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Zusammenfassung

Die Entwicklung von Lichtleitfasern und der sich daraus ergebenden Technologien hat in
den letzten Jahrzehnten erhebliche Verdnderungen in den menschlichen Gesellschaften
weltweit bewirkt. Optische Fasern haben aufgrund ihrer Kompaktheit, geringen Verluste
und nicht zuletzt den giinstigen Preis viele in der Vergangenheit etablierte Technologien
nach und nach ersetzt. Beispielsweise liel am Ende des 20. Jahrhundert die Telekommu-
nikationsrevolution durch den weiter verbreiteten Einsatz von Glasfaserkabeln die Welt
naher zusammenriicken. Am Anfang des 21. Jahrhunderts haben Glasfaserlaser nicht
nur eine weit verbreitete Anwendung in der Industrie fiir das Schneiden und Schwei-
Ben gefunden, sondern auch zahlreiche wissenschaftliche Anwendungen erst ermoglicht.
Alle diese neuen Anwendungen waren das Ergebnis einer kontinuierlichen Forschung
der Mechanismen der Lichtfiihrung in optischen Fasern. Um mit den Erfordernissen
Schritt zu halten, hat sich Glasfasertechnologie von der Lichtfithrung in konventionellen
Glasfasern hin zu jener in Hohlkernfasern wie Kagome-Fasern weiterentwickelt.

In den letzten Jahren finden antiresonante Hohlkernfasern (ARHCF) aufgrund ih-
rer neuartigen optischen Eigenschaften zunehmende Anwendungen in verschiedenen
Bereichen der Wissenschaft und Technologie. ARHCF haben eine groe Ubertragungs-
bandbreite, die von ultravioletten bis infraroten Wellenléngen reicht. Aufgrund ihres
Lichtleitmechanismus ergeben sich aber sogenannte strand resonances, das sind spektral
schmale Banden mit hoher Dampfung. Die Entwicklung eines tieferen Verstandnis-
ses der neuartigen Eigenschaften und faszinierenden Anwendungsmoglichkeiten von
ARHCEF bilden den Kern dieser Arbeit. Im ersten Teil werden Untersuchungen der
einzigartigen Fasereigenschaften von ARHCEF présentiert. Dazu gehort die abrupte
Anderung der Gruppengeschwindigkeitsdispersion (GVD) in der Nihe von Wellen-
linge der strand resonances, sowie die Entwicklung des Polarisationszustandes bei
Propagation in verschiedenen polygonal strukturierten Faserkernen. Der zweite Teil
dieser Arbeit befasst sich mit der spektralen Verbreiterung eines ultrakurzen Pulses
in einer gasgefiillten ARHCF unter den Bedingungen einer stark variierenden GVD in
der Nahe der verlustbehafteten strand resonances. Dabei wurde erstmals festgestellt,
dass die nichtlinearen Effekte zur Generation neuer Frequenzen, die mit einem solchen

Dispersionsprofil verbunden sind, die erheblichen linearen Verluste im Resonanzbereich



iiberwinden kénnen und so zu einem spektral kontinuierlichen Ausgangssignal fiihren.
Im letzten Teil der Arbeit wird dann noch gezeigt, dass in gasgefiillten knotenlosen
ARHCEF Laserpulse durch Selbstpulskompression auf eine Dauer von wenigen Zyklen
verkiirzt werden konnen.

Das Dispersionsprofil in der Néhe der strand resonances der ARHCF wird unter
Verwendung eines Mach-Zehnder-Interferometers, in dem sich die Faser in einem Arm
befindet, charakterisiert. Wenn eine Weillichtquelle verwendet wird, kann aus dem
spektral aufgelosten Interferenzsignal die Dispersion der Faser ermittelt werden. Das
aufgezeichnete Interferenzmuster zeigt in der Nahe der Resonanz eine hochfrequente
Modulation, die entfernt von der Resonanz dann wieder niederfrequent wird. Diese
Streifenmuster werden durch Fourier-Analyse numerisch verarbeitet, um so das Dispersi-
onsprofil zu erhalten. Die extrahierten Dispersionskurven zeigen eine Variation der GVD
um mehrere Groflenordnungen. Es konnte auch gezeigt werden, dass die genaue Position
der Resonanzwellenlédnge sehr kritisch vom genauen Aufbau der Faser abhéngt. Diese
Messungen bilden die Grundlage fiir ein besseres Verstédndnis der Leitungsmechanismen,
aber auch wichtige Hinweise fiir Optimierungen des Faserdesigns sowie des Faserzieh-
vorgangs. Nicht zuletzt sind diese Messungen die Grundlagen fiir die Experimente und
Simulationen zur Erzeugung von Superkontinuum und ultrakurzer Pulse in gasgefiillten
ARHCEF.

Das Verstandnis der Entwicklung des Polarisationszustandes der sich ausbreitenden
Grundmode in einer ARHCF ist fiir den Einsatz in vielen photonischen Anwendungen
unabdingbar. Die geometrieinduzierte Polarisationsabhéngigkeit in verschiedenen po-
lygonkernformigen ARHCF wird hier erstmals experimentell untersucht. Dabei wird
die Veranderung der Polarisation des Ausgangslichts als Funktion der Orientierung
der Eingangspolarisation in Bezug auf den Faserquerschnitt betrachtet. Dabei zeigt
sich, dass strukturelle Abweichungen von der reguldren Polygonform Doppelbrechung
und einen von der Polarisation abhingigen Verlust induzieren. In der Mitte des Uber-
tragungsbandes einer bestimmten ARHCF tritt nicht nur der geringste Verlust auf,
sondern das Ausgangslicht zeigt eine minimale Elliptizitéat fiir einen linear polarisier-
ten Eingang. Die Ergebnisse zeigen eine erhebliche Zunahme der Doppelbrechung in
Richtung der Resonanzwellenldngen. Es konnte aulerdem gezeigt werden, dass sowohl
die Betriebswellenldnge als auch die sorgfaltige Wahl der relativen Orientierung der
Eingangspolarisation in Bezug auf den Faserquerschnitt entscheidend sind, um Aus-
gangslicht mit minimaler Elliptizitdt zu erreichen, das fiir viele Anwendungen eine
Grundvoraussetzung ist. Das beobachtete einzigartige Dispersionsprofil der ARHCF
spielte eine wesentliche Rolle bei der nichtlinearen spektralen Verbreiterung ultrakurzer

Pulse in einer gasgefiillten ARHCF. Das beschriebene Experiment untersucht die Aus-
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wirkung einer abrupten Anderung der GVD nahe der Resonanz auf die Dynamik der
nichtlinearen Impulse durch Anregung nahe der Resonanzwellenldnge in einer mit Edel-
gas gefiilltem AHRCF. Damit ist es nun moglich mit einer Krypton gefiillten ARHCF
ein Superkontinuum mit Ausgangsenergie von ~ 23 wJ zu erzeugen, das sich tiber drei
optische Oktaven erstreckt, also von tiefen UV-Wellenldngen (200 nm) bis zum nahen
Infrarot (1.7 um) reicht. Die Dispersion aufgrund der strand resonances tbertrifft den
Dispersionsbeitrag des Gases und leitet einen beschleunigten Aufspaltungsprozess in
einem nicht-adiabatischen Dispersionsregime ein. Die Simulationen bestétigen die Emis-
sion phasenangepasster Cherenkov-Strahlung auf beiden Seiten der Resonanz. Derartige
Dispersionsprofile sind unabhéngig von der Kerngrofie und ermoglichen die Skalierung
hoherer Eingangsenergien durch eine Konstruktion mit einer gréfferen Kerngrofle.

Hohlkernfaser mit negativer Kriitmmung des Faserkerns, sogenannte negative curvature
(NC) ARHCF, haben in den letzten Jahren ebenfalls grofie Verbreitung gefunden. Denn
sie haben den Vorteil, dass im nahen und mittleren Infrarotbereich nahezu verlustfrei
iibertragen werden kann, welches einem Wellenlédngenbereich weit jenseits der Absorption
von Quarzglas bei 1,9 um entspricht. Im letzten Teil wurde nun die Erzeugung von
Pulsen mit weniger Zyklen in einer Argon gefiillten, knotenlosen Quarzglas-NCARHCF
untersucht. Komplexe nichtlineare Prozesse, wie die Solitonspaltung, werden durch
Pumpen fernab der Resonanzwellenldnge vermieden und eine Selbstpulskompression
erreicht, die bei einer Wellenlédnge von 1,75 um Pulse von nur mehr 2,5 Zyklen mit
einer Ausgangsenergie von ~18 wJ ergibt.

Zusammenfassend wurden in dieser Arbeit die Vorteile von ARHCF wie Dispersi-
onsabstimmung, Resonanzposition, Skalierbarkeit und Transmission von ultravioletten
bis mittleren Infrarotwellenlangen fiir die Licht-Materie-Wechselwirkungen demons-
triert. Damit konnte gezeigt werden, dass ARHCF ideale Kandidaten fiir die weitere
Erforschung nichtlinearer Optik in gasgefiillten Fasern sind und den Weg ebnen fiir die
Entwicklung kohérenter Ultrabreitband- und Hochenergiequellen. Diese Quellen kénnen
viele interessante Anwendungen in verschiedenen Wissenschafts- und Technologiefeldern

wie Attosekunden-Messtechnik, Biophotonik, Spektroskopie usw. erleichtern.
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Abstract

Invention of optical fibers and technologies driven by it have brought significant trans-
formation in the human societies across the globe over last few decades due to their
small footprint, excellent power budget and economically affordable. Since their advent,
optical fibers have gradually replaced many technologies of the previous centuries;
e.g. in 20th century, optical fiber enabled telecommunication revolution made the
whole world smaller, few micrometre thin optical fibers are able to monitor structural
health of large structures, since the early 21st century fiber lasers have transformed
industrial cutting and welding along with high impact scientific applications, etc. Such
applications have been possible as a result of continuous research in studying light
guidance in optical fibers. The evolution of optical fiber technology has come a long
way from solid core-clad fibers to hollow core-clad guidance like Kagome fibers.

In the recent years, the antiresonant hollow core fibers (ARHCF) are finding in-
creasing applications in different fields of science and technology due to their novel
optical properties. The in-depth understanding of these novel properties and intriguing
possibilities for applications is at the core of this thesis. This work investigates the
unique fiber properties like abrupt variation of group velocity dispersion (GVD) of
the ARHCF near resonance wavelengths due to fiber strands that form the fiber core
structure and polarization evolution in different polygonal structured cores. Strand
resonances induce narrow band high attenuation regions in the broad transmission
bandwidth of the ARHCF extending from ultraviolet to infrared wavelengths. This
work delves into spectral broadening of an ultrashort pulse in gas-filled ARHCF under
the new scenario of highly varying GVD profile. The nonlinear effects associated in
such a dispersion profile are found to overcome lossy resonance region and generate a
spectrally continuous output. Further, the work explores few cycle pulse generation
in gas-filled nodeless ARHCF by self-pulse compression. The dispersion profile near
the fundamental resonance of the ARHCF is characterized using an interferometric
technique in a balanced Mach-Zhender interferometer. The interference fringes produced
by the superposition of light from the two arms contain the information about the
dispersion of the fiber. The recorded interference pattern contains both high and low

frequency fringe patterns away from the resonance and in the vicinity of resonance,
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respectively. These fringe patterns are numerically processed through Fourier analysis
to obtain dispersion profile. Extracted dispersion curves show significant GVD variation
by few orders in magnitude (of fs?/cm) in close proximity of the resonance wavelength
along with additional zero dispersion wavelengths. Position of resonance wavelength
depends on the thickness of the glass strands forming the fiber core and it can be
controlled in the fiber design opening up new ways to engineer precise GVD profile
with possible interesting applications involving ultrashort pulses.

Understanding polarization behaviour of the propagating fundamental mode is impor-
tant to develop relevant photonic devices. Geometry-induced polarization dependence
in different polygon core shaped ARHCEFs is studied from the experimental perspective.
Variation in the polarization of the output light as function of orientation of input
polarization with respect to fiber cross section is investigated. The results show that
structural deviations from regular polygonal shape induce birefringence and polarization
dependent loss in polygon core antiresonant fibers. The center of the transmission
band in a given ARHCF has lowest loss and is found to deliver the output light with
minimal ellipticity for a linearly polarized input. The results show substantial increase
in birefringence towards the resonance wavelengths. Both operating wavelength at
lowest loss and careful choice of the relative orientation of input polarization with
respect to fiber cross section is critical to achieve output light with minimal ellipticity.

The observed unique dispersion profile of the ARHCF can play a significant role in
nonlinear spectral broadening of ultrashort pulses in gas-filled ARHCF. The experiment
studies the effect of abrupt variation in GVD near resonance on the nonlinear pulse dy-
namics by pumping close to resonance wavelength in inert gas filled AHRCF. The results
show the supercontinuum generation spreading over three octave of broadband light
ranging from deep ultraviolet (UV) wavelengths to near infrared (IR). The dispersion
due to strand resonance outperforms the dispersion contribution from gas and initiates
accelerated fission process in a non-adiabatic dispersion regime. The simulations confirm
the emission of multiple phase matched Cherenkov radiations on both sides of the
resonance. Broadened output spectrum extends from 200 nm to 1.7 um at output
energy of ~ 23 nJ in krypton-filled fiber. Such dispersion profiles are independent of
the core size and enable scaling higher input energies by design of larger core ARHCFs.
Another advantage of negative curvature (NC) ARHCFs is that they can transmit light
from near infrared to mid infrared wavelengths, well beyond traditional silica cut-off
wavelength at 1.9 um. This thesis explores generation of few cycle pulses in argon-gas
filled silica based nodeless NC-ARHCFs. Complex nonlinear processes like soliton fission
is avoided by pumping away from the resonance wavelength and achieves self-pulse

compression yielding 2.5 cycle pulses at wavelength of 1.75 um with output energy of



~ 18 wJ.

In summary, this work shows first successful measurement of such large GVD variation
of few orders in magnitude arising due to geometry induced dispersion. This provides a
new platform to study laser matter interactions where one can combine ARHCF design
advantages like dispersion tuning, position of resonance, scaling capabilities, transmission
from ultraviolet to mid infrared wavelengths. The work demonstrates not only achieving
of over three octave broadband supercontinuum, but also generation of 2.5 cycle pulses
at 1.8 um by the optimisation of different fiber parameters and choice of nonlinear
medium. These ARHCFs are ideal candidates to further explore nonlinear optics in
gas-filled fibers and pave way towards development of coherent ultra-broadband and
high-energy sources. These sources can facilitate many intriguing applications different
fields of science and technology like attosecond metrology, biophotonics, spectroscopy

etc.
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1 Introduction

Light is the fastest known entity in the universe. There is nothing physical in the
existence that travels faster the velocity of light in vacuum. There has always been
an effort to guide the light from one point to another. Since the first description on
light guiding by total internal reflection in 1842 [I], there has been a continuous effort
in developing new strategies for guided light. In the early nineteenth century, quartz
glasses was used to transport the light in a microscope with an ability to bend the light
at the corners [2]. The development of flexible fiberscopes by total internal reflection
in 1954 paved the way for fiber optics revolution [3]. About three decades later, seeds
of Anti-Resonant Reflecting Optical Waveguiding (ARROW) were sown giving rise to a
new class of light propagation in hollow-core fibers |4, [5]. Such fibers are also known
as Antiresonant Hollow-Core Fibers (ARHCF). This work focuses on nonlinear laser
matter interactions in gas-filled ARHCF.

Nonlinear optics has been one of the most important areas of science and technology
with numerous applications in spectroscopy, optical coherence tomography, optical
communication, biomedical imaging, metrology and many others. Nonlinear interactions
are possible when an intense light interacts with matter. Nonlinear interactions in solid
core optical fibers have found numerous applications in different fields started with the
self-phase modulation (SPM) and this lead to the observation of solitons in optical
fibers [0} [7]. Over the last few decades, the applications have extended to supercontinuum
generation [§], four-wave mixing (FWM) in microstructured fibers [9], optical switches
based on cross phase modulation [10], and few-cycle pulse generation [I1]. However,
the solid core fibers operate at low pulse energies of few nanojoules limited by damage
threshold of silica. Gas-filled hollow core capillary waveguides provide energy scaling by
few orders in magnitude and support ultrashort pulse propagation [I2HI5]. Nonlinear

effects can be increased by tighter light confinement in the hollow core i.e. by reducing



1 Introduction

the bore diameter. However, the loss length of these fibers is proportional to the cube

of the bore radius a and is given by [16), [17]

2m\2 a3 v/n? — 1
L~ () avn -2 11
é 201 A2 n2—i—1 ( )

where the first root of the zero-order Bessel function Jy is zg1, refractive index of the
glass is n and vacuum wavelength of light is given by A. The 1/e intensity decay length
in fused silica capillary for a 10 pm uncoated bore is ~ 3.55 mm. Such short decay
lengths are not practical in hollow-core fiber (HCF) experiments. Advent of hollow-core
photonic crystal fiber (HC-PCF) revolutionized the field of nonlinear optics in gas
filled fiber where they provide two order higher effective nonlinearities for ten times
narrower bore diameter along with low propagation losses [13| [I5]. Ref. [I5] provides a
detailed review on ultrafast pulse dynamics and different nonlinearities that take place
in gas-filled HC-PCFs.

Over the last decade, interest in antiresonant hollow-core fibers has increased sub-
stantially due to its unique properties like transmission in broad spectral bandwidth
spreading over multioctave frequencies, fundamental propagation mode across the
transmission bandwidth [I8], low propagation losses [19], low dispersion (except in the
vicinity of the strand resonance wavelength) [20], extending transmission towards mid
infrared spectral region, beyond cut-off wavelength of in silica fibers [21].

The hollow-core nature of the antiresonant hollow core fibers (ARHCF) gives an
additional advantage to fill the core with a certain choice of nonlinear gas to study laser
matter interactions. Such fibers provide enhanced light-matter interactions in diffraction
free propagation over long lengths. Gas-filled ARHCFs have found applications in
soliton pulse compression [14], generation of ultraviolet light by dispersive waves [22],
supercontinuum generation [15], 23] and so on.

This thesis is divided into three different parts each containing two chapters. First
part is on fundamentals. Chapter 2 provides an overview of Maxwell’s equations that
describe the electromagnetic wave propagation. Two different pulse propagation models
known as unidirectional pulse propagation equation (UPPE) and Generalized nonlinear
Schrodinger equation (GNLSE) are introduced. The last section of the chapter describes
different nonlinear effects that are normally observed in the optical fibers.

Chapter 3 introduces different hollow-core fibers with a focus on ARHCF. It explains
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the light guiding mechanism, characteristic features of an ARHCF and details different
ARHCFs used in this work.

Second part of thesis deals with characterization of unique properties of ARHCF.
Chapter 4 details measurement of group velocity dispersion (GVD) of the ARHCF in
the vicinity of the spectral resonance region by interferometric method.

Chapter 5 explores the polarization evolution in ARHCF. The study involves polar-
ization evolution as a function of variation in azimuthal periodicity of the single ring
ARHCEF. Further, impact of resonance on the polarization property of the propagating
light is discussed.

The final part of the thesis concentrates on nonlinear interactions in gas-filled ARHCF:
Chapter 6 studies light matter interaction in gas filled ARHCF leading to supercontin-
uum generation. The studies are carried out with inert gas krypton and Raman-active
gas nitrogen filled ARHCF. Numerical simulation analyse different nonlinear effects
that are responsible for supercontinuum generation focusing on the effect of dispersion
profile of the ARHCF near resonance wavelength.

Chapter 7 focuses on few cycle pulse generation in argon gas filled in a nodeless
ARHCF and temporal characterization of the output pulses.

Final chapter summarizes the main results and provides an outlook for the future

experiments.



Part I: Fundamentals



2 Nonlinear Pulse Propagation in Fibers

This chapter discusses the fundamental principles of nonlinear pulse propagation in
optical fibers. The pulse propagation equations are derived from Maxwell’s equations.
The discussion focuses on two different numerical methods that are implemented in this

work.
« unidirectional pulse propagation equation (UPPE) [24H26]
« nonlinear Schrédinger equation (NLSE) [27]

Different nonlinear effects that are experienced by propagating light in the fiber
are explained with the help of UPPE and NLSE simulations. Section introduces
Maxwell’s equations and its applications in nonlinear optics. The two numerical methods
(UPPE, NLSE) for pulse propagation in optics fibers are detailed in section . A brief

introduction to different third order nonlinear effects are discussed in section 2.3

2.1 Maxwell’s equations

Maxwell’s equations govern the propagation of electromagnetic waves in any given
medium. They govern both linear and nonlinear effects induced by the polarization of

the propagating light. Maxwell’s equations are defined in SI units as:

V-D=p (2.1)

V-B=0 (2.2)
0B

VXE——E (2.3)
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oD
H-= — 2.4
V x J+ T (2.4)

where, E and H are the electric field and magnetic field of the propagating electro-
magnetic wave, D and B are the corresponding electric and magnetic flux densities,
respectively. J, p, €p and pg are the current density, charge density, vacuum permittivity
and vacuum permeability, respectively. P and M correspond to induced electric and
magnetic polarizations. Vector quantities are written in bold and nabla - V is the
Laplacian operator to denote divergence (V-) and curl (V x) operators.

In a nonmagnetic medium like optical fiber, M is equal to zero. Optical fibers do not

carry any electric charge (p=0) and current (J=0) reducing Maxwell’s equations to

V-E=0 (2.7)
V:-B=0 (2.8)
VXE= _8613 (2.9)
VxH= 88]? (2.10)
VxH= 8(60‘3:1)) (2.11)

Maxwell’s wave equation can be obtained by taking curl of Eq. and substituting
with Egs. 2.8 to eliminate B and D and obtain the following equation with

further simplification in terms of E and P

1 O°E 0*P

2
B w2l i R il
VE+ Sor ~ Mg

(2.12)
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where c is the speed of light in vacuum and is given by

\/Gouo'
Induced polarization P can be split into linear part and Py, and nonlinear part Pyt

such that
P =Py +Px (2.13)

where Py, has linear dependence on E and Pyy, is of great interest in this work where
higher orders of E play a significant role in the pulse propagation dynamics. Limiting

to third order nonlinear effects governed by ), Pr, and Pyy, are written as

t
P = 60/ XDt =t - E(r, t')dt (2.14)
t t t
PNL = 60/ dtl/ dtz/ dt3
B o - (2.15)

X X (t —ty,t — to, t —t3):E(r, t)E(r, t)E(r, t3)

where x(!) is the linear susceptibility and Py, is the linear polarization due to electric
field E. Linear index of refraction (n) is related to linear susceptibility and is given by
n =1/1+ xM. At higher incident E, the third order susceptibility x©® introduces the
Kerr effect leading to intensity dependent modification in refractive index. Kerr effect
leads to different nonlinear phenomena like self-phase modulation (SPM), four-wave
mixing (FWM) and cross-phase modulation (XPM). Change in the refractive index due
to high intensity of the pulse is mathematically given by

An = ny|EJ? (2.16)

where |E|? is the intensity of the pulse. 7 is the nonlinear refractive index and is

defined as
~ 3Re(x®)

n 2.1
12 8’00 ( 7)

where Re stands for the real part, the optical field E is assumed to be linearly polarized

and ng is the refractive index of the material.



2 Nonlinear Pulse Propagation in Fibers

2.2 Pulse propagation equations

There are two approaches to model nonlinear pulse propagation in optical fibers. Unidi-
rectional pulse propagation equation is based on real electric field [24] and generalized
nonlinear Schrodinger equation is based on envelope approach. The following sections

discuss the two methods in detail.

2.2.1 Unidirectional pulse propagation equation

The UPPE assumes pulse propagation in the positive z-direction. Considering the
electric and polarization fields in the same direction, the scalar form of the wave equation

can be written as [24]

(02 1008 ) BCest) = ot a0 (218

c2

where the electric field propagating in z-direction is written as

1 oo .
E(z,t) = / Az, w)e'P@=wtqg, (2.19)

27 J oo
where the electric field amplitude is A, propagation constant is f(w). The scalar
equation has real electric field.

Therefore,

E(z,t) = E*(2,1) (2.20)

and

Az, —w)ePE9)Z = A*(z,w)e B (2.21)

The UPPE equation is defined as [26]:

0E(z,w)
z

=1 <ﬁ(z,w) - C:) E(z,w) — a(w)E(z,w)
, (2.22)
X () FIE (2, 1)°]

+1 ~
27
2c%k(w, 2)

where a(w) includes frequency dependent losses, k(w, z) = \/ k2(w) — k2 — k2 = B(z,w)
2

and the last term iQCZI:EMX(‘g)(Z)f [E(z,t)?] includes Kerr nonlinear effects and

10



2 Nonlinear Pulse Propagation in Fibers

F[E(z,t)] gives Fourier transform of real electric field E(z,t). Section details

application of UPPE for given experimental conditions.

2.2.2 Generalized nonlinear Schrodinger equation

Generalized nonlinear Schréodinger equation (GNLSE) is based on complex envelope
and is extensively used in literature to model pulse propagation in optical fiber. The

equation is defined as:

A . imB,, ™A
P Dl o e

- (AG0) [ REAG = )Par)

+ %A = iy (1 + mhock§>
4 (2.23)

where the left hand side terms denote linear effects and right hand terms denote

z
nonlinear effects. The retarded time frame 7 is equal to (t — > and group velocity is vy,
Ug

dm
attenuation is given by « and the dispersion coefficients are defined as (3, = <d§>
w
w=wo

(for m= 1,2,3...). The nonlinear coefficient v is defined as

_ Won2 (wo)

N o= 2020 2.24
cAei(wo) ( )

. . . 2N
with A.g as the effective mode area at the carrier frequency wg and ny, = ——.
€gnc

1
Tshock = — leads to effects like self-steepening. The nonlinear Raman responds R(7T') is
Wo

defined as
R(T) = (1 — fr)o(t) + frhr(t) (2.25)

where §(t) is the Dirac delta function, fg is the delayed fractional contribution of the
Raman response to Py, and hg is the Raman response function. GNLSE is explained
further in section [6.5] for experimental conditions.
A simple version of GNLSE contains only GVD and instantaneous Kerr nonlinearity.
This version is known as nonlinear Schrodinger equation (NLSE) and expressed as
0A [ 0%A

- = - ) 2
o o + iy A|A| (2.26)
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2 Nonlinear Pulse Propagation in Fibers

2.3 Nonlinear effects

This section discusses different nonlinear effects that an intense pulse can undergo in
a given medium. The physics of some important nonlinear processes discussed here
include group velocity dispersion, second order nonlinearity, self phase modulation,
nonlinear length, self-steepening, modulation instability, dispersion wave generation,

four-wave mixing, supercontinuum generation, and stimulated inelastic scattering.

2.3.1 Group velocity dispersion (GVD)

Chromatic dispersion is inherent property of any material. It manifests by having
frequency dependent refractive index towards the propagating electromagnetic waves.
Dispersion profile of a fiber plays an important in the propagation of ultrashort pulses
having significant spectral bandwidth. Though, the individual spectral components
in an optical pulse travel at different velocities, the envelope of the pulse travels
at a well defined group velocity (v,) that depends on the fiber design parameters.
Mathematically, it is possible to account for the fiber dispersion experienced by the
propagating pulse using Taylor series expansion of the mode-propagation constant

about central frequency wy.

w 1
5((/‘)) = n(w); = 50 + 61((# — wo) + 552(0) — w0)2 + - (2.27)
where
dmp
m= | —— =0,1,2,... 2.28
o= ()0 ) (229)
The parameter [3; relates to group velocity and is given by
1 ng 1 dn
= —=—=- -— 2.29
b Vg c c (n + wdw) ( )

where ny is group index. The term 3, is responsible for pulse broadening and is known

as GVD parameter. (5 is a function of refractive index and is given by

1( dn d?n
o=~ <2dw +wdw2) (2.30)
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2 Nonlinear Pulse Propagation in Fibers

A given wavelength is in normal dispersion regime if S5 > 0 and in anomalous dispersion
regime if S < 0. When [y = 0, it is known as zero dispersion wavelength (ZDW). Near
ZDWs, higher order dispersions like third order dispersion (f3) start to play a role in
pulse propagation. Chapter 4 details the measurement of highly varying GVD near
strand resonance wavelength of the ARHCF where definition of refractive index (n(w))
is no longer governed by Sellmeier equation.

Temporal properties of a propagating pulse may contribute in the nonlinear effects
along with fiber parameters. Two parameters known as dispersion length Lp and
nonlinear length Lyp, assist in classifying different pulse propagation regimes in an
optical fiber.

Dispersion length is defined as ,

Lp = é; (2.31)
where T} is the pulse width and modulus sign considers magnitude of the GVD parame-
ter.

As shown in Eq. [2.16] ultrashort pulse experiences intensity dependent refractive

index. Mathematically, it can be represented as

n(w, I) = no(w) + nal (2.32)

where n,(w) is the linear refractive index of the material, ny is the nonlinear refractive

3
index equal to 5,2 x®) and I is the intensity of the propagating light in the medium
Np~€pC

is given by 570€0C | E |?. Such varying refractive index with the intensity leads to
accumulation of nonlinear phase shift (¢nr,) in the propagating light. This can be
expressed as

2

ONL = Tnzf(t)[/ (2.33)

where L is the propagation length. If the propagating light experience w-phase shift,
then the corresponding propagation length is known as nonlinear length Ly, and is
given by

1

Ly, = — 2.34
= h (231

where Fy is the peak power of the pulse. The parameters Lp and Lyp, provide informa-
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2 Nonlinear Pulse Propagation in Fibers

tion on which dispersive or nonlinear effects contribute towards pulse evolution. By
comparing lengths Lp and Lyp, with respect to actual fiber length L, pulse propagation

can be classified into four categories:

. L<<LD andL<<LNL
Pulse does not experience any dispersion effects or nonlinear effects. It main-
tains its pulse shape and spectrum as fiber plays a passive role. However, fiber

attenuation needs to be considered in real world applications.

. LNLD andL<<LNL
Pulse propagates in dispersion dominant region where nonlinearities play a minor

role. This regime is applicable when the following condition is satisfied.

LD o 7P0T02
LNL |B2|

<1 (2.35)

. L<<LD andLNLNL
Pulse propagation is mainly governed by nonlinear refractive index no leading
towards SPM, described in detail in section[2.3.3] Condition for nonlinear dominant

regime is defined as
Lp  APT§

L |5

> 1 (2.36)

. LELDaHdLZLNL
Pulse propagation is simultaneously influenced by dispersion and nonlinearity.
When f; < 0, anomalous dispersion regime yields to soliton (discussed in next

sections). When (5 > 0, normal dispersion regime supports GVD and SPM.

2.3.2 Second order susceptibility (%

The second order susceptibility x(® is responsible for effects like second harmonic
generation or sum frequency generation. y® nonlinearity can take place only in non-
centrosymmetric materials. However, neither the fiber material silica nor the gaseous
nonlinear mediums employed in this work (and also in general) are non-centrosymmetric

materials. Hence, y(?) processes are not in the scope of this work.
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2 Nonlinear Pulse Propagation in Fibers

2.3.3 Self phase modulation (SPM)

Intensity dependent refractive index induces self phase modulation and is responsible
for spectral broadening of the propagating pulse [28]. The nonlinear phase ¢y, is a
function of time and results in continuous phase modulation with time inducing spectral

modulation.

200ps /div

PULSE SHAPE

INTENSITY

'_l_l._l. J_t
= 50.0GHz =

FREQUENCY SPECTRUM

Figure 2.1: Self phase modulation in silica fiber [29].

First experimental observation of SPM in silica fibers is shown in Figure [29].
Top figure shows the input pulse. The following figures show output spectrum for
different accumulated nonlinear phase at increasing input intensities. The spectra
labelled according to maximum phase shift. The spectral broadening due to SPM is

symmetric in nature and always results in the depletion of the pump wavelength.
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2 Nonlinear Pulse Propagation in Fibers

2.3.4 Soliton

Soliton is that pulse which can retain its shape while propagating in dispersive and
nonlinear medium. This is achieved by maintaining the balance between GVD and SPM
effects. In anomalous dispersion region, the chirp introduced by SPM is compensated

by the GVD. Soliton is the solution for the NLSE [27] and has the form

Az, t) = \/fjosech <;> ¢~ 1P212/2T5 (2.37)

0

| 52 |

70 is the peak power required support fundamental soliton solution. For

where Py =
higher peak power, the soliton is known as higher-order solition, where N represents the
corresponding soliton number. This soliton number N connects the dispersion length
Lp and the nonlinear length Lyp, by the following equation

Lp _ YRTE

N? = (2.38)

S L |5

—

o
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i

Intensity
o
w
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e 0 0 z;’LD

Figure 2.2: Higher order soliton propagating through an optical fiber (a) temporal evolution (b)
spectral evolution [27].

N=1 is known as fundamental soliton. It propagates with no change in temporal
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2 Nonlinear Pulse Propagation in Fibers

or spectral shape in a lossless medium. For N>1, soliton continuously evolves along
propagation length such that it recovers its initial pulse shape and spectrum after
one soliton period as shown in Figure 2.2} It shows propagation of third order soliton
over one soliton period in a lossless medium [27]. Initial temporal and spectral profile
undergo continuous change along the length of the fiber and recover completely after

one soliton period (zp), which is given by

20~ Téwin (2.39)
2| 3]

where Tywiy is the pulse width at half maximum and is equal to 2in(1 4 v/2)Ty.

2.3.5 Self-steepening

Origin of slef-steepening of propagating pulse in a medium is due to intensity dependence

of the group velocity [30,31]. Self-steepening leads to an asymmetric spectral broadening

0
unlike SPM and is mathematically described by the shock term iTshocka— in Eq. [2.23|[27].
T

Figure shows self-steepening leading towards optical shock formation [32].

(a) (b) (c)

> > >
Z Z Z

Figure 2.3: Evolution of self steepening:(a) Gaussian input pulse (b) propagation through
nonlinear media resulting in trailing edge of the pulse showing self-steepening (c) pulse under-
going significant self-steepening towards onset of an optical shock wave when intensity change
instantaneously [32].

Self-steepening distance is given by

Lgg =

aF (2.40)

where ngg) ~ ng [32]. The shock is formed on the leading edge if ny < 0 or on the

trailing edge if ny > 0.
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2.3.6 Modulation instability (Ml)

Interaction between intense carrier wave at frequency w and its minor sidebands w 4+ Aw
(symmetrically located about pump frequency) results in modulation instability [33].
The growth of sidebands originates from the noise resulting in incoherent spectral
broadening and breaking the temporal structure of the input pulse. MI is known
to occur in anomalous dispersion regimes, but the sidebands can appear in normal
dispersion region in presence of higher order dispersion [34]. When the sidebands
(w+ Aw) grow large enough, they can generate further sidebands at w + mAw (for
m=23,...) and cascade the process as shown in Figure [15, B3]. This method
makes it possible to generate a train of optical pulses with precise control of repetition
rate [27]. MI also plays an important role in generation of optical rogue waves [35] and

supercontinuum generation [36].

X =x;>0 X > Xy

W “H Il ”r\ Hl Mll r"| 'hlll'”." l.l\ﬂ“\“hw
| ‘HHW‘ ’m}" |\

t

| L

(0] w w

Figure 2.4: New frequency generation due to modulation instability (top) evolution of wave
train in time (bottom) corresponding spectral evolution [33].

2.3.7 Dispersive wave generation (Cherenkov radiation emission)

A fundamental soliton can dissipate part of its energy into dispersive wave in higher
order dispersion regime. Energy transfer between soliton and dispersive wave is governed
by phase matching condition where both soliton and dispersive wave have the same

phase velocity. Dispersive waves are also knowns as Cherenkov radiation or nonsoliton

18
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radiation [27]. The section 6.5 in Chapter 6 discusses this topic in detail.

2.3.8 Four wave mixing (FWM)

Four wave mixing is a nonlinear process where two or three wavelengths interact in a
medium to produce two or one new wavelengths [37]. Stimulated FWM in silica fibers
was first observed by achieving phase matching by the dispersion of the propagating
modes and compensating for the bulk dispersion externally [38]. FWM is explained
with the help of energy level diagram in Figure 2.5 When two (or more) input
frequency components w; and ws (such that w;>wsy) are propagating in a nonlinear
medium, a refractive index modulation can occur at difference frequency creating two
additional frequency components. The new frequency components can be written as
w3=w1-(wa-w1 ) =2w1-ws and wy=ws~+(we-w1)=2we-wy. If all four frequencies coincide, it

is known as degenerate four wave mixing.

™, ;3

\ 4
W,
QX

A4

Figure 2.5: Non-degenerate four wave mixing energy diagram. Three input frequencies (w1, weo
and w3) can phase match to produce output frequency at ws. Thick black line denotes the ground
level and top dashed line can be energy level in the nonlinear medium or virtual level.

2.3.9 Supercontinuum generation

Supercontinuum generation (SCG) is a process in which a narrow spectral linewidth
laser undergoes extreme spectral broadening in presence of a nonlinear medium. There
are various nonlinear processes (discussed above) that can lead to supercontinuum

generation. SCG has been observed in crystals [39], liquids [40], semiconductors [41],
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2 Nonlinear Pulse Propagation in Fibers

gases [42], and also in fibers [8]. Dispersion profile of the fiber plays an important
role in the generation of supercontinuum. Chapter 4 discusses the unique dispersion

characteristics of the ARHCF and chapter 6 explains the SCG in the gas-filled ARHCF

having novel dispersion profile.

2.3.10 Stimulated inelastic scattering

The nonlinear effects discussed until now are governed by third order susceptibility x(®.
All these processes are elastic nature where there is no energy transfer between the
propagating wave and the medium. There are two important inelastic nonlinear process

that are observed in the optical fibers and known as
o stimulated Raman scattering (SRS)
« stimulated Brillouin scattering (SBS)

In SRS and SBS, the pump photon is annihilated to produce a photon with lower energy
and a phonon. The scattering process conserves energy and momentum. When the
phonon with right energy and momentum is available, pump photon can create a new
photon at higher energy. The main difference between the SRS and SBS is in their
dispersion relation with acoustic and optical phonons [27]. Normally, SRS is observed
when pumped with continuous wave or short pump pulses (pulse width of >1 ns) as the
walk-off length exceeds the fiber length. For ultrashort pulses (<10 ps), SRS is limited
by group velocity mismatch and other elastic nonlinear interactions become prominent.
But, intrapulse Raman scattering is of significant importance for pulse width of <1 ps
and can induce frequency shift due to Raman scattering in pulse spectrum towards
longer wavelength [27, [43-H45].

SBS ceases to occur for ultrashort pulses due to its gain bandwidth effect [27]. This
effect does not play a significant role in this work and is introduced here for completeness

of the discussion.
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3 Antiresonant Hollow-Core Fiber

As an effort towards developing low-loss optical waveguides in SiO»-Si multilayer
structures, guidance by antiresonant reflection was first explored in 1986 [4]. Few
years later in 1993, the theoretical analysis of antiresonant waveguides provided leaky
mode solutions to the wave equation paving steps towards realization of ARHCFs [5].
Fundamental principle to guide light in ARHCFs is the confinement of light in the
region of low refractive index by antiresonant reflection between the boundary of low
and high refractive index materials. Such a propagation mechanism is observed in
hollow core fibers like Kagome fiber [46-49] also. However, the ARHCFs haven been
attracting a great interest in recent years due to simple fiber geometry and having

advantageous fiber properties like

e broadband transmission window from ultraviolet to mid infrared except at reso-

nance wavelengths
« fundamental mode propagation across complete transmission region
o high damage threshold due to mode propagation in hollow core

o negligible nonlinearities due to minimal overlap between the propagating mode

and the waveguide material

o GVD variation due strand resonance wavelength of the ARHCF by few orders in

magnitude

o choice of nonlinear media that can be filled in the ARHCF (e.g. inert gases,

Raman-active gases, liquids, etc ...)

o and simple fiber structure with an ease of fabrication.
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With such excellent properties, ARHCFs have been finding applications in different
fields of science and technology like high energy pulse delivery [50, 51], supercontinuum
generation [23], mid-infrared fiber lasers [52], pharmaceutical sensing [53], surgical
applications [54], few cycle pulse generation [55].

This chapter briefly explains different hollow core fibers and how it lead to design
of ARHCF in section [3.1] Section [3.2] introduces various different types of ARHCFs
and their unique properties. Section details the light guiding mechanism in ARHCF
and its characteristics are explained in section [3.4] Penultimate section introduces
different fiber structures that are used in this work and the final section 3.6 summarizes
the different types based on their parameters with a focus on supercontinuum generation

and few cycle pulse generation.

3.1 Types of Hollow Core Fibers (HCF)

There has been a continuous interest in the study of propagation of light through HCF
since one of the early papers published by Marcatili and Schmeltzer [16]. With the
advent of fiber drawing technology various different types of hollow core fibers have
surfaced in the last two decades and new fiber designs are still rolling out. The photonic
crystal fibers (PCF) have a solid core and a cladding consisting of tiny and closely
spaced air holes which run along the length of the fiber. Variation in the size of the
hole, pitch and pattern provides additional degrees of freedom in the fiber design and
control fiber properties like loss profile, dispersion, mode area etc. [56H58]. Further,
this concept extended to design of photonic bandgap fibers (PBG) where the light
was confined within a hollow core in silica-air PCF [59]. This design allowed low loss
transmission of light in certain narrow wavelength bands where the confinement is
provided by two-dimensional band gap due the fiber design structure. This section
explains different types of HCFs like HC-PCF [59], Kagome HC-PCF [60], photonic
bandgap fibers [61], hypocycloid Kagome HC-PCF [62], single ring ARHCF [I8 63, [64],
negative curvature ARHCF [65H68)] etc.

Figure [3.1] shows few of the prominent hollow core fiber designs. Figure shows
the first two dimensional photonic bandgap fiber supporting single mode propagation in

air core. One for the design requirements of such a fiber is precise location of periodic
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air holes which have high air filling fraction [59]. However PBGs transmit in a very
narrow spectral region requiring new fiber design for a new application at a different

wavelength.

Figure 3.1: SEM images of different types of HCFs: (a) the first photonic bandgap PCF [59], (b)
sophisticated PBG-PCF design that is immune to bending losses for bending radius of 5 cm [61],(c)
Kagome HC-PCF [60], (d) hypocycloid Kagome HC-PCF [62].

Figure is hollow core PBG fiber fabricated by removing 37 cells in the center.
This fiber has a narrow band transmission at around 1.05 pm supporting fundamental
propagation mode. Such fiber designs are immune to bend losses The fiber in Figure|3.1b
is tested down to bend radius of 5 cm making the overall footprint of the application
very small [61].

Figure [3.1k shows Kagome type HC-PCF fabricated by removing seven capillaries in
the fiber to form hollow core. Such structures transmit light over a large spectral region
spreading over an octave bandwidth. These large core fibers have an advantage to study
nonlinear interactions between laser and gas or liquid materials that can be filled in the
fiber core. This particular fiber was filled with hydrogen to study stimulated Raman
scattering [60].

Figure [3.1d shows an extension of Kagome fiber design where the inner core is
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fabricated as seven-cell hypocycloid-core structure [62]. This design inhibits coupling
between the core and cladding modes trapping the propagating light in the core mode
for broad spectral bandwidth with low loss, unlike PBG fibers.

Continuous development in the HCF design over the years have led to understanding
of various different fiber parameter that play a role in fiber performance. At the same
time, such designs have resulted in complex fiber core-cladding structures bringing a
new challenges in fiber drawing process and limiting possible applications. Antiresonant
hollow core fibers combine many advantages that are offered by different HCFs and
have a simple fiber structure with an ease to draw the fibers. Next sections will detail

types of antiresonant hollow fibers and their advantages.

3.2 Types of ARHCFs

Over the last decade, an exponential increase in design of ARHCFs is observed. Though
ARHCFs have simpler fiber structure, there are different design properties through
which one can control transmission spectrum of the fiber, position of fiber resonance,
dispersion tuning, selective mode guidance (fundamental mode or higher order mode
in the core), polarization control of the propagating mode, attenuation at specific
wavelength etc. One or more of these different parameters can be incorporated in fiber

design. Broadly ARHCFs can be classified into the following categories:
o single ring structure [63], 64]
« negative curvature core structure [65, [66]
 nodeless ARHCF [67, [68]
« nested nodeless ARHCF [69]
 hypocycloid core contour [21]
« double revolver [70]
« positive and negative curvatures nested inside ARHCF [71]

Figure [3.2] shows different types of fiber geometry. Figure [3.2|(a-¢) shows the drawn
fibers and Figure (f—g) correspond to theoretical designs. Each of these different fiber
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Figure 3.2: SEM image of different types of ARHCFs (a) single ring structure [63], (b) neg-
ative curvature core structure [72] (c) nodeless ARHCF [67] (d) nested nodeless ARHCF [73]
(e) hypocycloid core contour [21I] (f) positive and negative curvatures nested inside ARHCF [71]
(g) dual core [74].

designs have unique applications like Raman sensing in single ring structure [63], light
propagation beyond 3.5 um in silica based negative curvature ARHCF [72], further
addition of nests in the nodeless ARHCF can further reduce the confinement losses
while maintaining multioctave propagation bandwidth [69, [71], transmission in mid IR
spectral region in hypocycloid core contour [21], and dual core ARHCFs can pave way
towards efficient mode-coupling between two independently propagating modes [74].
Possible applications of ARHCFs are ever increasing due to its salient features and simple

structure. This work focuses on less explored sing ring ARHCFs in terms of dispersion,
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polarization evolutions, laser-matter nonlinear interactions in gas filled fibers. The
penultimate chapter discusses few cycle pulse generation in negative nodeless negative

curvature ARHCF.

3.3 Guiding mechanism

The antiresonant reflecting optical waveguide (ARROW) model [4, [75] provides physical
insight and predicts accurately the high-loss features of anti-resonant hollow-core fibres.
The glass strand (see Figure that forms the fibre core can be considered as Fabry-
Perot etalon having characteristic transmission resonances depending on the thickness
of the strand ¢ . When the core diameter is very large compared with propagating

wavelength i.e. d> A, wave vector in longitudinal direction (k) is given by
kL ~ noko (3.1)
and transverse wave vector inside the stand material can be approximated to
kr =~ ko\/n3 —nd (3.2)

where ky = )\: is the wave vector in vacuum. The incident light on the strand (as
shown by the continuous red arrow entering the strand from the left side in Figure
can pass through the strand with and without multiple reflection(s) (as denoted by the
dotted red arrow lines in Figure . The phase difference between the light passing

through the strand with and without reflection is given by
S = @1 — o = 2tkgy/n? — nd (3.3)

When ¢ is equal to multiple of 27, strand resonance condition is expressed as

do = 1 — po = 2mm (3.4)
for m =1,2,3,... and strand thickness ¢ can be calculated for air filled core
mA
t= 3.5
2(”3&135 - ngir) ( )
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Figure 3.3: ARHCF strand having thickness t. Refractive index of the strand material (glass) is
ny and refractive index of the medium surrounding the strand is n; (equal to 1 for air).

Strand resonance wavelength is given by

2t TL2 ass n?zir

m

All the wavelengths that satisfy Eq. leak from the core of the fiber into cladding
and are lost.
The following antiresonant condition need to be satisfied by the propagating mode to

be confined within the core

do=¢1—po=(2m— 1) (3.7)

and corresponding strand thickness is given by

—0.5)\
- (m-05) (3.8)
2 (nglass - n?u'r)

3.4 Characteristics of an ARHCF

This section introduces salient characteristics of the ARHCF that is used in this work.
The fiber (shown in Figure considered here is a single-ring large core ARHCF

having core diameter of ~50 um. The inner ring is supported by thin silica strands
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that form the cladding. This particular fiber is referred as hexagon core fiber in the

rest of the work presented here.

Figure 3.4: Scanning electron microscopy (SEM) image of the single-ring hexagon core ARHCF
cross-section. White horizontal bar corresponds length of 50 um. GVD of this fiber is characterized
and used in supercontinuum generation (discussed in Chapter 6).

3.4.1 Spectral distribution of the losses in the ARHCF core

The average strand thickness of the hexagon core ARHCF is ~495 nm. This corresponds
to fundamental resonance at ~1 um. Cut back method shows fiber transmission from
UV to IR. The propagation losses vary from 5 dB/m in the UV-VIS region to 10 dB/m
in the IR region (see Figure . The strand thickness varies by ~10% along the
length of the fiber which broadens the resonance region. Theoretically, the losses in
ARHCEF arise from the Fresnel reflections that occur at the boundary of the core with
silica strands that form the core. These losses are unavoidable. Though, tighter light
confinement in smaller cores may increase the losses, the technological limitations of fiber
drawing are defining the limits of the losses of today’s ARHCF. ARHCEF losses depend
on the strand thickness and its variation during the fiber drawing process. An ideal
ARHCEF having a fixed strands thickness of ¢ will have losses at a fixed wavelength given
by the Eq. 3.6, which means at all other wavelengths there are no losses. However, due
to challenges in maintaining the variation of strand thickness in fiber drawing process,
the actual fiber will have strand thickness of t + At increasing the resonance spectrum

to Am £ AX. For t ~495 nm, the first order resonance wavelength (A;) corresponds
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to ~1000 nm for silica fiber. 10% variation in strand thickness during fiber drawing

process results in AX of + 100 nm. This broadens the resonance spectrum by ~200 nm.
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Figure 3.5: Measured loss profile of the hexagon core ARHCF.

One of the distinct advantages of ARHCF is that it does not follow the capillary loss
formula where the losses increase as the cube of the core diameter. Hence, confinement
losses do not play a major role in experimental work. Further, experiments that study
nonlinear laser-matter interaction in gas-filled ARHCEF use short length of fiber between
20-25 cm where overall propagation losses are not critical and ARHCF with smaller

core size assures tighter light confinement enhancing the nonlinear interactions.

3.4.2 Effective refractive index at resonance

Effective refractive index in ARHCF follows cylindrical waveguide index as explained by
Marcatili and Schmeltzer [16]. However, strand resonances strongly influence effective
refractive index at resonance wavelengths. Finite element simulations for the hexagon
fiber shows a sudden change in the effective refractive index at A\; = 1 pwm (see Figure|3.6;
left Y-axis, shown in red). This modifies dispersion profile of the fiber significantly and
GVD can vary by orders in magnitude [76]. Corresponding loss due to resonance is also
shown by blue curve (right Y-axis). Chapter 4 explores in detail on characterizing such

a complex GVD patter near resonance wavelength.
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The hollow core structure of the ARHCF provides an additional choice of injecting
gases (or liquids) in the core which can further change the effective refractive index. It is
also possible to shift the dispersion curve and zero dispersion wavelength by controlling

the gas pressure inside the fiber [15].

1.0000 I L) I L) I L) I L) I L) I L) I L) I L) 0.005
0.9998 |
> 0.004
(]
9 i
=
o 0.9996
= 0.003 <
. :
%5 0.9994 | 2,
) wn
= | 0.002 S
$ 0.9992
=
LL N
0.001
0.9990 |
og9gg L— 1+ 1 . 1 0.000

02 04 06 08 10 12 14 16 18 20
Wavelength [um]

Figure 3.6: Variation in the effective refractive index of the fundamental mode in ARHCF due to
resonance (in red) and corresponding loss (in blue) calculated by FEM simulations. The effect of
higher order resonances i.e. for m>2 are smoothed as only first order resonance plays a dominant
role in the experimental work.

3.5 Antiresonant fibers used in this work

This work is carried out in four different of ARHCFs having different geometries.
Hexagon core ARHCF (Figure is characterized for dispersion and is chosen for
supercontinuum generation as the resonance is situated closer to the Ti:Sapphire
pump wavelength. Polarization evolution in single ring ARHCEF involves three different
polygon core shapes (square core, hexagon core and nonagon core) as shown in Figure

Individual fiber properties are discussed in Chapter 5.
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3 Antiresonant Hollow-Core Fiber

(b)

Figure 3.7: SEM images of ARHCFs used in this experiment (a) Square core (b) Hexagon fiber
(c¢) Nonagon fiber.

Few cycle pulse generation at 1.75 wm is carried out in nodeless ARHCF and is
as shown in Figure [3.8] This negative curvature ARHCF transmits light into mid
IR wavelengths beyond silica cut-off wavelength. Details of this fiber is discussed in

Chapter 7.

——100.0pm—

Figure 3.8: SEM image of nodeless negative curvature ARHCF used to generate few cycle pulses
(discussed in Chapter 7).

3.6 Summary

This section compares the different fiber types discussed in this chapter and summarises
the important fiber parameters that are essential for supercontinuum generation or few
cycle pulse generation experiments. Table lists different types of fibers based on
their operation bandwidth, propagation losses, fiber structure which manifests into ease

of fabrication and damage threshold.
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Fiber tvpe Core Operational | Propagation Fiber struc- | Damage
yP type bandwidth loss ture threshold
Solid-core- . .
clad fiber Solid Narrowband | Low Simple Low
i length?

Capillary Hollow | Broadband X % Simple High

fiber (core dia)

Solid-core Solid Broadband Low Somewhat Low

PCF complex

PBG fibers | Hollow | Narrowband | Low Somewhat High
complex

Kagome . .

fAbors Hollow | Multi-octave | Low Complex High

ARHCF Hollow | Multi-octave | Low Somewhat High
complex

Table 3.1: Comparison of different silica fibers for supercontinuum generation and few cycle
pulse generation

The hollow core fibers have higher damage threshold when compared with solid core
fibers for obvious reasons. Though most of the fibers provide low propagation losses in
their operational bandwidth, the Kagome fibers and the ARHCFs support multi-octave
propagation bandwidth making them more suitable for supercontinuum generation or
few cycle pulse generation. Structure of the fiber defines the ease of fabrication. Simpler
structures like capillary fibers are easy to fabricate when compared with any PCFs.
However, the losses in capillary HCFs are inversely proportional to cube of its diameter.
In spite of having many favourable parameters, the loss factor significantly limits their
operation as reduction in the diameter is the only way to increase nonlinearity in this
fiber. The ARHCFs tend to have less complicated structures amongst the PCF and are
favourable candidates to explore efficient nonlinear laser-matter interactions in gas-filled

fibers.
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4 Dispersion Measurement of Antiresonant Hollow

Core Fiber

In the recent years, one of the rapidly developing applications of microstructured
hollow-core fibres has been their usage as a mediator for nonlinear optical interactions
of ultrashort pulses and gases [I5] [77]. Further, ARHCFs also have a great potential
applications in the field of telecommunication which has strong industrial applications
across the world [78, [79]. All such practical applications require precise information
of group velocity dispersion (GVD) of the waveguide. The light passing through a
waveguide gets influenced by the properties of the medium through which it propagates.
When light is coupled into an optical fiber, propagating light gets confined within the
boundary of the waveguide in radial direction. Light propagates either by total internal
reflection, photonic bandgap effect, inhibit coupling, or via antiresonant mechanism.
When the intensity of the input light is above certain threshold, it undergoes different
nonlinear processes by interacting with its surroundings. E.g. a given pulse can
experience a characteristically different nonlinear effects like self phase modulation and
self steepening effects in normal dispersion region (k" = ;1) vlg > 0; where v, is
group velocity of light and is function of wavelength (\)) and soliton dynamics plays a
crucial role in the anomalous dispersion (k" < 0).

Theoretical analysis show that the GVD of the ARHCF changes in large magnitude
near resonance wavelengths [76]. As discussed in Chapter 3, position of resonance
wavelength in an ARHCF can be engineered by controlling the thickness of the core
strand during fiber drawing process. This means, it is possible to position a unique
and significant dispersion profile at a desired wavelength. This chapter discusses an

interferometric method to quantitatively measure such a dispersion change which can give

an additional freedom in fiber design for niche applications both in linear operations like
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4 Dispersion Measurement of Antiresonant Hollow Core Fiber

dispersion compensating fibers and nonlinear operations like supercontinuum generation.
In addition, such GVD profiles are independent of core diameter enabling high power
(energy) operation giving a boost towards scaling nonlinear laser matter interactions in
hollow core fibers without ionizing the gas filled in the fiber core.

This chapter details interferometric set up to measure GVD in Section 4.1} Section
explains the experimental measurement and data analysis steps. The measured GVD

results are discussed in section 4.3 and summarized in section [4.4]

4.1 Experimental setup to measure GVD

The GVD of the ARHCF is characterized with the help of conventional interferometry
technique. Experimental set up is a balanced Mach-Zehnder interferometer (MZI) where
both sample and reference arms have identical optical elements to cancel the effect
of dispersion experienced by propagating light due to optical elements that form the
interferometer. In a MZI, collimated light from a single source is split and made to go
through two different arms. One arm is called reference arm and the other arm is called
sample arm. The beams from the two arms are combined again to produce interference
pattern. The observed interference pattern contains the relative phase shift differences
between the two arms. Any transparent object under test like an optical fiber can be
placed in the sample arm and it is possible to measure the relative phase differences
between the light passing through the two arms. When a broadband light source is
placed at the input, it is possible to measure relative phase difference as a function of
wavelengths. This can be characterized to obtain GVD of the test object.

Theoretical calculations show that the GVD of the AHRCF away from resonance
region is same as that of hollow capillary having same core diameter. But, an abrupt
GVD increase of few orders of fs? /cm in magnitude is predicted by FEM simulations in
the resonance spectral region which has high attenuation of the order of 20-30 dB/m.
Hence, a 9.7 cm long hexagon ARHCF is placed in a balanced MZI (as shown in
Figure such that interference can be observed not only across broad bandwidth
having low GVD profile, but also close to lossy resonance region.

A fiber based white-light supercontinuum source from Fianium is used as source.

The pump peak from the source spectrum is attenuated using a color filter ( Thorlabs

35
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Figure 4.1: Sketch of the experimental setup used to measure GVD of the ARHCF (details can
be found in the main text)

FGS900). Two identical glass plates form beam splitters BS1 and BS2. Through BSI,
~96% of the input light passes into sample arm and the remaining ~4% is reflected by
Fresnel reflection into the reference arm. A focusing lens having focal length of 30 mm
couples the light in the sample arm into the ARHCF (placed on Thorlabs Nanomax
stage) and an identical lens collimates the output at the exit of the fiber. A similar
lens pair is also placed in the reference arm to balance the interferometer. A delay
stage in the reference arm compensates extra path length (if any) that propagating
light travels in the sample arm so that light from both the arms fall on the beamsplitter
BS2 at the same time to recombine and produce the required interference pattern. At
lens L, ~4% of the light from the sample arm (i.e. reflected by BS2) and ~96% of the
reference arm light gets recombined such that approximately equal intensities of the
light interfere and produce fine interference pattern. The recombined collimated beams
are focused on to the spectrometer entrance to record finely spaced interference fringes

on a high-resolution spectrometer (OceanOptics HR4000).
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Figure 4.2: Recorded spectral interference fringes (in red) [inset: close up view of interference
fringes near the resonance]. Resonance region is shown in blue shade.

4.2 Measurement and Analysis

The recorded interference fringe pattern for the fundamental fiber mode extends in
wavelength from 550 nm to 1100 nm covering both sides of the resonance region as
shown in Figure The inset of Figure highlights the denser spectral fringe pattern
measured into the resonance spectrum. The high attenuation due to transmission of
propagating light into cladding in the resonance region limits measurement of continuous
GVD across the resonance spectrum. Dispersion profile of the ARHCF as a function
of wavelength can obtained by extracting the phase information from the recorded
interference pattern. There are different methods like stationary phase point method,
minima-maxima method, phase modulated cosine function fit method, Fourier-transform
method, windowed Fourier-transform method which can be used to obtain the phase
information [80]. Advantages and disadvantages of all the methods are compared in

detail in the Ref. [80]. Fourier method is selected for data analysis here as it is possible

37



4 Dispersion Measurement of Antiresonant Hollow Core Fiber

automatize the process and requires single interferogram enabling direct measurement
of the spectral phase. This method is immune to reduced sensitivity to the amplitude
near resonance region. Further losses in the interferometer arms like scattering and
absorption do not affect the phase retrieval process. This methods enables phase

extraction at all the wavelength points where the interference has been recorded.

4.2.1 Phase retrieval

Mathematically, the recorded spectrogram can be represented as

S(w) = Sy (w) + Ss(w) + 24/ S (w)Ss(w) cos p(w) (4.1)

where S, (w) and Ss(w) are the power spectral densities in reference and sample arm,
respectively, ¢(w) is the phase difference between optical fields of the two arms and
contains the information of dispersion profile of the fiber. The following steps explain

the phase retrieval from the measured interference spectrum:

 Interference spectrum with respect to wavelength is converted to angular frequency.
Interference spectrum with respect to frequency is interpolated to obtain linearly

spaced frequencies.

o Fourier transform of the spectrogram over the new frequency scale is calculated
and one side of Fourier time-domain values are selected. Fourier time-domain
values correspond to the delay between the two arms i.e. when the reference arm
is shorter than the sample arm the reference pulse is behind the sample pulse so

the delay is negative. Then left part of the spectrum is filter out and vice-versa.

o Chosen Fourier time-domain values undergo inverse Fourier transform to provide

the phase values (shown in Figure |4.3)).

Extracted phase from the recorded interference fringes of Figure [4.2 are shown in
Figure (in black). Uniform interference fringe pattern away from the resonance
maintain a constant slope. But a sudden change in slope in the vicinity of the reso-
nance is distinctly observed due to an increase in the density of interference fringes.
Differentiating the extracted phase twice with respect to angular frequency (w) provides

the dispersion curve. The direct differentiation of the extracted phase leads to large
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Figure 4.3: Extracted phase from the interference pattern in Figure is shown as (black line).
Mathematical fit with Lorentzian-like resonances are shown in colour, red coloured fit for higher
frequencies (towards blue side of the resonance region) and green coloured fit for lower frequencies
(towards longer wavelengths from the resonance).

numerical error and hence it requires a mathematical fit. In this work it is difficult to
define a fit for the phase as a function of angular frequency (w) where the fit needs to
represent both high and low frequency terms. Traditional Taylor expansion cannot be
used in this scenario.
The strands that form the fiber core behave as high-finesse Fabry-Perot etalons for
mode propagation under oblique incidence angle. In such cases, modal properties can be
calculated by considering the wave as a reflection of planar film as operating wavelength
is much smaller when compared with core diameter [76]. Further, Lorentzian-type line
shape functions that are comparable to Sellmeier equations can provide a better fit for
such phase evolutions [23]. Eq. is the function used to fit the extracted phase shown
in Figure |4.3|

39



4 Dispersion Measurement of Antiresonant Hollow Core Fiber

_ A Bw-0)
gp—PQ}Jl P w_CF+D (4.2)

where the fitting terms P and A correspond to hollow core capillary dispersion, and
the remaining terms B, C, D corresponds to resonance. The fitting parameter [P] is
dimensionless and the remaining parameters [A], [B], [C], and [D] have dimensions
[s72], [s7Y], [s7'], and [s2], respectively. A single resonance fit is sufficient for GVD
measurement and also results are acceptable for practical applications as shown in
Refs. [23], B1]. Defining multiple resonances might reduce the mathematical error of
the fit, but have no practical significance as they lead to additional modulations at
unexpected resonance frequencies during GVD calculation. Hence, further analysis
limits to single resonance picture.

The extracted phase information is available from 550 nm to 1050 nm except at the
center of the resonance where no fringes are observed. The transmission region between
the first two resonance orders (m=1, 2) i.e. between spectral range from 570 to 860 nm
is of special interest as this fiber is used to study spectral evolution in gas filled ARHCF
with Ti:Sapphire laser system providing pump wavelength at 800 nm. For a fixed delay
of the MZI, 10 spectrograms are recorded at intervals of 100 ps. Eq. is used to fit
extracted phase from each of the spectrograms. The results are obtained by taking

average of these measurements.

4.3 Results and Discussion

Every spectrogram has two separate fits, one on each side of the resonance. Results of
the calculations are tabulated in Table 4.1 and are differentiated twice with respect to
angular frequency to obtain the GVD profile. The values mentioned in Table 4.1 can
be used as a starting point for future fiber design.

Figure [4.4) shows the obtained GVD profile of the ARHCF along with calculated
GVD of the capillary having similar core diameter. The results show that the low GVD
region is similar to capillary GVD behaviour away from the resonance and strongly
modifies GVD on both sides of the resonance spectrum. Additionally there exists a
zero dispersion wavelength (ZDW) at 705 nm (shown in the inset of Figure [4.4]), which
exist in capillary fiber much away from the Ti:Sapphire pump wavelength. In Ref [76],
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Parameter Below resonance wavelength Above resonance wavelength
Value Standard deviation Value Standard deviation
P 437.40748 6.03683 416.11277 5.83027
A -1.69159 0.28612 0.51128 0.07684
B 0.00843 7.24836x 1074 3.7306x 104 1.16701x104
C 2.00917 0.02758 1.9690 0.00113
D -0.03697 0.06828 7.83588x 1076 4.59314x 1076

Table 4.1: Averaged fitting parameters for extracted phase used to obtain GVD curve shown in

Figure [£.4]

Eq. 25 qualitatively explains the origin of such a GVD variation in detail.

From the structural perspective, fiber strand width defines the resonance spectral
position. This gives an additional tool to engineer the such microstructure fibers
position significant GVD variation at a given wavelength as required for any given
application, which is not possible in capillary fibers [20] [76]. Dispersion tuning by
structural resonance gets stronger with decrease in the fiber core diameter. Such designs
have great influence on nonlinear light generation and pulse compression applications.

To further verify the obtained results, GVD is numerically calculated by finite element
simulations (FEM) in COMSOL software [82]. The simulation results are shown in blue
in Figure 4.4, FEM calculations assume a fixed strand thickness of 495 nm and results
show a narrow resonance region. However, the strand thickness has a variation of ~10%
due to technological challenges in fiber drawing. These variations run along the fiber
longitudinally and also across the fiber cross section. Such changes lead to broadened
resonance region from few nanometers to hundreds of nanometers. The COMSOL
simulation assumes a fixed thickness in the simulation which results in narrowband
resonance region, unlike experimental condition. Hence, COMSOL results are spectrally
shifted in wavelength to match experimental measurements for qualitative comparison.
Figure [4.4] shows significant overlap between experimental and FEM simulations and
confirms the variation in GVD by few orders of fs*/cm on both sides of the resonance

spectrum.
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Figure 4.4: Measured GVD obtained from the fit to the measured phase profiles shown in red
and green in comparison with GVD of a standard hollow capillary (in brown) having similar
core size (by Marcatili-Schmeltzer (MS) model [16]) and GVD calculated the same ARHCF by
FEM simulations in COMSOL (blue) [inset: close-up shows the abrupt GVD variation near the
fundamental strand resonance wavelength and the ZDW at 705 nm, not present for capillary
waveguide].

4.4 Summary

Traditional spectral interferometric method is applied to measure the GVD profile of the
single ring ARHCF'. The fiber is placed in sample arm of the balanced MZI. Interference
fringes are recorded behind the recombination of the propagating light from the sample
arm and the reference arm in a spectrometer. These broadband spectrograms provide
an information on variation of phase in ARHCF as a function of wavelength. A unique
mathematical fit for the phase distribution is applied on each side of the resonance.
Differentiation of the phase fit with respect to the angular frequency twice provides
GVD profile of the fiber.

It is possible to measure the GVD away from the resonance and in the vicinity of

the resonance. Due to inevitable variation in strand thickness and high-attenuation in
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the resonance region, it is not possible to make a quantitative GVD measurement at
resonance. Experiment confirms few orders of fs?/cm in the vicinity of the resonance.
It is important to highlight that such large GVD is independent of the core diameter
and depends on inner dielectric annulus thickness. Such a GVD profile with large
core diameters (like 250 pm, 500 pm, 1 mm, etc.) have potential to scale high power
(energy) operations. Strand thickness controls the position of the resonance. Hence, it
is possible design fibers where a unique, but significant GVD change can be defined at

a given wavelength paving way for niche applications.
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5.1 Importance of polarization evolution in fibers

The previous chapter introduced the novel dispersion regimes that can be accessed using
ARHCF is an added advantage. However, there has been no detailed experimental
studies on polarization evolution in ARHCF. Some of the theoretical studies show that
it is challenging to achieve high birefringence in antiresonant fibers keeping structural
requirements to minimize confinement loss [83] and it is also suggested that flat core
walls can have higher birefringence when compared with negative curvature ARHCF [84].

Understanding of polarization properties in any waveguides, here in particular in
ARHCEF is of fundamental importance to advance knowledge and develop possible pho-
tonic devices incorporating unique properties of the fiber. It is challenging to introduce
birefringence in negative curvature ARHCF (NC-ARHCF) due to the minimal overlap
between the optical mode and the microstructured cladding. Different approaches
to control birefringence in these fibers include nested ARHCF [83] and fibers with
different strand thickness surrounding the core [84]. It is challenging to introduce large
birefringence while maintaining structural requirements in NC-ARHCEF. In [84], Ding
et. al. suggest to use the 1st hybrid band of ARHCF and a square-shaped core to
introduce significant birefringence.

This chapter investigates the geometry-induced polarization behaviour of ARHCF
with flat core boundaries having different polygon structures. The focus of the study
is on the influence of fiber core geometry and its deviations from the ideal regular
polygon structure on birefringence. Three different types of ARHCFs having square,
hexagon and nonagon core shape are considered for experiments. Figure [5.1| shows the
experimental concept to study the dependence of the output polarization state for a

well defined input polarization state. As shown in the concept Figure a linearly
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Figure 5.1: Concept figure: a linearly polarized light having £=0 is coupled into the fiber. The
experiment tries to measure unknown state of output ellipticity. Excited fundamental mode profile
is shown at the fiber output as an example.

polarized light with zero ellipticity (&, = 0) is coupled into a polygon shaped core of
an ARHCF to excite the fundamental mode. The state of output polarization (gq4y4) is
measured to study its variation with respect to orientation of input polarization and
wavelength. The ellipticity value ranges between 0 and 1.

The theory behind experiment to measure polarization evolution is introduced in
section Transmission property and geometrical parameters of the ARHCF are
discussed in section [5.3] Study of impact of core geometry and input wavelength on
the output ellipticity is explained in sections and [5.6l The section discusses
the origin of birefringence and the experimental results. Chapter is summarized in

section .8l

5.2 Theory

Amplitude of a unit electric field vector E can be resolved into its projections along

horizontal and vertical axes in laboratory frame. It can be described using Jones matrix

by E = ; where A and B are the normalized horizontal and vertical components
Be*

of the F field and /A2 + BZ = 1, § is the phase difference between 4 and B. A linearly

cos
polarized light at angle  to horizontal can be described by | where 6 = 0. A
sina

- 1
horizontally polarized light has & = 0 and F = and vertically polarized light has
0

S 0
a=7/2and E = . Similarly for a circularly polarized light, A and B have equal
1

magnitude along with § = 4+x/4, defining left circular polarization by 6 = +7/2 or
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1
right circular polarization by 6 = —m/2 and can be represented as — . However,

V2 | 4

visualization of elliptical states of polarization in terms of linear basis is challenging.
Considering a Poincare sphere approach paves way for simpler analysis where every

point on the sphere represents a pure state of polarization [85].

The output polarization orientation to be measured can be defined as E= 5
Be'
A linear polarizer is placed at the output of the fiber to record the power detected on the
photodiode as a function of the transmission axis polarizer with respect to output beam.

If 8 is the angle with polarizer transmission axis with the horizontal axis, then Jones

. L cos®0  sinfcosl
matrix of the polarizer is given by . The power measured by the

sinfcosd  sin*0
photodiode for a fixed position of the polarizer angle 6 can be written mathematically

as

I = Kk(A%cos®0 + B?sin*0 + ABcosésin20) (5.1)

where k is proportionality constant and is ignored in the fit for the data. Output
polarizer is rotated to cover 360° and corresponding power measured in the photodiode
is recorded. The data is mathematically fit using Eq. to obtain the linear basis
parameters A, B and . These parameters are transformed into circular basis set and

the output ellipticity (€q4) is given by

Eout = tan(m/4 — x) (5.2)

1 + sin 2asin §
+ Sm2 @MY i the half of the polar angle in a Poincare sphere

where y = cos™! \/
and o = cos™! A [86].

5.3 Properties of polygon shaped core ARHCFs

The polarization evolution study includes three different ARHCF core geometries viz;
square, hexagon and nonagon core. Inset of Figure [5.3| shows the fiber cross sections
and corresponding propagation loss profile. These three different fibers are chosen as
they transmit at Ti:Sapphire wavelength of 800 nm and possess different polygon core

geometries. Further, the square and hexagon-core fibers have similar strand thickness
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and have transmission bands in VIS-NIR region between 600 to 900 nm. The fiber

properties are summarized in Table 5.1.
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Figure 5.2: Measured spectral distribution of the modal loss of the three different ARHCFs (a)
square, (b) hexagon and (c) nonagon core fibers. The transverse cross-section of the fibers is
shown in the inset. Silica is shown in bright and air is represented by the darker areas.

Core geometry | Core diameter (um) | Strand thickness (nm)
Square ~20 (length of a side) ~450
Hexagon ~50 ~460
Nonagon ~45 ~550

Table 5.1: Details of the fibers used in the polarization evolution experiment.

5.4 Experimental set up

The experimental set up is shown in Figure About 11 to 12 cm long unbent ARHCF
is placed on 3-axis fiber stage ( Thorlabs Nanomax) and light from a suitable light source
passes through an interference filter (IF) to select a narrow linewidth, followed by a

Glan-Thompson (GTP) calcite polarizer to obtain linearly polarized output having
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Figure 5.3: Sketch of the experimental setup used to characterize the ellipticity of the modes
propagating through the fibers (details can be found in the main text)

high extinction ratio. The light passes through a half wave plate (HWP) to control the
orientation of the input polarization and is coupled into the fiber using coupling optics.
The lenses have low numerical aperture to avoid influencing the defined Jones matrices
of the input. A polarizer is placed at the output end of the ARHCF and output light is
collected on the photodiode (PD).

In the experiment, output ellipticity of the light is measured for different orientation
of the HWP covering 360°. This maps the polarization evolution in the chosen ARHCF
for a given wavelength. Next section discusses the impact of core geometry and impact

of resonance on the output ellipticity.

5.5 Impact of core geometry on output ellipticity

For a symmetric core geometry, there is no birefringence that is imposed by the
waveguide geometry [87]. The impact of deviations in core geometry from an ideal
shape introduces birefringence [76], 83, [84]. For decreasing core diameter, the real and
imaginary parts of effective refractive index decrease and increase, respectively [88].
Deviations from the ideal geometry influences the polarization evolution as a function of
orientation of input polarization. All three fibers transmit light at wavelength of 800 nm
and a commercial Ti:Sapphire system is used as input source as shown in Figure [5.4
There is no interference filter required as the input light has narrow spectral bandwidth
of 15 nm.

The distance from the center of core to the core wall varies for different sides of
the polygon due to technological limitations in maintaining the uniformity of the fiber
drawing process. These minor deformations induce birefringence. The variation in €4,
with azimuthal periodicity for different cores geometries is shown in Figure[5.5 It can be

observed that €, significantly varies from minimum—maximum—minimum (min—max
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Figure 5.4: Experimental setup for absolute ellipticity measurement with orientation of input
polarization at 800 nm (same set up as shown in Figure with input being Ti:Sapphire laser
system and no interference filter).

cycle) along with orientation of input polarization. The min—max cycle for square
and hexagon fibers are measured to be 94° and 70°, respectively. The measurement
closely correspond to inner angle of the regular polygon i.e. 90° for square fiber and
60° for hexagon fiber. Qualitatively, each min—max cycle resembles the core symmetry.
Nonagon core fiber has very small variation in e, due to capillary-like behaviour of
the core geometry. The effect of imperfections in the core geometry on ., decrease

with increase in number of core sides.
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Figure 5.5: Absolute value of ellipticity as function the angle of the input polarization for
different fiber core geometries (red: square; blue: hexagon; green: nonagon). Note, the orientation
of the fiber has an arbitrary offset.
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It is important to note that comparison of evolution of £, is qualitative in nature as
all the fibers have different core diameter and also different imperfections. However, these
measurements convey that it is important to consider orientation of input polarization
with fiber cross section and corresponding €, to suit any given application, especially

the square core fiber which shows large variation in €., between 0.2 and 0.95.

5.6 Impact of input wavelength on output ellipticity

The ARHCFs support broadband operation range extending from UV to IR wavelengths
as shown in Figure along with high attenuation resonance regions in between. At
resonance wavelengths, transverse energy dissipates into the cladding which also influence
polarization property of the propagating light at that wavelength. This section discusses
the impact of propagating wavelength on e,,;. Figure |5.6/ shows the experimental set up
where a supercontinuum laser (NKT - SuperK Compact Supercontinuum laser) is used
as source along with different narrowband IFs to select narrow linewidth laser as input.
IFs at wavelengths 575 nm, 625 nm, 775 nm, 825 nm, 850 nm and 875 nm are used as
they cover the spectral regions in VIS-NIR region between the two resonance orders
(m=1 and 2) of the square and hexagon core fibers. Nonagon fiber is not included in

this study due to presence of lossy resonance region in the VIS-NIR region of interest.

IF GTP HWP L1 Pol

ARHCF
P< PD

1.
Telescope

Supercontinuum source

Figure 5.6: Experimental set up for absolute ellipticity measurement as a function of wavelength.
Supercontinuum source is used as light source along with combination of different interference
filters

Ellipticity evolution as a function of wavelength is shown in Figure along with the
excited fundamental mode. The measurement points are shown in square, circular and
triangular patterns correspond to maximum, minimum and average €y, respectively.
The €4y is measured for every 8° of input polarization rotation and averaged to obtain
average £qoy¢ (shown in black).

Figure shows a variation in g4, as a function of input wavelength. Minimum

Eout 1S Observed at wavelength of lowest losses i.e. at 625 nm in both the fibers. A

50



5 Polarization Evolution in ARHCF

@) Square core () Hexagon core
L} L) L) L) T T T L} T L} T
09} 40.9 09 409
—®—max e —®—max ¢
—®=-'ming o = ® -ming
—A—avg ¢ ——avg ¢
Zo6f {06 Zos} H06
= =
S S
= E
° °
4 8
<03t {03 Tosf 403
00 1 1 1 I 1 O O 00 'l 1 1 1 1 L 00
550 600 650 700 750 800 850 - 550 600 650 700 750 800 850 900
Wavelength [nm] Wavelength [nm]

Figure 5.7: Variation of 4y with input wavelength (a) for square core (in red); (b) and hexagon
core fibers (in blue). For a chosen wavelength, ., is measured as explained in section
Maximum and minimum &4, are shown in continuous and dotted lines, respectively. Average €qus
is averaged value for every 8° rotation of input polarization and is shown in black.

significant increase in 4, is observed towards the resonance wavelengths in both square
and hexagon fibers. This suggests a direct correlation between £,,4 and the modal losses
due to resonance. In square fiber £, varies from 0.12 at 625 nm to 0.9 at 825 nm and
in hexagon fiber £, varies from 0.06 at 625 nm to 0.6 at 875 nm. The results show the
importance of choosing right operating wavelength to obtain minimum &, at the fiber

output for a given application.

5.7 Discussion

The impact of structural deviations during the fiber drawing introduces birefringence
in the ARHCF. Different fiber designs like nested antiresonant nodeless fiber [83]
and ARHCFs with different strand thickness surrounding the core [84] have been
proposed for negative curvature ARHCFSs, where it is challenging to introduce significant
birefringence. However, single-ring (polygon-shaped core) ARHCFs, under discussion
here, can introduce significant birefringence by deviating away from ideal polygon
shaped core design. This can be understood by considering a leaky square waveguide
that contains negligible fraction of power in the corners (see Figure ) This slab

waveguide model qualitatively simulates the impact of structural deviations on modal
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Figure 5.8: (a)Sketch of the slab waveguide model: light green shows the waveguide material
silica glass (refractive index = 1.45) and light blue corresponds to air; w is the strand thickness and
ag is the distance from the symmetry axis (red dashed line) to the glass strand; blue dashed line
shows the axis of the simulation and refers to the spatial refractive index distribution used within
in this toy model. (b) Real part of the magnetic field amplitude of the fundamental leaky mode
as function of transverse coordinate (represented by the blue dashed line in (a)). (c¢) Imaginary
part of the effective index of the fundamental leaky mode in the wavelength domain between the
second (m =2) and the third (m = 3) order resonances [88].

properties (light blue: air, light green: silica). The blue dashed line denotes the axis
of simulation and the vertical red line show the symmetry axis of the square core
waveguide geometry. An ideal square core provides zero birefringence regardless of
relative orientation of incident polarization vector and the core symmetry axis. But,
when the square core is deformed along one of its main axes (blue dashed line), the
degenerated propagating constants of the fundamental modes split. This leads to modal
birefringence [88]. Figure shows the real part of the magnetic field amplitude
along the axis of simulation (transverse coordinate) calculated by the slab waveguide toy
model (TM-polarization) for the fundamental leaky mode [88-90]. Figure shows
the imaginary part of the effective refractive index between the second (m =2) and the
third (m= 3) order resonances. Effect of structural deviations on the refractive index
and propagating wavelength are carried out at wavelength of minimal loss (black arrow
in Figure [5.8).

The impact of structural deviations from an ideal core shape on birefringence is
simulated between two waveguides having core radii ag and a. These qualitative
simulation results show an increase in the relative effective index (An), both in real and
imaginary parts, with an increase in relative core radius (a-ag). The results also suggest
that birefringence in ARHCFs depends on the actual size of the core. This needs to be
taken into consideration when comparing the polarization properties of different types
(square, hexagon, and nonagon) of hollow core fibers studied in this work.

The structural deviations from an ideal core shape has an impact on spectral char-
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Figure 5.9: Effect of relative core radius on birefringence at wavelength of minimal loss (A= 572
nm as indicated by the arrow in Figure [5.8). (a) Real and (b) imaginary parts of the relative
effective index (neg(ag) — neg(a)) as function of the relative core radius (a — ag), calculated using
the slab waveguide toy model for strand thickness of w = 0.7 wm). The three different lines in
each plot refer to three different base core radii varying from 10 pm to 20 um (as indicated in the
respective legend) [88)].

acteristics of the leaky waveguide. This is studied by taking the difference between
two simulations of the spectral distribution of ne.g for a base radius of ag and a slightly
increased base radius ag+Aa, where Aa=100 nm. The results shown in Figure |5.10
correspond to the spectral transmission window between the second (m = 2) and the
third (m = 3) strand resonances. The spectral distribution of variation in effective
refractive index (An) qualitatively follows the spectral dependence of Re(nes) where
highest birefringence is observed close to the short wavelength side of the lower-order
resonance, i.e. An is maximum at around 720 nm (m=2) when compared with 510 nm
(m=3). The impact of the structural deviations reduce for an increasing core radius as
suggested by the three curves in Figure when compared with the scenario shown
in Figure . The corresponding imaginary part (Figure ) shows significant
effect of structural deviations close to the edges of the transmission band. This can
be attributed to the increase of electromagnetic field inside the glass strand in close
proximity to the strand resonances. Hence, a strong polarization dependence is visible
near edges of the transmission window.

This simulated toy-model gives only qualitative insights into the underlying principles
of structural deviations in the ideal polygon core of an ARHCEF. This model is a one
dimensional hypothetical model. A direct quantitative comparison to the presented
experimental results is unfeasible as the ARHCEF structures experimentally investigated

have two dimensional cross sections.
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Figure 5.10: (a)Sketch of the slab waveguide model: light green shows the waveguide material
silica glass and light blue corresponds to air; w is the strand thickness and ag is the distance from
the symmetry axis (red dashed line) to the glass strand; blue dashed line shows the axis of the
simulation and refers to the spatial refractive index distribution used within in this toy model. (b)
Real part of the magnetic field amplitude of the fundamental leaky mode as function of transverse
coordinate (represented by the blue dashed line in (a)). (¢)Imaginary part of the effective index of
the fundamental leaky mode in the wavelength domain between the second (m=2) and the third
(m= 3) order resonances [88].

Impact of fiber geometry and wavelength on e, from the experiments is summarized
in Figure The contour plot for square and hexagon fiber shows the variation
of e,ut With respect to orientation of polarization at the input along horizontal axis
and with respect to wavelength along vertical axis. Fundamental mode guidance is

observed in both fibers at all the scan wavelengths. e,,; value are color coded as shown
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Figure 5.11: Contour plots for variation of e,,4 with polarization of the incident beam and
wavelength (a) square core and (b) hexagon core. Pink dashed horizontal lines represent the
beginning of resonance region and the arrow points the direction of increasing resonance. The color
bar on the right indicates the measured eoy values. (The black portion shows no measurement).
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by the vertical bar on the right side of the figure. The plots show a steep gradient in
color along wavelength axis towards the resonance region. These maps illustrate the
overall variation of €4, in a non ideal polygon core of an ARHCF. The best operating
wavelength to obtain output light with minimal output ellipticity is the point having
the deep blue color.

5.8 Summary

This chapter explored the dependence of the geometry-induced polarization behaviour
in polygon core ARHCF on various parameters from the experimental perspective.
The structural deviations from an ideal polygonal core geometry provide a platform
to induce birefringence in ARHCF which otherwise not possible in NC-ARHCF while
maintaining the structural symmetry. Orientation of input polarization angle is critical
as it has strong influence on the azimuthal deviations of the core geometry and can
introduce large variation in e4,. It is also observed that modal attenuation depends on
the input polarization state and &, increases towards resonance region. Center of the
transmission bands showed minimal variation in €., and maintain the minimum ...

One dimensional simulations support the observed experimental results qualitatively.
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6 Supercontinuum Generation in ARHCF

Supercontinuum generation is a phenomena where a narrow band light undergoes
extreme broadening in spectrum due to nonlinear interaction between the propagating
light and the material [39]. It was shown that interplay between nonlinear effects
and dispersion of the optical fibers can support soliton-like pulses [91] and were ex-
perimentally observed in 1980 leading to generation and control of ultrashort optical
pulses [92], 93].

The first demonstration of supercontinuum generation in optical fiber was by Lin
and Stolen in 1976 [94]. The field started to flourish after the advent of photonic crystal
fibers (PCF) in the late 1990s because one can tune the dispersion properties in the
core of the fiber not only by changing the core diameter, but also by varying holey
cladding parameters such as pitch and diameter of cladding holes during the fiber
design [8, O5H97]. The solid core fibers have limitations in terms of achievable peak
power due to low damage threshold of silica and no flexibility in the control over the net
dispersion characteristics for a given fiber design and length. Conventional hollow core
capillary waveguide supports high peak power operation and also choice of nonlinear
medium (e.g. capillary can be filled with inert gases, Raman-active gases, etc.), but
losses increase inversely to the cube of capillary diameter, which is crucial to increase
the nonlinearity, limiting its performance [16].

Invention of hollow core PCF and Kagome fibers have revolutionised the field of
nonlinear fiber optics by combining the advantages of PCF technology and capillary
waveguides [62, O8] such as tuneable fiber dispersion properties, high damage threshold
operation, choice of nonlinear media that can be filled in the hollow core. Further, these
new hollow core PCFs provide low loss transmission for a broader spectral bandwidth
when compared with capillary waveguides. However, highly complex cladding structure

of the Kagome introduces many challenges during the fiber drawing process.
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The ARHCFs possess unique fiber properties such as broadband transmission window
from ultraviolet to mid infrared, fundamental mode propagation throughout transmission
window, high damage threshold. These fibers have found widespread applications in
various fields of nonlinear optics [99], sensing [53], [100], telecommunication [78], and
high-power delivery [51]. This chapter explores on efficient supercontinuum generation
in ARHCF where an additional degree of freedom in dispersion management can be
achieved due to resonance. Such a dispersion profile plays a crucial role in enabling
new regime of soliton dynamics leading to spectral superbroadening.

A comparison of dispersion profile between ARHCF under study and Kagome-type
or capillary type fiber is made in section [6.I] The experimental setup to generate
supercontinuum in gas-filled ARHCF is described in section [6.2] Supercontinuum
generation results in homogeneously gas-filled and differentially pumped ARHCEF are
shown in section [6.3l Section [6.4] introduces the simulation model and section [6.5]
discusses different nonlinear effects that play a role in supercontinuum generation in the
novel dispersion tuned ARHCF based on UPPE and GNLSE model. Supercontinuum
generation in Raman active Ny gas filled ARHCF is explained in section and the
results are compared in the final section [6.7]

6.1 Comparison of dispersion between ARHCF and Capillary

As we observed in chapter 4, the dispersion profile of the ARHCF varies abruptly near
the resonance wavelength by few orders in magnitude. Figure shows the comparison
between calculated GVD profile of an hexagon core ARHCF and conventional hollow
core fiber having same core diameter (when homogeneously filled with 6 bar of krypton
gas). The GVD profile of the ARHCF is calculated by finite element method in the
COMSOL software [82]. The resonance wavelength is considered the center of resonance
spectrum (see Figure , i.,e. at 1 um. Along with abrupt variations in GVD profile
near resonance region, ARHCF has four zero dispersion wavelengths (ZDW) in a
bandwidth of 400 nm against one ZDW in HCF. These additional ZDWs further assist

in accelerating nonlinear soliton dynamics which lead to supercontinuum generation.
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Figure 6.1: Comparison of group velocity dispersion between ARHCF and HCF: COMSOL
simulation of the group velocity dispersion of the fundamental mode in the ARHCEF filled with
krypton at a pressure of 6 bar (purple curve, strand resonance located at 1 pm (in blue); orange
line corresponds to gas-filled HCF dispersion having no strand resonance). The rectangle mark
shows the zero group-velocity dispersion wavelengths. The inset shows close-up view of the GVD
in the strand resonance. The circular mark shows the ZDW in the lossy resonance spectral region.

6.2 Experimental set-up

The experiment was carried out using a femtosecond Ti:Sapphire Chirped Pulse Amplifier
(CPA) laser system. The CPA system delivered 80 fs pulses with energies up to 1 mJ
at central wavelength of 800 nm with repetition rate of 1 kHz (SpectraPhysics Spitfire).
The experimental setup is shown in Figure[6.2] Linearly polarized pulses emitted by the
laser pass through a combination of a broadband (ultrafast) Thin-Film Polarizer (TFP:
Altechna 2-UFP-0800-2060-T2) and a HWP ( Thorlabs Achromatic HWP: AHWP10M-
980) to control the input pulse energy from few nJ to 50 wJ. The collimated input beam
having diameter of 12 mm was coupled into the core of the ARHCF (core diameter:
50 um, length: 250 mm, shown in Figure using a lens having focal length of
200 mm. The spot size at the focal point was measured to be 17 um by knife edge
technique. Unlike, HCF where the ratio between spot size and core diameter for best in

coupling ~ 0.67 [16], the experiments with ARHCF show better coupling efficiency for
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the ratio of < 0.5. A throughput efficiency of 65% was recorded for the evacuated fiber
and remained constant for entire range of gas pressures and input energies used in the
experiments. Both ends of the fiber were mounted on two independent gas cells with
the possibility to maintain either a constant gas pressure along the fiber or a pressure

gradient during experiments.
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Figure 6.2: Schematic of the supercontinuum generation experimental setup. The yellow arrows
refer to the situation of differential pumping to create a pressure gradient inside the fiber sample.

The output yield was attenuated by reflection on a wedge. This avoids saturation
of spectrometer pixels at high output energies. The output beam is focused on the
entrance slits of three different spectrometers via flip mounts. Two Ocean Optics
silicon CCD spectrometers (USB4000-UV-VIS measures from 200 nm to 893 nm and
USB2000+ measures from 504 nm to 1171 nm) are characterized to record the output
from ultraviolet to near infrared (NIR) spectral range. An InGaAs CCD spectrometer
(Ocean Optics NIRQuest512: measures from 899 nm to 1706 nm) for the NIR to
short-wavelength infrared (SWIR) spectral range. Together with these combination
allowed the characterization between 200 nm and 1.7 um. In a control experiment with
an entirely empty fiber i.e., fiber system including gas chambers are in vacuum, no
signal is recorded in UV-VIS region for output energies up to 20 wJ and a clear signal
at 800 nm suggests no stray light influence or nonlinearities in the waveguide material
silica has to be taken into account for the experimental configuration discussed here. A
clear UV signal appears above a particular threshold energy as shown in Figures
and [6.5] It is important to consider that the UV signal shows a dependence on gas
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pressure (i.e., the Ocean Optics spectrometer showed a change of UV intensity which
correlates with a change in gas pressure), clearly indicating that we can detect such
short wavelength and that they originate from supercontinuum generation, which is
additionally confirmed by the mode images (Figure .

It is important to consider that at resonance the strands resemble a Fabry-Perot type
resonator operating in transmission mode, which imposes that the strands do not act
as individual waveguides, i.e., do not support guided waveguide modes. The energy
continuously leaks through the strands, but not propagate at these wavelengths. No
intense light emerging from the strands is observed in the experiment. The contribution
of the strand with regard to light generation is negligible in the experiments carried out

here.

6.3 Supercontinuum generation

Homogeneously gas filled ARHCF

The evacuated ARHCF is homogeneously filled with krypton gas at 6 bar. The evolution
of spectral broadening of the 80 fs laser pulses at an 800 nm wavelength as a function
of increasing output pulse energy is shown in Figure (a—e). The Figure shows
the output spectrum at 60 nJ which is same as the input spectrum with no nonlinear
interactions due to low pulse energy. Gradual increase of the input energy shows spectral
broadening due to SPM. The broadening approaches towards spectral resonance region
at output energy of 5 pJ as shown in Figure [6.3(d.

A sudden onset of extreme spectral broadening at ~ 6.5 puJ of output energy is
distinctly visible in Figure [6.3. This broadening evolves into a multi-octave-spanning
supercontinuum at an output energy of ~ 8.1 wJ. This broadening towards longer
wavelength region surpasses the lossy resonance spectral region (Figure ) Further,
an increase in spectral content in the NIR region is observed where the output spectrum
extends from 200 nm in ultraviolet to 1.4 um in the NIR spectrum at ~ 12.1 nJ (see
Figure [6.3h).

It is notable that a few-hundred nanometer spectral broadening is recorded with
only a 25% increase in the output energy (Figure [6.3c-d). The broadening spans

from UV (200 nm) region to the starting point of resonance at the output energy of
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Figure 6.3: Measured spectral content at various output pulse energies in homogeneously
krypton-filled ARHCF at 6 bar (given in the plots(a)-(e)). The corresponding output energy
values are shown on the top right side of the plots. The blue bands show the resonance region
for resonance orders m=1,2, and 3. (e) has identical spectrum as the input laser spectrum,
(d) shows the spectral broadening due to SPM, (c¢) shows the effect of resonance region on spectral
broadening by onset of multiple dispersive waves and (b) shows extension of broadening on the
longer wavelength of resonance. (a) shows increased spectral content in infrared spectral region at
output energy of 12.1 wlJ.
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~6.5 1, where the signal in the NIR region is below the noise limit of the spectrometer.
The spectral broadening further extends towards the IR spectral region with only
20% increase in the input energy. This is shown in Figure [6.3b-c with an increased
supercontinuum power spectral density in IR region. At constant krypton gas pressure
of 6 bar, the maximum achieved output energy in ARHCF for nearly three octaves
broadband supercontinuum is ~12.1 wJ with ~19 pJ of input energy. Further increase
in input energy resulted in significant ionization of the gas at the fiber input. This
limits the fiber performance due to drilling of ~495 nm thick strands which support
the antiresonant mode guidance through the fiber.

The near-field beam profile of the fiber output is measured in atmospheric conditions

without gas cells shown in Figure [6.4h. It shows that majority of the propagating energy

is confined in the core of the fiber.

Near field

Figure 6.4: Recorded output mode profiles: (a) near field mode profile at the tip of the output
end showing light Conﬁned in the core of ARHCF (b-h) recorded at maximum output energy
of 12.1 uJ (see Figure [6.3p) behind narrowband filters with central wavelengths (b) 260 nm,
(c) 365 nm, (d) 500 nm, ( ) 775 nm, (f) 950 nm, (g) >1150 nm, (h) 1600 nm. (a-f) are recorded
using silica detector and (g-h) using InGaAs detector.

> 1150 nm

The far-field beam profiles of the supercontinuum output were selectively measured
at different wavelengths by placing corresponding narrowband filters in front of the
cameras (in UV-VIS spectral region: Coherent GmBH LaserCam-HR with BeamView
software; in NIR spectral region: ABS GmbH, InGaAs IK-1513) placed at a distance of
~12 cm from the fiber end. Figure [6.4b-f shows far-field mode patterns for maximum

output energy of ~12.1 wJ confirming fundamental mode propagation at all wavelengths
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of the supercontinuum.

The experiment was conducted under the same energy conditions in an evacuated
fiber system (down to 10s of mbar) to verify the contribution of spectral broadening from
glass strands. The output spectral distribution was essentially identical to the input

spectrum and confirm no contribution from waveguide material in spectral broadening.

Differentially-pumped ARHCF

The gas ionization effect at the fiber input is overcome by the differential gas pumping
configuration. Here, the input of the fiber is maintained under vacuum conditions
(10s of mbar) by a roughing pump and output gas cell is maintained at high krypton
gas pressure of 6 bar. This gradient gas pressure not only avoids dense gas plasma
formation at the fiber input, but also facilitates to couple higher input energies into
the fiber. Tight focusing of the input beam avoids any direct damage of the fiber
strands at the input and enables long term operation. This configuration observes no
degradation in the output beam quality for hour long operations. The evolution of
spectral broadening in this configuration is similar to homogeneously gas-filled system
where onset of sudden broadening is first observed on the short wavelength side of
the pump wavelength. The broadening extends towards longer wavelength region at
higher input energies surpassing the lossy resonance valley as shown in Figure [6.5]
SPM dominates spectral broadening up to 10 uJ of output energy (see Figure [6.5¢)
where broadening approaches resonance region. At ~ 19 uJ of output energy, spectral
broadening largely extends towards shorter wavelength and also starts to overcome the
resonance region with signal up to wavelength of 1.3 um. Significant broadening is
observed towards longer wavelengths extending the signal content up to 1.7 um with
only 20% increase in the output energy. Maximum broadening in differential pumping
scheme is achieved at roughly double the coupled energy as seen in Figure (in
comparison with Figure|6.3p), and with an extended spectral broadening towards the
NIR. In the IR region, the longest wavelength measured is 1.7 um at output pulse
energy of ~23 wJ (Figure ) and was limited by spectrometer range.

It is important to highlight that the high modal loss associated with the strand
resonances (see Figure is considerably suppressed at highest input energies as
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Figure 6.5: Measured spectral content at various output pulse energies in differentially pumped,
krypton-filled ARHCF at 6 bar (given in the plots (a)-(e)). The corresponding output energy
values are shown on the top right side of the plots. The blue bands show the resonance region
for resonance orders m=1, 2, and 3. (e) is the input laser spectrum recorded at the exit of the
fiber. (c, d) shows the spectral broadening due to SPM only for output energies of 2 puJ and 10 wJ.
(b) shows the effect of resonance region on spectral broadening by onset of multiple Cherenkov
radiation emission. (a) three octave spectral broadening at output energy of 23 wJ. The losses
due to resonance is overcome by the nonlinear process to produce a continuous spectral output.
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shown in blue bars in Figures [6.3] and [6.5] This shows that intrinsic propagation losses
of the waveguide are fully compensated by nonlinear process of frequency conversion
to achieve spectrally continuous output spanning over three octaves of bandwidth
[101]. At maximum spectral broadening (i.e. in Figure [6.5n), nearly 75% the output
energy is concentrated the infrared region (>700 nm), 24% in the visible spectral
region (400-700 nm) and ~1% in the UV (< 400 nm). The Popov-Perelomov-Terentiev
equation [I02] is used to estimate the plasma density for the experimental conditions.
It suggests that ionization plays an insignificant role for input energies of at least up to
~20 wJ. The relative plasma density increases to ~2% for the maximum input energy of
~35 wJ (corresponding to output energy of ~23 wJ energy in Figure )7 and possibly
play a role in the spectral broadening process due to nonlinear effects arising from to
gas ionization (for e.g., spectral blueshift).

The final spectra shown in Figures [6.3] and [6.5] are recorded by different spectrometers
and are stitched together by comparing the overlapping regions with similar spectral
features to precisely record all the spectral features. Each individual spectrum was

corrected for the spectral distribution of the respective spectrometer sensitivity.

6.4 Numerical Simulation and Analysis

As a consequence of the strong change of the GVD (discussed section [4.3)), the ultrafast
excitations located within the spectral domain adjacent to the strand resonance cannot
be described anymore as classical Schrodinger solitons. The higher-order dispersion
terms presumably play a significant role. The numerical simulations are carried out
to model propagation of ultrafast pulses in such extreme dispersion domain with
soliton-like behavior using Unidirectional Propagation Pulse Equation (UPPE) in the
frequency domain (introduced in section and reference [26]). These simulations
happen in real electric field and hence are not limited by spectral bandwidth. The
analytic representation of a real-valued electric field output can be easily calculated
by considering the envelop of the high frequency carrier wave via Hilbert transform.
Mathematically, UPPE is given by,
Oe

o =ik(w,p) = )+

o YO FE? (6.1)

2c2k(w, p)
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where, e(w,z) = F[E(t, z)] is the spectral amplitude, F is the Fourier transform
operator, F(t, z) is the real electric field in the laser pulse. The wave vector k(w, p) is
given by the dispersion relation describing the pressure dependence of refractive index

of the gas as:

[ ][
(NI

21
ng(w,p) = <2pn0 + 1)

where py is the normal atmospheric pressure, ng is the refractive index of gas at

(1 _pno - 1>_ (6.2)

Po no? + 2

atmospheric pressure calculated using the Sellmeier equation for Kr [103], v is the
velocity of a reference frame chosen for convenience of simulations, and y® is the
instantaneous third order susceptibility and is frequency independent.

Numerical analysis assumes the pump is propagating in a single mode along the
entire fiber length light at all generated wavelengths . The modes and modal effective
index for the ARHCF structure used in the experiments are calculated by finite element
simulations [I§]. Away from the strand resonance, dispersion relation of a gas-filled
HCEF fits well to the modal dispersion of the fundamental mode (i.e., capillary) [16].
Nonlinear pulse propagation in Kagome fibers are simulated with similar approach

where propagation vector is defined in Ref [I5] and given by,

) = 2 (mfe) — 2 (125)) (63

where w is the angular frequency, p is the gas pressure, n, is the pressure-dependent
refractive index of the gas (at a constant temperature), u;; ~2.405 is the first root of
the zero-order Bessel function, d is the core diameter and c is the vacuum speed of light.

Eq. [6.3]is modified to include the contributions from resonance as:

) = 2 (o) -2 (1) - o)) (6.4

W— Wres)? + b

where the coefficients a and b are obtained from fit to the effective mode index near
resonance by a Lorentzian function a = 2.05 x 10 s71, b = 9.4 x 10% s72.

The spectral distributions of the GVD for the ARHCF and a Kagome fiber (same effect
as capillary) having similar core diameter shown in Figure . The UPPE simulations
assume the following experimental parameters as input conditions: pulse width of 80 fs,

laser pulses energy of 12 wJ having central wavelength of 800 nm propagating in the
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20 cm long ARCHF having core diameter of 50 um and filled with kyrpton gas at
6 bar of constant pressure. The simulation ignores propagation losses for simplicity.
The fundamental strand resonance wavelength is chosen to be 1 um, approximately

corresponding to the center of the first order resonance band (see Figure .

6.5 Discussion

Figure shows comparison of nonlinear pulse propagation simulations in the krypton
filled ARHCF (Figure [6.6h) and in Kagome fiber (Figure[6.6p) of equal core diameter.
The simulation results show significant influence of the strand resonance (at propagation
length of 6 cm and 7 ¢cm) on the supercontinuum process resulting in multi octave
bandwidth extending from 200 nm to more than 2 um with sudden dramatic increase
in the broadening rate. For Kagome fibers, spectral broadening is mainly governed by
SPM and self-steepening. This limits generated bandwidth to approximately 900 nm in
20 c¢m long fiber. SPM governs the spectral broadening process in both ARHCF and
Kagome type fiber until the propagation length of 5 cm. However, when the broadening
of the generated spectrum closes into the resonance region in ARHCF at about 6 cm
of propagation, explosion-like dynamics is observed. The spectral broadening extends
from 300 nm to 1.5 wm within a short propagation length of ~1 cm to generate over
an octave of bandwidth.

The observed phenomena can be explained with the GVD profile of the ARHCF
near resonance. As shown in measured GVD Figure and simulations Figure
GVD increases by few orders of magnitude in the vicinity of the resonance. This abrupt

change has three main effects will and shall be discussed further.

i. Soliton fission length

The rate of soliton fission and the total amount of solitons are proportional to

Vo ~ (02)

2

ow?
in GVD leads to increase in solitonic dynamics due to shortening of the propagation

where Lp is the dispersion length and GVD (| B, |) is given by [104]. Increment
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Figure 6.6: Spectral evolution in ARCHF (a) and Kagome-type (b) fibers due nonlinear pulse
propagation simulations Spectral intensity distribution at different positions along the propagation
length of ARHCF. Resonance region is marked in blue. Light blue shade show the anomalous
dispersion region and light magenta marks the normal dispersion region.

1i.

distance. This enhances solitonic self-compression and subsequent break up into
soliton-like temporally confined waves. GVD increases by orders of magnitude close

to the resonance resulting in a short fission length.

Cherenkov emission

Generating new frequencies using phase-matched dispersive wave generation is a
well-know and particular efficient process. Typically, dispersive waves are clearly
distinguishable in the spectral distribution of the generated light and allow to
determine the wavelength of the associated soliton. It is challenging to identify
individual dispersive waves in this experiment (and thus not associated with solitons)
as the strongly changing dispersion allows phase-matching between a vast number

of ultrafast excitations and dispersive waves.

Abrupt changes in magnitude of GVD implies large values of higher-order dispersion
terms. These higher-order dispersion terms are responsible for formation of self-
consistent large frequency shift of solitons and large number of Cherenkov emission.
(The second Cherenkov radiation appears in the anomalous dispersive domain of

the fiber, whereas the term "dispersive wave" normally refers to the waves generated
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Figure 6.7: Nonlinear pulse propagation simulations in ARCHF and Kagome-type fibers. (a)
Spectral intensity distribution at various positions inside the ARHCF (core diameter of 50 pm)
with the dispersion profile shown in Figure The vertical dashed line indicates the strand
resonance, and the Cherenkov radiation bands are labelled by CR. The colors refer to the different
intensity values defined by the top right color bar (logarithmic scale, normalized to unity).
(b) Corresponding plot of the temporal evolution (bottom right color bar, linear color scale).
Corresponding spectral and temporal distributions for a Kagome-type HCF with the same core
diameter as the discussed ARHCF are shown in (c) and (d). The OWB label stands for optical
wave breaking. The vertical dashed line in ¢ indicates the ZDW. For all plots, wg refers to the
central frequency of the initial pulse (2m¢g/wo = 800 nm) [23].

in the normal dispersion regime. Hence, more general term "Cherenkov radiation"
is used throughout to avoid any confusion). The process is further fuelled by
multiple ZDWs and spectral regions with opposite sign of GVD in the vicinity of
the resonance (see Figure [6.1)). This creates a platform for Cherenkov radiation

emission at both short- and long-wavelength regions of spectrum [104].

The resonance influences the position of multiple ZDWs which in turn contributes
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1il.

to the nonlinear light generation processes. Figure [6.1| compares the well-known
dispersion of a capillary, corresponding to the model assumed for Kagome-type
fibers, with the dispersion variations induced by a single strand resonance at 1 pum
used in simulations to approximate our antiresonant fiber. It can be observed that
the resonance induces four new ZDWs, out of which, two are in close proximity
to the resonance. The presence of the ZDW in the near-IR on the red side of the
resonance is the main reason for the energy transfer via phase-matched Cherenkov
radiation generation to the longer wavelengths. Nevertheless, the first (initial)
ZDW on the short wavelength side of the pump still exists and blue-shifts down to
0.75 um due to the influence of the resonance. This ZDW is closest to the pump
wavelength. Hence, energy is distributed to the short wavelength side first (i.e. the
high-frequency side) and effectively leading to a drastic expansion of the spectrum

to visible and ultraviolet wavelengths.

Comparison between spectral intensity distribution and temporal evolution of the
simulated nonlinear pulse propagation in ARHCF and in Kagome are shown in
Figure [6.7] As the main pulse undergoes the pulse break-up at the resonance, the
broadening due to SPM no longer plays a role leading to soliton stabilization as
seen in Figure [105], [106]. This process releases sudden energy in the form of
multiple phase-matched resonant Cherenkov radiation starting at a propagation
distance of ~ 7 cm (see Figure . A subsequent Cherenkov radiation emission
occurs at propagation distance of ~ 10 cm, where the phase-matching is provided by
the dispersion characteristic of the resonance. The efficient energy transfer across
the resonance towards longer wavelength is observed. However, SPM continues to
play significant role in spectral broadening in the case of Kagome fiber unlike in
ARHCEF. It takes longer propagation lengths to achieve efficient energy transfer
towards UV due to lack of resonance (Figure [6.7¢).

Four-wave mixing

It is well known that complicated FWM processes play a dominant role in super-
continuum generation after the fission process [107]. The various combinations

of the strong signal components emerging in the supercontinuum process can be
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attributed to perfectly phase-matched signal and idler branches. It explains the
further extent of the simulated spectrum to both sides beyond the extent of the
initial Cherenkov radiation generation. This process corresponds to a parametric
four-wave mixing pumped by both the initial solitary wave and one of the two
generated Cherenkov radiation (either the one in the visible or the one in the

near-IR), leading to the phase-matching condition

Blwin) + Blwan) — Blws) — Blwern) — v(ws)Po =0 (6.6)

where, B(ws) is the frequencies of the solitary wave, S(wcrn) is the ng, gener-
ated Cherenkov radiation (n=1,2), B(w ) is the corresponding signal and (w2 )
is the idler. Since the peak power Py of the solitary wave (those close to the
strand resonance) dominates the other mixing partners only the nonlinear phase
of the solitary wave is considered. However, the bandwidth of phase-matching
processes to Cherenkov radiation generation is overwhelming and FWM signals are

indistinguishable from Cherenkov radiation.

Regarding the impact of the third-harmonic, in both cases Kagome and anti-resonant
fiber, the third-harmonic light is generated and probably frequency shifted by cross-phase
modulation. However, this part of the field has no further impact on the broadening
process in case of the Kagome-type fiber. But also in case of the ARHCF, an independent
evolution of both Cherenkov radiation generation and third-harmonic generation is
observed. If the third-harmonic would act as a seed for the Cherenkov radiation, it
should be observed earlier to the onset of the Cherenkov radiation at around 3wy than
e.g. around 2wy in the Figure [6.7h.

The simulations presented here neglect ionization nonlinearity in the model based on
an experimental observation and on numerical estimations. Very high intensity is present
at the fiber entrance when incoupling the light into the hollow core. Consequently,
ionization is expected to happen mainly at the fiber input which is well-known from
nonlinear pulse compression in hollow-core fibers. An experimental verification of
appearing ionization relies on a nonlinear relation between input and output energy, as
coupling into the fiber is modified in case of ionization-induced defocusing. Such kind

of nonlinear behavior was, however, not observed in the experiments presented here,
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as the transmission efficiency through the fiber was approximately constant across the
entire range of input pulse energies used in the experiments; thus from the experimental
perspective ionization was not an issue at the energy levels considered.

In experiment, the fiber exhibits multiple resonances allowing a possibility for cascaded
phase-matching processes pushing the output spectrum further towards UV region.
But, the resonance regions are lossy and propagating mode experiences an increased
effective mode field area that results in reduced nonlinearity [I05]. The spectrally
trapped associated solitary waves near resonance will lose peak power as they propagate,
resulting in the reduced conversion efficiencies of the cascaded process. Hence, smaller
spectral bandwidth is observed in the experiment.

The simulations (Figure and the group velocity dispersion presented in Figure
only include the lowest-order resonant at around 1 pum, with all other resonances
located at shorter wavelength being neglected. It is known that the magnitude of the
strand resonance (i.e., the bandwidth and magnitude of loss for a finite sample length)
reduces towards increasing resonance orders, as the spectral extend of the domain of
the dispersion anti-crossing reduces, which is in accordance with coupled mode theory
(see for instance the example of a band gap fiber in Figure 3a of reference [108]). Thus
the fiber design placed the strongest strand resonance in proximity to the laser pump
wavelength and forcing the input pulse to experience the strongly changing group
velocity dispersion. As a first step, it is sufficient to consider only one resonance in
simulations since the strongly varying dispersion provides a large number of phase-
matching opportunities regardless of the dispersion profile away from the fundamental
resonance. Though simulations include single strand resonance, it reproduces the
numerical analysis qualitatively when compared with the experimental observations.
This confirms the dramatic impact of the one strong resonance on nonlinear pulse
propagation. The simulations also show spectral (temporal) evolution as a function of
propagation distance whereas in the experiment, the spectral evolution is measured
as a function of input energy for practical reasons. These two dependences are fairly

equivalent.
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Generalized nonlinear Schréodinger equation

To elaborate the dynamics more precisely, further simulations using the generalized

nonlinear Schrodinger equation (GNLSE) are carried out to estimate phase-matching

conditions for Cherenkov radiation and modulation instability (MI). The GNLSE assume

quasi monochromatic electric field and spectrum is situated around zero. This helps in

easier analysis of MI and phase matching conditions. High frequency part in neglected

in these simulations and is easier to generate the spectrograms. The observed spectral

broadening can be explained as follows:

i

1i.

Initial SPM creates new frequency components symmetrically around the pump
pulse, leading to a temporal contraction of the pulse and increases the peak power
(i.e., solitonic compression). The soliton numbers calculated from the initial pulse
parameters is around 16 for a pulse energy of 12 wJ at krypton gas pressure of

6 bars.

Once the pulse spectrum extends into the domain of the strand resonance, a
number of ultrafast states with solitonic character are excited due to the strongly
changing group velocity dispersion (i.e., strong perturbation). These states are
phase-matched to large number of Cherenkov radiation emission at the short and
long-wavelength sides of the resonance, distributing the energy across the UV, VIS
and near IR domains. For qualitative verification of this argumentation, calculation
of phase-matching wavelengths to dispersive waves shown in Figure is carried
out. This shows the dependence on frequency shift relative to the initial pump
wavelength (800 nm) and compressed pulse peak power. It is important to note
that dispersive wave generation does not require the presence of "classical" solitons.

The nonlinear phase-matching condition is given by

Bw) = Blws) + [ws — w]fi(ws) = ¥(ws)Po = 0 (6.7)

where pump frequency is wg, wave number is 3, 81 = J,,5, the nonlinear parameter
is v, and the peak power of the pump wave Py. Eq. is of general character
and, as a consequence, can be applied to any kind of pump excitation which

possesses sufficiently high peak power. This was demonstrated in [109] where
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Figure 6.8: Perfect phase-matching condition for (a) resonant Cherenkov radiation (CR) and (b)
modulation instabilities (MI) as functions of peak power along with wavelength detuning relative
to central laser wavelength of 800, near the strand resonance (wavelength 1 pm). The x-scale
covers the normalized frequencies range from 5wg to 0.4wy. The vertical dashed green lines show
the resonance spectral positions in both plots. The phase-matching points of the two Cherenkov
radiation bands indicated by CR1 (green dot) and R2 (magenta dot). The Cherenkov radiation
bands are indicated in Figure [23].

energy was transferred from a pulse propagating in the normal dispersion regime to
its phase-matched counterpart in the anomalous dispersion regime. The bandwidth
of possible phase-matching points in dependence of the center wavelength and peak
power of the involved solitary wave is investigated here (see Figure ) Due to
the large number of phase-matching points on both sides of the resonance within
the extent of the measured spectral bandwidth (i.e., between 1.1 wm and 1.6 pum
(0.5 and 0.7wy), and 0.25 and 0.55 pm (1.4 and 3.2wy)), it can be confirmed that
multiple double-sided dispersive wave generation plays a key role in the underlying

light generation process.

iii. A further extent of the spectral bandwidth is anticipated as a result of phase
matched four wave mixing processes between solitary waves and their generated
dispersive waves. Additionally, the fiber used in the experiment features higher order
resonance bands (i.e. at wavelengths ~500 nm and ~250 nm). These resonances
introduce additional modifications of the fiber dispersion and thus more potential

phase-matching points for multiple cascaded effects down to UV wavelengths.

iv. Modulation instabilities exhibit a characteristic symmetric spectral broadening
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Normalized frequency (w,)

indicated by sideband modulations appearing simultaneously left and right of the
SPM-modulated pump. Here, in contrast, the spectral evolution (Figures and
shows a step-wise broadening with first a short-wavelength signal appearing
around 1.4wy at z = 5 cm, emerging before a second long-wavelength signal at
0.5wy for a propagation distance of z = 6 cm. Such a step-wise, spectrally asym-

metric process indicates multiple phase-matching processes rather than modulation

instabilities.
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Figure 6.9: Spectro-temporal pulse evolution (i.e., spectrogram representation, linear scale)
at selected positons inside the ARHCF (the corresponding position is indicated on the top
of each plot). Normal dispersion (in yellow background)and anomalous dispersion (in white
background)domains are labelled as ND and AD, respectively [23].

V.

vi.

The strong initial self-phase modulation pushes a large power fraction of the pulse
into highly dispersive spectral domains. The non-adiabatic increase of the dispersion
leads to a decreasing probability for MI to occur, which is well described in the

review paper by Dudley et. al. [104].

The first order coherence of the generated spectra is shown in Figure [6.10] Sim-
ulations include uniformly distributed random phase noise into the UPPE solver
and determine the first-order coherence by effectively averaging over 20 statis-
tical realizations of spectra. Ome-photon-per-mode model with random phase

Froise(V) = \/%e"%and which is added on the pulse spectrum at the beginning of
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each run (more details on the noise model can be found in [110]). For a given
longitudinal position inside the gas-filled fiber, the spectral distribution of the

first-order correlation function can be calculated by

) = ‘ (En(NE(N)
V{Ea (V)2 (Ea(V)?)

gL (6.8)

where E is the spectral amplitude of the electric field of the individual spectra
at the respective wavelength, m and n run from 1 to 20 (over all permutations
with m#n), and the triangular brackets denote an ensemble average (sum over all

permuted products).

Propagation Distance [cm]

Frequency [ww,]

Figure 6.10: Coherence properties of the simulated spectral evolution in the gas filled ARHCF. (a)
Spectral intensity evolution inside the ARHCF (core diameter 50 wm) as a function of propagating
length with the group velocity dispersion profile shown in Figure The colors refer to the
different intensity values and defined at top left color bar (logarithmic scale, normalized to unity).
(b) Corresponding plot of the first-order correlation function of the spectral distribution at different
propagation lengths inside the fiber (white: unity (perfect coherence); dark red: no coherence). wy
refers to the central frequency of the input pulse (22%2 800 nm). The vertical blue line indicates
the strand resonance and generated Cherenkov radiation bands are labelled as CR [23].

The simulations show unity coherence across the entire generated bandwidth even
at large (initial) soliton numbers up to 57 (chosen limit of our test simulations),
which is much larger than predicted by the coherence limit (MI is relevant for

N > 15) given in literature. The results of the above calculations (presented
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in Figures and [6.10)) clearly indicate that modulations instabilities do not

dominate the spectral broadening.

The complexity of the spectrogram (Figure data makes it challenging to identify
all ultrafast nonlinear processes involved. However, three processes can be distinctly

identified:

i. Solitary waves

The splitting of the pulse into a series of strong tempo-spectrally confined waveforms

(e.g., at z = 6.5 cm), which are denoted as solitary waves.

ii. Cherenkov radiation

Two points of energy transfer (e.g., at z = 7 cm and z = 10 cm) to wave packets
are observed where the phase matching wavelengths are satisfied for Cherenkov

radiation in the UV and IR.

iii. Parametric wave mixing

Multiple domains of symmetric parametric wave mixing are observed. For e.g.,
at z = 7 cm solitary waves serve as seed signals and delayed SPM components as

pump signals to generate strong idler waves around 1.7wy.

For propagation distances longer than 7 cm the spectrogram results reveal rather
complex and sophisticated interactions between all the different processes. One effect
than can be distinctly identified is the acceleration of the solitary wave(s) near the
resonance (e.g., at z = 9 cm), as well as the subsequent generation of the second

Cherenkov radiation wave in the infrared.

6.6 Supercontinuum generation in Raman-active gas

Spectral broadening in atomic gases due to SPM is induced by electronic Kerr effect

which is instantaneous. However, diatomic molecules like nitrogen (N5) are Raman-
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active in nature. Raman response function is not instantaneous and has general form

R(t) = (1= fr)é(7) + frhr(7) (6.9)

where the first term corresponds to instantaneous electronic response and second term
refers to the retarded molecular responses [27, 111, [112]. In presence of Raman-active
medium, an intense light can undergo additional nonlinear process due to Raman
effect providing a shift in input wavelength towards longer wavelengths. This assists
in approaching the unique resonance GVD profile with lower input energies at a given
gas pressure if nonlinear refractive index (ny) of nitrogen is same as that of krypton.
However, nitrogen molecule has ny approximately three time lower than of krypton.
There will be an interplay of SPM and Raman effects in spectral broadening leading to
supercontinuum generation. Due to experimental challenges like maintaining precise
gradient gas pressure inside the fiber, having a fixed length of fiber for the two experiment
and minor deviations (+50 nm) in the central resonance wavelength for a give fiber
piece, the comparison between krypton and nitrogen results are qualitative in nature.

0

T T T T T T T T T T T T T T

differential pumping

23 pJ, Kr at 6 bar

-20

Normalized Output Power [dB]

i —

02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17
Wavelength [um]

Figure 6.11: Supercontinuum Generation in Raman-active Gas - Ny at 4.5 bar in differential

pumping scheme (in orange). The experimental results from krypton filled ARHCF (Figures
and ) are shown in the background for comparison.

Figure m (in orange) shows the supercontinuum spectrum recorded at 17 uJ of
output energy in Ny filled ARHCF (supercontinuum spectrum from krypton filled,
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differentially pumped experiments are shown from Figures —b (in blue and red) are
shown for comparison). At comparable energy levels of 17 pnJ for Ny at 4.5 bar and 19
wJ for Kr at 6 bar, output spectrum in the IR region are found to have similar spectral
yield. One of the salient features in the case of Ny is that the supercontinuum spectrum
is continuous with significantly higher spectral content in the resonance region when
compared with the Kr filled ARHCF. However, in the UV-VIS spectral region, Kr filled
ARHCF has more spectral content due to larger SPM broadening because of higher ns,

followed by Cherenkov radiation emission from phase matching in resonance GVD.

6.7 Summary

This chapter presented experimental results of supercontinuum generation in gas filled
ARHCEF. Results show that modal dispersion engineering via structural strand resonances
in gas-filled ARHCFs offers a new degree of freedom in multioctave spectral broadening of
output spectra from UV wavelengths towards the near infrared with high spectral density.
The sophisticated dispersion landscapes of the ARHCF design plays a significant role
in the spectral broadening and enables the generation of multiple octave supercontinua
that span from deep UV to short-wave infrared wavelengths.

A 80 fs pulse having central wavelength of 800 nm is launched in Kr-filled ARHCF
having ~495 nm thick silica strand which corresponds to resonance wavelength of
~1 um. The resonance spectrum of the fiber is measured to be between 850 - 1200 nm
due to variation in strand thickness along the fiber. The resulting abrupt GVD variation
in the vicinity of 850 nm accelerates soliton dynamics as the SPM broadening of the
pump light reaches the resonance region. At differential pumping of 6 bar of Kr-
filled AHRCF, over three-octave-spectral broadening from 200 nm in UV to 1700 nm
in IR is observed at output pulse energies of 23 wJ. Losses due to high-attenuation
at strand resonance wavelength are considerably overcome by nonlinear interactions
to generate a smooth spectra overall. The UPPE simulations show similar spectral
broadening as observed in experiment providing qualitative confirmation and key
understanding of the processes involved. Strongly varying GVD of the ARHCF at near
resonance outperforms the dispersion contribution from the gas and the waveguide

geometry, allowing access to new dispersion landscapes. Solitons propagating in such
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non-adiabatically changing dispersion experience accelerated fission process. Further,
the existence of multiple phase-matching possibilities emit resonant Cherenkov radiation
on both sides of the resonance. Spectral broadening continues further by parametric
wave mixing between solitary waves and emitted Cherenkov radiation. Subsequent
cascade of similar processes and higher-order structural resonances influence extend the
output spectrum. Experiments with Raman-active gas Ny filled ARHCF show initiation
of broadening due to resonance at lesser energies when compared with Kr which has
three time higher nonlinear refractive index. This is attributed to Raman shift of
the input spectrum, which further pushes the spectrum towards resonance region and

delivers high output spectral content in the resonance region.
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ARHCF

7.1 Introduction

Few cycle pulses are of great interest across different fields of research due to its intense
optical radiation that can interact with bound electronics of the exposed matter leading
to extreme nonlinear interactions [I13]. Few cycle pulses in the IR region (~ 1.8pum -
2 pum) have potential applications in fields like isolated attosecond pulse generation [114],
high-harmonic generation [I15], table-top particle acceleration [116], etc.

Conventional spectral broadening in gas-filled hollow-core capillary fibers by SPM
needs an additional dispersion compensation module for dispersion compensation to
obtain few-cycle pulses. The propagation losses in the capillary fiber scales inversely
as the cube of the diameter. This demands large core diameter fibers to maintain a
good coupling efficiency and need high input peak powers to generate sufficient spectral
broadening that can be compressed down to few-cycle regime. However, in Kagome and
ARHCFs propagation losses are independent of core diameter. It is possible to obtain
increased nonlinearity by few orders for one tenth smaller bore diameter in comparison
with capillary fibers. In the recent years, gas-filled Kagome fibers and ARHCFs have
been successfully used to broaden the input spectrum and generate few-cycle pulses
after a pulse compression system [12-14]. This chapter discusses generation of few cycle
pulses directly from the gas filled NC-ARHCF with no additional pulse compression
schemes.

The single-ring polygon core shaped ARHCFs discussed in earlier chapters do not
transmit beyond silica cut-off wavelength. The NC-ARHCEF silica fibers can have
transmission spectrum well beyond silica transmission cut-off. NC-ARHCEF can transmit

light up to mid-IR wavelength unlike single ring ARHCF. The NC-ARHCFs are also
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known to preserve the polarization state, as there is no large birefringence is introduced
in the structural design of the fiber. These advantages make gas-filled NC-ARHCFs an
ideal candidate to achieve pulse compression by SPM broadening at longer wavelengths.

When the pump wavelength is situated closer to resonance wavelength in any gas-filled
ARHCEF, it leads to accelerated soliton-fission like process (as discussed in chapter 6).
This is detrimental to obtain smooth temporal profile at high energy. Hence, it is
important to pump away from the resonance region to obtain a clean temporal profile of
the output pulse. The experiment discussed in this chapter is carried out in the group of
Prof. Frangois Légaré at Advanced Laser Light Source situated at National Institute of
Scientific Research - Energy, Materials and Telecommunications (INRS-EMT), Quebec,
Canada.

The properties of NC-ARHCF used to generate few cycle pulses are introduced in
section Experimental set up including the temporal characterization unit is detailed
in section [7.3] Experimental results are discussed in section [7.4] and summarized in the
final section [7.5l

7.2 NC-ARHCF Properties

The revolver type of ARHCF considered in this experiment has 7 untouched thin tubes
forming the nodeless negative-curvature hollow-core (inset of Figure shows the
SEM image of the fiber). This nodeless capillary structure is fabricated by the Beijing
University of Technology (fabrication details are found elsewhere in [117]). The core
diameter of the fiber is ~55 um, cladding ring diameter is ~22 um and strand thickness
is ~585 nm. The fundamental resonance \; is situated at ~1.2 um. Further, this fiber
guides light from ~1.2 um to mid-IR wavelengths ~3 um. There is no transmission
for the wavelengths <1.2 um. Figure shows the calculated (by FEM simulations)
variation of effective refractive index (left y-axis)and GVD (right y-axis) as a function
of wavelength for the fundamental mode. The inset in the lower half of Figure [7.1] shows

the close-up view of the strongly varying GVD in the resonance region.
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Figure 7.1: Properties of NC-ARHCF: Effective refractive index (left y-axis in green) and
corresponding GVD (right y-axis in violet) for the fundamental mode of the NC-ARHCF. Resonance
region is marked in blue. [inset (top): SEM image of 7 ringed NC-ARHCF, white scale bar
corresponds to length of 50 pum; inset (bottom)shows abrupt GVD variation in the resonance
region).

7.3 Experimental set up

Conceptually, the experiment set up is similar to the one discussed in chapter 6 with
additional temporal characterization unit. About 120 ¢cm long NC-ARHCF is mounted
on few-cycle Inc. fiber mounts, connected to gas cells as shown in Figure [7.2] CaF;
windows having thickness of 2 mm form the window of the gas cells. Input end of the
fiber is maintained under vacuum conditions (10s of mbar in G1). A constant Ar-gas
pressure is maintained in output gas cell G2 maintaining a gradient of pressure inside
the fiber.

Laser pulses for the experiment are generated by the Ti:Sapphire laser system.
Ti:Sapphire oscillator (KM labs) output is amplified by two multi-pass chirped pulse
amplifiers. The amplifier output delivers 35 fs pulses at energy of 1.6 mJ at repetition
rate of 2.5 kHz. This output pumps the TOPAS which is white-light seeded optical

parametric amplifier. The first difference frequency generation stage generates idler at
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FROG M3
spectrometer M2
Ti:Sapphire L G1 G2
system + TOPAS
2.5 kHz ARHCF
\’ %
vacuum pump Ar gas at 0.3 bar

Figure 7.2: Experimental set up self pulse compression in NC-ARHCF (details can be found in
the main text).

1.75 um and the second stage amplification occurs in type-II BBO crystal delivering
~300 wJ of output energy.

The lens L1 couples the input light into NC-ARHCF with throughput efficiency of
~50%. The concave mirror (f= 20 cm) collimates the output from the fiber. The flipper
concave mirror M2 focuses the light into the spectrometer (Ocean optics NIR256) to
record the spectrum, and mirror M3 guides the output into Frequency Resolved Optical

Gating (FROG) for temporal characterization.

7.4 Results and Discussion

The experiment is carried out at fixed output energy of 18 wJ, the maximum energy that
can be extracted from the fiber before ionisation like effects observed at the input of the
fiber. At 18 wJ of output energy in completely evacuated fiber, argon gas pressure in
the output cell G2 is gradually increased to record the shortest possible pulse duration

that can be measured by the FROG technique.

Spectral characterization

The Figure shows the measured input spectrum in the evacuated fiber (shown in
dotted red line) and has pulse width of ~45 fs. The broadened output spectrum (in red
and shaded) is recorded at 0.3 bar of argon pressure in the output cell. The broadening
extends from 1.3 wm to 2.2 wm spanning over bandwidth of 900 nm. A dip of ~10 dB

at the central wavelength can be observed in the output spectrum and this indicates the
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spectral broadening caused by SPM. The pulse propagation in NC-ARHCF is modelled
in UPPE (no loss included) and the simulated output spectrum (in blue) qualitatively
matches with the experiment result (in red). The simulation peak at ~1.25 pwm resides

in the lossy resonance region and is not observed in the experiment.
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Figure 7.3: Spectral broadening in 1.2 m long differentially pumped (input end in vacuum and
output maintained at 0.3 bar Argon gas)NC—ARHCF (in red); input spectrum (in red - dashed
line) and output spectrum (in red and shaded); Spectral profile from UPPE simulations is shown
in dark blue; resonance region is marked in light blue color

Temporal characterization

Temporal characterization is carried out using home built second harmonic frequency
resolved optical gating (FROG) in 100 um thick BBO crystal.

The Figure [7.4h-b show the measured and reconstructed FROG traces, respectively.
The reconstruction has an error of 0.55%. The retrieved pulse duration measures 15 fs
(shown in Figure in red). This corresponds to ~2.5 cycle at wavelength of 1.75 pm
(1 cycle =~ 5.83 fs at 1.75 um) and has peak power of >1 GW. The retrieved pulse has
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Figure 7.4: FROG trace of generated few-cycle pulse in NC—ARHCF (a) measured (b) retrieved

flat temporal phase and there is a possibility to compress the pulses down to transform
limited pulse width of 14 fs.

The numerical simulations based on the UPPE [24] for the fundamental mode of the
fiber and the Gaussian input pulse with the duration and energy corresponding to the
experimental conditions are carried out. The dispersion profile for the fundamental mode
for the selected NC-ARHCEF is calculated by finite-difference element simulations in
COMSOL [82]. Similar to hexagon core AHRCF simulation, the frequency dependence
of the effective mode index is fitted with the functional form of the Lorentz derivative [23]
(see Figure . The simulated output spectrum agrees well with the experimentally
measured as shown in Figure (in blue). The losses are neglected in these simulations.
Hence, the dispersive wave emission peak situated in the resonance spectrum at 1.25 pm
is not observed in the experiment though predicted by simulations. The temporal profile
of the self-compressed pulse is shown in Figure (in blue). It is in good agreement
with the FROG trace reconstructed from the experimental measurement.

Analysis of the spectral and temporal dynamics in numerical simulations suggest that
self-compression proceeds by conventional soliton self-compression mechanism [I18]. In
this experiment, the input laser pulse spectrum is far from the resonance region. Spectral
broadening does not reach the resonance spectral region and numerical simulations

confirm the self-compression along the fiber length.
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Figure 7.5: Retrieved temporal intensity profile (shown in red) and retrieved phase (in brown).
Temporal intensity profile obtained from UPPE simulations (shown in blue).

7.5 Summary

This chapter demonstrates the few cycle pulse generation in 1.2 m long Ar-filled NC-
ARHCEF. The pump wavelength is away from the resonance to achieve gradual spectral
broadening by SPM. The results show spectral broadening of >900 nm at output energy
of 18 wJ and at central wavelength of 1.75 wm. Simulation shows self-compression of the
output pulses to 2.5 cycle in ARHCF and 2 mm thick CaFy output window requiring

no external compressor.
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The aim of this thesis is to study nonlinear light matter interactions in gas filled
ARHCFs. The work involved characterization of optical propagation properties of novel
ARHCF structures and study of spectral and temporal evolution in gas-filled ARHCF
due to nonlinear optical effects.

The GVD profile of the hexagon core ARHCF near the structural resonance was
investigated in a balanced Mach-Zehnder interferometer. GVD variations by few orders
of magnitude near resonance were successfully measured in the vicinity of resonance
as predicted by the analytical model developed in this work [20, [76]. The Fourier
method involved for data analysis provided an advantage over other data analysis
methods in terms of direct measurement of GVD with a single interferogram spreading
over a bandwidth of hundreds of nanometers [80]. The result shows GVD variation of
hundreds of fs?/cm in proximity of the geometry-induced resonance wavelength. It is
possible to precisely design the strand thickness and control the position of resonance
wavelength. This paves way towards fibers having unique dispersion properties with
niche applications in various different fields like telecommunication, supercontinuum
generation and beam delivery.

Polarization evolution in different polygon shaped core ARHCFs allowed studying
the structural influence on the polarization of the propagating light. The experimental
results indicate that the dependence of a geometry-induced polarization behaviour exists
in ARHCF'. The structural deviations from an ideal polygonal core geometry induced
birefringence and modal attenuation depending on the input polarization orientation
with respect to fiber cross section. Further, it was also observed that ellipticity of the
output light increased towards the resonance wavelength [88]. These results provide
key knowledge on behaviour of cornered-core ARHCFs for linearly polarized input light

and have practical relevance in fields such as high harmonic generation, interferometric
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applications, nonlinear photonics or metrology.

Study of nonlinear spectral broadening in krypton-filled hexagon core shaped ARHCF
yielded over three octaves wide spectral broadening at output energies of ~23 pJ due
to strong non-adiabatic spectral dynamics of solitons near the resonance and emission
of dispersive waves on both sides of the resonance spectrum [23]. The abrupt change
in GVD profile plays a significant role in the observed soliton dynamics. Dispersion
variation due to resonance becomes significant in the vicinity of the resonant wavelength
such that dispersion due to geometrical shape of the waveguide and the filled gas
play a negligible role in spectral broadening. The numerical simulations provide
qualitative insight into the sophisticated nonlinear processes that are fuelled by strongly
varying GVD near resonance wavelength, which provides a number of phase matching
opportunities to generate Cherenkov radiation.

The nonlinear spectral broadening effect was able to fill up a significant fraction of
the high-loss regions. It is important to note that the loss is significantly increased
at resonance, but is still finite for the non-ideal waveguide used in the experiments.
The actual broadening happened on a propagation distance which is so short that the
actual finite loss becomes less significant, although the signatures of the loss distribution
in the generated spectra were observed. This work shows how to efficiently exploit
dispersion-engineered strand resonance for broadband white light generation which
offers a new powerful tool for nonlinear system design in general. Particular interesting
is the fact that the presented concept of strand resonance tuning allows to up-scale the
hollow-core diameter without substantially changing the pulse dispersion - a situation
which is hard to achieve in solid-core fibers. However, maintaining linear polarization
of the propagating mode is challenging in cornered ARHCF as discussed in Chapter 5.

One of the disadvantages of pumping gas-filled ARHCFs closer to the resonance
wavelength is the inability to extract a single output pulse at high input energies due
to soliton fission. Pumping away from the resonance wavelength avoids the effects of
abrupt change in GVD at resonance. Hence, nodeless negative curvature ARHCF was
used generate few cycle pulses in gas-filled ARHCF at output energy of ~18 wJ. The
set up was differentially pumped with argon gas pressure of 0.3 bar at the output and
the input end in vacuum conditions (10s of mbar). SPM-dominated spectral broadening

yielded self-compressed 2.5 cycle pulse at wavelength of 1.75 pm.
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8 Summary and Outlook

ARHCEFs have large potential applications due to large number variable parameters
in its design starting from the geometrical pattern of the fiber cross section, strand
thickness, waveguide material etc.

Future research will focus on a deeper understanding of the soliton dynamics due
strand resonance coupling, with an aim to reach towards either deep-UV or mid-IR
wavelength in single ring ARHCF as predicted in our simulation [23]. Due to its unique
spectral broadening and possibility of few cycle pulse generation at longer infrared
wavelengths, this work is highly relevant in application-driven areas such as spectroscopy,

microscopy, metrology and biophotonics.
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List of Abbreviations and Symbols

The following table lists abbreviations, acronyms, and symbols used throughout the

thesis.
A Wavelength of the light.
F Fourier Transform.
Y@ Second order susceptibility.
G Third order susceptibility.
c Velocity of light in vacuum.
Focal length of a lens or a focusing mirror.
n Linear refractive index.
No Nonlinear refractive index.
ARHCF Antiresonant Hollow-Core Fiber.
ARROW Anti-Resonant Reflecting Optical Waveguiding.
CPA Chirped Pulse Amplification.
CW Cherenkov radiation.
FEM Finte Element Method.
FROG Frequency Resolved Optical Gating.
FWM Four-Wave Mixing.
GNLSE Generalised Nonlinear Schrodinger Equation.
GTP Glan-Thompson Polarizer.
GVD Group Velocity Dispersion.
HCF Hollow-Core Fiber.
HWP Half-Wave Plate.
IR Infrared.
MI Modulation Instability.

NC-ARHCF Negative Curvature Antiresonant Hollow-Core Fiber.
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NIR
NLSE
PBG
PCF
PD
SMF
SPM
SWIR
Ti:Sa
UPPE
UV
VIS
XPM
ZDW

Near Infrared.

Nonlinear Schrodinger Equation.
Photonic Bandgap.

Photonic Crystal Fiber.
Photodiode.

Single-Mode Fiber.

Self-Phase Modulation.

Short Wavelength Infrared.
Titanium-doped Sapphire laser.
Unidirectional Pulse Propagation Equation.
Ultraviolet.

Visible.

Cross-Phase Modulation.

Zero Dispersion Wavelength.
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