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LAuch ist das Suchen und Irren gut, denn durch Suchen und Irren lernt man. Und
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Abstract

The work presented in this PhD dissertation intends to explore and develop advanced
sensing technologies in optical fiber. The sensing elements were designed to possess en-
hanced sensing capabilities, in particular the ability to achieve high sensitivity values. The
developed structures were based on two main components: the creation of interferometric
microstructures in optical microfibers and microfiber probes, and the application of the
optical Vernier effect.

Taking advantage of the small dimensions of optical microfibers and their properties,
different microstructured interferometers were combined with them to form sensing struc-
tures. One of the works combined a microfiber knot resonator with a Mach-Zehnder inter-
ferometer, both embedded in the same optical microfiber. The sensor was characterized in
temperature and refractive index of liquids. The combined response of the two interfero-
metric structures allowed to achieve simultaneous measurements of these two parameters,

solving the common cross-sensitivity problem.

Competences in the use of focused ion beam technology were also acquired during the
PhD programme. This technology was used to microfabricate interferometric structures
in optical microfiber probes and to open access holes for liquids in specialty fibers. In this
context, a Fabry-Perot interferometer was milled in a multimode optical microfiber probe
for enhanced temperature sensing. The presence of multiple modes in the interferometric
structure generated a beat signal at the output. The envelope modulation presented

enhanced sensitivity in comparison with the normal sensing Fabry-Perot interferometer.

The application of the optical analog of the Vernier effect to optical fiber sensing in-
terferometers has recently shown a huge potential to improve their performance. The use
of two interferometers with slightly detuned interferometric frequencies introduces an en-
velope modulation to the output spectrum with increased sensitivity. A detailed analysis
on the optical Vernier effect and its properties is included in this dissertation. The study
and application of the optical Vernier effect during this PhD led to the discovery of an
extension of the concept and new ways to surpass its limitations.

For the first time, the existence of optical harmonics of the Vernier effect was demon-
strated, theoretically and experimentally. By increasing harmonically the optical path
length of the reference interferometer by an integer multiple of the optical path length of

the sensing interferometer, additional magnification proportional to the harmonic order
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could be obtained. The configurations of the effect in parallel and in series have been
experimentally demonstrated. The parallel configuration consisted of two Fabry-Perot in-
terferometers made of a hollow capillary tube and was characterized for applied strain.
The series configuration explored a complex case of optical Vernier effect, where both
interferometers act as sensors and, therefore, no reference is used. The structure also con-
sisted of two Fabry-Perot interferometers, in this case a hollow microsphere and a section
of a multimode fiber. Simultaneous measurement of applied strain and temperature with
high sensitivity was achieved.

Lastly, two sensing configurations were specially designed and characterized to mea-
sure properties of liquids, in this case the refractive index and viscosity. The first sensor
combined different techniques and concepts developed during the PhD. The structure com-
bined an extreme case of optical Vernier effect in a few-mode Fabry-Perot interferometer
made from a hollow capillary tube, together with focused ion beam milling to open access
holes for the liquid. The extreme optical Vernier effect allowed to achieve giant magnifica-
tion factors, an order of magnitude beyond the expected limit of the conventional optical
Vernier effect, whilst preserving a measurable size of the envelope modulation. When ap-
plied to liquid sensing, the result is a giant refractometric sensitivity for a refractive index
around water. The second sensing structure explored a different way to post-process the
hollow capillary tube to form a small-size probe with an access hole for liquids. Through
interferometric measurements of the liquid displacement inside the probe, the viscosity of
the liquid could be determined.

Most of the works reported in this dissertation can still be further improved. Moreover,
the studies here presented related with the optical Vernier effect and its variants provide

a launching pad for the development of a new generation of highly sensitive sensors.









Resumo

O trabalho apresentado nesta dissertagao de doutoramento pretende explorar e desenvolver
tecnologias sensoras avancadas em fibra optica. Os elementos sensores foram desenhados
para possuirem capacidades sensoras aprimoradas, em particular a capacidade de atingir
altos valores de sensibilidade. As estruturas desenvolvidas foram baseadas em duas com-
ponentes principais: a criacao de microestruturas interferométricas em microfibras épticas

e sondas em microfibra, e a aplicacao do efeito 6ptico de Vernier.

Aproveitando as pequenas dimensoes das microfibras épticas e as suas propriedades,
diferentes interferémetros microestruturados foram combinados com elas para formar es-
truturas sensoras. Um dos trabalhos combinou um né ressonador em microfibra com um
interferémetro de Mach-Zehnder, ambos incorporados na mesma microfibra éptica. O
sensor foi caracterizado em temperature e indice de refragdo de liquidos. A resposta com-
binada das duas estruturas interferométricas permitiu atingir medigoes simultaneas destes

dois parametros, resolvendo o problema comum da sensibilidade cruzada.

Competéncias no uso da tecnologia de feixe de ides focado também foram adquiridas
durante o programa de doutoramento. Esta tecnologia foi usada para microfabricar estru-
turas interferométricas em sondas de microfibra éptica e para abrir orificios de acesso para
liquidos em fibras especiais. Neste contexto, um interferémetro de Fabry-Perot foi fresado
numa sonda de microfibra Optica para detecao aprimorada de temperatura. A presenca
de multiplos modos na estrutura interferométrica gerou um sinal de batimento na saida.
A modulagao envolvente apresentou uma sensibilidade melhorada em comparacao com o

interferometro sensor de Fabry-Perot normal.

A aplicacao do analdgico 6ptico do efeito de Vernier a interferometros sensores em fibra
Optica demonstrou recentemente um enorme potencial para melhorar o seu desempenho.
O uso de dois interferémetros com frequéncias interferométricas ligeiramente desafinadas
introduz uma modulacao envolvente no espectro de saida com sensibilidade aumentada.
Uma andlise detalhada do efeito éptico de Vernier e das suas propriedades estd incluida
nesta dissertagao. O estudo e aplicagao do efeito 6ptico de Vernier durante este doutora-
mento levaram a descoberta de uma extensao do conceito e de novas formas de superar as

suas limitacoes.

Pela primeira vez foi demonstrada, teoricamente e experimentalmente, a existéncia de

harménicos épticos do efeito de Vernier. Ao aumentar harmonicamente o caminho 6ptico
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do interferémetro de referéncia por um um multiplo inteiro do caminho éptico do interfe-
rémetro sensor, uma magnificacao adicional proporcional a ordem do harmoénico pode ser
obtida. As configuracoes do efeito em paralelo e em série foram demonstradas experimen-
talmente. A configuracdo em paralelo consistiu em dois interferémetros de Fabry-Perot
feitos de um tubo capilar oco e foi caracterizada em deformagdo. A configuracdo em
série explorou um caso complexo do efeito 6ptico de Vernier, onde ambos os interferéme-
tros atuam como sensores e, portanto, nenhuma referéncia é usada. A estrutura também
consistiu em dois interferémetros de Fabry-Perot, neste caso uma microesfera oca e uma
seccao de fibra multimodo. Medicao simultanea de deformacao aplicada e temperatura
com alta sensibilidade foi alcancada.

Por fim, duas configuragoes sensoras foram especialmente desenhadas e caracterizadas
para medir propriedades de liquidos, neste caso o indice de refracdo e a viscosidade. O
primeiro sensor combinou diferentes técnicas e conceitos desenvolvidos durante o doutora-
mento. A estrutura combinou um caso extremo do efeito 6ptico de Vernier num interferé-
metro de Fabry-Perot de poucos modos feito a partir de um tubo capilar oco, juntamente
com maquinagao por feixe de ides focado para abrir orificios de acesso para o liquido. O
efeito optico de Vernier extremo permitiu alcancar fatores de magnificagdo gigantes, uma
ordem de magnitude além do limite esperado para o efeito éptico de Vernier convenci-
onal, preservando ao mesmo tempo um tamanho mensuravel da modulacao envolvente.
Quando aplicado a detecéo de liquidos, o resultado é uma sensibilidade refractométrica
gigante para um indice de refragdo em torno da agua. A segunda estrutura sensora ex-
plorou uma forma diferente de pds-processar o tubo capilar oco para formar uma sonda
de tamanho pequeno com um orificio de acesso para liquidos. Através de medidas inter-
ferométricas da deslocacao do liquido dentro da sonda, a viscosidade do liquido pode ser
determinada.

A maioria dos trabalhos reportados nesta dissertacido ainda pode ser melhorada. Além
disso, os estudos aqui apresentados relacionados com o efeito éptico de Vernier e as suas
variantes fornecem uma plataforma de lancamento para o desenvolvimento de uma nova

geracao de sensores altamente sensiveis.
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Chapter 1.

Introduction

The beginning of optical fibers life history take us back to the 20’s, where the first optical
fibers were produced. Initially, they were used to guide light at short distances for illumi-
nation purposes. The concept of clad fiber (a core protected by a cladding with a lower
refractive index) only appeared in the 50’s [13]. At that time, the idea of transferring
information through optical fibers was growing. However, losses were limiting the trans-
mission of information over long distances through optical fibers. In 1966, Prof. Charles
Kao, together with George Hockham, proposed glass fibers as a possible low-loss optical
waveguide for a new form of communication medium [14]. The idea of optical fiber com-
munications was then born, reason why Kao received the Nobel Prize in 2009. Henceforth,
optical fibers became a topic of extensive research, opening with it new research fields.
One of them is the use of optical fibers, not as a communication medium, but as a sensing
device.

For telecommunications, a basic fiber structure such as a clad fiber (core, cladding) is
sufficient. For sensing applications, a similar fiber structure by itself can also act as a
sensor, yet more complex and special optical fiber structures are attractive and desirable,
providing many different and additional features. Over the years, several different types of
optical fiber sensing structures were created and tested for measuring physical, chemical,
and biochemical parameters. Some traditional examples are fiber Bragg gratings, Mach-
Zehnder interferometers, Fabry-Perot interferometers, multimode fiber devices, fiber loop
mirrors, among others.

Nowadays, the fast development in different fields of research that make use of optical
sensing is creating new challenges also in the field of optical fiber sensing. There is an
increasing demand for miniaturized sensing structures, especially with the capability of
achieving higher sensitivities and resolutions than what current conventional fiber sensors
can provide. Hence, it is necessary to explore alternative options for advanced fiber sensing
structures that meet the state-of-the-art demands.

Optical microfibers opened new doors to the study and development of new and en-

hanced sensors. Due to their properties and small size, optical microfibers are a good
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platform for the creation of miniaturized sensing structures. Additionally, optical mi-
crofibers can also be microstructured by means of different post-processing techniques,
in order to create special and complex sensing devices, designed to have improved sensi-
tivity to certain parameters. The creation of microstructures in optical microfibers and
microfiber probes are explored in this dissertation.

The optical Vernier effect has recently shown its huge potential to greatly enhance
the sensitivity and resolution of optical fiber sensors. Although it can be challenging
to understand and apply, the optical Vernier effect is a tool that provides impressive
improvements in sensing performance. This effect is also a case of study of this dissertation.

This chapter provides an overview on the motivation and objectives of this work, followed
by a description of the dissertation structure. Finally, the main contributions to the field

are presented, as well as the list of publications that resulted from this PhD.

1.1. Motivation and Objectives

The motivation for the research activities developed in the context of the PhD program
consisted of performing an original study on new advanced optical fiber sensing technolo-
gies relying on microstructures and optical Vernier effect. This includes the combination
of different techniques and concepts learned over these last years to achieve new and inno-
vative sensing structures in optical fibers with enhanced sensing performances. Naturally,
the desire of learning new concepts and acquire new skills and competences in this field
was also a driving force towards the success of the research activities that culminated in
this dissertation. Another major motivation was the opportunity to test and try out my
own ideas, as well as to solve different challenges and find new solutions for problems
and difficulties that constantly emerged as the research activities progressed. Finally, a
personal motivation was to give my contribution and make relevant developments in the
field of optical fiber sensing, in particular on the application of the optical Vernier effect
to fiber sensing interferometers.

The main objectives of the research activities developed during the PhD program con-

sisted in:

e Modeling, fabrication, and characterization of advanced interferometric optical fiber

sensors based on microstructures;

e Acquiring competences in using the focused ion beam technology to create sens-
ing microstructures in optical microfiber probes, as well as to open access holes in

specialty fibers for liquid sensing inside the fiber;

e Studying and further developing the concept of optical Vernier effect as a tool to

enhance the performance of optical fiber sensing interferometers;
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o Creating a new generation of optical fiber microsensors of high sensitivity for different

applications, including sensing in liquid media.

1.2. Dissertation Overview

This dissertation is organized in 8 chapters that take the the reader on a journey through
advanced interferometric sensing configurations based on microstructures in optical mi-
crofibers and on the optical Vernier effect.

Chapter 1 provides a brief introduction to the research subject and clarifies the motiva-
tion, the goals, and the structure of this dissertation. It also includes the main contribu-
tions to the research area and publications that resulted from it.

Chapter 2 presents an introductory overview on optical microfibers and sensing interfer-
ometers that will be used along the dissertation. This chapter also explores the application
of focused ion beam milling to optical microfiber probes, together with the necessary sam-
ple preparation.

Chapter 3 proposes two interferometric microstructured sensing devices with optical
microfibers and microfiber probes for enhanced sensing capabilities. The first combines
a microfiber knot resonator with a Mach-Zehnder interferometer embedded in the same
microfiber for simultaneous measurement of refractive index and temperature. The second
device consists of a Fabry-Perot interferometer microfabricated with a focused ion beam
in a multimode microfiber probe for enhanced temperature sensing.

Chapter 4 is dedicated to the optical Vernier effect for optical fiber interferometers. The
fundamentals of the effect are introduced and explored, using a parallel configuration as
the starting point. This chapter presents important discussions regarding the different
properties of the effect from a fiber sensing perspective, and an extensive state-of-the-art
review on the different configurations and applications of the optical Vernier effect.

Chapter 5 describes the new concept of optical harmonic Vernier effect for optical fiber
interferometers. The mathematical description and the new properties that arise from
introducing harmonics to the optical Vernier effect, especially the increase in sensing sen-
sitivity, are here addressed. Simulations that demonstrate the mechanics and properties
of the effect are also presented. This chapter also includes important discussions related
with the difference between the two main configurations: parallel and series, and with the
limitations of this concept.

Chapter 6 is dedicated to the experimental demonstration of the optical harmonic
Vernier effect for both, the parallel and the series configuration. In a first approach,
the parallel configuration is addressed using Fabry-Perot interferometers based on hollow
capillary tubes. This work has a strong focus on validating the properties of the effect
deduced theoretically in the previous chapter. In the second part, a more specific and

complex case of the effect based on a series configuration using a hollow microsphere and
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a section of multimode fiber is explored. In this case, both interferometers are physically
connected without a separation while, simultaneously, there is no reference interferometer.
Additionally, simultaneous measurement of two parameters using this last configuration
is also demonstrated.

Chapter 7 presents two advanced sensing configurations based on microstructures for
measuring liquid media. It combines different concepts and techniques to achieve novel
optical fiber sensing devices with enhanced performances. The first configuration explores
an extreme case of optical Vernier effect based on a few-mode Fabry-Perot interferometer,
made from a hollow capillary tube. At the same time, focused ion beam milling is used to
open access holes on the Fabry-Perot interferometer, enabling it to be filled with liquids.
A giant refractometric sensitivity and huge magnification factors, that are impossible to be
achieved with the conventional optical Vernier effect, are demonstrated here to be possible
through the extreme optical Vernier effect. As for the second configuration, a section of
hollow capillary tube is post-processed using electric arc to create a microprobe with a
small access hole for viscosity measurement of liquids. The viscosity is obtained through
the analysis of a two-wave interferometric signal that changes in time proportionally to
the liquid displacement inside the optical fiber probe.

Chapter 8 summarizes the main results obtained during the PhD and reanalyzes the
initial objectives. At last, the opportunities for future work emerging from the research

presented in this dissertation are also discussed.

1.3. Main Contributions

From the works presented in this dissertation, it is the author’s opinion that the following
main contributions to the field stand out. First, a more compact and novel hybrid sensing
structure combining a microfiber knot resonator with a Mach-Zehnder interferometer using
microfibers is presented. The novelty here is the structure, where the Mach-Zehnder in-
terferometer is created using a single microfiber, the same as used to create the microfiber
knot resonator, containing two propagating modes, instead of relying on two separated
microfibers to create the two arms of the Mach-Zehnder interferometer. Second, the use
of focused ion beam to mill Fabry-Perot cavities in microfiber probes is not new, however
using a multimode fiber to make the milled Fabry-Perot multimode and introduce the
Vernier effect is. Third, the post-processing of a capillary tube led to the development of
a small size viscometer probe that only requires tiny volumes (picoliters) to perform the
measurement. At last, the works related with the optical Vernier effect represent a large
contribution to the field, providing a deeper understanding and control of the effect. The
existence of optical harmonics of the Vernier effect was demonstrated for the first time,
to the best of the author’s knowledge, theoretically and experimentally. The work repre-

sents a paradigm shift that required the development of a new mathematical description
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to correctly describe the novel properties and behaviors of this extended concept of the
optical Vernier effect. The optical harmonics of the Vernier effect are a new tool that
other researchers can use from now on, not just applied to Fabry-Perot interferometers, as
demonstrated in this dissertation, but also to other different types of interferometers and
for other applications. The combination of a hollow microsphere and a multimode fiber
section, together with harmonics of the Vernier effect allowed simultaneous measurement
of two parameters with high sensitivity. A novel extreme optical Vernier effect is also
demonstrated, leading to giant refractometric sensitivity values and huge magnification
factors, which are otherwise impossible to achieve with state-of-the-art optical Vernier
effect.

1.4. List of Publications

From the activities developed within this PhD resulted a total of 7 publications as a first
author in scientific journals (1 of them under revision and 1 review paper to be submitted)
7 communications in national/international conferences, and 1 book chapter. Besides, four
additional papers as first authors, including two invited paper, and three as co-author were
also published as a result of work and collaborations outside the scope of this dissertation,
as well as one communication in international conferences. The list of publications as first

author is presented next.
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Chapter 2.

Overview on Optical Microfibers and
Sensing Microstructures

2.1. Introduction

Optical fiber tapers were initially developed in the late 20*" century, in the context of
optical fiber communication. Their main purpose was to fabricate single mode fiber cou-
plers [34-36]. Since then, optical fiber tapers were continuously studied and applied, not

just in the fields of optical communication, but also for optical fiber sensing.

Optical microfibers by themselves can already be a sensing structure [37]. Their small
size and guidance properties provide a great interaction between the propagating light
and the external environment. Nevertheless, different sensing microstructures can ad-
ditionally be fabricated in optical microfibers, increasing their versatility and range of
applications [3,38,39]. These sensing microstructures can be interferometers created ei-
ther by manipulating the optical microfiber [38], or through microfabrication techniques

like femtosecond laser inscription [40] and ablation [41] or focused ion beam milling [4,42].

This chapter intends to provide an insight on optical microfibers, sensing interferometers,
and microfabrication techniques used across the dissertation. First, the properties and the
structure of optical microfibers are explored, as well as some fabrication techniques used
to produce them. Then, a small overview on different interferometric sensing structures
is presented. Here, it is intended to provide some background knowledge on the different
interferometric structures that will later appear in the dissertation. A small state-of-the-
art description of the application of such structures, especially to optical microfibers and
microfiber probes, is also included. The last section of the chapter explores the focused
ion beam technology as a microfabrication technique to create microstructures in optical
microfiber probes. This section also contains an important discussion regarding the sample

preparation necessary to apply the technique to optical fibers.
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2.2. Optical Microfibers and Microfiber Probes

Optical microfibers are optical fibers tapered down from typical fiber diameters of e.g.
125 pm to diameters of few micrometers (around 1ypm - in the order of the wavelength of
light propagating along the fiber), or even to diameters of hundreds of nanometers, the so
called nanofibers. The fabrication of optical microfibers consists of heating the fiber to its
softening point while stretching it to decrease its diameter, obtaining a narrow stretched
filament linked to the rest of the non-stretched fiber through a transition region. By
finding a balance between parameters such as the heating source and the stretching, optical
microfibers with different taper transition regions can be fabricated: linear, parabolic,

sinusoidal, polynomial, or others [43].

Microfibers with dimensions close to 1 um present new properties: low optical loss [44],
outstanding mechanical flexibility [45,46], tight optical confinement [47], large waveguide
dispersion [48], and large interaction with the external environment through their large
evanescent field [49]. This last property is of great value for sensing applications, since the
larger the interaction with the external medium, the more sensitive the structure tends to
be.

Due to the huge scale down (e.g. from 125 pum to around 1pm), and also to the high
temperatures subjected during the production, the doping of the optical fiber core is
diffused to the cladding and disappears. Hence, optical microfibers and nanofibers present
a high index contrast: the microfiber itself acts as a core for light guidance while the
external medium acts as a cladding (usually nfiber > Nsurrounding medium, Where n is the

refractive index).

Microfibers with larger diameters can support multimode propagation, being the fun-
damental mode predominantly confined within the microfiber. However, when talking
about optical microfibers with diameters close to 1 pm or nanofibers, where the diameter
is much smaller than the propagated radiation wavelength (d < \), only the fundamental
mode is propagated along the structure. This mode then propagates mostly outside of
the micro/nanofiber due to the large evanescent field [50]. The single mode condition for
optical fibers is defined by the generalized frequency (V'), also known as the V-number,
in this case given by [48]:

external

V= 271')% Vi =12, pa) = 2.405, (2.1)

where a is the radius of the micro/nanofiber, A is the propagation wavelength (in vacuum),
N fiber is the refractive index of the micro/nanofiber, and negternal is refractive index of the
external medium. For a microfiber in air with a propagation wavelength of 1550 nm,
considering the refractive index of the microfiber equal to the refractive index of silica

(1.444 at 1550 nm [51]), the single mode condition occurs for a diameter of around 1.14 pm.
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At such dimensions, under these conditions, the cut-off of the higher-order modes occurs.

Hence, below this diameter the microfiber is single mode.

2.2.1. Structure

A schematic of an optical microfiber structure is shown in figure 2.1. The structure can

be divided into three main sections:

1. The down-taper consists of a transition region, where the diameter of the optical
fiber decreases from its original size to the final size of the optical microfiber. As
mentioned before, this transition can have a specific profile, depending on the fabri-

cation parameters;

2. The taper waist is the narrowest region of the optical microfiber and presents a
uniform diameter (from a few microns to hundreds of nanometers). The taper waist

region can be very small, long, or in some cases it may not even exist;

3. The up-taper, similarly to the down-taper, is a transition region where the optical
microfiber increases its diameter from the taper waist size until it matches the original

size of the optical fiber.

Taper Taper Taper
Transition Waist Transition
_‘ 1 2 ‘ SR S—
. T —

Figure 2.1. — Structure of an optical microfiber. 1: Transition region (down-taper); 2: Taper
waist; 3: Transition region (up-taper).

A microfiber probe consists of about half of an optical microfiber, either just a single
taper transition region, or also including part of the taper waist region. The objective of
such structure is to have a probe with small dimensions at the edge, but where light is still
guided. Sensing microstructures can then be fabricated in this region via post-processing,
as will be discussed later.

In general, low-loss optical microfibers are obtained if the transition regions satisfy the
adiabaticity criteria. In short, the reduction rate of the optical fiber diameter should
be small enough to provide a smooth transition of the fundamental mode of the initial
fiber into the fundamental mode propagating in the taper waist of the microfiber. If such
condition is not verified, the fundamental mode of the initial fiber will transfer energy
to few higher order modes. Most of these modes contribute to losses, since they are not

well-guided by the microfiber structure. In some cases, where the taper waist is large
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enough to support multimode propagation, some of these higher order modes might still
propagate along the microfiber, which can be useful for sensing as it will be discussed in
the next chapter.

The adiabaticity criteria corresponds to an approximate boundary between an optimal
adiabatic taper and a lossy taper. In a more concrete way, the adiabaticity criteria is
verified when the beat length between the fundamental mode (LPy;) and the next higher
order local mode is smaller than the local variation of the taper diameter in relation to

the propagation direction [43,52]:

dr

r (81 — B2)
% <

— (2.2)

where r = r(z) is the local cladding radius, z is the propagation direction, 51 = S (2)
and (B2 = P2 (2) are the local propagation constants of the fundamental mode (LPy;) and
the next higher order mode. The smaller the final diameter targeted for the taper waist,
the longer the transition regions should be to obtain a low-loss microfiber. However, it
might happen that the final length of the microfiber is larger than what the fabrication
equipment might be able to produce, due to the need for longer transition regions. There-
fore, each fabrication setup imposes a limitation on the fabrication parameters of very
small microfiber, being necessary to adapt the fabrication conditions (diameter, length,
adiabaticity).

Next, the fabrication techniques to produce optical microfibers will be addressed, as

well as some advantages and disadvantages of each method.

2.2.2. Fabrication Techniques

The typical techniques used to fabricate optical microfibers are similar to each other and
the main difference between them relies on the heating source. There are different heating
sources which are normally associated with the name of a specific tapering technique. The
heating source can be a gas flame [49, 53], an electric arc created by electrodes as in a
splicing machine [54,55] or in a 3SAE Ring of Fire [56], a focused COq laser [57,58], a
microheater [59,60], or even a heating filament as used in commercial machines such as the
VYTRAN - Glass Processing Workstation [61,62]. However, not all of these techniques
can achieve optical microfibers with diameters of around 1um or even below.

Traditional electric arc discharge methods, as in a fusion splicer, are not able to produce
microfibers with diameters of around 1ym. The electric arc from a fusion splicer does not
provide the necessary temperature uniformity to reach such small dimensions, and the heat
transfer rate to the fiber is slow [57]. Some of these issues are overcomed in equipment
such as the 3SAE Ring of Fire, where a plasma is created using three electrodes, providing
a controllable thermal profile in three dimensions [56].

A common fabrication method is the flame-brush technique, using a hydrogen flame
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[63-65]. Figure 2.2 shows a typical schematic of the fabrication setup. The system is
composed of a flame torch and two translation stages, where the initial optical fiber is
fixed. The translation stages move in opposite directions to stretch the optical fiber as the
flame heats and scans through the fiber section. The flame should be of pure hydrogen
to avoid contamination of the produced optical microfibers with additional impurities,
apart from the combustion by-products. Furthermore, other problems may arise from the
flame-brush technique, such as non-uniformities in the taper waist diameter, difficulty in
controlling the taper shape, among others [60]. Nevertheless, despite all these mentioned
problems, the flame-brush technique is reported as the one providing the best results

(micro and nanofibers with transmissions up to 99.7% [65]).

Translation
Stage

Figure 2.2. — Schematic of an optical microfiber fabrication setup using a gas flame.

The optical microfibers and microfiber probes used in the context of this dissertation
were all fabricated using a COs direct heating technique. Instead of a flame, the heating
source is a COq laser (wavelength: X\ = 10.6 um), whose radiation is absorbed by the optical
fiber. A schematic of the tapering setup using a COs laser from the Center for Applied
Photonics, INESC TEC, is represented in figure 2.3. The COg laser source (SYNRAD 48-
1, operation wavelength: 10.6 um) is focused on the optical fiber with a 25.4 mm-diameter
ZnSe-coated plano-convex lens with a focal length of 100 mm. On the opposite side of the
optical fiber, the rest of the remaining laser light is refocused onto the optical fiber with
a 50.8 mm silver-protected concave mirror with a focal length of 150 mm. Therefore, the
concave mirror helps to increase the symmetry of the produced microfibers. Similarly to
the flame-brush technique, two translation stages (AEROTECH motorized stages) hold
and stretch the fiber during the tapering process. However, in this case both translation
stages move in the same direction, but the leading translation stage moves at a faster
velocity. A LabView program controls the setup, allowing to produce microfibers with the
desired parameters. Other variants of the CO5 laser tapering technique can also be found
in the literature, namely the use of a scanning mirror to scan the focus of the beam across
the fiber section, or even the use of a bi-directional beam together with two scanning
mirrors to scan both sides of the optical fiber simultaneously [66].

The microfibers fabricated with the COq laser tapering technique have a limitation in
terms of the minimum diameter achievable for the taper waist (around 6 um). The power
transfered from the laser beam to the optical fiber drops with the fiber radius squared and
the power dissipated by the fiber drops linearly with the fiber radius. There is a certain

radius for which the rate of power dissipation equals the rate of power acquired, and



14 Chapter 2. Overview on Optical Microfibers and Sensing Microstructures
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Figure 2.3. — Schematic of an optical microfiber fabrication setup using a CO, laser.

therefore the melting of the fiber is no longer possible, resulting in a broken fiber [57,67].
To overcome these issues, an indirect CO» heating technique can be employed. The method
involves the use of a ceramic microfurnace comprising a corundum tube (multi-crystalline
AlyO3) indirectly heated with a bi-directional COg2 laser beam [66,68]. In this process,
the optical fiber is placed inside the tube, which makes it difficult to be removed after
the fabrication. Nevertheless, the use of a microfurnace allows to fabricate sub-micron-
diameter optical fibers with excellent surface smoothness and diameter uniformity [68].

Another variant of heating source is the thermoelectric microheater. The principle is
similar to the use of an indirectly heated ceramic microfurnace and has the advantage of
providing a more stable and uniform heat source [60,69]. However, as opposed to the COq
indirect heating method, the microheater presents an aperture to facilitate the insertion
and removal of the optical fiber. Nanofibers with a taper waist diameter of 800 nm and
transmissions of over 99% can be routinely produced using a microheater, as reported
in [60].

2.3. Interferometric Sensing Structures

Sensing with light involves making the light interact with the measurand and its varia-
tions. In other words, the measurand shapes the propagation properties of light: intensity,
wavelength, phase, polarization, and/or time of travel [70]. When changes in the light
properties occur inside the fiber, i.e. when the measurand alters the properties of the
fiber, which in return change the properties of the propagating light, the sensor is desig-
nated as intrinsic. In contrast to this, when changes in the light properties occur outside
of the fiber, i.e. when the light leaves the fiber to interact with the measurand, and then

recouples back into the fiber, the sensor is defined as extrinsic [71].
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From the different types of optical fiber sensors, the focus of this dissertation is towards
interferometric optical fiber sensors, which more easily provide higher sensitivities than
other types of sensors. In these kind of structures, an interference signal in the spectral
domain (intensity as a function of wavelength) is typically monitored and analyzed. From
the interference spectrum, the measurements are usually performed in terms of wavelength
shift: the measurand variations induce a wavelength shift of the interference spectrum.
Upon characterization of the wavelength shift as a function of the measurand variation,
the optical fiber sensor is then calibrated and ready to be used.

The works developed in the context of this dissertation rely on interferometric structures
such as Mach-Zehnder interferometers, Fabry-Perot interferometers, and even resonant
structures like microfiber knot resonators (a type of ring resonators), mainly produced in
optical microfibers and microfiber probes. This section intends to briefly introduce and

discuss these interferometric structures for further understanding of the following chapters.

2.3.1. Microfiber Knot Resonator

The microfiber knot resonator (MKR) is a resonant-type microfiber sensor fabricated by
tying a knot in the taper waist region of a microfiber. Initially, the diameter of the
MKR is large (typically a few millimeters). At that point, the diameter of the MKR is
progressively reduced by pulling one end of the microfiber until the desired dimensions are
obtained. Figure 2.4 presents a schematic of an MKR structure. The overlap of the fiber
with itself, at the knot coupling region, does not require a precise alignment, revealing to
be a great advantage compared with other resonator-type structures like the microfiber
loop resonator [46].

Light that propagates in the microfiber is divided, in the knot region, between the ring
and the output. New light that reaches the knot region will be partially combined with

gunn
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Figure 2.4. — Schematic of a microfiber knot resonator. In the coupling region, light is split
between the ring and the output.
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the light that previously traveled in the ring towards the output, while feeding at the same
time the ring. For specific wavelengths, called the resonant wavelengths (A"¢%), light that
enters the ring is in phase with the one already traveling in it, resulting in accumulation
of light in the ring. As a consequence, light at those resonant wavelengths gets trapped
inside the ring, producing a dip in the transmission spectrum [33].

The distance between two adjacent resonant wavelengths (A]* and A5°°) in the MKR

transmission spectrum, known as the free spectral range (FSR), is defined as:
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(2.3)

where n.s; is the effective refractive index of the microfiber and L is the cavity length,
which for an MKR is given by the perimeter of the ring (L = 27r, where r is the radius of
the ring). The dependence of the FSR in the radius of the ring can be very useful, since
one can tune the FSR by adjusting the diameter of the MKR.

The FSR is an important quantity for sensing applications, along with the sensitivity
of the structure to a certain measurand. In general, the FSR imposes a limitation in the
measurement range. The wavelength shift of a resonance dip due to a certain physical or
chemical measurand must be smaller than the FSR. Otherwise, the new position of the
resonance dip will overlap the position of a different resonance dip at a previous value of
the measured parameter. In other words, if the spectrum shifts by a FSR, the positions
of the resonance dips overlap and are indistinguishable from the previous state.

The transmission spectrum of a microfiber knot resonator can be, from a different point
of view, similar to that of a Fabry-Perot cavity. The cavity in the MKR structure is the
ring and the mirrors can be seen as the knot coupling region. In a Fabry-Perot cavity with
high reflectance mirrors, light travels longer in the cavity before leaving it. In an MKR,
the high reflectance mirrors correspond to a greater coupling of light between adjacent
fibers in the knot structure, increasing the amount of light accumulated in the ring. A
larger coupling efficiency in the knot region is achieved by using microfibers with small
diameters in the taper waist region (ideally around 1 to 2 pum), which present a larger
evanescent field.

The MKR has been widely studied as a sensing element, due to its large evanescent
field that interacts with the external medium and also to the resonant property. The
use of MKRs to measure different parameters, by means of the wavelength shift of a
resonance dip, was demonstrated in the literature. The measured parameters include
temperature [38,72,73], concentration of sodium chloride [74], refractive index (RI) [6,75],
and others. For refractive index sensing, a simple MKR embedded in a Sagnac loop
reflector was proposed by Lim et al. [75], achieving a sensitivity of 30.49 nm/refractive
index units (RIU) in a refractive index range from 1.334-1.348. In 2014, a Teflon-coated
MKR was demonstrated to have a sensitivity of 30.5 nm/RIU between 1.3322 and 1.3412
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[74]. Coating the MKR with low refractive index polymers, in this case with Teflon, makes
the structure more stable and protects it against degradation over time. High sensitivity
can be achieved by combining multiple MKRs in a cascaded configuration, as presented
by Xu et al. [6]. The sensor achieved a refractive index sensitivity of 6523 nm/RIU in a
refractive index range from 1.3320 to 1.3350.

2.3.2. Mach-Zehnder Interferometer

The Mach-Zehnder interferometer (MZI), in its basic configuration, consists of the inter-
ference between light propagating in two independent arms (a sensing arm and a reference
arm) [1]. As shown in figure 2.5, the two arms correspond to the two paths between two
fiber couplers, where light is split and recombined. The resultant interference signal is
an oscillatory response, typical of a two-wave interferometer. Ideally, the reference arm is
kept stable and isolated from the sensing environment, while the sensing arm is exposed
to the measurand. Hence, the measurand only affects the optical path length (OPL) of
the sensing arm, whose change is detected as a wavelength shift in the output interference

signal.

Input Sensing Arm Output
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Coupler ’Coupler
Reference Arm

Figure 2.5. — Schematic of a fiber Mach-Zehnder interferometer. Light is split between the
two arms and recoupled via two fiber couplers.

The FSR for an MZI is described as [76]:

A1
OPLsensing - OPLreference7

FSRyzr = (2.4)

where A1 and A\ are the wavelengths of two consecutive interference maxima (or minima),
OP Lgensing is the optical path length of the sensing arm and OPL,¢ference is the optical
path length of the reference arm, which are given by OPL = nL, being n the effective
refractive index and L the length of the arm.

Initially, the MZI technique was mainly used to measure the refractive index of a medium
[77]. However, over the years new configurations were developed, also for other applications
such as strain [78] or acoustic sensing [79], increasing therefore the scope of this sensing
technique. For instance, the two physical arms of the interferometer can be condensed
into a single physical arm. By means of two propagating modes with different effective

refractive indices, the MZI response can still be generated, as it will be presented in the
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next chapter.

Different optical fiber MZI configurations have been reported using optical microfibers.
For instance, a simple biconical fiber taper reported by Kieu et al. [37] can achieve refrac-
tive index sensitivities of around 705 nm/RIU in a range of 1.333 to 1.350, and temperature
sensitivities up to 10 pm/°C from around 30 °C to 120 °C. Higher sensitivities were reported
when using a taper-based MZI embedded in a thinned optical fiber [39]. Such sensor ob-
tained a maximum refractive index sensitivity of 2210.84 nm/RIU between 1.3997 and
1.4096. In water, the same structure achieved a temperature sensitivity of -6.66 pm/°C
between 30°C and 70 °C. Different configurations, such as an MZI based on a large knot
fiber resonator can also be used for refractive index sensing [80], presenting a sensitivity
of 642 nm/RIU in a wide range of refractive indices (1.3735 to 1.428). As for temperature
sensing in water, this sensor reached a sensitivity of -42 pm/°C from around 22 °C to 41 °C.

Some configurations using MZIs and optical microfibers have also been demonstrated
for simultaneous measurement of refractive index and temperature [81-83]. A microfiber

MZI combined with an MKR was also reported for the same purpose [84,85].

2.3.3. Fabry-Perot Interferometer

A Fabry-Perot interferometer (FPI) is made of two parallel mirror interfaces separated
from each other by a certain length (L), forming a cavity [86]. The input light is partially
reflected and transmitted at the first reflective interface. Then, the light transmitted to the
cavity suffers successively multiple reflections and transmissions at the cavity interfaces.
The final interference signal measured in reflection at the output (i.e. through the same
input fiber) is given by the superposition of the multiple transmitted and reflected light
paths that are guided towards the output.

In terms of optical fibers, FPIs can be created in various ways. As an example, a simple
structure can consist of two cleaved optical fibers, where the end faces are parallel to each
other and with an air gap [1], as shown in figure 2.6. The two fiber sections can be fixed

by means of a capillary tube.

Reflective  Reflective
Interface 1 Interface 2

. Capillary Tube
K
Input v v

Output

L

Figure 2.6. — Schematic of a fiber Fabry-Perot interferometer using two cleaved fiber end
faces. Adapted from [1].
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In general, optical fiber FPIs are composed of low reflectivity interfaces, which depend on
the Fresnel reflection between the fiber (silica) and the material or substance that fills the
cavity (gas, liquid, or others). Subsequently, only a single reflection at each interface can
be considered, since the intensity of the following reflections is too small to have a major
impact in the interference signal. Therefore, under these conditions the FPI interference
signal can be approximated to the response of a two-wave interferometer. The FSR of an
FPI is defined as [87]:

A1 A2
2nespL’

FSRppr = (2.5)

where A\; and Ay are the wavelengths of two consecutive interference minima (or maxima)
in the FPI spectrum, n.s¢ and L are the effective refractive index and the physical length
of the FPI cavity, respectively. Light that enters the cavity and is back-reflected at the
second interface towards the output travels twice the length of the cavity. Therefore, the
OPL of an FPI is given by:

OPL = 2n.L. (2.6)

Apart from FPIs made from conventional single mode optical fibers, other FPI config-
urations were also demonstrated using different types of fibers. Examples of this are the
use of hollow-core silica fibers (or hollow capillary tubes) [88-91], silicon-core fibers [92],

photonic crystal fiber [93-97], or even hollow microspheres [24,98-101].

Small size FPIs can be produced using microfabrication with a femtosecond laser or
with a focused ion beam (FIB). On one hand, a femtosecond laser can be used to quickly
mill optical fibers, creating a hollow cavity that behaves as an FPI [102-104]. On the
other hand, FIB milling achieves a more precise milling with lower interface roughness,
but it is more expensive and time-consuming. Moreover, FIB is suitable to create FPIs in
microfiber probes, with the advantage of creating micro-cavities that can be as smaller as
a single cell [4]. This technique allows to fabricate air and silica FPIs, as demonstrated
by André et al. in 2016 [3]. Ultra-short FPI cavities milled in microfiber probes were also

proposed as miniaturized sensing devices [4].

Along this dissertation, focused ion beam milling will be used to create microstructures
in optical microfiber probes, as well as to create access holes for liquids in hollow capillary
tubes. The next section presents an overview on microstructuring optical microfiber probes

using focused ion beam milling.
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2.4. Microstructuring Fiber Probes with a Focused lon Beam

The focused ion beam (FIB) is an instrument very similar to a scanning electron microscope
that uses accelerated ions rather than accelerated electrons [105]. Apart from imaging,
the ion beam is capable of milling structures with feature sizes of 1pm or below, or
even to deposit ions in a sample (ion implantation) [106]. The FIB technology is of high
importance in the semiconductor industry for structural modifications, repairing, or even
for failure analysis or debugging of integrated circuits [106,107]. Additionally, the FIB is
also employed for preparation of samples for transmission electron microscopy [105].

This powerful technology found its way towards optical fibers, not only to create aper-
tures or patterning fiber end-faces, but also to microstructure fiber probes, creating cavities
and other sensing structures. Next, an overview on the FIB technology with focus on op-
tical fibers will be presented. The preparation method used along this dissertation for
optical fibers to be milled with the FIB will also be discussed.

2.4.1. Overview on the Focused lon Beam

The principle of FIB milling consists in transferring energy from accelerated ions into the
sample by collision. Ions are much heavier than electrons, which makes it easier to remove
atoms from the sample surface [108]. Therefore, the interaction process between the ions
and the sample is destructive, resulting in sputtered and backscattered sample material,
along with secondary electrons, as shown in the schematic of figure 2.7(a). The FIB system
uses a liquid-metal ion source, which can be of different metals. The most common metal
used in commercial FIB systems is gallium. This metal has a low melting point (around

30°C) and it is more stable than other liquid-metal sources [105].
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Figure 2.7. — (a) Schematic of the FIB milling. The accelerated gallium ions remove material
from the substrate, resulting in sputtered ions and secondary electrons. (b) Positioning of the
SEM in relation to the FIB at the Tescan Lyra XMU system. The ion beam is tilted by 55°
in relation to the electron beam.

Along this dissertation, the works involving FIB milling were performed at Leibniz-
IPHT, with a Tescan (Lyra XMU) FIB-SEM (focused ion beam — scanning electron mi-
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croscope) dual-beam system. The FIB runs with gallium ions and the ion beam is tilted
by 552 in relation to the vertical axis, where the electron beam from the SEM is located,
as seen in figure 2.7(b). Hence, the sample surface, initially perpendicular to the electron
beam, needs to be tilted by 55° to be parallel to the ion beam.

Gallium ions (Ga™) have a size of around 0.2nm [108] and typically produce a FIB spot
size in the order of nanometers (usually not below 10 nm) [105]. It is worth mentioning that
higher resolutions and sub-nanometer beam sizes can nowadays be achieved using helium
ions, in a focused helium ion beam system [109]. Gallium ions have a positive charge,
which is only partially compensated by the ejected electrons from the sample. Therefore,
if the sample is non-conductive (such as optical fibers), an excess of charge is built on the
surface of the sample. Charge accumulation in the sample induces drifting effects in the ion
beam, resulting in unwanted milled regions and inaccurate milling geometries [110]. One
way to solve this problem is to cover the sample with a conductive material to suppress
charging effects, as it will be discussed later in this section.

Redeposition of a fraction of the milled sample material on the open milled regions and
on the side walls of the milled structure occurs along the milling process. Such effect
makes the amount of removed material hard to control [110]. Thus, the milling rate might
not be the same as initially expected. For a given material, the milling rate depends on
the energy and ion species, as well as on the surrounding atmosphere and on the angle of
incidence of the ion beam [111]. Redeposition of material on the side walls of the milled
structure increases the roughness and decreases the quality of the surface, which can be
critical for some application in optical microfiber probes, as it will be presented in the next
chapter. Fortunately, the FIB system allows to perform a fine polishing of these surfaces
by using a low ion current and a small beam spot size.

At last, before any milling procedures it is crucial to make sure that the system is
well-aligned and adjusted, as it reveals to have a high impact on the milling performance.
Centering the objectives and correcting the beam astigmatism ensures a correct beam
shape, increasing the sharpness of the image generated, as well as the quality of the

milling.

2.4.2. Focused lon Beam Milling of Optical Fibers

The use of FIB milling to structure optical fibers started at the end of the 90’s, with
the purpose of structuring optical fiber probes for scanning near-field optical microscopy
(SNOM) [2,112,113]. Etched optical fibers with an apex end-shape, typically covered with
a gold layer, were then post-processed with a FIB. As shown in figure 2.8, FIB milling was
applied to drill the apex along the axis of the optical fiber, controlling this way the size of
the aperture. The same technique was also used to slice the apex horizontally to the fiber

axis.
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Figure 2.8. — Example of FIB milling applied to optical fiber probes for scanning near-field
optical microscopy. Schematic adapted from [2].

Until today, FIB milling has been used not only for structuring and templating fiber
probes, but also to create sensing structures in microfiber probes and access holes for gas

or fluids in microstructured fibers.

Optical fiber facets with a specific coating were microstructured to create sub-wavelength
resonant structures for plasmonic applications [114]. Templating of fiber facets with FIB
milling was also explored for optical fiber tweezers. Different lenses in the optical fiber

facet were FIB-milled with the purpose of trapping particles and cells [115,116].

For sensing applications, different structures microfabricated with FIB milling in optical
fibers, and especially in microfibers and microfiber probes, were demonstrated. At first,
long period gratings (LPGs) were proposed in 2001 [117]. 10 years later, fiber Bragg
gratings (FBGs) in microfibers, also called microFBGs, were fabricated and demonstrated.
Kou et al. developed a first-order Bragg grating in a microfiber probe for temperature
sensing [118]. Feng et al. proposed a different FBG structure, also in a microfiber probe
for temperature sensing [42]. High-index contrast microFBGs were reported by Liu et al.,
where the grating was fabricated with FIB milling in a complete microfiber, instead of in
a probe [119]. The fabrication of FBGs in nanofibers with FIB milling was also achieved
in 2011 by Nayak et al. [120]. In their work, FBGs were milled in nanofibers with taper

waist diameters between 400 nm and 600 nm.

FIB milling is also a powerful technique to create, with high precision, miniaturized
Fabry-Perot cavities in microfiber probes. An air Fabry-Perot cavity was fabricated in a
microfiber probe by Kou et al. [121]. The cavity is only 3.5 um long and allows for refractive
index sensing of liquid solutions. Wieduwilt et al. demonstrated a different Fabry-Perot
cavity for refractive index sensing, also milled in a microfiber, but with a length of around
25 pm [122]. André et al. developed a chemically etched specialty fiber containing a
microwire, where FIB milling was used to fabricated a Fabry-Perot cavity [123]. The
Fabry-Perot structure was able to act as a cantilever for vibration sensing. Later on, the
same group proposed a microfiber probe with both an air FPI and a silica FPI within

the same probe, as depicted in figure 2.9(a). The structured probe achieved simultaneous
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measurement of refractive index of liquid solutions and temperature [3]. Refractive index
sensing with ultra-short Fabry-Perot cavities milled with a FIB, as presented in figure
2.9(b), were demonstrated by Warren-Smith et al. [4].

(a) Air FPI (b) Ultra-short FPI
nput — >§ . :
= LA
SR . Output
Silica FPI

Figure 2.9. — Example of FIB-milled FPIs in optical microfibers. (a) Two FPIs (an air cavity
and a silica cavity) in a single microfiber probe. Adapted from [3]. (b) Ultra-short FPI in a
microfiber probe. Adapted from [4].

More complex fiber sensing devices combining FIB milling were also reported. A mi-
crofiber knot resonator combined with a Mach-Zehnder interferometer, milled with a FIB
in the same microfiber, was shown by Gomes et al. [124]. Warren-Smith et al. reported
a direct core structuring of exposed core fibers with FIB milling [125]. The application of
FIB milling to fabricate asymmetric microspheres was demonstrated in 2018 by Gomes et
al. [24,26]. These microspheres generate a random signal that can be analyzed to retrieve
information regarding temperature variations.

At last, FIB milling was used to open access holes for gas and fluids in specialty fibers,
such as in photonic crystal fibers or in multi-hole step-index fibers [110]. Gomes et al. also
demonstrated an acetone evaporation and water vapor detection sensor using a caterpillar-
like microstructured fiber [126]. FIB milling was applied to open access holes for the gas

vapor to circulate inside the microstructured fiber.

2.4.3. Sample Preparation

Using FIB and/or SEM in optical fibers requires a prior sample preparation to eliminate
charging effects. In this dissertation the optical fibers were initially mounted and fixed
in an aluminium holder with a droplet of carbon glue (DOTITE XC-12, Fujikura Kasei
Co., LtD Tokyo, Japan). The sample holder is conductive and the carbon glue ensures a
good electrical contact between the holder and the fiber, which will then be coated with a
conductive film to suppress surface charges. The optical fiber can be coated with different
materials, such as gold, platinum, tantalum, carbon, and others. It is useful to deposit
a conductive film of a material with a low milling rate, avoiding its fast removal during
the milling process and the need to redeposit a new film. All the FIB-milled optical fibers
along this dissertation were coated with a carbon film. In general, carbon is more stable
and presents a lower milling rate compared with other conductive films, such as platinum

or gold. With this, only a few nanometers of carbon coating are necessary, instead of a
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few tens of nanometers, having a lesser impact in the final performance of the structure
(ex. inducing losses through light absorption).

The optical fiber samples were carbon-coated by means of a LEICA EM ACEG600. This
system allows to tilt the stage for a better positioning of the sample in relation to the carbon
source. Moreover, the stage can also rotate during the deposition process to provide a good
coating distribution, not just on the top of the sample, but also on the sides.

At last, the milled optical fiber samples can be removed from the holder using acetone
to dissolve the carbon glue. Additional cleaning can also be performed using an ultrasonic
bath with acetone, removing parts of the dissolved carbon glue that attached to the milled

region.

2.5. Conclusion

Optical microfibers and microfiber probes are a useful platform to achieve miniaturized
sensors. Their properties, combined with different post-processing techniques, allows to
create distinct sensing interferometers with potential to attain high sensitivities.

An introductory overview of three distinct fiber interferometric configurations was here
presented, providing a basic background for a more comprehensive understanding of the
following chapters. The microfiber knot resonator has improved light-environment inter-
action due to the its resonant property. The Mach-Zehnder interferometer relies on the
phase shift induced by the measurand in one of the arms. This effect can be very sensitive
to small variations in parameters such as the refractive index or concentration of certain
compounds in solutions, which is indirectly related with the refractive index. The response
of a Fabry-Perot interferometer is measured in reflection (the input and the output fiber
is the same), which is extremely useful to incorporate in microfiber probes. As here dis-
cussed, this kind of structures can be fabricated by means of femtosecond laser ablation
or focused ion beam milling.

Much of the work in this dissertation makes use of focused ion beam milling to create
sensing structures in microfiber probes and to open access holes in hollow capillary tubes.
Therefore, this chapter also provided a brief introduction to the principle of focused ion
beam milling, with strong focus on optical fiber applications.

The next chapter explores the development of microstructured sensing devices in optical
microfibers and microfiber probes. Different techniques and sensing interferometers here
introduced are combined together, creating novel sensing structures with enhanced sensing

capabilities.



Chapter 3.

Microstructured Sensing Devices
with Optical Microfibers

3.1. Introduction

This chapter explores the study and development of microstructured sensors based on op-
tical microfibers. The objective is to create small sensing devices with enhanced sensing
capabilities, such as simultaneous measurement of physical quantities or enhanced sensi-
tivity to a certain measurand. In the first section, a complete optical microfiber is struc-
tured to combine two different sensing configurations into a single and compact optical
sensing device. This approach intents to create a versatile sensor that allows simultane-
ous measurement of refractive index and temperature, solving this way the problem of
cross-sensitivity. On the other hand, the second section explores the use of a multimode
microfiber probe to achieve enhanced sensitivity to temperature. At the same time, the
work trends towards the miniaturization of fiber sensing devices for point measurements.
Here, only half of a microfiber is used to create a small size sensing probe with a small
footprint. Additionally, this work also explores microfabrication with a focused ion beam

to post-process the microfiber probe.

3.2. Microfiber Knot Resonator combined with Mach-Zehnder

Interferometer

Cross-sensitivity is a common problem in the domain of optical fiber sensors that needs to
be solved, especially when using the fiber sensing element outside of a stable and controlled
environment. In most cases, apart from the measurand, the measurement signal is also
influenced by different outside parameters. In fiber sensing interferometers, variations
of these external physical quantities induce similar wavelength shifts as the measurand,
making it rather complicated, or nearly impossible, to determine exactly the response of

the target measurand. When measuring a certain quantity, undesired variations of other
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additional parameters introduce an error in the measurement, leading to inaccurate results.
Fluctuations of temperature turned out to be one of the most problematic cases of cross-
sensitivity. Physical parameters are temperature dependent, and the sensing structure
itself may also change due to temperature effects (either by thermal expansion or thermo-
optic effect). Consequently, different fiber sensing configurations and techniques had to
be developed to compensate for possible temperature fluctuations [81,127-131]. On a
basic level, a simple thermometer could be used to monitor in real time the temperature
fluctuations, using these values to compensate and correct the final response of the fiber
sensor. However, in real applications the use of an external thermometer is inconvenient.
As an alternative approach, it is possible to incorporate a temperature sensor inside
the optical fiber together with a different sensing structure, for instance, by multiplexing
a fiber sensing interferometer with a fiber Bragg grating (FBG) [132]. The FBG was,
and still is, extensively studied and applied to monitor temperature variations in different
environments [133,134]. A different way to compensate for temperature fluctuations in-
volves the combination of two fiber interferometers with distinct responses to temperature
and to the target measurand. As a drawback, the optical signal of the sensing structure
becomes more complex, requiring additional signal processing. Nevertheless, simultaneous
measurement of both measurands is then enabled by means of a matrix method [135].
Enlightened by this last concept, this section explores the combination of two distinct
interferometric structures within a single optical microfiber: a microfiber knot resonator
(MKR) and a Mach-Zehnder interferometer (MZI). The aim of such sensing device is to
enable simultaneous measurement of refractive index variations of liquid solutions and
temperature variations. A key aspect of the following configuration, as will be further
explained later on this section, is a slight structural modification of the microfiber during
the fabrication process. This allows the Mach-Zehnder interferometer to be embedded in

the microfiber, forming a compact structure.

3.2.1. Principle and Fabrication

The base of the structure consists of a microfiber knot resonator made from an optical
microfiber. As discussed in the previous chapter 2, the MKR produces resonance dips
in the transmission spectrum due light being trapped in the MKR ring. Now, the trick
consists of fabricating the microfiber with a slightly abrupt transition region. In such
case, a few other modes are excited in the microfiber. These modes co-propagate with an
effective refractive index different than the fundamental mode one, hence accumulating
a phase difference. Then, in the knot region, the modes interfere due to the inherent
curvature of the microfiber, creating a Mach-Zehnder interferometer whose response is
susceptible to refractive index variations of the surrounding environment. A schematic of

the two main structures are depicted in figure 3.1.
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Figure 3.1. — Schematic of the two main structures: a microfiber knot resonator (MKR) and
a Mach-Zehnder interferometer (MZI). Illustration of the main modes in the microfiber with
a slightly abrupt transition region, when immersed in water. The fundamental mode of the
single-mode fiber is coupled preferentially to the fundamental mode, LFPy;, and to the higher
order mode, LP,s, of the microfiber. The co-propagation and interference between these two
modes forms the MZI. (Not drawn to scale.)

It is important to mention that, the fundamental mode of the initial fiber is, in the
slightly-abrupt taper transition region, preferentially coupled into the fundamental mode,
L Py, of the microfiber and also to the higher order mode, LPy; (see figure 3.1). These two
modes are preferentially excited since they present similar azimuthal symmetry and smaller
phase mismatch than other higher order modes [136,137]. The rest of the higher modes
carries much less intensity, which leads to interference signals with very low visibility.
Therefore, they can be negligible. For this reason, the MZI response is mainly composed
of the modal interference between the fundamental mode, LFy;, and the higher order
mode, LPyo, of the microfiber. The final response of the sensing device is expected to be

the superposition between the MKR and the MZI responses.

The sensor was fabricated with a COq laser tapering facility. The tapering setup has

Table 3.1. — Parameters used in the COs laser system to fabricate the microfiber. The COs
laser setup can be found in chapter 2 in figure 2.3.

Initial Velocity (Stage A) 40 pm/s
Initial Velocity (Stage B) 20 um/s
Final Velocity (Stage A) 5000 pum/s
Initial Acceleration (Stage A) 200 pm/s?
Variation in Time of Acceleration (Stage A) | 200 um/s>
COsy Laser Output Power 10W
CO, Laser Pulse Width Modulation 27%
Lens-Fiber Distance 32.5 mm
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Figure 3.2. — Schematic of the sensing structure. The sensing structure consists of an MKR
made from an 8.6 ym-diameter microfiber with slightly abrupt transition regions. On the
right: profile of the two main modes with higher intensity excited in the microfiber waist
region (LPy; and LPg3), when surrounded by water at 44 °C, at a wavelength of 1550 nm.

been previously explored in chapter 2. Details on the parameters used to fabricate the

microfiber with slightly abrupt transition regions are presented in table 3.1.

The fabricated microfiber has a length of 50 mm and 900 pm-long slightly abrupt transi-
tion regions. In the taper waist region the microfiber has a diameter of 8.6 um. An MKR
with a final diameter of around 680 ym was manually tied using the fabricated microfiber.
A schematic of the sensing structure is depicted in figure 3.2, together with a micrograph
of the MKR region.

The structure is intended to be immersed in water, in order to sense refractive index
and temperature variations simultaneously. The effective refractive indices of the two main
modes of the microfiber (LPy; and LPy) were calculated using COMSOL Multiphysics.
The microfiber refractive index was considered as 1.4440 (refractive index of silica at a
wavelength of 1550nm). An intermediate situation of refractive index and temperature
was considered for the simulations. As a first rough approximation, the external medium
refractive index was assumed as 1.3292, corresponding to the refractive index of water (at
a wavelength of 632.8 nm) adjusted to the temperature of 44 °C (see appendix A). In this
situation, the simulated effective refractive indices were 1.4385 and 1.4149, respectively for
the LPy and the LPy. To be more correct, the refractive index value of water should be
adjusted to the correct operating wavelength. So, by means of the Sellmeier equation (see
appendix A), the simulations were repeated using an external refractive index of 1.31278,
corresponding to water at 44 °C at 1550 nm. The simulated effective refractive indices were
1.43842 and 1.41452, respectively for the LFPy; and the LFPys. Their mode profiles are also
displayed in figure 3.2.
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3.2.2. Experimental Setup and Characterization

The spectral response of the sensor was obtained using a simple transmission setup, de-
scribed by figure 3.3. The sensor was connected between a broadband optical source, with
a central wavelength of 1550 nm and a bandwidth of 100 nm, and an optical spectrum an-
alyzer (OSA) with 0.04 nm of resolution. The whole characterization was performed with
the sensor immersed in a water reservoir. The water temperature could be increased via a
hot plate and monitored with an external thermometer placed close to the sensor. Before
immersing in water, the structure was fixed onto a glass substrate with cyanoacrylate adhe-
sive in the single-mode fiber (SMF) regions. The microfiber knot resonator was attached
to the glass substrate only by Van-der-Waals forces, owing to the small dimensions of
the microfiber. For temperature measurements, the water temperature was progressively
decreased from 50 °C to 38°C.

Water Thermometer
Reservo1r

Broadband \ Q ’ Optical Spectrum
Light Source Analyzer
oA

Hot Plate

Figure 3.3. — Diagram of the experimental setup. The sensor was fixed onto a glass substrate
and immersed in a water reservoir. The water temperature is regulated with a hot plate and
simultaneously monitored by an external thermometer.

Figure 3.4(a) shows the transmission spectrum of the sensor in an intermediate situ-
ation, corresponding to a water temperature of 44 °C. The optical signal was previously
normalized to the broadband light source signal. The transmission spectrum is given by
the superposition of two components: a fast oscillatory signal originated by the MKR, and
a slow oscillatory envelope due to the MZI, which modulates the MKR response.

In terms of spectral properties, the MKR component has a free spectral range (FSR) of
around 0.78 nm. On the other hand, the MZI component corresponds to a low frequency
signal with a free spectral range of around 9.62nm. Since both interferometers have
optical responses with distinct frequencies, the MZI component can easily be isolated
using a low-pass fast Fourier transform (FFT) filter to track and characterize its response
without the influence of the MKR. The low-pass FFT filter had a cutoff frequency of
0.5nm™. The filtered MZI component is represented in figure 3.4(a) with a red line. The
cutoff frequency of the lowpass FFT filter is directly related with the signal FSR through:
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Figure 3.4. — (a) Transmission spectrum of the sensing structure in water at 44 °C. The red
line corresponds to the Mach-Zehnder interferometer component, filtered by means of a low-
pass filter (cutoff frequency: 0.5 nm™). The spectral region inside the dashed box is magnified
in (b). The minima marked with an arrow are originated from the mode L Pys.

feutofs [nm™1] = 1/FSR[nm]. Therefore, applying a lowpass FFT filter with a cutoff
frequency of 0.5nm™" is equivalent to blocking all signal components with an FSR smaller
than 2nm, filtering out this way the MKR response (FSRykr = 0.78 nm).

As discussed before, the MZI is caused by the modal interference between the L Py
and the LFPy modes. The interferometer physical length, L, can be estimated through
equation 2.4 as [76]:

O Aih
~ Anx FSR’

where \; and A\ are the wavelengths of two consecutive interference maxima (or minima),

(3.1)

An is the effective refractive index difference between the two modes, and FSR is the free
spectral range of the MZI signal. From the experimental spectrum presented in figure
3.4(a), two consecutive minima of the filtered MZI component are located at 1529.66 nm
and 1539.45nm. Hence, together with the calculated FSR and the simulated effective
refractive indices at 1550 nm, an MZI length of 10.07 mm is estimated through equation
3.1. The value matches with the distance between the beginning of the microfiber and the
knot region (note that the knot is located closer to the input of the microfiber rather than in
the center due to the fabrication constrains). Please observe that the rough approximation
of using the refractive index of water for the sodium D line would give an estimated MZI
length of 10.19 mm which is, for this specific case, not so different as using a more correct
values for the refractive index of water.

Similarly, one can estimate the diameter, d, of the MKR based on equation 2.3 as [33]:
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(3.2)

where L is the cavity length, which for an MKR is given by the perimeter of the ring
(L = 7d), and n.yy is the effective refractive index of the propagating mode. Two consecu-
tive resonant wavelengths of the MKR response are located at 1530.12 nm and 1530.90 nm.
Adopting the simulated effective refractive index for the fundamental mode (LPy;), the
calculated knot diameter is 665 pm. Keep in mind that the MKR, response occurs for both
modes, but they present similar FSRs and peak positions. However, the fundamental
mode LPy; is dominant over higher order mode LPyy [138]. The resonances originated
from the mode L Pys have much lower visibility, yet they can still be visible in figure 3.4(b)

when magnifying the spectrum near 1540 nm.
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Figure 3.5. — (a) Transmission spectra of the sensing structure, in water, at different tem-
peratures: 50°C and 38°C. The shaded region is magnified in (b). The red line corresponds
to the Mach-Zehnder interferometer component, filtered by means of a low-pass filter (cutoff
frequency: 0.5 nm™). (b) Zoom-in of the transmission spectra, in water, at four different
temperatures.

Figure 3.5(a) displays the transmission spectra at two distinct water temperatures: 38 °C
and 50 °C. The MZI component, given by the red line in figure 3.5(a), shifts towards longer
wavelength as the water temperature decreases. On the other hand, the MKR component
shifts towards shorter wavelengths as the water temperature decreases, as visible in figure
3.5(b). To characterize the sensing structure, the wavelength shifts of the MZI interference
dip around 1530 nm and the MKR resonance dip around 1531.7 nm were monitored. The
wavelength shift as a function of the temperature variation in water for both components,
the MZI and the MKR, is depicted in the inner plot of figure 3.6. In water, temperature
sensitivities of -196 +2pm/°C and 25.1+0.9pm/°C were obtained for the MZI and the

MKR, respectively. Such values correspond to the effect of temperature variations but
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also to water refractive index variations due to thermo-optic effects. In order to obtain a
correct response of the sensor only to water temperature variations (due only to thermo-
optic effect), the temperature behavior of the structure in air (thermal expansion) needs to
be removed [3]. The temperature sensitivity of the structure, in air, is 10.2 pm/°C [37] and
20.6 pm/°C [75], respectively for the MZI and MKR. After removing these components,
the sensor response due to water temperature variations is shown in figure 3.6. The
new temperature sensitivities, in water and due only to its thermo-optic effect, are now
-206 + 2pm/°C and 4.5+ 0.9 pm/°C, respectively for the MZI and the MKR.
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Figure 3.6. — Wavelength shift as a function of water temperature variation (only due

to thermo-optic effect) for both components, the microfiber knot resonator (MKR) and the
Mach-Zehnder interferometer (MZI), after removing the temperature sensitivity in air (thermal
expansion). The inner plot shows the measured values before extracting the temperature
behavior in air.

To characterize the sensor as a function of refractive index variations, a simple technique
is to convert the temperature measurements, in water, into the equivalent refractive index
variations through the thermo-optic coefficient. The thermo-optic coefficient of water, 3—5&,

at a wavelength of 1550 nm, is given by [139]:

d
% — —1.044 x 1074 — 1.543 x 107 7T, (3.3)

where T is the water temperature, given in degrees Celsius, and n is the refractive index of
water, given in refractive index units (RIU). To obtain the refractive index values of water
at different temperatures, equation 3.3 needs to be integrated. Taking into consideration
that the water refractive index at 20°C is 1.3154, at a wavelength of 1550 nm [140], one
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obtains that!:

n(T) = 1.3154 + 2.11886 x 1072 — 1.044 x 10747 — 7.715 x 107872, (3.4)

with T given in degrees Celsius and n given in RIU. By making use of this conversion,
the wavelength response of the sensor to refractive index variations is now depicted in
figure 3.7. In this case, the MZI dip shifts to longer wavelengths with increasing external
refractive index, while the MKR dip shifts to shorter wavelengths. The obtained refractive
index sensitivity was 1848 & 13 nm/RIU for the MZI and -59 £+ 6 nm/RIU for the MKR. The
refractive index ranged from 1.31211 to 1.31344, at a wavelength of 1550 nm, performing
a total variation of 1.33 x 10~ RIU.
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Figure 3.7. — Wavelength shift as a function of water refractive index variations for both com-
ponents, the microfiber knot resonator (MKR) and the Mach-Zehnder interferometer (MZI).

The two components have distinct sensitivity values, allowing for simultaneous measure-
ment of refractive index and temperature variations using a matrix method. The matrix
of relation between refractive index (An) and temperature variations (AT'), and the corre-
sponding wavelength shifts (AXyrzr and AXyrxr) can be obtained using the sensitivities
of each component to the measured parameters [135]. For the developed sensor, the matrix

is expressed as:

An

o (3.5)

1| kor —kir
_an kln

AXvizr ]

D AMVKR

where D = kinkor — kopkir is the determinant of the relationship matrix, being k;,

and k;7 the sensitivities to refractive index and temperature, with ¢ = 1,2. The matrix

'Further details in appendix A.
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method works well when the components have distinct sensitivity values, as long as the
matrix determinant, D, is large. A small value of D introduces significant errors and low
accuracy. Replacing the sensitivity values of the MZI and the MKR in equation 3.5, the

matrix can be expressed as:

An 0.0206 —0.0102

3.6
59 1848 (3.6)

= 0.0267 [

AXvzr
Aykr |

where AAyrzr and Ay g are given in nanometers. The obtained refractive index and
temperature variations are given in RIU and in degrees Celsius, respectively. The matrix
method presents a standard deviation (o) of 3 x 1072 RIU and 0.1 °C in the determination

of the resulting refractive index and temperature variations, respectively.

3.2.3. Discussion

In this section, a new compact sensing structure was presented, combining two distinct
optical interferometers into a single device: a microfiber knot resonator and a slightly
abrupt taper-based Mach-Zehnder interferometer. The structure was fabricated only via
post-processing with a COs laser. The sensor presents two distinct spectral components,
characteristic from the MZI and the MKR, that respond differently to temperature and
refractive index variations. Both components could be separated by applying FFT filters,
making it easier to monitor each response separately. The MZI component has higher
sensitivity to refractive index than the MKR component, mainly because it relies on the
difference between the effective refractive indices of the two main modes (the LFPy; and
the LPy).

The device can be used to simultaneously measure temperature and refractive index
variations. Hence, the influence of temperature in the refractive index measurement can
be compensated, as initially targeted. Moreover, the proposed sensor is more compact and
stable than similar reported structures [84,85], since the MZI relies on a single taper struc-
ture and not on a second microfiber connected through Van-der-Waals forces. Structures
like [84,85], which use coupling between two microfibers, can be very fragile and unstable.
On the other hand, the proposed structure might have some issues while immersing in
water (or removing). During this process, the surface tension of water can change the
diameter of the MKR, or even break the microfiber. Hence in the future, it is important
to explore the possibility of coating the structure with a thin protective layer of a low
refractive index polymer. Such coatings increase the stability of the structure and avoid
modifications in its dimensions. Moreover, this type of coatings might have low impact on
the performance of the sensor, as its refractive index is lower than silica. Therefore, the
modes of the structure are preserved. However, one should not forget that the coating is a

small barrier between the propagating modes and the external environment, which might
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result in a slightly lower refractive index sensitivity.

3.3. FIB-Structured Multimode Fiber Probe

The use of a microfiber sensing device in a transmission configuration, as the one demon-
strated before, is less practical or inconvenient for applications that require local mea-
surements (point measurements). For instance, some biological and medical applications
require point measurements combined with minimally invasive sensors, especially for in-
vivo operation. Therefore, the current tendency is towards developing miniaturized sensors
capable of measuring physical, chemical, and biochemical parameters. A microfiber probe
(half of a microfiber) could be used for such applications instead of a complete microfiber.
Then, a sensing structure can be added to the microfiber probe via post-processing. A
useful sensing structure suitable to be adapted to a microfiber probe and interrogated in
a reflection configuration is the Fabry-Perot interferometer (FPI).

Microfabrication with a focused ion beam is an interesting approach to form FPIs in
microfiber probes. This technique has the advantage of creating small sensing structures
in thin microfiber probes, which can be smaller than a single cell. Examples of air and
silica FPIs in microfiber probes were demonstrated in 2016 [3]. One year later, ultra-short
FPI cavities milled in microfiber probes were also proved to be feasible and applicable
as miniaturized sensing devices [4]. For temperature sensing, conventional silica FPIs are
limited by the thermo-optic coefficient of silica, and to a lesser degree by the thermal
expansion coefficient. Typically, the temperature sensitivity values for those structures
range from 10 pm/°C to around 20 pm/°C [3,90, 141, 142]. Polymers started to be imple-
mented to partially solve this issue of limited sensitivity. Polymer FPIs can attain one
order of magnitude higher temperature sensitivities due to their high thermal expansion
coefficient [143, 144]. Yet, their use is also limited to temperatures below the melting
point of the polymer. Apart from the use of polymeric structures, other possibilities to
surpass the sensitivity limitations were studied, including the application of other effects
beyond the normal FPI. Multimode interference [145] or non-linear responses [143, 145]

are examples of that.

In this section, the improvement of a focused ion beam-milled FPI in a microfiber probe
is explored for temperature sensing. For this purpose, the usual SMF used to fabricate the
microfiber was replaced by a multimode fiber (MMF). Thus, multiple propagating modes
are present in the structure, generating different FPI responses. The interference between
the FPI responses gives raise to a low-frequency envelope modulation, which mainly de-
pends on the refractive index differences between the propagating modes. Consequently,
one should expect such component to achieve higher sensitivity as it depends on an optical

path difference, similarly to the MZI demonstrated in the last section.
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3.3.1. Fabrication

The microfiber probe used in this work was fabricated using a step-index multimode optical
fiber (FGO50LGA, Thorlabs GmbH). The MMF has a core diameter of 50 pum and a
standard cladding diameter (125 gm). The microfiber probe was provided by the Center
for Laser and Plasma Research (Shahid Beheshti University, Iran). There, the MMF was
tapered down using a CO4 laser tapering facility and then broken in half, creating a sharp
tip suitable to be post-processed. Subsequently, a Fabry-Perot interferometer (FPI) was
microstructured at the microfiber probe by focused ion beam milling.

A previous sample preparation, already described in section 2.4.3, is necessary to use
such microstructuring technique in optical fibers. In the carbon coating step, the sample
was placed at a working distance of 50 mm, with a 52 stage tilt towards the carbon source.
Nine pulses were applied at a chamber pressure of 6 x 107> mbar, depositing a carbon film
of nearly 6 nm.

The fabrication of the FPI in the microfiber probe was realized at Leibniz IPHT with
a Tescan (Lyra XMU) focused ion beam—scanning electron microscope (FIB-SEM). The
fabrication process is illustrated in figures 3.8(a-c). Initially, the fiber end was cleaved, not
only to remove damaged regions from breaking the microfiber after the tapering process,
but also to slightly reduce the size of the microfiber probe. A longer microfiber probe is
more susceptible of bending and breaking. The cleave was executed with an ion current of
nearly 1 nA. Then, a 2 um-wide air gap with a depth of 7 um was milled 60 pm away from
the cleaved edge using the same ion current. At the position of the air gap, the microfiber

has a diameter of 11.6 um. A silica cavity is now formed between the cleaved edge and the

Step 1
(a) Step Cavity Milling
Cleave M
(I !
(b) Step 2 Side Polishing
Edge Polishing 4

3C X
(c) Final Structure

[ I

Figure 3.8. — Schematic of the fabrication process by focused ion beam milling. (a) Step
1: fiber tip cleavage and milling of a small air cavity. (b) Step 2: edge and cavity side
polishing. (c¢) Appearance of the final structure. (d) Scanning electron microscope image of
the final fabricated structure. The structure is composed of a 60.2 pm-long silica cavity with
a 2.7 pm-long air gap.
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air gap, which will act as mirrors of the silica FPI through Fresnel reflections. However, at
this point the mirrors are very lossy due to high surface roughness. Some of the removed
material during the milling process is redeposition on the side walls, creating an irregular
surface. Hence, it is crucial to polish the cleaved edge, as well as the sides of the air gap,
creating smooth surfaces and reducing the amount of light scattered to the outside. The
fiber edge was polished using the same current as before. The side polishing of the air gap
was performed at a slightly lower current (800 pA) to avoid fiber movements during the
milling process. A scanning electron microscope image of the final microstructured probe
is shown in figure 3.8(d). The microfiber probe is comprised of a 2.7 um-wide air gap
and a 60.2 um-wide silica cavity located between the air gap and the polished fiber edge.
The final height of the air gap is 6.1 um instead of the predicted 7 um due to material
redeposition during the milling process. At last, the sensor was disassembled from the
aluminum holder using acetone to remove the carbon glue. The whole structure was then
placed in an ultrasonic bath with acetone for 10 minutes to clean the sensing microfiber

probe and remove carbon glue residues.

The structure was interrogated in a reflection configuration by means of an optical
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Figure 3.9. — (a) Schematic of the interrogation system. The microfiber probe is monitored
in reflection by means of an optical circulator. (b) Reflection spectrum of the microfiber tip,
before and after milling.
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circulator, as schematized in figure 3.9(a). A broadband optical source, with a central
wavelength of 1550 nm and a bandwidth of 100 nm, was used to illuminate the sensor and
the reflected signal was recorded using an OSA with 200 pm of resolution. The reflection
spectrum of the structure, before and after milling, is shown in figure 3.9(b). The signal
was previously normalized to the reflected signal from a cleaved SMF in air (around 3.3%
Fresnel reflection). Before milling, the microfiber had a damaged end due to the fabrication
process, resulting in a lossy reflection spectrum with no interferometric behavior. After
milling, the silica cavity and the air gap work as FPIs, and so the reflection spectrum

presents an interferometric behavior.
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Figure 3.10. — Reflection spectrum of the microfiber tip in a broader wavelength range. The
upper and lower envelope modulations are traced with a dashed line. Intensity represented in
a linear scale.

To observe more spectral features, the spectrum of the microstructured fiber probe was
recorded in a broader wavelength range by means of a supercontinuum source (Fianium
WL-SC-400-2, wavelength range: 410nm to 2400nm). The measured spectrum is depicted,
in a linear scale, in figure 3.10. The oscillatory interferometric signal presents a complex
modulation with a node at around 1518 nm. The upper and lower envelope modulations
are represented with dashed lines. Next, the principle of operation of the sensing structure

will be analyzed.

3.3.2. Principle

Both the silica cavity and the air gap act as FPIs, where light is partially reflected at each
air-silica interface through Fresnel reflections. However, the reflections at each interface
are very small, with an intensity reflection coefficient of around 3.3% (considering the
refractive index of silica equal to 1.4440 at 1550 nm, and the refractive index of air equal
to 1.0003, at 1550 nm at a temperature of 15°C [146]). Under these circumstances, the
FPI response can be approximated as a two-wave interferometer, considering only one

reflection at each interface, as discussed in the previous chapter. The distance between
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two consecutive interference minima (or maxima), commonly known as the free spectral
range (FSR), can be expressed as a function of the cavity length (L) based on equation
2.5 as [87]:

pop_ Mde Ak

"~ 2ne L OPD’ (3.7)

where A and A2 are the wavelengths of the two consecutive interference minima (or max-
ima), ners is the effective refractive index of the propagating mode, L is the physical
length of the FPI cavity, and OPD = 2n.ysL is known as the optical path difference.
In reality, the structure presents multiple propagating modes which generate several FPI
responses, one for each mode. The generated FPIs have slightly different frequencies, since
the propagating modes have different effective refractive indices. Hence, the output is the
superposition between the multiple FPI responses, resulting in different beating modu-
lations that form a complex envelope. The upper and lower envelope modulations are
represented in figure 3.10 with dashed lines. Considering that the physical length of the
silica cavity (L) is the same for every FPI, the complex envelope modulation only depends
on the effective refractive index differences between the various propagating modes, similar
to the MZI proposed in section 3.2.

To understand more about the principle of operation, let us deconstruct the spectrum
by applying a fast Fourier transform (FFT). The range of wavelengths used in the mea-
surements is very broad, which makes the FSR change slightly across the spectrum due
to the wavelength dependency. To perform a fast Fourier transform, one needs to make
sure that the spacing between the interference fringes (FSR) is approximately the same
in all regions of the spectrum, eliminating therefore its wavelength dependence. An easy
solution is to convert the wavelength data into optical frequency domain (v = ¢/, where
c is the speed of light in vacuum). Between two interference minima (or maxima), the
phase change is equal to 27, which in terms of optical frequencies can be translated as:

2 2T 21y 2Ty
)\—lnefoL — ~Nepp2L = Nepp2L —

A9 c c
where n,y is assumed the same for both wavelengths. The FSR in wavelength, given by

Ap =21 = Neff2L, (3.8)

equation 3.7, can now be converted into FSR in frequency (F'SR, = 11 — v2) expressed
as [4]:

C C

FSR, = OPD =2nptL = ———,
— Neff FSRV
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where OPD is the optical path difference. The FFT of the reflection spectrum in optical
frequencies can be represented in terms of OPD through equation 3.9, since the FFT X-
axis corresponds to an inverse unit of frequency (1/FSR,). The FFT of the reflection

spectrum from figure 3.10 is shown in figure 3.11(a).
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Figure 3.11. — (a) Fast Fourier transform of the reflection spectrum from figure 3.10. Inset:
filtered spectrum correspondent to a single FPI. Filtered reflection spectrum from the (b)
lower frequency region and (c) higher frequency region. (d) Superposition of the reflection
spectrum for the two filtered regions and experimental measured reflection spectrum.
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The fundamental mode (mode with higher n.rs) propagating in the silica cavity should
correspond to the FFT peak of higher intensity. In this case, the FFT peak has an
OPD equal to 175.4 ym. The FPI response generated by such mode was filtered out
using a narrow FFT bandpass filter. The result is depicted in the inset of figure 3.11(a).
The response is similar to a single-mode low-finesse FPI, where the signal is a two-wave
interferometer. The temperature sensitivity can be estimated by filtering with the same
procedure the spectrum of the sensor at a different temperature. For a temperature
change of 33°C, the FPI response shifted 320 pm, resulting in an estimated sensitivity of
9.7pm/°C. This value of sensitivity is typical of other sensing structures that rely on silica,
such as fiber Bragg gratings (FBGs) [133].

Two regions are also clearly visible and marked in the FFT, each of them composed of a
broad peak. These broad peaks are actually the overlap of several individual peaks, due to
the multiple FPIs with slightly different frequencies (slightly different OPDs). However,
the FFT does not have the necessary resolution to differenciate between them. The two
marked regions can be separated by means of an FF'T bandpass filter. The filtered response
from the lower frequency region is depicted in figure 3.11(b), while the filtered response
from the higher frequency region is shown in figure 3.11(c). Both filtered responses are
already modulated by complex envelopes resulting from the beating between different FPI
responses with frequencies within the filtered regions. The combined response of these two
regions, represented in figure 3.11(d), contains a node at around 1518 nm, marked with an
arrow. Compared with the experimental response(fig. 3.10), the position of the node is

the same for both cases.

It is important to note that the combined filtered responses do not contain the effect
of the single FPI given by the air gap. Assuming an effective refractive index of 1.0003
(refractive index of air at 1550 nm at a temperature of 15 °C [146]), the OPD of the air gap
can be calculated using the measured length (2.7 ym), obtaining 5.4 um. In fact, the air
gap represents a low-frequency component, whose FFT peak is masked by the zero OPD
region (DC component), and it does not have a main contribution to the position of the
envelope node. During the analysis performed along the rest of this section, the effect of

the air cavity was neglected.

Apart from the air gap, two distinct physical cavities are also presented in the structure:
the silica cavity with an OPD = 2 x 1.444 x 60.2 = 173.9 um, and the air gap together
with the silica cavity, with an OPD = 2 x 2.7 + 2 x 1.444 x 60.2 = 179.3 um. In both
cases, only one propagating mode was considered to estimate the OPDs, assuming its
effective refractive index to be the refractive index of pure silica (1.444 at 1550 nm), as
an approximation. Moreover, the OPD of the silica cavity is slightly different than the
one presented in the FFT, due to the small approximation made to the effective refractive

index and also due to some uncertainty in the measurement of the cavity length.
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3.3.3. Temperature Characterization

To evaluate the improvement of sensitivity provided by the modulating envelope, the
sensing probe was characterized in terms of temperature. The probe was submitted to
different temperatures in air, ranging from 30 °C to 120 °C, using a tubular oven (Stréhlein
Instruments). Then, the envelope shift was determined by tracking the position of the
node, located at 1518 nm, as a function of temperature. To obtain a more accurate value
for the position of the node, the average between the local minimum of the upper envelope

and the local maximum of the lower envelope was taken.
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Figure 3.12. — (a) Reflection spectrum at two distinct temperatures. The position of the

envelope node, marked with an arrow, was monitored during the experiment. (b) Wavelength
shift of the envelope node as a function of temperature. The slope corresponds to a temperature
sensitivity of (—654 £ 19) pm/°C.

Figure 3.12(a) shows the reflection spectrum of the sensing probe at two distinct temper-
atures: 33°C and 52 °C. The position of the node is marked with an arrow. The position
of the envelope node shifts towards shorter wavelengths with increasing temperature. The
full temperature characterization curve is depicted in figure 3.12(b). The temperature
sensitivity of the envelope is determined through a linear fit applied to the wavelength
shift of the node as a function of temperature. By means of this, a temperature sensitivity

of (—654 £19) pm/°C was achieved for the envelope modulation.

The stability of the sensing structure was also evaluated. Ten consecutive measurements
were performed at two different temperatures, 89.54 °C and 94.51 °C, in order to determine
the sensor resolution. To perform such kind of measurements, it is crucial to ensure a good
thermal stability, maintaining the same temperature along the measurements. Therefore,
the sensing probe was placed inside an aluminum box, and the whole set was installed inside

a Carbolite oven with high volumetric capacity. The aluminum box partially attenuates the
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thermal fluctuations of the oven caused by its PID controller?. A PT100 thermometer was
also set inside the aluminum box, together with the sensing probe, to help in monitoring
thermal stability. To promote a good thermal equilibrium, the oven was allowed to stabilize

for 4h at each temperature, prior to any measurement.
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Figure 3.13. — Stability measurements: 10 measurements at two distinct temperatures,

89.54°C and 94.51°C.

Figure 3.13 shows the results of the stability measurements. A maximum standard
deviation achieved was 96.98 pm, by analyzing the wavelength fluctuations. A resolution
of 0.14°C is obtained by performing the ratio between the maximum standard deviation
and the temperature sensitivity previously determined. This value corresponds to half of
the OSA resolution used for the measurements (200 pm). Therefore, the sensor resolution
is limited by the resolution of the interrogation system. The theoretical resolution for the
demonstrated sensing probe, while considering an interrogation system with a resolution
of 10 pm, would be 0.015 °C. Such wavelength resolution can already be accomplished by

modern high resolution OSA systems.

3.3.4. Discussion

A small size microfiber probe structured with a focused ion beam was successfully demon-
strated and designed to have enhanced temperature sensitivity, as shown below. The core
of the improved performance relies on the use of a multimode fiber. The complex envelope
modulation presented in the reflection spectrum arises from effective refractive index dif-
ferences between the propagating modes. This effect is comparable to the Mach-Zehnder
interferometer demonstrated in the previous section.

The FPI response correspondent to the fundamental propagating mode could be ex-

tracted and analyzed. Its temperature sensitivity, around 9.7 pm/°C, is in agreement with

2PID controller: proportional-integral-derivative controller.
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Table 3.2. — Table of comparison between different configurations. NL stands for non-linear
response.

. Sensitivity | Range | Resolution
Configuration (pm /°C) °C) (°C)
FIB-milled FP modal interferometer (2010) [142] 20 19-520 -
Polyvinyl alcohol FPT (2012) [143] 173.5 (NL) >80 -
SMF + etched P-doped fiber FPI (2014) [123] 11.5-15.5 | 100-550 -
Silicon FPI (2015) [92] 82 10-100 0.3
Silicon FPI (2015) [147] 84.6 20-100 | 6 x 10~
Hollow-core FPI + Vernier effect (2015) [148] 816.65 20-90 -
Hollow-core FPI + Vernier effect (2015) [148§] 1019 250-300 -
FIB-milled silica FPI in fiber taper (2016) [3] 15.8 40-140 -
Double polymer-capped FPI (2017) [144] 689.68 20-75 -
MMEF tip FPI + UV adhesive (2017) [145] 213 (NL) | 55-85 ;
Cascaded FPI with Vernier effect (2018) [149] -97 30-60 -
Cascaded FPI with polymer
+ Vernier effect (2018) [150] 67350 20-25 i
This work [21] -654 30-120 0.14

other conventional silica FPIs [3]. On the other hand, the envelope modulation exhibits a
magnified response, with a temperature sensitivity of —654 pm/°C achieved between 30 °C
and 120°C. This value is over 60-fold higher than the single silica FPI originated by the
fundamental propagating mode. Moreover, the temperature of operation of the structure
includes typical temperature ranges that are used in biological applications (30°C +).
Table 3.2 compares the sensitivity values and resolution for different Fabry—Perot config-
urations, up to the date of publication of this work. The proposed fiber probe presents
higher temperature sensitivity than many reported Fabry—Perot configurations, especially

when considering that it is a silica sensor.

Stability measurements were also performed, demonstrating a maximum standard de-
viation of 96.98 pm, corresponding to a resolution of 0.14 °C. However, it is limited by the
resolution of the interrogation system used. This limitation should be further checked by

using an interrogation system with higher wavelength resolution (10 pm or lower).

In the future, extensive studies still need to be performed to assess the response of
the sensing probe to specific target applications. The aim of applying such small sensing
structures for medical or chemical applications require further analysis on the response of
the sensor when immersed in liquid solutions. Under those circumstances, the effective
refractive indices of the propagating modes will be completely different, requiring a new
characterization. Upon characterization, the sensing structure might need possible adap-
tations, either on the microfiber size and fabrication, or on the microstructuring process,

to optimize its final response and performance.



3.4. Conclusion 45

3.4. Conclusion

The aim of this chapter was to develop microstructured devices based on optical microfibers
with enhanced sensing capabilities. The first work tackled the problem of cross-sensitivity
in optical fiber sensing, especially targeting the influence of temperature variations. Here,
the microfiber was fabricated with abrupt transitions regions, generating a Mach-Zehnder
interferometer, and then tied up forming a microfiber knot resonator. Merging both sens-
ing configurations, the Mach-Zehnder interferometer and the microfiber knot resonator,
enabled simultaneous measurement of refractive index and temperature. Additionally, the
Mach-Zehnder interferometer achieved higher sensitivities than the microfiber knot res-
onator. This effect is mainly due to its dependence on the difference between the effective
refractive indices of the two main propagating modes in the microfiber.

The objective of the second work was to make use of focused ion beam milling to struc-
ture the microfiber into a small sensing probe. In this context, a Fabry-Perot interferom-
eter was milled with this technique in a microfiber probe, showing improved temperature
sensing. The enhancement, similarly to the Mach-Zehnder interferometer of the first work,
is based on differences between effective refractive indices of the propagating modes.

Until now, the presented sensing structures are high quality micro-interferometers in
fiber, providing mostly the expected typical sensitivity. However, the cases here explored
also indicate the possibility of using different modes to increase the sensitivity, through
an envelope modulation. From a different perspective, this enhancement of the envelope
wavelength shift can be interpreted as the Vernier effect. In the optical domain, the
Vernier effect consists of the superposition of two interferometric signals with slightly
shifted frequencies, originating a beating envelope with interesting properties. One of them
is the magnification of the spectral shift of the envelope, when compared with the normal
shift of the single interferometer. As seen before, the frequency of the different Fabry-Perot
interferometers in the microfiber probe is directly related with the effective refractive index
of each propagating mode, through equation 3.9. Note that the structure does not have
only two interferometers with slightly different interferometric frequencies, but as many
as the number of propagating modes. Hence, the generated Vernier beating envelope is
rather complex. Moreover, in this current form the Vernier effect is uncontrollable, since
one does not have control over the modes propagating in the structure. The next chapter
explores the optical Vernier effect from an optical fiber sensing perspective, and especially

how to apply it to maximize its enhancement effects in a controllable way.






Chapter 4.

Optical Vernier Effect in Fiber

Interferometers

4.1. Introduction

The use of a secondary scale in measuring equipment and instruments, such as calipers
and ancient astronomical quadrants, allows to increase the resolution and reduce the un-
certainty of measurements. The caliper was invented in 1631 by Pierre Vernier [151].
Some people name such instrument after his inventor as the “Vernier caliper”, where the
two scales overlapping each other are referred as the Vernier scale. Eventually, Pierre
Vernier may have been inspired by a portuguese measuring tool of the 16" century called
- the Nonius. The Nonius, created in 1542 by the mathematician and cosmographer Pedro
Nunes, was a tool used to perform finer measurements on circular instruments, improving
the angular measurements of devices like the astrolabe [152].

In the field of optical fibers, the Vernier effect (or the Vernier principle) also left his
mark. In 1988, Paul Urquhart was studying and designing compound resonators in opti-
cal fibers for application in fiber lasers and optical communications systems [153]. In his
work, Urquhart used the Vernier principle by combining optical fiber rings with unequal
lengths in parallel. In his configuration, the Vernier effect acted as a mechanism to sup-
press spectral modes (suppression of resonance peaks in the spectrum) and to narrow the
linewidth of fiber lasers. Moreover, adaptations of the Vernier effect in the fields of optics
also led to the development of the optical frequency comb technique, which gave the Nobel
Prize in Physics to John Hall and Theodor Hénsch [154, 155]. Such technique is widely
used in Vernier spectroscopy [156].

The fast development in many research fields that make use of optical fibers, together
with the specific technical challenges in their use, places strong pressure and new challenges
in the fields of optical fiber sensing research. The demand for sensing structures able to
achieve higher sensitivities and resolutions than what conventional fiber sensors can offer

is increasing. With this, researchers are driven to find new options for improved optical
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fiber sensors, able to achieve higher sensitivities and resolutions. The optical version of
the Vernier effect applied to optical fiber sensing has demonstrated a huge potential to
solve these needs. In fact, it quickly became a hot topic in this field over the last two years
and gained a lot of interest among the researchers, as seen by the bar chart in figure 4.1.
The first report that mentions the use of the optical Vernier effect in optical fiber sensors
was published by the end of 2012 by Xu et al. [157]. However, it took about 2 years until
some of the optical Vernier effect properties, as we know them today, were reported for
optical fiber sensing [158]. This chapter describes the optical Vernier effect with optical
fiber interferometers, from a sensing perspective. The different properties of the effect are
also here discussed. At the end, an extensive review on the state-of-the-art of the multiple

optical Vernier effect configurations for fiber sensing is presented.

Number of Publications
Optical Vernier Effect in Fiber Sensing

29 + 2
Self-Publications —=

2014 2015 2016 2017 2018 2019 2020°
Year

Figure 4.1. — Bar chart of the number of publications on the optical Vernier effect for fiber
sensing along the years. It shows an increase of publications in the last year, especially in
2019. *The publications were only counted until October 2020.

4.2. Mathematical Description

Just like a caliper uses two distinct scales to achieve higher resolution measurements, the
optical Vernier effect is based on the overlap between the responses of two interferometers
with slightly detuned interference signals. This effect will be mentioned along the disser-
tation as the fundamental optical Vernier effect, which requires two interferometers with
slightly shifted interferometric frequencies. In fact, the concept of optical Vernier effect
can be extended, as will be shown later in chapter 5, by introducing harmonics with new

properties and high impact in the performance of the effect.
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The fundamental optical Vernier effect in interferometric fiber sensing has two possi-
ble configurations: either one can place the two interferometers in series, or in a parallel
configuration. From the two interferometers used to generate the fundamental optical
Vernier effect, one is used as the sensor and the other acts as a stable reference. The in-
terferometric frequency of optical fiber interferometers can be adjusted by modifying their
optical path length. This is achieved by changing the refractive index and/or the physical
length of the interferometer. Therefore, given the properties of an initial interferometer,
the second interferometer can be adjusted to maximize the enhancement provided by the
optical Vernier effect. To fully understand how this can be made possible, let us go in
detail through the mathematical description of the effect, from an optical fiber sensing

perspective.

Sensing
Interferometer (FPI,)

3dB Fiber
Coupler

3

1 Eout

Reference
Interferometer (FPI,)

Figure 4.2. — Schematic illustration of the experimental setup. The sensing interferometer
(FPI) and the reference interferometer (FPI3) are separated by means of a 50/50 fiber
coupler. Light is reflected at both interfaces of the capillary tube, M7 and Ms. The length of
the interferometer (L) is given by the length of the capillary tube.

The following analysis will consider a parallel configuration by means of a 3dB fiber
coupler, as schematized in figure 4.2, where each arm contains a single interferometer.
This configuration allows both interferometers to be physically separated, where one of
them can easily be maintained as a stable reference. It is worth mentioning now that a
series configuration (without a physical separation provided by an optical fiber coupler)
would show equivalent results. However, additional factors would have to be considered in
order to describe the effect under such conditions, as will be further discussed at the end of
this section. Both interferometers will be considered as Fabry-Perot interferometers (FPIs)
formed by a silica capillary tube between two sections of single-mode fiber. Although the
following theoretical considerations are valid for any FPI structure, they can easily be
extended to other types of interferometers, such as the Mach—Zehnder interferometer or
the Michelson interferometer, expanding the range of configurations and applications of

this powerful technique.
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For simplification, the two FPIs are assumed to have identical interfaces, with an inten-
sity reflection coefficient R for the first mirror interface (M;) and Ry for the second mirror
interface (Ms). In this case, all interfaces provide a silica/air Fresnel reflection. Note that
the reflection coefficient due to a silica/air Fresnel reflection is small (around 3.3% at 1550
nm), and hence, only one reflection at each interface was considered, corresponding to a
two-wave approximation. In this configuration, a coherent light source is injected at port 1
and split between the two arms (port 2 and 3) with equal intensity. The light reflected by
the system is collected and measured at port 4. The electric field of the input light, Fj,,
propagating in the structure will be reflected at different points. In both interferometers,

the electric field of light reflected at the interface M; is given by:

B (V) = VR, 2 \/é”, (4.1)

while the electric field of light transmitted at the same interface is expressed as:

By () = VI A= ) 2, (12)

where A; represents the transmission losses through interface M;, related to mode mis-

match and surface imperfections.

Light transmitted at interface M, expressed by equation 4.2, will then travel through
the FPI, being partially reflected and transmitted at interface My. The electric field of

light reflected at interface My of the sensing interferometer (F'PI) is expressed as:

Bl (V) = VI~ A0V~ Br)exp (—aLy) @E’j/;” exp [—j (27”““ —w)] ,

where exp (—aLp) represents the propagation losses up to interface My of the sensing
interferometer (F'PI;), X\ is the vacuum wavelength of the input light, ny and L; are
the effective refractive index and the length of the sensing interferometer (F'PIy). The
factor 27ny L1 /\ — m corresponds to the phase accumulated in the propagation from the
interface My to the interface Ms, with a reflection phase of w. This reflection phase arises
from the Fresnel reflection coefficient, which turns negative for incident light reflected at
the interface with a material of higher refractive index than the propagation medium.

Therefore, there is a phase difference of m between the incident and the reflected waves.

The reflected light, EL, (\), will propagate back in the structure and get partially trans-
mitted at interface M7 towards the output, interfering with the light initially reflected at
that interface, described by equation 4.1. Hence, the electric field of the light coming from

the sensing interferometer, Eppry (N), is given by:
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Erpri(\) = Eif/g) {A + Bexp {—j (4””;L1 - wﬂ } , (4.4)

with A and B given by:

A= VR, (4.5)

B=(1-A;)(1—Ry)exp(—2aL;)\/Rs. (4.6)

At the interface My, the transmitted light leaves the interferometer and no longer con-
tributes to the system.

The same analysis can be performed for the reference interferometer (FPI3), where
the electric field of the light coming from the reference interferometer, Erpro (), can be

expressed in a similar form as in equation 4.4 as:

Eppra(\) = EZ-\/(;) {A—i—CeXp [—j (M";LQ —77)] } (4.7)

where no and Ly are the effective refractive index and length of the reference interferometer
(FPIy), and C corresponds to:

C'=(1- A1) (1— Ry)exp(—2aLs) v/Ry. (4.8)

If no propagation losses are considered as a simplification (« = 0), the coefficients de-
scribed by equations 4.6 and 4.8 are the same (B = C'). With this, one can express the
total electric field leaving the output at port 4 as the combination of the electric field from

both interferometers (Erpr1 + Erpra):

Eout (\) = V2AE;, (\)

+BE11‘/§) {exp {—j <47”11L1 —w)} +exp [—j <4m;L2 - w>] } (4.9)

where B is now defined as:

B=(1-A4))(1—Ri) VR, (4.10)

The output light intensity, Io,: (\), normalized to the incident light, can now be calcu-
lated by:

Eout (A)
Ein (A)

? _ Eout (/\) E;kut ()‘)
EL (N

Tout (A) = ' (411)
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*
where £},

(M) is the complex conjugated of FE,, (A). By substituting equation 4.9 in
equation 4.11, after some algebraic manipulation the expression for the reflected light

intensity measured at the output is [20]:

d7ny L 4no L
I (\) =1y —2AB [cos ( 7“;1 1> + cos < W;Z 2>} (4.12)
+ 32 cos |:47T (’I’L1L1 — n2L2):|
)\ )

where Iy = 242 + B?. The reflected light intensity is the combination of the oscillatory
responses of both FPIs, plus a lower frequency component given by the difference between
the optical path lengths of the two interferometers.

To simulate the reflected light intensity given by equation 4.12, the case of no trans-
mission losses was considered (A; = 0). For simplification, both FPIs are considered to
have the same refractive index (n; = ng) and to be equal to 1.0003. The length of the
sensing interferometer (F'PIy) was considered 100 um. As explained before, to introduce
the fundamental optical Vernier effect the two interferometers should have slightly shifted
interferometric frequencies, which is equivalent to slightly shifted optical path lengths.
Hence, a length of 90 um was chosen for the reference interferometer (FPI3). All the

intensity reflection coefficients, assumed as air/silica interfaces, are given by:

2 2
Ngilica — Nair 1.4440 — 1.0003
R=(——7—] = =0.033 413

<nsmca + nair> (1.4440 + 1.0003) ’ ( )

where 1.4440 is the refractive index of silica [51] and 1.0003 is the refractive index of air
at 15°C [146], both at a wavelength of 1550 nm.

Considering all these parameters, the simulated reflected light intensity is shown in
figure 4.3. The simulated spectrum of the fundamental Vernier effect, for the considered
parameters, resembles a two-wave interferometer response modulated by a low frequency
envelope, called the Vernier envelope.

Let us deconstruct the simulated response by performing a fast Fourier transform (FFT).
Due to the broad wavelength range used (1300 nm to 1600 nm), it is important to eliminate
the wavelength dependency of the free spectral range to ensure a constant spacing along
the measured spectrum. Hence, one can convert the wavelength data into the optical fre-
quency domain, as previously demonstrated in section 3.3.2. The FFT can be represented
as a function of the optical path length through equation 3.9. In this case, to make a
straightforward comparison with the lengths of the FPIs, the FFT x-axis displays half of
the optical path length. The result is depicted in figure 4.4.

The FFT shows three main peaks: two of them match with the lengths assumed for

the sensing interferometer (FPI;) and the reference interferometer (FPIy), while the
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Figure 4.3. — Simulated reflected spectrum with the fundamental Vernier effect. The upper
Vernier envelope is traced with a dashed line.

peak of lower frequency corresponds to the difference between the optical path lengths of
the two FPIs (FPI; — FPI,). This last component is the Vernier envelope modulation,
represented in figure 4.3 with a dashed line. All three components are also clearly described

by the three cosine functions in equation 4.12.

4.2.1. Free Spectral Range

The phase of the Vernier envelope (@envelope) is described by the argument of the low

frequency cosine in equation 4.12:

4m (n1Ly —ngole) 2w (OPLy — OPLy)
Penvelope = \ = \

. (4.14)

Between two consecutive maxima (or minima) of the Vernier envelope, A; and \g, the
phase of the Vernier envelope changes by 27. Therefore, using the previous equation one

obtains:

B I X2 — A1
2 = 4w (n1L1 — nQLQ) <)\1 - )\2) =A4r (n1L1 TlQLQ) < )\2)\1 ) . (4.15)

As seen in previous sections, the free spectral range (FSR) is the distance between
two consecutive interference maxima (or minima). The FSR of the Vernier envelope

(F'SRenvelope = A2 — A1) can be expressed with the help of equation 4.15 as:

A2A1

. 4.16
‘ 2 (n1L1 — n2L2) ( )

FSRenvelope =

Note that the 27 phase change of the Vernier envelope can be either positive or nega-

tive, depending also on the difference between the optical path lengths of the two FPIs
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Figure 4.4. — FFT of the simulated reflected spectrum from figure 4.3, expressed as a function
of half of the optical path length.

(n1L1 —naoLs). Regardless of the situation, the FSR should be always a positive value,
reason why the modulus was applied to equation 4.16.

The initial situation here presented, with two simple FPIs with similar characteristics,
led to a reflected light intensity (equation 4.12) where the phase of the envelope is clearly
visible in the equation. However, in more complex cases where both interferometers are
distinct, it is not always possible to deduce a simple equation for the measured intensity
that can be easily interpreted. Hence, the previous deduction of the Vernier envelope FSR
might not be trivial. Yet, there is a different way to obtain an expression for it.

The FSR of the Vernier envelope can also be described more generally by the relationship
between the FSRs of each individual interferometer. Let us consider the hypothetical
overlap between the responses of two FPIs with slightly shifted interferometric frequencies.
The individual spectral responses are shown in figure 4.5. The red curve corresponds to the
first interferometer, whose maxima are represented as A}, and the blue curve corresponds
to the second interferometer, with interference maxima described as )\z, where k is the
number of the peak.

From observing figure 4.5, both interferometers are in phase at an initial wavelength

A¢'- The wavelength position of a maximum “k” can be expressed using the FSR of the

interferometer as:

A, = Ao + kFSRy, (4.17)

for the first interferometer, and similarly as:

A = X\2 + kFSR,, (4.18)
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Figure 4.5. — Schematic of the spectral response of two FPIs (1 and 2). The wavelengths of
the different peaks are labeled as A}*, where m = 1,2 is the number of the interferometer and
k is the number of the peak.

for the second interferometer. At a certain wavelength, both interferometers will be once
again in phase. In figure 4.5, both interferometers are again in phase when:
AL = A (4.19)
Replacing equations 4.17 and 4.18 in equation 4.19, and considering that A} = )\(2), the
following relationship is obtained:
EFSR; = (k+ 1) FSRs. (4.20)
One can express “k” as a function of the FSR of both interferometers in the form of:

PSR,
" FSRy — FSRy’

In the fundamental optical Vernier effect, the FSR of the Vernier envelope is the wave-

k (4.21)

length distance between two consecutive situations where both interferometers are in

phase. Therefore, the FSR of the Vernier envelope can be expressed as:

FSRenvelope = )\llg - )\07 (422)

which by equation 4.17 is the same as:

FSRenvetope = kFSRy. (4.23)

Substituting now equation 4.21 in equation 4.23, the final expression for the FSR of the

Vernier envelope as a function of the FSR of each individual interferometer is:

FSRyF SRy

—— 4.24
FSRy — FSRy|’ ( )

FSRenvelope = ’

where once more the modulus was considered, since the FSR is a positive value. The FSR

of a Fabry-Perot interferometer is usually defined by equation 2.5 as [87]:
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: (4.25)

where \; and A2 are the wavelengths of two consecutive maxima (or minima) of the FPI
spectrum, n.yss is the effective refractive index of the FPI, and L is the length of the
interferometer. The expression deduced initially for the FSR of the Vernier envelope,
given by equation 4.16, can be retrieved by replacing equation 4.25 in equation 4.24, but
with a rough approximation of considering A; and A2 the same for both interferometers,

and equal to the consecutive Vernier envelope maxima (or minima), )\[1) and )\,1€:

Aok
(niLy —noLs) |’

FSRenvelope ~ 5 (426)

Nevertheless, whenever possible, equation 4.24 should be used, as it provides a more

rigorous value.

4.2.2. Magnification Factor ()/-Factor)

The magnification factor (M-factor) is an important characteristic of the optical Vernier
effect. Currently there are two definitions for this parameter [20]. In the first definition,
the M-factor expresses how large the FSR of the Vernier envelope is when compared with
the individual sensing FPI. In other words, the M-factor is defined as the ratio between the
FSR of the Vernier envelope and the FSR of the individual sensing interferometer. Since
the F'PI; was initially considered as the sensing interferometer, the M-factor is expressed

as:

M = FSRenvelope . FSRQ
~ FSRy  FSR—FSRy’

which is the same as the index “k” defined in equation 4.21. In practical situations, it is

(4.27)

sometimes useful to have an estimate of the order of the M-factor value. Instead of having
to determine the FSR of the sensing and reference interferometers, one can substitute
equations 4.25 and 4.26 in equation 4.27, with the rough approximation of Aé)\llc SRV
This way, the M-factor can be roughtly estimated as a function of the refractive index

and physical length of the interferometers as:

n1L1 _ OPL1
’I’LlLl - nng N OPL1 - OPLQ '

It is important to notice that, similarly to the FSR of the Vernier envelope described by

M =~

(4.28)

equation 4.24, the M-factor also depends on the OPLs of the interferometers that form the
structure. This property is extremely helpful when dimensioning the sensing and reference
interferometers for real applications, as it will be demonstrated later in chapter 5.

The second definition for the M-factor is related to sensing applications and describes



4.2. Mathematical Description 57

how much the wavelength shift of the Vernier envelope is magnified in comparison to the
wavelength shift of the individual sensing interferometer, under the effect of a certain

measurand. In this definition, the M-factor is given by:

M = Senvelope’ (429)
Srpn

where Seppeiope 1s the sensitivity of the Vernier envelope to a certain measurand and Srpr1
is the sensitivity of the individual sensing interferometer (F'PI; for this case), if the second
interferometer acts as a stable reference. It is crucial to emphasize these last words: if
the second interferometer does not act as a stable reference, equation 4.29 in its current
form is no longer valid. In the eventual case of having no reference interferometer, where
both interferometers are affected by the measurand, equation 4.29 becomes more com-
plex involving the sensitivities of both interferometers plus the sensitivity of the Vernier

envelope. Such complex case will be later explored in chapter 6.

The M-factor increases when the difference between the OPLs of the sensing and the
reference interferometers gets smaller. Taking into consideration the definition of the
optical Vernier effect, the OPL of the reference interferometer can be seen as a slightly
detuned value from the OPL of the sensing interferometer. This way, the OPL of the

reference interferometer (F'Pls) can be defined as:

OPLy = OPLy — 2A, (4.30)

where A is the detuning, which can be positive or negative. Contrary to the FSR of the
Vernier envelope, the M-factor can assume positive or negative values. A negative M-
factor simply means a wavelength shift of the Vernier envelope in the opposite direction

to that of the single sensing interferometer, as allowed by equation 4.29.

For the same values of the sensing interferometer used to simulate figure 4.3, the M-
factor as a function of the detuning (A) of the reference interferometer is displayed in figure
4.6. Negative detunings were not plotted, however they present a similar M-factor behavior
but with negative values (negative Vernier envelope wavelength shift). The right y-axis
shows the correspondent FSR of the Vernier envelope, which also depends on the detuning.
From a different perspective, according to equation 4.27: F'SRe,peiope = M FSR1, where
the FSR of the Vernier envelope can be seen as a rescaling of the M-factor. The M-factor
and the FSR of the Vernier envelope plotted in figure 4.6 are based on equations 4.28 and
4.26, with the approximation of assuming A} and A,lc as the Vernier envelope peaks from
figure 4.3 (1379.32nm and 1481.52 nm, respectively).

The M-factor trends towards infinity as the detuning reduces, which is to say that the
interferometric frequency of both interferometers approach each other. Simultaneously, the

FSR of the Vernier envelope increases with the same trend, imposing a limitation regarding
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Figure 4.6. — M-factor and FSR of the Vernier envelope as a function of the detuning (A)
of the reference interferometer (FPI3) from the sensing interferometer (FPI;). Based on

equations 4.28 and 4.26, where A} and A} were assumed as the Vernier envelope peaks from
figure 4.3 (1379.32nm and 1481.52 nm, respectively).

the maximum magnification achievable. In practical applications, the maximum M-factor
is limited by the FSR of the Vernier envelope, where one period should stay within the
wavelength range available from the detection system. The M-factor is infinite when no
detuning is considered, translating in a Vernier envelope with an infinite FSR. Hence,
it corresponds to an impractical situation where the Vernier envelope cannot be tracked
and measured. Both interferometers would have the same interferometric frequency and
the spectral responses would add up. With this in mind, one has to deliberately apply,
in a controlled way, a detuning to the reference interferometer OPL. To maximize the
enhancement provided by the optical Vernier effect, one should target high M-factor values

which are below the maximum size of the Vernier envelope measurable.

The simulated reflected spectrum for the fundamental Vernier effect, presented previ-
ously in figure 4.3, corresponds to a detuning of 10 um, as marked in figure 4.6. For this
situation, the expected M-factor is 10. To estimate the wavelength shift of the Vernier
envelope, the OPL of the sensing interferometer (F'PI;) was increased from 100 ym to
100.2 pum, simulating the effect of a measurand (ex. applied strain). Figure 4.7 shows the
simulated reflected spectra before and after the sensing interferometer hypothetically suf-
fers from the effect of a measurand. The minimum of the Vernier envelope, marked with
an arrow, was measured to estimate the envelope wavelength shift. The Vernier envelope
shifted by 27.62 nm. Considering the shift in the sensing interferometer OPL (0.2 ym), the

simulated sensitivity of the Vernier envelope (Senvelope) is 138.1nm/pum.

To verify the expected M-factor value through equation 4.29, the wavelength shift of the
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Figure 4.7. — Simulated reflected spectrum with the fundamental Vernier effect. (a) Initial

situation: OPLy = 100 um (figure 4.3). (b) Final situation: OPL; = 100.2 wm. The Vernier
envelope shifted by 27.62 nm.

individual sensing FPI, for the same situation, needs to be determined. The output electric
field of the sensing FPI alone is expressed by equation 4.4. The output light intensity is
obtained by replacing the previous expression in equation 4.11. With this, the intensity

spectrum of the sensing FPI is given by:

(4.31)

Ay L
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which is the traditional two-wave interferometric response. The simulated individual sens-
ing FPI spectrum, described by equation 4.31, is shown in figure 4.8(a). The same parame-
ters as in the simulated Vernier spectrum were used. After applying the same OPL change
(0.2 pm) due to a measurand (dashed line), the individual sensing FPI shifted by 2.89 nm.
This corresponds to a simulated sensitivity of 14.45 nm/um for the individual sensing FPI
(Sppr1). Hence, through equation 4.29, the M-factor obtained is 9.56, which is close to
the expected value of 10. The small deviation might come from equation 4.28 used to cal-
culate the M-factor, which is an approximation of the equation 4.27. Another deviation
factor is the wavelength dependency of the wavelength shift: regions of the spectrum at
longer wavelengths shift more than at shorter wavelengths.

It is vital to understand that the sensitivity Sppr1 in equation 4.29, used to determine
the M-factor, is the sensitivity of the individual sensing interferometer, as given in figure
4.8(a). It is incorrect to use the sensitivity of the two-wave interferometric response within
the Vernier spectrum, as shown in figure 4.3, to calculate the M-factor. Although they
might seem similar, their response is distinct. To prove this difference, figure 4.8(b) shows

a zoom of the simulated reflected spectra with the optical Vernier effect from figure 4.7.
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Figure 4.8. — (a) Simulated shift of the individual sensing FPI. (b) Zoom of the Vernier
spectrum from figure 4.7.

The two-wave interferometric response with the Vernier effect shifted by 1.67 nm under the
same conditions, which is very different from the sensing FPI response alone (2.89 nm). If
this value is used to calculate the M-factor, one obtains 16.54, which is much larger than
its real value determined before. In fact, one should not forget that the response of the
stable reference FPI is also part of the Vernier spectrum, and so it is responsible for the
reduction of sensitivity of the interferometric peaks.

The M-factor can also be calculated through equation 4.27. The FSR of the envelope,
from figure 4.3, is 102.2nm, while the FSR of the individual sensing FPI, from figure
4.8(a), is 10.5nm. Therefore, the M-factor calculated through the FSRs is estimated to
be around 9.73, which is of the same order as the one estimated through the sensitivity
values (9.56). The estimated value might also present some deviations from the real M-
factor value since the FSR is wavelength dependent. The distance between consecutive

interferometric maxima (or minima) increases for longer wavelengths.

4.2.3. Series vs Parallel Configuration

The mathematical description of the fundamental optical Vernier effect presented before
was based on the parallel configuration. This configuration allows both interferometers
to be physically separated, making it easier to have one as a stable reference. A similar
mathematical description can also be deduced for a configuration in series, where both
interferometers are place one after the other in the same fiber. Since in this configuration
the placement of the interferometers is different (see figure 4.9 for a better understanding),

the output reflected spectrum would also be slightly different, as it will be demonstrated
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in chapter 5. However, the magnification properties of the fundamental optical Vernier

effect are the same.

The configuration in series implies, most of the times, that both interferometer are phys-
ically connected in the sense of having one interferometer placed after the other, sharing
the same interface. In exceptional situations it is possible to place both interferometers
away from each other along the same fiber. However, it compromises the visibility of the
interference, since the amount of light reaching the interferometer that is further away
from the light source is much smaller. If both interferometers are physically connected, it
is extremely difficult to keep one as a stable reference. In general, both interferometers
are affected by the measurands at the same time, and so they must be considered as a
combined sensing structure. In this combined structure, there is no specific interferom-
eter as a reference, unlike in a parallel configuration. Although equation 4.29 describes
correctly the M-factor for the situations described until now, it is no longer valid when
both interferometers act as sensors. One expects then that the sensitivity of the Vernier
envelope will depend on both interferometers. Such complex case of optical Vernier effect

will be analyzed later in chapter 6.

A way to avoid the inexistence of a reference interferometer in a series configuration is
to use distinct interferometric structures, where one of the interferometers is insensitive to
the measurand. For example, if one interferometer is sensitive to pressure but the second
interferometer is designed to be insensitive to the same parameter, it can act as a reference

interferometer.

Nevertheless, the fundamental optical Vernier effect in a series configuration was the
first to be employed in optical fiber sensing [157-159]. Only later, in 2019, the parallel

configuration by means of an optical fiber coupler was demonstrated [160, 161].

4.3. State-of-the-Art Applications and Configurations

In the last 2 to 3 years, the fundamental optical Vernier effect became a hot topic in
the field of optical fiber sensing. Many distinct optical fiber interferometers were com-
bined with this technique to create sensing devices with enhanced sensitivity capabilities.
This section presents an overview on the state-of-the-art configurations and applications
using the fundamental optical Vernier effect. The configurations used to generate the
optical Vernier effect are divided in two main groups. The first group consists of config-
urations containing a single-type of interferometer. The second group is made of hybrid
configurations, where two different types of interferometers are combined together. The

configurations are presented here without a chronological order.
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4.3.1. Single-Type Fiber Configurations
Fabry-Perot Interferometers

The use of Fabry-Perot interferometers (FPIs) to generate the optical Vernier effect is
quite popular. In fact, almost half of the publications in this topic only make use of this
type of interferometers. Figure 4.9 shows the typical configurations used to generate the
optical Vernier effect with FPIs. One possibility is to assemble two FPIs in a parallel
configuration, schematized in figure 4.9(a), by means of a 50/50 fiber coupler. Another is
to place both FPIs in series, as exemplified in figure 4.9(b), either physically connected or
physically separated.

(a) (b)
In FPI, FPI,

—

—
Out

In  FPI FPI,

—

—
Out

Figure 4.9. — Fabry-Perot interferometer configuration: (a) in parallel; (b) in series (physi-
cally connected or separated).

One of the first works employing the optical Vernier effect for optical fiber sensing was
reported by Hu et al. [159]. In 2012, they proposed a sensing structure composed of two
FPIs physically connected in a series configuration, as represented in figure 4.9(b). The
first FPI was given by a section of simplified hollow-core fiber (HCF), while the second
FPI was a hollow silica microsphere, forming also the tip of the sensing structure. The
authors observed a low frequency envelope modulation in the measured reflected spectrum.
Interestingly, at that time the authors were not aware of, or familiarized with, the optical
Vernier effect. Hence, they did not identify the obtained low frequency envelope as being
the Vernier envelope. The proposed sensor was characterized in temperature between
100°C and 1000°C. The work reported a temperature sensitivity of 17.064 pm/°C for the
low frequency envelope. Such value is much higher than the one obtained for an individual
interferometric peak in the reflection spectrum, which achieved only 1.349 pm/°C. Today,
we know that the cause of the higher sensitivity reached by the low frequency component
is the optical Vernier effect.

Two years later, Zhang et al. demonstrated the optical Vernier effect with FPIs in series,
but physically separated [158]. In this case, both interferometers are made of hollow-core
photonic crystal fiber (HC-PCF), separated by a section of single-mode fiber. In this
configuration, represented in figure 4.9(b), one FPI is employed for sensing while the other
is taken as a stable reference. The sensing structure was proposed for axial strain and

magnetic field sensing. The Vernier envelope achieved a strain sensitivity of 47.14 pm/ue
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from 0 to 200 pe, corresponding to an M-factor of 29.5. For magnetic field sensing, the
Vernier envelope achieved 71.57 pm/Oe from 20 to 35 Oe, corresponding to an M-factor
of 28.6. For many researchers this work is seen as the first report of optical Vernier effect
in the field of optical fiber sensing.

An extended concept of the optical Vernier effect using physically connected FPIs in a
series configuration, without a reference interferometer, to be presented later in chapter
6, was reported in 2020 [19]. The structure consists of a hollow microsphere followed by
a section of a multimode fiber and was applied for strain and temperature sensing. The
Vernier envelope achieved a strain sensitivity of 146.3 pm/ue from 0 to around 500 ue, and
a temperature sensitivity of 650 pm/°C from room temperature up to 100 °C. Simultaneous
measurement of strain and temperature was also demonstrated with this structure.

The series configuration with physically separated FPIs seemed very promising, however
it has only been used again since 2018 [149, 150, 162-165]. Until then, few works were
published using the series configuration with the interferometers physically connected to
each other [148, 166, 167]. Nevertheless, from the optical Vernier effect configurations
using only FPIs, the case of two FPIs physically connected in series was the most studied,
corresponding to almost half of the publications within this group [148,166-176].

The parallel configuration using FPIs was only proposed in 2019, initially by Yao et
al. [160]. In their publication, a sensing FPI and a reference FPI are physically separated
by means of a 50/50 fiber coupler, just as schematized in figure 4.9(a). The sensing
interferometer is open, enabling it to be filled by liquids for refractive index sensing. In
such case, the Vernier envelope achieved a sensitivity of 30801.53 nm/RIU between 1.33347
and 1.33733 RIU. The authors reported an M-factor of 33. Followed by this publication, a
few more works were published using the parallel configuration [161,177-180]. The main
advantage of such configuration is the possibility of having a reference interferometer
without compromising the visibility. The case of two FPIs physically separated in a series
configuration, shown in figure 4.9(b), may lead to visibility issues due to the presence of an
additional interface. In other words, the amount of light reaching the second FPI is much
lower than in the case of two FPI physically connected, or for a parallel configuration as
in figure 4.9(a).

The focused ion beam-structured multimode fiber tip presented in the previous chapter
was published in 2019 [21] and corresponds to a special case of FPIs in parallel. It consists
of a single cavity, where multiple FPI responses are generated due to the different modes
co-propagating the cavity at the same time. The structure was reported for temperature
sensing, achieving a sensitivity of -654 pm/°C between 30°C and 120°C. An extended
concept of the optical Vernier effect in a parallel configuration using FPIs, to be presented
later in chapter 6, was also reported in 2019 [20] for strain sensing. A maximum strain
sensitivity of 93.4pm/pue, from 0 to 600 pe, was obtained for the Vernier envelope, corre-

sponding to an M-factor of 27.7. Such sensing structure only relies on FPIs made from
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hollow capillary tubes.

In terms of applications, the configurations using FPIs were mainly used for temperature
[148,150,159,168,170,174,176,177,179,181] and strain sensing [158,161,163-165]. Apart
from these two applications, others such as magnetic field sensing [158], gas refractive
index [166,171] and pressure sensing [162,169], airflow sensing [167], hydrogen sensing [149],
humidity sensing [175], volatile organic compounds sensing [173], and refractive index
sensing of liquids [160] were also reported. Simultaneous measurement of parameters is also
possible, combining the response of the Vernier envelope with the individual interferometric
peaks from the reflection spectrum. Examples of this are simultaneous measurement of
refractive index of liquids and temperature [172], or simultaneous measurement of salinity

and temperature [178].

Mach-Zehnder Interferometers

The different configurations involving only Mach-Zehnder interferometers (MZIs) and the
optical Vernier effect are depicted in figure 4.10. To the best of my knowledge, the first
demonstration of optical Vernier effect with MZIs was done by Liao et al. in 2017 [182]. In
their work, the principle of operation was deduced based on two MZIs connected in series,
as described by figure 4.10(a). Each MZI is a traditional two-path interferometer, where
light is split between two arms with different optical path lengths, recombining and inter-
fering at the end due to the accumulated phase difference. Liao et al. proposed a modified
version of the optical Vernier effect, where the envelope is extracted in the frequency do-
main, rather than performing the typical curve fitting methods in the wavelength domain
to extract the envelope. Their method involves extracting the frequency component cor-

respondent to the Vernier envelope and then applying an inverse fast Fourier transform
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Figure 4.10. — (a) Mach-Zehnder interferometers in series. Mach-Zehnder interferometers in
parallel: (b) within the same fiber, or (c) physically separated.
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(IFFT). Experimentally, the authors used an offset spliced single-mode fiber to create each
MZI. Keeping one interferometer as a reference, the structure was demonstrated for tem-
perature and curvature sensing. For temperature sensing, the Vernier envelope achieved
a sensitivity of 397.36 pm/°C, with an M-factor of 8.8. With regard to curvature sensing,
the sensitivity of the Vernier envelope was -36.26 nm/m™!, with an M-factor of 8.0.

Instead of offset spliced fibers, the MZIs can also be fabricated by other means [183,184].
For example, Lin et al. used a multimode fiber (MMF), with a femtosecond laser machined
air cavity, between single-mode fibers [185], and Zhao et al. spliced hollow core fibers
between MMF's [186].

In 2018, a new type of configuration was introduced. Such configuration, represented in
figure 4.10(b), is composed of two integrated MZIs in a parallel configuration. Lin et al.
used a dual side-hole fiber (DSHF') spliced between two pieces of MMF to form the struc-
ture [187]. Light travels through the core of the dual side-hole fiber and simultaneously
through the two side holes. In their work, the authors opened an access to one of the air
holes, allowing to measure gas pressure with a sensitivity of -60 nm/MPa, between 0 and
0.8 MPa. The structure achieved an M-factor of 7. The same type of configuration was
demonstrated in a different way by Ni et al., by means of a single hole twin eccentric cores
fiber (SHTECF) spliced between two single-mode fibers [188]. In each splice position the
fiber was collapsed. In this case, the authors used the structure for temperature sensing,
obtaining a sensitivity of 2.057nm/°C for the Vernier envelope, corresponding to an M-
factor of 48.8. In 2019, this configuration was also demonstrated by Hu et al., where the
integrated MZI structure consisted of an offset spliced side-hole fiber (SHF) between two
coreless fibers [189]. The authors applied the proposed sensor for refractive index sensing,
reporting a Vernier envelope sensitivity of 44084 nm/RIU from 1.33288 to 1.33311. In this
work, the M-factor achieved was only 3.1.

At last, the parallel configuration using separated MZIs, as represented in figure 4.10(c)
was proposed by Wang et al., in 2019 [190]. In their work, each MZI consists of a simple
hollow core fiber spliced between two MMFs. The parallel configuration is achieved by
connecting two MZIs using two 50/50 fiber couplers. The authors used the structure for
temperature sensing, achieving a sensitivity of 528.5 pm/°C, between 0°C and 100°C. An
M-factor of 17.5 was also reported.

Sagnac Interferometers

An optical fiber Sagnac interferometer (SI) consists of an optical fiber ring, assembled us-
ing a 50/50 fiber coupler, in which two beams are propagating in counter directions with
different polarization states [1]. In fiber sensing, a section of polarization maintaining
fiber (PMF) is typically placed inside the optical fiber ring, providing different propagat-

ing constants along the slow and fast axis. The output signal is given by the interference
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Figure 4.11. - (a) Sagnac interferometers in series. (b) Single Sagnac interferometer with

two polarization maintaining fibers (PMFs) spliced with an angle shift between their fast axes.

between the light beams polarized along the slow axis and the fast axis. Since the polar-
ization state of the input light is unknown, a polarization controller (PC) is also placed
in the beginning of the optical fiber ring to adjust the light polarization until the output
interference pattern has maximum visibility.

Until 2018, Sagnac interferometers were only considered with the optical Vernier effect
in a series configuration. The structure consists of two fiber rings with a section of PMF
in each of them, as shown in figure 4.11(a). The two PMFs act in a similar way as the two
interferometers needed to form the optical Vernier effect. Hence, given the birefringence
of the PMFs, the optical Vernier effect can be optimized by adjusting the lengths of the
PMFs.

Shao et al. used a section of a PANDA fiber in both Sagnac interferometers [191]. In
their work, the structure was studied for temperature sensing, while keeping one of the
Sagnac interferometers as a stable reference. The authors reported a Vernier envelope
sensitivity of -13.36 nm /°C, achieving an M-factor of around 9.2. Three years later, Wang
et al. reported a similar configuration [192]. However, one of the Sagnac interferometers
incorporates a graphene oxide-coated microfiber, while the second contains a PANDA fiber.
The presence of the coating makes the microfiber highly birefingent. The authors used
the sensor for refractive index sensing of liquids, achieving a sensitivity of 2429 nm/RIU,
corresponding to an M-factor of 5.4. The same structure was also demonstrated as a

biosensor of bovine serum albumin.

These last configurations combine the high sensitivity achieved by high-birefringent
(Hi-Bi) fibers together with the optical Vernier effect. Nevertheless, similar configurations
using only optical fiber rings without any PMF were also demonstrated for temperature
[193] and strain sensing [194].

In 2018, an alternative compact version to generate the optical Vernier effect with Sagnac
interferometers was demonstrated. This new configuration, reported by Wu et al. [195],
only requires a single Sagnac interferometer ring, as shown in figure 4.11(b), which contains
two PMFs spliced with an angle shift between their fast axes. In their work, the authors
spliced the two PMFs with a 40° angle shift. One of the PMFs was coated with Pt-



4.3. State-of-the-Art Applications and Configurations 67

load WO3/SiO2 powder, which heats up under the presence of hydrogen. The authors
reported a temperature sensitivity of -2.44nm/°C for the Vernier envelope. The structure
was also applied for hydrogen sensing, achieving a sensitivity of -14.61 nm/% between
0 and 0.8% of hydrogen. Liu et al. used the same configuration with two sections of
PANDA fiber, spliced with an angle of 45° between their fast axes [196]. The authors
used the structure for strain and temperature sensing. The Vernier envelope attained a
strain sensitivity of 58 pm/ue from 0 to 1440 ue, achieving an M-factor of 9.8. As for
temperature sensing, the Vernier envelope had a sensitivity of -1.05nm/°C between 20°C
and 80 °C. The authors also reported simultaneous measurement of strain and temperature
using a matrix method. For a completely different application, Wu et al. employed the
same configuration for isopropanol measurement [197]. One of the PMF's was coated with
polypyrrole polymer, which swells in the presence of isopropanol, inducing strain in the
fiber. The authors reported a sensitivity of 239 pm/ppm of isopropanol for the Vernier

envelope, between 0 and 42 ppm, corresponding to an M-factor of 4.2.

Michelson Interferometers

Similarly to Mach-Zehnder interferometers, the Michelson interferometer consists of the
interference between light propagating in two arms. However, in the Michelson interfer-
ometer the propagating light is reflected at the end of each arm [1]. In 2019, Zhang et
al. demonstrated the generation of the optical Vernier effect using two juxtaposed fiber
Michelson interferometers [5]. In their configuration, the structure is made of a triple-core
fiber (TCF) spliced to a dual-side-hole fiber, as shown in the schematic of figure 4.12. The
triple-core fiber was tapered down, allowing the input light to split between the other cores.
The output signal is given by the interference between the light propagating in the cen-
tral core and the light propagating in the side cores, where both present slightly different
refractive indices. The authors proposed such structure for curvature sensing, achieving a
sensitivity of -57 nm/m™! between 0 and 1.14m™! for the Vernier envelope. The same sensor
was also characterized in temperature, where the Vernier envelope obtained a sensitivity
of 143 pm/°C between 30°C and 100°C.
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Figure 4.12. — Michelson interferometers in parallel. The structure consists of a tapered

triple-core fiber spliced to a dual-side-hole fiber. Adapted from [5].
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Later in that year, the same group proposed a similar device for bending sensing [198].
Instead of a triple-core fiber, now the authors used a double-core fiber (DCF) spliced to
the dual-side-hole fiber with a slight offset. This offset allows the light traveling in the
central core of the double-core fiber to split between the core and the cladding of the
dual-side-hole fiber. With that structure, the authors achieved a bending sensitivity of
38.53nm/m™ from 0 to 1.24m™ for the Vernier envelope. Regarding temperature, the

Vernier envelope reached a sensitivity of 67.2 pm/°C between 50 °C and 130°C.

Fiber Coupler Interferometers

A novel way to generate the optical Vernier effect was proposed in 2018 by Li et al.
[199]. They have shown the possibility of accomplishing the optical Vernier effect using
an optical microfiber coupler, as depicted in figure 4.13(a). The trick is to make the
optical microfiber coupler highly birefringent, causing mode interference between the x
and y-polarizations. The authors applied the sensor to measure refractive index variations,
obtaining a sensitivity of 35823.3nm/RIU for the Vernier envelope, at a refractive index
around 1.333 RIU. The proof-of-concept of label-free biosensing of human cardiac troponin
was also demonstrated with the same proposed structure. This was achieved through
functionalization of the optical microfiber coupler with the specific antibody. The sensor
achieved a limit of detection of 1ng/ml of human cardiac troponin.

Similarly, Chen et al. developed a double helix microfiber coupler, which is highly
birefringent, producing the optical Vernier effect [200]. The authors also used the device
to sense variations of refractive index. They reported a Vernier envelope sensitivity of

27326.59 nm /RIU between 1.3333 and 1.3394, achieving an M-factor of around 5.3.
Recently in 2020, Jiang et al. have discussed the possibility of generating the optical
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Figure 4.13. — (a) Microfiber coupler with birefringence. (b) Microfiber couplers in parallel.
(¢) Microfiber couplers in series.
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Vernier effect with two optical microfiber couplers in a parallel configuration, as shown
in the schematic of figure 4.13(b), or in a series configuration, as in figure 4.13(c). The
authors demonstrated ultra-high sensitivity to refractive index with the parallel config-
uration. The Vernier envelope reached a sensitivity of 114620 nm/RIU between 1.3350
and 1.3355, corresponding to an M-factor of 19.7. Moreover, the Vernier envelope also
achieved a sensitivity of 126540 nm/RIU in a refractive range between 1.3450 and 1.3455,

corresponding to an M-factor of 21.7.

Microfiber Knot Resonators

The combination of microfiber knot resonators (MKRs) and the optical Vernier effect was
proposed by Xu et al. in 2015 [6]. In their work, two microfiber knot resonators were
fabricated and assembled in series, as depicted in the schematic of figure 4.14. The radius
of both microfiber knot resonators is slightly different, achieving therefore slightly different
resonant frequencies. One of the microfiber knot resonators was taken as a stable reference,
while the other was used for refractive index sensing of liquids. The authors demonstrated
a Vernier envelope sensitivity of 6523 nm/RIU between 1.3315 and 1.3349. A refractive
In

resolution of 1.533 x 10~7 RIU was also reported.
—
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Figure 4.14. — Microfiber knot resonators in series. Adapted from [6].

4.3.2. Hybrid Fiber Configurations
Fabry-Perot Interferometer with Mach-Zehnder Interferometer

The combination between a Fabry-Perot interferometer and a Mach-Zehnder interferome-
ter was introduced by Ying et al. in 2019 [201]. In their publication, the authors make use
of the Mach-Zehnder interferometer as a tool to demodulate the Fabry-Perot interferomet-
ric response, through the optical Vernier effect. Figure 4.15 presents a schematic of the
proposed configuration, where a Mach-Zehnder interferometer is incorporated in the struc-
ture, right before the signal reaches the output. The Fabry-Perot interferometer consisted
of a hollow-core fiber spliced between two single-mode fibers, while the Mach-Zehnder

interferometer is a traditional configuration of two 50/50 fiber couplers and different arm
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Figure 4.15. — Combination of a Fabry-Perot interferometer in series with a Mach-Zehnder
interferometer.

lengths. The optical path difference between the two arms of the Mach-Zehnder interfer-
ometer needs to be adjusted to match closely the optical path length of the Fabry-Perot
interferometer. The authors proposed the structure for temperature sensing, being the
Fabry-Perot interferometer the sensor and the Mach-Zehnder interferometer the reference.
A temperature sensitivity of -107.2 pm/°C between 30°C and 80°C was reported for the
Vernier envelope. According to the authors, the sensor achieved a high M-factor of 89.3.

One year later, Li et al. proposed a similar configuration, where the Fabry-Perot and
the Mach-Zehnder interferometers are composed of a single-mode fiber spliced between
two other similar fibers, but with a core-offset [202]. The core offset of the central fiber is
large (80 um) for the Fabry-Perot interferometer, creating an open air cavity. As for the
Mach-Zehnder interferometer, the central fiber core offset is slightly smaller (62.5 um) so
that light travels through air and also through the cladding of the central fiber, forming the
two arms of the interferometer. In their work, the authors presented and demonstrated an
optimized version of the complex case of optical Vernier effect, where both interferometers
act as sensors. They have shown that the Vernier envelope sensitivity can be further
improved by using two interferometers with opposite wavelength shift responses, which
the authors called enhanced Vernier effect. Such effect will be further discussed in chapter
6. The authors reported a refractive index sensitivity of -87261.06 nm/RIU for the Vernier
envelope between 1.332 and 1.334. The temperature response was also evaluated, obtaining
a sensitivity of 204.7 pm/°C for the Vernier envelope between 30°C and 130°C.

Sagnac Interferometer with Fabry-Perot Interferometer

Fabry-Perot interferometers were also combined with fiber Sagnac interferometers in a
hybrid configuration to generate the optical Vernier effect. In 2019, Zhou et al. explored
a configuration similar to the one represented in figure 4.16(a), where a Fabry-Perot inter-
ferometer is introduced before a Sagnac interferometer, without an optical circulator [203].
However, the Fabry-Perot interferometer is not made out of an optical fiber structure, but
rather by two collimators and a quartz wave plate coated with reflective coating on both
ends, acting as the reference interferometer. The Sagnac interferometer is made of optical
fiber and contains a section of a PANDA fiber. Temperature sensing was performed by

changing the temperature from 23°C to 25°C around the Sagnac interferometer. The
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Figure 4.16. — Combination of a Fabry-Perot interferometer in series with a Sagnac interfer-
ometer. (a) Fabry-Perot interferometer used in transmission. (b) Fabry-Perot interferometer
applied in reflection.

authors reported a sensitivity of 10.28 nm/°C for the Vernier envelope, corresponding to
an M-factor of 6.0.

A similar hybrid configuration can also be realized using an optical circulator to embed
the response of the Fabry-Perot interferometer in reflection, as shown in figure 4.16(b).
Such configuration was initially reported by Yang et al. in 2017 [204]. The Sagnac interfer-
ometer contains a section of a PANDA fiber and the Fabry-Perot interferometer consists of
a silica capillary tube between two single-mode fibers. The structure was demonstrated for
temperature sensing. The authors placed both sensors inside a furnace, changing the tem-
perature of both simultaneously. As discussed before, this is a complex case of the optical
Vernier effect, where no reference interferometer is used. However in the authors approach,
the Fabry-Perot interferometer has much lower temperature sensitivity compared with the
Sagnac interferometer. Hence, within the short temperature range used (between 42°C
and 44°C), the temperature effect on the Fabry-Perot interferometer can be negligible.
The authors reported a temperature sensitivity of -29.0 nm/°C for the Vernier envelope,
achieving an M-factor of around 20.7.

Two years later, Wang et al. demonstrated an equivalent configuration for acoustic
sensing [205]. The Sagnac interferometer contains a section of a dual-core photonic crystal
fiber and acts as the reference interferometer. The Fabry-Perot interferometer is tunable
and contains a polymer film that slightly deforms when vibrations occur. The authors re-
ported a maximum sound pressure sensitivity of 37.1 nm/Pa between 62.2dB and 92.4 dB,

for the Vernier envelope.

Microfiber Knot Resonator with Fabry-Perot Interferometer

Xu et al. developed in 2017 a #-shaped microfiber knot resonator combined with a Fabry-
Perot interferometer to generate the optical Vernier effect with tunable properties [7]. The
structure is monitored in a reflection configuration, where the microfiber knot resonator is
connected to the Fabry-Perot interferometer with a 50/50 fiber coupler, as seen in figure

4.17. The Fabry-Perot interferometer is a commercially available device and the #-shaped
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Figure 4.17. — Combination of a Fabry-Perot interferometer in series with a #-shaped mi-
crofiber knot resonator. Adapted from [7].

microfiber knot resonator was fabricated with optical microfibers.

The authors demonstrated the possibility of tuning the magnification factor obtained
through the optical Vernier effect by simply changing the diameter of the microfiber knot
resonator. This way, the final sensitivity of the Vernier envelope can be adjusted depend-
ing on the applications. In their work, the structure was used to sense refractive index
variations around the #-shaped microfiber knot resonator, obtaining a sensitivity that can
be tuned from 311.77 nm/RIU to around 2460.07 nm/RIU, corresponding to an M-factor

changing from 12 to around 73.

Sagnac Interferometer with Mach-Zehnder Interferometer

In 2019, Liu et al. demonstrated the optical Vernier effect generated through the com-
bination of a Sagnac interferometer with a Mach-Zehnder interferometer [8] in a series
configuration, described by figure 4.18. The Sagnac interferometer contained a section of
a PANDA fiber and acted as the reference interferometer. The Mach-Zehnder interfer-
ometer is made of a section of a few-mode fiber (FMF) spliced between two single-mode
fibers, with a slight core-offset at the input to excite more than just the fundamental mode.
Therefore, the Mach-Zehnder interferometer can be seen as a modal interferometer. The

response of the sensor to strain was studied by the authors, obtaining a sensitivity of
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Figure 4.18. — Combination of a Sagnac interferometer with a Mach-Zehnder interferometer.
Adapted from [8].
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65.71 pm/ue between 0 and 300 ue for the Vernier envelope. The authors reported an
M-factor of 20.8.

4.4. Conclusion

This chapter presented the concept of the fundamental optical Vernier effect with optical
fiber interferometers, especially dedicated to optical fiber sensing. The ability to magnify
the wavelength shift of the Vernier envelope brings new opportunities to fabricate highly
sensitive sensors, ultimately with higher resolution than the ones available with more
conventional interferometers.

The optical Vernier effect can be generated with different types of interferometers. The
configurations can involve just one type of interferometer or combine different types in a
hybrid structure, together with additional advantages. A summary of the sensitivities and
M-factors for the different configurations reported in literature can be found in tables B.1
and B.2 for single-type configurations involving Fabry-Perot interferometers, and in table
B.3 for the rest of the single-type configurations and hybrid configurations, in appendix
B. The M-factors reported range from values as low as 1.9 (coated Sagnac interferometer
for hydrogen sensing [195]) to values of 89.3 (hybrid structure combining an FPI with an
MZI for temperature sensing [201]). Single-type configurations using FPIs have typically
M-factors between 10 and 30. Curiously, MZI configurations have, in general, lower M-
factors, as well as configurations with Sagnac interferometer, with values normally below
10. Some publications do not provide the M-factor or enough data to estimate it. Never-
theless, one can see that the sensitivities obtained are higher than those normally obtained
for such type of sensors, for instance, the ability of reaching a new order of magnitude in
refractive index sensing (126540 nm/RIU [206]).

By tailoring the characteristics of the interferometers, the fundamental optical Vernier
effect can be maximized to achieve high magnification factors. However, one needs to be
careful and analyze, in each case, if such high magnification factors can be experimentally
feasible, given the restrictions of the setup available. The higher the magnification factor
achieved, the larger is the Vernier envelope. Therefore, there is a maximum size of the
Vernier envelope for which the detection system is able to track and measure. This imposes
a limit in the maximum magnification factor achievable with this effect.

However, the next chapter explores the introduction of harmonics to the optical Vernier
effect, as an extension of the concept, bringing with it new properties and breaking the

limits of the fundamental optical Vernier effect.






Chapter 5.
Optical Harmonic Vernier Effect

5.1. Introduction

The fundamental optical Vernier effect, as seen in the previous chapter, relies on the
fabrication of two interferometers with a small detuning between their optical path lengths
(OPLs) (i.e. slightly shifted interferometric frequencies). The interference signal produced
by these two interferometers is employed like the two Vernier scales in a caliper. In this
configuration, high magnification factors (M-factors) are only achieved if the OPLs of the
two interferometers are really close. From a practical point of view, considering the current
fabrication processes of fiber sensing structures, which is usually at sub-millimeter scale,
this requirement can be challenging, and in certain situations unfeasible. Additionally, the

Vernier envelope trends towards infinity, limiting the maximum M-factor achievable.

This chapter introduces the concept of optical harmonic Vernier effect, as an extension of

Figure 5.1. — Illustration of the optical harmonic Vernier effect. The novel concept of
harmonics of the Vernier effect shows that it is, in fact, possible to use two interferometers
with very different frequencies as the Vernier scale. The result is a complex harmonic response
with enhanced magnification properties.
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the fundamental case described before. The novel concept, illustrated in figure 5.1, reveals
that it is possible to use two interferometers with very different OPLs. With this, a complex
harmonic response is generated with enhanced sensing resolution and sensing magnification
capabilities when compared to the fundamental case. This approach increases significantly
the design possibilities of the sensors, with new ways of dimensioning and tailoring the

interferometers to enhance the overall performance of the structure.

5.2. Mathematical Description

The following description still relies on the parallel configuration using two Fabry-Perot
interferometers, as in the previous chapter. In a Fabry-Perot interferometer, the optical
path length (OPL) is defined as:

OPL = 2nL, (5.1)

where n and L are the effective refractive index and the length of the FPI, respectively. In
a round-trip, light travels twice the length of the cavity, hence the presence of the factor 2
in the equation. The introduction of harmonics to the optical Vernier effect happens when
the OPL of the reference interferometer (F'PI3) is increased by a multiple (i-times) of the
OPL of the sensing interferometer (F'PI;). Mathematically, this relationship is described
as [20]:

OPLy = 2n9L9 + 2in1 Ly, (52)

where i indicates the harmonic order. The indices 1 and 2 refer to the sensing and
reference interferometer, respectively. In the case of i« = 0, the effect is reduced to the
fundamental case presented in the previous chapter, indirectly seen by equation 4.14.
The same relationship can also be expressed as a function of the detuning (A), defined

previously in equation 4.30. The OPL of the reference interferometer can be seen as:

OPLy =2(i+ 1) n1Ly — 2A, (5.3)

where twice the detuning corresponds to the optical path difference between the actual
reference interferometer and the closer situation of a perfect harmonic case (where OPLgy =
(1t +1)OPLy). In other words, the detuning is defined as:

A= n1L1 - nng (54)

An illustration of the relationship between the dimensions of the sensing and reference
FPIs, for different optical harmonics of the Vernier effect, is presented in figure 5.2. For

simplification, the refractive index of both interferometers was considered as 1 (air).
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Figure 5.2. — Illustration of the reference FPI dimensioning for the fundamental optical

Vernier effect and for the first three harmonic orders. The detuning (A) is the same in every
situation.

The free spectral range (FSR) of the reference interferometer, depending on the har-

monic order, is now redefined as:

A1

FSR), = : i
27 9 (naLo + iniLy)

=0,1,2... (5.5)

At this point, before introducing the properties of the optical harmonic Vernier effect,
it is useful to visualize the appearance of the reflected spectrum for different harmonic
orders. To do so, equation 5.2 must be replaced in equation 4.12. The obtained general
equation for the output reflected light intensity as a function of the harmonic order () is
defined as:

dmny L 4 L iny L
Iout (\) = Iy — 2AB {cos < 777";\1 1> + cos [ ™ (12 2;_ m 1)] } (5.6)
4 32 cos |:47T (n1L1 — TLQLQ — inlLl)]
)\ )

where Iy = 242 + B2,

Once more, the ideal case of no transmission losses related to mode mismatch and surface
imperfections, and no propagation losses was considered. Using the intensity reflection co-
efficient for a silica/air interface calculated in equation 4.13, the coefficients A and B were
assumed as 0.182 and 0.176, respectively. The refractive indices of the sensing and refer-
ence interferometers, n; and ng, were considered as equal to 1 (air). A length of 41 um was
taken for the sensing interferometer, which is the same as in the experimental demonstra-
tion later shown in chapter 6. As for the reference interferometer, its length was considered

as 32 pm plus multiples of the sensing interferometer length (32 um + ¢ x 41 pm), depend-



78

Chapter 5. Optical Harmonic Vernier Effect

Intensity (a.u.)

Intensity (a.u.)

(a) Fundamental (b) 1stHarmonic

0.3} {1 03f ™
. [} \ ‘%’\ . ‘ A . A . A
0.2 0.2F
0.1 0.1
\Wl
0.0 ) 0.0 )
1.2 1.3 1.4 1.5 16 1.2 1.3 1.4
Wavelength (um) Wavelength (um)
< (14 < ¥
n n
L|_ 1 1 1 L|_ [l ' 1
0 50 100 150 200 0 50 100 150 200
Cavity Length (um) Cavity Length (um)

(d) 3 Harmonic

(c) 2™ Harmonic

03~ 7 T T 0B et e T T
0.2} (] {1 0.2
4
0.1 \ H‘ 0.1
it

0.0 - . L . L 0.0

1.2 1.3 1.4 1.5 16 1.

Wavelength (um)

s \ ¥ | v 5 \ v ' v
A AN = | AV W A

0 50 100 150 200 T 0O 50 100 150 200

Cavity Length (um) Cavity Length (um)
| Sensing Interferometer | Reference Interferometer | Difference: FPI,-FPI,

Figure 5.3. — Simulated output spectra described by equation 5.6 in four different situa-
tions and the corresponding fast Fourier transform (FFT): (a) fundamental optical Vernier
effect; (b-d) first three harmonic orders. Dashed line: upper envelope (shifted upwards to be
distinguishable). Red-orange lines: internal envelopes.

ing on the order of the harmonic. In other words, the reference interferometer is detuned

by 9 um from the perfect case of (i + 1) x 41 um. The simulated results are depicted in
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figure 5.3(a) for the fundamental case corresponding to i = 0, and in figures 5.3(b-d) for
the first three harmonic orders corresponding to ¢ = 1,2, 3, together with the fast Fourier
transform (FFT) of the respective spectrum.

At first sight, the simulated spectra become more complex as the harmonic order in-
creases. Naturally, as the reference interferometer OPL scales up, the reflected spectrum
contains higher frequencies. The FFT was obtained from the reflected spectrum converted
into the optical frequency domain, using the same method as in section 3.3.2. The FFTs
in figure 5.3 are expressed as a function of the cavity length (L) of the interferometers,
which is easier to interpret as one knows the values used in the simulations. The peak
at 41 pm is constant along the different cases and corresponds to the sensing interferome-
ter. As for the reference interferometer, the FFT shows the up scaling of its optical path
length, which is directly proportional to the cavity length and also to the frequency of the

interferometer.

5.2.1. Traditional Vernier Envelope (Upper Envelope)

The traditional Vernier envelope, marked in figure 5.3 with a dashed line, was shifted
upwards to be distinguishable from the internal envelopes, marked with red-orange lines.
The optical harmonics of the Vernier effect regenerate the upper Vernier envelope with
the same frequency, and FSR, as in the fundamental case. Interestingly, one also observes
a m-shift of the upper envelope for odd harmonic orders (i = 1,3,5...).

To obtain a more general expression for the FSR of the upper envelope, previously
described by equation 4.24, let us first consider the hypothetical overlap between the
responses of two FPIs. However, now the OPL of the second interferometer (F'PI) is
increased by one-time the OPL of the first interferometer (FPI;). Hence, OPLy = noLo+
in1 Ly, with ¢ = 1. The individual responses of the two FPIs are overlapped in figure 5.4.
The red curve corresponds to the first interferometer, whose maxima are represented as
)\llg, and the blue curve corresponds to the second interferometer, with interference maxima
described as A2, where k is the number of the peak.

Since the OPL of the second interferometer was increased, its FSR is now redefined

through equation 5.5 as:

A1 A2

FSRy™ = :
F 2 (naLy + 1nyLy)

(5.7)

In figure 5.4, both interferometers are in phase at an initial position Aj*. The wavelength

position of a maximum “k” can be expressed using the FSR of the interferometer as:

AL =\ +EkFSRy, (5.8)

for the first interferometer, and in the same way as:
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Figure 5.4. — Schematic of the spectral response of two FPIs (1 and 2), where the OPLy
was increased by one-time the OPL;. The wavelengths of the different peaks are labeled as
At, where m = 1,2 is the number of the interferometer and k is the number of the peak.

A =M\ 4+ kFSRY!, (5.9)

for the second interferometer. In figure 5.4, both interferometers will be once again in

phase when:

Ny = Mg (5.10)

Combining equations 5.8 and 5.9 in equation 5.10, and considering that )\(1) = )\(2], the

following relationship is attained:

kFSRy = (2k +1) FSRS!. (5.11)
Expressing “k” as a function of the FSR of both interferometers, one obtains:

_ FSR5
- FSR; —2FSR;V

(5.12)

The traditional Vernier envelope (upper envelope) in the optical Vernier effect is the
wavelength distance between two consecutive situations where both interferometers are in

phase. Hence the FSR of the Vernier upper envelope can be described as:

FSRenvelope = )\]1(; - )\07 (513)

which through equation 5.8 is the same as:

FSRenvetope = kFSRy. (5.14)

Replacing equation 5.12 in equation 5.14, the FSR of the the upper envelope for the

first harmonic of the Vernier effect as a function of the FSR of the two interferometers is:
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FSRE'FSRy

FSRem)e ope — —1 |
‘pe ~ |FSRy — 2F SR

(5.15)

where the modulus was taken, since the FSR is a positive value.

This analysis can be generalized for any harmonic order (i) by considering that OP Ly =
no Lo + iny L. Therefore, equation 5.7 can be expressed more generally through equation
5.5. Starting from an initial in-phase situation, both interferometer will be once again in

phase when:

)‘llc = )‘%i—o—l)k—o—l? (5.16)

being ¢ the order of the harmonic. With this, equation 5.11 is generalized to:

kFSRy; = [(i+1)k+1] FSR), (5.17)

where “k” is now defined as:

o FSR;
~ FSRy — (i +1)FSR}’

(5.18)

At last, the general expression for the FSR of the upper envelope as a function of the
FSR of the two interferometers, for any harmonic order, is obtained when equation 5.18

is replaced in equation 5.14. The result is:
FSRLFSRy

FSR! = : 5.19
envelope FSRl N (’L I 1) FSR% ) ( )

where again the modulus was taken, since the FSR is always a positive quantity.

This general expression represents the regeneration property of the upper envelope, as
it turns out to be independent of the order of the harmonic. If one replaces the general
expression for the FSR of the reference FPI (equation 5.5) and the FSR of the sensing
FPI (equation 4.25) both in equation 5.19, assuming that the wavelengths A; and A\ are
the same for both interferometers, the FSR of the upper envelope is independent of the
harmonic order +.

When using optical harmonics of the Vernier effect for sensing applications, tracing
the upper envelope and measuring the wavelength shift seems to have a drawback. The
visibility of the upper envelope decreases with the order of the harmonics, as seen in figure
5.3. In 2016, Zhao et al. had already discovered that increasing the ratio between the
OPLs by a multiple integer, keeping the same detuning, would reduce the visibility of
the upper envelope, while maintaining its FSR constant [167]. However, at that time
they did not figure out the concept of optical harmonic Vernier effect, together with its

benefits. Despite the reduction in visibility might seem to be a disadvantage, in practical
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applications the problem is easily solved by using alternatively the internal envelopes,

represented in figure 5.3 by the red-orange lines.

5.2.2. Internal Envelopes

The internal envelopes are obtained by fitting, in a special way, the maxima in the harmonic
spectrum. The maxima are classified into groups of i + 1 peaks, the same as the number
of internal envelopes generated for the case of a parallel configuration. Then each group
is fitted independently from the others.

Figure 5.5 shows the 2°¢ harmonic of the optical Vernier effect, containing therefore 3

274 harmonic order, the maxima are grouped

distinct internal envelope. Since it is the
into groups of 3 peaks, as represented by the dark blue line. Each of these three peaks is
part of a distinct internal envelope. Hence, in this case, the first peak of every group of 3

is fitted to form the first internal envelope, and similarly for the other internal envelopes.
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Figure 5.5. — Simulated output spectrum for the 2°¢ harmonic of the optical Vernier effect,
from figure 5.3(c). The maxima are grouped into groups of (2 4+ 1) peaks. Each of these peaks
belongs to a distinct internal envelope.

The intersection points between internal envelopes provide multiple points useful to
monitor the wavelength shift, instead of using the upper envelope. Moreover, this kind
of fitting technique, described in detail in appendix C, reduces the impact of intensity
fluctuations in the spectrum. Intensity fluctuations might contribute to an error in the
determination of the position of the envelope, and consequently to an error in the deter-
mination of the wavelength shift.

Contrary to the upper envelope, the FSR of the internal envelopes scales with the order of
the harmonics, as also visible in figure 5.3. As the frequency of the reference interferometer

(inverse of the FSR) increases harmonically with the order of the harmonic, the frequency
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of the internal envelopes reduces, also harmonically. In other words, the internal envelopes
get larger as the order of the harmonic increases. It is important to mention that the
detuning is considered the same for all the presented cases. The FSR of the internal

envelopes can be expressed as:

. (i+1) FSRiFSR,

— | = (i+1)FSR! 5.20
internal envelope FSRl _ (Z + 1) FSR% (Z + ) ( )

envelope’

where the internal envelopes are (i 4+ 1) larger than the upper envelope (equation 5.19),
which is also evident in figure 5.3. Note that, if high finesse Fabry-Perot interferometers
were used, the spectral dips would become narrower, which can be helpful in some cases to
track their position and trace envelopes. Overall, the position of the maxima and minima
would still be the same and the properties of the effect, including the envelopes, would

still be maintained.

5.2.3. M-Factor

Regarding the magnification factor (M-factor), in the fundamental optical Vernier effect
the M-factor was obtained by dividing the FSR of the upper envelope by the FSR of the
sensing interferometer (equation 4.27). Although this approach is true for the fundamental
case, it turns out to be not correct for the harmonics. Since the FSR of the upper envelope
is the same for every harmonic, as discussed before in equation 5.19, the result would be
an M-factor independent of the order of the harmonics. However, in fact the M-factor
does not depend on the upper envelope, but rather on the internal envelopes, as will be
demonstrated later in this chapter by simulations, and experimentally in the next chapter.
Hence, the general expression for the M-factor as a function of the order of the harmonic
(1) is defined as:

Ml. _ FSREnternal envelope (Z + 1) FSR%

= | =(+1)M 5.21
FSR, FSRi— (it Fsm| UM (B2

where the first interferometer (F'PI;) is taken as the sensor, while the second interferom-
eter (F'PIy) is the reference. M is the magnification factor for the fundamental optical
Vernier effect, described by equation 4.27. In the case of i = 0, the M-factor for the
fundamental optical Vernier effect is recovered.

Considering the same detuning (A), the M-factor scales up linearly with the order of
the harmonic. For a harmonic of order i, the M-factor increases by ¢ + 1 times the value
of M-factor for the fundamental optical Vernier effect. In other words, this means that
the wavelength shift of the envelope also increases linearly with the order of the harmonic.
Therefore, the use of optical harmonics of the Vernier effect allows for the realization of
sensors with a sensitivity enhanced by 7 4+ 1 times.

In a situation where no detuning is considered (OPLg = (i +1)OPL;), the FSR of
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the sensing interferometer is an integer multiple (i + 1) of the FSR of the reference in-
terferometer, corresponding to a perfect harmonic situation where F'SR; = (i + 1) F SR%.
Therefore, the M-factor would trend towards infinity, translated by a Vernier envelope
with an infinite FSR. In practical applications, such case is useless since the Vernier enve-
lope cannot be traced and measured. Just like in the fundamental optical Vernier effect,
a detuning must be deliberately applied to the OPL of the reference interferometer to
slightly move away from the perfect harmonic case, making the sensing structure useful.
The maximum M-factor achievable by the fundamental optical Vernier effect, as dis-
cussed in the previous chapter, is limited in practical application by the FSR of the upper
envelope, where one period should stay within the wavelength range available by the
measuring system. However, when introducing harmonics, the maximum M-factor is not
directly limited by the FSR of the upper envelope or the FSR of the internal envelopes,
even though it scales up with the order of the harmonic. In a situation where the period
of the upper envelope stays out of the wavelength range available, one can still rely on the

internal envelope intersections to monitor the wavelength shift.
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Figure 5.6. — Modulus of the magnification factor as a function of the total length (Lo + iL1)
of the reference interferometer (F'Ply), for a fixed length (L) of the sensing interferometer
(FPI), where i corresponds to the order of the harmonic. The perfectly harmonic cases, where
the M-factor is infinite, are marked with F', P, P5, and Pj, respectively for the fundamental
and the first three harmonic orders. A deviation of 1 ym in the length of F'PIs produces
smaller variations in the M-factor for higher harmonic orders, as exhibited by the red line.

Figure 5.6 shows the modulus of the M-factor curve, defined through equation 5.21,
as a function of the total length of the reference interferometer, for a fixed length of the
sensing interferometer. The length of the sensing interferometer was considered the same
as before (41 um), as well as the refractive index of both interferometers (n =1). The
M-factor trends toward infinity as the OPLs of the two interferometers become attuned,

approaching a perfect harmonic situation (OPLg = (i + 1) OPL;). The points marked
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as F, P;, P, and P3 correspond to these perfect harmonic cases, respectively for the
fundamental and the first three harmonic orders of the Vernier effect.

An interesting property is noticeable in the diagram of figure 5.6: the M-factor curve
broadens for higher harmonic orders. The M-factor curve broadening allows higher M-
factors to be achieved more easily. Moreover, it also reduces the impact of small detuning
errors. The red line in figure 5.6 targets a specific M-factor (M = 40). When changing the
length of the reference FPI by +1 pm, simulating a detuning error, the variation caused
in the M-factor value is smaller for higher harmonic orders. Therefore, higher harmonic

orders allow larger tolerances in sensor fabrication without compromising its performance.
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Figure 5.7. — Magnification factor as a function of the detuning (A) from a perfectly har-
monic situation applied to the reference interferometer (FPI3). For the same detuning, the
magnification factor scales up linearly with the order of the harmonics as can be seen e.g. by
the values at the red circles. Small detuning errors from multiple sources, such as fabrication
tolerances, can modify the obtained magnification factor.

There are different sources of detuning errors. Environmental effects, such as temper-
ature changes or deformation/strain, typically result in a percentage change in the in-
terferometer length and would become more relevant for longer reference interferometers.
Aside from these environmental effects, errors and tolerances in the fabrication process
also contribute as detuning errors. Strain or deformation effects are negligible in this case,
since the reference interferometer is considered stable, where no strain is applied to it.

The thermal expansion coefficient of silica is around 0.55 x 107 K1 [104], which for a
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5°C temperature variation corresponds to a length variation of 2.75 x 1074 %. In practical
terms, the length variation caused by such temperature change in a 100 pm-long FPI cavity
is of about 0.275 nm. For a 1 mm-long FPI cavity that corresponds to a length variation
of 0.275 pym. Note that these variable parameters produce a detuning error which is, in
general, below the error imposed by the accuracy of the fabrication procedures (normally
between 1 um to a few micrometers). In sum, the limiting factor here is the detuning
error caused by the fabrication process, which is a fixed value dependent on the available
fabrication technology.

Figure 5.7 represents a different way to approach these concepts. Here, the M-factor
is shown as a function of the detuning (A) from the perfectly harmonic case, for the
fundamental case and for the first three harmonic orders of the optical Vernier effect. One
can observe that, for the same detuning, the M-factor scales up linearly with the order
of the harmonics, as seen by the value at the red circles. It is worth mentioning that,
even though the red circles do not represent a perfect harmonic case, for a fixed detuning
the scaling properties of the effect (magnification factor, number of internal envelopes,
frequency of the internal envelope) can still be seen as harmonic. Recalling what has
been discussed previously, the detuning is introduced on purpose to make the envelope
measurable. Figure 5.7 also presents a detuning error of 1 um, showing how it can affect
the final M-factor.

The next section presents simulated results of the optical harmonic Vernier effect for
sensing applications. The improvement of sensitivity, due to the enhancement of the M-

factor, will especially be demonstrated.

5.3. Simulation

To simulate the enhanced response obtained through the optical harmonic Vernier effect,
let us first start from the initial situation described in figure 5.3. The sensing FPI has an
OPL of 41 ym and the OPL of the reference FPI is adjusted to introduce the fundamental
optical Vernier effect (32 um), as well as the first three harmonic orders (32 pm+1ix 41 um,
with ¢ = 1,2, 3, respectively), while keeping the same detuning of 9 ym.

The effect of a measurand is perceived by the sensing interferometer as a variation of
its OPL (refractive index and/or physical length). Hence, in all cases, the sensing inter-
ferometer OPL was increased by steps of 0.02 ym, to a maximum of 0.08 pm, simulating
the effect of a measurand. Figure 5.8(a) shows the response of the sensing FPI for the
variations of OPL applied. The sensing FPI presents a wavelength shift towards longer
wavelengths, as indicated by the arrow. The resulting upper envelope for the fundamental
optical Vernier effect, as well as the internal envelopes for the first three harmonic orders,
are also depicted in figures 5.8(b-e). For the sake of clarity only the upper envelope and

internal envelopes were plotted, instead of the whole spectra. In all cases, a wavelength
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Figure 5.8. — Spectral shift when the OPL of the sensing FPI increases by steps of 0.02 pm.
(a) Sensing FPI. (b) Upper envelope of the fundamental optical Vernier effect. (c-e¢) Internal
envelopes of the first three harmonic orders, respectively. The monitored intersections are
marked with a cross.

shift towards longer wavelength is also observed. The detuning is positive, which results
in a positive M-factor, producing a wavelength shift of the Vernier envelope in the same
direction as the wavelength shift of the sensing FPI'.

For the fundamental optical Vernier effect, the wavelength shift of the upper envelope
can be monitored, for example, at the maximum around 1.40 um. As for the optical
harmonic Vernier effect, is it useful to monitor the wavelength shift at the intersection
between two internal envelopes, marked in figures 5.8(c-e) with a cross. As the harmonic
order increases, the internal envelope intersections present a longer wavelength shift, which
is in accordance with the definition of the M-factor for the optical harmonic Vernier effect
(equation 5.21). The M-factor increases with the harmonic order, which is directly related
with the sensitivity.

The wavelength shifts of the simulated results from figure 5.8 are represented in figure

1See section 4.2.2.
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Figure 5.9. — Wavelength shift as a function of the change in the OPL of the sensing FPI.
Results presented for the sensing FPI and for the Vernier envelope of the fundamental optical
Vernier effect, as well as the first three harmonic orders.

5.9 as a function of the variation applied to the OPL of the sensing FPI. It is clearly visible
an increase of the sensitivity (given by the slope of the linear fit) with the increase of the
harmonic order.

Table 5.1 summarizes the results obtained in this simulation. The ratio between the M-
factor of each harmonic case and the M-factor for the fundamental optical Vernier effect

(M) increases linearly, following a relationship of (i 4+ 1) predicted by equation 5.21.

Table 5.1. — Overview of the simulated results.

Sensitivity (S) | M-factor | M;/M, | Relationship

(nm/pm) (5i/SFpr) M; = (i +1)Mo
Sensing FPI 34.18 - - -
Fundamental 155.75 My = 4.56 1.00 1
15* Harmonic 307.20 My = 8.99 1.97 2
274 Harmonic 461.61 M, =1351| 2.96 3
3'Y Harmonic 615.50 M5 = 18.01 3.95 4

Until now, all the descriptions considered the same sensing FPI, while the OPL of the
reference FPI was increased to introduce optical harmonics of the Vernier effect. What
happens if the OPL of the sensing FPI was increased to introduce harmonics of the Vernier

effect, instead of the reference FPI?

To simulate this case, the OPL of the reference FPI was kept constant and equal to
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Figure 5.10. — Spectral shift when the OPL of the sensing FPI increases by steps of 0.02 ym.
Sensing FPI used in the (a) fundamental effect; (b) 15 harmonic; and (c) 2°¢ harmonic. (d)
Upper envelope of the fundamental effect. Internal envelopes of the (e) 15¢ harmonic; and (f)
274 harmonic. The monitored intersections are marked with a cross.

32 yum. The OPL of the sensing FPI was adjusted to introduce the fundamental optical
Vernier effect (42 um), as well as the first two harmonic orders of the optical Vernier effect
(42 um + @ x 32 pm, with i = 1, 2,respectively), while keeping the same detuning of 9 pm.
Similarly to the previous simulation, the OPL of the sensing FPI was increased by steps

of 0.02 pm, to a maximum of 0.08 ym.

In this approach, a new characterization of the individual sensing FPI needs to be
performed for each harmonic case. Contrary to the other cases, now the OPL of the
sensing FPI is increasing with the increase of the harmonic order, which might results in a
different sensitivity depending on the actual length of the sensing FPI. Figure 5.10 presents
the individual sensing FPI responses for each case, together with the corresponding upper
Vernier envelope and internal envelopes for the fundamental and the first two harmonic

orders of the Vernier effect, respectively.

The wavelength shift of the individual sensing FPI decreases for longer cavity lengths, as
visible in figures 5.10 (a-c). In the other cases, the sensitivity of the individual sensing FPI
was the same, independently of the harmonic order used. Now, to calculate the M-factor
(equation 5.21) one needs to consider the correspondent sensitivity of the sensing FPI in

each situation, since it is different depending on the harmonic order.
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The wavelength shifts of the upper envelope of the fundamental optical Vernier effect,
represented in figure 5.10 (d), and the internal envelopes for the first and second harmonic
orders, shown in figure 5.10(e) and (f), are approximately the same. The wavelength shift
of the Vernier envelope does not improve with the increase of the harmonic order. In fact,
it remains constant and independent of the harmonic order. Nevertheless, one should not
forget that the sensitivity of the individual sensing FPI is decreasing, which technically
results in an M-factor that is still increasing with the harmonic order. However, it does
not follow the relationship (i + 1) presented before. To have a clear picture of these results,

a summary is shown in table 5.2.

Table 5.2. — Overview of the simulated results.

Sensitivity (S) | M-factor | M;/ | FSR | FSRy,. | M-Factor
(nm/pm) (Si/Srpr) | Mo | (nm) (nm) eq. 5.21

Sensing FPI 33.8 - - 23.96 -
Fundamental 155.24 My = 4.59 1.00 | 106.39 106.39 My =4.44
Sensing FPI 19.05 13.37 -
15* Harmonic 154.26 M; =810 | 1.76 | 106.85 | 213.70 | M; = 15.98
Sensing FPI 13.33 9.40 -
274 Harmonic 153.95 My =11.55 | 2.52 | 106.66 | 319.97 | M, = 34.05

From the results depicted in the table, one observes that the M-factor increases with
the harmonic order, even though the sensitivity of the envelope is constant. As explained
before, this is caused by the reduction of the sensitivity of the individual sensing FPI.
Nevertheless, the ratio M;/Mj does not follow the relationship (i 4+ 1) deduced previously.
Moreover, the M-factor calculated using the FSR of the internal envelopes, through equa-
tion 5.21, does not match with the one obtained by the sensitivities. In fact, the M-factor
calculated with the sensitivity values is approximately the same as if one calculates it
through the FSR of the upper envelope (instead of the internal envelope), which does not
change with the harmonic order.

The M-factors achieved in this case, shown in table 5.2, are slightly smaller than the
ones obtained in the results of table 5.1. However in practical applications, the sensitivity
of the Vernier envelope increases substantially in the first simulated situation, where the
OPL of the reference FPI is increasing. On the contrary, the second simulated case, where
the OPL of the sensing FPI is increasing, leads to a constant sensitivity, independent of
the harmonic order.

From a different point of view, increasing the OPL of the sensing FPI leads to a decrease

in its FSR, which is to say that the frequency of the interference signal increases. This
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would correspond to a finer scale in a caliper. When adding the Vernier effect with the
reference FPI, the frequency of the reference FPI is much lower (larger FSR) than the
frequency of the sensing FPI, corresponding to a coarser scale. Hence, one is trying to
improve the measurement performed with a fine scale (sensing FPI) by technically adding
a coarser scale (reference FPI), which results in no improvement at all. However, in the
first situation, where the OPL of the reference FPI is increasing with the harmonic order,
its frequency is also increasing, corresponding to a finer scale. Hence, in this case one is
trying to improve the measurement performed with a coarse scale (sensing FPI) by adding
a finer scale (reference FPI), resulting in a considerable improvement of the sensitivity.
The higher the harmonic order, the finer is the scale provided by the reference FPI, and

consequently the larger is the enhancement obtained.

5.4. Parallel vs Series Configuration

Until now, only examples using the parallel configuration were demonstrated. Although
the magnification properties are the same for a configuration in series, there are some
additional factors that need to be considered. In a series configuration, where two FPIs
are connected to each other, the equation that describes the output spectrum is slightly
different.

As an example, let us consider a structure consisting of a hollow capillary tube as the
first FPI (FPI;) and a section of SMF as the second FPI (FPIy), as depicted in figure
5.11. The structure presents three interfaces: the first corresponds to the initial interface
of the hollow capillary tube, the second corresponds to the middle interface that connects
both FPIs, and the third corresponds to the interface between the end of the SMF and

alr.

FPI, FPI,
” l g l ~
Hollow
SMF Capillary Tube SMEF
R D mm——
i | i
I Ly 1 L2y

Figure 5.11. — Schematic of a series configuration, where the first interferometer (F'PI;) is a
hollow capillary tube of length L; and the second interferometer (F'PIs) is a section of SMF
of length L.

The output electric field is the sum of the electric fields of the propagating light that is

backreflected at those three interfaces. These three reflected components can be expressed
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as:

Em (\) = AEn (V). (5.22)

Eps (\) = BEj, (\) exp [—j (“";Ll - 71')] : (5.23)

Am (m Ly + nzLﬂ ‘ (5.24)

Egrs (A\) = CEj, (M) exp |:—j 3

The coefficients A, B, and C' are given by:

A=+/Ry, (5.25)

B=(1—-A1)(1—Ry)exp(—2a1L)\/Ra, (5.26)

C=(1-A)(1—Ay)exp(—201L1) exp (—200Ly) (1 — Ry) (1 — Ro) \/R3,  (5.27)

where R; is the intensity reflection coefficient at the interface i (with i = 1,2,3), A; and
Ay represent the transmission losses through the first and second interfaces, respectively,

ay and a9 are related with the propagation losses.

Through equation 4.11, the reflected light intensity measured at the output can then be

expressed as:

4 L 4 L
It (A\) = Iy — 2AB cos < 7T7§\1 1) — 2BC cos ( 7”12 2) (5.28)
+ 2AC cos [47T (n1L1)\+ nng)] )

where Ip = A% + B?> + C? .

Once again, if the OPL of the second interferometer (F Pls) is increased by a multiple
(i-times) of the OPL of the first interferometer (F'PI;), then optical harmonics of the
Vernier effect are introduced. With this, the expression for the reflected light intensity

measured at the output can be rewritten as:
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(5.29)

out

' 47ty L 4 I -
y (A):Io—QABcos< 7”1\1 1)—230605[ T (n2 2)\—1—2721 1)

+ 2AC cos {47r [0+ 1) mby 4 nalo) } .

A

Comparing the output spectrum for a parallel configuration, given by equation 5.6, with
the output spectrum for a series configuration, expressed by equation 5.29, the main dif-
ference relies on the last cosine function, apart from the prefactors A, B, and C. In a
series configuration, the last cosine expresses the sum between the OPLs of both inter-
ferometers, while in a parallel configuration it is actually the difference. This leads to
the presence of an additional higher frequency component in the output spectrum for the

series configuration.

Interestingly, the output spectrum for a series configuration is visually one harmonic
order ahead of the output spectrum for a parallel configuration. For example, the output
spectrum for a series configuration corresponding to the first harmonic (i = 1), is given
by:

I'=t(\) = Iy — 2AB cos <

47rn1L1) _ 9BC cos |:47T (nQLQ + nlLl)

A (5.30)

+ 2AC cos [47r (2maLy + n2L2)} ,

A

and the output spectrum for a parallel configuration corresponding to the second harmonic

(1 = 2), is given by (equation 5.6, with i = 2):

(5.31)

out

=2 (\) =1y—2AB {cos (47rn1L1> + cos [47r (2n1 Ly + nng)} }

A

—4 L L
+B2cos[ m(n2Lly +m 1)]

A

Apart from the prefactors and the negative signs, the three frequencies presented in both
cases are the same. As a result, the output spectrum for a series configuration of harmonic
order ¢ looks similar to the output spectrum for a parallel configuration of harmonic order
1+ 1. To verify this property, the output spectra for both configurations, given by equation
5.6 and equation 5.29, are represented in figure 5.12 for the fundamental and the first two

harmonic orders of the optical Vernier effect, respectively.

The output spectrum for a series configuration looks one harmonic order ahead of the
parallel configuration, which is also visible by the number of internal envelopes in figure

5.12. The number of internal envelopes for a series configuration increases with ¢ + 2, and
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Figure 5.12. — Simulated output spectra: (a-c) parallel configuration; (d-f) series configu-
ration. The fundamental optical Vernier effect, as well as the first two harmonic orders are

represented in both cases.

the FSR of the internal envelopes is defined as:

FSRz:nternal envelope — (Z + 2) FSRém)elope' (532)

Despite this additional factor regarding the number and FSR of the internal envelopes,
the magnification properties of both configurations (M-factor) are the same. This is
only valid if the second interferometer in the series configuration is also used as a stable
reference, and if both interferometers (F'PI; and F'PIy) have, respectively, the same OPL

in both configurations. However, the definition of M-factor for a series configuration needs

to be slightly adjusted to:
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i (7“ + 1) FSRinvelope .
M= PSR = (i +1) M, (5.33)

by using (i 4+ 1)-times the FSR of the upper envelope, instead of using directly the FSR of

the internal envelopes, which scales differently for this configuration, as discussed before.
This expression for the M-factor is valid for both, the parallel and series configurations.
Moreover, the internal envelopes for a series configuration seem to have slightly higher
visibility. However, the increased visibility of the internal envelopes is actually caused by
the small maxima in the output spectrum. These maxima are smaller in the series configu-
ration due to the presence of a third interface in the sensing structure, whose backreflected
light has much lower intensity (prefactor C') compared with the backreflected light at the
other two interfaces (prefactors A and B). In practical applications, if the sensor is a bit
lossy, the small maxima become even smaller, indistinguishable, and therefore problematic

if one needs to fit the internal envelopes.

5.5. Limitations

The application of the optical harmonic Vernier effect to optical fiber sensors brings a
range of advantages, but it also has some drawbacks. Hence, it is relevant to discuss about
the limitations of this effect.

In general, the effect requires monitoring a wide wavelength range. The more tuned the
effect is, the larger is the Vernier envelope and the more sensitive the sensing structure
is. Therefore, the larger is the wavelength shift. With this, one needs to ensure that the
wavelength shift of the tracked point does not make it fall outside the available wavelength
range.

Another limiting factor is the complexity of the output spectrum. The higher the har-
monic order, the more components the spectrum contains, which makes it more complex
and harder to analyze. Therefore, the higher the harmonic order, the more signal process-
ing is required.

Losses, such as propagation losses or imperfect interfaces that cause mode mismatch, are
enemies of signal processing. They reduce the visibility of the interference peaks, which
might lead to problems when tracking and fitting internal envelopes. Higher harmonic
orders require longer OPLs, usually obtained by increasing the length of the reference
interferometer, and therefore making propagation losses even more relevant.

At last, the sampling or resolution of the detection system imposes a major limitation
in terms of the maximum harmonic order achievable. The higher the harmonic order,
the finer and narrower the interference peaks are, due to the presence of higher frequency
components that also scale up with the harmonic order. In many detection systems, to

measure such a broad wavelength range requires, in return, to reduce the resolution of the
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Figure 5.13. — Simulated output spectrum for the 4" harmonic of the optical Vernier effect.
(a) Poor resolution spectrum: resolution of 500 pm. (b) Full resolution spectrum: resolution
of 1 pm. The position of the intersections between internal envelopes are marked with dashed
lines.

measurement. If the detection system has poor resolution, the position of the interference
peaks are misleading and not well defined. Ultimately, tracing the upper envelope or
internal envelopes under these conditions can introduce large errors, producing an incorrect
result. Moreover, in worst scenarios where the resolution of the detection system (or
sampling rate) is not enough to detect the higher frequencies presented in higher harmonic
orders, then spectral aliasing is introduced. As a result, the output spectrum is malformed

and some interference peaks might be missing.

Figure 5.13 shows the simulated output spectrum for the 4*® harmonic of the optical
Vernier effect for two different cases. The OPL of the sensing interferometer is 100 ym and
the reference interferometer has a detuning of 9 ym, with an OPL of (91 um + 4 x 100 um).
In figure 5.13(a), the resolution is poor (500pm) and the position of the interference
peaks are not well defined. On contrary, figure 5.13(b) presents the same spectrum but
with a resolution of 1pm, where all the interference peaks are well defined. In both
cases, the interference peaks were tracked and the internal envelopes were traced. It is
clearly visible that for a poor resolution spectrum the positions of the intersections between
internal envelopes are misplaced, when compared with the real positions showed in the
full resolution spectrum.

Note that the poor resolution spectrum is in the limit of the Nyquist criterion®. In

such case, performing a correct interpolation of the spectrum might still allow to achieve

2Nyquist criterion: the sampling rate should be higher than twice the highest frequency component of
the spectrum
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a corrected position of the interference peaks. Nevertheless, if one wants to use the next
harmonic order, the highest frequency of the spectrum would be even higher, falling out
of the Nyquist criterion. Moreover, the larger the initial sensing FPI, the smaller is its
FSR. Therefore, higher harmonic orders require an even longer reference FPIs, with even

smaller FSRs, and hence even higher frequencies.

5.6. Conclusion

As a way of closing this chapter, it is relevant to leave a few comments on the optical
harmonic Vernier effect as a summary of the different points discussed here.

In the previous chapter, the size of the upper Vernier envelope was a limiting factor
to the maximum M-factor achievable using the fundamental optical Vernier effect. With
the introduction of optical harmonics of the Vernier effect, the upper Vernier envelope
is regenerated with the same size as for the fundamental case. However, for the same
size of the upper Vernier envelope, the M-factors obtained are higher when using optical
harmonics of the Vernier effect. Hence, the proposed concept is a way to break the limits of
the fundamental effect, allowing for the realization of sensors with a sensitivity enhanced
by ¢+ 1 times. For example, achieving M-factors beyond 30 for single-type configurations
using FPIs becomes realistic. Moreover, the impact of detuning errors decreases with the
increase of the harmonic order.

Harmonics of the optical Vernier effect present internal envelopes that provide addi-
tional intersection points to better measure the wavelength shift. Measuring an intersec-
tion points is, in general, more accurate than measuring the position of a minimum (or
maximum) of the upper Vernier envelope.

When scaling up harmonically the sensing interferometer, instead of the reference inter-
ferometer, no improvement in sensitivity of the Vernier envelope is obtained when increas-
ing the harmonic order. In such case, the sensitivity for any harmonic order is the same
as the sensitivity of the fundamental case. Furthermore, the M-factor will not follow a
relationship of ¢ + 1.

In a series configuration, the magnification properties of the optical harmonic Vernier
effect are the same as for a parallel configuration. However, the output spectrum for a
series configuration looks visually one harmonic order ahead of the parallel configuration.
This means the series spectrum contains the higher frequencies of the next harmonic order
of the parallel spectrum, including also an extra internal envelope.

At last, some limitations of the effect were discussed, especially the impact of having a
detection system with a poor resolution or sampling rate.

The experimental demonstration of optical harmonics of the Vernier effect, in parallel
and in series, will be presented in the next chapter for real specific applications. Addition-

ally, the special case of having no reference interferometer will also be explored.






Chapter 6.

Demonstration and Applications of
Optical Harmonic Vernier Effect

6.1. Introduction

The optical harmonic Vernier effect was until now explored theoretically, together with
simulations that demonstrate the diverse properties of the effect. This chapter seeks to
demonstrate experimentally the introduction and application of optical harmonics of the
Vernier effect. Several experimental details are here discussed from a practical perspective,
especially regarding the fabrication of the structures.

The chapter is divided in two sections. The first one addresses the parallel configuration,
with a strong focus on validating the properties of the effect deduced theoretically, com-
paring experimental results with the theoretical ones. The second section is dedicated to
the series configuration, in particular to the special case of two interferometers physically
connected without a separation. This particular case can have three possible outputs, of
which one of them is the proposed structure and the other two are briefly discussed, but not
here demonstrated. The section also presents a way to use the structure for simultaneous

measurement of two parameters.

6.2. Parallel Configuration

6.2.1. Introduction

This section intends to demonstrate experimentally the optical harmonic Vernier effect in
a parallel configuration using Fabry-Perot interferometers (FPIs). Strain sensing is used
as possible application and as a mechanism to characterize and demonstrate the effect.
Important properties deduced in the previous chapter are here verified, as well as the
validation of the two definitions for the M-factor. At last, a compensated wavelength

shift method is presented as a way to compare the performance of the different structures
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without the influence of the detuning (A), which is different in every case.

6.2.2. Fabrication and Experimental Setup

In this experiment, the Fabry-Perot interferometers used were based on sections of a hollow
capillary tube spliced between two single mode fibers (SMF28), as also considered in the
previous two chapters. The capillary tube was fabricated at Leibniz-IPHT by the optical
fiber technology group. Its internal diameter is 60 ym and outer diameter is 125 ym. The
fabrication process of the sensing and reference FPIs is as follows.

First, the cleaved ends of a single mode fiber and a hollow capillary tube were spliced
together using a splicing machine (Fitel S177). This step was performed in manual mode
of the fusion splicer, ensuring that the center of the electric arc was mainly applied to
the single mode fiber, thus avoiding the collapse of the hollow capillary tube. The splice
consisted of two electric arc discharges with an arc duration of 400 ms and arc power of
30 arbitrary units (absolute arc power was not possible to attain, only relative values

provided by the splicer).
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Figure 6.1. — Micrograph of the experimental fiber sensing interferometer (F'PI;) and the
three different reference interferometers (F'PI5) used to excite the first three harmonic orders
of the optical Vernier effect. The length of the reference interferometers scale with the har-
monic order, ¢, and depend on the length of the sensing interferometer (L1). All reference
interferometers also present a detuning (A).

Afterwards, the other end of the hollow capillary tube was cleaved with the desired
length using a fiber cleaver, together with the help of a magnification lens. This step
should be performed with the maximum precision possible, especially when fabricating
the reference FPI, since it has huge impact on the final detuning (A).

At last, the cleaved end of the hollow capillary tube was spliced to a different section of

single mode fiber, adopting the same procedures as in the previous splice.
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The sensing interferometer (F'PI;) was initially fabricated with a length of 41 ym (L1).
Then, three reference interferometers (F'Ply) were fabricated to introduce the first three
harmonic orders of the optical Vernier effect, respectively. Considering that the FPIs
are hollow, as an approximation their refractive index can be assumed as 1. With this,
the length of the reference interferometers depends mainly on the length of the sensing
interferometer, L1, and on the detuning (A).

A micrograph of the different FPIs fabricated is shown in figure 6.1. The first harmonic
was introduced using an F Py with a length of 72 um, corresponding to 2L; minus a
detuning of 10 ym. In the second harmonic, the reference F'PIs had a length of 118 um,
resembling 311 minus a detuning of 5 yum. Lastly, an F'Pls with a length of 155 um, equal

to 4L1 minus a detuning of 9 um, was used to introduce the third harmonic.
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Figure 6.2. — Schematic illustration of the experimental setup. The sensing interferometer
(FPIb) and the reference interferometer (F' PIy) are separated by means of a 3db fiber coupler.
A supercontinuum laser source is connected to the input and the reflected signal from the
device is measured at the output with an optical spectrum analyzer. Strain is only applied to
FPI,, keeping FPI5 as a stable reference.

The schematic of the experimental setup is illustrated in figure 6.2. The sensing and
reference interferometers (F'PI; and FPIy) were physically separated in a parallel con-
figuration by means of a 3db fiber coupler. The sensing interferometer was connected to
port 2 of the fiber coupler. For each harmonic case (i = 1,2, 3), the respective reference
interferometer was connected to port 3. A supercontinuum laser source (Fianium WL-SC-
400-2) was connected to the input port 1. The reflected signals from the FPIs at ports
2 and 3 are combined and measured at port 4 by means of an optical spectrum analyzer
(OSA ANDO AQ-6315A, resolution of 0.1 nm).

The structure was tested for strain sensing, applying strain only to the sensing inter-
ferometer (F'P1Iy), for all three cases of different reference FPIs. Therefore, the reference
interferometer (F PIs) was kept stable during the whole experiment. To perform the strain
measurements, the two single mode fibers connected on both sides of the sensing FPI were

glued with cyanoacrylate adhesive to a fixed platform and to a translation stage with a
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displacement resolution of 0.01 mm. A small pre-tension was added to the system, ensur-
ing that the fiber was not bent. The total length over which strain was applied is 344 mm,
and corresponds to the length between the fixed points. All the strain experiments were
carried out at room temperature (23 °C). The strain measurements were realized by ap-
plying strain up to 600 ue, with steps of 87.2 ue (translation stage displacement of 0.03

mm). Only static measurements were performed.

6.2.3. Characterization

The experimental output spectrum of the sensing FPI alone is represented in figure 6.3(a),
together with its fast Fourier transform (FFT) expressed as a function of the cavity length.
The FFT was performed, once again, from the reflected spectrum converted into the optical
frequency domain, using the same method as in section 3.3.2. The peak in the FFT at
around 41 pym matches with the physical length of the sensing FPI measured in figure 6.1.

To confirm experimentally the enhancement provided by the optical harmonics of the
Vernier effect, it is crucial at first to characterize the sensing FPI without the optical
Vernier effect. The sensing FPI presents a free spectral range (FSR) of 23.52nm. Regard-
ing the strain sensitivity, the sensing FPI achieved a value of (3.37 & 0.02) pm/ pe.

Then, the three reference FPIs were successively applied as the reference interferometer,
in order to respectively introduce the first three harmonic orders of the optical Vernier
effect. The experimental spectra for the first three harmonic orders are depicted in figures
6.3 (b-d), respectively, together with their FFT. Visually, the appearance of the output
spectra for the optical harmonics of the Vernier effect is similar to the theoretical results
predicted by equation 5.6 and presented in figure 5.3. Please note that the different exper-
imental harmonic orders have reference interferometers with different detunings (A), while
the simulated results considered the same detuning value for every case. The detuning, as
explained in the previous chapter, influences the FSR of the upper envelope and internal
envelopes, as well as the M-factor. For example, the detuning of the 2"4 harmonic (5 um)
is smaller than the detuning of the 3" harmonic (9 um), and therefore the FSR of the
upper envelope and internal envelopes is larger.

The number of internal envelopes scales up linearly with the order of the harmonics, as
also demonstrated theoretically, providing multiple intersection points suitable for mon-
itoring the wavelength shift in sensing applications. The FSR of the upper envelope for
the first three harmonic orders is 98.56 nm, 222.80 nm, and 107.77 nm, respectively. The
FSR of the internal envelopes is given approximately by ¢ + 1 times the FSR of the upper
envelope, as described by equation 5.20.

Figure 6.4 shows the results of the experimental output spectra for the three harmonic
orders depicted in figures 6.3(b-d), under three distinct situations of applied strain. In

each case, the internal envelope intersection, marked with a red circle, can be traced and
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Figure 6.3. — Experimental output spectrum and corresponding fast Fourier transform
(FFT). (a) Individual sensing interferometer (FPI;). (b-d) First three harmonic orders. Red-
orange lines: internal envelopes.

monitored as a function of the applied strain. As expected, since the second harmonic
has a small detuning, the M-factor is large, and consequently the wavelength shift is also

larger.
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Figure 6.5. — Experimental wavelength shift of the Vernier envelope as a function of the

applied strain for the first three harmonic orders, together with the wavelength shift of the
individual sensing FPI alone.

The wavelength shift of the Vernier envelope, given by the internal envelope intersec-
tions, is presented in figure 6.5 as a function of the applied strain. The wavelength shift
of the individual sensing FPI is also shown in the same figure. The sensitivity values
(S) for the first three harmonic orders are (27.6 + 0.1) pm/ue, (93.4 + 0.6) pm/pue, and
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(59.6 £ 0.1) pm/ e, respectively.

Note that all the three cases have distinct detunings (A). Therefore, it is not fair to
compare the sensitivity values under these conditions. For example, even though the third
harmonic should have a wavelength shift enhanced by 4-times (i 4+ 1, with ¢ = 3), it ended
up having smaller sensitivity than the second harmonic because of the larger detuning.
Hence, the correct way to analyze the response of the structures, in order to make a fair

comparison between them, is going to be presented next.

6.2.4. Demonstration of the Optical Harmonic Vernier Effect Enhancement

The sensitivity values obtained before for each harmonic order, together with the sensitiv-
ity value for the individual sensing FPI, allows to calculate the M-factor through equation
4.29. The M-factors for the first three harmonic orders, calculated through the sensitivity
values, are 8.18, 27.7, and 17.7, respectively. On the other hand, the M-factor can also be
obtained via a second definition, using equation 5.21. Hence, performing the ratio between
the FSR of the internal envelope and the FSR of the individual sensing FPI, the M-factors
achieved are 8.38, 28.42, and 18.33, respectively for the first three harmonic orders. Both
M-factors, defined using the FSR (equation 5.21) or using the sensitivities (equation 4.29),
are approximately the same, with a maximum deviation of 3.5%. In other words, the two
definitions for the M-factor are equivalent.

Yet, these values still depend on the detuning (A) between the sensing and the reference
interferometers, and therefore it is not possible to make a fair comparison between them.
One way to eliminate this dependency and observe the improvement introduced by the
optical harmonic Vernier effect is to compare the M-factor of each harmonic order with
the M-factor obtained if it was the fundamental case. In other words, by performing
the ratio between the M-factor for a harmonic order ¢ and the M-factor for i = 0, the
result should be i+ 1, according to equation 5.21. Due to the regeneration property of the
upper envelope, its FSR for any harmonic order is the same as for the fundamental case.
Hence, for each harmonic order, the FSR of the upper envelope can be used to calculated
the M-factor of the respective fundamental case, with the same detuning, using equation
4.27. With this, the M-factors of the fundamental case (M) for the each situation are
4.19, 9.47, and 4.58, respectively. The ratios between the M-factor obtained via the
sensitivities and the corresponding My are 1.95, 2.93, and 3.86, respectively for the first
three harmonic orders. As seen by these ratios, the M-factor for each harmonic order is
increasing approximately by a factor of ¢ + 1, as theoretically predicted through equation
5.21.

In fact, both the M-factor for each harmonic and the respective My depend on the
detuning, since the FSR of the upper envelope and the internal envelopes also depend on

the detuning. Therefore, the ratio between these two is independent of the detuning (A).
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A different way to demonstrate more directly the linear enhancement of the M-factor
with the order of the harmonics is to use a compensated wavelength shift. The com-
pensated wavelength shift takes into consideration the FSR of the upper envelope which,
as discussed before, is an indicator of the detuning (A). Therefore, the compensated

wavelength shift can be expressed as:

A
A)\compensated = m, (61)

which is independent of the detuning between the sensing and the reference interferometers.

This quantity can be transformed into a more meaningful value as:

2wAN

Y 6.2
FSRenvelope ( )

ASpenvelope =

corresponding to the phase shift of the Vernier envelope, which is also independent of the

detuning. Figure 6.6 shows the Vernier envelope phase shift as a function of the applied

strain.
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Figure 6.6. — Phase shift of the Vernier envelope as a function of the applied strain for the
first three harmonic orders. The sensitivity values are given by the slope of the linear fit.

The envelope phase sensitivity (Sgens) to the applied strain (Aeg) is given by the slope
of the linear fit, defined as:

2 AN

Speny = = —. 6.3
v FSRenvelope Ae ( )

The envelope phase sensitivities to strain for the first three harmonic orders of the
optical Vernier effect are, respectively, (1.756 £ 0.005) mrad/ue, (2.633 + 0.002) mrad/ue,
and (3.474 + 0.009) mrad/pe. These values are independent of the detuning (A), allowing

to compare each experimental harmonic order. As observed, the envelope phase sensitivity
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Table 6.1. — Overview of the experimental results for the first three harmonic orders. First
group: Experimental results. Second group: M-factor via two definitions (equations 5.21
and 4.29) are approximately the same. Third group: M-factor for each harmonic order com-
pared with the M-factor for the fundamental optical Vernier effect (Mp). It shows the ¢ + 1

improvement factor with the order of the harmonic.

S Sepenv M-factor | M-factor M (via S)/ | (i+1)
(pm/pe) | (mrad/pe) (via FSRenv) (via 5) M
equation 5.21 | equation 4.29
15t H. 27.6 1.765 8.38 8.18 1.95 2
2nd H. | 934 2.633 28.41 27.70 2.93 3
3rd . 59.6 3.474 18.32 17.70 3.86 4

increases with the order of the harmonics, which is also in accordance with equation 5.21.

Table 6.1 summarizes the main values of the experimental results. The results are
organized in three groups. The first resumes the experimental results for strain sensitivity
of the Vernier envelope (.5) and the envelope phase strain sensitivity (Syeny). The envelope
phase sensitivity to strain is a way to observe only the enhancement provided by the
optical harmonics, since it is independent of the detuning between the sensing and the
reference interferometers. The second group presents the M-factors achieved using the
two definitions: via the FSR of the internal envelopes, through equation 5.21, and via the
sensitivity of the Vernier envelope, through equation 4.29. The values obtained are very
similar, validating the use of both definitions. At last, the third group consists of the ratio
between the M-factor for each harmonic order, determined using the Vernier envelope
sensitivity, and the M-factor for the equivalent fundamental optical Vernier effect (My).
It shows the i + 1 factor improvement in the M-factor with the order of the harmonic, as

predicted by equation 5.21.

6.3. Series Configuration

6.3.1. Introduction

The use of optical harmonics of the Vernier effect in a series configuration without a
physical separation between the interferometers is experimentally explored in this section.
This case corresponds to a complex optical Vernier effect, where none of the interferometers
in the configurations is used as a reference. The proposed structure was characterized for
strain and temperature sensing. This section also explores simultaneous measurement of
these two parameters by making use of the Vernier envelope response, together with the

response of the higher frequency of the Vernier spectrum.
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6.3.2. Fabrication

A schematic of the developed sensing structure is presented in figure 6.7. The sensing
structure consists of two Fabry-Perot interferometers (FPIs) in a series configuration. The
first interferometer (F PI;) is a hollow microsphere fabricated from a special splice between
two sections of a multimode graded-index fiber (GIF). Hollow microspheres exhibit a strain
sensitivity that increases with the dimensions of the microsphere [207]. Such effect is the
opposite of what is observed for most of the fiber FPIs reported, whose strain sensitivity
increases for smaller cavity lengths. In fact, the increasing strain sensitivity of a hollow
microsphere with its dimensions results from mechanical effects, due to the intrinsic shape
of the hollow microsphere. The second interferometer (F'PI5) is given by a section of the
multimode GIF used to fabricate the hollow microsphere. At the end, a hollow capillary
tube is spliced after the second interferometer, only for the purpose of providing a fiber
extension to enable the application of strain, as will be discussed later.

The first interferometer (F'P1I;) is then formed by an air cavity between the mirror inter-
faces My and Mo, with reflection coefficients Ry and Rs, while the second interferometer
(FPI3) consist of a silica cavity between the mirror interfaces My and M3, with reflection
coefficients Ry and Rj, as illustrated in figure 6.7. In this case, all the interfaces provide a
silica/air Fresnel reflection, resulting in a reflection coefficient equal for all interfaces. The
proposed structure is similar to the one described theoretically in section 5.4. Therefore,
the output spectrum as a function of the harmonic order is given by equation 5.29.

Figure 6.8 presents the fabrication steps to produce the sensing structure. Initially,
a multimode GIF (core diameter of 62.5um and a cladding diameter of 125 um, from
Fibercore) was spliced to a single-mode fiber (SMF28), and then cleaved with a length
of around 1cm. Subsequently, a hollow microsphere was created between the cleaved
multimode fiber (MMF) and another section of the same fiber employing a post-processing

technique reported by Novais et al. [208]. This technique consists of three different steps:
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Figure 6.7. — Schematic of the sensing structure consisting of two Fabry-Perot interferometers
(FPIs) in series. F'PI; is a hollow microsphere with length L;. FPI5 is a section of multimode
fiber with length Lo, followed by a hollow capillary tube. The three interfaces are marked as
My, M, and M3, respectively with reflection coefficients Ry, Ro, and Rj3.
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Figure 6.8. — Fabrication steps: (a) cleaving an MMF spliced to an SMF; (b) air bub-
ble formation; (c) cleaving of the second MMF; (d) splice with a hollow capillary tube; (e)
micrograph of the final structure.

rounding the multimode GIF, forming and growing the hollow microsphere. These three
stages of the process were executed using a Fitel S177 splicing machine, together with the
parameters described in table 6.2. The size of the hollow microsphere is controlled by the
number of electric arcs applied. Simultaneously, the reflected spectrum was monitored to
ensure that the hollow microsphere was not multimode, hence producing approximately a
two-wave interferometer (FPI with low finesse).

An example of a reflected spectrum from a single hollow microsphere is depicted in figure
6.9(a). All the reflected spectra in this work were measured using a traditional reflection
configuration, previously described in figure 3.9(a). The M-factor provided by the optical
Vernier effect depends largely on the detuning between the two FPIs. Therefore, it is
crucial to cleave the second MMF with the exact length needed to generate an optical

Vernier effect with a large M-factor, considering the dimensions of the hollow microsphere

Table 6.2. — Post-Processing — Splicer Parameters.

Rounding | y~-sphere Formation | y-sphere Growing

Power [arb. units] 20 40 40
Duration [ms] 700 300 300
Z-push distance [pm] 0 0 0

Gap [um)] 0 5 5
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fabricated before. To do so, one needs to estimate the cavity length (L;) of the hollow
microsphere through the interferometric signal obtained in figure 6.9(a), according to
equation 4.25. The retrieved length is then used to estimate the length of the MMF
(FPI,) that would produce an optical Vernier effect with a large M-factor, but still with
an envelope FSR within the wavelength range available by the measuring equipment. As
a result of this constrain, an envelope FSR of 300 nm was considered for the estimations.
To cleave the MMF (FPI5), as illustrated in figure 6.8(c), a magnification lens above
the cleaver can help to increase the precision of the cleaving, since the target dimensions
are in the order of hundreds of microns. After cleaving the MMF the main structure is
finished and the optical Vernier effect can already be observed in the reflected spectrum,
as depicted in figure 6.9(b). The structure was fabricated to generate the fundamental

optical Vernier effect.

22  (a) Before cleaving the MMF (FP, only)
20F i
15 1
10 . . L . : . :
3 ;’2 (b)After cleavmg (th $FPL)
£l i !wuuuv!‘ Vi Hwnnv
52 [ (c) Af;er Spllc:ng the ;1ollow claplllary‘tUbe ' .
o ITTARAL HN NH
Ui WW Ul

10 : . :
1.30 1.35 1 40 1 45 1.50
Wavelength (um)

Figure 6.9. — Reflected spectrum at three different fabrication stages. (a) Hollow microsphere
(FPI), with an FSR of 6.4nm. (b) Hollow microsphere plus cleaved MMF (FPI, + FPI5).
The fundamental Vernier effect is introduced with an envelope FSR of 56.8 nm. (c) Hollow
capillary tube spliced to the MMF with a small pre-tension. The Vernier envelope FSR
increased to 72.2nm. Internal envelopes indicated by red/orange lines.
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As stated before, a fiber extension is required so that the structure can work as a
strain sensor. However, the fiber extension must not affect the third interface (M3). The
best case is to add a fiber extension that preserves the silica/air interface. To solve this
problem, a hollow capillary tube with an inner diameter of 80 um (larger than the core of
the MMF) and an outer diameter of 125 um, fabricated at Leibniz IPHT, was used as a
fiber extension. The splice between the hollow capillary tube and the MMF was performed
with the electric arc centered in the capillary tube to avoid modifications of the MMF edge,
corresponding to the third interface (Ms). Such modifications or deformations can cause
additional detuning between the two FPIs, reducing the M-factor of the optical Vernier
effect and, in extreme cases, leading to the annihilation of the effect. Nevertheless, if the
OPL of the second interferometer (F PI5) is slightly larger than desired, the splice between
the MMF and the hollow capillary tube can be used to tune the MMF length. The final
length of the MMF can be slightly reduced by compression if a small pre-tension between
the fibers is added before the splice. This effect is illustrated in figure 6.9(c), where the
reflection spectrum after splicing the hollow capillary tube with a small pre-tension allowed
to slightly reduce the OPL of the MMF, and consequently increase the FSR of the internal
envelopes compared with the previous case of figure 6.9(b). As a result, the final M-factor

of the structure is also increased.

The structure used as an example, whose spectra are presented in figure 6.9, corresponds
to the fundamental optical Vernier effect. To obtain a strain sensor with additional en-
hancement of sensitivity, it is valuable to make use of the optical harmonics of the Vernier
effect. In this case, a new hollow microsphere was fabricated using the same method and
the OPL of the second interferometer (F'PI5), corresponding to the MMF, was increased
by 1-fold the OPL of the hollow microsphere. Such situation generates the first optical
harmonic of the Vernier effect. A micrograph of the final sensing structure is shown in
figure 6.8(e). The physical length (L;) of the hollow microsphere is 133.2 um, while the
length of the MMF (L) is 178.4ym. Considering a refractive index (ns) of around 1.47
for the MMF, the OPL of the second interferometer (FPI5) is:

OPLy =2n3Ly = 2 x 1.47 x 178.4 = 524.5 um. (6.4)

As for the hollow microsphere, considering a refractive index of air (n1) equal to 1.0003
(at a temperature of 15°C and wavelength of 1550 nm [146]), its OPL is given by:

OPL; =2n,L; = 2 x 1.0003 x 133.2 = 266.5 yum. (6.5)

The detuning between the two interferometers can be then estimated using equation
5.3, where the first harmonic corresponds to ¢ = 1. Hence, the detuning of the fabricated

structure is approximately:
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Figure 6.10. — Reflected spectrum of the fabricated structure. The response corresponds to
the first harmonic of the Vernier effect in a series configuration.

OPLy = (i + 1) OPLy — 2A <3 A = 4.25 um. (6.6)

Such small detuning value will generate a large Vernier envelope, with high M-factor.
The experimental reflected spectrum of this structure is presented in figure 6.10. The
presence of large internal envelopes is confirmed, as well as the number of internal envelopes
(3) matches expected number of i+ 2 for the first harmonic of the optical Vernier effect in a
series configuration, as discussed before in section 5.4. Note that peaks with low visibility
are visible in the experimental spectrum. Previously in the simulated reflected spectrum
of an equivalent structure, shown in figure 5.12(e), it was already possible to observe the
presence of peaks with lower visibility. This effect comes from the light reflected at the
third interface (M3) having much less intensity compared with the light reflected at the
other two interfaces. Adding to this, the presence losses and imperfections of the interfaces

reduces even more the visibility of the peaks.

6.3.3. Complex Optical Harmonic Vernier Effect

Up to now, all the cases of optical harmonic Vernier effect involved the use of one of the
interferometers as a stable reference. As explained in section 4.2.2, under the presence
of a stable reference interferometer the M-factor can be defined as the ratio between the
sensitivity of the Vernier envelope (Senvelope) and the sensitivity of the individual sensing
interferometer (Sppr1), expressed by equation 4.29.

Although for many sensing structures this description is correct, it is no longer valid for
this proposed configuration. Here, both interferometers are affected by the measurands at

the same time (strain and/or temperature). Hence, both interferometers are considered as
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a combined sensing structure, without employing a specific interferometer as a reference,
unlike in a parallel setup. At the end, one expects then that the Vernier envelope sensitivity
will depend on the sensitivity of both interferometers.

To further understand the influence and contribution of each interferometer to the sen-
sitivity of the Vernier envelope, let us consider the interferometric component of lower
frequency correspondent to the Vernier envelope. The phase of the Vernier envelope is
proportional to the difference between the OPLs of the two interferometers and can be

expressed as:

41
Penvelope = 7 (nlLl - n2L2) s (67)

where n1 and ny are the effective refractive indices of the first and second FPIs, respectively,
and L1 and Loy are the physical lengths of the same interferometers. The strain sensitivity

of the Vernier envelope is defined as:

Senvelope = E =

d\ 47
OL oL

nliL1 — n28L2> , (6.8)
Penvelope
where L is the total length to which strain is applied. In this approach the elasto-optic
coefficient (On/0L) was assumed as negligible compared with the variations of length.
Equation 6.7 can be replaced in equation 6.8 which, for a maximum or minimum wave-
length of the Vernier envelope (Apaz,min), results in:
Amazmin (M1 29 L1 — na - Lo)

Senve ope — . 6.9
top (n1Ly — naLo) (6.9)

After some algebraic manipulations, the strain sensitivity of the Vernier envelope can
be expressed by the sum of two components, given by:
nlLl Amax,min % n2L2 Amaw,min %

Ly oL Lo oL
. 6.10
n1L1 — ngLQ n2L2 — n1L1 ( )

Senvelope =

Equation 6.10 can be rearranged as a function of the strain sensitivities of the interferom-
eters that compose the structure (S; and Sy respectively for F'PI; and F'PIy). Therefore,
equation 6.10 can be rewritten in the form of:

nily ng Lo

Sen'ueo e — S Ss. 6.11
lop n1L1 — ngLQ 1 TZQLQ — n1L1 2 ( )

Curiously, the two pre-factors are the M-factors previously described by equation 4.28.

Hence, the previous equation can be finally expressed as:

Senvelope = Mlsl + M2S27 (612)

where M is the M-factor considering the first interferometer (F'PI;) as the sensing in-
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terferometer, while Ms is the M-factor considering the second interferometer (F'PIs) as
the sensing interferometer. The same analysis could also be performed for temperature
sensitivity, leading to similar results.

Since the OPLs of the two interferometers have a small detuning between them, one of
the quotients of equation 6.11 will be negative. In other words, one of the M-factors in
equation 6.12 will be negative. Thus, the sensitivity of the vernier envelope is given by the
difference between the sensitivities of the two interferometers that compose the sensing
structure, but weighted by their M-factors, respectively.

Under these circumstances, three possible results can be expected. When both interfer-
ometers have similar sensitivities, both positive or both negative, the contribution of each
interferometer to the sensitivity of the Vernier envelope would cancel each other out. This
situation leads to the annihilation of the M-factor provided by the Vernier envelope.

The second scenario, which corresponds to the proposed sensor, consists of having two
interferometers with distinct sensitivities, both positive or both negative. Here, the dif-
ference between the sensitivities can still be large, and therefore, magnified through the
optical Vernier effect. The hollow microsphere interferometric structure has considerably
higher strain sensitivity than the FPI given by the MMF. On the other hand, the MMF
FPI has higher temperature sensitivity than the hollow microsphere, where light mainly
propagates in air. Therefore, the proposed structure can still present higher sensitivities
to strain and temperature.

The last scenario, not demonstrated in this dissertation, consists of having two interfer-
ometers with opposite sensitivities to the measured parameters. When this happens, the
sensitivity of the Vernier envelope would depend on the sum between the sensitivities of
the two interferometers, and not on the difference. Such case could achieve even higher
M-factors and sensitivities than the previous cases, including the case of having a reference
interferometer. An example of the application of such effect is the work of Li et al. [202]
reported in 2020, which was previously explored in section 4.3.2, and also our recent work
(Robalinho et al. [18]).

6.3.4. Characterization in Strain and Temperature

The fabricated sensing structure presenting the first harmonic order of the optical Vernier
effect was characterized in strain and temperature. To perform strain measurements, the
structure was fixed on two translation stages, with a displacement resolution of 0.01 mm,
using cyanoacrylate adhesive. The two fixing points are located away from the two FPIs.
The first fixing point is at the MMF before the hollow microsphere (F'PI;) and the sec-
ond fixing point is at the hollow capillary tube after the second MMF (FPI;). A small
pre-tension was added to the system, ensuring that the fiber was not bent. The initial

fiber length between the two fixed points was 345 mm. Strain was applied in successive
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Figure 6.11. — Reflected spectra at two distinct values of applied strain: (a) 406 e, (b) 522 ue.
The Vernier envelope wavelength shift was monitored at the internal envelope intersection. The
maximum marked with a green circle was also monitored as a function of the applied strain.

steps of 57.9 ue (corresponding to 20 um extension of the translation stage) until a to-

tal of approximately 500 pe was reached, while monitoring simultaneously the reflected

spectrum.

Figures 6.11(a) and (b) exhibit the reflected spectrum of the sensing structure under two

distinct situations of applied strain (406 pe and 522 pe). The internal envelope intersection

between 1500 nm and 1550 nm was monitored as a function of the applied strain. When

strain is applied, the Vernier envelope shifts towards longer wavelengths.

Figure 6.12 presents the wavelength shifts of the Vernier envelope and of an individual
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Figure 6.12. — Wavelength shift (A)) of the Vernier envelope and individual interference
peak as a function of applied strain (Ae).
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Figure 6.13. — Wavelength shift (A)\) of the Vernier envelope and individual interference
peak as a function of temperature (7).

interference maximum, marked in figure 6.11 with a green circle, as a function of the
applied strain. The Vernier envelope achieved a strain sensitivity of (146.3 4+ 0.4) pm/pue,
while the individual interference maximum showed a sensitivity of (1.070 £ 0.005) pm/pe.
The high sensitivity to strain achieved by the Vernier envelope is explained by two aspects:
first, by a large overall M-factor due to the first harmonic of the optical Vernier effect with
small detuning, and second, due the higher strain sensitivity of the hollow microsphere
when compared to the sensitivity of the second silica interferometer. The impact of using
higher harmonic orders of the optical Vernier effect in this configuration will be analyzed
later.

A similar analysis was performed to characterize the response of the sensing structure
to temperature. The sensor was placed inside a tubular oven, whose temperature was then
increased up to 100 °C. The sensor response was evaluated for a temperature decreasing
from 100 °C until room temperature. The wavelength shifts of the Vernier envelope and an
individual interference maximum, marked in figure 6.11 with a green circle, are depicted
in figure 6.13 as a function of temperature. The Vernier envelope showed a temperature
sensitivity of (—650 £ 9)pm/°C, while the individual interference maximum reached a
sensitivity value of (7.2 +0.2) pm/°C.

6.3.5. Simultaneous Measurement of Strain and Temperature

Even though the individual interference maximum does not correspond to the individual
response of the hollow microsphere (F'PIy), neither to the individual response of the

MMEF section (F'PI3), as explored back in section 4.2.2, one can still make use of it.
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An additional advantage of having the optical Vernier effect is the possibility of using
the sensing structure to perform simultaneous measurement of two parameters, by also
making use of the individual interference peaks. In fact, this is possible since the Vernier
envelope and the interference peaks have different sensitivities to the measurands.

The relationship matrix, as used in section 3.2, can be derived for this approach using the
wavelength shift of Vernier envelope and the individual interference maximum, together

with the corresponding variations in strain (Ae) and temperature (A7) as:

AT

A (6.13)

D

_ l [ k;2s _kls

A)\e’rwelope ]
)

—kor k1T Adpeak

where AXcppeiope and Adpeqr are the wavelength shifts of the Vernier envelope and the
individual interference peak, respectively. The matrix elements k1. and ki are, respec-
tively, the sensitivities of the Vernier envelope to variations of strain and temperature. As
for the matrix elements ko and kop, they correspond to the sensitivity of the individual
interference peaks to strain and temperature, respectively. D is the determinant of the
matrix, given by kirke. — kickor. Replacing the sensitivity values determined before in

equation 6.13, the matrix can be expressed as:

AT
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where the wavelength shifts AXc,peiope and AM,cq are given in nanometers, and the output
variations AT and Aeg are given in °C and pe, respectively. The units of the matrix elements
are the same as in the previous subsection.

In real applications, if one measuring parameter is fixed while the other is changing, the
output of the matrix will still present small variations for the fixed parameter. The error
associated to the matrix method can be estimated by plotting the output of the matrix for
variations of strain at constant temperature, and for variations of temperature at constant
applied strain. The matrix output is represented in figure 6.14. The standard deviation
(6) of the matrix method is 5.9 ue and 0.4°C, respectively in the determination of the

resulting strain and temperature.

6.3.6. Considerations about the Optical Harmonic Vernier Effect
Enhancement

The enhancement of the M-factor, that scales proportionally to the harmonic order, was
already demonstrated for a parallel configuration. However, for a series configuration
where both interferometers are physically connected and no reference interferometer is
used, as here demonstrated, it is difficult to calculate an overall M-factor for the structure

and compare it with other harmonic orders. Nevertheless, it is still possible to visualize
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Figure 6.14. — Matrix output as determined by equation 6.14 for an applied strain at constant
temperature, and a temperature variation at constant strain.

the enhancement provided by optical harmonic Vernier effect for this case.

To do so, two extra similar sensing structures were fabricated. The dimension of the
sensors are such that the fundamental optical Vernier effect is generated. The first sensing
structure has a hollow microsphere (F PI;) with a length of 141 ym in combination with
a second MMF FPI, while the second sensing structure has a hollow microsphere (FPI)
with a length of 114 um, also in combination with a second MMF FPI. Naturally, due to
fabrication constrains, both structures have different detunings between their F'PI; and
FPI;. Figure 6.15 shows the reflected spectra for the two fabricated structures with the
fundamental optical Vernier effect. The FSRs of the Vernier envelope are 116.9nm and
136.4 nm for the structure with a hollow microsphere of 114 ym and for the structure with

a hollow microsphere of 141 um, respectively.

Both sensors were characterized in strain by the same procedure as described previ-
ously. The wavelength shift of the Vernier envelopes is represented in figure 6.16(a)
as a function of the applied strain for the two new structures, together with the pre-
viously analyzed sensor with the first harmonic of the optical Vernier effect. The first
harmonic structure presents a strain sensitivity of (146.3 + 0.4) pm/ue, much higher than
both of the new structure with the fundamental optical Vernier effect, which only present
(65.3+0.1) pm/pue and (28.6 £ 0.5) pm/pe, respectively for an L; equal to 141 ym and
114 pm.

Nevertheless, the structures present different detunings, which do not allow a straight-
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Figure 6.15. — Reflected spectra of the two fabricated structures with the fundamental optical
Vernier effect. (a) Hollow microsphere with a length of 114 um. (b) Hollow microsphere with
a length of 141 ym. The detuning (A) is different in both cases.

forward comparison between the performance of the first harmonic of the optical Vernier
effect and the fundamental case. Therefore, the wavelength shift of each structure was nor-
malized to the corresponding FSR of the Vernier envelope, and represented in the form of
envelope phase shift (Apenveiope = 2TAN/F'S Reppelope), as in section 6.2.4. For the struc-
ture with the first harmonic represented in figure 6.10, the FSR of the Vernier envelope
was considered as 244.88 nm, corresponding to twice the distance between the two internal
envelope intersections (at 1591.70 nm and 1469.26 nm). Figure 6.16(b) shows the Vernier
envelope phase shift (Apenpelope) as a function of the applied strain for the same struc-
tures. The Vernier envelope phase sensitivities to strain are now (1.53 £ 0.02) mrad/pe,
(3.010 £ 0.006) mrad/pe, and (3.75 + 0.01) mrad/ ue, respectively for the fundamental op-
tical Vernier effect with L; equal to 114pm and 141 pm, and for the 15 harmonic of the
Vernier effect with L; equal to 133.2 ym.

Note that the sensitivity of the second interferometer (FPI3) of each structure should
not change much with its dimensions, while the sensitivity of a hollow microsphere strongly
depends on its dimensions, according to Novais et al. [207]. Even though one of the
structures with the fundamental optical Vernier effect has a hollow microsphere with a
length of 141 ym, the sensitivity of the Vernier envelope is still smaller than that of a
structure with the first harmonic of the Vernier effect but with a smaller hollow microsphere
size (133.2 um). This suggests that the overall M-factor for the series configuration should
also increase with the order of the harmonic. However, it is not possible to further quantify
the improvement provided by the first harmonic for the fabricated structure, due to the

complexity of the presented case described by equation 6.12. One would need to have
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Figure 6.16. — (a) Wavelength shift of the Vernier envelope as a function of the applied
strain for the two fabricated sensors with the fundamental optical Vernier effect and for the
15* harmonic analyzed previously. (b) Phase shift of the Vernier envelope as a function of the
applied strain for the same structures as in (a).

access to the strain sensitivities of the hollow microspheres for the different dimensions,
as well as the strain sensitivity of the F PIs, which might change due to the OPL scaling
needed to introduce the first harmonic when compared to the fundamental case. Moreover,
the Ma-factor, corresponding to a situation where the second interferometer (F'PIy) is seen
as the sensing interferometer and the first interferometer (F' P1I;) is adopted as a reference,
might not scale with the harmonic order. As demonstrated in section 5.3, if the sensing
interferometer OPL is scaled up to introduce harmonics of the Vernier effect, instead of
the reference interferometer, the M-factor might not bring any improvement of sensitivity
with the harmonic order. Therefore, the number of variables to be considered is large.
Nevertheless, a further quantification of this enhancement would be very valuable to be

performed in the near future.

6.4. Conclusion

Optical harmonics of the Vernier effect bring considerable improvements in terms of the

sensitivity of interferometric fiber sensors. As experimentally demonstrated in the first
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part of this chapter, the use of optical harmonics of the Vernier effect allows to enhance
the M-factor by (i + 1)-times the value obtained for the fundamental optical Vernier effect,
considering the same detuning.

Experimentally, it is very difficult to fabricate interferometric structures with exactly
the same detuning, due to fabrication constrains. At the same time, one should have
control over the detuning, especially if aiming for high M-factors with large envelopes.
A small change in the detuning can be enough to reduce quite a lot the M-factor, or to
increase the FSR of the Vernier envelope beyond the measurable limits imposed by the
detection system. Therefore, it is crucial to explore and develop techniques to adjust the
detuning during the fabrication process. In this chapter, the detuning was adjusted by
means of adding small compressions, together with an electric arc, to slightly reduce the
OPL of a Fabry-Perot interferometer with a larger OPL than expected.

The structure produced to demonstrate the optical harmonic Vernier effect for a parallel
configuration simply relies on hollow capillary tubes. Nevertheless, together with a well-
tuned second harmonic of the optical Vernier effect, the sensing structure was capable of
achieving a strain sensitivity of about 90-fold than that of a fiber Bragg grating (sensitivity
of about 1 pm/pue [209]).

Regarding the optical harmonic Vernier effect in a series configuration, the approach
here adopted was towards the exploration of a complex case of the optical Vernier effect,
where no reference interferometer was used. For that, a hollow microsphere was combined
with a silica Fabry-Perot interferometer made of a section of multimode fiber, achieving
a strain sensitivity for the first harmonic of about 140-fold higher than that of an FBG.
Moreover, simultaneous measurement of two parameters (strain and temperature) was
achieved by taking advantage of the higher frequency component of the Vernier spectrum,
together with the Vernier envelope.

The complex case of optical Vernier effect, without the presence of a reference interfer-
ometer, should be further explored. If well designed and dimensioned, especially using two
interferometers with opposite sensitivities, this case has potential for the development of
sensing structures with even higher sensitivities than the ones reported in the literature
using the optical Vernier effect.

Now that the optical harmonic Vernier effect was explored and demonstrated, one can
make use of it to create advanced fiber sensing structures for more demanding applications.
The next chapter explores advanced optical fiber devices for liquid media sensing. All the
structures rely on simple hollow capillary tubes but combine different techniques, such
as focused ion beam milling, post-processing with electric arc, and/or optical harmonic
Vernier effect, enabling the development of novel and innovative fiber sensing structures.
Moreover, a special extreme case of optical harmonic Vernier effect is also presented,

allowing giant sensitivities to be achieved.






Chapter 7.

Advanced Fiber Sensors based on
Microstructures for Liquid Media

7.1. Introduction

The last two works of this dissertation, discussed in this chapter, are advanced optical
fiber sensing configurations for application in liquid media. Knowing the properties of a
liquid solution is essential in many important areas, from industry to chemistry, biology,
or even pharmacy. For this reason, there is a need for developing measurement techniques
adapted to the liquid properties that are relevant for characterization.

Both configurations are still based on microfabricated structures. One of them merges
simultaneously different concepts and techniques to obtain a high sensitivity and resolution
and the other was designed to measure a liquid property that only a few optical fiber sensors
are capable of measuring.

The first configuration combines an extreme case of optical Vernier effect with Fabry-
Perot interferometers (FPIs) based on hollow capillary tubes. The structure was developed
to create a sensing platform for liquid analytes with giant sensitivity to refractive index.
Refractive index measurements are present in medical research, clinical diagnosis, food
quality control, contamination of environments, industrial processes, or even to detect
chemical and biological analytes. Yet, there is a lack of highly sensitive sensors, capable of
providing higher resolution to sense tiny variations of the refractive index in small volumes,
important for some state-of-the-art applications, such as tracking molecular binding, ap-
plication in differential refractometers used for liquid chromatography, or possibly a new
way to track molecular photo-switching. Many of these applications require high precision
refractometers, in the order of 107 to 1079 refractive index units (RIU) or lower. Optical
microfibers have a sensitivity that could range from around 600 nm/RIU in combination
with long period gratings [119], up to around 24000 nm/RIU in combination with a Mach-
Zehnder interferometer effect [210]. Alternatively, one can also force light to propagate

through the analyte by filling an interferometric cavity. Such approach consists of either
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having an open cavity or creating access holes for the analyte. Femtosecond laser-milled
cavities have a sensitivity that can go from 1163 nm/RIU (with a resolution of 10~% RIU)
for an FPI [211] to about 14297 nm/RIU for a Mach-Zehnder interferometric configuration
(with a resolution of 107° RIU) [212]. The combination of plasmonics and optical fibers
enabled the development of new sensing platforms, also for refractive index sensing. Their
sensitivity can go up to around 40000 nm/RIU (with a resolution of 1076 [213]). Due to
the extreme optical Vernier effect, the configuration proposed in this chapter is able to
achieve refractive index sensitivities an order of magnitude higher, close to 500000 nm of
wavelength shift per RIU with an experimental resolution of 10~7 RIU.

The second configuration uses post-processing with an electric arc to create small hollow
probe based on a hollow capillary tube, with a small access hole for liquids. The fiber
probe was designed to use interferometric measurements to track the liquid displacement
inside the probe, allowing to retrieve the viscosity of the liquid. Viscosity is a challenging
property to measure in a fluid, especially if it involves small volumes. This property is
directly involved in fluid flow processes, which are relevant and a matter of interest for
different research areas. The optical fiber probe viscometer here presented is capable of

measuring the viscosity of liquids using only tiny volumes (in the order of picoliters).

7.2. Giant Refractometric Sensivity based on Extreme Optical
Vernier Effect

7.2.1. Introduction

All the different cases of optical Vernier effect explored and demonstrated before aimed to
achieve high sensitivity values. In all situations, the ultimate parameter that regulates the
particular enhancement outcome and the M-factor achieved by the effect is the detuning
(A) between the two interferometers. However, dimensioning this parameter is quite a
tricky problem. To achieve high M-factors (typically in the order of tens, as discussed at
the end of chapter 4 and visible in the tables of appendix B), a small detuning value would
be desirable. On the other hand, detuning the reference interferometer by a very small
amount (as an extreme optical Vernier effect) may result in a beating modulation with a
very long period, which may become undetectable for a limited spectral range available,
and therefore immeasurable. These contradictory requirements present a considerable
challenge for the experimental implementation of such sensors with large M-factors for
sensitivity.

This section proposes and demonstrates a method to overcome this dilemma by using
few modes instead of a single mode in the sensing interferometer (ideally two modes),
preferably with a relatively large effective refractive index between them. The reference

interferometer is in tune with the fundamental mode (mode 1) of the sensing interferom-
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eter, which would provide a giant M-factor but with an extremely large immeasurable
envelope. On the other hand, for a higher order mode (mode 2) it represents a lower
M-factor but with a smaller and measurable Vernier envelope, since the effective refrac-
tive index of the higher order mode is different, generating a Vernier effect slightly more
detuned. However, when both responses superimpose, the Vernier envelope is still mea-
surable, whilst maintaining a giant M-factor typical for large immeasurable envelopes. As
will be shown later, the method of combining the two modes in the sensing interferometer
provides M-factors an order of magnitude beyond the expected limits for the standard
Vernier effect technique.

Such a result with a giant M-factor is here demonstrated by implementing a few-mode
FPI refractometer in combination with a single-mode reference FPI. Through the use of
the first harmonic of the optical Vernier effect, FPIs made of hollow capillary tubes, FIB
milling to open access holes for liquid analytes, and mode interference, the fabricated
structure is born from combination of different techniques and knowledge gathered during
this PhD. First, the working principle is briefly introduced and the fabrication of the
sensing structure is described. Then, simulations are used to further understand the
behavior of the sensing structure and to have a first glimpse on the giant enhancement of
sensitivity. At last, the sensing FPI is filled with water and characterized for refractive
index variations, comparing the result with a single FPI, with the first harmonic of the
optical Vernier effect using a single mode sensing FPI, as explored in previous chapter,

and also with the simulated results.

7.2.2. Working Principle

The sensor is similar to the structure presented in section 6.2, where two FPIs made
from hollow capillary tubes are used to generate the optical Vernier effect in a parallel
configuration. In this case, the first harmonic of the optical Vernier effect will be used,
since it provides internal envelope intersections to easily monitor the wavelength shift, as
previously discussed in this dissertation. A schematic diagram of the working principle
is shown in figure 7.1. The sensing FPI is fabricated to present few modes (ideally two).
The sensing FPI cavity can be filled with an aqueous solution by opening access holes at
the edges of the cavity.

Let us consider the simpler case of two propagating modes in the sensing FPI, as repre-
sented in the inset of figure 7.1, while the reference FPI is single mode. The reference FPI
is produced to be in tune (detuning: A ~ 0) with the fundamental mode (mode 1) of the
sensing FPI, while introducing the first harmonic of the Vernier effect. One knows now
that this situation produces a Vernier envelope with an infinite period. As a consequence,
the sensitivity of the Vernier envelope is theoretically infinite, but there is no way one can

measure it.
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Figure 7.1. — Schematic of the working principle. A complex envelope modulation is pro-
duced from the overlap between two Vernier cases (associated with two propagating modes in
the sensing FPI. Some envelope intersection points show enhanced sensitivity, expressed qual-

itatively by the size of the arrow. The Vernier spectra are purely for explanation purposes,
their visibilities were adjusted to be visually more perceptive and do not reflect the real case.

As for the higher order mode (mode 2), it is slightly out of tune with the reference
FPI, since it has a lower effective refractive index than the fundamental mode (mode 1).
The result is a Vernier envelope with a measurable period and with a sensitivity that is
limited by the maximum size of the Vernier envelope that one can measure. A qualitative
measurement of the envelope intersection shift for a varying measurand is demonstrated

in figure 7.1 by the arrows.

The final response of the whole structure is given by the overlap between these two
situations, resulting in a more complex Vernier spectrum. This complex Vernier spec-
trum presents now a Vernier envelope with a measurable period, with internal envelope
intersections that one can measure. However, some of these intersections show low sensi-
tivity (short arrow length), while others show enhanced sensitivity (longer arrow length)

comparing with the normal Vernier effect case.

Such complex effect results mainly from the relative movement between the internal
envelopes, which is quite elaborate to analyze mathematically. Nevertheless, the effect,
and especially the enhancement of sensitivity, can still be observed via simulations, as
will be presented later. The rest of this section will only focus on the region of interest,
given by the envelope intersection that provides an enhanced wavelength shift. Next, the

fabrication of the device will be presented.
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7.2.3. Fabrication

Sensing Fabry-Perot Interferometer

The hollow capillary tube used for the sensing FPI was fabricated at Leibniz-IPHT and
has an internal diameter of 80 yum and an outer diameter of 125 ym. Initially, the cleaved
end of an SMF and of the hollow capillary tube were spliced together by means of a splicer
(Fitel S177). The electric arc was centered mainly in the SMF using the manual mode
of the fusion splicer. This way, one avoids the collapse of the hollow capillary tube. The
splice was performed by applying two electric arcs with an arc power of 30 arbitrary units

(absolute arc-power was not possible to attain, only relative values) and an arc duration
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Figure 7.2. — Intensity spectra of three different few-mode sensing FPIs fabricated. (a)
Sample 1 corresponds to the FPI used later in the experiment. (b) and (c) are two additional
samples fabricated using the same procedures as for sample 1, demonstrating the reproducibil-
ity of the fabrication method. The output spectra present a slight low-frequency modulation
with visibility increasing towards longer wavelengths.
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of 400 ms. Next, the other end of the hollow capillary tube was cleaved with the desired
length with the assistance of a magnification lens. In this case, the length of the sensing
FPI was approximately 105 um after cleaving. At last, the cleaved end of the input SMF
was spliced to the hollow capillary tube using the same procedures as described before, but
applying a slight offset of 5 arbitrary units, followed by two compressions of 15 arbitrary
units, each of them accompanied by a cleaning arc. This procedure allows higher order

modes to be excited in the hollow capillary tube section, generating a few-mode FPI.

To investigate the reproducibility of the few-mode FPI, three samples were fabricated
using the same procedures as described before. The output spectra of the three few-
mode sensing FPI samples fabricated are shown in figure 7.2. The three samples show a
spectrum that is not purely a two-wave interferometer, as expected from a single-mode
FPI. In fact, the spectra are modulated by a small envelope, that indicates the presence
of additional modes other than the fundamental one, since it results from the interference
between them. The three spectra are very similar, demonstrating the reproducibility of

the fabrication method.

For comparison purposes along the fabrication, and later on after characterization of the
final structure, a single mode FPI was also fabricated. The single mode FPI was produced
with the same procedures as for the few-mode FPI, except the last step involving the
application of an offset. The length of the single mode FPI is approximately 101 gm. The
spectrum of the few-mode sensing FPI in air, before milling the access holes is shown
in figure 7.3(a). Figure 7.3(b) represents the spectrum of the single-mode FPI, also in
air. As seen before, there is a slight low-frequency modulation in the few-mode sensing

FPI spectrum, which increases with longer wavelengths. However, such low-frequency
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Figure 7.3. — Experimental spectra, in air, before milling. (a) Few-mode sensing FPI. (b)
Single-mode sensing FPI.
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component is not present in the output spectrum of the single-mode FPI, which resembles

only a two-wave interferometer.

Milling of Access Holes

In order to enable the sensing FPI to be filled by liquid analytes, focused ion beam milling
was used to open access holes in the cavity. Two access holes for liquid analytes were
milled near the splice regions of the few-mode sensing FPI with a Tescan (Lyra XMU)
focused ion-beam scanning electron microscope (FIB-SEM). Before milling, the sample
was prepared according to the procedures previously described in section 2.4.3. At the
end, the sample was coated with a total of 6.4 nm of carbon film.

The first access hole was milled near a splice region, with a sample tilt of -20° in relation
to the axis of the FIB (see figure 2.7). A section of 25 um x 25 pum with a depth of 25 ym
was initially milled with an ion current of 7nA. Then, the access hole was further expanded
with the same ion current and using a milling strategy normally applied for polishing. The
final dimension of the first access hole was 32 um x 31 um. The second access hole was
similarly milled at the other splice region. The sample stage was rotated by 180° and
tilted by -152 in relation to the axis of the FIB. A section of 20 um x 10 um with a depth
of 25 ym was initially milled with an ion current of 7.1 nA.

At this point it was necessary to deposit a new carbon coating due to the removal of
much of the previous coating during the milling process. This time, the carbon coating was

performed in the direction of the milling region, tilting the sample by 10° and applying no
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Figure 7.4. — Intensity spectra after milling the access holes. (a) Few-mode sensing FPI.
(b) Single-mode sensing FPI. The single-mode sensing FPI does not present a noticeable
low-frequency modulation, while the few-mode sensing FPI shows a more predominant low-
frequency modulation than before milling, with a node at around 1425 nm.
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stage rotation. A thickness of 9.56 nm of carbon was deposited in the sample. Following
this, the second access hole was further expanded with an ion current of 6 nA and using
again a milling strategy normally applied for polishing. The final dimension of the second
access hole was 25 um x 24 ym. No disturbing effects of volume charging related with
drifting effects were observed during the milling processes. An image of the final access
holes can be seen later on figure 7.6(b).

Similarly, two access holes were also milled in the single-mode sensing FPI. In this case,
the first access hole was milled with an ion current of 6.9 nA and a sample tilt of -15°.
The final dimension of the first access hole was 26 um x 21 um. The second access hole
was milled with an ion current of 5.9nA, the same tilt and a sample rotation of 180<.
The final dimension of the second access hole was 20 um x 18 ym. In all the cases, the
milled interferometers were kept fixed to the sample holder with carbon glue. This helps
to maintain the stability of the structures and avoids their movement during later usage,
which can induce a fracture at the milled regions.

The output spectra for both, the few-mode sensing FPI and the single-mode sensing
FPI, are represented in figure 7.4. After milling the access holes, the visibility of the
interference fringes of the output spectrum of the single-mode sensing FPI, represented in
figure 7.4(b), is approximately the same. Yet, the output spectrum of the few-mode sensing
FPI, presented in figure 7.4(a), shows a more predominant low-frequency modulation than
before milling (figure 7.3(a)), with a node at around 1425 nm. Note that all the spectra
still correspond to the FPIs in air.

The existence of a node in the few-mode sensing FPI right in the middle of the wave-
length range monitored is inconvenient for generating the optical harmonic Vernier effect.
This would result in a Vernier spectrum deformed at that wavelength region, which is
problematic for tracing the upper Vernier envelope (and/or internal envelopes). Neverthe-
less, there is a solution to shift the position of this node by using FIB milling, as will be

explored next.

Spectral Tuning using FIB Milling

As an advantage, the milling process to open the access holes can be used to shift the low-
frequency modulation of the output spectrum. By performing additional milling of the
access holes by a few microns, the phase of the low-frequency modulation is slightly changed
due to a slight variation of the effective refractive indices of the modes propagating in the
FPI. As visible in figure 7.5, the position of the node is shifted towards longer wavelengths
if an additional 3 pm are milled. After milling 9 ym from the initial case (A), the node of
the low-frequency modulation shifted almost towards the end of the monitored wavelength
range, as shown in figure 7.5(c). This last case was taken as the few-mode sensing FPI to

form the final structure.
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Figure 7.5. — Intensity spectra of the few-mode sensing FPI after additional milling of the
access holes. (a) Initial output spectrum [A] as in figure 7.4(a). (b) Output spectrum after
additionally milling 3 pm from the initial case [A]. (c) Output spectrum after additionally
milling 9 pm from the initial case [A].

Final Structure

As explained before, the first harmonic of the Vernier effect is generated in a parallel
configuration, by means of a 3dB fiber coupler, as depicted in figure 7.6. A hollow capillary
tube with an internal diameter of 60 ym and an outer diameter of 125 ym, also fabricated
at Leibniz-IPHT, was used to form the reference FPI. The reference FPI should be in tune
with the fundamental mode of the sensing FPI when filled with water. Due to the necessity
of simulating the modes propagating in the water-filled few-mode sensing FPI in order to
calculate the length of the reference FPI, the dimensioning of the reference FPI will only be
presented in the next section. The structure is illuminated with a supercontinuum source,
and the output reflected spectrum is measured with an optical spectrum analyzer (OSA).
Figure 7.6(a) shows a micrograph of the two FPIs (sensing and reference). Scanning
electron microscope images of the milled sensing FPI and of one of the access holes are

also displayed in figure 7.6(b).

This structure will then be used to demonstrate the concept of extreme optical Vernier

effect applied to refractive index sensing of liquid analytes.
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Figure 7.6. — (a) Schematic of the Vernier effect in a parallel configuration. Micrographs of
the sensor and reference FPIs are also shown in the inset. (b) Scanning electron microscope
image of a milled FPI and of an access hole.

7.2.4. Simulation (Proof-of-Concept)

Next, the simulation of the output spectrum and correspondent enhancement of sensitivity
is going to be explored. Before that, it is important to determine the response of the
fabricated few-mode sensing FPI when filled with water. Such spectrum will be the starting
point to calculate the modes involved in the FPI, to then be used in the simulations.

The spectrum of the few-mode sensing FPI filled with deionized water is shown in figure
7.7. Instead of a clean sinusoidal behavior characteristic of a single-mode FPI with low
mirror reflectivities, the measured signal is modulated by a non-uniform envelope. The
envelope indicates the presence of other modes in the water-filled cavity, since it results
from the interference between them, as explained before. For the few-mode sensing FPI
developed, which presents a length of 105 um, the FSR is estimated to be around 450 nm.
As seen in figure 7.7, half a period of the envelope modulation is located between 1375 nm
and 1600 nm.

The effective refractive index difference between the fundamental mode (mode 1) and the
main higher order mode (mode 2) that produces the envelope modulation in the reflection

spectrum can be calculated through:

A
2L x FSR’

where A; and Ay are the wavelength positions of two consecutive maxima (or minima) of

An (7.1)

the envelope, L is the length of the sensing FPI, and FSR is the free spectral range of
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Figure 7.7. — Experimental spectrum of the water-filled few-mode sensing FPI.

the envelope modulation. The wavelength values in equation 7.1, corresponding to the
position of two consecutive envelope minima, are assumed as 1150 nm and 1600 nm. With
this, a refractive index difference of around 1.94 x 10~2 RIU is obtained.

Although this main higher order mode is expected to carry more energy than other
higher order modes, the structure still presents other higher order modes that contribute
to the FPI response, which is why the envelope is non-uniform. Such a structure is very
challenging to simulate, as it contains multiple variables and degrees of freedom. Therefore,

as a first approach, let us consider a sensing FPI with only two modes.

Mode Simulation

Mode analysis using COMSOL Multiphysics was performed to calculate the effective re-

fractive index of modes propagating in the water-filled sensing FPI. The simulated cross-

LPy, LPo1q LPo1z LPo13
Ny = 1.315042 Ne = 1.298403 Neir = 1.295454 Ng; = 1.292564
An = 1.66x102 An = 1.95x102 An =2.24x102

Figure 7.8. — Simulated mode profile of the fundamental mode and the three higher order
modes with an effective refractive index difference close to the value calculated through the
experimental data (1.94 x 1072 RIU).
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section consists of a capillary tube made of silica (refractive index of 1.444 at 1550 nm [51])
with an inner diameter of 80 um and an outer diameter of 125 ym. The inner region of
the capillary tube and the external environment correspond to water at 22.72 °C, the same
as an experimental value (refractive index of 1.315107 at 1550 nm, calculated through
equation A.5 in appendix A). The simulated fundamental mode (LPp;) has an effective
refractive index of 1.315042. Its mode profile is depicted in figure 7.8, together with the
simulated higher order modes LPy11, LPy12, and LFPy3, for comparison purposes. These
higher order modes have an effective refractive index difference, in relation to the funda-
mental mode, close to the value calculated through the experimental data (1.94 x 1072
RIU). The mode L Py12, which presents the closest effective refractive index difference, was

taken as the second mode to simulate the response of a two-mode sensing interferometer.

Simulation of a Two-Mode Sensing FPI

Using the simulated modes, one can calculate the output intensity spectrum for a two-
mode FPI. The simulated normalized intensity spectrum for a two-mode FPI is described

by equation 4.11, where the output electric field is given by:

Eout (\) = AEj, (A) + fiBEin (\) exp [—z’ (‘fanmL - 77)] (7.2)

4
+ foBE;, (A\) exp [—i <)7\TnLPOmL - W)] ;

where L is the length of the FPI, nypg; and nppg,, are the effective refractive indices of the
fundamental mode (LPy;) and the higher order mode m, respectively; A is the wavelength,

and Ejy, (\) is the input electric field. The coefficient A is given by:

A= /Ry, (7.3)

with R; being the intensity reflection coefficient of the first interface of the FPI. The

coefficient B is given by:

B=(1-R)Fa (7.4)

where R is the intensity reflection coefficient of the second interface of the FPI. The
factors fi1 and fo correspond to the percentage of power distributed to the fundamental
mode and to the higher order mode, respectively. To approach a real situation, where the
fundamental mode carries a lot more power than the higher order mode, in this simulation
f1 was considered as 85% and fy as 15%. The length of the FPI was considered as 105 pum,
the same as experimentally measured. To also address some losses due to the slight offset of

the input fiber and losses due to surface imperfections and mode mismatch, the coefficient
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A was reduced by 20%.

Figure 7.9 shows the experimental few-mode sensing FPI spectrum and the simulated
spectra for two-mode sensing FPIs consisting of the fundamental mode and one of the
three higher order modes determined before. Comparing the intensity spectra of figure
7.9, one can conclude that the two-mode sensing FPI with the higher order mode L Py
fits the experimental result best. The modeled spectrum for an FPI composed of these two
modes contains a main beating modulation similar to the experimental spectrum. Other

higher order modes do not give this high degree of similarity with the experimental result.
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Figure 7.9. — (a) Experimental intensity spectrum of the few-mode sensing FPI. Simulated
intensity spectra for a two-mode sensing FPI with: (b) fundamental mode LPy; and higher
order mode LPy11; (¢) fundamental mode LPy; and higher order mode LPy;2; (d) fundamental
mode LPy; and higher order mode LFPy;3.

Simulation of the Extreme Optical Vernier Effect

Now that the effective refractive indices of the main modes propagating in the sensing FPI
were calculated, one can use such information to fabricate the reference FPI. The reference
FPI was fabricated to be in tune with the fundamental mode of the sensing FPI in water
(as discussed before), while generating the first optical harmonic of the Vernier effect.

To generate the first harmonic of the Vernier effect to be in tune with the fundamen-

tal mode of the sensing Fabry-Perot interferometer (nzpg; = 1.315042), the optical path
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length (OPL) of the reference interferometer should match closely twice the OPL of the

sensing interferometer, as described by:

OPLreference =~ 2O]DLLPOl A nreferenceLreference = 2nLP01Lsen5ing = 276.159 pm. (75)

In fact, to provide a huge magnification factor, the OPL of the reference interferometer
should be slightly detuned from twice the OPL of the sensing interferometer. Therefore,

the OPL of the reference interferometer is expressed, according to equation 5.3, as:

OPLreference = (Z + 1) OPLppor —2A = 20PL1py1 — 24, (76)

where A is the detuning parameter, as described in the previous chapters, and ¢ = 1
for the first harmonic. Twice the detuning parameter (A) corresponds to the optical
path difference between the actual reference interferometer and the closer situation of a
perfect harmonic case (where OP Ly¢ference = (i + 1) OP Lgensor, being ¢ the order of the
harmonic. For the first harmonic, ¢ = 1). In other terms, the detuning parameter is in
this case defined as A = 2ngensingLsensing — MreferenceLire ference-

Since the reference FPI is made of an air-filled cavity, its length is approximately half
the optical path length, since the refractive index is about 1. The magnification factor
for the first harmonic of the Vernier effect is then approximately given by (equation 4.28
multiplied by (i + 1), with i = 1):

Mlst harmonic _ QnSEWSiHQLSETZSinQ ) (77)

A

To obtain a negative magnification factor, the optical path length of the reference inter-
ferometer should be larger than the optical path length of the sensing interferometer, so
that the detuning parameter (A) in equation 7.6 becomes negative. Hence, the length of
the fabricated reference FPI was 276.2 um, slightly larger than 276.159 pym. In this situa-
tion, the magnification factor (M-factor) for all the modes of the sensing FPI is negative,
as seen in figure 7.10. A negative magnification factor simply means a wavelength shift of
the Vernier envelope in the opposite direction compared to the normal sensing FPI.

Note that, if the reference FPI was in tune with the fundamental mode of the sensing FPI
to provide a huge positive M-factor, the higher order mode would provide an even higher
and positive M-factor. If the refractive index difference between the fundamental mode
and the higher order mode is quite large, the M-factor for the higher order mode could
still be negative, but still high enough to generate an immeasurable envelope. Therefore,
choosing a negative M-factor for the fundamental mode allows to have also a negative but
lower M-factor for the higher order mode, producing a measurable envelope.

As explained previously in figure 7.1, the structure is in a situation where the funda-
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Figure 7.10. — Magnification factor and envelope free spectral range (FSR) for a single mode
sensing interferometer as a function of the mode effective refractive index.

mental mode (LPy;) of the sensing FPI together with the reference FPI produce a large
and immeasurable Vernier envelope, with a huge M-factor and correspondent sensitiv-
ity. On the other hand, the higher order mode (LPp;2) of the sensing FPI together with
the reference FPI produce a measurable envelope, but with a lower M-factor value and
correspondent sensitivity. One expects then, that the superposition of these two cases
generates a complex Vernier envelope, where some of the internal envelope intersections
present enhanced sensitivity, as discussed before.

To observe such an effect, let us now simulate the following three situations: (a) sensing
FPI with fundamental mode plus reference FPI, (b) sensing FPI with higher order mode
plus reference FPI, (c) sensing FPI with fundamental mode and higher order mode plus
reference FPI (combined response). The structure is similar to the one previously described
in chapter 4, whose output electric field was described by equation 4.9. However, in this
case the sensing FPI has two-modes and the length of the reference FPI is longer to
introduce the first harmonic of the optical Vernier effect. Therefore, equation 4.9 is now

readjusted as:

R e e |
7.8
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where L1 is the length of the two-mode sensing FPI, nypo1 and nypgio are the effective
refractive indices of the considered fundamental mode (LPy;) and the higher order mode
(LPy12), respectively, in the two-mode sensing FPI, no and Lo are the effective refractive
index and the length of the reference FPI, A is the wavelength, and Ej, () is the input
electric field. The coefficients A, B, f1, and fs, as well as the length of the sensing FPI
and the effective refractive indices of the modes LPy; and LPy2 are the same as before.

The coefficient C' is given by:

C =R, (7.9)

with R;ef being the intensity reflection coefficient of the first interface of the reference FPI,
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Figure 7.11. — Comparison between the Vernier effect with a single mode and a two-mode
sensing FPI. (a) Simulated Vernier spectrum for a sensing FPI with the fundamental mode
(LPy1). The Vernier spectrum has a high magnification factor, but an envelope too large to
be measured. (b) Simulated Vernier spectrum for a sensing FPI with the higher order mode
(LPy12), before and after applying a refractive index variation of 8 x 107° RIU to the sensing
FPI mode. The Vernier envelope is measurable but has a lower magnification factor (lower
wavelength shift). (c¢) Simulated Vernier spectrum for a two-mode sensing FPI, before and
after applying the same a refractive index variation to the sensing FPI modes. The Vernier
envelope is measurable, yet the magnification factor is still high (larger wavelength shift than
the single mode case).
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which has an air cavity (refractive index considered as 1). The coefficient D is expressed

as:

D= (1 - R{ef> \/J? (7.10)

where Rgef is the intensity reflection coefficient of the second interface of the reference
FPI.

The coefficient D was reduced by 70% to adjust the intensity due to losses during
the fine-tuning of the reference interferometer by compression. The refractive index of
the reference FPI was considered as 1 (air). The length used for the reference FPI was
2x1.315042x105 pm + 0.001 pm, making sure that the OPL of the reference interferometer
is slightly longer than the perfect harmonic case, inducing a negative M-factor.

The simulated spectra for the three situations (a), (b), and (c¢) mentioned before are
depicted in figure 7.11. If the sensing FPI only presents the fundamental mode (LFPy1),
which is in tune with the reference FPI, the generated Vernier envelope would present an
extremely large FSR and a high magnification factor. In practice however, it would be
impossible to measure the Vernier envelope shift within the limited spectral range available,
as seen in figure 7.11(a). On the other hand, if the sensing FPI only presents the higher
order mode (LPpi2), the Vernier effect is less tuned, resulting in a smaller period Vernier
envelope. In this case, the Vernier envelope is now measurable, but it is accompanied by a
smaller magnification factor and, therefore, by a smaller wavelength shift, as demonstrated
in figure 7.11(b). Hence, in a standard single-mode situation, the maximum magnification
factor provided by the Vernier effect is limited by the largest Vernier envelope measurable.
However, if the sensing FPI presents both modes simultaneously, the superposition of both
responses results in a measurable Vernier envelope but with a higher magnification factor
(larger wavelength shift), as observed in figure 7.11(c). The wavelength shift was simulated
by changing the effective refractive indices of the sensing FPI modes by 8 x 10~° RIU,
simulating a variation of the analyte. This result was simulated for a two-mode sensing
FPI, and it is expected to still be applicable to the fabricated sensing FPI, which may

present some additional modes (few mode case).

7.2.5. Characterization

Now that the enhanced wavelength shift provided by the extreme optical Vernier effect was
demonstrated via simulations, the fabricated structures were characterized for refractive
index variations in a very narrow range around the refractive index of water. This was
achieved by slightly changing, in steps, the water temperature, which, through the thermo-

optic effect, changes the refractive index of water!.

'Further details can be found in appendix A.
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The sensing FPI was immersed in a deionized water bath, where the water was heated
up to 23.46 °C and then slowly decreased to 22.72 °C, while simultaneously the sensor spec-
trum was monitored. The water temperature was monitored by means of a thermocouple
(Almemo 1020-2, with a thermoelement Type N) having a resolution of 0.01°C, placed
closely to the sensing FPI. In total, the refractive index of water changed by 7.989 x 10~
RIU (through equation A.5 in appendix A). In each step, the output spectrum was recorded
and the position of the intersection between the internal Vernier envelopes was monitored
as a function of the refractive index variation. Note that, if the liquid needs to be changed,

the sensing FPI should be cleaned with isopropanol and dried before using it again.
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Figure 7.12. — Experimental Vernier spectra for a few-mode water-filled sensing FPI at

different values of water refractive index. The internal Vernier envelope intersection, marked
with an arrow, is traced and monitored during the characterization.

The experimental Vernier spectra for the fabricated water-filled few-mode sensing FPI,
at distinct water refractive index values is depicted in figure 7.12. The internal envelope
intersection, marked with an arrow, shifted towards shorter wavelengths for a refractive
index variation of 5.07 x 107° RIU. This means that the wavelength shift of the Vernier
envelope is negative, matching with a negative M-factor (the individual sensing FPI has a
positive wavelength shift to refractive index variations, as will be demonstrated later). The
full wavelength shift characterization of the experimental Vernier envelope as a function
of water refractive index variations is presented in figure 7.13(a), and magnified in (b).
A giant refractive index sensitivity of -500699 nm /RIU was achieved using the fabricated
structure for a variation of 7.989 x 1075 RIU around the refractive index of water.

The simulated wavelength shift for a simplified Vernier structure with only a two-mode
sensing FPI is also shown in figure 7.13(a), and magnified in (b) for a better comparison

with the experimental case. For the simulated case, the refractive index sensitivity achieved
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Figure 7.13. — (a) Wavelength shift as a function of water refractive index variations for
different configurations: individual sensing FPI, experimental Vernier effect for a single mode
sensing FPI, simulated Vernier effect for a two-mode sensing FPI, and experimental Vernier
effect for a few-mode sensing FPI. The M-factor achieved by the Vernier effect with a few-
mode sensing FPI is an order of magnitude higher than the Vernier effect with a single mode
sensing FPI. (b) Zoom in of the experimental few-mode case and of the simulated two-mode
case.

was -418387 nm/RIU. The result is in the same order of magnitude as the experimental
structure with a few-mode sensing FPI. It is important to note that the few-mode sensing
FPI still presents modes other than the two considered for simulations, which contribute

to a slight further increase of the magnification factor.

For comparison purposes, the single mode sensing FPI was used to introduce the first
harmonic of the optical Vernier effect, with properties as described in chapter 5. Taking
into consideration the length of the single mode sensing FPI (101 ym), using equation 7.5
the length of the reference FPI should closely match 265.6 ym, but still be slightly larger.

Hence, the fabricated reference FPI has a length of around 269.5 yum, corresponding to a
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Figure 7.14. — Experimental Vernier spectra for the single mode water-filled sensing FPT at
different values of water refractive index. The internal Vernier envelope intersection, marked
with an arrow, is traced and monitored during the characterization.

detuning (A) of —3.9 um, which still produces a measurable Vernier envelope.

Figure 7.14 shows the experimental Vernier spectra using the single mode sensing FPI,
at distinct water refractive index values. The internal envelope intersection, marked with
an arrow, shifted towards shorter wavelengths for a refractive index variation of 1.3 x
10~* RIU. The wavelength shift of the Vernier envelope as a function of water refractive
index variations for the experimental first harmonic of the Vernier effect using a single mode
sensing FPI is also depicted in figure 7.13(a). The sensitivity obtained was -28496 nm/RIU
for a variation of 2.528 x 10~* RIU around the refractive index of water.

To finally calculate the M-factor value for each case, the response of the single mode
sensing FPI alone should also be determined. The experimental intensity spectra for the
single mode sensing FPI alone, at distinct water refractive index values is represented in
figure 7.15. The FPI spectrum shifted towards longer wavelength, as indicated by the
arrow, for a refractive index variation of 7.6 x 104 RIU. The complete wavelength shift
characterization as a function of water refractive index variations is also depicted in figure
7.13(a). The sensitivity of the individual single mode sensing FPI to water refractive index
variations is 568 nm/RIU for a variation of 2.536 x 10~* RIU around the refractive index
of water.

The M-factor can now be calculated by means of the determined sensitivities, through
equation 4.29. For the first harmonic of the optical Vernier effect with a single mode
sensing FPI, the M-factor achieved was around 50.2. On the other hand, the M-factor of
the proposed Vernier structure with a few-mode sensing FPI is higher than 850, which is
an order of magnitude higher than the M-factor obtained in the single mode case.

The response of the structure is limited by the resolution of the detection system, cor-
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Figure 7.15. — Experimental intensity spectra for single mode water-filled sensing FPI, before
and after a water refractive index variation of 7.6 x 10~* RIU.

responding to a refractive index resolution of 5 x 10~7 RIU. In theory, a resolution of
2 x 1072 RIU could be achieved by using a detection system with a resolution of 1pm,

which nowadays is commercially available.

Note that, until now the refractive index of water was changed via variations of tem-
perature, through the thermo-optic effect. However, the thermal expansion of the FPI
structure was neglected during the whole experiment. Nevertheless, it is worth doing
some estimations of the error associated of ignoring the thermal expansion of the cavity.
The typical temperature sensitivity of an FPI made of a hollow capillary tube, due to ther-
mal expansion of the structure, is in the order of 0.83 pm/°C [214,215]. This sensitivity
value is also magnified by the optical Vernier effect (M-factor around 865), which means
that the sensitivity of the Vernier envelope due to thermal expansion should be around
-718 pm/°C (note that the magnification factor is negative, which results in a negative

response of the Vernier envelope).
Converting the experimental sensitivity to refractive index (Spr = —500699 nm/RIU)
back into the corresponding temperature sensitivity (S7), one obtains that:
ARI 7.989 x 1075

_ DX D 5 ° 11
A = 900699 x —— = 54.055 nm,/°C, (7.11)

where AT is the temperature variation used in the experiment (from 23.46 °C to 22.72°C)

St = Skr

and ARI is the correspondent refractive index variation due to the thermo-optic effect, as
previously discussed.

The value of temperature sensitivity (Sp = —54055pm/°C) corresponds actually to
the sum between the thermo-optic effect and the thermal expansion. By subtracting the
thermal expansion estimated before (-718 pm/°C), the temperature sensitivity due only
to the thermo-optic effect is -53377 pm/°C. Hence, the thermal expansion was negligible

during the experiments, as it is only about 1.3% of the final value.
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7.3. Viscometer based on Hollow Capillary Tube

7.3.1. Introduction

An alternative way to post-process a hollow capillary tube is proposed in this section, to
form a small-size optical fiber probe for measuring the viscosity of liquids. The traditional
way to measure the viscosity of liquids is the well-known falling sphere technique, used to
measure blood viscosity [216]. Currently, vibration methods are being used to measure
viscosity by tracking the change in the resonant frequency of vibration [217,218]. These
kind of methods involve mainly cantilevers and piezoelectric resonators [218,219].

The use of optical fiber sensors to measure viscosity is not quite explored. Most of the
reported sensors involve complex structures [217], indirect measurements through bending
loss mechanisms [220], or the use of viscosity-sensitive fluorescent probes [221]. Fiber
gratings were also explored for this purpose. For example, a compact viscosity sensing
probe was developed based on the acoustic excitation of a long period fiber grating (LPFG)
[222], providing full optical interrogation. An optical fiber viscometer was also produced
using an LPFG with a capillary tube [223].

The optical fiber probe viscometer presented in this section is low-cost and easy to
fabricate, since it only requires a single mode fiber, a hollow silica capillary tube, and a
splicing machine. The viscosity of a fluid is obtained through the interferometric measure-
ment of the velocity of the fluid inside the probe and employing again the properties of a
microstructured FPI. A discussion regarding reproducibility and the influence of temper-

ature in the measurements is also included.

7.3.2. Fabrication

The viscometer fiber sensing probe is composed of a hollow silica capillary tube, with an
inner diameter of 57 ym and a standard outer diameter (125 um), spliced to a single mode
fiber (SMF), and post-processed with electric arc. The fabrication process consists of three
simple steps represented in figures 7.16(a-c).

Initially, the hollow capillary tube was spliced to the input SMF using a Sumitomo
Electronics splicer (TYPE-71C). The splice was performed in the manual mode of the
splicing machine, with the electric arc centered on the SMF to avoid the collapse of the
hollow capillary tube, as depicted in figure 7.16(a). The following parameters were used
in the splicing process: 0 ms pre-fusion time, 300 ms fusion time, standard arc power -100
arbitrary units (absolute arc-power was not possible to attain, only relative values).

After the splice, the hollow capillary tube was cleaved near the splicing region, leaving
just a small section of hollow capillary tube with a few hundred microns, as shown in figure
7.16(b). This section will later form the sensing head. The length of this capillary tube
will define approximately the final length of the sensing head. Similarly to the fabrication
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Figure 7.16. — Schematic of the fabrication process. The probe is fabricated using three
simple steps: (a) splice between the hollow capillary tube and the input SMF; (b) hollow
capillary tube cleavage; (c) electric discharges on the tube edge. (d) Final structure, together
with a micrograph of the sensing head.

of the Fabry-Perot interferometers for the optical Vernier effect in the previous section, a
magnification lens can also be used here to provide a better control of the cleaving process.
With this, the desired length of hollow capillary tube is obtained with more precision.

In the last step, four electric arcs were applied at the end of the cleaved hollow capillary
tube, as indicated in figure 7.16(c), in order to create a small access hole. The size of the
access hole can be controlled by changing the number of electric arcs applied and/or the
power/fusing time used in each electric discharge. In this step, the electric arc parameters
used were the same as in the splicing step. The final result is a compact fiber probe
composed of an air reservoir and a small access hole, as visible in the micrograph of figure
7.16(d).

7.3.3. Principle and Experimental Setup

The fiber probe viscometer works by dipping and removing it vertically from the liquid
solution to be measured. The process is schematized in figure 7.17. During the dipping
process, liquid enters the air cavity through the access hole, as represented in figure 7.17(a).
Since the cavity has only one access hole, the fluid does not fill it completely due to the
presence of air that increases in the inner pressure. Therefore, the cavity is only partially
filled with a small amount of fluid. Afterwards, the fiber probe is removed from the liquid
solution, as shown in figure 7.17(b), causing the liquid inside the cavity to evacuate. This
process contributes to a variation, in time, of the air cavity length, as pointed in figure
7.17(c).

Figure 7.18 presents a micrograph of a fiber probe viscometer immersed in liquid. After

entering through the access hole, the liquid partially filled the air cavity. Optically, the
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Figure 7.17. — Schematic diagram of the sensor operation. (a) Immersion in the liquid
to be measured. The liquid enters the air cavity (b) Removal from the liquid. This step is
performed when no more liquid is entering the cavity. (c) Liquid evacuation. The air cavity
length increases due to the liquid evacuation.
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Figure 7.18. — Micrograph of the sensing head immersed in liquid. The fluid fills partially
the air cavity, creating a reflective interface.

fiber probe behaves as a two-wave interferometer in a reflection configuration. The first
reflection occurs at the interface between the input fiber and the air cavity, namely at the
splice region. This reflection corresponds to a silica/air Fresnel reflection. Part of the input
light still propagates through the air cavity and is reflected at the liquid interface, namely
at the meniscus of the fluid. Hence, this second reflection corresponds to an air/liquid
Fresnel reflection. These two reflective interfaces are marked in figure 7.18 with a black

and a red arrow, respectively.

The two interfaces have low reflectivity (the reflection coefficients are small), and there-
fore only one reflection at each interface can be considered as a two-wave interferometer
approximation. The position of the liquid interface, corresponding to the second mirror,
changes in time due to the motion of the liquid (filling and evacuation). Hence, the inten-
sity of the measured signal is also time dependent. The reflected signal intensity, I (), is
described by the two-wave interference equation, assuming a flat liquid meniscus surface

for simplification, given by [224]:

47
I(t)= |E‘1|2 + |E2|2 + 2| Eq]| | E2| cos [TnL (t) + goo] , (7.12)
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where E7 and F» are the electric fields of the reflected light at the first and second inter-
faces, respectively, A is wavelength of the input light, n is the refractive index of the cavity
(the cavity is always in air, so n can be simplified as 1), L (t) corresponds to the length
of the cavity, which changes in time, and g is the initial phase. By monitoring a single
wavelength over time, the reflected signal intensity will change in time with an oscillatory
behavior, according to equation 7.12, due to the variations of the cavity length.

Figure 7.19 displays an example of the reflected signal as a function of time when
dipping and removing the fiber probe from a sucrose solution with a refractive index of
1.415 and a viscosity of 12.102 mPas. Initially, the intensity is stable and corresponds to a
single reflection coming from the first interface (silica/air reflection). When the fiber probe
viscometer is immersed in the solution, the liquid enters the cavity and the meniscus starts
reflecting light, originating the two-wave interferometer. The quick displacement of the
meniscus due to the quick filling of the cavity causes the intensity of the reflected signal
to oscillate very fast. As the inner pressure raises, the liquid stops filling the cavity, and
consequently the intensity of the reflected signal stabilizes and stops oscillating. When
the fiber probe is removed vertically from the solution, the liquid flows out of the cavity,
producing once more an oscillatory reflected signal. The oscillation frequency decreases

until the intensity signal is again stable after all the liquid is removed from the cavity.
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Figure 7.19. — Reflected intensity as a function of time, at 1550 nm, for a sucrose solution
with a refractive index of 1.415 and a viscosity of 12.102 mPas. The fluid displacement inside
the cavity causes fast oscillations in the intensity signal, happening especially during the
dipping and removing processes.

The period of oscillation of the intensity signal depends on the variation of the cosine
phase (Agp = 4T’TnAL) in equation 7.12. Each period of oscillation (P) of the intensity

signal corresponds to a phase change of 2w. Such phase change depends on the liquid
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displacement, which produces a variation of the cavity length (AL) with time. With
this, one can correlate the period of oscillation (P) of the intensity signal with temporal
frequency (1) with the correspondent variation of the cavity length (AL) as follows:

uP =21 =Ap +— %nALzQWHAL: % (7.13)

The measurement was performed at a wavelength of 1550 nm which, for a refractive
index of the air cavity assumed as 1, makes a period of oscillation (P) correspond to a
change in the cavity length (AL) of 775 nm.

If the period of oscillation (P) is constant at different times, the fluid displacement
shows a linear relation with respect to time. If the period of oscillation (P) is changing
with time, also the fluid displacement correspondent to the change in the cavity length
(AL) will vary with time, resulting in a non-linear behavior of the fluid displacement with
respect to time.

The key point of this sensing structure is that the fluid displacement (d) is the sum over

time of the changes in the cavity length (AL):

d=> AL, (7.14)

where AL is the change in the cavity length during a period of oscillation. Note that
the integration time step (¢) is, in general, not constant. Since the liquid movement is
slowing down, the frequency of the oscillatory signal is also reducing in time (the period
of oscillation is increasing), and therefore the time step of the integration is increasing.

By using the previous relationship one can track the fluid movement inside of the sensing
probe during its evacuation by simply monitoring the variations of the intensity signal over
time and converting it to fluid displacement. In the following analysis, a simple conversion
was performed by considering half the periods (P/2) of the intensity signal and sum the
corresponding cavity length changes (AL/2 = 775/2 = 387.5nm) over time. This can be
done by taking the maxima and minima of the oscillatory intensity signal. The time
between a minimum (maximum) and the following maximum (minimum) corresponds to
half a period.

Figure 7.20 shows the fluid displacement as a function of time converted from the inten-
sity signal of figure 7.19. The fluid displacement follows the dynamics described before:
displacement of the fluid during the filling process, stabilization, and evacuation of the
fluid after removing the fiber probe from the solution.

The fluid viscosity (n) is a function of the fluid velocity (v): n = func(v). This
dependency can be experimentally derived by a calibration measurement with a fluid of
known viscosity. Naturally, the fluid velocity depends on the cavity access hole size, as

will be discussed later, which can be different from structure to structure. Therefore, each
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Figure 7.20. — Fluid displacement as a function of time converted from the intensity signal
of figure 7.19. The region marked with the orang arrow is used to determine the viscosity.

new structure should be calibrated independently from the others. The fluid velocity (v) is
obtained, for a liquid with unknown viscosity, through the slope of the fluid displacement
as a function of time from the interferometric measurement:

(Y

fluiddisplacement  cavity length change (AL) A
- time ~ 1/signal frequency (vt) 2t (7.15)

Since the wavelength is known, the fluid velocity can be obtained from the measurement
of the period of the intensity oscillations. As explained before, the dependency of the vis-
cosity on the fluid velocity, n = func(v), is obtained from the sensor characterization.
Therefore, given an unknown fluid, the fluid velocity in the first moments of the evacua-
tion process (where a linear regime of fluid displacement can be observed) is determined
through the interferometric measurement, and then the viscosity is obtained through the
relationship 7 (v) derived from the calibration measurement.

Note that the important parameter to obtain the viscosity of different fluids is the
variation of the cavity length (AL), responsible for the oscillatory behavior of the intensity
signal over time. The cavity length itself (L) only contributes to the initial phase (¢g)
and, therefore, it is not relevant for the measurement. A Newtonian viscosity behavior of
the fluids was assumed in the whole experiment.

The interrogation of the fiber probe is done in a reflection configuration, using an optical
circulator. The input light source was an erbium-doped broadband optical fiber source
with a central wavelength of 1550 nm and a bandwidth of 100 nm. The reflected intensity
signal as a function of time was monitored at a single wavelength (1550 nm) with an optical

spectrum analyzer (OSA). Such time measurement is achieved by selecting, in the OSA, a
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central wavelength of 1550 nm and a measurement span of O nm. These settings allow the
OSA to measure the intensity at 1550 nm as a function of time, with a time step of 3ms
(the time step might vary depending on the OSA model and settings).

Ideally, a fast photodetector should be used to monitor the intensity signal as a function
of time with high temporal resolution. The time resolution achieved by the OSA might
be problematic to resolve fast oscillations at the beginning of the dipping process. In this
situation, the liquid enters so fast in the cavity that the time resolution of the OSA cannot
measure correctly the oscillations produced in the intensity signal. Therefore in figure
7.20, the displacement obtained after the evacuation process appears to be lower than the
displacement obtained at the start of the dipping process (difference of around 4 ym). In
fact, it does not mean that the amount of liquid entering the cavity is less than the amount
of liquid evacuating the cavity. The problem simply arises from the lack of time resolution
to observe correctly the initial condition. Apart from using a fast photodetector, another
solution to overcome such issue is to use longer wavelengths. From equation 7.13, increas-
ing the wavelength used in the experiment makes a period of oscillation correspond to a
larger cavity length change (AL). Hence, this reduces the signal frequency, being easier
to measure fast displacements of liquid inside the cavity. Nevertheless, this problem is not
relevant for the final application of the fiber probe, since the initial region corresponding
to the dipping process is not used for viscosity measurements. To perform viscosity mea-
surements, only the variations of the intensity signal after removing the sensor from the
sucrose solution are considered, as indicated in figure 7.20.

Taking as a reference the reflected signal from a cleaved single mode fiber in air (3.3%
Fresnel reflection at 1550 nm), the splice losses have been measured to be about 0.5dB,

assuring a good optical signal quality.

7.3.4. Characterization

Mixtures of sugar in water with different viscosities were used as calibrated solutions
to characterize the viscometer fiber probe. The relation between sugar concentration,
refractive index, viscosity, and temperature is well studied and can be found in different
books [9,10]. The viscosity (n) of the different sucrose solutions, at 20 °C, was determined

using the following relationship?:

1 (n) = 0.59269 + 0.00758¢l(n~1:35318)/0.01054] 4 gg36Gel(n—1-35348)/0.02675] - (7 16)

where 7 is the viscosity given in millipascal-second (mPa.s), and n is the refractive index

of the sucrose solution. It is important to mention that the coefficients in equation 7.16

2Further details can be found in appendix D.
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are material dependent. Therefore, this equation is only valid for sucrose solutions. These
solutions of known viscosity were then used to characterize and calibrate the viscometer
fiber probe. The objective is to obtain the relationship between the viscosity and the fluid
velocity during the evacuation: n = func (v).

The intensity signal as a function of time for two sucrose solutions with distinct vis-
cosities (1.887 mPa.s and 12.102 mPa.s), after removing the fiber probe from the solutions,
is shown in figure 7.21. As expected, the solution of lower viscosity moves faster and
produced a higher frequency signal, while the higher viscosity solution is slower and orig-
inates a low frequency signal. Another interesting property is also visible in figure 7.21.
The visibility of the interference signal is higher for the solution of higher viscosity, due
to its higher refractive index. The reflection coefficient at the interface of the higher vis-
cosity solution (second interface) is closer to the reflection coefficient of the first interface.
Therefore, the two interfering waves have closer intensities in the case of a higher viscosity
solution than in the case of a lower viscosity solution.

The viscometer fiber probe was then characterized using sucrose solutions with different
viscosities ranging from 1.887 mPa.s (19.5 %wt/wt of sucrose) to 19.170 mPa.s (51.8 %wt/wt
of sucrose). The liquid displacement at the evacuation process as a function of time was
obtained for each solution. The results can be found in figure 7.22.

As expected, lower viscosity solutions evacuate faster from the cavity than the ones of
higher viscosity, showing a larger fluid displacement in a smaller time frame. Between

every measurement, the probe was always cleaned by dipping it several times in deionized

Intensity (nW)

161 Lower viscosity (1.887 mPa.s)

15F n=1.363

14 -\/\/\/\N\/\/\/\/\/\

13}

12 L Time (s),

- 0.375" 0.426 1

Higher viscosity (12.102 mPa.s)

18 n=1.415

17F

16

15}

14}

13 . . Time (s),
0 0.366 0.483 1

Figure 7.21. — Reflected intensity as a function of time, at 1550 nm, for two sucrose solutions
of distinct viscosities: 1.887 mPa.s and 12.102 mPa.s. Higher viscosity solutions produce slower
intensity oscillations.
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Figure 7.22. — Fluid displacement as a function of time for sucrose solutions with different
viscosities. Solutions of higher viscosity tend to have a more non-linear displacement inside
the cavity.

water, followed by ethanol, in order to avoid contamination from previous solutions. Then,
the probe was dried until a stable reflected signal from an empty cavity is obtained.

A linear fit was applied to the data presented in figure 7.22 to retrieve the fluid evacu-
ation velocity. In this step only the first 300 ms of resolved oscillations were considered,
where the liquid displacement follows approximately a linear regime. The slope corre-
sponds to the fluid evacuation velocity, which is different according to the viscosity of
the fluid. Therefore, analyzing the fluid evacuation velocity, the liquid viscosity can be
obtained. The fluid viscosity as a function of the obtained fluid evacuation velocity is
shown in figure 7.23. The dependence of the fluid viscosity on the evacuation velocity can
be separated into two linear regimes. The first corresponds to a low viscosity regime, for
fluid viscosities up to around 4.34 mPa.s. In that regime, the fluid viscosity as a function

of the evacuation velocity follows approximately a linear dependency expressed by:

1 (v) = 15.85777 — 0.45284v, 1 < 4.34mPa.s. (7.17)

The second regime occurs for higher viscosities, starting from around 4 mPa.s, where

the fluid viscosity as a function of the evacuation velocity can be described as:

n (v) = 84.43479 — 18.61649v, n > 4mPa.s. (7.18)

To study the reproducibility of the fluid displacement behavior, three measurements in

a row were performed in two solutions with distinct viscosities: 2.10 mPa.s and 9.95 mPa.s.
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Figure 7.23. — Fluid viscosity as a function of the fluid evacuation velocity. The result can

be divided into two regimes: low viscosity (up to around 4 mPa.s) and high viscosity (starting
from around 4 mPa.s.

The resultant intensity signal was then converted into fluid displacement as a function of
time. The reproducibility results are presented in figure 7.24. The three measurements
for each solution show the same fluid displacement behavior as a function of time. The
fluid displacement has a standard deviation of 42nm and maximum deviation of 83 nm
for the lower viscosity solution (2.10 mPa.s), and a standard deviation of 105nm and the
maximum deviation of 312nm for the higher viscosity solution (9.95 mPa.s). In this last

case, the deviation is larger for the last value of fluid displacement, which is mainly caused
by the fact that the cavity is almost in an empty state.

When performing viscosity measurements, one must be aware that the value of viscosity

is highly influenced by temperature variations. From the fiber probe point of view, the
sensing region consists mainly of air, presenting an outer part made of silica. Therefore,
the effect of thermal expansion in the structure does not have a great impact on the
measurements. The thermal expansion affects the length of the cavity, L (¢), in equation
7.12, adding a phase delay (or advance) proportional to the physical expansion of the
cavity. Such additional phase is seen as a D.C. component in the fluid displacement as
a function of time. To estimate the cavity length change due to thermal expansion, the
thermal expansion coefficient of silica was considered as 0.55x 1079 °C~! [104]. Considering
an hypothetical worst case scenario, where the temperature changes by 50 °C (in reality,
during a measurement the temperature should not fluctuate more than a few degrees at
most), the modulus of the relative expansion of the cavity is §L = 2.75x 107>, For a cavity
length of 200 um, the change in length due to thermal expansion is ALy = LxéL = 5.5nm,
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Figure 7.24. — Three different measurements for two solutions with distinct viscosities:

2.10 mPa.s and 9.95 mPa.s. The measurements show a good reproducibility with a standard
deviation of 42nm and 105 nm for the two cases, respectively.

which is much smaller than the fluid displacement values (within the order of microns).
Consequently, the effect of thermal expansion of the cavity can be neglected.

The sensor is then able to measure the changes in the fluid viscosity due to temperature
variations. To demonstrate this, different measurements were performed using the same
solution at distinct temperatures. The solution used was a 47 %wt/wt sucrose solution.

3 was determined

The viscosity of the prepared sucrose solutions at different temperatures
using tabulated values [11]. The solution was poured inside a glass contained and placed
on top of a heating plate. To ensure a good homogeneity, a magnetic stirrer was used to
constantly mix the solution while heating. Figure 7.25 represents the fluid displacement
inside the cavity as a function of time for the the sucrose solution at different temperatures.
As the temperature increases, the velocity of the fluid displacement (given by the slope of
the data) increases due to a decrease in the viscosity of the sucrose solution.

The fluid dynamics is different for every fabricated fiber probe. It depends on the size
of the cavity and, more important, on the size of the access hole. Hence, one needs to
fully characterize every fabricated probe independently. On one hand, for target solutions
with low viscosities, a small access hole is desirable to provide a slower evacuation of the
cavity. On the other hand, high viscosity solutions cannot enter small access holes, and
therefore a larger access hole is desirable.

To investigate the influence of the access hole dimension, three probes were fabricated

with different access hole diameters. The larger access hole, with a diameter of around

3Further details can be found in appendix D.
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Figure 7.25. — Fluid displacement as a function of time for 47%wt/wt sucrose solution at
different temperatures. The viscosity changes due to temperature variations are also detected
by the sensing structure, producing distinct responses.

31 pum, was fabricated using three electric arcs with an arc power of -100 arbitrary units
and a fusion time of 200 ms. The medium size access hole, with a diameter of around
19 pm, was produced using three electric arcs with the same arc power and a fusion time

of 300 ms. As for the smaller access hole, with a diameter of around 6 pum, five electric
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Figure 7.26. — Fluid displacement as a function of time for different access hole diameters.
The same sucrose solution with a viscosity of 3.0mPa.s was used in all cases. The fluid
displacement tends to be slower and non-linear for smaller access holes.
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arcs were applied with the same arc power and a fusion time of 300 ms. All three samples
were used to measure a sucrose solution with a viscosity of 3.0 mPa.s (at 20 °C). The fluid
displacement as a function of time for the three samples is depicted in figure 7.26, together
with microscope images of the samples. The probe with a small access hole presents a non-
linear behavior of the fluid displacement over time. For high viscosity solutions, the fluid
displacement is very slow or the fluid might not even be able to enter the cavity through
the access hole. Therefore, small access holes are more suitable to measure low viscosity
solutions. On the other hand, larger access holes result in faster fluid displacements, which
can be problematic for low viscosity fluids. The produced intensity signal oscillations are
very fast, making them hard to be resolved in time. In sum, the best option is to dimension
the access hole of the viscometer fiber probe depending on the range of viscosities to be
measured. Nevertheless, one should not forget that a measurement system with a fast
photodetector (instead of an OSA) is enough to track the fast oscillations originated by a

low viscosity fluid measured with a large access hole probe.

7.4. Conclusion

Two advanced sensing structures for application in liquid media were explored in this
chapter. The first structure was based on a new method that combines an extreme op-
tical Vernier effect with a few-mode sensing interferometer. The demonstrated method
proved to be capable of overcoming the limitations of the standard optical Vernier effect
techniques. The implementation of a few-mode fiber refractometer with such method reg-
istered a record M-factor of 865, also reaching a record value in terms of refractive index
sensitivity for this kind of interferometric fiber structure. In fact, for a single-mode Vernier
structure to achieve an extreme M-factor of 865, it would correspond to an immeasurable
Vernier envelope FSR longer than 6400 nm. Therefore, the proposed method allows us
to achieve such giant M-factors whilst maintaining a measurable envelope. From the ob-
tained results for refractive index sensing, it would be very attractive to apply a similar
structure for high resolution gas sensing and biosensing, namely in extreme environments,
where it is necessary to detect very small concentrations.

Although the concept was demonstrated experimentally and also via simulations, it is
still open the possibility of further exploration of the enhanced sensitivity observed at
some internal envelope intersections mathematically. The relative movement between the
internal envelopes was not fully explored, and it is the key for the behavior of this extreme
case of optical Vernier effect.

The proposed concept of extreme optical Vernier effect can also be adapted to other
sensing interferometers (Mach-Zehnder interferometers, Michelson interferometers, hybrid
interferometric structures, among others), to obtain giant sensitivities to other physical

and chemical parameters. Therefore, the proposed method opens new horizons for the
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development of a new generation of sensors with extreme sensitivities and resolutions for
demanding state-of-the-art applications.

Regarding the second structure proposed in this chapter, the optical fiber probe viscome-
ter was capable of performing an all-optical interferometric measurement of the viscosity
of a liquid. Besides, the total volume of the cavity is approximately 50 pL, which makes
the volume of liquid required to perform the measurement negligible. In other words,
practically only a very small sample volume is required to realize the measurement.

For specific applications, a different configuration involving a temperature sensor in
parallel should be studied in the future, for instance incorporating a fiber Bragg grating
next to the cavity to read the temperature while the probe is immersed in the liquid.
The aim is to provide simultaneous temperature measurements and/or to compensate the
change of a fluid viscosity due to temperature. Another point worth of further investigation
is the influence of the size of the access hole in the maximum viscosity value measurable.
Moreover, the next step for future studies is also to determine the feasibility of applying

this sensing structure to the measurement of biological fluids.






Chapter 8.

Conclusions and Final Remarks

The works presented along this dissertation were focused on two main points of study. The
first was the study, design, and realization of advanced interferometric fiber sensors based
on microstructures. This included the combination of optical microfibers, which allow the
propagating light to interact better with the environment, together with microstructured
interferometers such as microfiber knot resonators, Mach-Zehnder interferometers, and
Fabry-Perot interferometers. Focused ion beam milling was also explored as a technology
to create not only microstructured interferometers in optical microfibers, but also to open
access holes in specialty fibers for liquid sensing. The second main point was the interest
of increasing the performance of the interferometric fiber sensors (i.e. enhance the sen-
sitivity). In this context, an in-depth study, further development, and application of the
optical Vernier effect to optical fiber interferometers as a tool to surpass the sensitivity
limits of conventional fiber interferometers were performed. Some of the enormous po-
tentials of this effect applied to optical fiber sensing were discussed and demonstrated in
this dissertation. However there are still other variants that have not been here explored
and that could still lead to very interesting results. This dissertation was meant to guide
the reader across the different topics and works, providing also the basic background and
the state-of-the-art of these topics for a better contextualization and understanding of the
concepts presented.

Chapter 2 introduced the reader to optical microfibers and their fabrication methods,
as well as to the different interferometric sensing structures that were later on being used.
The basic concepts and properties of the different interferometric sensing structures were
presented, together with a small state-of-the-art review on different applications, especially
when combined with optical microfibers. Since focused ion beam milling was used along the
dissertation, chapter 2 also included a brief overview on the focused ion beam technology,
with special focus on the application to optical fibers and respective sample preparation.

Chapter 3 explored microstructured sensing devices with optical microfibers, where
the different interferometric structures previously introduced (microfiber knot resonator,

Mach-Zehnder interferometer, and Fabry-Perot interferometer) were microfabricated in
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optical microfibers and microfiber probes. The two devices proposed in this chapter tar-
geted two different issues related with optical fiber sensing. The first structure tackled
the problem of cross-sensitivity. By combining a microfiber knot resonator and a Mach-
Zehnder interferometer embedded in the same optical microfiber, the final response could
be used for simultaneous measurement of refractive index of liquids and temperature. The
use of a single optical microfiber and two co-propagating modes to form the Mach-Zehnder
interferometer is a novel alternative that makes the final structure more compact. The use
of microfiber knot resonators to sense liquids might lead to some problems: the microfiber
knot resonator can be very fragile and the surface tension of water is, in some cases, enough
to change the size of the knot or to break the microfiber. Therefore, it would be useful
to explored some protection techniques, like coating the structure with a low refractive
index polymer to ensure a good stability and protection of the microfiber knot resonator.
The second proposed device was meant to be a miniaturized sensing probe, with potential
to perform point measurements, but simultaneously with the possibility to achieve higher
sensitivities than what has been previously reported in the literature for these kind of
structures. A Fabry-Perot interferometer microfabricated with focused ion beam milling
in an optical microfiber probe (similar to what has already been published [3]) was taken
as the main structure. However, the Fabry-Perot interferometer was designed to be mul-
timode, which was different from the other works. The beating generated in the output
spectrum showed a higher wavelength shift in comparison to the normal sensing Fabry-
Perot interferometer signal. This phenomenon was actually the result of the optical Vernier
effect, however in an uncontrolled way, as one could not control the modes propagating in
the structure. This last work allowed to only have a small glimpse of the capabilities of
using the optical Vernier effect combined with fiber sensing. For this reason, the following
works headed in this new direction, trying to understand the essence of such an effect. To
fully understand and control the optical Vernier effect, it was first necessary to look deep
into its origins.

Chapter 4 presented the full mathematical description of the optical Vernier effect and
its properties. Important comments and small details were included along this chapter
for a deeper understanding and to avoid misuse and misinterpretation of the effect in the
future. Before starting to apply the effect, it was essential to have an overview of what was
published in this field until now. Therefore, the state-of-the-art, presented also in chapter
4, focused on the different configurations explored over the last few years to introduce the
optical Vernier effect, as well as the distinct applications that it can be used for.

Upon exploring the fundamentals of the optical Vernier effect, the following questions
were asked: “what is the limit? What is the maximum magnification that one can obtain
from such an effect?”. The answer led to a contradictory requirement: the smaller the
detuning between the two interferometers, the higher was the magnification factor ob-

tained, but also the larger was the Vernier envelope. The detection system imposes then
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a limitation on how large the Vernier envelope could be to still be measurable, which in
return dictates the maximum magnification factor achievable.

Chapter 5 explored a new extended concept of the optical Vernier effect was found
during the investigations: the existence of optical harmonics of the Vernier effect, which
enable greater magnification factors to be achieved, beyond the limitations previously de-
scribed. This novel concept required the development of a new mathematical description,
presented in this chapter, that could describe correctly the effect and all its new properties.
By up-scaling the optical path length of the reference interferometer by multiples of the
optical path length of the sensing interferometer, different output spectra with harmonic
properties were generated. The important message here is that the magnification factor
can increase proportionally to the harmonic order (it increases by (i 4+ 1), being i the
order of the harmonic), for the same detuning, while maintaining the size of the Vernier
envelope.

Naturally, under certain conditions the effect does not work as desired and does not pro-
vide the enhancements discussed before. One of these situations, also discussed in chapter
5, is when the up-scaling of the optical path length is done in the sensing interferometer,
rather than in the reference interferometer. The result of such case was actually no im-
provement of the sensitivity with the harmonic order. Apart from this special situation,
there are also differences between the parallel and series configurations, reason why it was
important to present them in chapter 5, before experimentally applying the effect.

Once more, the same question as before can be asked: “what is now the limit? What
is the maximum harmonic order achievable?”. These questions were also examined at the
end of chapter 5. To my view, one of the most limiting factors here is the complexity of
the obtained spectrum. The higher the harmonic order, the more complex the spectrum
is. This requires a lot of signal processing and effort to be able to extract the wavelength
shift of the Vernier envelope. Hence, the limits depend on the processing capabilities and,
not less important, on the resolution of the interrogation system:.

Now that the fundamentals of the optical harmonic Vernier effect were studied, the next
step was to experimentally demonstrate the effect and validate its properties. At the same
time, the sensing structures were applied to measure strain.

Chapter 6 presented the experimental demonstration of the optical harmonic Vernier
effect for two configurations, parallel and series, using Fabry-Perot interferometers. The
parallel configuration relied on Fabry-Perot interferometers made from hollow capillary
tubes. The structures were characterized in terms of applied strain for the first three
harmonic orders of the optical Vernier effect. It has been experimentally proven that the
enhancement of the magnification factor, and respective sensitivity, increased with the
order of the harmonic. An important message from this work is the importance of the
detuning between the optical path lengths of the two interferometers. The magnification

factor depends on this detuning, which is highly dependent on the fabrication methods. It
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is very difficult to create multiple interferometric structures with exactly the same optical
path length, due to fabrication constrains. Hence, the envelope phase sensitivity was de-
termined in each case, in order to make a fair comparison between the different structures
used to introduce the three harmonic orders of the optical Vernier effect. The envelope
phase sensitivity takes into account the free spectral range of the Vernier envelope, and
therefore it is independent of the detuning. The series configuration, also demonstrated
in chapter 6, combined a hollow microsphere and a section of a multimode fiber to form
two Fabry-Perot interferometers physically connected. A special case of optical Vernier
effect was here explored, where none of the two interferometers was used as a reference. In
this specific case, the sensitivity of the Vernier envelope depends on the difference between
the sensitivities of the two interferometers, weighted by their magnification factors. One
saw that, if both interferometers have similar sensitivities, there would be no improve-
ment of sensitivity when using the optical Vernier effect. Yet, a high sensitivity to strain
was still observed for the proposed structure (about 140-fold larger than a fiber Bragg
grating), since the hollow microsphere alone had more strain sensitivity than the section
of multimode fiber used. Simultaneous measurement of strain and temperature was also
demonstrated with this structure, by using the Vernier envelope response together with
the high frequency response of the spectrum.

Chapter 7 demonstrates two last works dedicated to the measurement of liquid proper-
ties, in this case refractive index and viscosity. The first work results from the combination
of different concepts and techniques developed during the PhD: Fabry-Perot interferom-
eters using hollow capillary tubes, focused ion beam milling to open access holes in one
of the interferometers, and an extreme case of optical Vernier effect. The extreme optical
Vernier effect was discovered and proposed as a way to surpass once more the limitations
of the conventional optical Vernier effect. The use of a few-mode Fabry-Perot interferom-
eter, together with the optical Vernier effect in tune with the fundamental propagating
mode, allowed to achieve a magnification factor an order of magnitude higher than the
expected limit for the conventional optical Vernier effect, whilst maintaining a measurable
Vernier envelope. When applied to liquid sensing, the proposed arrangement is capable
of achieving a giant sensitivity to refractive index, allowing to measure fine variations of
this quantity. To the best of the author’s knowledge, the obtained sensitivity value (about
500000 nm/RIU) is a record value for a Fabry-Perot interferometer structure of this kind.
The second work explored in chapter 7 makes use of a similar hollow capillary tube, but
now post-processed with an electric arc to form a small-size optical fiber probe with an
access hole for viscosity sensing of liquids. The developed sensor works as a two-wave
interferometer once the liquid enters the probe, being the air-liquid interface inside the
microstructured hollow capillary tube one of the mirrors of the interferometer. Through
interferometric measurement of the liquid displacement inside the probe, the viscosity of

the liquid was retrieved. The fact that there are not many options for optical fiber sen-
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sors to measure viscosity makes this novel approach very attractive. Additionally, the
probe volume is so small (about 50 pL) that practically no liquid is consumed during the
measurement.

The works developed during this PhD were very diverse, not just in terms of sensing
configurations, but also in the different possible options for the application of the optical
Vernier effect. Nevertheless, there is still space for improvement and for new ideas to be
explored in the future. The introduction of the optical Vernier effect, now in a controlled
way, to the focused ion beam-milled Fabry-Perot interferometer in a microfiber probe could
still be further explored. The concept of optical harmonic Vernier effect here proposed
can, from now on, be applied to other types of optical fiber interferometers, creating a
new generation of highly sensitive fiber sensors for different applications. By taking a
closer look into the state-of-the-art configurations for the optical Vernier effect, the future
trend will involve the use of hybrid configurations. The combination of different types of
interferometers in a hybrid configuration to introduce the optical Vernier effect is still very
attractive and can provide innovative results. One of these cases is the use of two inter-
ferometer with opposite responses to the measured parameter, in a configuration without
a reference interferometer, which could lead to even further improvements in the mag-
nification factors obtained. Moreover, the viability of such a structure for simultaneous
measurement of parameters is higher, since each of the two interferometer can be espe-
cially optimized to sense a specific different measurand. Regarding the sensing structure
with giant refractometric sensitivity, further studies should be performed to improve its
applicability, namely by exploring the possibility of functionalization of the Fabry-Perot
cavity to different substances. If viable, this approach could lead to a highly sensitive
platform for biological fluid analysis or chemical compound detection.

At last, a huge downside of the optical Vernier effect, that still requires a lot of investiga-
tion, is the interrogation system. There is a urgent need for the development of a simpler
interrogation system to analyze the response of the effect. The need of a broadband source
and an optical spectrum analyzer to measure a broad range of wavelengths, plus the ad-
ditional signal processing required to extract the Vernier envelope wavelength shift from
the spectrum, makes the use of this effect less attractive. If there was an interrogation
system relying only on photodetectors and two, or a few more, laser lines to measure and
characterize in a simpler, faster, and cheaper way the response of the optical Vernier effect,
it would represent a huge step towards the acceptance and quick adoption of the optical

Vernier effect as a viable sensing solution in different areas.
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Appendix A.

Water Refractive Index

The refractive index of water as a function of temperature, at a wavelength of 632.8 nm,
found in [12] is presented in table A.1. The values are represented in figure A.1. A
polynomial fit was performed to the values, obtaining an expression for the refractive

index of water as a function of temperature:

n (T) = 1.3331036 — 1.4868298 x 10~°T
—1.9328089 x 107°72 + 5.1806927 x 107773, (A1)

where n is given in refractive index units (RIU) and T is given in degrees Celsius.

Table A.1. — Refractive index of water as a function of temperature, at a wavelength of
632.8nm [12].

Temperature (°C) | Refractive Index (RIU)
0 1.33306
10 1.33282
20 1.33211
30 1.33105
40 1.32972
50 1.32814
60 1.32636
70 1.32438
80 1.32223
90 1.31991
100 1.31744

Equation A.1 was used in chapter 3, section 3.2, to calculate the refractive index of
water at 44 °C, obtaining 1.32915.

A different approach was considered in order to obtain the refractive index as a function
of temperature at a wavelength of 1550 nm. Initially, the Sellmeier equation for water

at 20°C was used to calculate the refractive index of water at 1550 nm. The Sellmeier
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Figure A.1. — Refractive index of water as a function of temperature, at a wavelength of
632.8 nm. The data points correspond to the values of table A.1.

equation for water at 20 °C can be found in [140], and is given by:

0.75831)\2 N 0.08495)2
A2 —0.01007 A2 —8.91377’

where n is the refractive index and X is the wavelength given in micrometers (pum). Using

n?(\) =1+

(A.2)

equation A.2, the refractive index of water at 20 °C, at a wavelength of 1550 nm is 1.3154.

To obtain the value of refractive index at a wavelength of 1550 nm, but at a temperature
of 44 °C, the thermo-optic coefficient of water was now considered. As mentioned later in
section 3.2, the thermo-optic coefficient of water, g—%, at a wavelength of 1550 nm, is given
by equation 3.3 [139]. For the sake of clarity, equation 3.3 will now be described again:

dn

o5 =~ 1044 x 1071 — 1.543 x 10777, (A.3)

where T' is the water temperature, given in degrees Celsius, and n is the refractive index

of water, given in RIU. Integrating the previous equation, one obtains:

An (T) = —1.044 x 107*T — 7.715 x 1078T% + C, (A.4)

where An is the refractive index variation, T is the temperature, given in degrees Celsius,
and C is an integration constant. Taking into consideration that the previously calculated
value of refractive index at 1550 nm, using the Sellmeier equation, corresponds to a tem-
perature of 20 °C, the refractive index variation (An) should be considered zero at 20 °C.
Hence, the constant C' is 2.11886 x 1073. Together with the determined refractive index

through equation A.2 (1.3154), one obtains the refractive index of water as a function of
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temperature, at a wavelength of 1550 nm, given by equation 3.4. Once again, for the sake

of clarity, equation 3.4 will now be described again:

n(T) = 1.3154 + 2.11886 x 1072 — 1.044 x 10747 — 7.715 x 107872, (A.5)

with T given in degrees Celsius and n given in RIU.



Appendix B.

Summary of Optical Vernier Effect

Configurations

Table B.1. — Summary of the optical Vernier effect configurations using single-type FPI.

Year Configuration Sensitivity Range M Ref
2012 | SHCF+hollow silica usphere | Temperature: 17.604 pm/°C 100-1000°C N/A | [159]
2014 HC-PCF in series Strain: 47.14pm/ue 0-200 pe 29.5 | [158]
2014 HC-PCF in series Magnetic Field: 71.57 pm/Oe 20-35Oe 28.6 | [158]
2015 Simplified HCF+SMF Temperature: 1.019nm/°C 250-300°C N/A | [148]
2015 HCF+PCF Gas RI: 30899 nm/RIU 1.00277-1.00372 RIU | N/A | [166]
2016 HCF+SMF Airflow: 1.541nm/(m/s) 3-7Tm/s N/A | [167]
2018 HC+ferrule Temperature: 67.35pm/°C 20-24°C 23.4 | [150]
2018 | HCF+SMF+HCF+pusphere Temperature: -1.081 nm/°C 30-42°C N/A | [168]
2018 | SMFs in HCF+fusion hole | Gas Pressure: 86.64 nm/MPa 0-0.6 MPa 32.8 | [169]
2018 | SMFs in HCF+fusion hole Temperature: 449 pm/°C 40-100°C N/A | [169]
2018 HCF+-coated LMAF Hydrogen: -1.04 nm/% 0-2.4% N/A | [149]
2018 SMF in HCF with LC Temperature: 19.55nm/°C N/A N/A | [170]
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Appendix B. Summary of Optical Vernier Effect Configurations

Table B.2. — Summary of the optical Vernier effect configurations using single-type FPI

(continuation).
Year Configuration Sensitivity Range M Ref
2019 SCF in parallel Temperature: 153.8 pm/°C 40-220°C 14.6 | [177]
2019 SMFs in HCF Temperature: 10.28nm/°C 23-25°C 6.0 [225]
2019 HCF between SMFs Strain: 18.36 pm/pe 0-320 pe 14.0 | [226]
2019 Milled HCF+SMF Gas Pressure: 80.3pm/kPa 180-220 kPa N/A | [162]
2019 Milled HCF+SMF Temperature: -107.0 pm/°C 25-65°C N/A | [162]
2019 Offset SMF+SMF Gas RI: -11368.5nm/RIU 1.00003-1.00026 RIU | N/A | [171]
2019 Offset SMF+SMF Temperature: 98 pm/°C 35-65°C N/A | [171]
2019 HCF+SMF+Airgap+SMF Strain: 1.15nm/ue 0-160 pe N/A | [163]
2019 HCF+SMF+Airgap+SMF Temperature: 3.6 pm/°C 50-160°C N/A | [163]
2019 Microhole+SMF RI: 1143.0nm/RIU 1.3352-1.3469 RIU N/A | [172]
2019 Microhole+SMF Temperature: -180.5 pm/°C 30-90°C N/A | [172]
2019 Milled psphere in parallel Salinity: 82.61 nm/M 0-0.297 M 6.8 [178]
2019 Milled psphere in parallel RI: 6830.0nm/RIU 1.3176-1.3212 RIU 6.8 [178]
2019 Milled psphere in parallel Temperature -587.37 pm/°C 21.7-30°C 5.1 [178]
2019 HCF partially with PDMS Temperature: 17.758 nm/°C N/A 27.2 | [179]
2019 Fs-laser mirrors in SMF Strain: 28.11 pm/pe 0-1500 pe 23.8 | [164]
2019 Fs-laser mirrors in SMF Temperature: 278.48 pm/°C 30-100°C 24.6 | [164]
2019 Fs-laser mirrors in SMF Strain: 145 pm/pe 0-200 pe N/A | [165]
2019 Fs-laser mirrors in SMF Temperature: 927 pm/°C 30-60°C N/A | [165]
2019 HCF+LMAF Isopropanol: 20 pm/ppm 0-500 ppm N/A | [173]
2019 HCF+Offset SMF in parallel Strain: -43.2 pm/ue 0-1750 pe 4.6 [161]
2019 HCF+Offset SMF in parallel Temperature: -27 pm/°C 30-100°C 4.2 [161]
2019 PM-PCF+HC-PCF Temperature: 535.16 pm/°C 24-1000°C 45 [174]
2019 psphere+HCF in parallel Transverse Load: -3.75nm/N 0-1N 3.4 [180]
2019 psphere+HCF in parallel Temperature: -3.33 pm/°C 50-200°C 4.2 [180]
2019 HCF in parallel RI: 30801.53nm/RIU 1.3347-1.33733 RIU 33 [160]
2019 HCF in parallel Temperature: 250 pm/°C 20-30°C N/A | [160]
2019 PCF+HCEF partially filled Humidity: 456 pm/%RH 19.63-78.63 %RH N/A | [175]
2019 FIB-structured MMF TIP Temperature: -654 pm/°C 30-120°C >60 | [21]
2019 | HCF in parallel 4 Harmonics Strain: 93.4 pm/pue 0-600 pe 27.7 | [20]
2020 HCF filled with DSO Temperature: 39.21 nm/°C around 35°C N/A | [176]
2020 HCF+PM-PCF in parallel Temperature: -45pm/°C 100-300°C 3.9 | [181]
2020 HCF+PM-PCF in parallel Temperature: -92 pm/°C 300-800°C 5.3 [181]
2020 | H-pusphere+MMF+Harmonics Strain: 146.3 pm/uc 0-500 pe N/A | [19]
2020 | H-usphere+MMF+Harmonics | Temperature: 650 pm/°C 22-100°C N/A | [19]
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Table B.3. — Summary of the optical Vernier effect configurations using other single-type
interferometers, as well as hybrid configurations.

Year Configuration Sensitivity Range M Ref
2017 MZI: offset spliced SMF Curvature: -36.26 nm/m™ 0.3-0.5m™ 8.0 [182]
2017 MZI: offset spliced SMF Temperature: 397.36 pm/°C 10-75°C 8.8 [182]
2018 MZI: MMF+DSHF-+MMF Gas P.: -63.584 nm/MPa 0-0.8 MPa 7 [187]
2018 MZI: MMF+DSHF+MMF Temperature: 34.7pm/°C 35-60°C N/A | [187]
2018 MZI: SHTECF Temperature: 2.057nm/°C 25-30°C 48.8 | [188]
2018 | MZI: MMF with milled air slit Gas P.: -82.131 nm/MPa 0-0.7 MPa 94 [185]
2018 | MZI: MMF with milled air slit Temperature: 355.2 pm/°C 25-100°C 10.1 | [185]
2019 | MZI: spherical-shaped structure Strain: -8.47 pm/pe N/A 5.4 [183]
2019 | MZI: spherical-shaped structure Curvature: -33.70nm/m™ N/A 5.4 [183]
2019 MZI: (MMF+HCF+MMF)x2 Gas P.: -73.32nm/MPa 0-0.8 MPa 8.5 [186]
2019 MZI: (MMF+HCF+MMF)x2 Temperature: 52.60 pm/°C 30-100°C 8.5 [186]
2019 MZI: Coreless+SHF+Coreless RI: 44084 nm/RIU 1.33288-1.33311 RIU 3.1 [189]
2019 MZI: MMF+HCF+MMF Temperature: 528.5pm/°C 0-100°C 17.5 | [190]
2020 MZI: SMF+FMF+SMF Static P.: 4.072nm/MPa N/A N/A | [184]
2020 MZI: SMF+FMF+SMF Temperature: 1.753nm/°C N/A N/A | [184]
2015 Sagnac: PANDA+PANDA Temperature: -13.36 nm/°C 30-40°C 9.2 [191]
2018 | Sagnac: PANDA+Hi-Bi p-fiber RI: 2429nm/RIU 1.3320-1.3369 RIU 5.4 [192]
2018 | Sagnac: Coated PMF w/ © Shift Hydrogen: -14.61 nm/% 0-0.8% 1.9 [195]
2018 | Sagnac: Coated PMF w/ © Shift | Temperature: -2.44nm/°C 30-60°C 15.0 | [195]
2019 Sagnac: PANDA w/ @ Shift Strain: 58 pm/ue 0-1440 pe 9.8 [196]
2019 Sagnac: PANDA w/ © Shift Temperature: -1.05 nm/°C 20-80°C 0.8 [196]
2019 | Sagnac: Coated PMF w/ © Shift Isopropanol: 239 pm/ppm 0-42 ppm 4.2 [197]
2019 | Sagnac: Coated PMF w/ © Shift Strain: 53.8 pm/ue 0-365.82 ue N/A | [197]
2019 Michelson: DCF+DSHF Bending: 38.53nm/m™ 0-1.24m™ N/A | [198]
2019 Michelson: DCF+DSHF Temperature: 67.2pm/°C 50-130°C N/A | [19§]
2019 Michelson: TCF+DSHF Curvature: 57 nm/m™ 0-1.14m™ N/A [5]

2019 Michelson: TCF+DSHF Temperature: 143 pm/°C 30-100°C N/A [5]

2018 Coupler: Hi-Bi Coupler RI: 35823.3nm/RIU 1.3330-1.3347 RIU N/A | [199]
2020 Coupler: Parallel Couplers RI: 114620 nm/RIU 1.3350-1.3355 RIU 19.7 | [206]
2020 Coupler: Parallel Couplers RI: 126540 nm/RIU 1.3450-1.3455 RIU 21.7 | [206]
2020 | Coupler: Double Helix Coupler RI: 27326.59 nm/RIU 1.3333-1.3394 RIU 5.3 [200]
2015 MKR: Cascaded MKR RI: 6523 nm/RIU 1.3320-1.3350 RIU N/A [6]

2019 Hybrid: HCF FPI+MZI Temperature: -107.2 pm/°C 30-80°C 89.3 | [201]
2020 Hybrid: FPI+MZI RI: -87261.06 nm/RIU 1.332-1.334 N/A | [202]
2020 Hybrid: FPI+MZI Temperature: 204.7 pm/°C 30-130°C N/A | [202]
2017 Hybrid: Sagnac+FPI Temperature: -29nm/°C 42-44°C 20.7 | [204]
2019 Hybrid: Sagnac+FPI Sound P.: 37.1nm/MPa 62.2-92.4dB N/A | [205]
2019 Hybrid: Sagnac+FPI Temperature: 10.28 nm/°C 23-25°C 6.0 [203]
2019 Hybrid: Sagnac+MZI Strain: 65.71 pm/ue 0-300 pe 20.8 8]

2017 Hybrid: MKR+FPI RI: 311.77-2460.07 nm/RIU 1.3319-1.3550 RIU 12-73 [7]







Appendix C.

Vernier Envelope Extraction Methods

There are multiple ways to fit and extract the internal Vernier envelopes and they mainly
depend on the appearance of the spectrum. They all start by detecting the maxima of
the Vernier spectrum and then group them according to each internal envelope, as already
discussed in chapter 5. The internal envelopes should follow a cosine behavior that depends
on the inverse of the wavelength. In fact, it results in an internal envelope with a period
that increases for longer wavelengths. Under these circumstances it is still possible to fit
the internal envelopes. However, it is easier to perform the fitting in a situation where no

wavelength dependency exists.

Therefore, it is useful to convert the Vernier spectrum from the wavelength domain into
the frequency domain, similarly to what was performed in section 3.3.2. The X-axis of the

spectrum will then represent the optical frequency, given by:
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Figure C.1. — Spectrum from figure 5.5 represented in the frequency domain. The maxima
are marked with a dot and colored according to the respective internal envelope.
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c

V=

where c is the speed of light in vacuum and A is the wavelength. Taking figure 5.5 as an

example, the corresponding spectrum in the frequency domain is depicted in figure C.1.
Now that the period of the internal envelopes do not depend on the wavelength, one

can fit the groups of maxima with a sinusoidal function such as:

I(v)=I+ Asin <”;V0>, (C.1)

where the fitting parameters are Iy, A, vy, and w. Iy corresponds to the offset component
(D.C. component), A is the amplitude of the envelope oscillation, v is related with the ini-
tial phase, and w is related with the inverse frequency of oscillation. Due to the previously
mentioned conditions, and also to the fact that the spectrum is “perfect” (simulated), this

function fits very well the maxima, as shown in figure C.2.
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Figure C.2. — Spectrum from figure 5.5 represented in the frequency domain after fitting the
internal envelopes according to equation C.1.

The problem of fitting internal Vernier envelopes starts when the experimental data
presents some imperfections due to experimental conditions and to the sensing structure
itself. Ome of the interferometers used to introduce the Vernier effect might have more
losses, or have more modes other than the fundamental mode, which might generate an
asymmetric spectrum. In such case the internal envelopes might no longer be fitted by
equation C.1. Figures 6.3(b) or (d) are interesting examples, where the D.C. component
and the amplitude of the internal envelopes increase for longer wavelengths. For this case,

a different fitting approach must be considered. Given the features of these spectra, the
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following fit was used for those cases:

I(v) = Ipexp <I’VC> + AS sin <” - ”°> , (C.2)

w

where Ipexp (bc/v) represents the D.C. component that increases with the wavelength
(decreases with the frequency), where b is a fitting parameter and c is the speed of light, A
is again a fitting parameter that corresponds to the amplitude of the envelope oscillation,
which is now multiplied by ¢/v to include the increasing amplitude with the wavelength
(decrease with the frequency). Nevertheless, the previous fitting can be hard to converge.

In many cases, such as in figure 6.10 or 6.11, the internal envelopes are so large that
a period of oscillation does not fit within the wavelength range available. Yet, the main
interest still relies on the intersection between these internal envelopes. Adding to this,
the maxima suffer from intensity fluctuations. Given the circumstances, a sinusoidal fit
might be complex to achieve. An alternative way to fit these kind of internal envelopes is
to use a polynomial fitting as an approximation. In this case, it might not be necessary
to convert the spectrum into the frequency domain. For these two figures (6.10 and 6.11),

5th

the polynomial fit used was of order:

IT(X\) = I+ A\ + BX> + CX3 + D* + EX, (C.3)

where I is the offset components, and A, B, C, D, and E are the other fitting parameters.

Some fittings introduce more errors than other, however the important message here is
that, when performing measurements, the same fitting must be applied to all the measured
spectra. The errors associated with using the same fitting method will approximately be
systematic, which upon calibration can be slightly corrected. If different fitting methods
are used along the measurement, the errors between the different measurements start to
be random, which are more problematic for the experiment, since one cannot estimate
them.

Regarding the upper Vernier envelope, it can be traced using conventional envelope
extraction methods (signal processing) available in software like Origin or Matlab. Nev-
ertheless, the visual aspect of the upper envelope and the position of the maxima using
those methods highly depends on the number of points considered (smooth points). As
an alternative, some works use Lorentzian [6,227] or Gaussian [82,196] fitting curves to

find the position of the upper envelope maxima.






Appendix D.

Calibration Curves for Sucrose
Solutions

This appendix contains the calibration curves used in the characterization of the optical
fiber probe viscometer in chapter 7. The calibration curves are based on tabulated values
for the viscosity as a function of three parameters: sucrose concentration, refractive index

of the sucrose solution, and temperature (for a specific concentration).
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Figure D.1. — Viscosity as a function of the sucrose concentration. The data points can be
found at [9].

The viscosity of a sucrose solution as a function of the sucrose concentration in mass
percent (%om/m) [9] is depicted in figure D.1. The tabulated values were fitted to obtain

an expression for the viscosity as a function of the sucrose concentration:
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n(c) = 0.7022 4 0.00214 exp [(c — 9.07787) /5.20275]
+0.57656 exp [(c — 9.07787) /14.73627] , (D.1)

where 7 is the viscosity in millipascal-second (mPa.s) and ¢ is the concentration in %m/m

of sucrose.
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Figure D.2. — Viscosity as a function of the refractive index of the sucrose solution. The
data points can be found at [10].

The viscosity of a sucrose solution as a function of its refractive index [10] is shown in
figure D.2. The tabulated values were fitted to obtain an expression for the viscosity as a

function of the refractive index of the sucrose solution:

1 (n) = 0.59269 + 0.00758 exp [(n — 1.35348) /0.01054]
+0.89366 exp [(n — 1.35348) /0.02675], (D.2)

where the viscosity () is given in mPa.s and n is the refractive index of the sucrose solution

given in refractive index units (RIU).

The temperature dependence of the viscosity of sucrose solutions is also tabulated for
distinct concentration values [11]. Figure D.3 presents the viscosity of a 47 %m/m sucrose
solution as a function of temperature. Similarly, the tabulated values were fitted to obtain

an expression for the viscosity of a 47 %m/m sucrose solution as a function of temperature:
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1 (T) 4796 /m = 053596 + 12.03746 exp (—T/36.57479)

+17.325 exp (—T/13.21445) + 0.70162 exp (—T/4.79466) , (D.3)

where the viscosity (1) is given in mPa.s and T is the temperature expressed in degree

Celsius (°C).
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Figure D.3. — Viscosity as a function of the temperature for a sucrose solution with a
concentration of 47 %m/m. The data points can be found at [11].



	Contents
	List of Figures
	List of Tables
	Nomenclature
	Introduction
	Motivation and Objectives
	Dissertation Overview
	Main Contributions
	List of Publications

	Overview on Optical Microfibers and Sensing Microstructures
	Introduction
	Optical Microfibers and Microfiber Probes
	Structure
	Fabrication Techniques

	Interferometric Sensing Structures
	Microfiber Knot Resonator
	Mach-Zehnder Interferometer
	Fabry-Perot Interferometer

	Microstructuring Fiber Probes with a Focused Ion Beam
	Overview on the Focused Ion Beam
	Focused Ion Beam Milling of Optical Fibers
	Sample Preparation

	Conclusion

	Microstructured Sensing Devices with Optical Microfibers
	Introduction
	Microfiber Knot Resonator combined with Mach-Zehnder Interferometer
	Principle and Fabrication
	Experimental Setup and Characterization
	Discussion

	FIB-Structured Multimode Fiber Probe
	Fabrication
	Principle
	Temperature Characterization
	Discussion

	Conclusion

	Optical Vernier Effect in Fiber Interferometers
	Introduction
	Mathematical Description
	Free Spectral Range
	Magnification Factor (M-Factor)
	Series vs Parallel Configuration

	State-of-the-Art Applications and Configurations
	Single-Type Fiber Configurations
	Hybrid Fiber Configurations

	Conclusion

	Optical Harmonic Vernier Effect
	Introduction
	Mathematical Description
	Traditional Vernier Envelope (Upper Envelope)
	Internal Envelopes
	M-Factor

	Simulation
	Parallel vs Series Configuration
	Limitations
	Conclusion

	Demonstration and Applications of Optical Harmonic Vernier Effect
	Introduction
	Parallel Configuration
	Introduction
	Fabrication and Experimental Setup
	Characterization
	Demonstration of the Optical Harmonic Vernier Effect Enhancement

	Series Configuration
	Introduction
	Fabrication
	Complex Optical Harmonic Vernier Effect
	Characterization in Strain and Temperature
	Simultaneous Measurement of Strain and Temperature
	Considerations about the Optical Harmonic Vernier Effect Enhancement

	Conclusion

	Advanced Fiber Sensors based on Microstructures for Liquid Media
	Introduction
	Giant Refractometric Sensivity based on Extreme Optical Vernier Effect
	Introduction
	Working Principle
	Fabrication
	Simulation (Proof-of-Concept)
	Characterization

	Viscometer based on Hollow Capillary Tube
	Introduction
	Fabrication
	Principle and Experimental Setup
	Characterization

	Conclusion

	Conclusions and Final Remarks
	Bibliography
	Water Refractive Index
	Summary of Optical Vernier Effect Configurations
	Vernier Envelope Extraction Methods
	Calibration Curves for Sucrose Solutions

