Generation and characterization of cylindrical vector beams in
few-mode fiber

by

Prabin PRADHAN

MANUSCRIPT-BASED THESIS PRESENTED TO ECOLE DE
TECHNOLOGIE SUPERIEURE IN PARTIAL FULFILLMENT FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY
PH. D.

MONTREAL, OCTOBER 22,2018

ECOLE DE TECHNOLOGIE SUPERIEURE
UNIVERSITE DU QUEBEC

© Copyright Prabin Pradhan, 2018 All right reserved



© Copyright reserved
It is forbidden to reproduce, save or share the content of this document either in whole or in parts. The reader

who wishes to print or save this document on any media must first get the permission of the author.




BOARD OF EXAMINERS (THESIS PH.D)
THIS THESIS HAS BEEN EVALUATED

BY THE FOLLOWING BOARD OF EXAMINERS

Mr. Bora Ung, Thesis supervisor
Department of Electrical Engineering, Ecole de technologie supérieure

Mrs. Christine Tremblay, Thesis co-supervisor
Department of Electrical Engineering, Ecole de technologie supérieure

Mr. Pierre Bélanger, President of the Board of Examiners
Department of Mechanical Engineering, Ecole de technologie supérieure

Mr. Frédéric Nabki, Member of the jury
Department of Electrical Engineering, Ecole de technologie supérieure

Mr. Lawrence R Chen, External Jury
Department of Electrical and Computer Engineering, McGill University

THIS THESIS WAS PRESENTED AND DEFENDED
IN THE PRESENCE OF A BOARD OF EXAMINERS AND PUBLIC
5 SEPTEMBER 2018

AT ECOLE DE TECHNOLOGIE SUPERIEURE



1Y%

ACKNOWLEDGMENT

The undertaking of this PhD has truly been an extra-ordinary experience for me and it would
not have been conceivable without the love, support and guidance of these amazing souls.

First and foremost, I express my heartfelt gratitude to my director Prof. Bora Ung and co-
director Professor Christine Tremblay for their real-time support, constant encouragement,
patience, and constructive feedbacks followed by the focused supervision in the course of my
doctoral studies. I am very thankful to them for always keeping the door widely open for any
dialogues. Thank you for the precious time you both have given to encourage and motivate
me to participate in the scholarship and prize-winning activities. These have contributed a lot
in developing my research writing skills and my CV for future careers. Words fall short when
it comes to thanking Prof. Bora for his unyielding moral and financial support towards your
professionalism during my academic and research journey. His confidence in me has helped

me accomplish great heights during this tenure and made my PhD transition enjoyable.

Special thanks to the members of the jury's for evaluating my PhD thesis. Thank you for
your valuable feedback and suggestions. I would also like to thank all my colleagues from
the research group for their moral support in and outside the lab. Thank you Dipankar
brother, for your encouraging ideas and discussions as these had a significant impact on the
completion of my experiments. I also thank Manish and Mahmoud for their invigorating
ideas and opinions in and outside the ETS. My special thanks to Lina for coming forward to
help me with the review of French writing. Apart from the academic people mentioned
above, it would not be justified if I forgot to acknowledge the technical assistance received

from Mr. André Zalzal, Mr. Samuel Gagné, Mr. Normand Gravel and Mr. Youssef Bekbouti.

I dedicate this thesis to my Beloved Lord, Bhagwan Sri Satya Sai Baba, whose grace I hold
every single day. I would like to express my sincere gratitude to my parents for bestowing
me with the strength to carry out my research work and perseverance to guide it to
completion. My deepest gratitude to my family: my parents Mani Kr. Pradhan and Chandra

Maya Pradhan, my brother Suren, my sister Sabita for their unending love and support, they



bestowed upon me during this particular stage of my life. Thanks for all the love mom and
dad. It was only possible with their blessing and unconditional love. I extend my deepest love
and gratitude to dear sister Mekha Sai for inspiring me and guiding me throughout my
research journey in many ways. I also thank Montreal Sai Youth for their support and for

being a part of my family.

I am eternally grateful to my closest friend and the love of my life, Kemika, for passing me
the energy to move forward effortlessly. You have been my greatest confidence. Thank you
for the encouragement and push you gave me at difficult times. Your emotional support
helped me immensely to face the challenges that came across during my research journey. I

am so much thankful for your part in my journey and for having you in my life.

Finally, I would like to acknowledge the financial supports extended from the Fonds de

researche Nature et technologies for the duration of two years of my PhD.



VI

GENERATION AND CHARACTERIZATION OF CYLINDRICAL VECTOR
BEAMS IN FEW-MODE FIBER, THESIS PH.D

Prabin PRADHAN

RESUME

Au cours des derniéres décennies, 1’utilisation d’un faisceau gaussien a permis la découverte
de nombreuses applications scientifiques qui ont révolutionné le monde de I'optique et de la
photonique. Récemment, il y a une transformation majeure pour laquelle d’importantes
recherches ont été consacrées a la découverte des propriétés dynamiques des faisceaux
vectoriels cylindriques (FVC). De plus en plus, les chercheurs développent des applications
ou I'utilisation d’un faisceau de lumicre dont I’intensité est marquée par un seul anneau en
forme de beigne, est primordiale. En particulier, ces faisceaux dits vectoriels cylindriques,
lorsqu’ils sont focalisés, présentent des propriétés uniques en raison de leur distribution de
polarisation radiale et azimutale. Ces FVC offrent des interactions lumicre-matiére
supérieures a celles des faisceaux conventionnels (de type gaussien) a polarisation
homogene. Par exemple, un FVC polarisé radialement peut améliorer de fagon importante la
résolution d’un systéme d'imagerie microscopique en fournissant une grande ouverture
numérique et une distribution symétrique au point focal.

D’autre part, les FVC ont pu étre utilisés dans de nombreuses applications telle que la micro-
nano-manipulation optique, I'imagerie super-résolution, 'optique quantique, les plasmons de
surface et la communication par fibre optique a haute capacité, et ce grace a ses singularités
de phase et d'intensité. La plupart des FVC étudiés ont prouvé une grande diversité
d’applications prometteuses en optique tant en espace libre qu’en fibre optique. Ainsi, de
nouveaux développements nécessiteront des techniques fiables pour générer ces FVC avec
une forte efficacité de couplage, un mode électromagnétique trés bien défini et un seuil de
dommage trés ¢élevé. Lors des dernieres années, le design, la fabrication et I’étude de
nouvelles fibres optiques transportant des faisceaux tels les FVC, les faisceaux vortex avec
moments angulaires orbitaux (MAO) sont apparus. Il est désormais clair que le multiplexage
par division de mode (MDM) constitue une solution prometteuse pour palier a la limitation
de capacité des données transmises dans les fibres optiques monomodes standards. De plus,
les faisceaux vectoriels dans les fibres optiques constituent la base fondamentale des modes
polarisés linéairement (PL) (selon I’approximation scalaire) ainsi que les modes transportant
les MAO, ce qui représente une autre avenue pour réaliser le MDM en télécommunication
fibrée. De plus, il est primordial de controler et d’extraire les informations essentielles des
faisceaux vectoriels pour les futures fibres de télécommunication par multiplexage, par
division modale et les nouveaux capteurs a fibre optique basés sur les FVCs.

A cette fin, il est essentiel de développer des méthodes efficaces pour générer ces FVCs.
Quelques méthodes actuelles, reportées dans la littérature, pour la génération de ces FVCs
utilisent une lame de phase en spirale, un modulateur spatial de lumi¢re (MSL) et un



couplage décalé dans la fibre. Cette thése a pour but principal la génération et la
caractérisation de tels faisceaux vectoriels cylindriques dans des fibres multimodes. Le but
principal serait de développer des dispositifs photoniques simples, flexibles et a faible cotit
qui permettront la génération efficace et la propagation stable de FVCs tout en réduisant les
pertes globales induites par le systéme. La plupart des méthodes rapportées précédemment
ont ¢été limitées aux mesures de modes scalaires PL des fibres multimodes tout en négligeant
les faisceaux vectoriels sous-jacents, qui nécessitent un controle précis spectralement et
spatialement afin d’étre détectés. Dans cette thése, nous avons employé trois techniques
différentes pour la génération de faisceaux FVC et de faisceaux avec moment angulaire
orbital ayant conservé une grande pureté aprés leur sortie. Dans un premier temps, nous
avons fabriqué un convertisseur de mode basé sur un systéme mécanique nous garantissant
un réseau ayant la plus petite période jamais signalée pour la génération de faisceaux
vectoriels cylindriques transmis par des fibres multimodes.

Ce dispositif photonique est utilisé afin de démontrer la caractérisation non linéaire non-
destructive de FVC en utilisant pour la premicre fois le phénoméne de diffusion Brillouin
stimulée. Nous avons montré comment les spectres Brillouin des faisceaux vectoriels nous
permettent de les identifier individuellement, de mesurer le gain des fibres spécifiques,
d’identifier, d’analyser puis de valider les indices de réfraction effectifs correspondants aux
faisceaux vectoriels récupérés a partir des données. Cette nouvelle méthode de caractérisation
de chaque mode vectoriel aura un impact a la fois sur les applications dans le secteur des
télécommunications et des capteurs a fibre optique, qui s’appuient a 1’heure actuelle
principalement sur les modes scalaires PL. En outre, une technique simple et peu colteuse
pour générer des FVCs via un réseau a fibres de longue période (RFLP) avec un tres petit pas
est présentée. Ce travail démontre que la méthode a bas colt de gravure de réseaux a l'arc
¢lectrique pour la fabrication de RFLP est accessible aux fibres spéciales multimodes qui ont
souvent besoin d’une tres petite valeur de pas. De plus, la génération de faisceau vectoriel
cylindrique parfaitement arbitraire est démontrée dont le profil de faisceau (c'est-a-dire le
profil d'intensité transverse) peut é&tre contrdlé facilement et indépendamment via un
diaphragme et un masque de phase diffractif ¢laboré sur un MLS programmable. La méthode
proposée est hautement adaptable car elle peut étre utilisée pour générer n'importe quel type
de faisceau vectoriel cylindrique parfait ainsi que des faisceaux vortex parfaits d’ordre
topologique arbitraire, et ce avec le méme montage expérimental. Cette analyse
expérimentale est validée et décrite par une étude théorique rigoureuse en accord total avec
les résultats obtenus.

Mots-clés: faisceaux vectoriels cylindriques, réseaux a fibre de longue période, fibres
multimodes, moment angulaire orbital, modulateur spatial de lumiére, vortex optique.






GENERATION AND CHARACTERIZATION OF CYLINDRICAL VECTOR
BEAMS IN FEW-MODE FIBER, THESIS PH.D

Prabin PRADHAN

ABSTRACT

For the past many decades, the Gaussian laser beam has driven major scientific discoveries
that revolutionized the world of optics and photonics. In recent years, there is a burgeoning
transformation where significant research has been dedicated in discovering the complex
properties of cylindrical vector beams (CVBs). Increasingly, a beam of light with its intensity
profile taking the shape of a single doughnut ring has attracted attention of several
researchers the world over. Particularly, the so-called CVBs exhibit unique properties when
focused owing to their radial and azimuthal distribution of polarization. In comparison to
conventional (Gaussian-like) beams inheriting homogeneous polarization, CVBs provide
unique light-matter interactions. For example, a radially polarized beam can enhance the
imaging resolution of the system significantly with their spatial inhomogeneous polarization
by imparting a symmetric and high numerical aperture focus.

Moreover, CVBs with their phase and intensity singularities have found broad applications in
quantum optics, optical micro/nano-manipulation, surface plasmon polariton, super-
resolution imaging, and high-capacity fiber-optic communication. The studies of most widely
used CVBs have been explored both in free space optics as well as in guided fiber optics.
Further developments will require reliable techniques to generate these CVBs with strong
coupling efficiency, high mode purity and high-power handling. For the past few years, the
design, fabrication and study of optical fibers that supports CVBs, vortex and orbital angular
momentum (OAM) beams have come to the forefront of research in this area. This is true in a
sense that mode division multiplexing (MDM) is considered as a preeminent solution to the
data capacity limitations faced by the standard single-mode fiber. In addition, vector beams
in optical fibers constitute the fundamental basis set of linearly polarized (LP) modes (within
the scalar approximation) as well as modes carrying OAM which represent another potential
approach for implementing MDM based communications. Therefore, fundamental
information and control over the vector beams is key to unravel future fiber communication
links and CVB based fiber-optic sensors. For this purpose, it is essential to develop efficient
methods to generate these CVBs. Some of the current methods reported for the generation of
CVBs employ spiral phase plate, spatial light modulator (SLM), and offset fiber coupling.
This thesis elucidates the generation as well as the optical characterization of such
propagating cylindrical vector beams in a few-mode fiber. The ultimate purpose would be to
develop simple, flexible and cost-effective photonic devices that will allow the efficient
generation and stable propagation of the CVB while reducing the overall losses incurred by
the system. Most of the methods reported earlier were limited to the measurements of the
scalar LP mode groups of a FMF, thus neglecting the underlying vector beams that require
delicate spectral and spatial control in order to be detected.



In this thesis, three different techniques have been utilized for the generation of CVBs and
OAM beams with high output purity. Initially, a tunable mechanical mode converter has been
fabricated to demonstrate the generation of cylindrical vector beams supported by FMF in the
telecom spectral range. This photonic device is utilized to demonstrate the non-destructive
nonlinear characterization of CVB by utilizing the phenomenon of stimulated Brillouin
scattering for the first time. We showed how the Brillouin gain spectra of the vector beams in
some specialty fibers can be independently identified, measured, and subsequently exploited
to probe the corresponding effective refractive indices of the vector beam retrieved from the
data. This new characterization method of individual vector beam will have an impact in both
light-wave and FMF-based optical sensing applications, which at present, mostly rely on the
scalar LP modes. Further, a simple and low-cost technique to generate CVBs via long period
fiber grating (LPFG) with very small grating pitch is reported. This work demonstrates that
the cost-effective electric arc writing method for the fabrication of LPFGs is open to
specialty few-mode fiber that often calls for very small pitch values. Finally, the generation
of perfect cylindrical vector beams (PCVB) is demonstrated whose beam profile (i.e.
transverse intensity profile) can be easily and precisely controlled. The latter novel method
was used in-order to increase the free space coupling efficiency demanded by some specialty
FMFs. The tailoring of the beam width and radius is performed via an iris and a diffractive
phase mask implemented on a programmable SLM. The technique proposed towards the
generation of PCVBs is highly adaptable for its robust nature to generate any arbitrary PCBs
as well as perfect vortex beams with any topological order, using the same experimental
setup. This experimental analysis is supported and validated via a rigorous theoretical
framework that is in concordance with the results obtained.

Keywords: Cylindrical vector beams, long period fiber grating, few-mode fiber, orbital
angular momentum, spatial light modulator, optical vortex.
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INTRODUCTION

Context of the research work

The single-mode fiber (SMF) has been the backbone of high-bandwidth optical
telecommunication and the optical fiber sensing industry for several decades. Researchers
have explored and exploited every attainable degree of freedom to its maximum, in their
attempt to fully utilize the benefits of SMF. The introduction of SMFs with low-losses, the
erbium doped fiber amplifier (EDFA), wavelength division multiplexing (WDM) and high-
spectral efficiency coding using digital signal processing and coherent transmission,
constitute some of the technological breakthroughs in the capacity to transmit data in the
fiber-optic communication systems as shown in Fig. 0.1 (Essiambre et Tkach, 2012; Wang,
Zhou et Zhang, 2014). Fueled by the ever-increasing demand for high-bandwidth multimedia
applications, the ultimate data transmission capacity of a SMF is predicted to be reached

within the next decade.

L™
1012
1011
10‘10 -
10°
108

Required single fiber capacity to satisfy
increasing internet traffic demand

Capacity (bits/s)

Improved

107 transmission

108 fibers

105 [] 1 I 1 1 1 1 [ 1 L 1 I 1 1 1 1 I 1 [ 1 1 [ .
1980 1990 2000 2010 2020

Year

Figure 0.1 Data transmission capacity of fiber transmission systems as a function of year
Taken from Richardson et al. (2013, p.354)

The enhancement in the data transmitting capacity of single-mode fiber by 10,000 times in

the past few decades has resulted in the steady improvement of optical communication



network traffic by a factor of 100 so far (Essiambre et Tkach, 2012; Richardson, Fini et
Nelson, 2013). However, single-mode fiber transmission will no longer be able to satisfy the
exponentially growing capacity demand as shown in Figure 0.1. The maximum limit of data
transmission capacity in a standard single-mode fiber is predicted by theory to be around 100
Tb/s, based on the nonlinear Shannon limit (Richardson, Fini et Nelson, 2013). Several
groups of researchers have been exploring and exploiting every attainable degree of freedom
to its maximum (as shown in Figure 0.2), in their attempt to increase the data transmission

rate utilizing SMF (Essiambre et Tkach, 2012).
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Figure 0.2 Spatial division multiplexing as a new, orthogonal, degree of freedom for data
multiplexing in the future fiber-optic communication systems

Spatial division multiplexing aims to harness the rich spatial modes diversity available in
multimode fibers (MMF) and few-mode fibers (FMF) towards increasing the aggregate
transmission capacity within a single strand of fiber. Furthermore, it has been suggested that
the same SDM techniques developed for the generation and control of modal transmission in
MMF and FMF, could be exploited towards multi-parameter fiber-optic sensing (Chen et
Koonen, 2017; Igarashi, Tsuritani et Morita, 2016; Kitayama et Diamantopoulos, 2017,



Rademacher et al., 2018b; Xu et al., 2016; Zhu et al., 2018). However, standard MMF
supports over a hundred modes which makes receiving and processing the optical signals
particularly difficult due to high modal crosstalk, whereas, FMF supports less than ten modes
that it reduces the system complexity to an achievable level with current technologies. In
particular, the few-mode fiber has attracted a lot of attention due to its potential applications
in MDM systems in telecom and fiber-optic sensing (Igarashi, Tsuritani et Morita, 2016;
Kitayama et Diamantopoulos, 2017; Li et al., 2012; Li et al., 2018; Liu et al., 2018;
Niederriter, Siemens et Gopinath, 2015; Rademacher et al., 2018b; Weng et al., 2015a;
Yaman et al., 2010).

The identified research problem and their potential solutions

Crosstalk management is one of the major challenges that have to be taken into consideration
when dealing with fibers supporting several spatial modes. The energy efficiency of SDM
links can be improved altogether using mode-division multiplexing that excites and
propagates numerous optical modes in a parallel manner inside the FMF. The lack of an
effective mode multiplexer/demultiplexer (mux/demux) for the insertion and separation of
optical modes as well as the issue of intermodal crosstalk led to the design of MDM

systems(Essiambre et al., 2013).

Few-mode fibers are particularly promising for MDM, where multiple information channels
can be transmitted across spatial modes with minimum crosstalk thereby increasing the data
capacity carried inside a single core fiber by many folds. However, the characterization and
control of the higher-order modes in few-mode fibers can pose a great challenge. In order to

maximally exploit the MDM system, the few-mode fiber needs to be fully characterized.

Recent researches have reported promising results in the development of high data
transmission rate utilizing mode division multiplexing as well as multi-parameter and
distributed sensors based on the LP modes of FMF (Li et al., 2015; Nejad et al., 2016; Wang
et al., 2017b). Some of the works conducted on FMF (distributed fiber sensors, amplifiers,



switches, etc.) have already shown promising results of using FMF towards SDM technology
(Bai et al., 2012; Carboni et Li, 2016; Genevaux et al., 2015; Salsi et al., 2012). Several of
these breakthroughs towards the advancement of FMF in MDM and distributed sensors have
exploited the LP modes of the fiber. Interestingly, OAM beams and linearly polarized beams

can be achieved from the linear combinations on eigenmodes of fiber i.e. CVBs.

The demonstration towards the possibility of vector mode multiplexing can open window to
utilize the eigenmodes of the fiber avoiding the utility of MIMO technology at the
demultiplexing end (Liu et al., 2018). One of the reasons for scarce research works of CVBs
towards MDM application corresponds to the scarce availability of specialty FMFs as well as
the relatively high level of technical difficulty in the fabrication of photonic devices to excite
and detect these vector beams. It becomes very essential to explore the properties of these
vector beams for their potential applications in SDM fiber communication links and multi-
parameter-based fiber-optic sensors. The generation and control of these CVBs in the FMF is
regarded as primary importance. One key solution can be the development of photonic mode
converters that can allow conversion of the fundamental mode of an FMF into a stable

higher-order vector mode with high mode purity and conversion efficiency.

Objective of the research

The objective of the research is to investigate the specially-designed few-mode fiber as well
as establish novel methods for the excitation and control of the guided higher-order modes
including the cylindrical vector beam carrying orbital angular momentum states. Precise
knowledge of these CVBs is critical in order to use them as tools for different applications in
next-generation telecommunication systems and towards distributed sensing using FMF.
Though different techniques have been proposed in this regard, still extensive research has to
be carried out to design devices offering low loss and better isolation characteristics. The

accurate characterization of this vector beam is critical in order to mitigate modal crosstalk.



The main objectives of the research work presented in this thesis are clearly displayed in

figure 0.3 which are

1. To design and fabricate simple and robust free space as well as all-fiber based mode
converters that can efficiently generate the CVBs and OAM supported by the FMF with
high modal purity.

2. The second objective aims to characterize the vector beams supported by the FMF,
which have not been fully explored until date. The accurate characterization of these
vector beams is essential for obtaining the distributed measurements of the FMF, in order

to exploit the vector beams to its maximum potential.

3. The final objective is to propose and demonstrate an alternate way to tailor the azimuthal

intensity profile of the beam so as to maximize the free space coupling efficiency in

specialty fibers.
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Figure 0.3 Schematic outline of the overall thesis research



The experimental part of the research work is selected as an original research paper based
thesis, as recommended by the submission policies of ETS. During my PhD, I have
contributed to the publication of 5 peer-reviewed journal articles (published/submitted),
being first author of 3 articles and co-author for other 2 articles. The three articles as first
author corresponds to the three chapters (2, 3 & 4) of this thesis. These three chapters from
the journal article constitute an abstract, introduction, experimental techniques and results &
discussion. The main content of the thesis comprises of abstract, introduction with objectives,
literature review, conclusion and statement of original contribution with future

recommendations.

Framework of the thesis:

The thesis has been organized as follows:

The first chapter of this thesis reviews the literature of techniques used for the production of
passive components in order to generate CVBs and OAM beams. The chapter also reviews
the highlights of some of the recent breakthroughs in the domain of SDM technology using
FMF. The remaining three chapters present the methodology utilized for achieving the

objective of the proposed research leading to journal publication.

The second chapter is an article published in Nature Scientific Reports in 2017:

In this article, the measurement of the Brillouin gain spectra of vector beams in a few-mode
fiber using a simple heterodyne detection technique is demonstrated for the first time. A
tunable long period fiber grating is used to selectively excite the vector beam supported by
the few-mode fiber. Characterization of vector beams in a FMF gives a different and novel
dimension to this research work when compared to the works that have been carried out till

date using FMFs.



The third chapter of this thesis is an article published in IEEE Photonics Journal in 2018:

This article highlights the necessity of developing a technique to tailor the beam profile of
CVBs for their potential applications in the efficient launch of exotic optical modes in
specialty fibers, for super resolution microscopy and in the domain pertaining to optical
tweezers. The method for producing high-purity PCVBs with tailorable transverse intensity
profile (both ring width & ring diameter) controlled via a digital SLM and iris is reported in
this chapter of the thesis. The technique proposed is highly adaptable for its robust nature to
generate any arbitrary PCVBs as well as perfect vortex beams with any topological order,

using the same experimental setup.

The fourth chapter of this thesis is an article submitted in Journal of lightwave technology:

In this article, all fiber-based mode converters designed to generate CVBs and OAM beams
has been demonstrated. The long period fiber grating is written with the smallest grating
pitch ever reported within a fiber that act as a mode converter fabricated using the common
electric arc induced approach. Such passive fiber based mode converters can be used for the

development of high energy CVB and OAM lasers.

The last chapter briefly concludes the thesis with future research recommendations.






CHAPTER 1

REVIEW OF THE STATE OF THE ART

This chapter reviews the studies on optical fiber communication systems including the
different technologies employed and highlights the technological advancements that have
happened across generations. The first generation of fiber-optic system came into existence
with a bit rate of 45 Mb/s in 1978 (Maione, Sell et Wolaver, 1978). Over the years, the
domains of fiber-optics communications have witnessed tremendous progress in the
transmission rates. Each generation of optical fiber system came with increasing bit rates
meeting the demands of the time. The invention of innovative smart technology reflects that
there will never be a decline in the demand for higher bandwidths. The pursuit for higher
bandwidths have paved way to 100 Gb/s data transmission rate up to several thousands
kilometers to cope up with the ever increasing demand (Idachaba, Ike et Hope, 2014). The
introduction and of the optical amplifier along with wavelength division multiplexing in the
late 90s has unleashed the full potential and power of fiber-optic communication systems to
enhance the data transmission rates even further. Despite the new technological
advancements in the fiber-optic communication system, the so-called capacity crunch is one
major issue of concern as the applied bandwidth is reaching its theoretical limit at a rapid

rate.

At this juncture, the focus of the researchers is to meet the demands for higher bandwidth by
maximally utilizing the available resources through novel approaches. Many techniques and
approaches have been proposed by introducing specialty fibers to broaden the spectrum of
telecommunication networks. Recently, space division multiplexing technology has made
high impact in the scientific community (Richardson, Fini et Nelson, 2013). Several SDM
fibers have been introduced to accomplish this goal. The knowledge of advancement of the
special SDM based components is important to explore the possibility of improving the

scalability of research. Therefore, the study of all-fiber based and free space based active and
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passive devices are presented. Further, a review study of important fiber characterization tool

that are useful towards fully exploiting modal properties of SDM fibers is discussed.

1.1 Space division multiplexing and its potential application

Spatial division multiplexing refers to a multiplexing technique that provides multiple data
paths that are spatially distinguishable through the same fiber. SDM promises not only an
increase in capacity per fiber but also reduction in cost per bit by increasing the energy
efficiency (Winzer, 2014). But, the primary technical challenge would possibly be on
crosstalk management. SDM can improve the bandwidth of new fiber optic systems by many
folds through a method that can launch, transport and detect two or more optical channels
operating at the same wavelength inside an optical fiber. This attribute makes SDM stand out
among the other available multiplexing techniques while maintaining compatibility with time
division multiplexing (TDM) and wavelength division multiplexing/dense wavelength
division multiplexing (WDM/DWDM) techniques (Essiambre et Tkach, 2012; Richardson,
Fini et Nelson, 2013), among others.
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Figure 1.1 Demonstration of high capacity SDM systems
Taken from Essiambre et al. (2013, p.0701307)
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1.2 SDM fibers and their outlook

As shown in Figure 1.1, the SDM technology in the upcoming years is expected to provide
data capacity higher than 100 Tb/s which is much higher than the capacity that other
multiplexing techniques can offer. In spatial multiplexing more than one spatial mode is

guided by the fiber.

Several approaches have been reported to realize the potential benefits of SDM. The
implementation of SDM depends on novel types of specialty fibers: FMFs, multicore fibers
(MCFs) and hollow-core fibers (HCFs) as shown in Figure 1.2. MMFs and FMFs have found
a variety of applications in telecommunication and optical sensing owing to the larger
diversity in modes, lower optical non-linearities and higher power-handling; features that the

conventional SMF does not offer.

SMF FMF MMF

3-core MCF 7-core MCF 19-core MCF

RCF MCF-MMF HCF

00

© 000

0JO)

Figure 1.2 Cross-section of fibers supporting spatial division multiplexing
Taken from Essiambre et al. (2013, p.0701307)
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However, standard MMF supports hundreds of modes, which makes the task of
multiplexing/demultiplexing data along separate co-propagating modes virtually impossible
at the moment. FMF supports less than ten modes that it reduces the system complexity to an
achievable level (Kitayama et Diamantopoulos, 2017; Li et al., 2012). Though FMFs open
exciting capacity-scaling scenarios with their ability to exploit more spatial channels, it is
still very challenging to reliably excite, transmit and detect the different co-propagating
modes independently. Some of the works have shown promising results on mode division
multiplexing of LPo1 and LP11 modes (Li et al., 2011a; Sillard et al., 2011; Wang et al.,
2017b) and LPo1 and two degenerate LP11 modes in FMF (Al Amin et al., 2011; Wang et al.,
2017a).

The contemporary characterization methods of FMFs include the phase-shift method
(Nicholson et al., 2003b), the S2 method (Nguyen et al., 2012) and the OLCI method (Gabet
et al., 2015). However, the report on the FMFs characterization are based on the scalar LP
mode groups measurements that have still left the windows of vector modes to be explored,
that require greater spectral and spatial precision to be detected. These Eigen vector modes
constitute the fundamental basis set of LP modes in the scalar approximation, where Figure
1.3 illustrates the LP11 mode degenerated into cylindrical vector beams: TEoi1, HE2ieven,

HE210dd and TMo:.

LPy;

TMy,; HE2even HE21 odd TEy

@ 0|00

Figure 1.3 Scalar (top) and vector (bottom) representation of the first higher order anti-
symmetric mode group
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However, the deployment of these new fibers will be considered depending upon the
efficiency, cost and performance compared to the equivalent number of SMF system. The
motivation behind developing the SDM technology is not just to meet higher capacity
demands but one of the most important factors is its cost per bit. The criteria that will
determine the deployment of SDM technology in the commercial industry, if it:

1) Brings down the transmission cost per bit

i1) Increases energy efficiency

ii1) Provides routing and switching flexibility needed in order to have efficient photonic mesh
network

iv) Allows the smooth transition between the SDM systems and the already present SMF

infrastructure.

1.3 Few-mode fibers for spatial division multiplexing

The pursuit for efficient and high-speed data transmission has drawn the attention of
researchers towards the less exploited spatial dimensions in fibers. In this context, SDM that
uses either FMF or MCF as the medium for data transmission forms the essential part of
next-generation fiber telecommunication systems as summarized by Richardson et al.
(Igarashi, Tsuritani et Morita, 2016; Kitayama et Diamantopoulos, 2017; Richardson, Fini et
Nelson, 2013). The spatial spectral efficiency parameter termed “spatial multiplicity” has
been brought forth keeping in view the space required for channel transmission. The spatial
multiplicity (7max) can be defined as the number of multiplexed spatial channels within the

modes and cores excluding the polarization written as, (Mizuno et al., 2016)

spatial multiplicity

(1.1)

nmax - cross sectional area
The aggregate spectral efficiency (ASE) can be measured if the spectral efficiency and
spatial multiplicity are known. In the transmission experiments conducted earlier, the spatial
multiplicity started from the value of 3 for the number of modes (Salsi et al., 2012) denoted
by ‘M’ and a value of 7 for the number of cores (Zhu et al., 2011) which is denoted by ‘N’ in



14

multimode and multicore transmissions respectively. Later, the number of cores, ‘N’ was
maximized to 19 thus increasing the multiplicity (Sakaguchi et al., 2012b). Spatial
multiplicity above 30 could be attained by introducing the region of dense SDM, so as to
improve the scalability (Mizuno et al., 2014). The results of various studies using MCF,
MMF or FMF indicate great strides in the progress of data transmitting capacity of a single
fiber link in the recent years (Igarashi, Tsuritani et Morita, 2016; Kitayama et
Diamantopoulos, 2017; Minardo, Bernini et Zeni, 2014; Nikles, Thevenaz et Robert, 1997;
Rademacher et al., 2018a; Rademacher et al., 2018b; Richardson, Fini et Nelson, 2013; Soma
et al., 2018b; Song et Kim, 2013).

1.3.1 Few-mode multicore fiber for SDM transmission

Several techniques have been employed with a view to derive maximum benefit from SDM
which can be accomplished in two different ways. Firstly, the SDM can be implemented by
parallel propagation of several spatial channels in the same fiber. Another approach to
introduce SDM systems is to insert multiple cores within a multicore fiber (MCF). Initial
studies on transmission using a 7-core MCF reported a capacity increment of 100 Tb/s equal
to the maximum SMF limit (Sakaguchi et al., 2012a). Certain studies have reported using
around 19 independent optical cores inside a single clad fiber. Transmission experiments
conducted with a 19-core fiber, reported a transmission rate of 305 Tb/s that is 3 times the
SMF limit (Sakaguchi et al., 2012b). One of the studies has reported 1.01 Pb/s across 52 km
distance in the transmission using a MCF having 12-cores (Takara et al., 2012). The highest
data transmission rate of 1 Pb/s was reported with an ASE of 91.4 b/s/Hz by employing a 12
core fiber with a one-ring structure (Takara et al., 2012). A long haul transmission rate of 1
Eb/s could be accomplished using a 7 core, 12 core MCF over 7326 km 1700 km
transmission distances (Igarashi et al., 2013). The second approach uses a guiding medium
supporting multiple modes, like in a FMF that is capable of guiding only around 6 to 12
distinct modes inside a single core and is designed slightly larger than that of a SMF.



Table 1.1 Progress of SDM transmission system in optical fiber

15

Capacity—distance
Year Type of Fiber No. of Fiber ASE transmission
modes | length | hits" HZ )| (Pbs km ')
(km)
2018 | FMF-MCF (Soma 6 11.3 1099.9 10.16
etal., 2018)
2018 | FMF (Rademacher 3 3500 31.5 9.9
et al., 2018b)
2018 | FMF (Rademacher 3 1045 - 166
etal., 2018a)
2018 | FMF (Soma et al., 10 48 30.5 0.25
2018a)
2016 | FM-MCEF (Igarashi, 6 9.8 456 2.05
Tsuritani et Morita,
2016)
2015 | MMF (Ryfet al., 10 125 29 0.15
2015)
2014 | OAM fiber (Wang 26 - 112.6 1.036
etal., 2014a)
2013 FMF (Ryf et al., 6 177 30.72 4.35
2013)
2012 | FMF (Wang et al., 32 1 95.7 0.002
2012)

FMF transmission has been exploited to demonstrate ASE of 32 bits/s/Hz making use of six

spatial modes (Ryf et al., 2013). While ASE of 109 bits/s/Hz has been accomplished by
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employing 12 cores in MCF transmission (Qian et al., 2012). The highest transmission rate
reported for a 3 mode fiber transmission is 57.6 Tb/s over a distance of 119 km FMF (Sleiffer
et al., 2012). Studies on hybrid multiplexing of multiple modes of MMF and multiple cores
of MCF reported an ASE of 247.9 bits/s/Hz, which is 3 times greater than the 1 Pb/s reported
in 12 core transmission (Takara et al., 2012). Uden et al., utilized WDM with 50 wavelength
channels in a few-mode multicore fiber to demonstrate a data transmission of 255 Tb s™! over
a 1 km length of fiber (Van Uden et al., 2014). Further, spatial modes up to 15 have been
reported for FMF transmission (Fontaine et al., 2015), and the length of fiber with 3 modes
over 3500 km (Rademacher et al., 2018b) and 6 modes over 1600 km (Weerdenburg et al.,
2017) have been reported. Most recently Soma et al., demonstrated 10.16-Peta-B/s ultradense
SDM transmission over 6-mode 19-core fiber across the C+L band, which is one of the
highest record fiber capacity reported in recent time (Soma et al., 2018b). The studies
conducted by different groups reflect the tremendous growth over years in few-mode

multicore as well as multimode transmission shown in Table 1.1.

1.3.2 Mux/demux: a crucial component for SDM system

The combinations of LPo1 and modes including polarization and degeneracy are used to
attain MDM in either two mode fiber (TMF) or FMF. The possibility of using MDM and
multiple input multiple output (MIMO) to transmit data using FMF has been reported by
different groups (Fontaine et al., 2015; Huang et al., 2015; Luis et al., 2018; Ryf et al., 2012;
Shibahara et al., 2018; Sleiffer et al., 2012; Takara et al., 2012; Winzer et Foschini, 2011).
Intense research is in progress on various aspects like fiber design (Griiner-Nielsen et al.,
2015), amplification (Genevaux et al., 2015), transmission rate (Chen et al., 2015a) etc. for
further advancements in FMF transmission technology. Some of the already existing FMF
designs have used either with the step-index profile or graded-index profile. Fabrication of
step-index profile is easy and does not require advanced processes such as stack and draw
technique (needed for some micro structured and hollow core fibers) whereas, in graded
index-profile, differential modal delay (DMD) within the modes can be reduced to a great

extent. Desirable FMF designs will be engineered to lower the DMD to a much lower level,
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decrease the non-linearity in fiber and also to minimize the propagation near levels currently

possible with SMF(Ferreira, Fonseca et da Silva, 2014; Yaman et al., 2010).
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Figure 1.4 Illustration of mux/demux components in a SDM system
Taken from Chen et al. (2012, p.14303)

The MUX/DMUX of modes representcrucial components in the MDM transmission systems
as shown in Figure 1.4. The optical add/drop multiplexer (OADM), mode converter (MC)
and mode combiner are some of the components that have been reported for exploiting the
MDM transmission systems (Chen et Zhou, 2014; Chen et al., 2012). There have been many
experimental attempts to determine the utility of these components(Chen et al., 2013b; Ren et
al., 2017; You, Jia et Wang, 2016). However, in-depth research is yet to be carried out in
order to design a technically efficient and affordable SDM system overcoming the real time
challenges. To MUX/DEMUX signals in multiple modes, Mizuno et al., described different
kinds of MUX/DEMUX that can be devised such as LP mode converter as well as mode
combiner, index matched mode couplers, phase plate or long period grating, mode coupler

with cores in a arrayed fashion (Mizuno et al., 2015; 2016).

Moreover, some studies continue to progress the investigation to exploit the beams carrying
OAM showing potential advantage to reduce the mode coupling and the requirements of DSP
(Bozinovic et al., 2012; Brunet et al., 2014; Nejad et al., 2016; Ramachandran et Kristensen,
2013; Ung et al., 2014; Wang et al., 2016; Willner et al., 2015; Zhu et al., 2018; Zhu et al.,
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2017). OAM modes, aka “vortex beams” have drew much attention in the research
community with the recognition of light carrying orbital momentum first reported by Allen et
al. (Allen et al., 1992). OAM encoding can enhance the multiplexing in multiple orthogonal
spatial modes thereby providing a potential solution to the expected problem of capacity
crunch and also efficiently improving the safety of quantum encryption networks. Bozinovic
et al., demonstrated the transmission of light carrying OAM states over a distance of 0.9 km
using FMF (Bozinovic et al., 2012). There are many such reports that have highlighted the
importance of OAM modes for the efficient transmission of analog and digital signals in a
FMF (Allen et al., 1992; Bozinovic et al., 2013; Ung et al., 2014; Wang et al., 2012). Some
of the recent reports based on the OAM data multiplexing towards MIMO-free mode-
division multiplexing systems (Nejad et al., 2016; Nejad et al., 2018; Wang et al., 2017b;
Zhu et al., 2018; Zhu et al., 2017). OAM multiplexing will add a new dimension in

increasing the data transmission capacity in the future communication system.

Most recent report from Liu et al. proposes and demonstrates the data multiplexing utilizing
the vector eigenmodes in a 2-km large core FMF (Liu et al., 2018). The true vector modes
present in this FMF can be used in efficient way to reduce the coupling between the modes.
Researchers also have started utilizing these true vector modes of fiber that carry orbital
angular momentum in order to reduce the complexity of MIMO processing at the receiver
end. Such work on vector Eigen modes of fiber opens the future roadmap towards the
possible vector mode multiplexing systems. The employment of efficient photonic integrated
devices will help in the successful generation and MDM transmission of real eigenmodes of
fiber i.e. CVBs. Since isolation of distinct modes to excite, transmit and separate is
challenging, to accomplish desired performance in communication systems, the computer
abd energy intensive MIMO technique has to be applied. The complexity of the electronic
processing could be reduced using optical devices having better modal isolation. Though
different techniques have been proposed in this regard, still extensive research is being
carried out in designing devices offering low loss and high isolation characteristics (Eznaveh
et al., 2017). Apart from SDM based amplifier and ROADM components, MUX/DEMUX) is

needed to couple several spatial modes at one end and unscramble the crosstalk between the
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modes at the other end. MUX/DEMUX is a key device to realize maximum potential of

mode division multiplexed transmission.

14 Review on long period fiber grating as a mode converter

Mode converters can be either free space or inline fiber based. They are basically employed
in order to convert light beams from the Gaussian-like fundamental LPo1 mode into a higher-
order LP11 mode or vice versa (Pradhan et al., 2015; Ramachandran et al., 2005; Savin et al.,
2000; Vengsarkar et al., 1996a). The use of mode selective coupler (Blake, Kim et Shaw,
1986), intermodal couplers (Kim et Song, 2014), acousto-optic modulator (Kim et al., 1986),
Kerr modulators (Andermahr et Fallnich, 2010), holographic mode mux/demux (Amphawan,
2011), and elliptical core fiber to lift modal degeneracy (Kim et al., 1987), are few
techniques designed to achieve this target. In the past few years, several ways of writing
LPFG techniques has been demonstrated. These methods include heating (Wonko, Mar¢ et
Jaroszewicz, 2017), electric arc-induced(Rego, 2016), microbending (Ramachandran et al.,
2005), and etching process (Villar et al., 2017) which was demonstrated after the introduction
of UV writing method (Bae et al., 2003).

1.4.1 Mechanical long period fiber grating

The characteristics of the transmission spectra in the LPFG rejection bands are affected by
the writing method and the type of optical fiber employed. A specific transverse and
longitudinal refractive index profile is generated in every inscription method. The coupling
between fundamental LPo1 mode and the higher-order LP11 modes can be determined from
transverse index profile (Anemogiannis, Glytsis et Gaylord, 2003) while the position of the
rejection bands is influenced by the longitudinal index profile (DeLisa et al., 2000). The
optical characteristics of the rejections bands comprising the resonant wavelength position,
depth of mode loss, birefringence, polarization dependent loss (PDL) and insertion loss and
also the physical variables like stress, strain, bend, torsion and external refractive index are

dependent on the total index profile and the type of fiber employed.
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The fiber gratings enable coupling of guided modes to radiation modes when used as loss
filters (Mizrahi et al., 1994). It can also be used to create cladding modes, as the cladding is
surrounded by a lower refractive index medium like air (Vengsarkar et al., 1996a;
Vengsarkar et al., 1996b). Switching and routing facility, dispersion management,
polarization control and sensing, control of signal power, are some of the applications of long
period fiber grating(Chen et al., 2018; Colago et al., 2016; Huang et al., 2010; Masri et al.,
2016; Ramachandran et Kristensen, 2013; Zhang et al., 2018). Transmission modes and
reflection modes are the different operating modes on the basis of which fiber gratings are
categorized, where, Bragg gratings and LPFGs periods are in the order of nanometer and
micrometer respectively (Nemova et Kashyap, 2008). The proposed study focuses mainly on
the inline conversion of transmission mode and therefore LPFG is proposed to achieve our

objective.

The phase mask-based MC is a free space component that uses either spatial light modulator
(SLM) or glass plate specially-fabricated for this purpose, whereas, LPFG based MC is a
fiber-based component. The fiber-based components are compact and easy to integrate, and
these characteristics give them an upper hand over the free-space components in telecom
applications. It is straight forward to achieve mode conversion in a LPFG-based MC via

periodic grating structure by applying pressure mechanically on FMF or TMF.
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Figure 1.5 Mechanically induced LPFG as a mode converter
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LPFG can be induced mechanically owing to its large index modulation period of some
hundred micrometers as shown in Figure 1.5. The periodic index modulation is induced
through the phenomenon of photo-elastic effect and was initially demonstrated in the
polarization modes and the LPo: to the LP11 modes of the birefringent fibers and TMF
respectively during the 1980s by (Kim et al., 1986; Kim et al., 1987). Lee et al., reported
wire-winding LPFG technique by winding the wire periodically (pitch of 500 um) around a
cylindrical rod that demonstrated change in shift of 9 nm with transmission power difference

of 2.5 dB in the higher-order LP modes by tuning the grating pitch (Lee et al., 2013).

Youngquist et al. used LPFG in birefringent fibers for coupling their polarization modes and
also the conversion of LPo1 to the LP11 mode in TMF (Youngquist, Brooks et Shaw, 1984).
Using a simple 13-ridge device, Blake et al., demonstrated a potent LPo: to LP11 modal
coupler for coupling the light between the modes (Blake, Kim et Shaw, 1986). Zhou et al.,
designed a tunable, reconfigurable and cost-effective mechanically-induced multi-n-shifted
LPFG with filtering characteristics, which could induce up to nine n-shifts in a grating (Zhou
et al., 2011). Ramachandran et al. have done extensive studies on LPFGs in FMF and have
produced commendable results in this domain. One of their studies demonstrated the
conversion of linearly polarized LP mode into a selected cylindrical vector beams (TMot,
HE2ieven, HE210dd and TMo1). Using LPFGs, 99% move conversion over 63 nm bandwidth
was also demonstrated (Ramachandran et al.,, 2002; Ramachandran et al., 2005;

Ramachandran et Kristensen, 2013; Ramachandran, Kristensen et Yan, 2009).

1.4.2 Long period grating written within a fiber

Another simple, flexible, low cost and efficient technique to fabricate LPFG is using electric
arc induce method that allows the inscription of grating in all kind of fibers as shown in
Figure 1.6. Several limitations exhibited by UV laser irradiation technique can be overcome
by using electric arc induce method. Poole et al., introduced fabrication of LPFG in 1994, by
utilizing two-step process of fiber cladding removal through laser ablation followed by arc

discharge (Poole, Presby et Meester, 1994). LPFG fabrication solely based on electric arc



22

discharge was demonstrated by Dianove et al., in 1997 (Dianov et al., 1997). In 2006, the
LPFG simulation showed the dependence of near field intensity distribution on the fiber that
could lead to the coupling of core to cladding modes of different symmetries (André et al.,
2006). In pure silica-core fibers, the micro-deformations were highlighted to be responsible

for the grating formation (Rego et Ivanov, 2011).

For many years, several modifications to the LPFG setups were implemented to increase the
reproducibility. Such improvements of advanced LPFG setups led to the flexible, compact,
efficient and reproducible results allowing inscriptions in all kinds of fibers. The arc induced
LPFG fabricated in different type of fiber includes photonics crystal fiber (Dobb, Kalli et
Webb, 2006; Esposito et al., 2018), cladding etched fibers (Martinez-Rios, Monzon-
Hernandez et Torres-Gomez, 2010), hollow core fibers (Iadicicco, Campopiano et Cusano,
2011; Iadicicco, Ranjan et Campopiano, 2015) and few-mode fibers (Ramachandran et al.,
2002; Zhang et al., 2018; Zhao et al., 2017; Zhao et al., 2016). An automatic electric arc-
based technique was reported by Yin et al., to improve the writing efficiency of LPFGs in
SMF as well as PCF. For single-mode fiber, the grating pitch value could be varied within
the range of 360-750 um, and 480-580 pum for photonic crystal fiber employing a fully
automated program in a fusion splicer (Yin et al., 2016). The modification in their fabrication
involves absence of tension, application of compression, and even applying pressure to

hollow core fiber on the time of arc discharge.
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Figure 1.6 Arc induced LPFG as a mode converter
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Recently, Du et al., fabricated a long period fiber grating with a period of 500 pm using an
electric arc induce technique for simultaneous measurement of strain and temperature (Du,
Wang et Zhao, 2018). Different characteristic features of arc induced LPFG as a function of
different physical parameter such as temperature, strain, bending, pressure, torsion, effective
refractive index have been reported (Rego, 2016). Along with their high-end applications in
sensors, band-rejection filters, etc., LPFG have been demonstrated as a crucial component in
MDM technology as a mode converter (as shown in Figure 1.6) to efficiently convert one

guided mode to another in SDM fibers (Zhang et al., 2018).

Zhao et al., demonstrated an all fiber LPFG for the conversion of LPo1 modes into other
higher order modes (LP11, LP21 and LPo2) (Zhao et al., 2017; Zhao et al., 2016). The period
of the grating fabricated for the conversion of LPoi-LP11, LPo1-LP21 and LPo1-LPo2 using CO2
laser were of the order 1750 pum, 630 pm and 420 pm. A temperature-insensitive LPFG
mode converter was proposed by Dong et al., with a very high conversion effeciency >99%
(Dong et Chiang, 2015). The generation of vortex beam is in high demand due to their novel
applications in both telecommunications and sensing. The demonstration of mode conversion
LPoi1-LP11 (LP21), for their potential application in high-order optical vortex pulsed lasers was
reported by Wang et al (Wang et al.,, 2017¢c). Recent work performed on FMF have
highlighted the potential for exploiting the LPFG towards the all-fiber generation of high-

power CVB lasers as well as mode division multiplexing systems (Chen et al., 2018).

Although, fiber based techniques are highly preferred with the aim to reduce the overall loss
incurred by the system, several reports towards generation and propagation of annular shaped
beams can be still found based on free space. This is due to the ongoing design and
fabrication of different types of optical fiber with an annular profile such as Inverse parabolic
graded index profile fiber (Ung et al., 2014), graded index fiber(Huang et al., 2015), vortex
fiber (Bozinovic et al., 2013), air core fiber (Brunet et al., 2015; Brunet et al., 2014; Kasahara
et al., 2014) that requires test and validation, so as to make use of this SDM fibers to its full
potential. However, the efficiency of free space coupling in such fibers can be optimized

when the annular core dimension of the fiber and the beam intensity profile are perfectly
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matched. These emerging applications of beams with doughnut shaped profile, both in free
space optics as well as in fiber optics requires reliable excitation and propagation techniques.

1.5 Generation of perfect vector and vortex beams

A cylindrical vector beams associated with polarization singularity possesses cylindrical
symmetry having its polarization varying spatially (Zhan, 2009). The unique properties of
such cylindrical vector beams exhibiting complex polarization variations can give rise to
peculiar focusing properties that allows one to achieve high resolution optical imaging and
micro-particle optical manipulation (Kozawa et Sato, 2015). On the other hand, phase
singularity is related to the field that is represented by azimuthal phase structure of the form
exp(ilg) in the transverse plane, where / is the topological charge and ¢ is the azimuthal
angle. Typically, an optical vortex beam carrying orbital angular momentum is represented
by a beam of light that possesses a helical phase front. Such beams with phase and
polarization singularities have attracted tremendous research interests in many areas
including laser material processing, optical trapping and quantum communication owing to
their topological and spatial properties (Dennis, O'Holleran et Padgett, 2009; Kozawa et Sato,
2010; Milione et al., 2014; Porfirev, Ustinov et Khonina, 2016).

1.5.1 Review studies on perfect vortex beams

Although several methods have been introduced and demonstrated to generate vortex and
vector beams with phase and polarization singularities, their launching efficiency in free
space still remains an area of interest. The annular shaped beams in the optical fiber are
excited in free space and the maximum coupling can be obtained when the overlap integral

between the guided mode dimensions of the fiber and the input beam profiles is optimized.

One of the common shortcomings with these techniques originates from the strong
dependence of inner and outer diameters of the annular intensity ring. In the case of
conventional vortex beams, the ring diameter varies linearly with that of the order or a

topological charge making coupling of several vortex beams problematic. Ostrovsky, et al.
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first introduced the concept of perfect vortex beam in 2013 (Ostrovsky, Rickenstorff-Parrao
et Arrizon, 2013). They used a special phase mask to demonstrate an annular intensity profile
of the vortex beam independent of its topological charge. Further, Chen et al. experimentally
demonstrated the particle dynamics in perfect optical vortex beams having fractional
topological charge (Chen et al., 2013a). Some of these techniques used for the generation of
perfect vortex beams have some extra rings. An improved technique was proposed by (Vaity
et Rusch, 2015), to form a perfect vortex beam with controllable ring-width and ring
diameter as shown in Figure 1.7. The complete mathematical description for the generation
of PVB utilizing the Fourier transformation of Bessel beam was derived. They proposed that
the ring diameter of the PVB could be controlled by controlling the radial wave vector of the
Bessel-Gauss beam. For this purpose, they used a new phase mask with a combination of

lens, axicon and spiral phase function.
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Figure 1.7 (a) Finite-element simulation of a perfect annular and its (b) azimuthal intensity
profile shown with ring width Rw and ring diameter Rp parameters

Chen et al. reported an efficient technique to generate perfect vortex beam by use of a digital
micro-mirror device with topological charge as large as / = 90 (Chen et al., 2015b). Later,
Jabir et al., used the technique of Fourier transformation of the Bessel-Gauss beam to
generate the perfect vortex beam by adjusting the distance between the lens and the axicon.
The study of spontaneous parametric down conversion and their non-co-linear interactions

using perfect vortices were reported (Jabir et al., 2016). In reference Ma et al., the method to
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determine the position of the topological order of perfect vortices was proposed (Ma et al.,

2017).

Furthermore, perfect vectorial vortex beams was proposed by (Li et al., 2016), where, a new
class of perfect vector vortex beams whose ring diameter could be tailored irrespective of its
polarization order was demonstrated. They utilized Sagnac interferometer technique to
generate perfect vortex beams with elliptic and linear polarization order and experimentally
demonstrated their propagation at a certain distance while maintaining their intensity profile.
In 2017, Liu et al. designed Pancharatnam-Berry phase elements to demonstrate the
generation of perfect vortex beam that possessed constant annular intensity profile and was

equipped with polarizations that varied azimuthally (Liu et al., 2017a).

Though different techniques have been proposed towards successful generation and stable
propagation of vector and vortex beams, still extensive research has to be carried out to
design devices offering low loss and better isolation characteristics. There is a necessity in
the characterization of these vector beams via Brillouin scattering process in the optical fiber,
a nonlinear phenomenon that has invoked strong research interest recently owing to its
promising applications in the domains of optical fiber communications and distributed fiber

sensing.

1.6 Studies on stimulated Brillouin scattering in fiber

With the design and fabrication of specialty fibers for SDM technology, it becomes important
to understand the modal properties of such fiber. Hence, characterization of these fiber
utilizing phenomenon that are well understood can help in studying the properties of new
SDM fibers(Minardo, Bernini et Zeni, 2014; Nikles, Thevenaz et Robert, 1997; Song et Kim,
2013). Stimulated Brillouin scattering (SBS) is a non-linear phenomenon that is implemented
for various applications including the characterization of optical fiber (Li et al., 2014; Song et
Kim, 2013), amplification (Gokhan, Goktas et Sorger, 2018), and fiber sensing (Denisov,
2015; Li et al., 2015; Teng et al., 2015; Weng et al., 2015b; Xu et al., 2016). Research on
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stimulated Brillouin scattering carried out over the years after their phenomenon was
prefigured way back in 1922, however, it was experimentally observed only in 1964 by
Chiao et al. (Chiao, Townes et Stoicheff, 1964). SBS in optical fiber results from the
interaction of acoustic and optical waves that was demonstrated by Ippen and Stolen in 1972

as shown in Figure 1.8.

To obtain photonic functionalities like amplification (Olsson et Van der Ziel, 1986;
Santagiustina et al., 2012), sensing (Hotate et Hasegawa, 2000; Li et al., 2014; Li, Hu et
Shieh, 2013; Weng et al., 2015a; Zou, He et Hotate, 2009), optical delay lines (Li, Li et
Vodhanel, 2012; Song et al., 2009), microwave photonics (Santagiustina et al., 2012) and
polarization control (Thévenaz et al., 2008), SBS technology is highly is utilized. Brillouin
gain spectra (BGS) are an important parameter that can offer relevant information along the
length of the fiber, which includes the effective refractive index (ERI) of the modes guided
by the fiber. The ERI of the guided modes of fiber are very sensitive to the temperature and

strain parameters.
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Figure 1.8 Brillouin scattering in an optical fiber resulting from an induced acoustic wave

The effect on the magnitude of BGS owing to the variation in ERI of fiber profile have also
been the topic of studies (Florez et al., 2016; Li et al., 2014; Li, Hu et Shieh, 2013; Nikles,
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Thevenaz et Robert, 1997; Song et Kim, 2013; Song, Kim et Kim, 2013). Brillouin gain
arising from the interaction between acoustic and light waves in cylindrical waveguide
geometry can be controlled on the basis of index profile design. Some of the early
publications in this domain include studies by Cotter (Cotter, 1983) on SBS in single-mode
fibers and Tkach et al. on spontaneous Brillouin scattering for fiber characterization in 1986

(Tkach, Chraplyvy et Derosier, 1986).

1.6.1 Stimulated Brillouin scattering techniques

Boyd proposed electrostriction and optical absorption as the two distinct mechanisms that
influence the interactive index variation of the material resulting in Brillouin scattering
(Boyd, 2003). SBS can allow distributed measurement as well as sensing using well-known
techniques such as Brillouin optical time-domain reflectometer (BOTDR) (Nicholson et al.,
2003b) or Brillouin optical time-domain analysis (BOTDA) (Nguyen et al., 2012). BOTDR
technique (Xinlei, Qingxu et Wei, 2012; Zhou et al., 2013; Zhou et al., 2009; Zhou et al.,
2007) is a valuable tool that is used to locate or identify the localized distributed strain in an
optical fiber. The basic purpose of BOTDR technique is to diagnose the optical fiber cables
enabling strain characterization and most importantly used for applications in strain and
temperature measurements. This technique is a non-destructive test used for quality checking
or troubleshooting of an installed fiber cable in an optical link and also for special strain and
temperature environment tests. The BOTDR technique that uses Brillouin characteristics for
measurement and detection principles has measured temperature error of 0.5 °C and spatial

resolution of 10 m in a deployed optical fiber link of up to 80 km.

The Brillouin gain studies of standard SMF and PMF have reported in large numbers (Song
et al., 2009; Song, 2011; Song et Yoon, 2010; Song et al., 2008; Teng et al., 2015; Zou, He et
Hotate, 2009). However, there are only few studies reported on few-mode fiber. One of the
recent studies on SBS characterization in an elliptic-core TMF reported significant Brillouin
gain between the modes (Kim et Song, 2014; Li, Hu et Shieh, 2013). The Brillouin spectrum

in single-mode fiber shows a Lorentzian profile. If any length is applied strain in fiber under
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test, the maximum gain shifts to a different frequency. Beside the fiber birefringence, single-
mode fiber possesses only single effective refractive index whereas on the basis of different
effective acoustic velocities separate acoustic modes can produce different Brillouin
frequency shift (BFS). Thus, Lorentzian spectral shapes peaking at different BFS are
characterized on the basis of acoustic and optical mode field distributions that are spatially
overlapped. In FMF, it becomes further complicated owing to the presence of numerous
acousto-optic waves. The overall BGS is obtained from the optical and acoustic mode
interaction travelling towards the path of the pump wave (Minardo, Bernini et Zeni, 2014).
The recent studies on SBS reveal the dependency of BGS on the optical mode pairs present.
A critical parameter involved in the characterization of TMF or FMF termed as intermodal
beat length is measured by analyzing the effective refractive index difference between two

spatial modes.

Song et al. categorized the interaction between the similar optical modes as intramodal SBS
and that between dissimilar optical modes as intermodal SBS, and the BGS and gain co-
efficient were determined using mode-division multiplexer (Song et Kim, 2013; Song, Kim
et Kim, 2013). The magnitude of intramodal SBS gain was reported to be same or larger in
comparison to the intramodal SBS gain. Determination of SBS threshold was focused in the
studies of SBS in MMF which also revealed higher gain coefficient for lower-order modes
than for the higher-order modes (Minardo, Bernini et Zeni, 2014). However, there are no
reports on the SBS of cylindrical vector beams till date. We therefore intend to fill this void
in the published literature.

Recently, SBS is being particularly utilized in the generation of localized and distributed
dynamic Brillouin gratings (DBGs) (Denisov, 2015; Kim et Song, 2014; Li et al., 2014; Teng
et al., 2015). Numerous DBG based applications such as high sensitive temperature and
strain sensors, birefringence sensors, tunable delay lines, high resolution time-domain
distributed sensors, and all-optical signal processing have been reported (Bao et Chen, 2012).
To explore the process of DBG generation in optical fibers using SBS, various new

techniques have been reported. One of the earliest techniques utilizing time domain analysis
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of pulsed lightwave was introduced in 1989 (Horiguchi et Tateda, 1989). This technique has
two scheme classifications: Brillouin optical time domain analysis (BOTDA) and Brillouin
optical time domain reflectometry (BOTDR). In BOTDA, counter-propagating pump and
probe configuration generates stimulated Brillouin scattering whereas, in BOTDR, a
heterodyne interferometer detects the scattering. Demonstration of performance improvement
and Brillouin spectrum characterization has also been carried out (Bao, Webb et Jackson,
1993). Brillouin optical correlation domain analysis (BOCDA), was another technique of
interest and was studied in 1999 by a group of researchers (Hotate et Hasegawa, 2000).
Through this technique, SBS was configured along a selected location of the optical fiber by
adjusting the correlation between the pump and probe beams. Brillouin optical correlation
domain reflectrometry (BOCDR) on the basis of spontaneous Brillouin scattering is another

technique proposed in 2009 (Mizuno, He et Hotate, 2009).

A novel dynamic grating technique was put forward by Song et al., using SBS in SMF, PMF
and FMF revealing some promising experimental results (Song et Kim, 2013; Song et Yoon,
2010; Song et al., 2008). The distributed modal birefringence characterization in a FMF
using distributed DBG was reported by Li et al., with higher spatial resolution and high
accuracy (Li et al., 2014). Li et al., presented a distributed type FMF sensor with a pump-
probe configuration where the temperature and strain coefficients could be measured
independently for LPo1 and LP11 modes (Li et al., 2015). Brillouin spectroscopic techniques
have been adapted to obtain useful information about the scattering loss, the composition of
fibers and the partition of optical power between the core and the cladding regions in optical
fiber waveguides. The rigorous Brillouin spectrum analysis is important in order to precisely
locate strain and temperature events. Different fiber types will have different Brillouin
scattering properties which need to be considered in order to make accurate measurements of
strain or temperature effects. Therefore, in applications like sensing utilizing special fibers
like MCF, MMF or FMF (Pan, Weng et Wang, 2015), the BOTDR measurements play a very

important role in order to characterize the Brillouin spectrum of the fiber.
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1.7 Summary

This chapter of the thesis explained the initiation and motivation of the research work
obtained from the background knowledge of earlier studies relevant to this research project.
The description highlights the technological advancements that have already taken place and
the research undertaken to facilitate high speed data transmission using SDM technology.
The MDM seems to be a promising solution for the defined problem of capacity crunch in
the upcoming telecommunication networks. Some of the early works done on mode
converters are reviewed and the recent developments on FMF based devices that can act as
independent information channels to use higher order guided modes, are discussed.
Innovative and efficient technique employed for the characterization of fiber is reviewed in
detail. Reviewing the literature has broadened the understanding on recent advancements in
SDM that have benefitted domains like optical fiber sensors, apart from the domain of optical
communications. To summarize, the photonic and SDM components that are proposed and
demonstrated for characterizing optical fiber links, and their adoption in SDM technology have

been reviewed.

The next three chapters of the thesis demonstrates the design, fabrication, characterization
and experimental results of all-fiber and free space mux/demux devices utilized in the
generation and characterization of CVBs in a few-mode fiber. To start with, the tunable
mechanical fiber based converter is fabricated that has helped in the characterization of
individual vector beams using the Brillouin scattering phenomenon. Further, the free space
experimental set-up is designed and demonstrated to generate and tailor PCVBs that are
demanded by some SDM fibers to increase the coupling efficiency. Finally, a simple and
reliable mode converter that can support stable propagation of CVBs with high energy is
demonstrated. The fabrication of such fiber-based devices has opened the possibility to create
low-cost, compact and flexible mode converters in specialty few-mode fibers so as to

generate CVBs and the so-called vortex beams.
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Résumé

Dans ce travail, nous démontrons pour la premiere fois la mesure des spectres de gain de
Brillouin des modes vectoriels dans une fibre multimode en utilisant une simple technique de
détection hétérodyne. Un réseau de fibres a longue période accordable est utilisé pour exciter
s¢lectivement les modes vectoriels supportés par la fibre multimode. En outre, nous
démontrons la mesure non-destructive des indices de réfraction effectifs absolus (nefr) des
faisceaux vectoriels avec une précision de ~10* basée sur les changements de fréquence de
Brillouin enregistrés. La technique proposée représente un nouvel outil de mesure et de
controle des faisceaux vectoriels ainsi que des modes portant un moment angulaire orbital
dans les fibres optiques avec des applications potentielles dans les communications optiques

de prochaine génération et les capteurs a fibres optiques multi-paramétriques.

2.1 Abstract

In this work, we demonstrate the measurement of the Brillouin gain spectra of vector modes
in a few-mode fiber for the first time using a simple heterodyne detection technique. A
tunable long period fiber grating is used to selectively excite the vector beam supported by
the few-mode fiber. Further, we demonstrate the non-destructive measurement of the
absolute effective refractive indices (nefr) of vector modes with ~10~* accuracy based on the

acquired Brillouin frequency shifts of the modes. The proposed technique represents a new
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tool for probing and controlling vector modes as well as modes carrying orbital angular
momentum in optical fibers with potential applications in advanced optical communications

and multi-parameter fiber-optic sensing.

2.2 Introduction

Recently, space division multiplexing (SDM) has been proposed to overcome the looming
capacity crunch in conventional single-mode fibers (SMFs). In order to enable SDM in
practice, many different types of specialty fibers have been devised (Richardson, Fini et
Nelson, 2013). In particular, the few-mode fiber (FMF) has attracted a lot of attention due to
its potential application in optical telecommunication and fiber sensing applications. Few-
mode fibers are particularly promising for mode-division multiplexing (Ryf et al., 2012),
where multiple information channels can be transmitted across independent spatial modes
with minimum crosstalk, thereby enhancing the data carrying capacity inside a single core
fiber by many folds. Moreover, recent research activities have reported promising results in
the development of multi-parameter and distributed sensors based on the LP modes of FMFs
(Li et al., 2015; Weng et al., 2015a; Xu et al., 2016). Both fields of application rely on
harnessing the rich modal diversity in FMFs. In order to fully exploit this modal diversity,
the nontrivial modal properties of the FMF must be characterized accurately. Specifically, the
effective refractive indices (ERIs) of the modes and ERI differences (Anefr) between adjacent
modes represent the key characteristics of FMFs that determine whether stable (i.e. low

intermodal cross-talk) transmission of multiple discrete modes is possible in practice.

Several characterization methods and tools have been developed for single-mode fibers
(Nikles, Thevenaz et Robert, 1997; Song, 2011) but, in the case of FMFs, new technical
challenges arise due to the co-existence of multiple co-propagating modes. Some of the
recent characterization techniques on FMF include the phase-shift method (Nicholson et al.,
2003a), the S2 method (Nguyen et al., 2012), the time of flight method (Cheng et al., 2012),
the microwave interferometric technique (Wang et al., 2014c) and the optical low-coherence

interferometry method (Gabet et al., 2015). However, most of the work done on FMFs have
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been limited to the measurements of the scalar LP mode groups and have so far neglected the
underlying vector beam, which require delicate spectral and spatial control in order to be

detected.

Vector modes in optical fibers constitute the fundamental basis set of LP modes (in the scalar
approximation) as well as of modes carrying orbital angular momentum (OAM) which
represent another potential avenue for SDM based communications (Willner et al., 2015).
Therefore, fundamental information and control over the vector beam is critical for future
SDM fiber communication links and OAM based fiber-optic sensors (Niederriter, Siemens et
Gopinath, 2015). A recent characterization technique of vector beam based on permanently
inscribed fiber Bragg gratings (FBGs) has been demonstrated (Wang et al., 2014b). While
this technique is effective, the accuracy is limited by the perturbation induced by the
refractive index modulation of the FBG, and its longitudinal spatial resolution and coverage

are restricted by the length and number of FBGs present in the fiber under test.

Recent works performed on FMFs have highlighted the potential of exploiting the nonlinear
stimulated Brillouin scattering in such fibers towards SDM (Song et Kim, 2013; Song, Kim
et Kim, 2013) and fiber-optic sensing applications (Li, Hu et Shieh, 2013; Li et al., 2015). In
this study, we report the non-destructive nonlinear characterization of vector beam in FMF —
excited via a tunable long period fiber grating (LPFG) — by means of their Brillouin gain
spectrum (BGS). We show how the BGS of the vector beam in FMF can be independently
measured and analyzed, and how the corresponding ERIs of the vector beam can be

subsequently retrieved from the data.

2.3 Experiment

The few-mode fiber used in the experiment is an inverse parabolic graded-index fiber
designed to mitigate the modal crosstalk between different vector beam by ensuring large
Anefr values between adjacent guided modes (Ung et al., 2014). This FMF with 3 pm core
radius supports the fundamental HE11 (even and odd) mode, the TEo1, HE21 (even and odd),
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TMoi, EHi1 (even and odd), and HE3:1 (even and odd) vector beam in the C-band. We note
that, in the scalar approximation, the LP11 mode group is created by a pairwise combination

of the TEo1, HE21 (even and odd) or TMo1 modes.
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Brillouin
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Figure 2.1 Experimental setup for the Brillouin gain spectra measurement of vector beam.
(PC: polarization controller; LPFG: long period fiber grating; LO: local oscillator; FMF: few-
mode fiber; POL: linear polariser; PD: photodetector; ESA: Electrical spectrum analyzer;
EDFA: Erbium doped fiber amplifier; OC: optical circulator)

Inset: Electric field representation (arrows) of the TMo1, TEo1, HE21a and HE216 (LP11 mode

group) calculated using FEM
Adapted from Ung et al. (2014, p.18047)

At 1550 nm, the FMF also supports up to 6 OAM modes through coherent combination of
the degenerate high-order hybrid modes (HE21, EHi1, HE31). The ERIs of all the vector beam
can be calculated by importing the measured refractive index profile (RIP) in a full-vector
finite-element method (FEM) mode solver. The minimum Arnefr value between the vector
components (TEo1, HE21, TMo1) of the LP11 group for this FMF is expected to be in the range
of 2.9 x 10 and 3.7 x 107*. This large modal separation allows the stable propagation of

these vector beams within the FMF.

On the other hand, the proximity of the EHii1, HE31 modes to modal cut-off induces very

large modal losses (Ung et al., 2014) such that we can neglect the latter higher-order vector
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beam. A tunable mechanical LPFG that efficiently excites the TEo1, HE21 and TMo1 mode has
been designed and fabricated (Pradhan et al., 2015). The LPFG is fabricated with a nominal
grating period of Ag = 200 um. This grating period can further be tuned by positioning the
fiber at specific angles 6 with respect to the grating lines. The angle of the grating can thus be
varied from 0° ( Ag = 200 um) to 26°, corresponding to a maximum grating period of A =
222 pum. Strong coupling of the power from the fundamental HE:1 towards a co-propagating
higher-order mode occurs when the phase matching condition A = A - Anerr is satisfied for a
given vector mode, where A is the resonant coupling wavelength, Anesr is the ERI difference
between the fundamental and high-order vector beam, and A = Ag /cos6, is the designed

grating period.

The experimental setup for measuring the BGS of different vector beam is illustrated in
Figure 2.1. The upper branch of the setup (Figure 2.1 area inside dotted box) shows the
arrangement utilized for the excitation and detection of different vector beam in the FMF. In
the arrangement, the output of the SMF is spliced into the input of FMF after which the
fundamental mode (HE1:1 or LPo1) is converted into the desired high-order vector mode by the
LPFG. The latter scheme is reciprocal and thus also works in the opposite direction: any
reflected power from vector beam in the FMF is converted back to the fundamental mode by

the LPFG.

Polarization controllers and mode strippers are inserted to maximize the conversion
efficiency of the LPFG. The average power conversion efficiency from the fundamental
mode to each of the three different vector beam using LPFG is measured to be 98.4%. The
end facet of the FMF is projected onto a CCD camera in order to dynamically monitor the
excited modes. The images of different vector beam (in the LP11 mode group) exhibit a
similar doughnut shaped intensity profile as shown in the inset of Figure 2.1. To discriminate
and identify each vector mode, a polarizer (i.e. analyzer) is placed in front of the CCD

camera and rotated at different angles as illustrated in Figure 2.2.
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In the experimental configuration (Figure 2.1), a tunable laser with a 100-kHz linewidth is
used as the light source. The 1550-nm CW light is split in two directions using a 50:50
single-mode fiber coupler. The upper path of the pump beam is first amplified to 25 dBm by
an erbium doped fiber amplifier (EDFA) before being fed to the 50 m long FMF via an
optical circulator (OC). The LPFG acts as the mode-converting device between the incident
fundamental mode and the desired higher-order vector beam in the FMF (and vice-versa), as

explained earlier.

e © O O & 2

Figure 2.2 Identification of the TMoi, HE21 and TEo1 vector beam via a linear polariser

2.3.1 Brillouin gain spectra

The reflected beam from the FMF contains a component at the same optical frequency as that
of the incident beam (vy) and includes a slightly red-shifted spectral component owing to
nonlinear Brillouin scattering. The Brillouin reflected signal (i.e. Stokes signal) — of
frequency vy — vg where (vg) is the Brillouin frequency shift — is then optically mixed with
the lower path beam (acting as a local oscillator) and the corresponding optical beat signal is
measured by a fast photodiode and electrical spectrum analyzer (ESA). Figure 2.3 shows the
Brillouin spectrum obtained by launching a fundamental mode into the FMF and analyzing

the backscattered Stokes signal trace using the ESA.
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Figure 2.3 Full Brillouin gain spectra of the fundamental LPo1 mode of FMF at 1550nm

The multiple peaks located at 9.21, 9.65, 10.01, 10.32 and 10.56 GHz correspond to the
Brillouin scattering driven by various higher-order acoustic modes comprising both
longitudinal and shear acoustic wave components (Xu et al., 2016). In this study, our analysis
focuses on the fundamental acoustic mode (centered around 9.21 GHz) as it is the dominant
peak with the strongest Brillouin scattering response. Nonetheless, the methodology

presented hereafter could be extended to other acoustic modes of interest.

2.4 Results and Discussion

The measured Brillouin gain spectra for the fundamental LPo1 optical mode and the vector
components of the LP11 mode group are presented in Figure 2.4. To increase the signal to
noise ratio of the BGS signal of each vector mode, ten sweeps were averaged before applying

a Gaussian curve fit (Villafranca et al., 2005; Yeniay, Delavaux et Toulouse, 2002).
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Although the excitation of all these guided modes is possible at 1550 nm if the LPFG is set at
the proper angle, the measured BGS shown in Figure 2.4 were obtained at wavelengths
slightly offset from the target 1550 nm wavelength (with the exception of the fundamental
mode) due to imperfect fiber alignment on top of the LPFG’s grating lines when the latter is

set at a non-zero angle.
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Figure 2.4 Measured Brillouin gain spectra for fundamental and high-order vector beam, and
corresponding Gaussian fit curves

As a result, when pressure was applied on the fiber placed on top of the angled grating, it led
to a non-uniformity of the grating period at some points along the ensuing LPFG. Therefore,
in order to maximize the coupling efficiency of different vector beam, the phase-matching
point was achieved by fine-tuning the resonance wavelength. Hence, in order to compare all
BGS results at a common reference point, all the measurements (that were obtained at
different wavelengths) were subsequently normalized to the same 1550 nm wavelength

through a procedure detailed below.
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24.1 Wavelength normalization of Brillouin gain spectra at 1550 nm

The variation of Brillouin frequency shift (BFS) vg for acoustic modes in terms of acoustic

velocity Vaand optical modes with ERIs (7eff) can be expressed as

vg = Y, 2.1)

where A is the pump wavelength. The value of acoustic velocity (Va) for germania-doped
silica glass can be obtained through linear interpolation of the data based on the Makishima—
Mackenzie model (Dragic, 2010). In this FMF, the maximum refractive index difference of -
An = (0.0442 at the core-cladding interface thus corresponds to a velocity of 4876 m/s for the

fundamental longitudinal acoustic mode (Xu et al., 2016).

As seen from Eq. (2.1), using the latter value for Va and the measured vg , we can deduce the
nefr values of the guided modes based on their specific BFS values at a given wavelength A.
Now, in order to retrieve the nqs ' values of the TEo1, HE21 and TMo1 modes at a common
1550 nm wavelength, the chromatic dispersion of their respective netr values [Figure 2.5] was

taken into consideration via:

U d €
Neff = Neff + ( Z}\ff) AA (22)
Using Eq. (2.2) we are thus in a position to normalize the measurement of the BFS of

different vector beam performed at different resonance wavelengths (A) to the new

wavelength (A" = 1550 nm) shifted by AL = (A" — Q).
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Figure 2.5 ERIs of the vector beam in the LP11 group calculated via FEM simulations based
on the measured RIP of the FMF

The Brillouin frequency shift vg of the BGS measured for the fundamental and high-order
vector beam in the 50 m FMF are summarized in Table 2.1. It is notable that the BFS of the
vector components of the LP11 mode group are separated by small but non-negligible shifts
that enable the independent characterization of these vector beams. Subsequently, the
effective refractive indices of the vector beam, as well as their corresponding separations

(Anefr), were extracted from the vs measurements using Eq. (2.1).

We note that the modal separations calculated via the BGS are almost two times larger than
prior measurements (Ung et al., 2014; Wang et al., 2014b). We attribute these discrepancies
to two main factors: a) the longitudinal variations in the fiber’s refractive index profile
(whose local effect on the fiber’s nefr values are accentuated by the very large core-cladding
index contrast), and to its non-negligible birefringence which is capable of inducing

significant deviations (>107*%) in the ERI value of a vector mode (Wang et al., 2016),



Table 2.1 Characteristics of the Brillouin gain spectra of vector beam
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Brillouin Effective Modal Brillouin gain Brillouin
Mode | frequency shift refractive separation linewidth gain
vg (GHz) index nege Anggs Avg (MHz) threshold
(dBm)
LPo: 9.2136 £0.0003 | 1.46443+4x107 (5.0£0.1) x 10° 23.54+0.32 14.4
TEo | 9.1820+0.0003 | 1.45942+5%107 + % 10 18.02+0.69 21.0
(59+0.9)x10
HE» | 9.1783+£0.0003 | 1.45882+5x107 6.5+0.7)x 10* 18.83+0.40 21.3
( )
TMo1 | 9.1742£0.0003 | 1.45816+5x107 21.01+0.36 18.3

b) the presence of a double-peak structure at the crest of the measured BGS (as shown in
Figure 2.4) — ostensibly related to polarization mode dispersion (Wang et al., 2016) —
introduces an unavoidable level of uncertainty in the curve fitting process. In fact, the
double-peak is characterized by a spectral half-width of ~2 MHz which translates (via Eq.
(2.1)) into a maximum error of £+ 3.2 x 10~ in the corresponding effective index value. The
latter magnitude of the error allows to bring into agreement our results in Table 2.1 based on
the BFS, with earlier reported results performed on the same fiber but via other methods (L1,
Hu et Shieh, 2013; Wang et al., 2014b).

2.4.2 Brillouin threshold measurements

Finally, we measured the Brillouin threshold for each vector mode by varying the pump
power from 9 dBm to 25 dBm. Plots of the Stokes signal power as a function of pump input

power is presented in Figure 2.6. The Brillouin threshold of the vector beam are higher than
that of the fundamental LPo1 mode, and this difference is +4 dB for TMo1 and +7 dB for HE2:
and TEoi. We suspect that the lower Brillouin threshold observed for the TMoi mode
(compared to the TEo1 and HE21 modes) can be explained by a polarization-mode-dependent
photon-phonon coupling efficiency arising from the interplay of the different in-
homogeneously polarized vector beam with the specific refractive-index profile of the fiber

supporting the photo-acoustic interactions (Florez et al., 2016; Van Deventer et Boot, 1994).
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Figure 2.6 Brillouin threshold power of the LPo1, TMo1, HE21 and TEo1 modes in the FMF

2.5 Conclusion

Measurement of the Brillouin gain spectra of the vector beam in a FMF has been
demonstrated for the first time using a simple heterodyne detection technique. Based on the
measured Brillouin frequency shifts, we were able to extract the effective refractive indices
of the vector beam in the FMF in a completely non-destructive manner. We predict that this
new characterization method of individual vector beam will have an impact in both light
wave and fiber-optic sensing applications, which currently mostly rely on the scalar LP
modes. Moreover, the ability of some specialty FMFs to lift the degeneracy of higher-order
vector beam can be exploited in optical sensing (instead of their coupled LP modes
counterpart), thereby bringing a larger number of independent states towards multi-parameter

sensing. Because OAM mode-division multiplexing depends on the precise control of vector
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modes, it is also expected that the proposed method will help in the remote and non-
destructive modal diagnostic of OAM fibers and their design optimization towards stable

OAM modes transmission or in narrow-linewidth Brillouin FMF lasers.
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2.7 Methods

Long period fiber grating as a mode converter: The LPFG was devised using 200 um
diameter steel wires placed on top of a rectangular aluminum block (6 cm long and 4 cm
wide). The wire diameter determines both the height and nominal pitch Ay of the grating
(Pradhan et al., 2015). As seen in Figure 2.7, the bare fiber was placed at varying angles 6
with respect to the grating in order to excite individual vector beam. The angles calculated to
excite TMoi1, HE21 and TEo1 were 0, 18 and 25 degrees respectively. The vector beam
generated using LPFG were found to be stable over time and their modal purities (in dB)
were calculated using the procedure outlined in ref. (Bozinovic, Kristensen et Ramachandran,
2011) : 22.5 dB, 19.7 dB and 18.8 dB for the TMoi, HE21 and TEo1 modes respectively. The
conversion efficiency of each vector mode was calculated by measuring the power
transmitted at the output end of the fiber before and after the LPFG was used. Firstly, the

power P1 was measured at the output end of the fiber without the LPFG.

Then power P2 was measured after the vector mode generation when the LPFG was applied.
The calculation of corresponding mode conversion efficiency in dB was taken from (Wu et

al., 2012)

P,—-P
Nas = 10log;o (2572 23)
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Subsequently, the conversion efficiency in terms of percentage is given by

NdB
My = (110750 ) X 100% (2.4)

Proper identification of vector beam was ensured by using the polarizer in front of the CCD

camera (see Figure 2.2) before recording measurements.
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Figure 2.7 Positioning of the fiber at different angles w.r.t. LPFG (top view with angle 6) to
vary the period
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Résumé

Nous proposons la génération de faisceaux vectoriels cylindriques parfaits de haute pureté
(PCVB) en utilisant la transformation de Fourier des faisceaux vectoriels de Bessel-Gauss.
La démonstration des PCVB est réalisée par une méthode interférométrique utilisant un
modulateur spatial de lumiére qui permet un contréle totalement indépendant du diameétre de
'anneau (Rp) et de la largeur de l'anneau (Rw) du PCVB. Le schéma propos¢ permet de
générer différents types de faisceaux vectoriels cylindriques avec des dimensions
transversales précises définies par l'utilisateur. Le controle dynamique de la largeur et du
diametre de l'anneau ainsi que le type de PCVB souhaité est démontré de maniére théorique
et expérimentale. La configuration expérimentale proposée peut non seulement Etre
employée dans la génération de PCVB arbitraire, mais également dans celle des faisceaux
vortex parfaits. La capacité de générer des faisceaux vectoriels cylindriques et des faisceaux
vortex parfaits a des implications pour 1’excitation efficace de modes optiques exotiques dans
les fibres spéciales, dans le domaine des pinces optiques ainsi que pour la microscopie a

super résolution

3.1 Abstract

We propose the generation of high-purity perfect cylindrical vector beams (PCVB) using the

Fourier transformation of Bessel-Gauss vector beams. The demonstration of PCVBs is
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implemented via an interferometric method employing a spatial light modulator that allows a
fully independent control of the ring diameter (Rp) and ring width (Rw) of the PCVB. The
proposed scheme enables to generate different types of cylindrical vector beams with precise
user-defined transverse dimensions. The dynamic control of the ring width, ring diameter,
and the specific type of PCVBs desired is theoretically as well as experimentally
demonstrated. The proposed experimental setup can not only be employed in the generation
of arbitrary PCVB, but also in perfect vortex beams. The ability to generate fully tailorable
cylindrical vector beams and vortex beams has implications for the efficient launch of exotic
optical modes in specialty fibers, in the field of optical tweezers as well as for super

resolution microscopy.

3.2 Introduction

There is a burgeoning transformation in the optics and photonics world, which so far had
been driven by Gaussian light beams. Increasingly, scientists and engineers are finding new
applications that benefit from a beam of light whose intensity profile takes the shape of a
single doughnut ring(Chen et al., 2015b; Porfirev, Ustinov et Khonina, 2016; Zhan, 2009). In
particular, the so-called cylindrical vector beams (CVBs) with radial and azimuthal
distribution of polarization exhibit unique properties when focused, which provide distinctive
light-matter interactions compared to conventional (Gaussian-like) beams with homogeneous
polarization (Bomzon et al., 2002; Milione et al., 2015). For example, a radially polarized
doughnut shaped beam enables a significantly improved imaging resolution by providing a
symmetric and high numerical aperture focus (Dorn, Quabis et Leuchs, 2003; Youngworth et
Brown, 2000). More recently, CVBs have shown to enhance the quality and control over the
laser processing of materials (Duocastella et Arnold, 2012). Furthermore, CVBs have
promising applications in optical micro-manipulation (Kozawa et Sato, 2010), super-
resolution imaging (Kozawa et Sato, 2015; Torok et Munro, 2004; Yu et al., 2016) and fiber
optic transmission of exotic optical states (Brunet et al., 2014; Vaity et al., 2014). These

emerging applications of CVBs, both in free space optics as well as in fiber optics, have
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reached a threshold where further developments will require a greater control over the

precise intensity profiles of the CVBs.

Precise control over the ring diameter and ring width of vortex beams (i.e. beams carrying
orbital angular momentum) was recently achieved through the generation of perfect vortex
beams, as demonstrated by a number of research groups (Chen et al., 2013a; Chen et al.,
2015b; Jabir et al., 2016; Li et al., 2016; Ma et al., 2017; Ostrovsky, Rickenstorff-Parrao et
Arrizon, 2013). These recent works report the ability to maintain the dimensions of the beam
intensity pattern irrespective of their topological charge (/). Furthermore, the reported new
class of perfect vector vortex beams has been demonstrated with tailorable ring diameter
irrespective to the polarization order. Still to the best of our knowledge, the independent
control of the ring diameter and ring width in perfect cylindrical vector beams (PCVB) has
not yet been demonstrated in its entirety (Fu, Wang et Gao, 2016; Karahroudi et al., 2017;
Liu et al., 2017b; Wang et al., 2017d).

So far, efforts towards the generation of PCVBs that would enable one to fully tailor the
intensity profile of the CVBs of interest have yielded PCVBs with tunable ring diameter only
that were of limited purity (Fu, Wang et Gao, 2016; Liu et al., 2017a; Wang et al., 2017d)
(showing either residual light intensity in the beams center or significant intensity fringing)
via a method of limited flexibility due to the use of static optical elements (Liu et al., 2017a).
In this work, we demonstrate the generation of arbitrary PCVBs whose transverse intensity
profile (i.e. ring width and ring diameter) can be independently and easily controlled via an
iris and a diffractive phase mask implemented on a programmable spatial light modulator
(SLM). The proposed method is highly adaptable as it can be used to generate any type of
PCVB as well as any topological orders of perfect vortex beams, using the same
experimental setup. Our experimental results are supported by a rigorous theoretical
framework as well as full-vector finite-element simulations that are in agreement with theory

and results.
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33 Theory

Perfect cylindrical vector beams are here generated by the interference of two coherent
sources: a left and a right circularly polarized beam stemming from the Fourier
transformation of Bessel beams. The experimental formulation for the Fourier transform of
an ideal Bessel function is not amenable in practice. Therefore, the Fourier transformation of
the closely related Bessel-Gauss beams has been widely used instead in experiments. The

Bessel-Gauss beam equation is mathematically written as (Vaity et Rusch, 2015)

Eac(p, @) = h(kip)exp(ilpexp () G.1)

Where (p, @) are the polar co-ordinate system, J; is the 1” order Bessel function of first
kind, k, is the radial wave vector, / is the topological charge of beam and w, denotes the

beam waist of the input Gaussian beam used to form the Bessel-Gauss beam.
In the case of the first circularly polarized Bessel-Gauss beam, the x and y E-field

components transforms into a vector field given by (Maurer et al., 2007)

exp(iI(P)COS(“)t)> 3.2)

E - -
EBGl(pr P, t) - ]l(krp)exp (W?g) (exp(ll(p)sm(oot)
Likewise, the second circularly polarized Bessel-Gauss beam of opposite handedness and

topological charge / can be written as

exp(—ilg)cos(wt) ) (3.3)

= _ -p?
Epca(p, @, 1) = Jilkrp)exp <w§) (—exp(—ilcp)sin<wt)

The coherent superposition of these two opposite circularly polarized light beams thus yields

a CVB with a Bessel-Gauss beam profile:
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cos(l(p)cos((ot))

Egc(p, @) =2 Ji(kep)exp (%) (sin(lcp)sin(oot)

(3.4)
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Figure 3.1 (a) Finite-element simulation of a perfect cylindrical vector beam and its (b) radial
intensity profile shown with ring width Rw and ring diameter Rp parameters

The latter CVB is passed through a Fourier lens transformation that converts the CVB into
the desired PCVB, which can be written as

= e _ R%+RZ 2RR, (cos(16 + (Z))cos(oot))
Eno(R 6,0 =21 Texp (— 5% 1 (%3 )(sin(19+¢)sin(wt) (3.5)

where R = (p, @) is a shorthand notation for the polar coordinates, I; is the [ order modified
Bessel function of first kind, @ is an offset phase added to tailor the relative phase between

the two beams with opposite topological charges, Ry, = 2w, denotes the “ring width” of

PCVB (as shown in Figure 3.1) where w,= kz‘f/ is the beam waist of the input Gaussian beam
g

. . . Rp .
at focus, while the “ring radius” R, = 7]) is governed by:

R, = f-sin((n — Da) =k, f/k (3.6)
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where n is the refractive index of the axicon material, o denotes the base angle of the axicon

that is used to tune the ring radius of the PCVB, while k = \/kZ + kZ and k, respectively
denote the total and longitudinal wave vectors. We note that a detailed description of the role
and definition of the axicon parameter is given in Appendix A at the end of the paper. For
large values of R, at the Fourier plane, w, becomes small and the modified Bessel function

can be approximated as

(22 = e (229 6

Hence the expression of the Fourier transformed CVB in Eq. (3.5) can be rewritten as

E(R,6,t) = Egexp (— (R_Rr)z) (cos(le + Q))COS(wt))

5 sin(16 + @)sin(wt)

Wo

(3.8)

where we defined E, = 2 -il™? %. Further, the propagating PCVB is written as
0

= _ _ (R-R;)? oo (RP4R. cos(10 + @)cos(wt)
E(R,0,z,t) = Eoexp( g )exp <1kz 1k( - )) (sin(le + (Z))sin(oot)) (3.9)

Finally, when the above equation is evaluated at the focal plane of the Fourier lens (z = f) it

simplifies as

E(R 0, t) = E,exp (— (R;;)r)z) exp (—ik

R2+Rr2) (cos(le + (Z))cos(oot))
2f sin(16 + @)sin(wt)

(3.10)
Where E; = EyekD . Equation (3.10) describes the complex E-field amplitude of the PCVB
at the focal plane of the Fourier transform lens. This equation is useful for guiding the
experimental realization of PCVBs and to analyze the results. By controlling the input beam

waist wg one can tune the ring width (Ry) of the PCVB. Similarly, the ring diameter (Rp)
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can be independently controlled by varying the radial wavevector K, that is related to the

axicon parameter in (3.6) and (3.12).

Figure 3.2 Experimental setup for the generation of PCVB incorporating HWP: half wave
plate, BS: beam splitter, WP: Wollaston prism, mirror (M1, M2), lenses (L1, L2), SLM:
spatial light modulator, LP: linear polarizer, QWP: quarter-wave plate, FL-Fourier lens and
variable iris diaphragm

3.4 Experimental Setup

The experimental setup for the generation of PCVB is based on a common-path
interferometric scheme and a spatial light modulator (SLM), as is schematically depicted in
Figure 3.2. The linearly polarized input Gaussian beam from the tunable laser source at 1550
nm is collimated to a 3 mm diameter beam using an objective lens. This collimated beam is

allowed to pass through an iris to adjust the incident beam diameter. A first half-wave plate
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(HWP) is placed before a 50:50 non-polarizing beam splitter (BS) to ensure that the linearly
polarized beam is at a 45° angle with respect to the plane of incidence. The Wollaston prism
(WP) splits the input Gaussian beam into two beams of vertical and horizontal polarizations

diverging at an angle of 1.3°.

The horizontally polarized beam subsequently passes through a second HWP to make it
vertically polarized in order to match the polarization dependence of the phase-only SLM.
Further, a two-lens arrangement (L1 and L2) is employed to collimate the diverging beams
before they interact with the phase masks digitally imprinted on the SLM. A blazed grating
phase mask was designed using a homemade Matlab script and numerically transferred to the
SLM in real-time. Henceforth, the two back-diffracted beams from the reflective SLM travels
back through the same arrangement of lenses and prisms so that they recombine into a single
coherent beam. The interference of the two orthogonally linearly polarized beams with
opposite topological charges results in the formation of a vectorial beam exhibiting spatially
inhomogeneous polarization. The role of the quarter-wave plate (QWP) is to convert the two
orthogonally linearly polarized beams into left and right circularly polarized beams,

respectively.

3.4.1 Role of spatial light modulator

The generation of different types of CVBs actually depends on the relative phase difference
(p) imparted by the phase mask of the SLM. The Fourier lens (FL) transforms the field
distribution of the diffracted beams so as to generate a single PCVB at the focus. Finally, a

CCD camera captures the intensity profile of the generated PCVB.

The screen of the reflective phase-only SLM (1920 x 1152 pixels) was divided into two
equal halves, each addressing a different incoming beam, so as to produce two 1st-order
diffracted beams with opposite topological charges whose intensity profiles are shown on the
first two columns of Figure 3.3. The phase masks employed are blazed fork grating structures

designed such that the total diffraction efficiency into the first order is maximal. We note that
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the overall efficiency of the proposed scheme is currently limited to 25% due to the double
passage through a beam splitter. Figure 3.3 also displays the experimental and simulated
beam profiles of the generated PCVBs with the local E-field vectors denoted by arrows in the

simulations.

EXPERIMENT

HE,;,

Figure 3.3 Experimental and simulated generation of PCVBs. The type of PCVB generated
(here: TMo1, TEo1, even and odd HE21) depends on the specific topological charge (/) and
phase difference (@) ascribed to each interfering beams

3.5 Result and discussion

For demonstration purposes, we applied the proposed method for the generation of three
different types of CVBs: the radial and azimuthally polarized CVBs that are respectively

analogous to the TMo1 and TEo1 modes of an optical fiber, as well as an in-homogeneously
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polarized CVB with direct correspondence to the even and odd HE21 modes of a fiber. For
the latter exemplar set of PCVBs, the relative phase difference between the two interfering
beams (set by the phase masks on the SLM) was varied from ¢ = 0 to ¢ = &, as shown in
Figure 3.3. Still, we again stress that the proposed method is in fact general since the SLM
can be programmed with different phase and topological charges so as to generate any other
types of PCVB or perfect vortex beams for that matter, all using the same experimental

setup.

. R
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Figure 3.4 Experimental demonstration of PCVB (a radially polarized beam was here used).
From left to right (i-ii1) columns, the ring diameter Rp increases with the axicon
parameter.From top to bottom (a-b-c) rows, the ring width Rw decreases with the iris
parameter

As indicated earlier and suggested in Figure 3.1, the key feature of this work stems from the
ability to tailor both the ring diameter and ring width of the PCVB independently from one
another. The latter is here accomplished through two “knobs”: the axicon parameter (a) and

the iris parameter via the input Gaussian beam waist (Wg).
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3.5.1 Process towards tailoring of cylindrical vector beam

The procedure to generate a PCVB is thus divided into two stages. In the first stage, the
variable iris is used to control the diameter of the input Gaussian beam, which enables one to
tune the ring width (Rw) of the PCVB. As the input beam width (wg) increases, the ring
width decreases in both directions, inward as well as outward. In the second stage, the axicon
mask (along with the lens function) imprinted on the SLM allows the independent control of
the ring diameter (Rp). The demonstration of PCVB with complete control over the
transverse dimensions of the CVB is shown in Figure3.4 for increasing values of the axicon
and iris parameters. The ring diameter (Rp) of PCVB was increased or decreased via the

axicon parameter (a) for a given fixed input Gaussian beam width.

Table 3.1 Measured values of the Rp and Rw on the CCD Camera for Each PCVB shown in

Figure 3.4
 (mm) i) i) iii)
[Ry (mm)
| 0.61 0.73 0.87
a
0.25 0.22 0.21
) 0.65 0.78 0.93
) 0.18 0.17 0.17
| 0.65 0.79 0.93
C
0.16 0.14 0.14

Table 3.1 presents the measured values of the ring diameter (Rp) and ring width (Rw) that are
shown in Figure 3.4. The results indicate an average fluctuation of around 3% for a given
constant ring diameter (i.e. along a single column 1i, ii or iii) while the iris parameter (Rw) is
varied. We ascribe this small error to the aperture diffraction incurred when the iris is

gradually closed to modify the input beam width. This effect causes a slight reduction in the
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brightness of the recorded beam, which in turn affects the intensity contrast (i.e. image

sharpness) of the recorded beam profile.
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Figure 3.5 Experimental identification of the generated PCVBs (TMo1, TEo1, even and odd
HE21 beams) via the rotation of a linear polarizer located in front of the CCD camera

We note that the ultimate size of ring width possible with this method is only limited in
practice by the aperture of the iris utilized (see Figure 3.2). However, this iris could be
replaced by a lens arrangement (i.e. tunable beam expander) that would extend the input
beam diameters possible with this approach. The maximum achievable size of ring diameter
is mainly restricted by the aperture stop of the lenses and half wave plate located before the
SLM. On the other hand, the minimum size of the ring diameter is limited by the minimum
input size of the Gaussian beam. Measurements in Table 3.1 further indicate that for a given
constant ring width (along a single row a, b or c) there is an average error of 5% in the

stability of the ring width (Rw) while the ring diameter (Rp) is varied. This small fluctuation
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stems from the Fourier transformation of the Bessel-Gauss beams as pointed out in (Vaity et

Rusch, 2015).

The experimental validation of the kind of PCVB generated was performed with the well-
known method of the rotating analyzer (Figure 3.), as described in (Pradhan et al., 2017a;
Zhan, 2009). The first column in Figure 3. presents a schematic representation of the E-field
vector distribution of the PCVBs of interest. By rotating the linear polarizer in front of the
CCD camera (first row) and by simultaneously monitoring the resulting intensity profiles on
the camera (subsequent rows), one can deduce the type of PCVB (TMoi, TEo1 and even or
odd HE21) at hand. We note that the intensity distributions of the TMo1 and TEo1 modes rotate
in the same direction while rotating the linear polarizer in front of the CCD camera, whereas

the intensity distributions of the even or odd HE21 modes rotate in the opposite direction.

Table 3.2 Mode Purity Measurement of PCVBs

PCVBs Simulation (dB) Experimental (dB)
TEo1 33.65 19.10
TMo1 33.65 18.13
HE21,even 33.65 18.23
HE21,0dd 33.65 18.53

To determine the mode purity of the PCVBs generated with this method, the azimuthal
intensity distribution of the doughnut shaped intensity profiles was recorded. A calculation
based on the visibility of the intensity ring pattern reveals that the PCVBs produced in this
work were of high purity (>18 dB) as indicated in Table 3.2. The approach used to determine
the mode purity is detailed in Appendix B.
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3.6 Conclusion

We have proposed and demonstrated the generation of high-purity perfect cylindrical vector
beams (PCVB) whose transverse profile dimensions (i.e. ring width and ring diameter) can
be independently controlled using an iris and a diffractive phase mask implemented on a
digital spatial light modulator (SLM). Although the work was restricted to the generation of
well-known PCVBs (the HE21 mode, radially and azimuthally polarized TMo1 and TEo
modes), we emphasize that the proposed method can be directly generalized to any arbitrary
PCVB as well as for the generation of perfect vortex beams, using the same experimental
setup. The ability to generate PCVBs and tune their dimensions through a digitally
addressable SLM obviates the need for the repeated tedious manipulation and re-alignment of
bulk optics in the setup. The ensuing perfect cylindrical vector beams and perfect vortex
beams are of high topical interest in the areas of laser material processing, super-resolution
microscopy, fiber launching of exotic optical states and spin-orbit optical interactions, among

others.
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3.7 Appendix A

The interference of the two perfect vortex beams (of opposite topological charges) leading to
the generation of a PCVB with the desired spatial polarization and transverse dimensions,
depends on the user-defined phase masks imprinted on the SLM. A given phase mask is here
designed by combining an axicon phase, a lens function and a spiral phase function that also
implements the appropriate relative phase shift (between the two interfering beams). The

resulting complex phase mask is given by (Vaity et al., 2014):

I iaR +il6) G.11)

exp(—

where k denotes the total wavevector, f is the focal length and a the axicon parameter. The
first term of (3.11) represents a lens function while the next term is the axicon function that is
used to control the ring diameter (Rp) of the PCVB. The axicon parameter used in this phase

mask has a relationship between the radial and total wavevector defined by

— lein—1(Kr
a = ksin (k) (3.12)
with k. = 2.405/B, and B, being the first zero of the zero-order Bessel beam. Finally, the
third term of (3.11) represents a spiral phase function that is used to produce two beams with
opposite topological charges (I = +1). The practical implementation of this complex phase

mask is schematically described Figure 3.5.

Figure 3.5 shows the physical procedure for transforming an input Gaussian beam into a
PCVB. The input Gaussian beam sequentially passes through the three different stages of the
complex phase mask described in (3.11) that is imprinted on one half-side of the SLM. In the
example of Figure 3.5, here a right(-left) circularly polarized input Gaussian beam after

passing through the spiral phase function yields a Laguerre-Gauss beam of prescribed
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topological charge (I = +1). Next, the beam is transmitted through the axicon function thus

x
—

Spiral phase
plate

generating a Bessel-Gauss beam.

Input Gaussian Laguerre-Gauss
beam

Axicon

d)

Perfect vortex Bessel-Gauss

Figure 3.5 Simulation of the (a) input Gaussian beam, (b) Laguerre-Gauss beam after passing
through the spiral phase function, (c) Bessel-Gauss beam after undergoing the axicon
function, and (d) the perfect vortex beam is obtained after the lens function

Subsequently, the Bessel-Gauss beam is Fourier transformed into a perfect vortex beam after
passing through the lens function. The latter procedure is performed on both arms of the
common-path interferometric arrangement (but using different phase masks on each half-side
of the SLM). Finally, when the two perfect vortex beams of opposite topological charges are
made to interfere, the ensuing optical beam forms the desired type of PCVB (TMo1, TEo1 or

even and odd HE21 modes) as shown in Figure 3.3.
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3.8 Appendix B
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Figure 3.6 (a) Simulated and (b) experimental TEo1 PCVB with the centered azimuthal
intensity profile recorded along the dashed line. This azimuthal profile is ultimately used to
calculate the beam purity

To test the quality of the PCVB generated using our experimental setup, we measured the
purity of the TMo1, TEo1 or even and odd HE21 beams based on the visibility of their intensity

pattern given by (Bozinovic, Kristensen et Ramachandran, 2011)

_ Imax—Imin (3.13)

Imax+Imin

Where 1,4 and I,,,;, are the intensity maxima and minima of the beam along the azimuthal

intensity distribution. Hence, the mode purity is calculated using
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—2
Mode purity (dB) = 10log, (ﬂ)

- (3.14)

Figure 3.6 (a) shows the azimuthal intensity distribution along the ring for an ideal TEo:
mode obtained from simulation. Keeping the simulated result as reference, we then present
the azimuthal intensity distribution of the experimentally obtained TEo1 PCVB as displayed
in Figure 3.6 (b). The beam purity measurements of the TMo: and HE21 PCVBs were
similarly calculated and their values reported in Table 3.2.
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Résumé

Nous rapportons un réseau longue période a fibre (LPFG) avec le plus petit pas fabriqué en
utilisant l'approche commune via arc électrique. Avec ce LPFG écrit dans une fibre
faiblement multimode, nous avons démontré 1'excitation efficace des faisceaux vectoriels
cylindriques (CVBs) d'ordre supérieur, a savoir les modes TEo1, HE21 et TMo1. L'efficacité de
conversion moyenne pour la production de CVB est mesurée a environ ~81%. En outre, la
génération de faisceaux avec moment angulaire orbital (OAM) a été accomplie avec succes
et détectée a la sortie de la fibre faiblement multimode. Ce travail démontre que la méthode
couramment accessible d'écriture a l'arc électrique pour la fabrication de LPFG peut étre
étendue a des fibres spéciales faiblement multimodes qui nécessitent souvent de trés petites
valeurs de pas du réseau. Les résultats présentés sont pertinents pour le domaine de
I’illumination structurée, en particulier pour la génération de faisceaux CVB et OAM de

puissance ¢levée.

4.1 Abstract

We propose and demonstrate the use of the cost-effective electric arc writing method for the
all-fiber CVB and OAM mode generation in few-mode fibers for the first time to the best of
our knowledge. We show that this technique enables the writing of long-period fiber gratings
(LPFGs) with pitch values as small as 238 pum, such is required in some high-index contrast

specialty fibers tailored for the stable guiding of CVB and OAM modes. Conversion
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efficiencies around 81 % are measured for three different symmetric CVBs. The polarization-
dependent properties of the fabricated LPFG are elucidated and we report a polarization-
dependent loss of about 2.5 dB accross the different CVBs. By means of a fabricated LPFG,
we further demonstrated the all-fiber generation of the OAM states with topological charge
(x1) at the output of the few-mode fiber. The results are relevant to the fields of laser
material processing, space-division multiplexing and novel optical sensors that would benefit
from a compact source of quality CVB and OAM beams of high average optical power.

4.2 Introduction

Over the past few decades, studies on few-mode fibers (FMFs) and multimode fibers
(MMFs) have been explored intensively in view of their potential to overcome the capacity
crunch of optical fiber communications based on the single-mode fiber (SMF) (Kitayama et
Diamantopoulos, 2017; Rademacher et al., 2018b; Richardson, Fini et Nelson, 2013). Few-
mode fibers are particularly promising for mode-division multiplexing, where multiple
information channels can be devised across independent spatial modes with minimum
crosstalk, thereby enhancing the data carrying capacity inside a single core fiber by many
folds (Ryf et al., 2012). Moreover, recent research activities have reported promising results
in the development of multi-parameter and distributed sensors based on the linearly polarized
(LP) modes of FMFs (Li et al., 2015; Weng et al., 2015b). Conventionally, the linearly
polarized (LP) modes have been widely utilized because the modes forming this basis are
more readily observed than the real eigenmodes of an optical fiber.

Recently, cylindrical vector beams (CVB) (Maurer et al., 2007; Pradhan et al., 2017b;
Youngworth et Brown, 2000; Zhan, 2009), orbital angular momentum (OAM) (Brunet et al.,
2014; Jabir et al., 2016; Karahroudi et al., 2017; Térok et Munro, 2004; Ung et al., 2014) and
vectorial vortex beams (Fu, Wang et Gao, 2016; Jabir et al., 2016; Li et al., 2016; Liu et al.,
2017b; Wang et al., 2017d) have received increased scrutiny as new spatial mode basis sets.
The unique properties of higher-order cylindrical vector beams exhibiting inhomogeneous
polarization give rise to peculiar focusing properties that can achieve high resolution optical
imaging and micro-particle optical manipulation (Dorn, Quabis et Leuchs, 2003; Kozawa et

Sato, 2010; Yu et al., 2016), among other. These emerging applications of CVBs, both in free
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space optics as well as in fiber optics, have reached a threshold where further developments
will require a generation of these CVBs with strong coupling efficiency and high power
handling. For this purpose, it is essential to develop efficient methods to generate these CVBs
(and OAM beams).

Some of the current methods of generating CVBs employ spatial light modulator
(Ostrovsky, Rickenstorff-Parrao et Arrizon, 2013; Pradhan, Sharma et Ung, 2018), spiral
phase plate (Liu et al., 2017b), mechanical LPFG (Pradhan et al., 2015; Ramachandran,
Kristensen et Yan, 2009) and offset fiber coupling (Fang et al., 2013). However, all-fiber
based mode converters with an advantage of cost, fabrication, integration, stability and low
loss are often favored towards applications in mode division multiplexing systems. Although
several inscribing mechanisms based on COz laser (Dong et Chiang, 2015; Wang et al., 2015),
femtosecond laser (Li et al., 2011b) as well as UV laser writing (Smietana, Bock et Mikulic,
2010) are reported, the electric arc-induced method remains a well-established and low-cost
technique to write stable and efficient long-period fiber gratings (LPFG) (Ivanov et Rego,
2007; Rego et al., 2001; Rego et al., 2005; Smietana et al., 2010).

Recent work performed on FMF has highlighted the potential for exploiting the LPFG
towards the all-fiber generation of high-power CVB lasers as well as in mode division
multiplexing applications (Chen et al., 2018). In this work we develop an all-fiber mode
converter that can efficiently generate CVBs of potentially high power and support their stable
fiber propagation with high mode purity by means of the arc-induced writing technique to
realize LPFGs with grating pitches as small as 238 um, as required to excite CVBs in some

specialty FMFs.

4.3 Theory and experimental configuration

The LP modes of the optical fiber are extensively used because of their convenience in many
applications and simple mathematical description. In particular, the first higher-order LP11
mode may randomly degenerate into its even and odd states (plus two orthogonal
polarizations) while propagating in the fiber. On the other hand, the true eigenmodes of the

fiber, if properly excited, may retain their original shape and polarization state as they
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propagate along the fiber. This is due to the invention of a new class of specialty fibers
designed to lift the polarization degeneracy of the antisymmetric LPi1 mode so that the
propagation constants of its constituting eigenmode components are separated by sufficiently
large phase gaps. Meanwhile, it is instructive to describe the relationship between these LP
modes and the eigenmodes supported by the fiber (Ramachandran, Kristensen et Yan, 2009;
Ung et al., 2014). In the weakly guiding approximation, the fiber modes are represented as
linearly polarized LPi» modes, where ‘I’ is the azimuthal number and ‘m’ is the radial mode
order. For m=1, the LP mode group in any fiber can have four unstable transverse electric

field distributions represented as (Han et al., 2016; Huang et al., 2015)

/LP{"{‘\ sin @ 0
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| LA 0 cos @ x

ex | = Kim (@) ( A ) [>1 (4.1)
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Where / denotes the topological charge, @ is the azimuthal coordinate and K; ,,, (r) represents
the radial field distribution. The linear combinations of these modes through the symmetric

and antisymmetric combinations represent the first four eigenmodes modes of the fiber.
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The expressions of the eigenmodes and their corresponding electric field vectors in a

weakly guided fiber (for /=1) are represented as (Snyder et Love, 2012)
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ey, = Kim (r){sin X + cos @y} 4.3)
erg,, = Kim (r){sin @x — cos @y} (4.4)
enpe, = Kim (r){cos @x — sin Py} (4.5)
ery .. = Ky, (r){cos@x + sin @y} (4.6)

In our experiment, we have used an inverse parabolic graded-index profile FMF that supports
three mode groups (including 8 CVBs) in the C-band: LPor (HE11x, HE11y), LP11 (TEo1,
HE210dd, HE21even and TMo1) and LP21 (EHi10dd, EH11even, HE310dd, HE31even) (Ung et al., 2014).
The effective refractive index difference Anesr between the eigenmodes (TEo1, HE21, TMo1) of
the LP11 group in this FMF is expected to be in the range of 2.1x10* and 3.7x10. This large
modal separation helps to mitigate the modal crosstalk between different vector modes by
ensuring proper discrimination of netr values between adjacent guided modes thus enabling
their stable transmission in the FMF.

In addition, these eigenmodes can also serve as the basis to form OAM guided modes. In the
vicinity of 1550 nm, the FMF thus supports up to 6 OAM modes through the coherent
combination of degenerate CVBs, i.e. the high-order hybrid modes (HE21, EHi1, HE31)
(Wang et al., 2014b).

Figure 4.1 Experimental setup for the generation of CVBs using LPFG in few-mode fiber
PC: polarization controller; TS: translation stage, FMF: few-mode fiber; MS: mode stripper;
FS: fusion splicer; MO: microscope objective; POL: linear polarizer
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To excite the CVBs, the LPFG was engineered to realize core-guided mode coupling from
the fundamental LPo1 mode to each of the high-order eigenmodes (TEo1, HE21, TMo1). The
schematic of the fabrication process for arc-induced long-period fiber grating is shown in Fig.
4.1, in which an electric-arc with exposure time of 200 ms, provided by a Fujikura FSM-30
fusion splicer is maintained between two electrodes where the FMF sits. A linear translation
stage with 1 um resolution displaces the fiber after each electric discharge by a distance equal
to the desired grating period. The proximal part of the FMF remains fixed on a motorized
translation stage while the distal end was attached to a weight (10g). A single mode fiber was
spliced to the input port of the FMF with an in-line fiber polarization controller (PC) inserted
between the tunable laser and the LPFG in order to optimize the conversion efficiency of the
LPFG. To ensure that only the fundamental LPo1 mode is launched into the FMF, a mode
stripper (MS) is placed at the input side of FMF.
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Figure 4.2 a) Side view on the microscope and partially enlarged tapered region of the LPFG
induced in FMF by the electric-arc discharges, b) Polarization dependent transmission
spectrum of the LPFG.

Figure 4.2a shows the periodic geometrical modulations in the fabricated LPFG that gives
rise to the mode coupling from the LPoi core-guided mode to a higher-order core-guided
CVB. The LPFG fabrication process involves the application of a constant force upon the
FMF to create axial tension. As a result, small tapers are formed at each fiber point exposed
to an electric arc discharge. The linear stage then moves the fiber to the next point so as to

create a periodic refractive index modulation.
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The shape of the tapered structure depends on the applied tension and arc discharge
parameters. The main effect of the arc discharge are twofold, based on previous reports
(Esposito et al., 2017; Rego et al., 2001; Rego, Ivanov et Marques, 2006): i) a localized
geometrical modification of the optical fiber, i.e. tapering, within the transverse cross-section
of the core and cladding regions; ii) a change in the silica refractive index due to the stress
relaxation induced by the softened hot spots. Further, the local perturbation created by the
electric arc in the fiber is asymmetric, owing to the side-writing configuration, thus making

the LPFG polarization dependent (Masri et al., 2016; Rego, Ivanov et Marques, 2006).

Figure 4.2b shows the polarization dependent transmission spectra of the fabricated LPFG
recorded by launching input light from a broadband source through an inline polarizer to
control the input state of polarization (SOP). Here, the transmission spectra clearly
demonstrate the strict dependence of input SOP corresponding to the TEo1 and TMoi mode.
When the input SOP is transverse to the LPFG, only the TEo1 and HE21 modes are excited,
whereas for the input SOP perpendicular to the LPFG, only the TMo1 and HE21 resonances
occur. Since the HE21 mode is polarization insensitive, it can be excited regardless of the

input SOP as expected (Masri et al., 2016; Ramachandran et al., 2005).

4.4 Result and discussion

In order to observe the excitation of the various CVBs, the tunable laser was set at the
resonant excitation wavelength of the desired eigenmode. Figure 4.3 shows the fiber output
intensity profiles after the one-meter long FMF captured on a CCD camera. Through the
intensity profiles and the help of a linear polarizer we were able to confirm that all CVBs of
interest (i.e. TEo1, HE21, TMo1) were successfully excited. In this regard, the linear polarizer
(i.e. analyzer) was placed in front of the CCD camera and rotated (first row) and by
simultaneously monitoring the resulting intensity profiles on the camera (subsequent rows),
one can deduce the type of CVB (TMoi, TEo1 and HE21) at hand (Maurer et al., 2007,
Pradhan et al., 2017b; Ramachandran, Kristensen et Yan, 2009; Volpe et Petrov, 2004).
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Figure 4.3 Measured intensity profiles of the CVBs in FMF excited by the LPFG

The grating pitches written in the FMF for mode conversion between LPo1 and the CVBs
(TMo1, TEo1, HE21) are 238 um, 250 um, 265 um and the corresponding length of the grating
of each LPFG is around 3.5 cm respectively. The grating pitch of the LPFG was calculated
prior to fabrication in order to ensure that the resonance wavelength falls within the tuning
range of our C-band laser, as based on the phase matching condition given by (Pradhan et al.,

2015):

A= A (4.7)

MeffLPoy ~MeffLP11

where 4 is the pitch of the grating, 4 is the resonance wavelength, and negsp,, and negrp,

are the effective indices of the two coupled modes.
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Figure 4.4 Transmission spectra of LPFG and their corresponding PDL spectra
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The PDL characteristics of the LPFG are measured by placing the in-line polarization
controller at both the ends of the fabricated LPFG as shown in the experimental setup in Fig.
4.1. The transmission spectra for different CVBs excited by LPFG at two different orthogonal
input polarizations are recorded by the optical spectrum analyzer and their corresponding PDL
are displayed in Fig. 4.4. The solid black line represents the transmission spectra when both
the polarization axis is well aligned, whereas the dotted lines represent PDL evolution when
the two-polarization axis is orthogonal to each other. The maximum PDLs between
fundamental mode and TEo1, HE21 and TMo1 mode are measured to be 2.9, 2.2 and 2.6 dB,
respectively. The explanation towards polarization dependence of LPFG is related to the
ellipticity introduced into the core shape by the side-writing electric arc process. This fact has
been demonstrated elsewhere using a similar side-writing configuration (Wu et al., 2017).
This large local perturbation in the core geometry results in a significant perturbation of the
core-guided modal fields that in turn breaks the orthogonality between eigenmodes of a
perfectly circular fiber.

Prior work on arc-induced LPFG reported the coupling of antisymmetric LP modes in a
standard optical fiber using such asymmetric grating (Rego, Ivanov et Marques, 2006). The
same asymmetry in the transverse grating structure here allows the linearly polarized
fundamental mode to couple with the symmetric core guided eigenmodes through the non-
zero overlap integral of their transverse E-field distributions, as predicted by coupled mode
theory. Furthermore, the specialty FMF used in this work is designed (by means of its high-
index annular profile) to lift the modal degeneracy of antisymmetric LPi11 modes, thereby
enabling the LPFG to efficiently couple light to the symmetric CVB modes depending on the
input SOP. (Pradhan et al., 2017b). The extinction ratio of the LPoi1-TEo1, LPo1-HE21 and LPo:-
TMo1 mode are found to be 89%, 82% and 73%, respectively. The fact that weak grating
spectrum is measured compared to the earlier reported literature, we believe this due to the
smaller grating period required to excite these vector modes. The width of the arc limits the
smallest grating period that can be fabricated which leads to the overlapping of the tapered
region when the grating period is smaller than 250 um (Colago et al., 2016; Smietana et al.,

2010).
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4.4.1 OAM state measurements

An OAM beam (also known as a vortex beam) is represented by a beam of light that

possesses a helical phase front proportional to exp(il¢) in the transverse plane, where / is the
topological charge and ¢ is the azimuthal angle. The FMF theoretically supports 6 OAMiifm
states through the superposition of even and odd hybrid modes: OAMJJ_fL1 = HE, cpen +
iHE 1000 OAMZ, ; = EHy10pen F iEHy1044, and OAMT, | = HE310pen F iHE310q4, Where,
the +s superscript represents the OAM polarization state, the £/ subscript its topological
charge and m denotes the radial order (Wang et al., 2014b). In this work, we restricted our
demonstration to the generation of OAM=:1,1 mode that originate from the n-shifted
superposition of odd and even HE21 modes.

The experimental setup towards all-fiber OAM beams generation is shown in Fig. 4.5. To
confirm that the excited vector beam does indeed carry OAM, the LPFG was prepared firstly
to realize core modes coupling from the LPo1 to the HE21 mode. Then by adjusting the
polarization controller (PC) placed after the LPFG to create a m/2 phase-shifted linear
combination of the even and odd HE21 modes, the OAM:1,1 beam were obtained.
Subsequently, the OAM beam was combined and interfered with the reference Gaussian
beam (retrieved from another arm of the SMF-coupled laser source) through a non-

polarization beam splitter.

Tunable
Laser

Mo BS

Figure 4.5 Experimental setup for the generation and detection of OAM beams

Figure 4.5 shows the interference pattern of the OAM,1+ beams (generated via the LPFG in
FMF) with the reference Gaussian beam. We note that the topological charge (/) of the OAM
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state generated in the FMF can be simply tuned through the inline PC so as to control the
relative phase shift between the HE21even and HE210dd modes. The experimental results shown
in Fig. 4.6 confirm that the LPFG mode converter can generate the CBVs as well as the
OAM 1= modes successfully.

Beam Interference
Profile Pattern

Figure 4.6 Intensity profiles and spiral interference patterns of the generated beams a)
OAM:1,1+b) OAM,,1-

4.4.2 Purity measurements of CVBs and OAMs

Finally, we measured the mode purity of the CVBs (or OAM beam) generated with the LPFG
as calculated by recording the azimuthal intensity distribution of the doughnut shaped
intensity profiles (Pradhan, Sharma et Ung, 2018). This calculation based on the visibility of
the intensity ring pattern reveals that the mode purity of CVBs and OAM 1.1+ beams produced
using the LPFG fabricated with the electric arc technique was found to be 19.5 dB on
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average. Figure 4.7 shows the azimuthal intensity distribution along the ring of an exemplar

CVB (the HE21 mode in this instance) obtained with our experimental setup.
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Figure 4.7 Beam purity (20.9 dB) of the generated HE21 beam calculated from the azimuthal
intensity profile

4.5 Conclusion

In conclusion, we have fabricated LPFG by means of the cost-effective electric arc writing
method and demonstrated for the first time, to the best of our knowledge, the all-fiber
generation of cylindrical vector beams (CVB) and modes carrying orbital angular momentum
(OAM) in a specialty few-mode fiber. The ensuing LPFGs obtained with a side-writing
configuration exhibited polarization dependence with a mode-specific polarization-dependent
loss on the order of 2.5 dB. The extinction ratios (i.e. conversion efficiencies) measured from
the grating transmission spectra for three different CVBs of interest TMoi, TEo1, HE21 are
found to be 81 % on average. The demonstration of OAM 1.1+ states was validated by the spiral
fringe pattern yielded by the interference of the OAM beam with that of a reference gaussian

beam. Our results indicate that the common electric arc fusion splicer can be used to create
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low-cost, compact and flexible mode converters in specialty few-mode fibers so as to generate
CVBs and the so-called vortex beams (i.e. OAM beams). A caveat is related to the achievable
minimum grating period, here found to be around 220 pm, which limits the applicability of
this method for some few-mode fibers. The high-power all-fiber generation of CVB and OAM
beams has potential applications in laser material processing, super-resolution imaging and

mode-division multiplexing.
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CONCLUSION

The research goal - generation of cylindrical vector beams and their subsequent
characterization- is a demonstration of methods developed for the excitation of CVBs in few-
mode fibers. Even though, CVB are the true eigen vector modes of an optical fiber whose
linear combination can be utilized for the synthesis of LP and OAM beams, many reports can
be found still based on the generation and measurements of the scalar LP modes of FMF. The
techniques towards the delicate spectral and spatial controls of CVBs in order to be detected
are yet to be fully explored. To fill this void, this thesis reports a simple, flexible and cost-
effective technique that allows an efficient generation of the CVB and OAM beams while
reducing the overall losses incurred by the system to 0.2 dB. It is intended towards the
development of a mode converter that can dynamically generate cylindrical vector beams of
potentially high optical output power and enable the stable fiber propagation with high mode
purity in specialty fibers.

To start with, three different techniques for the generation of CVB and OAM beams with
high output mode purity are utilized. The two mode converters designed and fabricated for
the CVB generation are all-fiber based. The first one is a mechanical mode converter with a
novelty in its tunability generates cylindrical vector beams of the LP11 mode group supported
by the FMF. The non-destructive characterization of CVB in a few-mode fiber is
demonstrated by utilizing the phenomenon of stimulated Brillouin scattering for the first
time. The aim of the experiment was to demonstrate the independent measurement,
identification and the complete analysis of the Brillouin gain spectra of vector beams in
specialty few-mode fibers. The photonic device was also utilized to retrieve the
corresponding effective refractive indices of the individual vector beams supported by the
FMF. As described in the reported article in chapter 2, the proposed technique represents a
new tool for probing and controlling vector beams as well as modes carrying orbital angular
momentum in optical fibers with potential applications in advanced optical communications

and multi-parameter fiber-optic sensing.
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The second device is an all-fiber based mode converter designed to generate CVBs and OAM
beams while increasing the stability of beam propagation for long length fiber transmission.
The grating is written within a fiber that act as a mode converter design fabricated using the
common electric arc induced approach. In addition, such all-fiber mode converter provides
the possibility of utilizing high-energy laser beam demanded by many non-linear
experiments. Such low-cost, reliable and compact device opens road toward exploiting the
all-fiber generation of high-power CVB and vortex laser as well as mode multiplexing

applications.

If the above-described two all-fiber based LPFGs are compared, writing LPFG using electric
arc within the fiber can generate stable CVB output than the mechanical LPFG which are
stable for short period of time. An electric arc-based mode-converter can be monitored real-
time whereas mechanical grating can be utilized after they are fabricated. The tunability to
produce all the desired CVBs provide a destructive advantage of mechanical grating. Overall,
both the all-fiber based LPFG can generate CVBs with high coupling efficiency (>90%) and
high mode purity (<20 dB). However, the overall insertion loss of the electric arc-based
LPFG is measured to be 0.2 dB, while 0.1 dB of insertion loss is obtained in the case of
mechanical LPFG. On the other hand, the power handling capacity of both the device can

resist more than few watts.

The final mode converter is a programmable spatial light modulator that was utilized to
generate CVB in free space. The efficiency of free space coupling can be optimized when the
annular core dimension of the fiber and the beam intensity profile are perfectly matched.
Although several methods have been introduced and demonstrated to generate vortex and
vector beams, their launching efficiency in free space still remains an area of interest. The
annular shaped beams in the optical fiber are excited in free space and the maximum
coupling can be obtained when the beam dimension of the fiber and the beam profile are
optimized. One of the common shortcomings with these techniques originates from the
strong inter-dependence of inner and outer diameter of the annular intensity ring. In the case

of conventional vortex beams, the ring diameter varies linearly with the topological charge
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thus making the co-generation (and fiber co-propagation) of several different vortex beams

problematic.

It is thus crucial to control the ring diameter and width of CVB as well as OAM beams.
There are already some reports on the generation of perfect vortex beams for tailoring the
annular beam of the vortex beam with any order of topological charge to the same size. Still
many of the reports are limited to monitoring of ring diameter only and have produced beam
with limited purity. Therefore, we have proposed the generation of high-purity perfect
cylindrical vector beams using the Fourier transformation of Bessel-Gauss vector beams.
The different types of cylindrical vector beams are generated with precise transverse
dimensions demanded by the specialty fibers. The dynamic control of the ring width, ring
diameter, and the specific type of PCVBs desired is theoretically as well as experimentally
demonstrated. The proposed experimental setup can be employed to tailor any breed of
annular shaped beams. The ability to generate fully tailorable CVB and OAM beams has
implications for the efficient launch of exotic optical modes in specialty fibers, for super
resolution microscopy and in the field of optical tweezers. With this technique, the overall
efficiency of the proposed scheme is currently limited to 25% due to the double passage
through a beam splitter. Further, the power handling capacity of the setup can only be few
hundreds of miliwatts, limited by the threshold of splatial light modulator.

The proposed research will impact the development of novel metrological techniques for
next-generation SDM networks, a recent topic of research that is of high relevance for both
applied research and industrial end-users. Moreover, the investigation of novel types of
FMFs tailored for the stable transmission of vector modes carrying OAM states, as well as
the dynamic characterization of their properties along the fiber, constitute fundamental topics
of research that will help scientists and engineers alike to control the propagation of light on
the most fundamental level. Finally, the development of a fully-distributed multimodal fiber
sensing system is expected to be a significant technological contribution to the fields of fiber-

optic sensors and civil structural monitoring.
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STATEMENT OF ORIGINAL CONTRIBUTION & FUTURE
RECOMMENDATIONS

Statement of original contribution

The original contributions to the research described in this thesis are summarized below:

1. Novelty in the design and in-lab fabrication of cost-effective tunable mechanical grating
using stainless steel needles for generation of CVBs;

2. Brillouin gain measurement of the cylindrical vector beams in a few-mode fiber is
reported for the first time;

3. The dynamic control of the ring width, ring diameter, and the specific type of desired
PCVBs is theoretically as well as experimentally demonstrated for the first time;

4. LPFG with small pitch (<250 um) fabricated in specialty FMF using the low-cost electric
arc-induced method has been demonstrated to allow the generation of CVB and OAM

modes for the first time.

Recommendations for future work

The area of structured light (i.e. CVB and OAM beams), as well as its emerging applications,
remains rich in photonic discoveries. We propose below some research topics that would

merit further exploration so as to extend the work and science encovered in this thesis:

1. Fiber based mode converters and their utility in applications

In comparison to the fabrication methods (mechanical and electric arc) of LPFG reported in
this thesis, laser irradiation-based inscription is an effective means to fabricate LPFGs for its
potential to precisely and uniformly write gratings of very small pitch values often demanded
by SDM fibers. The conversion efficiency, stability and flexibility of the three different

techniques (mechanical, arc-induced and laser irradiation) ought to be compared for their
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application in fiber-optic communication and sensing. Such fiber based mode converters will
act as key components to provide a stable, low loss, mux/demux capability in SDM

transmission.

2. Few mode fiber and advanced characterization techniques

The Brillouin experiment has allowed to extract the absolute effective refractive indices (7efr)
of vector modes with ~107* accuracy based on the acquired Brillouin frequency shifts of the
modes. Further, the accurate characterization of these individual vector beams can be
accomplished via the generation of a dynamic Brillouin grating in the few-mode fiber, an
advanced metrological technique with promising applications in fiber-optic communications
and distributed fiber sensing. Dynamic Brillouin grating (DBG) is a novel technique based on
SBS, which has drawn significant attention over the recent years owing to its promising
applications in the longitudinal characterization of optical fiber, optical amplification, for
optical storage and delay lines, and for distributed optical sensing. DBG based on CVBs can
be achieved by simultaneously launching two independent higher-order vector beams as CW
probe waves inside the FMF and a counter-propagating pulse-modulated pump wave in the
fundamental mode. The resulting two DBGs will allow us to unambiguously detect any local
changes in temperature and/or strain along the FMF. This technique has potential benefits of
harnessing the vector beams in the development of novel SDM characterization techniques

and multi-parameter distributed fiber-optic sensors.

3. All-fiber based CVB and OAM lasers using a long period fiber grating

Active approaches towards the generation of CVB and OAM beams directly from a laser
cavity have attracted lot of interests and hence being proposed by many research groups.
Compared to the acoustically induced and mode selective coupler, arc induced and laser
inscribed LPFG based mode converter demonstrates several advantages including broadband
response, ease of fabrication and robustness. Therefore, a simple and efficient all-fiber LPFG

based mode converter towards the all-fiber CVB and OAM laser generation is highly
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desirable at the telecom band offering high conversion efficiency. So, the LPFG based mode
converter fabricated and reported (chapter 3 of the thesis) towards CVB and OAM generation

can be further utilized in the production of all-fiber based CVB and vortex lasers.
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