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Fabrication and Characterization of Optical Microfibers

by Filipe MARQUES

Optical fiber sensing has evolved into one of the most fruitful and promising fields
of applied physics. Ever since the 1960s, with the invention of the laser and consequent
technological advances, optical fibers have been developed into numerous applications.

When the diameter of an optical fiber is of the order of the wavelength of propagat-
ing light some extraordinary properties arise, including large evanescent fields, strong
confinement, and controllable dispersion. Thus, these so-called optical microfibers are
promising structures in fields such as optical sensing, particle manipulation, and nonlin-
ear applications. This dissertation explores the fabrication and characterization of optical
microfibers.

An extensive review of the literature on the subject is given, followed by some theoret-
ical concepts regarding light propagation in microfibers and the fabrication of microfibers
by heat-and-pull. The apparatus and sequence for the fabrication of microfibers, using an
electric microheater and symmetrical pulling stages, is detailed.

The characterization of the microfibers is divided into three sections. Firstly, a geo-
metric profiling is performed: a simple, contactless method for the measurement of the
microfibers” diameter is developed and the results are compared to the theoretical model.
Afterward, the optical transmission, both in the infrared and visible range, is monitored
during the fabrication process: the loss of the microfibers is related to the pulling speed,
and a method based on modal dissipatioin for the real-time measurement of the diameter
of the microfibers is proposed. At last, the optical response of the microfibers to exter-
nal physical parameters, such as temperature and strain, is analyzed. In the end, some

possible paths for further investigation are presented.
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Fabricagdo e Caracterizacio de Microfibras Oticas

por Filipe MARQUES

As propriedades e potencialidades das fibras 6ticas tornaram o desenvolvimento de
sensores em fibra um dos campos mais promissores da fisica aplicada. Desde a década
de 60, com a invencado do laser e os avangos tecnoldgicos que se seguiram, as fibras 6ticas
foram inseridas em multiplas aplicagdes.

Quando o didmetro de uma fibra 6tica é da ordem de grandeza do comprimento de
onda da radiacdo propagante surgem propriedades 6ticas extraordindrias, como campos
evanescentes extensos, forte confinamento e dispersdo controldvel. Assim sendo, as mi-
crofibras 6ticas apresentam-se como estruturas promissoras nos campos de detecao 6tica,
manipulagdo de particulas e aplica¢des ndo-lineares. Esta dissertacdo explora a fabricagdo
e caracterizagdo de microfibras Gticas.

Inicialmente, é feita uma revisao extensiva da literatura publicada sobre o tema. Seguem-
se alguns conceitos tedricos quanto a propagagdo de luz em microfibras, e a fabricagdo de
microfibras por métodos de estiramento. De seguida, o sistema e técnica experimental de
fabricacdo das microfibras, por estiramento de fibras 6ticas standard aquecidas com um
microforno elétrico, é detalhado. A caracterizacdo das estruturas fabricadas é dividida
em trés partes. Em primeiro lugar procede-se a um perfilamento geométrico: é desenvol-
vido um método simples e sem-contacto para a medi¢do do didmetro das microfibras, e
os resultados sdo comparados com um modelo tedrico. De seguida, procede-se a anélise
da evolugdo da transmissdo 6tica, nas gamas do infravermelho préximo e visivel, durante
o processo de fabricacdo. Relaciona-se a qualidade das microfibras com a velocidade de

estiramento, e desenvolve-se uma técnica para a medigdo em tempo real do didmetro das


mailto:up201405019@fc.up.pt

microfibras, por dissipagdo de modos 6ticos. Por fim, analisa-se a resposta das microfi-
bras a parametros fisicos externos, como a temperatura e o estiramento (strain). No final,

algumas hipéteses de trabalho futuro sdo apresentadas.

Palavras-chave: microfibras 6ticas, microforno elétrico, sensores em fibra 6tica
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Chapter 1

Introduction

1.1 Motivation

Light and its related natural phenomena, such as shadows, reflections and rainbows, have
captivated the minds of History’s greatest thinkers for millennia. From the theories of
light and vision of Aristotle, Euclid, and Archimedes in Ancient Greece, to Newton’s
corpuscular theory, Maxwell’s Equations for the electromagnetic theory and, more re-
cently, the field of quantum electrodynamics, with contributions from Heisenberg, Pauli
and Feynmann, among others, the study of light, Optics, has come a long way:.

Experimentally, the field of Optics experienced an increase in productivity with the
invention of the laser, in 1960, by Theodore H. Maiman. In particular, the laser and related
technological advances led to the optimization of the optical fiber.

An Optical Fiber is a cylindrical dielectric waveguide that transmits light along its
axis. It is composed of two layers: the core—the inner layer—and the cladding—the outer
layer, with a lower refractive index—, usually made from doped fused silica. Due to its
characteristics, such as small footprint, high flexibility, durability under harsh conditions
and immunity to electromagnetic interference, optical fibers have been widely adopted
for telecommunications and sensing applications.

In recent years, the reach for the nanoscale has led to the development of optical mi-
crofibers. Optical microfibers are waveguides, mostly fabricated from standard optical
fibers, with diameters of the same order of magnitude as the wavelength of guided light.
In 2003, Tong et al. [1] published the first successful report of subwavelength diameter
silica wires with low-loss and great diameter uniformities, and, since then, the field has

grown tremendously. Optical microfibers display an array of interesting properties such
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as large evanescent fields or strong confinement, excellent surface smoothness, great ro-
bustness and extraordinary mechanical flexibility, making them suitable for applications
in nonlinear optics, particle manipulation, and sensing [2]. Furthermore, due to their
cylindrical geometry, microfibers are also far simpler structures than other microstructur-

ized waveguides in terms of fabrication, optical characterization and theoretical modeling

[3].

1.2 Aims and Objectives

The main objective of this work is the development and optimization of a tapering rig for
the fabrication of microfibers, and consequent characterization of the produced structures.

The following objectives were established:

e Assembling and optimizing a functional apparatus for the fabrication of microfibers

through heat-and-pull using an electric microheater.

e Fabricating multiple microfibers, with a particular focus on microfibers with diam-

eters lower than 10 um.

e Characterizing the produced microfibers, not only for the optimization of the taper-

ing setup, but also for sensing applications.

1.3 Structure

This dissertation is divided into nine chapters, of which three aim to introduce the theme
with a literature review and the underlying theoretical background, while four are relative
to the experimental work developed during this project.

In this first chapter, the motivation and main goals for this work are defined. A delin-
eation of the document is presented and resulting outputs are listed.

Chapter 2 contains a review of the state of the art regarding optical microfibers, in-
cluding a brief historical overview, the main fabrication methods and typical applications,
based on the preeminent publications on the subject.

Chapter 3 gives a theoretical exposition of the main optical properties of microwires,
based on the electromagnetic theory, and focusing on modal propagation, power distri-
bution and confinement of the fundamental mode; nonlinear effects and dispersion in

microwires are also introduced.
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Chapter 4 continues the theoretical background with the analysis of a simple heat-
and-pull model for the shape of microfibers and a discussion of light propagation in the
transition regions of a microfiber.

In Chapter 5, the depiction of the experimental work begins, with the description of
the tapering rig and detailing of the fabrication process.

Chapter 6 presents the characterization of the microfiber shape, and its relation to the
fabrication parameters. A contactless technique for the profiling of microfibers is pre-
sented and the data is compared to the theoretical model.

The characterization of the optical transmission during the fabrication process is per-
formed in Chapter 7. The ideal fabrication parameters, concerning the final loss, are dis-
cussed. A method for the precise measurement of the microfiber’s waist diameter based
on modal dissipation is proposed.

Chapter 8 explores some applications of the microfibers as fabricated. The optical
response of the microfibers to temperature, both in air and in water, and to strain is ana-
lyzed.

Chapter 9 concludes the work, with a summary of the main developments and a dis-

cussion of possible improvements.

1.4 Outputs

Filipe Marques, Orlando Frazdo, Nanofiber Diametre Control by Mode Dissipation, 4*° Jor-

nadas em Engenharia Fisica, Fisica, Fisica Médica e Astronomia 2019.

Filipe Marques, Orlando Frazdo, Transmission Properties of Optical Fibers during Taper Fab-
rication: Adiabaticity, Mode Dissipation, and Diameter Control, 3rd Doctoral Congress in En-

gineering — DCE2019 .






Chapter 2

State of the Art

Optical Microfibers are optical fibers with diameters comparable to, or thinner than, the
wavelength of the light propagating in them. Thus, they are often of the order of 10 um
or smaller. In literature, and depending on the diameter, these structures are also referred

4 “" 4 “”

to as “optical nanofibers”, “subwavelength waveguides”, “optical fiber nanowires and
microwires”, “optical fiber nanotapers”, “ultrathin fibers” and others.

Despite being a relatively recent subject, there is a rather diverse amount of literature
already published, ranging from the theoretical analysis of microfibers” properties to their
fabrication and characterization techniques, and primary applications. This vows for the
interest and practical utility of these structures. There are even some quite comprehensive
review articles worth noting in references [3-6].

In this chapter, the most widespread fabrication and characterization techniques for

optical micro/nanofibers will be presented, followed by an extensive analysis of typical

and potential applications, as reported in literature.

2.1 Fabrication of Optical Microfibers

The history of microfibers dates back to the end of the 20" century, when some attempts
were made at the fabrication of thin amorphous wires of materials such as silica, silicon,
and boron, mainly by bottom-up processes [7]. However, their impact was reduced due
to high diameter inhomogeneities along the length, which resulted in extremely elevated
transmission losses. It was only in 2003, when Tong et al. [1] demonstrated low loss optical
waveguiding in wires with diameters far below the wavelength of guiding light through

a top-down method, that this research topic truly gained momentum.
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Optical Fiber Waist Optical Fiber

———— l -

N /

Transition Regions

FIGURE 2.1: Schematic of a general taper profile, depicting the untapered, transition, and
waist regions.

Since then, investigation groups kept their focus on top-down methods (that is, by
reducing the size of macroscopic samples, such as Standard Telecom Fibers). Here, the
clear majority rely on the mass conservation of heat-and-pull techniques, where a fiber
is heated to its softening point while being stretched longitudinally. This decreases the
fiber’s diameter, creating a narrow filament—the waist—connected to the unstretched
fiber by transition regions, as depicted in Figure 2.1. A simple analysis of geometry of
these structures—the tapers— can be found in T. A. Birks and Y. W. Li’s 1992 work: “The
Shape of Fiber Tapers” [8]. It is shown that the shape of a microfiber can be predicted
considering the fabrication parameters (a further analysis will be provided in Chapter 4).

Heat-and-pull techniques can be divided into the following subcategories: (A) Self-
Modulated Taper Drawing; (B) Flame Brushing and (C) Modified Flame Brushing.

2.1.1 Self Modulated Taper Drawing

The Self Modulated Taper Drawing technique was reported by Tong et al. in 2003 [1] and
is generally credited as the prompt for the renewed interest to the optical micro/nanofiber
field. Despite having fallen into disuse, it is still worthy of analysis, at least for historical
reasons.

This method consists on a two-step process: firstly, the flame brushing technique is
used to create a micrometer-diameter wire that is broken into two at its waist; then, one
of them is wrapped onto a small sapphire tip heated by flame. This sapphire tip, with a
diameter of about 80 um absorbs the flame’s thermal energy and confines the heating to
a small volume, allowing for the further drawing of the fiber to submicron diameters by

precisely calibrated stages (Figure 2.2).
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Sapphire Tip

—

nanowire

- Optical Fiber
% 3D Stage

FIGURE 2.2: Self Modulated Taper Drawing technique. (Diagram based on reference [1])

Flame

The Self Modulated Taper Drawing was used to fabricate silica wires with diameters
down to 20 nm with lengths of tens of millimeters and diameter uniformities of about
1072 [9]. Losses below 0.1 dBmm ! were achieved for wires with diameters greater than
430 nm and 1100 nm, at 630-nm and 1550-nm wavelength, respectively [1].

A downside of this method is that it produces wires with only one end pigtailed—
connected to the untapered fiber—, which brings connectivity issues when considering

integration in common fiber optics devices.

2.1.2 Flame Brushing

The Flame Brushing technique is probably the most widely adopted method for mi-
crofiber fabrication. It relies on a traveling millimeter-sized flame as the heating source
that softens the fiber while computer-controlled translation stages stretch it. Usual setups
employ butane [10], hydrogen [11, 12], oxygen, or combinations of these gases [13-16],
burning at temperatures in the 1400-1700 °C range, close to fused silica’s melting point,
of about 1700-1730 °C [17].

Early reports of microfiber fabrication by flame brushing have shown wires with radii
as small as 30 nm, over lengths of hundreds of millimeters [18]. Brambilla et al. have
shown the reproducibility of this method, producing several identical wires with radii
of 375 nm with average losses of 0.0204 dB/mm at 1.300 um wavelength [13]. In 2017, a
report demonstrated reasonable control of the diameter to within 5 nm of expected waist
dimensions ranging from 800 nm to 1300 nm [12]. Some other groups have implemented
setups for the precise control of taper profiles, and especially the transition regions, based

on numerical models for the flame path during pulling [11, 14, 15].
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- - Optical Fiber

«—— —
Linear Stage Linear Stage
Flame
«—»
Linear Stage
(optional)

FIGURE 2.3: Schematic of a simple Flame Brushing apparatus.

In the Flame Brushing Technique, as the microfiber is produced from the tapering of
standard optical fibers, it has both ends pigtailed. Its integration in common fiber optics
structures and devices is immediate.

The main downsides of the Flame Brushing technique are that the fabricated mi-
crofibers show elevated OH content, as result of water vapor during gas combustion,

and that the surface roughness is heavily affected by flame turbulence.

2.1.3 Modified Flame Brushing

The Modified Flame Brushing technique is similar to the Flame Brushing, the only differ-
ence being the heat source. In this case, the flame is replaced by a microheater [19-27] or

a CO2 laser beam [28-31].

2.1.3.1 Microheater

A microheater is a resistive element whose temperature can be adjusted based on the
current flowing through it. This level of temperature control allows the manufacture of
microfibers from low softening-temperature glasses, such as compound silicate glasses,
and, being a stable heat source, also decreases the defects caused by flame turbulence of
the flame brushing technique [22]. Microfibers produced this way also show an extremely
low OH content.

In 2005, Brambilla ef al. manufactured long microfibers (up to 100 mm) with diameters
down to 90 nm from lead-silicate and bismuth-silicate glasses with losses of a fraction of
dB/mm at 1.55 um [22]. Other groups have presented similar values [19, 32]. There have
been attempts at producing microfibers with lengths up to 1 m [21, 27].
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2.1.3.2 CO2 laser

Contrary to the flame and microheater cases where the process involves the heating of the
surface of the fiber, heating with a laser beam involves the fiber absorbing radiation and
heating from the inside. Thus, there is an inverse square relation between fiber radius and
heating for a CO2 laser source that limits the minimum waist diameter for a given CO2
laser power. As is, there have been reports of low-loss tapers with diameters down to 3-6
um [28-30]. Hartung et al. proposed an indirect method where the laser beam is used to

heat a micro-furnace [31].

2.14 Other Techniques

There have also been reports on microfiber fabrication by etching [33, 34] and direct draw-
ing from bulk [35, 36]. The former relies on the physical removal of material from the
surface of a fiber using acids, namely the hydrofluoric acid, and generally provides sam-
ples with poor surface roughness and therefore high propagation loss. The later works
by pulling wires straight from a bulk: a heated rod is brought into contact to the material
where, by taking the rod away, a filament is formed. It is used when the desired ma-
terial is unavailable in fiber form. However, the fibers fabricated this way present poor

diameter uniformity and lack core/cladding structure.

2.2 Optical Microfiber-Based Applications

Optical microfibers have been used in a wide range of applications (please refer, for ex-
ample, to reference [37] for an extensive overview). In particular, there have been reports
of microfiber-based i) Optical Sensing; ii) Optical Manipulation; and iii) Nonlinear Ap-

plications.

2.2.1 Optical Sensing

For waist diameters of the order of magnitude of the guided light’s wavelength, a con-
siderable portion of the optical power resides on the evanescent field outside the fiber’s
physical boundaries, overlapping with the surrounding environment (for a detailed ex-
planation, refer to Chapter 3). Changes in the environment result in changes in the output

of the device, allowing microfibers to be used as sensors.
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So far, there have been reports of temperature [38—43], electrical current [44—47], hu-
midity [48, 49], refractive index [50-54], force [55, 56], magnetic field [57-59], acoustic
[60, 61] and gas [62-64] sensors.

Optical sensing can occur either through the intensity, phase, or spectral profile of
the transmitted/reflected light, and is generally accomplished through some common

architectures, as illustrated in Figure 2.4, including:

e Straight microfiber [39, 54, 56];

e Microtip. Cleaving a microfiber at the waist makes it possible to probe and interro-

gate extremely small volumes due to the radiation that it is back scattered [53, 65];

e Microfiber with a fiber Bragg Grating, a periodic perturbation on the tapered fiber,
either achieved by etch erosion, focused ion beam milling or femtosecond laser ir-

radiation [38, 66];
e Mach-Zehnder interferometer made of two strands of microwires [67];

e Microfiber Coupler, made by tapering two optical fibers simultaneously [42, 43, 55,
57, 59]; and Coupler Tip [68];

By assembling the microfiber into a ring-like structure, a resonator can be formed by
evanescent coupling at the overlapping area. The most used geometries are (a) loop [69,
70]; (b) knot [40, 71] and (c) coil [46, 47, 51, 52].

Optical microfibers can also be functionalized, usually for biologic applications [72],
with materials such as nanoparticles [63], graphene layers [64] and other surface coatings

[48, 62].
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(A) Straight Microfiber (B) Microtip Sensor
(¢) Microfiber with Bragg Grating (D) Mach-Zehnder Interferometer
(E) Microfiber Coupler

(F) Microfiber Coupler Tip

-0 o O

(G) Loop (H) Knot

(1) Coil

FIGURE 2.4: Common microfiber-based sensor architectures. Based on the division pro-
posed by Chen et al. [73].
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- \ —— Trapped Particle
Light V— \

(A) Manipulation of particles along a microfiber’s

waist (B) Microfiber Optical Tweezers

FIGURE 2.5: Schematic diagrams of Microfiber-based Optical Manipulation

2.2.2 Optical Manipulation

If the evanescent field at the taper’s waist is large, it can be used to manipulate particles
(Figure 2.5a). The particles are: (a) attracted to the high-intensity region by the gradient
force and (b) propelled along the direction of propagation of light by the radiation pres-
sure. This has been predicted to occur when the optical microfiber’s diameter is about
two times smaller than the wavelength of propagating light [74]. This technique has been
used to propel polystyrene particles [75] and Cs atoms [76] (the later using two counter-
propagating beams). Maimati et al. have demonstrated a system for trapping and pro-
pelling dielectric particles based on the excitation of higher-order modes at the fiber waist
[77].

Similarly, optical trapping and manipulation of particles may occur using microfiber
tips, as in Figure 2.5b. As the propagating beam rapidly diverges, leaving the waveguide,
it creates high gradients on the intensity profile that can be used to trap microscopic parti-
cles at the region of maximum intensity. When compared to usual optical tweezers setups
the use of microfibers decreases the power needed for trapping and allows for small probe
dimensions and sub-micrometric spot sizes [78]. Microparticle and cell 3D-patterning has
been accomplished [79].

These methods provide new ways for biophotonic and biological researches with par-

ticles and cells in a highly organized manner.

2.2.3 Nonlinear Applications

When the waist diameter of the optical fiber is about half the wavelength, the evanescent
field is highly reduced, and the propagating mode is confined inside the fiber’s volume,

leading to high optical intensities (see Chapter 3). This, combined with the dispersion
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characteristics of optical microfibers, makes them very useful for low threshold nonlinear
applications, such as Harmonic and Supercontinuum generation, and Pulse Compression.

Third Harmonic Generation (w — 3w) has been successfully demonstrated in silica
microfibers on the ultraviolet (UV) and infrared (IR) ranges [80-82]. Manipulating the
taper profile allows for the generation of broadband 3w radiation [83]. Resonance archi-
tectures have been proposed as a method for increasing the conversion efficiency [84, 85].
Despite x> = 0 in bulk glass, in the nano-domain there is a contribution of surface dipoles
on the glass/air interface [86]. The field strength at this interface and the microwire vol-
ume allow for the generation of Second Harmonic (w — 2w). This has already been
experimentally detected but not fully optimized since the experiments were focused on
third Harmonic [81, 87].

Low threshold supercontinuum has been successfully generated in optical microfibers
from femtosecond [88, 89] and nanosecond [90] input pulses. On asymmetrical-profile
microfibers, the output spectrum was shown to be dependent on the direction of propa-
gation [91].

Pulse Compression, possible due to the temporal periodicity of high order solitons
[92], has also been obtained. Foster et al. reported sub-n] compression of optical pulses

from 70 fs to 6.8 fs [93].

2.3 Microfiber Limitations

The extraordinary properties of optical microfibers make them extremely useful in a wide
range of applications. However, some major limitations of microfibers still need to be
optimized. In particular, the fact that unprotected microfibers degrade quickly [32], and
that, due to the extremely small size, microfibers are fragile [94]. Embedding and coating
microfibers in materials with low refractive indexes have been studied as a solution to

these concerns [95, 96].
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24 Concluding Remarks

This Chapter examined the extensive literature published in the field of optical microfibers
and nanofibers. This field has had a tremendous growth since Tong’s 2003 paper [1].

There are many ways to fabricate microfibers, however, the most widely adopted tech-
niques resort to the mass conservation of heat-and-pull techniques, either using a flame or
an electric microheater as heat source. There have been reports of nanofibers with waist
diameters down to 20 nm and great uniformities. Some attempts to produce long mi-
crofibers have also been made.

Optical microfibers can be used in a wide range of applications, from optical sensing
of physical quantities (as temperature, refractive index, strain, and others) and biological
markers, to particle manipulation and even low-threshold nonlinear effects.

Some mechanical limitations of optical microfibers still need to be addressed.



Chapter 3

Light Propagation in Optical

Microwires

The theoretical analysis of light propagation in optical microfibers is of the utmost impor-
tance. Both modal propagation and dispersion are size-dependent properties. Thus, by
controlling its geometry, it is possible to tailor a microfiber to specific applications.

The theoretical analysis of the optical properties of microfibers is usually performed
by considering the microfiber as two distinct structures: the microwire—the constant di-
ameter waist— and the transition regions. This Chapter will address the general optical

properties of microwires!.

3.1 Modal Propagation on Optical Microwires

The study of optical microwires arises from neglecting the transition regions of a mi-
crofiber. Considering the high index contrast between the glass and the surrounding en-
vironment (~ 0.5), and the micrometric cross-section, the small index contrast that may
remain from the preform’s core (~ 0.05) may be ignored. It is reasonable to assume a
circular cross-section of radius a (diameter d = 24) and index 77 and an infinite cladding
of index 1;. The step-index profile of the waveguiding system along the radial direction,

r, is (Figure 3.1):

n, 0<r<a
n(ry=14"" (3.1)
Ny, r>a4a

! An extensive analysis of these properties can be seen in Limin Tong and Michael Sumetsky’s book ”Sub-
wavelength and Nanometer Diameter Optical Fibers” [97].

15
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ny
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FIGURE 3.1: Index profile of an optical microwire.

Considering a non-dissipative and source-free wire, it is possible to reduce Maxwell’s

equations to the Helmholtz equations [98]:

(V2 +n?k3 — p?) % =0 52)
(V24+n?k3—p*)H=0
where V2 is the Laplacian, ko = 27/A the wave number, A the light wavelength in vac-
uum, and B is the propagation constant. E and H are the electric and magnetic fields,
respectively.
In cylindrical coordinates, Egs. 3.2 can be analytically solved with eigenvalue equa-

tions for various modes [99]:

—for Hybrid Modes, HE,, and EHy:

(it * i} ity * o) = (o) () 69

—for TEy,, modes:

J1(U)
UJo(U)

Ki(W)
WKo(W)

+ =0 (3.4)

—for T My,, modes:
nth(U) N n3Ki (W)
Ufo(U)  WKo(W)

where [, is the vth-order Bessel function of the first kind, K, is the vth-order modified

=0 (3.5)

Bessel function of the second kind. In Eq. 3.3, the prime symbol (/) denotes the first
derivative of the function.
The parameters U and W are related to the light propagation constant in vacuum (k)

and in the waveguide (B), by:
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FIGURE 3.2: Modal propagation dependence on the diameter (bottom axis) and V-
number (top axis) for silica wire, on air. ( Simulations performed at 800 nm wavelength)

U=ay\/kin? — B2 (3.6)
W = ay/B? —kjn3 (3.7)

The V number, an dimensionless parameter, is defined as:

21
V:7a\/n%—n%:\/U2+W2 (3.8)

Numerically solving these equations, it is possible to obtain the propagation constants
for arbitrary circular wires. Figure 3.2, for example, illustrates the effective refractive
index (n.rf = B/ko) dependence on the wire diameter for an air-clad silica wire at 800nm
wavelengthz. When the V-number is smaller than 2.405, only the fundamental mode HE1;
is guided (solid line). When V' > 2.405, several higher order modes coexist (dashed lines).

As the diameter is related to the V-number and the wavelength by V = £d/n? — n3,
the single-mode condition, V' = 2.405, states that the cutoff diameter is wavelength de-
pendent. Figure 3.3 displays the single mode condition for air-clad and water-clad silica
and tellurite micowires, the shaded areas below the curves corresponding to the single-

mode regions. The smaller the light wavelength, the smaller the cutoff diameters; and

2The simulation considered the refractive index 7; dependence on the wavelength given by the Sellmeyer
equation [100].
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FIGURE 3.3: Single-mode condition for air- and water-clad, silica and tellurite wires

the higher the surrounding refractive index, the larger the cutoff diameters. In fact, ig-

noring the dispersion this is a linear relation (d o« A) with the proportionality constant
V/(m\/n? —n3).

3.1.1 Power Distribution

The power distributions of the fundamental mode can be obtained as in reference [99]
(section 12-7 to 12-10, pages 248-257). It is considered that there only exists energy flow
in the z-direction. Thus, the power is represented by the Poynting vectors along zz, S..
Figure 3.4 shows the power distribution of the fundamental mode for air-clad silica wires
with 400 nm and 1000 nm diameters at 1550 nm wavelength. The confinement is diameter-
dependent: while the 1000 nm wire confines most of the propagating power inside its
physical boundary, on the 400 nm wire there is a large amount of power being guided as
evanescent wave.

From the power distributions, it is possible to compute the fraction of power in the

evanescent field (77gr) from the Poynting components S, by:

[7S.dA
Jo SzdA + [T S.dA

NEF = (3.9)

where fog S.dA and [ aoo S:dA correspond to the power inside and outside the wire, re-

spectively, and dA = r -dr - d¢ is the unit area. This quantity depends mainly on the
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FIGURE 3.4: Power distribution of the fundamental mode for 400 nm and 1 um cylindrical
wires at A = 1500 nm wavelength.
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FIGURE 3.5: Fraction of Power of the fundamental mode propagating on the evanescent
field (7gF) of a silica wire as a function of the normalized wavelength, d/A, for various
surrounding refractive indices n, (Computations performed at 633 nm wavelength).

wavelength A of guided light, the wire diameter d, and the index contrast with the sur-
rounding environment. Figure 3.5 shows the dependence of 17gr on the normalized di-
ameter (d/A) for silica wires in different environments. Lower index contrast results in a
higher amount of power in the evanescent field. As an example, for an air-clad silica wire,
when the diameter is about half the wavelength, approximately 50% of power resides in

the evanescent field.
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FIGURE 3.6: Effective diameter of the light profile of the fundamental mode for air- and
water-clad silica wires. (Computations performed at 633nm wavelength)

3.1.2 Confinement

Another interesting quantity is the beam spot size w, defined as the radial distance from
the wire center at which the normalized intensity has dropped to 1/e?(~ 0.135). The
beam spot size decreases with the wire diameter, reaching a minimum given by the diffrac-
tion limit when d is of the order of 0.5A (or V ~ 2), as shown in Figure 3.6. For even
smaller diameters, the mode becomes less bound, extending way beyond the microwire’s

physical boundary.

3.2 Nonlinearity

In the high confinement region (V ~ 2), the beam spot size is at its minimum and the

intensity is maximized. This maximizes the so called nonlinear quality factor

_27'[ 7in

_ 3.10
Y= An (3.10)

where 7i, is the material nonlinear refractive index and A4 = 7w?/4 the beam effective
area.

Compared to standard telecom single-mode fibers, which have ¢y ~ 1073 W=Im™1,
silica microwires have 7 seventy times larger, and microwires from highly nonlinear ma-

terials, like As;Ses glass, have 7y 62000 times greater [101].
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FIGURE 3.7: Waveguide Dispersion for air-clad silica wires with different diameters.

3.3 Dispersion

In Guided Optics, the Group Velocity Dispersion comes from the material and the waveg-
uide geometry. In the submicrometric regime, the waveguide dispersion D, becomes

dominant, given by [99]:

. _d<v§1)_i c p 1 N\ (3.11)
v dA _d)\ Tl% k(] 1—27]EFA |

The only yet undefined parameters are the group velocity vy, the light speed in vacuum
n2—n3
n

c,and A = § the profile height parameter.

Figure 3.7 shows the dispersion spectra for microwires with several diameters. The di-
ameter influences the dispersion greatly. As the diameter decreases, the zero-dispersion
wavelength shifts to lower wavelengths, and a second zero-dispersion wavelength ap-
pears in the visible/near-infrared ranges, so that two regions of normal dispersion are
separated by an anomalous dispersion region. The extreme thinning of the wire may give

way to spectra with normal dispersion over the whole range.

This level of dispersion control is of great use for nonlinear applications.
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3.4 Summary

Optical microwires exhibit extraordinary optical properties due to having diameters of the
order of the wavelength of guiding light. The analytical expressions for light propagation
in microwires are already well established from the electromagnetic theory, and simple
results can be found with numerical methods.

Modal propagation depends strongly on the diameter of the wire. In fact, decreasing
the diameter leads to the dissipation/cutoff of high-order modes. This will be verified
experimentally in Chapter 7.

Depending on the diameter of the wire, the power distribution of the fundamental
mode can give rise to extremely high or low optical confinement. The former is funda-

mental to nonlinear applications while the latter is ideal for optical sensing.



Chapter 4
Tapering Optical Fibers

The characteristics of light propagation in optical microwires were presented in the pre-
vious chapter. To gain a yet better grasp of the subject at hand, it is necessary to analyze
the microfiber as a whole, considering the transition regions as well. These regions are
responsible for the guidance of light from the untapered fiber to the microwire and, there-
fore, have great influence on the overall response of the optical microfiber. This chapter

will provide some basic concepts on the shape and modal evolution along tapered fibers.

4.1 The Tapering Profile

In 1992, T. A. Birks and Y. W. Li published the article “The Shape of Fiber Tapers” in which
a model for the geometric profile of a microfiber was presented [8]. This simple model
established that the diameter profile of a taper can be predicted based on its fabrication
parameters, namely the pulling velocities and the length of the hot-zone (the heated region
of the fiber).

The model considers that the hot-zone is uniform and of such temperature that the fiber
is only soft enough to be stretched and not otherwise deformed or evaporated. Figure 4.1
shows two diagrams at consecutive times, t and t + Jt, of the tapering process. At time ¢
a cylinder of radius ry, is being uniformly heated by the hot-zone of length L, and pulled
apart symmetrically with velocities v. At time t + 6t the glass stretches to form a thinner
cylinder of radius ry, + dr, and length L + éx. The length of the hot-zone is changed to
L+6L>.

By Conservation of Volume:

3Some notes: Jx is the change of the cylinder length and 4! is the hot-zone change, and dr, < 0 and
ot,ox >0

23
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L+4l

L+ 6x

FIGURE 4.1: Diagram of the infinitesimal tapering process.

mry?L = 71 (ry + 6r4)* (L + 6x) (4.1)

Rearranging the equation:

2
Tw _ (L + 6x)
(rw + 5rw) N L (4.2)

For small variations (61, < 7,), the left term can be approximated to:

2 2
Tw 1 Orw

_— = — ~1-2 4.3

<rw+5rw> <1+5rw/rw> Tw (4.3)

In the limit 6t — 0, the last equations can be grouped into:

dry  Tw
dx ~ 2L (44)

Considering that the hot-zone length may vary in time it is possible write L = L(t).
And since x is an increasing function of time—the fiber is being pulled apart over time—
L is a function of x: L = L(x)

Integrating both variables

= (4.5)

/r dry’ 1 /* dx!
0 Vw’ 2 0 L(x/)

with 7 being initial fiber radius. A general expression relating the radius of the fiber

waist, 1, with the total pulling length, x is, then:

rw(Xx) = 1o exp [—; /Ox Ld(fc’)] (4.6)
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FIGURE 4.2: Comparison between the initial fiber (top) and the resulting taper (bottom).

It is also convenient to have an expression for the radius evolution along the fiber axis

(the taper profile). Relating z to r and L (Figure 4.2):

L(x)4+2zp =x+ Lo 4.7)

Any further development of this model needs an expression for L(x), which can be

arbitrary as long as L > 0.

4.1.1 Constant Hot-zone

The simplest case is that of a constant hot-zone. Considering L(x) = Lo, then zy = x/2
is the pulling length of a single pulling stage. The analytical solution to equation 4.6

becomes:

Fw(x) = roe /2o (4.8)

and the taper profile can be defined by:

70 forz < zp (region 1)
roe"#7#)/ko forzp <z <zp, (region?2)
r(z) = q roe /(L) forzp) <z <zg (region3) 4.9)

ro ez2)/Le  for zor <z <zqo (region4)

[ 70 forz > zg (region 5)
In this model, the shape of a fiber taper is completely defined by the hot-zone and the

pulling length. For example, Figure 4.3 shows the theoretical results for (A) the waist
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FIGURE 4.3: Plotting of the Birks” model for fiber tapering, considering ry = 62, 5ym and
Ly = 1mm.

radius dependence on the pulling length and (B) the taper radii profile for the tapering

of a 125 ym fiber with a constant hot-zone of Ly = 1 mm.

4.2 Modal Evolution on a Tapered Fiber

In the previous section, a simple model for the shape of fiber tapers was analyzed. How-
ever, light propagation in optical microfibers was overlooked. Considering that the tran-
sition regions are smooth enough so that no power coupling occurs between modes (see
Appendix C), the modal evolution in a tapered fiber is straightforward. Figure 4.4 shows
both a schematic and the numerical simulations for the beam spot size of the modal evo-
lution in a taper, indicating several confinement regions.

In a standard telecom single-mode optical fiber, the light is guided on the core-cladding

interface (A). Decreasing the fiber diameter will lead to the light being focused on the core

V.
0.0074 0.074 0.74 7.4

A B c D E

S

w (um)

(A) Diagram 1 10 100 1000
Va

(B) Beam spot size vs cladding (bottom) and core
(top) V numbers

FIGURE 4.4: Modal evolution in a tapered fiber.
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until maximum confinement occurs (B). The mode then expands, becoming guided in the
cladding-air interface (C). Further decreasing the diameter leads to focusing of the light
in the cladding, and the beam spot size reaches its absolute minimum value (D). For
even smaller diameters, the radiation becomes less and less bound, propagating mostly

as evanescent wave (E).

4.3 Summary

This Chapter ends the theoretical exposition of the optical microfibers” properties. The
shape of the microfiber is directly related to the fabrication parameters. A simple model
for the symmetrical pulling of a fiber considering a constant hot-zone has well defined
analytical solutions, and the validity of this model will be experimentally analyzed in
Chapter 6.

A diagram of the modal evolution along the length of a tapered fiber is presented.

Several distinct confinement regions occur, enabling a wide range of applications.






Chapter 5

Taper Fabrication using an Electric

Microheater

This thesis will explore the production and characterization of optical microfibers fabri-
cated by electric microheating. However, at the beginning of this work the tapering rig
was unassembled. Therefore, most of the working time was devoted to the implementa-
tion and optimization of the tapering apparatus.

This Chapter will provide a thorough report on the experimental setup and the taper-
ing process. All main components of the apparatus will be exposed and commented, and
the tapering sequence—the steps to the successful fabrication of the microfibers— will be

detailed.

5.1 Experimental Setup

The assembling and optimization of the tapering apparatus evolved through several ver-
sions until a somewhat final setup was chosen. However, with the unfolding of the work,
it was found that some elements of this apparatus still needed some improvements. To
prevent constant minor changes that could affect the overall analysis of results, the final
version was left unaltered, with its pros and cons examined as they become apparent.
Several possible improvements are discussed in Chapter 9.

This setup relies on a heat-and-pull technique using an electric microheater as a heat
source and two motorized linear stages as pulling elements. The tapering setup is schema-
tized in Figure 5.1 and pictured in Figure 5.2.

In the following sections the setup’s main components will be presented.

29
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FIGURE 5.1: Schematic of the tapering rig.
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FIGURE 5.2: Photograph of the tapering rig.
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5.1.1 The Microheater

t.

X

\
FIGURE 5.3: Schematic of the tapering rig, with FIGURE 5.4: Photograph of
the microheater highlighted. the microheater.

The main component of this rig is the heating source (highlighted in Figure 5.3). In
this project it was used the MHI MicroFiber™ Heater FibHeat 200 electric microheater
(Figure 5.4). This is a compact (33x30x 58 mm case and 2 x30x10 mm slot), high temper-
ature (1900°C maximum element temperature) heating element that can heat an optical
fiber into a softened state, allowing for efficient pulling. Further information on the mi-
croheater’s specifications can be accessed in Table A.1, Appendix A.

The heater unit comes provided with a Type "B” thermocouple located inside the ce-
ramic and close to the heating element. However it will be reading neither the actual
temperature of the heating element nor the temperature on the fiber slot. To lessen read-
ing errors, MHI supplies a calibration chart relating the temperatures presented by the
thermocouple readings with the “actual” temperatures (read using a infrared pyrometer),
which can be seen in Figure A.1, Appendix A. As the actual value of the temperature does
not factor in the tapering technique, this calibration chart was followed roughly without
any apparent disadvantage.

As for communication, the microheater can be controlled using an Eurotherm 2416
Temperature Controller, allowing for the implementation of specific temperature sequences.

This can also be done remotely using the software provided by the manufacturer.
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5.1.2 The Traveling stages

3 \
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FIGURE 5.5: Schematics of the experimental setup, with the pulling stages highlighted.

The positioning and pulling of the fiber was achieved by two precision linear transla-
tion stages LTM 120 from OWIS® (highlighted in Figure 5.5). These stages can produce
linear velocities up to 10mm /s and guarantee position errors of less than 25ym /100mm.
In practice, the range of velocities implemented was 10 — 100um /s and thus easily obtain-
able by the stages; the positioning resolution of 25um was observed experimentally.

The stages were computer operated by two Position Control Units PS 10 in addition
to the proprietary software OWISoft. In certain configurations, it is possible to operate
multiple stages using a single controller. This situation is different, as two separate control
units were used which resulted in a slight lag between the two stages. Considering the
low, constant speeds used, this ended up being an insignificant issue. The movement of

the stages was easily customized with OWISoft’s intuitive programming utilities.
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5.1.3 The Optical Fiber
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FIGURE 5.6: Schematics of the experimental setup, with the fiber highlighted.

To ensure uniformity in the results, all microfiber tapers were fabricated from the same
optical fiber spool: a Corning® SMF-28¢+®. This is a 125 um-cladding step-index optical
fiber, single-mode at A > 1260 nm, widely used in optical communications. A detailed
specification sheet can be seen in Table 5.1, and the location of the optical fiber in the

fabrication setup is highlighted in Figure 5.6.

Index Profile | Step Index
Core Diameter | 8.2 ym
Cladding Diameter | 125 £ 0.7 ym
Coating Diameter | 242 £5 ym
Numerical Aperture | 0.14
Maximum Attenuation | < 0.20 dB/km @1550 nm
Mode-Field Diameter | 10.4 £+ 0.5 ym @1550 nm
Dispersion | < 18.0 ps/nm/km @1550 nm

TABLE 5.1: Technical specifications of the Optical Fiber [102].

5.1.4 Fiber clamps and General Alignment

The alignment of the fiber with respect to the microheater slot is of capital importance.
The main components responsible for alignment are highlighted in Figure 5.7. Some as-
pects need to be considered. First, the fiber support: both ends of the optical fiber are fixed
using magnetic clamps. Due to the height of the microheater related to the optical table,
it was necessary to elevate the fiber clamps, which was accomplished with metallic posts.
However, their cylindrical geometry brought some rotational inaccuracy to the setup. In
fact, as seen in Figure 5.8, even a slight misalignment between the clamps can lead to

catastrophic results, as the fiber bends inside the microheater and can, in the worst-case
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FIGURE 5.7: Schematics of the experimental setup, with the alignment elements high-
lighted.

A) Aligned

B) Misaligned
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FIGURE 5.8: Misalignment between the fiber clamps and its effect on the taper path.

scenario, hit its walls. It was found that this happens mainly for thinner tapers (< 3um
waist diameters), since the clamps are farther apart and the fiber is more flexible. To en-
sure result homogeneity and have some presentable work in the allotted time, this was
something that was only mitigated and left pending as of the writing of this dissertation.
Some possible improvements are presented in Chapter 9.

The alignment aspect of the setup is finished by the implementation of two manual
linear stages on the microheater, on the Y and Z axis. These handle the alignment of the
fiber and the heating slot, and isolate the microheater from the rest of the setup once the
tapering process is completed. To avoid eye exposure to the blinding light emitted by
the microheater when at high temperature, the manual alignment is aided by real-time

monitoring using a CCD.
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5.2 Tapering Sequence

The fabrication of the microfibers is relatively simple, consisting in heating and pulling an
optical fiber. In practice, however, it is somewhat problematic, and there are some partic-
ularities to consider. Thus, this section will list and examine the various steps necessary

for microfiber fabrication, from pre- to post-processing.

5.2.1 Microheater Temperature

The first thing to do, even before preparing the fiber to use, is to turn on the microheater
and heat it to the desired temperature. As reported earlier, this step can be automated
using the microcontroller and the provided software. Figure 5.9 shows the usual heating
profile*.

The temperature is increased ‘manually” at 50 % current (approximately 30A) until the
termocouple reads 300°C (dotted line). This manual step is necessary since the termocou-
ple is inaccurate for low temperatures and, if in automatic mode, the controller sets the
microheater to full power (100% current intensity) which may damage it in the long run.

After reaching the 300°C mark, it is best to change the operation to automatic and
run the desired profile program. In this case, the microheater is heated to 900°C at a

rate of 15°C/min and then to 1010°C at 10°C/min. After reaching 1010°C, the optimal
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FIGURE 5.9: Temporal evolution of the temperature for the tapering process.

4The temperature values presented in Figure 5.9 do not reflect the actual temperature on the fiber slot. A
calibration chart is presented in Appendix A.
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temperature for tapering, obtained by trial and error, the program is put on hold (dashed

line in Figure 5.9), and it is possible to start the fiber tapering.

5.2.2 Fiber Preparation

Before pulling, roughly 120 mm of the fiber’s protective coating is removed with a regular
tiber optic stripper. The uncoated fiber is then thoroughly cleaned with ethanol and fixed,
tensioned, on the fiber clamps. To keep track of possible slipping of the fiber on the

clamps, two dots are made next to the fiber clamps, with a permanent marker.

5.2.3 Fiber Pulling

With the fiber already cleaned and fixed in place, the microheater at the desired tempera-
ture, and the pulling stages initialized, it is possible to fabricate the desired microfibers.

First, the microheater is brought to place. To ensure uniform results, the elevation of
the fiber on the slot is always the same on different tapering attempts. This is accom-
plished with the aid of a marker on the Z-axis stage of the microheater, set by trial and
error, as the fiber should be close enough to the heating element so that the local tempera-
ture is hot enough to soften it, but high enough on the slot so that post-pulling extraction
is uncompromised.

After setting all the elements into place, the fiber is left to rest around one minute
inside the microheater, so that it can reach thermal equilibrium. Starting the pulling any
sooner usually lead to the slipping of the fiber on the clamps, as the fiber did not reach
the softened state.

The fiber pulling was then started. Since this was a first foray into this setup, it made
sense to begin with the simplest pulling case: traveling stages at constant velocity. Thus,
the stages were set to move at the same speed in opposite directions.

When the taper reached the desired length, the program was manually halted. The
microheater was then immediately isolated from the rest of the setup to allow for the

withdrawal of the fabricated fiber taper.

5.2.4 Taper Holder

One of the main obstacles encountered during the development of this work was the
withdrawal of the fabricated taper from the setup. This was because the taper, especially

for smaller waist diameters (20um or less), was extremely fragile to strain. When time
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came to remove the fiber from the magnetic clamps, it often became stuck on the top
rubber of the clamp and exerted such a transverse force that resulted in the breakage of
the microfiber at the waist. Figure 5.10 shows a simplified scheme of this behavior. Notice
that, even when both clamps were opened at the same time (not pictured) the result was

the same: the taper broke.

1) 2)

FIGURE 5.10: Unsuccessful withdrawal of the microfiber.

To solve this problem, something was needed to

hold the taper in place so that the clamps could be s

opened without the above mentioned fault. Moreover,

since the main goal was to remove the fiber from the \

rig, it would be good to have this solution also serve as / <€
a means to transport the microfiber to another location, / .

being it to be stored for later use or to any other kind of

setup, to be characterized.
FIGURE 5.11: The Taper Holder
carrying a microfiber (Refer to

5.11, was designed and 3D printed. This structure is Appendix B for the specifications
sheet)

Thus, a Taper Holder, which can be seen in Figure

sturdy, lightweight, and versatile, since it can be placed
in different setups thanks to its hole arrangements.

In order for it to be able to relocate the fiber, it had to hold it temporarily. This was ac-
complished magnetically, by gluing two neodymium magnets at the bottom of the Taper
Holder and using two other padded magnets to secure the fiber.

Figure 5.12 shows the proceeding to successfully withdraw the fabricated taper from
the pulling apparatus. The Taper holder is fixed in a support that is slowly elevated until
it touches the fiber taper—the points of contact are close to the clamps and so the taper
in itself is undisturbed—. Sponge padded magnets are then used to fix the taper, and the
clamps are safely opened without breaking it. The Taper Holder is then used to relocate

the microfiber.
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1) 2)

3) 4)
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Taper Holder

FIGURE 5.12: Steps for the successful withdrawal of the fiber from the rig.

5.2.5 Storage

The fabricated microfibers were stored vertically, being taped at one end to ledges placed
on the laboratory walls. Being fastened on one end made sure that there was no undesired
tension on the taper, and the ledge was such that the taper region was far from touching

the walls and degrading in the process.

5.3 Summary

This Chapter detailed all things related to the fabrication of optical microfibers, from the
setup’s main physical components to the tapering process’ steps.

The tapering rig relies on the Modified Flame Brushing Technique using an electric micro-
heater and two motorized pulling stages. These two main components can be controlled
externally using software provided by the manufacturers.

It was found that the alignment of the whole apparatus is the limiting factor for the
fabrication of the microfibers, in such a way that microfibers with waist diameters lower
than 3um were hard to fabricate and reproduce.

Due to the frailty of the microfibers, a structure was developed in order to aid the

removal of the fiber from the rig and consecutive relocation.



Chapter 6

Microfiber Shape

The previous Chapter provided a detailed analysis of the microfiber fabrication process
using an electric microheater. The characterization of the resulting structures, which may
allow for the optimization of the fabrication process and tailoring of the microfibers for
applications, is the natural next step.

An untapered optical fiber is already hard to discern with the naked eye, being 125
um thick, and transparent. So, it is easy to understand that the task of characterizing mi-
crofibers is delicate and complex. In this Chapter the methods and results of the profiling
of optical microfibers will be discussed, and compared to the model presented in Chapter

4.

6.1 The Fabricated Microfibers: An Overview

Tapers with waist diameters as low as 1.5 um were fabricated during this work. Due
to their optical properties, microfibers with waists smaller than 20 yum were particularly
interesting. Unfortunately, small misalignments on the tapering process made microfibers
with waists thinner than 5 ym hard to reproduce, since most of the time they hit the
walls of the microheater and broke. Regardless, a sufficient number of microfibers were
fabricated in order to take some conclusions.

Macroscopically, the fabricated microfibers, and especially when thinner than 20 ym,
are extremely hard to discern with the naked eye, their visibility depending greatly on
the lighting conditions. From end to end, the microfibers are long and present smooth
transition regions. Mechanically, they are quite flexible, being relatively easy to bend

and even make loops. However, the manipulation of the microfibers is a delicate subject.

39
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(A)d =~ 47,2um (B) d = 20, 5um

1,804 ym

(©)d ~2,6um ) (D)d~1,8um

(E) Ad =~ 112um and a d =~ 7um taper side
by side

FIGURE 6.1: Optical Microscope images of some microfibers

It was found that holding the microfibers at one end was, apart from the taper holder
discussed in Chapter 5, the best way to ensure their preservation.

The first analysis of the microfibers was performed with the Leica DM500 optical mi-
croscope and related image capturing and processing elements (Leica ICC50W & Leica
LAS). The microfibers were taped to glass slides (26 x 76 x 1 mm) before being processed
under the microscope. Figure 6.1 shows several images of the waists of some microfibers.
This tapering method can result in very thin microfibers. It was also verified that the
transition regions are very smooth, the waist is uniform, and the taper has little surface

roughness’.

Sfurther analysis of the roughness would have to be performed by Scanning Electron Microscopy (SEM).
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6.2 Taper Geometry

The geometry of a microfiber is strongly connected to its optical properties and has signifi-
cant implications on the kinds of applications it can be used in. In the following sections, a

detailed analysis of the geometric features of the fabricated microfibers will be performed.

6.2.1 Waist Diameter

The profile of a microfiber can be predicted by the fabrication parameters. As seen in
Chapter 4, Birks” model associates the microfiber shape with the length of the hot-zone
and the pulling length of the stages [8]. So, it is logical to relate the taper’s waist diameter
with a pulling length.

In literature, it is common to refer to the total pulling length, the difference between
the final and initial separations of the pulling stages. However, in this fabrication pro-
cess, the control is handled individually and only the pulling length of the individual
stages—the single-stage travel— is provided by the controlling software. As the stages
move symmetrically, the single-stage travel is half the total pulling length.

Several microfibers were fabricated for single-stage travels in 2,5 mm increments,
roughly. They were then taped to glass slides and processed under the microscope with
the waist location determined visually. Figure 6.2 relates the waist diameter with the

single-stage travel.
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FIGURE 6.2: Waist diameter as a function of the single-stage travel.
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The experimental data (markings) seems to exhibit a decreasing exponential behavior.

Adapting equation 4.8, it was expected:
dwuist(x) = dOE_X/L0 (6.1)

where d is the original fiber diameter, L is the hot-zone length, and x is the single-stage
travel.

Fitting the data to this expression, considering dy = 125 ym, it comes:

By (x) = 1250 (mm)/(66202) (mm) (1) .
r? =0.992

The waist diameter evolution follows the theoretical behavior given from Birks” model.
To give a physical meaning to the fitting value, Ly = 6,6 & 0.2 mm should correspond to
the hot-zone length. Considering that the fiber slot on the microheater is 30 mm long, this

value seems acceptable, although somewhat small.
This relationship became extremely useful for the rest of this work since it served as
a guide for the fabrication of specific tapers. Some important diameter values and their

corresponding single stage travels are shown in Table 6.1. This, however, is not foolproof

as, when the fiber slips on the clamps, these projections can be inaccurate.

Diameter (um) | Single Stage Travel (mm)
50 6.03
25 10.57
10 16.61
5 21.17
25 25.73
1 31.75

TABLE 6.1: Some diameter values and corresponding single stage travels.

6.2.2 Taper Profile

Another crucial geometric property to analyze is the taper profile, i.e. the diameter evo-
lution along the taper length. Given that these are long microfibers (=40 mm from end
to end on a 5 ym microfiber, for example), it would be impractical to profile it using the
optical microscope, as it would be necessary to keep continually refocusing and analyzing
the image. Additionally, placing the microfibers on glass slides degrades them.

Some simple, contactless method was needed. A quick literature search provided

some alternatives, adopting: CCD imaging [103], Whispering Gallery Modes [104], and
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Light Diffraction [105]. Due to its simple nature and ease of implementation and analysis,

a diffraction apparatus was assembled.

6.2.2.1 Diffraction Setup

Camera

FIGURE 6.3: Diagram of the diffraction setup for diameter measuring. (Top View)

The assembled diffraction apparatus for taper profile measurements is relatively sim-
ple (Figure 6.3). Its underlying principle is that the beam of a HeNe laser (A = 633 nm),
when directed at the microfiber is scattered and forms an intensity pattern on the target

(the wall of the laboratory).

6.2.2.2 Diffraction Pattern

The interference pattern consists in alternating bright and dark regions. Figure 6.4 shows
an example of the diffraction pattern on the target, at a distance L from the fiber. The

graded ruler above the pattern serves as scale bar for posterior analysis.

FIGURE 6.4: Photograph of a diffraction pattern.

Despite being a rather simple pattern, some observations are in order:
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The center’s light intensity comes from the direct ray and could have been reduced

if some absorbent element, like the hole in reference [105], had been added.

The diffraction pattern spreads for thinner diameters and contracts for higher di-
ameters. In consequence, for untapered fibers, the intensity peaks were too close
together, and for thinner waists, they were so spread out that sometimes a satisfac-
tory photograph of the pattern was challenging to obtain. In that case, a second
target, closer to the microfiber, had to be placed. The ideal case would be that of a

movable target.

The line above the pattern is caused by the glass fiber acting as a cylindrical lens,
and its location depends on the inclination of the microfiber. In some instances, this

line interfered with the diffraction pattern, spoiling the results.

The efficiency of the diffraction experiment could have been improved if the beam

diameter had been decreased using a set of lenses.

6.2.2.3 Pattern Analysis

The intensity profile of the diffraction pattern was quantified using an image processing

computer program (FiJi, a distribution of Image]). A linear path along the diffraction pat-

tern was selected, and the program automatically calculated each pixel’s intensity on a

grayscale value. The resulting plot is shown in Figure 6.5.

Gray Value

T 12

150

T
le—>|
o

/
100 M M
/A vl
JL ,'N"Aﬁl IJ I' ll I| | l‘- ’J K
w0 r,ll -‘I‘lu III | !| IJ I-dll lll\ II'I "I r!“l‘. L
b, VAV o
4 3 2 4 8 11 3 2 FIGURE 6.6: Geomet-

Distance (cm . .
fem) rical analysis of the

FIGURE 6.5: Intensity plot of the diffraction pattern. diffraction pattern.
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The numerical analysis of the intensity plot was performed as in reference [105]. The

diameter, d, of the illuminated spot of the microfiber can be given by:

B 4)
2§01 min T @2 min

(6.3)

where A is the wavelength of the laser beam, and ¢1min and @, min are the angles of the

first and second minima of the diffraction pattern (refer to Figure 6.6 for a visual clue):

l
$12min = arctan 1le (6.4)

The intensity profile was smoothed and the positions of its minima were calculated.

The diameter is given by Equation 6.3. in the shown pattern, d ~ 17.5 ym.

6.2.2.4 Taper Profile: Results

Repeating the previously mentioned analysis for diffraction patterns taken along the mi-
crofiber length, it is possible to measure its profile. Figure 6.7 shows an example. The
dots represent the experimental data: the calculated diameter values; the solid curve is an
interpolation of these values; and the dotted curve corresponds to the theoretical profile
given by equation 4.9, considering Ly = 6.6 mm and pulling halted at 9.93 mm single-

stage travel.
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FIGURE 6.7: Example of a taper profile and its deviation from the theoretical profile.
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The interpretation of Figure 6.7 can be divided in the following topics:

Taper Profile The tapered section is around 30 mm long with smooth transition regions
and the microfiber is symmetric, as expected given that the stages travel at the same speed

in opposite directions.

Waist Diameter The waist diameter calculated by diffraction is coherent with the theo-
retical value. According to the fitting equation 6.2, ending the tapering at 9.93 mm would
result in a microfiber with a dy,o, = 27.6 ym waist diameter. The minimum diameter
calculated by diffraction was dg;rf = 26.8 ym, meaning a 2.9% error. These values are also

in agreement with the processed diameter with the optical microscope: d,icros = 27.9 pym.

Theoretical Profile The deviation of the experimental profile from the theoretical model
is not surprising. The differences come from the fact that the model considers the idyllic
case of a constant-temperature, abrupt-walled hot-zone, and neglects variables such as
stage velocity and fiber viscosity. While it may give good results for a small hot-zone, for
a longer heat source it needs some adjustments. A detailed model for the shape of fiber

tapers, considering fluid mechanics can be found in reference [103].

Other Considerations There seems to be an inconsistency between section 6.2.1 and this
one, concerning the validity of the theoretical model. Previously, the theoretical model
was found to fit the obtained results for the relation between the waist diameter and the
pulling length. However, Figure 6.7 shows the disparity between the microfibers and the
model. Nonetheless, equation 6.2 still rules the waist diameter evolution. It is simply that
the fitting parameter Ly = 6.6 mm can no longer be attributed to the physical meaning of
corresponding to the hot-zone length. Indeed, this could have been already predicted, as

Lo is smaller than the microheater length.

The measured diameter profiles of several other microfibers are shown in Figure 6.8.
The dots represent the experimental data, and the solid lines are fits.

The same analysis applies. In fact, each thinner microfiber seems like the result of the
continuation of the tapering process for the previous tapers. This means that the tapering

setup is performing as expected. In the thinnest microfiber (in red, #4) there seems to



6. MICROFIBER SHAPE 47

120 ~

100 +

80 A

60

Diameter (um)

40 A

20 A

-10 0 10 20 30
Position (mm)

-30 -20

FIGURE 6.8: Profiling of several tapers: d,, ~ 50, 25,10, 1.5 ym.

exist some discontinuity, which may be the result of the fiber hitting the walls of the
microheater during pulling and/or removing the microfiber from the microheater.

A summary of the expected (de;) and measured, by diffraction (dg¢f) and micro-
scope (dyyicros), Waist diameters can be seen in Table 6.2. The results show good agreement
with the theoretical predictions. It is also noticeable that the diffraction method yields val-

ues identical to the microscope, with the added advantage of being a contactless method.

Taper | Travel (mm) | dieor (#m) | dairr (Bm) | dinicros (Hm)
#1 6.52 46.24 4717 4717
#2 9.93 27.6 26.8 27.9
#3 16.62 991 9.08 10.46
#4 27.00 2.06 1.26 1.52

TABLE 6.2: Waist diameter analysis for the tapers represented in Figure 6.8.
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6.3 Summary

In this chapter, the geometric properties of the microfibers were analyzed.

The relationship between the waist diameter and the pulling length was found to fol-
low Birks” model for fiber tapering with a hot-zone length of 6.6 mm [8]. Considering that
the microheater slot has 30 mm, this value is acceptable. However, it was later concluded
that Lo lack physical meaning.

A diffraction experiment for the profiling of the microfibers was set up. The mea-
sured diameters were in agreement with the measurements in the optical microscope,
with the advantage of being obtained through a contactless method. However, the the-
oretical model for the diameter profile was found to be lacking, as the hot-zone of the
microheater is too long. An updated model would have to take into consideration fluid

dynamics.



Chapter 7

Light transmission and the

Monitoring of the Tapering Process

In Chapters 5 and 6, the fabrication technique and geometric profile of the microfibers
were discussed. However, the optical characterization is yet to be performed. This chap-
ter’s aim is to provide an analysis of light transmission in the microfibers.

When devising the optical analysis of the microfibers, one option was to simply char-
acterize the microfibers separately on a different setup. In that case, however, only in-
formation about the final result—the fabricated microfibers—would be available. Seeing
that one of the main goals of this work is the optimization of the tapering process, it made
sense to monitor the light transmission during the fabrication. That way it would be eas-
ier to supervise the process in real-time and compare the fabricated microfibers with the
original fibers. Thus, the experimental setup presented in Chapter 5 was updated with

the addition of a light source and a detector, as in Figure 7.1.
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FIGURE 7.1: Tapering setup, updated for the monitoring of the optical transmission.
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7.1 Infrared Light

Fiber optic communications is primarily performed in wavelength ranges where optical
fibers enjoy low transmission losses, mainly in the near-infrared range. Therefore, to en-
able the integration in standard fiber optic devices, it is customary to optimize new optical
components for this wavelength range, where, generaly, the fiber is single-mode. For this
purpose, an C-band light source was used (Photonetics FIBERWHITE Broadband Erbium-
Doped Fiber Source). The light detection was carried by the Advantest Q8384 Optical Spec-
trum Analyzer. The output optical spectrum of a fiber, before pulling, is represented in
Figure 7.2.

The fabrication of the microfibers proceeded entirely as described in Chapter 5, with
successive optical spectra being recorded and analyzed. For example, Figure 7.3 shows
the evolution of the optical transmission T, i.e., the optical power normalized to the start-
ing value, at a single wavelength A = 1550 nm, for symmetric pulling at 0.030 mm/s each
stage. The transmission evolution exhibits an oscillatory behavior, attributed to interfer-
ence with modes of the tapered fiber excited during pulling, after which it is approxi-
mately constant, with a slight decay as the microfiber decreases in diameter.

The oscillatory behavior is without impact on the transmission of the final microfiber.
However, considering the goal of adiabatic microfibers (see Appendix C), no higher-order
modes should have been excited. To analyze how this behavior depended on the fabri-

cation parameters, several microfibers where produced at different pulling speeds: 0.010,

v=0.03 mm/s
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FIGURE 7.2: Optical Spectrum of the FIGURE 7.3: Transmission monitor-
C-band optical source, before pulling. ing at 1550 nm, during pulling, for a

pulling speed of 0.030 mm/s.
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0.020, 0.030, 0.050 and 0.075 mm/s; and for the same pulling length. The respective trans-
mission evolutions are plotted in Figure 7.4°.

The slower the tapering, the better the result. The oscillatory behavior significantly
reduces for slower pulling speeds and transmission at the end is higher for these cases.
Table 7.1 summarizes the results, T},;,, being the minimum value of transmission and T,

the transmission of the finalized microfiber.

Speed (mm/s) | Tinimum | Tend
0.010 0.984 | 0.992
0.020 0.741 | 0.995
0.030 0.105 | 0.933
0.050 0.027 | 0.906
0.070 0.046 | 0.862

TABLE 7.1: Transmission dependence on pulling speed, at A=1550 nm.

It can be concluded that slower pulls result in better microfibers: as there is fewer
interference with excited cladding modes (the tapers are ‘'more adiabatic” for slower pulls),
and the optical transmission at the end of the pull is higher.

The model presented in Section 4.1 for the shape of the microfibers concludes that the
taper geometry is unrelated to the pulling speeds. Following that logic, the optical trans-
mission should also be independent of the pulling speed. However, as already discussed
in Chapter 6, this model is inadequate for the microfibers fabricated in this work. It is
possible that for higher pulling speeds, the core to cladding ratio may be irregular, which
could explain the resulting oscillations.

To finalize this analysis, the practicality of the speeds still needs to be addressed. In
truth, with the current tapering setup, pulling speeds of 0.010 mm/s, are impractical, as
it is extremely difficult to remove thinner microfibers (d < 10 mm) from the microheater
without them hitting the walls and breaking in the process. Since, for 0.020 mm/s this
issue ceases to exist, and the overall transmission at the end of pulling is roughly the
same, v = 0.020 mm/s became a wiser choice. All microfibers presented in this document

were, unless stated otherwise, fabricated with pulling speeds of 0.020 mm/s.

®Note that the sampling frequency is the same on all attempts, thus the number of data points is lower
for higher velocities.
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7.2 White Light

It is also usual to have optical components working at lower wavelength ranges, namely
488-515 nm, 633 nm, 1064 nm, from Argon, Helium-Neon, and Nd:YAG lasers, respec-
tively; at which the optical fiber is multimode. It is possible to encompass all these ranges
utilizing a white-light source. To analyze the optical transmission of the microfibers in
the visible spectrum, the Ocean Optics HL-2000 Halogen Lightsource was used, in coop-
eration with the Ocean Optics USB-4000 modular spectrometer. The optical spectra of the
light source, before and after a 30 mm single-stage travel pulling, can be accessed in Fig-
ure 7.5. This source emits significant power in the 500-1000 nm wavelength range. After
pulling, the optical spectrum is severely modified, decreasing drastically in intensity, and
showing beat-like oscillations.

The spectra were recorded during pulling. Figure 7.6 plots the evolution of the trans-
mission for several wavelengths7, which show the same overall evolution. After elon-
gation of about 3mm the intensity starts to strongly oscillate. This is attributed to mode
interference. As the taper gets thinner and higher modes stop being guided, this oscil-
latory behavior decreases in amplitude but increases in frequency, until the transmission
reaches a constant state. For even thinner diameters (single stage travel >20 mm), there
are occasional drops in intensity. This is attributed to modal cutoff (refer back to Figure

3.2), and can be used to monitor the diameter of a taper [106, 107].
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30000 - 30000 A

Intensity (arb.
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20000 - 20000

10000 4 10000 W
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Wavelength (nm) Wavelength (nm)

(A) Before (B) After

FIGURE 7.5: Typical optical spectrum of the halogen light source, before and after pulling.

"The data refers to the fabrication of a single microfiber, as the entire wavelength range is recorded
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FIGURE 7.6: Transmission monitoring of the white light, during pulling, for selected

wavelengths.
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7.2.1 Diameter Monitoring due to Modal Cutoff

In this section, an analysis of the intensity drops in the profiles of Figure 7.6 will be per-
formed, in order to monitor and accurately measure the diameter of a microfiber.
Starting with one of those plots, for example at 600 nm wavelength, Figure 7.7 exhibits
three discernible drops (circled). In order to determine when they occurred, the profile
was smoothed (Figure 7.8, top) and its derivative was calculated and smoothed (Figure
7.8, bottom)). The intensity drops correspond to the minima of the derivative (dashed

lines). In this case, the drops occurred at 24.89 mm, 26.40 mm and 29.23 mm single stage

travel.
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FIGURE 7.8: Profile (top) and its

FIGURE 7.7: Transmission, during derivative (bottom), with the calcu-
pulling, at A = 600 nm. Visible drops lated drop positions as dashed vertical
circled lines

Repeating the analysis to the entire range of the light source—from 500nm to 1000 nm
in 20 nm increments—it is possible to relate the wavelength and the location of the drops,
as in Figure 7.9.

There seems to be an order to these drops, as they can be easily grouped and their
general behavior is the same: a given drop occurs later for smaller wavelengths, resem-
bling a slowly varying exponential decay. This reinforces the idea that this is the result
of mode cutoff and not some other exotic property, since for smaller wavelengths a mode
is more confined, so its cutoff occurs at a thinner diameter / longer pull. Another thing
to notice is that no drop extends to the entire wavelength range, each having a start and
end wavelength. The reasoning behind this is that either the mode that suffers cutoff is
left unexcited at the wavelength or simply that the intensity drop is so small that it passes

unnoticed.
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FIGURE 7.9: Wavelength vs Pulling Length relationship for the detected intensity drops

The plots of Figure 7.9 can be converted in a way that relates the drops directly to the
waist diameter of the microfibers, by recalling the relation between pulling length and

waist diameter discussed in Section 6.2.1. This allows to get to the plots of Figure 7.10.
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FIGURE 7.10: Diameter vs Wavelength relationship for the detected intensity drops, and
corresponding linear fits.

The expected diameters for when the drops occur are linearly related to the wave-

length. As presented in the theoretical analysis of Section 3.1, it was defined:

T
V= Xd\/n% —n3 (7.1)
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fitd=ar+0
Drop # | a (nm/nm) b (nm) r? A range (nm) Veale.
1 5.77+0.04 | —504+20 | 0.9998 660-740 18.72
2 5.094 +0.006 | —223 +£4 | 0.99998 500-740 16.53
3 3.9244+0.009 | —95+5 | 0.99996 500-640 12.73
4 2.73£0.01 —76 £1 | 0.9998 760-1000 8.86
5 2.58 £0.01 —80£9 | 0.9996 560-1000 8.37
6 1.591 £0.003 | —9+3 | 0.99994 620-920 5.16
7 1.5474+0.004 | —24+4 | 0.99990 640-940 5.02

TABLE 7.2: Fitting parameters for the intensity drops (Figure 7.10).

Knowing that the cutoffs occur at specific V numbers and ignoring wavelength depen-
dent refractive indices, it comes that d « A, the proportionality constant being V / (711/n% — n3).
To check how the curves in Figure 7.10 follow this behavior, they were fitted to the expres-

sion of Equation 7.2.

d=al+b (7.2)

The fitting parameters are shown in Table 7.2.The drop diameter-response in the wave-
length is clearly linear, with all r2 > 0.9996. The last column shows the cutoff V numbers
calculated from V., = ar, /n% — n%, with a the fitted parameter, n; = 1.4377 and ny = 1.
The V numbers are high, meaning that the drops represent the dissipation of high-order
modes. With the last value being 5.02, it suggests that the single-mode region, given by
V < 2.405, is being approached.

To validate this analysis, three tapers were fabricated, with their optical spectra recorded
during pulling. Given the single stage travel (55T), the expected diameter through equa-
tion 6.2 was calculated, d;. Then, the recorded spectra were analyzed to check where, at
the time of stopping the pulling, occurred an intensity drop. Using the fitted expression
above, d, was calculated. Finally, the tapers were processed under the optical microscope
in order to measure their waist diameters, d,,;;osc. Table 7.3 summarizes the results.

Diameter measuring through modal dissipation is more accurate than by the pulling
length. However, while tapers #2 and #3 show errors of less than 2.5%, taper #1 shows
a greater error of 24%. This is believed to be a result of the dissipation of a mode yet
unrepresented. It seems that a higher-order mode was excited during the fabrication of
that specific taper and its dissipation resulted in the intensity drop, thus falling outside

any of the previous equations.
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Pulling Length Mode Cutoff Microscope
taper | SST (mm) | d(q) (um) drop d) (Hm) | dicrosc (Hm)
#1 22.67 3.98 18" @630nm 2.98 3.93
#2 2451 3.00 18t @524nm 2.44 2.50
#3 26.90 2.09 2" @680nm 1.67 1.68
Error
taper di < dmicrosc d2 < dmicrosc
#1 1.2% 24%
#2 20% 2.4%
#3 24% 0.6%

TABLE 7.3: Validation of the fitting expressions for the measurement of waist diameter
by modal dissipation.

7.2.1.1 White Light: Final Regards

It is possible to measure the diameter of the microfiber considering the intensity drops
due to modal dissipation.

A further step, neglected for the time being, is the fabrication of tapers with specific
waist diameters. This could be done by setting the desired diameter before pulling and
using the expressions above to relate that with an intensity drop. By monitoring the trans-
mission in real time, and at the right wavelength, it could be possible to stop the pulling
precisely when the drop occurs. This is yet to be tried as there is still a degree of user
interference (the stopping of the pull should be decided by the user, immediately after
the right drop occurs) that could lead to error, since some drops are easier to discern than
others.

To finalize this discussion, there is still something to say about one specific step of
this analysis. In order to go from pulling length to diameter—from Figure 7.9 to Figure
7.10—, the relation discussed in Section 6.2.1 was used. The question is: is it valid to
do that? What if the exponential relationship between the pulling length and the diam-
eter, as fitted, is inadequate for thinner diameters: then, the conclusions of this section
should surely suffer from those errors. Or even, what if, during the tapering of the fiber
whose spectra has been analyzed, the fiber had slipped in the clamps: in that case the
relation between pulling length and diameter should be somehow different—translated,
for instance—. The rebut of the first example is present in Table 7.2: since the values of r?
for the linear regression are so high it seems that the exponential decay does, in fact, hold
for thinner diameters; otherwise, surely, the agreement with the theory (d « A) would be

weaker. As for the second argument: yes, slipping of the fiber could have heavily affected
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the results, but the low errors shown on Table 7.3 suggest otherwise; or at least that the
introduced errors are minor.
Being this a first foray into this delicate area, and given the short time available to

explore further methods and techniques, this analysis presents a good first step.

7.3 Summary

Light transmission monitoring during the fabrication of the microfibers provided a real-
time check on the tapering process and allowed for its optimization and for the experi-
mental observation of some properties of light propagation in microwires, as discussed in
Chapter 3.

In the infrared C-band around 1550 nm, at which the untapered fiber is single-mode,
the fabricated microfibers showed low loss (~ 0.14% on the worst case for an expected
1.3 ym waist diameter microfiber), but the transmission evolution was found to depend
on the pulling speed. Analyzing pulling speeds of 0.01, 0.020, 0.030, 0.050 and 0.075 mm/s
it was found that both the oscillatory behavior due to interference with cladding modes
and the final transmission clearly decreased for slower pulls. However, as it would be
impractical to keep making tapers at 0.01lmm/s, all the tapers presented during this work
were fabricated with pulling speeds of 0.02 mm/s.

As for white light monitoring: at this wavelength range the untapered fiber is multi-
mode. Therefore, the transmission evolution was heavily affected by modal interference.
As the taper diameter decreases, the transmission profile shows occasional intensity drops
due to modal cutoff. A method to monitor the microfibers diameter using this particular-

ity was developed. However, some further work still needs to be done in this regard.






Chapter 8

Microfiber Response to External

Physical Parameters

Optical microfibers can be integrated into devices for a wide range of applications. In
particular, due to their properties, such as large evanescent fields, ultra-fast response time,
biological compatibility, and small footprint, optical microfibers have been developed into
a myriad of sensors for physical, chemical and biological phenomena.

Optical sensing in microfibers is a result of the large evanescent fields. Since opti-
cal microfibers can have a large fraction of power outside their physical boundaries, any
change to the surrounding environment is echoed in the transmission properties of the
light. These changes may occur due to variations in temperature, refractive index, or due
to the presence of some chemical or biological species. Several microfiber-based sensor
architectures have been reported (see Chapter 2). These include Mach-Zehnder interfer-
ometers [67], microfibers with Bragg Grattings [108], and microfiber couplers [57]. Res-
onant structures such as loops and coils have also been used [109]. In order to increase
the overall sensitivity, microfiber-based sensors are often functionalized: coated with spe-
cific compounds with a greater response to the desired physical effect and/or chemical
substance [48, 62].

In this Chapter, the simplest microfiber device—the uncoated, as-pulled microfiber—
will be explored. Therefore, in the following pages, the behavior of optical microfibers
when subject to temperature, refractive index, and strain variation will be reported. This
will serve both as characterization of the fabricated optical microfibers and to showcase

simple possible sensing applications.

61
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8.1 Microfiber Response to Temperature Variation

Fiber optics temperature sensors have been employed in a wide range of applications, in
the fields of medicine, environmental health and safety, and cryogenics, among others.
Owing to their light-weight, small size, flexibility, durability under harsh conditions and
immunity to electromagnetic interference, optical fiber temperature sensors can provide
both low- and high-temperature sensing, with high sensitivity, and fast response.

A wide variety of microfiber-based temperature sensors have been proposed [110],
both in non-resonant—with couplers [42], gratings [111] and interferometers [112]—and
resonant—like knots [113]—configurations. However, no uncoated, as-drawn microfiber
sensor has been accomplished. Due to the low thermo-optic effect on undoped silica glass,

straight microfibers are passive structures and need to be coated for temperature sensing.

8.1.1 Theoretical Background

When an optical material is subject to a temperature change, two separate phenomena
can occur. These are thermal expansion and the thermo-optic effect.

Thermal expansion corresponds to the change of the volume of a material in response
to the temperature. This occurs because,with the heat, the molecules increase their ki-
netic energy, vibrate more and create a greater average separation with their neighboring
molecules, expanding. This effect is described by the coefficient of thermal expansion, ay .
In an optical fiber it is usual to consider the linear coefficient of thermal expansion, ap,

that is the fractional change in length per degree of temperature change:

1dL

= o (8.1)

X

In fused silica optical fibers, a typical value for thermal expansion is ay ~ 5.5 x 1077(/K).
The thermo-optic effect is related to the refractive index variation with temperature

and can be mathematically equated as:
n =np (1+0€1T+0€2T2+IX3T3+"') (82)

where 1 is the refractive index at 0 °C and &1, a, and a3 are the first-, second- and third-
order thermo-optic coefficients. For a standard single-mode fiber, the thermo-optic coeffi-
cient increases approximately linearly with the temperature: n = ng (1 +5.327 x 107°T),

in the temperature range [20—400] °C, for A ~ 1.55 uym [114].
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Considering that in an optical microfiber part of the propagating light travels in the
evanescent field, its transmission spectrum is also affected by the change of the surround-
ing environment’s refractive index due to the temperature change (the thermo-optic effect
for the surrounding environment). For air, this effect changes the refractive index in the
107> order [115]. The wavelength-dependent thermo-optic effect in water can be seen in
Appendix E.

In a microfiber, all these temperature-based effects affect the optical path of the propa-
gating light. On a multimode wavelength region, changes to the optical path reflect them-
selves as changes to the phase difference between interfering modes, which may result in

wavelength shift of the interference pattern.

8.1.2 Air-clad Microfibers

SpECtromEter
Lamp — T —

FIGURE 8.1: Experimental setup for temperature measurements in air.

Temperature Probe

The experimental setup for the analysis of the microfibers” transmission response to
temperature is depicted in Figure 8.1. The resistive element (an aluminum housed, 50
W, 10 Q) resistor), powered by a voltage source (up to 15 V), dissipates energy through
Joule effect and heats the optical microfiber, that is located about 2mm away. On the
opposite side of the resistor, at the same distance, a thermometer is placed to record the
local temperature. The setup is complemented with the optical components: the Ocean
Optics Halogen Light-source HL-2000 (A from 400 nm to 100 nm) and the Ocean Optics
USB-4000 modular spectrometer.

The resistor is powered until the thermometer reads a temperature of about 60 °C, at
which point the voltage source is turned off. The optical spectra of the microfiber and the
temperature are automatically recorded during cooling.

The experiment was performed on two microfibers, with waist diameters of, approx-
imately, 10 ym and 6 ym. The evolution of the optical transmission due to temperature

variations is represented in Figure 8.2. The data is zoomed-in in the wavelength range
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around 633 nm and shows the transmission peaks normalized to the spectrum’s baseline
(refer back to Figure 7.5 to see an example of the entire spectrum). The main effect of tem-
perature on the optical spectrum is shown by a small blue-shift. Despite the transmission
peaks shifting to lower wavelengths, their maximum power remained roughly the same
on the entire temperature range, meaning no additional loss occurred due to temperature.

Plots, and respective linear fits, for some transmission peaks from Figure 8.2 are shown
in Figure 8.3. The fitting constants can be seen in Table 8.1. In fact, the peak shift evolution
is roughly linear with temperature, although the 7> values could possibly be improved if
the spectrometer had a greater resolution. As for the sensibility, it is of the order of 100
pm/°C, averaging -125 pm/°C for the 10 ym microfiber, and -98.2 pm/°C in the 5 ym
one. The fact that temperature sensitivity is higher for the 10 ym microfiber indicates
that the prominent phenomena are the internal ones, meaning that the thermal expan-
sion and thermo-optic effect on the microfiber. As expected, air temperature variation,
in the analyzed range, has small effect on the transmission of the air-clad uncoated opti-
cal microfibers. For reference, functionalized microfiber temperature sensors have been
reported with much higher sensitivities. Xue ef al. demonstrated an isopropanol-sealed
optical microfiber taper in a capillary with a sensitivity of 3.88 nm/°C over the 20-50 °C
range [116]. An Al,O3 nanofilm coated microfiber interferometer with 2.44 nm/°C sensi-

tivity over a greater range, 20-120 °C, has been reported [117].
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fit y=ax+0b
Fiber | Peak | a (pm/°C) b (nm) r?
#1 —125+2 623.84+0.1 | 0.89
10um | #2 —1234+2 | 632.61 +0.08 | 0.92
#3 —127£3 641.2+0.1 | 0.88
#1 —96.6 £0.7 | 671.12+£0.02 | 0.99
6um #2 —98+1 673.65+0.04 | 0.97
#3 —100£1 | 676.414+0.03 | 0.98

TABLE 8.1: Temperature dependent peak shifts, in air: fitting parameters.
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8.1.3 Water-clad Microfibers
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FIGURE 8.4: Experimental setup for temperature measurements in water.

In order to investigate the temperature dependence on the transmission spectrum of
water-clad microfibers, a different experiment was developed (Figure 8.4). A metallic
basin was filled with water and placed on top of an electric heater. When the water
reached its boiling point, the heater was turned off, and the recipient was left to cool
unaided. After waiting for the water turbulence to reduce, at about 80 °C, the microfiber
was inserted and its optical spectrum was recorded over time until the water cooled down
to room temperature. As usual, the optical components are the Ocean Optics Halogen
Light-source HL-2000 (A from 400 nm to 100 nm) and the Ocean Optics USB-4000 modu-
lar spectrometer. This time, a digital thermometer was used. Therefore, the temperature
was recorded manually and at irregular intervals. In order to attribute a temperature to
the spectral data, over time, an interpolation was made. It was observed that the water
temperature during the cooling cycle followed an exponential decay.

The experiment was performed on microfibers with waist diameters of, approximately,
10 ym and 5 ym in a bent configuration, as in Figure 8.4 (bending measurements can be
seen in Appendix D). The evolution of the optical transmission with temperature is rep-
resented in Figure 8.5. In opposition to the behavior on an air-clad microfiber, the spectral
shift was undetected, meaning that the thermal expansion of the microfiber and thermo-
optic effects on water are balanced. Therefore, the main effect of temperature on the opti-
cal spectrum is on the transmitted power. Figure 8.6 shows the optical power dependence
on temperature for A = 633 nm wavelength for the 10 ym and 5 ym diameter microfibers.
Although the 10 ym microfiber shows a greater variance, the 5 ym is more affected by the

temperature variation, as its maximum loss is 26% compared to the 13% on the other case.
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FIGURE 8.6: Optical transmission dependence on the temperature for microfibers with
10pm and 5ym waist diameters, at A = 633 nm.

This is due to the fact that, in a water-clad microfiber subject to temperature variation, the
predominant effect is the thermo-optic effect in water. Since the 5 ym microfiber has more
power in the evanescent field, it is natural that it gets affected more.

The transmitted power grows with the temperature. Considering that the refractive
index of water decreases with the temperature (see Appendix E), the index contrast be-
tween glass and water increases. As the confinement is greater for higher index contrasts

(see Figure 3.5), it makes sense for the transmitted power to increase with the temperature.

8.1.3.1 Transmission dependence on the Refractive Index

The transmission dependence on temperature is mainly the result of the thermo-optic
effect in the water, as the microfiber senses the water refractive index. As discussed in

Chapter 3, the optical properties of microfibers are profoundly affected by the refractive
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FIGURE 8.7: Transmission dependence on the refractive index for microfibers with 10ym
and 5ym waist diameters, at A = 633 nm.

index of the surrounding medium, which makes microfibers suitable for application as re-
fractive index sensors. So far, several microfiber-based refractive index sensors, especially
for microfluidics applications, have been developed [118].

The analysis of the dependence of the optical transmission on the refractive index
can be performed considering the general equation for the refractive index of water with
temperature, as seen in Appendix E. With this information, it is possible to plot the rela-
tionship between the transmission and the water refractive index (Figure 8.7). Looking
back to Figure 8.6, the general behavior is as expected, since the temperature—refractive
index transformation is approximately linear in the 30-80 °C range. The optical transmis-
sion clearly depends on the refractive index. This showcases the utility of microfibers as

refractive index sensors.
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8.2 Microfiber Response to Strain

Strain (¢) is a dimensionless quantity that gives the amount of deformation per unit length
of an object when a load is applied. It is calculated as the quotient between the total

deformation (AL) and the original length (L):
€= — (8.3)

Strain sensing is often performed in civil engineering for building evaluation and in
heavy industrial assets, as pipelines, and machinery monitoring. The most commonly
used optical fiber strain sensors monitor the peak shift of Bragg Gratings due to fiber
elongation. However, some microfiber-based strain sensors have been proposed [56, 119,
120].

In optical microfibers, strain sensing is possible due to the optical path variation with
the elongation. Changes to the optical path lead to changes in the phase difference be-
tween interfering modes, resulting in a wavelength shift of the transmission spectrum.

The experimental setup for strain measurements is schematized in Figure 8.8. The mi-
crofiber was fixed on both ends: one end was glued into a static block while the other
was glued into a manual linear stage, with the distance between the fixing points approx-
imately L = 200 mm, initially. The stage was moved in 10 ym increments, with an optical
spectrum being recorded at each increment. Again, the Ocean Optics Halogen Lightsource
HL-2000 and the Ocean Optics USB-4000 modular spectrometer were used.

The optical transmission evolution with strain for the 10ym and 5ym microfibers is
represented in Figure 8.9. The loss due to the strain is insignificant. In fact, the main effect
of strain in the optical spectra is the spectral shift. Figure 8.10 plots the wavelength ‘lo-
cation” of some peaks. These values were obtained numerically: each recorded spectrum

was smoothed and their maximum values were calculated automatically using a python

Sequence.
Hal Fixed End Movable End
alogen e
L N (. Spectrometer
amp ,
Linear Stage

L AL

FIGURE 8.8: Experimental setup for strain measurements.
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fity=ax+0
Fiber | Peak | a (pm/pue) b (nm) r?
#1 —5.38£0.05 | 626.81 £0.06 | 0.996
10pm | #2 —5.34 £ 0.05 | 635.94 £ 0.06 | 0.996

#3 —-521+£0.07 | 645.0=£0.1 0.991
#1 —9.32+£0.07 | 620.21 £0.03 | 0.9991
S5um #2 —9.30 £0.07 | 629.33 £0.04 | 0.9990
#3 —9.55+£0.05 | 641.25£0.03 | 0.9990

TABLE 8.2: Peak shift due to strain: fitting parameters.

With the increasing strain, the spectra are blue-shifted. Furthermore, the peak loca-
tion dependence on the strain seems linear, which is of great importance when designing
sensors. In fact, fitting the data to a linear function (y = ax + b) gives good results, as
shown in Table 8.2. The analyzed microfibers can be used to accurately measure strain,
with sensitivities of -5 pm/ue and -10 pm/ u€, for the 10 ym and 5 um, respectively. These

values are in agreement with the ones by Li et al. [56].
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8.3 Summary

The optical response of the microfiber to external phenomena is what allows the use of
microfibers as sensors. Usually, microfiber-based sensors rely on functional coatings and
architectures, such as Mach-Zehnder interferometers, Bragg gratings and couplers to im-
prove the sensitivity. In this Chapter, the response of the uncoated, as-drawn microfibers
(with 10 ym and 5 ym diameter) to temperature and strain was analyzed.

When air-clad, the microfibers showed response to the temperature of about 100 pm/°C
over the 30-60 °C temperature range. This value is 30-40 times lower than those of func-
tionalized microfibers reported in literature. Power variation (loss) due to temperature
was insignificant.

The water-clad microfibers were more affected by the temperature, but only power-
wise, as no spectral shift occurred due to a balance between the thermo-optic and thermal
expansion effects. Considering the thermo-optic effect on water, the optical transmission
was related to the refractive index of the water, demonstrating the microfibers” capacity
for refractive index sensing.

Strain sensing was also tested. The optical transmission spectra suffered a blue-shift
due to the elongation. Sensitivities were -5 pm/ue and -10 pm/ue, for the 10 ym and 5
um, respectively. These values are compatible with the ones reported by Li ef al. in 2014

[56].






Chapter 9

Concluding Remarks

The work developed in this dissertation concerned the fabrication and characterization
of optical microfibers. It involved extensive literature research, varied numerical simu-
lations, and long hours in the laboratory, either fabricating microfibers, optimizing the
setup, designing experiments, or merely sorting through and analyzing the experimental
data. All these different aspects have found their way into this document.

Chapter 2 displayed an overview of the published literature on this topic, introducing
important concepts and overall describing the standard fabrication methods and typical
applications of the microfibers.

The following two chapters, 3 and 4, delved into the theoretical analysis of microfibers.
The former described how light propagates in optical microwires, focusing, in particu-
lar, on modal propagation, power distribution, and confinement; the topics of nonlinear
effects and waveguide dispersion were also considered. The latter presented a simple
model for the shape of fiber tapers, introduced the concept of adiabaticity and described
the modal evolution along the length of a taper.

The description of the experimental work began in Chapter 5, which depicted the
fabrication of the microfibers by enumerating and commenting on the tapering setup and
its main components, and detailing the tapering process and posterior handling of the
microfibers.

From the fabrication of the microfibers, the focus changed to their characterization.
In Chapter 6 the shape of the microfibers was analyzed. The dependence of the waist
diameter on the pulling length was found to follow the theoretical model. A diffraction
apparatus for the contactless measurement of the microfiber’s profile was assembled. This

time, the theoretical model was at fault due to neglecting fluid dynamics.
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Chapter 7 analyzed the optical transmission of the microfibers during the fabrication
process. At the telecommunications band (around 1550 nm), the microfibers were found
to have low losses. Some microfibers were fabricated with different pulling speeds, lead-
ing to the conclusion that the slower the pull the better the result. White light monitoring
showed modal interference and modal cutoff through intensity drops. This peculiarity
allowed for the development of a method for the precise measurement of the microfibers
waist for diameters smaller than 5ym.

Finally, in Chapter 8, the microfibers” response to external conditions was analyzed.
Temperature, both in air and in water, and strain experiments were performed in mi-
crofibers with approximately 10ym and 5ym waist diameter. Air-clad microfibers showed
sensitivities of about 100 pm/°C over the 30-60 °C range. In water-clad microfibers, spec-
tral shift was irrelevant, however, the optical intensity increased with the temperature.
Considering the thermo-optic effect in water, it was showed that the microfibers can sense
refractive index variations. In strain sensing, the microfibers showed shifts of -5 pm/ue

and -10 pm/ € for the 10 pm and 5 pum, respectively.

9.1 Future Work

This work presents itself as a first foray into the topic at hand and, as such, should not
be taken as a finished business. In fact, its inevitable comparison with the work of other
research groups as presented throughout this document and in the various references
leads to the conclusion that there is still much room for improvement. Thus, future work
should be developed with the aim of reaching the so desirable nanoscale and to allow for
the incorporation of the microfibers to different fields and applications. To achieve those

results some topics could be addressed, including:

e Revising the alignment of the clamps and microheater slot. This was the main set-
back of this rig, and the reason why microfibers below lum were unobtainable.
Steps like the addition of grooves for better fiber alignment or even elevating the

pulling stages to the height of the microheater could be considered.

e Condensing all computerized input into a single program. The microheater, stage
and monitoring control programs are uncoordinated, making the fabrication of the

microfibers a complex and somewhat confusing process.
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e Playing with the different fabrication variables, like the microheater temperature

and the pulling speeds. Accelerating stages may lead to interesting results.

e Overall further optimizing the tapering apparatus, with the inclusion of:

— Load cells positioned in the clamps, to monitor and prevent fiber slipping, and
better relate it with the microheater temperature, fiber viscosity and pulling

speeds.

- A motorized stage to move the microheater along the fiber and allow for the

fabrication of microfibers with different profiles and, namely, longer waists.






Appendix A

The Electrical Microheater: Further

Information

A1 Temperature Calibration Chart

Calibration chart Fibheat200 Please input
Thermocouple value on the Y -Axis and Read Actual Temperature

on the X-Axis

DO NOT EXCEED MAX. CURRENT AND VOLTAGE

1500
1200
900
600
300
0

Thermocople Readout in
Centigrade

Especiolly at the higher temperotures carsful
moenitoring of RS current and Valtoge is

R? = 0.9885

required. Pleose use this chort anly for generol
guidonce Thermocouple location moy hove

T,

shifted during shipging or fnsiuliac‘ian:W
use

Fr

T T T

0 300 600 900 1200 1500 1800

T !

Actual Temperature in Centigrade

FIGURE A.1: Calibration chart for actual temperature calculations (provided in the Fib-

Heat200 User Manual).

A.2 Electrical Specifications

Voltage of operation

Max. Temperature | 1800°C

Max. Amps. | 2A — 75A
Max. Watts | 250W

120V — 4V 50/60 Hz

TABLE A.1: Electrical specifications of the FibHeat200 microheater.
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Appendix B

Taper Holder: Technical Drawing

PRODUCED BY AN AUTODESK STUDENT VERSION
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FIGURE B.1: Technical drawing ofa version of the Taper Holder.
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Appendix C

Adiabaticity of a Fiber Taper

The adiabaticity can be considered a quality factor of a taper. A taper is considered adia-
batic for a given propagating mode when there is no power transfer (coupling) to higher
modes. Considering two modes with propagation constants f; and B, (see the modal

propagation analysis in Chapter 3), their beat length, z;, is defined as:

2
BB

When the beat length is long, the two propagation constants are similar, meaning that

Zp

(C.1)

the modes have approximately the same phase and are very sensitive to changes along the
fiber. Thus, non-adiabatic coupling is most likely to occur in this case. Due to symmetry
considerations, a mode will only couple to modes with the same circular symmetry [121].

The adiabaticity is directly related to the taper profile. Any taper profile can be de-
scribed by the angle Q)(z):

070 (2)

a(z) = 0z

(C.2)

where 7, is the local radius of the core of the tapered fiber. For smooth transition regions

() can be approximated to Equation C.3

FIGURE C.1: Taper Angle ()(z).
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FIGURE C.2: Adiabaticity of the LP01 mode at 1550nm wavelength on an exponential-
profile taper.

O(z) = tan" ! (r(z)/z) = r(z) /2 (C.3)

with z; the local taper length. To ensure minimal coupling, it is usual to set the limit
z¢ = zp. Thus, for a transition to be adiabatic it is necessary that z; > z,. Hence, the so

called adiabatic angle is given by [121]:

ﬁ(z) _ r(z) (g;_ ﬁz)

(C.4)
withr = r(z), B1 = B1(z) and B2 = B2(z) are being local quantities. If at any point z the ta-
per angle is greater than the adiabatic angle, ()(z) > Q(z), then the taper is non-adiabatic
and coupling between modes occurs. Figure C.2 shows the adiabatic angle for the LP01
mode (the fundamental mode) at 1550nm wavelength, and the taper angle corresponding

to an exponential taper. This kind of taper is adiabatic for the fundamental mode at 1550

nm.



Appendix D

Microfiber Bending

Magnet

nght e ] &

FIGURE D.1: Experimental setup for bending-loss measurements.

A simple experiment can be devised to roughly ascertain the guiding capabilities of
a microfiber, through the analysis of the optical transmission of a bent microfiber (Figure
D.1). The radiation from an Infrared light-source, Photonetics FIBERWHITE Broadband
Erbium-Doped Fiber Source propagates through the microfiber and is collected by an
Optical Spectrum Analyzer (Advantest Q8384). To actively control its curvature, the taper
had one end magnetically attached to a manual rotary positioning stage, with the other
end’s direction being fixed by an aluminum capillary tube.

The Optical Transmission, at A = 1550 nm, was recorded for angles 6 ranging from
0° to 180° in 10° increments, for 10 ym and 5 ym microfibers (Figure D.2). There is low
loss due to curvature: for d = 10 ym the maximum loss is less than 2%, and less than
20% for d = 5 ym. Higher losses occur when the radius of curvature is on the order of
micrometers.

The fabricated microfibers show high transmission when bent, which is a great advan-

tage for compact applications.
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FIGURE D.2: Optical Transmission dependence on the curvature for microfibers with
10pm and 5ym waist diameters.



Appendix E

Thermo-Optic Effect on Water

In water, the Cauchy equation can be modified in order to consider the temperature de-

pendence (n = n(A, T)) [122]:

B(T) , C(T) , D(T)

n(A,T)=A(T) + 12 + i 6 (E.1)
with the Temperature-dependent A, B, C and D coefficients:
A(T) =1.3208 —1.2325-107°- T — 1.8674 - 107° - T? +5.0233 - 10~ - T3
B(T) = 5208.2413 — 0.5179 - T —2.284 - 1072 - T? + 6.9608 - 107> - T3 (E2)

C(T) = —2.5551 - 108 — 18341.336 - T — 917.2319 - T?> +2.7729 - T3
D(T) =9.3495+1.7855-107% - T +3.6733-107° - T> — 1.2932- 107 - T®

The ranges of validity are A € [200 — 1000] nm and T € [0 — 100] °C.
For increasing temperature, the refractive index of water decreases, as shown in Figure

E.1. For example, at 600 nm, thermo-optic coefficient is approximately 1.5 x 10~# RIU/°C.
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