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ABSTRACT

This thesis work aims to design and modeling of specialty optical fibers for supercontinuum
generation. Some novel photonic crystal fiber designs have been explored for the study of
supercontinuum generation using highly nonlinear materials such as silica, tellurite,
chalcogenide, and organic liquids in shorter fiber length with low input peak power and also
focused on the coherence property to enhance the bandwidth of the supercontinuum broadband

in the visible, near and mid-infrared wavelength regions.

Supercontinuum generation arises due to broadening of the high-intensity ultra-short pulses
in a nonlinear optically active medium due to self-phase modulation, cross-phase modulation,
solitons, high order dispersion, stimulated Raman scattering, self-steepening, and some optical
losses. The various potential applications of supercontinuum sources include cancer detection,
medical imaging, gas sensing, optical coherence tomography, wavelength-division

multiplexing, spectroscopy, and metrology.

In this thesis, some sincere efforts have been made to numerically design the dispersion
engineered photonic crystal fiber designs for supercontinuum generation in the visible, near,
and mid-infrared wavelength regions. The computational analysis of the proposed fiber designs
is based on the finite element method. We have tried to optimize the dispersion characteristics
to reduce the effect of dispersion at the pump wavelength by tweaking the respective
geometrical parameters of the core and cladding and also by changing the material composition
in the core region. We have numerically analyzed the influence of input peak power, pulse

width, peak power, and coherence on the supercontinuum broadening.

The proposed silica-based photonic crystal fibers can generate the broad supercontinuum
spectrum of bandwidth 0.67 pm to 2.4 pm in the visible and the near-infrared wavelength

region at low input power in shorter fiber length. Some newly reported chalcogenide glasses

v



have been numerically investigated for the ultra-broadband supercontinuum generation in the
infrared wavelength region. We have attained the supercontinuum spanning, 1 pum to 14 pum
and 2 ym to 11 pm in photonic crystal fibers composed of Ga-Sh-S and GAP-Se chalcogenides
respectively. In a tellurite based photonic crystal fiber, we achieved a broadband
supercontinuum ranging, 1 pmto 5.5 pum. We have also proposed a photonic crystal fiber based
on liquid infiltration to increase the nonlinearity in silica fibers and able to produce highly
coherent supercontinuum broadband of spanning, 1 pm to 2.6 um in the near-infrared

wavelength region by using a few centimeters fiber length with low peak power.
Keywords:

Specialty Optical Fibers, Photonic Crystal Fibers, Silica, Tellurite, Chalcogenides, Organic
Liquids, Dispersion, Nonlinearity, Effective Mode Area, Supercontinuum Generation,

Coherence
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CHAPTER-1

INTRODUCTION

The study of light-matter interaction at high power is referred as nonlinear optics. A nonlinear
media deals with optical nonlinearities, and the material properties are no longer act linearly
with the incident electric field. Laser light is an intense power source of light due to its unique
characteristics such as its monochromatic behaviour, divergence, and coherence in comparison
to ordinary light sources. Laser sources have the potential to transform the optical response of
any system with the electric field. A well-known phenomenon from decades known as the

superposition principle doesn’t exist for the pulse propagation in nonlinear optics.

The invention of laser (i.e., light amplification by stimulated emission of radiation) is
credited to great physicist T. H. Maiman [1]. He observed the first laser action in 1960 when
he performed an experiment to generate a laser light pulse based on the stimulated emission of
the atoms in the ruby crystal. With this discovery of lasers, continuous efforts are made to
increase the output efficiency of the lasers, and the field of nonlinear optics has been developed.
Javan et al. experimentally developed a continuous beam of light of power 15 mW using a He-
Ne gaseous active medium at 1.15 pum [2]. In 1962, McClung et al. used the Q-switching
technique to produce the giant pulses of peak power 100 times that of existed ruby lasers [3].
In 1963, the first mode-locked laser i.e., the combination of He-Ne laser and acoustic-optic
modulator, was demonstrated by Hangrove et al. [4]. The mode-locking technique is used by
Mocker et al. for the investigation of mode competition and mode coupling of passive Q-

switched ruby laser [5]. Demaria et al. performed the mode-locking of Nd** doped glass lasers



and studied the effects of optical length [6]. The first Nd:YAG laser was reported by Geusic et
al., and the laser operation was based on Q-switching mode [7]. In 1987, an erbium-doped fiber
amplifier was introduced by Mears et al. near at 1.55 pum wavelength [9]. These amplifiers
were widely in practice in the fiber optical telecommunication for longer distances but were

proven least suitable for the generation of high output power in fiber lasers and amplifiers.

The commercially available solid and gas lasers can produce the more massive laser output
in the kilowatt range. Some major consequences such as the compactness and management of
thermal property are observed in these lasers. The most efficient way to overcome these issues
is the development of fiber laser of comparable output power level. In 1961, E. Snitzer reported
the first operation of laser oscillation in Nd** doped optical fiber cavity system [8]. The fiber
lasers consist of the optical fiber with the doped concentration of rare-earth elements as the
gain medium for lasing action. The major advantages of fiber laser include 95% optical
conversion efficiency, high optical gain and quality, and their compact size in comparison with

solid or gas lasers.

The laser technology has revolutionized the development of efficient high power laser
systems with the shortest, controllable, human-made pulse durations, and moderate pulse
energies. In 1962, Franken et al. observed the first nonlinear optical process named as a second
harmonic generation. The frequency mixing was observed by Bass et al. in 1962 from the
second harmonic of two ruby lasers in the ultraviolet region [10]. In 1964, the effect of intensity
on the index of refraction i.e., Kerr effect of liquids was first demonstrated by Maker et al. [14].
In 1965, Giordmaine et al. showed the results against coherent, tunable, optical parametric
oscillation using lithium metaniobate crystal [11]. Maker et al. presented the experimental
results of nonlinear optical effects that occurred due to induced polarization third order in the
electric field strength using a giant pulsed ruby laser in 1965 [12]. In 1967, New et al. reported

the optical third-harmonic generation in the noble gases based on nonlinear susceptibilities



[13]. Lallemand et al. performed the self-focusing of laser beams and calculated the stimulated
Raman gain in liquids [15]. In 1966, Carman et al. observed the four-wave mixing concept and
stimulated four-photon interaction using a Q-switched ruby laser [16]. Eckhardt et al.
investigated the existence of stimulated Raman scattering in some organic liquids using giant-
pulse of ruby laser [17]. In 1967, Shimizu et al. theoretically observed broadening of frequency
components due to self-phase modulation and stimulated Rayleigh scattering [18]. All these
theoretical and experimental investigations of optical phenomena were well-thought-out just

after the invention of laser technology.

Supercontinuum generation (SCG) was first coined by Alfano and Shapiro in 1970 with
double frequency generation experiment of photons in the presence of nonlinear medium [19-
21]. SCG is an optical process in which an intense ultrashort pulse gets broadened during
interaction with a nonlinear medium. SCG leads by optical linear and nonlinear effects i.e.,
group velocity dispersion, nonlinearity, self-phase modulation (SPM), cross-phase modulation
(CPM), stimulated Raman scattering (SRS), four-wave mixing (FWM), and solitons generation

[19, 20].

The optical fibers based on total internal reflection were in practice during the period of
1990s for the confinement and guidance of light in core over a long propagating length of the
fiber. The special characteristics of maintaining the high intensity of input light along the entire

length of fiber make these optical fibers an ideal choice to study the nonlinear effect of SCG.

Specialty fibers are those fibers in which the modification of structure and material
properties are practiced for the rendering of new optical properties and characteristics [19]. The
fundamental aspects by which one can propose an effective design of specialty fibers are glass
composition and geometry. Glass composition is the most important key feature to study the
nonlinear properties of proposed specialty fibers. This factor is related to the type of glass used
with high linear and nonlinear refractive index, and has a wide transparency window which in

3



result, produces an ultra-broadband SCG. The most commonly used glasses are silica, tellurite,
fluoride, and chalcogenides. And, the geometry of fibers also plays a vital role in analyzing the
nonlinear properties. The geometrical parameters of the specialty fibers help in the optimization

process for the generation of ultra-broadband supercontinuum (SC).

Photonic crystal fibers (PCFs) are specialty optical fiber which have been widely in practice
to study the nonlinear effects due to their unique property of better confinement of fundamental
mode in small core size and tailored dispersion characteristics [19, 20]. PCFs are generally
characterized by the symmetric air holes pattern in cladding drawn throughout the entire fiber
length. Photonic crystal fiber (PCF) is a developing technology that has great potential to

revolutionize nonlinear devices by replacing optical fibers in the near future.

The PCFs are generally composed of pure/fused silica, liquids, tellurite, fluoride, and
chalcogenide glasses, and are useful for nonlinear optical devices. Many theoretical and
experimental studies of the generation of SC have been reported in fibers and PCFs based on
these materials [22-40]. The foremost requirements of SCG in PCFs include the high nonlinear
coefficient and the transparency of the material. The transmission range of silica glass is
0.3—2.5 um due to the multiphonon transmission edge. Transparent material like pure silica
has been used to obtain a SC spectrum in both visible and near-infrared wavelength regions
[51]. The fundamental reasons to use silica are — they can be synthesized with great purity at
low-cost factor, and the chemical processes used in the synthesis of silica are simple and
efficient. Price et al. reported the SCG spanning, 0.3—1.6 um in a 15 cm long pure silica holey
fiber at 50 kW pump power [56]. Labruyere et al. demonstrated 0.37—1.75 um broadband SCG
using a peak power 10 kW in a 55 cm long Ge-doped silica PCF [57]. Begum et al. numerically
explored a silica-based PCF and reported the broadband of SCG spanning, 0.96—1.89 umin 1
m long fiber length at 1.06 pum, 1.31 um, and 1.55 um pump wavelengths [58]. Vindas et al.

generated effectively a SCG of bandwidth 1200 nm in a5 m long silica-based fiber [59]. During



the literature review of above studies, we found that the SCG reported in these silica-based
fibers were generated in longer fiber length at high pump power. This could be improved either
by designing the novel PCF designs that can give flattened dispersion profile or one can
infiltrate the organic liquids in the core or cladding regions of the PCF to increase nonlinearity
which in result able to produce broad bandwidth of SC spectrum in visible and near-infrared

wavelength region at low input power and in the shorter length of fibers.

Silica fibers have limited exposure in the broadening of spectra till 2.5 pm due to high
material absorption and fails to generate the SC spectra in the mid-infrared region. To
overcome this failure, soft glasses are proven most promising to further extend the continuum
in near and mid-infrared wavelength regions. Tellurite and fluoride glasses have the property
to grow in the mid-infrared domain because high value of nonlinear coefficient in comparison
of pure silica, broad optical transparency window but restricted up to ~5-7 pum wavelengths,
and also limit the high losses in comparison to silica-based PCFs [51, 53]. Nowadays,
chalcogenides are widely in practice and proven to be superior to other choices to generate the
mid-infrared SC broadband. Chalcogenide glasses belong to chalcogens present in the group
16. Such glasses hold very high-linear and nonlinear refractive index and excellent
transmission in the mid-infrared region up to 20 um [54, 55]. Due to these reasons,
chalcogenide glasses are considered as an ideal choice for nonlinear photonic devices in the
mid-infrared region. Chalcogenides glasses such as As-S, As-Se, Ge-As-S, and Ge-As-Se are
widely in practice for the fabrication of optically active and passive materials in the mid-
infrared region [23-27, 44-50]. Many novel fiber glass compositions are coming into focus.
New highly nonlinear Ga-Sb-S and GeSe-AsSe-PbSe chalcogenide glasses have been reported
for nonlinear applications recently [46, 52]. The chalcogenide glass-based PCFs are nowadays
in practice for the generation of broader bandwidth in the mid-infrared wavelength region

because of film-forming property and optical stability. Such fibers can generate an ultra-



broadband of SCG using fiber of a few millimeters length at low pump power. The broadband

SC reported so far was achieved by using relatively longer fiber propagation length.

Hence, this work aims to numerically model the PCFs design based on highly nonlinear
materials to achieve the ultr-broadband SCG using low peak power aand smaller fiber length
in the visible, near, and mid-infrared wavelengths. Smaller length fiber has smaller propagation
and bending loss; hence, requires lower input pump power. The demand of broadband laser
source is very high in major applications which includes spectroscopy, gas sensing, medical,
optical coherence tomography, wavelength-division multiplexing, and free space

communications [41-43].
The main objectives are:

. To design and model the silica-based PCFs for ultra-broadband SCG in visible and near-
infrared wavelength region with shorter fiber length and low input power.

. To design and model the chalcogenide-based PCFs for SCG using the existing and newly
reported highly nonlinear chalcogenide glasses at low pump power and fibers of shorter length.
. To design and model the tellurite-based PCF for coherent ultra-broadband SCG in fibers of
shorter length at low power level.

. To design and model the liquid filled PCF for the generation of broader SC bandwidth in
visible, and infrared wavelengths.

. To design and model the PCF for study of coherence property to increase the bandwidth of

ultra-broadband SCG in visible, near and mid-infrared regions.

In this thesis, we present some novel photonic crystal fiber designs for study of ultra-
broadband SCG and coherence using silica glass, tellurite glasses, organic liquids, and with
new chalcogenide glasses in the visible, near-infrared, and mid-infrared wavelength regions

for shorter fiber length and low input power.



We have performed the numerical simulations using the “COMSOL Multiphysics” based
on finite element method. in the proposed PCF structures. We have adopted the time domain
and frequency domain-dependent generalized nonlinear Schrédinger wave equation (GNLSE)

to study the process of SCG in fiber design.
The outline of the thesis is organized as follows:

Chapter 1 is dedicated to a brief introduction about the progress in nonlinear optics field, and
the overview about specialty optical fibers and supercontinuum generation are also discussed

in detail.
In chapter 2, the numerical method of the supercontinuum generation in fibers is presented.

In chapter 3, the computational modeling of photonic crystal fiber in silica glass for near-
infrared supercontinuum generation has been reported. Optical parameters like chromatic
dispersion, nonlinearity and the effective area of the fundamental mode have been computed
and tailored. At a pump wavelength of 1300 nm, a flat dispersion profile has been attained with
+0.6402 ps/nm/km dispersion in the anomalous region. The reported structure offers a high
nonlinear coefficient 26.27 W' km™ at the pump wavelength. An ultra-broadband
supercontinuum spanning, from 0.67—2.4 um can be easily achieved by the proposed fiber of
37 cm length using a 63 fs secant laser pulse source with 8 KW peak power in the near-infrared

wavelength region.

In chapter 4, a golden spiral photonic crystal fiber using tellurite glass has been reported for
the supercontinuum generation. Dispersion engineering has been used for the optimization of
geometrical parameters of the fiber. At 1.35 um central wavelength, the proposed fiber offers
the high value of nonlinear coefficient as 884 W1 km™. A supercontinuum band ranging 1000-
5500 nm has been generated using proposed fiber of length 5.5 cm in the infrared wavelength

region.



In chapter 5, the numerical modeling of a highly nonlinear rectangular core Ga-Sbh-S
chalcogenide-based photonic crystal fiber has been reported for supercontinuum generation in
the mid-infrared region. Numerical investigation of linear and nonlinear optical processes has
been performed. Optimization of geometrical parameters, i.e., pitch, the diameter of bigger and
smaller air-holes has been done to achieve small and normal dispersion at the pump
wavelength. The proposed design is capable of generating supercontinuum spanning 1-14 pm
in 9 mm fiber length pumped with 90 fs pulse, and peak power of 8.19 kW. Such Ga-Sb-S

based chalcogenide fibers can be proven effective for nonlinear applications.

In chapter 6, the computational analysis of a photonic crystal fiber made up of a
multicomponent chalcogenide glass (GAP-Se) system has been reported for highly coherent
supercontinuum generation in the mid-infrared spectral region. Dispersion engineering has
been adopted to minimize the dispersion effect at pump wavelength by alteration of geometrical
parameters of designed fiber. By injecting an input pulse of 85 fs durations in the normal
dispersion region, a coherent ultra-broadband supercontinuum spectrum ranging from ~2 to11

um obtained in a 10 mm fiber length using low input peak power of 950 W at 3.1 pum.

In chapter 7, a novel silica photonic crystal fiber made up of composite core formation of
highly nonlinear liquids has been reported for the coherent supercontinuum generation. The
proper optimization process has been adopted to achieve the ultra-flat chromatic dispersion
curve (by tailoring the geometrical parameters and changing the core materials of the designed
fiber). We have thoroughly studied the influence of different core compositions, i.e. silica core,
nitrobenzene core, and composite nitrobenzene-ethanol core on dispersion, nonlinearity, and
effective mode area. We have achieved an ultra-flat dispersion curve with a core composition
of nitrobenzene and ethanol together in a comparison of other core compositions. We have

attained the ultra-broadband highly coherent supercontinuum spanning, 1-2.6 um in a 2.5 cm



long designed fiber by injecting a femtosecond laser pulse (pulse-width 75 fs) with input peak

power of 5 kW at 1.55 pm.

Chapter 8 provides the concluding remarks of the present thesis and the outlook of the future

research scope.
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CHAPTER-2

NUMERICAL METHODS

The pulse propagation of the electromagnetic wave in a medium encounters loss and dispersion
during interaction with the atoms. In the nonlinear medium, the Kerr effect and Raman effect
together lead the wave propagation when the field intensity is high in the optical waveguide.
Under these effects, the refractive index shows dependence on intensity (called Kerr effect)
and the interaction between the photons and phonons becomes possible due to molecular
vibrations (called Raman effect). Both the frequency and time domains are considered for the
derivation of corresponding nonlinear pulse propagation equations. The frequency dependent
form is mostly in practice due to methodical resemblance with the nonlinear Schrodinger
equation (NLSE) and it also shows direct dependence of frequency on the linear and nonlinear
effects i.e., loss, chromatic dispersion, nonlinearity, and the electric field mode area. We have
used both formulations for the effective computational study of the SCG process in different

photonic crystal fiber designs. Now, we will discuss both the methods here in brief.

A full vectorial finite element method (FEM) based software ‘COMSOL Multiphysics’ has
been used for numerical simulations of effective mode index in the fundamental mode of the

proposed PCFs.

The group velocity dispersion is responsible for the determination of range up to which the
spectral components of an ultra-short pulse propagates in the PCF structure at different phase

velocities.
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It is a function of wavelength which depends on the effective indices of propagating mode

and can be calculated as follows [1]:

D) =—-—77 1)

where c is the velocity of light in free space and Re (nef) is the real part of the effective index

of mode.

Nonlinearity depends upon the nonlinear refractive index of the material and is formulated
as[1, 2]:

2mn,

= )
AAeff

14

where nz is the nonlinear refractive index of material, and the pump wavelength is represented
as 1. The effective area of the fundamental mode is denoted as Aess and is another important
vital parameter that controls the electric field intensity in the core of fiber at different

wavelengths [1]. It is governed by relation below:

_ (f f_ozf|E|ZdXd3’)2 ©)
(J I2 |E|*dxdy)

eff

where, the symbol of E corresponds to the electric field distribution in x-y plane of fiber.

To study the process of SCG, a tunable femtosecond laser with secant field profiles has been

used for the generation of pump pulses. This hyperbolic secant pulse [2] is expressed as:
! @)
A(z=0,T) = /P, sech (T—>
0

In the above equation, To= Trwhm /1.7627 and Pycorresponds to the peak power of the applied

input pulse.
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The following time-domain GNLSE has been solved using Split-Step Fourier Method [2]

for the numerical simulations of SCG in chapters 3, 4, and 5:

0A int+1 ona i i 9 0 ,
5 T3 A~ (T bugm) = 0 (14 557) (AG O [T RAD X 1AGT -

TH2dT' + i [(z, T)) (5)

where A(z,t) is the output pulse envelope, « is the attenuation coefficient of the fiber, y is the
nonlinear coefficient and S is related to the n™ derivative of the propagation constant 4. In our

simulations, the effect of noise is neglected ( [z = 0).

Due to the effect of electronic and nuclear contribution [2], the nonlinear response i.e. R(t)

is expressed as:

R(t) = (1 = fz)6(t) + frhg(t) (6)

where fr is related to the fractional contribution of Raman response in accordance with the total
linear response. The Raman response function, hr (t) describes the vibration of the molecules

of the matter during interaction with light. It is generally given by the following relation [2]:

2+ 15 t t
hg(t) = TIT °2 exp [— g] sin (T—> ()
1

2
173

where Raman period is given by 71 and the damping time of vibrations is denoted as z.. Both 71

and 72 are the characteristics properties of the nonlinear material.

In the numerical analysis of SCG in chapters 6 and 7, we have implemented the frequency
domain-dependent GNLSE to study the pulse propagation and SC generation in the proposed

PCFs which is framed as [2]:

aai’ = lV(w)exp(_Z(a))Z)_F X {A_(Z, T) fooR(T’)lléf(Z' T — T'lZdTI} (8)
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This includes the combined effects of dispersion and other nonlinear processes. The
transformation of A’ i.e. output pulse envelop, from the frequency domain to time domain is
given by the following relation:

A(z,T) = F1 {M} ©)

Agff(w)
and, the frequency-dependent nonlinear coefficient is framed as:

7(w) = n, no‘;’ (10)

(W) A% (@)

In the above equations, the F~1, z, no, ny, Aefr, and ¢ correspond to the inverse Fourier transform,
propagation distance, linear refractive index of material, nonlinear refractive index, effective
mode area, and speed of light in vacuum respectively. The change of variable relation is given

below:
A (z,w) = Az, w)exp|—L(w)z| (11)

In the previous equation, L(w) refers to the linear operation and has the definition given below:

L(w) = i[B(w) — Blwo) = (B1(wo)(® — w,))] — 2 (12)
The terms B, B, wy, and a have the definition of the propagation constant, reciprocal of
envelope vq, reference frequency, and material loss. The organic liquids have a negligible

material loss as a consequence of low absorption coefficients. We have considered the material

loss of silica in the simulations due to smaller fiber propagating length [5].

The Raman response function has the dependence of fractional Raman response (fr),
Raman period (), and damping time (). In chapter 6, it is composed as follows:

2

2
R = (1 — )8 + fr B oxp (— i) sin (i> H(b) (13)

T4T5
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We have considered fz=0.115, t,=23.1 fs, and t,=195 fs of As,Ses chalcogenide glass system
[4].
The Raman response function in chapter 7 considered as follows:
R(®) = (1 - fr)6(t) + frhr(t) H(2) (14)

where, H(t) refers as the Heaviside step function that has values as H(t) =0 for t < 0 and H(t)

=1 fort >0, fr=0.86, and hr (t) for the nitrobenzene is taken as [3]:

t t
hR(t) = 0.0288 X exp (- m) <1 — exp <— m)) +0.0930 ... ...
X ( ‘ ) 1 ( ‘ ) + 1.475
exp (=557 exp( =57 475 ... ... (15)

x o) (555)
P\~ 2x0.082/°"\01

Coherence property of the generated SCG gives more flexibility to increase the applications
of designed PCF structures. The temporal coherence property is an important factor in the study
of SCG in fibers. It is very sensitive to the quantum noise during pulse propagation. Generally,
a one-photon-per-mode theory is applied to measure the instability in the phase with respect to

wavelength.
So, the measurement of the complex degree of coherent property [2] is governed by:

ET(AL t1)E; (A, t3)
\/|E1(A' t)|? \/|Ez(/1' ty)]?

1

giz) (A; t — t2)| = (16)

where, E1 and E> represent the electric fields of consecutive originated SC spectrums in the

designed fiber.
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CHAPTER-3

A DISPERSION ENGINEERED SILICA-BASED PHOTONIC
CRYTAL FIBER FOR SUPERCONTINUUM GENERATION IN
NEAR-INFRARED WAVELENGTH REGION*

3.1 Introduction

Photonic crystal fibers are fascinating due to their unique linear and nonlinear properties such
as dispersion management, high birefringence, high power delivery, and SCG [1-3]. Such PCFs
have the ability to guide light with some alterations in refractive index, and structural
parameters of the fiber [6]. Due to these special advantages over conventional optical fiber,
PCFs are good source to generate the broadband laser sources because of their high nonlinearity
property.

During the past few years, several methods have been explored to achieve an ultra-
broadband SC spectrum in the near-infrared and mid-infrared wavelength regions [7-10]. For
various nonlinear applications, many silica-based fibers have been reported for the generation
of ultra-broadband SC spectra spanning from the visible to the infrared range of

electromagnetic spectrum [2-3, 11].

* Pooja Chauhan, Ajeet Kumar, and Yogita Kalra, "A dispersion engineered silica-based
photonic crystal fiber for supercontinuum generation in near-infrared wavelength
region”, Optik, 187, pp. 230-237, 2019.
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Many experimental and theoretical works have been carried out in the field of photonics
using conventional and non-conventional silica glass fibers, tellurite, fluoride, and
chalcogenide [12-31]. Price et al. [12] obtained a broad spectrum of SCG in a pure silica holey
fiber by launching ultra-short pulses from an amplified Ti: Sapphire laser. Xia et al. [13], used
amplified nanosecond laser diode pulses for SCG in silica fibers. Alexis et al. [14] showed an
efficient broadband four-wave mixing in doped PCFs. Debashri et al. [15] investigated
theoretically a three-ring silica fiber for the generation of SC. Vindas et al. [16] used silica for
a Y-shaped fiber optimized for SCG. T. Taru et al. [17] reported a flat and single mode SCG
in pure silica core cut-off shifted single-mode fibers using a nanosecond microchip laser. Karen
et al. [25] carried out experimental and theoretical work for SCG in the highly nonlinear silica
PCF with two zero dispersion wavelengths. Yu et al. [26] fabricated and characterized a new
type of silica-based all solid fiber with a two-dimensional nanostructure core for SCG. Wanjun

et al. [27] numerically investigated a silica PCF for SCG and coherence.

In this chapter, a novel design of photonic crystal fiber in silica glass is numerically modeled
for ultra-broadband visible and near-infrared SCG. The proposed structure offers very low and
flat dispersion with high nonlinearity in the near-infrared region and is able to produce an ultra-
broadband SC spanning of range ~ 0.67 — 2.4 um by using a 37 cm long fiber pumped with a

femtosecond secant laser pulse of 8 kW peak power at a pump wavelength of 1300 nm.

This chapter is categorized into four sections. Section 1 discusses in detail previous research
works on PCFs and SCG. Section 2 gives an idea about the design of proposed nonlinear PCF
structures with parameters definition. Section 3 presents and debates the numerical results.
Lastly, in section 4 some conclusions regarding the effectiveness of the proposed PCF structure

have been drawn.
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3.2 Nonlinear PCF Designs:

We present four different hexagonal-shaped PCF structures that consist periodic arrangement
of air-holes in the cladding region made from silica glass as shown in fig 3.1. We have designed
four different hexagonal shaped fibers and named them as PCF1, PCF2, PCF3, and PCF4. In
order to construct the core, one air-hole has been removed from the center of each PCF. The

wavelength-dependent refractive index of silica is taken from Malitson et al. [4].

PCF1 PCF2

PCF3 PCF4

. Pure silica
i i
smaller air-holes — ——bigger air-holes
A A

Fig. 3.1 Transverse cross-sectional view of different proposed PCF structures in silica glass.
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The aim behind designing these four PCFs is to inquire the effect of increased diameter of
air-holes in the second, third and fourth layers of air-holes in PCF2, PCF3 and PCF4
respectively in comparison of regular hexagonal shape PCF1. We also aim to control the
dispersion effect in normal and anomalous dispersion regions. The geometrical dimensions of
air-holes in first ring, second ring, third ring, and fourth ring are denoted as ds, dz, d3, and ds
respectively in each proposed PCF. The air-holes are placed periodically with center-to-center

distance (pitch) between air-holes that is represented by the parameter 4.

3.3 Numerical Results and Discussion:

We have performed the computational modal analysis in the FEM-based software named as
“COMSOL Multiphysics” and considered the GNLSE for generation of the ultra-broadband
SC in proposed fiber design. The chromatic dispersion in PCFs can be controlled and tailored
with little modifications in the geometrical parameters such as air-hole arrangement, shape,

pitch, and diameter.

In our study, the parameters ds1, d2, ds, ds, and A4 of the designed PCF1, PCF2, PCF3, and
PCF4 structures are tailored to obtain the flat dispersion profile in the anomalous region and to

get the minimum dispersion at the pump wavelength.

Initially, we have studied the effect of pitch parameter 4 by varying it from 1.1 pym to 1.7
pum with steps of 0.3 um and keeping diameters of smaller and bigger air-holes as di1=d3=ds=0.5
pm and d>=0.8 um respectively. The dispersion curves corresponding to the effect of variation

of 4 on PCF1, PCF2, PCF3, and PCF4 are shown in figs. 3.2-3.4.
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Fig. 3.2 Dispersion characteristics curves corresponding to proposed PCF1, PCF2, PCF3, and PCF4
designs for 4 =1.1 pm.

For the pitch value of 4=1.1um, a huge change in the nature of dispersion profile has been
observed with a larger shift in zero dispersion wavelengths (ZDWs) towards longer wavelength
side for PCF1, PCF3, and PCF4 in comparison with the dispersion curve for PCF2 as
demonstrated in fig 3.2. For 4=1.4 um there is a smaller shift in ZDWs and the dispersion curve
is shifted towards the anomalous regime as shown in fig 3.3. The dispersion curve of PCF1 lies
in a higher dispersion range, and among PCF2, PCF3 and PCF4, the dispersion range of PCF2

is lower relative to PCF3 and PCF4.

T 200

=

E 100 A=1.4 pm

i g ——d,=d,=d,=d =0.5 ym (PCF1)

s - ——d,=d,=,=0.5 ym; d,=0.8 um (PCF2)
.E . —— d,=d,d,=0.5 yum; d,=0.8 ym (PCF3)
o

g 200 | ——d,=d,=d,=0.5 um; d =0.8 um [PCF4)
m

a -30

%0 140 1830 2440 2800
Wavelength (nm)

Fig. 3.3 Dispersion characteristics curves corresponding to proposed PCF1, PCF2, PCF3, and PCF4
designs for 4 =1.4 um.
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At A=1.7 um, there is a larger change in the dispersion curve when compared to the case of
A=1.4 ym, as seen in fig. 3.4. We have achieved the lower dispersion range in the case of PCF2
while the dispersion values are higher in the cases of PCF1, PCF3, and PCF4, for 4 ranging 1.1-

1.7 pm.

-
=
L=~

A=1.T um
—d,=d,=d,=d,=0.5 um [PCF1)
——d,=d,=d =0.5 um; d=0.8 um (PCF2)
——d.=d_=d =0.5 ym; d =0.8 ym (PCF3)
——d,=d,=d_=0.5 ym; d =0.8 um (PCF4)

[ -
= o
L= =

persign (ps/fnm/km)

0

30 - - :

ol ‘F'Elﬂ 1340 1890 2440 2800
Wavelength (nm)

Fig. 3.4 Dispersion characteristics curves corresponding to proposed PCF1, PCF2, PCF3, and PCF4
designs for 4 =1.7 pm.

Next, the effect of diameters of smaller air-holes (di1=ds=d4) and bigger air-holes (d2) have
been studied and shown in figs. 3.5-3.6. Figure 3.5 represents the dispersion characteristics
curves for increased diameter dimensions of smaller air-holes i.e., di=ds=ds while keeping
d>=0.8 um and A=1.4 um fixed for PCF2. It is noticed that with the increment in the diameter
of smaller air-holes, the dispersion curve is shifted drastically from normal to anomalous
dispersion side. The ZDWs for d1=d3=d4=0.3 pm, d1=d3=d4=0.5 um, and d1=d3=d4=0.7 um are

also shifted towards the shorter wavelength region.

Next, the diameters of bigger air-holes of PCF2 is increased from 0.6 to 1.0 pm as presented
in fig. 3.6. With increased diameter values of dy, there is a bigger shift in ZDWs towards the

longer wavelength side while keeping d1=d3=ds=0.5 pum and 4=1.4 um fixed for PCF2.
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Fig. 3.5 Dispersion characteristics curves corresponding to proposed PCF2 design for variation in
diameters of smaller air-holes (di=ds=ds) with 4 and d,fixed as 1.4 um and 0.8 um respectively.
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Fig. 3.6 Dispersion characteristics curves corresponding to proposed PCF2 design for variation in

diameter of bigger air-holes (d2) with 4 and d;=d»=ds fixed as1.4 um and 0.5 pm respectively.

The computational analysis of the chromatic dispersion reveals that the dispersion curve
obtained for PCF2 structure with optimized parameters (di=d3=ds=0.5 um, d>=0.8 pum, and
A=1.4 um) is flatter in comparison with PCF1, PCF3, and PCF4 design. A flat dispersion
profile with low dispersion value +0.6402 ps/nm/km in PCF2 has been achieved at 1300 nm
(central wavelength) to get stable ultra-broadband SC. The optimized parameters dimensions

of PCF2 is tabulated in table 3.1.
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Optimized geometrical dimensions of PCF2 Dispersion @ 1300nm

Diameter of smaller Diameter of bigger Pitch
air-holes air-holes
d1=d3=ds=0.5 pm d>=0.8 um A=1.4 pm +0.6402 ps/nm/km

Table 3.1. Optimized geometrical parameters of PCF2 design used in simulations.

The combined effect of the nonlinearity and effective mode area is shown in fig. 3.7 for the
optimized geometrical parameters of the PCF2 structure. The value of nonlinear coefficient n,=
2.36x102°m?/W [6]. As wavelength increases, the nonlinearity coefficient decreases while the
effective mode area increases. In the proposed PCF2 structure, we found the value of nonlinear
coefficient as 26.27 Wkm™ at 1.3 um. The propagating fundamental mode confinement is
controlled by the high index contrast of the core-cladding regions. This results in a high

nonlinear coefficient with a low effective area at the pump wavelength.

40 75

— Nonlinear coefficient ()

31\ — Effective mode area () /3
8 45 2
2 .
5 03
< 11 -

15

1 0
065 11 185 2 245 285
Wavelength (pm)

Fig. 3.7 Plot of nonlinear coefficient and effective mode area with wavelength.

The determining elements responsible for SCG in fibers are the dispersion, pump

wavelength, the pulse duration, the peak power, and the fiber length.
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Fig. 3.8 Effect of fiber length on generated SC with peak power of 8 kW.

The simulated spectra of stable ultra-broadband SC with a different propagating fiber
lengths in the PCF2 design are shown in fig. 3.8. In the simulation process, the propagating
lengths of the proposed PCF structure have been taken as 7 cm, 17 cm, 27 cm, 37 cm, and 47
cm with an input power of 8 kW and an input pulse width of 63 fs. The spectral broadening of
the SC spectra has increased as the propagating length of the fiber goes up. The group velocity
dispersion effect is responsible for broadening the SC spectrum in fibers of shorter length. In
the proposed PCF2 structure, the output SC spectrum becomes constant in the spectral range
of ~0.67 — 2.4um in a propagating fiber length of 37 cm. The symmetrical broadening of the

input pulse is due to SPM. The Raman effect dictates limit of propagating length which in turn

29



Pulse width=23fs

V-
Mw .

Rulsc mdth 63 s
30W \,\/\

Pulse width=83 s
20“

ulse mdlh 43 fs

n
o

Spu'lrul puwcr (d B)

0- Pulse width = 103 fs
10 A
20V
-30! . .
0.65 1.1 1.55 20 245 285
Wavelength (pm)

Fig. 3.9 Effect of pulse width on generated SC spectra with peak power of 8 kW.

Lastly, the influence of pulse width on the bandwidth of the SC spectra in the 37 cm long
PCF2 design has been illustrated in fig. 3.9. With input power of 8 kW, the pulse width was
assigned several different values 23 fs, 43 fs, 63 fs, 83 fs, and 103 fs. The shorter pulses provide
broader SC spectra. The output SC spectrum gets narrower with as pulse width increases due
to SPM effect. When pumping is chosen in the anomalous dispersion region, the broadening
of the SC spectrum is controlled by Raman scattering due to a soliton decay process. For a 63
fs laser pulse, the nonlinear length [Ln.=(y xPeak power)™], and dispersion length, Lp= To%/$2
are calculated as 4.7x10° m, and 5.54x10 m respectively at 1.3 pm. The soliton dynamics

defined by their order N = Lp /L, and fission lengths Lrission = Lo /N are found to be 11 and 5
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mm. The dispersive waves (i.e. non-solitonic radiation) may appear due to the presence of two

ZDWs, which further controls the broadening of SC in the anomalous region

In table 3.2, we have compared the obtained result of SCG in proposed PCF with some
previously reported silica-based PCFs for SCG. With the simulation results, it is clear that a
stable ultra-broadband SC spectrum spanning ~0.67 — 2.4 um has been obtained using a 37 cm
long fiber length of PCF2 pumped with a 63 fs secant laser pulse of 8 kW at an operating

wavelength of 1300 nm which is broader in comparison of other reported SCG in silica based-

PCFs.
S. No. | Previously reported Pump Fiber SCG spanning Ref.
work wavelength length (um)
(Lm)
1. Silica PCF 131 70m 1.0-1.8 [32]
2. Ge-doped Silica PCF 131 120 m 1.26-1.38 [33]
3. Silica PCF 1.3 3.40cm 1.1-17 [34]
4, Silica PCF 1.3 Im 1.4-1.52 [35]
5. Silica PCF 1.3 37 cm 0.67-2.4 Reported
work

Table 3.2 Comparison table of previously reported and reported work.
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3.4 Conclusions:

In summary, we have numerically modeled photonic crystal fibers using dispersion engineering
techniques for SCG in the visible and near infrared regions using silica glass. The effect of
increased diameter of air-holes in the second, third and fourth layers of air-holes has been
analyzed thoroughly in order to control the dispersion effect. For the optimized geometrical
parameters i.e., smaller air-holes (d1=ds=ds=0.5 pum), bigger air-holes (d>=0.8 um) and pitch
(4=1.4 pm) of PCF2, we have achieved a very low dispersion +0.6402 ps/nm/km, and the
nonlinear coefficient value 26.27 Wkm™ at 1300 nm. An ultra-broadband supercontinuum
ranging from 0.67 to 2.4 um is obtained in a 37 cm long proposed fiber using a 63 fs pulse

width and 8 kW.
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CHAPTER-4

COMPUTATIONAL MODELING OF TELLURITE BASED
PHOTONIC CRYSTAL FIBER FOR INFRARED
SUPERCONTINUUM GENERATION*

4.1 Introduction:

Photonic crystal fibers are eminently growing in the field of photonics for development of SCG
in infrared wavelength region. Initially, the theoretical interest started with the silica based
PCFs because of low cost and broad transparency window that covers the visible and near-
infrared region. Later, silica fibers are failed to generate SC in mid-infrared region due to very
high optical losses beyond 2 um wavelength [1]. Silica fibers are replaced by tellurite-based
glass because of their high linear and nonlinear refractive index with extended optical

transparency window till 5.5 um in infrared wavelength region [1, 22].

Researchers, and scientists have reported many fibers using silica glass, tellurite, fluoride,
and chalcogenide glasses for SCG [2-35]. Saini et al. [2] reported a step index fiber using
tellurite glass for mid-infrared SCG, spanning 1340-2840 nm using a 6.3 cm fiber length at
2000 nm. A 2900 nm SC span is generated in a 5 cm long hexagonally shaped tellurite-based

PCF by Huang et al. [3].

* Pooja Chauhan, Ajeet Kumar, and Yogita Kalra, "Computational modeling of tellurite based
photonic crystal fiber for infrared supercontinuum generation”, Optik, 187, pp. 92-97, 20109.
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A tellurite PCF with all-normal dispersion profile has been numerically engineered for
octave-spanning SC in 5 cm long fiber length at different pump wavelength in ref. [4].
Numerical investigation of tellurite glass PCF for SCG has been presented by Klimczak et al.
[5] using a 2 cm fiber sample with pumping of 150 fs36 nJ/1580 nm pulses in the infrared
region. In ref [6], a highly nonlinear tellurite PCF with three ZDWs has been numerically
simulated for SCG and demonstrated SC spectrum of bandwidth 3030 nm and 2400 at 1.55 um
and 1.93 um respectively. Qin et al. [7] have experimentally demonstrated a flattened SCG in
a tellurite microstructured fiber of length 36 cm at 1550 nm wavelength. A step-index fiber has
been presented experimentally by Froidevaux et al. [8] for SCG spanning 1.5-4.4 um using a
12 cm long segment with sub-nanojoule femtosecond pump pulse at 2300 nm pump

wavelength.

In this chapter, our study has been restricted to the numerical analysis of highly nonlinear
tellurite-based PCF for infrared SCG. The proposed idea has been thoroughly discussed in
forthcoming sections. Section 1 briefs about the introduction of the SCG and its related research
ideas reported so far. In section 2, the design of the proposed PCF has been discussed with
geometrical parameters. The interpretation of the results of numerical analysis has been framed

in section 3. Finally, the major conclusions of the work have been drawn in section 4.

4.2 Simulated PCF Design

A photonic crystal fiber in tellurite glass is designed and represented in fig. 4.1. The air-holes
are organized in golden spiral geometry in cladding made up of tellurite. The diameter of air-
holes is denoted by dn (= af x ro; where af = air-filling fraction and ro = spiral radius). The

position of each air-hole is marked from center of the PCF according to the relations x =

rovn X cos(nB) and y = ryv/n X sin(nf3) where £ represents the angle formed between the
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n"and (n+1)"ring’s center of air-holes. The fabrication challenges of spiral-shaped PCF design

are expected to be covered by techniques reported in reference [36].

Tellurite glass

Air-hole

Fig. 4.1 A transverse geometrical view of designed PCF.

4.3 Results and Discussion:

The numerical investigation of modal and dispersive properties has been done using the finite
element method. The dispersive property (i.e. group velocity dispersion) is a very sensitive

parameter that directly affects the process of nonlinear interactions in designed fiber.

In our study, we have considered the chromatic dispersion only for the optimization process
of geometrical parameters of proposed PCF design. The chromatic dispersion and other higher
order dispersion terms are directly dependent on propagation constant which directly calculated
using Taylor’s series expansion and reported in table 4.1. A step by step numerical approach
has been adopted for the optimization of ro and af parameters in order to attain the zero-
dispersion wavelength (ZDW) and minimum dispersion at 1350 nm with high nonlinearity with

low effective mode area for ultra-broadband SCG in the infrared region.
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P Optimized
(2=1350nm) parameters
ro=0.9 um; af=1.4

B2 (ps?nm) 3.9376x10™
S5 (ps¥inm) 7.3588x1013
B (ps*/nm) 6.4308x1075
S5 (ps°inm) -2.0717x107
Ps (ps®nm) -8.7779x10%
B7 (ps’/nm) 1.2267x10%
B (psé/nm) 2.9093x102*
P Ps’nm) -3.7788x10%

Table 4.1. Simulated propagation constant values.

2.5 —r,=0.7 pm

—_— rn=ﬂ'.9 pm
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Wavelength (nm}

Fig. 4.2 Spectral variation of ne for ro when af=1.4 fixed.

The spectral variations of effective mode index (ner) with little modification in geometrical
parameters (ro and af) are shown in figs. 4.2 and 4.3. With increase of ro, the values of nes

varied from 2.045-1.483 for ro=0.7 pm, 2.057-1.568 for ro=0.9 um, and 2.063-1.64 for ro=1.1

um.
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Fig. 4.3 Spectral variation of nes for af with ro=0.9 um constant.

Now, we have increased the value of parameter af and studied the effect on the effective
mode index. The values of nefs are found as 2.06-1.64 for af=1.2, 2.057-1.568 for af=1.4, and

2.052-1.488 for af=1.6.

With increased values of ro, the values of ness changed drastically with the longer difference
in comparison of ness values of increased values of af in the spectral wavelength region of 1000-

6000 nm.

The optical property i.e. dispersion management is the most important aspect for the process
of SCG over a broad wavelength range. The tailoring of geometrical parameters (ro and af) of
proposed PCF design is necessary for the dispersive property to achieve ZDW in the shorter
wavelength range. The process of optimization is lead in order to minimize the dispersion at

the pump wavelength.
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Fig. 4.4 Spectral variation dispersion characteristics curves for ro with af=1.4.

Firstly, the effect of the increased value of parameter ro on chromatic dispersion has been
studied which is demonstrated in fig 4.4. The value of ro is varied from 0.7-1.1 um with the
increased step of 0.2 um and keeping af constant as 1.4. With increased value of ro, the ZDWs
have been shifted vigorously towards the longer wavelength region. For the different set of
values of roas 0.7 um, 0.9 pum, and 1.1 um, the two ZDWs have been observed at around 1386

nm & 3299 nm, 1475 nm & 4426 nm, and 1589 nm & 5528 nm respectively.
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Fig. 4.5 Spectral variation dispersion characteristics curves for af with ro=0.9 pm fixed.
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In order to get an ultra-broadening of SCG, we have chosen the commercially available
laser pump source of 1350 nm wavelength. At 1350 nm, the values of chromatic dispersion are
found as -48.38 ps/nm/km for ro=0.7 pum, -92.08 ps/nm/km for ro=0.9 um, and -121.2 ps/nm/km

for ro=1.1 pm.

Then, the value of parameter af has been increased to study the effect on dispersion
characteristics curve. For increased values of af from 1.2-1.6, there is a slight shift of ZDWs
towards the shorter wavelength side while keeping ro=0.9 um fixed as shown in fig. 4.5. The
two ZDWs are originated at 1567 nm & 4156 nm for af=1.2, 1475 nm & 4426 nm for af=1.4,
and 1418 nm & 4603 nm for af=1.6. At pump wavelength 1350 nm, the values of dispersion
for af values 1.2, 1.4, and 1.6 are found as -109.4 ps/nm/km, -92.08 ps/nm/km, and -71.91

ps/nm/km respectively.

Nonlinearity is measured in terms of the nonlinear coefficient (y) that is interlinked with the
nonlinear refractive index (n2) and effective mode area (Aetf) Of propagating mode. Tellurite

glasses have a high value of n, [7] as compared to pure silica glass.

1 - ; 1 .
— ro=0.7 um —af=1.2
9 _r0=o_9 um 9| —af=14
—af=1.6
o —r0=1.1 um ~ 7
g 7 Ny
e )
<§ 5 <° 5
3 3
(b)
1 | | | | (@) 1 ‘ . : .
1 ) 3 4 5 6 1 2 3 4 5 6

Wavelength (um) Wavelength (um)

Fig. 4.6 Effect of (a) ro, and (b) af on effective mode area.
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The combined effect of y and Aess with variation of wavelength is illustrated in figs. 4.6 (a-
b), and figs. 4.7 (a-b). For increased value of ro,the the values of y are changed sharply due to
larger variation in Aeff Values in comparison of'y for increased value of af due to lesser variation

in At values.

2000
(b) —af=1.2
1600 —af=14
':E 1200
'x
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>
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Wavelength (um) Wavelength (1um)

Fig. 4.7 Spectral variation of nonlinear coefficient for (a) ro, and (b) af.

To study the process of SCG, it is necessary to optimize the geometrical parameters of
proposed PCF design in accordance to minimize the effective mode area and maximize the
effective mode area at the pump wavelength. The factors like dispersion management, high
nonlinearity, propagating fiber length, pulse width, and peak power are generally responsible
for ultra-broadening of SCG. For femtosecond laser pulse, evolution of solitons are responsible
for the broadening of SC while, FWM and Kerr nonlinearity are dominated in case of input
laser pulse of pico and nanosecond pulse width. The presence of higher order of propagation

constants i.e. fn play an important role in tuning of SC bandwidth.

A hyperbolic secant femtosecond pulse laser of wavelength 1350 nm is able to generate an
ultra-broadband SCG, spanning 4500 nm in an infrared wavelength region in propagating fiber

length of 5.5 cm with peak power 5 kW and pulse width 75 fs as shown in figs 4.8 and 4.9. For
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the designed fiber, Ln. (i.e. nonlinear length) is given by (yxPeak power)? and Lp (i.e.
dispersion length) is calculated by To?/32 in which To = Pulse width/1.763 the numerically

calculated values are found as 2.26x10* m and 4.66x10 m respectively at pump wavelength

of 1.35 pum.

== Input pulse @ 1350 nm
~Fiber length=5.5 cm
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o
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Fig. 4.8 Simulated spectral broadening of SCG ina 5.5 cm long PCF.
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Fig. 4.9 Spectral evolution of SCG with fiber length.
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The process of solitons generation defined by their order (N~ Lp /Lni=15) and fission length
(Lfission= Lo /N=3 mm) for the generated SC spectrum. Since, the optical input laser pulse is
chosen in normal region, the initial broadening occurred because of SPM and some transfer of
pulse energy in anomalous region due to presence of higher values of Sn. The transfer of energy
leads formation of dispersive waves (called non-solitonic radiations) which remarkably control

the bandwidth of SC spectrum in longer wavelength region.

We have compared the obtained broadband SC in proposed tellurite PCF with some
previously reported PCFs for SCG in infrared wavelength region. A broader SC of spanning,
1000-5500 nm is generated in our proposed tellurite-based PCF in comparison with SCG

results tabulated in table 4.2.

S. No. Previously reported work Pump Fiber SCG
wavelength | Length (nm)
(um) | ™
1. PCF [10] 2.8 2 800-2600
2. PCF [11] 1.55 10 970-4100
3. PCF [9] 3.0 5&15 | 1500-4000

(COI’eZT602-Li20-WO3-MOO3-N szs;
Cladding: TeO2-ZnO-Na;O-La;03)

4. PCF [8] 2.45 5 2000-4900

(60TeO,- 20PhO-20PhCl,)

5. PCF [Reported] 135 55 | 1000-5500

(TeOZ— LizO-WOs— MoO3-N szs)

Table 4.2. Comparison table of previously reported work in tellurite based PCF.
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4.4 Conclusions:

In summary, we have reported a golden spiral shaped photonic crystal fiber with tellurite glass
as cladding material for infrared supercontinuum generation. The reported fiber possesses a
very high nonlinear coefficient and low effective mode area at a pump wavelength of 1350 nm.
At nearly -40 dB power level, a SCG spanning, 4500 nm is achieved in the 5.5 cm long fiber

length.
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CHAPTER-5

MID-INFRARED BROADBAND SUPERCONTINUUM
GENERATION IN A HIGHLY NONLINEAR RECTANGULAR CORE
CHALCOGENIDE PHOTONIC CRYSTAL FIBER*

5.1 Introduction:

Photonic crystal fiber is an emerging technology which has great potential to revolutionize
nonlinear devices by replacing conventional optical fibers in near future. They have the upper
hand over conventional fibers because they are endlessly single mode and hence exhibit better
confinement of light in the core region [1, 2]. Enhanced field confinement and engineered
dispersion characteristics result in enhanced support for nonlinear phenomena [3, 4].
Chalcogenide glasses are suitable for the SCG process due to their broad mid-infrared
transmission window and high nonlinear refractive index which is nearly 100-1000 times larger

than pure silica [5-6].

Tremendous numerical and experimental results have been reported by researchers using
chalcogenides optical fibers and PCFs to study SCG [7-14]. Shaw et al. experimentally showed
the broadening of SC covering from 2.1-3.1 um using a PCF in As>Ses chalcogenide glass [7].

Hu et al. maximized the bandwidth of SCG using As>Ses chalcogenide

* Pooja Chauhan, Ajeet Kumar, and Yogita Kalra, "Mid-infrared broadband supercontinuum
generation in a highly nonlinear rectangular core chalcogenide photonic crystal fiber"”, Optical
Fiber Technology, 46, pp. 174-178, 2018.
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PCF for input pulse at the wavelength of 2.5 um [8]. Petersen et.al reporte mid-infrared SC
spectra, spanning 1.4 to 13.3 um in a chalcogenide-based fiber [9]. Liao et al. modeled a
composite PCF of As>Ses glass and tellurite to get high nonlinearity at 1.55 pm [10]. Saini et
al. presented the theory of an equiangular spiral shaped PCF structure to generate the SC
spectrum, spanning 1.2 to 15 pum [11]. Salem et al. have done the numerical investigations of
a tapered As;Sz PCF design at 4.7 um for generation of ultra-broadband SC spectrum [12].
Saini et al. also reported on the numerical modeling of an As,>Sez rib waveguide for SCG [13].
Choi et al. carried out a nonlinear characterization using a Ge-Sh-S chalcogenide-based

waveguide for the demonstration of the SC spectrum [14].

There are many nonlinear applications of SCG possible in the mid-infrared region,
including spectroscopy, medical, telecommunications, security, and meteorology [15-21].
Previously silica, tellurite, and fluoride based photonic crystal fibers have been dedicated to
the numerical and theoretical study of SCG. Due to low nonlinearity and high material
absorption loss beyond 2.4 um, silica glasses constrained the development of SCG in the mid-
infrared region. Tellurite and fluoride glasses have the properties to grow in the mid-infrared
domain because of their high optical transparency with high nonlinearity but are restricted to
at most a ~5 um wavelength. Nowadays, chalcogenides are in practice and proven to be
superior to other choices for the generation of SCG in mid-infrared region. Recently, a highly
nonlinear GagShs2Seo based chalcogenide glass has been reported by Yang et al. with a
nonlinear refractive index, n,= 12.4x107*® m%W at 1.55 um and a broad transparency mid-
infrared range 0.8—14 pm [22]. These glasses are easily bonded with heavy metals and capable
of generating the multi-photon spectra for laser sources. Chalcogenide glasses made up of Ga
are stable and less toxic than As-chalcogenide glasses [23]. All these properties make Ga-Sh-

S chalcogenide glass most suitable for the mid-infrared applications.
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In this chapter, we have proposed a rectangular core GagSbhs2Seo chalcogenide-based PCF
structure for SCG in mid-infrared range. The designed chalcogenide PCF exhibits a flat
dispersion profile and high nonlinearity with low effective mode area. At pump wavelength of
4000 nm, this PCF structure produced an ultra-broadening of SC, spanning from 1-14 ymin a

9 mm long designed PCF.

Our study is divided into four sections. Section 1 includes an overview of SCG. Section 2
details the proposed design of the PCF. Section 3 outlines the theoretical results. At the end,

the conclusion is outlined in section 4.

5.2 PCF Design:

Ga-Sh-S
Chalcogenide
glass

Fig. 5.1 Transverse cross-sectional view of proposed fiber design.

A novel GagShs2Seo chalcogenide-based PCF has been computationally designed to generate a
broadband SC as shown in fig. 5.1. The Sellmeier equation of GagShs2Seo chalcogenide glass
is taken from Yang et al. [22]. Four rings of air-holes are arranged periodically in the
rectangular pattern. One air-hole has been removed for the confinement of the propagating

fundamental mode in PCF design. The diameter of larger air-holes in the second, third and
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fourth ring is denoted by d; and the diameter of smaller air-holes in the first ring around the
core is represented by d>. The center-to-center distance between air-holes is kept constant and
denoted as 4. The PCF is surrounded by a perfectly matched layer of thickness 1.5 um. The

proposed PCF design can be fabricated by the commonly used method of stack and draw [24].

5.3 Results and Discussion:

We have employed a FEM-based software “COMSOL Multiphysics” to simulate the
fundamental mode propagating in the proposed PCF. And, we have implemented the GNLSE
to generate the broadband SC in the infrared wavelength region. Dispersion management
property is basically controlled by the geometrical parameters (pitch and size of air-holes) of
the proposed PCF design. Optimization of these parameters will result in the minimum

dispersion effect, and minimum effective mode area in the proposed PCF design.
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Fig. 5.2 Effect of variation of diameter of bigger air-holes (di) on chromatic dispersion, and kept d. =

0.5umand 4 = 2.5 pm.

Initially, the effect of variation in the diameter of bigger air-holes has been studied and

shown in fig. 5.2. With an increase of the d; parameter, the ZDW shifted towards the shorter
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wavelength side by keeping d>=0.5 um and 4 =2.5 um fixed. The diameter of the bigger air-
holes is varied from 1.3 um to 1.9 um to obtain low dispersion at the pump wavelength. The
effective mode area is increased for increased values of di while keeping other parameters (i.e.,
d> and A) fixed. The dispersion at the pump wavelength of 4000 nm is varied from -19.52
ps/nm/km to -11.78 ps/nm/km as diameter d1 is increased from 1.3 to 1.9 um in the normal

dispersion regime.

_ 20 - —
S I
=
=
c 20
7}
Z
3
® 60| —d2=0.2 pm |
§_ —d2=0.5 pm
o d 2=0.8 pm
-100 '
2800 3800 4800

Wavelength (nm)

Fig. 5.3 Effect of variation of diameter of smaller air-holes (d2) on chromatic dispersion, and kept d1 =
1.6 um, and 4 = 2.5 um fixed.

The optimization of parameter d- is important due to its pivotal role in controlling the
dispersion. The bandwidth of the SC spectrum in the proposed design is broader than what
would have been obtained in case of the regular arrangement of air-holes having diameter d.
Small modifications in the diameter d», were observed to have a great influence on shifting the
ZDW which is demonstrated in fig. 5.3. On increasing d> and keeping parameters di1=1.6 pum
and 4 =2.5 pum fixed, the ZDW shifted drastically towards the shorter wavelength. At central
wavelength 4000 nm, the dispersion value changes from -9.18ps/nm/km to 1.36 ps/nm/km

when increasing diameter d> from 0.2 to 0.8 um. The effective mode area is found to be
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decreased at the pump wavelength, which results in better confinement of fundamental mode

in designed PCF.
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Fig. 5.4 Effect of 4 on chromatic dispersion (with d; = 1.6 um, and d,= 0.5 um constant).

Figure 5.4 demonstrates the variation in the dispersion characteristics by changing the pitch
(A4). If parameter A is increased, the ZDW shifts towards the longer wavelength side. The
dispersion value is varied from -12.89 ps/nm/km to -17.54 ps/nm/km at 4000 nm. Due to
smaller change in mode area, the dispersion profile nearly overlaps with an increase in the
value of parameter A. From the above discussion, it can be noted that for the structural
parameters d;=1.6 um, d>=0.5 um, and 4 =2.5 pum the dispersion value and effective mode area

is minimum at 4000 nm.

The effective mode index is decreased from 2.84 to 2.36 for the wavelength range of 1000
to 14000 nm. A flat normal dispersion profile is obtained in the wavelength range of 2000 to
4700 nm to get an ultra-broadband SC spectrum and the dispersion is minimized as -15.54
ps/nm/km at 4000 nm. The proposed PCF structure possesses a normal dispersion nature at the

ZDW of 4200 nm and a pump wavelength of 4000 nm. The normal dispersion regime covers
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the wavelength range of 1000 to 4700 nm and the anomalous dispersion regime is beyond the
wavelength of 4700 nm. The dispersion value reminds high until wavelength 2750 nm in the
normal dispersion regime. The broadening of the SC spectrum arises due to the optical Kerr
effect. A smooth but unstructured SC spectrum can be easily produced in the designed PCF
with optimized parameters with dispersion in normal regime. The optimized parameters to get

a flat normal dispersion curve in designed PCF is tabulated below:

Parameters Value (um)
ds 1.6
d2 0.5
A 2.5

Table 5.1. Optimized geometrical parameters of the proposed PCF design.
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Fig. 5.5 Combined effect of nonlinear coefficient and effective mode area with wavelength.

The effect of the nonlinear coefficient and the effective mode area for optimized parameters
at different wavelengths are shown in fig. 5.5. The proposed PCF structure holds the high
nonlinear coefficient value as 853 Wkm™ at 4000 nm for optimized geometrical parameters

d1=1.6 pym, d>=0.5 pum, and 4 =2.5 pm.
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The process of SCG has been analyzed with the strong dependence of dispersion parameter
(By), where n is the order of dispersion. In our simulation, the order of dispersion coefficient
goes up to the 9™ order. As the limit of the order of dispersion increased beyond 9", increasingly

smaller changes are observed in the output spectrum of SC.

The broadening of SC is controlled by parameters like peak power, pulse width and length
of the fiber, and their individual influence is studied and reported in figs. 5.6-5.8. The
broadening of the input pulse arises due to nonlinear processes like SPM, CPM and the Raman
effect. At the pump wavelength of 4000 nm, the dispersion and effective mode area are
minimal, due to which the symmetrical spectral broadening of an input pulse occurred. Mainly
two nonlinear factors SPM and CPM are accountable for the input pulse broadening when a
short pulse is incident on the small effective mode area that confine the fundamental mode.
During the simulation period, different propagating lengths of the proposed PCF are considered

to study the nature of SC.

A hyperbolic secant pulse of width 90 fs is simulated initially with peak power of 8.19 kW.
The propagating length is varied from 0 mm to 12 mm. During the input pulse propagation in
the designed fiber length, the broadening of SC occurs due to SPM, CPM, FWM, and SRS. For
propagating length of 9 mm, maximum broadening is attained from 1 to 14 um with peak power

8.19 kW and pulse width of 90 fs.
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Fig. 5.6 Generated SC spectra in different propagating fiber lengths at 4000 nm with 8.19 kW pump

power.

The pulse width is an important parameter which helps to control the bandwidth of SC
spectra. The pulse width of the incident hyperbolic secant pulse is varied from 40 fs to 180 fs.
The maximum broadening of SC spectra is even broader in a fiber length of 9 mm with peak
power of 8.19 kW and a pulse width of 90 fs. For shorter pulse width, broadening of the SC
spectra is mostly due to SPM, which is further followed by CPM, FWM, and SRS. With an

increased pulse width the overall broadening of SC decreased.
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Fig. 5.7 Generated SC spectra in a 9 mm fiber length using different pulse durations at 4000 nm.

The bandwidth of SC spectra can be controlled by input peak power. The variation in input
peak power (4,190 W, 8,190 W, and 12,190 W) in a 9 mm long PCF and pulse duration of 90
fs is shown in Fig. 5.8. The generated SC spectrum increases with the increase of peak power.
Dispersion effect no longer exists at high peak power and only SPM dominated. For peak power
of 8.19 kW, the broadening of SC spectra covers 1-14 um with a pulse width of 90 fs

propagating in a 9 mm long PCF.

61



Peak power=4190 W

Peak power=8190 W

Spectral power (dB)

Peak power=12190 W

30 £

1000 7000 13000 18000
Wavelength (nm)

Fig. 5.8 Generated SC spectra with different peak powers in 9 mm long fiber at 4000 nm.

As per best of our knowledge, the study of SCG in PCF using GasShs2Seo chalcogenide has
not been reported yet. Only Saini et al. [23] showed the numerical study of SCG in a GagShs2Seo
chalcogenide based rib waveguide and generated the SC, spanning from 1 to 9.7 um using a
femtosecond laser source of wavelength 2800 nm and peak power of 6.4 kW. Our numerical
findings prove that the proposed chalcogenide PCF is a better choice due to the ultra-broadband
SC, spanning from 1 to 14 um for mid-infrared nonlinear devices in comparison with

previously reported PCFs in [7], [8], and [25-27].
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5.4 Conclusions:

In summary, a novel design of a highly nonlinear rectangular core GagShs2Seo chalcogenide
PCF is reported for ultra-broadband SCG in the mid-infrared region. The proposed PCF
agreements a very high nonlinear coefficient of 853 W=km™ at 4000 nm for optimized
geometrical parameters d1=1.6 pm, d>=0.5 um, and 4 =2.5 pm. A supercontinuum spanning, 1
to 14 pm is obtained using a 9 mm long fiber pumped with a 90 fs laser pulse at peak power of

8.19 kW.
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CHAPTER-6

NUMERICAL EXPLORATION OF COHERENT
SUPERCONTINUUM GENERATION IN MULTICOMPONENT
GeSe;-AszSe3-PbSe CHALCOGENIDE BASED PHOTONIC
CRYSTAL FIBER*

6.1 Introduction:

The demand of coherent supercontinuum sources is growing rapidly due to their broad practical
applications in the visible and infrared wavelength regions. Numerous theoretical and
experimental works have been reported by silica, tellurite, fluoride and chalcogenide glasses

based step-index fibers, PCFs, and waveguides for SCG [1-24].

Hu et al. have reported the SCG generation of the bandwidth of 4 um in an As>Sez PCF at a
pump wavelength of 2.5 um [6]. An AszSez equiangular spiral PCF has been investigated by
Saini et al. for generating broadband SCG [9]. Coherent SC has been generated by Xu et al. in
a CS; filled PCF by optimizing the fiber length and, pump pulse parameters [13]. A Ga-Sb-S
based PCF has been studied for coherent SCG by injecting a laser pulse of 50 fs pulses with 20
kW peak power in 1 cm fiber length at 4.5 um [14]. The SCG of bandwidth 1-6 um has been
computationally analyzed by Seifouri et al. in a PCF made up of As>Ses-MgF2 composition

[15].

* Pooja Chauhan, Ajeet Kumar, and Yogita Kalra, "Numerical exploration of coherent
supercontinuum generation in multicomponent GeSe>—As;Sez—PbSe chalcogenide based
photonic crystal fiber", Optical Fiber Technology, 54, p. 102100, 2020.

67



Xing et al. have performed the numerical simulations with an extensive experimental study
to generate SCG spanning, 1.9-2.34 um in a 2 cm long fiber at -20 dB power level [16]. An
ultra-broadband SCG spectrum of bandwidth 0.8-4.5 um has been proposed by Balani et al. in
a 10 mm long PCF [17]. Karim et al. has numerically investigated the effect of higher-order
dispersion parameters on SCG in an As,Ses based chalcogenide PCF [18]. A multi-material
PCF has been numerically designed and simulated a SCG of spanning 1.6-4.2 um using 85 fs
laser source at 2.5 um wavelength [19]. The effect of higher modes is effectively studied by
Wang et al. for SCG in a multimode fiber [20]. A multimaterial PCF has been numerically
reported by Diouf et al. to study the coherent mid-infrared SCG [21]. Vyas et al. have
performed numerical simulations to generate the SC spectrum in a 100 mm long Ge-As-Se
based PCF [22]. A Ge- Sb- Se/Ge- Se fiber has been fabricated and produced SCG spectrum
covering 2.2-12 pm infrared range in 11 cm long PCF at 4.485 um [23]. A 150 mm long
Ge115As24Se64.5 based PCF is numerically simulated for effective SC spanning, 1.4-10 pm
using 85 fs input laser pulse at 3.1 um [24]. An ultra-high numerical-aperture step-index fiber
has been experimentally practiced for generating two SC spans, 1.5-11.7 um and 1.4-13.3 um
at 4.5 um and 6.3 um respectively by Petersen et al. [30]. In a low-loss telluride fiber, Zhao et
al. [31] determined the experimental proofs for SC range of 2.0-16 pum at pump wavelength of
7 um using extrusion technique. Numerical simulations have been reported by Saini et al. for

mid-infrared SCG covering 2-15 pm in a PCF at 4.1 um [32].

A highly nonlinear chalcohalide based fiber is fabricated by Zhao et al. using peeling-
extrusion method for producing the SC spanning, 1.05-13 pm in mid-infrared wavelength
region [33]. A coherent SCG ranging 1.7-12.7 um has been reported by Zhang et al. ina 7 cm
long Te-based tapered fiber consisting Ge20As20Se1sTess-GexnAs0SexnTeso chalcogenide
glasses at a pump wavelength of 5.5 um [34]. Jamatia et al. has performed numerical

simulations to get SCG of span 0.4-4.7 um by 3 KW input peak power at 2.8 um in a composite
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PCF [35]. In ref. [36], the numerical design of triangular-core As,Ses PCF has been proposed
for SCG with high nonlinear characteristics at 4.4 um. Using As>Ses chalcogenide glass, an
optical rib waveguide design has been reported by Saini et al. [37] and generated the mid-
infrared SC spans 1-10.9 um and 1-11.88 um at pump wavelength of 2.8 um. A highly coherent
SCG covering 1.28-3.31 um, has been obtained in a 3.2 cm long tapered step-index fiber of
tellurite glass at 2 um [38]. A Ge1sShisSezo circular PCF is used for numerical demonstration
of an ultraflat-top with coherent property SCG 1.86—5.35 pm in a 10 mm long at 3 pum input
pulse [39]. To date, many photonic crystal fibers with chalcogenide glass system have been
reported by researchers and scientists for mid-infrared SC but with GAP-Se glass, the work

based on PCFs for coherent SCG has not been reported yet.

Recently, a novel GeSe,-As>Ses-PbSe (GAP-Se) covalently bonded chalcogenide glass has
been reported by Goncalves et al. for SCG applications [25]. The GAP-Se chalcogenide has
very excellent optical linear and nonlinear properties such as very high nonlinear refractive
index (n2= 7.14 x10°® cm?/GW), high linear refractive index (n= 2.8387 at /= 3 pm), high
viscoelasticity, the high nonlinear figure of merit, and offers a very broad transparency window
range (1-12 pum). Such large ion glasses have greater importance in controlling low laser
damage resistance, photosensitivity, and reducing thermal or mechanical properties. This glass

system gives a strong attribute for mid-infrared laser systems.

In this chapter, we have numerically simulated a PCF in a GAP-Se glass system as a
cladding material for highly coherent SCG in the mid-infrared region. This chapter is
categorized majorly in four sections. Section 1 is related to the introduction of coherent SCG,
and an overview of previous research work in this concern is also discussed. The modeling of
proposed photonic crystal fiber is framed in Section 2. In Section 3, the results of coherent
SCG is explained briefly on the basis of produced simulation findings. Section 4 is dedicated

for highlights of the effectiveness of proposed fiber. Our study will be useful in realizing the
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potential applications of PCF in mid-infrared as well as provides insights for future theoretical

and experimental research efforts.
6.2 Multicomponent PCF model:

We have designed a rectangular shaped PCF model for numerical simulation of fundamental
propagating mode in the core to produce the highly coherent SC spectrum in the infrared
wavelength region. The air-holes are patterned periodically in a rectangular shape, and the
diameter and center-to-center distance of air-holes are considered as d, and A respectively. For
the confinement of fundamental mode, one air-hole from the center of PCF has been removed
during the simulation. The cross-sectional view of simulated multicomponent PCF is illustrated

in fig. 6.1 which is surrounded by a perfectly matched layer.
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Fig. 6.1 Proposed multicomponent PCF model. Inset top: a small cross-section of PCF with parameter

definitions and material used; and Inset down: fundamental mode confinement at 3.1 pm.

Our aim is to design and simulate a multicomponent GAP-Se PCF model to get high
coherent ultra-broad and flat SC spectrum in the wide range of mid-infrared wavelength region.
The linear refractive index of GAP-Se (with 20mol% PbSe) is taken according to the Sellmeier

equation reported by Goncalves et al. [25]. With this aim, the initial step is to numerically tailor
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the geometrical parameters i.e. d and 4 of the designed PCF by tuning these parameters to set
the fundamental limit of dispersion regime (either normal or anomalous dispersion). The

cladding material is chosen a highly nonlinear GAP-Se chalcogenide glass composition.
6.3 Results and Discussion:

The modal characteristics of nefs have been numerically performed using a FEM-based software
i.e. COMSOL Multiphysics. The chromatic dispersion plays an important role to study the
linear and nonlinear interactions in PCFs. Initially, we have studied the effect of d on dispersion
by varying the values of the diameter of air-holes from 0.9 to 1.7 um keeping 4 fixed (=2.5
pm) as shown in fig. 6.2. It is clearly seen that the designed fiber exhibits both the normal and
anomalous dispersion with a larger shift of ZDWs towards the longer wavelength region. On
increasing the dimension of d parameter, the dispersion curve shifts from normal to anomalous

dispersion very rapidly.
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Fig. 6.2 Study of dispersion characteristics with a variation of d and keeping 4=2.5 pm as constant.

In fig 6.3, the effect on dispersion profile by increasing the pitch i.e. 4 from 2.3 to 2.7 um
has been illustrated. With the increment of the pitch, while keeping the diameter of air-holes
fixed as 1.3 um, we have observed that there is a very least significant effect on the shift of
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dispersion profile. Therefore, we can conclude that the flatness of the dispersion curve is
controlled more effectively by d (air-hole diameter) rather than A (pitch). After the optimization
process of geometrical parameters, we have obtained an ultra-flat dispersion profile in both
normal and anomalous regime of the infrared wavelength region. The designed PCF has offered
the ZDW around 4200 nm and dispersion at a pump wavelength of 3100 nm has been calculated

as -100 ps/nm/km for optimized parameters d=1.3 um, and 4=2.5 um fixed.
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Fig. 6.3 Study of dispersion characteristics with a variation of 4 and keeping d =1.3 um as constant.

The figs. 6.4 (a) and (b) are showing the effect of increased value of diameters of air holes
on nonlinear coefficient and effective mode area at different wavelengths. As we increased the
d parameter from 0.45 pm to 0.85 pum with interval of 0.10 pm, the values of nonlinear

coefficient also increased and effective mode area are found decreased.
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Fig. 6.4 Study of effect of variation of d parameter on (a) nonlinear coefficient, and (b) effective mode area with

wavelength.

For the optimized parameters (d=1.3 pm, and 4=2.5 um) of proposed PCF, we have
numerically simulated the GNLSE equation by launching an input femtosecond laser pulse of
wavelength 3.1 pum with a pulse width of 85 fs, peak power of 950 W to initiate the process of

SCG effectively [40, 41].
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Figures 6.5 and 6.6 represent the spectral growth of SCG spectra with its degree of
coherence at different fiber lengths. As we increased the fiber length from 5 mm to 15 mm with
period of 5 mm, we have found that the SC spectrum increased towards longer wavelength
side. The maximum bandwidth of SC has been identified in a 10 mm long PCF which covered
the SC spanning, ~2-11 pm in the mid-infrared wavelength region. The symmetrical
broadening of SC spectrum is mainly occurred due to the nonlinear SPM effect along the
shorter and longer wavelengths. Simultaneously, we have considered the effect of degree of
coherence with its spectral evolution at different fiber lengths. The generated SC spectrum is
found highly coherent along the spanning, 2-11 pm in the mid-infrared region for 10 mm long

PCF length.

Spectrum
(20 dB/div)

Length
(mm)
Spectral power (dB)

Coherence
(a.n)

Length

Bl W S
Waveleagth(pm)

Fig. 6.5 Effect of spectral broadening of SCG, spectral evolution of SCG, degree of coherence and
spectral coherence evolution with wavelength (from top to bottom) in 5 mm long PCF with Epuse= 0.092
nJ (pulse width= 85 fs, and peak power= 950 W).
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Fig. 6.6 Effect of spectral broadening of SCG, spectral evolution of SCG, degree of coherence and
spectral coherence evolution with wavelength (from top to bottom) in (a) 10 mm, and (b) 15 mm long
PCF with Epuse= 0.092 nJ (pulse width= 85 fs, and peak power= 950 W).

Further, we have studied the effect of peak power on the SC. Numerical simulations with
85 fs laser pulse have been analyzed for different peak powers as illustrated in fig. 6.7 (a). It is
observed that when we increase the peak power from 950 W to 2550 W, the SC spectrum is
increasing. At higher peak power, the SC started deteriorate. This happened due to the
absorption at the coating. Then, the impact of increased pulse widths on SC has been analyzed.
Fig. 6.7 (b) shows the SC output spectrum generated for different pulse width at 3.1 um with
peak power of 950 W in 10 mm long PCF. As we increased the pulse width from 45 fs to 165

fs, the SC bandwidth gets reduce.
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Fig. 6.7 Effect of spectral evolution of SCG with wavelength (a) peak power= 150 W (Epuse= 0.014 nJ),
950 W (Epuise= 0.092 nJ), 1750 W (Epuise= 0.169 nJ), and 2550 W (Epuise= 0.246 nJ) when pulse width
fixed as 85 fs and pump wavelength as 3.1 um, and (b) pulse width= 45 fs (Epuse= 0.049 nJ), 85 fs
(Epuise= 0.092 nJ), 125 fs (Epuise= 0.135 nJ), and 165 fs (Epuise= 0.178 nJ) when peak power is fixed as
950 W and pump wavelength as 3.1 um in 10 mm long PCF.

Then, we have carried out the simulations for different pump wavelengths (2.6 pm, 3.1 um,
3.6 um and, 4.1 um) to study the effect on SCG as presented in fig 6.8. Subsequent enhanced
broadening is noticed as the pump wavelength increased from 2.6 um to 4.1 um with 85 fs
laser pulses and peak power of 950 W. The impact of fiber length on spectrograms of output
pulse has been investigated and same is demonstrated in fig. 6.9. We have performed the
numerical simulations for fiber length of 5 mm, 10 mm, and 15 mm with 85 fs pulse duration

and peak power of 950 W. It has been observed that, the generated SC gets broadened in the
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longer wavelength side at -40 dB power level. Initially, the symmetrical broadening of SC

spectrum has been occurred due to SPM and later dominated by optical wave breaking.
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Fig. 6.8 Effect of spectral evolution of SCG at pump wavelength (a) 2.6 um (b) 3.1 um (c) 3.6 um and,
(d) 4.1 um with 85 fs pulse width and peak power of 950 W.
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Fig. 6.9 Time-wavelength spectrogram generated for fiber lengths (a) 5 mm, (b) 10 mm and, and (c) 15
mm.

The Lorentz function coefficients (fr, 71, and 2) of GeSe>-As>Ses-PbSe chalcogenide glass
is not known yet. In our simulations, we have considered the values of fr, 71, and 7> of As;Ses

chalcogenide. We have demonstrated the variation in SCG when changing the values of fr, 71,

77



and 72 by £0.05, £5 fs, and 10 fs respectively in fig. 6.10. There is no significant change is

observed in the SC span during variation of fr, z1, and 7.
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Fig. 6.10 Effect of variation of fr, 71 and 7> on SC spectrum with pump wavelength of 3.1 um having
pulse width of 85 fs and peak power of 950 W.

The proposed PCF made from chalcogenide glass compositions can be fabricated by the
extrusion and drilling techniques [43-45]. Both the methods are particularly suitable for the
PCFs with rectangular periodic symmetry of air-hole arrangements. The extrusion method
gives more flexibility in fabrication of PCFs prepared from chalcogenide glasses as they can
accept the high dopant concentrations which gives a pathway to alter the optical as well the

mechanical properties more easily in comparison of silica glass.
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Finally, we can conclude based on our number of numerical simulations, the proposed fiber
is able to produce a highly coherent broadband SC spectrum ranging from 2 pym to 11 pm in
the mid-infrared wavelength region in a 10 mm fiber length with peak power of 950 W and
pulse width of 85 fs which is much broader in comparison of previously reported SCG works

as seen in table 6.1.

Reference Chalcogenide type Pump Fiber Peak SCG
wavelength | length bandwidth
Power
m m
(Hm) (KW) (Hm)
[26] As3385€61.2 PCF 3.7 5cm 0.88 2.9-4.575
[27] As,Ss-Borosilicate PCF 2.5 4 mm 28.16 1-5
[28] As;S3; PCF 2.5 10 mm 20 1-10
[14] GagShz,Ses0 PCF 4.5 lcm 20 1.65-9.24
[42] Ge115 As2Sesss PCF 3.1 lcm 5 2-5.5
Proposed | GeSe;-As;Ses-PbSe PCF 3.1 10 mm 0.95 1-11
work

Table 6.1: Comparison of SC spectrum generated in proposed PCF with previously reported in

chalcogenide PCFs.
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6.4 Conclusions:

In summary, we have numerically modeled a PCF in GAP-Se glass for highly coherent
supercontinuum generation. We have engineered the dispersive properties by varying the
defined geometrical parameters in order to obtain an ultra-flat dispersion profile in normal and
anomalous dispersion regimes. We have achieved an ultra-broadband coherent supercontinuum
spectrum of the bandwidth of 10 um by injecting an input laser pulse (85 fs pulse width) with

peak power of 950 W in a 10 mm long designed fiber in the mid-infrared region.
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CHAPTER-1

FLUIDIC INFILTRATED CORE BASED PHOTONIC CRYSTAL
FIBER FOR COHERENT SUPERCONTINUUM GENERATION*

7.1 Introduction:

In recent times, the advent of coherent supercontinuum sources is up-surging the attention
among researchers and scientists for the visible and infrared nonlinear applications. The
fundamental mechanism of SCG in optical fibers is elucidated by the dispersion effect in the
normal and anomalous dispersion regimes. The appropriate pumping scheme plays a vital role
in generating the spectral broadband of SC. The femtosecond, picosecond, and nanosecond
optical laser pulses are used in instigating the process of SCG in fibers [1, 2]. The occurrence
of broadband of SC is due to the domination of soliton dynamics and dispersion waves when a
femtosecond pumping source is chosen in anomalous dispersion wavelength regime. If the
pumping is considered in a normal dispersion regime then the spectral broadening of SCG

emerges due to the SPM and optical wave breaking [1, 2].

The most promising application of PCF is in the field of optofluidics. It is an emerging
technology that combines microfluidics and optics [3]. The microfluidic technology enables
one to abridge the optical elements, gives the flexibility to tune and reconfigure the optical

properties of fluids.

* Pooja Chauhan, Ajeet Kumar, and Yogita Kalra, “Fluidic infiltrated core based photonic

crystal fiber for coherent supercontinuum generation”. (under communication)
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The PCFs are the absolute option to infiltrate with optofluids that possess high linear and
nonlinear refractive indices and also useful in manipulation with micro-objects [4]. The silica
fibers can generate the SC till NIR wavelength region which is due to the smaller nonlinear
refractive indices, limited transmission window, and high optical losses. The optofluids such
as nitrobenzene, toluene, carbon tetrachloride, ethanol, etc. are ideal choices for the study of
SCG which comparatively hold the high linear and nonlinear refractive indices and broad
transmission window in comparison to pure/fused silica glasses. The value of nonlinear

coefficient of nitrobenzene is taken from Kedenburg et al. [27].

Recently, the scientists and researchers are drawing much attention with the latest technique
of fluidic infiltration for improving the broadband of SC in silica fibers and waveguides.
Vieweg et al. have demonstrated experimentally the solitonic SCG over 600 nm span with
pump source as compact femtosecond oscillator in a 26 cm long PCF with a core composition
of CCl4[5]. Zhang et al. have numerically explored a carbon disulphide and nitrobenzene core-
based PCFs and produced SC of range 0.7-2.5 um using sub-picosecond pulses at 1.55 um
pump wavelength [6]. Bethge et al. have obtained broadband of SC of spanning 0.41-1.64 um
using their numerical and experimental skills in water-filled PCF at 1.2 um pump wavelength
[7]. Kedenburg et al. have explored a PCF with carbon disulfide filled core and generated SCG
of bandwidth 1.2-2.4 um [8]. Numerical simulations of SCG of broadband 500-2500 nm has
been reported by Raei et al. in 10 mm long liquid-liquid PCF at pump wavelengths 1032 nm
and 1560 nm with 10 kW input peak power and 50 fs pulse width [9]. An optofluidic infiltrated
PCF has been proposed for SCG by Saghaei et al. with spanning 800-2000 nm by using pulse
width and peak power as 50 fs and 10 kW at 1550 nm [10]. Hoang et al. [11] has performed
the theoretical and experimental explorations to generate the all-normal dispersion SC in
toluene infiltrated core PCF design. The authors succeeded in obtaining SC spanning, 850-

1250 nm in a carbon tetrachloride based all-normal PCF at 1030 nm laser pulse with 400 fs
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pulse width [12]. Van et al. [13] presented a PCF with chloroform infiltration and generated
coherent SC spans 600-1260 nm and 600-1400 nm using a 400 fs laser pulses of 1030 nm
wavelength. The numerical investigation of SCG has been presented by Van et al. in
nitrobenzene infiltrated based PCF and successfully reported three SC spans of 0.8-1.8 pm,
0.8-2.1 pm, and 1.3-2.3 pum [14]. Peniewski et al. have manifested the numerical analysis of
a PBG-08 based PCF with 17 different highly nonlinear organic solvents to study the SCG
[15]. Xu et al. [16] has procured a broadband coherent SCG of bandwidths 820 nm and 1260
nm in a polarization maintained PCF infiltrated with CS; at 1760 nm. A carbon disulphide
based PCF has been numerically developed by the Munera et al. [17] for the practical
applications in optical switching and to develop the broadband source. Churin et al. [18] have
used experimentally a CS> liquid-filled PCF for developing SC source of bandwidths 640 nm
and 610 nm at pump wavelengths 1560 nm and 1910 nm respectively. Porsezian et al. [19] has
theoretically exhibited the soliton generation of SC in a liquid core-based PCF and studied the
nonlinear responses. The experimental demonstration of coherent SCG has been performed by
Hoang et al. [20] in a carbon tetrachloride PCF and recorded two SC bandwidths 1350-1900
nm and 1000-1900 nm at a pump wavelength of 1560 nm using a pulse width of 90 fs and peak
power of 5500 W. Chemnitz et al. [21] has inquired the step-index fibers with CCls and C2Cl4
liquid cores for the infrared SCG at pump wavelength 1.92 um. Xu et al. [22] have performed
the numerical simulations of linear and nonlinear properties and SCG in the optical fiber filled
with different organic liquid at 800 nm pump wavelength. Canh et al. have experimentally
reported the all-normal SC of bandwidth 435-1330 nm at 1330 nm with peak power 150 kW
in a suspended core fiber composed of water core [23]. Karasawa et al. [24] has studied the
dispersion properties in the PCFs with core infiltration using CSy, toluene, chloroform, and

water using multiple methods.
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In this chapter, we have computationally proposed a design of PCF for the ultra-broadband
SCG in the visible and near-infrared wavelength regions. We have briefly studied the effect of
inorganic liquids infiltration on the linear and nonlinear effects. The simulation results shows
the possibility to generate a broadband supercontinuum spanning, 1-2.6 um by using a

femtosecond laser pulse with peak power of 5 kW in a 2.5 cm long proposed fiber.

1.2 Proposed PCF's Design:

The transverse cross-sectional view of distinguished PCF structures is demonstrated in Fig.

7.1.

Fused Silica
4

l Air-hole Air-hole Ethanol

VvV W ‘T

PCFa PCFe PCFc

Fig. 7.1: Schematic cross-sectional view of proposed fiber designs.

We have considered three basic PCFs design and named them as PCFa, PCFg, and PCFc on
the basis of their core material composition. In PCFa design, the core material is formed by the
fused silica glass similar to the cladding material. The second fiber i.e. PCFg consists of the
core and cladding materials as nitrobenzene and fused silica respectively. Lastly, the core of
PCFc design is made up of composite liquid material as nitrobenzene and ethanol. The number
of rings (04 rings) is kept constant in all PCFs structures and enclosed with a perfectly matched
layer of thickness as 2 um in order to reduce the effect of confinement loss. In common

cladding regions of PCFs structures, the diameter and pitch of air-holes are defined by d and 4
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respectively. While the diameters dc: and dc2 have the geometrical definitions of the diameter

of the first core and second core respectively.

The wavelength-dependent refractive indices of fused silica, ethanol and nitrobenzene are
taken from Malitson et al. [25], Raei et al. [9], and Kedenburg et al. [26] respectively. Figure
7.2 compares the refractive indices of fused silica, ethanol, and nitrobenzene at different

wavelengths.
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Fig. 7.2: Spectral variation of refractive indices of fused silica and organic liquids (nitrobenzene and

ethanol).

7.3 Results and Discussion:

We have considered three different fiber designs (PCFa, PCFg, and PCFc) for the
computational analysis of the linear and nonlinear properties that control the generation of SC

broadband which are listed in table 7.1 with their core compositions and parameters.

90



Proposed PCF Type of Core Structural

Nomenclature Parameters
Definition
Core Cladding
PCFa Fused Silica d A
PCFg Nitrobenzene Infiltrated da d A
PCFc Nitrobenzene + Ethanol dc1, de2 d A
Infiltrated

Table 7.1: List of parameters defined in different PCFs during computational simulations.

The ners depends upon the propagation constant () and propagation constant in vacuum (ko)
exclusively. For the fundamental mode, the power confinement inside the core is more in
comparison of higher propagated mode which is due to the highest g constant values. The
chromatic dispersion being the linear effect participates in the complex dynamics of the SCG
process that in result influences the propagation of the optical wave in a fiber. The dispersion
occurs due to the variability of the nest for the propagated fundamental mode at different

wavelengths.

Firstly, we have considered the PCFadesign to study the influence of diameter by pitch ratio
(d/4) on dispersion characteristics by keeping pitch constant as 2.8 um and it is presented in
fig. 7.3. With the increase of the d/A ratio from 0.3571 to 0.5714, the ZDWs corresponding to
dispersion curves are slightly shifted towards the shorter wavelengths side and the most of the
dispersion values are found in anomalous region. The values of ZDWs are obtained as 1078
nm, 1049 nm, 1020 nm, and 996 nm for d/A values as 0.3571, 0.4286, 0.5000, and 0.5714

respectively.

91



100

__ 50¢

£ o

£

£ .50/

[77]

L

S -100

% -150} PCFa

[h]

a8 _ —— d/A=0.3571

g -200 —— d/A=0.4286
250" — d/A=0.5000

—— d/IA=0.5714

=300

1000 1500 2000 2500
Wavelength (nm)

Fig. 7.3: The spectral variation of parameters d/4 with 4=2.8 um constant in PCFa to study the
dispersion characteristics.

Then, we have inspected the PCFg design and tailored the parameters d, 4, and dc1 to get the
flat dispersion profile. Figures 7.4 and 7.5 depict the effect of d/4 and dc: on dispersion

characteristics in PCFg.
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Fig. 7.4: The spectral variation of parameters d/4 with 41=2.8 um, and dc;=2.514 pm fixed in PCFg t0

study the dispersion characteristics.
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By increasing the d/4, we observed that the ZDWSs are moved towards the shorter
wavelength while dc1 kept constant as 2.514 um. For the d/4 values as 0.3571, 0.4286, 0.5000,
and 0.5714, the anomalous dispersion region has started above the ZDWs values 1737 nm,

1642 nm, 1564 nm, and 1500 nm respectively.
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Fig. 7.5: The spectral variation of parameters dc; with d/4=0.5000 (4=2.8 um constant) in PCFg to study

the dispersion characteristics.

When we increased the values of dci parameter from 1.514 pum to 3.514 pum (kept
d/4=0.5000), the ZDWs shifted drastically towards the shorter wavelength region and the
ZDWs values are recorded as 1936 nm for dc1=1.514 um, 1567 nm for d¢1=2.514 pum, and 1439
nm for dc1=3.514 um and the corresponding dispersion curves covered both the normal and

anomalous regions.

Next, we have optimized the PCFc by modulating the geometrical parameters such as d/4,
dc1, and dc2 and studied their impacts on dispersion characteristics which are depicted in figs.
7.6 — 7.8. We have analyzed the dispersion characteristics related to the variation of d/A of air-
holes present in the cladding region which is shown in fig. 7.6. We have retained the other
parameters constant as dc1=2.514 pm, de=4 pm, and 4 =2.8 um. While we varied the
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dimension of d/4 ratio from 0.3571 t0 0.5714 (dc1=2.514 um and dc2=4 pm), we noticed a slight
shift in the dispersion curve towards the longer wavelengths. Also, the dispersion curve moved
from normal dispersion region to anomalous dispersion region. A flattened dispersion profile

is obtained for d/4=0.5000 value with two ZDWs at 1562nm and 1890 nm.
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Fig. 7.6: The spectral variation of parameters d/4 while keeping 4=2.8 pum, d:;=2.514 um, and d,=4
pum fixed in PCFc to study the dispersion characteristics.
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constant in PCF¢ to study the dispersion characteristics.
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Then, we have studied the effect of dc1 on dispersion which is depicted in fig. 7.7. With the
increment in the parameter dc; values (1.514 pum to 3.514um), a greater shift in the dispersion
profile is noticed when the other parameters kept constant as d/41=0.5000 and dc,=4 um. We
have obtained an ultra-flat dispersion curve for dc1=2.514 pum in comparison with other dci

values.
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Fig. 7.8: The spectral variation of parameters dc; by keeping d/4=0.5000 (4=2.8 um), and d.;=2.514

pum in PCFc to study the dispersion characteristics.

And, we have also analyzed the effect of dc2 on dispersion which is demonstrated in fig. 7.8.
As we increased the values of dc2 from 3.8 um to 4.2 um (with d/4=0.5000 and dc;=2.514 pm
constant values), the dispersion curve shifted slightly from normal to anomalous region and the
negligible shift occurred towards the longer wavelengths. For d.2=4.0 um, we have achieved a

flat dispersion profile which characterized by two ZDWs with minimum dispersion value.

Further, we have compared the best results of the effective mode index, dispersion, effective
mode area, and nonlinear coefficient in the PCFa, PCFg, and PCFc designs individually that
are consist of un-filtrated solid silica core, nitrobenzene core, and combination of ethanol with

nitrobenzene in the core respectively. Figure 7.9 (a) represents the variation of the ness in PCFa,
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PCFg, and PCFc designs. The range of nett in PCFa, PCFg, and PCFc has been found as 1.448-
1.376, 1.523-1.431, and 1.521-1.411 respectively in the wavelength range of 800 nm to 2800
nm. It is noted that the values of the nefs are recorded high in the PCFg structure in comparison

to the PCFa, and PCFc structures.
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Fig. 7.9: Spectral variation of (a) effective mode index; (b) chromatic dispersion in PCFa, PCFg, and
PCFec.

The effect of the un-infiltrated core of PCFa and infiltrated cores of PCFg and PCFc on the

dispersion profile is demonstrated in fig. 7.9 (b). The more profound analysis of dispersion
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management has been conducted to reduce the dispersion effect at pump wavelength by tuning
the geometrical parameters associated with the fiber designs. The computational results of the
dispersion profiles divulge that the PCFc structure composed of infiltrated core (nitrobenzene
and ethanol) holds the special characteristics to diminish the effect of dispersion in comparison
to the PCFa (un-infiltrated solid core of silica), and PCFg (infiltrated core nitrobenzene)
structures. It is also noticed that the dispersion profile corresponding to PCFc is more flattened

than the dispersion profiles of PCFa, and PCFs.
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Fig. 7.10: Spectral variation of (a) effective mode area; (b) nonlinear coefficient chromatic in PCFa,
PCFB, and PCF(;.
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The effective mode area and the nonlinearity associated with the fundamental mode
propagation inside core are having great importance in process of SCG in fibers. We further
investigated the effect of liquid infiltration in the proposed PCF designs, with the study of
effective mode area and nonlinear coefficients. Figure 7.10 (a) demonstrates the variation of
effective mode area with the wavelength in PCFa (d/4=0.5000), PCFg (d/4=0.5000, and
dc1=2.514 pm), and PCFc (d/4=0.5000, d¢1=2.514 pm, and dc=4 pm). There is a slight
variation noticed in the effective mode area values in PCFg, and PCFc. It is observed that the
effective mode area values of PCFa (with silica core) are high in comparison of PCFg (with
nitrobenzene core infiltration), and PCF¢ (with ethanol and nitrobenzene core infiltration). As
a result of the low effective mode area in the PCFg, and PCFc, the nonlinear coefficient values
are higher in PCFs with nitrobenzene, and ethanol with nitrobenzene infiltrated cores as
displayed in fig. 7.10 (b). The nonlinearity reported for the PCFa is very low in comparison to
PCFg, and PCFc. This is due to the high linear and nonlinear refractive indices of the organic

fluids in comparison to silica glass.

The comparison results validated that the infiltration of nitrobenzene and ethanol organic
solvents in the core of PCFc facilitates one to design the PCF structure for SCG in the visible
and near-infrared wavelength regions. Based on the preceding analysis of the linear and
nonlinear properties in PCFa, PCFs, and PCFc, we have found that PCFc is an excellent fit to
generate a coherent SC broadband in the visible and near-infrared wavelengths. The optimized

parameters of PCFc are tabulated in table 7.2.

PCFc Pump Neff Actt D) Nonlinearity
Parameters | Wavelength
dc1=2.514 pm
deo=4 pm 1550 nm | 1.4778 4.08 +0.856 1986 Wtkm™*
d/41=0.5 um? ps/nm/km
A=2.8 ym

Table 7.2: Numerical findings of linear and nonlinear parameters in optimized PCFc design.
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Our computational analysis is focused on the study of the influences of peak power and
pulse width to obtain the highly efficient coherent SC spectrum in the visible and near-infrared
wavelength regions. We have considered the optimized geometrical parameters (dc1=2.514 um,
dco=4 um, d/41=0.5000 with 4=2.8 um constant) of PCFc for looking the possibility to generate
the ultra-coherent SC broadband light source by using few femtosecond input laser pulses with

low input peak power in a shorter proposed fiber length.

With this aim, we have assumed a chirpless hyperbolic secant input pulse to generate highly
coherent SC broadband in the proposed PCFc structure. An available input laser pump source
of pump wavelength 1.55 um has been used throughout our numerical simulation study which
is characterized by the repetition rate of 100 kHz, pulse energy as 0.426 nJ and the average

power as 0.0426 mW.

Initially, the simulations have been performed for different input peak power variations
from 1 kW to 7 kW with a period of 2 kW in a 2.5 cm long fiber length of PCFc. A hyperbolic
secant input pulse of 1.55 um wavelength has been selected having a pulse width of 75 fs
during simulation analysis which is lying in the anomalous dispersion region. The spectral
evolution of SC and its corresponding spectrograms of an output pulse of different peak powers
are displayed in figs. 7.11 (a) and (b). It is seen that with the increase of peak power, the
bandwidth of SC is found to be increased. We have successfully attained SC broadband of
range 1-2.6 um covering the visible and near-infrared wavelength regions at -40 dB power
level in a 2.5 cm long proposed PCFc structure using 5 kW peak power. The symmetrical
spectral broadening occurred due to SPM and SRS nonlinear processes when pumping is
considered in the anomalous region and afterward, the soliton fission materializes due to small
perturbations. The spectrograms in fig. 7.11 (b) elucidated concisely the formation SCG in the

proposed PCFc. The spectral energy is presented in between the ZDWs range 1.531-1.919 pum
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(anomalous dispersion region) and symmetrical spectral broadening is secured appropriately

in the shorter and longer wavelength sides.
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Fig. 7.11: (a) Spectra of generated SC, and (b) pulse spectrograms for different peak power variation

using pulse width as 75 fs in 2.5 cm long fiber length at 1.55 pm.

We further investigated the impact of the input pulse width on SCG in proposed fiber design
which is presented in fig. 7.12 (c). We performed the numerical simulations for different pulse
widths as 35 fs, 55 fs, 75 fs, and 95 fs. We have chosen a 2.5 cm long proposed fiber and peak
power as 5 KW to carry out the simulation at pump wavelength 1.55 um. We have noticed that
with the enhancement of pulse width values from 35 fs to 95 fs, the bandwidth of SC narrowed.
The shorter pulses can generate the wider SC band in the proposed fiber design. Figure 7.12
(d) reveals the spectrograms generated due to nonlinear effects responsible for SCG. As we
mentioned earlier that the initial broadening is dominated by SPM and later due to the higher-
order dispersion, SRS, etc. In the propagation of shorter pulses, the intensity of spectral energy

diminished.
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Fig. 7.12: (a) Spectra of generated SC, and (b) pulse spectrograms for different pulse width using peak
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Fig. 7.13 (a) Generated spectral SC broadband at 1.55 pm with peak power 5 kW and pulse width 75
fs in 2.5 cm long PCFc, (b) plot of SCG span obtained in different fiber length, (c) evolution of

coherence in the proposed fiber design, and (d) plot of average coherence vs fiber length.
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Next, we have shown the spectral broadening of SCG generated in a 2.5 cm long fiber at
1.55 um pump wavelength which is illustrated in fig. 7.13 (a). At -40 dB, we have achieved a
SC broadband of spanning, 1 um to 2.6 um when an input laser pulse of order 75 fs is pumped
with peak power of 5 kW. Figure 7.13 (b) is displayed for the SCG spans generated in different
propagating fiber length of PCFc. The spanning is found to be increased for longer fiber
lengths. Lastly, the effect of coherence is outlined in figs. 7.13 (c) and (d). It is seen that the

resulted SC spectrum is extremely coherent in the complete wavelength range of 1-2.6 pm.

PCF composition Pump Pulse | Peak | Fiber SCG
wavelength | width | power | length | spanning
(km) #s) | KW) | (cm) (Lm)
Silica PCF (methanol/ethanol core) [10] 1.55 50 20 10 0.8-2
Silica PCF (Toluene core) [11] 1.03 400 25 10 0.95-1.1
Silica PCF (Nitrobenzene core) [14] 1.03 120 0.83 5 0.8-1.8
1.56 90 5.55 5 0.8-2.1
1.56 90 0.66 5 1.3-2.3
Optical Fiber (Carbon disulphide core) 1.95 150 4 10 1.8-2.4
[34]
Silica PCF (Chloroform core) [35] 1.06 100 47 1 0.34-1.36
Silica PCF(Nitrobenzene-Toluene core) 1.55 75 5 2.5 1-2.6
[proposed work]

Table 7.3: Comparison table for the justification of uniqueness of the proposed fiber design with

previously reported results based on organic liquid infiltration fibers.

Our presented numerical simulation results of the proposed PCF¢ has several advantages in
comparison to previously reported works in infiltrated organic solvents based fibers which are

organized in table 7.3. The selective features such as high nonlinearity, flat chromatic
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dispersion, propagation in shorter fiber length, low peak power, broader SC bandwidth, and

good coherence property are offered by our proposed fiber design.

In the end, we shall discourse the possibility and challenges of fabrication methods for our
proposed fiber design. Few authors reported the similar PCF design for dispersion
compensation using a composite core of Ge and F dopants in a hexagonal lattice with pure
silica [28] and Huang et al. [29] has also suggested a CS, doped PCF for the large negative
dispersion with tunable ZDW at 1.55 pum wavelength. The general methods to fabricate a PCF
with hexagonal lattice pattern are feasible with Stack-and-draw [30] and mechanical drilling
[31]. Nielsen et al. [32] reported the selective filling technique to fabricate PCF in the hybrid-
material core. The authors in reference [33] has developed a technique named selective-filling

to fabricate an organic solvent-based microstructured optical fiber.

7.4 Conclusions:

In summary, we have numerically simulated a hexagonal-shaped photonic crystal fiber
structure to generate supercontinuum broadband in the visible and near-infrared wavelength
regions. The numerical investigation of ultraflat dispersion profile with and without organic
liquids core has been followed with nanoscale variation in geometrical parameters. The
proposed fiber design with a liquid core of nitrobenzene and ethanol exhibits an ultra-flatness
of dispersion curve and high nonlinearity at 1.55 um. Our simulation results prove the
effectiveness of proposed 2.5 cm long designed fiber to generate the coherent supercontinuum
spectrum with spanning from 1-2.6 um by using an input pulse of pulse width and peak power

as 75 fs and 5 kW respectively.
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CHAPTER-8

CONCLUDING REMARKS AND FUTURE RESEARCH SCOPE

In this work, we have demonstrated the numerical simulations of visible, near and mid-infrared
ultra-broadband coherent SCG in highly nonlinear PCF designs based on silica, tellurite,
chalcogenide, and organic liquids for the major applications in spectroscopy, gas sensing,
medical, optical coherence tomography, wavelength-division multiplexing, and free space

communications.

A hexagonal shaped photonic crystal fiber in silica glass has been proposed which generated
a supercontinuum broadband spanning, ~0.67-2.4 um in 37 cm long fiber length with peak
power of 8 kW at pump wavelength of 1300 nm. A golden spiral shaped PCF in tellurite glass
has been investigated and we achieved an ultra-broadband supercontinuum of bandwidth 1000-
5500 nm at 1350 nm pump wavelength in a 5.5 cm long fiber length. We have obtained a
supercontinuum spanning, 1-14 um in 9 mm long GagShs2Seo chalcogenide based PCF at 4 um
pump wavelength and peak power of 8.19 kW. We have reported a coherent supercontinuum
broadband of bandwidth 10 um in 10 mm long GAP-Se based photonic crystal fiber using peak
power of 950 W and pulse width of 85 fs at 3.1 um. At the end we proposed a hexagonal-
shaped photonic crystal fiber infiltrated with organic liquids to generate the coherent

supercontinuum spectrum with spanning, 1-2.6 um with peak power of 5 kW at 1.55 um.
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This work can further be extended:

» To design and model the chalcogenide based photonic crystal fibers to generate the
supercontinuum at longer wavelengths.

» To design and model the chalcogenide based photonic crystal fibers with flattened dispersion
profile for supercontinuum generation.

» To study the high power supercontinuum generation in photonic crystal fibers for newly

reported chalcogenides.
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