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Abstract

The main aim of this thesis is to design a simple photonic crystal fiber for
supercontinuum generation in the mid-infrared region. | propose and further
optimize a new photonic crystal fiber having circular ring structure by using
chalcogenide glass. In next step by tailoring zero-dispersion wavelength up to 2.0
um and 2.5 pum, supercontinuum generation obtained in the proposed photonic
crystal fiber in the anomalous dispersion regime. Whole design was focused on
fibers based on materials as arsenic-selenide glass and arsenic-sulfide glass, using
arsenic selenide glass obtained supercontinuum broadening from 1.2 um up t0 9.0
um. The proposed circular lattice photonic crystal fiber with ultra-wideband
supercontinuum is highly desirable for purposes of spectroscopy, food quality
control, pulse compression, gas sensing and various nonlinear applications.
Beside this supercontinuum generation on suspended core fiber and hexagonal
photonic crystal fiber based on PBG-08 glass is also analyzed. From numerical
results supercontinuum spectra up to 2.5 um based on PBG-08 glass is obtained.
The effects on Supercontinuum spectra by varying peak power, pulse duration,
length of PCF are studied.
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1.Introduction

1.1 Introduction to photonic crystal fiber

Optical fibers in their simplest form achieve guidance through total internal reflection (TIR)
by consisting of two regions: a high-index core and a cladding region of slightly lower refractive
index (Fig. 1.1a) enabling TIR along their length. Both materials used for the core and cladding
are generally fused silica with the addition of different dopants to slightly modify the refractive
index [1].

@ (b)

Neore >n cladding

Fig. 1.1. Cross section view of (a) conventional optical fiber (b) photonic crystal fiber.

In 1996, a new kind of optical fiber was reported known as photonic crystal fiber (PCF) or
microstructured optical fiber (MOF), instead of having a cladding region formed from bulk
glass, had a cladding region consisting an array of microscopic air holes running along the fiber
length (Fig. 1.1b). Control of the effective refractive index allows significant engineering of
fiber properties such as dispersion and nonlinearity. PCFs can exhibit some unique properties
which are not observed in conventional fibers such as they can support the fundamental guided
mode regardless of wavelength [2]. There is a great variety of air hole arrangements, leading to
PCFs with very different properties. By changing the pitch and air hole size, the dispersion and
nonlinearity can be modified (see Fig. 1.2). The number of rings of air holes in the cladding is
also an important quantity, impacting confinement loss. The birefringence of PCF can be
modified easily by introducing two-fold symmetry to the cladding [3]. All these PCFs can be
considered as specialty fibers. The simplest type of PCF has a triangular pattern of air holes,
with one hole missing (see Figure 1.1b), i.e. with a solid core surrounded by an array of air
holes. Most PCFs are made of pure fused silica however various PCFs made of other materials
have been demonstrated, most notably of heavy metal soft glasses. Common method for PCF
fabrication is stack and draw method. Procedures for fabrication are illustrated in Fig. 1.4.
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Fig. 1.2. Key parameters of photonic crystal fibers.

Photonic crystal fibers can be divided in two categories: index guiding photonic crystal fiber
and photonic band gap fiber (PBG). Have a solid core like conventional fibers in index guiding
PCF, light is confined in this core by exploiting the modified total internal reflection mechanism
(see Fig. 1.3). In PBGs the core region has a lower refractive index than the surrounding
photonic crystal cladding [8]. The light is guided by a mechanism that differs from total internal
reflection in that it exploits the presence of the photonic band gap. This allows fibers to be
fabricated with an air-core.

Fig. 1.3. (a) Index guiding PCF (b) PBG.
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Fig. 1.4. Procedure for fabrication of PCFs using the stack and draw method.

2



Photonic crystal fibers have attracted much interest due to their widespread applications in
optical fiber communication, nonlinear devices, optical fiber sensors, and other areas [4]-
[7].Their special properties make PCFs very attractive for a very wide range of applications.

Some examples are:

> Fiber lasers and amplifiers, including high-power devices, mode-locked fiber lasers
> Nonlinear devices such as
v Supercontinuum generation (SCG)
v Raman conversion
v Parametric amplification
v Pulse compression etc.
> Telecom components such as
v Dispersion control
v Filtering
v Switching
> Fiber-optic sensors of various kinds such as
v" Temperature sensor
v Refractive index sensor
v’ Electric and magnetic field sensor
v Gas sensor

1.2 Thesis layout

This thesis is focused on supercontinuum generation, one of the attractive applications of
PCFs. Throughout the thesis | have analyzed supercontinuum generation in mid-IR regime in
three different types of design with different materials. Thesis paper is divided into the
following six chapters.

Chapter 1 describes general introduction about photonic crystal fiber and layout of this thesis.
In chapter 2 major objectives of thesis and general introduction to supercontinuum generation
and physical mechanism are described. Moreover dispersion, different non-linear phenomenon
such as self-phase modulation, self-steeping, four wave mixing, Raman scattering, soliton
fission etc. are also described in this chapter .

Chapter 3 includes the numerical method to calculate the guiding properties of PCF and also
describing the parameters based on non-linear Schrédinger equation. Chapter 4 represents the
designing process of proposed and analyzed photonic crystal fiber and used materials. Besides

nonlinear refractive index and their transparency range are described in this chapter.



Chapter 5 describes analyzation of SCG broadening in the respective mid-IR region by
employing our analyzed PCFs. The effects on supercontinuum spectra by varying different
parameters such as peak power, pulse duration, length of PCF are studied in this chapter.
Chapter 6 contains some remarkable conclusions regarding the present study and suggestions

for the future work.



2.Supercontinuum generation

2.1 Introduction to supercontinuum generation

A supercontinuum source typically consists of a pulsed laser and a nonlinear element such
as PCF with high non-linearity and suitable dispersion characteristics. Supercontinuum
generation typically occurs when ultrashort pulses are launched into a nonlinear optical medium
to yield a broadband spectrally continuous output. A typical supercontinuum spectrum is shown
in Fig. 2.1. The physical mechanisms involved in this process are self-phase modulation, self-
steepening, stimulated Raman scattering and four wave mixing etc. [9]. The interaction between
different nonlinear processes is determined by particular parameters such as the fiber material
and structure, fiber length, pump power and pump wavelength. Supercontinuum generation,
first observed in 1970 by Alfano and Shapiro in bulk borosilicate glass [10]. One of the most
successful application of nonlinear PCF is SCG from nanosecond, picosecond or femtosecond
laser pulses. A PCF with near zero flattened chromatic dispersion around the targeted
wavelength is required to generate supercontinuum (SC) with broadband flatness. PCFs are
interesting candidates for SCG because of their capability of strong modal confinement and
largely tailorable zero dispersion wavelength (ZDW) to maximize broadband SCG in the
vicinity of a given pump wavelength.

A great variety of soft-glass fibers and pump lasers have been considered to develop the
broadband mid-infrared (MIR) supercontinuum sources [11]-[14]. Due to having high material
losses in silica beyond 2.5 um, it is necessary to use non-silica glasses for SCG broadband in
MIR region. Research on non-silica fibers such as tellurite glasses, chalcogenide glasses,
fluoride glasses etc. has been ongoing for many years for SCG applications [15]-[19].
Compared to fluoride and tellurite glass, chalcogenide glass has more non-linear index and
transparency range [20]. These glasses having high nonlinear properties about 10 to 100 times
that of silica, can enhance supercontinuum generation and provide transmission window over
10 pm (chalcogenide glasses) [21]. Dispersion control is critical in that it allows greater
flexibility in terms of choice of SC pump wavelength since the ZDWs of these materials are
generally longer than for silica [21, 22].

The most common way to generate broadband SC in PCF using femtosecond
pump pulses is to select a PCF with a ZDW which falls just below the laser wavelength.
Because the dispersion is anomalous at the pump wavelength, the supercontinuum is generated
by soliton dynamics. The fission of a higher order soliton produces a series of fundamental
solitons which are Raman shifted to longer wavelengths, and a dispersive wave is generated at
short wavelengths. This mechanism can produce a broad supercontinuum spectrum. However,
soliton dynamics are extremely sensitive to pump pulse fluctuations. Small fluctuations in
the pump amplitude or phase from shot to shot can cause significant fluctuations in spectral
intensity and phase of the resulting supercontinuum. These fluctuations are averaged out
over thousands of pulses when viewing the spectrum on a spectrometer, so the spectrum may



appear smooth, but in reality there may be large deviations from this average in each pulse.
The fluctuating spectral intensity and phase translates into loss of spectral coherence. The
origin of the pump fluctuations is fundamental quantum fluctuations in the laser cavity, which
cannot be eradicated. Larger fluctuations due to laser technical noise can also be an issue, but
can be reduced by using a less noisy laser.

When pumping below the ZDW, solitons cannot form and spectral broadening can occur only
via SPM and Raman scattering. This process is less efficient and will not produce a
spectrum as broad as that produced by soliton dynamics. This is due to the rapid temporal
spreading of pulses under SPM and normal dispersion. The advantage of generating
supercontinuum in the normal dispersion regime is that the spectral broadening is not seeded
from noise, and does not amplify pump fluctuations. If some of the light generated reaches into
the anomalous dispersion regime, then these frequency components will be affected by soliton
dynamics. By generating supercontinuum in a PCF with an all-normal dispersion profile, thus
eliminating soliton effects and reduce supercontinuum fluctuations.

Continuum

-40 Source
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Fig. 2.1. A typical supercontinuum spectrum [36].
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A comparison of the bandwidth and spectrum available from different broadband light
sources is shown in Fig. 2.2. PCF based supercontinuum source described here is equals or
exceeds the brightness of a typical fiber coupled SLED source but offer greatly improved
spectral flatness and bandwidth. Compared to PCF based SC source the ASE source power
spectrum is narrower and limited to wavelengths for which suitable dopant/ host combination
available. For PCF, a peak power of a kilowatts corresponding to a few tens of milliwatts of
average power is sufficient to achieve complete conversion of the pump power to a broad
supercontinuum.

2.2 Applications of supercontinuum generation

The most important application of the SC spectra is the replacement of white light sources
which are usually tungsten-based also solve the problems of the traditional incandescent sources
that is the low brightness and the coupling inefficiency to optical fibers. Most of SC sources
experimentally realized have an output power in the mW range, but also higher output power
have been obtained.

PCF generated SC has

1) High spatial coherence
2) Low temporal coherence

One of the most important applications of the SC sources is the optical coherence tomography
(OCT) based on low coherence interferometry used in vivo and in situ cross sectional
morphological imaging of transparent and non-transparent biological tissue. OCT requires has
smooth spectra that variations of less than 10 dB since spectral gap can affect the image quality
and the measurement precision. The spectral region between 1200 and 1500 nm is particularly
important for the OCT. The SC source obtained in PCFs with slow pulses around 1060 nm are
particularly promising for the OCT, because the large flat spectrum mainly generated by SRS
is very stable and can be filtered in order to select the desired wavelength range.

Due to having high degree of spatial coherence SC sources are useful in spectroscopy for the
fast data acquisition on small volume samples in biology, chemistry, medicine and physics.

Besides this SCG in PCF has some important potential applications in the fields such as [23[-
[28].

» Ultrashort pulse compression
Frequency metrology based on octave spinning frequency comb with fs pulses
Lidar
Fluorescence microscopy
Based on low-coherence interferometry for displacement measurement and chromatic
dispersion measurement in optical fibers and planar waveguides.

YV V VYV



2.3 Dispersion

Dispersion is a linear effect but one that plays a crucial role in influencing the character of
nonlinear interactions in a fiber. Dispersion arises because of the frequency variation of the
effective index of the guided mode, and depends on both material and waveguide contributions.

27¢ 2 d? Relnef 1

D(2)=-T5p,=-=
W=z =" g2

(2.1)

The group velocity dispersion (GVD) f2 and higher order dispersion terms are defined in
terms of the coefficients associated with the Taylor series expansion of the propagation
constant. The wavelength range where f> > 0 is referred to as the normal dispersion regime,
whereas the wavelength range where > < 0 is referred to as the anomalous dispersion regime
(see Fig. 2.3), lower frequencies travel slower. The wavelength where > = 0 is referred to as
the zero dispersion wavelength (ZDW) and, depending on the fiber structure. Dispersion of
third and higher order is called higher-order dispersion. When dealing with very broad optical
spectra, one sometimes has to consider dispersion up to the fourth or even fifth and sixth
order. Chromatic dispersion of second and higher order is defined via the Taylor expansion of
the propagation constant £ as a function of around center frequency wo.

B () = p(wo) + p1 (wo) (- wo) + %ﬁz (wo) (w - wo)? + %ﬂs (wq) (@ - @0)? +....... (2.2)

Dispersion has an important impact on the propagation of pulses, because a pulse always has
a finite spectral width, so that dispersion can cause its frequency components to propagate with
different velocities. Normal dispersion, for example, leads to a lower group velocity of higher-
frequency components, and thus to a positive chirp, whereas anomalous dispersion creates
negative chirps. Although dispersion alone leads to pulse broadening, dispersion combined with
the Kerr nonlinearity can give rise to the formation of solitons and in this way assist the
generation of extremely short pulses of light with a soliton mode-locked laser. However, this
usually requires the careful management of dispersion over a wide wavelength range taking
care also of higher-order terms.
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Fig. 2.3. Dispersion curve as a function of wavelength (For single mode conventional silica glass fiber).
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Experimentally the group velocity dispersion can be measured by low-coherence
interferometry [29].

2.4 Non-linear optics

In optics the term non-linearity refers to the relationship between the electric displacement D
and the electric field E.

D=a&E o D=gE+P (2.3)

Normally the relative permittivity & is considered to be equivalently the electric polarization
P is linearly proportional to the electric field E. In general this is not the case and to take account
of nonlinear relationship between P and E can make a Taylor expansion of P in powers of E.

P=¢,(y".E+ y?.EE+ y®.EEE+..) (2.4)

Where & is the permittivity of vacuum, E is the electric field and y® is the k™ order
susceptibility. %) is the linear susceptibility, often contributes to the refractive index and fiber
loss. @ is the 2nd order susceptibility which relates to nonlinear effects including second
harmonic generation (SHG), sum frequency generation (SFG) etc.. However, @ = 0 because
the fiber is circular symmetric. Therefore, most nonlinear effects in silica fibers originate from
the 3rd order susceptibility . These include third harmonic generation (THG), four wave
mixing (FWM), Kerr nonlinearity and Raman scattering.

2.4.1 Kerr effect

Kerr nonlinearity is the intensity dependence of refractive index. It is directly related to the
2@ term in the induced polarization. Given that »® = 0 in optical fibers, the induced polarization
can be re-written as

P=¢g,(x“.E+ y®.EEE) (2.5)

The Kerr effect is a nonlinear optical effect occurring when intense light signal propagates
in crystals and glasses. The Kerr effect is the effect of an instantaneously occurring nonlinear
response, which can be described as change in the refractive index of a material in response to
an applied electric field. In particular, the refractive index for the high intensity light beam itself
is modified according to

n=n,+n,l
(2.6)
Where no =/ (1 4+ xM) is the linear contribution to refractive index, n is the second-order
nonlinear refractive index, and | is the intensity of the wave expressed in Wm. The refractive

index change is thus proportional to the intensity of the light travelling through the medium.
The ny value of a medium can be measured e.g. with the z-scan technique. For silica fibers, has


https://www.rp-photonics.com/nonlinearities.html
https://www.rp-photonics.com/laser_crystals.html
https://www.rp-photonics.com/laser_crystals_versus_glasses.html
https://www.rp-photonics.com/z_scan_measurements.html
https://www.rp-photonics.com/silica_fibers.html

a nonlinear index of ~2.7 x 1072° m?/W. For soft glasses and particularly for semiconductors,
it can be much higher, because it depends strongly on the bandgap energy. Kerr nonlinearity
gives rise to many nonlinear effects, including self-phase modulation, cross phase modulation,
self-steepening, modulation instability and four wave mixing.

2.4.2 Four wave mixing (FWM)

Four-wave mixing (FWM) is a third order non-linear effect caused by dependence of
refractive index on the intensity of optical power. Four optical waves interact non-linearly
inside a dielectric medium. Each wave passing through the medium sets up a modulation of the
refractive index of the material.

If two waves with different frequencies w1 and w are propagating together in the medium,
then the modulation of the refractive index has terms at two new frequency components given
by w3 = 2w1 — w2 and ws = 2w2 — w1. This process is non-degenerate FWM. The higher
frequency component is known as the signal, and the low frequency component the idler. FWM
is the mechanism underlying many nonlinear effects including self-phase modulation, cross
phase modulation, and modulation instability.

2.4.3 Self -phase modulation (SPM)

Arising from the intensity dependent refractive index
n=n,+n,l (2.7)

Where ng is the linear refractive index and n; is the nonlinear index. For silica ny= 2.7x10%°
m2/W. The phase change over a fiber length L is.

Ag(t) =dnk.L =n,l(t)k.L
Ao() = 32®) _ 1 dI© (2.8)
dt dt

When an ultrashort pulse of light is travelling in a medium, it will induce a varying refractive
index of the medium due to the optical Kerr effect. This variation in refractive index will
produce a phase shift in the pulse, leading to a change of the pulse's frequency spectrum. In the
context of self-phase modulation, the emphasis is on the temporal dependence of the phase
shift.

When SPM occurs in a dispersive medium, qualitatively different results are obtained
depending on the sign of the GVD.

10
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Anomalous dispersion regime:

When a pulse undergoes SPM, low frequencies are generated at the leading edge, and high
frequencies are generated at the trailing edge of the pulse. In the anomalous dispersion regime,
the SPM induced chirp and dispersion act against one another. Newly generated frequencies
move towards the pulse center, so the pulse is compressed. In some cases the dispersion and
nonlinearity exactly cancel one another and produce a pulse which travels without distortion,
known as a fundamental soliton. The soliton order is given by N? = Lp/Ln. Where
Lp and Ln. are the characteristic dispersive and nonlinear length scales.

A fundamental soliton has soliton order N = 1, the dispersion length and nonlinear
length are equal. A fundamental soliton propagates without any change to its temporal or
spectral profile (see Fig. 2.4a). Higher order solitons have N > 1, and in that case SPM and
dispersion are not exactly balanced. Unlike fundamental solitons they do not maintain their
temporal and spectral shape during propagation (see Fig. 2.4b), and instead periodically split
and re-combine over a distance known as the soliton period zo = (/2) Lp.

Spectrum (arb.)
o
w -

S
v
-T-J

[=1~]

-0.5

Fig. 2.4. (a) N=1, fundamental soliton evolution (b) N=2 soliton evolution. [Left side figure in time domain
and right side figure in frequency domain] [38]

Soliton fission length, Lsiss to estimate the length at which the highest soliton compression is
achieved, such that:

2
Ly Ty

Lfiss = W =
|,82|7P0

Where Lp is the dispersion length and N is the soliton order.

(2.9)
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The dispersion length described by:
Lo = To?/ | % (2.10)

Here To is the pulse duration related with Tewnm (Full width at half maximum) as To= Trwhm
/1.7627 and /3 is the group velocity dispersion

The nonlinear length is the propagation length after which nonlinear effects become
significant

1

L, =—
N 7Po

(2.11)

Where Py is the pulse peak power, and y is the nonlinear coefficient.

Normal dispersion regime

Under normal GVD, the dispersion and SPM-induced chirp reinforce one another. The low
frequencies generated at the leading edge of the pulse have a higher group velocity than the
central frequency, and high frequencies generated at the trailing edge of the pulse have a lower
group velocity. If viewing the pulse from a frame of reference moving with the pulse in time,
the newly generated frequencies move away from the pulse center. The pulse broadens rapidly
with propagation.

If the input pulses duration in femtosecond then self-phase modulation can lead to significant
broadening which is temporally coherent. However, if the input pulses in picosecond or
nanosecond then stimulated-Raman scattering tends to dominate and typically a series of
cascaded discrete Stokes lines will appear until the zero dispersion wavelength is reached. At
this point a soliton Raman continuum may form. As pumping in the anomalous is much more
efficient for continuum generation, the majority of modern sources avoiding pumping in the
normal dispersion regime.

2.4.4 Cross-phase modulation (XPM)

Cross-phase modulation (XPM) is a nonlinear optical effect where one wavelength of the
propagating signal can affect the phase of another wavelength of light through the optical Kerr
effect. XPM is the nonlinear modification of a light wave by another copropagating light wave
with a different frequency, or polarization. Light is generated at initial frequencies w1 and wy,
and at new frequencies 2w1 — w2 and 2wz — w1. The new frequency terms are only generated
efficiently if there is phase matching. This is a non-degenerate four wave mixing process.

Cross-phase modulation is the change in the optical phase of a light beam caused by the
interaction with another beam in a nonlinear medium, specifically a Kerr medium. This can be
described as a change in the refractive index:

An=2n,l (2.12)
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Here, the intensity | of beam 1 causes a refractive index change for beam 2. Compared with
the corresponding equation for self-phase modulation, there is an additional factor of 2. This
factor 2 is valid for signal with the same polarization; for cross-polarized beams in isotropic
media, it must be replaced with 2/3. A more fundamental description of cross-phase modulation
effects refers to the nonlinear polarization caused in the medium, based on the x® nonlinearity.

2.4.5 Self-steepening

Self-steepening occurs due to the intensity dependence of the group index. The pulse peak
has higher group index than the rest of the pulse, and so propagates with a lower velocity than
the rest of the pulse. The result is that the intensity gradient of the leading edge is reduced,
and the intensity gradient of the trailing edge is increased. If self-steepening is significant, then
spectral broadening via SPM will occur asymmetrically, with increased spectral broadening on
the short wavelength side of the spectrum, and higher spectral intensity on the long wavelength
side to conserve energy in the FWM process. Self-steepening is more significant for shorter
pulses.

29 Input pulse
Blueshift \ Redshift
100 -
£
- <
- g
5 0 A ‘é& T
8 1 &
% Dispersive Wayes Solitons
o Phase matching
-200

Wavelength

Fig. 2.5. Scheme of a SCG by fission of higher-order solitons [35].

2.4.6 Raman scattering

Raman scattering is an inelastic process, where energy is transferred to or from the material,
as a result of molecular vibrational or rotational motion. In silica glass Raman scattering can
occur over a broad range of frequency shifts, because the amorphous nature of the material
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means the molecular vibrational frequencies form a continuum. Raman scattering is also used
in spectroscopy. In particular, it allows one to investigate the vibrational modes of materials.
Raman scattering can occur spontaneously, however this is a relatively weak effect. Stimulated
Raman scattering is a nonlinear inelastic process in which highly efficient Raman scattering
can occur under the influence of high intensity laser beam. Stimulated Raman scattering can
occur within solitons whose bandwidth exceeds the Raman gain bandwidth in silica. The low
frequency components experience amplification at the expense of the high frequencies, and the
overall effect is that the pulse shifts to longer wavelengths. This is also known as soliton self-
frequency shift (SSFS).

2.4.7 Higher order solitons

A fundamental soliton is an optical pulse which can propagate in a dispersive medium with a
constant shape of the temporal intensity profile without any temporal broadening as is usually
caused by dispersion. Whereas fundamental solitons are usually fairly stable, higher-order
solitons can break up into fundamental solitons under the influence of various effects, such
as higher-order dispersion, Raman scattering, or two-photon absorption (Fig. 2.5). Such soliton
breakup sometimes plays an essential role in the process of supercontinuum
generation in photonic crystal fibers. Higher order solitons decay into a series of fundamental
solitons. This process is known as soliton fission. The break-up always occurs at the point of
maximum compression, giving rise to a fission length Lsiss given by Lp/N. If a soliton is
propagating close to the ZDW, then some energy can be transferred into the normal dispersion
regime. This is known as a dispersive wave, and its generation requires phase matching with
the Raman shifted solitons. The overall result is a broadband continuum, so this is a mechanism
by which supercontinua can be generated.

2.5 Thesis objectives

In this thesis the main goal is to make a simple design which can generate SC covering mid-
IR region. A great scientific effort was made to obtain broadband SC in mid-IR region [10-19],
[30-34], [59]. In [30] Saini et al. proposed a triangular core PCF for mid-IR SCG, where due to
small pitch and varying air hole’s diameter in different rings the lattice design became
exceedingly complex thus increasing fabrication demands. Another challenge appeared in [31]
where low intensity level was present throughout the spectral broadening altogether with
significant power fluctuations. In [59] authors used a 10 cm long As>Ses PCF to obtain spectral
broadening of up to 12 um. Last but not least different kinds of glass such as tellurite, ZBLAN,
SF57 were used to get broadband SC but due to their transparency the broadening range was
limited to 4 or 5 um [32-34].

For the first time | propose a circular PCF (C-PCF) for broadband SC by using chalcogenide
glass and the pumping wavelengths for the proposed C-PCFs at 2000 nm and 2500 nm
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respectively with obtained SC spectra up to 9.00 um by using only 5 mm As,Se3 glass. Besides
I make a manufacturing tolerance analysis of proposed C-PCFs. The reasons for selecting
chalcogenide glass are wider transparency range into MIR and higher non-linear refractive
index respectively. Besides chalcogenide glass | have also analyzed SCG in PCF by using PBG-
08 glass. For this analysis | select two different types of PCF. One is conventional hexagonal
PCF and other one is suspended-core PCF. Effects on the generated SC spectra for different
PCFs are studied by changing simulation parameters such as pulse duration and peak power.
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3. Numerical method

3.1 Supercontinuum generation analysis

Nonlinear propagation equations have been derived in both the time- and frequency-domains.
Time-domain formulations have often been preferred because of analytic similarity to the
nonlinear Schrddinger equation (NLSE) about which there is a vast literature in many fields.
However, the frequency-domain formulation does show more directly the frequency-
dependence of effects such as dispersion, loss and the effective mode area. Both approaches
have been successfully used in the study of supercontinuum generation. Implementing the
change of variable T =t — 1 z to transform into a co-moving frame at the envelope group
velocity 17, a time-domain generalized NLSE for the evolution of A(z, T) can be obtained [39]:
im+1 am

— A
TR (z,t) +

0 o
F A(z,t) = 5 A(z,t) + méz Pm

. ( i ]{ o ) (3.1)
iy| I+—— || A(z,t) | R(t)|A(z,t-t)|dt’
ap ot o

Where A (z, t) is the slowly varying envelope of the electric field of the optical pulse and «
represents the photonic crystal fiber loss which can be neglected since only a short length of
PCF is used (depends on loss). The time derivative term on the right-hand side models the
dispersion of the nonlinearity. This is usually associated with effects such as self-steepening
and optical shock formation, characterized by a timescale zshock = 70 = L/wo. In simulation | have
used hyperbolic secant pulse as input pulse as:

A(z = 0,t) = \[Ry sech (Tt()] (3.2)

Here To is the pulse duration and related with Trwnm (Full width at half maximum) as:
To= Trwnm /1.7627. (3.3)
Higher order dispersion coefficients:

_%mB
5a)m

P (3.4)

Where m=2,3,4,... represents the m" order dispersion coefficients in the Taylor series
expansion of the propagation constant # around the center frequency w, and can be expressed
as,

B (®) = f(wo) + p1 (wo) (w - wo) + %ﬂz (wo) (@ - wo)? + %ﬂg (wo) (0- wo)> +......... (3.5)

Nonlinear response function R(t) can be defined as:

R(t) = (L- fR)8(t) + fighpy (1 (3.6)
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Where fris the fractional contribution of the Raman response and hr (t) is the Raman response
function with Raman period (z2) and lifetime (). The inverse time scale 1/z1 gives the phonon
frequency and 1/ determines the bandwidth of the Lorentzian line. Parameters of glasses (fr, 71,
) are summarized in Tab. 3.1.

Table 3.1
Glasses / glass materials

Material n [fs] | = [fs] fr
As,Ss [41],[42] 15.2 | 2305 | 0.031
AszSes [43],[44] 23.1 195.0 0.100

PBG-08 [45] 5.5 32 0.05
Silica [40] 12.2 32 0.18

3.2 Guiding properties of photonic crystal fiber
3.2.1 Effective mode index (Nefr)

Efficient finite element method (FEM) using commercial full vector finite element software
(COMSOL Multiphysics 5.0) is used to investigate the modal properties of the proposed C-
PCF. To model the leakage and no reflection at the boundary, perfectly matched layer (PML)

boundary condition is used. From Maxwell’s curl equations the following vectorial equation is
obtained [46].

V x ([s]_1V><E) - kgngﬁ [s]E=0 (3.8)

Where E is the intensity of electric field, [s] introduces the PML matrix, ko is the wave number
in the vacuum, nes stands for the effective refractive index, the effective refractive index of the
base mode is given as nest = f/ko, where S is the propagation constant. Note that the effective
refractive index depends not only on the wavelength but also on the mode in which the light
propagates. For this reason, it is also called modal index. Obviously, the effective index is not
just a material property, but depends on the whole waveguide design.
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3.2.2 Dispersion

Dispersion is the phenomenon in which phase velocity of a wave depends on some
factors such as frequency, propagation mode or polarization. Most important of these is the
chromatic dispersion, which is caused by the frequency dependence of refractive index.
Dispersion arises because of the frequency variation of the effective index of the guided mode,
and depends on both material and waveguide contributions. Throughout the thesis consider only
the chromatic dispersion of the fundamental guided mode. Chromatic dispersion is composed
of material and waveguide dispersion. The total chromatic dispersion D(/) is calculated using
the following:

27C 2 d2 Re[ngf ]

p(A)=-TCp =2

(3.9)

Where Re[nes] is the real part of the effective refractive index, c is the velocity of light and
/% 1s the second order dispersion known as group velocity dispersion (GVD). Effects of fiber
dispersion is usually studied by applying a Taylor expansion about a frequency wo:

B (@) = leo) + B (@0) (- o) +— B2 (@0) (- o)’

+%,6’3 (@0) (@ - w0)2 +...... (3.10)
_(d7p
Where 5, —(dme ) (3.11)
W=y
prand S are given as,
1 n, 1 dn
=—=—=—]N RS
B v e C( +a)dwj (3.12)
g =12, 4 3.13
“cTo  do? (3.13)

Where vq is the group velocity and ng is the group index. g1 is the inverse group velocity and
B2 is the GVD coefficient.

3.2.3 Zero dispersion wavelength

The zero dispersion wavelength, e.g. of an optical fiber, is the wavelength where the group
delay dispersion (second-order dispersion) is zero. For PCFs with small mode areas, which can
exhibit particularly strong waveguide dispersion, the zero dispersion wavelength can be shifted
e.g. into the visible spectral region, so that anomalous dispersion is obtained in the visible
wavelength region, allowing for, e.g., soliton transmission. Photonic crystal fibers as well as
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some other fiber designs can exhibit two or even three different zero dispersion wavelengths.
Supercontinuum generation can lead to particularly broad optical spectra when the pump light
has a wavelength near the zero dispersion wavelength.

3.2.4 Effective area

Effective area (Aefr) of the analyzed PCF is evaluated based on the following equations [39]:

, (H |E|20|><0|y)2

eff = I—MEﬁ dxdy (3.14)

Where E is the electric field amplitude. The integration is done not only over the core area,
but over the whole plane. An important consequence of a small effective mode area is that the
optical intensities for a given power level are high, so that nonlinearities become important.
Also, small mode areas are usually the consequence of strong guiding, where bend losses and
other effects of external disturbances are weak. If two fibers with different effective mode areas
are spliced together, this will lead to some optical power loss known as splice loss. For
efficiently coupling fibers with substantially different mode areas, certain mode size converters
are sometimes used.

3.2.5 Non-linearity

Nonlinear coefficient of PCF represents very important parameter during SCG analysis.
Nonlinear coefficient (y) is directly proportional to nonlinear refractive index (nz) and inversely
proportional to the effective area (Aerr). Non-linear coefficient of the analyzed PCF are evaluated
based on the following equations [39]:

27Ny
r=7 (3.15)
Aef

In optical fiber technology, optical nonlinearities are of high interest. In fibers there is a
particularly long interaction length combined with the high intensity resulting from a small
mode area. Therefore, nonlinearities can have strong effects in fibers. Particularly the effects
related to the y® nonlinearity — Kerr effect, Raman scattering, Brillouin scattering — are often
important, despite the relatively weak intrinsic nonlinear coefficient of silica: either they act as
essential nonlinearities for achieving certain functions, or they constitute limiting effects
in high-power fiber lasers and amplifiers.

The non-linearity can be achieved in any fiber is limited by its mode confinement. Significant
higher values of y can be achieved by combining tight mode confinement with the use of non-
silica glasses with greater intrinsic material non-linearity coefficients than silica. For
transparent crystals and glasses, n; is typically of the order of 1072° m?/W to 10~'® m%W. Silica,
as used e.g. insilica fibers, has a relatively low nonlinear index of 2.7x1072°m%W for
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wavelengths around 1.5 um, whereas some chalcogenide glasses exhibit several hundred times
higher values. The measurement of the nonlinear index of bulk samples is often done with the z-
scan technique, which is based on self-focusing via the Kerr lens.

3.2.6 Sech? pulses

Ultrashort pulses from mode-locked lasers often have a temporal shape which can be
described with a squared hyperbolic secant (sech) function:

P(t)=P,sech’(t/7) = (3.16)

p
cosh?(t/ 7)
The full width at half-maximum pulse duration is approximately 1.762 times the parameter z.
In many practical cases, sech? pulses have hardly any chirp, i.e., they are close to transform-
limited. The time—bandwidth productis then =~0.315. The sech?shape is typical of
fundamental soliton pulses. Therefore, this pulse shape also occurs in soliton mode-locked
lasers.

3.2.7 Peak power

The peak power is calculated from the full width at half-maximum, FWHM pulse
duration zp and the pulse energy Ep. The conversion depends on the temporal shape of the pulse.
For example, for soliton pulses with a sech? shape the peak power is

EP
Pp ~(0.88— (3.17)

Ty

The peak power of a sech? pulse is = 0.88 times the pulse energy divided by the FWHM pulse
duration.

3.2.8 Confinement loss

The confinement loss is a phenomenon whereby part of the guided light penetrates to the
cladding region. Confinement loss (L¢) of PCF is calculated using the following:

2r
L. =8.686x e Im[ng¢ (3.18)

Where Im[nes] are the real part and imaginary part of the effective refractive index.
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4.Design methodology

| investigate the modal properties of proposed circular lattice PCF by using two different
kinds of chalcogenide glasses:
1) Arsenic sulfide (As2Ss)
2) Arsenic selenide (As2Ses)
Besides | have also investigated SCG by using PBG-08 glass in following PCF:
1) Suspended core PCF (core diameter=1.00 um, 2.00 um and 2.75 pm)
2) Hexagonal PCF

4.1 Arsenic sulfide circular PCF

| investigated SCG by introducing circular PCF (C-PCF) structure. Figure 4.1 illustrates the
cross sectional view of the proposed C-PCF. It contains four rings, each having 8xn number of
air holes (where n =1, 2, 3, 4 introduces number of rings). Optimized parameters for proposed
PCFsare: 4 =1.9 um, d = 1.3 um and core diameter (2x (A4- d/2)) = 2.5 um, respectively. Here
d stands for the diameter of each air hole and A is the pitch of the lattice. Diameter of all air
holes in different rings kept equal, which makes design simple and will reduce fabrication
complexity. The proposed design can be then fabricated e.g. by using conventional stack and
draw technique [47].

The refractive indexes of chalcogenide glass As>Sz are determined using the Sellmeier
equation:

2 2 2 2 2
n(A) = fir B4 N BoA N B34 N Bgl N BsA 4.1)
a2-ct a2-cZ 22-c2 i2-c2 i*-ci

Where Sellmeier coefficients of As.Ss glass are B1=1.898367, B»=1.922297, B3=0.87651,
B4=0.11887, B5=0.95699, C1=0.15, C>=0.25, C3=0.35, C4=0.45 and Cs=27.3861 [48], [51].

Fig. 4.1. Cross section view of the proposed C-PCF.
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4.2 Arsenic selenide circular PCF

The refractive indexes (RI) of As,Ses are then determined using the equation proposed by
Thompson for amorphous material [50] as:

2 2 2
n(ﬂ.)\/l+12[ N, R & (4.2)

12—A12T12—192T12—4A12

Where As>Ses glass Sellmeier coefficients are Ao=2.234921, A1= 0.24164, A>= 0.347441 and
As=1.308575 [49],[50]. For analyzing the modal properties of the proposed C-PCF | have used
the same PCF design parameters in the case of As,Ses (4 =1.9 um, d = 1.3 um).

4.3 PBG-08 suspended core fiber

Figure 4.2 illustrates the cross sectional view of the analyzed SCF. | have analyzed SCG by
using suspended core PCF (SC-PCF) of 3 different core diameter as 1.00 um, 2.00 pm and 2.75
pm respectively. The radius ry, r2 and rs of three different core diameter SCF are 24.5 um, 24
pm and 23.625 pm respectively and bridge width wi, w2 and wsare 0.4 um, 1.0 pm and 1.6 pm
respectively (see Fig. 4.2). As a material | have used PBG-08 glass. Transmission window of
PBG-08 in the range of 0.5 — 4.8 um [52]. The non-linear refractive index of PBG-08 is 4.3x10
¥ m2/W using z-scan method at the wavelength 1240 nm. Due to having tight confinement
along the core, SC-PCF exhibits high non-linearity, which make broader spectra. The refractive
indexes of PBG-08 glass is determined using the following Sellmeier equation.

2
B3
2
2—Cy

2 2
n(ﬂ,)z\/1+ Bt 4 Dot

A2-c,  A*-c,

+ (4.3)

For PBG-08 glass Sellmeier coefficients are Bi;= 2.01188143, B.= 0.54673236,
B3=1.39488613, C1=0.01537572, C>=0.06355233 and Cz= 141.65404618 [52]. The non-linear
refractive index for different materials are listed in Tab. 4.1.

Table 4.1
Non-linear refractive index (nz) of different materials

Material Non-linear refractive index (nz2) [m%W]
As,S3[48,51] 3.0x108
As,Ses [49-50] 2.4x107Y7
PBG-08 Glass [52] 4.3x1071°
Silica 2.7x10°%
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Fig. 4.2. Cross section view of the SCF (a) 1.00 um (b) 2.00 um (c) 2.75 um core diameter.

4.4 PBG-08 hexagonal PCF

Figure 4.3 illustrates the cross sectional view of the analyzed hexagonal PCF. | have analyzed
SCG by using H-PCF of following parameters. PBG-08 glass is used as a host material.

Table 4.2
Design parameters of hexagonal PCF
Pitch 2.32 um
Diameter of air hole (d) 2.00 um
Core diameter 2.64 pm
Number of. Rings 7
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Fig. 4.3. Cross section view of the H-PCF.

4.5 Comparison of refractive index of different materials

Comparison of refractive indexes of different materials such as As>Ss, As;Sesz and PBG-08
glass are shown in Fig. 4.4. From curve it is seen that chalcogenide glass (As2Ses) has larger
refractive index compared to As2Ss glass and PBG-08 glass. For AsySes, at 2500 nm the
refractive index is 2.7978.

3

\

2.8 —

N
o

x
[«5)
2
° M —————
.; 2.4
(&)
o
g
2.2 — As2Se3 |
—— As2S3
—PBG-08
2
1'81 1.5 2 25 3 35 4

Wavelength A [um]

Fig. 4.4. Refractive index as a function of wavelength.
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4.6 Transparency range of different materials

Transparency range for different materials are described in Tab. 4.2. Soft glasses, or
compound glasses, are defined as glasses which have lower melting and processing
temperatures than those of silica. Soft glasses can be classified into three categories: oxides,
fluorides and chalcogenides [57,58]. There are some important advantages of soft glasses over
silica such as, they allow transmission of light in the IR, a wavelength range that is of great
interest for applications in mid-IR spectroscopy (see Fig. 4.5), LIDAR and material processing
[57,58]. Along with their Kerr nonlinearity coefficient can be three orders of magnitude higher
than that of silica glass. Finally, their typical melting temperature is in the 200-1000°C range
(depending on glass composition), much lower than that of silica (1800-2300°C), potentially
facilitating the fabrication process.

Table 4.3
Transparency range of different materials

Name Range
Silica 0.4-2.4 um
PBG-08 glass [52] 0.5-4.8 um
Tellurite glass (Zn-TeO>)[54] 0.4-5.0 um
Arsenic sulfide (As2Ss)[55] 0.7-7.0 um
Arsenic selenide (As2Ses)[55] 1.0-9.0 um
Fluoride glass (ZBLAN) [56] 0.3-4.8 um
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Fig. 4.5. Transmission curves of selected optical fibers in the mid-IR region [53].
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5. Simulation results and discussion

5.1 Arsenic sulfide circular lattice PCF

In the case of chalcogenide glass material As2Ss, the wavelength dependent dispersion,
effective mode area (Aerr) of propagating mode, confinement loss and corresponding nonlinear
coefficient (y) are illustrated in Fig. 5.1-5.3. From Fig. 5.1a it can be seen that ZDW of the
proposed C-PCF (As2Ss) is 1985 nm and pumping wavelength chosen in the anomalous
dispersion regime. The electric field distribution of C-PCF (As2S3) at 2000 nm is shown in Fig.
5.1b. For SCG analysis chosen pumping wavelength as 2000 nm, where the proposed C-PCF
offers y= 2362 Wkm™ and Acr = 3.989 um? (Fig. 5.2).

By taking 4 = 2000 nm as the pumping wavelength of the input pulse the calculated dispersion
coefficient values of the Taylor expansion are = -1.07x102 ps?/m, f3=1.4566x10" ps*/m, fa=
-3.9289x10° ps*/m, fs= 2.113x10°® ps®/m, Pe=-1.2547x1071° ps®/m, 7= 8.5047x10%3 ps’/m,
Ps=-5.6878x107%° pst/m, fo= 1.51x107Y ps®/m and S10= 6.5143%x10° psi%m.

Confinement loss (L) of proposed C-PCF is simulated (Fig. 5.3) by using As>Sz material and
up to wavelength 5000 nm negligible confinement loss exists only material loss dominates
during broadening of SCG. Though, only PCF of 0.5 cm length is used here, so the effect of
losses in the broadening of SCG can be omitted.
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Fig. 5.1. (a) Dispersion curve as a function of wavelength by using optimized design parameters (As,Ss) (b)
Electric field distribution of C-PCF (As,S3) at 2000 nm.
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Fig. 5.2. Effective area and non-linear coefficient as a function of wavelength for materials As,Ss.
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Fig. 5.3. Confinement loss as a function of wavelength (As,S3).

During fabrication, we have to expect tolerance of £2% from designed parameters of
proposed C-PCF [62]. That is why | perform in next step a tolerance analysis on proposed C-
PCF by varying pitch. In As>Sz C-PCF | vary pitch (4 =1.8, 1.9 and 2.0 um) keeping the
diameter of air holes fixed. From Fig. 5.4 it is clear that we cannot experience such a significant
change on dispersion curve while varying pitch; dispersion of proposed structure proved to be
less sensitive to the structural parameters changes.
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Table 5.1
Simulation parameters in the case of As;Ss3
Parameters Value
Pumping wavelength 2000 nm
Zero dispersion wavelength 1985 nm
Non — linear coefficient () At 2000 nm = 2362 Wkm™
Fractional Raman contribution (fr) 0.031
Raman response parameters n=15.2fs, »=230.5fs
Length of PCF (Lpck) 0.5cm

Simulation parameters for optimized SCG in the case of As,Sz are shown in Tab. 5.1. In
simulation I have selected hyperbolic secant pulse as input pulse with peak power of 1 kW, 2
kW, 5 kW and 10 kW respectively. From simulation results it is seen that by using peak power
10 kW and Trwhm = 50 fs observed spectral broadening is about 3000 nm, from 1100 nm to
4100 nm (Fig. 5.6). And by using peak power of 1 kW, 2 kW and 5 kW, obtained spectral
broadening about 1300 nm (Fig. 5.5a), 1700 nm (Fig. 5.5b) and 2200 nm (Fig. 5.5¢c)
respectively. In all above cases, only 0.5 cm long PCF is employed with Trwnm = 50 fs. From
simulation results it can be seen that as peak power increases from 5 kW to 10 kW, there is a
very small change in spectral broadening. For pumping at 2000 nm, mode locked thulium fiber
laser can be used [14],[60],[61].
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Non-linear length (Ln=1/5Po) and dispersion length (Lp=To%/|/|) of the proposed C-PCF by
using As,Ss material are 4.23x10° m and 7.5x102 m respectively (using Po=10 KW and To=
0.0284 ps) at 2000 nm pumping wavelength. So the non-linear effects play a significant role
initially in spectral broadening. By fulfilling the conditions as (Ln.<Lp) and (Ln.<Lpcr) [9], the
non-linear effect is dominant here and initially self - phase modulation (SPM) leads to a
symmetric spectral broadening of input pulse. The effect of varying pulse duration on
broadening is shown in Fig. 5.8 by using peak power as 5 kW. | have analyzed broadening in
SCG by using pulse duration Trwhm as 50 fs, 100 fs and 150 fs respectively. From simulation
results it is seen that as the pulse duration increases, starting length of broadening is shifted
with a slight increases. In all above cases spectral broadening range is same with different
intensity level.
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Fig. 5.8. Spectra of broadening in 0.5 cm long As;S3 C-PCF using pump pulse with 5 kW peak power and (a)
Tewnm = 50 fs (b) Trwnm = 100 fs (b) Tewnm = 150 fs.

From Fig. 5.5(a-c) it is seen that the SC spectra consists of some ripples because of SPM as
non-linear length is much smaller than dispersion length. For low peak power as 1 kW or 2 kW,
the spectra is quite flat with 10 dB fluctuation over 1300 nm optical bandwidth. As peak power
increases ripples become more significant, rising up to 20 dB.
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5.2 Arsenic selenide circular lattice PCF

In the case of As>Ses glass, obtained ZDW at 2466 nm and pumping wavelength chosen as
2500 nm (Fig. 5.9a). Due to having high n, compared to As;Sz material, proposed C-PCF
(As2Ses) offers yof 14923 W-km™2, which helps to make broader SCG in mid- IR region, and
Aeit in the order of 4.042 um? (Fig. 5.10). The proposed C-PCF As;Ses has negligible
confinement loss up to wavelength 6000 nm (Fig. 5.11). By taking A = 2500 nm as the pumping
wavelength of the input pulse the calculated dispersion coefficient values of the Taylor
expansion are f,= -3.13x102 ps?/m, fs= 3.087x103 ps®/m, pa= -1.062x10° pst/m, ps=
7.1764x1078 ps®/m, fs= -5.3031x1071% ps/m, p7= 4.8074x1072 ps’/m, fs= -3.7253%x101* pse/m,
Bo=1.1885x107¢ ps®/m and S10= 1.0076x1071" pst%m.
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Fig. 5.9. (a)Dispersion curve as a function of wavelength by using optimized design parameters (As,Ses)
(b) electric field distribution of C-PCF (As,Ses) at 1500 nm (c) electric field distribution of C-PCF (As,Ses) at
2500 nm.

During fabrication, there may be +2% change in design parameters of proposed C-PCF [62].
That is why we perform tolerance analysis on proposed C-PCF by varying d (air hole’s
diameter). In As;Ses C-PCF | vary air hole’s diameter (d =1.2, 1.3 and 1.4 um) keeping pitch
fixed. From Fig. 5.12 it is clear that there is no such a significant change on dispersion curve
while varying air hole’s diameter; less sensitive to the structural parameters.
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Simulation parameters for SCG in the case of As>Sezare then shown in Tab. 5.2. In simulation
| have selected hyperbolic secant pulse as input pulse with Tewnm = 50 fs and peak power 10
kW, 15 kW and 20 kW respectively. For pumping at 2500 nm, we can use mid-IR optical
parametric oscillator (OPO), which is synchronously pumped by an erbium doped fiber laser,
which operates in the 2.0 - 4.6 um wavelength regime [63].

Spectral broadening up to 9000 nm is experienced when pumping with 20 kW peak power
and Trwhm = 50 fs (Fig. 5.13). From simulation results it is seen that by using peak power as 10
kW with Trwnm = 50 fs, obtained spectral broadening about 5800 nm, from 1200 nm to 7000
nm (Fig. 5.14a). And by using peak power = 15 kW and Trwnm = 50 fs, obtained spectral
broadening is about 6600 nm, from 1200 nm to 7800 nm (Fig. 5.14b). Ln. and Lp of the
proposed As,Se; C-PCF are 6.70x10° m and 2.57x10 m respectively (using Po=10 kW and
To= 0.0284 ps) at 2.50 pm pumping wavelength. Initial spectral broadening of input pulse lead
by SPM though non-linear effect is dominant here (Ln.<Lp).

Table 5.2
Simulation parameters in the case of As>Ses

Parameters Value
Pumping wavelength 2500 nm
Zero dispersion wavelength 2466 nm
Non — linear coefficient () At 2500 nm = 14923 Wtkm
Fractional Raman contribution (fr) fr = 0.100
Raman response parameters n=231fs, »=195fs
Length of PCF (LpcF) 0.5cm
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5.3 PBG-08 suspended core PCF (SC-PCF)

From Fig. 5.15 it is seen that the zero dispersion wavelengths (ZDW) of SC-PCF of three
different core diameter are 1050 nm, 1330 nm and 1450 nm respectively. In accordance with
the non-linear coefficients (y) are 2442 W-tkm™, 566 W-tkm™and 298.9 Wkm respectively.
The electric field distribution for different core diameter of SC-PCF are shown in Fig. 5.16.
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Table 5.3
Summary of design and simulation parameters of SC-PCFs

Core Width of | Radius of ZDW Effective Area Non-linear
diameter bridge air hole coefficient
1.00 pm 0.4 um 24.5 um 1050 nm 1.039 um? 2442 Wkm
2.00 um 1.0 pm 24.0 pm 1330 nm 3.53 um? 566.0 Wikm
2.75 um 1.6 um | 23.625um | 1450 nm 5.83 um? 298.9 W-tkm*

For core diameter = 1.00 um as get ZDW as 1050 nm, pumping wavelength chosen as 1060
nm in the anomalous dispersion regime and at pumping wavelength the calculated dispersion
coefficient values of the Taylor expansion are S,=-7.5864x107 ps?/m, 5=3.7789x10* ps/m,
fa= -2.9065x107 ps*/m, ps= 2.714x1071 ps’/m, fs= 3.8701x1012 ps/m, p7= -3.5983x104
ps’/m, Ps= 2.9253x107° pst/m, o= -2.4117x1078 ps®/m and pio= 2.0854x10%° psi%m
respectively. Pumping wavelength chosen as 1350 nm for 2.00 um core diameter in the
anomalous dispersion regime and at pumping wavelength the calculated dispersion coefficient
values of the Taylor expansion are f,=-9.2959x10° ps?/m, f5=4.0311x10* ps®/m, fas= -
7.5249%x107 ps*/m, fs= 2.3442x107° ps®/m, fe= -7.9255x1072 psb/m, f7= 2.7473x104 ps’/m,
Ps=-7.005x101" pst/m, o= -2.6924x1071° ps®/m and B10= 8.667x1072 psi®/m respectively.

For core diameter = 2.75 pum, pumping wavelength chosen as 1550 nm and at pumping
wavelength the calculated dispersion coefficient values of the Taylor expansion are fo=-
3.37x1072 ps?/m, f5=4.6237x10"* ps®/m, fa= -1.1462x10° ps*/m, fs= 4.4767x107° ps’/m, fe=-
2.0628x10! ps®/m, $7=1.1153x10 ps’/m, fs=-6.9062x107® psd/m, o= 4.8308x108 ps¥/m
and B10= -3.864x102 pst%m respectively. In simulation | have used hyperbolic secant pulse as
input pulse with peak power 1 kW, 5 kW and 10 kW with different pulse duration.

From Fig. 5.17a it is seen that in the case of 1.00 um core diameter by using peak power
1 kW and Trwnm = 50 fs, obtained spectral broadening about 750 nm from 700 nm to 1450 nm.
In accordance with by using 10 kW peak power and 50 fs pulse duration (Trwnm) 1400 nm
spectral broadening is obtained from 800 nm to 2200 nm by using SCF of 2.00 pum core diameter
(Fig. 5.17b) and spectral broadening about 1500 nm from 900 nm to 2400 nm for SCF of 2.75
pm core diameter (Fig. 5.18c). Non-linear length (Ln.= 1/yPo) of the SCF for three different
core diameter 1.00 um, 2.00 um and 2.75 um are 8.19x10° m, 1.76x10* m, 3.34x10* m and
dispersion length (Lo=To%/||, To= Tewnm/1.763) are 2.65x102 m, 8.6x102 m, 2.3x102 m
respectively. The non-linear effect is dominant here because Ln. < Lp. The confinement loss
of the analyzed SCF in all cases are negligible, so only material loss could have the dominant
affect. Though short length of SCF is used here, so we can omit the effect of losses in
broadening.
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By varying peak power (Ppeak) from 1 kW to 10 kW with Trwnm = 50 fs in the case of 2.75
pm core diameter SC-PCF is shown in Fig. 5.18. From figure it seen that though the broadening
range up to 2500 nm, but there is a variation in intensity level as the fiber length is increasing.
Which turns break the flatness of SC spectra and will induce remarkable fluctuations.

The effect of SC spectra by using different lengths (1 cm, 5 cm, 10 cm, 15 ¢cm) by using
Ppeak = 10 kKW are shown in Fig. 5.19.
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5.4 PBG-08 hexagonal PCF

In this section | have analyzed hexagonal PCF made of PBG-08 glass material having core
diameter of 2.64 um. From Fig. 5.20 it is seen that the zero dispersion wavelengths (ZDW) of
H-PCF is 1555 nm. Effective area and non-linear coefficient are 4.613 um?and 375.4327 W
km* at pumping wavelength 1560 nm (see Fig. 5.21b). The electric filed distribution of H-PCF
at 1560 nm is shown in Fig. 5.21a.
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Fig. 5.20. Dispersion as a function of wavelength in case of H-PCF.

As ZDW is obtained at 1555 nm , chose pumping wavelength chosen as 1560 nm in the
anomalous dispersion regime and at pumping wavelength the calculated dispersion coefficient
values of the Taylor expansion are f,=-1.4481x103 ps®/m, f3=4.7000x10* ps®/m, fa= -
1.0898x10 ps*/m, fs= 3.6563x10° ps®/m, fs= -1.562x10"1* psb/m, p7= 7.2007x10* ps’/m,
Ps=-2.7078x108 ps®/m, fo=-6.1724x101° ps®/m and 0= 3.8863x10° ps%m respectively.
In simulation | have used hyperbolic secant pulse as input pulse with peak power of 10 kW, 5
kW and 1 kW with Trwnm =50 fs pulse duration and their corresponding broadening range are
1400 nm,1100 nm and 700 nm respectively (see Fig. 5.22). The effect of changing pulse
duration on SC spectra are shown in Fig. 5.23.

Table 5.4
Summary of simulation parameters

Zero dispersion wavelength 1555 nm
Non-linear coefficient (y) 375.4327 Wt km'
Effective area (Aer) 4.613 pm?
Lpcr 15cm
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Table 5.5

Broadening range by varying peak power (H-PCF)

Pulse duration Peak power Bandwidth Broadening range

Trwhm= 50 fs 10 kW 1400 nm 1000 nm — 2400 nm
Trwhm= 50 fs 5 kW 1100 nm 1100 nm — 2200 nm
Trwhm= 50 fs 1 kw 700 nm 1300 nm — 2000 nm
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From Fig. 5.23 is seen that as the pulsed duration is increased broadening range is kept same
with lower intensity level. Moreover change in peak power has some significant change in
broadening as shown in Fig 5.22. Compared to SC-PCF (2.75 um) as shown in last section, SC
spectra has no such large fluctuations in H-PCF.

Table 5.6

Broadening range by varying pulse duration ((H-PCF))

Peak power Pulse duration Bandwidth Broadening range
5 kwW Trwhm= 50 fs 1100 nm 1100 nm — 2200 nm
5 kW Trwnm= 100 fs 1100 nm 1100 nm — 2200 nm
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Fig. 5.23. In the case of H-PCF, SC spectra using Ppeak =5 kW with (&) Trwrm = 50 s (b) Trwnm = 100 fs.
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5.5 Comparison of different designs of PCF

Table 5.7
Comparison table of broadening range in different designs
Zero Peak
Name Design Nonlinear Pumping Dispersion | power & | Broadening
Coefficient | wavelength | Wavelength pulse range
(v) duration
Circular Ppeak = 1000 nm to
PCF 14923 2500 nm 2466 nm 20 kw 9000 nm
Material W-ikm Tewnm= B.W: 8000
: As;Ses | Core Diameter: 50 fs nm
2.5 um
Circular Ppeak = 1000 nm to
PCF 2362 2000 nm 1985 nm 10 kW 4000 nm
Material W-km? Tewnm= B.W: 3000
:As2Ss | Core Diameter: 50fs nm
2.5 um
Hexagon Ppeak = 900 nmto
al PCF 375.43 1560 nm 1555 nm 10 kW 2400 nm
Material Wt km? Trwam= B.W: 1500
: PBG- 50 fs nm
08 Core Diameter:
2.64 pm
Suspend Ppeak = 900 nm to
ed core 298.9 1550 nm 1450 nm 10 kW 2500 nm
PCF W-tkm? Trwnm= B.W: 1600
Material | core Diameter: 50 fs nm
- PBG- 2.75 um
08
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6. Conclusion and future work

6.1 Conclusion

| have presented the design of the circular lattice photonic crystal fiber with 2.5 um core
diameter based on chalcogenide glass. Dispersion profile was tailored for broadband MIR
supercontinuum generation. Pumps were allocated at 2000 nm and 2500 nm for arsenic-sulfide
and arsenic-selenide respectively. Numerical studies showed that the proposed C-PCFs are
suitable for mid-IR supercontinuum generation, in the case of As2Sz and As>Sez by employing
only 5 mm long C-PCF | obtained spectral broadening of 3000 nm and 8000 nm respectively.
These proposed C-PCFs could be suitable candidates for different applications such as
spectroscopy, pulse compression, gas sensing and various nonlinear applications. The major
advantage of the proposed design represents manufacturing simplicity and tolerance to
manufacturing imperfections.

From analysis of supercontinuum generation in SC-PCF and H-PCF it is seen that spectral
broadening from 800 nm to 2400 nm could be achievable by using 2.75 um core diameter SC-
PCF with pumping wavelength at 1550 nm. By using core diameter of 2.64 um of H-PCF we
could get the quit same broadening in SC as SC-PCF. But compared to SC-PCF, the H-PCF
shows SC spectra with good flatness when using 10 kW peak power.

From my analysis it has been proven that chalcogenide glass, especially As>Ses, is a suitable
candidate for high range of SC spectra such as up to 10 um. PBG-08 glass PCF, as a soft-glass,
also exhibits spectral broadening over 1500 nm, when pumped at 1550 nm.

6.2 Recommendations for future work

e | have analyzed SCG by using anomalous dispersion regime. Some significant ripples
at high peak power in SC spectra were observed. In future it will be of great interest to
achieve flat SC spectra in MIR by extending the present work of this thesis.

e Analysis of SCG by selecting pumping region at normal dispersion regime.

e | have analyzed SCG by using circular PCF, hexagonal PCF, suspended core PCF. It is
also interesting to use spiral PCF, square PCF etc. and in the further investigation as a
host material can be used such as tellurite glass, SF57, other chalcogenide glasses, etc.
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