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Abstract 

 

This Ph.D.-project presents the numerical simulations of supercontinuum generation 

(SCG) in microstructured optical fiber based on Ge11.5As24Se64.5 chalcogenide (ChG) 

material and As2S3 based multi-material photonic crystal fiber structure. To achieve 

supercontinumm generation in microstuctured optical fiber we thoroughly studied and 

developed understanding about the characteristics and parameters responsible for 

supercontinuum generation. The methods and numerical simulations were understood, 

practised and carried out with finite-difference-time-domain (FDTD) method and 

split-step Fourier method (SSFM) in order to understand and characterize the 

generated supercontinuum (SC) in the photonic crystal fibers. With rigorous literature 

survey we shortlisted designs matching our interest. The selected designs were 

verified and further optimized for higher nonlinearity, minimized effective area, and 

anomalous dispersion curve to generate a broad spectra supercontinuum with low 

input power. The design parameters and dispersion of different Ge11.5As24Se64.5 based 

chalcogenide microstructured optical fibers were tailored to identify the most 

promising design that can be employed for spanning supercontinuum up to 15  m 

bandwidth pumped at 3.1  m with the low input peak power of 3 kW. After obtaining 

satisfactory results with Ge11.5As24Se64.5 based design, we investigated multi-material 

photonic crystal fibers for supercontinuum generation. In the proposed multi-material 

design, As2S3 based photonic crystal fiber doped with borosilicate glass was 

investigated to generate supercontinuum. The dispersion tailored design resulted a flat 

anomalous dispersion curve with two zero dispersion wavelength (ZDW) at 2.27 µm 

and 3.3 µm. Supercontinuum spectra ranging from 1.6 µm to 4.2 µm was observed 

with pump energy of 350 W at wavelength 2.5 µm. The satisfactory results motivated 

us to explore new potential materials in Chalcogenide group for supercontinuum 

generation. With this idea lithium ternary compounds chalcogenide PCFs such as 

LiGaSe2, LiGaS2 and LiGISe (LiGa0.5In0.5Se2) were carefully investigated in our 

research work. The desired dispersion curves for generation of supercontinuum were 

observed with lithium ternary compounds. These results motivate us to continue our 

research in this new avenue in future.  
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Motivation & Thesis layout 

 

 

The research described in this thesis concerns Mid-infrared (MIR) supercontinuum 

generation (SCG). Supercontinuum generation that deals with non-linear effects of the 

optical fiber has been an area of significant interest for past 20 years. Supercontinuum 

(SC) is an optical source with special features such as large bandwidth, high 

brightness and high coherence. While the optical pulses propagating through a highly 

non-linear fiber, their temporal and spectral escalation are influenced not only because 

of the predominance of non-linear effects, but also because of the dispersive 

properties of optical fiber. Each non-linear process is responsible for generating new 

frequencies in the spectrum of pulses [1]. With sufficiently intense pulse, the spectrum 

becomes enormous broader. It can extend over a range of frequencies more than 100 

THz [2]. Supercontinuum is a phenomenon due to which the pulse undergoes a 

extreme broadening and it was in 1970, when Alfano and Shapiro firstly reported SC 

generation in the bulk BK7 glass [3]. Later in 2000 Ranka et al. [5] achieved spectral 

spreading more than one octave in a newly invented photonic crystal fiber (PCF) [4]. 

Later in the MIR region different types of photonic crystal fibers [6] [7] [8], tapered 

fibers [9] [10] [11]  and planar waveguides [12] have shown enormous potential as 

supercontinuum light sources. SC light source finds their applications in various 

different fields like telecommunication bio-imaging, spectroscopy, optical sensing, 

pulse compression and OCT (optical coherence tomography)[13]. All these 

applications are the strong motivation to design a photonic crystal fiber to achieve the 

broadber spectrum in MIR. The highly nonlinear microstructured fiber (MF) or 

photonic crystal fiber incorporation with the mode-locked laser is employed to 

generate a broad spectrum called supercontinuum generation. The concept of SCG in 

MOFs/PCFs is presented by various researchers. The efficient supercontinuum 

generation is communal interplay of multitudinous nonlinear effects namely self-

phase modulation (SPM), cross-phase modulation (XPM), soliton dynamics, Raman 

scattering, and four-wave mixing (FWM). In addition to nonlinear effects the photonic 

crystal fiber design has to be tailored to obtain zero-dispersion wavelength (ZDW) 

close to the central wavelength of the pump sources along with appropriate group 
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velocity dispersion (GVD)  to obtain supercontinuum generation as desired [14] [15] 

[16].  

         Initially, researchers focused on fused silica PCFs for supercontinuum 

generation from ultra-violet to mid-infrared region.The escalation of supercontinuum 

generation beyond 2.5 μm is a challenging task with fused silica due to its intrinsic 

transmission window [17]. In view of this limitation researchers successively have 

move to other types of materials which can offer transmission windows transparency 

in the region of longer wavelengths. To achieve supercontinuum expansion beyond 

2.5 μm, other nonlinear materials such as ZBLAN, tellurite, and chalcogenide (ChG) 

have been investigated by researchers. Silicon (Si) has good Kerr nonlinearity and its 

desirable material for SCG using silicon-on-insulator (SOI) nanowires [18]. However, 

silicon is the lowest loss material in near infrared (NIR) but it has few drawbacks to be 

used in the telecommunication field. In existing telecommunication system where 

operating band is centered at 1.55 μm using silica fiber, its functioning is limited 

mainly due to absorption. The two-photon and free-carrier absorption becomes  

significant at 1.55 μm and due to which the spectral broadening of supercontinuum is 

clamped, limiting the expected bandwidth [19]. The heavy metal fluoride based fibers 

(ZBLAN) exhibits almost similar nonlinear properties like silica though tellurite has 

nonlinearity approximately 30 times higher than silica. Further the chalcogenide can 

offer thousand times higher nonlinearity than silica [20]. 

         In last few decades chalcogenide materials have emerged as promising nonlinear 

glasses for the MIR region escalation from 1 to 20 μm. Chalcogenide glasses have 

several incomparable properties making them preferable and suitable for fabricating 

optical fibers, with low nonlinear absorption, low two-photon absorption, without 

free-carrier absorption and fast response time due to the absence of free-carrier effects 

[21] [22] [23] [24]. Chalcogenide glasses are composite material consisting of one or 

more chalcogen elements (S, Se, Te excluding Oxygen) from group 16 of the periodic 

table covalently bonded with As, P, Ga, Sb, Si and Ge etc. Its composition has 

comparatively weak bond with heavy elements makes them identical with special 

optical and physical properties. The weak energy bond is responsible for optical gaps 

in the visible and the near infrared along with less energy to Tg, moderate glass 

transition temperatures which varies from 100
◦
C to 400

◦
C. The optical transparency is 

expanded to near about 8 micron for sulphides, more than 14 micron for selenides and 

above 20 micron for tellurites due to low vibrational energies of the bonds. 
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Chalcogenide glasses have high refractive index in range of 2 to 3, wide transparency 

ranging from 1 to 20 micron making them the best choice for the waveguide 

fabrication for their application in the area of optical sensing, telecommunications, 

and mid-infrared sciences [25] [26]. Another advantage with ChG glasses is its third-

order high ultrafast nonlinearity. The ChG glasses are immensely suitable for 

designing both active and passive compact devices for nonlinear applications in mid-

infrared regime [27] [28]. As2S3, As2Se3, Ge11.5As24S64.5 and Ge11.5As24Se64.5 

chalcogenide glasses are example of most suitable material for making MIR region 

applications devices. Among all the Ge11.5As24Se64.5 glass has high optical and thermal 

stability under intense illumination along with excellent film-forming properties [29]. 

All these significant and remarkable properties of Ge11.5As24Se64.5 chalcogenide glass 

attracted researchers to design a photonic crystal fiber for mid-infrared 

supercontinuum generation. A broad SC can be achieved by tailoring dispersion of the 

PCF close to the zero-dispersion wavelength which should be close to the pump 

sources central wavelength.                                                                                                                                               

         The work presented in this dissertation is inspired by the requisite to investigate 

theoretical fundamentals of PCFs and optimitize the designs for SCG in the mid-

infrared region by employing the nonlinear and dispersive properties of the PCFs. We 

have rigorously analysed and optimized the design of photonic crystal fibers. Here, we 

have used finite-difference time-domain (FDTD) method for numerical modelling. 

The study of supercontinuum generation in the fiber was carried out by simulations. 

Thus spilt-step Fourier method was used to solve generalized non-linear Schrodinger 

equation (GNLSE) for an optical pulse escalation along the length of the fiber. We 

have methodically and carefully analysed supercontinuum with Ge11.5As24Se64.5 

chalcogenide glasses in the mid-infrared region by rigorous numerical simulations 

through dispersion tailoring of the PCFs. 

The anothology of the thesis is hereunder: 

        Chapter 1 introduces detailed concepts of nonlinear optics and expounds the 

several important linear and nonlinear spectral escalation procedures which are 

responsible for the generation of supercontinuum spectra. The evolution of optical 

signal inside a fiber can be modelled by the Maxwell’s equation and pulse propagation 

along the fiber length is modelled with generalized nonlinear Schrödinger equation 

(GNLSE) which helps understanding the process.In waveguides propagation loss and 

dispersion are incurred due to linear effects and the nonlinear effects helps generating 
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processes like SPM, soliton dynamics, XPM, FWM, stimulated Raman scattering 

(SRS). All these phenomena are discussed in detail. 

         Chapter 2 gives the overview of the two numerical methods applied in this 

research work. The first one is finite-difference time-domain (FDTD) method which is 

used to simulate the light guidance in the waveguide. Another one is the split-step 

Fourier method (SSFM), used for SCG numerical calculation by GNLSE equation 

using SSFM. Both the methods are explained as per their role in simulations realted to 

our research work. 

         Chapter 3 discusses the fundamentals of SCG in the starting. With research and 

developments with time SC has emerged as one of the most promising research field. 

With published research work on SC we have made an attempt to describe different 

nonlinear materials which can be used to design optical fibers and waveguides as a SC 

source. There are enormous possibilities of research in this field as there are variety of 

optical fiber, waveguides with different feasible designs and different materials. 

Further the careful selection of design and material for a optical fiber and waveguide 

is helpful in potential applications in diverse fields. There are enormous applications, 

but few important applications are discussed for our understanding. 

        Chapter 4 presents the results of the supercontinuum generation in chalcogenide 

photonic crystal fibers with delve investigation. Here, we investigated different 

geometries of Ge11.5As24Se64.5 chalcogenide glasses PCFs and tailored the dispersion 

curve according to the requirement of efficient SCG by FDTD method. With the help 

of varying pitch, air hole diameter in hexagonal photonic crystal fiber dispersion 

curves were optimized. In this chapter supercontinuum calculations have been made, 

including the higher dispersion coefficient along with other pulse parameter for each 

proposed PCF. We have demonstrated an increase in SC bandwidth in the MID-

infrared region by changing design parameter of PCF. 

         Chapter 5 demonstrates a improved design for supercontinuum generation. Here 

we are using multi-material photonic crystal fiber to have better control of refractive 

index and dispersion characteristics. With the help of two different materials and the 

perfect combination of air-holes geometry we have achieved a mid-IR 

supercontinuum. Here, As2S3 is used as background material and few air-holes in 

hexagonal PCF structure have been replaced by the borosilicate glass rod helping us to 

create some unique properties. 
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         Chapter 6 try to explore new materials for future work of supercontinuum 

generation with improved results. Here, we introduced a new Li-containing ternary 

compounds chalcogenide material for mid-IR supercontinuum generation. We have 

tailored dispersion curve according to our requirement by carefully choosing the 

dimensions of air holes and pitch.  

         At last in Chapter 7 we concluded the thesis and have summarised all results 

with discussion and possibilities for the future work.
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Chapter 1 

 

 

Nonlinear Fiber Optics 

The medium in which the electromagnetic wave propagates plays a vital role in its 

propagation. The pulse remains unchanged during its propagation in the vacuum. The 

pulse traversing through the medium experiences loss and dispersion due its 

interaction with the atoms of the medium. In a medium with linear response, these 

effects are incurred due to the pulse travelling with different velocities and the 

wavelengths being function of the refractive index of the medium. With the high 

intensity of the pulse the medium depicts a nonlinear response. The nonlinear 

response at high intensity is mainly due to Kerr effect, where the photons interact with 

phonons due to high molecular vibrations. In the case of linear optics, the signal can 

be attenuated or amplified keeping frequency unchanged. In the nonlinear optics, the 

spectrum of the laser pulse undergoes different reforms with generation of new 

frequencies while propagating along the fiber length. Such phenomenon was first time 

reported by Alfano and Shapiro in 1970 in bulk BK7 glass where the spectral change 

is referred to as SCG [30]. The spectral broadening is depending on several effects 

which will be discussed farther in this chapter. 

        This chapter gives an overview of basic concept to perceive the simulation work 

done and results presented in the thesis. The Section 1.1 covers the review of 

fundamental equations used for modelling pulse propagation in the fiber, like 

generalized nonlinear Schrödinger equation (GNLSE) and Maxwell’s equations. In 

Section 1.2 we explain the linear effects occurring during pulse propagation in the 

fiber. Section 1.3 introduces several mechanisms responsible for spectral broadening 

and SCG at the fiber output. 

 

1.1 Wave propagation in optical fiber 

For understanding the nonlinear effects in supercontinuum generation, firstly we 

review the concepts of electromagnetic wave propagating in the fiber. In this section 

we also review the Maxwell’s equations used in derivation of wave equation along 

with nonlinear pulse propagation equation. 
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1.1.1 Maxwell’s equations 

The Maxwell’s equations are used to express the propagation of electromagnetic fields 

in the optical fiber. The interaction between electric and magnetic fields varying in 

space is expressed in time-dependent manner using these equations.The generalized 

Maxwell’s equations for the homogeneous, lossless dielectric medium are expressed 

as [31]. 

 

      
  

  
                                                       (1.1) 

 

      
  

  
                                                     (1.2) 

 

                                                               (1.3) 

 

                                                               (1.4) 

 

Where, E denotes the electric field, H denotes the magnetic field, D denotes the 

electric field displacement, B denotes the magnetic flux density, Jf  denotes the 

current density, and  ρ  denotes the density of free charges. The electromagnetic fields 

in the underlined equations are suitable for arbitrary media and related by the under 

mentioned macroscopic equations 

 

                                                           (1.5) 

 

   μ
 
                                                     (1.6) 

 

Where,    denotes the vacuum permittivity, μ   denotes the vacuum permeability, P 

denotes electric polarization, and M denotes magnetization. 

 

Boundary conditions 

 

Firstly Equations (1.1) to (1.4) are solved for optical media. Optical medium generally 

has one or more materials forming different number of boundaries between the 

different media. To obtain continuity of electric field and magnetic field inside the 
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fiber it is necessary to include the proper boundary conditions.  Since the fibers with a 

dielectric medium do not conduct current and depict no magnetism, M = J = 0 further 

the surface charges is assumed as   = 0. 

 

1) Tangential integrant of the electric field is 

 

                              n × (E1−E2) = 0           ∴  Et1 = Et2                                          (1.7) 

 

2) Tangential integrant of the magnetic field is 

 

n × (H1−H2) = 0          ∴  Ht1 = Ht2                          (1.8) 

 

3) Normal integrant of the electric flux density is  

 

                                          n.(D1−D2) = 0                ∴  Dn1 = Dn2                     (1.9) 

 

∴   1En1 =  2En2 ⇒ En1 ≠ En2                                     (1.10) 

 

where, medium one and two permittivity is  1 and  2, here  1 ≠  2 

 

4) Normal integrant of the magnetic flux density is  

 

  n.(B1 − B2) = 0         ∴  Bn1 = Bn2           ∴  μ1Hn1 = μ2Hn2                (1.11) 

 

where, medium one and two relative permeability is μ1 and μ2, here μ1 = μ2 = 1 

  

∴  Hn1 = Hn2                                                   (1.12) 

 

         The symmetry of the magnetic field vectors of normal component at the 

boundary is expressed by the above equation (1.12). 

         In some conditions out of two media one is considered as a perfect electric or 

magnetic conductor. With an assumption that one of the media to be a perfect electric 

conductor, the transformed boundary condition is expressed below  
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n × E = 0            or       n.H = 0                                     (1.13) 

 

         The case above ascertains that the electric field vector (E) expresses continuity 

while the magnetic field vector (H) vanishes at the wall boundary. 

 

         In the condition that one of the two media is a perfect electric conductor the 

transformed boundary condition can be expressed as underlined 

 

n × H = 0           or          n.E = 0                                   (1.14) 

 

         In this case the continuity at the boundary both of the electric field vector (E) 

and the magnetic field vector (H) disappear. 

        If the close surface is under consideration then additional boundary conditions 

are taken into account. The natural boundary conditions can be ignored as in this case 

the field decays at the boundary. Instead of natural conditions we can have forced 

boundary conditions, which take the advantage of fiber symmetry to minimize 

elements in FDTD method. Above mentioned boundary conditions can be symbolized 

as underneath [32]. 

 

Homogenous Dirichlet                    ø = 0                         (1.15) 

 

Inhomogenous Dirichlet                  ø = k                         (1.16) 

 

Homogenous Neumann                                         (1.17) 

 

         Here, ø represents the specific component of the electric/magnetic field vector, 

unit vector normal to the surface is denoted by n and k is a constant. 

        On using the curl operator both the part of Equations (1.1 & 1.2) and putting 

Equations (1.5 & 1.6) in the final result, following equations are achieved. 

 

       μ 
   

   
  μ 

   

   
                                              (1.18) 

 

     μ 
   

   
                                                 (1.19) 
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On neglecting all higher order nonlinearity susceptibility, linear susceptibility χ
(1)

 

dominates and relates to the electric polarization (P) along with the electric field (E) as 

follows [2] 

 

P = (χ
(1)

.E)                                                    (1.20) 

 

The frequency doamin expressions for Equations (1.18 & 1.19) can be obtained by 

replacing the time derivative ∂∕∂t by jω and can be illustrated as follows  

 

 2
E + ω

2
 μE = 0                                                 (1.21) 

 

 2
H + ω

2
 μH = 0                                                 (1.22) 

 

         The above equations (1.21 & 1.22) are analogous depicting the scalar wave 

equation of electric and magnetic components of electromagnetic field. In solutions of 

the equations the field components are orthogonal and dissociated with each other, 

due to this condition the longitudinal components can be ignored. On the fulfilment of 

of these conditions every orthogonal component of the field can be used to study the 

evolution of one component as each of them satisfies the scalar wave equation 

separately. The numerical analysis for modal solution will be explored in detail later 

in Chapter 2. 

 

1.1.2 Equations for nonlinear pulse propagation 

The linear effects generated from the motion of bounded electrons in the material that 

are proportional to the applied field but this concept is applicable to low-intensity 

light. In the case of high-intensity light sources like ultra-short laser pulse, the 

material depicts a nonlinear behaviour, as the electron displacement is no longer 

proportional to the optical field. This phenomenon is responsible for the generation of 

new frequencies and is called nonlinear optics. 

         This chapter gives a description of nonlinear effects, focusing on the nonlinear 

optics involved in supercontinuum generation. In general Supercontinuum generation 

is a collection of many nonlinear effects appearing simultaneously. 
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         A linearly polarised pulse with reference to x- axis propagating in fundamental 

mode in an optical fiber is examined, and then the electric field of the pulse can be 

represented as [2] 

 

                                                             (1.23) 

 

In above expression r = (x, y, z),    denotes the polarisation unit vector in x axis 

direction, the pulse envelope is represented by A(z, t),  F(x, y) is the transverse field 

distribution, and  0 is the mode propagation constant of  (ω) with the pulse operating 

at the centre angular frequency ω0 . EA is the electric field E [V/m] here    

  
 

 
       where c is light speed in vacuum, n is the refractive index of the medium 

and  0 is the permittivity in vacuum. Generalised nonlinear Schrödinger equation 

(GNLSE) is used to study the changes in pulse envelope (A) during pulse propagation 

along the fiber length in z-axis [2] 

 

                   
    

  
  

    

 
   

  

           
           

    

  
  

                                                        
 

  
                                            (1.24) 

 

In the above equation the   represents the Fourier transform (FT), also the Fourier 

Transform of A(z, t) is A(z,ω) and  can be expressed as below 

 

                                       
 

  
             (1.25) 

 

A(z,T) is the envelope of the pulse moving along the group velocity 1/ 1 at the carrier 

frequency is analysed in a retarded time frame T = t − 1z .The dispersion coefficients 

 2,  3,  4 ......., are defined by the Taylor series expansion of the mode propagation 

constant (ω) [2] 

 

(ω) =  0 +  1(ω-ω0) + 1/2  2(ω-ω0)
2 

+ 1/6  3 (ω-ω0)
3
+........     (1.26) 

 

where 
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          m = 0,1,2,3....                (1.27) 

 

In equation (1.24) includes both linear and nonlinear propagation loss, where α(ω) 

denotes the linear propagation loss and the nonlinear parameter can be expressed as 

γ(ω)= n2ω0/[cAeff(ω)], and Aeff is the effective mode area as expressed below [2] 

 

        
                 

 

  
 
 

                
 

  

                               (1.28) 

 

         The smaller value of Aeff is responsible for enhancing the nonlinearity when the 

value of Aeff is decreased significantly nonlinear parameter (γ) is increased due to the 

tight confinement of the field in the central core region.  

         The intensity dependence of the group velocity results in self-steepening effect   

expressed as the component    
    

  
  in the Equation (1.24) [2]. 

        On neglecting linear propagation loss and frequency dependence of nonlinear 

components, the propagation Equation (1.24) in the time domain is expressed as 

follows [2] 

 

                 
 

  
        

 

 
  

    

  
     

   

         
  

     
    

 

  
 

 

  
  

                      
 
    

  
                          (1.29) 

 

         The Raman response function of material including the instantaneous electronic 

and vibrational Raman contributions is described by [2] 

 

                                                           (1.30) 

      

         As we know that the optical properties of the chalcogenide materials are 

governed by the photoinduced effects namely photodarkening and photoinduced 

anisotropy. Thereby, the response time and third order susceptibility (χ
(3)

) change [33]. 

The temporal Raman response (hR(t)) depends on the Raman gain spectrum and can be 

expressed as [34] 
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                                                  (1.31) 

 

where pump frequency is ωp, Im[HR(f)] is imaginary part of the Fourier transform of 

hR(t) [35], hR(t)is calculated as 

       
  

     
 

    
      

 

  
     

 

  
                                   (1.32) 

 

    where, τ1= 15.5 fs and τ2 = 230.5 fs for Ge11.5As24Se64.5 based glasses. These values 

are selected as they provide a good fit with the lorentzian spectral profile. We can 

calculate fraction fr by Kramers-Kroning relation [34].The calculated value is 0.031 

[35]. Kramers-Kroning relation can be expressed as 

 

    
 

     
 

     

 

 

 
                                               (1.33) 

 

1.2 Linear effects in optical fibers 

This section gives a brief overview of various physical linear effects that appear 

within the optical fiber as the light propagates along the fiber length. 

 

1.2.1 Losses 

As the wave propagates through the fiber length it undergoes various changes due to 

various factors. One of the important waveguide parameter is losses (attenuation). It is 

a measure of power loss of a signal as it transverses along the length and is expressed 

as 

 

  
  

 
   

  

 
      

  

  
                                             (1.34)    

 

where, P0 denotes the power launched at the input, L denotes fiber length and PT 

denotes the transmitted power. 

         In the standard waveguide spectra loss mainly depends on material absorption 

and Rayleigh scattering [2]. On use of photonic crystal fiber the additional losses 

incurred are mainly bend loss and confinement loss [36] [37]. The finite number of air 

holes in the cladding of photonic crystal fiber makes guided mode as leaky modes 
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resulting in confinement losses [38]. The ratio between the diameter of the air holes 

and the pitch (Ʌ) for the particular design of the photonic crystal fiber determines the 

amount of light escaping from the center of the core to the cladding. The lower values 

of the ratio lead to increased losses. The confinement loss depends on the geometry of 

the photonic crystal fiber. It has been observed that with increase in number of rings in 

fiber, the losses can be reduced with improvement in mode confinement in PCF .The 

confinement loss can also be reduced by including an additional ring of air holes 

during the design of the photonic crystal fiber. The confinement loss can be controlled 

and also minimised with careful design of PCF. 

 The bend loss is due to the bends and curves in the waveguide. It occurs when the 

internal light signal travelling in the fiber makes the angle greater than the critical 

angle for total internal reflection depending on the wavelength [39]. The bending in 

photonic crystal fiber are broadly classified as macro and micro bending. Among 

these two macro-bending is large scale bending and can be observed with the naked 

eye when the bend is obtruded on the optical fiber. The area under strain in the fiber 

influences both acceptance angle and refractive index of the optical ray. Micro-

bending is too small to be seen with the naked eye and  occurs when pressure is 

applied to the surface of a microstructure fiber. The applied  pressure results in the 

deformation of the core and cladding interface. Micro-bending affects the index of 

refraction and thus the optical ray is refracted out from the fiber resulting in the loss 

[38]. 

 

1.2.2 Dispersion 

Dispersion is the phenomenon in which light wave propagating along the length of the 

fiber spreads. The dispersion originates due to the frequency dependence of the 

refractive index of the dielectric medium. Sometimes it’s called “chromatic 

dispersion” in order to differentiate it from intermodal dispersion or polarisation mode 

dispersion. As per basic principle, the chromatic dispersion is related to frequency and 

material absorption. To elaborate the evolution of dispersion, the absorption of 

electromagnetic radiations due to oscillations of bound electrons are absorbed by the 

material at characteristic resonance frequency. The sellmeier equation is used to well 

estimate refractive index for medium resonances. 

         The dispersion has a vital role in the propagation of short optical pulses because 

the pulse consists of various spectral components travelling at different velocities. 
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Even that time, non-linear effects are not significant, dispersion induced spreading of 

optical pulses can be pernicious for the optical communication system. In the case of 

the non-linear regime, the combination of dispersion and non-linearity can lead to 

qualitatively different behaviour. The central frequency (ω0) of the pulse with respect 

to the extension of a Taylor series in the mode propagation constant ( ) effects and 

dispersion are expressed in mathematical terms 

 

         
 

 
                

 

 
        

  
 

 
        

    (1.35) 

and  

    
   

   
 

    

                m = 0,1,2,3...                     (1.36) 

 

here, the  1 = 1/vg is the envelope of the pulse moves at group velocity (vg),  2 

denotes the group velocity dispersion (GVD). The GVD is responsible for the 

spreading of the pulse, while the third order dispersion coefficient (TOD) is denoted 

by  3. Usually it is more convenient to work in the frequency domain. The dispersion 

for a pulse can be related to group velocity dispersion and propagation constant ( 2 ) 

as 

            
   

  
  

   

 
 

 
  

 

 
 
   

                                (1.37) 

   

         The nonlinear effects depending on the group velocity dispersion can reveal 

qualitatively different behaviour in the fiber. The sign of dispersion parameter D has a 

great significance, if the sign is negative ( 2 > 0) the dispersion lies in normal region 

and the red components of pulse travels faster than the blue component of the pulse 

resulting in positive chirp. Accordingly if the sign is positive ( 2 < 0), dispersion falls 

in anomalous region and in this situation the blue components of the pulse travel faster 

than the red components resulting in negative chirp. In case the dispersion parameter 

D = 0, the zero dispersion wavelength corresponds to the same speed (minimum 

order) to travel on all pulse frequency components and the pulse retains its actual 

form. The nonlinear effects in the anomalous dispersion region are of special interest 

as, in this region the solitons can be obtained in optical fiber with a balance between 

the nonlinear and dispersive effects. 
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         The total dispersion or chromatic dispersion (Dc) is the addition of waveguide 

dispersion (DW) and material dispersion (DM) i.e. Dc ( ) = DM ( ) + DW ( ). The 

dispersion (DW) in a waveguide or a fiber is significantly related to geometry of 

waveguide specifically if dimensions are smaller than the wavelength.  The chromatic 

dispersion in photonic crystal fiber is mainly due to the geoemtry design and is 

engineered by careful selection of dimension of air-hole diameter (d) and pitch (Ʌ). 

For instance, on increasing the pitch value (Ʌ) keeping air-hole diameter (d) intact  

results in decrease in the value of d/Ʌ and the ZDW starts shifting in the mid-infrared 

region [40]. The dispersion slope and nonlinearity can be controlled by varying the 

air-hole diameter (d) and the hole-to-hole spacing (Λ). With this controllability, we 

can achieve many important and practical applications in optical communication 

systems, dispersion compensation, nonlinear optics which are difficult to be achieved 

with conventional optical fibers. With the photonic crystal fibers, we can also achieve 

ultra-flattened chromatic dispersion and zero dispersion wavelength (ZDW) shifted in 

the near-IR or visible region [41]. 

 

1.3 Nonlinearity in optical fibers 

The linear effects originate in fiber from the anharmonic motion of bound electrons in 

the material which is directly proportional to the electromagnetic field. However, this 

concept only applies for the low-intensity light propagation. In the case of high-

intensity light like ultra-short laser pulses, the material starts behaving in a non-linear 

way so the electron displacement is ceases in response proportional to the 

electromagnetic field. This response of electromagnetic wave is known as nonlinear 

optics and it is responsible for the generation of new frequencies. Resultant, the 

polarization P is an addition of related electric field E is shown in Equation (1.38) in 

respect to higher-order nonlinear susceptibility is given as [2] 

 

      
                                                  (1.38) 

 

         The n
th

 order susceptibility is χ
(n)
. The linear susceptibility is χ

(1)
, that represents 

the linear optical effects such as linear refractive index and absorption. The 2
nd

 order 

susceptibility is χ
(2) 

which is responsible for nonlinear effects accompanied second 

harmonic generation. Although, χ
(2) 

= 0 when materials have inversion symmetry at 
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the molecular level (as silica). Accordingly, most of the nonlinear effects in silica 

glass engender from the 3
rd

 order susceptibility (χ
(3)

)
 
 which include Kerr nonlinearity, 

and Raman scattering. 

         In the optical fiber the lowest order nonlinear effects arise due to the 3
rd 

order 

susceptibility, namely: four-wave mixing (FWM), third-harmonic generation (THG) 

and nonlinear refraction. The phase matching is essential condition for both four-wave 

mixing (FWM) and third-harmonic generation (THG) processes, else both the process 

are not effective and can be generally ignored. The nonlinear refraction originates 

with the reason that refractive index is intensity dependent and is expressed as below  

 

                                                           (1.39) 

 

where the linear part is n(ω) which can be calculated by the Sellmeier equation, the 

optical intensity is I related to the electromagnetic field (E). The coefficient of 

nonlinear index n2 is related to higher order susceptibility χ
(3)

 and is expressed as 

below  

 

   
 

  
        

   
                                             (1.40) 

 

Assuming the optical field to be polarized linearly, the refractive index is effected by 

only fourth-rank tensor of      
   

. The most of the nonlinear effects are generated due 

to nonlinear refraction as it is constantly phase matched. 

        The nonlinear refraction contributes to nonlinear effects like cross phase 

modulation (XPM) and self-phase modulation (SPM). The nonlinear effects discussed 

are categorized as elastic, because during the process the dielectric medium and the 

electromagnetic field don’t exchange any energy. The nonlinear effects like stimulated 

Brillouin scattering (SBS) and stimulated Raman scattering (SRS) are inelastic as they 

occur due to exchange of energy between the medium and the electromagnetic field. 

The SRS and SBS process can be distinguished on the basis that in stimulated Raman 

scattering the optical phonons participate and acoustic phonons participate in 

stimulated Brillouin scattering. 
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1.3.1 Self-phase modulation 

The first non-linear effect is describe as self-phase modulation (SPM), in which a 

pulse changes its phase because of the non-linear refractive index (n2) of the optical 

fiber material. It is because of the refractive index of a nonlinear medium depending  

on the optical intensity or Kerr effect, it is represented in equation (1.39). The 

complex amplitude representation of the electric field is  

 

A(t) = A0 exp(−jϕ(t))                                             (1.41) 

here A0 denotes the peak intensity. 

        The optical field phase changes by 

 

 ϕ = (n+n2|A|
2
)k0L                                                    (1.42) 

 

        The nonlinear phase shift ϕNL(t) which is intensity dependent is expressed as 

 

ϕ
  

    
  

 
                                                      (1.43) 

 

where, the propagation distance is L. SPM originates new frequencies that are  

responsible for the spectral spreading of pulses that generates because of time 

dependence of the nonlinear phase shift ϕNL, according to that the instantaneous 

optical frequency changes across the pulse. 

        The equation of nonlinear pulse propagation with inclusion of only self-phase 

modulation (SPM) and ignoring all other nonlinear effects can be expressed as [2] 

 

    
  

  
                                                                 (1.44) 

 

here, dispersive effects are also neglected. The above mentioned expression is 

calculated by assuming a purely instantaneous response and ignoring the frequency 

dependence of neff and Aeff , optical shock and losses. 

        The power P = |A|
2
 is approximated with the help of taking product of the (A*) 

the complex conjugate and addition of result obtained from the complex conjugate. 

The results show that the power is constant with respect to z, and solution for the 

electric field envelope can be given as 
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A(z,T) = A(0,T) exp( jγ |A(0,T)|
2 

z) = A(0,T) exp[ jϕ(z,T)]                (1.45) 

 

It is observed from the equation that the shape of the temporal pulse |A|
2
 remains 

unaffected during time of transverse. The pulse frequency chirp δω(T) = −∂ϕ/∂T  is 

generated due to phase shift time-dependent ϕ(z,T). The pulse frequency chirp is 

negative around leading edge representing red shift  and positive around the trailing 

edge [2] representing a blue shift. Usually in initial phase of supercontinuum 

generation SPM can be observed. 

  

1.3.2 Solitons 

As mentioned in section (1.3.1) that due to SPM leading edge of the pulse undergoes 

red shifts and at the trailing edge of the pulse there is blue shift. The red-shifted part of 

the pulse propagates faster than the blue-shifted part of the pulse due to the presence 

of normal dispersion [2]. This explains the pulse broadening would have been more 

rapid with time when only dispersion was present. Due to the anomalous dispersion 

region, the red-shifted pulse gets delayed and the blue-shifted pulse moves faster. In 

the anomalous dispersion regime, the delay in the broadening of a pulse propagating is 

due to the SPM. 

         With a condition that SPM and group-velocity dispersion (GVD) substantially 

balance each other, there is a possibility that pulse propagates unchanged. Including 

the GVD in equation (1.44) of SPM , the changeless NLSE can be expressed as 

 

  

  
   

  

 

   

                                                (1.46) 

 

         On solving the above equation, we obtain a solution in the pulse does not change 

its form during its propagation. This unchanged pulse propagation is known as 

fundamental soliton and can be obtained directly from a solution of A(z,T) = V(T) exp[ 

jϕ(z,T)] which is pulse shape preserving. On substituting it into the expression (1.46) 

[2] the possible solution is given below 

 

               
 

  
     

     

   
                                (1.47) 

 



Nonlinear Fiber Optics 
 

~ 20 ~ 
 

To obtain the anomalous dispersion pulse width (T0) and the peak power (P0) is so 

adjusted that P0 =| 2|/(γT0
2
 ), and  2 < 0 (or D > 0). The resulting value of Equation 

(1.45) is known as fundamental soliton. As during the process GVD and SPM balance 

each other the power distribution |A(T)|
2
 does not change with propagation of the 

pulse. 

        There are infinite number of solutions of Equation (1.24) [1] and characterized 

by the soliton number (N) as given below, the fundamental soliton being one of the 

solutions 

    
  

   
  

     
 

    
                                                 (1.48) 

 

here, the dispersion length is LD = T
2

0 /| 2| and the nonlinear length is LNL = 1/(γP0). 

The nonlinear effects is dominate in propagation when LD ≫ LNL, while linear 

dispersive effects dominate when LNL ≫ LD. In case of fundamental soliton, the pulse 

width and peak power is adjusted that’s why N = 1 and to excite the higher order 

solitons the values are so adjusted so that N ≥ 2. Unlike fundamental solitons higher 

order solitons undergo change in the shape during their propagation, but in the ideal 

case, as dispicted in Equation (1.24), the higher order undergo shape change in a 

periodic manner , thus they recover their original shape once in each period. The 

periodic dynamics is lost during the generation of SC, even though the GNLSE is used 

for calculating the supercontinuum generation. Initially in anomalous dispersion 

regime with an energetic seed laser pulse a large soliton number is obtained. The 

corresponding spectrum develops through pulse breaking up into several fundamental 

solitons which can be individually distinguished in a well developed supercontinuum 

spectrum [13] [42]. 

 

1.3.3 Cross-phase modulation 

Kerr nonlinearity also leads to another phenomenon cross-phase modulation (XPM) in 

the optical fiber. The refractive index (n), here n = n0+n2 (|E1|
2
+|E2|

2
), is intensity 

dependent which results in XPM. In the process of XPM, two optical pulses at 

dissimilar wavelengths can couple without energy exchange between them. XPM is 

identical to SPM but the spectral spreading is generated when two different optical 

fields of different wavelengths interact mutually. Other nonlinear effects arise due to 

XPM in the fiber. The XPM results in modulation instability in a normally dispersive 
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fibre tailored for flattened dispersion. Pulse compression, optical switching are few 

important applications of XPM modulation  [2]. 

         In generation of supercontinuum (SC) spectrum in the optical fibers with high 

nonlinearity, XPM plays a vital role. To deeply understand the effect of XPM, it is 

important to note that, even though the spectra of dispersive waves and Raman 

solitons are broadly separated, but there is a possibility that they overlap in the time 

domain. The XPM leads to the temporal interaction of a Raman soliton and the 

dispersive wave. All these nonlinear interactions can initiate novel spectral 

components and helps the spectrum of dispersive waves to broaden in an asymmetric 

manner, resulting the broadening of the supercontinuum (SC) on the short wavelength 

side of the input spectrum [2]. 

 

1.3.4 Four-wave mixing 

Four-wave mixing (FWM) is a nonlinear process, as the name suggests it is an 

interplay of four optical waves due to effects of the susceptibility χ
(3) 

of third order. As 

this modulates the refractive index it is named as parametric process. The nonlinear 

reaction of bound electrons of a material or glass to an electromagnetic field is reason 

of four-wave mixing (FWM) generation [2]. 

FWM process is a nonlinear interplay of four optical waves vibrating at four different 

frequencies ω1, ω2, ω3, and ω4 respectively. In general, FWM process is classified into 

two categories. In the first category, all the three photons collectively  transfer over 

their energy to one particular photon at the frequency ω4 = ω1 + ω2 + ω3. In the case of 

the second category two photons at frequency ω1 and ω2 are exterminated and two 

photons at frequencies ω3 and ω4 are generated at the same time so that ω3 + ω4 = ω1 + 

ω2.  The competency of FWM is primarily strongly relies on phase compatibility and 

matching of the frequency components and therefore is related to dispersive 

characteristics of the fiber. The essential phase matching is satisfied on matching of  

wave vectors (△k) = 0. The degenerate case where ω1 = ω2, is of great interest as  in 

this case one input signal can be employed to instigate  four wave mixing (FWM) i.e. 

to create both the types of photons, stokes and anti-stokes  

 

2ωp = ωs + ωas                                                  (1.49) 
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where, ωp is the pump frequency, ωs is denotes the wave frequency of the stoke and 

ωas denotes the wave frequency of anti-stoke. 

        For this condition, the expression of phase-matching is written as given below  

 

△ k = (2npωp − nsωs − nasωas) /c = 0                            (1.50) 

 

where c is the speed of light and n denotes the effective mode index at the frequency 

ω. It is possible in case the dispersion np ≠ ns so FWM generally is not phase-matched. 

         The process of FWM can be employed to transform the input light signal into a 

light signal at one or other dissimilar frequencies [43] in a way similar to stimulated 

raman scattering. When compared to SRS, frequency transformation with parametric 

process is more helpful as with this process it possible to have both up and down-

conversion for a broader range frequencies. Since the coefficient of gain of FWM is 

higher in value compared to SRS [2] and it can be anticipated that FWM consistently 

predominate over SRS when it is phase-matched. 

         Degenerate FWM depicts special characteristics, in anomalous dispersion region 

the gain bands are wide and are continuously connected to the pump pulse whereas the 

gain band are compressed and separated if the pump pulse is in the normal dispersion 

region [13].  As the pulse develops in time frame, the FWM itself exhibit instability in 

amplitude power distribution. The time domain analogue to FWM is termed as 

modulation instability (MI). 

 

1.3.5 Self-steepening 

The phenomenon of self-steeping(SS) is a higher order nonlinaer effects which results 

due to intsensity dependence of  group velocity. Due this effect, SPM broadens 

spectra of ultra short pulse in an asymmetrical manner, as the wings of the pulse 

transverses at a faster speed than the pulse [2]. Accordingly, as the pulse transverses 

within the fiber, the trailing edge get sharpen with increasing distance due to shifting 

of the peak in the direction of the trailing edge and Self-steepening is only significant 

for optical shock generation for the impulse pulses. 

 

1.3.6 Stimulated Raman scattering 

A stimulated inelastic scattering phenomenon is a nonlinear effect resulting to Raman 

scattering. As per fundamental principle, a molecule in the higher energy vibrational 
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state, scatter one photon to a lower frequency photon. In order to conserve both energy 

and momentum, on the extermination of the photon of incident field (pump) a photon 

at a lower frequency i.e. Stokes wave and a phonon with appropriate energy and 

momentum are generated [2]. SRS is outcome of both stimulated emission and Raman 

scattering,which further leads to Raman amplification. In a single mode optical fiber 

the stimulated inelastic scattering (SRS) is bidirectional process. The stokes wave 

equation for inceptive growth can be described as below  

 

   

  
                                                           (1.51) 

 

 

Figure 1.1 Raman gain for silica (SiO2). (Reproduced from [2]). 

 

where, gR  denotes the Raman gain coefficient, Is denotes the stokes intensity is and Ip 

is the intensity of pump pulse. 

         As depicted in Figure 1.1 the Raman gain spectrum for the fused silica, gR(Ω) is 

very broad spreading up to 40 THz with a peak obtained approximately near 13 THz, 

in gR(Ω) , Ω denotes the frequency difference of the pump and stokes waves  [43]. The 

beam introduced in the optical waveguide input undergoes amplification due to 

Raman gain as long as the frequency difference Ω lies inside the bandwidth of the 

Raman gain spectrum. In silica fiber the maximum gain achieved is for the downshift 

of frequency component through approximately 13 THz from the pump signal 

frequency. The maximum pump energy is converted to stokes energy if the pump 

intensity is more than the threshold level, this depicts the SRS threshold behaviour. 
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The SRS threshold pump intensity for a single mode fiber can be expressed as below 

with assumption considering Lorentzian shape approximation for the Raman gain 

spectrum. 

  
     

    

      
                                                       (1.52) 

 

         From the equation (1.52) we can interpret that the pump intensity (IP) (threshold) 

is related to the effective length of fiber (Leff), raman gain and affective area. It is 

inversely proportional to effective length of the fiber.  The Raman effect amplifies a 

weak signal in optical fiber, on introducing a weak signal with an energetic pump 

signal and the frequency difference between the signals falls in bandwidth of Raman 

gain spectrum [44].The fused silica (SiO2) has a very short Raman response time in 

range of 60 to 70 fs. As the pulse propagates along the fiber, due to the Raman effect 

the spectrum shifts in the direction of the low-frequency resulting to Raman-effect 

induced frequency shift [2]. The frequency shift becomes very large for the short 

pulses as it increases linearly along the fiber. 

 

1.3.7 Dispersive waves 

The generation of fundamental solitons in the fiber is generally assisted with a 

temporal pedestal of short amplitude which travels along the linear region  [45]. With 

its sensitive response of fundamental solitons towards the perturbations mainly the 

dispersion of higher order (HOD) results in instability of nonsolitonic radiation (NSR) 

at a specific frequency [46]. The resonant state involving dispersion of higher order 

(HOD) play a vital role and due to phase-matching conditions the nonsolitonic 

radiation (NSR) are coherently enhancement at a narrow band of frequencies. This 

enhanced spectral constituent is well known as the Cherenkov radiation or the soliton 

induced resonant emission as it occurs in region of normal dispersion. In reference to 

particle physics Cherenkov radiation appears in a medium when a particle moves  

with greater velocity than the phase velocity of light [47]. The similar effect which 

occurs in optical channel is the reverberation condition between the pulse, travelling 

with group velocity, and the dispersive wave. This result to transfer of energy from 

soliton to the dispersive wave at a suitable frequency evolved with phase-matching 

condition. 
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         The frequency of dispersive wave frequency which originates consequently due 

to radiation emitted by the perturbed soliton can be achieved by phase-matching such 

that  the dispersive wave propagates moves with phase velocity same as that of the 

soliton. The two phases at a distance z after a delay t = z/vg can be expressed as below, 

where ω  is the frequency of dispersive wave  and ωs is soliton frequency  [2]. 

 

ϕ(ω) =  (ω)z − ω(z/vg)                                                 (1.53) 

 

ϕ(ωs)= (ωs)z − ωs(z/vg) + ½(γPsz)                                       (1.54) 

 

here the group velocity of the soliton is denoted by vg. The last term in Equation (1.54) 

represents the nonlinear phase shift of the solitons. The phase difference is zero in 

case of phase matching condition. 

 

(ω) = (ωs) +  1(ω − ωs) +½(γPs)                                       (1.55) 

 

here, on substituting the value of vg equal to 1/ 1  as one of the solutions obtained from 

solving the equation, the frequency of one or many other dispersive waves generated 

due to perturbation initiated in solitons can be easily determined. 

         As the dispersive waves formation due to soliton fission is susceptible to 

smallest detail of the dispersion (ω) relation of the fiber, so it becomes necessary to 

include higher order dispersion terms of order four. With the aid of numerical 

approach we observed that all the terms with odd-order depending upon the sign of 

dispersion parameter generate one NSR peak on the blue/red side of the carrier 

frequency of the pulse [2]. On the other end two NSR peaks on opposite sides of the 

carrier frequency are generated with the dispersion terms with positive sign and even 

order  [2].  

 

 

1.4 Summary 

The complete chapter presents the conceptual description of the fundamental 

principles related to the generation of supercontinuum required to build the 

understanding about the work shown in this thesis. The study of Maxwell’s equations 
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and the generalized nonlinear Schrödinger equation (GNLSE) which governs the 

propagation of optical pulse is very essential as they help understanding both the 

linear and the nonlinear phenomena along with their effects during the pulse 

propagation within the fiber. The mathematical steps of derivation of equations related 

to wave equations and the generalized nonlinear Schrödinger equation (GNLSE) are 

very well explained.  The end section of the chapter reviews the important nonlinear 

phenomena and principles responsible for propagation dynamics of generation of 

supercontinuum.
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Chapter 2 

 

 

Fundamentals of optical waveguides and numerical methods  

This chapter introduces the basic designs of optical waveguides and the numerical 

methods for studying their properties. The solutions of generalized nonlinear 

Schrödinger equation and Maxwell’s equations as discussed in Chapter 1 are used in 

majority of numerical methods to study the properties of optical waveguides. Firstly 

we briefly analyse the light guidance mechanisms of optical fibers in section 2.1. The 

linear properties are studied using the finite-difference-time-domain (FDTD) method 

which is explained in detail in section 2.2. The end section 2.3 characterizes the 

method used in our research work to estimate generalized nonlinear Schrödinger 

equation, for estimating the pulse propagation dynamics of the output pulse through 

supercontinuum generation in waveguide. Split-step Fourier method (SSFM) was 

employed to estimate generalized nonlinear Schrödinger equation (GNLSE) for our 

simulation work. 

 

2.1 Optical waveguides 

Before we start building the fundamentals of numerical methods used, it is important 

to understand the guiding properties of optical waveguide with aid of few examples. 

With the enhancements in technology many types of optical waveguides are available 

for various commercial applications in different fields. On the basis of guiding 

mechanism the waveguides are classified as index guiding waveguides and photonic 

bandgap waveguides well known as PBG. The standard step-index fiber (SIF) [48] 

and microstructured fiber (MF) or photonic crystal fiber (PCF) [49] are widely used as 

index guiding waveguides and photonic band gap waveguides respectively. The 

waveguides with cobweb lattice [50], suspended core [51] and wagon-wheel [52] are 

few other types of fibers available. With the advent of technologies the planar 

geometry structure (channel/rib) are widely employed as index guided waveguides  to 

generate supercontinuum with advantages of low-cost fabrication, scalability and 

suitability for integrated optical chip solutions [53]. The hollow core fibers under the 

category of photonic bandgap guiding (PBG) waveguides are widely used for 

supercontinuum generation [54]. 
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         The structure of ideal step-index fiber (SIF) consists of a cylindrical glass core 

surrounded by a lower refractive index material forming the cladding as shown in Fig. 

2.1(a) [2]. On the similar idea a planar geometry structure (channel/rib) waveguide has 

a square/rectangular core surrounded by a lower refractive index material in 

comparison to that of the core forms the cladding, as shown in Fig. 2.1(b). The total 

internal reflection confines the light in fiber [55]. The PCF structure offers modified 

total internal reflection guiding mechanism due to the difference in effective index 

between solid core and the microstructured air-hole cladding [49] as shown in Fig. 

2.1(c). The light guiding mechanism is entirely different in photonic band gap guiding 

waveguides, which enables light guidance in hollow air-core surrounded by 

microstructured air-hole cladding, as shown in Fig. 2.1(d) [56]. 

 

 

Figure 2.1 Schematics of (a) convection optical fiber (b) planar (channel) waveguide 

(c) solid core PCF and (d) air-hole core PCF. (Reproduced from [2] [48] [49] [56]). 
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         The analysis of optical waveguides investigations involves the estimation of 

wave propagation constants ( 0) and also the mode field profiles of all the supported 

modes in the optical fiber. The solutions of Maxwell’s equations with suitable 

boundary conditions are used to calculate the propagation constant of the optical 

waveguide. Solving the Maxwell’s equations for analysis and calculations may not be 

a simple thing, further the accurate analysis is not only time consuming but difficult 

work due to arbitrary refractive index distribution such as graded-index profiles of 

optical waveguides or photonic crystal fibers, complex designs, and materials with 

anisotropic and nonlinear refractive indices, with different and complex refractive 

index of semiconductor and metals. The various methods developed for analysis of 

optical waveguide analyses have helped to overcome these difficulties. These methods 

generally classified as methodical approximation solutions and the numerical 

solutions. The solution for a two dimensional step-index optical waveguides such as 

planar waveguides and step-index fiber (SIF) can be obtained by accurate methodical 

approximations. It is difficult to obtain exact solutions for fibers with an arbitrary 

refractive index distribution like photonic crystal fibers and graded-index fibers. Our 

research work also uses the photonic crystal fibers which don’t have exact analytical 

solution so finite-difference-time-domain (FDTD) based numerical method is used for 

analyzing all optical fibers proposed. 

         In order to  analyze the transverse feild distribution of optical fibers , the wave 

equations derived from elementary Maxwell’s equations discussed in previous 

Chapter are estimated by finite-difference-time-domain (FDTD) method. The 

electromagnetic fields evolved in the fiber are linearly guided in medium and can be 

studied with these equations. The dynamical part of propagation of the complex 

electric field envelope developed can be studied by solving the generalized nonlinear 

Schrödinger equation (GNLSE) by split-step Fourier method. The finite difference-

time-domain numerical method is employed to analyze the properties of photonic 

crystal fiber (PCF) and split-step Fourier method is used to study the nonlinear 

medium GeAsSe, As2Se3 multi-material, and Li-containing ternary compounds based 

photonic crystal fibers used for designing broadband supercontinuum laser sources for 

mid-infrared region. 
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2.2 FDTD modeling of photonic crystal fibers 

Photonic crystals have attracted much attention in the field of optics since last few 

years. The permittivity in a photonic crystal structure is spatially periodic. Analogous 

to formation of electronic bands with electronic states in a sold crystal, the optical 

modes of photonic crystal falls in discrete bands. Photonic crystals exhibit band gaps 

identical to electronic states in solids, prohibiting the propagation of light in the band 

gaps. It is feasible to tailor the band structure of the photonic crystal by careful 

selection of geometry and by using the appropriate materials can customize the optical 

properties [57]. 

         Photonic crystal fibers which evolve as a category of photonic crystals are of 

special interest due to some of its unique properties. The structure of photonic crystal 

fiber (PCF) is so designed that it exhibits periodicity in the transverse dimensions and 

uniformity in the longitudinal direction. These types of fibers can show two-

dimensional bandgap for the available longitudinal wavenumber, which prohibits the 

transverse propagation of certain range of frequencies in waveguide. When the defect 

is inserted in the photonic crystal fibers, frequencies in the bandgap can propagate 

only in the defect since they are restricted from propagating in the lattice and hence a 

waveguide is formed. Photonic crystal fiber is emerging field of research with vast 

application areas. The degree of freedom in designing offers ease to manipulate and 

obtain distinctive optical properties for a wide range of applications, like from 

nonlinearity for wavelength conversion in telecommunications to large mode area for 

materials processing [58]. 

         With the growing interest of researchers to tailor the optical properties of PCFs, 

effective numerical modeling also gained attention and importance. To detect the 

propagating modes in the photonic crystal fiber researchers employed iterative 

eigensolver like MIT Photonic-Bands (MPB) package in frequency domain [59]. Well 

adapted to certain structures of photonic crystals, this method has few drawbacks for 

photonic crystal fiber waveguides. The defect introduced in the lattice should be large 

enough to eliminate the problem of boundary space influencing the guided mode. One 

possible approach to increase the dimension of the lattice results in increase in the 

problem space but it also increases the desired mode number among all modes in the 

waveguide. Under such situation to find guided modes, more number modes have to 
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be investigated making this technique as time consuming and inefficient. In the next 

section, we demonstrate the methods to overcome this problem. 

 

2.2.1 FDTD Theory 

We used the finite-difference-time-domain (FDTD) technique to model PCF in this 

research work. FDTD is the malleable algorithm suitable for various kinds of 

electromagnetic simulations. Although, in place of the sample length of PCF forced 

with a source from one end, as might be done for a metallic waveguide, here we 

assume that fields are initially present all along the length of PCF, and then proceed 

and carry out simulation in time with no additional sources. It is possible because the 

unguided modes exit from the fiber and are separated from the system by applying 

absorbing boundary conditions, unlike in a metallic waveguide. 

         Here model for a particular case system is modelled by storing the fields in a 

single two-dimensional transverse section by the fiber and presume that the all fields 

change periodically as       , where the longitudinal wavenumber is kz and the fiber 

extends in the z-axis. The grid is so initialized so that with field pattern we can be 

easily obtain the mode pattern which is “close” to the required mode pattern This 

inferences that  major portion of its energy is focused in the mid of centre defect and 

has no free charges so that  .D = 0. This explains that we can identify initial fields 

methodically. 

         The frequency domain investigation help us to develop a deep understanding 

about the problem. Generally, the starting field will be having a agglomeration of 

eigenmodes of the fiber, and each mode having its own frequency. Any mode with 

frequencies which donot fall in the band gap can undergo diffraction through the 

lattice and be absorbed by any absorbing boundary like PML or other at the edge of 

the problem space. 

         The transverse magnetic field (H⏊) eigenvalue equation is 

 

 ⏊    
 

  
  ⏊   ⏊   

 

  
 ⏊  ⏊  ⏊       

   
  

 

  
  ⏊         (2.1) 

 

here  r =  / 0 [60]. The relation  .H = 0 is used to determine Hz component , and the 

electric field can be estimated by expression below 
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                                                           (2.2) 

 

With the constraint that the eigenvalue can relate frequency up to a sign, the initial 

field is expressed as below 

                                                            (2.3) 

 

 

                                                           (2.4) 

 

here (Hn,En) is the eigenmode with frequency ωn , the an and bn are the complex 

numbers. Therefore, it is necessary to specify only one field; specifying the other just 

gives the complex relation between the an and bn. For example, setting E = 0 gives an 

= bn. 

         The eigen modes of the time-step operation on the FDTD grid will not 

necessarily represent the actual modes of the fiber. This is due to both discretization 

and the fact that the FDTD space only has a finite lattice surrounded by absorbing 

boundary conditions instead of an (ideally) infinite lattice. Thus only those modes, 

which are transversely confined in proximity to center of the PCF and have all their 

energy well inside the lattice, should be considered as guided modes. The extra modes 

will be affected by the presence of the boundary conditions will be lossy and 

eventually decay with the progress of simulation. The time- and z- averaged energy 

density can be expressed as below, with consideration of the loss coefficients of the n
th

 

mode is γn  

 

  
 

 
     

 

 
     

 

 
                                                (2.5) 

 

2.2.2 FDTD method Implementation 

Here only confined the fields in one direction, and apply periodic boundary condition 

to measure the z derivatives of the transverse fields. There are any z and z0, ⏊    

                 , so 

 

  ⏊

  
  
      

         ⏊        
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         ⏊ 

   
               (2.6) 

Accordingly, 

  ⏊

  
  

   
         

        
      

                        (2.7) 

         If both the E and H fields initially, we must compute H|
1/2

 from E|
0
 and H|

0
. For 

this, we use the first and second-order differential equations for H. Now, we have [61] 

 

  

  
  

 

 
                                               (2.8) 

 

   

   
  

 

 
   

 

 
                                       (2.9)  

 

in finite difference form, this give 

 

             
  

 
                                  (2.10) 

 

                   
     

  
   

 

 
                     (2.11) 

after adding these equations, we find that  

 

          
  

  
       

  

 
   

 

 
                       (2.12) 

 

       This is the method for initializing the FDTD grid given E and H at t = 0 [61]. 

       The finite-difference-time-domain (FDTD) method along with periodic boundary 

conditions in the axial direction proves to be an efficient method to find modes in the 

PCFs. It is has an additional advantage of better speed over other frequency-domain 

methods. 

 

2.3 Split-step Fourier method 

In presence of nonlinear processes like higher-order dispersions, Raman delayed 

response, self-steepening and others the generalized nonlinear Schrödinger equation 

(GNLSE) Equation (1.29) normally does not contribute itself to analytic solutions. 

Thus often it is essential to use numerical method to understand the nonlinear 



Fundamentals of optical waveguides and numerical methods 
 

~ 34 ~ 
 

phenomena developed with the optical pulse propagation within the optical fibers [2]. 

The solutions of GNLSE can be obtained by number of different procedures 

developed [62] [63] [64], the Split-Step Fourier Method (SSFM) method is the widely  

used method. Another commonly used method is finite difference method [2], but the 

SSFM is a pseudo-spectral method which offers higher speed of order two magnitudes 

as compared to finite difference method. This method proves to be efficient and 

accurate for pulse widths of the order of ps [2] [62]. In the presented work here the 

solutions of GNLSE is calculated by SSFM to observe the supercontinuum generation 

in optical fibers (Chapter 4, 5 & 6). The next section presents the brief description of 

SSFM. 

  

2.3.1 Split-step Fourier method for solving GNLSE 

As the name suggests the Split-Step Fourier Method (SSFM) method separates the 

dispersive and nonlinear components in the equation from one another. Thus the 

components are assumed to be independent over a very small distance. 

         Accordingly, Equation (1.29) can be expressed as below 

  

  
                                                   (2.13) 

here, the linear differential operator is    that represents dispersion and absorption of 

the media and the effect of nonlinearities of fiber on pulse propagation is represented 

by nonlinear operator    [2]. These operators can be defined as 

 

    
 

 
  

    

  
     

   

   
                              (2.14) 

 

        
  

     
    

 

  

 

  
                        

 
    

  
      (2.15) 

 

         After solving the Equation (2.13), find 

 

                                                     (2.16) 

 

         Generally, dispersion and nonlinearities work jointly along the complete length 

of the fiber. The split-step Fourier method calculates the result with an assumption 

that dispersive and nonlinear effects are independent for the optical field propagating 
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for a short distance h, the dispersive and nonlinear impacts can be supposed to act 

independently. The approximation of the results for the propagation of z to z+h, is 

completed in two steps. In the first step, dispersion effect is zero i.e    = 0 and non-

linearity acts alone, and in the second step the non-linearity effect is zero i.e    = 0 and 

dispersion acts alone in equation (2.13). 

          As per Baker-Hausdorff theory for two non-commuting operators we can state 

that [65] 

 

                               
  

 
                  (2.17) 

 

         On neglecting the higher terms in exponential and h
2
 it can be approximate the 

following 

                                                          (2.18) 

 

         With this approximation the SSFM results in accuracy of closely second order 

because of h
2
 and higher order terms in the Baker-Hausdorff expansion have been 

ignored. It is noteworthy that here the dispersive and non-linear terms do not commute 

with each other. 

         Accordingly, the expression below represents a solution of pulse envelope of 

equation (2.16) 

                                                       (2.19) 

 

         The accuracy of the SSFM can be refined by modification of Equation (2.19) to 

well known form, symmetrised SSFM [66], which gives higher accuracy.  
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Figure 2.2 The pictorial representation of symmetrised SSFM for numerical 

simulations. The length of the fiber is divided into the various segments of width h 

and the impact of nonlinearity is fitted at the centre of the step depicted by a dashed 

line. (Reproduced from [2]). 

 

         The calculations of the nonlinear impacts in this method are obtained for centre 

of every step instead of the edges as depicted in Figure (2.2). The spatial dependence 

of the nonlinear term can be precisely expressed by an integral, and equation (2.19) 

can be approximately expressed as  

 

             
 

 
                 

   

 
     

 

 
                      (2.20) 

 

         The use of the symmetrical form is more advantageous as with its use the 

accuracy is increased by the third order by using Baker-Hausdorff formula twice in 

the equation (2.20). 

         In order to improve the accuracy of split-step Fourier method the integral in 

equation (2.20) is evaluated more accurately, instead of approximating it by       . 

The use of trapezoid rule is simplest approach to estimate the integral from Equation 

(2.20) [2] 
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                                          (2.21) 

 

         As          is unknown at the midsegment located at z +h/2, it becomes 

essential to follow an iterative method which is initiated by replacing         

by     . The value of A(z+h,T)  can be directly calculated using the equation (2.20), 

and is further, utilized to determine the next new value of         . No doubt the 

iteration procedures are time consuming, but the overall computation time can be 

reduced by increasing the step size h due to the enhanced accuracy of the numerical 

algorithm. 

 

2.3.2 Split-step Fourier method implementation 

In order to stimulate the generation of supercontinuum we have used MATLAB tool. 

To apply split-step Fourier method, the length of the waveguide is split to equally 

space large number of segments, as depicted in Fig. 2.7. The optical signal propagates 

from one section to another applying the procedure of Equation (2.20). Firstly the 

optical field A(z,T) is made to propagate to h/2 distance along with the dispersion 

employing the Fast Fourier transform (FFT) algorithm [2]. After this the field is 

multiplied by a non-linear term, to include the effect of non-linearity over the entire 

length of segment h in the centre plane. In remaining half distance h/2 the field 

propagates with dispersion to obtain A(z+h,T). It is inferred that the non-linearity is 

agglomerated to the central plane of each of the segment with the dashed lines as 

marked in the Figure (2.2). 

         The Fourier transform of the dispersive terms and the aforementioned  

approximation collectively is used to implement the symmetrized split-step Fourier 

procedure as follows 

 

        

         
 

 
                       

   

 

         
 

 
                    

(2.22) 
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2.4 Summary 

This chapter presents review of the theoretical aspect of the numerical method which 

needs to be learned for an understanding the work presented. The mechanism of light 

guidance in various types of optical fibers, with the detailed explanation for the most 

widely used photonic crystal fibers have been presented here. The finite-difference-

time-domain (FDTD) method based procedure has been used to obtain the modal 

solutions of photonic crystal fiber. The nonlinear pulse propagation equation 

(GNLSE) has been solved for obtaining evolution of the optical signal in the 

waveguide output by using split-step Fourier method including the results obtained 

through modal solutions by FDTD method.  
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Chapter 3 

 

 

Timeline of SC generation  

The creation of novel frequency components with the spectral expanding is one of the 

intrinsic characteristics of non-linear optics and has been interest of research since the 

early 1960s. The broadening of a narrowband incident pulse due to extreme nonlinear 

spectral broadening to generate a broadband spectrally continuous leads to 

supercontinuum generation [67]. In 1970 Alfano and Shapiro discovered the 

generation of supercontinuum generation in bulk BK7 glass [3] [68]. and since then 

has opened many new avenues of research for  numerous explorations in a large range 

of nonlinear optical fibers and waveguides. The advent of microstructured photonic 

crystal fiber (PCF),a new class of optical fibers in late 1990  attracted the researchers 

all over the globe due to its application in the craetion of ultra-wideband spectra high 

luminance with supercontinuum generation [5] [6] [69]. The microstructure fibers  

offers more degree of freedom of the design, making it suitable choice to generate SC 

at a much wider range of parameters which was not feasible with the conventional 

planar waveguides or fibers. The results of various experiments report that SC 

generation is obtained for both unamplified input pulses with durations in range of 

tens of femtoseconds to a few nanoseconds, and continuous wave sources with high-

power. Supercontinuum sources have innumerable applications in various fields like 

spectroscopy, bio-imaging, the optical coherent tomography (OCT), frequency 

metrology, pulse compression and the design of ultrafast tunable laser sources with 

response in range of femtosecond (fs). 

        A small FOM (Figure of merit) can result in significant saturation of the 

transmitted power before the desired nonlinear phase shift is reached, so large values 

of FOM are desired to obtain better performance for nonlinear devices. A large FOM 

can be obtained by adjusting the glass composition in order to shift the electronic 

band-gap and thus reducing the amount of multi-photon absorption. 

Material FOM 

Si  0.37 

As2S3  12.9 

As2Se3  2 

Ge11.5As24Se64.5  60 

Ge33As12Se55  2.4 
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         In reference to its application in telecommunications, the broad Spectra of SC is 

sliced to generate optical sources with multiple wavelengths for DWDM (dense 

wavelength division multiplexing). This chapter covers the outline of fundamental 

nonlinear optics literature in context to supercontinuum generation. The first Section 

3.1 describes broadening of  supercontinuum in bulk media. The next Section 3.2 was 

dedicated to study the generation of supercontinuum in conventional fibers. SC 

generation in silica microstructured fibers is covered in Section 3.3. Next Section 3.4  

generation supercontinuum in nonsilica fibers and waveguides is discussed. 

 

3.1 SCG in bulk media 

In 1970 Alfano and Shapiro demonstrated SC generation in BK7 glass by introducing 

5 mJ picosecond pulse at 530 nm to expand the spectrum of white light for the range 

of 400-700 nm which covered the entire visible range [3] [68].The SC range, achieved 

by the experiment of Alfano and Shapiro was more than ten times higher than all 

previously reported. The interesting point about this work was that they reported the 

discovery of nonresonant coupling of four-photon (four wave mixing) instead. It was 

Manassah et al. who formulated the process as "supercontinuum" [70]. Meanwhile, 

this process was referred as superbroadening [71] [72] [73]. 

         In year 2000, Gaeta based on complete three-dimensional simulations of the 

propagation of light presented a consistent explanation [74]. The idea already 

presented by Werncke et al. latterly accepted that in bulk media, the generation of 

optical shock on the back of the pump pulses because of self-steepening and space-

time focusing is responsible for continuum generation of white light [71]. Both 

multiphoton absorption and plasma generation prevents optical breakdown of the 

material by arresting the collapse of the beam. In bulk medium self-focusing was 

established to play a vital role in SCG, as it was generally observed that the threshold 

level of supercontinuum accorded with the crucial power for catastrophic collapse, 

normally related to generation of self-trapped filaments. In the bulk material due to 

beam collapse the SPM improves, which results in a rapid rise in peak intensity and 

generates many non-linear effects of higher order like multiphoton absorption, 

avalanche ionization, space-time focusing, self-steepening and free-electron plasma 

formation. The process may or may not form self-trapped filaments depending on the 
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time period of the pulse and on the relative strength of self-focusing, chromatic 

dispersion and plasma defocusing [75]. Along with agreement that SCG process is 

dependent on band gap of the material it is in agreement with other related 

observations [76]. In the material with small band gap, the process of self-focusing is 

stopped at lower intensities by free-electron defocusing which preventing the 

formation of a shock. 

         In bulk materials the generation of SC is a very complex process involving a 

complex coupling of temporal and spatial effects, requiring a high pumping power in 

order of MW. Whereas SC generation in planar optical waveguides, or in waveguides 

based on fiber geometries, includes only temporary dynamic processes with the 

transverse mode characteristics which are estimated by linear properties of the 

waveguide. Accordingly, this justifies the motivation to study the supercontinuum 

generation in planar waveguides and photonic crystal fibers with use of the dispersion 

engineering. As this helps to understand characteristics of temporal nonlinear 

propagation effects to further develop deepen understanding for much more complex 

waveguide design with bulk material. 

 

3.2 SCG in conventional fibers 

The generation of supercontinuum in optical fibers was firstly demonstrated by 

launching pulses of 10 ns duration from a dye laser source in 20-m long fiber in 1976 

[77]. The peak power of 1 kW the spectrum of SC spread around 180 nm. 

Experimenting in 1987 the pulses with time period 25 ps supporting four modes at the 

532 nm input wavelength were launched into a fiber with length of 15-m [78]. With 

the combined effects of Self phase modulation (SPM), Cross phase modulation 

(XPM), Stimulated raman scattering (SRS) and Four wave mixing (FWM), the output 

spectrum has increased by more than 50 nm. The results obtained were same as 

observed for the single-mode fiber [79]. A single-mode fiber in an experiment in 1987 

produced a wide spectrum of 200 nm at the output end of the 1 km long fiber, with 

input pulse of 830 fs pulse width and peak power of 530 W [80]. Similar 

characteristics were subsequently obtained with longer pulses [81] [82]. 

         SCG in single-mode fibers was applied as a functional tool for generating pulse 

trains at multiple wavelengths simultaneously by introducing a single picosecond 

pulse train at the wavelength near 1.55 μm [83] [84] [85] [86]. Such SC source finds 
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its important application as a laser source in system using wavelength division 

multiplexing. In an experiment, pulses with duration of 6 ps at the repetition rate of 

6.3 GHz and with a peak power of 3.8 W, which was achieved by the amplification of 

the output of a semiconductor gain-switching laser operating at 1553 nm wavelength, 

were propagated along 4.9 km long fiber in the anomalous dispersion region [84]. The 

spectrum of supercontinuum was 40 nm broad and was sufficient to be filtered to 

produce 40 channels exhibiting periodic transmission peaks for WDM. The pulse 

width of resultant 6.3 GHz pulse sequence in several channels varied in range of 5-12 

ps and pulse consisted of nearly transform limited pulses. With this technique in 1995 

a 200 nm broad supercontinuum was achieved resulting in 200 channel WDM source 

[85]. The similar technique was employed to generate shorter pulses by enhancing the 

bandwidth of each transmission peak of the optical filter. It was in 1997, Morioka et 

al. made use of arrayed waveguide grating filter to tune pulse width in the range 

varying from 0.37-11.3 ps. The transmission of data with the bit rate of 1.4 Tb/s using 

SC source for seven WDM channels with 600-GHz spacing was demonstrated in 1997 

[86]. 

         The most of the supercontinuum generation studies in traditional optical fiber 

centered on the regime in which pumping used ultrafast pump pulses. The intricate 

physics underlying the SC generation with longer pump pulse or CW excitation 

continued to be a area of active research. In particular significant work was reported 

by [87] where the relationship between soliton dynamics, modulation instability and  

Raman scattering in continuous wave pumps conditions was explained with numerical 

simulations. This process underlined the aspect soliton dynamics is also involved in 

the generation of supercontinuum in the region of anomalous group velocity 

dispersion (GVD) using CW pumps as in case of pulsed excitation. The non 

availability of suitable high power CW sources restricted the follow-up experimental 

studies in this field. 

 

3.3 SCG in silica microstructured fibers 

The microstructured photonic crystal fibers (PCFs) consisting of a solid core in the 

central core surrounded by cladding structure consisting of series of air holes running 

along its length also demonstrated generation of supercontinuum. The systematic 

structure of air-hole surrounding the central core is referred as cladding has lower 
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effective index as compared to centre portion of the photonic crystal fiber, and light is 

guided due to slightly different, modified total internal reflection [88]. However, this 

concept is identical to the guidance principle in the conventional fibers, the 

abnormality in degrees of freedom provided by changing the size of air-hole 

dimension and length between air-hole to air-hole in such an index-guiding photonic 

crystal fibers pave the way to tailor the waveguide dispersive characteristics in such 

manner which are absent in ordinary fibers. In photonic crystal fiber, the total 

dispersion is due to the material dispersion and waveguide dispersion. The waveguide 

dispersion is different for the ordinary fiber and the photonic crystal fiber, but the 

material dispersion is identical in the two fibers. The high contrast of the index 

between the core-cladding interfaces in photonic crystal fiber has tight confinement of 

the light in the core enhancing the non-linearity of the PCF in comparison to the 

conventional fibers. PCF dispersive properties can be easily adjusted by changing the 

size of air hole and pitch that is not possible in ordinary fibers. Accordingly, these two 

properties have made photonic crystal fiber better choice for SCG than conventional 

silica fibers. 

         In was in the year 2000, when Ranka et al. by demonstrated SC spanning for the 

range 400 to 1600 nm pumped 100 fs pulses at  wavelength 770 nm with peak power 

of 7 kW in 75 cm long silica based microstructured fiber showing anomalous 

dispersion around this wavelength [5]. That kind of short fiber supercontinuum was 

significantly wide and relatively flat for the complete bandwidth. Identical results 

were discovered in a different demonstration in the same year, in which silica based 

tapered photonic crystal fiber of length 9 cm and core diameter of 2 μm resulted 

spectra with pulses of duration 100 fs and power levels between 60 and 380 mW on an 

average [9]. In 2000 the generation of supercontinuum spectra with use of short PCF 

boosted the research activities during the years of 2002 and 2003 in this emerging area 

[89] [90] [91] [92] [93] [94]. The very important and critical factor for SCG in the 

fiber is found to be the wavelength of the pump with respect to the ZDW of the fiber 

[89]. Since the input pump wavelength falls in normal dispersion regime of fiber the 

higher-order solitons could not be formed, thereby reducing the spectral broadening 

significantly. It was in year 2002, Yb-doped fiber laser generating parabolic pulses the 

pump wavelength exceeding 1000 nm was experimented for the SCG [90]. In tapered 

fiber supercontinuum generation spreading from 1000 to 1700 nm was obtained in 

another experiment in year 2002 by pumping femtosecond pulses at 1260 nm with 
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energy of 750 pJ near second zero-dispersion wavelength (ZDW) [91]. During the 

same year an experiment demonstrated supercontinuum generation with pumped 

pulses of duration 18 fs in cobweb style 4.1 cm silica photonic crystal fiber with 

variable core diameters in range from 1 to 4 μm. The core of the PCF was not circular 

ideally so the fiber demonstrated birefringence. There was remarkable variation in 

spectral widths of generated supercontinuum spectra with the polarization angle of 

incident light in reference to the slow axis of the fiber. In a different experiment the 

supercontinuum spectra generated, demonstrated many discrete peaks on the long-

wavelength side correlated to formation of Raman soliton after fission of high-order 

solitons, in a 6-m long photonic crystal fiber pumped at 850 nm with 200 fs duration 

pulses [92]. In 2003, an octave spanning supercontinuum was achieved for 1100 to 

2200 nm in an experiment with 600-m long silica (SiO2) fiber using pulses of 200 fs 

duration from a mode-locked erbium fiber laser [93]. In year 2005 an experiment 

demonstrated supercontinuum spreading from 1000 to 2500 nm in a 5-m long highly 

nonlinear polarization maintaining fiber [94]. 

 

3.4 SCG using nonsilica fibers 

Supercontinuum generation attracted immense interest of researchers not only in 

theoretical aspect generating a broadband spectrum as a light pulse of high intensity 

transverse through a nonlinear medium, also due to its several applications in different 

fields like the optical frequency metrology, bio-imaging and spectroscopy [13]. The 

SCG in a silica based photonic crystal fiber and silica fiber tapers with use of a 

Ti:Sapphire laser influenced the pace of research in this field [5] [9]. Fused silica 

(SiO2) fibers are widely experimented to generate a wide bandwidth supercontinuum 

with high brightness ranging from near-infrared (NIR) to mid-infrared (MIR). The 

intrinsic transmission window of quartz silica or fused silica limits and sets challenges 

to expand supercontinuum more than 2.2 μm [40] which diverted selection of different 

types of glasses having transparent transmission windows extending in the long 

wavelength side. Specifically silicon (Si), tellurite, ZBLAN and the chalcogenide 

were explored as non-linear media for the obtaining supercontinuum geneartion. As 

silicon depicts high value for Kerr nonlinearity making it suitable for supercontinuum 

generation in nanowires designed with silicon-on-insulator (SOI) [18] [95]. In region 

of near-infrared (NIR) Si offers minimum losses, but suffers with free-carrier 
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absorption (FCA) and  two-photon absorption (TPA), both these effects clench  

spectral broadening and limit the required bandwidth when used for 

telecommunication band centered at 1550 nm. The nonlinear characteristics of 

ZBLAN are identical to silica while tellurite and chalcogenide may offer 

nonlinearities much higher tahn silica. As reported that is about 30 times more in case 

of tellurite and thousand times much higher than silica for chalcogenide. These glasses 

are most suitable for SC generation and application as ultrafast nonlinear switching 

when the nonlinearity is integrated with sensible low two-photon absorption (TPA). 

The linear and nonlinear refractive indices of fluoride glasses are identical to silicon 

dioxide, and ZBLAN offering lower loss in mid-infrared (MIR) region as compared to 

silica is more suitable for SCG experiments involving high powers [96]. The glasses 

made up of the heavy metal oxide, to name a few bismuth oxide, tellurite and lead 

silicate portrays linear indices from 1.8 μm to 2.0 μm, nonlinear indices ten times 

higher to silica and material zero dispersion wavelengths of 2-3 μm. The nonlinearities 

indices of chalcogenide glasses are higher in comparison to oxide glasses, and GLS, 

As2S3 have linear indices in range of 2.2 μm to 2.4 μm, whereas As2Se3, GeAsSe 

based fibers have linear indices 2.4 μm to 2.6 μm and ZDWs for these fibers is higher 

than 4 μm. 

         The experiment in 2003, supercontinuum expanded in the range 350-1750 nm 

with a 30-cm long fluoride-based fiber pumped with pulses of duration 60 fs at 1560 

nm with energy 210 pJ. Due to the limit set by the optical spectrum analyzer 

employed the observed spectra was less than 1750 nm [97]. Later in year 2006 it was 

observed that the spectra expanded more than this limit with an infrared HgCdTe 

detector was observed that it extended to 3  m for a fiber of length 5.7 mm  [98]. The 

photonic crystal fiber of Schott SF6 lead silicate glass having nonlinearity 10 times 

larger than silica with core of 2.6 μm with two different fiber lengths like 0.57 cm and 

70 cm was used for an experiment. Pulses of duration 110 fs and 80 MHz repetition 

rate, 1.55  m pump wavelength and powers varying in the range from 1 to 70 mW 

was launched and SC up to 3000 nm was obtained with 70 mW highest peak power. It 

was inferred from the experiment in 2006 that the broadening of supercontinuum can 

be increased up to 4.5  m by combining a silica fiber of 1-m in length with a fluoride 

fiber of some meters in length where the strong absorption exhibited by the 

wavelength beyond 4500 nm [99]. The greater width in the range of 565-5240 nm 

bandwidth was conducted in 2009, when a fluoride of 2-cm in length fiber was 
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pumped at wavelength of 1450 nm with pulses of 180 fs duration with 20 mW average 

power levels [100]. 

         Supercontinuum generation is also reported in microstructured fibers designed 

with tellurite glass. In an experiment in 2008, the supercontinuum spectrum expanded 

in the range 0.79-4.87  m in a 0.8-cm long photonic crystal fiber. The spectrum 

calculated at the -20 dB below the maximum spectral power with pulses of duration 

100 fs and energy of 1.9 nJ at 1.55  m wavelength [101]. In same time window in 

another experiment with 9-cm long tellurite PCF was pumped with 120 fs pulses  to 

obtain supercontinuum broadening from 0.9 to 2.5 nm with a high effective mode area 

of 3000 μm
2
 [102]. Further in year 2009, SC was pumped for range varying from the 

visible range to range beyond 2.4 microns using a hexagonal PCF of tellurite 6-cm 

long using 400 fs pulses with energies up to 1557 nm of 0.6 nJ impulse [103]. In the 

year 2011, M. Tiwari et al. by numerical analysis indicated SC spanning from 1000 to 

3200 nm when pumped with pulses of 50 fs at1550 nm wavelength launched into a 

100 mm length of a SF57 glass fiber demonstrated anomalous dispersion around this 

wavelength with 5 mW peak power [104]. In 2013, A. Agarwal et al. reported 

supercontinuum spreading from 970 nm to 4100 nm by spiral photonic crystal fiber 

with tellurite glass pumped at 1550 nm [105]. In 2016, M. Sharma et al. designed a 

lead silicate photonic crystal fiber for SC spanning from 1200 to 2600 nm using 50 fs 

pump pulses of 100 W peak power at 1550 nm pumping wavelength [106]. 

         Recently chalcogenide (ChG) glasses have attracted the attentions and interests. 

These glasses offer transparency in region of MIR with high optical nonlinearities in 

order of hundred times more than silica and similar to silica can be easily shaped to 

fiber form [25]. It is inferred that the chalcogenide (ChG) based fibers can be 

employed to as a supercontinuum source, generating wavelength greater than 5 

microns, in which the propagation loss of the materials like silica, ZBLAN and 

tellurite become significantly high and cannot be ignored. The chalcogenide glasses 

are stable glasses on a wide range of compositions having chalcogen elements of S, 

Se, Te bonded covalently to Ge, As, and Sb [107]. The careful selection of 

composition offers choice to engineer its optical properties like refractive index and 

nonlinearity. The refractive index of ChG glasses in general is high, resulting to high 

non-linear refractive index as per Miller rule. In reference to design of waveguide, a 

high value of refractive index is advantageous as it helpful in confining light tightly in 

reduced effective mode area and resulting an increase in nonlinear effects. The high 
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index contrast also reduces the radius of curvature of the waveguide, permitting 

integration of photonic devices in small area compactly. The mid-infrared 

transparency up to 14 microns can be obtained with selenide-based chalcogenide 

[108]. On the other hand GeAsSe glasses have emerged as an excellent choice for 

waveguide design for MIR broadband SC with relatively high third order nonlinearity 

and excellent film-forming properties [29]. The refractive index is in range from 2.4 to 

2.8, helping tight confinement of optical fields, enabling suitable (small) form factors 

in designing the photonic chip, reduced radius of curvature for bend radii in 

waveguide, along with improved optical intensity to a greater efficiency of the 

nonlinear interaction.  The chalcogenide glass can be designed into high-quality fiber 

(linear loss < 1 dB/m for step-indexed fiber at wavelength 1550 nm) [109] or designed 

as a planar waveguide of an oxidized silicon wafer (0.05 dB/cm propagation loss) 

[110]. With waveguide approach, a dispersion-engineered planar waveguide was 

pumped with ultra short pulses. The asymmetric structure resulted in cladding 

absorption and cut-off of the basic mode. Thus fiber designs surpass other choices 

with ease of fabrication, ruggedness and the excellent beam quality [111]. The 

distinctive inherent characteristics of photonic crystal fibers have attracted interest. 

The mode area and dispersion properties can be engineered with designing suitable 

structural parameters. The improved non-linear effects due to tight mode confinement 

and and dispersion management with resulting air holes cladding structure in PCF had 

made them more suitable and demanding [112]. 

         Numerous theoretical studies and related experiments on the generation of the 

mid-infrared SC have been reported in planar ChG waveguides [53] [113] [114] and 

ChG fibers [28] [111] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] 

[125]. It was in the year 2008, Lamont et al. [53] experimented generation of SC with 

a bandwidth of 0.75  m for the range 1.2-1.95  m by launching pulses of duration 610 

fs , 68 W peak power in a 6-cm-long dispersion tailored As2S3 rib waveguide. 

Supercontinuum generation from 2.9 microns to 4.2 microns in 6.6-cm long dispersion 

engineered As2S3 glass rib waveguide was reported by Gai et al. [113] with pumping 

pulses of duration 7.5 ps at 3.26 μm wavelength with 2 kW peak power. SC 

generation up to 4.7 microns was reported by Yu et al. [126] with a 4.7 cm length 

As2S3 glass rib waveguide using MgF2 as a glass substrate and pulses of duration 7.5 

ps pumped with 1 kW  peak power at the wavelength of 3.26 microns. Flat 

supercontinuum spanning for the range 2.5 microns to 7.5 microns in 5 mm thick 
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Ge11.5As24Se64.5 glass was observed when pumped with 150 fs duration pulses at 5.3 

microns wavelength with peak power up to 20 MW. It was also reported by them that 

theoretically the supercontinuum can be obtained over 10 microns in a dispersion-

tailored  Ge11.5As24Se64.5 all-chalcogenide glass rib waveguide by pumping pulses with 

250 fs duration at 4 microns wavelength. It is reported recently by Yu et al. [114] 

broadband supercontinuum generation spreading from 1.8 microns to 7.5 microns can 

be achieved in dispersion-engineered Ge11.5As24Se64.5 all-chalcogenide glass rib 

waveguide of 1 cm length pumped at 4 microns wavelength with pulses of duration 

320 fs. A periodically-poled lithium niobate optical parametric amplifier with 

maximum power of 3260 W, pumped from commercially available mode-locked Yb 

laser was used as a pump source. SC generation in all-chalcogenide glass fibers is also 

reported by Salem et al. [127]. They  theoretically showed mid-infrared (MIR) 

supercontinuum spreading in the range 3.14 to 6.33 microns by using 8 mm length 

tapered As2S3 photonic crystal fiber pumped at 4.7 microns wavelength with input 

pulse energy of 100 pJ. Kubat et al. [119] demonstrated a method for supercontinuum 

generation in MIR region varying from 0.9 to 9 microns by employing concatenating 

10 m long fluoride and 10 cm long  chalcogenide fibers, pumped with pulses of 

duration 3.5 ps at a wavelength of 2 microns from a  Tm fiber laser . Hudson et al. 

[28] demonstrated generation of 1.9-octave supercontinuum in a As2S3 step index fiber 

spanning from 1.6 microns to 5.9 microns when pumped 3.1 microns wavelength, 

with 520 kW peak power.  Al-Kadry et al. [125] demonstrated mid-infrared 

supercontinuum formation for range from 1.1 microns to 4.4 microns in 10 cm length 

As2Se3 micro wires pumped at wavelength of 1.94 microns with pulses of duration 

800 fs and 500 pJ energy. Supercontinuum for range 1.4 to 13.3 microns was 

generated by Petersen et al. [120] with 100 fs duration pulses at wavelength 6.3 

microns applied to 85 mm long As2S3 step-index fiber with a core size of 16 microns. 

Miller et al. [121] used 18-cm long low-loss, As38S62 fiber with suspended core and to 

generate supercontinuum spreading from 1.7 to 7.5 microns by pumping pulses of 

duration 320 fs at wavelength of 4.4 microns with a maximum power of 5.2 kW. 

Recently supercontinuum spanning from 1.8 to 10 microns in a GeAsSe-based fiber of 

length 11-cm was reported by Yu et al. [128] by pumping pulses of duration 320 fs at 

4 microns wavelength and 3 kW peak power. It was in the year 2015, P. S. Maji et al. 

proposed a multi-material photonic crystal fiber with highly nonlinear As2S3 

chalcogenide material and borosilicate glass, and achieved SC span from 2410 to 3150 
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nm at pumb wavelength 2.8  m [129]. In the same year 2015, M. R. Karim et al. 

numerically demonstrated Ge11.5As24Se64.5 chalcogenide glass based PCF and 

achieved the SC spanning from 1.3  m to beyond 11  m (approximately 12  m) using 

3 kW peak power at pump wavelength of 3.1  m for 1 cm long fiber [130]. 

         The As2S3 based fibers and waveguides exhibit increased losses in the higher 

wavelength region thus limiting the supercontinuum generation to 5 microns [111] 

[113] [122]. The As2Se3 chalcogenide glass has its edge in the long wavelength region 

of about 16 to 17 microns due to the loss, but the supercontinuum generation for MIR 

region with these materials is so far been limited due to requirement of pump sources 

with peak power. [21] [120] [125]. In all chalcogenide materials, Ge11.5As24Se64.5 

based chalcogenide glass offers excellent film-forming properties along with good 

optical stability and high thermal stability to intensified illuminations [29]. As 

chalcogenide glass with Ge11.5As24Se64.5 has transparency up to 15 microns, they have 

attracted interest of researchers for designing and optimizing fibers for 

supercontinuum generation far into the MIR region. The group-velocity dispersion 

and zero-dispersion wavelength are suitably engineered near to the wavelength of the 

pump wavelength to generate broad SC in MIR region [53] [25]. 

 

 

3.5 Summary 

The sources with SC generation was known since 1970, and the basic principles 

explaining  their operation has been theoretically predicted and demonstrated 

experimentally in late 1980s. It is noted that there has been a tremendous development 

in fiber based supercontinuum sources in the last one decade. In this chapter, we first 

gave a brief outline of the supercontinuum generation using bulk media using  the 

traditional fibers. Then supercontinuum generation using silica based microstructured 

fibers was briefly explained. In the end supercontinuum generation with nonlinear 

materials other than silica like tellurite and fluoride were explained in brief. Lastly 

chalcogenide glasses which are highly nonlinear materials were explained. The 

chalcogenide glasses offer new hopes to realize compact on-chip supercontinuum 

generation. The material presented in this chapter gives an overview of the generation 

of supercontinuum and its developement with the nonlinear optical process like 

dynamics of supercontinuum in optical fibers. 
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Chapter 4 

 

 

 

Mid-IR SCG in GeAsSe Chalcogenide based Microstructured fibers 

It has been keen interest of researchers to design supercontinuum(SC) sources which 

can be functional in range of wavelengths that fall in mid-infrared (MIR) range due to 

its innumerable applications in the MIR sciences [131]. Initial theoretical and 

experimental work and studies related to supercontinuum generation was centred on 

the fiber geometry, especially the photonic crystal fiber wherein the dispersion can be 

easily tailored due to the tight confinement due to the air-holes geometry. Silica-based 

PCF offers a strong confinement, but due to the low nonlinearity the peak power in 

kilowatts is required for supercontinuum generation. It was not possible to extend 

supercontinuum generation in MIR with silica-based designs due to serious absorption 

for wavelengths above 2.2 microns. The use of highly nonlinear glasses to enhance the 

nonlinearity of the optical fiber has opened new avenues for research. In reference to 

requirement of high nonlinearity the chalcogenide (ChG) glasses have gained more 

attraction, as the optical nonlinearities is thousands times of that of silica, moreover 

chalcogenide glasses are transparent for mid-infra-red and fibers can be drawn easily 

with present techniques. Accordingly, chalcogenide fiber is the most suitable 

candidate for SC laser source above 5 microns, whereas all the other choices like 

silica, ZBLAN, and tellurite fibers offer a very high propgation loss in this range. 

         The transparency window in MIR can be reach up to 14 microns with use of 

selenide-based fibers [108].The GeAsSe glasses has attracted attention of researchers 

to design and optimize fibers of GeAsSe glasses to generate broadband 

supercontinuum in MIR region as they not only offer high valued offer third-order 

nonlinearity but also exhibit excellent film-forming property [29]. A number of 

experimental and theoretical studies on the generation of the MIR SC has been 

reported. In the results reported both planar waveguides ChG [113] [126] [114] [35] 

and ChG PCFs [28] [117] [118] [119] [120] [121] [128] have been reported by 

different groups. In one of the experimental set up the ultrashort pump pulses were 

launched in a planar waveguide designed with tailored dispersion. The asymmetric 

structure has a major drawback of cut-off of the fundamental mode and it also  suffers 
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from cladding absorption. Due to inherited properties like ruggedness, excellent beam 

quality and ease of manufacturing fiber-based designs still remain the first choice 

[111]. The microstructured fibers (MOFs) are considered as significant optical 

waveguides due to its inherent modal characteristics like controllable mode area and 

tailored dispersion by careful designing of geometry and design parameters. The 

photonic crystal fibers are of special interest as they offer improved non-linear effects 

due to tight mode confinement and an easy management of the dispersion with careful 

design of air-hole geometry in cladding [112]. The chalcogenide glasses are made 

from series of glass compounds as As2S3, As2Se3, Ge11.5As24S64.5 Ge11.5As24Se64.5 and 

have been used for manufacturing the optical waveguide [120] [121] [128].The 

compound Ge11.5As24Se64.5 falling in category of chalcogenide glass is reported to 

exhibit high third-order nonlinearity making it interesting for manufacturing photonic 

crystal fibers (PCFs) as laser sources for the generation of broadband supercontinuum. 

They offer refractive index in order of 2.6 and transparency more than 14 microns 

making them suitable for designing compact optical circuit waveguides for NIR and 

MIR range. The chalcogenide glass are attractive for all-optical signal processing, as 

high refractive index indicates a higher nonlinear refractive index (n2) that induces 

ultrafast third-order (Kerr) nonlinearity in order of thousands time more than silica 

[25] [26] [27]. Aforesaid useful properties motivated us to design and optimize 

dispersion engineered chalcogenide Ge11.5As24Se64.5 based PCF for broadband SC 

generation. Here, few more chalcogenide materials were investigated for mid-infrared 

supercontinuum generation. The most promising among them were Li-containing 

ternary compounds, LiGaSe2, LiGISe (LiGa0.5In0.5Se2), LiGaS2. 

         This chapter gives detailed interpretations of the chalcogenide photonic crystal 

fibers design for generation of supercontinuum. In Section 4.1 we present a brief 

overview of the material properties of GeAsSe based chalcogenide glasses. Section 

4.2 discusses the MIR SC generation from 1.4 to 10  m for input pump pluse width of 

85 fs of 5 kW at 3.1  m wavelength. The PCF design and tailored dispersion curve 

accordingly for required SCG are also presented. In section 4.3 we discuss 

numerically simulated and achieved SC in MIR region (1 to 10  m) with the 

Ge11.5As24Se64.5 based chalcogenide PCF for input pump pluse of 3 kW at 3.1  m 

wavelength. In Section 4.4 the PCF design with improved and more flat dispersion 

curve was achieved for the SC generation from 1 to 15  m. In the last Section 4.5, we 

present the summary of the study carried out. 
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4.1 Material properties of GeAsSe ChG glasses 

Chalcogenide based glasses portray few distinctive properties which makes them 

suitable and applicable for nonlinear waveguide optics in infrared range and due to 

heavy elements composition. As the name suggests the glass is made up of one or 

many more  chalcogen element from group number 16 of the periodic table of 

elements  (Te, Se, and S except for oxygen) making covalent bonds with Li, Gb ,As, 

Si ,Sb, Ge or P etc. The weak bonded heavy element is responsible for unique and 

important optical and physical properties. The weak energy bond is responsible for 

optical gaps in the visible and the near infrared along with less energy to Tg, moderate 

glass transition temperatures which varies from 100
◦
C to 400

◦
C. The range of optical 

transparency for sulphides expands to 8 microns and it extends to 14 microns in case 

of  selenides and is reported to be greater than 20 microns for telluride is due to the 

weak vibrational energies of the bonds. The long wavelength transmission is limited 

due to presence of impurities in bulk glasses or films. As glasses are fabricated from 

“high purity” chemical contents which generally contain significant amounts of C, O, 

and H which are responsible for absorption bands in the entire range of 1.4 microns up 

to 15 microns. Numerous different techniques have been developed to purify the 

starting materials. The impurity level is reduced below 10
-5

% by weight, which is 

helpful to increase the transparency in infrared region [21] [25] [132]. 

         The properties of chalcogenide glasses are related to their composition is 

reported in the literature [25] [133] [134, 135, 136], whereby researchers have shown 

a substantial improvement in understanding the network topology of ternary system 

ChG namely LiGaSe2, LiGISe (LiGa0.5In0.5Se2), LiGaS2 and GeAsSe. In a recent 

comparative study of characteristics of GeAsSe films with bulk glass, it is proposed 

that composition films when formed by thermal evaporation technique are also self-

organized making the chemical bonds identical as those of bulk glass [25] [137]. The 

ChGs films formed by highly non equilibrium process of   physical vapour deposition 

on cooled surface, suffers with large number of molecular clusters or defect bonds. 

Therefore, it is customary that thin film formed by evaporation process of ChG will 

have different physical properties to name a few band gap, refractive index and 

density etc. from the bulk glass.  The films created by self-organising have shown 

better thermal stability, thus self-organizing tendency of the networks is essential for 

the formation of film. 
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         The properties of ChG have inspired the researchers to explore composition like 

Ge11.5As24Se64.5 for fabricating optical waveguides which are thermally stable and 

highly nonlinear. To describe the formation of GeAsSe chalcogenide glass at the 

atomic level it is defined as continuous and random arranged network. The mean 

coordination number is an important parameter related to atomic scale structures. As 

per crystallography the parameter mean coordination number (MCN) is related as the 

sum of the products of the individual abundance and the valency of the constituent 

atoms. In chalcogenide glass with binary compositions like As2Se3, the As-Se network 

is located in two-dimensions. The layers are weakly bonded with van der Waals. The 

insertion of germanium doped atoms leads to a three dimensional network due to 

creation of bonds between the layers. This increases network rigidness, Tg, hardness 

and strength. It was reported by Gai et al. that the glass compositions whose MCN is 

in range  2.45 to 2.5 and are from intermediate phase of the GeAsSe system are most 

suitable glass composition for fabrication of the optical waveguides [25] [132] [137]. 

It was reported by them that films deposited by thermal evaporation technique in the 

suitable range have physical properties identical to those of bulk glass. The refractive 

index, band gap, density are indistinguishable from those of the bulk glass [25] [137]. 

It is to be noted that significantly different characteristics from bulk are obtained for 

films with higher (or lower) MCN. It can be concluded that properties of the films do 

not change on the thermal annealing in the intermediate phase and a large change can 

occur outside this region. It is inferred that material stability of Ge11.5As24Se64.5 based 

chalcogenide glass is most appropriate for fabricating optical waveguides. 

         The waveguides designed with ChG offer almost negligible linear propagation 

loss due to material absorption. On reducing the waveguides size to submicron range, 

the losses are noteworthy. The losses due to scattering of the optical signal at the core-

cladding interface can be more distinguishable in the transition regime of the tapered 

fiber waist. Hitherto, the loss of about 1.5 dB/cm for wavelength 1550 nm is reported 

for GeAsSe chalcogenide based smallest planar waveguide/nanowires fabricated with 

improved processes [25].For larger planar waveguides the optical losses of about 0.05 

dB/cm at wavelength 1550 nm is reported  [110]. This akin to the minimum loss 

achieved in silica based planar waveguides and signifies that it is possible to design 

complex circuits which require long path lengths. The absorption due to impurity in 

the glass films has to be tactfully regulated to preserve the optical transparency, in 

order to fabricate low-loss waveguides operating over wide ranges in mid-infrared 
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region. This necessitates the use of starting materials with highest purity to make films 

and processes followed during the device manufacturing [25]. 

         To further develop more understanding about the nonlinear behaviour of the 

Chalcogen glasses we studied the basics of the temporal variation of the Raman 

response function hR(t). A comparative study was done for silica [44], As2Se3 glass 

[138] and Ge11.5As24Se64.5 glass [139] as shown in Figure 4.1. It can be stated from the 

responses in Figure 4.1 that the temporal response of Ge11.5As24Se64.5 glass was the 

longer than As2Se3 and silica. Thus the Raman response extends to 300 fs for silica 

material, 1000 fs for As2Se3 glass and for Ge11.5As24Se64.5 glass it extended to 1400 fs. 

         The Raman gain spectra of the three materials in consideration are given in 

Figure 4.2. It is clearly observed from plots in Figure 4.2 that Raman gain of 

Ge11.5As24Se64.5 glass is four times greater than fused silica and As2Se3 glass. Further 

the Raman frequency shift for the silica material (≈ 13.2 THz) [2] is greater than 

As2Se3 glass (≈ 6.9 THz) [33] and Ge11.5As24Se64.5 glass (≈ 7.1 THz) [140]. 

 

 

Figure 4.1. Temporal Raman response functions calculated for Ge11.5As24Se64.5 glass 

(solid line), As2Se3 glass (dash line) and silica materials (dotted line) (Reproduced 

from  [141]). 
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Figure 4.2. Normalized Raman gains for Ge11.5As24Se64.5 glass (dotted line), As2Se3 

glass (dash line) and silica materials (dash-dot line) (Reproduced from [141]). 

 

4.2 SCG (1-10  m) using GeAsSe glass for 5 kW pump pulse 

In this neoteric age, photonic crystal fiber finds its application in diverse fields like 

communication, medical sciences, sensors and many more. PCFs are also named as 

microstructured fibers and holey fibers. They have microscopically arranged air holes 

around the core that run along the entire length of fiber that provides design pliancy 

for tailoring dispersion and the nonlinearity. 

         In comparison to silica as a base material for designing PCF, nonsilica materials 

can be used to obtain interesting optical properties due to the different material 

properties. One such important property is nonlinearity, γ = 2 n2/ Aeff, which governs 

spectral broadening of the optical pulses. The nonlinearity is related to effective mode 

area and nonlinear refractive index. The high values of nonlinearity can be achieved 

by tailoring effective mode area (Aeff) [2] and choosing any material having high 

nonlinear refractive index (n2) to name a few lead silicate glass [142] [104], bismuth 

oxide glass [143], tellurite glass [144] [105] and chalcogenide glass [145]. With PCF 

designs, it is possible to obtain anomalous dispersion regime for materials offering 

high dispersion.  
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         In last few years chalcogenide glasses have emerged as the most suitable 

nonlinear material in designing devices to be in the mid-infrared (MIR) range. The 

Chalcogenide materials have numerous distinctive properties and advantages over 

other materials, which make them most desirable for the fabricating waveguides and 

fibers for generation of supercontinuum (SC) in mid-infrared (MIR) region [25]. 

Chalcogenide glasses are useful to achieve mid-infrared (MIR) transparency with 

suitable materials. With the sulphides transparency can be extended beyond 8.5 µm, 

and with the selenides the transparency can be extended beyond 14 µm and with the 

tellurites it can be extended up to 20 µm [21]. The high nonlinear effective index and 

ease of fabricating planar waveguides and fibers with Chalcogenide glasses for 

supercontinuum generation (SC) in mid-infrared (MIR) region have gained interest by 

researchers all over. Some of the chalcogenide material like As2S3, As2Se3, 

Ge11.5As24S64.5 and Ge11.5As24Se64.5 are highly compatible for designing both active 

and passive devices in mid-infrared (MIR) range region. Under intense illumination, 

Ge11.5As24Se64.5 chalcogenide material exhibits high optical and thermal stability along 

with excellent film-forming properties  [35]. 

          In 2010, Xin Gai, et al [27] fabricated a 18 mm long nanowire of size 600 × 500 

nm with Ge11.5As24Se64.5 material for SC generation extending from 1000 nm to 2200 

nm and determined nonlinear coefficient (γ) ≈ 136 ± 7 W
-1

m
-1

 at 1550 nm (1.55 µm). 

In 2011, M. Spurny, et al [139] demonstrated designing and fabrication of photonic 

crystal fiber with Ge11.5As24Se64.5 chalcogenide glass. In 2014, M. R. Karim, et al 

[108] reported supercontinuum broadening up to 4600 nm (4.6 µm) with numerically 

simulated results of five different nanowire structures with varying widths in range 

from  0.7 μm to 0.8 μm. In 2015, Panarit Sakunasinha, et al [146] reported simulation 

results for supercontinuum generation extending from 1300 nm to 3300 nm in a 1 cm 

long Ge11.5As24Se64.5 waveguide with MgF2 lower cladding. Further with similar 

design in 2015, M. R. Karim, et al [35] demonstrated the supercontinuum spectrum 

extending in the range of 1800-7700 nm.  

         In this section, we focus on the SCG for mid-infrared (MIR) range spreading 

from 1 µm to 10 µm with the highly nonlinear Ge11.5As24Se64.5 based chalcogenide 

photonic crystal fiber. The effectuation of the entire work was carried out in two parts. 

In the first part, with careful selection of design parameters a Ge11.5As24Se64.5 

chalcogenide glass based photonic crystal fiber (PCF) suitable for MIR SCG 
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expanding from 1 µm to 10 µm was designed. In the next phase the designed photonic 

crystal fibre was simulated and to obtain SCG in desired range. 

 

4.2.1 Fiber Design for pump wavelength 3.1  m 

In this section, we discuss a Ge11.5As24Se64.5 based photonic crystal fiber design 

suitable for SCG at 3.1 µm pumping. The conventional geometry of the GeAsSe 

chalcogenide based hexagonal photonic crystal fiber as illustrated in Fig. 2.1 (c) in 

Chapter 2 was numerically investigated. In the design numerically simulated consisted 

of five rings of air-hole with the missing central air-hole. The wavelength dependent 

refractive index of Ge11.5As24Se64.5 based chalcogenide material was calculated by 

using Sellimeier equation [29] as mentioned below. 

 

        
         

            
         

                                             (4.1) 

 

         As mentioned in previous chapters (1.2.2), a broadband supercontinuum source 

can be obtained by pumping pulses with sufficient power in proximity to zero 

dispersion wavelengths (ZDW) in the length of the fiber. Various methods  have been 

employed to tailor and  design the ZDW of Ge11.5As24Se64.5 ChG glass which is 

located near 7.1 μm, in the direction of the shorter wavelengths [40] [117] [118]. The 

designs were optimized for dispersion in anomalous region. The Ge11.5As24Se64.5 based 

chalcogenide PCF design was tailored to shift ZDW close to 3.1 μm with the pump 

wavelength in the anomalous dispersion region. The chromatic dispersion curve for 

the designed fiber is illustrated in Fig. 4.4. The cross section view of the design is 

presented in Figure 4.3. Here we have considered five rings hexagonal PCF structure 

with pitch (Λ), d/Λ, air-hole diameter (d) as 2.6 µm, 0.7, 1.82 µm, respectively. 
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Figure 4.3 The basic layout of the Ge11.5As24Se64.5 based PCF for 3.1  m pumping 

wavelength and 5 kW pump pulse. 

 

         The chromatic dispersion, waveguide dispersion and material dispersion of the 

designed photonic crystal fiber (PCF) are shown here in Figure 4.4. By carefully 

choosing the pitch (Λ) and air hole diameter (d), we found a flat dispersion profile 

from about 2 µm to 10 µm with two zero dispersion wavelength 3 µm and 10 µm. The 

pumping wavelength of 3.1µm is the in anomalous dispersion regime. In Figure 4.4 

the dash-dot line shows waveguide dispersion, dash line shows the material dispersion 

and the dotted line shows chromatic dispersion.  

 

Figure.4.4 Dispersion curve of Ge11.5As24Se64.5 PCF for 3.1  m pumping 

wavelength and 5 kW pump pulse. 
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4.2.2 Supercontinuum Generation in proposed PCF 

The split-step Fourier technique was used to estimate Generalized Nonlinear 

Schrödinger Equation as described in Chapter 2. We numerically simulated SC in a 

150 mm long fiber with 3.98 µm
2
 effective mode area (Aeff)  and nonlinear coefficient 

(γ) as 2191 W
-1

km
-1

, by pumping sech optical pulses at 3.1 µm wavelength. The 

pumping in anomalous regime results in spectral broadening towards longer 

wavelength side due to solitons fission and the Raman soliton self-frequency shift. In 

the beginning, the modulation instability is responsible to initiate the spectral 

broadening. Later, spectral broadening is caused by Self-Phase Modulation (SPM), 

intrapulse Raman scattering and four-wave mixing (FWM) along with higher order 

dispersion. The pulse duration is 85 fs (FWHM), propagation loss (α) is 0.5 dB/cm 

[35] and peak power is 5 kW were the set parameters used in the numerical 

simulation. The spectral escalation for different lengths has been displayed in Figure 

4.7.The SC spectral broadening in the range from 1.4 µm to 10 µm was observed for 

the 150 mm long fiber. Figure 4.5 & 4.6, depict the density plot of spectral and 

temporal broadening. 

 

 

Figure 4.5 Spectral escalation of SC in PCF by pumping 85 femtosecond pulse of 5 

kW peak power. 
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Figure 4.6 Temporal escalation of SC in PCF by pumping 85 femtosecond pulse of 5 

kW peak power. 
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Figure 4.7 Spectra of SC for different lengths, 5 kW peak power. 

 

4.2.3 Results and discussions 

In this section, we demonstrated supercontinuum generation in 150 mm long 

Ge11.5As24Se64.5 glass based solid core photonic crystal fiber with hexagonal cladding 

of air holes. A photonic crystal fiber was designed for achieving flat dispersion from 2 

µm to 10 µm. The estimated values for effective area (Aeff), nonlinear coefficient (γ), 

and chromatic dispersion (Dc ( ))  at the 3.1 µm wavelength were 3.98 µm
2
, 2191 W

-1
 

km
-1

, and 5 ps/km/nm, respectively. Supercontinuum spectra extending from 1.4 µm 

to 10 µm was obtained by using 85 femtosecond pump pulses of 5 kW peak power at 

the wavelength 3.1 µm in the numerical simulation. 

 

4.3 SCG (1-10  m) using GeAsSe glass for 3 kW pump pulse 

As reported that high nonlinear coefficients and flat dispersion are desirable to obtain 

SCG in MIR region. In the work carried out, the effect of geometry on nonlinear 

coefficient and dispersion was studied. It was observed that the air-hole diameter 
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variation play a significant role effecting the nonlinear coefficient and dispersion. The 

designs were investigated and further optimized by varying air-hole diameter to obtain 

flat dispersion and low values of effective mode area which resulted in high valued 

nonlinear coefficient. The observations of this section were incorporated in the work 

carried out in previous section and resulted in a optimized design to generate SC in 1-

10  m with reduced pump energy of 3 kW. 

4.3.1 Fiber Design for 3kW input pump pulse 

The Ge11.5As24Se64.5 based chalcogenide photonic crystal fiber is the best choice for 

supercontinuum generation due to its high nonlinearity refractive index (n2). We have 

designed a Ge11.5As24Se64.5 based PCF which is suitable for SCG at 3.1 μm pumping. 

The proposed designs were carefully tailored to achieve the desired dispersion 

characteristics. The cross section view of the designs has been displayed in Figure 4.8 

(a, b & c). All the PCF designs discussed in this section consist of five rings. The three 

different design of the photonic crystal fibers are denoted as PCF-1, PCF-2, PCF-3 in 

this section. The different design parameters with the values are tabulated in Table 

4.1. 

 

Table 4.1: Designing parameters of PCF for 3kW input pump pulse. 

Chalcogenide glass 

(Ge11.5As24Se64.5) 

Number 

of Rings 

Pitch 

(Λ) 

d1/

Λ 

d2/

Λ 

d3/

Λ 

d4/

Λ 

d5/

Λ 

PCF-1 
5 

2.5 

µm 

0.7 

PCF-2 0.7 0.8 

PCF-3 0.7 0.8 0.9 

 

 

 

Figure 4.8 The structure of the hexagonal PCFs for 3 kW input pump pulse 
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         In view to obtain dispersion curve for the range of wavelengths, firstly we 

calculated the effective refractive index (neff) of the fundamental mode of the PCF for 

the same range of wavelengths as drawn in Figure 4.9. The Figure 4.9 is helpful to 

understand the effect of variation pitch and air hole on the effective refractive index 

(neff). In all the three designs under discussion consists of same number of five rings 

and a constant pitch (Λ = 2.5). The diameter of air-holes is denoted as di where, i 

denotes the ring number. In PCF-1 d/Λ=0.7, PCF-2 d1/Λ=0.7 and d2,3,4,5/Λ=0.8, PCF-3 

d1/Λ=0.7, d2,3/Λ =0.8 and d4,5/Λ=0.9. With Figure 4.9 we can draw the inference that   

the effective refractive index (neff) decreases on increasing the diameter of air holes. It 

can be inferred that increased air hole diameter reduces the index contrast between 

core and cladding and thus results in reduced effective refractive index [147]. 

       The variation in chromatic dispersion of the fiber with wavelength of the three 

proposed designs has been plotted in Figure 4.10. By careful selection of design 

parameters like  pitch (Λ) and air hole diameter (d), a flat dispersion curve  from about 

2.7 µm to 10 µm with two zero dispersion wavelengths (ZDW) was obtained. It is 

reported that SCG can be maximized with a low and flat dispersion profile. It can 

reduce the temporal walk-off effect at the time of spectral boarding process [141]. The 

pump wavelength of 3.1 µm lies in the anomalous dispersion region for all three 

PCFs. In Figure 4.10, the black solid line represents the material dispersion of 

Ge11.5As24Se64.5 glass. It is to be noted, in Figure 4.9 the value of neff is consistently 

decreased from PCF-3 to PCF-1. In Figure 4.10, the chromatic dispersion curve for 

PCF-3 was more flat in comparison to other two. It could develop the understanding 

that on decreasing neff the dispersion curve can be made more flat. The dispersion 

parameters ZDWs of three PCFs are tabulated in Table 4.2.  

 

Table 4.2: The dispersion parameters of three PCFs 

Chalcogenide Crystals (Ge11.5As24Se64.5) ZDW-1 ZDW-2 

PCF-1 2.85 µm 8.9 µm 

PCF-2 2.87 µm 9.5 µm 

PCF-3 2.7 µm 10 µm 

Material Dispersion 7.1 µm ----- 
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Figure 4.9 Effective refractive index of PCFs 

 

 

Figure 4.10 The chromatic dispersion curve PCFs 

 

4.3.2 Supercontinuum Generation in proposed PCF 

The GNLSE is solved by the split-step Fourier method. We have taken 100 mm long 

PCF. As the dispersion curve of PCF-3 matched closely to the desired dispersion 
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curve it was simulated for SCG. In the numerical simulation, sech optical pulses at 

pump wavelength 3.1 µm were pumped in the fiber. The calculated effective area 

(Aeff) was 3.7634 μm
2
, the

 
nonlinear coefficient (γ) was 2317 W

-1
 km

-1
 and 

confinement loss was -1.5209×10
-7 

dB/km
 
at pump wavelength 3.1 µm. The pumping 

wavelength 3.1 µm exists in anomalous dispersion region with flat dispersion 

extending from 2.7 µm to 10 µm. In the anomalous regime, the primary broadening 

originates from four-wave mixing. Further propagation increases the spectral 

broadening in the long-wavelength region. This is mainly caused by Raman soliton 

self-frequency shift and soliton fission, as well as by generation of dispersive waves 

on the short-wavelength side of the zero dispersion wavelength points, which 

eventually merge to a broad supercontinuum spectrum [141]. The pulse duration is 85 

fs (FWHM) and peak power is 3 kW. The spectral spans of SCG in the 

Ge11.5As24Se64.5 PCF-3 are shown in Figure 4.11 and spectral escalation for different 

lengths has been displayed in Figure 4.12.   

 

 

Figure 4.11 Spectral escalation of SC in PCF-3 with 3 kW input pump pulse.  
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Figure 4.12 Spectra of SC for different lengths, 3 kW pump pulse 

 

4.3.3 Results and discussions 

In this section, we demonstrated supercontinuum generation in 100 mm long 

Ge11.5As24Se64.5 glass based solid core PCF with hexagonal cladding of air holes. We 

have designed three PCFs to achieve a flat dispersion from 2 µm to 10 µm. With the 

design PCF-3 matched perfectly our requirements. The parameters effective area 

(Aeff), nonlinear coefficient (γ), and dispersion at the 3.1 µm wavelength ( ) for the 

design were calculated as 3.7634 µm
2
, 2317 W

-1
 km

-1
and 52 ps/km-nm, respectively. 

The photonic crystal fiber design was also numerically simulated for  supercontinuum 

generation spreading from 1 μm to 10 μm using 85 fs pump pulses of 3 kW peak 

power at a wavelength 3.1 µm. 
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4.4 SCG (1-15  m) using GeAsSe glass 

In the previous section, we proposed a PCF with Ge11.5As24Se64.5 based chalcogenide 

glass that enables us to extend the SC up to 10 μm. In this section, we investigated 

photonic crystal fiber design to achieve underlined improvements  

  

(1) A flat dispersion below 100 ps/km-nm.  

(2) Two ZDW at 2.9 µm and 13.1 µm.  

      (3) Ultraflat supercontinuum generation ranging from 1 µm to 15 µm. 

  

4.4.1 Fiber Design for SCG (1-15  m)    

We have designed a Ge11.5As24Se64.5 based PCF which is suitable for SCG at 3.1 μm 

pumping. In this section, we have improved our previous design to achieve a better 

flat dispersion profile. In our proposed design, the pitch and air-hole diameter were 

carefully tailored to obtain the dispersion characteristics. The cross section view of the 

designed fiber has been displayed in Figure 4.13. It is to be noted from the electric 

field distribution of propagating mode as shown in Figure 4.14 that proposed fiber is a 

single mode fiber. 

 

Figure 4.13 The structure of the hexagonal PCF for 1 to 15  m SCG 
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Figure 4.14 The electric field distribution of propagating mode at 3.1 μm. 

 

The designed PCF consists of five ring air-hole structure. The pitch was linearly 

increased moving towards the outer ring from Λ1 to Λ5, and the diameter of air-holes in 

a particular ring is represented by di where, i represent the ring number. The value of 

Λ1 to Λ5 and d1/Λ1 to d5/Λ5 are tabulated in Table 4.3. 

      The variation in chromatic dispersion in accordance to the wavelength of the 

proposed design fiber has been plotted in Figure 4.15. A flat dispersion profile from 

about 2 µm to 15 µm with two ZDW, at 2.9 µm and 13.1 µm were obtained by 

adjusting the pitch (Λ) and air hole diameter (d). The pitch was linearly increased in 

outward direction keeping the smallest pitch in inner most ring to maintain minimized 

effective area (Aeff) and flat dispersion profile from longer wavelength side. SCG can 

be maximized by achieving a low and flat dispersion profile. The pump wavelength of 

3.1 µm is in the anomalous dispersion region. It can reduce the temporal walk-off 

effect at the time of spectral broadening process [141]. In Figure 4.15 the black solid 

line shows the material dispersion, dash line shows the chromatic dispersion and the 

dash-dot line shows the  2 of proposed PCF. 
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Figure 4.15 The dispersion curves of purposed Ge11.5As24Se64.5 glasses PCF to SCG 

(1-15  m). 

 

 

Figure 4.16 The effective area and the corresponding nonlinear coefficient for SCG 

(1-15  m). 

     The wavelength dependent effective area (Aeff) of propagating mode and suitable 

nonlinear coefficient (γ) has been illustrated in Figure 5.16. Numerically calculated 
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values of the effective area (Aeff) and nonlinear coefficient (γ) are 3.5241 µm
2
 and 

2474 W
-1

 km
-1

. 

 

Figure 4.17 The confinement loss of propagating mode of proposed fiber for SCG (1-

15  m). 

 

Table 4.3: Designing parameters of PCFs 

Chalcogenide 

glasses 

(Ge11.5As24Se64.5) 

R
in

g
s 

Λ1 Λ2 Λ3 Λ4 Λ5 
d1/

Λ1 

d2/

Λ2 

d3/

Λ3 

d4/Λ

4 

d5/

Λ5 

PCF 5 2.4 

µm 

2.5 

µm 

2.6 

µm 

2.7 

µm 

2.8 

µm 

0.7 0.8 0.8 0.9 0.9 

 

 

     In Figure 4.17, confinement loss of photonic crystal fiber is plotted corresponding 

to range of wavelength. As Ge11.5As24Se64.5 is the low−loss material [148], the 

confinement loss and propagation loss at 3.1 pump wavelength was 3.65×10
-10 

dB/m
 

and 0.68 dB/m respectively. For the proposed photonic crystal fiber, the confinement 

loss is meaningful at long wavelengths above ~11 μm. 
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4.4.2 Supercontinuum Generation in proposed PCF 

The GNLSE is solved by the split-step Fourier method. The designed PCF was 

numerically investigated to generate supercontinuum in designed PCF by pumping 

sech optical pulses at 3.1 µm wavelength. The typical value of the calculated effective 

area (Aeff) was 3.5241 μm
2 
and nonlinear coefficient (γ) was 2474 W

-1
 km

-1
 at pump 

wavelength 3.1 µm. The pumping wavelength 3.1 µm lies in anomalous dispersion 

regime. The PCF results in flat dispersion curve from 2 µm to 15 µm as shown in 

Figure 5.15. The anomalous regime pumping increases spectral broadening in long 

wavelength side which is mainly caused by solitons fission and Raman soliton self-

frequency shift. The initial broadening happens because of four-wave mixing. After 

that, further propagation increases the spectral broadening in long wavelength side 

mainly caused by Raman solution self-frequency shift and soliton fission, along the 

generation of the analogous dispersive waves on the short-wavelength side of the 

ZDW, which finally merges to generate a broader SC spectrum [141]. The 

extraordinary broadening is possible in the anomalous dispersion regime mainly due 

to soliton dynamics. In the soliton fission, the input pulse splits up into a series of 

sequential soliton pulses, each pulse exhibiting its unique temporal and spectral 

properties that are highly susceptible to pump pulse shot noise [149]. 

         The pulse duration is 85 fs (FWHM) with 160 kHz repetition rate [150] [151], 

input peak power is 3 kW. The spectral spans of SCG in the PCF with peak powers 3 

kW are shown in Figure 5.18. The spectral escalation of the 3 kW input pulse for 

different lengths has been displayed in Figure 5.19. It is noticeable in Figure 5.18 that 

SC spectral broadening is from 1 µm to 15 µm. The spectral power density at the end 

of the fiber is 74.67 mW/nm (average). 
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Figure 4.18 Spectral escalation of SC in PCF (spectral intensity in dB, scale bar on the 

right). 

 

 

Figure 4.19 Spectra of SC for different lengths for SCG (1-15  m). 

 



Mid-IR SCG in GeAsSe Chalcogenide based Microstructured fibers 
 

~ 73 ~ 
 

4.4.3 Results and discussions 

In this section, we numerically simulated supercontinuum generation in 100 mm long 

Ge11.5As24Se64.5 glass based solid core PCF with hexagonal cladding of air holes. We 

have designed a PCF to achieve a flat dispersion from 2 µm to 15 µm. The typical 

values of accomplishable effective area (Aeff) ,nonlinear coefficient (γ) and dispersion 

at the 3.1 µm wavelength ( ) are 3.5241 µm
2
, 2474 W

-1
 km

-1
 and 8.014 ps/km/nm, 

respectively. The PCF was numerical simulated for supercontinuum generation using 

pump pulses of power 3 kW at wavelength 3.1 µm and 85 fs pulse duration.The 

supercontinuum bandwidth extending in range from  1 µm to 15 µm for 3 kW peak 

power was achieved.  

 

4.5 Summary 

In this chapter, with numerical simulations we demonstrated generation of 

ultrabroadband supercontinuum spectra with dispersion tailored Ge11.5As24Se64.5 

chalogenide based microstructured optical fibers for mid-infrared region. Firstly a 

conventional PCF designed with Ge11.5As24Se64.5 glass was simulated and optimized to 

obtain required dispersive characteristics with careful selection of design parameters.  

Supercontinuum spectrum spreading in range from 1.4 μm to 10 μm was achieved by 

pumping pulses with peak power of 5 kW at the 3.1 μm wavelength. In this case, 

effective area (Aeff) ,nonlinear coefficient (γ), and chromatic dispersion (Dc ( ))  at the 

3.1 µm wavelength were 3.98 µm
2
 , 2191 W

-1
 km

-1
and 5 ps/km/nm, respectively. In 

the second case, we improved our PCF design by varying the diameter of air holes 

with a constant value of pitch in aim to reduce the input power. In our research work 

in this chapter we proposed three different designs to observe effects on effective 

refractive index (neff) and chromatic dispersion. In this segment, we successfully 

reduced the value of the effective mode area (Aeff) and increased value of the 

nonlinear coefficient (γ) which is an essential requisite of SCG. The effective area 

(Aeff) calculated was 3.7634 μm
2 

and the
 
nonlinear coefficient (γ) was determined as 

2317 W
-1

 km
-1 

at pump wavelength 3.1 µm. The design resulted SC spectrum for 

range 1 to 10 µm with the pump pulse 3 kW. As reported by M. Karim [130] the SC 

spectrum expanded in range from 1.3 to 11 µm with pump power of 3 kW. Our 

proposed design demonstrates significant improvement with the SC spectra expanding 

in range from 1 to 15 µm for same pump power. We obtained a flat dispersion profile 
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from about 2 µm to 15 µm with two ZDW, 2.9 µm and 13.1 µm and effective mode 

area (Aeff) and nonlinear coefficient (γ) are 3.5241 µm
2
 and 2474 W

-1
 km

-1
. The 

design proposed demonstrates significant improvement in SC generation resulting in 

broad spectra with reduced pump power.  
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Chapter 5 

 

 

MID-SCG by Multi-material PCF 

In this section, we report that all anomalous, ultra-flat, two-zero dispersion profile can 

be obtained by the photonic crystal fiber structure with background As2S3 and 

replacing the first internal ring and center air holes by borosilicate glass. With the 

introduction of borosilicate internal air holes in the ring resulted in change in the 

effective index helping us to obtain desired dispersion profile keeping diameter of 

both air –hole and borosilicate rods identical. 

         The production of that kind of chalcogenide PCF with multi-material 

composition will be of extreme interest because there are several factors for this 

design. It is difficult to keep PCF parameters along the length of the fiber. Moreover, 

problems may occur such as the preparation of stable stoichiometric compounds glass, 

low loss, stable, for proper control of the viscosity between the different glasses 

involved in the stretching temperature of the fibers, and much more. It can be 

highlighted that however there is a big difference in glass transition temperature (Tg) 

of the two glass systems identified in our design modeling, a complimentary (however 

less difference in values of Tg) argument occurs for borosilicate glass and silica glass 

frequently used in polarization maintaining fibers manufacture, that can be solved by 

right choice of fiber drawing temperature and concentration of the impurities like 

boron [152]. For the manufacture of this type of multi-material optical fiber, it is not 

only Tg but also the viscosity and the thermal expansion coefficients of the constituent 

glasses that also play a role. We have to use a variety of techniques for such multi-

material [153] [154] [155]. A nowadays developed approach based on pressure-

assisted melt-filling technique is also useful to produce the similar fibers [156] [157]. 

This combination of certain material has also been proposed by different research 

groups [158]. Furthermore, to manufacture several chalcogenide PCFs, we already 

have well-matured manufacturing technologies [21] [159] [160] [161]. 

         In 2015, Maji et al. [129] purposed a similar design of PCF for SCG in mid-IR 

range. With the design, Maji observed all-normal flattened dispersion of −0.087 

ps/nm/km around the wavelength of 2.8 μm and SCG for the bandwidth of 740 nm in 
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the mid-IR region. Here, in this section improved the PCF design and achieved 

dispersion curve in the anomalous dispersion region. Our optimized designed is 

suitable for 1.6 μm to 4.2 μm SCG bandwidth with pump wavelength at 2.5 μm. 

         This chapter, the sequence is under mentioned. Section 5.1.1 concisely 

investigates the modal properties of As2S3 and borosilicate based multi-material 

chalcogenide photonic crystal fiber. We have solved the second-order sellmeier 

equation for material and a full modal analysis of the optical parameters of photonic 

crystal fiber to calculate refractive index, the chromatic dispersion (Dc), effective area 

(Aeff) and nonlinear coefficient (γ). In Section 5.1.2, we present results on 

supercontinuum generation in few millimeters (mm) of multi-material photonic crystal 

fiber with different input pulses. The generalized nonlinear Schrödinger equation is 

used to examine supercontinuum generation. 

 

5.1 Multi-material PCF Design 

Here, a new idea is proposed to obtain high refractive index by the replacement of the 

air holes with material from a series of high refractive index. To obtain this tailored 

application, particular fiber designs for mid-IR applications, we have considered an 

arsenic sulfide (As2S3)-based photonic crystal fiber structure which consists of four 

rings with hexagonal geometry. In all the four cladding rings, the inner air-hole ring 

and center air-hole are replaced with borosilicate rods as depicted in red color in the 

schematic of the PCF design in Figure 5.1 with the background of As2S3. The 

diameter of each air-hole is kept constant in purposed design. 

 

Figure 5.1 The schematic design of proposed Multi-material PCF. 
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The chalcogenide As2S3 based photonic crystal fiber offers high nonlinearity 

coefficient (γ) making it most popular and suitable for SCG. In order to investigate the 

dispersion of the fiber we estimated the effective refractive index (neff) of the 

fundamental mode of the designed photonic crystal fiber (PCF). The proposed 

photonic crystal fiber design consists of four rings with uniform fixed d/Λ = 

0.5310734 ratio. Here, air-holes and borosilicate rod diameter is 0.94  m.  We can 

calculate the wavelength related refractive index of As2S3 glass and borosilicate 

material by following Sellmeier equation (5.1) and (5.2), respectively, as [129]. 
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and 

         
       

 
          

 
         

 
          

 
          

 
         

                        (5.2) 

 

         Figure 5.2 displays the variation in chromatic dispersion and material dispersion 

change with wavelength of the proposed fiber for photonic crystal fiber. The careful 

selection of the pitch (Λ) and air hole diameters (d), the flat dispersion profile 

extending from 1.5 µm to 4.3 µm we obtained two zero dispersion wavelength (ZDW) 

at 2.27 µm and 3.3 µm. A flat and low dispersion profile helps to enhance the SCG. It 

can reduce the temporal walk-off effect at the time of spectral boarding process here 

the pump wavelength of 2.5 µm was used in the anomalous dispersion for photonic 

crystal fiber. In Figure 5.2 the black solid line shows the chromatic dispersion (Dc) of 

purposed fiber, dash line shows the material dispersion of borosilicate and the dash-

dot line shows the material dispersion of As2S3 glass. 

        Here, the nonlinear refractive indices of As2S3 based chalcogenide glass is n2 = 4 

x 10
-18

 m
2
/W at 2.5 µm [129]. The variation in effective mode area (Aeff) and 

corresponding nonlinear coefficient of the purposed fiber have been displayed in 

Figure 5.3. 
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Figure 5.2 The dispersion plot of proposed Multi-material PCF. 

 

 

Figure 5.3 The effective mode area and nonlinear coefficient of Multi-material PCF. 
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5.2 Supercontinuum Generation in proposed PCF 

The proposed fiber design was simulated for SCG. The spilt-step Fourier method was 

used to solve GNLSE. A PCF of 100 mm length was selected and was pumped with 

optical pulses of 2.5 µm for the numerical simulation. At this pump wavelength, the 

value of Aeff obtained was 5.10019 μm
2 
and γ was 1972 W

-1
km

-1
. The pumped 

wavelength 2.5 µm is in anomalous dispersion regime and flat dispersion obtained for 

the range from 1.5 µm to 4.3 µm. The increase in anomalous regime pumping results 

in spectral broadening in long wavelength side. The solitons fission and Raman 

soliton self-frequency shift are the main reason for this. In the initial stage, the 

broadening of the pulse is mainly due to SPM and as the pulse propagates a few 

millimeters the spectrum breaks into two major peaks, after moving outward from the 

original pump wavelength the number of sub-peaks in between two major peaks keeps 

on increasing continuously. The pulse duration is 85 fs (FWHM) with the peak power 

as 350 W. The Figure (5.4 & 5.5) portrays spectral and temporal spans of SCG in the 

As2S3 based PCF with different input pump pulse. The spectral escalation of input 

pulse for different input power has been displayed in Figure 5.6.  
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Figure 5.4 Spectral escalation of SC in Multi-material PCF designed with various 

input pump pulse (a) 50 W (b) 150 W (c) 250 W and (d) 350 W. 
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Figure 5.5 Temporal escalation of SC in Multi-material PCF designed with various 

input pump pulse (a) 50 W (b) 150 W (c) 250 W and (d) 350 W. 
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Figure 5.6 Spectra of SC for different input power in Multi-material PCF. 

 

5.3 Results and discussions 

In this paper, we have demonstrated SCG for 100 mm long multi-material photonic 

crystal fiber with air holes arranged in a hexagonal lattice. The range for flat 

dispersion of the proposed photonic crystal fiber design is from 1.5 µm to 4.3 µm. The 

effective area (Aeff), nonlinear coefficient (γ), and dispersion of the fiber launched with 

a pulse wavelength ( ) 2.5 µm are 5.10019 µm
2
, 1972 W

-1
km

-1
, and 18.5545 ps/km-

nm, respectively for the designed optical fiber. The photonic crystal fiber was 

numerically simulated for generation of supercontinuum using pump pulses of 

duration 85 fs at wavelength 2.5 µm with 350 W peak powers. The results of 

simulation generate supercontinuum for the bandwidth values from 1.6 µm to 4.2 µm 

with 350 W input power. 
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5.4 Summary  

Its new tailoring technique of dispersion in index guiding photonics crystal fibers has 

been used to design a highly nonlinear anomalous dispersion-flattened photonics 

crystal fiber for mid-IR utilisation. This new design composed of four rings in the 

cladding with the inner air-hole ring and center air-hole replaced through borosilicate 

glass with As2S3 background. Therefore the design shows a unique RI profile which 

not only offers a large nonlinear coefficient but also a flat dispersion curve along with 

the low leakage loss. The PCF was numerically analysed for supercontinuum 

generation by applying pump pulses of 85 fs duration at wavelength 2.5 µm with 350 

W peak powers. The values of effective area (Aeff), nonlinear coefficient (γ) and 

dispersion for the design of the fiber at the wavelength ( ) 2.5 µm are 5.10019 µm
2
, 

1972 W
-1

 km
-1

 and 18.5545 ps/km-nm respectively. The outcomes of simulation that 

supercontinuum with the bandwidth values of 1.6 µm to 4.2 µm generated. Our design 

analysis will be very useful for mid-IR applications particularly with the mature 

technologies available. 



Dispersion trailoring of Li-containing ternary compounds 
 

~ 84 ~ 
 

Chapter 6 

 

 

Dispersion tailoring of Li-containing ternary compounds 

In this section studied the suitable dispersion curve for a mid-infrared supercontinuum 

generation with Li-containing ternary compounds. As discussed earlier that for 

efficient SCG requires a flat dispersion curve and pump pulse exists in the anomalous 

dispersion reason.  Here investigated the lithium ternary compounds chalcogenide 

PCFs such as LiGaSe2, LiGaS2 and LiGISe (LiGa0.5In0.5Se2). LiGaSe2 and LiGaS2 are 

very potential nonlinear materials for conversion of laser radiation to the mid-IR 

spectral range that are transparent down to the visible and ultraviolet (UV). 

LiGa0.5In0.5Se2 (LGISe) is a new mixed chalcogenide material, its solid solution of the 

LiGaSe2 and LiInSe2. It has the same orthorhombic structure as the parent compounds 

(LiGaSe2 and LiInSe2). The nonlinear refractive index of all the materials is 

approximate 3 x 10
-15

 m
2
/W which is 10

5
 times higher in comparison to silica. The 

transparency window and band gap energy of all material show in table 6.1 [162] 

[163]. 

 

Table 6.1: Transparency window and band gap energy of LiGaSe2, LiGaS2 and 

LiGISe chalcogenide material 

Chalcogenide crystals Transparency Window Band Gap Energy 

LiGaSe2 0.37 − 13.2 μm 3.34 eV 

LiGaS2 0.32 − 11.6 μm 4.15 eV 

LiGISe (LiGa0.5In0.5Se2) 0.47 − 13 μm 2.94 eV 

 

 

6.1 Fiber Design for pump wavelength 2.2  m 

In this section, we have designed LiGaSe2, LiGaS2, LiGISe (LiGa0.5In0.5Se2) based 

photonic crystal fiber which is suitable for SCG at 2.2  m pumping. The dispersion 

tailoring has been done very carefully to achieve the desired dispersion characteristics, 

as dispersion and also the zero dispersion wavelength(s) play a crucial role in achieving 



Dispersion trailoring of Li-containing ternary compounds 
 

~ 85 ~ 
 

the desired characteristics of supercontinuum like spectral shape, width and flatness. In 

the process to obtain flat and wide spectrum, we have designed hexagonal PCF whose 

basic layout in XY plane is depicted in Figure 6.1 and the designing parameters are 

shown in table 6.2. 

 

 

Figure 6.1 The purposed structure of the hexagonal PCF (LiGaSe2, LiGaS2 and 

LiGISe) for 2.2  m pumping wavelength. 

 

Table 6.2: Designing parameters of purposed PCF (LiGaSe2, LiGaS2 and LiGISe) for 

2.2  m pumping wavelength. 

Chalcogenide crystals 
Number of 

Rings 

Fiber core 

diameter (dcore) 

Pitch 

(Λ) 
d/Λ 

LiGaSe2 6 0.96 µm 3.2 µm 0.7 

LiGaS2 6 1.6 µm 4.0 µm 0.6 

LiGISe (LiGa0.5In0.5Se2) 6 0.64 µm 3.2 µm 0.8 

 

The refractive index and material dispersion of chalcogenide glass are calculated by the 

Sellmeier’s equation (6.1) [162] [163]. The Sellmeier coefficients for each crystal are 

in table 6.3.  
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                                                 (6.1) 

 

Table 6.3: Sellmeier coefficients of (LiGaSe2, LiGaS2 and LiGISe) chalcogenide 

material 

Chalcogenide crystals A B C D 

LiGaSe2 5.22442 0.18365 0.07493 0.00232 

LiGaS2 4.493881 0.1177452 0.0337004 0.0037767 

LiGISe (LiGa0.5In0.5Se2) 5.26219 0.21331 0.0755 0.00209 

 

 

6.1.1 Results and discussions 

The chromatic dispersion of the PCF has been computed using FDTD method which is 

a very efficient and fast method of computing dispersion for symmetric and 

nonsymmetric fiber structure. The chromatic dispersion of the designed PCF is shown 

in Figure 6.2. The Zero Dispersion Wavelength (ZDW) of chromatic dispersion is ~ 

2.2 μm. 

 

 

Figure 6.2 Dispersion properties of the purposed (LiGaSe2, LiGaS2 and LiGISe) based 

chalcogenide material PCFs, ZDW at 2.2 µm. 
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We have designed a highly nonlinear chalcogenide photonic crystal fiber suitable for 

supercontinuum generation at pump wavelength at 2.2 µm. The fiber has very flat 

dispersion in the anomalous region which is desirable characteristics for a flat 

supercontinuum spectrum. Due to the high intrinsic nonlinearity of LiGaSe2, LiGaS2, 

LiGISe (LiGa0.5In0.5Se2) and small effective area the nonlinearity of the γ of very high. 

 

6.2 Fiber Design for pump wavelength 1.55  m 

In this work, designed and characterized a highly nonlinear photonic crystal fiber that 

has Zero Dispersion Wavelength (ZDW) around 1.55 μm and a very flat dispersion 

profile in anomalous dispersion region. The chalcogenide material used in this work is 

LiGaS2. The nonlinear refractive index of LiGaS2 is 3 x 10
-15

 m
2
/W which is 10

5
 times 

higher in comparison to silica. In the process to obtain flat and wide spectrum, we 

have designed four variants of the hexagonal PCF whose basic layout in XY plane is 

depicted in Figure 6.3. 

 

where,  

            Fiber core: 4.25 μm  

            Pitch (Λ) = 2.25 μm  

            d1 = 0.25 μm  

            d2 = 2.0 μm 
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Figure 6.3 The purposed structure of the PCF (LiGaS2) for 1550 nm pumping 

wavelength. 

 

6.2.1 Results and discussions 

The chromatic dispersion of the designed PCF is shown in Figure 6.4. The Zero 

Dispersion Wavelength (ZDW) is ~ 1.55 μm. 

 

 

Figure 6.4 Dispersion properties of the purposed LiGaS2 based chalcogenide material 

PCFs, ZDW at 1.55 µm 
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We designed a highly nonlinear chalcogenide photonic crystal fiber suitable for 

supercontinuum generation at pump wavelength at 1.5  m. The fiber has very flat 

dispersion in the anomalous region which is desirable characteristics for a flat 

supercontinuum spectrum. Because of the high intrinsic nonlinearity of LiGaS2 and 

small effective area, the nonlinearity of the γ of very high. 

 

6.3 Summary  

In this chapter, we are exploring new potential chalcogenide material for a mid-IR 

supercontinuum generation. These are the lithium-containing nonlinear optical glasses 

such as LiGaSe2, LiGaS2 and LiGISe (LiGa0.5In0.5Se2). As mentioned at the start of 

this chapter, these are the new class of material with wide band-gap nonlinear glasses 

transparent in the mid-IR spectrum range. Here we designed PCFs for tailored the 

dispersion curve suitable for pump wavelength 2.2  m and 1.55  m that open a new 

area of research with these materials. 
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Chapter 7 

 

 

 

Conclusion and Future work 

The objective of the entire study and research was to investigate and optimize the 

application of photonic crystal fiber to generate broadband supercontinuum in near-

infrared region to mid-infrared region (MIR) using highly nonlinear chalcogenide 

material. The complete work was carried out in two stages. Chalcogenide 

microstructured optical fibers have been considered to design such supercontinuum 

sources that could be used for NIR and MIR applications. The fiber designs proposed 

for supercontinuum generation were improved with tailoring to obtain optimized 

results. Numerous rigorous numerical calculations were carried out with finite-

difference-time-domain (FDTD) method to obtain results for dispersion analysis. In 

our research work spilt-step Fourier method (SSFM) was opted to numerically 

investigate generalized nonlinear Schrödinger equation (GNLSE) for obtaining SC 

generation for the proposed designs. In this thesis firstly, we tailored Ge11.5As24Se64.5 

chalcogenide based microstructured fibers to generate SC generation for NIR and 

MIR region. Next, we presented the possibility of mid-infrared supercontinuum 

generation with multi-material PCF, by using As2S3 and borosilicate glass. The results 

obtained with numerical simulations show significant improvement in SC generation 

in MIR range. At last, we examined the future scope of SCG in Li-containing ternary 

compounds chalcogenide material. 

         In the initial phase the researchers designed PCFs with silica as base material 

and optimized the design to generate supercontinuum with pump energy of 25W at 

1.55 μm wavelength. In order to have supercontinuum generation in region extending 

in MIR, the pump wavelength should lie in the range of 3-4 microns. Since silica 

PCFs suffer from serious absorption in the region beyond 3 microns, making it 

difficult to shift the pump wavelength in long wavelength region to extend 

supercontinuum spectra in long wavelength. Therefore, for producing a broadband 

MID-IR supercontinuum Ge11.5As24Se64.5 based chalcogenide PCF were selected. The 

previous reported work demonstrated theoretical investigation on Ge11.5As24Se64.5 

based ChG planar waveguides for spreading supercontinuum into the MIR region, but 
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the asymmetric nature of planar waveguide are responsible for the cladding absorption 

at the longer wavelengths. The Photonic crystal fiber based designs are more 

promising and have attracted the attention of researcher to applicate them for 

generation of SC in mid-infrared region. Further it is noteworthy that in the long 

wavelength region the losses due to absorption are negligible. Another important 

advantage is that they can easily be drawn into fibers with existing technologies. In 

our theoretical study, we could infer that limitations in planar waveguides and 

conventional fibers can be eliminated by using photonic crystal fibers and the 

supercontinuum generation expanding in the mid-infrared region can be achieved. In 

the work presented, we have numerically simulated and validated that by tailoring 

dispersion in chalcogenide photonic crystal fibers we can generate ultra-broadband 

supercontinuum extending up to 15 μm in MIR region. 

         In the chapter 4 supercontinuum generation in Ge11.5As24Se64.5 chalcogenide 

photonic crystal fiber design was investigated with suitable pumping power at the 3.1 

 m as pump wavelength. The rigorous numerical simulation based on FDTD was 

carried out to obtain required anomalous dispersion for chalcogenide based photonic 

crystal fiber near 3.1  m pump wavelength. To achieve so the design parameters, air-

hole diameter and pitch were carefully engineered. The observations from the design 

were quite satisfactory, which further motivated and directed our research work. Our 

research work focused on three designs, and anomalous dispersion of all designs was 

tailored to exhibit two zero-dispersion wavelengths at suitable pump wavelength. 

Supercontinuum simulations have been performed for all the three photonic crystal 

fibers designs. An optimized design to achieve a generation of SC broadband in MIR 

region was obtained. To start with, the supercontinuum generation with 

Ge11.5As24Se64.5 glasses was firstly investigated in a basic hexagonal design and the 

dispersion curve was tailored for pump wavelength 3.1  m in the anomalous 

dispersion region. The design parameters like number of rings, pitch and air- hole 

diameter were carefully selected to achieve two ZDW dispersion curve and the first 

ZDW in proximity of pump wavelength. On simulating the design with suitable pump 

energy at 3.1 µm  wavelength the effective area (Aeff), nonlinear coefficient (γ), and 

chromatic dispersion (Dc ( )) obtained were 3.98 µm
2
, 2191 W

-1
km

-1
, and 5 ps/km-

nm, respectively. The design resulted in a broad SC spreading from 1 to 10  m up to 

the fiber length for 150 mm with input power requirement 5 kW. Taking our research 

work ahead, later we improved our design by the changing air-hole diameter of 
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various ring and observed their effect on parameters effective mode index (neff) and 

dispersion. Herewith, we simulated the SC generation for the improved design and 

estimated values of nonlinear coefficient (γ), effective area (Aeff) and dispersion at the 

wavelength ( ) 3.1 µm as 2317 W
-1

 km
-1

, 3.7634 µm
2
 and, 52 ps/km-nm, respectively. 

A broad spectra for SC spreading in range from 1 to 10  m was observed with 100 

mm long fiber when pumped with pulses of 3 kW power. This work significantly 

helped us to reduce the length and pump energy. The results observed from optimized 

Ge11.5As24Se64.5 based chalcogenide PCF design were remarkable. The design 

proposed offer increased freedom to control the dispersion curve. We achieved a flat 

dispersion curve with two ZDW and the pump pulse existing in the anomalous 

dispersion region. In another design, we reduced the effective mode area as compared 

to previous designs, resulting in increased nonlinearity which is essential parameter 

for SCG. In reference to this design we obtained nonlinear coefficient (γ), effective 

area (Aeff) and dispersion at the wavelength ( ) 3.1 µm as 2474 W
-1

km
-1

, 3.5241 µm
2
 

and 8.014 ps/km-nm, respectively. The proposed design of PCF was investigated with 

numerical simulation for supercontinuum generation using 85 fs pump pulses at a 3.1 

µm pump wavelength and 3 kW peak power. Supercontinuum bandwidth for range 1 

µm to 15 µm for 3 kW peak power was demonstrated. Our design has significantly 

improved the expansion of SC spectra from 1 to 15 µm with pump energy of 3 kW 

over 1.3 to 11 µm with same pump energy as reported by M. Karim [130]. 

         In chapter 4 theoretical investigation on Ge11.5As24Se64.5 chalcogenide glass 

based microstructured fiber for extending spectra of SC in the mid-infrared regime 

was presented. Motivated with satisfactory observations and results in our research 

work we proposed an idea to obtain a higher effective index by replacing the air holes 

with a high refractive index valued material as discussed in Chapter 5. To design 

fibers which may find their applications in mid-infrared region, we considered an 

arsenic sulfide (As2S3)-based photonic crystal fiber structure consists of four rings 

with hexagonal geometry. In all four cladding rings, the inner air-hole ring and center 

air-hole was replaced by borosilicate glass rods. With this cutting edge technique of 

dispersion in index guiding photonics crystal fibers we designed a highly nonlinear 

anomalous dispersion-flattened photonics crystal fiber for mid-IR utilization. The 

designed photonic crystal fiber was numerically investigated for supercontinuum 

generation applying pump pulses of duration 85 fs at 2.5 µm wavelength and 350 W 

peak powers. After simulations and calculation the values for the effective area (Aeff), 
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nonlinear coefficient (γ), and dispersion for the design obtained were 5.10019 µm
2
, 

1972 W
-1

km
-1

 and 18.5545 ps/kmnm, respectively at the wavelength ( ) 2.5 µm. The 

spectra of SC generated expanded from 1.6 µm to 4.2 µm. The results obtained were 

significantly improved with the design as reported by P. S. Maji [129], where the 

bandwidth for SC generated expanded from 2.41 to 3.15 µm for same pumping 

conditions. Analyses of our design are very useful for applications in the mid-infrared, 

especially for the mature technology available.  

         In chapter 6, we discussed about the new potential chalcogenide material for a 

mid-IR supercontinuum generation. These new materials are the lithium ternary 

compounds chalcogenide glasses like LiGaSe2, LiGaS2 and LiGISe (LiGa0.5In0.5Se2) 

which have very high non linear refractive index. The nonlinear refractive index of all 

the materials is approximately 3 x 10
-15

 m
2
/W as reported which is 10

5
 times higher as 

compared to silica. And also have wide band-gap nonlinear glasses transparent in the 

mid-IR spectrum range up to 13  m. Designs were engineered for dispersion curve 

suitable for pump wavelength 2.2  m and 1.55  m which will be numerically 

simulated to observe efficient SC generation in near future. 

         The results obtained from numerical simulations are satisfactory very promising. 

This inspirits us to experimentally validate the results in this research work, in order to 

take our designs for fabrication for real life applications in future. 
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Appendix-I 

 

Matlab code for supercontinuum generation 

 

Code for SCG using split-step (Fourier) method 

 

clc; 

clear all; 

close all; 

% initial parameters 

n = 2^13;                   % number of samples 

tw = 18.5;              % width of time window 

cc = 2.99792458*1e8/1e12;     % light speed [nm/ps] 

wavelength = 3100;           % centre wavelength [nm] 

w0 = (2.0*pi*cc)/wavelength; % centre frequency [2*pi*THz] 

T = linspace (-twidth/2, twidth/2, n); % time grid 

% === input pulse 

power = 30000;              %  input peak power [W] 

t0 = 0.0284;                % input pulse duration [ps] 

A = sqrt (power)*sech (T/t0); % input field  

% === fibre parameters 

flength = 0.1;             % of  fibre length [m] 

% Taylor series expansion coefficient [ps^2/m, ps^3/m ...] 

betas = [-14.714e-3, 9.3486e-5, -12.6961e-8, 3.0737e-10, ... 

         -8.3943e-13, 2.1038e-15, -3.5250e-18, 5.0524e-21, ... 

         -6.8300e-24]; 

gamma = 2474;               % nonlinear coefficient [1/W/m] 

loss = 0.68;                   % loss [dB/m] 

% === Raman response 

fr = 0.031;                  % fraction fr by the Kramers–Kroning relation 

t1 = 15.5; t2 = 230.5; 

RR = (t1^2+tu2^2)/t1/t2^2*exp(-T/t2).*sin(T/t1); 

RR(T<0) = 0;          % step function 
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%RR = RR/trapz(T,RR);  % normalise RR to unit integral 

% === parameters for simulation 

nsaves = 600;     % length steps number to save field at 

% wave propagating field 

[Z, AW, AT, W] = gnl(T, A, w0, betas, gamma, loss, ... 

                       fr, RR, length, nsaves); 

% === output 

figure(); 

IW = 10*log10 (abs(AW).^2); % spectral intensity 

mlIW = max(max(IW));       % max value for scaling  

WL = 2*pi*cc/W; iis = (WL>15000 & WL<500); % wavelength grid 

subplot(1,2,2);              

pcolor(WL(iis), Z, IW(:,iis)); % pseudocolor map 

caxis([mIW-40.0, mIW]);  xlim([500,15000]); shading interp;  

xlabel('Wavelength / nm'); ylabel('Distance / m'); 

  

IT = 10*log10(abs(AT).^2); % temporal intensity 

mIT = max(max(IT));       % max value, for scaling plot 

subplot(1,2,1); 

pcolor(T, Z, IT);          % pseudocolor map 

caxis([mIT-40.0, mIT]);  xlim([-3,13]); shading interp; 

ylabel('Distance / m') ; xlabel('Delay / ps'); 
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Appendix-II 

 

Matlab code for Taylor series expansion coefficient (Beta: 2,3,4……) 

 

clc; 

clear all; 

close all; 

% lambda2=[1:0.275:10] 

lambda1=[1:0.2:10].*10^-6 

c=3*10^8; 

D=[-1181.213,-1094.882,-816.5024,-476.0627,-291.9144,-195.8021,-136.5403,-

77.40355,-45,-

20,5,20,36,42,47.77055,51.86922,54.6378,56.59749,57.73161,58.14022,58.061,57.34

801,56.28894,54.87129,53.08256,51.28548,48.8588,46.03185,45,44,42,40,38,36,34,3

2,28,25,22,20,15,10,2,-4,-12,-17]*10^-6; 

w=2*pi*c./lambda1; 

B2=-((D.*(lambda1.^2))./(2*pi*c))*10^24; 

B3=diff(B2)./diff(w); 

n=length(B2); 

B3=[B3 zeros(1,n-length(B3))]; 

B4=diff(B3)./diff(w); 

B4=[B4 zeros(1,n-length(B4))]; 

B5=diff(B4)./diff(w); 

B5=[B5 zeros(1,n-length(B5))]; 

B6=diff(B5)./diff(w); 

B6=[B6 zeros(1,n-length(B6))]; 

B7=diff(B6)./diff(w); 

B7=[B7 zeros(1,n-length(B7))]; 

B8=diff(B7)./diff(w); 

B8=[B8 zeros(1,n-length(B8))]; 

B9=diff(B8)./diff(w); 

B9=[B9 zeros(1,n-length(B9))]; 

B10=diff(B9)./diff(w); 



Appendix-II 
 

~ 117 ~ 
 

B10=[B10 zeros(1,n-length(B10))]; 

figure 

plot(lambda1,D,'r-') 

figure 

plot(lambda1,B2,'k-') 

figure 

plot(lambda1,B3) 

figure 

plot(lambda1,B4) 

figure 

plot(lambda1,B5) 

figure 

plot(lambda1,B6) 

figure 

plot(lambda1,B7) 

figure 

plot(lambda1,B8) 

figure 

plot(lambda1,B9) 

figure 

plot(lambda1,B10) 

 % B22=-(D.*(lambda2.^2))./(2*pi*c) 

% B32=diff(B22)./diff(lambda2) 

% B42=diff(B22,2)./diff(lambda2,2) 


