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“Sometimes, science is more art than science. A lot of people don’t get that.”
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Abstract

Doctor of Philosophy

Nonlinearity shaping in specialty tellurite glass optical fibers

by Tanvi KARPATE

This dissertation presents specialized cases of microstructured and nanostruc-
tured optical fibers made of tellurite glass for the advancement of nonlinear
optical femtosecond pulse propagation field. Under the scope of this disserta-
tion, specialty optical fibers were designed, developed, and characterized for
shaping their nonlinearity to obtaining a wide soliton detuning in the short-
wave infrared wavelength range, low noise supercontinuum generation and
analysis, and temporal pulse reshaping. The shaping of pulse propagation in
optical fibers has been carried out in three ways; by dispersion engineering
of fiber, by nonlinear propagation dynamics within the fiber, and by choosing
and optimizing the material. Since this dissertation is focused mainly on short-
wave (SWIR) wavelengths, tellurite soft-glass was chosen for fiber fabrication
due to its high transmission in this wavelength range and high nonlinear re-
sponse which enables attaining nonlinear dynamics with commercial standard

femtosecond laser pumps.

The first research outcome of this dissertation is that a wide soliton detuning
of 68.5 THz was attained using a suspended core fiber structure. The fiber
was dispersion engineered for a flat anomalous dispersion in tellurite soft-
glass to obtain Raman scattering-assisted self-frequency which facilitated the
broad range of detuning in soliton from the pump center wavelength over
short fiber lengths. This reduces the dependence on dispersion management
for an end-to-end fiberized ultrafast system. The prominent soliton showed
an input power-based tunability through the spectral range of 1560 nm (pump
wavelength) upto 2400 nm when pumped with a 90 fs laser pulses from a ro-
bust mode-locked fiber laser. Such a soliton self-frequency shift-based light
source, has the potential of being used as a source itself and also as a seed
in amplifier systems for SWIR wavelengths that cannot be easily attained by

commercial lasers.
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The second research outcome of this dissertation demonstrates a low noise su-
percontinuum generation by designing an optical fiber for non-solitonic fem-
tosecond pulse propagation with polarization maintaining properties. The
tiber was shaped for all-normal chromatic dispersion with optimized hexag-
onal lattice parameters. A polarization maintaining (PM) variant of the fiber
was also developed by structurally introducing birefringence in the fiber. Both
the fibers successfully showed broad supercontinuum generation, which were
then studied for their noise properties using real-time shot-to-shot dispersive
Fourier transformation technique. The real-time noise measurements showed
that the supercontinuum generated in PM fiber has less shot-to-shot noise as
compared to the non-PM variant fiber. Thus the feasibility of PM fiber for low-
noise octave-spanning coherent supercontinuum generation was successfully
demonstrated.

As for the third research outcome of this dissertation, new dynamics leading to
quasi-periodic temporal reshaping of a femtosecond pumped pulse were ob-
served for a range of average power of the incident input pulses. The demon-
strated temporal reshaping was attained in a tellurite glass-based graded-index
multimode fiber, which was explored for spatiotemporal-spectral dynamics of
pump femtosecond pulses. This study shows that the new observed dynam-
ics, do not occur due to mode self-cleaning effects as earlier reported for long
pump pulses. These dynamics are rather attributed to the alternating influence
of negative group velocity dispersion and self-phase modulation with positive
group velocity dispersion which makes the GRIN fiber act like a classic grat-
ing pair compressor as a function of input power. The tellurite graded-index
tiber developed also showed an octave-spanning supercontinuum under dif-
ferent pumping conditions. Thus the fabricated tellurite GRIN fiber shows a
high degree of manipulation capabilities in terms of spectral, spatial as well
as temporal propagation, making it a great potential for high power applica-
tions which require broadband light sources or spatially stable beam or all-
fiber pulse compressors, under appropriate pumping conditions.
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Streszczenie
Doctor of Philosophy

Nonlinearity shaping in specialty tellurite glass optical fibers

by Tanvi KARPATE

Niniejsza rozprawa zawiera oméwienie wynikéw badar nad mikro- i nanos-
trukturalnymi $wiattowodami wykonanymi ze szkiel tellurowych. Wi6kna te
zostaly zaprojektowane w celu badania nieliniowej propagacji impulséw fem-
tosekundowych. Wszystkie opisane Swiattowody specjalne zostaly zaprojek-
towane, opracowane i scharakteryzowane pod katem ksztaltowania ich nielin-
iowosci w celu uzyskania szerokiego odstrojenia solitonu w zakresie podczer-
wonych fal krétkofalowych (short-wave infrared - SWIR), generowania i anal-
izy superkontinuum o niskim poziomie szumoéw oraz przeksztalcania ultra-
krotkich impulséw laserowych w dziedzinie czasu. Mozliwosci ksztattowania
warunkéw propagacji impulséw laserowych we widknach swiattowodowych
byly badane na trzy sposoby; poprzez modyfikacje dyspersji chromatycznej
wibkna, poprzez pomiary nieliniowej dynamiki propagacji $wiatta we wiéknie
oraz przez wybor i optymalizacje materiatéw widkna. Rozprawa jest skon-
centrowana na dtugofalowym zakresie bliskiej podczerwieni (SWIR) i dlatego
wybrana platforma materiatowa do realizacji wszystkich projektéw swiattow-
odéw w pracy to miekkie szkla tellurowe. Charakteryzuja sie one wysoka
transmisja w tym zakresie dtugosci fali i silna odpowiedzia nieliniowa, ktéra
umozliwia osiagniecie nieliniowej dynamiki za pomoca komercyjnych stan-
dardowych laseréw femtosekundowych.

Pierwszym wynikiem badan zaprezentowanym w tej rozprawie jest szerokopas-
mowe (68,5 THz) odstrojenie solitonu ktére zostalo osiagniete przy uzyciu
wlokna z zawieszonym rdzeniem. Widkno ze szkla tellurowego zostato za-
projektowane z kryterium osiagniecia mozliwie ptaskiej anomalnej dyspers;ji
chromatycznej, aby uzyska¢ przestrojenie czestotliwosci solitonu z wykorzys-
taniem zjawiska rozpraszania Ramana. Ulatwilo to osiagniecie szerokiego za-
kresu odstrojenia solitonu od centralnej dtugosci fali lasera pompujacego z za-
stosowaniem relatywnie krétkich odcinkéw swiattowodu. Rozwiazanie takie

jest wazne, poniewaz ulatwia zarzadzanie bilansem dyspersji chromatycznej
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w praktycznych uktadach laserowych. Wyodrebniony soliton wykazat przes-
trajalno$¢ bazujaca na zmianie mocy wejSciowej poprzez zakres widmowy
od 1560 nm (dtugos¢ fali pompy) do 2400 nm przy pompowaniu impulsami
laserowymi 90 fs z lasera femtosekundowego. Takie solitonowe Zrédto swiatla
oparte na przesunieciu czestotliwosci Srodkowej impulsu moze by¢ wykorzys-
tane np. jako Zrédto sygnatu w systemach wzmacniaczy dla dtugosci fal SWIR
ktoérych nie mozna fatwo osiagnaé¢ za pomoca komercyjnych laseréw ultraszy-
bkich.

Drugim wynikiem tej rozprawy jest demonstracja generacji superkontinuum o
niskim poziomie szumu kwantowego poprzez zaprojektowanie §wiattowodu
zachowujacego polaryzacje w celu bezsolitonowej propagacji impulséw fem-
tosekundowych. Wi6kno zostato zaprojektowane z caltkowicie normalna dys-
persja chromatyczna poprzez zoptymalizowanie fotonicznej sieci heksagonal-
nej. Zostal réwniez opracowany wariant wtékna utrzymujacy polaryzacje (po-
larisation maitaining - PM) poprzez strukturalne wprowadzenie dwéjtomnosci.
Oba wi6kna umozliwity generacje szerokiego widma superkontinuum, ktére
nastepnie badano pod katem szumu impuls-do-impulsu przy uzyciu techniki
dyspersyjnej transformacji Fouriera (DFT) w czasie rzeczywistym. Pomiary
szumu w czasie rzeczywistym wykazaly, Ze superkontinuum generowane we
wléknie PM ma mniej szumu impuls-do-impulsu w poréwnaniu superkontin-
uum wygenerowanego w wariancie $wiattowodu bez intecnjonalnej dwéjtom-
nosci. W ten sposéb z powodzeniem zademonstrowano mozliwo$¢ wykorzys-
tania wi6kna PM do generowania koherentnego superkontinuum o szerokosci

oktawy z niskim poziomem szumoéw.

Trzecim wynikiem badarn zaprezentowanym w tej rozprawie, jest zaprojek-
towanie widkna z nieliniowa dynamika propagacji $wiatta prowadzaca do
quasi-okresowego czasowego przeksztalcania wejSciowych impulséw femtos-
ekundowych. Zjawisko to zostalo zaobserwowane w $wiattowodzie w sze-
rokim zakresie mocy $redniej impulséw wejSciowych. Zademonstrowane prz-
eksztalcenie czasowe osiagnieto w wielomodowym $wiatlowodzie z gradien-
towa zmiana wspoétczynnika zatamania (Graded index - GRIN) opartym na
szklach tellurowych. Wi6kno to badano pod katem dynamiki czasoprzestrzenno-
spektralnej impulséw femtosekundowych lasera wejSciowego. Zarejestrowane
wyniki pokazaly, ze zaobserwowana dynamika nie jest spowodowana efek-
tami samooczyszczania modoéw, jak wczesdniej opisywano dla dtugich impul-
sow laserowych (nanosekundowych). Dynamika ta moze by¢ raczej przyp-

isana naprzemiennemu wpltywowi ujemnej dyspersji predkosci grupowej i sa-
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momodulacji fazy z dodatnia dyspersja predkosci grupowej. Sprawia to, ze
wiokno GRIN, w funkcji mocy wejsciowej, dziata jak klasyczny kompresor
siatkowy impulsu. Opracowane widkno tellurowe GRIN pozwolito réwniez
na generacje impulséw o widmie superkontinuum i szerokos$ci pelnej oktawy
w réznych warunkach pompowania laserowego. Wytworzony ten sposéb swi-
attowdd tellurowy pozwala na szeroka swobode manipulacji spektralnej, prz-
estrzennej i czasowej ultrakrétkich impulséw laserowych, co pokazuje duzy
potencjal dla zastosowarn laserowych o duzej mocy, wymagajacych szerokopas-
mowych Zrédel $wiatla, stabilnej przestrzennie wiazki lub $wiattowodowych

kompresoréw siatkowych.
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Chapter 1

Introduction

This dissertation aims at expanding the current state-of-the-art in non-oxide
fibers for nonlinear optics applications such as coherent supercontinuum gen-
eration, broadband soliton tuning, and multimode nonlinear frequency con-
version. The research undertaken in this dissertation comprises of different ap-
proaches to shape nonlinearity in micro- and nano-structured fibers for dispersion-
engineered propagation and evolution of femtosecond laser pulses. I use a
highly nonlinear tellurite soft glass in order to take advantage of its unique
mixture of properties. These include strong nonlinear response (ten times
higher than silica), reasonable transmission across the visible up to the short-
wave infrared (also referred to as SWIR) wavelength range and material dis-
persion, which can be compensated by waveguide dispersion in photonic crys-
tal fiber designs making them compatible with table-top femtosecond lasers
operating in the near-infrared. This dissertation explores different structural
designs of tellurite glass-based fibers, each for a specific nonlinear optics ap-
plication, in single-mode as well as multimode propagation regimes.

1.1 Objectives

Detailed objectives of the research within scope of this dissertation include:

¢ shaping of nonlinear response of tellurite fibers with structure, i.e. mode
confinement and anomalous chromatic dispersion for isolated soliton
propagation; this is to be carried out through the development of highly
nonlinear fibers designed for broadband detuning of solitons and sub-
sequently through the verification of nonlinear performance of the pro-

posed fiber structures in conditions when the input soliton is delivered
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from robust, moderate power femtosecond lasers; identification of opti-
mal fibers for soliton detuning in context of structure and center wave-

length of the input signals;

¢ assessment of the feasibility for shaping nonlinear response of fiber de-
signed for efficient spectral broadening of femtosecond pulses exploiting
non-soliton dynamics, specifically through the development of nonlinear
tibers with designed chromatic dispersion profiles in the normal range of
values with particular attention to the determination of polarization state
of light coupled into the fiber and its role in the observed dynamics, eval-
uation of signal-to-noise ratio for selected polarization orientations of the

input pulse;

¢ exploring the spatial and temporal complexity of femtosecond pulse prop-
agation in conditions of strong nonlinear response and support of multi-
ple guided modes of the fiber; during the study, the dynamics of nonlin-
ear propagation in these conditions will be of particular interest and this
will be realized by through time-domain characterization of light pulses

at the fiber output using cross-correlation frequency resolved optical gat-
ing.
The theses of the dissertation which are to be confronted with the research
results are:

1. Shaping of nonlinearity in specialty optical fibers developed using

highly nonlinear tellurite glasses enables achieving significantly im-
proved tuning bandwidth of Raman solitons, covering the entire SWIR
wavelength range, without applying complex and high peak power
laser systems, compared to existing state-of-the-art fibers exploiting
the silica glass technology.
To prove this thesis, I carry out research and development of a suspended-
core tellurite fiber designed for a unique balance between dispersion and
nonlinearity to achieve a widely tunable soliton across 68.5 THz (outper-
forming previous results from silica as well as soft glasses) as a promis-
ing candidate to overcome the current lack of robust, versatile laser light
sources based on nonlinear optics in the SWIR wavelength compatible
with femtosecond erbium fiber-based lasers and thulium fiber-based ul-
trafast amplifiers.

2. Shaping of nonlinearity in specialty optical fibers developed using
highly nonlinear tellurite glasses enables achieving practical fibers for
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octave-spanning coherent supercontinuum generation without the noise-
susceptible soliton dynamics and under conditions of determined state
of polarization favorable to preserve low-noise dynamics.

To verify this thesis, I provide evidence of the detrimental role played by
polarization modulational instability in non-solitonic supercontinuum
generation by experimentally comparing real-time noise in supercontin-
uum generated in non-polarization maintaining and polarization main-
taining variants of a regular air-hole lattice fibers. This result experimen-
tally confirms the feasibility of state-of-the-art ultra-low-noise supercon-
tinuum generation by femtosecond pumping the polarization maintain-

ing all-normal dispersion fiber.

3. Multimode nonlinear propagation can be exploited for the shaping of
femtosecond laser pulses in terms of their temporal, spectral as well as
spatial properties with specific input parameters under graded-index
designs of fibers.

The third research outcome extends into studying the multimode prop-
agation of femtosecond pulses in a highly nonlinear graded-index fiber
made from two types of in-house developed tellurite glasses. The study
demonstrates a quasi-periodic temporal pulse reshaping which holds po-

tential in advancing all-fiber based pulse compression techniques.

1.2 Dissertation outline

Chapter 1: This chapter introduces the motivation of pursuing research in the area
of supercontinuum generation and characterization in the short-wave
infrared wavelength range. I list the objectives followed by the thesis
achieved in the scope of the dissertation. Further, I present an outline
of the thesis highlighting the contents of each chapter. Lastly, I list the

contributions and acknowledgements for each chapter.

Chapter 2: I begin with listing and describing linear propagation of light in fibers
along with their characterization techniques used in this dissertation.
These experimental techniques include measurements of chromatic dis-
persion, numerical aperture, fiber attenuation and birefringence. I dis-
cuss the technological advancements of photonic crystal fibers (PCFs)
and state the role of dispersion engineering of PCFs which is crucial to re-
alize and tailor nonlinear phenomena such as soliton self-frequency shift,

optical wave-breaking or self-phase modulation - which although does
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Chapter 3:

Chapter 4:

not depend on dispersion, can still interact with dispersion impacting
how solitonic and non-solitonic nonlinear frequency conversion evolves
along propagation of ultrashort laser pulses. I then summarize non-
linear pulse propagation in micro- and nanostructured optical fibers. I
present an overview of the existing model for nonlinear pulse propaga-
tion and explain the nonlinear dynamics and processes involved. Further
I also describe various techniques for characterization of different pulse
parameters such as the dispersive Fourier transform and second har-
monics generation-based frequency resolved optical gating (or its sum
frequency-based cross-correlation variant) and the general optical setups
that were used in this dissertation. In this chapter I bring forth research
gaps that were identified from a detailed literature review and summa-

rize the objectives of this dissertation.

This chapter focuses on the development of the two tellurite soft glasses
and fiber fabrication process used in this dissertation. The chemical com-
position of glasses play a crucial role in determining the physical and
optical properties of the glass. The glasses are characterized for their re-
crystallization resistance, thermal properties, optical properties to be best
suited for the targeted fiber fabrication. Further, this chapter outlines the
fiber fabrication carried out by the stack-and-draw method. This chapter
then extends to highlight the fabrication anomalies for each of the four
tibers used in this dissertation.

Chapters 4, 5 and 6 contain results of my original research obtained in

scope of this dissertation

I demonstrate an isolated phenomenon of soliton self-frequency shift over
a bandwidth of 68.5 THz in the short-wave infrared spectral range. I de-
signed, fabricated, and characterized a suspended core microstructured
tiber made of highly nonlinear tellurite glass. The fiber is designed for a
flat anomalous dispersion to leverage on Raman scattering-assisted fre-
quency shift of a fundamental-order soliton. I demonstrate a prominent
soliton with an input-power-based tunability in the spectral range from
the 1560 nm central pump wavelength up to around 2400 nm central
wavelength of the frequency-shifted soliton, when the fiber is pumped

with 90 fs pulses from a commercial, fiber-based, mode-locked laser.
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Chapter 5:

Chapter 6:

Chapter 7:

In this chapter, I demonstrate a direct comparison of noise in the super-
continuum generated in polarization maintaining (PM)-ANDi and non-
PM ANDi fibers made from highly nonlinear tellurite glass using real-
time dispersive Fourier transformation technique. The fibers were de-
signed and fabricated with a tellurite glass with a hexagonal lattice struc-
ture consisting of seven rings of air-holes surrounding the core. The
noise measurements revealed that the noise in SC in the non-PM fiber
was drastically higher than that in PM fiber, indicating a detrimental
role of polarization modulational instability in the nonlinear evolution
of the injected femtosecond laser pulses. This provides experimental ev-
idence that for similar pump parameters and fiber lengths, the PM fibers
enable coherent supercontinuum generation with lower intensity noise,
than their non-PM variants, which can be beneficial for various applica-
tions such as optical coherence tomography and confocal microscopy or
compression of coherent, broadnband pulses to few optical cycle dura-
tions.

This chapter explores nonlinear propagation in graded-index multimode
tiber made from tellurite glasses. It aims at filling the research gap on
temporal measurements of multimode nonlinear propagation in opti-
cal fibers in conditions combining femtosecond duration of the injected
laser pulses and high nonlinearity of the waveguide. I demonstrate a
quasi-periodic temporal pulse reshaping as a function of input power
in graded-index multimode fiber. The observed pulse reshaping is at-
tributed to the interplay of self-phase modulation and dispersion (both
intermodal and intramodal) in the fiber, leading to compression and ex-

pansion of the pulse in time.

In this chapter I outline the general conclusions achieved in this work
and state their relevance to the target thesis achieved. I also talk about
future prospects of expanding the knowledge and technology of super-
continuum generation and related nonlinear process in the short-wave
infrared wavelength range for non-silica glasses. Further, I give a brief
review of potential applications for light sources in the short-wave range
that could be catered by the outcomes of this dissertation.
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1.3 Contributions and acknowledgements

The author of this dissertation is responsible for all the work presented here
within. Fabrication of all the fibers developed in the scope of this dissertation
was carried out by and under the supervision and expertise of Mr. Dariusz
Pysz MSc. All the work presented here was carried out under the guidance

and supervision of Dr. hab. Mariusz Klimczak.

In Chapter 4, I performed numerical simulations leading to the design of the
tiber investigated in Chapter 4. I also measured chromatic dispersion charac-
teristics of that fiber, with the help from Dr. Grzegorz Stepniewski, who carried
out SEM imaging of the fiber structure. I carried out the numerical simulations
of nonlinear propagation for this fiber to demonstrate isolated soliton tuning.
In the experimental part of this work, I was assisted by Grzegorz Stepniewski
and the experiments took place in Dr. hab. Yuriy Stepanenko laboratory at
Institute of Physical Chemistry, Polish Academy of Sciences. I also acknowl-
edge Dr. Anupamaa Rampur for making available her fiber amplifier setup for

pumping my experiment at the central wavelength of 1900 nm.

In Chapter 5, I carried out the DFT measurements with the help from Dr.
Thibaut Sylvestre from FEMTO-ST in France, along with the DFT measure-
ments for non-PM and PM fibers and I carried out the analysis of the results.
I did not design the non-PM fiber, which was performed by Mgr. Damian
Michalik, while I designed the PM variant of the fiber. I carried out the charac-
terization of both fibers for their chromatic dispersion and birefringence pro-
files, with help from Dr. Grzegorz Stepniewski, and I measured supercontin-
uum generation spectra in the two fibers. The DFT measurements for the two
fiber were carried out by me during my secondment at Dr. Thibaut Sylvestre’s
laboratory at the FEMTO-ST Institut in France. I acknowledge Dr. Amar Nath
Ghosh, Dr. Shreesha D. Rao and Dr. Thibaut Sylvestre for theor assistance
during both the DFT measurements and subsequent discussion of obtained re-
sults. I also received help from Dr. Cyril Billet with the algorithm for post
procession the measurements from the DFT. I would also like to acknowledge
the expertise of Prof. Ole Bang and Prof. John Dudley, whose vision lead this

work to fruition.

In the Chapter 6, I contributed to the fabrication of the fiber by cleaning the
preform elements, stacking the fiber preform and drawing the fiber with the
help of Mgr. Dariusz Pysz. I did not design that fiber, the designing of the
fiber presented in Chapter 6 was carried out by dr hab. Rafat Kasztelanic from
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University of Warsaw. The dispersion measurement of this fiber was carried
out by me and the SEM imaging was carried out by Dr. Adam Filipkowski. Su-
percontinuum generation in this fiber when pumped at central wavelength of
1030 nm was carried out by me. I extended the existing FROG setup to XFROG
by introducing a delay line to measure the spectro-temporal characterization
of the fiber performance and I carried out the measurements in collaboration
with Dr. Grzegorz Stepniewski. I was also supported by Dr. Katarzyna Krupa
and Dr. hab. Yuriy Stepanenko with fruitful discussion on understanding the
science that was brought forth in these results. Octave-spanning supercon-
tinuum generation measurements under a high peak power of 2.2 MW with
a tunable pump center wavelength of 1700 nm, 1800 nm and 1900 nm in the
normal dispersion regime were carried out by Ekaterina Krutova, MSc. at Tam-

pere University in Finland.

The dissertation has been carried out under the scope of Horizon 2020 consor-
tium project “SUPUVIR- Supercontinuum broadband light sources covering
UV to IR ap- plications” Marie Skfodowska-Curie Actions (722380) at Lukasiewicz
Research Network - the Institute of Microelectronics and Photonics from Au-
gust 2018 to August 2020. From September 2021, the dissertation has been
funded by Foundation of Polish Sciences on TEAM NET project “QUNNA-
Quantum-effect- based nanosensing and imaging: Novel glass-diamond pho-
tonic approach for the next generation biodiagnostic applications” realized at
Faculty of Physics, University of Warsaw.






Chapter 2

Linear and nonlinear propagation in

optical fibers

2.1 Optical fibers

Nonlinear optical processes require high intensity of optical beams to interact
with the material [1]. A light beam incident in a bulk medium experiences
diffraction which limits its high-intensity propagation. Optical fibers are the
most widely used waveguides as light can be confined in them, without signif-
icant diffraction, to attain high-intensity beam propagation [2]. Light guidance
mechanism in a standard step-index fiber (SIF - fig.2.1a) is essentially that of
transverse confinement of light in the core due to total internal reflection aris-
ing from the refractive index difference in the core and cladding. The light is
thus guided longitudinally in the core. For a core of refractive index ¢ and
a cladding of refractive index n,;, the numerical aperture (NA) is defined by

the maximum input angle 6,y of incident beam to be guided in the core as [3]

$in(Omax) = \/M2pre — 12, = NA (2.1)

Each optical path that light can take in a fiber is defined as a mode. The num-
ber of modes that can propagate in a fiber depends on the refractive indices
of the core and the cladding, the radius of the core, a, and the wavelength of
input light, A. An important parameter to assess the mode propagation in the
tiber is called normalized frequency or the V-parameter and is defined as [4]
27a

Vsip = —— L (2.2)
In step-index fibers, when the value of the V-parameter is lower than 2.405,
the fiber supports only fundamental mode propagation and is called single
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FIGURE 2.1: Types of optical fibers and their index profiles

mode fiber (SMF). When V > 2.405, the fiber supports multiple modes and is
called multimode fiber (MMF). The wavelength at which V= 2.405 corresponds
to the cut-off wavelength, A.. A, physically corresponds to the lowest wave-
length at which a certain optical fiber supports single mode propagation. For
wavelengths lower than the cut-off wavelength, the fiber supports multimode
propagation [4].

Photonic crystal fibers (PCFs), also known as microstructured fibers, consist
of arrangement of air-holes around the core to provide specialized light con-
finement. The effective index experienced by light propagating in this “holey”
tiber is a cumulative effect of the photonic crystal arrangement of the air-holes
as shown in Fig. 2.1. (b). The interesting aspect of PCFs is that the arrange-
ment and the size of air-holes determine the characteristics of the fiber. Large
difference in air-glass refractive index, without the need for doping, aids in
tighter light confinement in PCFs than SIFs. PCFs with very small effective
area can be fabricated, thus providing a high intensity beam propagation that
is required for nonlinear optics applications. PCFs are commonly designed
for single mode as well as multimode propagation. The V-parameter of the
PCF can be obtained by substituting n.,; with the effective refractive index
contributed by the fiber structure as n,¢¢ [5]

27ta
VPCF = T (n%ore - ngff) (23)
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The most prominent feature of PCFs, and the one that I exploit here, is the
ability to engineer the occurrence of nonlinear mechanisms in the fiber by
designing the dispersion properties of the fiber. Dispersion engineering of
PCFs, has vastly revolutionized the nonlinear optics field in last 20 years. In
graded-index (GRIN - fig.2.1c) fibers, the refractive index n(r) of the core is
a function of the radial distance, r, such that the refractive index at the centre
n(r = 0) = np with a gradual decrease to n(r = a) = np at the boundary
between the core and the cladding, where a is the core radius and ny; > np
[6, 7]. Modes in GRIN fibers propagate such that only the modes that phase
match with the fundamental mode are guided in the fiber due to the difference
in effective refractive index experienced by different modes. The fractional

refractive index difference of a GRIN fiber is given as [8]
(n] —n3) _ (m1 —np)

A = ~
(271%) n

(2.4)

While GRIN fibers are largely used for multimode propagation, single-mode
propagation of GRIN fibers can be defined by the normalized frequency Vgrin
[8] .

VGRIN = Tflﬂl\/ﬂ (2.5)

However, the V-parameter is sensitive to the index profile of the fiber, a, such
that [8]

2
Vorin < 2405/ (1+)...Eq.2.6 (2.6)

For a quadratic index profile, « = 2 and the fiber is single mode for V<3.53.
The maximum number of modes that a GRIN fiber can support in multimode

propagation regime can be approximated to M = VTZ [8].

2.2 Linear propagation in optical fibers

2.2.1 Dispersion: theory

When an optical pulse propagates through a medium, different frequencies
of the pulse experience different phase and group velocity. Such a frequency
dependence of the propagation constant S(w) is known as dispersion and in-
duces temporal broadening of the pulses. Dispersion occurs due to intrin-
sic properties of the material, called material dispersion, as well as due to
structurally bound propagation conditions provided by waveguides or optical
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tibers, called waveguide dispersion. Material dispersion can be mathemati-
cally approximated using Sellmeier’s equation as [9]

n?(A) =1+ f(BjAZ)/(A2 —C?) (2.7)

j=1

Where n is the refractive index at wavelength A, B; is the strength of the jt" res-
onance at the material resonance wavelength C;. The Sellmeier’s coefficient of
the tellurite glasses used in this dissertation are listed in section 3.4.3. Waveg-
uide dispersion can further be of two types: chromatic dispersion and inter-
modal dispersion. Intermodal dispersion comes to existence when multiple
modes propagate and interact together in MMF. Intermodal dispersion pose a
strong limitation on the achievable data transmission rate in MMFs, thus lim-
iting their efficiency [10]. Intermodal dispersion can be limited by using SMFs
where the pulse propagates in the fundamental mode and experiences only
chromatic and material dispersion. Thus I use SMFs in in Chapter 4 and 5 of
this thesis to be able to not account for intermodal dispersion. Intermodal dis-
persion can also be minimized by using parabolic-index MMFs as done for the
MMF used in Chapter 6. Chromatic dispersion can be analytically obtained by
Taylor series expansion of the propagation constant f(w) around the central

frequency wy as [1]:
plw) = %”eff(w) = Bo + B1(w — wo) + %ﬁz(w —wo)?+..  (28)

k
Such that the dispersion coefficient is given by By = g—cﬁ |w=wy

In the physical sense, B is the propagation constant at the central frequency
wop. B1 corresponds to the inverse of group velocity experienced by the enve-
lope of the pulse. B, is the group velocity dispersion (GVD) that accounts for
the frequency dependence of propagation speed and is responsible for tempo-
ral pulse broadening. An important feature in dispersion management is the
wavelength at which B, attains a value of zero. Such wavelength is called zero-
dispersion wavelength (ZDW). Higher orders of dispersion become crucial for
ultrashort pumping close to the ZDW [9]. Waveguide dispersion can be tai-
lored by either doping the glass or by introducing a change in effective refrac-
tive index by changing the geometry of the PCFs. Material dispersion provides
an intrinsic ZDW to the fiber, which can be then shifted to longer wavelengths

by the contribution of waveguide dispersion. This is crucial in the realm of
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nonlinear optics as the occurrence of nonlinear optical phenomenon depend
on the ZDW and the dispersion at which the fiber is pumped. Often, GVD is

expressed in terms of the dispersion parameter D, such that [1]

—2mc ,  Ad*n.ff

D=—F=7730

(2.9)

Waveguide dispersion D (or ;) depends on the core radius and the core-
cladding refractive index, which make it a crucial feature that enables shaping
of nonlinear dynamics.Waveguide dispersion can be tailored by either doping
the glass or by introducing a change in effective refractive index by changing
the geometry of the PCFs. Material dispersion provides an intrinsic ZDW to
the fiber, which can be then shifted to longer wavelengths by the contribution
of waveguide dispersion. This is crucial in the realm of nonlinear optics as
the occurrence of nonlinear optical phenomenon depend on the relation of the
ZDW and the dispersion at which the fiber is pumped. The length of fiber at
which dispersion causes an initial Gaussian pulse of duration t0 to broaden
by a factor of /2 is called dispersion length and is given as Lp = (T2)/(|B2|)
[1]. The nonlinear mechanisms in an optical fiber manifest differently based on
the sign of the dispersion parameter. For wavelengths shorter than the ZDW,
D is negative (82 > 0) and the fiber is said to exhibit normal dispersion. In
the normal dispersion, red-shifted frequency components of an optical pulse
travel faster than the blue-shifted components. When wavelength is longer
than ZDW, D is positive (B2 < 0) and the fiber exhibits anomalous dispersion.
Blue-shifted frequency components travel faster than the red-shifted compo-

nents of the pulse in the anomalous dispersion.

2.2.2 Mach-Zehender interferometer for chromatic dispersion

measurements

Experimental measurement of chromatic dispersion of the photonic crystal
fibers in this work is carried out using an unbalanced Mach-Zehnder interfer-
ometer. The Mach-Zehnder interferometer measures phase delay experienced
by a dispersive component such as an optical fiber. Dispersion of the fiber can
be then numerically obtained from the measured phase. The set-up used for
this spectral interferometric measurements was identical to the one described
by Ciacka et al.[11] and earlier proposed by Hlubina et al [12]. A beam from
a compact supercontinuum source from Leukos, with spectral coverage across

the visible and near-infrared, was collimated using a lens (L;) and input into
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FIGURE 2.2: Mach-Zehender interferometer setup to measure

chromatic dispersion. Lj:collimating lens; Ly:input coupling lens;

Ls:output coupling lens; Ls:lens to couple signal into spectrome-
ter; BS:beam splitter; P:polarizer; M, My, M3, My:mirrors

the interferometer as shown in Fig. 2.2. The beam passed through a polarizer
(P) to ensure linear polarization of the pulses, a then was then split using a
beam splitter (BS) into the reference arm (with mirrors mounted on the trans-
lation stage to provide path difference compensation) and into sample arm.
The light was coupled into the fiber sample placed in the sample arm using
aspheric lenses Ly and L. The beams from the two arms of the interferometer
were then coupled into an Avantes spectrometer with 900-1750 nm sensitivity
range or an optical spectrum analyser (OSA) with a sensitivity range of 1200-
2600 nm to observe the interference fringes.

Clear interference pattern in the tellurite fibers studied in this work were ob-
servable only over a limited wavelength range. For this reason, instead of
using the approach proposed by Hlubina et al. [12], I employed the method
described by Koch et al. [13], where I traced the prominent central fringe across
a wavelength range. Interference fringes were observed and recorded with the
spectrometer by balancing the interferometer for the zero-order fringe at indi-
vidual wavelengths, by changing the length of the reference arm. This method
of observation of equalization path length for each wavelength shift provides
us with the phase information. A plot of path lengths across the wavelength
range is further processed with Taylor-expansion and polynomial fitting to
return the dispersion values. Wavelength position is measured for a central
bright interference fringe that satisfies the relation L — I — n(A)z = mA [12]
where L is the path length in the reference arm, 1 is the path length in sample
arm in air, n1,77(A) is the effective refractive index of the fiber glass and z is
the fiber length. By including the optical path difference (OPD) contributed by
the lenses used in the sample arm, the effective refractive index that the light
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propagating in the fiber experiences is given by [12]

(_OPDref - Oleens)

Meff(A) = D) (2.10)

A consecutively measured 1,¢¢(\) tracing the zero-order fringe at individual
wavelength is plotted. Using the Cauchy dispersion formula, the relation be-
tween wavelength and the effective refractive index is determined as [14]

Mepr(A) = A1A® + AsA* + A3A + Ay + AsATD + AA Y + 4,009 (2.11)

where Ai are the coefficients of expansion. The group effective index N(A) is

then obtained by the relation

dneg (A
N(A) = nopp(A) — A%() (2.12)

From which the dispersion parameter can be then deduced as [12]

AN(A)
R

D(A) =1/c (2.13)

I developed a MATLAB algorithm to simplify the process of deriving the dis-
persion values from the measured dispersion data, especially in case of soft
glass fibers where fringe order counting method used by Ciacka et al. [11]

cannot be used. This code follows the above mathematical description and is
listed in appendix A.

2.2.3 Cut-back method for fiber attenuation measurement

Attenuation relates to loss of optical power due to absorption, scattering, bend-
ing and other defects in the fiber. Attenuation due to light absorption in the
material stems from imaginary part of the complex refractive index [15]. The
total attenuation experienced by the fiber is a function of wavelength denoted
by a;5(A) and is expressed in db/km or in dB/m, depending on fiber type.
Attenuation plays a crucial role in wave propagation in fibers, significantly af-
fecting the nonlinear dynamics. Most common practice to measure attenuation
in fibers is by cut-back method. In this method, transmitted optical power (P;)
or intensity (I1) is measured at the end of a long fiber of length L. Then the
fiber is cut into a shorter piece of length L, and the optical power (P,) or in-
tensity (I») is measured for this length. The attenuation can be then calculated
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as][1]

L(A)
T (2.14)

Consecutive cutting of the fiber can provide a more statistically relevant value

agg(A) =10/ (L — La)logio

of attenuation of the fiber. Since the fibers I use in this dissertation are designed
for short-wave IR transmission, a supercontinuum source (Leukos) with an
optical bandwidth from visible to near IR is used to measure attenuation across
the short-wave IR transmission window. It is crucial to ensure that the input
coupling conditions remain the same while carrying out these measurements.
The transmitted optical intensity is measured using a spectrometer to account
for the spectral bandwidth of the laser.

2.2.4 Birefringence: theory

When light travelling through an optical medium experiences different refrac-
tive index along the two orthogonal polarization modes, this property of the
optical medium is called birefringence. It is present in most optical fibers as
the fundamental mode propagation in any single-mode fiber shows some de-
gree of birefringence in the two degenerate polarization modes. This happens
because it is very hard to fabricate a perfectly circular fiber core which is re-
quired to ensure that the polarization of the modes do not change as the pulse
propagates in the fiber. The ability to maintain the polarization mode in a fiber
plays a very important role in linear as well as nonlinear propagation dynam-
ics. This occurs because the two orthogonal polarization modes have different
propagation constants. Fabricating a fiber that can be used in a single polar-
ization mode requires development of specialty high birefringence fibers, such
as the polarization maintaining (PM) fiber designed and developed in chapter
5. In highly birefringent fiber, the relative phase of the two modes rapidly drift
away due to significantly different propagation constants of the two polariza-
tion modes. The phase birefringence of a fiber for the two polarization modes

¢ and B, experiencing refractive index n, and n, respectively is given by [16]
y €Xp g y resp yisg y
Bu(A) = An = |ny —ny| (2.15)

Which corresponds to AB = By — By = 27tAn/A The polarization direction
of mode of the light propagating with a larger propagation constant is called
the fast axis. The polarization direction with lower propagation constant is
called the slow axis. Fast and slow axes are the principal axes of the PM fiber.

When a linearly polarized beam is launched at 45° angle to the two axes, the
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FIGURE 2.3: Experimental set-up for measurement of birefrin-
gence of the PM fiber

polarization state of the beam changes periodically between linear, elliptical
and circular state with a beat length of Lg(A) = 271/AB [16]. The group bire-
fringence G(A) of the fiber is derived from the phase birefringence as [17]

dBu(A)
dA

G(A) = Bu(A) — A (2.16)

Group birefringence is responsible for polarization mode dispersion and con-
sequently leads to pulse spreading. This dependence arises from the differen-
tial group delay which is experienced by the two orthogonal modes as a func-
tion of optical frequencies. A high degree of birefringence can be introduced
in a fiber by making the core elliptical in shape as shown in this dissertation in
chapter 5. Other commonly used method is to stress-induce birefringence due
to introduction of stress components such as in PANDA [18] and bow-tie fibers
[19]. PM fibers are widely used thanks for their high birefringence in various
for sensing applications of temperature [20], pressure [21], magnetic field [22],
electric current [23] etc.

2.2.5 Birefringence measurements

Experimental measurement of birefringence derive phase birefringence from
the measured group birefringence. Fig 2.3. illustrates a schematic of setup
used for birefringence measurement. A collimated beam from a supercontin-
uum source (Leukos) was coupled into the PM fiber using an aspheric lens (L;)
after passing through a broadband linear polarizer (P) and a broadband half-
wave plate (HWP). The polarizer (P) was used to ensure that the light from
the source remains at a fixed linear polarization throughout the measurement.
The broadband HWP was used to determine the axis of the fiber and to ex-
cite both the polarization modes for measurement of the birefringence. The

output beam, collimated using another aspheric lens (L) and passes through
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an analyzer (A) and the signal was observed on a camera to obtain maximum

extinction between the two modes.

2.3 Nonlinear Pulse Propagation

Nonlinear optics is a study of interaction of intense light with the medium in
such a way the properties of the medium are altered. The optical response of
a material, often gauged by its properties such as absorption and refractive
index, scales linearly with incident light. However, when the intensity of this
incident light is high, the change of the optical response of the medium alters as
a function of the intensity of the incident beam. Such a nonlinear interaction, in
return leads to changing the properties of the light giving rise to phenomenon
such a second harmonic generation, Kerr self-focusing, supercontinuum gen-
eration, four-wave mixing, etc. In the following sections, I will summarize the
phenomena that occur when a high intensity pulse propagates in a nonlinear
medium, especially for the case of optical fiber which provides high confine-
ment of light and geometry-based dispersion management and at the end I'll
describe the techniques used in this dissertation to measure and study non-
linearly generated pulses for their properties such as phase, intensity, noise,

etc.

2.3.1 Self-phase modulation and Cross-phase modulation

In the absence of dispersion and attenuation in the fiber, the temporal intensity
I(t) of an optical pulse brings forth a time-dependent modulation in the refrac-
tive index of the medium as n = ngy + nyI(t) where ny and n, corresponds
to the linear and nonlinear refractive index respectively [1] This in-turn in-
troduces a time-dependent phase with the pulse itself (self-phase modulation,
SPM) or with a co-propagating pulse (cross-phase modulation, XPM). SPM-
induced phase shift in a fiber of length L and peak power of P, is given as
¢nL = YPoL [1]. Thus the length at which a maximum phase shift is observed
is called the nonlinear length, given by Ly; = 1/DP [1]. The physically ob-
served effected of this phase-shift is the broadening of the spectrum of the
pulse as it propagates through the fiber [24]. The SPM-induced phase shift
leads to a time-dependent frequency shift as dw(t) = dpn(t)/dt [24]. This
frequency shift is instantaneous and adds a chirp to the pulse as shown in Fig.
2.4.(a). A chirp is the dependence of instantaneous frequency dependence of
an optical pulse on time [25]. As the pulse broadens, the leading edge of the
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FIGURE 2.4: (a) Time-dependent frequency shift introduced by

SPM in the leading and trailing edges of the pulse. (b) SPM-

induced spectral broadening as first observered and taken after
Stolen et. al. [24]

pulse experiences a red shift while the trailing edge experiences a blue shift
due to SPM as demonstrated in Fig.2.4 [24]. For an unchirped input pulse,
SPM and XPM, leads to generation of new frequency components of the pulse,
leading to spectral broadening. The spectral pulse shape due to SPM has a
characteristic oscillatory structure with symmetrical broadening around the
pump frequency as shown in Fig.2.4.(b). This oscillatory structure occurs due
to the generated identical spectral components existing simultaneously that in-
terfere with each other. In a spectrogram, SPM is identified by a characteristic
‘S” shape relating to the oscillatory structure. In the time domain, the temporal
pulse shape is unaffected by SPM. SPM, in presence of dispersion, behaves dif-
ferently and brings forth further interesting nonlinear effects, such as soliton
generation and fission, dispersive wave generation, self-steepening etc. SPM
in normal dispersion pumping leads to a simultaneous spectral and temporal
broadening of the pulse. SPM in the anomalous dispersion regime can balance

each other out to form a self-sustaining soliton.

2.3.2 Four-Wave Mixing and Modulation Instability

Four-wave mixing (FWM) is a third-order nonlinear process, where two co-
propagating waves of similar or different frequencies, interact with each other
parametrically to create two waves of different frequencies [26, 27]. However,
for significant FWM to occur, it is essential that the pump waves are perfectly
phase matched with each other. Two pump waves of frequencies w; and wy,

create a Stokes/signal wave of frequency ws, and an anti-stokes/idler wave of
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frequency w; such that they satisfy the phase matching condition [1]

AB = Buw, + Buw; + Bw, — Bw, =0 (2.17)

In case the initial pump waves are of the same frequency, wp = w; = wy,
then the FWM signal and idler waves are generated at a frequency shift ()5 =
wp —wg = wp — wj. This case is called degenerate FWM and follows the phase

matching condition
AP = Py + B, — 2Py = 0 (2.18)

Due to dispersion walk-off, it is easier to satisfy the phase matching condi-
tion for degenerate FWM than for non-degenerate FWM [1]. Degenerate FWM
gain bands, when pumped in anomalous dispersion regime are wide and con-
tinuous with the pump while in normal dispersion regime the gain bands are
narrow and discrete from the pump [28]. Another manifestation of degenerate
FWM is in the form of a break-up of a continuous-wave (CW) field or long
pulses into a train of ultra-short pulses (fs). This process is called modulation
instability (MI) and it occurs in the anomalous dispersion regime where a CW
signal is unstable as B, < 0. The CW signal breaks up due to a perturbation
caused by among others pump noise and quantum noise and the perturbation
sees an exponential growth to the waveform. The ultrashort pulses arise from
MI with an oscillation period [29]

22| Bo|
2.19

Ty =

MI leads to amplification of noise on the side-bands that correspond to the

frequency of modulation in time domain on both sides of the pump. The max-

imum MI-gain occurs at a frequency shift of ()p;; on both sides of the pump

frequency such that [30]

27P
B2

Despite the seemingly undesired nature of MI which causes noise enhance-

Q=+ (2.20)

ment, MI can be managed to obtain wide spectral broadening and be used to
produce ultrashort pulses with high repetition rates.
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2.3.3 Raman scattering

The second term in the response function R(f) = (1 — fr)d(t) + frhr (t) of the
GNLSE accounts for Raman scattering that an optical pulse experiences. The
Raman response is given by hg(t) and the fractional Raman contribution is fx.
Raman scattering is an inelastic scattering of photon-phonon interaction and
is an intrinsic property of the optical medium. The Raman response hg(t) can
be derived from the Raman gain response gr(Q) of the fiber material as [1]

gr(Q) = 2y frIm[F (hgr(t))] (2.21)

The degree of Raman scattering that a pulse experiences from its central fre-
quency is defined by Raman gain bands. Raman gain band at downshifted
frequencies from the central pump frequency is called Stokes band and at up-
shifted frequencies is called the anti-Stokes band. The spectral intensity at
Stokes band is usually higher than that at the anti-Stokes band. Raman scat-
tering plays a very important role by scattering solitons and broadening in the
spectra, as explained in the section 2.3.5 below.

2.3.4 Soliton generation

In anomalous dispersion, when negative GVD (B, < 0) and the SPM balance
each other out, a soliton is generated [31]. Soliton is wave that has its temporal
and spectral profile constant (for fundamental soliton) or periodically evolving
(higher order solitons) as it propagates through the fiber. Mathematically, soli-
tons are solutions to the generalized nonlinear Schrodinger equation (GNLSE)
[28, 32]:

0A(z, T) kA (2, T) ' J
L4+ —A— Z ' Bk k = 1')’(1 + lTshock_)
0z 20 &K oT oT (2.22)
(A(z, T)/ R(T')|A(z, T — T')]%dT’)

such that peak power Py = |By|/(7T3). An important parameter to under-
stand soliton dynamics is soliton number N = /(yPyT3)/|2| = Lp/LNL
which is governed by fiber and pulse parameters. In general, during pulse
propagation in an optical fiber, when Lp >> Lyr, nonlinear effects dominate
while when Lp << Ly, linear dispersive effects dominate. For the funda-

mental soliton, i.e. N=1, Lp = Lyy, and irrespective of the initial pulse shape,
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fundamental soliton takes up a secant-hyperbolic shape. For N > 2, higher
order solitons evolve periodically as a function of the peak power. However,
this periodic evolution of higher order solitons is only sustained if there are
no perturbations as higher order solitons are highly unstable. In the presence
of perturbation, such as due to Raman scattering or higher order dispersion,
the higher order soliton pulse breaks up into a train of fundamental solitons,
which identical soliton number N [33]. This process is called soliton fission
and occurs after the fundamental soliton reaches its maximum bandwidth at a
distance of Lyiss ~ Lp/N [32]. Soliton fission causes some energy to be shed

in the form of dispersive waves as discussed in section 2.3.6.

2.3.5 Soliton self-frequency shift (SSFS)

When a soliton is sub-picosecond, it experiences Raman amplification along
the longer wavelength edge, with a simultaneous loss of power at the shorter
wavelength edge of the soliton pulse spectrum. This introduces a spectral
shift of the soliton towards longer wavelengths and is called the soliton self-
frequency shift (SSFS) [34]. SSFS provides a way to obtain pulses in the spectral
range, which cannot be obtained by traditional lasers, due to power-dependent
tunability of solitons. By changing the input energy or the fiber length, the cen-
tral wavelength of such solitons can be tuned. The frequency shift vg caused
due to SSFS depends on the input pulse duration t; and dispersion B, as
‘%{ (% “sz‘ [35]. This implies that the first soliton experiences a stronger fre-
quency shift as compared to the higher order solitons, consequently increasing
the separation between individual solitons as they propagate in the fiber. Since
its first demonstration in 1999, SSFS has been of prime interest as a potential
tunable laser source [36]. Table 2.1 contains an overview of theoretical and ex-
perimental work in the past 20 years on soliton shift dynamics in the near- and
mid-infrared wavelength ranges. SSFS depends strongly on the pulse duration
of the pump, length of the fiber as well as its nonlinearity and chromatic dis-
persion characteristics of the fiber. It is an important nonlinear process widely
exploited in seeding of ultrafast amplifiers [37]. From the literature review
summarized in table 2.1, it can be inferred that experimental work on SSFS in
soft glass fiber majorly involved pumping with laser pulses centred at 1560
nm, or around 1900-2000 nm for some cases. The pertinent condition is to
provide suitable chromatic dispersion characteristic of the fiber to facilitate ef-
ficient soliton shift. In this work I will show wide detuning of fundamental
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soliton in tellurite suspended core fiber, effectively extending the state of the

art for SSFS-based tunable sources in the near-IR wavelength range.

TABLE 2.1: Literature review of soliton shifting in the near- and
mid-IR range

No.

Pump pa-

rameters

Fiber type
and length
(if given)

Range of
tunability

Type of re-
sults

Results re-

ported

Year,
Ref

1550 nm;
180 fs; 48
MHz

PM; 75m

1560-1780

nm

Experimental

First demon-
stration of
linear shifting
of a soliton
in an opti-
cal fiber by
changing

input power

1999[36]

1556nm,
250 fs, 48
MHZ

PM; 220m

1560-1876
nm

Theoretical+
Experimen-
tal

Dependence

of soliton on
input  pulse
width, power,
mode field

diameter

2000[38]

1550 nm

PM

1560-2030
nm

Experimental

Characterized
soliton pulse
by FROG
measure-
ments: almost
transform-
limited 340-fs
soliton pulse
generated at 2

pm

2001[39]

1060 nm

Silica
HOM
fiber

1060-1300
nm

Experimental

SSFS from 1.06
nm to 1.3 m in
an HOM fiber

2008[40]
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PM: Polarization maintaining; HOM: Higher-order mode; SCF: Suspended
core fiber; SIF: Step-index fiber; ZDW: Zero dispersion wavelength

2.3.6 Dispersive wave

Solitons preserve their fundamental sech nature by dissipating energy in the
form of dispersive wave (DW) in the normal GVD regime. DW occurs such
that the soliton and the dispersive wave have a phase-matching overlap and
DW co-propagates along with the soliton in a fiber [31]. DW also arises for
each of the fundamental-like solitons that result from a higher order soliton
fission. DW generation leads to spectral broadening at wavelengths shorter
than the pump [58]For a peak power of Py and group velocity vy s, the soliton-
dispersive wave pair co-propagate at the frequency (); and wpyy such that [32]

Blews) == (1= fr)vPo = Blewpw) = 2% (223)

The frequency shift between the soliton and DW can be approximated by ne-
glecting fourth-order dispersion and f as [32]

3 P
Q=ws—wa%—ﬂ+7 0Bs3

B 362 (2.24)

Fig.2.5. shows nonlinear effects arising from soliton dynamics such as soli-
ton fission, Raman shift, dispersive wave along the length of the fiber in their
spectral and temporal forms.

2.3.7 Optical wave breaking

In normal dispersion, blue-shifted frequency components created by SPM at
the trailing edge of the pulse travel faster than the centre of the pulse. This
leads to steepening of the trailing edge and consequently to optical wave break-
ing (OWB) [30]. The two components of the pulse then overlap in time do-
main to generate new frequency components by FWM process [53]. For SPM-
generated frequency component considered as the pump and the pulse tail
considered as the seed, the newly generated frequency component as obtained
as [28]

WOWB = 2Wpump — Wseed (2.25)
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FIGURE 2.5: Deconstruction of soliton dynamics undergone by a
50 fs pulse centered at 835 nm, with energy 0.5 nJ in a 15 cm PCF
taken after [38]

As the pulse propagates further in the fiber, OWB also occurs at the leading
edge of the pulse along with redistribution of energy from the central fre-
quency to the spectral wings of the pulse. OWB generates new frequency
components in non-interfering dynamics leading to a smooth temporal and
spectral profile along with a well-defined phase distribution [54]. SPM+OWB
based broadening underlines the physics behind generation of coherent SC in
all-normal dispersion (AND:) fibers [55].

2.3.8 Supercontinuum generation

Supercontinuum (SC) generation is an extreme nonlinear process that is char-
acterized by wide spectral broadening of a laser pulse in an optical medium.
SC occurs as a consequence of collection of nonlinear processes depending on
the input pulse duration, peak power of the pump, pump wavelength and the
chromatic dispersion and length of the fiber. The first report of efficient SC
generated in a PCF was demonstrated by Ranka et al. in a silica microstruc-
tured fiber in the year 2000 [56].

Over the last two decades, fiber-based supercontinuum (SC) sources have gained
popularity due to their strong waveguide confinement, enhanced nonlinearity,
and dispersion management [32, 56]. Being able to regulate the properties of



28

Chapter 2. Linear and nonlinear propagation in optical fibers

TABLE 2.2: Overview of SC dynamics based on pulse duration

and dispersion characteristics

| Pulse duration | Anomalous Dispersion | Normal Dispersion

Modulation insta-
bility

Raman scattering
Four-wave mixing

Raman Scatter-
ing

Long  Pulse Soliton fission .
. Four-wave mix-
(>10 s to ps) Soliton self- in
frequency shift &
Dispersive wave
generation

Self-phase modu-

lation Self-Phase
Soliton fission Modulation
Soliton self- Four-wave mix-
frequency shift ing
Short Pulse (fs Raman scattering Raman Scatter-
to sub-ps) Four-wave mixing ing
Modulation insta- Optical wave
bility breaking

Dispersive wave

SC by engineering fiber parameters has led to major advancements in under-
standing the mechanisms behind SC generation. This in turn has facilitated
advancement of applications requiring SC sources such as LIDAR [57], Bio-
photonics [58], spectroscopy [59], laser and amplifier systems [60]. etc.

Table 2.2 outlines the different nonlinear phenomena that take place leading
to SC generation in optical fibers based on the pump pulse duration and chro-
matic dispersion characteristics. In case of pumping the fiber with long pulses
of pulse durations measured in seconds to picoseconds, the early dynamics are
noise seeded. In those, anomalous pumping leads to MI-based amplification
of noise. Soliton generation and fission, dispersive waves generation as well
as Raman scattering of solitons further broaden the spectra leading to SC gen-
eration. This means that SC generated in anomalous dispersion regime, with
long pulses, show the highest degree of noise and is highly incoherent. Long
pulse pumping in the normal dispersion regime broadens the pulse by FWM
and Raman scattering. However, normal dispersion SC does not attain wide

spectral bandwidth as power required for OWB to occur is not achieved with
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long pump pulses.

When the fiber is pumped with a short pulse within the range of femtosec-
onds to sub-picoseconds pulse duration, the SC generation dynamics stem
from SPM which is a self-seeded process. In the anomalous dispersion regime,
although the nonlinear processes that take place are similar to that in the long
pulse anomalous pumping case, the processes can be tailored to be coherent
depending on the soliton number and the input peak power. In normal dis-
persion short pulse pumping, SPM and GVD have the same sign and thus
spectrally broadens the spectrum coherently. OWB which occurs in this case
aids in a wide broadband light generation in a coherent manner. In this disser-
tation, I focus on femtosecond pumping, thus limiting the nonlinear dynamics
to low noise-seeded processes.

SC generation is sensitive to pump noise and fluctuations introduced by Ra-
man scattering and MI. This leads to a significant shot-to-shot noises in the
output SC. The bandwidth and the apparent uniformity of SC generated is not
sufficient to obtain good quality SC source for applications such as frequency
metrology [61], OCT [62], coherent anti-stokes Raman scattering spectroscopy
[63]. For such applications, a crucial parameter is the coherence of supercon-
tinuum pulses. Coherence is the property of the electric fields of a light pulse
to interfere with each other. When the phase between different electric field
values of a pulse is fixed, the light pulse is said to be coherent. The coherence
of SC light in the spectral domain was first described by Dudley and Coen as
an ensemble average across the spectral range as [64-66]

_ (E@)E @)

JE@P (226)
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From research point of view, it is a challenge to preserve the coherence of SC.
One way to achieve coherence is by pumping the fiber with short pulses. In
short pulse range, the dynamics behind SC generation are self-seeded and en-
hance coherence. A great example of using this approach is that of frequency
combs which lead Theodor W. Hansch. to a Nobel Prize in 2005 [67]. Another
approach to obtain coherent SC is by using ANDI fibers where the SPM and
GVD have the same sign, leading to coherent broadening of the pulse.

While single mode fibers (SMFs) have been widely explored for coherent oc-
tave spanning supercontinuum, lately research interests have seen a shift from
one-dimensional nonlinear dynamics in SMFs to three-dimensional (3-D) prop-
agations in multimode fibers (MMF) with high power density. Thanks to that
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shift interesting intermodal nonlinear phenomenon such as spatial beam clean-
ing [68, 69], multimode solitons [70, 71], classical wave condensation [72] have
recently come forth. These phenomena have demonstrated a nonlinear phase
and/or power transfer between selected combinations of modes [73]. The non-
linear mode self-cleaning in graded-index (GRIN) fibers underpins spatiotem-
poral dynamics in many schemes of 3-D propagation of laser pulses in waveg-
uides. It has been established both numerically [73, 74] and experimentally
[71, 75] that modes in a GRIN fiber propagate mainly in guided modes that are
phase matched with the fundamental mode. Much of these studies have been
in the picosecond /nanosecond pumping regime where the peak power of the
input pulse was well below the critical power of self-focusing. When working
in the ps/ns regime, which corresponds to a few kWs of peak power, the effect
of dispersion on the pulse can also be neglected. In the ps/ns regime, mech-
anisms due to possible and observed nonlinear interactions between multi-
ple modes have been now well identified and characterized numerically using
MMGNLSE [76]. However, limited studies have been conducted in the fem-
tosecond regime.

Femtosecond pulse propagation is distinct from the ps/ns cases, because it
brings forth a significant contribution of dispersion into the pulse propagation
dynamics. In bulk media with anomalous dispersion, self-focusing has been
identified as the cause of binding together solitons into multimode “light bul-
lets” [70]. In the spectral domain, the multimode soliton forms the bases of
supercontinuum generation, analogous to that observed in single mode prop-
agation [71]. In normal dispersion, spatiotemporal analysis at femtosecond
pumping in GRIN fiber has been earlier reported by Liu et al. showing Kerr
self-cleaning of the beam and the corresponding autocorrelation plots in tem-
poral domain demonstrating pulse compression [77]. In terms of temporal
studies, they carried out autocorrelation measurements to show that as the
pulse evolves with power, it compresses in time due to nonlinear phase accu-
mulation. Results of a recent study involving time-domain measurements in
GRIN fiber by Wu et al. revealed weak self-cleaning of beam when pumped
with femtosecond pulses, accompanied by pulse compression in the anoma-
lous dispersion regime [78]. They highlighted that strong temporal evolution
of the pulse hindered spatial beam cleaning dynamics. In this dissertation, I
aim at expanding the state of the art by studying the temporal and spectral
dynamics in a soft-glass GRIN fiber under femtosecond regime.
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2.3.9 FROG and XFROG

With the increase in research on nonlinear optics and advancement in the field
of ultrafast pulses, there rose a need to accurately characterize these pulses.
To overcome problems with measuring pulses of femtosecond durations, Rick
Trebino et al. developed a pioneering technique called frequency-resolved op-
tical gating (FROG) [79, 80]. FROG provides a complete characterization of
ultrafast pulses for not just the measurement of pulse duration or pulse energy
but also a full time-dependent electric field analysis along with the study of
optical spectrum. The basic principle of FROG is that of gating a pulse with
another pulse, which is a delayed replica of itself. The gating occurs in a non-
linear optical medium and the gated pulse is then spectrally resolved. When
a second-harmonic generation crystal is used as a nonlinear optical medium
and the two pulses are resolved by a subsequent second harmonic generation
based on their interaction, the technique is called second-harmonic generation
frequency-resolved optical gating (SHG-FROG). SHG-FROG is just one of the
types of FROG techniques. The other types involve polarization gated (PG)
FROG;, self-diffraction (SD) FROG, transient grating (TG) FROG, interferomet-
ric FROG, and cross-correlation FROG (XFROG). The major difference in each
of these is the type of nonlinear mixing that occurs between the two pulses to
give the frequency-resolved pulse. The intensity of the signal generated from

the nonlinear mixing of two pulses at a delay 7 is given as [79]

IFROG(w/ T) = |/Esig(t/ T)e_m)tdﬂz (2.27)

Where Egjo(t, T) o« E(t)E(t — T) is the measured signal. SHG-FROG, that [ used
in this theis to measure the laser signal, is the most used FROG technique as
it has no contribution of the material dispersion that could possibly elongate
the pulse thus making it ideal for measuring short pulses. As crucial as it is
to be able to physically measure the signal, it is also pertinent to retrieve the
characteristic of the pulse from the measured signal. This complex retrieval of
the pulse and its characteristics from the measured signal is carried out using

sophisticated iterative strategies forming the FROG algorithm.

A variation of FROG as mentioned earlier is XFROG in which an additional
reference pulse is used to gate a broadband pulse such as a supercontinuum
[61]. In this case, the reference pulse needs to be known and not necessar-
ily shorter or spectrally matching. The nonlinear mixing of the two signals in

this case occurs via sum or difference frequency generation. From a known
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FIGURE 2.6: Calculated XFROG trace with its structure correlated
with the intensity and spectrum showing evolution with propa-
gation distance taken after [90].

reference pulse, and a measured sum or difference frequency signal, the char-
acteristics of the unknown pulse can be determined. This method is widely
used to characterize spectrally broadened pulses against a known laser pulse.
XFROG signal is retrieved in a similar manner as the FROG signal from the
FROG software (Femtosoft Technologies). XFROG trace is obtained as [81]

IxrrocG(w, T) = | /_ mE(t)Eg(t,r)ewa)dt\z (2.28)

Where Egp(t,T) o« E(t)Eg(t — T) with a dependence on the reference signal
E(t) as well as the unknown signal E;. Unlike in SHG-FROG measurements,
a weak unknown signal can still be traced if the reference is strong enough
in XFROG. XFROG is a highly sensitive method allowing detection of weak
pulses. The first report on applying XFROG measurement technique to SC
generation revealed a complete intensity and phase characterization of SC gen-
erated in PCFs [82]. Dudley et al. reported a complex XFROG-based numerical
analysis of SC generation in a PCF. These simulations identify several impor-
tant processes underlying SC generation and provide an intuitive interpreta-
tion of correlated temporal and spectral features of SC as shown in Fig.2.6.

A preliminary qualitative agreement of measured XFROG were also reported
[83].
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In this dissertation, I carry out XFROG measurement to characterize the tem-
poral features of a spectral broadened pulse from a GRIN MMF. I measure the
XFROG pulses from the fiber using a spectrometer and retrieve these pulses
using the FROG software (Femtosoft Technologies). As a reference for the
XFROG pulses, I separately measure the FROG pulse of the laser without the
fiber sample and use it as a reference for the XFROG measurements. Before the
step of pulse retrieval, for both the cases of FROG and XFROG, the signal from
the spectrometer needs to be cleaned as much as possible in its raw form. This
process is called noise subtraction. This is an important step as a noisy signal
and/or background will lead to noisy wings of the retrieved pulse increasing
the error in the retrieval process. The FROG software provides various options
of noise reduction techniques such as:

¢ full spectrum (the average of the spectra at the two smallest and two
largest delays is determined and subtracted from the data at every time

delay)

* lowest pixel (the pixel with the lowest value is identified and subtracted

from every pixel)

* edge (an average value of every data within 2 pixels of the edge is taken
and then subtracted from every pixel)

* Fourier low pass (a low-pass Fourier filter is used)
¢ cleanup pixels (removes stray pixels)

A combination of these techniques can be used multiple times to obtain a clean
raw data for retrieval. The noise subtracted FROG/XFROG data is then re-
trieved using iterative algorithm to invert the FROG/XFROG traces to deter-
mine the electric field that created them. The most used strategy for retrieval,
and the one I have used here, is by the method of generalized projections (GP)
[84] proposed and formulated by DeLong et al [85]. A projection of a guess
of the electric field of the waveform is mapped as close as possible within
the constraints. After this initial guess, each subsequent iteration of the al-
gorithm reveals a new copy of the retrieved electric field. From the electric
field, a FROG/XFROG trace is generated. When the retrieved FROG/XFROG
traces matches the one from original raw data to a high degree, the algorithm
is stopped. The generated FROG/XFROG traces will always be limited by
noise and systematic error. The algorithm converges to give the best match-
ing retrieved FROG/XFROG trace with the lowest possible error. Thus, the



34 Chapter 2. Linear and nonlinear propagation in optical fibers

algorithm should be run until a clear minimum error has been reached. This
retrieved FROG/XFROG trace contains all crucial spectro-temporal character-
istic such as phase and intensity best projected and matched with the raw data
of the signal. I then reconstructed retrieved FROG/XFROG pulse in Matlab,
for which the code I developed is presented in Appendix B.

2.3.10 Dispersive Fourier transformation technique

Dispersive Fourier transformation (DFT) technique holds a pivotal advantage
of enabling measurement of real-time shot-to-shot noise [86, 87]. Single-shot
measurement techniques such as frequency-resolved optical gating (FROG)
and spectral phase interferometry for direct electric-field reconstruction (SPI-
DER) [88], despite being powerful tools are unable to perform pulse-resolved
measurements in real-time. While DFT has been used in ultrafast spectroscopy
[86] and imaging [87] since the late 1990s, it was first used to measure real-time
fluctuation in SC in optical fibers in 2012 [89]. A detailed methodology of spec-
tral analysis using DFT was presented by Goda and Jalali in 2013. DFT not only
statistically characterizes the SC but also provides insights in the SC dynamics.

DFT technique works on the principal of dispersion-compensated time stretch-
ing of a pulse whose intensity essentially mimics that of the frequency spec-
trum due to large linear stretching of the temporal pulse. Fig.2.7 illustrates
the time stretching that a pulse undergoes when propagating through a highly
dispersive element. To understand the physics and mechanisms behind the
DFT technique, I outline the Fourier transform theory acting on an ultrashort

wave in a dispersive element as defined in [90]

Consider an initial temporal field A(t) with Fourier transform A(w), propa-
gating over a distance z in a dispersive fiber with quadratic dispersion By;.
On neglecting the loss and nonlinear terms in GNLSE, we obtain a dispersion
dependent GNLSE with a Fourier transformed solution as [91]

Az, w) = A(O,w)exp(iﬁ?zwzz) (2.29)

After sufficient propagation with a stationary phase approximation, the field
gain a temporally stretched form defined as [91]

t —it?
ﬁZSz)exr)( 2ﬁzsz)

A (t) ~ A( (2.30)



2.3. Nonlinear Pulse Propagation 35

a | Dispersive Fourier transformation

Input

Output

- Dispersive element -

FIGURE 2.7: When a train of optical pulses enters a dispersive

element with a large GVD, the spectrum of each pulse is mapped

to a temporal waveform by the dispersive element and then cap-
tured by a single-pixel photodetector, taken after Ref. [87]

Thus the obtained time-stretched intensity profile is similar to the initial spec-
trum given as [91]

_ ot
A (D%~ |A 2 2.31
|Az(t)]” ~ | 5zsz| (2.31)

Thus the temporal pulse can be mapped into the frequency domain with the
conversion of time coordinate to frequency. SC generated in a nonlinear fiber
can thus be coupled into a dispersive element (like a stretching fiber) and the
stretched temporal pulses can be detected using a fast photodiode and oscillo-
scope. A large number of pulses can be thus mapped to obtain statistical fluc-
tuations in SC generated. A key feature in this method is the resolution of the
system in wavelength scale after Fourier transformation of the time-measured

pulses. The resolution of such a system is given by
0A =1/(B|D|z) (2.32)

Where B is the bandwidth of the photodiode used and D is the dispersion of
the fiber of length z.
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Material and Fiber fabrication

Development of optical fibers, since their inception in 1966 [92], have been
majorly focused on data transmission through light pulses over long distances
mainly for telecommunication applications. To achieve this, optical fibers evolved
to have single mode propagation with loss minimized to only that of the mate-
rial [93]. The limits of fiber technology were then pushed for not just increased
transmission but also for controlling the properties of light pulses in an optical
fiber by the means of nonlinear optics. This led to a growth in development
of fiber laser and amplifiers as well as all-fiber systems in continuous wave
propagation [94] as well as pulsed regime [95]. Single mode propagations in
optical fibers have been deeply studied theoretically using generalized nonlin-
ear Schrodinger equation and well correlated with the experimental observa-
tions of soliton dynamics, intrapulse Raman scattering, modulation instabili-
ties, phase modulations and parametric processes [96]. In the late 1990s, fiber
technology revolutionized by the invention of photonic crystal fibers (PCFs)
[97]. USe of PCFs increase the number of degrees of freedom, thanks to in-
creased possibilities in designing geometrical structure of the fiber. PCFs pro-
vide a wide-ranging flexibility in structural fiber modeling to tailor their op-
tical properties such as chromatic dispersion, nonlinearity and birefringence,
to the extent which are unachievable with conventional optical fibers. PCFs
have thus become a medium of choice for studying nonlinear optical phenom-
ena such as supercontinuum light generation, soliton generation and fission,
modulation instability and four-wave mixing. While single-mode fiber (SMF)
based systems have paved way for several non-telecommunication applica-
tions in fiber lasers and amplifiers, supercontinuum generation and nonlinear
interactions [5,7], etc., the next step in fiber technology is that of fibers [1, 96]
with large mode areas and able to withstand high power thresholds. In the re-
cent years multimode fibers (MMFs) have made a promising comeback in high
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power transmissions through spatiotemporal propagation. In particular, the
renewed interest in multimode propagation has been due to the advancement
of graded-index fibers (GRIN). Graded index fibers were initially developed
in the 1970s in optical communication systems to reduce modal dispersion for
long-haul propagation [98, 99]. Over last ten years, GRIN fibers have shown
proofs of concepts for high power nonlinear propagation such as spatiotem-
poral beam cleaning [68], multimode solitons [100], supercontiuum generation
[101] and classical wave condensation [72]. In this dissertation, I design and
use PCFs and GRIN fibers for nonlinear light propagation studies by shap-
ing the fibers for their dispersion, nonlinearity and material composition as
explained below.

3.1 Fiber designing: Dispersion control

The beam propagation in a 3-D optical waveguide such as a photonic crystal
fiber can be understood by analyzing the transverse electric (E) and magnetic
(H) fields of a monochromatic wave of frequency w, propagation in the z di-
rection with a propagation constant  given as [1]

E(x,y,z,t) = E(x,y)e” =P (3.1)

H(x,y,z,t) = H(x,y)e (W5 (3.2)

Where phase of the wave is given as ¢ = wt — Bz. The corresponding wave
equation for a medium with constant dielectric constant in terms of cylindrical
coordinates (1, ¢ , z) is [1]

0’E | 10E  10*E  9*E _  9&E

a2 Vo Tra T o TR ¢

In this work, I modelled the beam propagation in optical fibers using the soft-
ware Lumerical Mode Solutions. Mode solutions is a Finite-Difference Eigen-
mode (FDE) solver that calculates mode profiles and their frequency depen-
dence by solving Maxwell’s equation [102]. The solver derives the spatial pro-
tiles of the modes, the effective index and the confinement loss by running the
Eingenmode equations through a cross sectional mesh of the waveguide. The
structural dimensions, such as the air-hole diameter d, the lattice constant A,
number of air-hole rings in the PCF or refractive index profile in the GRIN

tiber, along with the refractive index of the materials involved set the base for
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FIGURE 3.1: Waveguide dispersion engineering of PCF with fill-
ing fraction d/A; taken from [5]

the beam propagation model. Fig 3.1 shows how the dispersion of a fiber can
be changed by changing the filling fraction d/A. The constructed waveguide
geometry is meshed in order to accommodate arbitrary waveguide structures.
The finite-difference algorithm then formulates Maxwell’s equations into a
matrix eigenvalue problem and is solved by sparse matrix technique. This
method, incorporated in the Mode Solutions software is based on the method
proposed by Zhu and Brown [103]. Meshing plays a role of optimization and
accuracy of the eigenmode values. The denser the mesh, the higher the ac-
curacy for obtaining correct eigen values. However, this often comes at the
cost of simulation time and memory requirements of the computer used. The
mesh is defined over a specific boundary in the fiber structure to demarcate
the area to implement the finite-difference algorithm. The implementation of
the boundary provides the boundary conditions for the eigenvalue equations,
it is important to assure that the boundary does not provide any instabilities.
A perfectly matched layer (PML) is taken as the boundary condition as it is de-
signed to absorb incident light with minimal reflections. PML helps in getting
rid of numerical instabilities without increasing the simulation time [104]. The
eigenmode solver computes the beam dynamics within the mesh to provide
a frequency dependent profile of physical properties of the fiber as output as
listed below. The propagation constant  relates to the effective refractive in-
dex as per Eq. 2.8. The imaginary part of the effective refractive index obtained
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from FDE analysis derives the confinement loss as [105]

407'[lm (neff)

Xcon finement = /\lﬂ(lO) (3.4)

The effective area A,f¢(w) of the modes in the core of area A surrounded by
air holes is approximated as [1]

[ [EPdA)?
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Further, the group delay and dispersion can be obtained via integrated fre-
quency sweep and 7n.¢f value using Eq. 2.9. Ultimately, FDE returns fre-
quency/wavelength plots for properties such as effective area, group delay,
dispersion, confinement loss for the constructed geometry of the fiber for a se-
lected spatial mode profile. In this work, I use this method to model and design
the geometry of the fiber for desired properties such as all-normal dispersion,

low loss, birefringence etc.

3.2 Fiber designing: nonlinear propagation

Nonlinear pulse propagation in an optical fiber is a combined result of linear
and nonlinear effects on an optical field, E(z, T) = A(z, T)exp(—woT), where
A(z,T) represents the envelope of the field. A model describing the dynam-
ics in nonlinear pulse propagation has been established by Dudley et al. It
employs GNLSE as follows [32, 96]:

0A(z, T) ofA(z, T) . _ 0
el A Z | ﬁk — = iv(1+ iThock57)
z 20T A T T 56
(A(z,T)/ R(T')|A(z, T — T')[2dT)

The left side of the equation accounts for linear phenomena such as disper-
sion (Bx) and linear power attenuation («). In the nonlinear regime, the sign of
group velocity dispersion () significantly influences the dynamics of pulse
propagation. The right-side of the equation constitutes of nonlinear parame-
ters such 7, the nonlinear coefficient at wy, self-steepening and optical shock

formation Tg0xr = 1/wp, and the Kerr and Raman response, R(T). The non-
wonz(wo)
cAesf(wo)
fractive index and A,f¢(wp) is the effective mode area. The response function

linear coefficient is defined as ¢y = , where n;(wyp) is the nonlinear re-
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R(t) = (1 — fr)(t) + frhr(t) accounts for instantaneous electronics response
as well as the Raman contribution fr.

From Kerr nonlinearity originates self-phase modulation (SPM) which, in the
normal dispersion regime, leads to symmetric spectral broadening of the pulse.
However, in the anomalous dispersion regime, an interplay between SPM and
GVD stemmed from modulational instability (MI) leads to the generation of
solitons. These solitons further undergo higher order dispersion and Raman
scattering causing soliton fission and self-frequency shifts, and consequent
spectral broadening. The GNLSE however is modelled on three principal as-
sumptions:

1. The pulse propagation is considered to be strictly unidirectional

2. The pulse is assumed to propagate in fundamental mode. A separate
multimode GNLSE has been modelled with high degree of complexities
by Poletti and Horak [106].

3. The modelis purely scalar. Vectorial properties of the pulse are neglected,
which restricts the model to account for polarization modes.

Modelling of pulse propagation using GNLSE has been popularly implemented
using split-step Fourier transform method. The split-step Fourier method solves
an approximate solution of an optical field over a small distance h, by assum-
ing that the dispersive and nonlinear processes act independently. Thus, the
propagation from z to z+h is carried out in two separate steps; one account-
ing for dispersion and the other for nonlinearity. The propagation along the
entire length of the fiber occurs over an adaptive step size method alternating
between dispersive and nonlinear steps.

3.3 Fiber designing: materials

The ability of PCFs to tailor the properties of light has opened wide application-
specific customization of fibers and light sources. The degrees of freedom in
PCFs in terms of geometry, effective index, dispersion, attenuation, effective
mode areas has led to successful optimization of light sources in silica wave-
length ranges, i.e. visible and near IR [107-110]. On the other hand, for mul-
timode propagation, GRIN fibers provide an additional degree of freedom by
using two types of materials/glasses arranged in a particular mosaic to obtain
a desired effective refractive index. The main advantage of such a graded-
index profile is that the modes tend to propagate together as a cluster as the
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propagation constants of such modes are equally spaced [111]. However, with
advancement in technologies, there in an increase in the need of near and mid-
IR light sources. 2-5 um is a crucial spectral window where the atmosphere
is transparent, thus being ideal for applications such as remote sensing and
detection [112, 113], security and communication systems [114]. In the field
of fiber laser systems, there is an ever-increasing demand for seed lasers in 2-
5 pym wavelength range for amplifiers systems such as Tm:Ho, Tm:ZBLAN,
Ho : SiO, amplifiers [115, 116]. Furthermore, in microscopy and spectro-
scopic applications, many biological as well as chemical processes have ab-
sorption/emission in the mid-IR wavelengths [117, 118]. Most importantly, the
mid-IR range is fairly nascent in terms of nonlinear optics-based applications
such as supercontinuum generation [56, 96], nonlinear parametric generation
[119], fiber OPO [120] and frequency combs [121, 122]. This is because, while
PCF engineering enables achieving these nonlinear phenomena for the above-
listed applications, most of the work is still limited to the spectral window of
widely used silica glass.

Generally, glasses tend to loose transparency at the IR edge due to multipho-
ton absorption [123]. Silica shows low transparency beyond 2 pm because of
strong hydroxyl vibration-based absorption at 2.7 ym followed by high loss
(>50 dB) starting from 3 pm due to multi-phonon absorption of Si-O network
[124]. To overcome the transmission limitations of silica glass, soft glasses such
as tellurite, fluoride and chalcogenide are promising candidates for mid-IR ap-
plications. Fig. 3.2. illustrates a statistical overview of different glasses in
terms of linear and nonlinear refractive index [123]. In order to maximize effi-
ciency of nonlinear frequency conversion in the mid-IR range, the fiber needs
to have ZDW at 1.5 ym or 2 pm [56]. Fluoride and tellurite glasses provide
higher spectral transmission in the IR range (up to 7 pm and 5 pm respec-
tively) than silica glass and have a ZDW around 2 pm which makes them a
good candidate for mid-IR applications. However, in comparison with tellu-
rite glass, fluoride glass has lower linear and nonlinear refractive index, com-
parable to that of silica as can be seen in Fig. 3.2. This gives an edge to tellurite
glasses over fluoride glasses as tellurite glasses have high nonlinearity which
can enable nonlinear applications over short propagation lengths. Another
candidate for mid-IR applications are chalcogenide glasses, which have wider
transmission in the IR wavelengths (upto 20 pm [125, 126]) and a nonlinearity
of 100-1000 times higher than that of tellurite glasses. However, chalcogenide
glasses are very difficult to make, and have high recrystallization susceptibility
[127]. Additionally the ZDW of bulk chalcogenide glass is around 5 pm, which
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FIGURE 3.2: Relation between linear and nonlinear refractive in-
dices in various optical glasses used in fiber fabrication; taken
from [123]

would require technologically challenging fabrication of very small core fibers
in order to be moved to 2 uym. They are also highly toxic, thus limiting the
scope of possible applications [128]. Thus, tellurite glass is the best candidate
for near and mid-IR light sources as well as applications.

3.4 Tellurite glasses

3.4.1 Composition

Owning to its electronegativity (x = 2.1), tellurium forms a good substrate
for making glass [129]. Tellurium dioxide (TeO2), a heavy metal oxide, along
with a combination of other oxide systems such as WO, and Na,Os5 allows
us to design a thermally stable tellurite glass [129]. Since the energy of Te-O
bonds is lower than that of Si-O bonds, tellurite glass has a lower softening
temperatures than silica glass. The in-house developed tellurite glasses con-
tain a multicomponent oxides system of TeO, — WO3 — Na;O — NbyOs. TeO;
and WOj3 together form the glass while Na2p and Nb,Os are used as glass lat-
tice modifiers [130]. In this work, two types of in-house developed tellurite
glasses have been used, namely: TWPN/I/6 and TWZN-22. The mole per-
centage of the oxides for the two tellurite glasses is outlined in table 3.1. The
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TABLE 3.1: Chemical composition (in mol %) of tellurite glasses

TWPN/1/6 and TWZN-22

Glass Composition ;XVPN/ 176 (Mol TWZN-22 (Mol %)
TeO, 65 60

WO; 28 22

ZnO 0 9.5

Na,O 5 6.5

NbyOs 2 2

major difference between the two glasses is the presence of ZnO in TWZN-22.
ZnO — TeO; bonds contribute to a shorter wavelength edge in the UV [131].
An overall change in the composition provides for a slightly different refrac-
tive index of the two glasses, which is desired for fabrication of GRIN fibers.
The two tellurite glasses have been optimized for their composition for high
nonlinear refractive index and broad transmission range with low concentra-

tion of -OH group and low susceptibility to recrystallization [130].

3.4.2 Physical properties

The linear thermal expansion coefficient of the two tellurite glasses were mea-
sured using a dilatometer 801 (Baehr Thermoanalyse GmbH) [132]. The ther-
mal expansion coefficient values are listed in table 2.4. for 200 °C and 300 °C
respectively. For two glasses to be matched together into a fiber, the thermal
expansion coefficient difference of the two glasses should be less than 10 %
which is fulfilled in the case of TWPN/I/6 and TWZN-22 as seen in the table
3.2. The dynamic viscosity of the glass can be obtained from the measured ther-
mal expansion curve. Tellurite glass shows a steep viscosity curve around the
tiber drawing temperatures, which means that the working temperature range
is limited to 50 °C as opposed to other soft glasses which has a range above
100 °C [132]. Dilatometric measurements also indicate the softening points of
the glasses, which in case of TWPN/I/6 and TWZN-22 are almost the same as
shown in table 3.2. This thermal matching is crucial for successful fabrication
of fibers with multiple glasses, eg. GRIN fiber.

The transition temperatures for the glasses were measured using differential
scanning calorimetry (DSC) method [132]. The transformation temperature Tg
and the temperature at which crystallization starts to occur Tx were obtained
from the DSC measurements as listed in table 3.2. The thermal stability of glass



3.4. Tellurite glasses 45

TABLE 3.2: Physical properties and characteristic temperatures
of tellurite glasses [48]

| Physical properties | TWPN/I/6 | TWZN-22 |
Linear thermal expansion
coefficient
200°C [107°K1] 13.98 14.4
300°C [107°K '] 14.39 14.72
Dilatometric softening 385.3 385.6

point (SP) [C]

Transformation tempera-

ture Tg [°C] 374.5 366.1
Crystallization beginning 506 )
temperature Tx [C]

AT =Tx —Tg[°C] 131.5 -
Density [¢/cm?] 5.881 -

isindicated as AT = Ty — T such that when AT > 100C the glass is considered
thermally stable without any crystallization observed at the softening temper-
atures. For tellurite glass TWPN/1/6, AT = 131.5C thus making this glass
a good candidate for PCF fabrication. For the TWZN-22 glass crystallization
was not observed in the whole measured temperature range, meaning that this
glass is also safe for use in the drawing tower. Lastly, the density of tellurite
glass was determined to be 5.881 g/cm® by hydrostatic weighing technique
[130].

3.4.3 Optical properties

Transmittance of tellurite glass TWPN/I/6 was measured in ref. [132] using a
spectrophotometer (VARIAN Cary 500) with sensitivity range of 200-3300 nm
as can be seen in Fig. 3.3 (blue). Tellurite glass of the above mentioned com-
position shows high transmittance throughout the visible and near IR wave-
length range. As shown in ref. [130], the long wavelength edge of transmit-
tance goes beyond 5 pm. However, due to strong absorption by -OH group
present in the glass, the transmittance is reduced to about 3.1-3.3 ym. The
amount of the -OH groups in the glass bulk can be reduced by melting glass
in anhydrous atmosphere or by increasing melting time during the glass mak-
ing process. Owing to high transmittance in visible as well as IR wavelengths
(upto 5 pm), tellurite glass is attractive as fiber material for near and mid-IR
applications. Refractive indices of the two glasses were measured by a go-

niometer and a prism using different light sources in visible (H, Hs, He, Ne,
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FIGURE 3.3: Transmittance and refractive index of the tellurite
glasses

Na spectral lamps) as well as in near IR using lasers [132]. Fig. 3.3. shows
refractive index profiles for tellurite glasses TWPN/I/6 and TWZN-22 as a
function of wavelength. The refractive index for tellurite glass is above 2 as
can be seen in the above Fig. 3.3, which is higher than silica which has refrac-
tive index around 1.5 [133]. TWZN-22 has slightly lower refractive index due
to difference in glass composition. This is advantageous to construct a gradient
index profile in fiber. The material dispersion relation of the tellurite glasses
calculated from the measured refractive index values are as follows.

Material dispersion of TWPN/1/6 is given by Sellmeier’s equation:

2.49628\2 N 0.79831\2 N 1.8848 )2
A2 —(0.01699)2 © A2 — (0.07728)2 = A2 — (162.9949)2

n?(A) =1+ (3.7)

Material dispersion of TWZN-22 is given by Sellmeier’s equation:

2.876397801 )2 0.2594983992 0.237774448)\2

A2~ (0.025339328)2 T AZ — (0.094741208)% ' AZ — (28.23657539)?
(3.8)

The ZDW of bulk tellurite glass is around ~ 2um, which is longer wavlength

n*(A) =1+

than that of silica at ~ 1.3um, making tellurite glass highly suitable for appli-
cations in the IR wavelengths. The nonlinear refractive index n,, of tellurite
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glass TWPN/I/6 was measured using a Z-scan set-up as shown in ref. [134].
The TWPN/1/6 glass has n; of (5.110.23) x 10~m?/W at 1064 nm, which is
significantly higher than that of silica glass at (0.430.03) x 10~ 9m?/W at the
same wavelength [134]. Another glass known to possess high nonlinearity is
chalcogenide with n2 of 100-1000 x10~2%m2 /W [135]. Chalcogenide glass also
shows excellent IR transmission up to 20 pm. However, the glass is highly
toxic and has a high recrystallization susceptibility. Thus, owing to the 2 pm
ZDW, high refractive index and high nonlinear refractive index, tellurite glass

is an excellent candidate for nonlinear applications in the IR wavelength range.

3.5 Fiber fabrication process

Owing to the widespread of optical fiber-based telecommunication networks,
the fiber fabrication technology has advanced significantly in the last couple
of decades to keep up with the high demand of developing highly efficient
optical fibers. The challenge in the fiber fabrication technology is to cater to
developing different application-specific fibers, which in turn depend on vari-
ous parameters such as thermal and optical parameters of glass, core-cladding
geometry of the structures etc. Fiber can be drawn by direct melting of glass
from the crucible or be made into a preform to get the desired fiber structure
and then drawn from this preform into the fiber [131]. Preform based fiber fab-
rication technology can be divided into two: vapor deposition techniques such
as outside vapor deposition (OVD) [136], modified chemical vapor deposition
(MCVD) [137], plasma activated chemical vapor deposition (PCVD) [138], va-
por axial deposition (VAD) [139] and non-vapor technique such as rod-in-tube
stack and draw method [140, 141]. In this dissertation, I employ the stack-and-
draw method for fiber fabrication as it is best suited for microstructured and
nanostructured fiber with complex geometries such as suspended core fiber,
PCFs and GRIN fibers used in this work.

3.5.1 Stack-and-draw fabrication method

Stack-and-draw fiber fabrication is a multistep process in which a mosaic of
glass rods and tubes are arranged in microscopic structure and then drawn
into the fiber [140, 141]. Fig 3.4. and the steps below outline the process of the
stack-and-draw fabrication technique which was used to develop all the fibers

used in this dissertation.
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1. Glass casting: Stack-and-draw fabrication method is highly efficient for

glasses with high recrystallization resistance. First the glass is molten
and casted into either thick-wall tubes or rectangular blocks. Then glass
blocks are cut and ground into glass rods. In the last steps both rods and

tubes are polished to obtain optical quality surfaces.

. Drawing of preform elements: This step occurs in the drawing tower where

the rods and tubes are fed into a furnace, heated above the softening
temperature and then drawn into capillaries and canes of specific de-
sired preform diameters. In this process the temperature of the furnace,
the feed rate and the pulling speed together control the diameter of the
elements drawn. The diameter of the drawn elements is measured by a
laser-based diameter monitor system placed below the furnace.

. Preform stacking:The preform elements are cleaned and assembled into a

macroscopic mosaic structure. At this stage, type of lattice, hole/spacing
ratio, distribution of capillaries and canes is decided. The elements used
in a single structure are often made of different materials, hence ensur-
ing thermal matching of the glasses involved is essential for a defect-
free fiber fabrication. In this case thermal matching means that thermal
expansion coefficients of the glasses are within 10 % of each other and
drawing temperatures of both glasses are within 50 °C. Stacking can be
done in periodic lattice structure such as PCFs, GRIN or suspended core
tiber.

(a) For the PCF fibre each air hole is typically a single capillary stacked
into a hexagonal structure. Hexagonal structure is to ensure that
each element doesn’t move during later drawing. Fibre is made

from one type of glass

(b) For the suspended core the structure, stacking occurs in a similar
method as for PCFs,but the number of elements is smaller as com-
pared to PCFs and consist of only single ring. Suspended core fiber

is also made from a single type of glass.

(c) GRIN fibre is made by stacking thousands of canes in an arrange-
ment such that the overall effect is achieved such that light sees an
effective refractive index. GRIN structure is made from two types of
glass, representing minimum and maximum refractive index. Canes
used in such fibers have to be subwavelength as the distribution of
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FIGURE 3.4: Schematic representation of the stack-and-draw
fiber fabrication process

canes determines the effective refractive index distribution in the fi-

bre cross section.

Such assembled structure is then placed into a large diameter glass tube
to achieve the desired photonic structure/ fiber diameter ratio and struc-

tural rigidity of the preform.

4. Fiber drawing from the preform: The stacked preform is then drawn at cor-
rect temperature in the fiber drawing tower to obtain the fiber. At this
stage, the size of the air-holes and lattice is controlled by tuning drawing
parameters such as temperature, preform feeding rate, drawing speed
as well as the pressure inside the preform. This process can take place
multiple times until desired structure and dimensions are achieved. In
case of PCFs, often an intermediate step of subpreform is drawn which
is larger in size than the fiber but has the same dimension ratios. In the
last drawing the fiber is often coated with a protective jacket made from a
high index polymer such as PVC, in order to provide mechanical stability

to the fiber and to absorb cladding modes.

3.6 Fiber geometries

In this dissertation, we develop and explore 4 different types of fibers fabri-
cated with tellurite glass as shown in Fig.3.5. Each such fiber shown here has
been fabricated for a specific nonlinear application. The tellurite glasses used
for fabrication of these fibers have been developed in-house and optimized for
spectral transmission, attenuation, photonic crystal structure, index properties
etc. [132, 142]. All the fibers listed below were fabricated using the stack-and-
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FIGURE 3.5: Scanning electron microscope (SEM) images of fab-

ricated specialty fibers (a) Hexagonal lattice air-hole PCE- NL47A

(b) Highly birefringent PCF-NL51-A (c) Suspended core fiber-
NL50A (d) GRIN fiber MS27A

draw method. The parameter control while fiber and preform drawing for

each of fibers used in this dissertation is summarized in table 3.3.

3.6.1 Air-hole PCF- NL47A

This fibre is a modified hexagonal lattice PCF made with TWPN/I/6 glass.
This fiber was engineered to reduce attenuation of modes by using two lattice
constants in the fiber geometry. The fiber had 7 rings of air-holes, out of which,
the outer three rings had larger air-holes as compared to the inner four rings,
and thus different lattice constants as shown in Fig. 3.5 (a). This fiber series
was labelled NL47A and was used in research described in chapter 5.

3.6.2 Highly birefringent PCF- NL51A

Photonic crystal structure allows to achieve a PCF with a birefringence of the
order 10> — 10%. Such birefringence requires a crystal lattice asymmetry with
an elliptical core where the light is strongly guided in one of the polarization
modes Birefringence in fiber series NL51A was introduced by using large size
capillaries for two opposite air-holes around the core as shown in Fig. 3.5 (b).
The rest of the structure remained similar to that of NL47A and was also used
in the research described in chapter 5. Fiber was also made from the same
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TABLE 3.3: Drawing parameters for tellurite fibers and subpre-
forms fabricated
Preform . Feeding Pulling
: outer di- | Temperature .
Fiber label o speed speed Diameter
ameter [°C] . .
[Mm/min] | [m/min]
[mm]
NL47A
subpre- 19.0 485 - 490 0.37 0.31 072 - 08
mm
forms
NL47A 3.0 560 0.93 0.43-0.51 125 = 140
fiber pm
NL50A
subpre- 18.5 490 - 500 1.86 0.06 17 =23
mm
forms
1.75 pres-
Ell}e 5rOA surized at | 582 - 585 1.67 0.23-0.32 113 - 130
370 mb H
NL51A
subpre- 18.4 492 - 500 0.47 031-034 |27~ 08
mm
forms
NLS1A 3.0 568 1.1 051-07 | 10— 140
fiber pm
MS27A 07 — 13
subpre- 41.2 495 - 500 03-0.5 0.25-0.76 : '
mm
forms
M827A 2.3 582 - 590 017-3.7 | 0.57-091 100 =185
fiber pm
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tellurite glass TWPN/1/6. The drawing process of this fiber had an additional
complexity, as compared to the previous fiber series, as pressure had to be
maintained such that the birefringence inducing air-holes as well as the core

remained of the desired dimensions.

3.6.3 Suspended core fiber- NL50A

A three air-holed suspended core fiber made from tellurite glass was used to
observe soliton detuning. Preform of this fiber consisted of three large capil-
laries, surrounding a solid cane rod. In order to obtain large air-holes and thin
struts to hold the core, this fiber was drawn under high pressure of 370 mb.
A successful fiber series labelled NL50A was drawn with core diameters rang-
ing from 0.75-1.5 pm and strut widths of 57-100 nm as shown in Fig. 3.5 (c).
Drawing fiber with such thin struts was a challenging task quite on the edge of
tiber fabrication technology. This fiber was developed for the research results

presented in chapter 4

3.6.4 GRIN fiber- MS27A

GRIN fiber labelled MS27A as shown in Fig. 3.5. (d) was fabricated by nanos-
tructurization of preform. This fiber was made from two types of tellurite glass
described in section 3.3, TWPN/I/6 and TWZN-22. The preform of this fiber
consisted of 10267 canes of tellurite glasses forming a pre-determined arrange-
ment to obtain a parabolic index profile. This fiber was designed and studied

for the research results presented in chapter 6.
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Chapter 4

Soliton detuning in tellurite

suspended core fiber

The demand from the growing range of applications exploiting optical fre-
quency metrology [143], LIDAR [57], molecular fingerprinting [144] and spec-
troscopy [59], as well as active hyperspectral imaging [145] motivate ongoing
interest in light sources combining efficiency, ease of operation and high qual-
ity of generated light pulses. Solutions based on nonlinear fiber optics have
a proven track record of combining these requirements. Existing fiber based
light sources mostly exploit the silica glass as the primary materials platform.
Silica has the major limitation as it is lossy beyond a wavelength of 2 ym. Soft-
glass based fibers not only have very good transmission [59] into the mid-
infrared wavelengths but also have 10-100 times larger intrinsic nonlinearities
than in silica glass (with the exception of fluoride glasses). Dispersion engi-
neered PCFs made from such soft glasses are promising to overcome the cur-
rent lack of robust versatile nonlinear optics-based laser light sources. In this
work, I have used highly nonlinear tellurite glass-based PCF to overcome the
limitations of silica and to obtain a light source in the short wave IR region
(SWIR). A popular nonlinear method for obtaining laser light sources in near
and mid-IR wavelength range is through soliton self-frequency shift (SSFS).
SSFS, explained in chapter 2, has been widely explored as a potential tunable
laser. SSFS also is one of the primary process that takes place in anomalous su-
percontinuum generation. Table 2.1 outlines the state of the art for SSFS-based
tunable sources in silica as well as soft glass fibers. As can be seen from table
2.1, SSFS-based tunability in silica and soft glass PCFs obtained so far has been
limited to less than 300 nm from the pump wavelength (with the exception
of chalcogenide PCFs that transmit in mid-IR). A recent review [115] showed
that the short wavelength IR range not only holds a promising role in ultrafast
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lasers and amplifiers but also has numerous applications to cater to such as
telecommunication, biomedical imaging and diagnostics, atmospheric sensing
etc. Silica based seed successfully covers upto 2 ym beyond which silica pos-
sess high attenuation. Amplifiers such as Ho : S5iO; and Tm:ZBLAN efficiently
cover the range between 2-2.5 ym. But there is a challenge in obtaining a seed
signal for such amplifiers. The soft glass fiber used in this work not only in-
tegrates well with soft glass amplifiers such as Tm: ZBLAN but also provides
a tunable seed for such amplifier systems. In this chapter, I demonstrate the
isolation of SSFS phenomenon in a suspended core microstructured fiber made
from highly nonlinear tellurite glass. The fiber was dispersion engineered for
a flat anomalous dispersion to obtain Raman scattering-assisted self-frequency
shift of soliton over a bandwidth of 68.5 THz in the SWIR range. The promi-
nent soliton shows an input power-based tunability through the spectral range
of 1560 nm (pump wavelength) upto 2400 nm when pumped with a 90 fs laser
pulses from a robust mode-locked fiber laser.

4.1 Fiber development

Isolation of the phenomenon of SSFS in a fiber, while suppressing other nonlin-
ear processes (such as four-wave mixing, supercontinuum generation), essen-
tially comes from an interplay of three parameters; high Kerr nonlinearity of
the material, chromatic dispersion characteristics, and position of pump wave-
length with respect to the ZDW. In my work, the criterion of high positive Kerr
nonlinearity was satisfied by using tellurite glass as the fiber material. The ma-
terial dispersion of tellurite glass (in-house developed TWPN/1/6)[132] used
in this work is given by Sellmeier’s equation:

2.49628\2 N 0.79831A2 N 1.8848)2
A2 —(0.01699)2 © A2 — (0.07728)2 = A2 — (162.9949)2

n?(A) =1+ (4.1)

The measured nonlinear refractive index n, of this glass at a wavelength of
1064 nm is (5.11 £ 0.23) x 10~ 9m? /W [134]. The position of ZDW and conse-
quently the chromatic dispersion profile depends on the design of the fiber. In
literature, Hartung et al.[146] showed that the flatness of the dispersion pro-
file of a suspended core structure depends on the size of the core while the
shape of the core determines the ZDW. In this work, I numerically modelled a

suspended core structure surrounded by three air-holes using finite difference
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Eigenmode solver (Mode solutions, Lumerical). The fiber design was aimed at
blueshifting the ZDW across near-IR wavelength i.e. from the glass ZDW of
2050 nm [132] to around 1200 nm and achieving flat anomalous dispersion for
wavelengths redshifted from the ZDW. In order to achieve the desired ZDW
at 1200 nm, and flat anomalous dispersion profile for wavelengths above 1200
nm, I changed the size of core as shown in the linear modelling below. An-
other factor which supports the choice of a suspended core microstructure is
that tellurite glass is highly susceptible to recrystallization as compared to sil-
ica glass. Thus, the number of drawing steps can be reduced for a suspended
core structure as compared to a regular lattice PCF. The parameter that can
be modified for designing such a suspended core structure is the size of core.
The size of the core is expressed as the diameter of the largest possible cir-
cle that can be inscribed between the three air holes. In the modelling of this
tiber, the diameter of the core was changed so as to blueshift the ZDW to 1200
nm and to obtain flat anomalous dispersion with low values near the desired
pump wavelength (1560 nm). Fig. 4.1. shows dispersion plots obtained nu-
merically for a range of core diameters. For a core diameter of 1 um, the fiber
had an all normal dispersion profile. When the core diameter was considered
to be 1.2 ym, the dispersion profile showed a second ZDW around 1900 nm.
A dispersion profile with two ZDW limits the wavelength range where soli-
ton propagation is supported to in-between the ZDWs, and in the case of a
soliton-self frequency shift process, in practice to a wavelength range between
the pump center wavelength and the second ZDW. Hence, such a dispersion
profile is not desirable to obtain wide detuning of a soliton. When the core
diameter was taken to be 1.4 pm, the dispersion profile was flat for the work-
ing transmission range of the glass (500-2800 nm) and did not show a second
ZDW in this wavelength range. Furthermore, with a 1.4 pm core, we obtain
the most blue shifted ZDW at 1267 nm. While a suspended core size of 1.4 pm
supports multiple guided modes, it is ensured experimentally that the fiber
propagates a single fundamental mode at our intended central pump wave-
length of 1560 nm. This is achieved by the coupling conditions adjusted so as
to assure that only the fundamental mode is excited in the fiber. Thin struts of
the microstructure contribute high confinement of the fundamental mode by
providing negligible scope for the mode to leak into the cladding. For these
reasons, a 1.4 ym core structure has been considered for fabrication of fibers

for this work.
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FIGURE 4.1: Dispersion profile modelling for different core di-
ameters. (Inset) Electric field distribution of fundamental mode
LP01 in the designed fiber

4.2 Fabrication of tellurite suspended core PCF

Based on the geometric parameters of the suspended core fiber obtained in the
above section, two series of fibers were fabricated: labelled NL50A and NL50C.
These fibers were fabricated using the stack-and-draw technique where three
tellurite glass capillaries were stacked into a 15 mm-diameter jacket tube and
drawn to obtain the desired structure. Neutral gas was introduced into the
three tubes simultaneously and gas pressure was changed to control the size
of the core, air-holes, and core struts. By stabilization of conditions such as
neutral gas pressure while preform drawing and through laser diameter con-
trol, longitudinal homogeneity of the fibers drawn for this work was ensured
during the drawing process. Fiber samples used in the experiments were only
those that were obtained in stabilized drawing conditions. Longitudinal ho-
mogeneity of the fibers drawn for this work was assured over several meters-
scale length by stabilization of drawing conditions at the tower, i.e. through
laser diameter control and pressure stabilization of the neutral gas pumped
into the preform during the drawing process. Only fiber samples obtained
in stabilized drawing conditions have been used in experiments. Used fiber

sample lengths (both in dispersion measurements and in subsequent soliton
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TABLE 4.1: Structural parameters of the fabricated PCF series.

. Outer diameter | Diameter of | Strut width

Fiber Label .

of fiber (ym) core (ym) (nm)
NL50A 1a 109.0 1.55 77.3
NL50A 1b 104.0 1.22 119.4
NL50A 2 106.9 1.20 107.4
NL50A 3 93.0 1.06 67.6
NL50A 4 95.8 1.07 61.1
NL50A 5 119.1 1.44 61.7
NL50C 1 81.4 0.94 61.1
NL50C 2 89.7 0.85 56.9
NL50C 3 85.9 0.88 57.3
NL50C 4 84.3 0.82 64.5
NL50C 5 76.2 0.75 47.2

FIGURE 4.2: Scanning electron microscope image of the fabri-
cated fiber.

shift measurements) did not exceed 5-6 cm, which additionally supports lon-
gitudinal homogeneity of the structures in the actual experiments. A scanning
electron microscope (SEM) images of one of the fabricated fibers, NL50A 1b,
is shown in Fig. 4.2. The diameter of the fiber core is obtained by inscribing
largest possible circle in the core also shown in Fig. 4.2. Table 4.1 outlines
the structural dimensions of the two series of fibers fabricated. From the SEM
images and numerical calculations, the ZDWs of the fabricated series of fibers
is anticipated to be between 1200-1300 nm, making them ideal to be pumped
in the anomalous chromatic dispersion regime. In this work, I experimentally
pumped these fibers at 1560 nm and 1900 nm to obtain and study the conse-

quent soliton shifts.
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FIGURE 4.3: Measured chromatic dispersion profiles of (a)
NL50A and (b) NL50C series fibers. Dots represent measurement
points and solid lines are guides for the eye.

4.3 Measurement of chromatic dispersion of the fab-

ricated fiber series

The chromatic dispersion properties of the fabricated fibers were measured
using a balanced Mach-Zehnder interferometer. A beam from a compact su-
percontinuum source from Leukos, with spectral coverage from 450-2400 nm,
was split by a beam splitter into reference arm and sample arm in the Mach-
Zehnder interferometer setup. At the output of the interferometer was a spec-
trometer (Avantes) with sensitivity range of 900-1750 nm. In this work, fiber
samples of length 5-6 cm have been used so as to further ensure longitudinal
homogeneity of the fibers. For tellurite fibers, clear interference pattern was
seen only over a limited wavelength range. Thus, I employed the method de-
scribed by Koch et al. [13], where the dispersion measurement was carried out
by tracing the prominent central fringe across the wavelength range (as de-
scribed in section 2.2.2). The dispersion plots of the two fabricated fiber series
NL50A and NL50C are shown in Fig. 4.3. The fabricated fiber series had ZDWs
between 1200-1300 nm as was desired from numerical simulations. Beyond
the ZDWs, the fibers show flat dispersion profiles in the anomalous disper-
sion region, with dispersion values lying mainly between 100-250 ps/nm/km,

making the fibers ideal for observation of SSFS.
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FIGURE 4.4: Chromatic dispersion and effective mode area of the
tiber selected for Raman soliton detuning simulations.

4.4 Numerical modelling of Raman soliton detun-

ing in the fabricated fibers

To study the generation and fission of soliton and the effect of Raman scat-
tering on the soliton in the fiber, nonlinear pulse propagation based on gen-
eralized nonlinear Schrodinger equation (GNLSE)[96] was numerically solved
using split-step Fourier method. I modelled the soliton dynamics based on the
pump pulse characteristic, similar to be used in the experimental setup. I con-
sidered a Gaussian pulse catered at 1560 nm wavelength having a pulse energy
of 1 nJ and pulse width of 90 fs. The chirp of the pulse was neglected in the sim-
ulations. The fiber parameters were taken from the fabricated fiber NL50A1a.
This fiber sample was chosen as it showed the flattest dispersion profile in the
anomalous dispersion wavelength range. The dispersion profile and the effec-
tive mode area plots for the fiber that were considered in the simulations are
shown in fig. 4. 4. The effective mode area at the pump wavelength of 1560 nm
is 1.25271 um?. The simulations account for the Kerr nonlinearity -y, obtained
from the nonlinear refractive index of tellurite glass (1, = 5.11 x 10~ m? /W)

and effective mode area as:
21y

1= NAyy

(4.2)
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FIGURE 4.5: Numerically simulated spectra of the pump with a
broad soliton.

The Kerr nonlinearity of the fiber at 1560 nm was y = 1.6421/W /m. For tellu-
rite glass TWPN/1/6, the Raman gain peak lies at (2x=20.4 THz, correspond-
ing to Raman fraction fr=0.2, which was considered in the simulations [134,
147]. Fiber length taken into account in the simulations was 5 cm. The simula-
tions were run for a time window of 30 ps to accommodate not only the pump
pulse (90 fs) and generated soliton, but also the delay of the detuned soliton
within the time window.

Fig. 4.5 shows that when the fiber is pumped with a pulse centered at 1560
nm, a prominent fundamental soliton peak centred at 1900 nm is observed
spectrally. Fig. 4.6 (a) and (b) show the numerical propagation and evolution
of the pulse along the length of the fiber in spectral and time domain respec-
tively. It can be seen in time domain that the soliton is generated instantaneous
as the pulse begins propagating in the fiber. This is attributed to high nonlin-
earity of the fiber. The soliton splits from the pump signal just after 0.5 mm of
propagation and experiences a group delay of about 4.5 ps along 5 cm of prop-
agation in the fiber. Spectrally, it can be seen in Fig. 4.6. (a) that the generation
of broad fundamental soliton is an energy efficient process. Energy efficiency
of SSFS has been described in details in below section 4.5.1.
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FIGURE 4.6: Numerically simulated evolution of soliton self-
frequency shift along 5 cm long fiber sample (a) in spectral do-
main; (b) in time domain.

4.5 Experimental results and discussion

4.5.1 Soliton detuning of 68.5 THz obtained when pumped at
1560 nm

In the experimental set-up to observe SSFS, as the pump source I used Menlo
Systems C-fiber HP femtosecond laser operating at 1560 nm center wavelength,
with repetition rate of 100 MHZ and pulse duration of 90 fs. The laser beam
was coupled into the fiber using an objective lens (40x). The length of fiber
samples investigated from the two fiber series NL50A and NL50C were be-
tween 2.5 cm to 6 cm. The sample lengths were restricted to below 6 cm so as
to avoid modulation instability driven broadening of the soliton and spectral
broadening of pulse, leading to supercontinuum generation. The output of the
fiber samples were butt-coupled with a diffractive optical spectrum analyzer
(OSA) through a standard SMF (Thorlabs). The OSA (Yokogawa) has a sensi-
tivity range of 1200-2400 nm. To record soliton spectra beyond the sensitivity
of OSA, a Thorlabs Fourier Transform infrared spectrum anayzer with sensitiv-
ity range of 1000-5600 nm was used. Fig. 4.7 shows an image of a fiber sample
during an experiment of soliton generation in the work. The visible light is
assigned to dispersive waves driven across the ZDW by the red-shifting soli-
tons in the near-infrared. Fig 4.8. shows the soliton detuning by changing
input power obtained in the tellurite suspended core fiber. The fiber sample
studied in Fig.4.8 is NL50C1 and the length of the sample is fixed to 5.6 cm.

When the sample length is fixed, the central wavelength of the soliton can be
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FIGURE 4.7: Soliton generation and propagation along the fabri-
cated suspended core fiber

tuned by as a function of the input pump power, since the magnitude of Ra-
man response depends on the pump peak power. Fig. 4.8. shows a gradual
redshift of the center wavelength of soliton from the pump wavelength as the
input pump power is increased. The most redshifted fundamental soliton is
obtained for the input average power of 300 mW, where the center wavelength
of the soliton shifts upto 2400 nm from the center pump wavelength of 1560
nm. This wide spectral shift corresponds to a detuning on 68.5 THz, which to
the best of my knowledge is the spectrally widest soliton detuning attained in
soft glasses as well as silica glass in the SWIR range at the time of realization
of the dissertation (as can be seen from table 2.1). Importantly, this result thus
serves as a proof of concept for a seed that can be tuned across the entire SWIR
wavelength range. I restricted the measurements to 300 mW input power be-
cause for higher average powers than 300 mW, the fiber experienced damage
as the soft glass core of the fiber has high thermal isolation. Rapid soliton de-
tuning in such a short length of fiber as observed in this work arises from high
nonlinearity of tellurite glass coupled with strong mode field confinement of
the suspended core. At the same time, the dispersion characteristic of the fiber
also plays a significant role. NL50C1 has the flattest dispersion profile as can
be seen in Fig. 4.3 (b), with a ZDW at 1130 nm. This ZDW is the closest to the
pump wavelength as compared to other fabricated fibers. The extension in the
range of detuning of soliton is attributed to the flatness of the dispersion profile
for wavelengths longer than the pump wavelength of 1560 nm. Further, as the
soliton redshifts, it broadens in time due to dispersion it experiences at higher
wavelengths. The broaden of soliton in time leads to a drop in the peak power
of the soliton, consequently leading to a drop in the strength of the nonlinear
response of the fiber. It is also evident that the soliton broadens spectrally as
can be seen for powers higher than 160 mW in the results in Fig 4.8. This is be-
cause the redshifted Raman solitons experience modulation instability leading
to decoherence on increasing the detuning of solitons. Similar decoherence of
Raman solitons at near infrared wavelengths have been previously observed
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TABLE 4.2: Conversion efficiency of prominent soliton as a func-
tion of input power

Input power Energy efficiency of fun-
damental solitons shift
(mW)
(%)
24 mW 38 %
33 mW 47 %
56 mW 56 %
98 mW 88 %
160 mW 62 %
237 mW 28 %
300 mW 22 %

in fibers [148]. While these results successfully obtained wide detuning of soli-
ton from 1560 nm to 2400 nm, detuning beyond 2400 nm was limited. Soliton
detuning was not only limited by the laser damage threshold of the fiber for
powers higher than 300 mW, but also due to increasing dispersion and atten-
uation of the fiber. As the soliton detunes, the strength of nonlinearity drops
due to increase in mode field diameter and MI-based broadening of the soli-
ton. These factors collectively restrict the detuning beyond 2400 nm (center
wavelength). Prominent and controllable detuning of soliton within the wave-
length range of 1560-2400 nm is promising for the realisation of a SSFS based
tunable source. Therefore, the conversion efficiency of SSFS determines the
power scaling that can be attained by such SSFS-based tunable source. Table
4 2. illustrates the energy efficiency of the fundamental soliton for the input
powers measured above for detuning. The energy efficiency was determined
by integrating the peak of the soliton in the power spectra for individual in-
put powers. While input powers were measured before the fiber sample, the
output spectra gives the details of the nonlinear dynamics that occur in the
fiber. Thus, the output spectra accounts for coupling loss, propagation loss
and reflection at the fiber ends. The generation of soliton in the fiber was ob-
served for a minimum input power of 24 mW (Fig. 4.8). For this power, the
soliton yields 37% of the total energy. Soliton fissions from the pump for 33
mW input power and experiences Raman scattering for input powers higher
than 33 mW. The fissioned soliton at 33 mW input power yields 47 % of input
energy. As the soliton scatters and detunes, the energy efficiency of fundamen-
tal soliton increases upto 88 % for 98 mW input power. This is not only due to
efficiency contribution of Raman scattering but also MI-induced broadening

that the soliton experiences at longer wavelengths. The energy distribution
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drastically changes for 160 mW input power due to the emergence of higher
order soliton. Thus at 160 mW, the fundamental soliton has lower energy con-
tribution of 62 % as compared to that at 98 mW. Increasing the power further,
does continue to detune the fundamental soliton, but also decreases the con-
version efficiency of the soliton to 22 % for the maximum input power of 300
mW, which can be assigned to increasing confinement loss of the fiber. The
high efficiency of SSFS-based detuning in a short piece of highly nonlinear tel-
lurite fiber shown here opens avenues to various applications that require light
sources and amplifiers at SWIR wavelength. One such application for devel-
opment of light sources has been demonstrated by [37] for silica fiber where
they use a SSFS-based tunable seed to for a fully-fiberized mid-infrared source
which can be tuned from 6 to 9 um by difference frequency generation (DFG).
Another application based on silica fiber presented by the same group shows
the process of amplification and compression of seed pulses obtained from
SSFES [148]. While both these cases are excellent examples of detuned solitons

acting as a seed, they pose two major limitations:

1. The bandwidth of soliton detuning is limited to 2100 nm because of -OH

absorption in silica glass.

2. The fiber length to obtain the soliton detuning is 2.3 m, which is long
enough to introduce significant chirp in the soliton, thus requiring addi-
tional steps to then recompress the pulse.

Tellurite glass based soliton detuning I present here overcomes both these lim-
itations by using tellurite glass, which transmits well beyond 2100 nm to suc-
cessfully give a wide soliton detuning from 1560 nm to 2400 nm and by using
fiber lengths below 6 cm, corresponding to a relatively lesser group delay of
4.5 ps experienced by the soliton as compared to the silica fiber case.

4.5.2 Soliton detuning when pumped at 1900 nm

The soliton fission and frequency shift is strongly dependent on the spectral
separation between the pump center wavelength and the ZDW of the fiber [47].
The farther the pump wavelength is redshifted from the ZDW, the shorter is
the spectral shift of the central wavelength of the soliton. This occurs because
when the pump wavelength is shifted farther from ZDW, it becomes difficult
to satisfy the nonlinear phase modulation between the soliton and the disper-
sive wave [47]. Furthermore, for a pump wavelength far from the ZDW of the

tiber, the soliton ceases to fission from the pump pulse [47]. In order to explore
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FIGURE 4.9: Soliton detuning observed in NL50C1 fiber under
1900 nm central wavelength pumping and at different average
pump powers.

the range of separation between ZDW and the pump wavelength to still ob-
tain a red-shifting soliton, I pumped the fiber with laser pulses centred at 1900
nm. I used input signal source from an in-house built, polarization maintain-
ing, ultrafast Tm-doped fiber amplifier [149]. The amplifier was seeded with
the same 1560 nm femtosecond laser as used earlier as the direct soliton driver
in the suspended core fiber. The Tm:fiber amplifier has an output pulse dura-
tion of 96 fs with an average power of approximately 400 mW. Fig. 4.9 shows
the soliton detuning achieved when the fiber was pumped at 1900 nm center

wavelength in this conditions.

As can be seen in Fig. 4.9., the widest redshifted soliton was obtained at center
wavelength of 2250 nm, when the fiber (NL5C1) was pumped at the highest
amplifier power of 396 mW. This result does not exceed the result obtained
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with 1560 nm pumping. For longer wavelengths, the strength of nonlinear-
ity decreases. Thus the pump power required for the soliton to redshift is
higher than that can be provided by the amplifier. Further, pumping at 1900
nm shows that the satisfactory condition of balancing of dispersion with the
nonlinearity required for the soliton to fission from the pump pulse is not met
as the chromatic dispersion at 1900 nm is higher than that at 1560 nm while
the nonlinearity remains similar. This result affirms that the pumping con-
ditions chosen in the previous case of 1560 pumping are optimal for obtain-
ing wide SSFS-based tunability. This includes factors like the pump center
wavelength — fiber ZDW spectral separation and the practical factors, like the
availability of a robust femtosecond laser source at 1560 nm wavelength. I
note also, that pumping at a wavelength shorter than 1560 nm would bring in
other nonlinear processes such as modulation instability and four-wave mix-
ing (thus “standard” supercontinuum generation), while pumping at longer
wavelengths does not provide suitable conditions for SSFS based detuning.

4.6 DFT measurements

Dispersive Fourier transform (DFT) theory states that for a given temporal
tield, the dispersive stretching of the pulse with map the temporal pulse with
identical intensity as that of the pulse spectrum [89]. I performed DFT anal-
ysis on our fiber to determine the noise properties of the soliton generated.
I pumped 13.5 cm of fiber sample with an OPO with pulse duration of 200
fs at 1550 nm, 80 MHz repetition rate. The spectra generated from the fiber
was then observed using an OSA. The signal from the fiber was time-stretched
in a stretching fiber of length 170 m and D= -91 ps/km.nm. The stretched
pulse was then recorded by the means of a photodiode and observed on the
oscilloscope with frequency of 12 GHz. Total number of pulses recorded in
one reading was 400. The power input into the fiber from the laser was 250
mW. Fig. 4.10 shows that after stretching the pulse in time domain, the tem-
poral profile of the pulse mimics the spectral profile, as anticipated by DFT
theory. Thus overlap in the DFT spectra and the spectra obtained through the
OSA can be seen in Fig 4.10. It also shows the average of 400 DFT pulses
recorded, prominently depicting the soliton peak. Interestingly, extreme red-
shifted rouge solitons can also be observed in the spectra between about 1650
nm and 1700 nm. I note that a strict description of this phenomenon would
require a dedicated study involving preparation of appropriate statistics [150],

which is out of scope of this dissertation, however the developed fiber could
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FIGURE 4.10: Coherent overlap of OSA spectra with average DFT
spectra of 400 recorded pulses

be an interesting experimental platform for rouge soliton investigation. DFT
measurements also reveal that the solitons possess a jitter. This is due to the
intrapulse energy exchange that occurs during soliton generation and fission
and additionally due to the Raman scattering of the soliton. This is in agree-
ment with the earlier reports that compare the noise properties of anomalous
and normal dispersion pumping [151]that soliton and MI based broadening
rapidly deteriorates pulse coherence and introduces high levels of noise. Based
on the DFT measurements, a wavelength correlation map as shown in Fig.
4.11, aids us in identifying different phenomena in SSFS. A characteristic cross
across the pump depicts self-phase modulation (SPM) in the pump. Note,
that the highly correlated diagonal of the map indicates the trivial information
of top correlation between two identical wavelengths. The bow-like features
of correlated wavelengths, indicating simultaneous increasing of intensity at
wavelengths around 1650 nm and 1450 indicate onset of a redshifted soliton
(Stokes component of Raman scattering) and weaker, anti-Stokes component,
respectively. Notably, the wavelength area between 1560 and 1650 nm contains
interleaving correlated and anti-correlated wavelengths, indicating spectrally
narrow ranges where intensity increases and decreases at the same time re-
spectively (ie. increasing at 1650 nm and decreasing at 1560 nm or 1575 nm),
which can be assigned to the energy transfer process from higher frequency
(shorter wavelength) to higher frequency (longer wavelength), indicative of
soliton self-frequency shift.
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4,7 Conclusions

Here I demonstrated a soliton self-frequency shift over a bandwidth of 68.5
THz in a short length of a highly nonlinear, suspended core tellurite fiber. The
tiber when pumped at the center wavelength of 1560 nm with 90 fs pulses from
a commercial mode-locked fiber laser showed an input power-based tunabil-
ity across as much as 2400 nm of center wavelength shift of an isolated soliton.
Highly nonlinear tellurite glass, combined with the dispersion engineering of
the fiber to have a ZDW around 1200 nm and a flat anomalous dispersion for
wavelengths longer than 1200 nm provided the optimal conditions for soliton
generation and shift to take place in just over 5 cm of the fiber sample. This re-
sult outperforms any earlier reports of SSFS-based detuning in silica and well
as soft-glass fibers. When compared to SSFS-based soliton detuning obtain in
silica fiber [148], the result presented here supersede the range of soliton de-
tuning up to 2400 nm, which is not achievable by silica fibers as they are lossy
beyond 2100 nm. Another advantage of the soliton detuning of 68.5 THz ob-
tained in this work is that it is obtained over fiber lengths 10 times shorter
than that in silica fibers, which significantly reduces the chirp that is soliton at-
tains over long fibers, requiring further recompression mechanisms. A crucial

feature of these results is the input-power based tunability of solitons which
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requires low peak power of femtosecond pulses to isolate soliton propagation
without extending into the nonlinear regime of supercontinuum broadening.
Thus, working in the low input power regime becomes practical, despite the
limitation of low laser damage threshold of soft-glasses. Further, the pump
power required to achieve these results can be easily obtained using commer-
cial moderate power femtosecond laser, as the one used in this results, making
it suitable for all-fiber based laser and amplifier systems.

The results presented here thus fulfil thesis 1 of this dissertation that shaping
of nonlinearity in specialty optical fibers developed using highly nonlinear tellurite
glasses enables achieving significantly improved tuning bandwidth of Raman solitons,
covering the entire SWIR wavelength range, without applying complex and high peak
power laser systems, compared to existing state-of-the-art fibers exploiting the silica
glass technology. The wavelength tunability throughout the SWIR range pre-
sented in this work provides a proof of concept for a fiber which can connect
low power seed signals from erbium-based femtosecond seed to ultrafast am-
plifier systems based on Tm:ZBLAN or Ho : 5iO;. This result provides a path
to integrate ultrafast laser and amplifier systems as well as head towards an

efficient all-fiber ultrafast systems covering the SWIR wavelength range.
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Chapter 5

Real-time noise measurement of

supercontinuum generated in PM
and non-PM ANDi tellurite fibers

Coherence properties of supercontinuum (SC) play a crucial role in applica-
tions such as optical coherence tomography (OCT) and confocal microscopy.
SC generation stemming from dispersive waves and optical wave breaking,
which occurs in all-normal dispersion (ANDi) fibers, has a higher degree of co-
herence and a lower relative intensity noise (RIN) as compared to SC stemming
from soliton dynamics in anomalous dispersion fibers [151, 152]. Recent inves-
tigation on SC in ANDi fibers showed that the degree of coherence degrades
inversely to the pulse duration and fiber length due to parametric interaction
between coherent and incoherent components of the SC [55]. On similar lines,
Gonzalo et al. [153] showed that polarization modulational instability (PMI)
introduces a power-dependent coherence degradation in ANDi fibers, which
cannot be reproduced using a scalar single-polarization model of SC genera-
tion. It was recently also shown that for a PM ANDi fiber, PMI can be avoided
by using suitable pump parameters and fiber length. In such a case, the tech-
nical noise from the pump dominates quantum noise and plays a prominent
role in SC noise [154]. In this chapter, I describe the results of my research on
the noise properties in broadband near-IR SC generated in ANDI fibers. This
study was carried out on two variants of hexagonal lattice microstructured op-
tical fiber structure developed using tellurite glasses. The fibers were designed
by me and I took part in the technological processes aimed at the fabrication
of the fibers. My work also involved optical characterization of all developed
fibers. The fibers under the study have their main difference in the birefrin-

gence properties i.e. one of the fibers drawn is a polarization maintaining (PM)
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tiber with high intentional birefringence while the other is a regular hexagonal
lattice structure that does not support a particular polarization mode, hence
is a non-PM fiber. I then experimentally compare the real-time noise across
the entire bandwidth supercontinuum generated in these two fibers using a
dispersive time-stretching technique.

Here, I demonstrate a drastic difference in the noise observed in SC generated
in PM ANDi fiber in comparison to non-PM ANDi fiber. High noise observed
in the non-PM fiber indicates that polarization modulational instability (PMI)
plays a detrimental role with respect to the coherence of the SC generated. I
measured and compared the noise properties in real-time for the two fibers
with similar pump parameters and fiber lengths. This result is evidence that
a PM all-normal dispersion fiber enables coherent SC generation with lower
relative intensity noise as compared to their non-PM variants, which can aid
to the advancement in measurement technologies such as OCT and confocal

microscopy.

5.1 Design and development of PM tellurite fiber

PCFs are the medium of choice for SC generation due to their dispersion-
engineering properties. It is known that all-normal dispersion (ANDi) pro-
tile of a fiber facilitates the conditions for coherent supercontinuum genera-
tion [1]. Thus these soft-glass tellurite fibers were designed to obtain coherent
all-normal dispersion profile for potential in near and mid-IR transmission.
On numerical modelling, the PCFs used in this work were dispersion engi-
neered for all-normal dispersion (ANDi) profile and optimized structurally for
low confinement loss as explained below. The ANDIi fibers were modelled for
a regular hexagonal lattice structure for suitable dispersion and confinement
losses over a broad wavelength range. Such a fiber modelling has been ear-
lier demonstrated by Saitoh et al. for silica glass PCFs [155]. The PCFs were
designed on Lumerical Mode Solutions software using finite difference eigen-
mode (FDE) solver. The PCFs made from tellurite glass in the scope of this
work were modelled in three steps:

1. Diameter of the air-holes: The diameter of the inner air-hole rings deter-
mines the dispersion properties and the diameter of the outer air-hole
rings determine the attenuation of the whole structure. In particular, the

inner most ring surrounding the core plays the most important role in
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the dispersion characteristic. In this structure, it was found that the in-
ternal ring air holes diameter of d; = 0.5um showed the flattest disper-
sion profile in the wavelength range of 1600-3000 nm as shown in Fig.5.1
(a). Additional inner rings, around the first rings, contributed in fine tun-
ing of dispersion profile and also were convenient from a technological
point of view of fiber fabrication for soft glasses. For the outer air-hole
rings, larger the diameter of the air-holes, lower the attenuation of the
tiber. From a technologically practical point of view, the outer air-hole
diameter was set to d, = 0.8um for the ease of fabrication.

2. Number of rings: The advantage of PCFs over step index fibers is that
it provides a higher degree of freedom to confine light in a small core.
One such way to achieve high confinement of guided modes in a PCF
is by adding more number of lower refractive elements in the cladding
to constrict the electric field of the modes from spreading away from the
core. Thus, in this case, we increase the number of air-hole rings around
the core. On determining the effect of increase in the number of rings
on the confinement loss of the fundamental mode, it was seen that the
long wavelength edge of the confinement loss red shifts on increasing
the number of rings as seen in Fig.5.1 (b). The designed ANDiI fibers
were optimized to have 7 rings as the waveguide loss was obtained to
be below 0.01 dB/m at the wavelength of 2800 nm, which is the long
wavelength edge of the desired supercontinuum generation. The other
important aspect that was determined was the ratio of number of internal
rings to the number of external rings. While the second internal air-hole
ring of diameter d1 showed a slight modification to the dispersion pro-
file, further addition of internal air-hole rings did not offer any particular
advantage. In terms of outer rings with larger air-hole diameter, it was
seen that with 4 outer rings were required to maintain a low confinement
loss of 0.1 dB/m for wavelength below 2400 nm. Thus we optimize the
structure for a ratio of 4/3 so as to obtain lowest possible confinement
losses and flat all-normal dispersion over the wavelength range of 160-
2800 nm.

3. Lattice pitch: The structure was studied for the influence of lattice pitch A
in the range of 1.0 — 1.4 pm. With an increase in the value of lattice pitch,
the dispersion dropped from D=-50 ps/nm/km to D=-350 ps/nm/km
from A= 1.4 pm to A=1.0 pm respectively as shown in Fig.5.1. (c). How-

ever, the effective mode area for the fundamental mode increases with
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FIGURE 5.1: Numerical modelling of PCFs (a) Dispersion profiles

for different diameters of inner ring air-holes (b) Effect of number

of rings in a PCF on confinement losses of fundamental mode

(c) Influence of lattice pitch on dispersion profile of fundamental
mode

increase in lattice constant, providing decreased nonlinearity for longer
wavelength range. Thus, the most convenient lattice pitch to balance the

dispersion and the effective mode area is determined to be A= 1.3 pm.

The optimized structure based on the above numerical modeling is a hexag-
onal lattice with 7 air-holes rings around the core, out of which, 4 inner rings
have an air-hole diameter of d;=0.5 pm and the outer 3 rings have an air-hole
diameter of d,=0.8 pm. The PCF structure has a lattice pitch of A= 1.3 pm.
This structure shows all-normal dispersion, high nonlinearity, and a potential

of spectrally broadening light pulses on pumping with femtosecond laser.

I designed a variant of this fiber for propagation of polarization maintained
femtosecond pulses in ANDi configuration for supercontinuum generation.
Like the non-PM fiber, the PM variant also has similar hexagonal structure but
instead of two, this time with three air-hole sizes. The inner four rings of the
structure have air-holes of diameter d1=0.5 um, the outer three rings have air-
holes of diameter d,=0.8 pm, optimized exactly as per modelling explained
above for non-PM fiber. The only difference between the PM and the non-PM
tiber design was the introduction of birefringence by modifying the structure
of the inner most air-hole ring. Birefringence is introduced in the structure
by varying the size of two diametrically opposite air-holes in the ring of air-
holes closest of the core (as shown in Fig.5.2). The two birefringence-inducing
holes have diameter d3 and provide a geometric confinement of the funda-
mental mode in a particular polarization axis. This fiber was developed with
the intention of studying the effect of birefringence on the noise properties of

supercontinuum generated in an ANDi PCFE.
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FIGURE 5.3: SEM images of (a) non-PM tellurite PCF and (b) PM
tellurite PCF (inset) shows the structural change introduced near
the core to induce birefringence

The design fiber with parameters outlined in Fig 5.2., contrived to have all-
normal dispersion for both the orthogonal polarizations. Birefringence of the
designed fiber was numerically calculated to be > 2 x 10~3, which was deemed
to be sufficient to maintain polarization. The designed structure is also ex-
pected to have low confinement losses due to the two lattice pitch config-
uration. The PCFs were fabricated by stack and draw method as described
in section 3.5.1. The different in size of the air-holes were obtained by stack-
ing different internal diameters of capillaries in the preform. The larger holes,
those in the last three rings of the structures along with the two birefringence
causing air-holes, had larger internal diameter. The small air-holes were essen-
tially capillaries with thicker walls and hence smaller internal diameter. The
preform was then drawn in the presence of inert gas pressure to ensure that
the air-holes sizes are maintained without collapsing of the capillaries. Fig.5.3
shows the SEM images of the two fabricated series: NL47A4 (non-PM PCF)
and NL51A3.2 (PM PCF).
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5.2 Linear properties of PM and non-Pm fibers

5.2.1 Dispersion

The chromatic dispersion of the fibers was measured using Mach-Zander in-
terferometer as described in section 2.2.2. These measured dispersion curves,
as plotted in Fig. 5.4., confirmed that the fibers have all-normal dispersion. In
case of the PM fiber, the axis of the fiber was identified using a half-wave plate
and the dispersion was measured for the two orthogonal polarization modes.
In case of the non-PM fiber, the measured dispersion profile (solid) is similar to
the targeted numerical dispersion curve (dashed) that was determined while
designing the fiber. The non-PM fiber has the highest dispersion value of -31.9
ps/nm/km at 1793 nm. For the PM fiber, the fast axis has maximum dispersion
of -62.6 ps/nm/km at 1575 nm while the slow axis has maximum dispersion of
-38.6 ps/nm/km at 1626 nm. The dispersion profile of the two axis has similar
value at the pump wavelength of 1560 nm. For wavelengths longer than the
pump wavelength, the dispersion profile of the fast axis is steeper than that
of the slow axis. This means that the slow axis is likely to generate a broader
supercontinuum as compared to the fast axis due to relatively higher disper-
sion values for wavelengths greater than 1560 nm, supporting the condition
for optical wave breaking [156, 157].

5.2.2 Birefringence

The designed structure of the PM fiber with two large air-holes around the
core facilitates propagation in one of the two orthogonal polarization modes

(i.e. fast and slow axes). I measured the group birefringence (G) of the PM
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designed fiber structure

fiber using the set-up outlined in section 2.2.5. I used a sample of PM fiber of
length 54 mm and determined the axis of the fiber by adjusting the HWP and
the analyzer to obtain maximum intensity on the camera. The HWP was then
set to 22.5°angle to the determined axis, so as to excite both the orthogonal
polarization modes (i.e. at 45°) to both the axes. The output signal was mea-
sured on an optical spectrum analyzer (OSA) where the interference fringes
due to the interaction between the two orthogonal modes were recorded. Fig.
5.5. (a) shows the birefringence interference fringes recorded on the OSA. In
order to measure the group birefringence from the spectral coverage of the SC
source, the measured birefringence fringes were stitched together for different
spectral ranges. The wavelengths at the peaks of the fringes were recorded to
determine the Ay and JA and the group birefringence G was calculated for the
length of fiber L (=54 mm) as G = (SAAL_ZL. Fig. 5.5. (b) shows that the value
of the measured group birefringence (in black) goes from —2 x 1073 at 1200
nm to 8 x 1073 at 2300 nm with a zero-group-birefringence at the wavelength
of 1815 nm, which corresponds to the widest observed fringe. Fig. 5.5. (b)
also compares the measured group birefringence (black) with calculated group
birefringence (red dots) and phase birefringence (blue dots) from the designed
structure showing that fabricated fiber has higher birefringence than the de-

signed structure.
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FIGURE 5.6: Schematic of the set-up used to measure supercon-
tinuum generation in the two tellurite PCFs

5.3 SCG in PM and non-PM fiber

The fibers in this work have been designed to have key features such as high
nonlinearity, effective single-mode, and all-normal dispersion. Owing to the
high nonlinearity of tellurite glass, these fibers have the potential to obtain
coherent supercontinuum generation in the near-IR wavelength range. Here I
report a coherent pulse-preserving supercontinuum generation stemmed from
self-phase modulation and optical wave breaking with femtosecond pumping

a regular hexagonal lattice PCFs.

The PCFs were pumped with a compact erbium fiber-based femtosecond laser
(Menlo Systems C-fber HP) centered at 1560 nm, delivering 90 fs Gaussian
pulses with repetition rate of 100 MHz. The laser pulses were coupled into the
tibers using an aspheric lens of focal length of 4 mm (Thorlabs) for non-PM
fiber and an objective lens of 40x for the PM fiber. Supercontinuum spectra
generated in the PCFs were collimated using a similar aspheric lens of focal
length 11 mm (C220TM, Thorlabs) and recorded with an optical spectrum anal-
yser (OSA) of sensitivity range 1200-2400 nm (Yokogawa) with spectral reso-
lution of 2 nm using a 105 ym multimode patch cord. Outline of the set-up
to measure SC generation in the two hexagonal lattice tellurite PCFs is shown
in Fig. 5.6. The fabricated non-PM PCF has a flat dispersion profile in the
wavelength range of 1550-1900 nm (Fig. 5.4). This enables attainment of ideal
conditions for uniform optical wave breaking. The non-PM PCF of length 278
mm was used to obtain and demonstrate spectral broadening as a function of
input power. As for higher powers, the spectral broadening extends beyond
the range of the OSA, a Fourier transform analyser (OSA250) with a sensitiv-
ity range of 1000-5600 nm was used to obtain a complete spectra, all the while
ensuring that no Fourier transform errors are recorded. Fig. 5.7. shows the
experimental measurements of the evolution of supercontinuum as a function

of input power. For the maximum input power of 316 mW, a broad, coherent
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FIGURE 5.7: Supercontinuum spectra measured for the NL47A4
series fibers for different incident average pump powers.

superconituum was obtained from 1100 nm to 2300 nm. Arresting the fiber in
normal dispersion region by dispersion engineering of its structural proper-
ties, along with high nonlinearity of the glass and the use of 90 fs pulses, the
delivery of spectrally broadened coherent light pulses was ensured. Numeri-
cal simulation of pulse propagation in the developed ANDi PCF was carried
out using GNLSE for an input Gaussian pulse of 90 fs, centered at 1560 nm
wavelength, carrying a pulse energy of 5 nJ at 100 MHZ repetition rate. A PCF
sample of 4 cm of non-PM ANDi PCF was assumed for the simulations. Spec-
tral broadening obtained with 1 nJ of pulse energy over the length of the PCF

is shown in Fig. 5.8.

Supporting numerical analysis shows that the evolution of broadening is due
to self-phase modulation around the center pump wavelength followed by op-
tical wave breaking (OWB) of the pulse. The sidebands are generated due to
OWSB first at the trailing edge and then at the leading edge of the pulse. The
leading edge of the pulse is red-shifted while the trailing edge is blue-shifted,
leading to an overall octave-spanning supercontinuum generation ranging from
1100 nm upto 2300 nm. Spectral broadening towards shorter wavelengths get
limited due to steep dispersion at short wavelengths and longer wavelength
edge is limited by decreasing nonlinearity of the fiber. Despite a limitation, we
obtain a octave spanning supercontinuum over the first 1 cm of fiber propaga-
tion for a tellurite ANDi PCF, which extends the state-of-the-art in fiber-based

pulse-preserving femtosecond supercontinuum generation.

In the supercontinuum generation measurements involving the PM tellurite

tiber variant, the set-up shown in Fig. 5.6. enabled for the polarization control
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FIGURE 5.8: Evolution of SC spectra in non-PM ANDi fiber of 4
cm when pumped with 90 fs pulses of 1 nJ pulse energy centered
at 1560 nm.

of light in coupled and to the fiber. The polarization of the input pulses of 90
fs, centred at 1560 nm, was optimized with respect to the axis of the PM fiber
using a half- wave plate (HWP). The beam was coupled into the fiber using an
objective lens and the output signal was collimated using an aspheric lens. A
broadband linear polarizer was set after the collimating lens to determine the

polarization extinct ratio (PER) of the fiber.

The polarization of the input pulse was aligned with the polarization axis
of the fiber by using the HWP (@ 1550 nm) at the input, aligned with a lin-
ear broadband polarizer at the output by measuring the transmitted power
T. Thus the fast and slow axis of the fiber are identified from the measured
transmitted power and the fiber was pumped at the two orthogonal axis. Fig.
5.9. shows the experimentally measured evolution of supercontinuum when
pumped at 1560 in fast axis (a) and slow axis (b). The broadest supercontin-
uum was obtained for the maximum available pump power of 333 mW for
both the axis. The supercontinuum generated in slow is axis spanned from
1100 nm to 2135 nm which is broader than the supercontinuum generated in
the fast axis with a span of 1100 nm to 2042 nm. This is in agreement with the
prediction of wider supercontinuum in the slow axis due to flatter dispersion
values of wavelengths red-shifted from the pump wavelength, as compared to
that of the fast axis. Fig. 5.10. shows the polarization extinction ratio (PER) in
supercontinuum generated with the linearly polarized pump light alignment
to either slow or fast axis of the PM fiber variant. The plots in red indicate fiber

pumping in the fast axis while the plots in black indicate the slow axis. The
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FIGURE 5.9: Spectral broadening as a function of input power in
(a) fast and (b) slow axis of the PM fiber

PER was determined by changing the axis of the polarizer to align with the
axis at which the fiber was pumped. When the polarizer was set to the same
axis as the axis of fiber pumped, the recorded reading is denoted as max while
when the axis of polarizer was orthogonal to the axis of pumping, the reading
is denoted as min. The input average pump power in these readings was 330
mW. In fast axis supercontinuum generation, the maximum output power was
measured to be 40.07 mW (red) and the minimum output power was 8.3 mW
(light red). The power was measured using a broadband thermal power sen-
sor (5401C, Thorlabs). When pumped in the slow axis, the max output power
was 37.25 mW (black) which is lower than that of fast axis as the spectrum of
slow axis is broader than that of fast axis. The PER of the fiber is 20 dB for
the broaden SC generated in the fiber. This is with the exception of around the
pump wavelength, where the PER is 5 dB.
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FIGURE 5.10: SC generated in fast (red) and slow (black) axes

in the PM PCE. PER of the fiber is determined by recording the

polarization of the SC generated for the axis of pumping (max)
and the orthogonal axis (min)

5.4 DFT technique for real-time noise measurements

RIN was determined as the average of shot-to-shot spectral fluctuations over
the entire bandwidth of SC generated. Here I employ the technique of dis-
persive Fourier transformation (DFT) to determine the noise properties of the
SC generated in the two fibers. The advantage that DFT technique holds over
other RIN measurement techniques is that it allows measurement of RIN across
a range of wavelength in one measurement, without having to adjust filter,
thus consequently increasing the accuracy of measurements. The concept of
DFT method is based on the dispersive time stretching. When a laser pulse
is input to a highly dispersive element, the pulse gets stretched in time due
to the large GVD it experiences. DFT theory (as explained in section 2.3.10)
says that when such a pulse stretches in time due to a dispersive element, the
spectrum of each pulse is mapped to a temporal waveform [87]. Dispersion-
compensated time stretching allows us to observe the envelope of the pulse in
time domain, whose intensity essentially mimics that of the frequency spec-
trum. This mimicking of intensity occurs due to large linear stretching of the
temporal pulse which leads to separation of the individual wavelengths whose
intensity profile is similar to that of the frequency spectrum. For the conversion
of oscilloscope time-base to wavelength spectrum base in DFT, the following

conditions need to be fulfilled:



5.4. DFT technique for real-time noise measurements 83

Optical
Spectrum
Analyzer

A= 1550 nm C PCF 0 0

1=200"s Stretching fiber (DCF)
Rep. rate= 80 MHz

Photodiode  Qscilloscope
(50 GHz2) (12 GHz)

FIGURE 5.11: Schematic of experimental setup to measure real
time noise in SC generated in ANDI tellurite fibers

1. The chromatic dispersion characteristic of the stretching element (disper-

sion compensating fiber (DCF) in our case) should be known.

2. The stretching DCF should only support linear (dispersive only) propa-
gation. This was assured in our work by limiting the SC power at the
DCF input and by monitoring the SC spectrum before and after the DCE.

I pumped the PCFs with an optical parametric oscillator (Chameleon compact,
Coherent) having pulse duration of 225 fs centered at 1550 nm, 80 MHz repe-
tition rate as shown in Fig. 5.11. The input polarization angle was controlled
using a HWP and the beam was coupled into the fiber using a 40x objective
lens. The SC generated from the fibers was first recorded using an optical
spectrum analyzer (OSA). The signal from the fiber was then time stretched in
a 170 m DCF with dispersion, D= -83.89 ps/nm.km at 1550 nm. The stretched
pulse was recorded with a 50 GHz-bandwidth photodiode (InGaAs, U2t) and
observed on an oscilloscope (Agilent) with a 12 GHz bandwidth. Total num-
ber of pulses recorded in one reading was 400 corresponding to 5 ps time du-
ration. Along with this, the full SC spectra were recorded with a compact
spectrometer. Average pump power input in the PCFs was 250 mW. For the
PM fiber, its principal axis was determined and readings were taken at the two
orthogonal polarizations as well as at an offset of 45°between the two modes.
Fig. 5.12 shows accurate mapping of the oscilloscope time-base into the wave-
length (frequency) scale as obtained by DFT for non-PM and PM fiber by the
formula [152, 158]

T(w) = Y P (0 — g 5.

Where B,, and z represent the dispersion characteristic and length of the DCF
stretcher respectively. The DCF stretched the pulse upto ~ 3.3 ns for the non-
PM PCF and ~ 1.8 ns for the PM PCF when maximum power was coupled into
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FIGURE 5.12: Overlapping spectra from OSA (black) and the DFT
spectra (red) for (a) non-PM and (b) PM fiber

the PCFs. The equivalent spectral resolution of this Fourier transformed was
calculated to be 5.8 nm. The mismatch between the OSA-measured spectrum
and the DFT-retrieved spectrum for the non-PM fiber for wavelength less than
1350 nm is attributed to OH absorption over the significant length of the DCF
stretcher used in the experiment. The DFT measured spectrum is limited at
1670 nm due to the sensitivity of the InGaAs photodiode used. Experimental
results shown here demonstrate prominent intensity fluctuations in SC gener-
ated in ANDi PCFs with the length of 12.9 cm for the non-PM fiber and 12.6
cm for the PM fiber. Fig. 5.13. shows shot-to-shot measurements of 400 real-
izations from DFT spectroscopy. The real-time fluctuations are shown in grey
while red depicts the mean of these real-time spectra. From a comparison of
Fig. 5.13.(a) and (b) it is evident that the PM fiber has lower noise fluctuations
(in grey) than the non-PM fiber. While supercontinuum in both the fibers stem
from coherent nonlinear dynamics of SPM and OWB, the shot-to-shot noise in
non-PM fiber is significantly higher than that in PM fiber. In particular, mea-
sured DFT spectra show large noise for wavelengths around the pump region
and red-shifted from the pump. This can be attributed to polarization modu-
lation instability in the non-PM fiber, which is restricted in the PM fiber due to
excitation of a single orthogonal mode. The dynamic range of these measure-
ments was 24 dB.

To further understand the role of birefringence of PM fiber in suppressing
noise in SC generated, I measured SC generated in fast axis, slow axis and
at 45° to both the axis. Fig. 5.13. also shows the measured DFT spectra of 400
consecutive shots each for the fast axis (b), slow axis (c) and 45° to the axes (d).
When the fiber is pumped at an angle 45° to the fiber axes, the spectral broad-
ening is narrow. Higher noise can also be seen for wavelengths redshifted from
the pump wavelength for the case of 45° pumping. This is because the inter-
action of the two orthogonal modes possibly contributes to PMI in the fiber.
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FIGURE 5.13: Shot-to-shot real-time fluctuations of 400 consecu-
tive shots (grey) and the mean spectra (red) for (a) non-PM and
(b) PM fibers.

Despite this, it is evident that when the fiber is pumped in one of the orthogo-
nal axes, the SC has lower noise. The signal to noise ratio (SNR) is calculated
as the mean of the 400 recorded pulses divided by the standard deviation of
them for the two fibers. The SNR of the PM (blue) and non-PM fiber (red)
plotted in Fig. 5.14. shows a significant enhancement of SNR for PM fiber as
compared to the non-PM fiber, especially in the wavelength range of 1400 to
1670 nm. The difference in SNR is observed despite similar experimental con-
ditions such same pump parameters, similar dispersion profile, and similar
fiber length. This shows that, by just going from non-PM to PM type of fibers,
we can reduce shot-to-shot noise in the SC spectra. The plots for real-time fluc-
tuations (Fig. 5.13) and SNR plot (Fig. 5. 14) are limited at the wings due to
the constrains of the DFT measurements. At long wavelength edge, it is ac-
curate upto 1670 nm as the sensitivity of the photodiode reduces beyond 1670
nm of wavelength. Poor SNR at this wavelength for ANDi PM fiber can also
be attributed to the loss of birefringence of the ANDi PM fiber. At the short
wavelength edge, the shot-to-shot fluctuations as well as the SNR show poor
agreement due to the effect of higher order dispersion of the DCF stretcher
used. However, this limitation does not affect the conclusion of the role of PMI
in noise of SC spectrum and the conclusion drawn here. It is to be noted that
at the wavelength of 1800 nm, measured group birefringence attains a value
of zero (as depicted earlier in Fig.5.6.). Thus I demonstrate and measure the
noise properties of coherent supercontinuum and its dependence on the fiber
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FIGURE 5.14: SNR of PM fiber (blue) is evidently better than that
of the non-PM fiber (red) under similar pumping conditions, dis-
persion regime, and fiber lengths

geometries for ANDI fibers.

5.5 Conclusions

In this work, I demonstrate a case of supercontinuum generation in tellurite
glass ANDi PCFs with real-time measurements of their noise properties. I first
show a fiber-based pulse-preserving femtosecond supercontinuum generation
in ANDi PCFs which extends the state of the art into near-IR wavelengths.
I then show a direct comparison of SC, generated in PM-ANDi and non-PM
ANDi fibers made from highly nonlinear tellurite glass, using real-time dis-
persive Fourier transformation (DFT) technique. The fibers used in the ex-
periment were in-house fabricated, hexagonal lattice photonic crystal fibers
(PCFs) with seven rings of air-holes surrounding the core. The dimensions of
the lattice were engineered to obtain all-normal dispersion profiles. A fiber
with birefringence introduced by two increased-diameter holes inside the lat-
tice adjacent to the core was fabricated as the PM PCF variant. While most
tellurite based-fibers reported have a suspended-core geometry, here I show
tirst demonstrations of octave-spanning supercontinuum in a two lattice pitch
hexagonal PCF structure as well as the first demonstration of supercontinuum
in the birefringent variant of the PCF.

The DFT-based measurement and analysis of SC generation in the two PCFs
show that SC generation in PM fiber has higher stability and lower noise as
compared to the its non-PM variant. This is an indirect evidence that PMI
contributes to coherence degradation and consequently, increase in noise, in

SC generation. These results are promising and motivate further study such



5.5. Conclusions 87

as using the interferometry variant of DFT in order to assess the coherence
property of SC generated in both variants of PCFs. From the application point
of view, the PM ANDi fiber-based octave spanning supercontinuum outlays
the advancements of low-noise broadband light sources required in amplifier
systems [115], optical coherence tomography, investigating surface plasmon
polaritons [159]. Thus in this chapter, I verify thesis 3 of this dissertation that
shaping of nonlinearity in specialty optical fibers developed using highly nonlinear
tellurite glasses enables achieving practical fibers enabling octave-spanning coherent
supercontinuum generation without the noise-susceptible soliton dynamics and under
conditions of determined state of polarization favorable to preserve low noise dynamics.
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Chapter 6

Quasi-periodic temporal pulse
reshaping in femtosecond pumped
graded-index multimode fiber

In this chapter, I demonstrate spatiotemporal-spectral analysis of nonlinear dy-
namics in a graded-index (GRIN) fiber pumped with femtosecond, high-peak
power pulses. An in-house developed GRIN fiber made of highly nonlinear
tellurite glass is pumped with 300 fs pulses centered at a wavelength of 1030
nm. I performed a detailed experimental characterization of the output pulse
in spatial, temporal, and spectral domains. The temporal properties of the
spectrally broadened, input femtosecond pulses were measured and retrieved
using a second harmonic generation-based cross-correlation frequency-resolved
optical gating (SHG-XFROG) setup. Spectral broadening accompanied by quasi-
periodic temporal pulse reshaping was obtained owing to high peak power
pumping and high nonlinearity of the fiber. This phenomenon of temporal
compression and expansion of the pulses observed experimentally in the tellurite-
based GRIN MMF is attributed to a complex, three-dimensional interplay be-
tween high dispersion and nonlinearity of the fiber. An interesting aspect of
this results is that while most studies done in this regime show self-cleaning, I
show that space-time coupling takes place such that, in the presence of tempo-

ral reshaping, spatial beam-cleaning is not observed.
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6.1 GRIN fiber design, development, and proper-
ties

The designing of GRIN fiber is carried out by an in-house developed special-
ized method for the development of graded-index or other complex profiles of
the refractive index among others for micro-lenses, optical fibers, and vortices
[160-162]. The algorithm developed for designing of such optical elements
consists of a threefold process to obtain the arrangement of the elements (rods)
for the realization of the best fitted, graded-index profiles. In the first step, a
parabolic function is established, for a specific number of rods in the diame-
ter and a specified boundary shape. Often for fibers and lenses, the bound-
ary shape is hexagonal or circular and not the regular rectangle. To obtain a
specific boundary shape, a pixel dimension is identified and specified. The
function image obtained is then dithered and pixels are clumped to form ele-
ments of the structure. This dithered image is now converted to binary image
by error propagation technique. The design obtained is optimised using the
genetic algorithm where a symmetric section of the fiber is selected along with
the centre and a crossover of generation is performed. This crossover run helps
in optimization and in obtaining the solution closest to the analytical solution
of a parabolic profile (as in our case). Final step of optimization of the design
occurs where every element is tested for a change in its immediate surround-
ing to obtain a better fit to the analytical solution. Using this algorithm of
stochastic simulated annealing, a binary arrangement of two types of glasses
with large number of elements is obtained so as to form the closest fit to an
ideal parabolic index profile. This method of stimulated annealing was first
demonstrated for the development of graded-index microlenses [163]. Over
the years, this method has been optimized for nanostructurization of glasses in
fiber fabrication based on the effective medium theory [164] which provides a
transverse profile of a fiber designed for subwavelength size of glass rods [165,
166]. The implementation of this method described above to design the tellu-
rite GRIN fiber used in this work was carried out by dr. hab. Rafal Kasztelanic.
Tellurite GRIN fiber was designed using this algorithm as shown in Fig. 6.1.
(a) for two types of tellurite glasses with different refractive indices.

During the fabrication of the fiber preform, I stacked it using 10267 rods of tel-
lurite glasses arranged according to the above design for a parabolic refractive
index profile. Rods of two types of tellurite glasses- TWPN/I/6 and TWZN-
22 were drawn, cleaned, ionized, and vacuumed. I accomplished stacking the
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FIGURE 6.1: (a) Designed arrangement of rods of the two tellurite
glasses of high and low refractive indices obtained through the
algorithm (b) Stacked preform of tellurite GRIN fiber

cleaned and ionized rods from the two tellurite glasses in the mosaic designed
arrangement in a clean chamber to give the preform as shown in Fig. 6.1.
(b). The arranged preform was then jacketed in a tube of glass TWZN-22 and
drawn into a fiber at the fiber drawing tower as described in chapter 3, section
3.5. The GRIN fiber hence developed and studied for further investigations
below has a core size of 60.4 pm and SEM of the fiber is shown in Fig. 6.2 (a).
Importantly, the starting diameter of each of the individual rod of about 0.5
mm, was thinned down during drawing to below 200 nm, satisfying the A/5
sub-wavelength dimension condition. Thus, the guided modes experience a
certain “effective”, continuous refractive index profile, instead of the refractive
indices of the individual rods of such nanostructured core fibers [163, 166].

The chromatic dispersion of the fiber was measured using a balanced Mach-
Zehnder interferometer pumped with a compact supercontinuum source (Leukos)
with a spectral coverage in the near-infrared range as described in chapter 2,
section 2.2.2. As can be seen in Fig. 6.2. (b), the measured chromatic dispersion
remains normal at all wavelengths covered within the measurements. Modes
in a parabolic GRIN fiber tend to cluster in certain degenerate groups propa-
gating with identical propagation constants [76]. Such an equidistant propa-
gation constants within a mode cluster leads to minimal modal dispersion [76,
167]. Thus, the dispersion of the higher order modes in the mode cluster of the
fundamental modes, is very close to that of the fundamental mode. Measure-
ment of dispersion of such a fiber, in experimental terms, gives an effective
dispersion profile contributes by the fundamental mode and the higher-order
propagating modes as shown in Fig. 6.2 (b). The profile also mimics the dis-
persion properties of the material (i.e. tellurite glass) [132, 134], demonstrating
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FIGURE 6.2: (a) Scanning electron microscope (SEM) image of the
in-house developed GRIN tellurite fiber. (b) Measured dispersion
profile of fabricated tellurite GRIN fiber

that the chromatic dispersion is prominently due to the material, with minor

effect from geometry/structure of the fiber.

6.2 Experimental set-up

Fig. 6.3. shows a schematic depiction of the experimental setup used in this
work to study nonlinear dynamics in the developed GRIN fiber under fem-
tosecond pules pumping. I pumped the GRIN fiber with a 1030 nm laser de-
livering 300 fs pulses at a repetition rate of 100 kHz (Jasper 20, Fluence). A
half-wave plate (HWP) was used to control the polarization of the input pulse
signal at the XFROG. 10 % of this beam was reflected to a delay line of the
XFROG to use as a gate pulse against the output pulse from the fiber. The rest
of the pulse energy was focused into the tellurite GRIN fiber (sample length
23.5 cm) using a plano-convex lens with a focal length of f= 50 mm. The av-
erage input power was measured after the HWDP, just before the input lens.
Using an input lens of focal length of 50 mm, the beam was focused into the
fiber with a waist diameter at focus of d=19.7 ym. For a fiber core diameter of
60.4 pm, I optimize the fiber input coupling conditions using a tight focus with
the help of a three-axis translation stage on which the fiber is mounted so as
to obtain improved excitation of lower order modes at the pump wavelength.
The V-number of the fiber was calculated to be 93.89 which corresponds to
a numerical aperture of 0.509. Thus the total number of modes that can be
excited in a quadratic index profile with significant intermodal coupling was
estimated at 2167 modes. The output signal from the GRIN fiber was analyzed
for its spectral, spatial, and temporal properties. The power at the output of
the fiber was measured to be 20 % of that at the input. This 20 % efficiency

takes into account the loss of the fiber and the coupling efficiency. In order to
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FIGURE 6.3: Experimental set-up to study pulse characteris-

tics on propagating in a tellurite GRIN MMF with femtosecond

pumping. L1,L.2,L3: Lenses; BS: beam splitter; NDF: Neutral den-
sity filter

study the spatial properties of the output signal from the GRIN fiber, the sig-
nal was filtered using a neutral density filter (NDF) and captured on a CMOS
beam profiler (M2MS-BC207VIS, Thorlabs) in the near-field. The spectral prop-
erties of the output signal were recorded using an optical spectrum analyzer
(OSA, HP). The temporal properties of the output signal were studied using
an in-house built cross-correlation frequency-resolved optical gating (XFROG)
system where the stretched signal from the GRIN fiber was measured against
the known gate pulse with the delay line.. These two signals were focused on
a -barium borate crystal (8 — BBO) crystal with a thickness of 0.05 mm for sum
frequency generation, which was then recorded using a high resolution com-
pact spectrometer (Ocean HDX, 200-1100 nm sensitivity, 0.7 nm resolution).

The output signal was studied as a function of average input pump power.

6.3 Spatio-temporal-spectral (STS) analysis of the

output pulse

I measured the spectra of the output signal from the GRIN fiber by coupling
it into the OSA by the means of a standard multimode fiber. The OSA has a
resolution of 2 nm. The sensitivity and wavelength range were kept constant
throughout the measurements. The critical power of self-focusing is given by
P.rit = 1.86 4742 ; [74]. For the pump wavelength of 1030 nm, the calculated

P.rit is 1.8 MW. The highest average input power of 32 mW in the experiments
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FIGURE 6.4: (a) Spectral broadening as a function of input power
in GRIN MMEF. (b) Spectral broadening for selected input average
powers highlighting Raman peaks

corresponds to a peak power of 1.06 MW. Thus it can be safely said that the
measurements were carried out well below the critical power of self-focusing.
Fig. 6.4 (a) shows the measured spectral evolution of the pulses at the fiber
output as a function of average input power. With an increase in the aver-
age input power, an asymmetric spectral broadening is observed as shown
in Fig. 6.4.(a). At the lowest detectable average pump power of 6 mW, the
spectral broadening obtained ranged from 970 to 1116 nm. As more power is
pumped into the fiber, the spectral broadening in the fiber becomes asymmet-
ric, with more spectral components at redshifted wavelengths from the pump.
With further increase in average input power, the pulses’ spectrum broadens
to 1210 nm as seen for the highest measured average input power of 32 mW.
As the input power is increased from 29 mW to 32 mW, no further significant
spectral broadening is observed. To provide an insight into the spectral broad-
ening mechanism, Fig. 6.4. (b). shows slices of measured spectral evolution
for several average input powers. When an input pulse of 300 fs is injected
in a highly nonlinear media such as our tellurite glass, self-phase modulation
(SPM) generates new frequency components which are red-shifted at the lead-
ing edge and blue-shifted at the trailing edge of the pulse [1]. Since I operate
in the normal dispersion regime, the red-shifted frequency components travel
faster than the blue-shifted frequency components, thus seeing a rapid spec-
tral broadening (due to SPM) as well as pulse broadening (due to GVD) even
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FIGURE 6.5: (a) Near-field image of an excited core b) Near-field

image of spatially optimized input pump c) a spectrogram re-

trieved from the measured FROG signal for the input pulse from
laser along with spectral and temporal subplots

at low input average powers such as 6 mW in this case. The initial broadening
mechanism is also accompanied by an appearance of Raman Stokes peak at
1107 nm. It has been previously reported that the tellurite glass TWPN/I/6
used primarily in the fiber core has a Raman contribution of fR=0.2 and gives
the first order Raman gain peak at 20.4 THz [134]. For pump at central wave-
length of 1030 nm, the first order Raman gain peak occurs at 1107 nm, which
agrees with the experimentally observed peaks as shown in red for selected
average input powers in Fig. 6.4.(b). Further, for high average input power of
32 mW, second order Raman peak appears at 1196 nm, as shown in orange is
Fig. 6.4 (b). Before going into characterization of the spatial structure of the
output from the tellurite GRIN fiber used in this work, it is important to note
that the physical conditions of this experiment are distinct from those of pre-
vious femtosecond pulse-driven multimode propagation in GRIN silica fibers
[168], in a way that the number of modes excited in the tellurite GRIN fiber
is significantly larger despite the fact, that the nonlinear response of tellurite
glass is much stronger than silica. I characterized the output beam from the
GRIN fiber using a CMOS beam profiler in the near field. The output beam
was magnified and focused on a beam profiler using an output coupling lens
that provided a magnification factor of 8 in the plane of the beam profiler. An
image of such an input coupling was recorded on the beam profiler for lowest

detectable average input power of 6 mW as shown in Fig. 6.5. (a) and (b).
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Fig. 6.5. (a) shows the excitation of the whole core while Fig. 6.5. (b) shows
the optimized input excitation for more modal content in the center of the core
which showed a speckled pattern with a FWHM of 34 pm for a input average
power of 6 mW. In this measurement, I did not see the occurrence of Kerr self-
cleaning [68] however I observed that after the initial growth in the diameter
to up to a spatial FWHM of 52 um at 10 mW of average pump power incident
on the fiber input facet, the beam propagates without any significant change

in the diameter in the range of 10 mW to 32 mW input average powers.

In the next step, I analyzed the output pulses from the tellurite GRIN fiber in
the time domain. First, the group delay profile of the input pulse from the
femtosecond laser (without the GRIN fiber), was measured using frequency
resolved optical gating and the result is shown in Fig. 6.5. (c). The retrieved
pulse spectrum and time profile are also shown. The spectral FWHM of the
pulse of 10 nm and the pulse duration of 300 fs obtained from the FROG re-
trieval matched the laser manufacturer specifications. In the subplot in Fig
6.5. (c) small pre-pulses extending over about 3 ps from the pulse center
are also observable. When such a pulse is injected into the fiber with strong
positive (normal) dispersion, it acquires further positive chirp at the leading
edge. This positive chirp is visible in the spectrograms shown below in Fig.
6.7. These results were obtained with XFROG measurements of the spectrally
broadened output pulses from the fiber. The pulse traces were retrieved from
the measured XFROG data using the generalized projections algorithm [79,
85]. Background and noise corrections were carried out for the raw data be-
fore retrieval. The spectro-temporal evolution of the pulse was measured by
XFROG for a range on average input pump powers starting from 6 mW to
32 mW. Selected spectrograms and their corresponding spectral and temporal
plots are shown in Fig. 6.6. In the spectral domain of the XFROG retrieved
pulses, the pulses confirm SPM-dominated broadening. The spectrum of the
retrieved pulses agreed well with the spectrum measured with the OSA in-
dicating that the entire SC bandwidth was correctly acquired in the XFROG
measurements. Fig.6.6. demonstrates examples where an overlap between the
OSA spectrum (orange) and the retrieved spectrum (blue) is shown to agree for
spectrally broadened pulses for average input powers of 9 mW (low power;
Fig.6.6. (a)), 19 mW (medium power; Fig.6.6. (b)) and 28 mW (high power;
Fig.6.6.(c)). The FROG error G, defined as the RMS average across the inten-
sity of the trace [169] is computed by the FROG software during the evaluation
of projections and is listed in Fig.6.6. (d) for each average input pump power
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(d) Average Minimum
Input pump | XFROG error
power (mW) (G)

6 0.006
7 0.014
8 0.012
9 0.017
10 0.016
11 0.01
12 0.011
13 0.021
14 0.025
15 0.016
16 0.016
17 0.013
18 0.012
19 0.022
20 0.023
21 0.024
22 0.022
23 0.024
24 0.021
25 0.015
26 0.017
27 0.024
28 0.024
29 0.018
30 0.017
31 0.024
32 0.021

FIGURE 6.6: Spectral overlap of measured and retrieved XFROG

pulse for input powers of (a) 9 mW, (b) 19 mW and (c) 28 mW.

(d) Minimum FROG error of retrieved pulses for average input
pump powers.

retrieved. The values of G for all powers listed are within the threshold of po-
tential errors for the measured electric field, which additional verifies that the
XFROG traces were retrieved accurately [81]. The linear positive chirp (judg-
ing by the tilt in the spectrogram) and the corresponding temporal plot of the
pulse (e.g. as seen in Fig. 6.7) is evidently due to the strong and sloped nor-
mal dispersion of the fiber. The analysis of the temporal profiles of the pulse
as a function of input pump power brings forth an interesting phenomenon of
pulse reshaping. I observe that after an initial expansion of the pulse in the
time domain, up to 9.79 ps for the input average power of 10 mW, the pulse
compresses down to 6.43 ps when the input average power is increased to 11
mW. Further, the trend observed on increasing the input pump power shows
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FIGURE 6.7: Spectrograms of output pulse from the GRIN fiber
showing the evolution of the pulse in the spectral and time do-
mains with increase in average incident pump power.
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a quasi-periodic compression-elongation of the pulse in the time domain. Dis-
tinct compressed pulses were obtained for input average powers of 11 mW,
17 mW, 25 mW and 30 mW with pulse compressed to 6.43 ps, 7.36 ps, 5.25 ps
and 9.43 ps respectively (as shown in Fig.6.7. green legends). Pulse elongation
when input pump power is increased can be attributed to the GVD of the fiber
imposing the linear chirp on the pulse.

The quasi-periodic pulse reshaping of pulse as a function of input average
power, as deduced from the retrieved XFROG data, is depicted in Fig. 6.8 (a).
To understand the underlying mechanism of the observed pulse reshaping,
I plotted the spectral phase of the pulse obtained from the retrieved XFROG
measurements. The phase of the spectrally broadened pulse obtained at input
average power of 10 mW was taken as a reference, as shown in Fig. 6.8. (b) and
the relative spectral phase was calculated for consequent data points involv-
ing increasing input power. I analyzed the relative spectral phase at different
stages of pulse re-shaping. Fig. 6.8. (c) shows the four stages of pulse reshap-
ing i.e. the pulse compression slope (range of input power for which the pulse
duration measured at the fiber output decreases), compressed pulse (range
of input powers for which the output pulse duration is in the proximity of a
local minimum), pulse elongation slope and the elongated pulse along with
their relative spectral phase profile. The pulse initially experiences a strong
positive chirp causing it to elongate in time to a duration (9.79 ps at 10 mW)
much larger than the original pulse (300 fs, the incident input pulse duration).
The steep leading and trailing edges of this elongated pulse generate addi-
tional frequencies through SPM. Rapidly varying intensity at the edges of the
pulse leads to a rapidly varying phase shift, leading to a frequency shift (corre-
sponding to pulse broadening in the spectral domain). As the input power is
increased further, the newly generated frequency components also experience
with the dispersion of the fiber. When dispersion dominates SPM, a nonlinear
switching is seen to occur where the pulse compresses purely due to the GVD
of the fiber (for example, at input average power of 11 mW, 15 mW and 29
mW). At the pulse compression slope, shown in Fig. 6.8. (c), the spectral phase
begins to flatten, followed by an almost flat relative spectral phase for a com-
pressed pulse. A flat relative spectral phase indicates that the all the frequency
components of the pulse travel at the same time with constant phase. For fur-
ther pulse-elongation slope and corresponding elongation of pulse shows a
strong linear chirp due to dispersion experienced by SPM-generated frequency
components as shown in Fig. 6.8. Thus the spectral phase for elongating and
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FIGURE 6.8: (a) Quasi-periodic temporal pulse reshaping as a

function of input average powers. (b) Spectral phase for input

average power 10 mW taken as reference. (c) Spectral phase anal-
ysis at different stage of temporal pulse reshaping

elongated pulses show a steep relative spectral phase corresponding to faster
red-shifted edge and slower blue-shifted edge of the pulse.

This mechanism is analogous to pulse compressor techniques [170-172] where
a nonlinearly broadened pulse can be compressed in time using dispersive
elements such as gratings or prisms. A pulse compressor is essentially tasked
to apply a spectral phase shift on the pulse so that the resultant spectral phase
is constant. I postulate a tentative hypothesis, that here the role of introducing
opposite chirp is realized by the spatial variable of the system. Specifically, as
the incident input power is increased, the excited mode structure is changed in

such a way, that modes with negative GVD (anomalous dispersion) dominate,
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at the same time leading to the anomalous dispersion dominating over the
combined GVD and SPM in shaping of the pulse in the time domain.

To summarize, here I observed a quasi-periodic pulse reshaping observed in a
non-silica GRIN MMF by femtosecond pumping in normal dispersion regime.
This pulse reshaping arise from the interplay between Kerr-based SPM and
strong positive dispersion of the fiber. The results suggest that the presence of
strong temporal dynamics prevent beam-cleaning phenomenon to occur due
to space-time coupling. This opens up new areas to explore how guided modes
interact together to couple in space to give beam-cleaning and in time to give
pulse reshaping. Thus I show here that multimode nonlinear propagation can
be exploited in simple means of shaping of femtosecond laser pulses in time
domain with their basic input parameters under specific designs of fibers.

6.4 Supercontinuum generation in a tellurite glass
GRIN fiber

The specialty tellurite GRIN fiber developed to demonstrate the above non-
linear phenomenon, have additionally shown distinguished results for high
power SC generation in the near- and mid-IR wavelengths. A collaborative
study was carried out by Ekaterina Krutova from Photonics Laboratory, Tam-
pere University, Finland, to obtain broad multimode SC in tellurite glass GRIN
fiber under a set of completely different pumping conditions from the ones
used above to demonstrate pulse reshaping [173]. Below I summarize the
experimental results obtained by Ekaterina Krutova in the scope of our col-
laboration, using the tellurite GRIN fiber fabricated and characterized by me
to demonstrate possible avenues and nonlinear optical applications for such
GRIN MMFs in the near- and mid-IR wavelength range. The goal of this part
of my research, carried out in collaboration with the partner from Tampere
University work was to generate high energy density SC, for which an obvi-
ous choice was that of a MME. Using a GRIN MMEF, as in this work, gives an
additional advantage of providing a high beam quality. Further, a soft glass
tiber such as tellurite glass with a transmission window in the near and mid-
IR as well as high nonlinearity required for SC generation is suitable for high
power applications such as remote sensing in the mid-IR wavelength range.
They used two different samples of the tellurite GRIN fiber from the fabricated
series MS27A. For normal dispersion pumping, they used sample MS27A7,
which has a core size of 89.5 pym and for anomalous dispersion pumping they
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FIGURE 6.9: (Experimentally measured SC in tellurite GRIN fiber
for (a) normal dispersion pumping (b) anomalous dispersion
pumping [23]

used sample MS27A6 with a core size of 93.1 pm. They pumped these samples
using 350 fs pulses from an optical parametric amplifier (OPA) with a central
wavelength tunability from 1400 nm to 4000 nm. The concept that the position
of pump wavelength with respect to ZDW impact the characteristic of SC gen-
eration is exploited here to obtain broad SC by tuning the input wavelength
using the OPA. In the normal dispersion regime pumping, the input pulse rep-
etition rate was set to 66 kHz which corresponded to a peak power of about
2.2 MW. The SC dynamics were studied as a function of input wavelengths
1700 nm, 1800 nm and 1900 nm. The input pulse was coupled into the fiber
with a coupling efficiency of 50 % for each pumping wavelength. The output
signal obtained was a spectrally broadened pulse stemming from SPM and
geometric parametric instability (GPI) in wavelengths shorter than the pump
wavelength as shown in Fig.6.9.(a). The broadening in the longer wavelength
is caused by soliton dynamics as the pulse broadens into the anomalous dis-
persion regime. As a function of fiber length, it was observed that broadening
bandwidth reduced for longer fiber lengths of the same sample, which can be
attributed to the attenuation experienced by the pulse as it propagates through
longer fiber. Fiber sample MS27A6 of core size 93.1 ym was used for anoma-
lous dispersion pumping at 2100 nm, 2300 nm, 2500 nm, and 2700 nm. The
broadest SC of bandwidth 790 nm to 2900 nm was observed when pumped
at 2700 nm as shown in Fig.6.9.(b). The coupling efficiency in anomalous dis-
persion regime pumping was 25 %, yet a soliton seeded dynamic lead to a
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broad SC spectrum. The spectral broadening extended well into the normal
dispersion regime with generated dispersive waves and SRS broadening the
spectrum further. In a further study into beam cleaning dynamics, Krutova et
al. show evidence of beam-cleaning effect taking place at high input powers
[173].

6.5 Conclusion and future prospects

In section 6.3 of this chapter I demonstrated new dynamics leading to quasi-
periodic temporal reshaping of a femtosecond pumped pulse observed for a
range of average power of the incident input pulses, which cannot be assigned
to mode self-cleaning effects as in the case of picosecond-scale or longer pulse
propagation. The observed evolution of pulse spectral phase is consistent with
alternating influence of negative GVD and combined SPM and positive GVD.
With a monotonic increase of the input power, the alternation of these influ-
ences are due redistribution of energies in the excited modes which experience
different chromatic dispersion. Thus the GRIN fiber acts similar to that of a
classic grating pair compressor such that the grating separation is analogous
to the increase in input power level as both lead to a change in the amount
of chirp introduced. This in turn controls the excitation of mode structure to
indirectly enables switching of phenomena dominating in the time domain
shaping of the propagating pulse. In section 6.4 I summarized the results ob-
tained by Ekaterina Krutova with the tellurite glass GRIN fiber developed by
me in scope of our collaboration. These results highlight a spectrally broad SC
generation spanning from 790 nm to 2900 nm in a GRIN MMF along with the
observation of spatial beam-cleaning dynamics as a function of incident power
[173].

The results presented here thus prove thesis 3 of this dissertation that mul-
timode nonlinear propagation can be exploited for the shaping of femtosecond laser
pulses in terms of their temporal, spectral as well as spatial properties with specific in-
put parameters under graded-index designs of fibers. The fabricated tellurite GRIN
MMEF shows a high degree of manipulation capabilities in terms of spectral,
spatial as well as temporal propagation, making it a great potential for high
power applications which require broadband light sources or spatially stable
beam or all-fiber pulse compressors, under appropriate pumping conditions.
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Chapter 7

Conclusions and future prospects

This dissertation is focused on nonlinearity shaping of tellurite glass micro-
and nano-structured optical fibers to bring forth advancement in understand-
ing and performance of fiber-guided nonlinear optical phenomenon such as
soliton self-frequency shift, low-noise supercontinuum generation and tem-
poral shaping of femtosecond pulses. Using numerical simulation tools, I de-
signed and then developed in-house four specialty micro- and nano-structured
fibers made from highly nonlinear tellurite glass and demonstrated targeted
nonlinear pulse propagation dynamics of femtosecond laser pulses. I also car-
ried out simulations of nonlinear propagation to support the understanding of
the pulse propagation dynamics involved. By the means of these fibers devel-
oped, I demonstrated advancements of light sources by isolation of frequency-
shifted soliton for a tunable laser source in the short-wave infrared wave-
length range, by a low-noise supercontinuum generation in a soliton-noise
suppressed regime with predetermined state of polarization, and by a mul-
timode generation of supercontinuum in the near-infrared wavelengths along

with quasi-periodic temporal reshaping of input femtosecond pulses.

7.1 Verification of the dissertation theses

In chapters 4, 5, and 6, I have demonstrated a thorough verification of the dis-
sertation theses accomplished as per the objectives mentioned at the beginning
of the dissertation. The theses achieved under the scope of this dissertation and

their verification is summarized below:

The first thesis of this dissertation successfully achieves shaping of nonlinearity
in specialty optical fibers developed using highly nonlinear tellurite glasses to obtain

significantly improved the tuning bandwidth of Raman solitons, covering the entire
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SWIR wavelength range, without applying complex and high peak power laser sys-

tems, compared to existing state-of-the-art fibers exploiting the silica glass technology.

This thesis is verified in Chapter 4 of this dissertation. I used tellurite glass
which has transmission properties throughout the SWIR wavelengths range,
to design a suspended core fiber structure suitable for isolation of soliton self-
frequency shift phenomenon. With numerical simulations I designed the fiber
for linear properties such as flat anomalous chromatic dispersion, mode con-
finement area by optimizing the structural properties of the fiber such as core
size, strut widths, and number and sizes of air-holes. The fabricated fiber was
experimentally tested to obtain isolated soliton propagation. On pumping a
short piece of fiber of 5.6 cm with 90 fs pulses at a repetition rate of 100 MHz,
centered at 1560 nm of wavelength, I observed a wide soliton detuning of 68.5
THz as a function of the input pump average power. The soliton self-frequency
shift of 68.5 THz corresponds to the wavelength detuning from 1560 nm to
2400 nm, i.e., covering the entire SWIR wavelength range. These results agree
with the numerical nonlinear propagation of pulse in the designed fiber car-
ried out using GNLSE. Further, to verify the nonlinear propagation dynam-
ics required for an efficient and broadband detuning of soliton, the fiber was
pumped at 1900 nm, which brought about a wide separation of pump wave-
length from the ZDW of 1256 nm. The range of soliton detuning in this case
was limited up to 2250 nm in the longer wavelength edge, thus confirming that
pumping at 1560 nm provides an ideal separation from the ZDW for efficient
soliton fission and self-frequency shift. Conveniently, 1560 nm is also a popular
telecommunication wavelength at which many robust femtosecond lasers with
moderate pump power are available. Further, the use of short piece of fiber to
attain such wide soliton detuning prevents the pulse from attaining a strong
chirp. The wide soliton detuning throughout the SWIR wavelength range, the
compatibility of fiber with commercially available femtosecond lasers, and the
ease of integrating a short piece of fiber make these results outperform existing
silica-fiber based systems and are highly suitable for integration in all-fiberized
laser and amplifier systems. These results were successfully published in Jour-
nal of Optical Society of America B [52] and presented by me at conference
CLEO/Europe 2021.

The second thesis of this dissertation verifies that shaping of nonlinearity in spe-
cialty optical fibers developed using highly nonlinear tellurite glasses enables achieving
practical fibers enabling octave-spanning coherent supercontinuum generation with-
out the noise-susceptible soliton dynamics and under conditions of determined state of
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polarization favorable to preserve low noise dynamics.

I demonstrated this thesis in Chapter 5 by developing hexagonal lattice pho-
tonic crystal fibers made of highly nonlinear tellurite glass. These fibers were
engineered for a flat all-normal chromatic dispersion characteristics of an ef-
fectively single mode fiber structure in the wavelength range of 1500-2400 nm
using a seven rings air-hole lattice around the core. Octave-spanning coherent
supercontinuum of spectral width 1100-2600 nm wavelengths was obtained
by pumping the microstructured fiber with 90 fs pulses centered at 1560 nm
wavelength with a peak power below 40 kW. Such broad coherent supercontin-
uum generation is attained due to the high nonlinearity of the glass and engi-
neered, flattened chromatic dispersion characteristic of the fiber, enabling self-
phase modulation and optical-wave breaking to occur at modest peak powers
of femtosecond pulses from commercially available and feasible mode-locked
fiber lasers. These experimental results also agreed with the predictions from

numerically designed propagation dynamics using GNLSE.

A polarization maintaining (PM) variant of the above fiber was designed and
developed by introducing structural birefringence in the fiber. This fiber was
compared with the non-PM variant of the fiber for the noise properties of the
supercontinuum generated. While it is known that supercontinuum gener-
ated by all-normal dispersion pumping have superior noise properties than
when pumped in the anomalous dispersion regime, here I demonstrated a
direct comparison of noise properties of supercontinuum generated in ANDi
fibers, differing only in their polarization maintaining properties, identifying
the role of polarization states under identical pumping and measurement con-
ditions. I employed Dispersive Fourier transformation (DFT) technique and
measured the shot-to-shot noise of supercontinuum spectra generated in the
two fibers when injected with pulses of 225 fs centered at 1550 nm at 80 MHz
repetition rate. Supercontinuum generation in PM fiber showed higher stabil-
ity and lower noise as compared to the its non-PM variant. The signal-to-noise
ratio (SNR) was calculated from the DFT measured spectra which showed that
the SNR of the PM fiber is much enhanced as compared to the non-PM fiber.
These results can be associated to the role of polarization modulation instabil-
ity (PMI) in SC generation such that when PMI is supressed in the PM variant
of the fiber, the supercontinuum generated has lower noise as compared to its
non-PM variant where PMI is still prevalent.

From a fundamental point of view, these results provide an indirect evidence of
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the detrimental role played by PMI in the noise dynamics of ANDi supercon-
tinuum generation. From an applications point of view, the low-noise super-
continuum generated in PM ANDi fiber is promising as low-noise broadband
light sources for advancements in amplifier systems, optical coherence tomog-
raphy, investigating surface plasmon polaritons. Overall, the broad pulse-
preserving femtosecond ANDi supercontinuum generation demonstrated here
are some of the earliest demonstrations of supercontinuum obtained with dis-
persion engineered non-suspended core, microstructured fiber, especially for
tellurite glass fibers. These results are also first demonstration of octave-spanning
supercontinuum in two-pitch lattice fibers engineered for flat dispersion as
well as first demonstration of so in PM variant of hexagonal lattice fiber. The
result on supercontinuum generation in the non-PM fiber has been published
in the Journal of Optical Society of America B [147]. The results on measure-
ment of noise in supercontinuum generation have been published in Optics
Letter [174] and were presented by me at the conference CLEO 2020 [174].

The third thesis of this dissertation proves that multimode nonlinear propagation
can be exploited for the shaping of femtosecond laser pulses in terms of their temporal,
spectral as well as spatial properties with specific input parameters under graded-index
designs of fibers.

This thesis is verified in Chapter 6 of this dissertation where I reported the
development and in-house fabrication of a parabolic graded-index multimode
tiber made from two types of tellurite glasses. The fabricated fiber was veri-
fied for structural integration using scanning electron microscope and charac-
terized for its chromatic dispersion properties. I then carried out experimental
studies on this fiber by injecting 300 fs laser pulses centered at 1030 nm wave-
length with a repetition rate of 100 kHz, to bring forth the spatial and temporal-
spectral characterization of femtosecond pulse nonlinear dynamics. I observed
a quasi-periodic temporal reshaping of the pulse as a function of incident av-
erage power of the pulses, which cannot be assigned to mode self-cleaning ef-
fects as in the case of picosecond-scale or longer pulse propagation. A detailed
analysis of this temporal dynamics measured through cross-correlation fre-
quency resolved optical gating revealed that the relative phase accumulation
elucidate the observed pulse compression and elongation during the propaga-
tion along the fiber to be consistent with alternating influence of negative GVD
and combined SPM and positive GVD. Alternation of these influences, which

accompanied monotonic increase of input power, were assigned to reordering
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of the structure of excited modes which experience different chromatic disper-
sion. The operation of the system was thus analogous to a classic grating pair
compressot, in which the grating separation and thus the amount of chirp in-
troduced to the pulse was replaced by the input power level, which controlled
the excited mode structure and indirectly enabled switching of phenomena
dominating in the time domain shaping of the propagating pulse.

This thesis presents one of the earliest non-silica graded-index fibers made and
demonstrated for temporal pulse reshaping dynamics. I also summarized a
collaborative study on the tellurite GRIN fiber developed under the scope of
this dissertation which showed an octave-spanning supercontinuum genera-
tion from 790 nm to 2900 nm under multimode spatial beam-cleaning dynam-
ics power observed in the fiber by Ekaterina Krutova from Tampere University.
Thus this thesis opens avenues for high power light source applications which
require targeted designing of pulses spectrally (as supercontinuum genera-
tion), spatially (as stable self-cleaned beam) and temporally (as all-fiber pulse
compressors) when pumped with femtosecond pulses under specific pumping
conditions. The results of superconituum generation in this work were pre-
sented at conferences CLEO/Europe 2021 and European Optical Society An-
nual Meeting (EOSAM) by Ekaterina Krutova from Tampere University [175].

7.2 Future Prospects

Shaping of nonlinearity of the fiber by shaping the linear properties of the fiber
such as chromatic dispersion, birefringence, mode confinement is a strategy
that will lead the evolution of fiber-based technologies. This work confirms the
feasibility of using tellurite glass for the development of microstructured and
nanostructured fibers in the shortwave-infrared (SWIR) range. Tellurite glass
prominently holds advantage over commercially used silica glass in terms of
its broader spectral transmission window in the near-infrared wavelengths
and high nonlinearity of almost 10 times that of silica. This dissertation pro-
vides evidences that tellurite glass can be drawn into a wide range of des-
ignable, stable geometrical parameters of microstructured and nanostructured
tibers, without recrystallization of glass. Since the in-house developed tellurite
glasses show an absorption peak around 3 pm, future work in glass fabrication
to reduce the OH group absorption could significantly improve the accessible
spectral transmission range upto 5 ym of wavelength. Designing of tellurite

glass-based fibers is successfully exploited in this dissertation to shift the ZDW
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of the glass to attain desired chromatic dispersion characteristics with contri-
bution from the waveguide dispersion. The four successful fibers made from
the in-house developed tellurite glass, each tested successfully for a highly
specialized nonlinear application with femtosecond pumping, proves that tel-
lurite glass is an ideal candidate for all-fiber near and mid-IR light sources and

amplifier systems.

Further, there is a current wave of translating the fiber-based light develop-
ments to feasible technologies. This dissertation opens a few paths to attain
some of those technologies. The wide soliton self-frequency shift demonstrated
in this dissertation under thesis 1, provides a precursor as seed of all-fiberized
laser and amplifier systems since the wavelength range covered by isolated
soliton is compatible with Tm:ZBLAN or Ho:SiO; ultrafast amplifiers. Thus,
future prospects of this work would be to expand on all-fiberized systems from
its current free-space coupling form. Supercontinuum generation, despite be-
ing explored for over two decades, still holds wide scope of understanding
processes and knowledge that needs to be expanded. For applications such
as OCT, confocal microscopy, improved coherent supercontinuum based light
source is required. Thesis 2 of this dissertation highlighted how shot-to-shot
noise in supercontinuum generation can be limited by using a predetermined
state of polarization. However, to verify the dependence of coherence for these
results still requires further interferometric studies. Thesis 3 of this dissertation
opens a still little explored field of temporal dynamics in multimode fibers. By
showing that a graded-index multimode fiber can act as a pulse compression-
elongation system, future studies could be to carried out to improve the control

pulse reshaping dynamics.
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Appendix A

Dispersion code

4Algorithem to process the experimental data for dispersion calculation on
sbalanced MachZender interferometer

Asfor soft glasss fibers

4by Tanvi Karpate

P=xlsread('MS27A3.x1sx'); /Jto load the experimental data
wav=P(:, 1);

wav=wav./1000; Jconverting the wavelength to micrometers
wave=1./(wav) . 2;

posi=P(:, 2);

plot (posi, wav);

wh

glass=xlsread('0OPD_C230_C280_NDF');/loading the parameters of lenses used
OPD_samplearm=glass(1,2)./wav. 4+glass(1,3)./wav. 2+glass(1,4)
+glass(1,5) .*wav. 2+glass(1,6) .*wav. 4;

Joptical path difference in the sample arm due to lenses used
L=108; /introducing the length of fiber used in the exp in mm
Nrel=(2.*posi- (OPD_samplearm))./L+1;

4 calculating the relative index seen by light in the fiber
plot(wav, Nrel, '-o0');

xlabel('Wavelengthv(\mu m)');

ylabel('Nrel');

Jcftool

I
[fitresult, gof, Al=Laur4(wav, Nrel);/Laurentz fitting of Nrel vs wavelength
D=(4*A(1,1) .*wav. 3+2xA(1,2)*wav-2*A(1,4) ./wav. 3)*1/300000%10~9;
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Asfor laurent parameter 4

AD=(4*4(1,1) . %wav. ~3+2*%4(1,2) %wav-2+4(1,4) ./ wav. "3
A-4*4(1,5)./wav.~5)*1/300000%¥10°9;

/for &5 Laurent parameters

AD=(6*4(1,1) . %wav. ~5+4*4(1,2) . *wav. ~3+2%A(1,3) *wav-2%4(1,5) . /wav. ~3
N-4%4(1,6)./wav. ~5-6%4(1,7)./wav. ~7)*1/300000%10"9;
Asfor 7 Laurent parameters

Disp=plot(wav, D, '-0');

xlabel ('Wavelength (\mu m)')

ylabel ('Dispersion (ps/nm/km)')

saveas(Disp, 'MS27A7.png')
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Reconstruction of FROG and
XFROG retrieved pulses

c= 3%1078;

power= 14;

a=dlmread(['../Tanvi_MS27A3/XFROG/' num2str(power) 'mW/arecon'
/source Jasper20

wh

nowave=a(l,1);

nodelay=a(1,2);

wave=a(3:258);

delay=a(259:514) .%4;

Adata=a(3:258, :);

data=a(515:66050) ;

r=reshape(data, [256,256]) ;

r=flip(r,2);

r=rot90(r);

wh

ek=dlmread(['../Tanvi_MS27A3/XFROG/' num2str(power)
'mW/ek' '.dat'l);

time=ek(:,1) .%4;

t_int=ek(:,2);
spec=dlmread(['..//Tanvi_MS27A3/XFROG/' num2str(power)
'mW/speck' '.dat'l);

wavelength=spec(:,1);
w_int=spec(:,2);

w_int=smooth(w_int);
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".dat']);
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4 w_int=flip(spec(:,2),1);

osa= xlsread(['../Tanvi_MS27A3/new_specrum/Ms27A3_5dbscale_ MMF_'

num2str (power) 'mW' '.csv']);
w_osa=osa(:,1);

spectrum_osa=osa(:,2);

spectrum=db2pow (spectrum_osa) ;
spectrum=smooth (spectrum/max (spectrum)) ;
h

h=figure;

Jset(gca, 'Ticklabel',22);

4b = get(gca, 'XTickLabel');

AJset(gca, 'XTickLabel',b, 'fontsize', 14)
subplot(4,4,[5,6,9,10])

ax=gca;

colormap([[1,1,1];hsv]);

pcolor(delay, wave, r);

x1im([-10000 10000])

ylim([500 560])

ax.XAxis.FontSize

10;
10;

ax.YAxis.FontSize
shading interp;
Jxl=zlabel ('Delay (fs)', 'FontSize', 12);
x1=xlabel('Delay (fs)');

set(xl, 'FontSize', 12);

set (gca, 'XAxisLocation' , 'top');
ylabel('Wavelength (nm)', 'FontSize', 12);
subplot (4,4,[13,14])

plot(time, t_int, 'LineWidth',2)
x1im([-10000 10000])

xlabel('Delay(fs)', 'FontSize', 14);

14,

14,

ax.XAxis.FontSize

ax.YAxis.FontSize
subplot (4,4, [7,11])

plot(w_int, wavelength, 'LineWidth',2)
set (gca, 'YAxisLocation' , 'Right' )
ylim([971 1227])

ax.XAxis.FontSize = 14;
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ax.YAxis.FontSize = 14;
hold on
plot(spectrum,w_osa, 'LineWidth',2)
hold off
set(gca, 'YScale','lin')
ylabel('Wavelength (nm)', 'FontSize', 14);
saveas(h, ['../Tanvi_MS27A3/XFROG/"
num2str (power) 'mW/plot_' num2str(power) 'mW' '.fig'])
print(gcf,'-dpng','-r600"',

['../Tanvi_MS27A3/XFROG/' num2str(power) 'mW' '.png'])
print(gcf,'-dpng','-r600',

['../MS27A3_jasper/xfrog_jasper/' num2str(power) 'ms' '.png'])
close(h)
4 0S4 and XFROG spectral overlap

q=figure;

osa= xlsread(['../Tanvi_MS27A3/new_specrum/Ms27A3_5dbscale_ MMF_'
num2str(power) 'mW_02' '.csv']);

w_osa=osa(:,1);

spectrum_osa=osa(:,2);

spectrum=db2pow (spectrum_osa) ;

spectrum=smooth (spectrum/max (spectrum)) ;

plot(w_osa, spectrum, 'LineWidth',2)

Aset(gca, 'yscale’, 'linear’)

hold on

plot(wavelength, w_int, 'LineWidth',2)

Aylim([950 1200])

hold off

legend ('0SA spectrum', 'Retrieved spectrum')

saveas(q,

['../Tanvi_MS27A3/new_specrum/overlap' num2str(power) 'mW' '.fig'])
print(gcf,'-dpng','-r600"',
['../Tanvi_MS27A3/new_specrum/overlap' num2str(power) 'mW' '.png'l])
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