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ABSTRACT

Photonic Crystal Fiber has property of generating SC due to non-linear properties and
dispersion. SC has many applications like spectroscopy, hyper spectral microscopy, and
spectral tissue imaging, optical coherence tomography, optical metrology, frequency

comb generation, spectroscopy, and multiplexing of wavelength bisection.

In this report, we discuss about the square core photonic crystal fiber using
chalcogenide glass AssgSes, as core and air holes in IR region. The designing and
virtual simulation is performed by applying the Modal Analysis segment in the
Electromagnetic Wave Frequency Domain (EWFD) in COMSOL Multiphysics®
software, which further calculated the eigenvalue problem for the Maxwell’s
electromagnetic equations by an approach of vectorial finite element method (FEM).
The design contains a core and a cladding. In this design, the cladding contains circular
air holes whereas the core consists of square chalcogenide glass. As core matter,
chalcogenide material Ass;gSeq; was used because non-linear index of refraction that is
two to three orders of magnitude higher than silicon dioxide. we observe that, at pump
wavelength 3.5 um, the nonlinear coefficient is spotted as 1290 W™ km™ and effective
mode area as 15.3 um®. After calculating various useful values noted above, we moved
towards our main goal is to generate supercontinuum pulse. We had taken observation
of SCG at different peak powers and different fiber lengths by keeping peak pulse at
constant value of 50 fs. When performed experiment, we got a maximum broadened

pulse of 2000 nm to 12000 nm in 4200 W peak power and 10 mm of fiber length.
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Chapter 1

Introduction

When high-intensity laser pulse interacted with a dielectric medium leads to non-
linearly evoked polarized light, that phenomenon falls within the scope of optical
nonlinearity [1]. The foundational difference between nonlinear optics and classical
optics is the behaviour of polarization induction at the time of interaction with

electromagnetic radiation.

One of the most eminent phenomena incorporated with nonlinear optics is the formation
of supercontinuum. Whenever a ultrashort laser pulse (highly intense) traverses through
a non-linear medium, processes such as self-phase modulation and induced Raman
scattering result in spectral broadening and temporal compression. Pulse propagation
creates a spectrum containing new frequencies that are often used as wideband multi-
wavelength light sources. Supercontinuum (SC) light can be produced in fabricated
optical fibers by usage of a variation in distinctive sources comprising Continuous
Wave fiber lasers [2], Q-switched lasers [3], picosecond fiber lasers [4] and high
recurring rate lasers providing pulses with mid-100 fs [5]. The formation of
supercontinuum was experimentally performed by Ranka et al. White light produced by
an 800nm laser made from micro structured Air silica fiber in 2000. In 1987, Kodama
and Hasegawa published a comprehensive explanation of momentum propagation called
the NLSE propagation equation. We will explain in detail why this led to the
development of an accurate mathematical model for simulating SCG using

computational techniques.

The production of supercontinuum(SCG) in mid-infrared optical waveguides is an area
of global interest. In most situations, PCFs are made up of a fine thread of fused silica
with a series of small open channels encircling a central core made of glass. Despite this
fact that the passage of transparency in lead silicate and silica glasses starts to narrow
off ahead of 1.9 m, Supercontinuum beam has been generated out to 3 um, though at a
much lower intensity [6,7]. Other core materials must be used if SC creation is to be
spread further into the mid-IR. Chalcogenide glass is one interesting contender, as it
combines a huge coefficient of nonlinearity (larger than 100 times that of silica) with a

transparent window that can reach out to 20 metres or beyond. Numerical and



experimental experiments are being conducted around the world to study MIR-SCG
from a variety of glasses such as silicon dioxide, chalcogenide and tellurite glass.
Studies are investigating MIR SCG step-index fiber optics, photonic crystal fibers, and

various channel waveguides.
1.1. Overview of the thesis

Our piece of work has been bifurcated into different chapters and sections/subsections
for representing knowledge, learning, research methodology and outputs in a structured
and well defined manner. The basic as well as theoretical nodes of our thesis are
presented in the beginning list of chapters. All the results and outputs are demonstrated
later in the work. The starting chapter has introduced the learner with normal
presentation of the field of nonlinear optics and applications of devices which is based

on nonlinearity factors.

Going ahead with a particular application named as supercontinuum generation, uses of
optical waveguides and mid infrared EM spectrum are discussed to specify their tasks in
advancement of science and technology. After summing up all the elements discussed
earlier, we illustrate the need for our performed work and highlighted our methods,

outputs and impact as brief report.

Chapter 2 emphasize the knowledge about Electromagnetic Wave and associations with

optical fiber. Classifications of optical fiber are also discussed with the working.

Chapter 3 describes about photonic crystal fiber with nonlinear properties. Apart from

these, Nonlinear effects are also discussed which are main aspect of this report.

Chapter 4 gives details about supercontinuum generation quantitatively and
qualitatively both. This chapter also provides ideology in calculation SCG Spectra at

any input parameters like pulse duration, peak power etc.

Chapter 5 gives all details about our research work that how we designed our PCF and

employed it for generation of supercontinuum pulse.

Chapter 6 discusses about our conclusion of carried research work.



Chapter 2

EM Wave and Interaction with Optical Fiber

2.1. Electromagnetic Wave Spectrum

An EM wave is defined as a travelling pair of segments of magnetic and electric field
and both the field vectors surround a 90° angle in the media. Frequency f is the physical
quantity responsible for determining the internal properties of the electromagnetic wave.
Sometimes, the wavelength A is often used as a characteristic quantity of EM waves due
to historical advancements. This represents the propagation length in which beam

travels with period of T = f*,
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Fig 2.1: Flow of an electromagnetic wave.
Ref at [15]

The typical wavelength spectrum of waves is ranging from 107> m (1 fm; cosmic
radiation) up to 10’ m (10,000 km; high-, medium- and low-frequency AC currents). As
we know only small part of all EM waves spectrum are visible to the human eye and are
lie in the gap of 450 and 700 nm. Normally, the terminal point of ‘light’ is defined for
wavelengths gap of 300 and 2000 nm.

400 nm 700 nm
Cosmic Gamma X-Ray Ultra- Infrared Tera- Micro- Broad- Alternatic
rad@ation violet hernz waves casting current
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Fig 2.2:- The Frequency Spectrum of EM Waves Ref. at [15]



Non-onzing radaton lonizng radiabion

A A

r a4 ) )
Lower Hghet
- T . : - Photon energy
(electron volis
10 10 0.001 ' 1000 1000000 -
i:{ '.\avrgq.e oven Gamma rays I
| 1 ’ Q{_-_E X-rays (sof) (hard)
Infrared (heat) . Ultragviciedt (UV)
Visle 4 ight .
Radio  Mcrowaves Sl g .a‘ Name of radaton
[ =
W Short radio waves 7T Radwactve
odemants
B TV FMedo
. Standard and long-wave rado
Longer Shorter
*~3 T T T T T * ‘Navelength (metres)
10 1 10 1 10" 10"
T v T T T . * Frequency (H2)
o 1w 10 10" 10" 10>
Lower Higher

Fig 2.3: Electromagnetic wave spectrum Ref. at [16]

In vacuum, EM waves propagate at the speed of light (3 x 10% m/s), X-raysvisible part
of spectrum, micro and radio waves, and light are segments of the different forms of
electromagnetic waves each characterized by wavelength and respective frequency. The
microwave part of the spectrum is in the range of frequency (300 to 300,000 MHz), so it

is defined as non-ionizing form of EM energy.
2.2. Optical Fiber-Basics

Optical fiber is a data transmission technology that uses light pulses propagate along
optical fibers, constructed of plastic/glass. Optical Fibers are prioritized for fiber optic
transmission results the signal to be transmitted with less attenuation. Fiber optics are
also immune to EM interference. Optic cables uses TIR (Total Internal Reflection).
Fiber optics are fabricated in such a way that light propagates along with them,
depending on the need for power and transmission distance. For long-distant
propagation, single-mode fiber is used while multi-mode fiber is used for short-distance

path. The outer layer of these fibers requires better protection than metal wires.
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Fig 2.4: Diagrammatical Representation of Optical Fiber

Image courtesy: Circuitbread.com

2.2.1. Types of optical fibers
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Four combination pairs of optic fibers on the basis of mode of propagation and

refractive index are given as follows:

 Step index Single mode fibers
o Graded index Single mode fibers



o Step index Multimode fibers
e Graded index Multimode fibers

2.2.2. Working of fiber

Fiber optics operate on the principle of total reflection. Beams can carry huge amounts
of data, but the problem is that they travel in a straight line. So without long straight
lines with no bends, it can be very tedious to use. Instead, fiber optic cables are
designed to bend all beams inward (using TIR). The beam moves continuously and
reflects off the fiberglass wall to transmit data end-to-end. The optical signal degrades
with distance, but depending on the purity of the material used, the losses are much
lower than for metal cables. A Fibre Optic Relay System contains following

components:

The Transmitter —production of the light signals and encoding for transmission.

The Optical Fibre — provides a defined path for transmission of pulse.

The Optical Receiver —receiver of the transmitted light pulse and decoding.

The Optical Regenerator — long distance propagation module.



Chapter 3

Photonic Crystal Fiber and Its Properties

3.1. Definition-PCF

Photonic crystal fibers (also known as holey fibers, micro structured fibers) have
waveguide characteristics derived from very small, closely spaced air arrays rather than
spatially varying glass compositions. A hole that runs the entire length of the fiber. Such
air filled perforations are obtained by using a preform with (larger) holes. For example,
stack capillaries and / or entire tubes (stack tube technique) and insert them into larger
tubes. Typically, this preform is first a tube with a diameter of, for example, 1 mm, and

then a fiber with a final diameter, for example, 125 pm.

Fig 3.1: Design of solid core PCF

Structure:- triangular pattern of air holes missing the central hole. Air holes of dimensions of a few
micrometers (Image Courtesy: RP Photonics)

Mixed characteristics of optical fibers and photonic crystals they attain a collection of
distinctive properties nearly impossible to get in classical fibers. PCFs can be designed
in a variety of ways. There are various variables to play with, including pitch of lattice,
air hole form and diameter, refractive index of the glass used, and type of lattice.
Because of the freedom of design, it is possible to generate infinitely single mode fibres
that are single mode over the whole optical spectrum and do not have a cut-off
wavelength. In addition, PCF has two guiding mechanisms: index guiding (similar to
that found in traditional optical fibres) and photonic bandgap guiding. There is a

possibility in designing the desired fiber dispersion qualities by modifying the structure.



At visible wavelengths, PCFs with zero or anomalous dispersion can be developed and
produced. Over a wide range, the dispersion can certainly be flattened. Nonlinear fibers
work within regime of anomalous dispersion and tiny mode field regions are

exceptional. Large, solid or air core single mode fibres, on the other hand, are possible.

3.1.1. Optical Properties

> High Birefringence

Birefringence is the optical property of a material having a refractive index which is
dependent on the intrinsic property of polarization and also in propagation direction
of light. Linear polarized mild parallel ray and contrary heading will specific choppy
effective indices of refraction (ne & n,) for instant and regular growing beams
separately. At the factor whilst an un-captured low emission is going via cloth with a
nonzero severe facet to the optical hub, the oppositely spellbound section can also
additionally confront refraction at an facet in line with the normal regulation of
refraction and its contrary component at a non-general factor seemed through the
difference among the two compelling refractive data known as because the

birefringence extent [8].

> Dispersion

Dispersion is the light pulse spreading outside with respect to time as it propagates
down the fiber. Fiber optic dispersion includes model dispersion, material dispersion,
and waveguide dispersion.

Dispersion

|
Waveguide
Dispersion

Material Modal
Dispersion g Dispersion




Material Dispersion

Modal Dispersion

Waveguide Dispersion

It is a process in which
variable optical wavelengths
traverses at different
velocities, relies on the value
of refractive index of the
matter used for construction
fibre core

Mode dispersion is a
distortion mechanism that
occurs in multimode fibers
and other waveguides
where the signal diffuses
over time Dbecause the
propagation speed of the
optical signal is not the
same in all modes.

The distribution of energy
taking place from varied
speeds or RIs in the fiber’s
core and cladding. It's
impossible to debar
waveguide dispersion as in the
case of both modal and
chromatic dispersion types.
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Fig 3.2: Wavelength vs. Dispersion Graph Ref. at [17]
> Low Confinement Loss

Confinement losses are referred as those observed losses from the leakage factor of the

observed modes and the imperfection in structure of the PCF fiber.




> Non-Linearity
Nonlinearity in fiber takes place when traversed optical signals are very powerful, and

limits the above limit of signal strength in fiber propagations.
Nonlinear coefficient is given by

2mn,
)/ =
A«Aeff

(1)

> Effective mode index and area

A numerical value calibrating the delay in phase per unit length in any waveguide, with
relation to the delay in phase in vacuum/space is known as effective mode index.

A quantitative measure of the area which a mode of fiber envelops in the transverse
extent in effective manner and is closely related to the bending loss, numerical aperture
and dispersion of optical fiber.

Effective mode area is given as

_ (I EPdxdy)
1% EI* dxdy)

(2)

> Zero Dispersion Wavelength

Zero-dispersion wavelength is the wavelength or wavelengths at which material

dispersion and waveguide dispersion cancel one another.

3.2. Nonlinearity

The advent of the laser spurred research into high-intense optics, leading to latest
phenomena like the creation of new colors from a single colored light in a transparent
crystal or the self-focusing of a single colored light optical beam in a homogeneous
liquid that cannot be obtained. observed with ordinary light. The normal optical
properties of the material cannot be assumed to be constant at the magnitude required to
cause these types of effects, instead become the use of luminescence. Nonlinearity in
optics is the science of optics in this area. The theory of optical nonlinearity is based on
a well-known theory: Linear optics, especially the part discussing about the interaction
of light along with the matter. Ordinary matter is a positively charged nucleus (atoms or
molecules) and covered negatively charged electrons. Light contacts with substances

10



mainly mediated by valence electrons in the outer electron shell Orbit. The basic
parameters of this theory of interaction between light and matter are as follows. Photo
induced electron material’s polarization and extension of parameter in the non-linear

area, A wide variety of optical phenomena at high intensities [9].

3.2.1. Nonlinear effects

> Diffraction Tuning
Diffraction gratings as a coordinating factor for synchronously excited optical

parametric oscillators have many advantages. It provides an agile adjustment
mechanism (compared to the temperature adjustment of nonlinear crystals) and can

suppress the resonator length-dependent adjustment behaviour normally observed.

> Self-Defocusing

The effect of a material whose index of refraction drops with increment in optical
intensity on a laser beam that is more powerful and intense in the centre than at the
edges, causing the beam to defocus since the refractive index profile corresponds to that

of a negative lens.

> Generation of Spatial Solitions

A light field that is unchanged during propagation due to the delicate balance between

non-linear and linear effects in the medium. There are two different blocks of soliton.

> Supercontinuum Generation

Supercontinuum creation is a combination of nonlinear optical effects that spectrally
broaden a laser beam that is initially almost having monochromaticity. This can be
achieved, for example, by sending short, intense flashes of light through a photonic

crystal fiber.

11



Chapter 4
Concept of Supercontinuum Generation

4.1. Definition of SCG

Supercontinuum creation is the process by which laser light is transformed into signal
possessing broad spectrally induced bandwidth (that is, temporal coherence is very
low). Ultra-wide continuous light spectrum is formed. This means that temporal
coherence remains very low, while spatial coherence remains largely high. Spreading in
spectrum is basically achieved by travelling a light pulse through a heavy non-linear
device. For example, you can send an amplified ultra-short beam through a small part of
glass. On the other side, a pulse can be sent with much decreased pulse energy via an
optic fiber with a waveguide structure where longer propagation distances in a ultrafine
effective mode region is admitted. Photonic crystal fibers are of particular interest,
primarily due to their anomalous wavelength dispersion characteristics, which can allow
strong non-linear interactions over fibers of considerable length. Even with moderate

input power, you can get a very wide spectrum.

Fiber optics are often used to create supercontinuum. Photonic crystal fibers can be
manufactured with tailor-made color dispersion characteristics and have strong mode

limitations, which also increases non-linearity.

Supercontinuum light is a unique and versatile ultra-wideband source with high spectral
power density and high coherence comparable to white light lasers, with several lights
for light detection and illustration from frequency comb measurements, Clocked pulse
generation. Steady technological advances in the development of new laser sources, the
design and manufacture of optical fibers and waveguides, and the availability of highly
nonlinear materials have led to the generation of supercontinuum in the unexplored

parts of various nonlinear media and optical spectrum [10].

The physical mechanism behind supercontinuum production in the fiber is highly
dependent on the wavelength dispersion and length of the fiber, pulse width, initial

strength of the peak, and peak pump wavelength

12



When using femtosecond (fs) beams, spectral spread can be a result by the phenomena
of self-phase modulation. In the region of anomalous dispersion, the mixing of self-
phase modulation and dispersion can result in complex dynamics in soliton, such as the

dividing of upper-order solitons into many basic solitons (soliton divisions).

If pumped with picosecond (ps) or nanosecond (ns) pulses, phenomenon like Raman

scattering and four-wave mixing can admit a significant role.

-20 F

40 H

-60

power spectral density (dBm/THz)

-80

400 600 800 1000 1200 1400
wavelength (nm)

Fig 4.1:- Numerically designated outputs - SCG in a very small segment of fiber.

Image Courtesy: RP Photonics

4.2. Calculation

For recording SCG we have to simulate the generalized nonlinear Schrodinger equation

(GNLSE) for output beam packet A(z:t) by applying (split-step) Fourier method [10].

n+1 n
dA +24 (Zﬂn aA)_ (1+——A(zt)f R(EDIAGZ t — YAt (3)

n! oJt"

where, A(z;t) denotes packet of the optical beam field, t represents time and vy is
representing the nonlinear coefficient. Bn are coefficients of dispersion acquired by a
expanding the Taylor series of the particular constant f(w) around the mid frequency wo

The response function including the Raman and Kerr nonlinearity(s) is denoted by R(t).
Where we can assume that the electronic contribution is almost instantaneous, then the
R(t) is represented by well-defined functional form given in the following way

R(t') = (1= f)6(0) + frhe (t) (4)

13



fr used for the fractional contribution of the retarded Raman response, and h,.(t) used as
Raman response function that stores all the details on the respective shaking of
molecules of material as light traverses along the fiber and given by

L T 4T3 t"\ . [t 5
R exp 5 sin o )

4.3. Applications

Supercontinuum sources are generally light possesses broad optical bandwidth (ie, short
temporal coherence value), but on the other hand to sufficiently collimate and focus the
light for color (with some limitations). Used for purposes that require high spatial
coherence. aberration). For example, such a light source is often used in combination
with a monochromator as a spectroscopic adjustable light source. On comparing with
tunable lasers, supercontinental sources can normally covers a much larger range of
wavelengths. On the other hand, its power spectral density is much lower. Only a small

amount of power can be obtained. It is transmitted via a narrowband monochromator.

4.4 Important terminologies of SCG

> Pulse duration

The pulse width 1, is denoted as the FWHM or full width at half maxima value, the

width of the time gap at which the delivered power is equal to half of the power at peak.

Pulse duration

Fig 4.2: Input Pulse Duration ref at [18]

14



> Peak power

The peak power of a laser beam is the optical power generated at maximum extent. Due
to the possibility of less pulse time with optical beams, peak strength can be very large

at medium pulse energies.

Ep
P, ~ 0.88 - (6)

Pulse energy E, = integration of optical power over the span of time
P, =Peak power
1, = Time duration of pulse

fs = magnitude dependent on the shape of pulse. For example, magnitude is ~ 0.94

(Gaussian-shaped pulses) or ~ 0.88 (sech®-shaped)

Fulse width FuwWwHM
el ———

— Peak

= - poOwWe
“" A /\ A ----- i
p=1J

a : tirme

el —

P-t-p time
Fig 4.3 Peak Power and Pulse Width (Image Coutesy: Calctool.Org)
> Pump wavelength

It is basically the emission wavelength of the given laser. For spectral broadening, pump
wavelength kept near Zero dispersion wavelength (ZDWL) which means that

continuous wave light is broken down into pulses due to modulation instability.

15



Chapter 5

Model Designing and Analysis of SCG Results

In this chapter, we will discuss about our proposed PCF for supercontinuum generation
and simulations of SCG done at different peak powers and fiber lengths. Beside of
SCG, we also calculate effective mode index and respective area along with dispersion
characteristics with a particular zero dispersion wavelength (ZDW) which gives strong
evidence of non linearity presence in our structure and gives strength and justification to

our simulated results.
5.1. Designing of PCF for SCG

Using AssgSes, chalcogenide glass as the core and air holes in the IR region, we have
developed a square core photonic crystal fiber that provides very high optical
nonlinearity of 1290 W' Km™ at 3.5 um and provides a flat dispersion profile. This
fiber was used to numerically simulate SCG using a low power pump pulse with a
duration of 3.5 pm and a duration of 50 fs. At the end of the 10 mm fiber, a pulse with a

peak power of 4200 W can achieve an SC spread of approximately 200-1300 nm.

Fig.5.1. Proposed PCF Structure

Model Parameters

Our parameters consideration for designed PCF is given as following

i) Side of square core(s) =5 um
i) Four array of air holes with radius (r)— 0.6 um

16



iii) Pitch (A) =1.5um
iv) PML Width = 1.8 um
V) Refractive Indices of Core and cladding is given by Sellmeier Equation

Sellmeier_Equation:- Sellmeier's equation is an actual relations bridges the index of

refraction and wavelength of a particular transparent medium. This equation is used for
calculation of the dispersion of beam in the particular media. Equation of AszgSes; is

given as follows

(3.90571%) . (0.94661%)
12 —0.4073%2 ' (12 — 40.0822)

n2(1) = 3.7464 + @)

5.2. Material selection for PCF

There are several types of materials used in the manufacture of optical fibers. Fiberglass
Is most often made from silicon dioxide, but other materials such as fluorozircontate,
fluoroaluminate, chalcogenide glass, and crystalline materials such as sapphire are

suitable for long-wave infrared or other special applications. will be used.

Materials

1 1
0 Fluoride Phosphate Chalcogenide
Silica Glass Glass Glass

=l Zirconium — Silicon

=1 Barium =1 Selenium

=1 Lanthanum = Tellurium




5.3. Why do we choose chalcogenide optical fiber for Mid-
Infrared Supercontinuum Generation?

In addition to the pump source, the amplification or conversion medium is very
important for producing the Mid IR range of supercontinuum. In general, there are two
categories of Mid IR fibers, passive and active fibers. Passive fibers are used for
carrying infrared information, and active fibers use non-linear effects or rare earth
doping to generate Mid IR light [11].

Permeability depends on the constituent chalcogen elements such as sulfur, selenium
and tellurium [12]. As a result, As-S fibers can penetrate 1-6.5 um [13], As-Se fibers
1.5-10 pm [14], and Tellurium fibers can penetrate 14 um or more due to their high
atomic weight. In terms of optical non-linearity, chalcogenide glass has a non-linear
index of refraction that is two to three orders of magnitude higher than silicon dioxide
[12].
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Fig 5.2. Comparing loss at mid-infrared of chalcogenide optical fibers to silica Ref. at [11]
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5.4. Step By Step Procedure to calculate and plot Supercontinuum
Spectra.

During the simulation process of 2D PCF structure, we travel from different milestones.
It is a step-by-step process in which SCG spectra is the last executed step and gives
final results. In between, we come to know about effective indices, effective area and
dispersion characteristics. Main thing we have to observe is to most important effective
index and zero dispersion wavelength which gives us way to find the pump wavelength
suitable with this proposed PCF and performing the simulation further. is a flow

diagram/flowchart for indicating simulation procedures presented below.

Photonic Crystal Fiber
Modal Simulation

Effective Mode Area Effective Mode Index

_ - Dispersion
Non-Linear Coefficient Chara?:teristics

(Zero Dispersion
Wavelength)

Generalized Nonlinear Schrodinger Equation for SC
Spectra

SCG Spectra

Both the GVD and nonlinearity of any matter are significant properties for the

production of wide and efficient SCG.
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5.5. Observations

In this section, we will discuss about our observations at different steps of simulation.
We also pointed out things which are necessary for further calculations and

observations.

5.5.1. Effective Mode Index and Area

Fig 5.3. Fundamental mode field at 2um(left) & 6um(right) wavelength

Effective Mode Area (um“)

I 1 1

3 4
Wavelength (in micron)

Fig 5.4. Plot of Nonlinear Coefficient and effective mode area of proposed fiber

Figure 5.4 depicts the plot of nonlinear coefficient and effective mode area versus
wavelength in micron. Whole observation is taken at a passage of mid-IR bracket. From
the plot, we can observe that, at pump wavelength 3.5 um, the nonlinear coefficient is

spotted as 1290 W™ km™ and effective mode area as 15.3 um?® Another observation is
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that effective mode area is decreasing with increment in wavelength and nonlinear
coefficient is increasing with increment in wavelength. From this plot and results we
can conclude that our both numerical calculated values are suitable for SCG generation.
We have tried to keep the effective mode area at its smallest extent value for enhancing
the nonlinearity playing inside the PCF. More the nonlinearity, more broadened SCG
can be observed and used as applications in many aspects. Apart from these
observations, we moved ahead with dispersion characteristics and set a goal to find a
perfect zero dispersion wavelength which act as pump wavelength for our SCG

simulation experiment.

5.5.2. Dispersion characteristics
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Fig. 5.5. Plot of dispersion with respect to wavelength at holes of size 0.5 um and 0.6 um
Flattened graph and ZDW achieved at 3.59 um at holes of 0.6 um

Figure 5.5 depicts the flat dispersion versus wavelength with normal and anomalous
dispersion values at different values of wavelength and gives us a particular point which
marks transition from normal to anomalous regime which is called zero dispersion
wavelength and observed at 3.59 um. From the observed ZDW, we can perform the
experiment at suitable peak pump wavelength of 3.5 um. In next and final step, we use
this pump wavelength of 3.5 um for broadening the resulting pulse at greater extent by
variating the input parameters like peak pulse power & fiber length and observe the
changes in SCG.
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5.5.3. Supercontinuum generation

In this subsection, SCG spectra is simulated at different peak pulses, fiber lengths by

taking constant value of pump wavelength of 3.5 um.

5.5.3.1. SCG at different peak power
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Fig 5.6. SC spectra at different peak powers at 10
mm fiber length and peak pulse of 50 fs
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Fig 5.7. SC spectra at different Tryym Value at 10
mm fiber length and peak power of 4200 W

Figure 5.6 depicts the SCG spectra at different peak powers such as 3800 W to 4400 W

etc by taking constant values of peak pulse of 50 fs, pump wavelength of 3.5 um and

fiber length of 10 mm. In each of the spectra, we can see a distinct broadening from
2000 nm to 14000 nm and intensity from 0 dB to 30 dB but among these spectrum,
perfect broadening is observed at 4200 W. Other observations are noted in figure 5.7

that as we increase the Trwum Value, broadening is decreasing. Our main motive is to

extract broadened spectra without any discontinuity. Hence, we get favourable SCG at
4200 W with the broadening from 2000 nm to 12000 nm without discontinuity.
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5.5.3.2. SCG at different fiber length

Output Spectrum
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Fig, 5.8. Symmetrical SC spectra at 0Omm fiber length and peak pulse of 50fs

Figure 5.8 depicts an symmetrical pulse which is recorded at 0 mm length fiber by
taking constant values of peak pulse 50 fs, pump wavelength 3.5 um and peak power of
4200 W. Reason behind symmetrical pulse is the effect of only one type of non-

linearity i.e., self-modulation which comes into play at 0 mm fiber length.
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Fig. 5.9. SC spectra at different fiber lengths at peak power 4200W and
pulse width (Trwhm) of 50fs (LOF=Length Of Fiber)
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Figure 5.9 depicts SCG spectra at different fiber lengths range from 2 mm to 10 mm by
taking constant values of peak pulse 50 fs, pump wavelength 3.5 um and peak power of
4200 W (4200 W gives a suitable SCG at previous observation, hence we have taken
this particular peak power). Here we can observe that there is a transition from
symmetrical pulse (given in section 5.5.3.1) to asymmetric shaped pulse which is the
resultant of acting of various non-linearities like Raman scattering, cross phase
modulation along with self-modulation. As we increase the fiber length, increment in
broadening is observed with a maximum broadening of 2000 nm to 12000 nm in 10 mm

fiber length.
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Chapter 6

Conclusion

In our research work, we have presented a square core AszgSes, chalcogenide fiber and
employ it for generation of supercontinuum pulse. First we go through modal analysis
and calculated effective mode indices with respective areas. From the plot, we can
observe that, at pump wavelength 3.5 um, the nonlinear coefficient is spotted as 1290
W km? and effective mode area as 15.3 pm?. Then we plotted the dispersion versus
wavelength graph which has provided us ZDW value at 3.59 um and helped us to select
3.5 um as pump wavelength because below 3.59 um, dispersion curve lies in normal
regime. After calculating various useful values noted above, we moved towards our
main goal is to generate supercontinuum pulse. We had taken observation of SCG at
different peak powers and different fiber lengths by keeping peak pulse at constant
value of 50 fs. When performed experiment, we got a maximum broadened pulse of
2000 nm to 12000 nm in 4200 W peak power and 10 mm of fiber length which is very
much suitable for various applications like coherence tomography, optical metrology

etc.
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Mid-IR supercontinuum generation in dispersion flattened
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Abstract - We have created a PCF with square shaped core using chalcogenide material
As;gSeq as core and air holes in IR region, which yield very high optical non linearity of 1290
W'Km' at 3.5 pm, further gives a flat dispersion profile. The fiber has been used for
numerically simulate SCG using low power pump pulse width (Trwum) at 50 fs duration at 3.5
pm. At the end of 10 mm fiber, SC broadening of about 2000 to 12000 nm can be achieved
with pulses 0of 4200 W peak power.

1. Introduction

Light is guided by photonic crystal fibers by restricting it within a recurring grid of small holes that
goes the full span of the fiber. Depending on the exact arrangement of holes, they have several unique
qualities like elevated nonlinearity, endlessly single mode operation, effective area, chromatic
dispersion and high birefringence. PCF has property of generating SC due to non-linear properties and
dispersion. Supercontinuum origin with structural coherence, wide bandwidth, and high intensity have
many useful applications, such as spectroscopy, hyper spectral microscopy, and spectral tissue
imaging, optical coherence tomography [1], optical metrology [2], spectroscopy, frequency comb
generation [2], and multifold of wavelength division. When a nonlinear medium, like fused silica glass
or PCF receives an ultrashort optical pulse, it produces a nonlinear response, the output group of
spectra becomes much higher than the spectrum fed in input end, known as supercontinuum
generation. Alfano and Shapiro first discovered this phenomenon in 1970s [3, 4]. Aside from the pump
source, the gain medium or conversion medium is critical for the generation of supercontinua in the
middle of IR region. Mid-IR fibres are divided into two types: passive fibres and active fibres. Passive
fibres are used to transmit infrared data, whereas active fibres use nonlinear processes or rare-earth
doping to generate Mid-IR light.

One or more chalcogen elements from Group VI A, such as Sulphur, Tellurium, Selenium, are
mixed up with different metalloid elements such as (Arsenic, Germanium, Antimony, and so on, to
form chalcogenide materials.) [S]. We have used the chalcogenide material (As;gSeg;) in our proposed
design of PCF. As-S fiber can transfer from 1 - 6.5 pm, As—Se fiber can transfer from 1.5 - 10 um,
and Te-made fibers due to heavy atomic weight, can transfer beyond the 14 pm [5]. Chalcogenide
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material have some unique properties like broad IR transparency range and possess a nonlinear
refractive index that is twice or thrice of magnitude larger than silica in the terms of optical
nonlinearity. In mid-IR range and near-IR range, after exploring different methodologies, Ultra SC
spectra are achieved in many works [6-10]. In the category of chalcogenide glasses, As,Se; and
As;sSeq, have nonlinear coefficient of approximately 100 times larger than the silica glasses. Ass;gSes,
have certain advantages and features by which we and many researchers are attracted by this material,
it have huge stability against crystallization process than As,Se;. Apart from these features, additional
features are low-loss nature and high transition temperature (165° C) which makes its appropriate for
SC generation in Mid-IR region [11-12]. Works done by keeping As;sSegs, as fiber material have
several evidences. Moller et al simulated the same material PCF from 1.7-7.5 um with pulse of 320 fs
having zero dispersion at wavelength of 3.5um[13]. Ghosh et al. reported a supercontinuum expands
in range of 3.1 to 6.02 micron and 3.33 to 5.78 micron [14]. S Vyas et al. also simulate the methods of
GNLSE and extracted a SC range of 2-9um at parameters like peak pulse of 252 fs, highest peak
power given as 1.33 kW and length of fiber given as 200mm [15].

In our proposed research work, we have demonstrated and simulated supercontinuum
generation in IR region using chalcogenide material (As;sSeq;) as core material and air holes as
cladding layer. We have calculated supercontinuum at pump wavelength 3500 nm and also we have
taken different observation for different peak power, and fiber length.

2. Characteristics Of PCF Structure

In our proposed work, finite element method or FEM based appropriate package of software
“COMSOL Multphysics” is used for simulation process of effective mode index of a particular
fundamental mode and investigation of respective dispersion characteristics also. Proposed PCF is
designed by wavelength dependent refractive index chalcogenide glass As;sSes, as core material
whose Sellmeier equation is used and described as follows[14,15] and holes are taken of air

(3.9057x12) (0.9466+12) )
A2-0.40732 (12-40.0822)

n2(1) = 3.7464 +

The Group Velocity Dispersion or GVD perform a significant aspect in SC generation because it
simplifies the range of various spectral components of ultrashort pulses travel at variable phase
velocities in PCF. Both GVD and nonlinearity of material are two main aspects for SCG generation.

?\dzneff
D) =23 @

Nonlinearity of material totally depends on the nonlinear refractive index of applied material is given
as follows [16]

2mn,
‘y =
AAeff

(3)

In above formula, n, is defined for nonlinear refractive index of As;g Seg, glass and contains value
1.13 x 107 m*W' [16]. The numerical value of y can be increased by choosing materials with large
nonlinear refractive index and PCF designs with less effective mode area. A is the pump wavelength
whose value is 3.5 um.

The effective area of travelling fundamental mode in fiber is formulated by using formula given as
follows [17]
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Where E is the transverse distribution of electric field is extracted by simplifying eigenvalue
problem from Maxwell’s equations. For generation of Supercontinuum, a generalized nonlinear
Schrodinger wave equation or GNLSE is solved with the help of Split-Step Fourier
Method(SSFM)[ 18]

dA+aA Z imtlgnA . (1+ i a)A( t)fooR(t’)lA( ¢ tl)lZdtl 5
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From the above equation we can conclude that left hand side explains the effects of linear propagation
and right hand side discusses about nonlinear effects of PCF. a denotes for linear loss and the value is
0.9 dB/m [19], t denotes for time, w, represents n™ derivative of the constant of propagation P,
distance is represented by z.

R(t’) in the above equation describes the nonlinear Response function by consideration of nuclear and
electronic contributions and the given equation of R(t’) is written as follows[20]

R(t") = (1= f)8(8) + frh,(t)) (6)

7+ 12 t"\ [t
h,. = exp|——sin|— (7)
T1T2 T2 71
In equations, f; is the fractional contribution of As;sSes, chalcogenide glass whose value is 0.1. Raman
parameters are defined by 7, = 23.14 fsand 7, = 157 fs [14].

3. Design parameter of proposed PCF

Figure 1. Proposed PCF Structure Figure 2. Fundamental mode field at 6um wavelength



Table 1. Parameters of proposed PCF

Sr. PCF Parameters

No.

1 r 0.6 um Radius Of Air Holes

2 A 1.5 um Pitch (Centre to Centre distance
between holes)

3 PML 1.8 um Perfectly matched layer

4 S 5 pum Side of square core

We have presented a square As;gSeq, chalcogenide glass made core with length of side as Sum with
surrounded holes at four directions given in figure 1. For better flattened dispersion profile, we kept
the symmetry of the fiber by keeping the diameter of air holes same in x-axis and y-axis as 1.2 pm.
The centre to centre distance (pitch) of air holes is kept constant and declared by A whose value is 1.5
pum. Inclusion of cylindrical shaped perfectly matched layer or PML declines the reflection back effect
at boundary region. Our aim is to achieve flat normal dispersion region and acquire zero dispersion
wavelength which helps us to grab our pump wavelength for SC generation. Square core is taken for
its high mode area which adds up to nonlinearity magnitude. After simulating for fundamental mode in
square core PCF at 6um wavelength, we get such type of output given in figure 2.

4. Results & discussions

After exploring the numerical simulations of the proposed square core chalcogenide PCF structure
have acquired a wide dispersion above the anomalous region given in figure 3. A zero-dispersion
wavelength is obtained at 3.59 um with anomalous dispersion range that is well suited for pumping of
the PCF with a peak pump power at pump wavelength given as 3.5 um.
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Figure 3. Plot of dispersion with respect to Figure 4. Plot of Nonlinear Coefficient and
wavelength at ZDW 3.59 um. effective mode area of proposed fiber

Apart from dispersion flattening, there are two parameters also to taken care of. These are nonlinear
coefficient and effective mode area at fundamental mode. For simulation of these parameters, we
obtained a plot of nonlinear coefficient and effective mode area with respect to wavelength shown in
figure 4. From the plot, we can observe that, at pump wavelength 3.5 um, the coefficient of
nonlinearity is spotted as 1290 W' km™ and effective mode area as 15.3 um”.



After exploring the linear and nonlinear characteristics of PCF, calculating the coefficient of
nonlinearity and EM area and plotting both the normal as well as anomalous dispersion regime with
zero dispersion wavelength or ZDW at 3.59 um, we have to proceed with SC generation part by
extrication of GNLSE which was acquired by split step Fourier method or SSFM for input pulses at
variable peak powers, different lengths of fiber etc. Figure 5 display the Supercontinuum broadening
at 4000 W with the length of 10 mm fiber.
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Figure 5 shows that at increment in peak power from 3800 W to 4200 W by keeping length of fiber
and pulse width (Trwawm) constant at values 10 mm and 50 fs respectively, there is a broadening in SC
generated at every case. At 3800 W, there is a breakage in SC pulse and same thing happens to 4200
W. We get a best and optimized broadening at 4200 W with a broadened SC with range of 2 pm -12

pum.

Figure 7 shows that at increasing the length of fiber from and pulse width (Trwnm) constant at
values 4200 W and 50 fs respectively; there is a broadening in SC generated at every case. At 10 mm,
we get maximum broadening of 2 um -12.0 um. At 0 mm, there is a symmetrical pulse which is due to
only SPM (Self Phase Modulation) shown in figure 6. But when we increase the fiber length, many
nonlinear effects come into play like four wave mixing, Raman scattering which diminish the
symmetrical nature and offers us a broad SC spectra. Such Mid-IR SC spectra offers application in
optical tomography, spectroscopy, detection of cancer cells, food quality control etc.



5. Conclusion

Our proposed design of PCF offers a broadening of Supercontinuum pulse at a range of 2-12 um
which mostly covers the mid-IR region at peak power of 4200 W having the length of 10 mm and
pulse width (Tewmm) of 50 fs. Along with the SC broadening, we get a high nonlinearity value of 1290
W'km™ at pump wavelength taken as 3.5 um and effective mode area calculated as 15.3um”. From
figure 7, we can understand that if we increase the peak power beyond 4000 W and below 3800 W,
there is a discontinuity of SC pulse.
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