 fs pulse for sech fitting (or 



7.4 Potential improvements 

 

114 

 

21 fs for Gaussian pulse), which is about 3 optical cycles. On the other hand, the pulse 

profile in linear region clearly shows tails due to third-order dispersion. A higher peak 

power also indicates better compression of pulse from FUT5 [Fig. 7.12(b)]. The longer 

compressed pulse from FUT6 is a result of higher third order dispersion due to the 

slightly longer fiber length (1 cm compared to 0.71 cm).  

Due to the limited availability of MIR chirped mirror and existence of 3rd order 

dispersion, it is a better option to use one or two pairs of Brewster’s angled grating to 

compress the second and third order dispersion of the output pulse. In terms of material, 

GaF2, is a good candidate, due to good MIR transmission and relatively low price.  

7.4.2 Reaching for octave spanning 

 

Figure 7.13. Simulation of dispersion and SCG of designed taper PCF. (a) Dispersion 

simulation of taper PCF with 1.8 µm core and 0.49-0.51 ratio compared to demonstrated fiber. 

(b) SGC simulation of 2 cm of proposed tapered PCF pumped with 1kW peak power. One needs 

to tune the input light polarization for maximum SCG coverage. 

A broader MIR SCG in an ANDi fiber is desirable for a better coverage of the molecular 

resonant region. In addition, the fiber length must be as short as possible to avoid strong 

pulse broadening in time. For this purpose, a larger nonlinear coefficient γ and less 

dispersion is desirable. Naturally, tapering the current PCF would be an easy solution 

for both purposes. Commercially available GeAsSe PCF has an air-pitch ratio of ~0.5. 
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Dispersion simulation was performed based on this ratio with a taper waist diameter 

~1.8μm. The results are shown in Fig.7.13(a). We can see that, even considering 

possible variations of the ratio around 0.5, the tapered fiber is kept ANDi. Pumping 

such 2 cm taper at the same wavelength as our previous experiment, at 2070 nm, with 

1 kW in peak, 2 cm taper, simulations yields SCG as shown in Fig 7.13(b). The 3 dB 

amplitude is expected to cover 1690~2640 nm range, leading to a bandwidth of 950 nm 

(or 64 THz). In addition, the simulation indicates an octave spanning SCG.  

It should be noted that experimenting with such fiber requires more careful 

manipulation. Particularly, the taper transition region on input side should be chopped 

off to avoid extra pump pulse broadening. This design is optimized for broader SCG – 

pulse generated from such fiber will require prism pairs for a full chirp compression 

due to the larger and non-constant third order dispersion. Ideally, pumping with an OPO 

instead of the current laser allow for reaching a more optimized dispersion point, 

leading to better re-compression. It should be noticed that the generated SC is highly 

dependent on the higher order dispersion, which cannot be retrieved precisely from the 

simulation. Therefore, short input pulse duration, where higher order dispersion 

becomes more significant, makes the fiber design more challenging, resulting in more 

complexity in pulse re-compression stage.  

7.4.3 Impact of pump pulse duration 

As mentioned previously, the ANDi SCG from ChG PCF does not require a high peak 

power. This property, thus, gives us the opportunity to increase the pump laser repetition 

rate and pump pulse duration for higher average output power. The state-of-art Tm-

doped mode-locked can easily output pulses with 200 fs duration around 100 MHz 

repetition rate [196]. Currently, the output average power of our ANDi SCG is only 2.5 

mW – this power is now too low for further pulse free space alignment due to the limited 

sensitivity of thermal card. However, if we use a laser with similar properties as pump, 

we can then achieve an average output power of more than 30 mW. Such average power 

allows for easy free-space alignment for the 2 µm light and better tolerance for insertion 

loss. The only concern is whether the 3 dB bandwidth will be similar when pumped 

with much longer pulses. To provide some initial idea about this concern, we performed 

simulations based on a broader input pump pulse. 
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Figure 7.14. Simulation of ANDi SCG using 200fs pump pulse. (a) The pulse temporal 

broadening after propagating in a 2 cm piece of ChG PCF; (b) The corresponding SCG in 

spectral domain.  

In Fig. 7.14(a) and (b), we show the simulation the ANDi SCG when a 200 fs sech pulse 

with 2 kW peak power is injected in a ChG PCF. The fiber has the same optical property 

as FUT1. The new ANDi SCG has a flatter spectrum and larger 3 dB bandwidth. In this 

case, we do have a smaller 20 dB bandwidth. However, for pulse recompression, the 3 

dB bandwidth is the key factor. As shown in Fig. 7.14(b), the 3 dB bandwidth is more 

than 27.5 THz, comparable to case with 80 fs pump. Therefore, a homemade 200 fs 

mode-locked laser at 2 µm band can be a good alternative for the current commercial 

laser.  

Conclusion 

In conclusion, we studied ANDi SCG inside ChG PCF experimentally and theoretically. 

Pumping with a fiber laser at moderate peak power level, we experimentally show a -

20 dB bandwidth from 1670 to 2880 nm and a 3 dB bandwidth of bandwidth from 1925 

to 2340 nm (27.6 THz) using a 2 cm PCF segment. As expected for ANDi SCG, we 

manage to match our experimental data and theoretical data at all pump powers. Water 

absorption could pose a big obstacle to ANDi SCG inside ChG, but one can overcome 

this problem by properly storing the fibers. In addition, we demonstrated pulse 

evolution along our PCF and found the optimal fiber length for both maximum -20 dB 
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and 3 dB bandwidth. At last, we simulate the output pulse spectrogram. With a linearly 

chirped output pulse, one can compress the pulse with a relatively simple setup. 

Furthermore, recent experiment demonstrated broadband amplification of sub-2 cycle 

2000 nm pulse using Kerr instability [197]. Such method could also amplify 

compressed pulse from ANDi SCG. We believe our study shows ChG PCF could be a 

good platform to generate few-cycle pulse at MIR. 
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Chapter 8 

Conclusion and further 

developments 
 

 

 

 

In this project, we have explored the development of coherent MIR light sources using 

ChG fiber platform. One of the goals was to develop CW pumped single path 

parametric converters for the MIR. We showed that ChG PCFs offer two degree of 

freedom for dispersion engineering, and the highest FOM and biggest transmission 

window in MIR. Using homemade fiber lasers, we performed FWM measurements in 

the 2 micron band to characterize and compare the optical properties and uniformity of 

AsSe PCF, GeAsSe PCF and AsS SCF. With the experimentally confirmed results and 

simulations, we designed tapered GeAsSe PCF under constrains provided from our 

industrial collaborator. Meanwhile, we improved the homemade fiber laser cavity and 

pushed the lasing wavelength towards 2.1 μm in order to fully access the targeted 

spectral region.  

The measurement results from the fabricated tapered GeAsSe PCF indicated that 

the fiber did not exactly meet the design geometry requirements. In our lab, we indeed 

confirmed experimentally a hole-period ratio variation range and birefringence. 

Therefore, the ZDW of these tapered PCFs is close to the boundary of Tm/Ho-doped 

silica fiber lasers making it. It is highly challenging to get broadband or distant 

conversion using such T-PCFs. Therefore, we aim to improve the CE in CW pumped 

FWM using this set of T-PCFs. Using homemade 2 μm CW pump lasers, we managed 

to achieve more than 3 dB CE. In addition, we confirmed that ChG fibers has much 

higher damage threshold than previous beliefs, thanks to the improved fabrication 

technology.  

During the experiment for amplified parametric conversion, we observed fast 

backward propagation damage in GeAsSe T-PCFs. The optical discharge blast fiber 
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core material from the input side and leaves discrete voids behind. Such damage is 

termed as “fiber fuse” and is a well-known damage phenomenon in silica fibers. Due 

to the low melting point of ChG fibers, it is widely accepted that fiber fuse is inherently 

not possible for ChG fibers. We proved that the development of fiber fuse is fast enough 

to reach an optical discharge before burning through the host fiber. Moreover, we 

proved fiber fuse in PCF structure is more detrimental than step index fibers. This is 

due to the propagation of fiber material vapor inside PCF air holes.  

Apart from applications with CW lasers, we have also explored generation of 

coherent and re-compressible SCG using ChG PCFs. In this case, the strong material 

dispersion becomes beneficial – the linear GVD curve leads to a linear chirp and ease 

the requirement for compression. Using a 2 μm femtosecond laser, we managed to reach 

nearly 28 THz 3 dB bandwidth in a 2 cm ChG PCF segment. As should be expected 

from a deterministic process, we match our simulation perfectly with all our experiment 

results at all test power levels.  

Based on our experiment result, we bring up some future aspects for development 

of coherent MIR sources based on ChG fibers. For GeAsSe ChG, the exact percentage 

of each component strongly impact the glass’ physical properties. Different 

combination ratio of GeAsSe components would lead to change of bandgap energy, 

hence change the immunity against photodarkening. For better power handling 

capability and higher immune to photodarkening, it would be necessary to further 

investigate and optimize the composition of chalcogenide fiber glass.  

From the aspect of pump fiber laser, it is more attractive to pump ChG fibers using 

3 μm fluoride glass fiber lasers. On one hand, ChG fibers have less loss in this 

wavelength compared with 2 μm and closer to reach ZDW of ChG fibers. On the other 

hand, with a more similar melting point, fusion splicing between ChG fibers and 

fluoride fibers is less challenging. The Er-doped ZBLAN fibers are commercially 

available and allows lasing up to 2.9 μm. Therefore, a homemade laser utilizing such 

laser can reach the ZDW of an un-tapered ChG PCF without great difficulty.  

To summarize, we believe the future aspect of this project should be a combined 

force from both side: improved fabrication of ChG PCF and longer working wavelength 

of fiber lasers. Under such circumstance, a parametric all-fiber MIR source reaching 

beyond 5 μm could be feasible.  
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