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EXPLORING OPTICAL NONLINEARITY IN GAS-FILLED HOLLOW CORE
FIBRE

Seyed Mohammad Abokhamis Mousavi

The growing need for novel light sources in variety applications increases the demand
for laser sources operating in many different range of spectrum. Despite the success in
development of mid-infrared (mid-IR) lasers, which are essential in many applications
such as' environmental science, bio-science and physics, there are still lack of reliable
lasers in this range with existing fibre laser technology compatibility. Meanwhile the
nonlinearity in gases has been explored extensively from the very beginning of
nonlinear optics, however, new developments in pulsed lasers and fibre design provide
opportunities for more applications. The introduction of Hollow Core Photonic Crystal
Fibres (HC-PCF) has revolutionised the area of nonlinearity in gaseous media by
offering a single-mode confined light beam for very long distances. In this thesis, the
focus was on mid-IR pulse generation by Raman frequency conversion in a gas-filled
HC-PCF. Due to reliable performance and compatibility of fibre lasers with HC-PCFs,
and towards fully fiberized source, an erbium-doped fibre laser (1.55 um) has been
selected as the pump for this project. In order to reach as far as possible into the mid-
IR region, hydrogen has been selected as the filling gas of fibre, due to its large
frequency shift and high Raman gain. The large frequency shift and mid-IR operating
range required a new fibre design with a broadband transmission window and
relatively low loss in mid-IR. After studying conventional HC-PCF structures, the
recently proposed Nested Anti-resonant Nodeless Fibre (NANF) has been selected as
the most suitable option for the purpose of this thesis [71]. Two NANFs, made of silica
and tellurite, have been designed and optimized through the use of the developed Finite
Element Method (FEM) toolbox in this thesis for operating wavelengths at pump (1.55
um) and 1st Stokes (4.35 um). A novel design has also been introduced in NANFs which

shows polarization maintaining feature as good as the latest state-of-the-art HC-PBGF



type [77]. The proposed design also shows polarizing capability in addition to its
polarization maintaining by presenting a large loss ratio (~30 dB) between different
polarizations of propagating light through it. The pulse propagation throughout the
hydrogen-filled NANFs has been investigated by modelling the Raman response of
hydrogen and numerically solving the Generalized Nonlinear Schrédinger Equation
(GNLSE). Simulations show promising results for frequency conversion towards mid-
IR and the possibility of Raman lasers in this region by considering different gas and
using the readily available air in HC fibres. Furthermore, in this work, the nonlinear
dynamics of atmospheric air-filled HC fibres have been studied, ranging from Raman
down conversion process to a high spectral power density supercontinuum spanning
from 850 to 1600 nm. A semi-quantum model for air has been adopted and integrated
into the GNLSE, which surpasses the limitations of simple model. Using the adopted
model, the experimental results have been reproduced without any extra computational
cost. A rigorous study has been performed on nonlinear dynamics of pulse propagation

in air-filled HC fibres and the origin of many nonlinear phenomenon are identified.
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Chapter 1: Introduction

1.1 Introduction

Nonlinear optics, dating back to the discovery of second-harmonic generation by
Franken et al. (1961) shortly after the first working laser demonstrated by Maiman in
1960, has generated many applications that have changed the optical world in many
ways [1]. Nonlinear optical phenomena occur as a consequence of modifications in the
optical property of a material under the influence of light. The term “nonlinear” has
been used to illustrate the fact that the material system responds nonlinearly to the
strength of the optical field applied upon itself. During the last decades, nonlinear
optics in solid, liquid and gas materials has been studied and lots of applications and
devices have been developed based on it [2]. Although solid-state materials have shown
great capability of tuning their nonlinear response through change of material
composition, and a wide range of devices has been fabricated in the form of solid core
fibres and integrated systems, all these nonlinear systems suffer from critical issues at

high field intensities, as well as some fabrication limitations [3].

Gases, as an alternative material, can also support a variety of nonlinear processes and
behave as nonlinear optical media. They are more reliable than solid-state materials at
high intensity fields, where solid—state materials can be damaged permanently [4]. In
addition, nonlinearity and dispersion of gases are tuneable by controlling the gas
composition and pressure [5]. They also show a broader transparency spectrum than
solid-state equivalents. During the last decades, a variety of nonlinear effects has been
demonstrated in gaseous media such as, to name but a few: supercontinuum generation
[6], high-harmonic generation (HHG) [7], filamentation [8], Raman frequency comb
generation [9, 10]. However, gases inside conventional bulk glass cells have inherently
lower densities than solids, even at high-pressures, which significantly influences their
nonlinearity and imposes the necessity of very high laser power or very long light-

matter interaction length for an efficient nonlinear response.

A long interaction length could be achieved through multiple passes in a resonant gas
cell, but these are quite cumbersome to align and maintain. Hollow core photonic
crystal fibres (HC-PCF) provide a practical alternative and some very useful properties
for the generation of efficient nonlinear process in gases. For example, they provide
confined single mode beam over very long interaction paths (1 to 1000 m), very high

intensity per Watt (their small core radius increases the intensity), higher optical
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damage threshold and superb control on the Group Velocity Dispersion (GVD) [11-14].
These characteristics of HC-PCFs have been employed in a variety of experiments [15,
16]. Furthermore, many other nonlinear processes have been demonstrated in these
fibres such as: self-similarity and solitary waves in stimulated Raman scattering [17,
18], delivery of high-energy and intense optical solitons [19], ultrashort pulse
supercontinuum generation [5], deep-ultra-violet (UV) generation [20], to name just a
few. However, most of those activities in gas-filled HC-PCFs have been focused on UV

to the near-infrared spectral range [5].

The mid-infrared (mid-IR) spectral region, comprising wavelengths between
approximately 2 and 20 um, is an interesting region for many areas in science and
technology. Molecules shows strong vibrational transitions in this range [21], which
makes mid-IR spectroscopy a unique way of identifying the type and quantifying the
concentration of molecules in a given environment. Mid-IR spectroscopy can provide a
powerful tool to understand the structure of molecules in materials and also gives the
ability to perform non-destructive detection of composite chemical, physical or
biological systems in solid, liquid or gas phase. Two important sections of this region,
from 3-5pum and 8-13 um, are very important due to the transparency of the
atmosphere, which allows the detection of small traces of toxic vapours with great
sensitivity [22]. Also, as Rayleigh scattering loss is low in this region, the possibility of
imaging in unclear media increases as well [23]. This wide range of applications

emphasizes the necessity for reliable and high power laser sources in this region.

In the past decades, there has been an impressive growth in the number of compact and
high power laser sources [24]. However, some of the regions in the spectrum, in
particular at mid-IR frequencies, have not seen any dramatic progress due to
fabrication, detection and material limitations. Recently, there has been some
promising new development in the mid-IR light sources by new techniques and
materials such as: quantum cascaded lasers (QCL) [25], optical parametric oscillators
(OPO) [26], high-power fibre lasers with different host glasses (e.g. fluorides) and
dopants [27] and gas-filled hollow-core lasers (population inversion lasers) [28-30].
However, each of these options has limitations that decrease its performance. For
instance, QCLs are limited by their strong dependency of maximum power on the
operating temperature [25]. Besides, state-of-art high power fibre lasers cannot go
beyond certain wavelength (~3.9 pm) [27] and other types of lasers such as interband

cascade lasers (ICLs) are mainly limited to 2-3 W for the range of mid-IR.
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Unlike conventional population inversion lasers, frequency conversion lasers using
nonlinear process such as stimulated Raman scattering (SRS) are not limited to
transition levels, and as a result, they can present great tunability of their output
wavelengths through a relative frequency shift of the input laser (i.e. pump laser). Gas-
filled HC fibre lasers exploiting SRS for frequency conversion seem therefore a
promising option to produce novel laser sources for the mid-IR region. They offer, in
principle, the possibility of a fully fiberized system with a sharp emission linewidth and
with the advantages of gases over solid-state materials already discussed. During the
last decade, promising results have been achieved on Raman conversion processes in
gas-filled HC fibres [31-34], and a very low threshold laser using a hydrogen-filled HC
fibre has been demonstrated [35]. However, despite many successful experimental
works in other regions of the spectrum (UV, visible, near infrared), there have been
very few works towards the investigation of gas-filled fibre based mid-IR sources,

mostly due to very large loss in the fibres at those wavelengths.

In this thesis, I have focused on studying the potential of devices that exploit Raman
nonlinearity in gas-filled HC-PCFs to create efficient mid-IR laser sources. In
particular, different ways of using Raman down-conversion processes in the gas have
been studied to generate mid-IR laser sources from a well stablished near-IR fibre laser
source. This configuration has great potential for integration with well-stablished
ytterbium or erbium-doped fibre lasers, whereby, by adding a simple gas-filled hollow

core fibre a fully fiberized mid-IR laser can be achieved [35].

1.2  Outline of the thesis

The main objective of this thesis is to generate a high power laser source in a gas-filled
HC fibre at mid-IR wavelengths (4-6 um) by means of Raman down-conversion.
Therefore, this work can be divided into two main parts, HC fibres and Raman

scattering in the gases. The thesis is structured as follows:

e In chapter 2, a brief background on different topics related to each part of this
work (i.e. HC fibres and nonlinearity in gases) is covered. Starting from HC
PCF's and their main guiding mechanisms, two main categories of these fibres
will be reviewed. The advantages and disadvantages of each category for gas-
filled applications will be briefly touched upon. Then, a brief introduction about
optical nonlinearity in general, and more specifically on Raman scattering is
presented, and a suitable light propagation model to include a wide range of

nonlinear phenomena for this work is selected. The chapter ends by introducing
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the advantage of gas-filled HC fibres over bulk implementation of the process

and with an overview of recent works in this field.

Chapter 3 is dedicated to the introduction of the numerical methods used and of
the toolboxes developed in this work. At first, in order to model HC fibres,
different numerical models are compared, and Finite Element Method (FEM) is
chosen as the most suitable one to model and optimize the HC fibre. To achieve
accurate results in fibre modelling, optimum parameters for modelling are
calculated; a suitable Perfectly Matched Layer (PML) is implemented and a
modelling toolbox is developed. Similarly, to study the pulse propagation in the
gas medium, a symmetric split-step method was selected and programmatically
implemented to solve the nonlinear pulse propagation model throughout the
gas-filled HC fibre. In the end, to include all modelling methods and provide an
integrated solution for design, modelling and simulation of the Raman laser in

gas-filled fibre, an integrated software toolbox has been developed.

In Chapter 4, HC fibres guiding through anti-resonance/inhabited coupling
(called in the chapter HC-ARF) are reviewed as the most promising HC type for
nonlinear applications in gases. While the loss of these fibres is identified as the
most concerning problem, it is shown that the overlap of the air-guided field with
the cladding glass is one of the main reasons of the high loss in these fibres.
These findings shift the focus of this work towards different type of fibres called
tubular fibres, which present a lower amount of field-glass overlap. These fibres
have shown a very broad low loss transmission window. Meanwhile, a more
sophisticated variation of these fibres called nested antiresonant nodeless fibres
(NANFSs) has been proposed in ORC. NANFs show very low loss while having
similar broadband characteristics as tubular fibres. Therefore, by selecting the
NANF as premier choice for this project, an optimization process has been
performed on the main design parameters for a silica-based NANF and for a
non-silica one with IR-transparent glass (tellurite) to achieve low loss operation
at both the pump wavelength and at the first Raman Stokes (for example,
1.55 um and 4.35 um, respectively). The optimum NANF with silica has a loss
of about < 1.2 dB/m at 4.35 um with core radius of 35 um despite the considerable
material loss of silica at this wavelength (~3000 dB/m). Although the fibre has
a large core size, it is designed to be effectively single mode regardless of its core

size by out-coupling higher order modes. The optimised tellurite fibre could
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achieve the similar loss with much smaller core radius of 15 um at the Raman

frequency.

Considering the importance of polarization on the efficiency of vibrational
Raman scattering, in Chapter 5, novel designs for birefringent NANFs have
been studied, which are able to preserve linear polarization. I have proposed a
novel way to achieve a fibre with high birefringence and at the same time
polarizability. After exploring the possibly of introducing birefringence in NANF
by introducing an elliptical core shape, it is shown that conventional methods to
introduce birefringence in solid core fibres are not applicable on HC-ARFs.
Using the effect of mode-crossing on the effective refractive index, combined with
multi-layered loss control, a low loss and birefringence NANF structure have
been achieved for the first time. The proposed design has the ability to introduce
birefringence larger than 104 over a record bandwidth (~550nm) and loss
extinction between orthogonal polarizations as large as 30 dB. A fibre with such
a large polarization loss ratio can practically act as a polarizer, specifically for
operation with high power lasers, where conventional polarizers reach their
damage threshold limit. Besides, following the scaling law in NANF, the
proposed design can be used for different wavelength ranges by simply scaling
the structure in relation to the operating wavelength. The novelty in this design
results a patent registration (patent number UK 1410100) and has already

inspired other works.

Chapter 6 is started by comparing different options for filling gas in the HC-
fibre to fit the purpose of generating mid-IR laser. Then, the choice of Hz is
motivated as the most appropriate gas for this work. To achieve the highest
possible Raman frequency conversion, the optimum core size for the NANF
designed in Chapter 3 is calculated as a parameter in the optimization towards
maximum Raman conversion. To properly model the pulse propagation in this
designed fibre while retaining the ability of including different nonlinear
phenomena in a unified simulation tool, a semi-classical model for Raman
scattering in Hs is considered. This can be fully integrated within a well-known
generalized nonlinear Schrodinger equation (GNLSE). To test the reliability of
the model, the effect of different parameters on the final Raman gain, from pulse
length to waveguide dispersion contributions are reviewed. The model is shown
able to reproduce accurately experimental results from literature. In the end,

the efficiency of Raman conversion from pump to first Stokes has been studied
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by using a GNLSE model in full frequency domain for different pulse lengths
and shapes in the designed and optimised NANF. It is shown that the generation
of 4.35 pm mid-IR laser with more than 68% of quantum efficiency from an
erbium-doped laser at 1.55 pm with moderate power (10kW) is possible in silica
NANPF, despite its high material loss in the mid-IR. It is also shown that even
higher efficiencies are possible by altering the pulse shape or changing the fibre

material.

In Chapter 7, the nonlinear dynamic of a different but more naturally occurring
filling gas inside a HC fibre is considered. Atmospheric air existing in the core
of the HC fibres shows interesting characteristics and has been studied in the
last decades due to the increasing interest in HC fibres and high power lasers.
In this chapter, the propagation of a picosecond pulse in different types of HC
fibres (.e. HC PBG, Kagomé and tubular fibres) have been studied,
experimentally and theoretically. The choice of an appropriate pulse length (~6
ps at 1036 nm) has enabled the observation of a variety of nonlinear phenomena,
from rotational and vibrational Raman scattering to a broad supercontinuum
ranging from ~900 nm to ~1600 nm. To model the nonlinear phenomena, a semi-
quantum model for air has been adopted, which can be fully integrated in the
GNLSE and could reproduce well the experimental results in different fibres.
By using the newly developed model and by integrating it in the developed
nonlinear modelling toolbox in this work, the origin of initial broadening peaks
are identified and the output spectrum for different input power levels are
reproduced successfully, ranging from the initiation of vibrational Raman
signature up to the generation of a double-pump feature supercontinuum, with
good agreement. Generally, in previous works only one or two of such nonlinear
phenomena have been observed. This is because they mostly operated with
either very long or very short pulse lengths, while in this work the output can
be tuned from single pulse Raman frequency conversion (from 1036 nm to 1354
nm) to a broad supercontinuum just by adjusting the input power and provide a

high spectral density output.

Chapter 8 summarises the results of this work and proposes a few suggestions

for future works.
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Chapter 2: Background

In this chapter, the key background information required to understand the primary
content of this thesis is provided. By necessity, it is not possible to go into great depth
on each topic given space constraint and in each section references are provided as a
source of full details. In the following sections, the hollow core optical fibres, the general
formulation of nonlinearity and more specifically Raman nonlinearity are briefly
introduced as the key elements of this thesis. In the end, the advantage of gas-filled

hollow core fibres (HC) with an overview of recent activities in this field is provided.
2.1 Introduction to Hollow core optical fibres

2.1.1 Historical perspective

Optical fibres have proven to be one of the best ways to transmit and guide light which
provide great control and flexibility on the transmission path. From the first successful
and reliable single mode fibre with 16 dB/km loss by Keck and Maurer at Corning [36]
to the present matured form with a loss of ~0.18 dB/km at 1550 nm for SMF-28® [37]
and the record loss of 0.149 dB/km at 1550 nm [38], solid-core optical fibres have been
the backbone of telecommunication networks for many years. However, some of their
limitations caused by the interaction of light and the solid material in the fibre core
have not been yet addressed effectively in many sensitive or high intensity applications
[39-41]. Guiding light through air/vacuum can overcome many limitations of solid
material due to the ultra-low Rayleigh scattering loss and ultra-low optical nonlinearity
of air/vacuum. This can consequently provide higher transmission speed (.e. lower
latency) and higher power delivery. However, simple replacement of the solid core with
air in conventional forms of solid-core fibres cannot provide any light confinement
because of the lower refractive index of air in comparison to the surrounding material,
which breaks the guidance mechanism of total internal reflection [42]. Fortunately, a
large body of studies and developments in the area of “Photonic crystals” pioneered by
Yablonovitch [43] and John [44] opened up new opportunities to overcome this problem.
From the first adaptation of the photonic crystal to the concept of out-of-plane
propagation of light in a defect within a lattice (i.e. photonic bandgap guidance) by Birks
and co-workers in 1995 [45] to the first working example of such structures in a solid-
core fibre, photonic bandgap fibres (PBGFs) have shown promising results [46]. The
ability to confine the light regardless of the core and cladding indices had brought the
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possibility to guide the light in air with the help of the PBG mechanism and the first
instance of HC-PBGFs was demonstrated by Cregan et a/[14] as shown in Figure 2.1.
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Figure 2.1. (a) the first demonstration of single mode air-guiding fibre, (b) the spectral

transmission profile of the fibre (after [14]).

Since then, different hollow core optical fibres have been introduced and developed over
the past decades. Not only have these fibres been used to address common problems in
solid-core fibres and provide a larger damage threshold, robustness to mechanical and
magnetic field perturbation as well as extending the operating wavelengths, but they
have also opened up opportunities for new applications such as long path gas-light
interactions, biophotonic applications, etc. [15, 47-49]. Although, at first, HC fibres are
introduced by PBG mechanism, during the last decade many different other structures
and forms of HC fibre have emerged offering some advantages over HC-PBGF's. Some

of these alternative fibres types are discussed in the following sections.

2.1.2 Categories of hollow core fibres.

Despite the advantages of hollow-core fibres, they suffer from lack of total internal
reflection guiding mechanism, which limits the guidance to the engineered low loss
“leaky modes” instead of actual band “guided modes” as in solid-core fibres [42], which
increases the structural complexity of the fibre and introduces different category of
fibres. In general, there are two major HC photonic crystal fibre (HC-PCF) categories
in terms of transverse modal control and guidance mechanism. HC photonic bandgap
fibres (HC-PBGF), rely on the band gap property of the surrounding photonic structure
(as discussed in the previous section) [50, 51] and anti-resonant fibres (HC-ARFs) that
guide based on the reflection properties of cladding structure in the anti-resonance

regime/inhabited coupling [52-55]. Although, the optimum design of HC-PBGFs can be
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predicted by borrowing concepts and design tools from the mature field of solid-state
physics [15, 43, 56|, not all features of HC-ARF’s guidance can be fully understood by
the common picture of simple anti-resonant reflecting waveguides (ARROWSs) and the
search for optimum designs is ongoing. In practice, HC-PBGF shows a lower loss than
HC-ARFs [51]. However, their narrow bandwidth (i.e. 10-30% of the central operating
wavelength) and larger field overlap with the glass in comparison to HC-ARFs [48]
make them less suitable for broadband applications (e.g. broadband nonlinear
processes) and high power delivery. Furthermore, recent designs of HC-ARF [57] not
only have a theoretical loss better than HC-PBGFs but also show the potential to
achieve a loss as low as solid-core fibres across a wide range of wavelengths and they

are less influenced by the intrinsic material loss unlike their solid-counterpart.

2.1.2.1 Photonic bandgap fibres

The guiding mechanism in the first group (HC-PBGFSs) (also called PBG-guiding HC-
PCFs) is based on confining the light in a low index core due to two-dimensional
properties of a photonic bandgap. This type of HC fibre, which is a subclass of
microstructured optical fibres (MOFs), can provide extremely low confinement loss (CL)
in a narrow spectral region (the best reported case has a loss as low as 1.2 dB/km at
1620 nm [51]). The most common and efficient structure for these type of fibres is a
hexagonal lattice of air holes. Figure 2.2 (a) shows the scanning electron micrograph
(SEM) of an HC-PBGF which has been designed to operate at 800 nm. In general, the
group velocity dispersion (GVD) of this fibre type has a steep slope at the two ends of
the bandgap while passing through zero dispersion inside the transmission window, as
shown in Figure 2.2 (b). As has been mentioned, they have very low loss but only over
a small transmission window (e.g. ~100 nm) for broadband nonlinear processes such as:
supercontinuum generation and multi-octave frequency comb generation or large shift
frequency conversion. Hence, in this thesis, the focus is on different types of HC fibres

with more potential for nonlinear applications.
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Figure 2.2. (a) SEM of HC-PBGF cross-section with an operating wavelength around
800 nm, 2:1 pm pitch (A) and 11 pm core diameter, (b) calculated GVD and loss for an
idealized model of this fibre [after [5]].

2.1.2.2 Anti-resonant fibres

The second group of HC- PCFs, can in some way, be seen as a large pitch (i.e. kA >50)
type of HC-PBGPF, and low loss air-core guiding from the absence of photonic states in
the surrounding photonic crystal structure might be expected. However, this strong
relation falls apart for the large pitches, and a wide range of low loss transmission
windows, which are wider than a simple capillary, has been observed experimentally
[34]. This specific property is very interesting for efficient broadband nonlinear effects
that cannot propagate in HC-PBGFs. The most famous structure for this type is a
Kagomé-lattice cladding, which was investigated for the first time in 2002 [34], and has
a unit cell of glass webs with a star-of-David pattern. Figure 2.3 (a) shows the SEM of
a Kagomé fibre designed to work around 800 nm and the UV region. As it is clear in
Figure 2.3 (b), this fibre has a broadband low loss transmission window, except for the
anti-crossing (resonance) region, which occurs around 380 nm (resonance region
repeats periodically across the spectrum). In terms of GVD, this fibre shows relatively
small anomalous dispersion (in contrast to PBG-guiding HC-PCF) except in the anti-
crossing sections. Although this anti-crossing in loss profile and GVD property of the

fibre is disrupting, it can be tuned away by changing the thickness of the glass webs.
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Figure 2.3. (a) SEM of Kagomé HC-PCF cross-section with an operating wavelength
around 800 nm and in the UV, 15 um pitch (A), 30 um core diameter and 0.23 pm web
thickness, (b) calculated GVD and loss for ideal model of this fibre [after [5]].

The guiding mechanism in Kagomé fibre was not well understood when it was reported
for the first time [34]. One of the first attempts to explain the guiding property of these
type of fibre was given by Benabid et a/ [34]. In this explanation, the guiding
mechanism was related to the strong confinement of a low density of photonic states,
which causes guidance only in the core of the fibre. In other words, the overlap integral
between core modes and cladding modes are very low at guiding frequencies [58, 59].
In another attempt to explain the guiding process, the guidance was related to the
washing-out of the overlap between the air-core modes and cladding modes due to the
strong mismatch of fast and slow transverse-field modes in the cladding (glass webs)
and air-core, respectively [60]. Although those explanations added a broad
understanding of the guiding mechanism and provide an overview, they are too

complicated for the design process of a fibre with desired characterizes.

On the other hand, it is possible to consider the guiding modes to be due to ‘anti-
resonant reflection optical waveguiding (ARROW). In this approach, which has been
studied before [52] in the planar waveguide context, the glass webs can act as Fabry—
Pérot structure and the transverse-field is reflected back at the core in the anti-
resonance frequencies. In more detail, the constructive back reflection from layers of
dielectrics in a specific range of frequencies can act like a mirror with a reflectivity
related to the refractive index and thickness of those layers. This mirror effect is the
working principle of many setups and structures such as Bragg mirrors or Fabry—Pérot
structures. Similar mechanism has been used in simple micro cavities, however, in the
case of fibres, the transverse-field with related wavevector plays the main rule. The
simplest ARROW in the form of cylindrical geometry is a suspended dielectric tube,
which can give a very good approximation of resonance and anti-resonance frequencies
in most of the anti-resonant HC-PCF structures. The resonance and anti-resonance

frequencies of the fundamental mode of a dielectric tube with tube thickness of { can
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be calculated from the resonance /anti-resonance wavelength equation as [61] (for the

fundamental mode):

1~ 272-\/nczlad - nczore
m "~ 2 2 (21)

C.t U,

2t ) R?

are the refractive index of tube dielectric and refractive index of

where ng, and ng,

core as well as surrounding material respectively, A_ is the mth resonance or anti-

m

resonance wavelength of the tube with thickness of t. N is 2m+1 or 2m based on anti-
resonance or resonance condition if m is an integer value, respectively. U, is the value
at which the first zero of Bessel function of the first kind (J,(U,)=0) occurs and R

denotes the core radius.

Equation (2.1) can provide an accurate approximation for resonance frequencies even
for multi-layered tubes, especially if they are designed to be at the optimum distance
or in the optimum thickness, however in the complex air-glass structures similar to
Kagomé fibres [15], due to the existence of the glass webs in different directions, there
are small discrepancies between the calculated and measured resonance frequencies.

In addition, the CL of HC-ARFSs, which is represented as a(R,R., 1), strongly depends
on the core radius (R), guiding wavelength (1) and bend radius (R, ). This dependency

of loss, in the case of a single tube fibre as the simplest form of ARROW fibre, is given
by [62]:

A° R?
a(R,R,, 1) cc, [?}rcz (W} (2.2)

where C, and C, are mode related constants. In general, a Kagomé structure has a

lower loss than a single tube because the CL in the structure would be decreased by
increasing the number of layers in the cladding, however, they have higher loss than

ideal multi-layer tubes.

During the last decade, lots of work has been done to improve the loss in these fibres
with early samples showing a limited loss of ~0.5 dB/m at 1.064 pm [60]. However, by
introduction of the negative curvature core boundary in these fibres, the loss has
significantly improved in a multi-layer Kagomé structure and reduced to 17 dB/km at
1064 nm [63], to 12.3 dB/km at 1010 nm [64] and finally and remarkably to 8.5 dB/km

at 1030 nm [65]. In a separate work, I have also studied the loss mechanism in a much
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simpler yet more reliable form of Kagomé structure called “hexagram” HC fibre.
Studying this fibre helps to understand the effect of glass node on the loss mechanism

of Kagomé structure [66]. More detail of study is provided in appendix A.

Figure 2.4 shows some of the recent ARFs. Since this type of HC fibre (i.e. HC-ARFs)
has broadband low loss transmission windows and maintains a very small fraction of
power in the cladding glass, they are the main focus of this work and are studied more

extensively in the next chapters.

1@kU

Figure 2.4. SEMs of some recent ARFs: a) Kagomé cladding with straight core
surrounding [after [11]]; b) Kagomé cladding with hypocycloid core surrounding [after
[671]; ¢) simplified ARFs with a hexagram cladding [after [68]]; d) and e) are simplified
HC fibres with negative curvature core surrounding [after d [69] , e [70]]; f) simplified

nodeless tube-lattice ARF [after [71]]

2.2  Introduction to optical nonlinearity

When light passes through a material the behaviour of photons in space-time and in
Interaction with molecules of the material can be described by Maxwell’s equations as
electromagnetic waves in the limit of large quantity of photons. In this framework,
which is called the “classical approach”, the interaction between light and material is
modelled through the modification of polarization density (P) of the material by

electromagnetic waves. This approach has been studied very well in the past and
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provides powerful tools to analyse the behaviour of light-matter interaction and doesn’t
carry the complexity of Quantum Electrodynamics (QED), which can provide very
accurate but complex picture of interaction. In this work, the main focus is on classical

approach while borrowing few aspects of QED where it is necessary.

To begin with, Maxwell’s equations in the derivative form in SI units can be described

as:
wm%n,
— . 0B
VxE=—7r (2.3)
V-D=p,
V-B=0

where E(F,t)and B(F,t) denote the electric and magnetic field vectors, respectively,
with F as a spatial vector. D(F,t)and H(F,t) represent the electric displacement vector

and magnetizing vector, p(F,t)and J(F,t) represent the free charge and the free current

vector, respectably, which are assumed to be zero in the rest of this work due to nature

of the material (e.g. dielectric and gas) and applications. The electronic displacement is

described as D =80|§ +P and, in a general form, P can be an “arbitrary function” of

electric field (P = f(E)). However, in the range of common material and practical

applications, a polynomial representation of such a function is a good approximation

and provides relatively accurate results especially in the range of atomic potential in

natural materials [72]. As a result, P can be separated into P, andP, , where the

former one represents the linear part of the relation between E and P which comes
from the first term of the polynomial approximation (ISL =g, 7'E) with 7' as first
order/linear susceptibility tensor of the material and the later one contains other
nonlinear higher order susceptibilities. Accordingly, D can be presented as
D=¢,(1+ x')E + Py =¢&,6,E + P, where the linear part of P and &E are combined in
the form of the permittivity of medium ¢, (®,X,y,z). In the way that the dispersion and

modal property of the electromagnetic wave manifest in the spatial and time

dependency of ¢, , the complex value of ¢, expresses the linear loss of medium [72].

The general form of Maxwell’s equations (Eq. (2.3)) can be summarized in a single wave

equation by considering the relation between H and B as H =]/,u§ with u=u, 4,
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where 1, is permeability of vacuum (no magnetization field (M) in the material) and

4, 1s relative permeability of the material, which is g, ~1 for nonmagnetic material

(this assumption is used through this thesis). Assuming that V-E ~0 which is widely

correct in the transversal modal cases like optical fibres! [72]:

(2.4)

where c=1/,/g,4, . In general, the polynomial expansion of P,. has the following form:

Pu=6| 7" ®E-E+ ®E-E-E+-| (2.5)

where ® denotes the convolution operator in time domain and »",n>2 are higher —

order nonlinear susceptibility tensors. In most practical cases the effect of higher order

susceptibilities are negligible and only z* and 4°® are considered. Moreover, the

susceptibility has a direct relation with the profile of the molecule and in some

conditions (e.g. lattice symmetry) the material may not exhibit 4 or y*. For instance,

7° is the dominant susceptibility in silica glass and common diatomic gasses (e.g. Ha).

Therefore, in this work, the ISNL can effectively be presented in the following form:

Puf)=2, [[| ZFt-t,t-tt-t)E(r,t)-E(F.t) E(Ft)dt dt, dt, . (2.6)

ty,ty ty=—o,t

In this approach (i.e. classical approach), z°® encapsulates the interaction of the

electromagnetic field with bound electrons and the molecule or nuclei. The former one,
which has a very short interaction time and is considered instantaneous, is known as
the Kerr effect and manifests its effect in different forms such as self-phase modulation
(SPM), four wave mixing (FWM), cross phase modulation (XPM) and etc. On the other
hand, the interaction of the electromagnetic field on the nucleus has a noticeable time
scale and should be treated as memory effect which is mostly demonstrated in Raman
scattering (RS) or Stimulated Brillouin Scattering (SBS). Although the later effect can
have a lower threshold and can have significant effects by coupling the acoustic waves
to the electrical field, due to its dependence on phase matching and the power ranges

in this work, it 1s not at the centre of attention of this thesis. On the other hand, Raman

1 In general, the validity of such assumption may break down especially in highly anisotropic or highly
nonlinear materials [72]. However, such assumption is valid for the range of material and applications in
this work.
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scattering, which represents the effect of vibration or rotation of molecules in the
interaction with an electromagnetic field, can provide great possibility to transfer the

energy of light from one frequency to another in an efficient and controlled way.

2.2.1 Raman scattering

Spontaneous Raman scattering was discovered independently and simultaneously by
Krishnan and Raman in liquids [73] and by Mandelstam and Landsberg in crystals
[74]. Although Stimulated Raman scattering (SRS) was predicted as a part of the
general Placzek theory [75] shortly after the discovery of RS, it was only observed thirty
years later by Ng and Woodbury during their work on a Q-switched ruby laser since

this process needs high power lasers (e.g. megawatt) [76].

It is possible to explain the Raman scattering process either using a classical wave
model or through a quantum behaviour interpretation. In the quantum point of view,
which is easy to visualize, the scattering of the incoming photons with electrons in the
media has two scenarios. In one scenario, if a molecule in an energy state is excited by
the incoming photon (v, ) and goes back to its previous energy level, the emitted photon
has the same frequency/energy as the exciting photon and the process is called Rayleigh
scattering. In another scenario, if the excited molecule loses its energy in order to reach
a certain vibrational or rotational energy level (v,) at a higher or lower energy level
than its initial energy level, the process is called Raman scattering and the generated
photon in each case is called “Stokes” and “anti-Stokes”, respectively, as shown in

Figure 2.5.
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Figure 2.5. Quantum interpretation of Rayleigh and Raman scattering. When the excited
molecule falls back to its previous energy level, it releases a photon with the same
absorbed energy (Rayleigh scattering), or either goes back to a higher vibrational energy
level (Stokes) or to a lower energy level (anti-Stokes), it emits lower or higher frequency

photons (Raman scattering), respectively.

From the classical point of view, considering light as electromagnetic radiation, it is an
oscillating electric field, which interacts with materials through their molecular
polarizability (a). In an excited molecule by an external monochromatic

electromagnetic field, the dipole momentum (), which act as the source of scattering,

has an extra term in addition to the original exciting field:
oa
1oc gyl (aj {cos[27(v, —vg )]+ cos[ 27 (v, + VR )t} 2.7
q=0

where |, and v, are the intensity and frequency of the incident field, q and v, are
molecular displacement with amplitude of g, and Raman vibrational/rotational
frequency of molecule, respectively. # in Eq. (2.7) has two different frequencies of
scattering with tv, differences from the incident field which represents the Stokes
(v, —vg) and Anti-Stokes (v, +vy) scattering, respectively, and gives a unique

frequency shift signature to individual molecules. It is clear that only molecules with
an anisotropic polarizability can show Raman activity. In other words, Raman
vibrational or rotational activity is not available in molecules that cannot satisfy the

polarizability change with displacement/time change (8a/dq=0), or that are formed by

single atom such as noble gases [5].
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In the steady-state regime and for undepleted monochromatic pump laser conditions,
the intensity of the SRS Stokes field (1) passing through a Raman active medium with

length L is given by [77]:
I (L) = I (0)e'%'"") (2.8)

where |, is the intensity of the pump laser and g, is the Raman gain coefficient which

is defined by [72, 78]

Or = (2.9)

- 2702
W, wshNgAvg

47°N? (d_a]
dQ

where A, and A; are the wavelengths of the Stokes beam and the pump laser beam,
respectively; Nis the density of scatterers (e.g. molecules); n, is the refractive index at
the Stokes frequency;Av, is the Raman spectral line with the full width at half
maximum (FWHM) definition; ¢ is Raman cross-section with laser frequency
dependency of oo a),‘_‘ [79] and Q is the solid scattering angle. The gain coefficient is
one of the most important parameters in Raman lasers applications and its magnitude
is usually given in cm/GW . Equations (2.8) and (2.9) show that the intensity of the
Stokes beam increases exponentially by increasing the intensity of the pump and the
interaction length. It is also clear that materials with higher density of scatterers (/V),
larger differential Raman cross-section (do/dQ) and smaller linewidth (Av,) have
greater Raman gain. From Eq. (2.9) and the frequency dependency of o [79], it is clear
that Raman gain has a direct relation with laser frequency (g, o« @_), which reduces
the Raman efficiency at longer wavelengths. Gases have usually smaller linewidth and
larger Raman cross-section in comparison to silica or other solid-state materials but
their low molecule density reduces the Raman gain significantly. It has been shown
that in the steady-state regime in order to reach the threshold (I, ~ 1, at output), it is
necessary to achieve g.l,L~25, which in the case of gases with low Raman gain (
g, =1-3cm/GW) in the visible range, solid-state materials have 10 times larger gain.
Therefore, to reach the threshold either a very long path of gas-light interaction in
comparison (L=0.5-3m) to solid material or high pump intensity (I, >1GW /cm®) are

required [77].

In the two-state approximation for molecules in materials with narrow band Raman
characteristic (e.g. gases), the evolution of the Stokes and pump field can be described

in a more general and accurate form than Eq. (2.8) by a set of wave equations and a
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material Raman coherence equation. These equations express the relation between the
field dynamic and molecules dynamic in a coupled system and in the semi-classical
approach. These coupled wave equations are known as the Maxwell-Bloch equations
and here, without focusing on derivation and the mathematical aspect of the equations,

a semi-classical form of them is presented as (for more detail refer to [80] [81]):

(Liﬁj E, (2.1) = —i(22)K,Q)Es (2.0),
Qs

oz cot

0 10 . *
(5*55] E, (2,1) = -ix,Q" O, (2.1), 2.10)
0

1 1K, =
0= —T—ZQ(t) +7 BB

where, E, and E; are the pump and Stokes component of the scalar form of the electric
field for a plan wave defined as E=1/ Z{Ep exp(io,t —ik,z) + Eg exp(iogt —iksz) + C.C} [72].
Q(z,t) 1is the slowly varying amplitude of the “atomic operator” which is called the

“Raman coherence wave operator” in the quantum picture. It represents the coherent
motion generated by the pump field and is the counterpart of the motion operator in

the classical model of molecules [72, 80]. The coupling coefficients are defined as:

= 2¢°g,.T,& KzNha)Slcl.
' Niw, ' 7 2gC (2.11)

where T, is the lifetime of the Raman coherency or in the classical approach the

damping parameter of oscillating molecules, which has the relation with Raman

linewidth T, =1/(#Auv,) . In the derivation of Eq. (2.10), the forward Raman scattering

is assumed to be dominant and the molecules are mostly in the lowest state (valid for
pulse power and repetition rates in the applications related to this work). Eq. (2.10) can
provide useful information regarding the Raman operation regime and reduction in

Raman gain, which is discussed in Chapter 6.

Although Maxwell-Bloch equations can describe the evolution of the Stokes and pump
with a very good accuracy, they oversimplify the effect of other nonlinear processes (e.g.
Kerr). Besides, adding different materials with different RS characteristics increases
the number of coupled equations, which adds computational burden. Also in cases with
multiple and broadband phenomena such as supercontinuum generation, the

implementation of the coupling approach is not efficient (if not impossible). In the next
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section, a more general form of pulse propagation is considered to cover the wider range

of nonlinearities in a common formalism.

2.2.2 Nonlinear pulse propagation equation

In general, the Eq. (2.4) in conjunction with Eq. (2.6) can accurately model the

Interaction of electromagnetic field and materials in space-time if a proper expression
for y* is used (in the classical limit). However, calculating the full form of the wave

equation (Eq. (2.4)) imposes a huge computational burden especially for cases with a
long propagation distance. Fortunately, for a well-defined propagation direction (e.g.
z-direction) such as optical fibres, there are different approaches that can benefit from
the slowly varying feature of the electric field envelope in nonlinear materials and the
paraxial approximation [82]. At first, in this approach, the transverse and longitudinal

components of the electric field are separated in the form of:

E(x,y,z,t) = _[Z A (2,0)E, (X, Yy, w)e' ™ d gp (2.12)

o M

where An (z,w) donates the longitudinal amplitude of the electric field in the frequency
domain, E_(x Y,) is the transverse component of the field which represents the mode
profile and k; is the propagation constant in the z-direction for the mt mode,
respectively. After calculating the transverse modes (E_(x,y,w)) by solving the

Eigenvalue equation (Eq (3.2)), the evolution of the longitudinal amplitude (An(z,a)))

for the individual modes along the propagation direction can be obtained with less of a

computational burden than using the full equation (Eq. (2.4)). Despite the fact that

most of approaches rely on the slowly varying approximation (.e. ‘GZAH(Z,a))/ 822‘ <

k:oA, (z,0)/ 82‘) to calculate the evolution of A (z,), their differences mainly come

from the approximation used to calculate the dispersion or nonlinear operators [82].
While there are a few well-established equations to calculate A(Z, ) , the Unidirectional

Pulse Propagation Equation (UPPE) has less approximations and can provide very good
results [82, 83]. However, its full implementation for MOFs needs substantial
computational power [82]. In contrast, the Generalized Nonlinear Schrédinger
Equation (GNLSE) provides a well-balanced approach in terms of computational cost
and accuracy, which will be essential for the type of simulations in this thesis [1]. In

general, these methods (i.e. UPPE and GNLSE) can be implemented in the multi-mode
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scenario through mode coupling by the nonlinearity terms G.e. ISNL) [84, 85]. However,

as most of the power is focused in the fundamental mode, in this study a single mode

scenario (m = 1) is considered.

2.2.2.1 Generalized Nonlinear Schrodinger equation

Regardless of the differences between a gas and a solid-state medium, light propagation
can be modelled with very good accuracy by the GNLSE under the slowly varying
envelope approximation and single mode scenario, which is valid for purpose of this

thesis, given by [1]:

O0A(z,T) _ =i -
T_A(Z’T){ Z;‘ n! aT“}

+A(z,T){i7/0 (1+ wlaiTJj;

0

} (2.13)

here A(z,T) is the slowly varying envelope of the electromagnetic field (Eq. (2.12)), @,

1s the reference frequency which is normally chosen to be similar to the central

frequency of the pump pulse. 3, is the n" derivative of the mode propagation constant
(B(w)) at @,. a is the total loss of the medium!, z is the position in the propagation

direction and T =t— 7 is the relative time in a moving reference, respectively. y, is

the nonlinear parameter defined as y, =n,®,/CA; with n, the nonlinear index, Ak is

effective mode area and @, is the reference frequency which is normally chosen to be

similar to the central frequency of the pump pulse, respectively (more details can be

found in [1]). R(t) is the nonlinear response function which is defined by:
R(t)=@1- f;)o(t)+ f h (). (2.14)

Here, 6(t) is the Dirac delta function, h,(t) is the Raman response function of the
molecule, f, represents the fractional contribution of the delayed Raman response to

the overall nonlinear response.

1 In this formulation the loss is considered to be constant but in a more general form and in frequency
domain form of GNLSE the full frequency dependent loss is used in this work.
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The GNLSE (Eq. (2.13)) provides a unified equation that integrates the Kerr and RS
processes along with the total chromatic dispersion of medium (i.e. material and
waveguide dispersion), which plays a major role in defining many different nonlinear
processes and effects such as: SPM, FWM, XPM, soliton (balance of nonlinearity and
anomalous dispersion), dispersive wave generation, modulation instability (MI), SRS
responses, and even supercontinuum generation (SG) [86]. In addition, Eq. (2.13)
includes the nonlinear loss caused by energy transfer to the phonons in the RS process
by introducing the self-steepening term in the nonlinear part. It is worthwhile to
mention that ionization phenomena in gases can introduce extra effects such as high
harmonic generation (HHG) and plasma associated blue-shift [5, 87], however, these
effects are not included in Eq. (2.13) as the pulse energy in studies of this thesis are

much lower than the ionization energy of the gases [88].

Among all the above-mentioned nonlinear processes with frequency conversion ability,
Raman scattering has the best capability to fit the requirements of the main goal of the
project in this thesis. First of all, Raman scattering in gas has a larger frequency shift
than solid counterparts, which enables the generation of mid-IR output using near-IR
excitation while the other counterpart, FWM, cannot perform such a large shift as
Raman, and also FWM is influenced strongly by the dispersion of the material and
waveguide. In addition, gases have very narrow Raman linewidth, which provides
narrow bandwidth output. Although the study of each individual effect generated by
nonlinear processes is possible by considering the physical origin of each one separately,
nonlinear processes in light-matter interaction are coupled to each other and a broad

understanding of their mutual effects is needed for more realistic and accurate results.

2.3 Nonlinearity in gas-filled fibres

In spite of all the positive aspects of gases for nonlinear optics applications, they suffer
from lower Raman gain than solids (at moderate pressures and far from electronic
resonances), which increases the required threshold to excite a particular nonlinear
process. As a result, the use of long optical path lengths and high pump intensity to
increase the light-matter interaction is necessary. However, for longer path lengths, in
free space diffraction becomes a major problem. Figure 2.6 shows the conventional free-

space setup to increase the intensity at the focal point of a lens.
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Figure 2.6. Conventional free-space setup for a nonlinear experiment in gases. The high

intensity interaction length is limited by the Rayleigh length.

This setup suffers from a trade-off between spot size and Rayleigh length which is the
effective length for the interaction. Although the use of a more powerful lens can
produce higher intensities, in addition to reducing the Rayleigh length, it can also
induce self-focusing or higher-order nonlinear effects such as photoionization of the gas
and two-photon absorption. Many different attempts have been done to increase the
length and intensity of the field by using a high-finesse Fabry—Pérot cavity. However,
they are only effective over a narrow frequency range [48]. These limitations in free-
space setups indicate the necessity of maintaining the intensity over a longer
interaction length. Using a glass capillary as a solution for confining the light over a
long distance was the first attempt. However, the large CL imposed by the cladding
glass and lack of a total internal reflection mechanism in addition to a fixed dispersion
profile have limited the application and interest in such a method. Alternatively, HC-
PCF's with very low CL and a broad transmission windows are good candidates as an

efficient gas-filled waveguide approach. Figure 2.7 demonstrates the advantage of HC-

%AN

Lens Lens

PCF in contrast with a simple capillary [34].

(a)

~q 3
Loss ~ 1/r 2D Photonic crystal

Almost constant Loss

Figure 2.7. Increasing the interaction path length by using a waveguide: (a) The
dependence of loss to bore size reduces the interaction path length in a glass capillary,
(b) the HC-PCF can extend the depth of focus (interaction path length) to almost the full
length of the fibre.

A quantitative figure of merit for comparing the nonlinear efficiency of different

waveguides in terms of confinement of the light is defined by f,, =LA/ A4, where L,

is the effective constant-intensity interaction length (L, ~1/ ), which is defined as the

int
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length where the intensity drops to 1/€ of its maximum [34]. Figure 2.8 shows the
figure of merit vs core radius for HC-PCF's and capillary fibres in contrast to a free-

space beam, which indicates the significant advantage of HC-PCFs over a capillary [34].
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Figure 2.8. Relative figure of merit of hollow capillary and two HC-PCF's based on free-
space beam. The HC-PCFs are at least 10000 times better for core radii < 5 pm at 1 =
532 nm [after [34]]

Since the first demonstration of HC-PCFs a variety of attempts to explore nonlinear
processes in gas-filled HC-PCF's have been reported [5]. For instance, it was reported,
a decade ago, that air-filled HC-PCF's can offer soliton propagation at very high peak
powers [19] and the possibility of soliton pulse compression was demonstrated in Xe-
filled HC-PCF [89]. It is possible to give a long list of works that have been done in this
field such as' Soliton-Effect Compression [89-91], adiabatic soliton compression [92],
highly efficient deep-UV generation [93], etc. Recently, a few useful and comprehensive

reviews have been published on this topic which are discussed in the following [5, 48].

2.3.1 Previous works on nonlinearity of gas-filled fibres

In general, the nonlinear dynamics of light in a gas can introduce many different effects
depending on the gas mixture, dispersion, intensity and length of the pulse. On one
side, the gas mixture and its pressure can have a direct effect on the strength of Raman
(or even absence of Raman) and the chromatic dispersion. On the other hand, the
intensity of the input pulse governs dominant nonlinear effects. Basically, the most
important practical parameters, which can determine the dynamics of nonlinear pulse
propagation in gas-filled fibres, are gas pressure, pulse intensity and pulse duration
[5]. It is possible to relate these parameters to the parameters in Eq. (2.13). For

example, it has been shown that dispersion profile of a gas-filled HC-ARF can be
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modified and controlled, to some extent, by the pressure of the gas, and the intensity of
the field can be related to the soliton order of pulse, which defines the relative strength

of spectral/temporal broadening from nonlinearity and linear dispersion.
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Figure 2.9. These maps show the variety of nonlinear phenomena and how they depend
on pressure and pulse energy in a gas-filled Kagomé HC-PCF with a core radius of 13 um
and length of 50 cm at 293 K. Using pressure to switch from anomalous “a” to normal “n”
dispersion occurs at 8.5 bar and 42 bar for Xe and Ar, respectively while the dispersion
is always anomalous for He. The central wavelength of exciting laser pulse is in 800 nm.
(a) The modulation instability map shows the effect of using fairly long pulses (600 fs),
(b) The self-phase modulation map shows the effect of considerably shorter pulses (30 fs)
(refer to [48] for details and discussion) [after [48]].

The dynamics of light propagation in the nonlinear regime have been summarized for
long (600 fs) and short (30 fs) pulses depending on gas pressure (dispersion) and field
intensity by Russell et a/ [48]. In this work, a wide range of nonlinear effects has been
demonstrated for a visible selected range in the form of maps. Each map depends on
the length of the pulse, relates each nonlinear effect to the pressure and pulse energy
(~pulse intensity), as shown in Figure 2.9. Even though these maps are for special
cases, as has been discussed earlier by having the relation between gas pressure
/mixture and dispersion as well as the relation between intensity and soliton order for

specific HC-PCF, to some extent it is possible to design or estimate the behaviour of the
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light in gas-filled HC-PCF using these maps [5] (for more detail on nonlinear process

on the map and experimental detail refer to [5, 48]).

Apart from the visible region, a highly significant work on UV and Deep-UV generation
has been reported by Mak, K. F et a/[94], which used different gas filling to generate a
tunable UV light mainly based on dispersive waves generation. Figure 2.10 shows the
tunability of ultraviolet light generated in a gas-filled Kagomé.
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Figure 2.10. Tunable ultra-violate generation in a gas-filled Kagomé HC-PCF by using
different gases and pressures. the fibre core diameter for all gases was 27 um, except Ne

which was 37 um (refer to[94] for details and discussion) [after [94]].

In addition, many other phenomena ranging from pulse compression [95] to frequency
comb generation [96] and even supercontinuum generation [5, 97] have been covered
by many works on gas-filled HC-PCF. As it is clear, nonlinearity in gas-filled HC-PCF
has been extensively explored up to near-infrared (near-IR) region, while mid-IR and
IR regions have not been investigated as extensively as possible specifically in HC-PCFs
(apart from very recent works [98] and population inversion laser-gases [99]) and need

more study.

2.4  Conclusion

In this chapter, the background of major building blocks for exploring nonlinearity in
gasses have been briefly touched. At first, hollow core fibres as an alternative to solid-
core fibres are introduced to overcome some of the limitation raised from the direct
interaction of light and material at the core of the fibre. After a very short introduction
on their historical origin, according to their guidance mechanism, major categories of
these fibres have been introduced and a few examples are provided to the reader. More
details and analyses on HC-ARFs, as the main focus of this thesis, will be provided in
the following chapters. In section 2.2, after a brief introduction on the classical
formulation of optical nonlinearity, the main focus was concentrated on Raman

scattering as the main objective of this thesis. Although Maxell-Bloch coupled equations
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have been introduced for analysing solely the Raman scattering, a more general form
of pulse propagation, which can include a wider range of nonlinear phenomena, has
been explored. In section 2.3, by using the special potential of HC fibres to confine light
in a long path with very low attenuation, gas-filled hollow core fibres have been
introduced as an alternative solution to improve the low Raman gain of gases by
increasing the interaction length of gas and light in a confined condition. In the end, as
an overview of recent development, a few examples of recent works on gas-filled HC
fibres have been presented. In the following chapters not only each element will be
explored in more depth, to realize the goal of this project, but also new approaches and

designs in some areas are developed.
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Chapter 3: Modelling methods and Toolboxes

3.1 Introduction

In this chapter, the essential theory and numerical modelling toolboxes which have
been developed and used throughout this study, are presented. This chapter is divided
into two parts. In the first one, the modelling tools and numerical methods used for
fibre modelling are discussed while in the second part, the numerical method to model
the nonlinear dynamics of the pulse propagation by solving the GNLSE is presented.
Together, these toolboxes can provide a unified solution for design and modelling the
nonlinear gas-filled fibre applications. Although, for space constraint in this thesis, not
all the detail of derivations could be presented, plenty of references have been provided

where the reader can retrieve more in depth details.

3.2 The Maxwell’s Eigen mode equation

One of the most essential steps towards implementing the nonlinear process in the
gas-filled fibres is to design a suitable fibre with low loss at the working wavelengths.
In general, by calculating the “complex effective refractive index” (N, ) of a fibre it is
possible to determine the combination of material and confinement loss as well as
dispersion profile of a fibre regardless of its complex geometry. In principle, the
transverse-field of electric or magnetic field has to satisfy a Mode Equation (ME). In
fact, an Eigen-frequency problem in 2D space (e.g. fibre guiding mode in 2D cross
section) can be formulated from Maxwell’s equations (Eq. (2.3)) in the form of out-of-
plane Eigen mode equation. Starting from the general form of the wave equation for

electric field, and considering a nonmagnetic linear material:
§x(y;1§xé)—k§grl§:0 (3.1)

Assuming E(x,y,z)=E'(x,y)e"™? for 2D out-of-plane propagation, the Eigen mode

equation for electric field can be expressed as:
(V—ik,Z)x[1"(V ~ik,Z) x E1-ki& E'=0 (3.2)

where E' is vectorial transverse electric field, Z is the unit vector in the out-of-plane z

direction, k, = w\/g, 1, =@/ C is the wavenumber of free space,k is the complex out-of-
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plane wavenumber (i.e. in z-direction), &, and g, are the complex relative permittivity

and permeability, respectively. The primary goal is to find the Eigenvalues (k,) and
Eigenvectors (E') by solving the Eq. (3.2) for an arbitrary &, (x,y) at specific @. In

other words, the solutions of Eq. (3.2) provide the mode field profiles G.e. E'(x,y)) at
the cross-section of waveguide (ie. & (X,y)) and the propagation constant (or
wavenumber) of each mode (i.e. k,). By considering a complex &, (X,y), which includes
the material loss in the model, and calculating the complex out-of-plane wavenumber (
k,) from Eq. (3.2), the complex N, for each mode can be obtained from:

ik, [+ia

N, =—2
eff ko ko

=Ny +id. (3.3)

where [, as the real part of k,, represents the propagation constant of the relative

mode in the z-direction. n is the effective refractive index of the relative mode (real
part of N) and has real value, which provides the dispersion characteristics of the
mode with such relation f=ngm/c. ¢ is the imaginary part of N, which is related to

« (the power loss in the fibre) by a=<&w/c. This power loss (o) stands for the

combination of material loss as well as the waveguide confinement loss (CL)
contribution if the field modes have leaky nature (i.e. leaky modes), which is an intrinsic
condition in HC fibres due to lack of the total internal reflection. By looking more closely
into the source of the loss in a fibre, it is possible to break it down into some major parts.
Generally, the total loss in a fibre can be expressed as the collective form of major loss

sources:

Total loss (TL) = material loss (cladding material +gases trapped in core)+ CL+ surface
scattering loss (at the interface of glass and gas) + defect induced loss (defect in the

structure) + macro and micro bending loss.

Among these loss sources, the material loss, CL. and macro bend loss can be easily
calculated by solving the Eq. (3.2) as discussed. The micro bend loss can be estimated
statistically by considering an average spatial frequency of micro bends along the fibre
and introduced mode coupling which can cause power loss by power transfer from lower
order modes to higher order modes [100-102]. The defect loss has random distribution
and cannot be modelled properly without accurate knowledge of the fabrication process
and defects shape. The surface scattering loss is caused by inherent roughness of glass

webs [103]. This roughness is typically caused by frozen thermally excited surface
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capillary waves on the surface of glass during the fibre draw at the glass transition
temperature. In this work, due to the range of operating wavelengths (mid-IR), the
material loss, CL and bend loss are dominant loss sources while other loss mechanisms

have negligible effect on the total loss in this regime.

3.2.1 Numerical mode solving methods

In its general form, Eq. (3.2) has no analytical solution for an arbitrary
geometry/material properties or for complex structures like MOFs and it should be
solved by numerical methods. Although there are many numerical methods that can
provide approximate solutions to this equation with different accuracy and advantages,
there are a few well-developed numerical methods that can solve the direct form or a
modified version of Eq. (3.2) for complex structures like MOFs with acceptable accuracy
such as' plane wave expansion method (PWE) [104, 105], beam propagation method
(BPM) [106], multipole method (MM) [107], source-model technique (SMT) [108], finite
element method (FEM) [109], orthogonal function method (OFM) [110] and Fourier
decomposition with adjustable boundary conditions (ABS-FDM) [111], to name few.

In general, the accuracy and computational speed are the primary objectives for a
numerical method. However, a versatile numerical method to tackle the complexity of

MOPFs needs to meet few more criteria such as:

e Full vector implementation: to provide an accurate result for high index
contrast and arbitrary structure of MOF's.

e Full material dispersion implementation: the material dispersion can have
significant impact on the characteristic profile of the HC-ARFs.

¢ Confinement loss calculation: a proper calculation of leaky modes is an essential
capability for the numerical method to achieve accurate CL due to guidance
mechanism in HC fibres.

e Arbitrary cross section: it is important to have freedom over fibre structure to
compare the fabricated and ideal model of the fibres and explored variety of
complex structures.

e Symmetry exploitation: this feature is essential to reduce the computational

burden in symmetric structures, especially for complex MOF's.

Compiling these requirements in Table 3.1 for above-mentioned methods, the FEM and

SMT can clearly meet all the criteria. Thanks to the availability of a commercial FEM
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solver, established and maintained by professional developers, in this study, FEM is

chosen over other numerical methods.

Table 3.1: Capability comparison between different numerical methods in solving

electromagnetic Eigen mode equation

Fully vectorial v v v v v v | Vv
e | v [ v v v vV~
CL calculation X X v v v | vV |V
Arbitrary structure | v/ v X x A A
Ei":l':i“t::i’:n Partial X Partial X X v | v

3.2.2 FEM modelling toolbox

The FEM is a well-known and successful numerical method that in general is used for
solving boundary value problems (BVPs) for partial differential equations (PDEs), or
Eigen equations like the electromagnetic Eigen mode equation in this particular case
of use. FEM is used in many areas of physics and engineering such as: structural
analysis, mass transport, fluid flow, heat transfer, and electromagnetic potential and
waves. In this method, the domain of the problem is discretized into a mesh and by
defining basis functions (or shapes functions) for each subdomain of the mesh and
solving the equation for each subsection of the mesh it can achieve a very good
approximation of the exact solution to the equation with very low relative error! (for
detail of FEM refer to [112]). As mentioned before, the main advantage of FEM comes
from the fact that it can provide a full vectorial solution and the possibility of including
the material dispersion and material loss in the calculation, which offers a
comprehensive model of the waveguide. Moreover, in the FEM calculations, symmetric
geometries can be solved in a reduced size symmetric unit cell, which saves a large

memory and computational time.

! In principal, any numerical method provide an approximation of the actual solution to an equation.
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In order to simulate and test the design concepts and fabricated fibres, in this work, a
mode solver kernel from COMSOL Multiphysics® is used, which is a commercial FEM
solver software. Although this kernel mode solver has been developed commercially, in
order to extract the desired information, it is necessary to define the structure,
boundary values, absorbing layers and many other parameters, along with proper post-
processing methods to obtain correct results from the provided solutions. Despite the
availability of an embedded graphical user-interface (GUI) in COMSOL Multiphysics®,
the lack of advanced pre and post-data-processing in the GUI mode of this software as
well as memory management problems for large parametric sweep simulations, have
persuaded me to use more advanced script-based program instead. Therefore, as the
first stage of this project, a complete and user-friendly toolbox has been developed for
communicating to COMSOL Multiphysics® solver kernel (version 4.2 or later) via
MATLAB® software.

This toolbox has been developed in Java based subroutines and is compatible with all
Java versions of COMSOL Multiphysics®. The toolbox is in the form of MATLAB®
functions which improves importing data as well as pre/post processing data efficiently
into the MATLAB® environment. Although it is designed with mode calculation in
MOFs and more specifically HC fibres in mind, because of its modularity, each function
in the toolbox can be used for general-purpose mode calculation and can be applied to

any form of mode solving problem.

Even though the accuracy of the results depends on the particular FEM solver (.e.
explicit or implicit), shape function (.e. the shape of basis function for each subdomain
defined in the FEM solving process) [112] or the relative tolerance, which are predefined
in the solver, without proper mesh element type/size, boundary conditions and shape
function, the results cannot be reliable and the accuracy of results reduces significantly.
As a result, an Error Check Routine (ECR), which contains iterative sweeping
simulation over specific parameter (e.g. mesh size) to reach a converging point in
effective refractive index or CL, has been developed to find the optimum value for

simulation parameters.

In general, the modelling process of a fibre by FEM solver toolbox can be described in
few major steps. After a brief overview of these steps, the most important ones, which

are necessary to achieve accurate simulation results, are discussed in more depth.

1. Definition of Geometry: the first step is to input the fibre structure into the
modelling toolbox environment by defining the geometry of the fibre cross

section in a 2D plane. The geometry is usually defined according to the boundary
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of different materials in the fibre and creates different domains. Although, in
general, each domain represent a material, there is not limitation on defining
the structure of fibre or domain. This can be done manually through the provided
GUI program by COMSOL or can be defined programmatically by MATLAB
commands. The advantage of latter method is the flexibility in defining and
controlling the geometry of the fibre programmatically and automation of
parameter sweeping in different fibre structures but required complex and large
coding. Therefore, to achieve the flexibility and speed in manipulating the
geometry of the fibre, a library of MATLAB functions has been developed for this
study that encapsulate the low level codes in a high level MATLAB functions.
This library can be used to define different ARFs by breaking down their
complex structure into smaller but simpler substructures. This library is a part
of developed fibre modelling toolbox.

2. Assigning the material: at this stage, the profile of &, (x,y) is determined for the

mode solver to be used in Eq. (3.2) by assigning different material to each
domain of structure defined in previous stage. Because dielectrics (e.g. glasses)
are the most used material in the fabrication of optical fibres, the refractive
index and loss (as the real and imaginary part of the complex refractive index)
are the main material parameters at this stage. This process is also integrated
in the developed MATLAB library.

3. Selecting Solver module: COMSOL is a modelling software that integrates many
different physical models in one environment. To solve the mode equation (Eq.
(3.2)), one needs to assign the “electromagnetic mode solver’ module from
COMSOL library to the defined geometry. This solver can be selected for
isotropic and anisotropic materials. While in most cases the materials used in
the structure of the fibre are assumed isotropic, as will be discussed later, for
Perfectly Matched Layer (PML) one should select an anisotropic solver from the
COMSOL library. This assignment and required coding are also integrated in
the developed MATLAB library.

4. Defining PML,

5. Meshing,

6. Post processing.

The last three steps have very important roles in the process of simulation and need to
be optimized for an accurate result. Therefore, they are discussed in more detail in the

following.
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3.2.2.1 Geometry meshing process

Meshing the geometry is an important process in the FEM and there are many available
methods for implementation and optimization of this process [112]. Fortunately, the
meshing process is handled very well in the COMSOL program. However, there are still
a few parameters in the meshing process that need more attention to achieve accurate
results. In the modelling of ARFs, the mesh size and its distribution have a big impact
on the accuracy of the results, due to the unique resonance/anti-resonance features of
the guidance mechanism in this type of fibres. It is shown that in such fibres very rapid
field modulation phenomena such as Fano resonance [113] or resonant modes in the
cladding [114] can impact the confinement of light and consequently affect the CL and
dispersion property of the fibre. Hence, to model MOF's and specifically ARFs, not only
the mesh size should satisfy the Nyquist rate for those rapid oscillating features of the
field but also it should reconstruct the subwavelength spatial variants of the field due
to very fine elements of the structures in ARF's. As a result, there is a trade-off between
accuracy and simulation speed in the modelling process of ARFs. The key parameters
of meshing in the COMSOL environment are maximum size of the mesh (Amax) and
mesh resolution at narrow regions of geometry (hAnarrow). A proper setting of these

parameters can provide required balance between accuracy and simulation speed.

Here, the ECR process used for optimizing the above-mentioned parameters has been
demonstrated in an example. A tube-jacket fibre, as the simplest form of ARF, can be
modelled semi-analytically by the transfer matrix method (TMM) [115] with very high
accuracy. Thus, it can be used as an example for ECR on meshing process of FEM.

Figure 3.1 shows the calculated loss and n, of a single tube in a jacket with t =0.83 pm,

R=15pum and Z=9.75 um at 4 = 1 um (see inset of Figure 3.1 (b) ) by TMM and
developed FEM toolbox for different value of Amax, where Anarrow is not set to any
specific value (i.e. minimum one grid point in each domain). With such setting, the
meshing process in the narrow part of the geometry (i.e. glass ring of tube) is controlled
by COMSOL internal routines. In another case, the fibre has been simulated with the
previous condition but the Anarrow parameter is set to 5 point in narrow regions as
shown in Figure 3.1. It is clear that by controlling the number of mesh points in the
narrow domains of the geometry, which are an essential parts in the structure of ARFs,
the simulation results converge faster and with smaller deviation from real value at
larger mesh sizes (i.e. lower mesh number) than previous case (i.e. no setting for

hnarrow).
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An interesting property of HC fibres (with vacuum core) is their effective refractive
index (n, ) of less than one, which can be seen in Figure 3.1 (a). As much as it looks
counterintuitive, the basic principle of wavevectors in waveguides predicts such

behaviour. From the conservation of wavevectors in any waveguide one has

k? =ki +kJ +k’ where k,  , are the wavevectors in relative directions x, y, z, respectively

and k is the wavevector amplitude. This relation also can be presented in the form of
effective refractive index of propagation direction (i.e. ng in the z direction ) and the
absolute refractive index of medium (n), which the light is propagating through, as
n®=n; +n; +n; . Here, in the case of HC fibres, the filling medium in the core of the
fibre is considered vacuum (i.e. n=1), which the relation between refractive indices

enforces the effective refractive index (n, ) of less than one, as shown in Figure 3.1 (a).
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Figure 3.1. Simulation results of a tube-jacket fibre with t,=0.83 pm, R=15 pm and
Z=9.75um at 4 =1 pm by TMM, and FEM with and without Anarrow setting shown in

the inset. (a) calculated effective refractive index (N ), (b) calculated CL.

Utilizing such ECR on many example of ARFs has shown that the maximum mesh size
(hmax) in the range of <A /5 (see Figure 3.1) in individual material (4 is the

wavelength in material 7 ) and Anarrow = 5, can provide a good balance between

accuracy and speed for the most cases.

3.2.2.2  Circular Perfectly Matched Layer (PML)

In order to reduce the special extent of the computational regions in problems with open
boundaries, it is common to use artificial absorbing layers called Perfectly Matched
Layer (PML) around the modelling area [112]. This feature is essential for simulating

an infinite structure in the outer boundary sides to reduce the computational region.
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Most importantly, the implementation of PML is an essential part of modelling the CL
and leaky modes in MOFs. The important key difference of a PML from ordinary
absorbing materials is the non-reflecting property of PML. PMLs can strongly absorb
the outgoing waves without reflecting them back towards inside the computational
region. This feature is due to impedance matching at the interface of the PML and

modelling area, which can be expressed by:

I[lPMLO _ ‘&’:PMLO
~ - < (3.4)
My 2

where fi,,,, and &y, , denote the complex value of permeability and permittivity of
PML layer at the interface with its neighbour material, while f and & are the complex

value of permeability and permittivity of the neighbour material next to PML layer at

their interface.

In general, there are two main categories of PMLs. The first type is called Beranger’s
type [116], which is implemented in the form of coordinate-stretching method to
virtually extend the PML layer and dissipate the field. This method needs changes in
the definition of the main Eigen equation and adds extra calculation steps in the FEM.
The other implementation of PML is represented in the form of an “anisotropic’ PML

by introducing anisotropic i, and &, , which can be simply implemented by readily

available FEM solvers for anisotropic Eigen mode equation, and which has been shown

to be more efficient [117, 118].

The standard PML has a rectangular shape, but by defining a cylindrical PML layer
instead of regular rectangular shape, one can also save more simulation time in the
simulation areas with cylindrical geometry (in 2D) similar to optical fibres due to
reduction of wasted space between two rectangular PMLs and cylindrical geometry, as

shown in

Figure 3.2.
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Rectangular PML Circular PML

O

Figure 3.2. An example of rectangular PML (on the left) and circular PML (on the right)
implemented for modelling a HC ARF. There are wasted spaces (WS) due to

implementing rectangular PML.

In this form of “anisotropic’ PML,, i, and &, are defined in the tensor form, which

relate the coordinate of the simulation space (e.g. cylindrical coordinate) to an absorbing
parameter S (refer to appendix Band [119, 120] for more details). The S parameter in
the circular PML, which is developed in this study, is defined as (this definition does

not depend on wavelength in the mode calculation):

S:l—ig(r_rmi"j , r>r. (3.5)

where r is the length of coordinate vector (in the cylindrical case, it is the radial

distance from the centre). r, and W are the starting position of the PML and the
thickness of the PML, as defined in

Figure 3.2, respectively. ¢ is a damping factor and must be positive number, m is the

order of propagation loss in the PML, which typically is m = 2 [121]. In general, the

damping or absorbing coefficient ¢ should be frequency dependent (¢ oc1/ @) in time

or frequency domain analysis, but in the mode calculation, it should be frequency
independent as all mode solutions are calculated in the same frequency. For any

simulation case, one needs to optimize W and ¢ parameters to reach convergence in

the loss result. After running ECR for many different structures, I have found that a
damping factor > 10, and PML thickness of > 5 pm can provide accurate results, which
is consistent with results of [121]. Although these values may change slightly from
geometry to geometry and an appropriate ECR can determine new values, it is found
that changes are not significant for the cases in this study and these values are used

through the simulations in this work.
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3.2.2.3 Bend loss modelling and bend adaptive PML

In practical applications, fibres are very rarely used in a straight form and there is often
a degree of macro bend imposed to the fibre. In its most general form, modelling of such
bends need implementation of a 3D geometry. However, thanks to the symmetry of the
problem, it is possible to reduce the problem to 2D geometry by modifying the refractive
index profile of the fibre through a conformal transformation [122]. In this approach,
the bend loss calculation can be performed by the developed modelling toolbox for

straight fibres, but with a tilted spatial dependent refractive index profile, given by

[122]:
<)
Na (X, Y) =Ny (X, y)er ™. (3.6)

where n,(X,y) is the refractive index profile of the fibre, x and y are the coordinate

displacement from the centre of the fibre, while in this example the bend direction

assumed to be in X direction. Ry is the effective radius of the bend, which is equal to

the physical radius of curvature (R, ) for vacuum/gas, while for glass is approximately

1.28 times the physical radius to account for the elasto-optic effect [123]. Moreover, to
model the bend loss, one must to modify not only the refractive index of the material,
but also the discontinuity between PML and its neighbour material by suitably
adapting the refractive index inside the PML layer to preserve non-reflecting property,

which is implemented in the developed modelling toolbox (see appendix B).

All of the above-mentioned points are implemented carefully in the developed modelling
toolbox to achieve an accurate and realistic modelling environment for this thesis,
which has been used for analysing a variety of fibre design ideas and modelling the
fabricated fibres. To validate the developed bend adaptive PML, the analytical formula
presented in [124] is used, as a well-known benchmark, to calculate the bend loss of a
solid-core step index fibre. Considering a silica single mode fibre (SMF) with refractive

index of the cladding n, = 1.444, NA =0.117 and core radius of 4.1 um, the bend loss of

the fibre is calculated by FEM with the developed adaptive PML and the analytical
formula in [124] at 1=1.55 um. Figure 3.3 shows the comparison between the results of
analytical and FEM modelling with very good agreement.
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Figure 3.3. Comparing the calculated bend loss of silica SMF at 4 =1.55 pm by developed
FEM toolbox with bend adaptive PML and analytical formula [124].

3.2.2.4  Fibre modelling toolbox (GUI and Post-processing)

By developing a GUI based program, all of the modelling procedures have been
organized and integrated such as: constructing the fibre geometry in the modelling
environment, allocating all material properties and boundary conditions, implementing
proper PML and meshing the geometry, all by a set of MATALB functions developed as
a part of the developed modelling toolbox. This wrapper GUI based program has provide
flexible environment to perform parameter sweep on any type of parameters in the
model environment such as: geometrical parameters, mesh parameters, material
parameters and most importantly, wavelength sweep for calculation of characteristic
profile of the fibre. Although the FEM mode solver calculates the mode profile for a
desired number of modes, without proper initialization, which is implemented in
wrapper program, one may not find the desired modes (.e. core guiding). Moreover, the
provided data by solver require post processing to identify the relative effective index
and field profile for fundamental mode and/or higher order modes and to extract the
desired information from the data programmatically. Thus, a GUI based toolbox has
also been developed that can provide verity of post processing facilities such as
presenting mode profiles for each sweeping points and provides the ability to visually
select the desire mode as well as categorizing the modes programmatically and

represent relative loss and effective index profile.

Figure 3.4 shows the GUI of FEM modelling toolbox and the GUI of mode selecting

utility alongside some examples of their outputs.
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Settings and results of each simulation are stored
as a project and can be loaded later
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Figure 3.4. The GUI of FEM modelling toolbox and the GUI of its mode selecting utility.
The FEM modelling toolbox provide a verity of implementation and presentation of mode
profile, mesh profile and structure manipulation (few examples are presented). The mode
selecting utility not only display and allow the user to select a specific mode, it can also
present the loss and effective index profile of selected mode vs sweeping parameter,

which can be wavelength or any design parameter.

3.3  Nonlinear modelling toolbox

As mentioned in Chapter 2, the solution of the GNLSE (Eq. (2.13)) represents the
dynamic of mode evolution in time and throughout the waveguide. However, there is
not an analytical or even semi-analytical method that can provide the solution in a
general form. Therefore, numerical solutions are the only possible way to approximate
the real solution similar to the Eigen equation problem (Eq. (3.2)). In principle, Eq.
(2.13) is a partial differential equation with two dimensions (time and z direction),
which can be simplified into a first order ordinary differential equation (ODE) in the
space dimension. This ODE can be solved by numerical methods as an initial value
problem (IVP) if the backward coupling is negligible (this is the case for most of single
pass setups). To solve the GNLSE, apart from few numerical methods that are only

suitable for a special form of the NLSE (e.g. no Raman, soliton) such as: Inverse
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scattering method [125], there are few general purpose and accurate numerical

methods that can be used to solve the GNLSE such as:

Direct Finite Difference Method (FDM): In this method the time and space
domains are discretized and the derivatives in Eq. (2.13) (i.e. /0z and 8" / ot"
) are estimated by differential quantities. Depends on the explicit or implicit
implementation of this method, the solution of the equation at the grid points
can be calculated by numerically solving a large system of nonlinear equations.
However, this method needs huge amount of memory to achieve accurate
results in the applications considered for in this thesis (e.g. time grid (224) x
space grid (105) for a simple example in this study).

FEM: This method is a general numerical solver for nonlinear ordinary
equations, which can solve most ODEs as a boundary value problem.
Nevertheless, similar to FDM, it suffers from the impractical memory usage in
this case and also both FEM and FDM suffer from numerical dispersion which
can affect the results in high gain applications [126].

Split-Step Fourier Method (SSFM): This method is a forward solution method
where the GNLSE is divided into two part of linear and nonlinear, and each
part is solved separately in a sequential way for each step in space domain. In
this method only the time information of the last step in space domain is

preserved, therefore, the required memory is significantly reduced.

The SSFM is the most successful method in solving the GNLSE because of its ability to

produce accurate results with less memory [1]. Therefore, the SSFM has been chosen

as the main method for solving the GNLSE in this work.

3.3.1

Split-Step Fourier Method (SSFM)

The description of the SSFM can be started by rewriting the Eq. (2.13) in the form of a

linear operator ( D), which includes dispersion and loss terms, and a nonlinear operator

(N ), which includes the nonlinear part of the equation (FWM and Raman response).

Therefore, different form of Eq. (2.13) and definition of each operator are given by [1]:

ART) 51 N)ART),
oz

a 0 in+1ﬁn an
2 & ot (3.7)

2 dt”.

N =iy, (1+ ZE]I—; R()| AT -t
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The new definition of the GNLSE introduces the possibility of solving this equation in
frequency and time domain separately. In SSFM, the length of propagation (L) is
divided into NV sections with arbitrary length of h j» where the length of sections should
not be necessarily equal but ZiNzlhi =L. In this case, the solution of Eq. (3.7) at length
z,=>") h can be found by:

Az, T)= ol “”“”A(zj_l,T). (3.8)

It is more convenient to treat linear and nonlinear operators separately in the frequency
and time domain, respectively. Therefore, in a specific method of SSFM, which is called
the symmetric SSFM, the section h j 1s divided into half and the following steps are

implemented sequentially for each section through the entire length of propagation.

1. The dispersion effect over the first half ( h i 12)is computed by:

A(ZJ- _ hj / 2,T) —F? {e[hjﬁ(w)/z:l F{A(Zj_l,T)}}. (3.9)

where F{ } and F_l{ } are the Fourier transform operator and inverse Fourier

transform operators. B(w) is the frequency domain of D, given by:

D(w) = IE‘{—— inﬂ'g o }: a(w)HZ'B” (0-w,)" (3.10)

=~ nl 2

where o(w) donates the loss profile in frequency domain. Recalling from Eq.
(2.13), w,and g, are the reference frequency and the n" derivative of the mode
propagation constant, respectively. The requirement of higher order dispersion
in this form of definition for dispersion limits its usage and accuracy, which is

discussed in more detail in Chapter 6.
2. The nonlinear effect across the section hj then is computed by numerically

solving the differential equation and its initial conditions given by:

A@T) _ Np(z,T)
oz o (3.11)
A(O,T)=A(z, —h, /1 2,T).

In this thesis, 4 order Runge—Kutta method [127] is used with norm of the

maximum estimated error between 5th order and 4t* order method for the error
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check and adaptive step size if the error is exceeded [128]. In order to calculate
the time domain convolution in the nonlinear operator, a FFT -circular
convolution is used, which interprets the time convolution into a simple
multiplication in frequency domain and returns the results in time domain by
an inverse FFT. This method is the most efficient way for calculating the
convolution, using the large speed advantage of FFT method, which is otherwise
impossible to implement in direct convolution due to large set of data. However,
it comes at the cost of generating artefacts in the case of aliasing, which will be

discussed more and addressed in Chapter 6.

3. In the last step, the dispersion effect over the remaining half of the section (hj)

1s computed similar to the first step, using the result from the second step.

4. Steps 1 to 3 are repeated throughout the fibre for each step in space and each
calculation needs only the results from the previous step, which is a large

memory saving.

Great care should be taken in selecting spectral/temporal grid size and resolution for

preventing the aliasing effect and circulating convolution effect by FFT. For instance,
the FFT method restricts the number of grid points into n, =2" in order to have efficient
performance, which in the case of this study, due to large frequency shift and a very
narrow Raman linewidth, a very large number of points (n, =2*) are needed. In

addition, the iterative nature of the SSFM needs carefully chosen step sizes for

longitudinal sections (h j) which is implemented by an adaptive step size method to keep

the local error under a tolerance value. Taking to account all these considerations, a
software toolbox has been developed in this work that implements the SSFM on the
GNLSE with error control and an adaptive step method for efficient calculation. To
validate the developed numerical modelling code, the simulation results, generated by
developed toolkit, have been compared with reported ones in the literatures. For
instance, the propagation of a femtosecond pulse in a microstructured fibre, as
presented in figure 3 of [86], for the same parameters is modelled by the developed
toolkit. This simulation result of a single femtosecond pulse accompanied by random
noise are in a very good agreement with the presented results in [86], as shown in

Figure 3.5.
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Figure 3.5. Simulation result by developed modelling toolbox for the similar parameters
in figure 3 of [86]. The input sech? pulse at 835 nm has 10 kW peak power and 50 fs
FWHM and the fibre has the parameters similar to table 1 in [86]. (a) frequency domain,

(b) time domain.

3.3.2 GUI based nonlinear modelling toolbox

Although the SSFM process, described in previous section, seems straight forward, it
requires data sets calculated in fibre modelling, initiating input plus and many
parameters to describe the modelling environments such as grid size, initial step size,
number of steps, fibre length and ete. It also involves many pre and post data processing
to achieve reliable and accurate results. Therefore, as a part of this thesis, a GUI based
toolbox has developed that not only provides a great control over a vast variety of input
parameters such as: input pulse parameters, fibre parameters (e.g. dispersion, loss
profile and Raman characteristic of the fibre), it also provide some utilities for pre-
processing of data such as: fibre loss manipulation, dispersion and Raman response
calculation and presentation, and etc. This GUI based program has also many options
to represent the output in 2D and/or 3D format and also provides some post-processing
utilities such as' output manipulation utility, spectrogram calculation and
presentation. This toolbox not only implements SSFM very efficiently but also
implements the anti-aliasing and anti-circular methods which are discussed in Chapter
6. Figure 3.6 shows the GUI of the nonlinear modelling toolbox and its output alongside
some of its utilities for data pre and post processing such as pulse and dispersion profile
presentation, Raman response of the fibre and the GUI of spectrogram calculator

utility. In addition to its standalone operation, this toolbox can be connected to the
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developed FEM mode solver toolbox and provides an integrated modelling environment

from fibre design to nonlinear pulse propagation modelling.

Settings and results of each simulation are stored
as a project and can be loaded later
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Figure 3.6. The GUI of nonlinear modelling toolbox (the GNLSE solver) and the GUI of
Spectrogram utility. The GUI for nonlinear modelling toolbox provide a user friendly
environment with broad range of control over a variety of modelling parameters. It also
provides utilities to calculate and plot key parameters of modelling such as Raman
response, dispersion operator and input pulse. It is also possible to include the simulation
results from FEM solver toolbox automatically. The real time output of the solver
provides a visual presentation of pulse evolution throughout the fibre and also presented
in 3D format. The Spectrogram utility provides the short-time Fourier transform of the
pulse at any point of propagation with variety of windowing options such as Frequency-

resolved optical gating (FROG), Input gating, Hann, Hamming, Gaussian and etc.

3.4 Conclusion

In this chapter, an overview of the modelling tools and numerical methods used in this
thesis has been discussed. The appropriate numerical methods have been implemented
in a toolbox format. This facilitates the study of fibre design and nonlinear propagation

dynamic modelling, which allows to perform a systematic study of gas-field HC fibres.
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To design and model HC-fibres, after evaluating different numerical modelling
methods, the FEM has been selected as the most effective numerical method. A
commercial FEM mode solver (COMSOL Multiphysics®) has been used for calculating
the mode profile, loss and dispersion of a fibre, which are essential parameters in
nonlinear pulse propagation. In order to calculate the total loss of a fibre, a cylindrical
PML has been implemented to include the confinement loss (CL) in the model. In
addition a modified version of the PML and refractive index conformal mapping
includes the fibre bend in the model, which allows bend loss calculations to be
performed in 2D plane rather than modelling a full 3D structure. As the loss calculation
in HC fibres is a very sensitive process, after performing many simulations, optimal
ranges of mesh parameters and shape functions are determined to achieve a fast

converging simulation.

To model the nonlinear dynamics of pulse propagation in HC fibres, a symmetric SSFM
1s chosen as the numerical method to solve the GNLSE. In this method, the linear and
nonlinear operators are treated in frequency and time, respectively, to prevent time
derivatives and to increase the computational speed by implementing the time
convolution with an FFT method. To achieve reliable results, different approaches were
1mplemented to eliminate the artefact effect and to improve the efficiency of the SSFM,
which are discussed in the following chapters. In the end, all those numerical methods
have been integrated in a user-friendly toolbox with a graphical user interface (GUI)

for convenience.
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Chapter 4: Hollow core fibres for nonlinear process

in gases (selection and design)

4.1 Introduction

As it was shown in the previous chapters, to achieve practical levels of nonlinear optical
conversion efficiency in gases, it is essential to increase the length of interaction
between the gas molecules and light at high intensity. Although gas-filled capillaries
can be seen as a simple choice to achieve reasonable nonlinear efficiency with moderate
laser power, the laser intensity should be increased by reducing the effective mode area
(i.e. decreasing the core size), which dramatically increases the attenuation of light in
a simple capillary and demolishes the nonlinear process. In contrast, more
sophisticated HC structures such as HC-PBGFs and HC-ARFs can provide fairly low
loss with relatively small mode area, which provides a constant intensity profile of light
over fairly long lengths (10-100s m). Although HC-PBGFs provide the lowest practical
loss among other types of HC fibres, they mostly have a single narrow low loss
transmission band in comparison to HC-ARFs. This significantly reduces their
usefulness in the nonlinear applications involving broadband or large frequency shifts

that require very wide profiles (or at least multiple low loss bands).

Most importantly, although the HC fibres can provide a consistent high intensity laser
for a very long length to interact with gases, the gases still need higher power pulses
due to their very low density, which manifests itself in a very low Raman gain, even at
high pressures. Therefore, to achieve a reasonable level of nonlinear efficiency in gases,
high power pulses are required, which increases the practical damage threshold that
fibres should tolerate for gas-filled nonlinear applications. It has been shown through
modelling and experiments that the fraction of power leaked from core to the
surrounding glass for HC-PBGF is substantially higher than HC-ARF (an order of
magnitude) [5], which is the result of differences in their guidance mechanism. On the
other hand, HC-ARFs not only can provide the right transmission windows in terms of
bandwidth but also they can tolerate higher intensity of light, which is essential in the
mid-IR regime where the Raman gain is very low in gases. In addition, less power in
the glass is crucial where the material loss of the glass plays a significant role at

operating wavelengths like silica with a huge material loss in the mid-IR (>3 um).

49



Chapter 4

All of the aforementioned factors suggest that HC-ARF's are the best available options
for the pursuit of mid-IR nonlinear process in the gases. However, in general, their
larger loss in comparison to HC-PBGFs i1s the main drawback in practical applications
and needs to be addressed. Therefore, in this chapter, I mainly focused on HC-ARFs
and the means to improve their low loss performance in the mid-IR range. This chapter
1s divided into two main parts. In section 4.2, a simple tubular HC fibre is studied,
which can fulfil the broadband transmission window and the higher power threshold
criteria required for nonlinear applications in gases at the same time. Heading towards
lower loss, this thesis is more focused on a recently proposed design called nested
anti-resonant nodeless fibre (NANF) [57] with promising low loss features which opens
up more possibilities in the nonlinear applications. In section 4.3, a summary of HC
fibres is provided along with their advantages and disadvantages for the nonlinear

applications.

As the second part of this chapter, in section 4.4, the NANF design is selected as the
most promising candidate for nonlinearity in gas-filled fibres. After analysing the effect
of each design parameter on its structural topology, the optimum value for each
parameter has been calculated to achieve the lowest possible loss towards the mid-IR,

considering silica and tellurite as the glass material for this type of fibre.

4.2 Anti-resonant hollow core fibres

4.2.1 Tubular fibre

Following the method of reducing the effect of connecting nodes and overlap modes on
loss by introducing the negative curvature core walls in other ARFs such as Kagomé
fibres (see Chapter 2), extensive studies have been done on the effect of nodes in a
simple contacting tubular structure [70, 129]. This led to the introduction of a non-
contacting design, to eliminate nodes while keeping the anti-resonance effect due to the
glass webs [71, 130]. The new tubular structure consists of a few tubes that are attached
inside the wall of a larger capillary in such a way that they do not touch each other, as
shown in Figure 4.1. As was expected, due to the elimination of nodes, this structure
shows a wide transmission window and a lower loss compared to similar type of fibres
with contacting tubes [130]. The main advantages of such design are in its simplicity
and the ability to control the parameters of each tube independently. Low CL in this
type of fibres is not the only feature that makes them a desirable candidate for the

nonlinear processes in gases. The fact that the core field overlaps much less with the
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cladding material than in other types of fibres, can reduce the absorption loss from the

cladding material at longer wavelengths (i.e. mid-IR range).

Loss (dB/m)

00 +

28 2.9 3.0 3.1 3.2 3.3 3.4 35

Wavelength (um)

Figure 4.1. On the left hand side, SEM of the anti-resonant tubular fibre and on the right
hand side, its measured spectral attenuation. The inset shows the power distribution

profile at 3.1 um in the fibre [after [130]].

Despite eliminating the nodes in tubular fibres, as the core size is reduced, the loss of
the fibre increases dramatically. In general, the CL in HC-ARFs follows scaling rules
inherited from capillary fibres. In fact, similar to the relation between loss and core
radius in Eq. (2.2), it can be shown that, in general form, the trend of loss at the anti-
resonant wavelengths for m nested tubes that are placed inside a capillary jacket,
hereinafter called tube-jacket fibre, is proportional to R™®™¥ . According to this scaling
feature of HC-ARFs, despite the significant improvement in the performance of
proposed tubular fibre at [130], it shows loss dependency of R™°, which is lower than
single tube-jacket fibre. Figure 4.2 (a) represents the superposition of imaginary rings
and the capillary jacket of tube-jacket fibre with red lines on top of the tubular
configuration to present the similarity of both type of fibres. This representation of
tubular fibre with an 1D anti-resonant Bragg structure (i.e. tube-jacket fibre) is a
simple approximation and more in-depth studies have been done by different groups to
identify the origin of the guidance and loss mechanism in this type of fibres [55, 131].
Yet, this simple approximation can help to grasp a simple yet powerful qualitative
understanding over the loss trend in this type of fibres. To demonstrate the similarity
of tube-jacket and tubular fibres, the CL of a tubular fibre with a tube thickness of 0.83
um for different core radii is modelled at 1.1 pm (fundamental anti-resonance
wavelength) alongside the CL of single, double and triple tube-jacket fibres (i.e. m=1, 2
,3), as shown in Figure 4.2. This dependency of CL in ARFs on the number of rings and
the high degree of similarity between tubular HC fibres and tube-jacket fibre, inspired
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the design team in ORC to introduce a new type of fibre that is an improved version of

tubular fibre with less CL for the same core size as described in the following section.
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Figure 4.2. (a) demonstration of virtual ring and jacket (red lines) concept on top of
tubular fibre. (b) the CL of the single, double and triple tube-jacket fibres as well as the
tubular HC fibre with tube thickness of 0.83 um vs core radius at their fundamental anti-
resonance wavelength (1.1 um). Although tubular fibre has lower loss than single tube-

jacket fibre, its scaling order with core radius is lower.

4.2.2 Nested Anti-resonant Nodeless fibre (NANF)

Pursuing the idea of an additional ring in the simple anti-resonance model, a
revolutionary Nested Anti-resonant Nodeless Fibre (NANF) was introduced by
Francesco Poletti, as shown in Figure 4.3. The proposed structure not only benefits from
the nodeless structure of the tubular fibre, it also has much lower CL due to the second

tube inside the cladding tubes.

In this configuration, the wall of the larger cladding-tubes (i.e. nested tubes) collectively
act as a single ring in the middle of the capillary and their thickness dictates the
resonance and anti-resonance wavelengths of the structure. The smaller inner tubes
mimic the second added tube around the first one in the tube-jacket fibre. Finally the
jacket tube is the final piece of the anti-resonant structure as shown in Figure 4.3 (a).
As it was shown, every extra tube in the tube-jacket fibre increases the loss scaling
order by two (R™®™?) which improves the CL even in smaller cores. However, the

NANTF provides much better loss performance than the double tube-jacket fibre and has

a much higher loss scaling order with core size (R™®) [57]. Although, in general, many

different studies have been done to identify the origin of the very low loss in “negative
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curvature” category of fibres [54, 63] and more specifically on tubular fibres [113, 131],

a full understanding of this ultra-low loss mechanism is yet to be achieved®.

T T T T T T
6L 1* 1
10 d ynd nd .
drd 3 2 2 Resonance Fundamental
RE TB RB T8 band (RB) transmission band (TB)
108 > « > >
102
£
o 1
k=2
-
(&) 1072
10 -
D S 1
/ ! anti-resonance E
108 E o Mode-crossing wit -
anti-resonance
we Tube-jacket NANF Tubular
10.3 I L 1 | L 1 1 1 1
0.5 0.75 1 1.25 15 1.75 2 2.25 25 275 3
Wavelength ( zm)
(a) (b)

Figure 4.3. (a) the NANF structure with virtual tube-jacket structure (red lines) concept
on top of it. Added inner tubes act as second tube in tube-jacket structure and reduce the
CL. (b) the loss profile of a NANF, tubular fibre, single, double and triple tube-jacket (.e.
m=1, 2, 3) silica fibres with the same core size (= 15 pm) and tube thickness (0.83 pm).
The fundamental, 2rd and 3rd transmission bands, where loss i1s low, are marked
alongside the resonance band with high loss. The loss is high and the loss profile is less
smooth at “mode-crossing” reigns for NANF and tubular fibres due to closeness of
effective index of cladding and core modes. The NANF has the lowest loss at its

fundamental transmission band, even lower than tube-jacket fibre.

Figure 4.3 (b) shows the loss profile for a NANF, tubular fibre, single, double and triple
tube-jacket silica fibres with the same core size (£ = 15 pm) and tube thickness
(0.83 um). The tube-jacket fibres show larger loss in comparison to the tubular and
NANFs but have a smoother profile at the longer wavelength side of each anti-
resonance band. This effect can be explained by the core and cladding mode-crossing
where the glass-modes of cladding tubes have a very close effective refractive index to
the air-modes in the core and cause out-coupling of the core field to the outer jacket and

increases the CL at anti-crossing wavelengths [131]. Furthermore, thanks to the

1There are many studies and also debates on the origin of loss mechanism in this type of HC fibres from
anti-resonance feature of the structure [132-134] to inhibited coupling between core and cladding modes
from lattice analysis of the tubes [55, 63]. However, here, without any intention to justify the anti-
resonance mechanism, this scheme has been because of its simplicity and intuitive ability for this work.
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additional nested element, NANF can be effectively single mode by out-coupling higher
order modes (HOMs) to the cladding tubes [57] (explained more in the flowing sections).

The negative curvature and lower amount of glass in contact with core field in NANF
can decrease the chance of surface scattering and also material absorption loss, which
in this study has even greater priority. In fact, as the region of interest, in this study,
is around 4 pm (mid-IR), the major drawback is the high material absorption in this
spectral region (e.g. silica has loss of ~1600 dB/m at 4 um), which makes the design of
the fibre incredibly challenging. In principle, the loss in NANF can reach significantly
lower values than presented ones in other HC-ARFs [57]. In fact, this is the first
proposed HC fibre rather than HC-PBG fibres that in theory can reach a loss value

below existing solid core fibres [57].

4.3 Comparison summary of HC fibres for nonlinearity in the

gases

The most important characteristics of any HC fibre for Raman nonlinear applications
are the loss and the core size of the fibre, which as above-mentioned, have strong
dependency for HC-ARFs. In other words, on one hand one needs the smallest core
possible for efficient nonlinear process, but on the other hand reduction in core size

introduces large CL in ARFs.

In most cases, CL has been considered as the most dominant loss in HC fibres due to
the lack of total internal reflection in their configuration. However, this argument
cannot be valid anymore in high absorbing wavelengths of cladding glass, which in the
case of silica are wavelengths above 3 um (i.e. mid-IR). As a result, in order to reach
proper and low loss waveguide structure for the nonlinear process towards the mid-IR
regime, looking towards proper design/structure that can reduce the overlap of the field

with glass alongside a reasonable CL is crucial.

Furthermore, in order to increase the Raman conversion efficiency a higher intensity is
required, which can be achieved by decreasing the core size of the fibre. The trade-off
between core size and CL may not be a big problem for normal power delivery or data
transmission use of tubular fibres, but can be problematic in HC-ARFs. Therefore, the

best design is the one with the lowest loss for the smallest possible core size.
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Table 4.1: Advantage and disadvantage of different type of fibres for this project

Guiding

Possibility for this

Fibre type project/drawback

. Advantages/Disadvantages
mechanism

Photonic band gap fibres
Advantages:

fibre core has been © Small core size.

placed as defectin [ sJEEl\VEICI[-1R

the two-dimensional ® Very narrow transmission window (~100 ns ) (impossible
photonic crystal (PC)| to perform broadband nonlinear process),
and introduces small ® Large overlap between field and clad-glass (high loss due

guiding window in to material loss in material absorbing range of WL) (field

the bandgap of PC fraction ~ 5e-4),
o relativly large dispersion at the edge of bandgap.

Anti-resonance fibres

Kagome

@ Low loss (~ 10-1000 dB/km @ visible and near-infrared),

o Small overlap between field and clad-glass (field fraction
~5e-5),

® Wide transmission window (~1 um) (many anti-resonance
areas for guiding) (suitable for performing broadband
nonlinear process),

o Dependency of operating wavelengths to web thickness
instead of core diameter,

o Small core size (~7.5 pm diameter).

® Exciting the glass nodes in the structure increases
material loss in material absorbing range of wavelengths,
e Complicated structure for fabrication (specially with
glasses other than silica),

o Non-smooth loss profile.

hexagram
® Low loss (~10-1000 dB/km at visible and near-infrared)

o Small overlap between field and clad-glass (field fraction
~5e-5)

® Simple structure for fabrication and in-house (ORC)
fabrication possibility,

o Wide transmission window (~700 nm) (many anti-
resonance areas for guiding)

. o Dependency of operating wavelengths to web thickness
An tl - instead of core diameter

resonance: [T

® Although the loss has been improved by radially tilted
nodes instead of azimuthal oriented nodes, still the
around core area existence of glass nodes in the structure introduce material

Narrow transmission
window and high loss
at mid-IR

High loss at mid-IR

High loss at mid-IR

thin glass web

act as anti- loss in the range of material absorbing wavelengths.
resonance
tubular (nodeless) _ LIRS
mirrors and o Very low loss (~ 1-1000 dB/km @ visible to mid-infrared),

confine the field o Node less structure (reducing CL and material loss

in the core area specially in mid-IR),

e Very small overlap between field and clad-glass (field
fraction ~ 5e-5),

@ Simple structure for fabrication and in-home (ORC) High CL at mid-IR for
fabrication possibility, small cores

® Very wide and smooth transmission window (~2 um)
(many anti-resonance areas for guiding),

e Dependency of operating wavelengths to web thickness
instead of core diameter.

o High CLin small core sizes at mid-IR range due to single
layer anti-resonance feature.

NANF Advantages:

® Very low loss (~0.1-100 dB/km @ visible to mid-infrared),

® Node less structure (reducing CL and material loss
specially in mid-IR),
® Very small overlap between field and clad-glass (field
fraction ~3e-5), Moderate Total
® Very wide and smooth transmission window (~ 2 um) loss at mid-IR
(many anti-resonance areas for guiding),
e Dependency of operating wavelengths to web thickness
instead of core diameter.

Disadvantages:
® Precise fabrication required (which is possible with
existing fabrication facility).
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A summary of the main HC fibre categories are shown in Table 4.1 alongside their
advantages and disadvantages as have been mentioned in previous the sections. Among
different type of HC fibres, the NANF is highlighted as the potential option for this

work due to its advantages such as:

e Very low loss (~ 0.1-100 dB/km at visible to mid-infrared),

e Node less structure (reducing CL and material loss especially in the mid-IR),

e Very small overlap between the field and cladding-glass (field fraction < 10),

e Very wide and smooth fundamental transmission window (width > 2 um ) and
many anti-resonance bands that can be designed to cover a wide range of
spectrum (0.2 pm to 10 um),

o Dependency of operating wavelength to web thickness instead of core diameter.

4.4  Optimizing NANF design for mid-IR Raman conversion

As was mentioned before, the goal of this project is to generate mid-IR pulses ideally by
using a near-IR fibre pump laser in order to achieve a fully fiberized mid-IR source. As
will be discussed later in Chapter 6, the aim is to use an erbium-doped laser pump pulse
at 1.55 um (near-IR), which through the vibrational Raman process of hydrogen can be
down-converted to the 1%t Stokes at 4.35 um (mid-IR). In principle, to achieve an
efficient and practical conversion, it is necessary to have a reasonably low loss fibre at
both the pump and Stokes wavelengths. For example, for a hydrogen-filled HC fibre
with negligible loss at pump wavelength (1.55 pm) and core radius of 20 pm, the loss of
the fibre at the Stokes wavelength should be less than 150 dB/m to achieve just above
zero Raman gain with 10 kW input pump and with almost zero efficiency because of

high loss (From Eq. (6.1), the unit net gain Gn=g,l, —a, is above zero when the loss «,
is smaller than the production of Raman gain (g, =0.45cm/GW for H,) and pump
intensity (1,)). However, this is a marginal case and to achieve a reasonable Raman

conversion efficiency, in practice, the loss at Stokes wavelength needs to be significantly
lower than such limit. For instance, in the previous example, only if the Stokes
experiences less than 25 dB/m loss, the pump power (10 kW) passes the Raman
threshold (i.e. pump power and Stokes power are equal at the output) and the efficiency
become ~50% of quantum conversion efficiency (refer to Chapter 6 for more details).
This is worthwhile to mention that these values are calculated for continues wave (CW)
laser and to apply the pulsed pump, one needs to take to account the effect of pulse
length and Raman transient as well as pump loss where they can reduce the Raman

gain substantially in hydrogen. Therefore, in practice, the upper limit for loss at the
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Stokes wavelength would be much lower than 25dB/m, as will be discussed in more
detail in Chapter 6. Thus, in this section the aim is to find an optimum NANF design
to reach the lowest achievable loss at pump and Stokes wavelengths to achieve a high

Raman frequency conversion.

Ideally, when it comes to selecting the glass material, silica is the most desirable
material because of its favourable optical and mechanical characteristics that make it
a suitable option for fabrication. Moreover, most fibre fabrication technologies and
equipment have been developed around this material for years. However, silica has a
large material absorption in the mid-IR range of this study (~3200 dB/m @ 4.35 pm).
Therefore, at first, the design parameters of silica NANF has been optimized to reach
the lowest possible loss and then a soft glass (i.e. tellurite) with lower material loss in

the mid-IR regime has been used to achieve better results.

In the following sections, the process of designing silica and tellurite NANFs for mid-
IR guiding are introduced, but at first, it is important to introduce the main design
parameters of a NANF structure. For the sake of simplicity in fabrication, the NANF
with a single nested element has been considered throughout this thesis unless
otherwise said. The design parameters for such a NANF have been marked on Figure

4.4.

Figure 4.4. Design parameters of a NANF structure with a single nested element (half of

the structure).

where t; is the thickness of the glass web (consistent for all tubes), d is the distance
between cladding tubes, R is the radius of the core. I, and I, are the core radii of nested
and inner cladding tubes respectively and Z is the distance between them. Although
there are many parameters in the NANF design, the number of independent
parameters can be reduced by dependency of parameters due to topology of NANF.
Thus, considering R, t., Z and d as independent parameters of the NANF design, the

I, and I, can be calculated by the geometrical relation of parameters as:
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- Ry/2(1-cos(%)) —d |
2—J2(1—cos(%2)) (4.1)

Z
rL=r —t -3

where n1is the azimuthal number of cladding tubes in the NANF structure (i.e. n=6 for
NANF in Figure 4.4). In general, although a NANF can be designed with different
azimuthal number of cladding tubes rather than six tubes, it has been shown that six
tubes arrangement has the optimum results [57]. In more detail, the major advantage
of the tubes in tubular fibres is to hold back the field from the jacket glass walls in order
to reduce CL by reducing the field leakage throughout the jacket glass because the
refractive index of the glass is higher than air and field tends to propagate though glass
rather than air. Increasing the number of tubes for a constant core radius (R) reduces
the distance of the core field from the jacket glass (G.e. Rj decreases as the number of
tubes increase) which increases the CL. Therefore, the idea of using less tubes seems
more appealing. However, for a smaller number of tubes (n < 6), the core size of tubes (
r,) becomes close to R and due to the anti-resonant feature of the tubes the probability
of mode-coupling between tube air-modes and core modes dramatically increases. As a
result, the loss of the fibre becomes more sensitive to fabrication tolerances, bend loss
and other perturbations. According to these limitations, a six-tube configuration for the
NANF design has been selected in this study. In this thesis the phrase “mid-IR NANF”
might be used instead of “NANF” to emphasize the optimized loss of the fibre to operate

in mid-IR range of this project.
4.4.1 Silica NANF

In this section, the main steps of designing a NANF from silica glass are explained. As
a starting point, in order to realistically model the NANF, it is needed to include the
material loss in the developed numerical modelling toolbox for a wide range of
wavelengths since the desired Raman conversion process covers a broad range from
0.94 to 4.35 um, if only one considers the 15t anti-Stokes, pump and Stokes wavelengths.
Therefore, to cover such a broad range of spectrum in this study, the material loss for
silica is obtained by combining two mostly used data sources in the literature. For the
wavelengths between 0.4 and 2.4 pm, the loss of dry F300 fused silica in [135] is used,
which is close to common silica glass used in fibre fabrication. For longer wavelengths,
ranging between 2.4 and 15 um, the data presented in [136] is used. The combination

of both data sets is presented in Figure 4.5. The silica loss noticeably increases at
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wavelengths above 2 um, while this increase can be noticeable for solid core fibres, it is
trivial for HC fibres due to the very small fraction of power in the glass in these fibres
as well as the domination of CL in this range of wavelengths. However, the increase in
the loss at wavelengths above 3 pm, especially the abrupt surge of the loss (inset of
Figure 4.5) from 1500 dB/m at 4.2 um to more than double (~3200 dB/m) at 4.35 pm
(the Stokes wavelength) within a few nm wavelength changes, significantly impacts the

loss in HC fibre and becomes dominant source of the loss in these fibres.
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Figure 4.5. The material loss of silica obtained from [al[135] for wavelengths between 0.4

and 2.4 um, while for wavelengths between 2.4 and 15 um, it is obtained from [b][136].

In addition to material loss, the CL of ARFs strongly depends on the differences
between core and glass refractive index due to the anti-resonance guidance mechanism.
Therefore, to correctly model the loss and dispersion property of NANF, the dispersion

profile of silica is modelled with a three resonance Sellmeier equation [1]:

3

=1 Z (4.2)

:lz C)

where B, =0.6961663; B, =0.4079426; B, =0.8974794; C,=0.0684043x10"° um’;

C, =0.1162414x10"° um*; C, =9.896161x10° um?; while wavelength (1) is in ym unit.

Unlike material loss, which depends on the glass material and is fairly constant for
each wavelength, the CL depends on the structure of NANF and can be controlled and
optimized to some extent for low loss by choosing proper design parameters. For NANF
design, shown in Figure 4.4, the fibre design process relies on optimizing each of the

four main structural tube parameters (t,, d, Z, R) to achieve the lowest loss. Therefore,
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in the following sections, each of these parameters is optimized to achieve low loss

operation at 1st Raman Stokes wavelength (4.35 pm) and pump wavelength (1.55 um).

44.1.1 ts optimization

The thickness of the tubes is a key parameter for a NANF, because it determines the
transmission bands and the low loss operating wavelength of the fibre through its anti-
resonance feature. In an ideal Bragg anti-resonant tube-jacket fibre to have the lowest
loss at specific wavelength (i.e. anti-resonance wavelength), the t, can be determined
analytically by Eq. (2.1) and the similarity between NANTF and tube-jacket fibre allows
us to approximate optimum t, with the same equation. However, in order to obtain a
precise results, it is important to calculate the optimum t, by numerically solving the
exact Eigen mode equation for the NANF structure due to differences between the
perfect ring shape structure in the tube-jacket fibre and the nested tubular structure
in the NANF. Here, the emphasis is on achieving the lowest possible loss in a silica
NANF at 1.55 pm and 4.35 um as the pump and first Raman Stokes wavelengths,

respectively.

The most common practice to optimization a function with a limited number of free-
parameters is to perform a parameter sweep within the free-parameter space (here are

t., d, Z, R). However, the FEM simulation of a NANF structure for each set of

parameters is a time consuming process! and a full parameter sweep in the entire free-
parameter space (it is a 4D space) can be very time consuming. Thanks to effectiveness
of each parameter on a specific characteristic of the loss profile, despite the mutual
effect of design parameters on the fibre loss, the loss can be optimized for each
individual parameter separately with very small deviation from the absolute minimum

loss [57].

Therefore, in order to run a parameter sweep simulation on t, by the developed FEM

toolbox, some assumption on the other design parameters have been considered such
as R =20 um (optimum value of R is discussed in Chapter 6), Z =0.65R (Eq. (4.3)) [57],
d= 4 pm ( based on further simulations which are consistent with [57, 66]). Using Eq.

(2.1) and considering a fundamental anti-resonance wavelength around 4.35 pm, t, is

calculated to be ~1.6 um as the initial value for the sweeping process over this

! For example, it takes 15 minutes for loss calculation at 1.55 um for a NANF with R= 30 um
on machine with 16 core 3.4 GHz CPUs and 128 GB RAM
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parameter. Figure 4.6 shows the simulated loss profile of the NANF vs t, over a broad

range between 1 um and 3 um at 1.55 um and 4.35 pm wavelengths (i.e. pump and 1st

vibrational Raman Stokes wavelengths in hydrogen), respectively.

1*TB

Loss (dB/m)

1 15 2 2.5 3
t_ (um)

Figure 4.6. The FEM simulated loss of a silica NANF with R = 20 pm vs the thickness
of tubes (t,) at 4 = 1.55 um and 4.35 pm for d=4 pm and Z =0.65R . The t, = 1.66 pm

shows an optimum value for RCL as marked by dashed lines in the figure.

The different pattern of changes in loss profile for the two wavelengths shows the fact
that wavelengths are in different transmission band of the fibre as expected from Eq.
(2.1). In fact, while the Stokes is placed in the fundamental transmission band (15t TB)
of the fibre for t, < 2.5 um, the pump wavelength is shifted from the 24 TB to 4t TB of
the fibre depending on the t, value as can be seen in Figure 4.6. In the best scenario,

achieving an optimum value of t , where the losses for both pump and 1st Stokes

s 9
wavelength arWSOFe at their minimum value, is the desired goal. However, as a result

of the difference between optimum values of t, for each wavelength, it is necessary to
choose a proper value for t, that can provide a practical loss for both wavelengths. In
fact, in the vicinity of the minimum loss at the Stokes wavelength (t, 1.5 um), the trend

of the loss at both wavelengths are in opposite directions (i.e. the loss at Stokes
wavelength inclines while the loss declines at pump wavelength) and achieving a
minimum loss at both wavelengths is not simultaneously possible.

Therefore, to select the best option for t,, I have defined a Raman conversion loss (RCL)
for the fibre as RCL = /& + (&g . In this definition, the effect of both losses at pump
(a,) and 1t Stokes (a,) wavelengths are included for optimization, similar to the

optimum loss in solid core Raman lasers [137]. Thus, considering the presented
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simulation results, the fibre with t, ~ 1.66 um can provide the lowest RCL, as shown in

Figure 4.6. Although in practice, the inaccuracy in fabrication process may alter the

value of t, thanks to opposite trend of losses at pump and Stokes wavelengths, to some

extent, the change in RCL is compensated.

Although the calculated optimum t, from Figure 4.6 is for a particular silica NANF
with R= 20 pm, it can be shown that for R > 15 um the optimum t, is approximately

similar. Figure 4.7 shows the loss profile of silica mid-IR NANF for a few core radii at

1.55 pm and 4.35 pm. Except in very small core size of R= 12 pm, the optimum t, is

similar for other fibres, which can relax the optimization process for other parameters.
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-
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16 165 17 175 18 185 19
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Figure 4.7. The calculated loss profile for silica mid-IR NANF similar to Figure 4.6 for
R=12, 15, 18, 20, 25, 30, 35 pm. The optimum t, for low RCL is marked on the figure.

4.4.1.2 d optimization

The azimuthal distance between cladding tubes (d), as shown in Figure 4.4, is another
design parameter of a NANF structure, which is studied in this part. The effect of the
d parameter has been investigated in several works and shown that the optimum value
of d is unique for individual design parameters and configurations [57, 130]. This
parameter controls the air gap between tubes, which allows the mode field to escape to
the jacket tube for very large gaps (i.e. large d) or to couple into the lossy glass nodes
that are created in the absence of such a gap. Therefore, an optimum value for d

parameter is necessary to achieve a low loss operation at desired wavelengths. At two
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extreme cases of d < 0, which means touching between the tubes and creating lossy
nodes, and d >> 0.5R, which means the tubes are very far from each other and
consequently have very small core sizes, the loss increases significantly and it is clear
that neither of these cases are suitable for the d parameter. Therefore, in this study, a

parameter sweep has been performed on this parameter for the optimum value of t, =

1.66 um over a reasonable range from d = 0.005R to 0.5R at the Stokes wavelength
(4.35 pm), as shown in Figure 4.8 (a). Despite the different level of losses between the
fibres, caused by different core sizes, each fibre has shown a flat loss profile across a
large range of d. In order to visualize the minimum loss, the loss profiles have been
normalized to the minimum loss of each fibre as shown in Figure 4.8 (b) (e.g. normalized
loss for fibre with 20 um radius = (the loss of the fibre with 20 um)/ (the minimum loss
of the 20 um fibre)). It is clear that the minimum loss takes place at d/ R~ 0.2 for the
modelled radii. However, as can be seen in the inset of Figure 4.8 (b), the loss has less
than 0.1 % change at d= 4 um for all core sizes. As a result, selecting a fix value for d
can relax the other parameter optimization processes and does not have a noticeable
effect on the loss of the fibre. Consequently, d= 4 pm has been used for the rest of this
work for the optimization process of silica mid-IR NANF. It is worth mentioning that

the optimum value for d also depends on t,, which has optimized and fixed at this stage

of design [57] .
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Figure 4.8. (a) the calculated loss of the silica mid-IR NANF (t,=1.66 um) vs the tube

distance to core size ratio (d/R) at 1=4.35 um. (b) the normalized loss over the minimum
loss for the same fibre shows the optimum d/R = 0.2. The inset of (b) shows the absolute

value of d.
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4.4.1.3 Z optimization

The low loss feature of NANF in comparison to a simple tubular fibre is the result of
the inner tubes of the nested cladding tubes. Thus, the Z parameter, which dictates
the size of these inner tubes, has an important role in the NANF design to achieve low
loss performance. Recalling from the anti-resonance feature of a NANF, it is intuitive
to consider the confinement mechanism of the fibre as the reflecting feature of
surrounding tubes. In this model, the inner tubes of NANF act as the second reflecting
layer similar to the second tubes in the tube-jacket fibres (see section 4.2.1 and Chapter
2) and their distance from outer tubes (Z) should follow Bragg’s law to provide the
maximum reflecting effect [52, 61]. Therefore, using Bragg’s law and approximating the
n of the fundamental mode by the first zero of Bessel function of the first kind G.e.

U,) [138], the optimum value of Z, represented by Z_,, can be estimated by [66]:

opt »

z A S R =0.65R (4.9)

Although the Eq. (4.3) can provide an accurate value for Z in a simple tube-jacket
fibres, the optimum value of Z for the lowest loss can deviate from the calculated value
from this equation due to the complex structure of NANF in comparison to a simple
tube-jacket fibre. Despite the structural complexity of NANF, the Eq. (4.3) can still
provide a reasonable initial guess for Z parameter in NANF. In fact, it is shown in
[139] and other studies [57] that for a NANF design the lowest loss typically lies in the

range of 0.6 < Z /R < 0.8, which is in good agreement with Eq. (4.3).

Therefore, to study the influence of the Z parameter on the loss of the fibre and more
specifically at the Stokes wavelength, which is the dominant loss in the fibre, a
parameter sweep has been performed on Z parameter for the silica mid-IR NANF with
d=4 pm and t,=1.66 um, while considering the material loss of silica in the simulation
model. Figure 4.9 (a) shows the calculated loss for 0.1 <Z /R< 0.9 and a few radii from
R=15to 35 um at 1 = 4.35 um. Due to differences in the loss level for each radius, the
loss profiles have been normalized to the minimum loss of each fibre, as shown in Figure
4.9 (b). The simulation results show different values for optimum Z /R across a wide
range of R. Not only these values are different for each R, they are also far from the

initial estimated value (Z / R~ 0.65) by Eq. (4.3) or other studies on the NANF (0.6 <
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Z /R <0.8) [57]. However, as shown in the inset of Figure 4.9 (b), the absolute value of
the optimum Z parameter is fairly consistent (~ 7 um) across the core radii apart from
small radii where the CL becomes comparable to the material loss (i.e. R ~15 pm where

the fibre loss becomes very high).
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Figure 4.9. (a) the calculated loss of the silica mid-IR NANF (t, = 1.66 pm) for Z /R ratio

at A=4.35 um. (b) the normalized loss over the minimum loss for the same fibre shows
the change of optimum Z /R across different R . The inset of (b) shows the absolute value
of Z where the Z = 7 pm is marked by a red dashed line as the selected option for

optimum Z .

By studying the pattern of changes in optimum Z parameter, I believe such significant
deviations from the predicted value from Eq. (4.3) is the result of the wavelength
operation range (i.e. mid-IR) of the designed NANF as well as the high material loss of

silica in the mid-IR. In principle, to achieve the lowest loss for a wavelength in a NANF
the t, should be chosen in a way that the operating wavelength is placed in the
fundamental TB and more specifically in the anti-resonance wavelength of
fundamental TB. This requirement, dictates thicker tubes in NANF's operating in the
mid-IR range of wavelengths in comparison to NANFs designed to have low loss at
much shorter wavelengths. For instance, the required {; for a silica NANF to achieve
the lowest loss at 1.55 pm is in the range of ~ 400 nm while to achieve low loss at
4.35 um the t; needs to be in the range of ~1600 nm, as seen in the t, optimization
section. This large thickness can have noticeable effect on the amount of captured field
in the cladding glass, which can vary in different geometries. In addition, in
conventional use of HC NANF for communication wavelengths (1.5~1.6 um) or near-IR
wavelengths (1~2 pm) the material loss has very small effect on the total loss of fibre

and the minimum loss is mostly limited by CL or surface scattering loss. However, in
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the mid-IR regime, the material loss has significant impact on the total loss and can

shift the optimum design parameters significantly as seen in this case.

To study the effect of material loss in this case, a Z parameter sweep has been
performed for similar fibres while the material loss is set to zero in order to observe the
effect of CL in the fibre. Figure 4.10 (a) shows the calculated absolute CL of the fibres
in Figure 4.9 vs Z / R. As expected from Eq. (4.3) or other studies, the minimum losses
for all fibres are in the range of (0.6 <Z / R<0.8) and more importantly, as shown in
Figure 4.10 (b), the CL is very sensitive to Z /R changes (e.g. more than 200% within
0.5<Z / R<0.9) unlike the case with material loss. This shows that the large material
loss in this fibre is altered the optimum value of Z /R toward lower values. However,
when the CL loss becomes comparable to the material loss due to small core size, the
Z / R ratio of minimum loss shifts towards the typical value of 0.6 <Z / R< 0.8, as seen

in the case of R= 15 um (Figure 4.9).
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Figure 4.10. (a) the calculated CL (i.e. no material loss) of the silica mid-IR NANF (t,

=1.66 um) for Z /R ratio at 4 = 4.35 pm. (b) the normalized loss over the minimum loss
for the same fibre shows very good agreement with the predicted optimum Z /R for all

R.

Although, the optimum loss in silica mid-IR NANF is not achieved in the conventional
range of Z / R, the flat distribution of the loss across board range of Z/R can be seen
as an advantage for this fibre (less than 5% change in loss across 0.1<Z / R<0.9, see
Figure 4.9). To explain this, it is important to consider the fact that the distance
between cladding tubes (Z ), in addition to have an essential role on the loss of the fibre
through the anti-resonance feature of NANF, it also has very important effect on

imposing high HOM extinction. In more detail, according to [138], it is well-known that
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the ng of the fundamental mode in a single tube fibre is proportional to the core radius
of the tube. This means, the ng of higher order modes in a large tube can match the
Ng of the fundamental mode in the smaller tubes. In a similar scenario, in the structure
of a NANF, the core size is larger than the core size of the inner cladding tubes or the
air gap between inner and outer cladding tubes (i.e. the space defined by the z

parameter). Therefore, the index matching between the fundamental core mode and
air-guided cladding modes (i.e. the modes in the air gaps of cladding tubes) is not
possible at anti-resonance wavelengths (the wavelengths with the lowest loss in each
TB). However, by adjusting the Z parameter, it is possible to match the index (i.e. n )
of HOMs in the core with air-guided modes in the cladding tubes [57, 140]. Using this
method, a high HOM extinction can be achieved by small Z (i.e. Z /R < 0.3) via the air-
guided modes of inner cladding tubes or by large Z (i.e. Z/R> 0.9) via out-coupling of
HOMs into the gap between inner and outer cladding tubes. This method can effectively
provide a single mode NANF regardless of the core size by introducing a significant loss
difference between the fundamental mode and HOM. Therefore, such method can be
implemented in the proposed silica mid-IR NANF especially where the loss of the LP11
is very high at Z/R ~ 0.2-0.4, which is at the range of Z /R that provides the minimum
loss for designed mid-IR NANF (Figure 4.9). For instance, Figure 4.11 plots the loss
profile of the LLP11 mode of a silica mid-IR NANFs with R =20 um, t, =1.66 pm and d=
4 um vsZ / R, alongside the effective index map of fibre (i.e. the effective index of a few

cladding and core modes).
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Figure 4.11. (a) the loss profile of the LP11 mode in silica mid-IR NANF vs Z/R. (b) the
effective index profile of fundamental mode (FM), LP11 mode and cladding modes (CM1

and CM2) matched to LP11 alongside their normalized power distribution.

As it is clear, the loss of the LP11 mode significantly changes across different values of
the Z parameter and has a large peak around Z /R~0.2 while the fundamental mode
has an almost flat loss profile. Such a high HOM extinction ratio in the fibre provides
an effective single mode operation. The large loss of the LP11 mode can be explained by
the interaction of core and cladding modes (CM). Figure 4.11 (b) shows the evolution of

ng for core and cladding modes due to changes of Z / R ratio. Starting from very small
value of Z /R, inner tubes are large and, consequently, they have larger n, than the
LP11 mode. By increasing theZ /R, while the ny of LP11 mode is almost constant, the
radius of inner tubes becomes smaller and their ng becomes smaller too until the n

of LP11 and CM1 become very close at Z/R~ 0.2 (CM1 represents the inner tubes
cladding mode). At this point the LP11 mode experience a large loss due to out-coupling

to the CM1, as shown in Figure 4.11 (b). Meanwhile, the n, of FM is far from the CMs

and exhibits a flat loss profile. As the value of Z /Rincreases, the inner tubes become

smaller and the difference between n, of LPi11and CM become larger, which reduces

the out-coupling effect and loss of the LP11 mode. At larger values for Z/R ratio

(Z/R>0.65), the gaps between inner and outer tubes become larger and their n

increases (marked as CM2 in Figure 4.11 (b)), which can reach the n, of LP11at larger
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Z IR (it is beyond the range of Z /R in Figure 4.11). Fortunately, as shown in Figure
4.11 and Figure 4.9, the designed silica NANF has both the minimum loss and high
HOM extinction ratio at the same range of Z / R. Therefore, the fibre operates in a single

mode and low loss regime at the same time.

4.4.1.4 R optimization

In the previous optimization sections, it is shown that the optimum value of other
design parameters in silica NANF has very low dependency on core size and can be
fixed for a very broad range of R. Therefore, considering the optimized value for those
parameters one needs to select the appropriate R for the best loss. In principle, the loss
of HC ARFs decreases as the core size increases as shown in the previous sections
through modelling results of optimization. Consequently, to achieve lower loss one
should increase the R parameter until reaches the desired loss. However, in terms of
Raman conversion application, the value of R not only impacts the fibre loss but also
determines the intensity of the laser and consequently controls the Raman efficiency as
well as effective nonlinear length of the fibre. Therefore, in Chapter 6, a detailed study
1s done on the effect of core size on loss and Raman conversion efficiency in order to

achieve maximum efficiency of Raman conversion in gas-filled NANF.

4.4.1.5 Characteristics of the final silica design

By implementing the optimization process described in previous sections, the main
design parameters for the lowest loss at pump and 15t Stokes wavelengths in a six-tube

silica NANF are achieved as following: t,=1.66 um; d=4 pm; Z =7 pm. In this section,

the characteristics of the final optimum design are studied in more detail. Figure 4.12
(a) shows the loss profile of the designed silica NANF with R = 20 um alongside the
normalized power distribution in fibre at the pump, 15t Stokes and two resonance
wavelengths. While the field is properly confined in the core at anti-resonance
wavelengths, the power distribution shows the core-cladding mode coupling and out-
coupling of the field into the glass webs at anti-crossing/resonance wavelengths, which
explains the high loss at these wavelengths due to leakage of field to the jacket tube.
As it is clear from Figure 4.12 (a), the pump wavelength is placed close to the edge of
the second resonance wavelength, while the wavelength of the 1st vibrational Raman
Stokes (122.9 THz shift) is very close to the 1st anti-resonance wavelength in the
fundamental TB of the fibre. As discussed before, although neither wavelength is placed

in the exact anti-resonance points due to the limitation by the periodic anti-resonance
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feature of NANF, the best possible configuration has been chosen to reduce the RCL.
With such configuration and for this specific core size (R= 20 um), the total loss of
5.1 dB/m and 2.7x102dB/m are achived at 1st Stokes and pump wavelengths,
respectively. In order to show the material loss contribution on the total loss, the CL
profile of the fibre has been shown beside the total loss in Figure 4.12 (a). It can be seen
that, due to small core size and high material loss in the mid-IR range, the CL and total
loss have an order of magnitude difference (.e. CL is 0.21 dB/m at 1t Stokes and
wavelength). In this case even the CL of the fibre in the mid-IR range and particularly
at 1t Stokes wavelength (4.35 pm) is high due to small core size in contrast to mode
area. Figure 4.12 (b) plots the dispersion (D) profile of the fibre for different
transmission bands. The dispersion profile has a similar pattern in each individual
transmission window starting from a large normal dispersion value at the edge of the
band at short wavelengths and becomes almost zero near the minimum loss point in
each band. The dispersion becomes anomalous after passing the zero dispersion
wavelength (ZDW) and increases significantly at the edge of the band at longer
wavelengths. Although the dispersion is high at the edge of bands, it is relatively small
in comparison to HC-PBGFs.
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Figure 4.12. (a) FEM simulated loss profile of the silica NANF (t,=1.66 pm, R=20 um,

d=4pm and Z=7 pm) with and without material loss. The normalized power
distribution in the cross section of the fibre has been presented at pump, 1st Stokes and

two resonance wavelengths. (b) The dispersion profile of the fibre at different

Although the presented study of the designed NANF in the straight form shows
promising performance, in practical applications the fibre would be used in a bent or
coiled form. As a result, the performance of the fibre at the present of macro bend has
been investigated by modelling the bend loss of the fibre, which is presented as loss

change in the form of Loss(R,)—Loss(«), as shown in Figure 4.13. The bend loss
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calculation has been performed by applying the tilted refractive index approach and
bend sensitive PML in the developed FEM toolbox in this thesis (see Chapter 3 for more
details).
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Figure 4.13. The simulated loss of the silica NANF for bend radii (R, ) at = 1.55 pum and

4.35 pm presented in the form of loss change.

Thanks to the inner tubes in the structure, the fibre shows very low bend loss even for

a bend radius as small as R, =5 cm. The bend loss in HC-ARF's can be mainly related

to two key mechanisms. Firstly, the anti-resonance effect of the web glass is reduced as
the resonance wavelength is shifted towards the operating wavelength due to the
modified refractive index profile of the web glass induced by the bending process. As a
result, the reflection effect (i.e. mirror effect) of the webs reduces and the core field leaks
into the jacket tube which increase the loss of the fiber. In a second mechanism, which

can happen for very small bend radii, the ng of the core and the air-guided cladding

modes (guiding modes in the core of surrounding tubes) become so close that coupling
between them can cause significant leakage loss similar to the case seen in Figure 4.11.
The latter effect in NANF's is less likely because of the aspect ratio and size difference
between the inner tubes and core radius. In fact, using six tubes instead of four
increases this mismatch by reducing the size of the cladding tubes (Eq. (4.1)) and

reduces the chance of coupling.

4.4.1.7 Mid-IR NANF vs tubular fibre

The advantage of NANF for low loss application in comparison to tubular fibres at
near-IR is proven through modelling in many works [57, 141, 142]. However, it is
desirable to compare the results of optimized NANF in previous section for mid-IR with

a similar counterpart in tubular form and study their low loss features. As the material
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loss has large impact on the fibre loss in the mid-IR range, the question is raised about
the advantage of using extra inner tubes in NANF in comparison to tubular fibre. As it
is shown in the previous sections, the loss profile can be effected significantly by
material loss in the mid-IR (comparing Figure 4.9 and Figure 4.10), specially where the
CL is negligible in the fibre. Similar to other ARFs, any NANF design has larger CL at
smaller core sizes and the CL becomes significant, particularly when the core size (.e.
R) becomes comparable to wavelength. Although the material loss of the silica is high
at 4.35 um, the domination of CL has been seen in designed silica mid-IR NANFs with
R =15 um (see Figure 4.9). However, for larger core sizes (R > 18 um, see Figure 4.9),
the material loss in the proposed designed NANF is dominant while the CL is very
small (see Figure 4.10). Therefore, to justify the use of NANF over tubular fibre at
larger core size in the mid-IR, a NANF and a tubular fibre with similar parameters (d

=4 um, t, =1.66 um) and core size of R =40 pm has been modelled at 4.35 um. The

NANTF fibre has shown ~0.76 dB/m loss while the tubular fibre shows almost twice the
loss of the NANF (~ 1.4 dB/m). Even though the NANF has more glass in its structure,
1t shows lower loss than tubular fibre. To study this effect, the power distribution in the

propagation direction of light (i.e. P,) for both fibres are presented in Figure 4.14 (b).

The distribution of “propagating power” in the cross section of the fibre shows far less
power in the cladding area of NANF fibre, which decreases the CL in the fibre. This can
be seen more quantitatively in Figure 4.14 (c), where the power density drops
significantly passing the first cladding tube at 40 um for NANF due to the effect of the
second tube (i.e. inner tube ) while for tubular fibre the power density is almost constant
after the first tube. Although studying the propagating power can be useful for
understanding the CL behaviour of fibre, to appreciate and visualize the effect of inner
tubes on material loss, the “outgoing power” of field has been presented in the X,Y

direction G.e. P, ) in Figure 4.14 (a). From this figure, it is clearer that less power is

out
confined in tubular fibre than NANF, as the outgoing field from cladding tubes to the
jacket tube is far more than NANF fibre. More interestingly, the power leakage to the
jacket tube in both fibres goes through the centre of tubes not the azimuthal gap
between cladding tubes. Comparing the distribution of outgoing power for both fibres
shows very large amount of power in the jacket tube for tubular fibre in comparison to
NANF (Note: the power scale for both fibres is in dB and the dark red shows high
power). Therefore, although NANF has more glass due to existence of inner tubes in its
structure, the overall power in the glass in this fibre is far less than tubular fibre. In
fact, due to inner tubes, less power reaches the inner and jacket tubes, which reduces

the loss experienced by fibre from material loss. Therefore, even though the material
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loss is the dominant loss source for large core silica mid-IR NANF, its low loss

performance is better than tubular fibre with the same design parameters.
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Figure 4.14. (a) distribution of normalized outgoing power (Pout) for Tubular fibre (top)
and NANF (down) in dB scale. (b) distribution of normalized propagating power (P,) for
Tubular fibre (top) and NANF (down) in dB scale. (¢c) normalized propagating power
density along r, and r, marked on figure (b) for tubular fibre and NANF, respectively.

4.4.2 Tellurite NANF

Despite using state-of-the-art design and optimization of the NANF fibre with silica,
the high intrinsic material loss in the mid-IR introduces a large total loss in the silica
NANF. Although silica is the most popular and dominant material for fibre fabrication
due to existence of robust technology that has been developed around it to support the
telecom industry, advances in the fabrication of soft glasses in recent years increase the
possibility of shifting from silica to soft glass materials with lower intrinsic material
absorption in the mid-IR regime. Among the many different form of soft glasses,
tellurite (tellurium dioxide [TeO:]) shows fairly low absorption in the mid-IR up to
5 um. Previously, due to water contamination (OH) in this glass the absorption was
very high, but recently the soft glass group in ORC! has developed a fabrication process
which can reduce the OH content and allow fabricating a low loss fibre [143]. Figure
4.15 (a) shows the loss profile of an in-house-made halo-tellurite (60TeO2-20PbO-
20PbCl: [TLX] [mol.%]) with low OH concentration in the mid-IR region which shows
material loss as low as 10 dB/m at 3-4 um range [143]. Although the loss is high for

1 ORC is the Optoelectronic Research Center of University of Southampton
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fabricating solid fibres, in fact, it is reasonable for NANF due to the very small fraction
of mode field inside the glass. Figure 4.15 (b) demonstrates the measured refractive
index of Halo-tellurite which has been fitted by a three-term Sellmeier model (Eq. (4.2)
) with following coefficients; B, =1.212;B,=2.157; B,=0.1891; C, =-6.068x107 um’;
C,=7.068x10"* um*; C,=-45.19 um’.
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Figure 4.15. Refractive index and loss profile of Halo-tellurite (TLX) (a) loss profile of
Halo-tellurite in different form, (b) Sellmeier model and measured refractive index of

Halo-tellurite [after [143]].

4.4.2.1 Characteristic of the final tellurite design

As the fibre structure in tellurite design is similar to silica type, all optimization steps
can be performed in the same way with related loss and dispersion profile of the Halo-
tellurite. The final design for a six-tube tellurite NANF has the following parameters;

t.=2.01 pm; d=2 um; Z=0.65R (because of lower material loss in comparison to silica,

the CL loss controls the Z parameter). Figure 4.16 shows the loss profile of the
fundamental mode of the final design with R =15 pm alongside the bend loss of the fibre
at 1.55 um and 4.35 pm in loss change. As it is clear, the tellurite fibre has an order of
magnitude lower loss than silica NANF with similar core size due to significant lower
material loss (i.e. the total loss of 1.1 dB/m and 3.3%x103 dB/m at 1%t Stokes and pump
wavelengths, respectively). It is noticeable that the fibre in Figure 4.12 has larger core
size (R=20 um) thus should have lower loss but yet the loss of the tellurite fiber is
lower. In fact, by using tellurite glass, the total loss reached the low loss limitation
imposed by CL of fibre design. Thus, this fibre can be a very good candidate for

nonlinear applications in gases because it can provide very small core size with lower
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total loss than silica NANF and decreases the threshold power for Raman conversion

significantly.
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Figure 4.16. (a) FEM Simulated loss profile for tellurite NANF(t, = 2.01 um, R =15 um,
d=1pumand Z =0.65R)). (b) Calculated bend loss in loss change of the silica NANF for

bend radii (R,) at 1.55 um and 4.35 um.

4.5 Conclusion

It is shown that by using HC fibres the length of light-matter interaction can be
increased, and consequently the efficiency of the nonlinearity in the gas improved
dramatically. The evaluation of the loss and group velocity dispersion profile of
PBG-guiding and anti-resonant hollow core fibres, as the two main categories of
HC-PCFs, shows that ARFs are good choices as HC waveguides for nonlinear process
in gases due to their very broadband low loss transmission window, which is very
important for broadband nonlinear effects, and also because of their almost flat GVD

profile.

In this chapter, tubular HC fibres and more specifically a newly proposed nested anti-
resonant nodeless fibre (NANF) are studied, as the best options for efficient nonlinear
process in gas-filled HC-ARFs, due to their low loss in the mid-IR and high damage
threshold. After comparing the low loss performance of both types of fibre, a summary
of the advantage and disadvantage of HC fibres is presented. NANF design, as the best
option for this project, has been selected, due to its very low loss performance at Mid-
IR. Using the developed simulating toolbox, a silica NANF has been modelled and
optimized, which despite its large material loss at mid-IR wavelength (~3000 dB/m at
4.35 um), it shows total loss as low as < 0.9 dB/m at 4.35 pm for core radius of R=

35 pm. This study has shown that due to high material loss the optimum values for
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design parameters can deviate from other works reported on low loss regime [57, 142].
By studying the effective index of cladding and core modes, the optimum value for inner
tube sizes have been identified in order to achieve high higher order modes (HOM)
extinction ratio by out-coupling HOMs to the cladding modes while keeping the
fundamental loss of the fibre low. Thus, the fibre not only has a very low loss in the
mid-IR regime but also can be effectively single mode regardless of its core size. The
bend loss analyses of the optimized NANF with R =20 pm shows very low bend loss at
both operating wavelengths (i.e. 1.55 pm and 4.35 um) considering the straight loss of
the fibre at those wavelengths.

The material loss of the fibre, as the main source of loss in the mid-IR reign, was

reduced by using tellurite in a new optimized NANF design. Although the loss in NANF

increases dramatically by reducing the core size (R™®), similar range of loss as silica
NANF with R= 35 um has been achieved in a tellurite NANF with much smaller core
size R= 15 pm. Apart from the core radius that needs separate optimization process
due to its tight relation to Raman efficiency process, which is discussed in Chapter 6,
in this chapter, the other design parameters have been optimized for low loss operation

in pump and 1st Stokes wavelengths.

In addition to fibre loss and intensity of laser, the polarization of light is another
Iinteresting characteristic that can affect the Raman efficiency. Thus, in the next
chapter a novel design for NANF is introduced with high birefringence and polarizing
effect, which can provide constant linear polarization through interaction of light and

gas.
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Chapter 5: Broadband high birefringence and

polarizing hollow core anti-resonant fibre

5.1 Introduction

Besides loss, bandwidth and modal properties, the ability to control and maintain the
polarization state (e.g. by inducing a large birefringence or a differential loss between
the two orthogonally polarized modes) is a key feature for a wide range of optical fibre
applications, including precise interferometric sensing (e.g. fibre based gyroscopes [39]),
quantum computing [144], atom spectroscopy [145], and polarization maintaining
optical amplifiers [146]. Although conventional polarization-maintaining (PM) fibres
have been around for many years, in which a high birefringence (Hi-Bi) is introduced
by applying either stress (e.g. PANDA or Bow-tie fibres [147, 148]) or form anisotropy
(e.g. elliptic core [149]), they face a few fundamental limitations associated with their
solid core. For example, material absorption, low damage thresholds and optical
nonlinearity fundamentally restrict their application to wavebands where the glass is
transparent and to optical powers low enough not to cause undesired nonlinear effects
and/or dielectric damage. Some of these limitations can be addressed by using hollow
core optical fibres, which in addition can also enable interesting new linear and
nonlinear applications exploiting long path lengths for gas-light interactions [15, 47-
49]. Despite many potential advantages, hollow core fibres are a less mature technology
than solid core versions, which still require physical understanding and new optical

designs in order to achieve their full potential.

During the last decade considerable research has focused on lowering the loss in HC-
ARFs and many different structures have been proposed based on: a Kagomé cladding
[11, 67], a hexagram structure [66], a double anti-resonant layer [150], tubular
“negative curvature” structure [71, 151] and nested tubular structure [152-154]. These
have resulted in significant improvement of properties such as low bend-loss [130],

ultra-large bandwidth [47], high damage-threshold [40, 41] and NANF [57].

Generating a birefringence of the same order of magnitude as in commercial solid core
PM fibres (~10* for 1550 nm operation) in a hollow core fibre is however difficult.
Conventional methods of using stress rods (and, as it shall be seen, elliptical shapes)
are not applicable or effective. Besides, structural requirements to minimize

confinement loss in hollow core fibres add additional limitations. Arguably, the best
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result so far was achieved in a HC-PBGF with asymmetric rods in the core surround,
presenting low loss (10 dB/km at 1.530 um) and birefringence in the range of that of
solid-core fibres, albeit over a narrow operating bandwidth (<10 nm) [155]. Achieving
such a high birefringence in HC-ARFs is even harder since the field overlaps with glass
and the resulting sensitivity of the birefringence to the core’s geometry is even lower.
Only recently, two theoretical Hi-Bi HC-ARF's based on modified NANF concepts were
proposed which could address the problem by operating in the normal [156] or hybrid
band transmission regimes [133]. Both show promising routes to achieve high
birefringence (~10*) in ARFs. However, the underpinning differences between the two
approaches require detailed study, and further reduction of the loss and widening the

Hi-Bi bandwidth are still possible and as targeted here.

In this chapter, a detailed study of the birefringence of NANF designs that have tubes
with different membrane thicknesses along orthogonal axes (bi-thickness NANFSs) is
presented and a design procedure to maximize the bandwidth and minimize loss is
proposed while maintaining high birefringence operation. In the following Section, it is
demonstrated that unlike solid fibres, an elliptical core shape cannot provide a large
enough birefringence in a hollow core fibre. In Section 5.3, a way to circumvent this
problem is proposed using a bi-thickness NANF with a small core and 4 triple nested
tubes. Also an approach for analysing the effect of the design parameters of the fibre on
its loss, bandwidth and regime of operation is introduced, using this approach propose
a new HC-ARF design is proposed providing the lowest loss and the widest bandwidth
high birefringence operation ever reported, at the time of writing this thesis to the best
of my knowledge. In Section 5.4, a novel method is proposed to out-strip a selected
fundamental polarization mode to provide a hollow core fibre with an additional
polarizing ability, in addition to a polarization maintaining behaviour. Finally the work

is summarized in Section 5.5.

5.2  Birefringence by asymmetry

While the PM property of HC-PBGFs has already been investigated theoretically in
various works [157, 158] and promising results have been achieved experimentally
[155], extending these results to anti-resonant fibre types is not straightforward, and
only recently the first designs have been proposed [133, 156]. In general, symmetrically
arranged HC-ARFs can support degenerate polarization modes and polarization
coupling due to random perturbations is inevitable. The idea of breaking the core

symmetry and introducing ellipticity in the antiresonant reflecting optical waveguide
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(ARROW)-guiding fibres has therefore been investigated in some of the simplest
structures for terahertz applications [159], following the idea of exploiting form-
birefringence that is used in solid core PM fibres. In this work, to study the potential of
generating polarization mode birefringence (PMB) through core ellipticity in HC-ARFs,
an ideal elliptical tube as the simplest possible HC-ARF structure has been considered
as a starting point. The thickness of the tube needs to satisfy the resonance equation of

ARROWs in order to support the leaky fundamental mode (FM) at frequencies f inthe

desired (m*) anti-resonance band [57]:

e g M 1o (5.1)
2t \[n2 —n? 2t \n2 —n/

where C is the speed of light in vacuum. n;, n, andt, are the refractive indices of core,

cladding and the thickness of the tubes, respectively. Using Eq. (5.1) and choosing an

operating wavelength (4, =1.55 um) in the second anti-resonance band, a thickness t,

=1.172 um is estimated to produce the lowest loss for a core radius of R =10 pm. In
order to investigate the effect of the tube’s ellipticity on its PMB, elliptical tubes with
different major (b) to minor (&) axis ratios have been simulated by the developed FEM
solver toolbox with optimized meshes and proper PML (see [57] and Chapter 3). Figure
5.1 shows the simulated confinement loss and PMB (in this chapter Nvu are real part
of effective index of vertical/horizontal polarizations) of the FM for different tube core
dimensions. The simulation result shows that the PMB initially increases on increasing
the ellipticity of the core, as shown in Figure 5.1 (a). However, after a peak around b/a
~1.6, it decreases and settles to an almost constant value for further increase in the
ellipticity, regardless of the core size. This indicates an optimum point for ellipticity.
Additionally, it is seen that decreasing the core size to achieve a discernible PMB is
necessary. However, as shown in Figure 5.1 (¢), reducing the core size results in

impractically large loss, which in practice limits the minimum core size one can choose.

It is well known that loss in an antiresonant HC fibre can be reduced by designing the
core surrounding membranes with negative curvature [67, 151, 160]. Amongst various
designs, the NANF structure has shown the potential for very low optical loss, in
principle comparable to that of solid silica fibres [57]. This structure consists of a
number of equally spaced non-touching nested glass tubes, as shown in Figure 5.2 (a),

which are attached to the inner wall of a larger jacket tube. The nested tube
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arrangement provides the anti-resonant cladding of the fibre, with the hole in the
middle acting as the core. In this design, confinement loss is reduced dramatically due
to the absence of nodes in the core surround, which can induce undesired coupling to
lossy cladding elements (e.g. membranes) [66], and to the addition of coherent radially
arranged reflecting layers. One might therefore want to consider whether a NANF with
an elliptical cross section (and a small core) might provide a way to generate a
significant PMB and low loss. The simulated loss and PMB of an elliptical core NANF
obtained by rearranging and reducing the size of two opposite sets of nested tubes (see
bottom structure in Figure 5.1 (b)) for different ellipticity is shown with markers in
Figure 5.1, and compared with the behaviour of an elliptical tube. For both structures,
a reduction in core size is helpful in increasing the birefringence, but at all core sizes
the birefringence peaks around an optimum value of ellipticity for each core size. Larger

ellipticities than that do not produce any higher birefringence.
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Figure 5.1. The characteristic profile of a single tube for different minor axis (a =10 pm,
15 pm, 20 pm) vs major axis b with t, =1.172 pm at 4, =1.55 um. (a) Birefringence of the
fibres for different ellipticity, (b) tube structure (top) and NANF structure (bottom), (c)
loss profile of fibres for horizontal and vertical polarization for different ellipticity.

Properties of elliptical core NANF for a =10 um, 15 pm at optimum ellipticity are provided

for comparison.

As the results suggest, although the NANF structure can reduce the loss by many
orders of magnitude in comparison to single tube, the resultant PMB of only 1—-2x107°
is too low for PM operation. Additionally, to increase the PMB in NANF fibres by form-
birefringence, other geometrical arrangements of the nested tubes are explored that
provide a large core ellipticity, as shown in Figure 5.2 (b). However, the simulations
show that despite the fairly large core ellipticity achieved in these fibres (b/a> 2), the

PMB remains below ~107° in all cases.
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Figure 5.2. (a) 6 tube NANF design, (b) alternative NANF with elliptical core designs

studied in this work, which are found to be unable to provide birefringence >107° .

In conclusion, the achievable PMB by making the air hole elliptical is not adequate to
guarantee the HC-ARF a PM behaviour in the visible/infrared regions of the
electromagnetic spectrum. However, there are some examples of multilayer ARROW
fibres with large enough PMB factor at longer operating wavelengths (THz guidance)
[159].

5.3  Birefringence in bi-thickness NANFs

In addition to elliptical core designs, another potential approach to induce significant
birefringence in ARFs has been proposed and has previously been commercially
exploited in HC-PBGFs [155] This relies on introducing a controlled anti-crossing
between air-guided and glass-guided (surface) modes. By using glass elements of
different thickness along orthogonal directions in the core surround, a significantly
different effective index for the two polarizations of the FM can be achieved at the edge
of an anti-crossing point [161]. In this way the birefringence is introduced by anti-

crossing phenomena rather than by geometrical asymmetry [157].

Whilst this has only been experimentally applied to PBGFs so far, a couple of
theoretical studies have explored the extent to which the concept can be applied to ARFs
that guide light through a different physical mechanism [133, 156]. The main idea is to
generate birefringence by introducing an asymmetry through modifying the thickness
of selected core surrounding membranes in ARFs. Horizontal and vertical glass
membranes can operate in either the same antiresonant window [156] or in a so called
“hybrid” regime where they operate in different anti-resonance bands with opposite
locked field phases at the outer boundaries [133]. In this work, a systematic study of
both operating regimes is undertaken to highlight their benefits and drawbacks.
Additionally, it is shown that by applying a suitable modification to the design of a

83



Chapter 5

state-of-the-art NANF, not only it is possible to enhance its birefringence and therefore
its polarization maintaining behaviour, but also to achieve a broad bandwidth that
spans several 100s nm at a low enough loss for most device and power delivery

applications.

5.3.1 The effect of thickness change on birefringent NANF

Following the abovementioned strategy (de-symmetrizing by an appropriate
modification of the thickness of some glass membranes), one could think of a 6-tube
low-loss NANF [57] and change the thickness of two oppositely located nested tubes
with a different thickness than the remaining four. By simulating ANFs with 3 to 8-
tubes of two different thicknesses, however, it is found that a structure with 4-tubes
can achieve a considerably higher birefringence, as shown in Figure 5.3. According to
simulation results, I believe the orthogonality of the core surrounding glass webs to the
polarization of the core field is key to explain these effects. The fibre with 4-tubes is the
only geometry able to guarantee membranes that are orthogonal to the mode
polarization. This effect can also be explained by the tendency of each polarization of
the FM at the edge of the anti-crossing frequency to couple preferentially to cladding

tube modes with a similar polarization [133, 158].

1.4220°
— 12
=
=z
T 1
>
=z ¢ 4 )
08 & >
06 : :
3 4 5 6 7 8

Number of cladding tubes

Figure 5.3. Birefringence (Ny-N1) of 3-tube to 8-tube anti-resonant nodeless fibre design
at 4, =1.55 um alongside their structures with same core size (R =7 pm) and bi-thickness
cladding tubes (thin tubes (blue)=0.372 um and thick tubes (orange)=0.633 um). The 4-
tube structure shows maximum birefringence, and the structures with odd number of

tubes show lower birefringence due to lack of 2-fold symmetry.

It is also noticeable that structures with odd number of tubes show lower birefringence,
which can be explained by their lack of 2-fold symmetry, resulting in worse
orthogonality between core boundaries and direction of polarization of the fundamental

modes. I leave this topic open for further investigation in future works.
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Since the 4-tube fibre was found to offer higher birefringence, the rest of this chapter

will focus on this structure and further optimization of its performance.

The starting point in this study is a 4-tube NANF in which the tubes aligned along the

vertical axis have a thickness t, which can be the same (normal operation) or different
from that (t,) of the tubes along the horizontal axis (i.e. a bi-thickness fibre). In order

to minimize the loss while maintaining a small enough core to provide large
birefringence in air (see section 5.2), a design with two nested tubes inside a larger
external one is chosen, as shown in Figure 5.4 (a) with the details of all the relative
design parameters. In order to optimize the confinement loss for a core radius of R
=7 um and an azimuthal tube distance d=1.5 pm, the distance between the inner tubes
(Z) was calculated using the quarter wave condition which ensures the in-phase

reflection of each layer towards the core [66]:

Z~-" R~0.65R. (5.2)
2U

0

where U, is the solution of the first zero of the zeroth order Bessel function. Depending

on the choice of t, and t,, the fibre can operate in the following three regimes:

1. Non-birefringent guiding (standard operation, see Figure 5.4 (b)): t, =t, and the

fibre shows no birefringence.

2. Same band birefringent operation: t, and t, are slightly different so that anti-

crossing shifted birefringence is obtained whilst anti-resonance occurs in the

same window for both FM polarizations.

3. Different band birefringent operation: t, and t, are considerably different, such

that the anti-resonance in the orthogonal directions occurs in different bands
and the FM polarizations have opposing locked field-phase at the outer
boundaries (hybrid regime birefringence) [133].

As a starting point, the study is begun with a uniform NANF (t, =t,). Using Eq. (5.1), a
thickness t =t,=0.6 um is selected such that the fibre operates in the first anti-
resonance band around near-IR telecoms wavelengths (~1.55 pm). Figure 5.4 (b) shows

the effective refractive index (n,, ) and loss profile of the designed fibre. The target

operating wavelength of 1.55 pm has been placed within the first anti-resonance band

but not at the lowest loss point, for the purpose of examining different scenarios. The
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fibre, as expected, shows no birefringence. However, the fibre’s polarization properties
change dramatically when the thickness of all tubes along one axis is modified. Figure
5.5 shows the evolution of the loss for each FM polarization and the difference between

effective refractive index of vertical polarization (n, ) and horizontal polarization (n,, )
at A, =1.55 pm when t, 1is changed for a fixed t, =0.6 um. It is worth mentioning that
increasing t, causes the inner radii of the corresponding tubes to decrease, while the

other parameters remain unchanged.

At t, /t, =1 the fibre presents no birefringence and operates in the first anti-resonance
band. As the thickness of the horizontal tubes (t,) increases, the resonance region of
these tubes start to shift towards the wavelength A, =1.55 um while the vertical tubes

do not shift and still work around the original anti-resonance condition. The induced

birefringence under this condition can be explained in various ways through:

a) the different behaviour between parallel and perpendicular polarization of core

modes at the anti-crossing point [157];

b) the close relationship between the increase in n, and the sharp rise in CL based

on the Kramers-Kronig relation, which is caused by the reduction in anti-
resonance reflection of the glass membranes at the edge of the resonance

frequency band [133];

c) the difference in confinement radius (not to be confused with the geometrical
radius) of the individual fundamental polarization modes for different

thicknesses, which cause a change in ng that can be explained by the well-

known connection between mode radius and N, in an anti-resonant structure

[133].
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performance of a uniform NANF with t =t, =0.6 #4m, R=7 um, ¢=1.5 um and Z =0.65R.

Loss [dB/m]

As t, continues to increase, its associated resonance frequency reaches 4, , which

induces a large loss, marked as “resonance region” in Figure 5.5. Beyond this point, the

birefringence repeats the previous pattern, with fairly large (>10™*) positive and

negative values achievable. However, in this case the horizontal tubes operate in a

higher anti-resonance band (second band when t,/t =1.5-2.3, or third band when

t,/t,=2.7-3.6). Moreover, a zero birefringence crossing is obtained for certain

thicknesses. Interestingly, as Figure 5.5 (a) shows, while the vertical polarization (V-

pol) experiences a similar loss as for t, /t, 1, the loss of the horizontal polarization (H-

pol) decreases by as much as two orders of magnitude; a feature that can be exploited

in a polarizing fibre design.
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Figure 5.5. Optical properties of the NANF in Figure 5.4 (a) ({,=0.6 pm, R=7 um,

d=1.5 um, z=0.65R) at A, =1.55 um as t,/t, varies between 1 and 4: (a) polarization

mode loss, (b) birefringence (i.e. difference between effective refractive index of vertical

polarization (n, ) and horizontal polarization (ny,)).

As shown above, sweeping t, provides a good design tool to find the highest possible

birefringence at a single wavelength for a pre-determined t,. However, the effect of the

initial choice of t, on loss, and the mutual effect of t, and t, on the bandwidth over which
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a large birefringence is achieved are not fully explained by the above picture. In the
next section, the characteristic profile of different combinations of fibres are studied in

order to draw a clearer picture of the role of each design parameter.

5.3.2 Bi-thickness NANF: a systematic study

In order to study the behaviour of the fibre for different combinations of thicknesses (t,
, t,) and understand the working regimes in each case, the spectral characteristics (i.e.
loss and birefringence vs wavelength) for the highlighted combinations of thicknesses (
t,, t,) from Figure 5.5 by vertical dashed lines are simulated. Each combination case
represents a different working regime in order to highlight the mutual effect of t, and
t, on loss, birefringence and bandwidth. Figure 5.6 shows the results for fibres with t,
=0.6 pm, and t,=0.66, 1.05, 1.42 and 1.8 um, alongside the non-birefringent NANF case

(Figure 5.6 (a)). In order to define the desired fibre characteristics, a practical working
condition for the fibres has been defined, where the combination of birefringence and
loss is reasonable. That is a loss lower than 1 dB/m (practical loss for most short length
applications) and a birefringence with a beat length smaller than 155 mm
(corresponding to a birefringence of 10 at 1.55 pm - the same order of magnitude as
conventional solid-core PM fibres). These regions correspond to below the red dashed-

line in the loss curve and outside the red dashed-line box in the birefringence plots.

Starting with the case t,=0.66 um, the loss shows only a slight difference for the

perpendicular FM polarization and some birefringence starts to appear, although this
is still rather modest in magnitude, as shown in Figure 5.6 (b). The fibre therefore does

not meet the defined loss and birefringence criteria.

Beyond a certain thicknesses, the resonance region of the horizontal tubes falls after

A, - For t,=1.05 um, a large birefringence and acceptable loss can be observed as shown

in Figure 5.5. Figure 5.6 (c) shows the optical properties of the fibre in this case. Here,

the second resonance wavelength of t, has become large enough to reach the first
resonance wavelength of the thinner tubes (t,) (m_=2 in Figure 5.6 (c)). The fibre has
an acceptable low loss window in the Hi-Bi region between the two resonances m, =1

and 2. In fact, as shown earlier, only one polarization of the fibre has a lower loss as
compared to the symmetric fibre. This behaviour can be explained by the fact that the
loss associated with each polarization of a FM is mainly controlled by the membranes

perpendicular to the electric field of the mode, and operation in the second window
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creates a lower leakage loss than in the first one. That is, in this case, the losses of the
horizontal/vertical polarization modes, which are perpendicular to the thicker/thinner

tubes (t,/t), are determined mainly by the anti-resonance condition of the

perpendicular tube, respectively.

As a result, compared to the uniform NANF, the H-polarization experiences a lower

loss as the thicker tubes (t,) are working in the second anti-resonance band, while the
loss of the V-pol is dominated by the thinner tubes (t,), which operate in the first anti-

resonance band and shows higher loss. In other words, the bi-thickness fibre operates
on each individual polarization in the same way as a uniform fibre with tubes as thick

as the tubes perpendicular to the electric field of that polarization.

Since the overlap between second and first anti-resonance bands of t, and t

respectively provides a good window of operation, a study is performed on the possibility

to shift the first resonance wavelength of t, further towards longer wavelengths in

order to widen its second anti-resonance band. To examine this approach, a bi-thickness

fibre with t,=1.42 um is simulated (see Figure 5.5), with the results shown in Figure

5.6 (d). At a first glance, the bandwidth of low loss operation has increased. However,
the birefringence of the fibre has significantly reduced. A closer look reveals a zero
birefringence crossing in this region. This is a characteristic feature of this region,
which essentially limits the bandwidth of high birefringence achievable. It is caused by
the fact that the second window is narrower than the first and hence has a steeper

dispersion, which inevitably crosses that of the first window.

To include other possibilities and to study a broader span of thicknesses, t,= 1.8 pm is

finally chosen from the third region of Figure 5.5 with high birefringence and low loss.
In this case, as it can be seen in Figure 5.6 (e), three anti-resonance bands of t, overlap
with the first anti-resonance band of t,. While the first one (at 4 > 3 um, not shown)
has a very high loss, the second and third bands show low loss operation. In this case,
similar to the previous case (t,=1.42 pm), a zero-crossing occurs in the second band
which limits its bandwidth significantly. However, there is a small high birefringence
window overlapping with a low loss band, which provides a good operational window in
the third anti-resonance band, as shown by the green arrows in Figure 5.6 (e). Here,
some features are noticeable in the characteristic profile of this fibre. For instance, the
third anti-resonance band shows almost identical birefringence and loss profiles to the

second band in the case with t,=1.05 pm, which demonstrates that it is possible to

achieve Hi-Bi even in the same outer locked field phase condition (third band over first
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band), see [29]. In other words, the existence of the “hybrid” regime [133] is not
necessary to achieve Hi-Bi and low loss simultaneously. However, as the bandwidth of
the third anti-resonance band is intrinsically smaller than the second one, the
achievable birefringence bandwidth in this region is generally narrower.

Loss [dB/m] Ny-Ny
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Figure 5.6. Simulated loss and birefringence profile of a bi-thickness 4 tube NANF with
t,=0.6 um, R=7 um, ¢=1.5 um and t, = 0.6, 0.66, 1.05, 1.42 and 1.8 um ((a) to ()
respectively). The red dashed line in the loss profile shows 1 dB/m and the red dashed
lines in the birefringence profile indicates a beat length equal to 15.5 mm (roughly the
birefringence of a conventional solid-core PM fibre). The green arrows show the defined
practical operating window with loss lower than 1 dB/m and beat length larger than 15.5

mm.
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Amongst all explored scenarios, just three practical regions can be used to
simultaneously achieve Hi-Bi and low loss, as shown by green arrows in Figure 5.6. A)

The region right after, where the second resonance wavelength of t, and the first
resonance wavelength of t, overlap (case t,=1.05 um); B & C) The regions where the
third and second anti-resonance band of t, and the first anti-resonance band of t,
overlap (case t,=1.8 um). Although the regions of interest show high birefringence and

low loss, their bandwidth is limited not only by the intrinsic bandwidth of their anti-
resonance band, but also by the abrupt loss increases near the resonance regions.
Additionally, it is shown in this study that shifting the second resonance wavelength
away from the first one has some limitations due to the presence of a birefringence zero-

crossing, which prevents ultra-broad band operation (Figure 5.6 (d)).

Figure 5.6 also shows another region of potential interest, the broad Hi-Bi region in the

first anti-resonance band of the fibre with t,=1.05 um (Figure 5.6 (c)). This spectral

range has intrinsically the largest possible bandwidth between all the cases as it is

placed in the first anti-resonance band of both t and t,, simultaneously. However,

despite its Hi-Bi and broadband feature, this region suffers from a high loss because it

is close to the edge of the resonance wavelength of t, and operates in two different parts
of the same anti-resonance band of t, and t,. The next section focuses on improving the

loss of this region.

5.3.3 Modified bi-thickness NANFs

In order to achieve broadband and large birefringence that benefits from the potential
of the first anti-resonance band, its large loss needs to be overcome through a modified
design. Here, I propose a structure that has reduced loss at the edge of an anti-crossing
by eliminating the in-phase resonant layers. The proposed structure exploits anti-
resonant inner tubes operating at the optimum point to minimize the loss in the first
anti-resonance band, while the birefringence is still induced by the change in the
thickness of the outer tubes. Figure 5.7 (a) shows the proposed modified structure and
its design parameters. Figure 5.7 (b, ¢) show the performance of the proposed fibre with
similar parameters as those presented in Figure 5.6 (c), alongside the properties of a
normal bi-thickness fibre with similar parameters, shown in Figure 5.7 (d) (a duplicate

of Figure 5.6 (c) for ease of comparison).

A significant loss reduction is achieved in the first anti-resonance band of the new

design, reducing the minimum loss below 1 dB/m, while the loss increases in the second
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anti-resonance band compared to the previous fibre, as shown in Figure 5.7 (c).
Differently from the bi-thickness structure of Figure 5.4 (a), in this arrangement,

similar thickness t of all the inner tubes guaranties an improved in-phase field

confinement with lower loss in the first anti-resonance band, whilst a large

birefringence through the outer tubes (t,) is achievable. In the proposed structure, the
dominant contribution to confinement is provided by t, for both polarizations, while in
the original bi-thickness structure, t, and t, almost independently control the loss of

the perpendicular polarization modes. This feature in the new design not only gives the
ability to minimize the loss by optimizing only one thickness, but also increases the

possible tuning range of t, to provide larger and broader birefringence outside its

resonance wavelength by eliminating the strong dependency of loss on this parameter.
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Figure 5.7. Proposed modified bi-thickness NANF: (a) structure; (b) birefringence; (c) loss
of the proposed NANF with the same parameters as in Figure 5.6 (¢, d) and (d) loss of
standard bi-thickness NANF (duplication of Figure 5.6 (c) for comparison). Anti-resonant

field confinement by inner tubes of thickness t, provides a significant improvement in

the loss of the first anti-resonance region.

Although the design in Figure 5.7 shows improvements in terms of loss and
birefringence in the first antiresonant window, its parameters are not optimized for the
lowest loss and largest operating bandwidth. To obtain the optimum design at the

operating wavelength A,=1.55 um, the procedure is started by considering a uniform
NANF with single thickness t,. Eq. (1) is used to calculate a starting value for t,. Then,
the thickness t, is refined using a parametric sweep simulation to achieve the lowest

loss at the first anti-resonance band, which resulted in t,=0.372 pm. Then the thicker
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tubes with thickness t, are introduced in the design. Using another parametric sweep
similar to Figure 5.5, t, was optimized to provide the highest birefringence. The result
is a bi-thickness 4-tube NANF with t, =0.372 pm, t,=1.7xt,, R=7 um, ¢=1.5 pm and
Z =0.65R . Figure 5.8 shows the simulated properties of the optimized Hi-Bi NANF with

improved loss in the first anti-resonance band around A, =1.55 pm.

This design and method, not only reduces the loss for both polarizations over several
hundred of nm, but also increases the birefringence of the fibre simultaneously. Using
this design strategy, an anti-resonant hollow core fibre with ultra-broadband high PMB
and sub dB/m loss is achieved. The fibre has a birefringence of ~1.5x10™ over a
~550 nm bandwidth (loss < 1 dB/m) with a minimum loss as low as 0.043 dB/m at 4, .
The proposed fibre is therefore ideally suited for ultra-broadband applications requiring

polarization maintenance over almost all optical communication bands (E, S, C, L and

U bands).
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Figure 5.8. (a) Loss and (b) birefringence of the optimized new proposed design for A,
=1.55 pm with R=7 pm, Z =0.65R, ¢=1.5 pm, t,=0.372 um and t,=0.633 pm. The fibre

shows a very broad bandwidth (~550 nm) PMB =~1.5x10"* with a loss <1 dB/m.

Figure 5.9 shows the mode profile of both FM polarizations at 4,. As can be seen, the
outer horizontal thicker tubes (t,) provide lower reflectivity for the horizontal mode, as

they operate at the edge of the resonance window, allowing some of the field to leak.
However, the inner rings, which operate in perfect anti-resonance conditions, reduce
the leakage of the field. As a result, the loss of the horizontal mode is only slightly

higher than that of the vertical one whereas a large birefringence is obtained.

In practice, the thickness of tubes in the proposed design are achievable and have
already been demonstrated in simpler single ring tubular fibres [162]. However, in
order to relax the requirement for thin tubes and to allow easier fabrication, one can
design the fibre to operate in the second anti-resonance window, if the full 550 nm of

low loss PM operation is not strictly required. Figure 5.10 shows the optical properties
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of such an alternative fibre with thicker tubes operating in the second anti-resonance

band (t,=1.172 pum, t,=1.42 um).

Arc Length from center [um]

Figure 5.9. 3-dB contour plots of the normalized power of the fundamental mode with (a)
horizontal and (b) vertical polarizations (red arrows indicate the direction of the electric
field) at 4,=1.55 um for the optimum proposed design. (c) Cross-sectional profile of the
normalized power in each polarization direction. A larger field penetration through the

outer horizontal tubes (t,) than the vertical ones (t,) is clear while the horizontal inner

tubes (,) play a critical rule in confining the field and reducing the loss.

This fibre shows an almost constant PMB value as large as ~1.45x10™* with loss < 1
dB/m over a ~300 nm bandwidth covering the entire C, L, and U optical communication
bands. The loss in this design reaches its lowest value of 0.006 dB/m at 2= 1.57 pum,
and is around 0.01 dB/m across the C+L bands. In comparison, based on the
simulations, a fibre with a similar core size in the hybrid regime (see Section 5.3.2 and
[133]) has a loss value that is more than 20 times larger due to the presence of leakier
inner tubes and the close spectral proximity of the resonant edge of t, and t,. Although
the design of Figure 5.10 shows a narrower bandwidth than the first band design
(Figure 5.9), it presents some additional benefits, such as a lower minimum and
polarization dependent loss, and likely greater mechanical robustness because of its

thicker tubes.
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Figure 5.10. (a) Loss and (b) birefringence of the optimized new proposed design with
thicker tubes at 1,=1.55 pm with R =7 pm, Z =0.65R, ¢=1.5 pm, t,=t,=1.172 um and t,

= 1.42 pm. The fibre shows a large bandwidth (~300 nm) PMB = ~1.45x10™* with a loss
<1dB/m.

5.4  Single polarization designs

In addition to PMB, some applications like ultra-sensitive sensing or gyroscopes, or
ultra-high power single polarization laser delivery may require a large polarization
extinction ratio. The large birefringence in the fibre designs proposed so far decreases
the beat length and reduces the possibility of coupling between polarization modes,
which allows the input polarization state to be maintained. Here, I propose a
modification to the abovementioned polarization maintaining Hi-Bi NANF to provide
both PMB and a large polarization extinction ratio, which transforms it into a
polarizing fibre. The new structure not only has the favourable Hi-Bi characteristic but
also shows a very large polarization dependent loss (PDL) that can remove the
unwanted polarization component of the input light, as well as limiting distributed

inter-polarization coupling due to surface roughness and micro-bends [157].

The proposed modification is based on a well-known method used to strip higher order
modes from a few moded fibre [163, 164], which is adapted to achieve “polarization
dependent mode stripping”. In this method, a specific polarization of the fundamental
core mode is selectively coupled into a lossy cladding mode, while the orthogonal
polarization experiences almost no change. Here, the two main structural features of

the former proposed 4-tube NANF are fundamental.

First, the induced large birefringence in the fibre creates an opportunity to clearly
separate the effective index of the two polarizations, of which only one is index matched
and out-coupled to lossier cladding (i.e. guided inside the tubes) modes. Based on the
similarity of the guidance mechanism in NANF's and in simpler hollow core fibres made

of a borehole in glass, it is possible to calculate the necessary geometrical specifications
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to match the index of the core and cladding modes [131]. n,, of the FM in a single tube

can be calculated with the following exact equation [138]:

(5.3)

where k, =27/ 4, R is the core radius and U, is similar to Eq. (2.1). As it is clear from

this equation, the effective index is related to the size of the tube. Therefore, in order to
have index matching between the core mode and one of the peripheral tubes in a NANF,

they must have approximately the same size.

Here, the second useful feature of the 4-tube NANF is the very large size of the nested
tubes. This allows the described mode matching to be engineered in the design. In fibres
with more than four nested tubes, although the cladding tubes are large enough to strip
the higher order modes [57, 163, 164], they are too small to enable fundamental mode
out-stripping. Following this idea, the radius of two opposite inner cladding tubes are
modified in order to introduce index matching to the polarization with the highest loss

in the Hi-Bi NANF of Figure 5.8.

Figure 5.11 shows the structure and mode profiles of both high and low loss
polarizations of the proposed polarizing NANF (P-NANF). The modified nested
structure with a different distance (Z,) between the two innermost rings in the vertical
direction opens up a matching window for vertical polarization to couple to the cladding
mode. Consequently, vertically polarized light leaks through the outer tube. This does
not occur for the light on the Horizontal polarization, Figure 5.11 (b, c).

Figure 5.12 shows the simulated PMB, the loss of each polarization and the loss ratio

between the two polarization for a fibre with R=7 pm, Z=0.65R, Z, =1.74R, d=1.5 pm,
t,=1.172 um, and t,=1.42 um that has been designed for operation around A4, =1.55 um.

Here, the polarization loss ratio (PLR) factor is plotted instead of the PDL as this ratio

can provide a better measure of the effectiveness of the polarization stripping effect.
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Figure 5.11. (a) The proposed structure for polarizing NANF (P-NANF) and its (b) low

loss polarization (horizontal), and its (¢) high loss polarization (vertical). The coupled

field to the cladding tubes in the vertical polarization increases the loss significantly.

The modified design shows a relatively large bandwidth of ~100 nm with an almost
constant PMB of ~1.5x10*. The loss of the low loss polarization is less than 1 dB/m and
the design exhibits a PLR of about 1000 at the wavelength of 1.55 um. A polarizing
window of ~10 nm with PLR > 100 can completely eliminate any undesirable cross-
coupled polarization over a sufficiently long propagation distance. The fibre can
therefore provide an almost pure polarized output, regardless of the input polarization
state, which may have applications in, manufacturing and machining as well as in high

precision gyroscopes that require modes with relatively pure linear-polarization.
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Figure 5.12. (a) PMB, (b) loss and (¢c) PLR (High-loss/Low-loss) of the optimized P-NANF
at 4,=1.55 pm with R=7 um, Z=0.65R, Z =174R, @=1.5 pm, t,=1.172 um and t,
=1.42 pm. The fibre has a bandwidth of ~100 nm with PMB ~1.5x104 and loss of the low-
loss polarization <1 dB/m. The PLR at A4,=1.55 pm is 1000 which gives the fibre a strong

polarizing property.
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5.5 Conclusion

In this chapter, a detailed study of various ways to obtain broadband polarization
maintaining capability in antiresonant hollow core fibres was presented, in particular
for the NANF structure. It was shown that achieving birefringence through asymmetric
core designs adopted following the form-birefringence strategy in solid-core PM fibres
is not effective in ARFs. Next, a different strategy, used in birefringent PBG fibres, was
adapted where the geometrical symmetry of a 4-tube NANF is broken by introducing a
bi-thickness design. To study the induced birefringence in this design, a decomposition
analysis was introduced through which it was shown that the thickness of tubes along
the horizontal and vertical directions control, almost independently, the properties of
the two respective polarizations. This approach provides a better understanding of the
role of the individual thickness parameters in this structure as well as a method for

practical fibre design.

Using the developed method, a region with potential for ultra-broadband high
birefringence was identified within the first antiresonant window of a bi-thickness
NANF. By proposing a radical design, it is shown that the loss in this region can be
mitigated, despite the small core size necessary for large birefringence. The proposed
design not only offers a high birefringence ultra-broadband spectral window ~550 nm
(that is almost 6 times boarder than ever reported in a birefringent HC-ARF [133]) with
birefringence as large as 1.5x10™* and a loss of less than 1 dB/m, but it also allows for
losses as low as 0.04 dB/m at a wavelength of 1.55 um. In addition, by sacrificing some
bandwidth, an alternative design was proposed with thicker tubes operating in the
second anti-resonance band that achieves an order of magnitude lower loss (0.004 dB/m

at the wavelength of 1.57 um) and a large bandwidth (~300 nm).

In order to add a polarizing effect into the design, a new polarization dependent mode
stripping mechanism was introduced into the proposed bi-thickness NANF structure.
The P-NANF structure offers a polarization dependent loss ratio of 30 dB at the
operating wavelength of 1.55 um with a minimum loss of 0.076 dB/m and a low loss
bandwidth of 100 nm. With such a high loss ratio, the fibre can act as a polarizer for
any unpolarized input over very short propagation distance, which would be of interest

in applications requiring extremely high polarization extinction ratio.

Although the proposed fibres have been designed and optimized to operate in the
telecommunication wavelength bands (i.e. around 1.55 pm), the geometrical scalability

of ARFs with the operating wavelength allows a straightforward application of similar
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design scenarios to other wavelengths more relevant to other applications, e.g. 1 um for

high power laser delivery or visible wavelengths for biomedical nonlinear endoscopy.

99






Chapter 6

Chapter 6: Raman frequency conversion towards
mid-IR in gas-filled NANF

6.1 Introduction

Generating high power lasers in the mid-IR, especially at longer wavelengths, i1s a
challenging task mainly due to lack of rare-earth transition in this range of
wavelengths. The typical sources in the mid-IR range are supercontinuum lights
generated in soft glass fibres (e.g. chalcogenide) with fairly low to moderate power. On
the other hand, gases with very high damage threshold and long-range Raman shift
can be very good hosts for generating a long-range frequency conversion from high
power conventional lasers to the mid-IR with fairly high power output. However, as
mentioned before, the low Raman gain of gases required either a very high power
excitation pump or long interaction path. Although the former has limited the use of
gases for practical applications for many years, the development of hollow core fibres
introduced a new opportunity by introducing a very long and confined light and gas

Interaction path.

This chapter focuses on studying the generation of mid-IR light in gas-filled hollow core
fibre by Raman frequency conversion. In particular, the goal is to achieve efficient
Raman conversion from 1.55 pm to mid-IR (i.e. 4.35 pm) within gas-filled optimized
NANTF, as presented in Chapter 4. Therefore, after selecting a proper gas as a filling
material for the fibre, in order to achieve high Raman conversion efficiency in the
designed silica NANF in Chapter 4, the final design parameter (R ) requires
optimisation. To correctly model the nonlinear pulse propagation in this gas-filled fibre,
the nonlinear behaviour of the gas needs to be studied. Consequently, a general model
for the Raman characteristic of the gas (.e. H2), which can be embedded into the
GNLSE, needs to be developed and verified. Finally, by means of the developed model,
the influence of pulse characteristics, such as pulse length, pulse shape and power are

studied on the efficiency of the process to achieve higher Raman conversion efficiency.

To achieve such targets, this chapter is structured as follow: in section 6.2, after
studying different gases, hydrogen as a glass-friendly and accessible gas with the
largest Raman frequency shift is selected in considering erbium-doped fibre laser
(1.55 pm) as the pump. The proposed mid-IR optimized NANF in Chapter 4 has been

optimised as hydrogen-filled fibre to maximise the frequency conversion towards the
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mid-IR, in section 6.3.1. In section 6.3.2, to study the pulse propagation and different
aspects of pulse properties on efficiency of conversion, a unified model is adapted for
the GNLSE. After verification of the model, the optimised hydrogen-filled NANF has
been studied for generating 4.35 um laser. It is shown that, with an average peak power
pump (10 kW) and duration of 6 ns, it is possible to achieve up to 68% of quantum
efficiency at 4.35 pm and, with pulse shape modification, it is possible to achieve
efficiency as high as 78%. Ultimately, although the fabrication of NANF is not yet fully
developed, a first in-house-made prototype, which is not optimised for this purpose, has
been modelled and more than 20% of quantum efficiency is predicted in this fibre.
Moreover, the system can be fully fiberized, as both the pump laser and the Raman

convertor are fibre-based.

6.2 Raman scattering and frequency shift in common gases

Considering the criteria and objective of this work, selecting a proper gas for this project
is a challenging process. On one hand, the nonlinear optical property of the gas, in
particular Raman characteristics, should be superior, such as: high Raman gain,
absence of absorption lines at the operating wavelength and significant Raman shift.
On the other hand, practical limitations reduce the options in selecting the proper gas
for the purpose of this work, such as: availability (complexity of producing the gas),
feasibility (some gases are not glass-friendly), operating temperature and pressure
(some gases need very low or high temperature and very high pressure for reasonable

Raman efficiency).

According to objective of the project, the desired filling gas is required to perform an
efficient Raman frequency shift with as low pump power as possible to convert near-IR
pulse into the mid-IR, while meeting feasibility factors, such as: glass-friendly (in
particular there should not be any chemical reaction between gas and silica or tellurite);
affordability (low fabrication and integration cost); and practicality (requiring medium
pressure and room temperature operating condition). According to these expectations
and also considering recent experimental results from other pioneering groups in this
field [5, 31, 34, 35], a few options for the filling gas have been selected which can be

considered as potential candidates.

Table 6-1 presents the selected Raman active gases with their Raman parameters, such
as: Raman excitation mode, Raman gain in related excited state and Raman linewidth
[165]. In order to use the presented data in this table, it is important to emphasize on

dependency of Raman gain of gases on the wavelength of pump laser. In fact, while the
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values for Raman gain have been presented at specific wavelength, their use can be
extended to other wavelengths by considering the approximately inverse proportional

relationship between wavelength of excitation laser and Raman gain(gg «c1/ 1) [1, 79].

In addition to excitation wavelength, the values of gain and linewidth of Raman
response are strongly dependent on the number of gas molecules involved in the Raman
process. It is intuitive to relate the number of molecules in a constant volume of a
certain gas to its pressure. However, the number of molecules or, in more precise form,
the number density of molecules is described by “Amagat” unit (represented as “amg”).
Amagat unit is defined as the number of ideal gas molecules per unit volume at 1 atm

pressure and 0°C, which can be presented as 1 amg=2.6867805x10" m™
=44.615036 mol /m*®. For an ideal gas, the number density of molecules (o) at

temperature (T in Kelvin) and pressure (P in atm) can be describe by

p=PT,/(RT)amg where T,=273.15Kand P, =1atm. Although this linear relation

between pressure and molecule density can suggest the usage of pressure instead of
Amagat unit (number density), in practice the gases are not ideal and such linear
relation does not hold at high pressures or temperatures. Therefore, since the Amagat
1s the correct representation of number density of molecules and it is used in literature
in relation to Raman gain and linewidth for gases [165], the presented values in Table

6-1 are related to Amagat unit.

Table 6-1: Raman gain parameters of selected gases at 25°C [165]

Gas Mode Fres%ﬁ?t? > Linewidth Gain P A
(cm-1) (MHz) (cm/6W) | (amagat) | (nm)

Q(1)
Vibrational = 41°° 309/ p+522p 25+04 20 532

ik S(1)
Rotational 287 119p 1.2 > 20 350
SiH:  Qbranch (v) 2186 15 0.19p 248
No* Q branch (v) 2327 22.5 0.3p 248
Oz Q branch (v) = 1552 54 0.012p 248
GeHa \2 2111 15 0.27p --- 248
Dg* Q(2) 2987 66,0 1.9 > 60 350
CH4 V1 2917 9000 0.12p 1<p<10 248
CF. Vi1 980 21 0.008 --- 248
SFs Vi 775 30 0.014p --- 248

* The largest frequency shift

103



Chapter 6

Although, some works involving CF4 and SFs have been demonstrated with promising
results in frequency conversion [31, 166], they are generally in the visible or near-IR
range of the spectrum. However, in order to achieve practical results in this project, the
chosen gas should have high Raman gain at mid-IR to compensate the intrinsic
decrement in Raman gain at longer wavelengths (mid-IR) (Eq. (2.9)). Furthermore, to
benefit from high power near-IR pump sources, the gas should have large frequency
shift to be able to generate mid-IR range laser. Considering these two major criteria,
hydrogen has the largest vibrational Raman gain and frequency shift among the listed

gases in Table 6-1 and it can satisfy both conditions simultaneously.

Although many Raman processes, such as frequency conversion, frequency comb
generation and Raman lasers in hydrogen-filled hollow core fibres, have been
demonstrated experimentally [15, 32, 35, 96, 167], the majority of works are in the
visible or near-IR regions. Table 6-2 presents Raman gain, 1t Stokes frequency shift

and linewidth of these three gases for pump laser at 1.55 um for comparison.

Table 6-2: Raman parameters of Hz, CF4 and SFe for pump at 1.55 pm.

Raman Gain 1st Raman
. . . 5
Molecule (cm/GW) @ Linewidh | Shift (cm™)/ Stoke | gain/Ha Note
1.550 um for (GHz) | Freq (THz) . :
P=20bar (pm) (Vib) gain
H2 (Vib) 0.86 1 4155 [/ 1245 435 1
H2 (Rot) 0.41 2.3 587 [/ 17.6 1.7 0.48
CF4 0.026 0.25 908 / 27.2 18 0.03 Vergyajgla“
There is no
data for
SF6 0.045 0.25 775 | 23.2 1.75 0.05 absorption
in the mid-
IR

The advantage of hydrogen-filled HC fibres with excitation at 1.55 um is that by using
an erbium-doped fibre laser as the pump laser, it is, in principle, possible to achieve a
fully fiberized mid-IR source. Also, by choosing a linear or circular polarisation
excitation of hydrogen it is possible to generate different frequencies. In principle, in
order to have an efficient Raman conversion, the bandwidth of the pump pulse should
be narrower than the Raman linewidth, which, in the case of hydrogen, a ns long pulse
is required and easily achievable by existing erbium-doped fibre lasers. The general
idea of the experimental setup is shown in Figure 6.1. Also, there is the possibility of
using the pressurised splicing technique for commercialisation of the system, as

described in [15].
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Free-space coupler
HC-PCF

H2 4.3 um (S)

Erbium-doped ¢ ,

fibre laser [ = =3 1.55 um (P)
(1.55 pm)  ENCIETRGY < ) ¢ —

Pressurizing chambers

Figure 6.1. Schematic of experimental setup for frequency conversion in gas-filled HC-

PCF with free-space coupling.

6.3 Exploring Raman frequency conversion in hydrogen-filled
fibre

6.3.1 Efficiency analysis of designed NANF

To achieve optimum design for the highest Raman conversion in hydrogen-filled NANF,
one may simply assume that, by reducing the core size of the fibre, the conversion gain
will increase because of its inverse relationship with the square of core radius (.e.
increase of laser intensity). However, as presented in Chapter 4, the loss profile of the
fibres with an anti-resonance guiding mechanism has strong relation with core size and
dramatically increases as the core size is reduced. This can cancel out the high
conversion gain achieved by reducing the core size. On the other hand, not only the fibre
loss has direct effect on the net gain of the Raman conversion process, but also other
factors, such as gas pressure and laser pulse intensity, have important effects on the
Raman gain. Therefore, there is not a straightforward calculation for optimum core size
and many factors need to be under consideration in the optimisation process, which are
the main focus of this section and by taking all of the abovementioned factors in to

account, an optimum design is proposed.

In general, the Raman frequency conversion in the simplest form and, in CW or quasi-
CW regime, can be presented as a coupled equation of energy transfer from the main
frequency of the pulse (pump) to the lower frequency part (Stokes), which at the steady-

state regime, can be presented as (more detail [72]):
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Re(2) __ @ g 1 (2)P(2) =P (2)

dx Wy
ol (6.1)
—2 9.1, (2)P(2) — P (2)

dx

where, g, is the Raman gain (m/W). P, and a,,, are power and loss of the pump/first

Stokes, respectively. 1,(z) and I (z) are the intensity of pump and 1st Stokes,
respectively, defined by 1, =P / Ay with Ay as effective fibre mode area. Although

the Eq. (6.1) does not include other nonlinear effects and is a simplified form of the
Raman process, it can provide a good starting point for optimization of parameters to
achieve high conversion efficiency. Using this equation, in an undepleted pump

approximation, the Stokes power at the end of the waveguide can be expressed as:
P, (L) =P, e*® (6.2)

Here, Py, is the initial power at the Stokes frequency at the input of the fibre, which
can be vacuum noise in the absence of any input. Gr(L) represents the ‘net gain’ of the
Stokes (NGS) and is defined as: Gr(L) =(ggl, — )L . Here, the loss parameters are the
collective loss of the waveguide and core material loss, which is dominated by
waveguide loss (i.e. fibre loss) in the case of Ho-filled NANF. This definition highlights
the dependency of NGS on characteristics of the waveguide, Raman gain of the gas and
pump pulse intensity (1, ), which are important factors for the optimisation process. As
a result, to achieve high NGS, one needs to have low loss, high gain and high pump
pulse intensity (I,). However, apart from pump power, which is generally limited by

the laser source, the other two factors (gain and loss) are not entirely independent for

a NANF design, and the fibre characteristics have a crucial effect on them.

As already discussed in the previous section, the loss of the NANF depends on many

design parameters, such as: the tube thicknesses (t,); distance of the nested tubes (d);

number of nested tubes (n); the number of nesting elements (i.e. inner tubes) and their
distance (Z ); and, more importantly, the core radius (R ) of the fibre. However, unlike
core size of the fibre, which has direct impact on both the loss and nonlinear Raman

gain, other design parameters (d, Z, t,) have trivial effect on Raman gain while they

can directly control the loss of the mid-IR NANF. The effect of these design parameters
on the loss of the mid-TR NANF have already been discussed in detail and the optimised
values for each parameter in mid-IR NANF made of silica and tellurite have been

proposed in Chapter 4. Therefore, here, the focus is only on core size of the fibre, as a
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key factor, to achieve higher NGS. Although loss of the designed NANF can be
approximately calculated from previous results by scaling factor (R™®) for large core
radii (>101), the loss can be severely affected by overlap of the glass and core-mode
field in small core sizes where the wavelengths become comparable with the core size
or the fraction of power in the lossy glass become significant. Hence, a full FEM mode
calculation of loss is needed to achieve accurate results at small core sizes. In addition,
unlike the solid material, in gases, the number of molecules involved in the Raman
process can be increased by increasing the pressure of the gas and cause Raman gain
changes according to Eq. (2.9). Additionally, the increment of the molecules leads to
larger refractive index, which is an important factor for the NANF guidance
mechanism. Considering all these effects, the gas pressure should be included as a key

parameter in the calculation of NGS and optimisation process.

In order to include the effect of the hydrogen refractive index in the loss calculation by
the developed FEM modelling toolbox, the two term Sellmeier equation for hydrogen at
fixed pressure and temperature (1 bar, 273 K) could be used as introduced in [168].
However, to include dependency of temperature and pressure in the refractive index of
hydrogen, the presented model from [108] for other gases has been adopted and
combined with the hydrogen dispersion equation at P,=1 bar and T, =273 K (i.e. Eq.

(7) from [168]) to achieve a more general form for refractive index of hydrogen:

2 2
o P B2
TR, F A°-C,

(6.3)

where Pand T are pressure in bar and temperature in Kelvin units, respectively. Here

B;and C; are calculated by using data in [168] as’ B —=1.6586x10*; B, =1.066x107*}

C, =55.34x107* um?5 C, =55.34x10* zm? .

Although the range of experimental data used to extract this model is limited to
0.4-1.7 pm [168], due to lack of other data in the literature for higher wavelength, the
same equation up to 4.5 pm has been used in this study. For the fibre itself, the relative

Sellmeier model and material loss profile have been used, as presented in Chapter 4.

To study the effect of core size and pressure change on the loss of the fibre, the silica
NANF is modelled by the developed FEM toolbox for optimum parameters from
Chapter 4 by taking into account the hydrogen refractive index (Eq. (6.3)). Figure. 6.2
shows loss of the silica NANF at pump (1.55 pm) and 15t Stokes (4.354 pm) of vibrational

Raman in hydrogen vs core size of the fibre for a few gas pressures.

107



Chapter 6

Unlike the loss at Stokes wavelength, the pressure change has noticeable impact on
loss of the fibre at pump wavelength. This effect can be associated to the fact that the
pump wavelength is at a region with high probability of the mode anti-crossing between
core-mode and cladding-modes. This anti-crossing region is a characteristic of the
NANF and exists at the longer wavelength side of the minimum loss in each anti-
resonance transmission window of the fibre [169]. At this region, the guiding mode in
the cladding tubes (cladding-modes) and leaky modes in hollow core share a very close
wavelength-index space and the chance of their anti-crossing increases, which
consequently increases the loss fluctuation, even for small change in wavelength or, in
this case, core index change. It is worth mentioning that the presented loss in Figure.
6.2 is the theoretical total loss considering confinement loss and material loss while, in
practice, at very low end of the loss limit, which is at larger core sizes, other factors
such as surface roughness scattering, bend loss, defect scattering, etc. become
dominant. Moreover, as the core size increases, other air-gaps in the structure become
larger and suitable for guidance and increases the chance of the mode coupling and the
loss of the fundamental mode. Therefore, the calculated loss < 0.001 dB/m is not

considered realistic and is indicated in Figure. 6.2
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Figure. 6.2 Calculated loss of the hydrogen-filled NANF with n=6, d=4 pm, t =1.66 um

and optimum Z (Figure 4.9) at Stokes wavelength (4.354 pm) for (a) core radius and gas

pressure. (b) and (c) represent the dependency of Stokes loss on core radius and gas

pressure, respectively. (d) shows the loss of the fibre at pump power wavelength

(1.55 um) as a function of core radius and gas pressure, (¢) and (f) representing the

dependency of loss on core radius and gas pressure, respectively. The marked area in (e)

and () shows the practical limit of low loss at 103 dB/m.

Another effect of pressure on NGS, in addition to the loss, comes from the pressure

dependency of Raman gain of hydrogen, which should be considered in the calculation

of the NGS. This dependency has been studied extensively and the wavelength,

pressure and temperature dependent form of g, is presented for hydrogen as [170]:
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gg =9.37x10°(52p/ Av)(Kg /0.658) (v, — Q) (0% —03) 2, (6.4)
Av=(309/ p)(T /298)*% +[51.8+0.152(T —298) +4.83x10~*(T —298)?*] . (6.4b)

where, g, (v, p,T) is the vibrational SRS gain of hydrogen at pump frequency (v, ) in
cm/W unit. Q and v, denote vibrational and electronic resonance frequency equal to
4155cm™ and 8.48x10° cm™, respectively. p is the gas density in Amagat unit, which
directly relates to pressure of the gas and T is the temperature of the gas in Kelvin.

Av represents the vibrational Raman linewidth, which is of great interest and will be

discussed in more detail in the following section.

Figure 6.3 shows the Raman gain of hydrogen at 1.55 um for a range of pressures
calculated by Eq. (6.4). At low pressure (< 5 bar), the gain has direct relation with
pressure and increases relatively, while the gain saturates at pressures higher than
20bar to almost constant value. It is worth mentioning that, in addition to pressure, the
temperature dependency of hydrogen is included in Raman gain and loss through Eq.
(6.3)and Eq. (6.4). However, it does not change significantly enough to affect the results

in the normal operating condition (T ~25 'C), and, therefore, is considered constant.

T
04} .
§0.3 3
Q
£
Lo0.2¢t
[\
)
0.1
' |—WLP=1.55 um, T=25C
0 . : ,
0 10 20 30 40

Pressure (bar)

Figure 6.3. Vibrational Raman gain of hydrogen vs pressure of the gas at excitation

wavelength of 1.55 ym, T =25 C.

In general, if the loss at pump wavelength does not surpass the Raman gain, as in solid
core fibres with high gain, the effect of loss can be ignored because the Stokes
amplification would be significant before the loss can have major impact on the pump.
However, for gases with relatively low Raman gain, high loss can have an important
role in the process. Although including the pump loss increases the complexity of the
optimisation process, it can, in fact, introduce a good measure for maximum achievable

Stoke power at optimum length.
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To solve Eq. (6.1), there is an available analytical solution [171]; however, the essential
approximation in this approach is not valid for the presented case because the loss of
the pump and Stokes have large differences. In addition, there are plenty of efficient
numerical solvers available for such initial value problem of an ODE. Hence, this
equation can be easily solved for specific parameters with available numerical ODE
solvers, such as MATLAB ODE113 or MATLAB ODE15s for stiff cases. Figure. 6.4
shows an instance of the calculated evolution of pump and Stokes power throughout a
silica NANF with loss profile as presented in Figure. 6.2 and for P = 20 bar, R =21 um

and 1 kW launched pump power (P,,). This figure clearly shows three main stages of

the Raman process. First, the pump power decreases under influence of the fibre loss
while the amplification of Stokes is negligible (for the presented case, the pump change
is small due to low loss). As the Stokes gains enough power, it rapidly grows by gaining
power from the pump and this process continues until the rate of power transfer from
the pump can no longer compensate the loss of the fibre at Stokes wavelength. At this
point, the Stokes reaches its maximum value and starts to lose power due to the fibre
loss. In this study, to characterize the Raman process, the maximum Stokes power and

the relative length of fibre to achieve such power are defined as P, and L

S max ?
respectively, as shown in Figure. 6.4. To find the optimum parameters for the highest
power transfer to the Stokes wavelength in the shortest possible length, these two

parameters (P, , L ) are of interest.

S max

Stage 1 Stage 2 Stage 3
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Figure. 6.4. Evaluation of pump power and generated 1st Stokes from vacuum noise.
Numerical solution of Eq. (6.1). The maximum power of Stokes with relative propagation

distance is marked as P, and L

X max respectively.

S max

In general, to calculate P, and L, from Eq. (6.1), the independent variables form

a five dimension set of (a;, o, Uz, R, Ps,), considering no information about the fibre
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and its characteristics except the mode area, which is represented by core size of the

fibre (R) and launched pump power (P,,). In this case, any combination of independent

variables can generate an independent set of (P, Lsma )- The most importantly, while

in this form, the core size of the fibre is used for calculation of effective mode area, the
losses at both pump and Stokes wavelengths are considered independent from the fibre

geometry and can be selected freely. Although a set of pre calculated (P, , L. ) for

any possible combination of independent variables can be used for optimisation of any
fibre regardless of its structure or dependency of parameters, it is not feasible to

calculate and search in such a large space of variables. Luckily, as presented in Figure.

6.2 for NANF, the dependency of loss at Stokes wavelength, pump wavelength and 0y

on pressure (P) and core size (R) can significantly reduce the number of independent

variables to (P, R, P,,). In addition, the saturation of Raman gain in hydrogen at higher

pressures can limit the range of pressures in such set of parameters. However, as it will
be discussed in the next section, in the pulsed pump operation regime, the pressure of
hydrogen is one of the key factors that determines the transient or steady-state
operating regime of Raman scattering, which significantly affects the Raman gain in

the pulsed pump regime.

In addition to P

Smax ?

which is the actual output power of the fibre at Stokes wavelength,
introducing a normalised quantum photon conversion (77) can be more useful since the

efficiency of energy conversion is defined independent of P, in this form:

P

S max a)P
n=— (6.5)
F?O a%

With this definition, 7 has the maximum value of one at 100% quantum efficiency.

Using MATLAB ODE solvers, the n and L are numerically calculated for the

S max

NANFs with the parameters used in Figure. 6.2. Figure. 6.5 shows calculated 7 and

L vs R and P,, for a few gas pressures (P =1,15,30bar). In order to present the

S max

results in a practical scale, the L is limited to 40 m and, consequently, the n presents

S max

the achievable maximum efficiency up to this length.

Considering the relation of Gr with square root of core radius (Gr 1/ R?), initially the
smaller core size would be preferred for higher efficiency due to larger gain. However,
the strong dependency of loss in NANF on core radius, as shown in Figure. 6.5, can

significantly reduce the NGS to below zero. This is denoted as black areas in Figure.
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6.5, where NGS is less than zero due to excessive loss. For instance, a NANF with 10 um
core radius would be desirable due to high intensity; however, the high loss of the fibre,
particularly at Stokes wavelength, prevents any Raman process. In general, Figure. 6.5
shows that the core size below 12 pm for the proposed NANF is not applicable for
Raman conversion and, since this design has one of the lowest loss in HC-ARFs, the
conclusion can be generalised to other HC fibres too. Figure. 6.5 (d-f) clearly shows that,

for a constant pump power and regardless of gas pressure, L is longer for larger

S max
core sizes while, for a constant core size, it declines as pump power increase. This might
be supposed that fibres with smaller core size are more desirable in order to have

shorter L . However, as can be seen in Figure. 6.5 (a-c), the efficiency of Stokes ( ££)

S max

at smaller core sizes are very low for similar pump powers. On the other hand, although

the increase of core size decreases the Raman gain, which manifests in longer L n

S max ?
fact, the best efficiency can be achieved by larger core size, since the loss significantly
decreases. In ideal NANF, the larger core sizes require higher Raman threshold power,

but, as loss declines in larger core sizes, the P, increases and becomes closer to the

quantum conversion efficiency limit. This effect can be seen in Figure. 6.5 as the total
ideal loss (confinement plus material loss) at pump and Stokes decrease monotonically

with core size.
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Figure. 6.5. Calculated n and L for different pump power and core radius by

S max

numerically solving Eq. (6.1) for hydrogen-filled NANF with d=4 pm, t. = 1.66 pm and

Z =17 pum. (a), (), (c) represent 1 for gas pressure of P=1, 15 and 30 bar respectively and

(d), (e), () are relative L, __ (the black regions in the figure indicate out of range values

S max

where NGS < 0).

However, in practice, while the increase of core size in NANF decreases the CL and
reduces the effect of material loss of the fibre due to very low overlap of field and glass
(Figure. 6.2), the loss from other mechanisms, which are less sensitive to core size, such
as surface scattering and structural deformation, become dominant factors in the total
loss of the fibre. In fact, at very large cores, the loss can be higher due to higher
possibility of mode coupling and bend sensitivity (see Chapter 4). Consequently, further
increase in the core size not only may not be beneficial, but also can reduce the efficiency

of the conversion, which is manifested as a decline in high efficiency at large core sizes
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(R > 35 um), as shown in Figure. 6.6. In Figure. 6.6, the lower limit of losses is fixed at
certain levels (Stokes loss > 1 dB/m and pump loss >1 dB/km) to include the effect of
other loss mechanisms in the fibre. Comparing Figure. 6.5 and Figure. 6.6 shows that,
in the ideal silica NANF, the efficiency is limited just by the length of the fibre and
pump power. Hence, theoretically, efficiency increases to its quantum level as core size
increases. However, in practice, the factors that determine the minimum loss control

the efficiency of Raman conversion.

In practice, in most setups, the fibre is coiled to keep the fibre in place and the bend
loss can play an important role to limit the lower level of the loss in large core fibres. In
fact, according to Eq. (2.2), the bend loss can be larger for larger core sizes and
significantly affect the loss of the fibre. Therefore, the major advantage of NANF over
simple tubular fibre in this application is its lower loss for a similar core size and less
sensitivity to the bend, which increase the Raman gain and threshold. This allows
NANFs with smaller core sizes to achieve the same level of loss as larger core size
simple tubular fibres. Figure. 6.6 can be a good guide for selecting the optimum core

size and fibre length for desirable set of (P, , L. ). While there is a trade-off between

pump power, P, and L

S max S max ?

at the powers above the Raman threshold level, the L

'S max
does not change significantly for different core sizes and choosing a large core size for

larger P, is desirable. Here, a mid-IR NANF with R = 35 um seems an appropriate

S max
choice. It is worth mentioning that fabrication limitations also play an important role
in selecting the core size. It is very important to mention that, although the presented
analyses of the efficiency are based on Eq. (6.1), which was originally for CW lasers, the
relation between Raman gain (i.e. laser intensity) and core radius is the same for pulsed

pump and similar optimum value can be used for pulsed pump as well.

115



Chapter 6

I—Smax ( m)

40

35

30

25

20

15

Pump power (kW)

10

40

35

30

25

20

15

Pump power (kW)

10

20 40 60 80 100 120 20 40 60 80 100 120
Core radius (pzm) Core radius (pzm)

Figure. 6.6. Calculated 77 and L by considering practical limitation on loss of the fibre

S max

for similar condition as Figure. 6.5. (a), (b) represent 7] for gas pressure of P =1 and 30

bar respectively and (c), (d) are relative L. _ (the black regions in the figure indicate out

'S max

of range values where NGS < 0).

6.3.2 Full GNLSE simulations

From a modelling perspective, the majority of Raman coupled equations presented in
the literature [1, 72, 80, 172] have been originated from the GNLSE with assumption
of steady-state operation regime of Raman scattering or very limited number of
nonlinear processes involved. In these approximations, the equations have been derived
from the GNLSE by assuming a CW pulse in the time domain when the pulse duration
is very large in comparison to the dephasing time scale of Raman response of the
material. This assumption can transfer the time convolution between the pulse field
and Raman response to a simple multiplication of the pulse in time domain with the
Raman response at the Raman resonance frequency. Although this approach is very
powerful for steady-state regime or CW operation, as the pulse duration becomes
comparable to dephasing time the coupling equation overestimates the Raman gain,

and the results become unreliable.
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Moreover, the coupling equations are limited by the number of coupled equations and
their complexity. Including multi-nonlinear effects, such as rotational-vibrational, Kerr
nonlinearity and nonlinear broadening, in this from can produce a complex and
impractical set of coupled equations that are difficult, if not impossible, to solve. On the
other hand, improvement in computational power in recent years with state-of-the-art
computers and deeper understanding and improvement in the NLSE to the GNLSE
diminishes the necessity of such simplification and approximation of NLSE into coupled
equations. It is worth mentioning that the coupled equations can provide a good insight
about the physics and dynamics of the process, but, as the pulse duration starts to
shrink and power exceeds a certain level, considering a full model of the GNLSE is a

necessity for reliable results.

Although the discrete and narrow band feature of Raman scattering response of some
gases, such as hydrogen, can be treated with coupled equations, implementing a method
that can solve a general form of the NLSE is helpful to integrate broad and different
nonlinear and linear phenomena in a uniform format. This can even simplify the
integration of different gases and waveguide characteristics without adding any
complexity to the equations or adding extra computational burden. In that regard, the
ultimate way can be the direct numerical solution of Maxwell's equations, which is
proposed and implemented in [173]. However, despite the precision of this method, its
implementation for large or long waveguides, such as optical fibres, which are in the
range of metres or even kilometres, is impossible due to the huge computational power
and memory size required. In addition, achieving a steady-state solution with this
method is beyond the practical time frame. Fortunately, thanks to the physical property
of nonlinear and linear processes in common materials, GNLSE can be a middle way
solution that, on the one hand, can overcome the computational problem in the Maxwell
equation, and on the other, can hold the generality that limits the coupled equation

usage.

Therefore, in this thesis, the GNLSE is used to study the dynamics of the pulse
propagation in the hydrogen-filled hollow core fibres to create a general platform for
analysing the behaviour of gases in more complex and general form in hollow core
fibres. Meanwhile, the long-range Raman shift and very narrow band Raman gain in
gases such as hydrogen can be challenging to model with the GNLSE due to handling
the numerical problem and solving methods, which is addressed in this section followed
by a few simulation results. Furthermore, the presented method not only applicable to
hydrogen but also it can provide a powerful tool for other gases with a broader range of

nonlinear process as presented in the next chapter.
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6.3.2.1 Dispersion operator

It is well-known that total dispersion (chromatic dispersion) of any waveguide is a
combination of geometrical and material dispersion [1]. In the case of study in this
thesis, the total dispersion profile should be calculated by considering the effect of both
gas and fibre simultaneously. In previous works on gas-filled fibres, due to the
similarity of ARF’s dispersion and the dispersion of the capillary, a modified analytical
dispersion formula has been derived from the analytical formulation of capillary
dispersion, which includes the index of gas at the operating pressure [5]. However,
using this approach for the proposed NANF is not accurate due to two major limitations.
First, the effective refractive index of NANF shows significant divergence from the
standard capillary equation towards longer wavelengths (mid-IR) and also the large
Raman frequency shift of Hz requires a significantly broad spectral window that can
extend over multiple transmission bands of an ARF and needs more precise calculation
of dispersion. Therefore, to accurately model the total dispersion of the NANF, the
pressure dependence refractive index of Hz (Eq. (6.3)) is included in the calculation of

S(w) by the developed fully vectorial FEM mode solver toolbox (see Chapter 3 for detail
of FEM solver).

It is important to indicate that time domain presentation of dispersion in Eq. (3.7) is
the consequence of transferring the Taylor series of the propagation constant at
frequency domain around central pulse frequency (,) to the time domain [1]. This time
derivative form needs many terms to provide an accurate result; however, it can be
rearranged to include full dispersion instead of Taylor coefficients. Using the definition
of Taylor series for a frequency-dependent propagation constant (g(w)) and
rearranging the terms, the frequency domain of dispersion operator in the GNLSE can

be replaced by:

B(e) = - X2 +F{ima—n}
n=2 (6.6)
o

2 nt or"
)
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Here D(w) denotes the frequency domain of D in Eq. (3.7). This form of dispersion
operator contains a full range of higher order dispersions and can be implemented
easily in the frequency domain form of the GNLSE. Moreover, in this form, not only the
dispersion is not approximated by the common practice of truncating the higher order

dispersions, but also the numerical error imposed on higher order derivatives is
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eliminated. Moreover, the dispersion is not properly defined around resonance
frequencies in NANF and Taylor series cannot represent the dispersion of these fibres

across multiple anti-resonance bands with good approximation.

In Eq. (6.6), while B(w) and B(@,) are the direct results of mode calculation, S (w,)

needs special care. Although some simple numerical differentiation methods can be

used to calculate S (w,), such as numerical differentiation on neighbour points of £(w,)

or even polynomial fitting, the large number of required points for an accurate result

and the intrinsic sensitivity of numerical differentiation to the accuracy of fB(w) can

impose noticeable error. The large number of required points can also impose a
significant calculation burden due to the high computational cost of the FEM mode
solver (see Chapter 3). Alternatively, it can be shown that by using Chebyshev—

Lagrange polynomial interpolation at a few specifically chosen values of S(w) in the
vicinity of @,, it can significantly increase the accuracy of S (®,) and considerably

reduce the computational cost (see Appendix O). Besides, in this approach the g, (@,) is

calculated through simple matrix multiplication, which eliminates any form of
numerical differentiation. Hence, this approach is used in this work to calculate the

dispersion operator.

Another advantage of the dispersion operator in the represented form is the ability to
introduce a simple yet powerful relation between the measured dispersion of the fibre
in practice and the dispersion operator in the GNLSE (Eq. (3.7)). In practice, the

measured dispersion (D, (1)) is in the form of:

exp

Dexp (ﬂ‘) = Z;C 182 (C()) (6 7)

Although this form of dispersion can provide useful information regarding the fibre
pulse propagation, it cannot be implemented directly into the GNLSE and the common
practice is to extract higher-order dispersions from data by curve fitting and numerical
differentiation. However, the number of measured data points is not large enough to
create a reliable initial data set for accurate curve fitting to the required degree of
accuracy for numerical differentiation. However, it is possible to calculate the

dispersion operator (Eq. (6.6)) directly from the measured dispersion (D, (4)) or fitted

exp
curve on it by simply integrating the second derivative of propagation constant ( 5,(®)

), rearranging the results and using Eq. (6.6):
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D(w)=———~—i .[ J. %Dexp (0")d@"do' (6.8

@ @y

In this method, due to integration instead of derivation, it has less sensitivity to
numerical error and represents a full form of dispersion operator in a closed form. Using
a measured dispersion in Eq. (6.8) is especially useful for fabricated fibres with large
pitch or complex multi-resonant structure, such as Kagomé fibres, where the FEM
modelling of the cross-section of the fibre cannot accurately reproduce the experimental

modal behaviour and dispersion profile of the fibre [54, 174].

6.3.2.2 Dispersion in gas-filled NANF

In section 6.3.1, it is shown that the loss of the NANF and ARFs in general can be
affected by the pressure of the filling gas due to change of core refractive index (i.e. gas
index). This effect can also alter the dispersion profile of an ARF. In general, the
guidance mechanism in an ARF strongly depends on the reflectivity of the core
boundary membranes, and according to Eq. (2.1) any change in material or thickness
of either core or glass membranes can alter the behaviour of the fibre. The most

important and unique consequence of such changes is the shift in ZDW (4,) [131].

Unlike HC-PBGF fibres, NANF usually has low dispersion in the anti-resonance bands
(ARB) with a fairly flat profile. The GVD profile of NANF starts with normal regime at
high frequency side of each ARB and becomes anomalous at the low frequency end of
the band while crossing the ZDW at approximately the middle of the ARB, as shown in
Figure 6.7 (a). While it is generally accepted that pressure change can shift the ZDW in
ARFs [5, 48], the significant changes take place at short wavelengths far from the
operating point (1.55 um) in this work. This is represented in Figure 6.7 (a), where the
dispersion profile of a hydrogen-filled silica NANF, covering the second and third ARBs,
is calculated at various pressures. The results show very mild dispersion change in the
designed NANF for the pressure change. In addition, because, in this work, the Raman
conversion process covers multiple ARBs of the fibre, a more appropriate measure for
the effect of pressure change would be phase mismatch parameter (

Ak = B(w,) + B(w,s) —2B(w,) ). As shown in the following section, the phase matching

condition can severely affect the Raman process and needs to be studied in NANF.
Figure 6.7 (b) shows the effect of pressure on Ak, calculated for silica NANF (=1 pm,
t.=1.66 um, R= 35 um and Z =7 pm). While, as expected, the absolute value of Ak is

large (Ak ~5.2x10°(1/m) at P =1bar) because of the noticeable difference between n.

at pump wavelength and longer wavelengths (Stokes wavelength), the change in Ak by
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pressure change is not significant (~6% for AP =70bar ). This assures that, unlike recent

observations at shorter wavelengths [48, 175], increasing the pressure does not shift

the ZDW towards pump wavelength and FWM does not suppress Raman scattering.
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Figure 6.7. (a) The dispersion profile of hydrogen-filled designed NANF for various
operating pressures at T =25 C. (b) The phase mismatch parameter of the fibre for

pump, Stokes and anti-Stokes at 1.55 pym, 4.35 pm and 0.94 um, respectively.

6.3.2.3 Raman response function of hydrogen (Raman operation regime)

As explained in Chapter 2, the nonlinear behaviour of a propagating pulse can be
modelled properly by the GNLSE for the majority of the experimental environments in
this work subject to providing a proper expression for both the nonlinear parameter
(y(w))and Raman response function (h (t)), which includes the instant electronic
response of the third order susceptibility (representing FWM, XPM and SPM) and the
delayed Raman response of the molecule, respectively. Although hydrogen has been
studied very well for many years, a straightforward and adaptive Raman response
function to the GNLSE , similar to its solid counterparts, such as silica [176], is yet to
be introduced. On the other hand, unlike the Raman response profile, as stated in
section 6.3.1, the Raman gain (g, (®)) has been studied and experimentally measured
for different concentrations of gas [170], which can be a good starting point to introduce

a model for the Raman response function of hydrogen.

It is shown that the Maxwell-Bloch equation (Eq. (2.10)), governing the evolution of the

Stokes field, can be analytically solved by Laplacian transformation [80] in the absence
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of loss and for an undepleted pump field. A simplified solution of Stokes field for flat-

top pump pulse with the duration of 7, is derived as:

- ; 2Gr, (L)T, (7, —t)
E(L)=E,(0)|1 JGF(L)T I_T At s )dt (6.9

where, Gr (L) is the NGS in without loss term Gr,(L)=g.l,L (see Eq. (6.2).1, is the

first-order modified Bessel function and T, is the dephasing time as described in
Chapter 2. At high gain regimes, where Gr,(L)z, >T,, it is possible to reach a closed
form for Eq. (6.9) depending on the value of normalized pulse duration 7’ =z,T,* [80].

e Steady-state regime: for the case where 7' >1, the upper limit of integral in Eq.
(6.9) goes towards infinity and the Stokes gain can be reduced to:

2
G.(L) = ( ES(L)j ~ e%0(L) (6.10)

E,(0)

The results are similar to the solution of Eq. (6.1) where the system was treated
in the CW condition.

e Transient regime: for the opposite end 7' «1 the Eq. (6.9) can be approximated
by:

(6.11)

G (L):[ES(L)JZ ol
s Es (O) ”\/8Gr0(|_)z"

In practice, the condition for transient regime can be relaxed to Gr,(L)>r, [177].
According to Eq. (6.10) and Eq. (6.11), the Stokes gain not only depends on Raman gain
of material, but also on the dephasing time and pulse duration. While the Raman gain
becomes saturated at pressures above 20 bar and can be treated as constant, T, is
related to linewidth of the Raman gain as T, =1/ (#Av) . On the other hand, the Raman
linewidth of the hydrogen (Av ) varies by pressure and temperature according to Eq.
(1.4), and consequently, the dephasing time changes. Figure 6.8 plots the linewidth and
relative dephasing time of the hydrogen vs pressure at T=25C. The unusual
behaviour of linewidth at different pressure can be explained with domination of
Doppler broadening process at low pressures when the collisional broadening is
negligible due to low density of gas [178]. As pressure increases, the majority of

collisional processes become elastic with velocity-changing effect and Dicke linewidth
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narrowing occurs, as shown in Figure 6.8 [179]. Further increase in pressure causes

more hard-collisional broadening and consequently increases the linewidth [178].
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Figure 6.8. The linewidth and dephasing time of hydrogen vs its pressure. The Dicke

narrowing occurs close to 1.25 bar pressure at T=25 C.

The direct consequence of these changes in linewidth and dephasing time reflects on

the Stokes gain (G, (L)) as the Raman operating regime changes. Figure 6.9 (a) shows
the marked regions for the transient and steady-state regimes in Gr,(L) vs 7, chart as

well as high gain condition. To study the behaviour of Stokes gain in different regimes,

two pump pulses with duration of 20 ns and 1 ns at 532 nm with 1, =0.565GW /cm’ for

steady-state regime (case A) and transient regime (case B) are considered for Z=0.3 m,
respectively. This wavelength (i.e. 532 nm) has been selected for the purpose of
demonstration of two different regime of operation for Raman process (case A and B)
by single pump intensity because the Raman gain is much higher at shorter

wavelengths than the pump wavelength of this project (i.e. 1.55 um).

Figure 6.9 (b) plots the Stokes gain vs pressure calculated for each case by Eq. (6.9).

Although both cases are in the high power region (Gr,(L)z, >T,), as shown in Figure

6.9 (b), the 1 ns pulse (case B) is in the transient regime with relatively low Stokes gain
while 20 ns pulse is mainly in the steady-state regime with almost constant and
relatively higher gain. Also, the solutions of Eq. (6.10) and Eq. (6.11) for each case show
very good agreement with Eq. (6.9), as shown in Figure 6.9 (b). It is noticeable that, in

case A, even though 7z, >T,, due to large I, the Raman process is operating in transient

regime. This gain reduction effect caused by pulse duration is not included in a simple

form of coupled equation (Eq. (6.1)), which overestimates the Raman gain.
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Figure 6.9. (a) Raman operating regime map where steady state regime (light brown
area) and transient regime (green area) are marked above the low power region (red

area). Cases A and B for P=30bar bar are marked. (b) The Stokes gain vs pressure is

plotted for case A and B using Eq. (6.10) and Eq. (6.11) (solid lines), respectively, and by
numerically solving Eq. (6.9) (dashed line) for both cases.

Considering different parameters involved in the final goal of this thesis, such as the
pressure range of Hz (P > 20), laser pulse duration, length and core size of NANF, the
Raman process can be in either transient or steady-state regimes. Hence, as discussed
before, while the lower limit of pressure is defined by Raman gain saturation in
hydrogen (20 bar), to achieve as high as possible gain one has to increase the pressure

(P) or increase the pulse duration (z,) to reach the steady-state regime. However,

practical limitations, such as laser power at longer pulses or mechanical limitation of

highly pressurised fibre, can push the Raman process into transient regime.

Therefore, to include this gain reduction effect and, most importantly, to achieve a
comprehensive model for Raman, which can be integrated in the dynamic evolution of
pulse propagation (i.e. the GNLSE), the Raman behaviour of molecules can be modelled
as a dynamic system with a first-order impulse response. In this semi-classical
approach, the motion equation for Q(z,t) (Eq. (2.10)) can be treated as the characteristic
equation of a linear system with intensity of the electric field (|E(t, z)|2) as the input of
the system. It is well-known that the time domain output of such a system for arbitrary
input can be calculated through convolution of the input signal and impulse response
of the system in the time domain [180]. From comparing the classical definition of

nonlinear susceptibility [72] and the quantum model of motion equation in Maxwell—
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Bloch for a two-level system with negligible population inversion [80], a simple impulse
response can be introduced with the form of a single-Lorentzian model [172]. In this
approach, the Raman response of the molecule (e.g. hydrogen) is modelled by a single
oscillator with resonance frequency of “molecules” (Q,) and damping effect (™),
which mimics the linewidth of the response. Hence, the time response of the Raman
process (h, (t)) can be presented as:

1+ TQ?

T/Q,

h: (t) = e sin(Q, U (t). (6.12)
where U (t) is Heaviside step function which implements causality in this equation.
Also, the dephasing time (T,) assures the implementation of transient regime. Although
the Raman frequency shift of hydrogen (Q,) is relatively constant in the range of

experimental environment for this study (e.g. pressure, temperature and pulse
intensity range), as described previously, the dephasing time of hydrogen dependes on

the pressure of gas and is a key factor in regulating the regime of Raman operation.

In Eq. (6.12), the Raman response function of hydrogen cannot be implemented
correctly into the GNLSE without the introduction of a proper nonlinear coefficient and
Raman fraction factor ( f,). Although some experimental values for y(w) are provided
in the literature [165], to achieve reliable values and preserve the consistency between

all parameters in the GNLSE, in this study, the nonlinear index (n, = A, y(w)c/ ®) for
hydrogen is calculated by its relation to the Raman gain (g, )[1]:

9=

B 2max[ﬁRi (a))] fo (6.13)

2

where ﬁRi (®) is the imaginary part of Raman response in the frequency domain, max[]
is maximum operator and Ay is the effective mode area of the fundamental mode.
Using Eq. (6.4) for g, considering the core size of 35 um and calculating maximum of

h (@) from Eq. (6.12), the calculated value for n, is 1.2x107 mW™ for VRS. In this
study f, =0.25 is chosen in order to achieve similar values for n, from Eq. (6.13) and

experimental value in [165].
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6.3.2.4 Pulse specification

Apart from the nonlinear parameters of the gas, simulating the Raman conversion
process along the fibre requires proper parameters of the launched pulse in terms of
peak power, pulse length and pulse shape. Considering the fully fiberized mid-IR goal
architecture for this project, an erbium-doped fibre laser at 1.55 um with a Gaussian
linewidth profile has been considered. It has been experimentally observed that, above
certain energy level of pulses in the hydrogen-filled fibres, the nonlinear loss increases
due to self-focusing as well as higher mode coupling [34]. As a result, in this study, the
peak power is considered in a practical range between 2 and 50 kW to achieve
reasonable results while higher peak powers are achievable by state-of-the-art lasers
[181]. In terms of pulse length, in order to achieve an efficient conversion, the pulse
linewidth should be narrower than the Raman linewidth and satisfy the steady-state
condition for maximum gain achievement. Although longer pulses are more desirable,
the practical limitation to generate long pulses with high peak power restricts the
options. Therefore, here, the effect of pulse length up to 10 ns is studied while longer
pulses can be treated as quasi-CW, for which simple coupling equations can provide
accurate results in that regime. It is worth mentioning that recently a high power
source by Raman conversion from 1060 nm to 1550 nm in hydrogen-filled HC tubular
fibre reaching 400 kW has been demonstrated [182]. Using such high power source can
provide significant output at 4.35 um. However, in this thesis, the focus is on a design
considering available solid-core fibre lasers (e.g. erbium-doped fibre laser) with lower

output power.

6.3.2.5 Modelling the noise sources

In practice, the SRS process is seeded by many different sources, such as quantum
fluctuation (vacuum noise), noise from pump source, phase fluctuation noise or
vibrational/rotational Raman noise in the molecules [183, 184]. Although I have
calculated and used Raman noise in addition to vacuum noise in the simulations by
using some of the existing models [184], the results have not shown significant
difference from considering just vacuum noise, which indicates its dominance in the
process. Therefore, only vacuum noise is used by calculating the average power of the
noise in the frequency window and randomly distributed in the bits of time grid (points

of time grid).
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6.3.2.6 Dispersion-dependent Raman gain reduction effect

In addition to reduction of Raman gain at transient regime, the chromatic dispersion
can also impose Raman gain reduction and dramatically reduce the frequency
conversion. It is well-known that the Raman process does not intrinsically depend on
the dispersion of the media nor does it rely on phase matching due to it is inelastic
scattering nature [72]. However, in a nonlinear medium, it is not possible to completely
isolate the physical processes from each other. It is clear that the nonlinear section of
the GNLSE contains two parts: a third order electronic nonlinearity (phase matching
required) and a Raman delayed part (no phase matching required). On the one hand,
the Raman process acts by transferring the energy from pump pulse into the lower
frequency (Stokes), while, on the other hand, FWM, as an energy transferring process,
conveys energy from lower frequency to the upper one. Therefore, under proper phase
matching condition, these two processes can mutually affect each other. In fact, if the
condition for phase matching between pump, Stokes and anti-Stokes is satisfied, FWM
can suppress the Raman process and either kill it completely or reduce its efficiency
dramatically. However, in some cases, the Raman anti-Stokes can also be boosted
significantly in proper phase matching [172]. This mutual effect between FWM and
SRS has been well-known for more than three decades and there are many
experimental and theoretical works in this area [185, 186] even in HC fibres [175]. To
include this mutual effect in the form of a general gain, a modified version of Eq. (6.13)

has been introduced as [185]:
g=27% JK(29-K) | (6.14

where R[] is real operator and q=1- f; —if, max Uﬁm (a))u. K=-Ak/(2y1,) is the
normalised phase mismatch where Ak =pf(w;)+ f(@s)—-20(w,). By defining a gain
reduction factor as R; =g/ 0g, the effect of parametric process (FWM) on Raman gain

for different dispersion values (K ) in hydrogen has been studied, as shown in Figure
6.10. The clear dependence of K on power and dispersion is an important point for

optimising the efficiency of conversion.
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Figure 6.10. Raman gain reduction factor vs normalised phase mismatched. In a

complete phase matching case, the effective Raman gain theoretically is zero.

Equation (6.14) shows that the Stokes gain becomes zero at K =0, which indicates the
complete absence of Stokes and anti-Stokes at this point, despite a large Raman gain
in the material. Although in bulk materials the ZDW is far away from the typical
operating wavelengths, the combination of waveguide and material dispersion
(chromatic dispersion) can shift the ZDW closer to the pump wavelength. In fact, as
shown previously (Figure 6.7 (a)) not only a gas-filled NANF has multiple ZDW across

its dispersion profile, but, also, they can be adjusted to some extent by tube thickness
to increase or decrease the gain reduction factor (Rg ). This effect also is not included in
the simple form of coupled Raman equation (Eq. (6.1)), but can be approximated by
replacing the steady-state gain (g.) in the equation by reduced gain (g ), which

includes the reduction factor.

This effect is modelled in the hydrogen with the GNLSE using the Eq. (6.12) for Raman

response function (hg(t)), nonlinear coefficient (y(w)) and Raman fraction ( f, =0.25).
Figure 6.11 shows propagation of 1 kW pump Gaussian pulse (GP) at 1.55 pm in a
lossless hydrogen-filled NANF with R =15 um, and fixed $,=0 and S, =-0.042 ps’/m
for a 3 m long fibre, respectively. It is clear that in the absence of dispersion (i.e. 3, =0

) the Raman Stokes and anti-Stokes are clearly suppressed by FWM.
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Figure 6.11. Simulated spectral profile of a Gaussian pulse at 1.55 pm with 2 kW peak

power and 2 ns length after passing through 3 m of hydrogen with (a) B, :O, ®)
B, =-0.042 ps* / m. There is not any Stokes (S) and anti-Stokes (aS) amplification due to

effect of FWM on Raman process at zero dispersion.

6.3.2.7 Simulation challenges and strategies

Having developed an appropriate Raman response function and nonlinear parameters
for hydrogen, essentially, it is possible to model the pulse propagation through
numerical calculation of the GNLSE. Nevertheless, the combination of very narrow
Raman linewidth (~1 GHz) and large vibrational frequency shift (124 THz) in hydrogen
requires a very wide frequency grid (at least twice the frequency shift) with a large
number of grid points (to cover ns pulses and the hydrogen narrow linewidth
simultaneously). Usually, the central frequency of the pump is chosen as the centre
frequency of the simulation grid (zero frequency) and, consequently, the Stokes/anti-
Stokes fields are generated from the vacuum noise at the side bands. At first, this
approach was implemented for lossless silica NANF with 15 pm core radius, in a grid
size of 222 points for a 2 ns pulse, as shown in Figure 6.12 (a). Simulation results show
pump, 1st Stokes and 1st anti-Stokes fields as expected alongside other peaks
in-between. These peaks turned out to be the higher order Stokes and anti-Stokes, but
displaced due to a liaising effect and the circulating effect of FFT method for calculating
the convolution part of the GNLSE. In addition, some artefact peaks are also generated
by displaced Stokes and anti-Stokes, such as higher order Stokes, which, practically, do
not exist in this particular case because there is not enough energy in photons to pass
to the second vibrational level (second Stokes). Most importantly, the coupling effect
between artefact peaks and legitimate ones can affect the conversion rate and generate
unreal results. Thus, it should be eliminated by either changing the solving method or

simulation parameters.

To eliminate such specious and undesirable effects, in principle, different strategies can

be followed:
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e Direct time domain convolution (non-circulating): in this method, direct
implementation of non-circular convolution is implemented. However, the
computation time and memory usage for even moderate grid size (215) put this
method beyond computational possibilities in state-of-the-art systems.

¢ Non-circulation convolution by FFT: this method has the advantage of high
speed calculation of FFT. However, in order to implement such a method for
each iteration one needs to double the length of time grid by adding zero at the
end of the grid (zero padding), which doubles the memory usage and rapidly
increases as calculations continue.

e Absorbing boundary: This method is well-established for solving the wave
propagation problems in a limited calculation window [187]. The PML presented
in Chapter 3 is an instance of such methods, which can be implemented in the
frequency or time domain to eliminate the back-reflected energy in the GNLSE.
However, these methods not only increase the complexity of the problem, but
also cannot solve the circulating effect of FFT properly and do not conserve the

energy.

In contrast, in this thesis, simpler yet efficient methods have been explored to overcome
the problem, which do not increases the complexity and time of simulation, while
addressing the problem properly. In the first attempt, a very large loss has been
artificially introduced at misplaced second Stokes and anti-Stokes to eliminate their
effects, as shown in Figure 6.12 (b). However, this method of suppression of anti-Stokes
cannot reproduce the correct energy transfer rate between frequencies. For example,
second Stokes can act as anti-Stokes and vice versa, which can affect the final
conversion results. After trying different approaches, it is finally decided to increase
the grid size and place the pump frequency off-centre of grid to create enough room for
higher order anti-Stokes. Figure 6.12 (c) shows the off-centred simulation for the
previous parameters. Clearly, a larger frequency window means more grid points (

n, =2*) for covering the 2 ns pulse in the time domain. Although the off-centred method

could solve the problem of coupling and interference of anti-Stokes, circulated higher
order Stokes, as can be seen in Figure 6.12 (¢), in fact, the 15t Stokes is under the
influence of artefact second Stokes and cannot experience any growth larger than pump
pulse. This effect is due to parametric back-coupling of energy from second Stokes while
the second Stokes experience higher gain than actual gain due to its displacement at
higher frequencies (higher frequencies have larger Raman gain). Finally, second Stokes
has been eliminated by applying local loss at this frequency, as shown in Figure 6.12

(d). Similar growth in 1%t Stokes and pump depletion has been demonstrated
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experimentally in different frequency by placing second Stokes in the high loss band of
HC-PBGF [15, 188]. It is important that implemented extra loss does not interfere with
the time domain field in a distractive way. In fact, any abrupt artificial change in loss
profile manifests itself as ripples in the time domain, which can be reflected back into
the frequency domain as rapid phase or amplitude oscillations. This is due to

multiplication between the field (E(t)) and other time domain terms in GNLSE, which

can be interpreted as convolution in the frequency domain. These effects create
instability in the calculation and generate unreliable results. Therefore, to prevent such
effects, large losses with Gaussian profile have been implemented at the circulated
peaks, which has very little effect on time domain while suppressing the SRS process

at these frequencies.

At first glance, the suppression effect caused by imposing loss at artefact higher order
Stokes peaks is similar to the suppression effect experienced by higher order Stokes in
a fibre with high loss at actual wavelengths of those higher order Stokes and one should
expect to achieve correct results. However, as mentioned before, the energy transfer
from 1st Stokes to the artificial higher order Stokes is incorrectly reproduced, because
the experienced Raman gain by these artificial higher order Stokes is higher at
misplaced frequencies (the Raman gain is higher for lower frequencies). In addition, in
some cases, the higher order Stokes does not exist simply because the vibrational
energy is higher than the photons in 1%t Stokes (similar the case in this study).
Therefore, a closer look at the GNLSE and the coupling mechanism at which the energy
transfers to each Raman Stokes/anti-Stokes suggests a different approach to eliminate
artificial circulating peaks in the first place without the need to dissipate the
transferred energy later by loss, especially for the cases where the higher order Stokes
are not allowed. The energy transfer in each frequency component of the GNLSE

through propagation can be presented in a set of coupled equations in the form of:

SANw,,2)

= B(w, )(A(e,, 2)) + ;/(a)k)]F{A(t, z)(Rn ) ®|A, z)|2)}. (6.15)

where A(@,,z) is the longitude amplitude of the electric field at frequency o, (e.g.
Stokes) and ® denotes the convolution of nonlinear response of the material (R, (t)) and
the field in the time domain. The second term on the right side of Eq. (6.15) shows that
the energy transfer from other frequencies to the specific frequency (e.g. Stokes
frequency) happens through nonlinearity of the material. Therefore, it is possible to
exclude a specific frequency from this process by eliminating the nonlinearity at that

frequency.
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Figure 6.12. Simulated normalised spectral profile in dB for a 2 ns pulse at 1.55 um with
2 kW peak power after passing through a hydrogen-filled lossless designed silica NANF

(R =15 pm) with 5.8 m length for (a) pump placed at the centre of a small spectral grid
(aliasing and FFT circulating effects); (b) pump placed at the centre of a small spectral
grid and artificial loss applied on second Stokes and anti-Stokes (eliminating real
coupling of second anti-Stokes); (¢) pump has been shifted to the corner of the extended
spectral grid (aliasing and FFT circulating effects); (d) pump has been shifted to the
corner of the extended spectral grid and artefact second Stokes has been eliminated by

artificial loss; (e) the SNM method is implemented by assigning zero gain to second and

Thanks to the definition of the GNLSE in the frequency domain, the implementation of this
suppressing nonlinearity method (SNM) is as simple as defining the y(®,) =0 at generated

peak (®,) by circulating effect. Here, also, a smooth change in y(®) is essential to prevent

any problem in the time domain; hence, a similar Gaussian profile has been used. Figure
6.12 (e) shows the results of implementing the SNM and the complete elimination of
circulating effect without need for losses at these peaks. With this method, it is also possible
to reduce the size of the frequency domain without sacrificing the generality or observing
artificial peaks. It is important to note that eliminating the gain is essential for modelling
the Raman conversion from 1.55 pm to 4.35 pm because the transfer of energy to the higher
order Stokes does not happen in practice, because the photon energy at 4.35 pm (0.2848 eV)

is lower than vibrational energy level of Hz (0.5151 eV) to generate second Stokes.
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6.3.2.8 Verification of model

To verify the developed GNLSE-based numerical model, first, the behaviour of SRS for
Raman transient and steady-state regimes was modelled to confirm the ability to
reproduce such effects, and finally, an experimental result was reproduced by the
developed models in this thesis. As a benchmark, the experimental setup and ARF
(Kagomé fibre) in [34] are considered for the validation of the model, since the
hydrogen—filled NANF is not yet experimentally explored. To demonstrate the
behaviour of Raman conversion in different regimes of operation, a hydrogen-filled fibre

with R =15 um and gas pressure of P =50bar is considered. The fibre was assumed to
be lossless while the pump wavelength and power (4, =532 nm, P, =933W ) were chosen

according to [34]. A super-Gaussian pulse (n=5) (SGP) was used to simulate a flat-top
pulse while preserving the smoothness in the frequency domain. The pulse propagation
was simulated in the fibre for different pulse lengths, 10 ns, 3 ns and 1 ns, to represent
the steady-state, transient and deep transient regimes of SRS, respectively, as shown
in Figure 6.13 (a). The result does not only show the expected Raman gain reduction in
the transient regime, but also a maximum quantum conversion achieved at steady-state
regime as a result of lossless fibre, which indicates the proper modelling of vibrational
loss. The simulation results at longer pulses (i.e. steady-state regime) approach the

results of coupled equations (Eq. (6.1)), which represent the CW limit.
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Figure 6.13. (a) Stokes and pump evolution of 1 ns, 3 ns and 10 ns SGPs are simulated
using the developed model for Hy (Eq. (6.12)) integrated in the GNLSE vs coupled
equation (CE) solution. (b) Experimental (Exp) results from [Fig. 4(d) of [34] and
simulation (Sim) results by the GNLSE. Sudden drop of Stokes in the experimental

results is explained by self-focusing and coupling to higher order modes in [34].
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The experimental results (Fig. 4(d) of [34]) are reproduced by simulating the
propagation of ~6 ns pulse in the hydrogen-filled fibre with 17 bar pressure. Figure
6.13 (b) shows the comparison between experimental and simulation results by taking
into account the loss of the fibre. The sudden drop in Stokes, as noted in Figure 6.13 (b),
is associated to the self-focusing and higher order mode coupling that increase the loss
at Stokes wavelength in [34], which is not included in the model. However, the peak of

Raman conversion has been modelled with a very good approximation.

6.3.2.9 Efficient Raman conversation in NANF

Finally, having a reliable developed model for pulse propagation in hydrogen-filled
NANTF, in this section, the performance of Raman conversion is studied in an optimum
NANTF design. Considering the parametric analyses of NANF design in Chapter 4 and
including the effect of pressure and radius of the fibre (Figure. 6.6) on the Raman
conversion towards mid-IR, the optimum parameters for a hydrogen-filled NANF are
chosen as =4 um, t,=1.66 pm, R =35 pm, Z =7 um, P =50 bar. Although, as discussed
in section 6.3.2.4, it is possible to choose different pulse specifications within the
practical range, here, for the sake of simulation, a ~6 ns pulse with 10 kW power is
chosen as middle range power pulse and well above the Raman threshold. Although the
random excitation of Stokes and anti-Stokes in the RS process generates slightly
different results for each run of the simulation, practical results can be easily achieved

by averaging over several simulation results with random noises.

Figure 6.14 (a) shows the spectrum of the pulse as it propagates through the fibre (in
logarithm scale) alongside the power evolution of pump and 15t Stokes in the fibre, as
shown in Figure 6.14 (b) (in linear scale). For the chosen pump power (10 kW), it is
possible to reach more than 68% of the quantum limit in ~3.4 m, while the VRS is in
the transient regime and also the fibre loss limits the maximum achievable conversion
in this case. However, it is possible to achieve an even higher conversion efficiency by
using longer pulses towards the steady-state regime, or higher pump power to overcome
the loss of the fibre at Stokes wavelength. In regards to the former, using laser pulses
with flatter peak power profile, such as SGPs, can increase the efficiency of conversion

by increasing the effective pulse length for the same FWHM of pulse.
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Figure 6.14 : (a) The normalised calculated spectrum of 6ns pulse with 10 kW at 1.55 pm
propagating through hydrogen-filled NANF with design parameters in the text. (b) The

evolution of normalised power of pump and 1st Stokes.

Figure 6.15 (a) compares the simulated power evolution of 15t Stokes for a 6 ns third
order SGP and 6 ns GP alongside a 3 ns GP launched in the above-mentioned hydrogen-
filled NANF. Using a flatter pulse with the same FWHM (.e. SGP), it is possible to
achieve as high as 78% of quantum limit within ~3 m of fibre. The results are consistent
with the gain increase effect towards steady-state regime presented in the previous
section. On the other hand, increasing the pump power overcomes the loss of the fibre
and increases the conversion efficiency, as shown in Figure 6.15 (b) for different pump
powers. Although by increasing the pump power it is clearly possible to diminish
the effect of loss, self-focusing effects associated with high power pulses can

introduce nonlinear loss by coupling the field to higher order modes [34].
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Figure 6.15: (a) The evolution of 15t Stokes of a 6 ns third order SGP, 6 ns GP and a 3 ns
GP launched within the hydrogen-filled NANF with gas pressure of 50 bar. (b)
Comparing the simulated evolution of 1st Stokes of a 6 ns GP with 10 kW, 15 kW and 20
kW along the same fibre as Figure (a).

6.3.2.10 Simulation of fabricated silica NANF

In the previous section, the potential of an appropriately designed NANF has been
demonstrated which leads to high efficiency Raman conversion. At the time of writing
this thesis, the fabrication technology of NANF was under development and a few
examples of NANFs have been fabricated in fabrication group in ORC with close
specification for the considered application in this thesis. Here, the simulation of
Raman generation towards mid-IR in one of the early in-house-made prototypes has
been presented. It is worth mentioning that the fabricated fibre is not optimised
particularly for the purpose of this work, but, along with ongoing improvement in the
fabrication technology, it is possible to achieve optimum design for high performance
Raman generation. The fabricated NANF has seven nested cladding tubes with R
=17.5 um (the core size is not at the optimum according to Figure. 6.6). Figure 6.16
shows the optical microscopy image of the cross-section of the fibre alongside its
recreated structure used to model in the developed FEM toolbox. Its average tube

thicknesses of t, ~ 1.14 um places the fundamental transmission band at wavelengths

larger than 2.2 pm, which is compatible with the desired range of Stokes wavelength
(4.35 pm), but does not provide the lowest loss at this wavelength. Consequently, the
pump pulse (1.55 pm) propagates through the second ARB of the fibre. Although the
fibre is one of the first fabrication attempts, it preserved a good balance in its structure
with a few deviations from ideal structure. Figure 6.17 (a) shows the measured and

realistic modelling of loss for the NANF. Despite the effect of distortion on the loss
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profile of the fibre, it has an acceptable level of loss thanks to the robustness of NANF
design to dimension tolerance. Although the loss measurement is not performed at the
fundamental band, it is shown that the practical loss profile of a tubular fibre
(consequently NANF) can be accurately reproduced by modelling, especially at long
wavelengths [189]. The larger loss at shorter wavelength can be associated to micro-
bend loss, surface scattering loss and structural inconsistency throughout the fibre,

which are not included in the modelling.

Figure 6.16. On the left: the optical microscopy image of the cross-section of a fabricated
prototype NANF on the left with (R =17.5 pm, t,=1.14 pm). On the right: the realistic

structure used to model the fibre in FEM toolbox and normalised power in the core

modelled at 1.55 um. Note: figures are in different scales.

Using both experimental and modelled loss ( the modelled loss has been used where the
measured data was not available) in conjunction with dispersion of the fibre, the
propagation of a 6 ns pulse with 10 kW peak power in a 5 m hydrogen-filled fibre with
50 bar pressure has been modelled similar to the previous section. Figure 6.17 (b) shows
the evolution of pump and Raman peaks along the fibre. As predicted in section 6.3.1,
because of the high loss at the Stokes wavelength, the efficiency of the conversion is low
(~21% of quantum efficiency). However, the optimum loss can be reached by improving
the fabrication process for more uniform structure, larger core size and optimised tube
thickness. Although, the efficiency of conversion is lower than ideal case, it occurred in

shorter fibre length (~0.78 m).
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Figure 6.17. (a) The measured and simulated loss profile for fabricated NANF (R

=17.5 um, t,=1.14 pm). (b) The calculated evolution of normalised power for a 6 ns pulse

with 10 kW at 1.55 um and its 15t Stokes, propagating throughout the modelled hydrogen-
filled NANF (Figure 6.16).

6.4 Conclusion and discussion

In this chapter, the Raman frequency conversion towards mid-IR in gas-filled hollow
core fibres has been studied. Initially, hydrogen has been selected as a suitable gas from
those available and glass friendly gasses with long Raman shift to access the longest
possible wavelength range of mid-IR with available pump lasers at near-IR. Following
the study of HC fibres in Chapter 4, a suitable mid-IR silica NANF with optimum
parameters, as presented in Chapter 4, is selected and the effect of its core size and gas
pressure on the efficiency of conversion is studied. It have been shown that, unlike solid
core fibres, having smaller core size to achieve larger Raman gain is not a valid
argument in HC-ARFs. Considering different parameters, such as gas pressure, core
size and bend loss mechanism in HC-ARFs, an optimisation design parameter map for
NANTF as a function of pulse power and gas pressure is proposed and the optimum
design to achieve the goal of this work is selected. To study the pulse propagation in
hydrogen-filled NANF, a unified model of the GNLSE is adopted and different problems
in numerical modelling are addressed and discussed. After verification of the model via
comparison between results of model and experimental results in the literature, the
efficiency of the proposed hydrogen-filled NANF is studied. It has been shown that it is
possible to achieve up to ~68% of quantum efficiency for Raman conversion towards
4.35 pm by an erbium-doped fibre laser with moderate peak power (10 kW) and 6 ns
pulse length as pump and without laser pulse modification (assuming GP for laser).

Different approaches to achieve even higher efficiency are discussed, which shows that,
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with modified pulse, it is possible to achieve as high as ~78% quantum efficiency for the
same peak power. While the fabrication team is working on delivering an optimum
designed NANF, an early prototype version has been modelled and showed up to ~20%
quantum efficiency for GP laser with previous specification, despite the huge loss of the

fibre at Stokes wavelength.

The proposed system, by using a conventional fiberized pump laser and hydrogen-filled
NANF, can introduce a fully fiberized mid-IR laser with high power output in a
demanding wavelength range in industrial and scientific applications. For example,
using pulse lasers (e.g. Er:Yb-doped fibre lasers) in the range of C and L-band (~1530-
1625 nm) as pump, the output wavelength can be in the range of ~4.2-5 pm. This broad
range in mid-IR can be achieved simply by tuning the pump wavelengths and is on
demand for many applications, such as biomedicine, laser detection, hydrocarbon
processing and environmental monitoring. The simple structure of this laser, using
available technology in HC-fibres and the independency of the fibre in any complex
material processing, is a very important advantage, which can provide a cost-effective
solution for high power mid-IR. In addition, unlike solid-core Raman fibre lasers, the
output power is manly limited by the pump power not the Raman active material, which

1s a huge advantage for this laser.

Note: At the time of preparing this manuscript (a couple of months before submission),
a similar experimental work in tubular fibre had been presented in [190], which is in
good agreement with simulation results in this chapter. However, the loss in optimised
NANTF is lower than the tubular fibre used in [190] and, consequently, the modelled
conversion efficiency in hydrogen-filled NANF is much higher.
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Chapter 7: Nonlinear dynamic of air-filled hollow

core fibre

7.1 Introduction

In this chapter, the focus is on the air as the most common gas available for filling the
HC fibres (HCFs). Atmospheric air-filled HCFs, representing the simplest yet reliable
form of gas-filled HCFs, show remarkable nonlinear properties and have several
interesting applications such as pulse compression, frequency conversion and
supercontinuum generation. Although the propagation of sub picosecond and a few
hundred picosecond pulses are well-studied in air-filled HCFs, the nonlinear response
of air to pulses with a duration of a few picoseconds has interesting features that have
not yet been explored fully. Here, the nonlinear propagation of ~6 ps pulses in three
different types of atmospheric air-filled HC fibre are studied experimentally and
theoretically. This particular pulse length provides the ability to explore different
nonlinear characteristics of air at different power levels. Using in-house-fabricated
state-of-the-art HC photonic bandgap (HC-PBGF), HC tubular (HC-TF) and HC
Kagomé fibres (HC-KF), it was possible to associate the origin of the initial pulse
broadening process in these fibres to rotational Raman scattering (RRS) at low power
levels. Due to the broadband and low loss transmission window of the HC Kagomé fibre
it is used to observe the transition from initial pulse broadening (by RRS) at lower
powers, through long range frequency conversion (2330 cm’) with the help of
vibrational Raman scattering, to broadband (~700 nm) supercontinuum generation at
high power levels. In this study, to model such a wide range of nonlinear processes in a
unified approach, a semi quantum model for air is developed and implemented into the
modified version of the GNLSE, which surpasses the limits of the common single
damping oscillator model in this pulse length regime. The variety of nonlinear process
in this case from Raman frequency conversion (in near-IR) to supercontinuum is a very
good validation test for the developed numerical toolbox in this thesis while
representing an integrated model for air in the GNLSE. In fact, the model has been
validated by comparison between its results and experimental results, and provides a

powerful tool for the design, modelling and optimization of nonlinear processes in air-

filled HC fibres.
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The ambient air that can be found in the core of HCFs, has an almost two orders of

magnitude lower nonlinearity (~6x10% m? /W ) than silica glass (2x10%? m? /W) [191-

193]. However, its nonlinearity can still have significant effects on the propagation of
high peak power pulses, that can lead to spectral broadening, pulse distortion and
ultimately loss of power, all of which are typically detrimental in power delivery
applications. For some applications, however, the nonlinear processes can be exploited
for pulse modification [95, 194], new frequency generation [195], or even broad
supercontinuum generation (SG) with a very high power density due to the very high
damage threshold of HCFs and the confined gas within the core [48, 196]. The simplicity
of air-filled HCF's, combined with their very long light-matter interactions, motivated
the exploration of potential applications in recent works [197, 198]. To support such
experimental works there is a clear need for appropriate tools for modelling the pulse

propagation in air-filled fibres.

In recent years, there have been several experimental studies on pulse propagation in
air-filled HCFs in different pulse regimes, ranging from a few femtosecond to
nanosecond pulses [197, 199-202]. Each experiment has shown a specific characteristic
of the nonlinear processes in air. Yet, to the best of my knowledge, a study that
1llustrates a broad range of nonlinear phenomena and observes clear fingerprints of
both vibrational Raman scattering (VRS) and rotational Raman scattering (RRS) has
not yet been reported. The ultra-short pulse regime (sub-ps duration) can introduce a
broad supercontinuum expanding through many fibre transmission bands, as
demonstrated in different types of HCFs including HC-KFs and HC-TFs [196, 197].
Although, in this regime, very interesting results are obtained through a variety of
nonlinear processes, the clear signature of Raman scattering is absent. In this case, the
mixed effect of four wave mixing (FWM) and SRS in the output pulse, and more
specifically the lack of a clear sign of VRS, significantly reduce the ability to study in
detail the RRS and VRS processes. Furthermore, it is challenging to resolve the
evolution from an initial single dominant Raman/FWM excitation to a broad

supercontinuum spectrum.

In contrast, long pulses (e.g. hundreds of picosecond to nanosecond pulses) show much
more detail in terms of Raman scattering and can produce sharp and clear Raman
peaks even at very high powers [197]. In this regime, not only can VRS be observed
distinctively, but the RRS peaks corresponding to higher order Stokes can be
distinguished, in contrast to the broadening effects seen with femtosecond pulses.

However, to achieve broad SG in this regime, impractically high power input pulses are
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necessary, which limits the understanding of the broadening process and practicality
of the system. Recently, the dynamics of pulse propagation in both regimes has been
experimentally demonstrated in two separate atmospheric air-filled HCFs
(negative-curvature HC-KFs) pumped by 100 fs and 300 ps pulses in different setups
[197]. Here, the nonlinear evolution dynamics for pulse durations has been studied in
the middle of the aforementioned range, which complements existing results and helps

constructing a comprehensive picture of the nonlinear response in air-filled HCFs.

Here, by selecting appropriate pulse parameters, a variety of nonlinear processes have
been experimentally observed (the experimental part has been performed by Hans
Christian Hansen Mulvad). In addition to variations in the pulse characteristics (e.g.
pulse length and peak power), different types of HCFs (i.e. HC-PBGF, HC-KF and
HC-TF) have experimentally compared, in order to provide insight into the influence of
the HCF itself. Furthermore, in order to be able to theoretically reproduce the results
over a broad spectral range, a semi-quantum model of the roto-vibrational Raman
process in bi-atomic molecules has been implemented to simulate the nonlinear
behaviour of air with a sufficiently good precision. Using this model, the nonlinear
dynamics of pulse propagation have been simulated in different scenarios yielding a
very good agreement with experimental results. This provides a useful tool for

analysing the nonlinear behaviour of air-filled HCFs.

7.2  Experimental setup and results in HC fibres

7.2.1 HC fibre characteristics

In addition to their ability to confine gas, guide light for a long distance and therefore
provide long gas-light interaction lengths, HCFs can profoundly influence the pulse
propagation dynamics. Thus, their optical and geometrical characteristics are of critical
importance in determining the pulse propagation dynamics, as exemplified in this
study. Recall from Chapter 4, based on their guidance mechanism, HCFs can be
categorized into two major types: photonic bandgap fibres (PBGFs) and
anti-resonant/inhibited coupling fibres (ARFs). In this work, to study the effect of the
fibre characteristics on the nonlinear behaviour of air, the pulse propagation dynamics
has been experimentally explored in three different designs of in-house-fabricated
HCFs, more specifically: HC-PBGF [203], HC negative-curvature Kagomé (HC-KF) [64]
and HC nodeless tubular (HC-TF) fibres. All the fibres used in this study represent, or

are similar to, the state-of-the-art in their respective categories. While the guidance
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mechanism is clear in the first type (HC-PBGF), in the last two cases the guidance
mechanism has been associated either to anti-resonance effects from glass membranes
adjacent to air-core [114, 139, 204], or to inhibited coupling effects between the core
mode and cladding modes [55, 63, 205]. Here, without any intention to dive into any
explanation of their guidance mechanism, the fibres have been chosen for their great
potential to generate gas-based nonlinear processes and for the sake of studying the

effects, challenges, and performance of the developed model in this work.
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Figure 7.1 Scanning electron micrographs (SEMs) of the cross-section of fabricated (a)
HC-PBGF, (c) HC-KF, (e) the optical microscopic image of the cross-section of fabricated
HC-TF. The loss and dispersion profile of (b) HC-PBGF, (d) HC-KF, (f) HC-TF.

HC-PBGFs, despite their narrow transmission window, have shown the lowest
experimental loss among any other type of HCFs [46]. Here, an in-house-fabricated
37-cell HC-PBGF has been used to achieve very low loss in the loss range of HC fibres
( < 100 dB/km); the fibre cross section is shown in the scanning electron micrograph
(SEM) image in Figure 7.1 (a). The fibre has a core diameter of ~21.5 pm and a main
low loss transmission window from 1010 nm to 1096 nm. Its average loss is 13.6 dB/km

and the lowest loss is 12.3 dB/km at 1046 nm (one of the best values ever reported for
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this kind of fibre). The measured cutback loss and calculated dispersion profile (found
using commercial finite element (FEM) mode solver (COMSOL®)) are shown in Figure
7.1 (b). Although the HC-PBGFs have a very low experimental loss, the significant
overlap between the air-guided field and the cladding glass and their narrow
transmission window limit their usage for high power applications and broadband

nonlinear processes.

On the other hand, HC-KFs with higher damage threshold and broad multiband
transmission windows can overcome the limitations of HC-PBGFs. Here, an
in-house-fabricated 7-cell HC-KF has been used with low loss and low bend loss (in
comparison to other ARFs) [64]. The fibre has a large bandwidth cantered around a
wavelength of 1 pm, which is perfectly matched to the ps source of this experiment.
Figure 7.1 (c) shows an SEM image of the cross-section of the fibre, which has a core
diameter of 43 um and an average core wall thickness of ~375 nm. The minimum loss
of 12.3 dB/km is at 1010 nm and the 3 dB bandwidth is 150 nm. Its transmission
window spans from 850 nm to 1700 nm, with an average loss of less than 200 dB/km as
shown in Figure 7.1 (d). This broad transmission window makes the fibre a suitable
host for the observation of wideband nonlinear processes. To simulate its dispersion, a
well-developed, suitably modified model based on the analytical dispersion of a hollow
capillary has been used, which was proven to be accurate enough for the spectral range

of this work [206]:

(7.1)

2.4048¢
w-a(w)

ﬂ(w)=§Jn§as(w,P,T)—{

here ¢ is the speed of light, a(w)=a,,/(1+0.0652xzc)’/(w*a,t)) where a,, is an
area-preserving core diameter of the HC-KF and t is the thickness of the

core-surrounding glass membranes [206]. n_. (@, P,T) is the refractive index of the gas

gas
inside the fibre core and is a function of pressure (P) and temperature (T ). Using Eq.
(7.1) and a known model for air [207], the dispersion of the HC-KF has been calculated
at experimental conditions (7'~ 290 K, P~ 1 atm) as presented in Figure 7.1 (d).
According to performed simulations in this study, the percentage of air-guided field in
the cladding glass for this fibre is of the order of 10, which leads to a high damage
threshold (approximately two orders of magnitude higher than that of HC-PBGF [48]).
Although this fibre has a higher order transmission window below 800 nm in addition

to the fundamental one that would make it possible to explore inter-transmission band
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nonlinear processes, this work only focuses on the study and observation of nonlinearity

in the fundamental transmission window.

Another type of HC negative-curvature fibre, with a reasonably low loss and
ultra-broad multiband transmission windows, is HC-TF. Recent studies have shown
the potential of these fibres to ultimately achieve a lower level of loss and greater
polarization control than HC-PBGFs [55, 57, 140] and an octave-spanning version has
been demonstrated recently with loss compatible with short range data transmission
applications [189]. Here, an in-house-made 7-tube silica HC-TF with a core diameter of
~35.8 um and an inner jacket tube diameter of ~76.7 um is used. Figure 7.1 (e) shows
an optical microscopic image of the fibre cross-section. With an average tube thickness
of ~775 nm, the second low loss antiresonance band of the fibre is located between 850
and 1355 nm. The fibre loss in this transmission window is shown in Figure 7.1 (f)
alongside its simulated dispersion profile using the developed FEM mode solver toolbox

as mentioned in Chapter 3.

7.2.2 Experimental setup

In this study, a commercially available Trumpf TruMicro 5050° [208] laser has been
used to perform the experiments. This source produces ~6 ps pulses with a 200 kHz
repetition rate at 1030 nm and variable energy of up to 250 ud per pulse (average power
~ 50W). The output is a collimated beam of diameter 5.4 mm, and the M2 value is 1.08.
To couple t he laser pulses into the fibre, a coupling system composed of a variable beam
expander (Jenoptik 1x-4x, AE 1614, 1030-1080 nm, transmission > 97%) followed by a
focusing lens (Thorlabs LLA4148-B-ML, fused silica plan-convex lens with 50mm focal
length, Broadband anti-reflection coating 650-1050nm) are used, as shown in Figure

7.2.

To maximize the power launched into the fundamental mode of the fibre, the fibre input
facet is positioned using a micrometer positioning stage at the focal point of the focusing
lens. The beam expander is used to adjust the width of the collimated beam (here
operated in reverse to reduce the beam diameter), such that a beam waist with the
optimum width for a fundamental mode launch of each fibre is obtained at the position
of the fibre input. The beam expander is fine-tuned by monitoring and maximizing the
output power of the fibre (measured using a Gentec UP55N-300F-H9-D0 power meter)
which indicates an optimum fundamental mode launch due to the substantially higher
propagation losses of higher-order modes. As an additional precaution, a camera is used

to monitor and detect scattered light from the fibre input facet. The amount of scattered
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light from the glass microstructure is minimized by fine-tuning the fibre input position,
which further reduces the risk of damage to the input facet. The fibre under test is
loosely coiled to approximately 30-40 cm coil diameter. The output power of the fibre is
measured using a power meter (Gentec UP55N-300F-H9-D0). To measure the optical
spectrum, a small portion of the output beam is reflected off a glass wedge and coupled

into an optical spectrum analyser (OSA, Ando AQ6317B, 600-1750 nm).

Beam expander Lens
(reducer) f=50mm HC fiber Glass wedge

(Loose coil with
Trumpf Laser
(TruMicro 50500)

Power meter

dim. 30-40 cm)
N

ON

=

Power 1-50W Micro meter Q
200kHz rep rate positioning stage 0OSA
~6ps pulses

Figure 7.2. Experimental setup including free space launching mechanism and

measurement systems.

7.2.3 Experimental results

In this section, a range of experimental results for different pulse powers launched into
a sample of each fibre will be presented and studied. To start with, the experiments are
conducted with low power pulses, launched into 5m and 9.6m of atmospheric air-filled
samples of HC-PBGF and HC-TF, respectively, to cover two different categories of
HCFs and to study the effect of the fibre characteristics on the optical output. The
measured output spectra for both fibres are shown in Figure 7.3, for different average

laser output power (P, ). Coupling losses were ~0.3 dB and ~0.6 dB for the HC-TF and

vg
HC-PBGF respectively. In both cases, the measured output spectra show broadening
around the pump wavelength caused by SPM, while sidebands start to appear at higher
powers with consistent frequency detuning from the pump in both cases (as noted in
Figure 7.3 (a,b)). The presented power levels in figures are measured at OSA and not

representing the actual output power of the fibres.

Sidebands at 1036 nm and 1023 nm could in principle be caused by FWM, however,
according to 2yP, ~-8,0* — (8, /12)Q*[209], the dependency of detuning on pulse power

and dispersion should clearly affect the position of the peaks in both experiments, when

dissimilar pulse powers and fibres are used. Here y, f,, F,, Q are the nonlinear
coefficient, nth derivative of £, pump power, and phase matching detuning of Stokes

respectively. To distinguish the FWM peaks from RRS peaks, in Figure 7.3 (c,d), the
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phase matching condition (PMC) detuning for each P, are plotted. The phase matching

avg
condition for HC-PBGF would be out of the range of the plotted spectrum. The clear
difference between the phase matching wavelengths and the actual peaks confirms the
influence of RRS. In more detail, the 15t Stokes (1036 nm) and anti-Stokes Raman peaks

(1023 nm) appear at P,,> 2 W and P,,> 5 W for HC-TF and HC-PBGF, respectively.

avg avg
These frequency shifts are in a very good agreement with the rotational Raman shifts
of nitrogen (J = 6) and are consistent with the nitrogen concentration in air (80%), while
the different threshold powers at which the peaks begin to emerge can be explained by
the difference in length and core size of each fibre. Meanwhile, the clear influence of
nonlinear Kerr effects on the pulse and on the RRS peaks can be seen in the shape of
the pump and sideband spectra [172]. Here, comparing two different categories of fibres
has enabled us to understand the effect of fibre characteristics (primarily dispersion)

on the emergence of broadening effects at their initial stages.
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Figure 7.3. The measured output spectrum of the pulsed laser with ~6 ps pulse length at

1030 nm launched in (a) 5 m of HC-PBGF with average laser power (P,

) range of 1 —
6 W and (b) 9.6 m of HC-TF with B, of 1 — 7 W. The phase matching condition (PMC)

detuning wavelengths are superposed over the experimental results for (¢c) HC-PBGF
and (d) HC-TF with 10 dBm shift for each plot (10 dBm/div). The PMC is out of the plot
range for HC-PBGF (d) due to the higher nonlinear coefficient of this fibre.
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As the power increases (P,,> 7 W) for the HC-TF, higher orders of Stokes appear at

vg
1043 nm, 1051 nm and for anti-Stokes at 1016 nm with clear signs of the combined
effect of Kerr and Raman nonlinearities introduced in the form of broadening at the
sideband peaks, which is distinguishable in the output spectra. Although both fibres
presented similar nonlinear outputs despite the markedly different dispersion
properties, it is found that their damage thresholds are considerably different. In the

HC-TF, up to 50 W (P,

v ) 1s transmitted, limited by the maximum power of the available
source, without observing any damage. In the HC-PBGF, however, sudden damage to
the end facet was observed at a much lower input power level, resulting in the partial
or complete destruction of the microstructure extending from the end-facet and several
mm into the fibre as shown in Figure 7.4. Repeated trials resulted in such damage
occurring in a range of input power levels between 5 W and 9 W under similar coupling

conditions. The end-facet damage is attributed to power leakage into the cladding-glass

beyond the damage threshold of the glass.

Figure 7.4. Damaged HC-PBGF by lunching the laser pulse with ~ 6 ps, 200 KHz and

7 W average power at 1030 nm. (a) Damaged cross-section of the fibre, (b) structural

damage along the fibre.

Similar to the HC-TF, HC-KF has 2-3 order of magnitude lower power fraction in the
glass than HC-PBGF and can tolerate higher power pulses. Therefore, to study
nonlinear effects at higher powers, the results from HC-TF are compared with results
obtained from a 13.8 m sample of the HC-KF (Figure 7.1 (c)). The wider transmission
window with low loss profile in this latter fibre facilitates the study of VRS when the
pulse power reaches the threshold for the first vibrational Stokes. Figure 7.5 (a,b) show

the output spectrum of the HC-TF and HC-KF for Pavg =10, 15, 20 W and Pa\,g =2,5,

10, 15, 20 W, respectively. As the power increases, the main pulse experiences

broadening from a mixture of nonlinear phenomena initiated by RRS (e.g. higher order
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RRS, FWM, SPM, etc.) and long before any sign of VRS at Pa\,g = 20 W for HC-TF

(Figure 7.5 (a)).

On the other hand, in the HC-KF, similar to the previous cases, sideband peaks with
the same frequency shifts grow around similar input power (~5 W); this again confirms
the insensitivity of the process to the fibre characteristics and the dominance of RRS.

However, there is a clear sign of a 2330 cm! shifted peak (at ~1355 nm) associated with

VRS of nitrogen at Pa\,g =5W.
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Figure 7.5. The output spectrum of the pulsed laser with ~6 ps length at 1030 nm

launched in to (a) HC-TF with average laser power ( Pavg ) of 10, 15, 20 W and (b) HC-KF
with Pavg of 2, 5, 10, 15, 20 W. The higher power output spectrums from overlapping

sidebands to broad supercontinuum are presented for Pa\,g =25, 30, 35, 40, 45 and 50 W

in (¢) HC-TF and (d) HC-KF.

The difference of the VRS threshold in both cases mainly comes from the high loss of
the HC-TF at the VRS wavelength (Figure 7.1 (f)) in comparison to that of the HC-KF,
with minor effects arising from their characteristic differences (i.e. fibre length and core
size). It can be seen how the pulse duration in this experiment results in a good balance
between pump broadening and energy transfer to the vibrational levels, making it
possible to distinguish the signature of VRS very clearly [197]. This effect is modelled
in the following sections. Furthermore, the first sign of roto-vibrational Stokes and

anti-Stokes scattering are clear around the main peak of VRS as labelled in Figure 7.5
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(b) at Pa\,g = 10 W. This initiates the broadening effect of the VRS sidebands and which

is similar to that at the main pump wavelength. At powers above ~20 W, the pump and
vibrational Raman peaks experience a rapidly-growing broadening effect, which is
initiated by the RRS lines of nitrogen and is accelerated further by the Kerr
nonlinearity with a similar pattern in both fibres, as seen in Figure 7.5 (c,d). These
broadening processes from pump and VRS peaks continue until they start overlapping
and create a broadband supercontinuum extending over a bandwidth of ~750 nm in the
HC-KF. In the case of the HC-TF, the high loss of the fibre outside the anti-resonance
window reduces the bandwidth of the supercontinuum to only ~400 nm. On the other
hand, the HC-KF output shows a very broad supercontinuum with a fairly flat feature
(~10 dB over 500 nm). In fact, such a broadband output is generated with the help of
the spectral wings from the main pump and VRS peak (second pump) in the form of a
‘dual pump’ SG scheme. This, in principle, can decrease the required launched power
to achieve a similar bandwidth in conventional ‘single pump’ broadening schemes for
the same initial pulse width, since the necessary broadening in each ‘pump’ can be

achieved with lower power.

The consistency in the position of the initial sideband peaks in all three fibres at low
input power and the appearance of similar vibrational peaks followed by spectral
broadening (in two of the fibres) confirms that the detailed nonlinearity of air has a
more significant effect than the dispersion related to waveguiding effects due to the
fibres. The possibility of observing the dynamics of the nonlinear process in this setup
by only tuning the pump power ranging from control of the Stokes and anti-Stokes
sidebands, large Raman frequency down conversion (VRS) to broadband SG, introduces
a powerful and tuneable source with high spectral power density and broadband
spectral output for many applications. Moreover, the complex nonlinear evolution
provides a good test and means of verifying the developed numerical model which is

described in the next section.

7.3  Modelling high power pulse propagation in air-filled HC
fibre

In order to model the observed phenomena by high-power pulse propagation in air-filled
HCFs a robust method is needed to handle both the linear and nonlinear phenomena.
Among many different methods and equations (e.g. coupled-mode Raman-FWM, Beam
propagation method, etc.) [209], the Generalized nonlinear Schrédinger equation

(GNLSE) is one of the most common, reliable and accurate equations to model the
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dynamics of pulse propagation in a nonlinear waveguide (i.e. optical fibres). The
GNLSE can model a range of phenomena by including key elements from linear
chromatic dispersion to delayed molecular nonlinear effects. Despite its success, the
most of common models for air are not suited for the GNLSE and the most recent
studies on air-filled HCF's used a very simplified model for nonlinearity of air [196, 199,
210, 211], which struggles to correctly model the detailed nonlinear behaviour of air.
Here, 1 address this problem by adopting a more comprehensive model, which is

validated through comparison with experimental results.

In general, it would be challenging to model the optical behaviour of a gas mixture, due
to the multi-molecule nature of the gas. However, in case of air, it can be significantly
simplified by considering the diatomic model of nitrogen (~80%) and oxygen (~20%) as
the dominant gases involved in the optical process. Although this can reduce the
complexity of the process, including proper details in the model of each gas is crucial to
produce realistic and reliable results, since oversimplification can generate

discrepancies between simulations and experimental results.

Here, to present a comprehensive model for the nonlinear behaviour of air in the
adaptive form with the GNLSE and to also include propagation of the pulse throughout
the air-filled fibres, the dynamics of the pulse is assumed to be governed by the GNLSE
in a co-moving frame with the central frequency of the pulse. This formulation includes
the loss, dispersion and nonlinear properties of air, as well as all the waveguiding

properties of the fibre. It can be represented by:

oA(z, w)
0z

iZZ: K,7, (a))IF{A(z,t)T R,(T)|Az t-T)[ dT } j=12.

—iD(0)A(z,®) =---
(7.2)

It is a modified version of the GNLSE (Eq. (2.13)) in frequency domain and
Az,0)= F{A(z,t)} denotes the slowly varying envelope of the electromagnetic field in the
frequency domain. Recall from Eq. (6.6) that B5(w) is the linear/dispersion operator of
the GNLSE with the definition B(w)= g(w)- B(@,) - (@) (@—a,) +ia(w) /2, Where (o)

represents the frequency-dependent propagation constant of the fundamental mode in

the air-filled fibre and g, (w,) is the nt* derivative of the propagation constant at the
central frequency of the pulse (w,). a(w) is the loss operator, which contains the

contribution of fibre loss and the Rayleigh absorption of air. The right hand side of the
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equation represents the nonlinearity originating from the interaction of the pulse with
the multi-material waveguide, which here has two elements of air and glass

represented by j=12, respectively. In order to model the relative contribution of glass

and air in the nonlinear response, a contribution coefficient (K i) is introduced, which

represents the power fraction in the f» material (i.e. K,for air and K, for glass) and
satisfies the condition Yk -1. The frequency dependent nonlinear coefficient for each

substance has been defined as y (w) = wh, (w)/ cA,, With i () as the nonlinear refractive

index of the j#substance and Ay as the effective mode area.

Recall from Eq. (2.14) that R,(t) represent the nonlinear response of the medium

labelled by j, as each term of summation in Eq. (7.2) stands for the nonlinear effect of

the related material. In this definition, the nonlinear response (R, (t)) contains both the

electronic response, with instantaneous action on the pulse (Kerr effect), and the slower

molecular response (Raman response) [209]:

R;() =@~ f,)5(t)+ f, H, (1), j=12.

o (7.3)
[ R;(t)dt=1.

Here, H,(t) is the Raman response of the molecules and ¢ is the fractional

i

contribution of the Raman response to the total nonlinear response. In the regime of
moderately high pulse power (but still far from the ionization energy of the material),

H() is the most important function, that includes almost all nonlinear effects at the

molecular level and that needs to be properly defined to achieve accurate results.

Considering the causality for the Raman response and using the Kramers-Kronig
principle, the simplest form of nonlinear response can be defined in the well-established
form of a single damped oscillator (SDO) [212], which 1is defined as
H(t) o« u(t)e ™ sin(t/z,) Where u(t) is the Heaviside function, z, is oscillator damping
time, and 7, is time constant controlling the oscillation period. This simple SDO with

z,=32fs, r,=12.5fs and f, =0.18 can successfully model a variety of nonlinear effects

in silica glass by reproducing its broad Raman gain. In extreme cases a more precise
model is needed, as suggested in [193]. Extending this approach to the study of RRS in
gases, can only provide an overall approximate response, which accounts for all RRS
lines as one broad continuous response. This simplification replaces the effect of

individual lines in favour of one simple overlaying envelope. In previous works on

153



Chapter 7

air-filled HCFs, the response of air in the GNLSE has been modelled mainly by

considering nitrogen as the dominant gas with ¢, = 77 fs, r,=62.5 fs and f,= 0.5; this

only takes into the account the 8t rotational transition in RRS of nitrogen [192, 210].
To illustrate some disadvantages of the SDO model for air in the pulse length regime
of this study, a few experimental results of air-filled HC-KF (Figure 7.5 (b)) were
simulated using the SDO and are shown in Figure 7.6. Here, not only the SDO was
unable to correctly model the initial position of the sideband peaks and broadening
effects at low power, but it also completely omits VRS, which is vital in this pulse
duration regime, and therefore the SDO produces incorrect results. In the following, I
describe the implementation of a comprehensive model of the air response using the

GNLSE, which reproduces well the experimental results of different air-filled HCFs.
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Figure 7.6. Comparison between experimental results of air-filled HC-KF (Figure 7.5 (b))

and the GNLSE simulation results using SDO model for air (a) Pa\,g =10 W, (b) Pavg

=15W, (c) Pavg = 25 W. The SDO model cannot properly predict A. the position of the

RRS at low power. B. VRS is not reproduced at all. C. The broadening effect is not
correctly reproduced due to lack of VRS.

7.3.1 Semi-quantum model for nonlinear scattering of air

Unlike solid materials, where molecules are limited to vibrational states, it i1s well
known that gases can also have rotational states, which can be involved in RRS (subject
to their Raman activity). Although general modelling of rotational states and rotational
scattering can be challenging for complex molecules, a semi-quantum model (SQM) for
simple diatomic molecules, such as nitrogen and oxygen (most frequent molecules in
air), can provide enough information and accuracy to model the behaviour of the
molecule in interaction with high power pulses. Generally, the full rotational Raman
response of each gas is a collective response of transitions from individual rotational
states, which depend on the energy level and population of each rotational state, as
introduced in [213-215]. Although the quantum Schrédinger equation can be used to

calculate the rotational states and their energy levels, thanks to a much less onerous
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classical approach to calculate the angular momentum and energy of rotational levels,

the implementation of their quantum mechanical property is straightforward [216].

For linear diatomic molecules such as nitrogen and oxygen by considering a rigid linear
rotor as their molecular model and implementing the angular momentum principle, the

energy of an individual rotational state (J) can be calculated as E, = J(J +1)Bhc, where

B is the rotational constant of the rotor and A is Planck’s constant. In this
representation, RRS arises from rotational level changes caused by an excitation field.
The excitation/ relaxation of rotational states creates rotational Raman
Stokes/anti-Stokes, respectively, with a frequency shift proportional to the energy
difference between the initial and final states of the molecule. However, the change in
energy levels is not arbitrary, but determined by the selection rule of AJ=12[216],

which implies a rotational Raman frequency shift of o, =2Bc(2J +3) . Figure 7.7 shows

the rotational energy level diagram of a diatomic molecule with Stokes and anti-Stokes

frequency shifts.
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Figure 7.7. Demonstration of Rotational energy level diagram and intensity of each

scattering transition.

In addition to the frequency shift, the intensity of each individual transition is also
needed to complete the model. For each Raman transition (w,), the intensity is
proportional to the population of the initial state and the Placzek-Teller coefficient of
transition from the initial to final state [217]. In more detail, the population of each
state is defined by the Maxwell-Boltzmann thermal distribution, the quantum
degeneracy of the initial state (2J +1) and the isotopic effect. Taking all these factors

into account, the total rotational Raman response of the diatomic gas (Hrolk @) is (k=12

for N,and0,) [191, 217, 218]:
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Hyo, (0) =u(t)Cy, 3t )& sin(4zB,c(2J +3)),

3 B (J+2)(J +))
A, = (N, =Na, o

N, =exp[-hcB J(J +1)/KT]. k=12

, (7.4)

where K, T are Boltzmann constant, and gas temperature, respectively. The rotational

constants are g, =1.99cm* and B, =1.44cm™*. The quantum effects are g_—1and 2 for odd
and even J due to nuclear statistics (Isotopic effect), while q, 1 and 0 for odd and even
J , respectively. In this approach, A, represent the intensity of the Raman transition

for frequency shift o,, which includes the effect of temperature by considering the

temperature dependence of the population of molecules ( Ny, ) for each rotational level.

The normalization coefficient (c_. ) is defined to normalize the Raman response by

rot,

Eq. (7.3). The relaxation factors (rr% ) are on average 61 ps and 68 ps for N-and O,

respectively [216] while the measured values in [219] are used for this study. Here, for
the sake of simplicity, a few factors such as centrifugal force, Stark effect, etc. are not
included in the model, which have a very small effect on the results in the experimental

environment (i.e. temperature and pressure stability).

Figure 7.8 (a) shows a comparison between the time domain rotational Raman response
for nitrogen using the SDO and Eq. (7.4) as SQM. Although the SDO can mimic the
first oscillating part of the response (¢ < 1 ps ) (inset of Figure 7.8 (a)), which may be
enough to model the SG process initiated by high-power short pulses [196, 197], the
lack of the other oscillating peaks affects the accuracy of the model in reproducing the
mutual effects of the Raman and Kerr processes. This can be seen more clearly in the
frequency domain, as shown in Figure 7.8 (b,c). The essential difference between the
real and imaginary parts of both responses sets the major imbalance between the

Raman and parametric gains in each model.
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Figure 7.8. (a) Comparison between the time domain rotational Raman response for
nitrogen by the SDO model and SQM, (b) real and imaginary parts of the frequency
response of the SDO model for nitrogen, (c) real and imaginary parts of the frequency

response of SQM for nitrogen.

Besides, the SDO model, not only cannot recreate the full rotational Raman response
of the system, but it also fails to model the mutual interaction of rotational and
vibrational states (roto-vibrational Raman scattering). Here, to achieve a full Raman
response of the molecule, a similar approach as for the rotational states is followed and
the roto-vibrational Raman transitions are included in the model. The vibrational

Raman response H,, (t)in the Q branches are:

Hvibk t= u(t)Cvibk Ze(it/%h )M K Sin(a)kjt)!

J

o, ~27c(Q, —n,I(J +1)), (7.5)
M, =0, (2J+1)exp[-hcB J(J +1)/KT], k=12

where 0, is the central wavenumber of the roto-vibrational transition (&, ~ 2330 cm™
and O, ~1556cm™) and 7, are the rotational and vibrational interaction constants (

7, ~0.0173cm™ and 7, ~0.0159 cm™). C.,, 1sthenormalization coefficient and the average

value for 7,;, is considered to be 10 ps [220].
Finally, to complete the Raman response function of air, the rotational and vibrational

response of individual gases are combined and their concentration in air are included

in the model:

Q

Hl(t) = Z : [lurotk Hrotk (t) + (:I'_lurotk ) Hvibk (t):|’ (7.6)

k=1

S|
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where 7 1s the nonlinear refractive index of air. o, is the product of molecular
concentration (80% for N, (k =1) and 20% of O, (k =2)) and their nonlinear refractive

index [191]. This represents the contribution of the individual gas molecules to the

Raman response. Lo, 1s the contribution of rotational response to the full response of

the molecule, since the collective form of the response function should satisfy the
normalization requirement (Eq. (7.3)) as much as the individual rotational and
vibrational Raman response functions. Eq. (7.6) contains all the necessary elements for
a complete Raman model for air, from high order rotational transition for short
frequency shifts to roto-vibrational phenomena for much higher frequency shifts, in a

compatible form with use in a GNLSE.

7.3.2 Numerical modelling of pulse propagation

To numerically model and reproduce the experimental results through the use of Eq.
(7.2), a set of parameters are needed. To begin with, for each fibre the linear operator

in Eq. (7.2) (B(w)) must be calculated from the experimental and simulated data in

Figure 7.1. In addition, the contribution of each individual effect must be tailored to the

air nonlinearity through an experimental fitting process for ( Lo, > T, ).

Although the nonlinear part of Eq. (7.2) includes all the relevant effects, by assuming

the frequency independence for m, in the frequency range of experiment, one can

significantly increase the numerical calculation speed by unifying separate

convolutions in Eq. (7.2) into one as:

oA(z, @)

- —iD(a»)A(z,co)=imota.(w)w{A(z,t)TRmta.(r)|A(z,t—T)|2dT}. (7.7)

Here R, (1) = @ f,_ )6+ f,_ How > Hoa O =1/ (o T, )X KT H @), Ty =00 KT,

N n n —
frtotal = ijlKJ'nJ' ff] /n‘ma' ’ and Yeotal = DoMorar / CA «

By using this form of the GNLSE, any number of materials can be included in the
simulation without adding any extra computational burden. Also, despite its complex
look, once Egs. (7.4)-(7.6) are calculated using commonly accepted values in the

literature for m, at the experimental condition (l.e. T=300K, P=1atm) [191, 193] and

at the initial time grid points of the simulation, they can be included in the GNLSE

without any extra computational cost, like one does with the SDO.
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To model the pulse propagation dynamics, the modified GNLSE (Eq. (7.7)) was solved
numerically by the toolbox mentioned in Chapter 3 and special care was taken to
eliminate the spurious Raman peaks that might otherwise reappear at short
wavelengths due to periodic boundaries of the FFT by the method described in the
Chapter 6. To fit the parameters of the model, the experimental data of the HC-KF

transmission experiment are used. The best fit was obtained for Lo, = 0.986, f. =0.75.
Here, also the condition of f, = 1 is imposed due to the absence of VRS for oxygen in

the experimental data. Figure 7.9 shows a comparison of experimental and simulation
results for the HC-KF experiment, where the sensitivity of the simulations to stochastic

noise is reduced by averaging over 20 simulations for each spectrum.
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Figure 7.9. (a) Experimental output spectra for HC-KF at different Pavg (Figure 7.5

(b,d)), (b) simulation results using SQM in the GNLSE for the HC-KF (averaged over 20
shots). The comparison of simulation and experimental results for (¢) 5 W, (d) 15 W, (e)
25 W, () 35 W, (g) 50 W.
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Excellent agreement can be seen at low input powers, where the simulations reproduce
well both the RRS and VRS dynamics, Figure 7.9 (c). As the power increases the
signature of higher order RRS, alongside the roto-vibrational Raman scattering is also
well-reproduced (Figure 7.9 (d)). As discussed previously, increasing the input power
not only stimulates higher order Raman peaks, but it also produces noticeable
broadenings from the Kerr nonlinearity, which plays a key role in the sideband
expansion. This broadening process is well reproduced, as shown by the snapshots at
which the input laser and VRS bands start to overlap (Figure 7.9 (e, f), at ~1250 nm).
Such an accurate simulated behaviour can only be possible thanks to the
implementation of the full Raman response described above. As the input power
increases further, the dynamics of the process become more sensitive to the parameters
of the fibre. I believe that some of the discrepancies at the highest peak powers are
mostly due to inaccurate modelling of the dispersion in the vicinity of the VRS

wavelength, which is close to the cladding-core mode crossing of the fibre (~1360 nm).

To further verify the model and the fitting values ( P, > frl) mentioned above, the pulse

propagation also is simulated in the HC-TF. Selected comparisons between
experimental and simulation results, showing again excellent agreement, are shown in
Figure 7.10. Key to obtaining such a good match was the careful reproduction of the
loss profile of the fibre at VRS wavelengths. Such a good agreement of the model, with
the same fitted parameters, for such different fibres, indicates the robustness of the
modelling approach proposed here.
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Figure 7.10. Comparison of experimental output spectrum and simulation results using

the SQM in the GNLSE for HC-KF for Pa\,g of (a) 15 W, (b) 25 W, (c) 35 W.
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In these experiments, as previously discussed, the pulse duration plays a major role in
the pulse evolution dynamics, and in particular on the observation or not of the VRS
peak in the output spectrum. To demonstrate this point, the developed model for air is
used to model the pulse propagation along the same 13.8 m of HC-KF discussed above,
for shorter (0.8 ps) and longer (50 ps) pulse durations. In both cases, the launched pulse

energy is conserved at 200 pd, equivalent to the Pavg = 40 W for the 6 ps pulse above

(i.e. 6 ps at 200 KHz repetition rate).
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Figure 7.11. Power spectrum evolution of a 800 fs pulse (a) propagating along HC-KF at
1030 nm with 200 pd energy, (b) at the output of the fibre; (c) Power spectrum evolution
of a 50 ps pulse propagating along HC-KF at 1030 nm with 200 pJ energy, (d) the power
spectrum of the 50 ps pulse at the output of the fibre.

Figure 7.11 (a) shows that for an 800 fs pulse, unlike the 6 ps pulse, the appearance of
VRS features are masked by the faster broadening of the pulse due to soliton fission,
soliton frequency shifting and other Kerr nonlinearities. The resulting output spectrum
is a wide supercontinuum without any sign of VRS, which agrees with experimental
observations [196, 197, 199]. In contrast, in the 50 ps case, Figure 7.11 (c,d), shows the
clear appearance of a VRS peak, but the broadening of both the pump and the VRS

bands are considerably less than in Figure 7.9.
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7.4  Conclusion

In this chapter, the nonlinear evolution of a picosecond pulse laser in state-of-the-art
air-filled hollow core fibres has been studied. Three different fibre types, HC-PBGF,
HC-TF and HC-KF are tested to explore the different behaviours and examine the
influence of fibre characteristics on the results. In order to observe simultaneously Kerr
and Raman effects and extensively model the nonlinear dynamics in air, input pulses
of a few picosecond pulse duration has been selected; 6 ps pulses with a maximum
energy of 250 uJ at 1030 nm from a commercial tabletop laser (TruMicro 5050°) were
launched into the individual fibres. By comparing results from the HC-PBGF and
HC-TF with very different fibre characteristics (i.e. dispersion and loss profile), the
origin of certain sidebands were attributed to rotational Raman scattering in nitrogen.
By switching from HC-PBGF to HC-KF, necessary for the exploration of higher input
powers, the generation of a new band around VRS frequencies are observed. At even
higher powers, the bands around pump and VRS frequencies merged and a high
spectral power density supercontinuum spanning is achieved from 850 to 1600 nm. The
presented experimental setup is therefore not only a valuable platform to study the
pulse propagation dynamics in air-filled HCF's, but potentially also a technologically
relevant high power source with power-selectable tuneable outputs, ranging from a
highly efficient short/long range frequency conversion to broad supercontinuum

generation.

To model the experimental results, it is shown that the well-established single damping
oscillator (SDO) model is inadequate due to the lack of VRS and an oversimplified RRS
interpretation. I have therefore adopted a semi-quantum model for air that not only
includes the detailed RRS and VRS responses but that can also be used in conjunction
with a standard GNLSE to simulate, very accurately, the broad dynamics of pulse
propagation in the air-filled fibre. Using this model, the experimental results for HC-KF
and HC-TF are simulated with very good agreement, and studied the effect of pulse
length on the nonlinear propagation dynamics. The model presented here can be used
to precisely tailor the fibre design for either maximizing a specific nonlinear
phenomenon, or to reduce the pulse distortion and energy dissipation caused by
nonlinearity in pulse delivery applications. It can be the matter of future works, to
investigate the discrepancy between the model and experimental data for even higher

peak power pulses and rotational Raman frequency shifts.
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Chapter 8: Conclusion and future work

8.1 Summary

The significant improvement on HC-fibres on one hand, and the demand for reliable
laser sources to cover extended range of spectrum on the other hand, persuade us to
explore new possibilities and adapt the available concepts in the HC fibres and gas
lasers towards a practical laser system in the mid-IR. From the first gas lasers that the
potential of gases as a powerful source of coherent lights were demonstrated, they have
been used for many applications. However, their low density nature demands a bulky
pressurized housing and long light-matter interaction length to compensate their low
density (i.e. low nonlinear gain). For many years, the lack of effective mechanism to
provide such confined and long interaction condition for efficient light generation in
gases limited their usage to either large and bulky cavities or required enormous
exciting power to compensate the small interaction length provided by free-space
focusing systems. The introduction of HC fibres with low loss, however, attracted
research interest to bring back the gases in the field of laser generation and harness
their huge potential in this field. In the last decade, along with improvement in the loss
characteristic and durability of HC fibres, successful examples of gas-filled HC fibres
have been introduced with various light generation mechanisms ranging from
population inversion gas lasers [99], Raman frequency conversion to broad
supercontinuum generation [5, 196, 197]. However, most of these works are generally
done in the UV to near-IR regime [48] while the mid-IR and IR range of spectrum are

still in their early stages due to fibre limitation.

In this work, the main focus is on exploring the light generation in gas-filled HC fibres
with emphasis on Raman nonlinearity of gases. As mentioned before, the most
important limitation in gases comes from very low density, and as a result, they exhibit
low nonlinear gain (at low pressure) in comparison to solid or liquid form of matter.
This limitation can be improved by increasing the intensity and/or length of laser-gas
interaction. In this regard, HC fibre plays an important role to provide such conditions
and unveil the potential of gases. Therefore, considering the key role of HC fibre in the
nonlinear process, this thesis is divided into two main parts: (a) study, design and
optimization of a HC fibre for gas-filled nonlinear application towards the mid-IR, (b)
study of the optical nonlinearity in gases (more specifically Raman scattering) and

provide a modelling tool for nonlinear phenomena in gas-filled HC fibre towards the
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mid-IR. In the first part of this thesis, the focus was on HC fibres and their
characteristics to identify the most suitable type of HC fibre to meet the goal of this
project and optimize the fibre design to achieve high nonlinear efficiency in the form of
gas-filed HC fibre. In the second part, the nonlinear dynamic of gases in interaction
with light have been studied by adopting nonlinear models for a few gases (i.e. hydrogen
and air) and integrating these models into the GNLSE to cover a large range of
nonlinear phenomena. The results of my work on these topics have been presented in

the form of chapters following an introduction in Chapter 1.

In Chapter 2, a brief background review on history and type of HC fibres is provided
with the main focus on HC-ARFs due to their broadband transmission window and very
high damage threshold. The optical nonlinearity, in general, and more specifically the
Raman scattering process have been briefly introduced. The most common and general
form of the GNLSE has been described for modelling the nonlinear dynamics of pulse
propagation throughout a long light-matter interaction. The advantage of HC fibres to
increase the interaction length of gas and light as a container and waveguide has been
presented. In a brief overview, the recent works on nonlinearity in gas-filled HC fibres
has been provided which shows the necessity of more studies on gas-filled HC fibre

towards the mid-IR range.

In Chapter 3, the numerical modelling methods and the developed software toolbox to
1mplement such numerical methods are discussed. To model the characteristics of fibres
in general and specifically the HC fibres, after considering the advantages and
disadvantages of available numerical methods, FEM has been selected from a list of
available candidates as the most versatile and efficient numerical solver for the
electromagnetic Eigen mode equation. A commercial FEM mode solver (i.e. COMSOL
Multiphysics®) has been selected for its robust and up-to-date feature to minimize the
implementation errors and maximize the efficiency of solving process. Although the
FEM mode solver kernel is commercial, without correct initialization of essential parts
and parameters in the solver and correct definition of fibre domains and boundaries the
modelling results are not reliable. In this chapter, it was shown that unlike solid core
fibres, HC fibres are very sensitive to mesh size, and the loss calculation process in
these fibres needs a correct implementation of PML due to the leaky nature of their
guidance mechanism. Therefore, I developed a MATLAB toolbox with a commercial
FEM solver at its heart, which optimized for accurate design and modelling processes
such as automatic parameter sweeping and effective meshing. Also, by implementing a
circular bend adaptive PML, the computation time was reduced by reduction of wasted

space between the structure and rectangular PML. This modelling toolbox has been
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implemented in the form of modular multipurpose MATLAB functions and integrated
with a graphical interface (GUI) to model any type of fibre from solid to HC-ARFs which
has been used for modelling in this thesis. On the other hand, to model the nonlinear
pulse propagation throughout the gas-filled fibre, the SSFM was chosen in this study
to numerically solve the GNLSE because of its flexibility and performance advantages
(i.e. it can handle the large grid size needed for the simulation in this thesis ). The
SSFM was implemented in MATLAB environment and a toolbox with GUI has been
developed for the nonlinear solver code in this study. At the end, the fibre and nonlinear

modelling toolboxes were connected within MATLAB for a fully integrated toolbox.

Chapter 4 is devoted to select and optimize the loss of HC fibre to reach desire values
for the project. At first, tubular fibre and NANF were reviewed as the two most
promising HC-ARFs having in mind the goal of the project, which is defined as
generating a mid-IR (4.35 pm) laser light by Raman conversion from a pump laser at
the near-IR (1.55 pum). After providing a brief summary of different category of HC
fibres, NANF has been selected because of its advantages. To achieve the lowest loss at
the operating wavelength for higher Raman conversion efficiency (.e. 1.55 pm and 4.35
um), each design parameter of a six-tube silica NANF were optimized. The optimization
process for each parameter has been described in detail. The effect of material loss on
optimization process was studied and it was shown that due to huge material loss of
silica in the mid-IR, the optimum size of inner tubes in NANF design deviates from the
previous works with low material loss [57]. By analysing the core and cladding modes
in this study, an effectively single mode optimized fibre were achieved regardless of core
size of the fibre by effectively outcoupling the HOMs and introducing a high HOM
extinction ratio. The focus of the optimization process was on achieving the lowest
Raman conversion loss (RCL) while, at the same time, low loss performance at both
operating wavelengths was achieved. After optimizing the silica NANF for low RCL, in
theory, a loss of ~0.9 dB/m at 4.35 um with a core radius of £ = 35 um was achieved,
where the material loss of silica is > 3000 dB/m at such wavelength. Also, by changing
the fibre material to tellurite, the same order of magnitude loss with £= 15 um has

been achieved due to its low material loss.

In Chapter 5, the main focus was on introducing a novel NANF with high birefringence
and polarizing effect simultaneously. This new design, in addition to its applications in
many other areas of fibre optics, can improve the vibration Raman conversion efficiency
required for this work by maintaining the linear polarization of the field throughout
the fibre and reduces the waste of pulse energy on generation of rotational Raman

conversion, which is mostly relies on circular polarization. In this chapter, as first
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attempt, the asymmetric approach was implemented, similar to solid core fibres to
introduce birefringence in NANF. However, it turns out due to very small overlap
between the glass and the field, this method does not produce noticeable birefringence
in the HC-ARFs. Borrowing the well-known anti-crossing concept in HC-PBGFs, a bi-
thickness NANF was introduced which not only can provide a birefringence as high as
commercially available solid core fibres (>107), but also has a very broad high
birefringence operating spectrum range (> 550 nm). In addition to birefringence, by
adapting the out-coupling method for HOM (see Chapter 4), a novel polarization
dependent out-coupling process was introduced, which induced more than 30 dB of
orthogonal polarization loss ratios in the proposed fibre structure. Even though the
presented fibre in this section is designed for a specific wavelength range, due to scaling
law in NANFs, the design can be scaled to the desired wavelength operation. This work

inspired many other design structures in other works.

In Chapter 6, the focus was on the main goal of generating light in the mid-IR from a
near-IR laser source by Raman conversion process in gas. To achieve this objective,
different materials were studied as filling gas for HC fibres. Hydrogen, in addition to
its feasibility and glass friendly feature, shows the highest Raman gain and longer
vibrational Raman frequency shift among other options. In this study, an erbium-doped
fibre laser (1.55 pm) was considered as a reasonable option for the pump and due to its
capability for integration with HC fibres in a fully fiberized mid-IR source. Therefore,
to achieve a high conversion from 1.55 um to 4.35 pm by vibrational Raman process in
the hydrogen-filled NANF, the core size of the designed silica NANF were optimized in
Chapter 4. It was shown that, unlike solid core fibres, the strategy of reducing core size
for higher intensity and higher conversion efficiency is not applicable to HC-ARFs, due
to the dependency of fibre loss to core size. In fact, it was shown that by increasing the
core size, it is more likely to achieve high efficiency at the cost of longer fibre.
Considering the practical limitations on loss of a large core NANF, an optimum core

size of K= 35 um is selected.

In the second part of the Chapter 6, to model the laser pulse propagation in the
hydrogen-filled NANF, an adaptive model with the GNLSE for nonlinear response of
the hydrogen has been adopted by combining the classical and quantum approaches.
Using the developed modelling toolbox in Chapter 6, in conjunction with the adopted
hydrogen model, the well-known effect of pulse length on Raman gain has been
reproduced and validated by the experimental results from the literature. Furthermore,

the numerical challenges in the modelling of such broadband nonlinear process were
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addressed in this chapter. After validation of the model, the pulse propagation was
modelled in the optimized hydrogen-filled NANF from previous chapters. The result
showed ~68% of quantum efficiency within ~3.4 m of silica NANF for 10 kW peak power
pump. It has also shown that by modifying the pulse shape, it is possible to achieve as
high as 78% quantum efficiency with the same input power in the shorter length of fibre
(~3 m). At the end, the vibrational Raman conversion was modelled in the first
fabricated NANF prototype from ORC fabrication team. Although the fibre was not
optimized for this project and had as high as 55 dB/m loss at the Stokes wavelength, it
showed more than 20% of quantum efficiency with a 10 kW peak power pump due to its

small core size.

In chapter 7, the nonlinear behaviour of different material were studied as the filling
gas in the HC fibres. In fact, available atmospheric air in the HC fibres exposed to high
power pulses shows remarkable nonlinear properties and has several interesting
applications such as pulse compression, frequency conversion and supercontinuum
generation. Although the propagation of sub-picosecond and a few hundred picosecond
pulses are well-studied in air-filled fibres, the nonlinear response of air to pulses with
a duration of a few picoseconds has interesting features that have not been fully
explored yet. In this chapter, the nonlinear propagation of ~6 ps pulses in three
different types of atmospheric air-filled HC fibres was studied experimentally and
theoretically. With the help of this pulse length, different nonlinear characteristics of
air at different power levels were explored. Using in-house-fabricated, state-of-the-art
HC photonic bandgap, HC tubular and HC Kagomé fibres, it was possible to associate
the origin of the initial pulse broadening process in these fibres to rotational Raman
scattering at low power levels. Due to the broadband and low loss transmission window
of the used HC Kagomé fibre, it was possible to observed the transition from initial
pulse broadening (by Raman scattering) at low powers, through long range frequency
conversion (2330 cm) with the help of vibrational Raman scattering, to broadband
(~700 nm) supercontinuum generation at high power levels. To model such a wide range
of nonlinear processes in a unified approach, a new semi-quantum model for air has
been implemented in the GNLSE, which surpasses the limits of the common single
damping oscillator model in this pulse length regime. The model can be fully integrated
into the developed GNLSE solver toolbox in this thesis and not only reproduces the
experimental results with good agreement but also provides a powerful tool for design,
modelling and optimization of the nonlinear processes in the air-filled HC fibres.

Moreover, the presented atmospheric air-filled HC fibre can provide a powerful G.e.
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high power spectrum density) and tuneable source with a range of outputs from a single

Raman peak source to a broadband supercontinuum in the near-IR regime.

In summary the key contributions of this thesis in both aspect of fibre

design/optimization and nonlinear modelling of the gases can be listed as:

A software toolbox has been developed covering both aspects of fibre
design/modelling and nonlinear pulse propagation modelling in general, and
specialized for gas-filled fibre modelling in a fully integrated form. The
multipurpose and modular characteristics of this toolbox enable the user to
model any type of fibre (e.g. solid, asymmetric cross section and even 3D
structures) as well as general forms of the nonlinearity in material separately
or as an integrated toolbox. This toolbox covers from fibre design/modelling to
modelling the dynamic of nonlinear pulse propagation throughout the fibre. By
implementing a circular and bend adaptive PML, the computation speed has
been increased as well as accuracy.

Selecting the NANF design as the best available low loss candidate for
broadband nonlinear processes in gases (e.g. Raman conversion), a silica NANF
has been optimized to achieve the lowest loss at mid-IR (.e. 4.35 pm) despite the
huge silica loss at this reign. It has been shown that, the optimum value of
design parameters for NANF with high material loss (e.g. silica loss at mid-IR)
can be different from the conventional optimum values previously reported [57].
The presented silica mid-IR NANF not only can provide very large core size and
low loss, but also is effectively single mode due to high HOM extinction ratio.

A novel design for high birefringence and polarizing operation in NANF has been
introduced (the design is patented). The presented design not only exhibit
birefringence as high as commercial solid core fibres (>104), but also has a very
broad birefringence spectral window (~550 nm). Moreover, a new the
polarization out-coupling mechanism in NANF design has been introduced for
the first time and are able to reach an orthogonal polarization loss ratios of
30 dB.

A nonlinear optical model for hydrogen molecule has been introduced, which can
be fully integrated into the GNLSE and is validated by reproducing the
experimental results and integrated into the developed modelling toolbox in this
thesis. It is shown, through modelling, that using the optimized silica NANF

design, it is possible to achieve more than 68% of quantum efficiency of Raman
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conversation in hydrogen-filled silica NANF towards mid-IR and even ~78% by
pulse modification.

e A rigorous study on the nonlinear dynamics of a picosecond pulse propagating
in atmospheric air-filled HC fibres has been performed. A semi-quantum model
for air has been adopted, which is fully adaptive to the GNLSE and the
developed modelling toolbox. This model could reproduce a wide range of
phenomena observed in experiment which was not possible by conventional
model without adding extra computational burden.

e The adopted model for hydrogen and semi-quantum model for air in conjunction
with the developed toolbox can provide a powerful tool for modelling of nonlinear
processes with broad and complex phenomena, which is not possible/feasible to

model with conventional coupled equations.

8.2 Applications and future work

The proposed Raman laser in this work can find different applications in the interesting
and demanding Mid-IR range of optical spectrum with focus on variety of topics from
material processing to spectroscopy. The output wavelength of Raman lasers, unlike
conventional population inversion lasers, by nature, are not bound to electronic states
of the gain material and their output wavelength can be tuned directly by choosing
proper pump wavelength. Although the proposed design in this study is optimized for
single wavelength output (~4.35 um), the tunability of Raman process and the loss
characteristic of the designed NANF in conjunction with well-developed high power
laser technology at the pump wavelength can provide a good combination for a tunable
high power mid-IR laser. Therefore, available lasers in the range of 1430-1560 nm can
be used with the proposed hydrogen-filled NANF design to generate a wide band
tunable high power Raman laser ranging from 3500-4500 nm which can satisfy a wide

range of atmospheric spectroscopy [221].

Furthermore, the proposed laser can achieve higher level of power than conventional
method in mid-IR (the output power is limited mostly by pump power not the fibre
damage threshold), which makes this option more attractive for remote sensing and
military applications where reaching to far distances is necessary but cannot be
achieved by other low power solutions. This combination of high power output (> 100
MW peak power) and tunable mid-IR range operation is also very appealing for many
other applications such as material processing, nonlinear optical researches in mid-IR

(e.g. mid-IR FWM or supercontinuum generation) and free space communication where
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high power is required at mid-IR [26, 77]. In general, the proposed system can transfer,
to some extent, the capability and tunability of the readily available high power lasers
in near-IR to the challenging mid-IR range of spectrum with fully fiberized capability.
In addition to the proposed NANF design for mid-IR laser, the developed theoretical
framework in this thesis to analys the nonlinear behaviour of the gases in HC fibres
also can be used to achieve high degree of flexibility in designing and modelling

different type of gas-filled HC fibres.

The next step to complete this study would be the experimental exploration and
reproduction of the simulation results as soon as a reasonable NANF has been
fabricated. Although similar results in tubular fibre has been demonstrated very
recently, I believe, due to lower loss in NANTF, it is possible to achieve higher efficiency
with lower input power or can achieve higher output power in the mid-IR with the same
amount of input power. In general, a very high power laser source in the mid-IR range
can open up many opportunities in many research areas. The idea of fully fiberized
laser can be a future work where an erbium-doped fibre laser as the pump can be fully
integrated with the hydrogen-filled NANF. Also to achieve very high power output
using a high power laser at 1064 nm can be used to pump a hydrogen—filled NANF and
through cascade Raman conversion the 27 Stokes can be generated at the wavelength

similar to this work in the mid-IR range (i.e. ~4.4 pm).
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Hexagram hollow core fibres

In this appendix, I have presented my study [66] on Hexagram fibres and the effect of

glass nodes on the fibre loss.

A Hexagram HC fibre is a type of ARFs that consist of a single star-of-David shape in
the centre of the structure as shown in Figure A.1. The guidance mechanism in this
fibre is very similar to a Kagomé structure where the core surrounding glass webs acts
as an anti-resonate reflector to confine the light at the core area. Hence, studying such
fibre with a simple structure can help to understand better the influence of the different

structural elements on the loss in a more complex structure (i.e. Kagomé fibres).

While the web thickness in this structure (‘Hexagram”) determines the resonant/anti-
resonant wavelengths (i.e. the bandwidth of the transmission windows), which can be
calculated by Eq. (2.1), the intersection of the webs creates glass nodes, as shown in
Figure A.1 (a, b), that can noticeably affect the minimum achievable loss. Therefore,
the effect of glass nodes formed in the structure have been extensively investigated as
the key factor determining the loss and performance of anti-resonant hexagram HC
fibre in [66]. In this work, the effect of node direction in relation to the cylindrical
coordinate Eigen directions (i.e. radial and azimuthal directions) have been
investigated experimentally, and through modelling the effect of the node dimensions
on the loss of the fibre have been studied. Figure A.1 shows an SEM of two Hexagram
HC fibres with core surrounding web nodes aligned in either azimuthal or radial
coordination direction alongside their loss profile. Although the experimental results
show the clear advantage of radial nodes over azimuthal nodes identifying the source

of the higher loss in azimuthal nodes requires more study.
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Figure A.1. SEM of anti-resonant hexagram HC fibres, (a) tilted nodes in azimuthal
direction and (b) tilted nodes in the radial direction (54 pm core diameter, 0.31 pm web
thickness), (c) the loss profile of the fibres alongside the modelled confinement loss for an
idealized tube-jacket fibre (red dashed curve) with the same web thickness and core

diameter.

Initially to investigate the effect of the nodes, a cross-section of the fibre has been
modelled by the numerical toolbox developed as described in Chapter 3. In principle, it
is very challenging to model the fibres with complex anti-resonant structures (.e.
Kagomé fibres) because of the resonance effects at sharp corners of the ideal structure
and the sensitivity of the loss profile to a slight change in the web thickness throughout
the fibre (see for example [67]). This phenomenon can be seen in Figure A.2, where the
ideal structure of a fibre (with a core diameter of 50 pm, 0.32 um web and node thickens
of 0.83 pm) has been modelled in comparison to a more realistic form with filleted

corners similar to real fabricated structure.

T T

—Fabricated fiber
——Fillte radial corner nodes (sim)
—— Sharp radial corner nodes (sim)+—=

Loss (dB/m)

Wavelength (pm)

Figure A.2. Loss profile of a Hexagram HC fibre with ideal sharp web intersections and
a fillet form compared to the fabricated fibre. All fibres have the same core diameter of

50 um, 0.32 um web thickness and node thickens of 0.83 pm.
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Taking to account such effects in the modelling, the loss profile for radial and azimuthal
nodes for the same fibre has been modelled and compared with the fabricated hexagram
HC fibre with radial nodes as shown in Figure A.3 (there is no fabricated fibre with an
azimuthal node and the same core size). The simulation results for radial node fibre is
in a very good agreement with experimental results for wavelengths less than 1 um
while the low loss features predicted by modelling at higher wavelengths disappear due
to inconsistency of structure throughout the fabricated fibre, which, in practice, impose
higher loss. More importantly, the simulation results for fibre with azimuthal nodes
not only shows higher loss, but also exhibit the sharp fluctuation features in the loss

profile observed in the experimental results in Figure A.1.

5 T 1] T T T T || II I IIII I
——Radial node (exp)
Azimuthal Node (sim)
4 Radial node (sim) 1
£
@3 I
)
%
3 2f \
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0 L ! | l I\—l'~~-l-~—_;—~l—’~-"“l. 4‘ ( \\’U L N

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
Wavelength (um)

Figure A.3. The experimentally measured (exp) loss of anti-resonant hexagram HC fibre
with radial nodes and simulation results for the same fibre with azimuthal and radial
nodes. The fibre is similar to Figure A.1 (core diameter of 50 um, 0.32 um web thickness

and node thickens of 0.83 pm).

The simulation results on the power distribution with in different fibres show that
despite the similar core size, web thickness and operating wavelength in both fibres,
the leakage of the power to the cladding glass due to the azimuthal nodes is much
higher than the alternative configuration shown in Figure A.4. This effect can be
explained by the increase in overlap of the core field and core surrounding glass which

leads to out-coupling of the core light into the jacket glass.
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Figure A.4. Contour plot of normalized power for the fundamental mode in anti-resonant
hexagram HC fibres with (a) radial nodes, (b) azimuthal nodes at 0.95 um wavelength.
They have a core diameter of 50 um with 0.32 um web thickness. The power leakage to
the cladding can be seen in the azimuthal nodes fibre (contour lines are in 3 dB

differences).

In order to examine the validity of this claim, simulations have been done considering
the thickness of the radial nodes (V7). As is clear from Figure A.5, by increasing the
thickness of the radial node in the azimuthal direction, the general trend of an
increasing loss with increasing exposure of the core field to the glass and out-coupling
of the field to the cladding glass. I, as a co-auther, have provided more detailed analysis

of bend loss and the effect of structural enhancement on loss has been presented in [66].
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Wavelength (pm)

Figure A.5. FEM simulation of loss in anti-resonant hexagram HC fibre for different node
thickness. The overall loss is increased by increasing the node thickness (all fibres have

the same sizes in core diameter 50 pm, 0.32 pm web thickness).

Therefore, keeping the core field away from glass nodes seems a promising solution to
decrease the CL. Similarly the effect of negative curvature core walls on loss and the
dispersive properties of Kagomé lattice fibres has been demonstrated by B. Debord et
all [63]. In this work, the influence of curvature of the core walls has been studied both

theoretically and experimentally. It has been shown, by increasing the arc curvature of
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the core-cladding interface it is possible to reduce the overlap between the core and
cladding modes. Figure A.6 represents experimental results for different curvature
parameters (b) which has been defined as the ratio of the semi-minor to semi-major

axis of core-cladding walls.
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Figure A.6. Kagomé fibres with deferent curvature parameter (b), (@) SEM of
hypocycloid-core Kagomé latticed HC-PCFs with different b parameter, (b) measured

loss, (c) theoretical and an experimental loss vs b at 1.5 um [after[63]].
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Cylindrical bend adaptive PML

In this appendix the formulation used for circular bend adaptive PML in the modelling

toolbox 1s represented.

The implemented PML in the developed toolbox is this thesis is based on anisotropic
PML approach [117]. Unlike Beranger’s type of PML [116], which needs certain
modification in Eigen mode equation and consequently needs modified version of
numerical solver, the anisotropic PML can be treated by the same numerical solver as
the rest of the regions in the model without any extra computational burden (assuming
the compatibility of solver to deal with anisotropic material similar to COMSOL) [117,
118].

In this type of PML, the layer is defined as an anisotropic material with permittivity

tensor (%, ) and permeability tensor (z,, ) as follow [117, 118]:

T =& A,
PML PMLO (B]_)

Hpue = HpmLoN

where &, , and ., , are the permittivity and permeability of PML region at its

interface with surrounding material. A is the anisotropy matrix and defined according
to the coordinate of PML. In principle, PMLs exhibit very high abortion in specific
incident angle (e.g. perpendicular to its boundary) while their performance would
degrades in other incident angles. Therefore, it is important to implement proper PML
geometry and specifications according to propagation direction of outgoing field from
the simulation domain. For instance, in the optical fibres the outgoing field mostly
propagates in radial direction. Therefore, in order to have efficient absorption by
rectangular PMLs, a substantial distance between the structure and rectangular PML
is required to achieve planer outgoing field. On the other hand, cylindrical PML shows
the best performance for radial outgoing field and can be a good option for optical fibre
modelling. It is worth mentioning that although PMLs can be designed to exhibit high
absorption in any direction regardless of their shape or defined coordinate, the most
common form of PMLs exhibit their highest absorption at perpendicular angle of

incident to their boundary.
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Therefore, by choosing the cylindrical PML for the developed modelling toolbox the A

can be defined in the cylindrical coordinate as [117]:

zz\rm:ff LS, + P LSrSZ +172 LS ,
rs, r, rs, (B.2)

r
=" +.[r' S, (r)dr’.

where f, ¢ and  are the unit vectors of cylindrical coordinate and r, ¢ and z are the

relative vector lengths.

The s, can be defined by recalling from Eq. (3.5), as:

srés=1_ig(r_v\:m‘"j , r>ro. (B.3)

where r, and w are the starting position of the PML and the thickness of the PML, as
defined in Figure B.1, respectively. ¢ is a damping factor and must be positive number,
m is the order of propagation loss in the PML which typically is m = 2 [121]. In general,
the damping or absorbing coefficient ¢ should be frequency dependent (g oc1/w) in
time or frequency domain analysis, but in the mode calculation, it should be frequency

independent as all mode solutions are in the same frequency.

Circular PML

Figure B.1. The circular PML layer implemented in a hollow core modelling.

From Eq. (B.2) and Eq. (B.3):

Iy = i +|:1_|4(mj :|(r_rmin)' (B.4)

m+1 w

The tensor representation of 1=\r¢Z (Eq. (B.2)) by assuming S, =1 is in a form of :
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rs,
= r
Ar¢z = 0 Fsr 0 (B5)
t
o o Ls

The presented definition of cylindrical PML can be used in a cylindrical coordinate
without any change in Maxwell’s equations as long as the solver is implemented in the
cylindrical coordinate as well. However, the other steps such as geometry definition,
meshing, boundary definition, material definition and etc. are more convenient in the
solver (i.e. COMSOL) to be in Cartesian coordinate. Therefore, it is essential to define
the cylindrical PML in Cartesian coordinate while preserving its non-reflecting and

absorbing attributes in the radial direction.

Using the coordinate transformation and invariance in Maxwell’s equations, the
material tensor property can be transformed from one coordinate to another one (.e.
cylindrical coordinate to Cartesian coordinate in the case of this study) by [222]:

- J A

— rgz rx. (BG)
T det(d,,)

where J_ is the Jacobian matrix of transformation from cylindrical coordinate (rgz ) to

Cartesian coordinate (XyZ ) with j7 and det(J,) as its transpose and its determinant,

respectively. Using the Eq. (B.5) for lz\r 5, and Eq. (B.6), the material tenser in Cartesian

74

coordinate (/:\ ) is calculated as:

Xyz

iicosz(¢5)+LSrsin2(¢) sin(¢)cos(¢){£i—isr} 0
rs, I, rs, r

r t

>l
Il

r t

" sin(¢)cos(¢){£rtsi—risr} LI;Sisinz(qﬁ)+ris,cosz((;ﬁ) 0 (B.7)

0 0 s,

r

At the end, the PML can be defined as an anisotropic material, using Eq. (B.7) and Eq.
(B.1) to define the permittivity and permeability of the layer in a Cartesian coordinate

within the FEM solver (i.e. COMSOL).
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As mentioned in Chapter 3, to achieve non-reflecting property in PML, the impendence
matching condition should be satisfied at the boundary of PML and its surrounding

material in a general form of:

Homio _ EpmiLo (B.S)

2 &
where [, and €, are the complex permeability and permittivity of the material next to

PML layer at their interface. The condition in Eq. (B.8) can be relaxed as Epyo =&, and

Hoyo = 4. Although the presented PML can be accurately used for straight fibre

simulation, in order to correctly model the bend loss, the impedance matching condition

requires modification.

As discussed in Chapter 3, to implement the bend loss calculation in a 2D geometry
instead of 3D geometry, the geometric transformation method has been used by

applying a tilted refractive index approach Eq. (3.6). In this case, to preserve impedance
matching at the interface of PML layer and simulation domains, while fpy,o is 1,

considering dielectric material for outer cladding layer of fibre (e.g. silica), the

permittivity of PML defined as:

2%

2 Reﬁ

Epyo =y € (B.9)

where n, is the tilted reactive index of surrounding material at the interface of PML (i.e.

Eq. (3.6)). Implementing an anisotropic layer in the developed modelling toolbox with
material defined though Eq. (B.1), (B.3), (B.4), (B.7) and Eq. (B.9) provides a circular
bend adaptive PML. This PML facilitates the accurate modelling of straight and bend
losses of fibres as well as improving the computation speed by reducing the wasted

spaces between geometry and PML layer.
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Chebyshev collocation method

In this appendix, the formulation of Chebyshev collocation method used in the

calculation of dispersion operator in Chapter 6 is presented.

As mentioned in Chapter 6, even though introducing Eq. (6.6) provides an accurate form
of dispersion operator by eliminating the need of truncating higher order dispersion

derivatives (i.e. B (w)), the necessity of numerically calculating the derivative of

dispersion and requirement of the dispersion value at the frequency grid points G.e.

B(w,)) for the nonlinear modelling can still impose numerical error in the calculation

of the dispersion operator from fibre modelling results.

On one hand, the calculation of dispersion for HC fibres at each frequency is
computationally expensive, and on the other hand, the numerical modeming of
nonlinear pulse propagation requires a very fine frequency grid to accurately model the
dynamics of the pulse in nonlinear medium. Therefore, a balanced approach is required

to achieve accurate dispersion profile (i.e. B(w)) at the frequency grid points of

nonlinear pulse propagation modelling while reducing the number of FEM modelling of
the fibre. The most common approach is to model the fibre by FEM mode solver for an
equally spaced frequency domain grid (e.g. typically 100 points) with less points than
frequency grid points required for the nonlinear pulse propagation modelling (e.g. 224
points) and the required values at frequency grid points for nonlinear modelling are
calculated by linear interpolation. However, it is well-know that equally spaced
interpolation methods have high over-all error and require large number of points to
achieve well-fitted curve and also have poor numerical derivative results [223].
Therefore, in this appendix, I have presented the Chebyshev polynomial interpolation,
which is a well-known method in fluid dynamic [224], and more important, its

capability to evaluate the derivative of a function (e.g. 8,(»)) in the form of matrix

multiplication [223, 225].

A well-defined function f(x) in domain |X|$1 can be approximated by a N-order

Chebyshev polynomial interpolation as:

f(x)~ zN:aka(x) (C.1)
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where T, (x) are Chebyshev polynomial of first kind, which are defined as:
T, (X) = cos(K cos ™ (x)) (C.2

In order to have a well-fitted interpolation polynomial, the collocation points are chosen
as Chebyshev—Gauss—Lobatto points [223], which are defined as the roots of the
polynomial (1— x)T, where T,, =dT, /dx, these point can be expressed by [223]:

X, =cos(%|), 1=0,1,---N. (C.3)

The expansion coefficients, a, can be evaluated by the inverse relation:

2 P kT o (C.4)
ak_NCk.;‘ c cos(N), k=0,1,---N.

where ¢ =1 for I,k=12,---N-land ¢, =c, =2.

In addition to providing a well-fitted interpolation, this selection of collocation points

(.e. Eq. (C.3)) provide the ability to calculate the derivation of f(x) by performing

matrix multiplication rather than a simple two-point estimation (i.e. Newton's
difference quotient) and avoid the sensitivity of numerical error to the direct derivation.
In this approach, the Chebyshev-Lagrange collocation method [223] provides an Ntb-

order approximation of f(x) as Lagrange interpolation using Chebyshev collocation

points in Eq. (C.3)as:
(L= 4y () (C.5)

where y, (x) are the characteristic Lagrange polynomials and have delta-function form

of [refl:

(-1)" (L X*)Ty (x)
CN2(t-x)

v, (X)= (C.6)

The polynomials v, (x) have the properties that y,(x,) =1for | =i and v, (x,) =0 for | #i
. Due to such definition of y,(x), the f(x) is analytically defined by ,(x) at x points
and (L, f)(x)=f(x), consequently. Therefore, the derivative of f(x) at collocation

points (i.e. Eq. (C.3)) can be expressed analytically by:
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df (x) & dy;(x)
TR Tl )

Defining Dy =dy;(X)/dX and using Eq. (C.6) for y,(x), the elements of the derivative

matrix operator D can be expressed as [ref]:

C| (_1)I+j
c,(% —x;)

N zi=12...
D, =1 €= (C.8)

By this formulation, the derivative of f(x) can be calculated at the Chebyshev

collocation points in the form of matrix multiplication defined as :

df (x,)
dx f(x,)
) fi) (C.9)

dx =D

dx

The higher order derivatives at collocation points can be calculated following similar

method by just multiplying the derivative matrix operator consequently.

The Chebyshev interpolation and Chebyshev-Lagrange collocation methods can be used
to calculate the dispersion profile (ie. SB(w)) and its derivatives. Although the
presented equations are in |X| <1 domain, they can be extended to any arbitrary domain
a<x<b aslongas f(x) is well-defined in that domain and Chebyshev collocation points

are defined as:

X, :aLb_Fﬂcos(ll)’ 1=0,1---N. (C]_O)
2 2 N
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