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Abstract

In this thesis, I report on the experimental investigation and the computer sim-
ulation of optical microfibre-based modal interferometers. An optical microfibre
(OMF) can be produced from a commercial single-mode optical fibre by a taper-
ing process consisting in simultaneous heating and pulling the fibre. OMFs have
attracted much attention in the recent years due to high light concentration, a
strong evanescent field around the OMF waist, and convenience of use thanks
to their fibre-coupled nature. It makes them a promising element for both basic
research and sensing applications.

Interferometers based on OMFs extend possible application areas to disper-
sive sensing. In a single-OMF modal interferometer (SOMMI), the two interfer-
ometer arms share the same path, and interference occurs between two trans-
verse modes excited in the down-taper and recombined in the up-taper.

During my work, I have produced OMF samples, characterized them, and
used them as SOMMIs. To verify the OMF shape, different approaches have been
implemented, including a light scattering method and a newly developed optical
harmonic generation-based diameter measurement method [1]. For actual veri-
fication of the SOMMI performance, a simple post-production procedure, based
on the stretch-interferometry, was realized. In this stretch-test, the experimental
samples showed high contrast and very good signal-to-noise ratio making them
suitable for sensing applications. Additionally, they were tested using spectral
interferometry in air.

Furthermore, I have designed and produced SOMMI samples specifically for
interferometry in liquids and tested them as a refractive index sensor. Exhibiting
a characteristic achromatic fringe, SOMMIs are a promising tool for the abso-
lute refractive index measurement. In this experiment, a sensitivity of 3000 to
4000 nm per refractive index unit was measured. This is the highest sensitivity
observed in non-birefringent OMF-based sensors so far.

I have also developed a computer model of OMFs and SOMMIs. While the
calculation methods for light propagation simulation in usual optical fibres are
well established, simulation of OMFs demands many questions to be answered.
The main challenge here is the calculation of the taper regions, where the fibre
diameter varies from the standard diameter of a commercial fibre of 125µm to
the diameter of the OMF waist of several hundred nanometres. Together with
the diameter, the light-guidance regime changes from the weak guidance in the

v



vi

untapered fibre to the strong guidance in the waist, requiring different models
to be combined. To the best of my knowledge, I have created the first reliably
working software code for automatic calculation of all guided modes supported
by tapered fibres [2]. I have then used this code to create computer models for
stretch- and spectral-interference in SOMMIs. The experimental results confirm
the validity of these models.

Some results reported in this thesis have been published as:

1. Wiedemann, U., Karapetyan, K., Dan, C., Pritzkau, D., Alt, W., Irsen, S. &
Meschede, D. Measurement of submicrometre diameters of tapered optical
fibres using harmonic generation. Optics Express 18, 7693 (2010).

2. Karapetyan, K., Alt, W. & Meschede, D. Optical fibre toolbox for Matlab,
version 2.1 [www.mathworks.com/matlabcentral/fileexchange/
27819] (2011).

3. Garcia-Fernandez, R., Alt, W, Bruse, F, Dan, C, Karapetyan, K., Rehband,
O., Stiebeiner, A., Wiedemann, U., Meschede, D. & Rauschenbeutel, A.
Optical nanofibers and spectroscopy. Appl. Phys. B 105, 3–15 (2011).
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Introduction

People have been progressing in their attempts to manipulate propagation of
light for more than 2500 years,∗ and have achieved significant success on the
way. Today we can transfer single photons over dozens of kilometres using op-
tical fibres [4] and perform almost magic by producing invisibility cloaks using
photonic crystals [5].

Light usually propagates either inside an optical material—as in fibres, prisms,
and photonic crystals—or in the space between optical elements such as lenses
and mirrors. From this point of view, optical microfibres fill the gap: Light fol-
lows a microfibre, which can be bent or curled, as with usual fibres. At the same
time, it remains open for interaction with the surrounding medium, almost like a
free-space beam.

* * *

Until the 1960s, optical fibres were only used for illumination and technical
and medical imaging, because high absorption losses were making any glass ele-
ment thicker (longer) than a few dozens of centimetres useless [6]. In 1966, in
their Nobel prize-winning paper [7], Kao and Hokcham predicted that glass fi-
bres can have very small absorption losses. The modern era of fibre optics began
in 1970, when Corning researchers made Kao’s theoretical prediction a reality.

In the early days of fibre optics, light was guided in glass threads surrounded
by air or a low refractive index liquid—i. e. by total internal reflection at the
outer surface of the fibre. Already in the 1950s, it became obvious that the light-
guiding core of the fibre should be surrounded by a transparent low-refractive-
index cladding, to minimize the influence of the outer medium on light prop-
agation. The core was made almost as large as the cladding, to maximize the
imaging resolution and the power efficiency of devices [6]. In their paper, Kao
and Hokcham have not only considered losses in the fibre material, but also
thought of the optimal conditions to guide light. They suggested that it was ac-
tually beneficial to reduce the diameter of the core relative to the cladding: in a
very thin—just a few wavelengths in diameter—core surrounded by a cladding
of almost the same refractive index, light can only propagate in the fundamental

∗The first lenses were probably produced by the Assyrians, such as the famous Nimrud lens.
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xvi INTRODUCTION

transverse mode. This ensures a high data transmission rate (used in telecom-
munication) and an excellent output beam quality, due to which these fibres are
commonly used in research labs.

Usually, propagating light should be “protected” from any disturbances, there-
fore it is transported deep inside the fibre. The standard cladding diameter is
125µm, about 20 . . . 40 times larger than the core. However, for many applica-
tions such as signal routing and energy splitting, as well as for basic research
it is of obvious interest to gain physical access to propagating light and make it
interact with surroundings. Ideally, this zone of interaction should be restricted,
leaving a “normal” fibre optimized for guidance at both ends of the interaction
region. This idea leads to fibre tapering, which is a local reduction of the fibre
diameter [8].

Tapering is performed by simultaneously heating and carefully stretching of
a fibre. The fibre gets thinner but continues to guide light. Even when tapering
is as drastic as from 125µm down to ∼ 0.5µm, tapered fibres can have almost
100 % transmission [9].

Such microfibres have a number of interesting properties. Due to the very
small diameter and a high refractive index step at the surface (between glass and
air), they concentrate guided light into a small transverse area, thereby increasing
intensity and providing for such effects as harmonic and supercontinuum genera-
tion at low peak power [10–12]. Also, depending on the diameter, more than half
of the light can propagate in the evanescent field around the fibre. This makes
such microfibres useful for a number of applications, ranging from light coupling
between fibres [13] to sensing [14] to probing atomic fluorescence [15] to atom
trapping [16]. In sensing, the strong light concentration around the microfibre
provides for a very high sensitivity [17].

Dispersive sensing is one more application area for optical microfibres. It can
be used for off-resonant and therefore non-absorbing sensing, refractive index
measurement, and non-destructive monitoring of light-sensitive objects such as
organic molecules. Microfibre-based interferometers can be significantly smaller
than their fibre-less counterparts. They also combine the convenience of fibre-
coupled devices with the high sensitivity of microfibres. Interferometers can con-
tain a microfibre in one arm [18], in both arms [19], or can actually be built
with just a single microfibre, the two interferometer arms being represented by
two different transverse guided modes [20]. Interferometers of the latter type
promise the most compact devices [21] and can be easily manufactured at the
current level of technology. They are the subject of the present thesis.



Abbreviations

EVE eigenvalue equation
HE/EH hybrid fibre modes
LP linearly polarized (mode)
OFT Optical Fibre Toolbox [2]
OMF optical microfibre
OSA optical spectrum analyser
SEM scanning electron microscope/microscopy
SHG second harmonic generation
SOMMI single OMF-based modal interferometer
TE transverse electric (mode)
THG third harmonic generation
TM transverse magnetic (mode)
UV ultraviolet
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CHAPTER 1
Single optical microfibre modal

interferometer

In this chapter, I introduce OMFs and the subject of this project—single-microfibre
modal interferometer—without mathematics. The rigorous theoretical treatment
is given in Chapter 2, where I describe the computer simulation of our interfer-
ometers.

1.1 Optical microfibres (OMFs)

Microfibre and nanofibre, ultrathin optical fibre, tapered optical fibre, photonic
nanowire—these and many other names met in the literature are all used for the
same optical element—a dielectric light waveguide with one part (called waist)
having transverse dimensions on the scale of the wavelength of guided light and
a much larger length. Usually, microfibres have a circular symmetry, though some
groups have tried to use polarization-maintaining fibres of different geometries
[22, 23]. In this project, only circularly symmetric fibres are considered.

The large variety of names is explained partly by the fact that these elements
have attracted wide interest only recently, and no name has been commonly ac-
cepted yet. On the other hand, depending on the exact design and application,
there is a desire to emphasize different aspects of physics and engineering of
these elements.

At both ends the waist is connected to a usual optical fibre (typical diameter
125µm) with the so called tapers—relatively long conical regions with a slowly
changing diameter (Fig. 1.1). The ends of the OMF, where it can be spliced to
another optical fibre or where a free-space beam can be coupled in or out of the
OMF, are called pigtails.

1



2 CHAPTER 1. SINGLE OPTICAL MICROFIBRE MODAL INTERFEROMETER

125µm

∼ λ

∼ 1000λ

Waist Up-taperDown-taperPigtail Pigtail

Figure 1.1: Tapered optical microfibre.

Because the wavelength of light in optical research usually ranges from hun-
dreds of nanometres to a few micrometres, we will call this optical element a
tapered optical microfibre or just an optical microfibre (OMF).

The main idea behind an OMF is the following. In a usual optical fibre, light
is completely confined inside glass. It makes it possible to handle fibres easily,
bend them, collect them in cables. Light travels inside the fibre, unperturbed.
This explains their wide use, but at the same time makes it impossible to conduct
any light-matter interaction experiments. In the OMF waist, where the fibre is
very thin, light propagates to a large extent outside the fibre, in the evanescent
field, forming a sort of a light rod with a diameter, larger than the diameter of
the waist. In practice, more than half of the light power can propagate outside
the fibre. As long as light does not “touch” anything, it can propagate along the
waist practically without losses, over an arbitrary distance. In this region, it is
open for interaction with the surrounding. Also, the whole power of the beam
coupled into the fibre is concentrated here in a small transverse area. Therefore
light intensity in the waist can be very high, thereby increasing the efficiency of
any interaction.

1.1.1 How to make an OMF

The beauty of OMFs is that they are very easy to produce—at least in theory.
One takes a usual∗ commercial optical fibre (fused silica waveguide of 125µm
diameter coated with a 250µm diameter plastic coating), removes the coating,
and fixes the bare fibre to two coaxial translation stages. Then these stages pull
the fibre at the ends while at the same time its central part is heated with a
flame, a laser, or an electrical heater (Fig. 1.2). This process may be optimized
to obtain various final shapes but the general idea remains that simple: heat
and stretch. One can in fact achieve most of the nice properties of OMFs with
a very simple and cheap setup already, though high performance OMFs require
very high quality stages and heat source as well as an accurate model and a
sophisticated computer control of the pulling process.

∗In the scope of this work, a “usual” or a “standard” optical fibre relates to untapered, com-
mercially available optical fibres, from which our samples are made.
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Usual optical fibre
(with coating)

Bare (without
coating) fibre

BurnerTranslation
stage

Magnet (clamps the
fibre to the stage)

Figure 1.2: Making OMF: an optical fibre is thinned down (tapered) by heating and
stretching.

1.1.2 Light guidance in optical fibres and microfibres

The unprocessed (untapered) pigtails of a microfibre are just a standard optical
fibre. Although a large variety of optical fibres exist, OMFs are usually fabricated
from single-mode fibres with simple cylindrical core and cladding. The core di-
ameter varies among different fibre types depending on the design wavelength,
and is typically on the order of 5...10µm. On the contrary, the cladding diameter
is standardized, the most common diameter being 125µm (Fig. 1.3a).

Both the core and the cladding are made from fused silica, i.e. a high-purity
glass. To achieve light guidance in the fibre, the core should have a slightly higher
refractive index than the cladding. Therefore the core or the cladding are doped.
The refractive index difference between the core and the cladding is typically on
the order of just 0.005 refractive index units (compare to the refractive index
of silica of 1.45) [24]. This small refractive index step∗ is sufficient to ensure
guidance of light by the total internal reflection at the core-cladding interface.

Having a standard fibre at both ends of the microfibre means that it can be di-
rectly connected to standard fibre optics components and instruments. It ensures
simple experimental setup and makes OMFs a promising tool in applications out-
side research labs.

When a fibre is tapered, its core-cladding structure remains unchanged and
only the diameter decreases. This means that in the waist, the fibre has the
micrometre-diameter cladding and the core, which is still about 10...20 times
thinner (∼ 100nm). Because the wavelength of light is on the order of a mi-
crometre, light does not “see” the very thin core and is thus guided by the
cladding (Fig. 1.3b).

Although both the untapered pigtails and the waist may well guide light, it
may not be the case for the tapers. If the taper is steep, the total internal reflection

∗There are step-index and gradient-index optical fibres. OMFs are usually made from the step-
index fibres, probably because they are cheaper and because larger variety of step-index fibres can
be found in the market than of the gradient-index ones.
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(a) (b)

∼1 mrad

Core

∼1µm

Standard fibre Down-taper Waist Up-taper Standard fibre

�5...10µm

Surrounding
(air, liquid)
nout < nclad

Cladding
nclad < ncore

Core

Cladding
�125µm

Figure 1.3: Light guidance in (a) the standard optical fibre and (b) in the microfibre
waist. In a standard fibre, light is guided in the core due to the total internal reflection
at the core-cladding interface. The refractive index step between the core and the
cladding is about 0.35 %. In the microfibre waist, the core vanishes and light is guided
by the total internal reflection between the cladding and the surrounding medium
(refractive index step on the order of 10 . . . 40%).

condition may be violated and light will be partially or completely lost [25].
Therefore the tapers are made shallow, with the slope angle on the order of
milliradians [26]. Taking into account the initial fibre diameter and the diameter
of the waist of 125µm and 1µm respectively, we end up with the (each) taper
length of a few centimetres.

1.1.3 Fibre modes

An optical fibre is a waveguide, and light travels through it in the form of guided
modes, each having its specific characteristic transverse field distribution and
propagation constant. Figure 1.4 shows the transverse intensity distribution of
the lowest modes guided in the untapered fibre. Note that for the sake of illus-
tration I have simulated 750 nm light modes in a Corning SMF-28 fibre. This is
a standard telecom fibre designed to operate at the wavelength above 1300 nm,
where it is single-mode. Therefore at 750 nm it supports (i. e. can guide) more
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Fibre core boundary

(a) LP01 (HE11) (b) LP11

(d) LP02 (HE12)(c) LP21

0

0.2

0.4

0.6

0.8

1

I/Imax

ncore=1.4592
nclad=1.4542

(e)

8.2µm

n

r0
1

Figure 1.4: Intensity distribution of the lowest modes of untapered fibre. Simulated
for SMF-28 fibre (core diameter 8.2µm, nclad=1.4542 (pure silica), ncore=1.4592 (Ge-
doped silica)) at 750 nm. Arrows indicate the polarization direction within each spot.
(a)–(d) First four LP modes. (e) Refractive index profile. This and all other simulation
plots in this work were calculated using the Optical Fibre Toolbox for Matlab [2]
described in chapter 2.

than one mode.

Linearly polarized and vector modes When speaking of guided modes, two
different notations are used: the so called linearly polarized modes (LP) and
the hybrid (HE/EH) and transverse (TE/TM) modes. The LP waveguide modes
are the solutions of Maxwell’s equations in the so called weak guidance limit.
It is observed when the refractive index step between the waveguide layers is
∆n� 1. In this case, the light wave propagates almost like in the bulk material,
in particular it can be linearly polarized and its electric E and magnetic H field
strength vectors are practically orthogonal to the propagation direction. The
lowest order, or fundamental, mode is denoted by LP01, then follow LP11, LP21,
LP12 etc.



6 CHAPTER 1. SINGLE OPTICAL MICROFIBRE MODAL INTERFEROMETER

A completely different situation occurs when the refractive index step of the
guiding surface is large. By solving Maxwell’s equations, it turns out that, in
general, all six field components Ex ,y,z and Hx ,y,z are non-zero. Depending on
the exact relation between different components, the modes are then denoted as
HE, EH, TE, and TM.

Thus, the LP modes are the approximation of the exact HE/EH/TE/TM solu-
tions. In the LP approximation, Maxwell’s equations can be solved using scalar
mathematics, and therefore these modes are sometimes called scalar modes.
The rigorous solution requires vector calculations, therefore the HE/EH/TE/TM
modes are called vector modes.

The two modes we mainly care about in the scope of this work are the HE11
and HE12 modes, to which, in the scalar approximation, correspond the LP01
and LP02 modes. The LP11 and LP21 modes correspond to a bunch of vector
modes each, meaning that in the scalar approximation some of the vector modes
become degenerate in the propagation constant (Tab. 1.1; see also also Fig. 2.5
on page 24).

Table 1.1: Degeneracy of vector modes [27, p. 154].

LP modes Vector modes

LP0m HE1m
LP1m TE0m, TM0m, HE2m
LP(l>1)m HE(l+1)m, EH(l−1)m

Mode guidance The modes are orthogonal to each other. Therefore, once ex-
cited, they can propagate along the fibre without intermodal power transfer, as
long as the fibre properties remain unchanged.

The number of modes supported by a cylindrical waveguide scales with the
V-parameter [28]:

V =
πd

λ

Æ

n2
in− n2

out,

where d is the waveguide diameter, λ the wavelength of light, nin and nout the
refractive indices of the materials inside and outside the cylinder. From this equa-
tion it is clear that the number of modes supported by the fibre core is lower, at
the same wavelength, than the number of modes supported by the cladding be-
cause of a much larger cladding diameter and a much higher refractive index step
(see Fig. 1.5).

Usually, optical fibres are operated in the core-guidance regime, meaning that
light is coupled into the core and guided by the total internal reflection at the
core-cladding interface. The fibres are designed such that the evanescent field of
the propagating wave never reaches the outer surface of the cladding.
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Cladding

Core, ncore ∼ 1.5

�5...10µm

�125µm

∆n∼ 0.005

∆n∼ 0.1...0.5

Surrounding
(liquids, air)

Figure 1.5: Refractive index steps in a typical optical fibre.

1.1.4 Fundamental mode evolution in OMF

Let’s now consider what happens to a light mode propagating from the untapered
pigtail into the waist (Fig. 1.6). Unlike in the example above (Fig. 1.4), we now
consider the actual fibre often used in our experiments (Fibercore SM800). It is a
single-mode (can only guide the fundamental HE11 mode) fibre for wavelengths
above 800 nm.

We assume a slow change of diameter in OMF tapers, with the taper slope
on the order of 1 mrad. In this case, the fundamental mode, excited in the in-
put pigtail, will propagate through the whole OMF adiabatically: no power will
be transferred to other modes, guided or radiation. The solutions of Maxwell’s
equations in each point along a tapered waveguide are very close to the solutions
for a cylindrical waveguide of the corresponding (local) diameter. This hold for
taper angles upto, at least, 100 mrad [29]. Therefore we can consider each cross-
section of the fibre independently.

Figure 1.6(a) shows the normalized intensity distribution I/Imax in the un-
tapered part of the fibre. As the fibre diameter starts decreasing, the tiny core-
cladding refractive index step “cannot keep” the light inside the small core, and
the mode field expands into the cladding. In the untapered fibre, with the core
diameter of 4µm, the mode field diameter (MFD, diameter encompassing 86 %
of propagating power) is 5.7µm. For a thinner fibre with a 3µm core it is already
7.2µm. That is the core decreases and the MFD increases. This goes on until the
field starts “feeling” the boundary between the cladding and the surrounding.
The much higher refractive index step of the outer boundary (see Fig. 1.5) can
compress the field further. Figures 1.6(c) and (d) demonstrate that between the
fibre diameters of 20 and 5µm the amount of power inside the fibre practically
does not change. Finally, at still smaller diameters (Fig. 1.6e and f), even the
strongly guiding outer boundary cannot “keep” the field inside any more and a
considerable part of the total power starts propagating outside the fibre, in the
evanescent field.

This illustration reveals several interesting properties of OMFs. The field,
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MFD: 13µm MFD: 3.4µm MFD: 0.81µm MFD: 0.66µm

MFD: 7.2µmMFD: 5.7µm

ncore=1.4574
nclad=1.4525

(g) n

r0
nout = 1

dclad

4µ
m

0

0.2

0.4

0.6

0.8

1

I/Imax

(a) HE11 mode in untapered fibre, core 4µm

3µ
m

(b) Core 3µm

(c) Cladding: 20µm (d) 5µm (e) 1µm (f) 0.5µm

Cladding surfaceCore

Core

Figure 1.6: (a)–(f) Variation of the normalized intensity of the HE11 mode with fibre
diameter. (g) Refractive index profile. Note: plots (a) and (b) are not to scale to
plots (c)–(f). In plots (c)–(f) the cladding diameter is shown constant to better show
the mode expansion relative to the fibre. The actual mode field is compressed (note
MFD). Fibre: Fibercore SM800 (core 4µm, cladding 125µm, NA=0.12). Wavelength:
850 nm.
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coupled into the input pigtail, is transversely compressed, leading to the increase
of intensity. The effective area of the HE11 mode in Fig. 1.6(f) is 74 times smaller
than in Fig. 1.6(a). The actual losses in our OMF samples are below 5 %, which
means that the intensity of the field increases by about a factor of 70.

Another, not so obvious effect, is the increase of intensity outside the fibre,
in the surrounding medium. Figure 1.7 shows the dependence of the intensity
(azimuthally averaged) at the surface of the fibre. For very small diameters,
even the strongly guiding cladding-surrounding surface does not confine light
any more, the mode field expands and eventually becomes infinitely large for
d = 0, leading to zero intensity everywhere.
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Figure 1.7: Intensity just outside the fibre (HE11 mode at 750 nm, silica fibre in air).

At the maximum intensity point in Fig. 1.7, the light intensity around the
OMF is similar to that in the focal point of a tightly focussed free-space beam.
However, unlike the free-space beam after the focal point, the fibre mode does
not rapidly expand but remains confined and guided by the OMF waist. The waist
can theoretically be infinitely long, and practically it is much longer (millimetres)
than the depth of focus in case of tight free-space focusing (on the order of a
wavelength, i. e. microns). This creates a unique situation of “infinite focus”
providing

• high light intensity

• over large length

• in free space around the fibre

and setting excellent conditions for light-matter interaction experiments. The
most straightforward way of using microfibres is putting some absorbing material
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on or around the waist, shine white light into the input end and observe the spec-
trum at the output end. Due to the high intensity and the long interaction length,
this approach is very suitable for high-sensitivity absorption spectroscopy [17].

1.2 Single OMF modal interferometer (SOMMI)

To extend OMF application to dispersive sensing, one needs to convert it into an
interferometer. For this, a reference arm is needed in addition to the probe arm.
The input beam should be split into two arms by a beam splitter, light should
propagate in the two arms independently, then be recombined in a beam recom-
biner, and finally the interference result should be observed at one or two output
ports. For example, a Mach-Zehnder type interferometer is shown in Fig. 1.8.

Beam splitter

Two arms

Input port Output port 1

Beam
recombiner Output port 2

Figure 1.8: Mach-Zehnder interferometer.

Three types of OMF-based interferometers were proposed: with one OMF in
the probe arm only [18], with OMFs in both arms [19], and with both arms com-
bined in a single OMF and represented by two different transverse modes [20].
This work is devoted to the last type, which is most compact, easiest to manufac-
ture, and has shown the highest sensitivity among these three types so far [23].

A single OMF-based modal interferometer (SOMMI) is schematically shown
in Fig. 1.9. The input pigtail is single-mode and supports only mode 1. In the
down-taper, the guidance regime changes from the core-guidance to the cladding-
guidance, and the fibre becomes multimode. Provided that the down-taper has
a proper shape, some energy of mode 1 can be coupled to mode 2, and the two
modes will then propagate along the waist. In the up-taper, the two modes inter-
fere, and the resulting mode 1 is guided out by the output single-mode pigtail.
The power remaining in mode 2 is lost, since the output pigtail does not guide it.

1.2.1 Mode coupling

The fundamental HE11 mode can obviously play the role of mode 1 in Fig. 1.9.
Then some other transverse fibre mode is needed to work as mode 2. This mode
should be excited in the down-taper (mode splitting) and interfere with the HE11
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Mode 1 Mode 1Mode 1

Mode 2

Mode 2

Figure 1.9: Single OMF-based modal interferometer. In the down-taper, the mode of the
input pigtail is split into two modes of the waist. In the up-taper, the modes interfere.

in the up-taper (mode recombination). Mode splitting and recombination re-
quire mode coupling—a process, in which some power is transferred from one
propagating mode to another.

In a translation-invariant cylindrical waveguide, different transverse modes
are orthogonal, meaning that their overlap is zero and no coupling can occur
between them. However, in tapers, the translation invariance is violated, and the
modes can actually couple. If the waveguide is rotationally symmetric, which is
the case for conical tapers, only modes of the same rotational symmetry can be
coupled. For example, modes HE11 (LP01) and HE12 (LP02) in Fig. 1.4 on page 5
are of the same rotational symmetry, while mode LP11 is not. Therefore mode
HE11 can only be coupled to the HE12 mode (and higher HE1m modes), but not
to the LPl>0,m modes.

The second condition needed for two modes to get coupled is phase-matching.
Different modes propagate along the fibre at a different phase velocity, which also
changes with the fibre diameter. Figure 1.10(a) shows the dependence of c/vphase
(where c is the speed of light in vacuum, and vphase the phase velocity) on the
fibre diameter for modes HE11 and HE12. The two curves never intersect. There-
fore, in a constant diameter-waveguide no energy transfer will occur between the
two modes, whatever the fibre diameter.

In the region where the two curves approach each other (around d ≈ 40µm),
the mode beat length between increases. If some power is transferred from mode
HE11 to mode HE12 and then the two curves get apart again, mode coupling will
have occurred. From this it is intuitively clear, that the steeper the taper slope
(i. e. the quicker the modal curves go apart from each other after having come
close) the more probable it is that the modes will get coupled. And vice versa,
for very shallow tapers, beating will always prevent coupling. Mode propaga-
tion without coupling is called adiabatic, and mode propagation with coupling is
called non-adiabatic. One can then speak of adiabatic and non-adiabatic tapers.
An interferometer requires non-adiabatic tapers, while usual sensing applications
benefit from adiabatic OMFs [3].
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Figure 1.10: Phase velocity (c is the speed of light in vacuum) dependence on the local
fibre diameter d for the HE11 and HE12 modes. The dashed lines indicate the mate-
rial refractive indices of the core, the cladding, and the outside medium. (a) Mode
dispersion in the whole OMF, from 125µm pigtails down to sub-micrometre waist.
(b) Vertically zoomed region of large diameters. For diameters < 125µm, the HE12
curve is always below nclad indicating that this mode is not guided by the single-mode
core. Around 40µm, the modal curves approach each other providing the opportunity
for mode coupling. (c) Horizontal zoom of the waist region. To guide both interfering
modes, the waist should be thicker than ∼ 1µm. (Calculated for an SM800 fibre in
air, at 750 nm.)
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1.2.2 Mode interference

Once the fundamental mode HE11 of the input pigtail is split into the HE11 and
HE12 modes in the down-taper, these two modes can propagate further along
the fibre adiabatically, because of the large phase mismatch everywhere outside
the coupling region (see Fig. 1.10c). If the tapers are adiabatic beyond the mode
splitting region and the waist is thick enough to guide the HE12 mode (mode HE11
is always guided), the two modes will propagate until they reach the coupling
region in the up-taper. (The up-taper is usually symmetric to the down-taper.)
There the modes again couple to each other.

Depending on the phase relation between the modes, this second coupling
can result in constructive or destructive interference for the HE11 mode. The
output pigtail of the OMF can only guide the HE11 mode out, the HE12 mode
being lost in the up-taper. Thus, the power of the output signal depends on the
phase relation between the two modes, and the OMF becomes an interferometer.

1.2.3 Evanescent field and phase velocity of the two modes in the
waist

Figure 1.11 shows the intensity distribution of the HE11 and HE12 modes in a
1µm diameter fibre waist. As much as 60 % of HE12 power propagates around
the fibre, in the evanescent field. For HE11, it is just over 3 %. This physical
situation leads to two effects.

Firstly, the refractive index of the surrounding material influences the HE12
mode much stronger than the HE11 mode. Therefore, the interference result
strongly depends on the dispersion of the surrounding. A SOMMI can therefore
act as a refractive index sensor or be used for dispersive sensing of such species
as atoms and molecules.

Secondly, because a lot of power of the HE12 mode propagates around the
fibre, the mode “sees” more air than glass, and thus its phase velocity is close
to that in air (see Fig. 1.10c). The situation is completely different for the HE11
mode, which almost completely “fits” inside the fibre; its phase velocity is thus
close to that in bulk glass. As the result, although the two modes pass the same
physical path between splitting and recombination in the tapers, they experi-
ence different phase accumulation. If the length of the SOMMI is being changed
(e. g. by stretching it), the phase accumulation changes differently for the two
modes, and the interference result depends on the fibre elongation. Thus, a
SOMMI can act as a stretch sensor. It can be used, for example, as the strain sen-
sors in wind turbines, which are made from fibreglass and for which fibre sensors
are therefore a natural choice.

In this work, I consider both of these types of interference.
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Figure 1.11: Intensity distribution of (a) HE11 and (b) HE12 modes in and around a silica
microfibre waist in air. Portion of power guided outside the fibre: (a) 3.3 %, (b) 60 %.
Note: plot (b) is not the same as 1.6(f), though it looks similar. Figure 1.6 shows the
evolution of the single HE11 mode with the fibre diameter. Here, plot (b) shows a
higher HE12 mode at the same fibre diameter as plot (a). (SM800 fibre, 750 nm, waist
diameter 1µm, horizontal polarization.)



CHAPTER 2
Computer simulation

The goal of computer simulation is to theoretically understand in detail how
OMFs work to be able to design samples and to analyse measurement results.
One of our first experimental achievements was the development of a method to
measure the diameter of the OMF waist using optical harmonic generation [1].
This method also required the simulation of guided modes in OMFs. Finally,
taking into account the complexity of the calculations and the total number of
samples we have produced for all our experiments (more than 200), it proved to
be inefficient to each time perform calculations in a semi-manual mode employed
by many other groups. We have therefore created a software toolbox capable of
performing all the needed calculations in the automatic mode [2].

2.1 What needs to be calculated

The modal interferometer response depends on the phase relation between the
two propagating modes at the recombination point. Therefore we need to know
the full phase evolution of each of the excited modes along the whole interfer-
ometer, starting at the down-taper, along the waist, and ending in the up-taper.

For our harmonic generation-based method of OMF diameter measurement,
we need to calculate the so called phase-matching condition—a set of OMF pa-
rameters providing a constant phase relation between the fundamental and har-
monic waves at given wavelengths. For efficient harmonic generation, it is also
important to maximize the overlap between the field distributions of the funda-
mental and harmonic modes.

Thus, we need the full information about the phase and the amplitude of the
modes propagating in the OMFs.

15
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A light wave, propagating in an optical fibre, can be described mathematically
by defining its electric E(r, t) and magnetic H(r, t) field distributions, where r and
t are the position in space and the time. E and H are treated similarly, therefore
in this text I speak of E only, while still taking H into account in all calculations.

If the optical axis of the fibre coincides with the coordinate axis z, we can
define the electric field of a propagating mode as

E(r, t) = Etr(r)exp(iωt − iβz). (2.1)

Here Etr(x , y, z) is the transverse field distribution, β the propagation constant
(waveguide analogue of the free-space wavenumber k), and ω the angular fre-
quency of light. If the characteristic length of the z-dependent change of the
fibre diameter is large compared to the wavelength of light (e. g. for our sam-
ples it’s millimetres compared to hundreds of nanometres), then in Eq. (2.1) we
have split the fast oscillating z- and t-dependent terms from the slowly varying
transverse field distribution Etr.

Etr and β are found by solving the wave equation derived from Maxwell’s
equations for the case of a cylindrical dielectric waveguide [30, 31]. As the re-
sult, one obtains an eigenvalue equation (EVE)∗ for β , which has to be solved
numerically. When β has been found, the field distribution Etr is calculated ana-
lytically.

If β is imaginary, Eq. (2.1) describes a so called lossy, or radiation mode—a
mode, which is a correct solution of Maxwell’s equations but which cannot be
guided by the waveguide. Physically, the power of this mode is quickly lost from
the waveguide due to radiation as the wave propagates along the waveguide.
We are not interested in such modes and will therefore only consider the real
solutions of EVEs.

The propagation constant β is connected to the phase velocity vphase of the
propagating wave:

β =
2π

λ
neff, vphase =

c

neff
, (2.2)

where neff is the effective refractive index of the mode, c the speed of light in
vacuum. Note that neff plays the same role for a waveguide mode, as the material
refractive index is playing for a wave propagating in a bulk medium: it slows
down the wave-front (and decreases the wavelength).

Thus, to fully describe a propagating wave in a fibre, one needs to calculate
the field distribution Etr and the propagation constant β or the effective refractive
index neff for the corresponding guided mode. The phase evolution of the mode
as it propagates along the fibre is given by its propagation constant.

If the fibre diameter is changing (this is exactly the case in the tapers of our
samples) or the measurements are performed with a broadband light source (as

∗Actually, a set of EVEs for different symmetries of the field distribution. Each equation is
numbered with index l and each solution of a specific EVE is indexed with m. The found mode
then has two indices (l, m).
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Figure 2.1: Mode dispersion diagram: effective refractive index of the guided modes
vs. (a) wavelength of light and (b) tapered fibre diameter. Each curve corresponds to
a specific guided mode. The number of curves at each wavelength (diameter) gives the
number of modes guided by the fibre at that wavelength (diameter). The results are
shown for a silica waveguide in air. (a) Diameter 1µm. (b) Wavelength 850 nm. The
vertical dashed lines mark the points, corresponding to the other plot, respectively:
850 nm in (a) and 1µm in (b).

in some of my interferometry experiments), one has to calculate β for each set
of wavelength-diameter pairs. One then speaks of the so called mode dispersion
diagrams (Fig. 2.1).

2.2 Why we cannot use available waveguide simulation
software

To solve the eigenvalue equations, we need some sort of a computer program.
Traditionally, programs dealing with waveguides have been designed for one of
the two very complex tasks: (1) finding the modes of arbitrary-shape waveguides
defined by a full 3D distribution of the refractive index, and (2) simulating wave
propagation in an arbitrarily complex optical system. For us, the first solution is
not interesting since the general shape of all fibre modes is well-known analyti-
cally. We do not want to find it again (a very time-consuming task), we just need
to find the propagation constant.

The second approach, simulation of the wave propagation, is based on one of
the three methods:

1. The scalar diffraction theory, used in large optical systems (dimensions
much larger than the wavelength of light). This method is not applicable
to our samples having diameters down to less than the wavelength.
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2. The full vector solution of Maxwell’s equations using the finite elements
numerical method. This approach allows to solve any optical problem
and is successfully used for small-scale optical systems. However it is pro-
hibitively slow and extremely memory-expensive in case of OMFs with their
centimetre-scale length.

3. The mode expansion method based on the known analytical solutions of
the wave equation. In an optical fibre, this method is the only applicable
method of the three. However it requires continuous calculation of the
field distributions along the fibre and is therefore much slower than the
simple solving of the eigenvalue equation. The advantage of this method
over our approach is that it inherently calculates mode transformation in
case of non-adiabatic transitions in the fibre.

As the outcome of this situation, all the groups working in the field of tapered
optical fibres, to the best of my knowledge, are writing their own codes to solve
the EVEs and find β . There is no ready-to-use software tool to accomplish this
task. That’s why we had to create our own one.

While doing so, I have been able to implement an almost completely auto-
matic calculation: one “assembles” a program for each task from the provided
functions in a LEGO-manner, and then the calculation happens automatically.
This is a useful feature because we typically need to solve the EVE for many dif-
ferent fibre diameters or wavelengths. We also need to repeat the calculations
for each new type of fibre (core/cladding ratio and materials) as well as for each
new material of the fibre surrounding. Therefore, manual tuning of the starting
points, which is a common procedure I have seen in other groups, or verification
of the calculation results become prohibitively time-consuming operations.

2.3 Mathematical model of light propagation in OMF

Our samples consist of the unprocessed pigtails (commercial optical fibre), two
taper sections with varying diameter, and a waist. The unprocessed parts and the
waist have a constant (along the fibre axis) diameter and therefore the modes in
these parts are relatively easy to calculate. These parts are also most interesting
in terms of the OMF guiding properties:

• The input unprocessed part determines, which modes can be delivered
from a light source to the waist.

• The waist is the part where light is open to interaction with the surrounding
and also where it usually has the highest intensity; this is where light-
matter interaction occurs primarily.

• The unprocessed output end determines what can be seen by the detector
at the output.
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The tapers should be properly designed to transfer light from the input pigtail to
the waist and from the waist to the output pigtail. Being made from the same
commercial fibre as the pigtails, the taper also has similar properties. At the
same time, modes in the tapers, where the fibre diameter and thus the guiding
properties are constantly changing, should be calculated in a different manner.
I start with the calculation of the cylindrical input, output, and waist parts and
consider the taper regions afterwards.

2.3.1 Dielectric cylindrical waveguide—two-layer model

2.3.1.1 Unprocessed parts of OMF

The unprocessed pigtails consist of a cylindrical core (diameter ∼ 5µm) sur-
rounded by a cylindrical cladding (125µm diameter). The protective plastic
coating of the fibre (250µm diameter) is always removed before producing the
tapered samples; therefore I ignore it in the model. The cladding is thus sur-
rounded by air, vacuum, or some other medium.

The core is made from a material with a slightly higher refractive index than
the one of the cladding. This makes light guidance in the fibre core possible due
to total internal reflection.

Commercial fibres are designed in such a way that light is completely confined
in the region close to the core and does not reach the cladding surface. For exam-
ple, the Fibercore SM800 fibre∗ primarily used in our experiments has the mode
field diameter (diameter encompassing 86 % of guided power) of 5.6µm [32].
Since the cladding diameter is 125µm, no light even “touches” the fibre surface.
Be it not the case, light would be lost due to absorption or scattering in the coat-
ing.

As a result, when calculating light modes in the unprocessed part of the fi-
bre, we can ignore the presence of the surrounding, be it air, vacuum, liquid or
anything else—light just does not “see” it. The fibre can then be considered as
a glass rod (core) surrounded by an infinite glass cladding with a slightly lower
refractive index and, hence, modelled considering only these two layers (the core
and the cladding).

The solution of Maxwell’s equations in a two-layer dielectric cylindrical sys-
tem is well known [30, 33]. The eigenvalue equation for β is [31, Eq. (B-11)]†
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= 0, (2.3)

∗Its specifications are given in Tab. 3.1 on page 54.
†There is a typo in K ′ argument the equation in the book: ha instead of qa. It can be checked

by comparison with [30, Tab. 12-4 on p. 253].
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where

h2 = n2
1k2

0 − β
2,

q2 = β2− n2
2k2

0,

J is the Bessel function of the first kind, K the modified Bessel function of the
second kind, a the radius of the waveguide, n1 and n2 the material refractive in-
dices of the inner and outer layers, k0 = 2π/λ0 =ω/c the vacuum wave number,
l the azimuthal mode index, which is present in the field components in the term
(cf. Eq. (2.1))

exp[i(ωt + lφ − βz)].

For each azimuthal mode index l > 0, Eq. (2.3) can have several roots num-
bered (l, k). Each root βlk corresponds to a separate transverse mode. These
modes are called hybrid and have a characteristic feature that both their elec-
tric and magnetic vectors have non-zero components parallel to the direction of
propagation z. For a given index l, the modes with the magnetic z-component
larger than the electric one (these modes are called the HE modes) alternate with
the ones with a larger electric z-component (called EH): the lowest-order mode
is HEl1, then follow EHl1, HEl2 and so on (see Fig. 2.2). The second mode index
is usually marked with m. Thus the root number k corresponding to a particular
mode can be calculated as k = 2m+ 1 for HE modes and k = 2m for EH modes.

If l = 0, we have a special case of transverse electric and transverse magnetic
modes. They have the zero z-component of the electric or magnetic fields and are
called TE0m and TM0m respectively. The EVEs for these modes look simpler [31,
Eq. (B-17)]:

J1(ha)
haJ0(ha)

+
K1(qa)

qaK0(ha)
= 0, (2.4)

J1(ha)
haJ0(ha)

+
n2

2K1(qa)

n2
1qaK0(ha)

= 0, (2.5)

and m is just a root number.
If the refractive index step at the guiding interface (where total internal re-

flection occurs) is small, ∆n12� 1, one speaks of a weakly-guiding fibre, and the
linearly polarized (LP) modes are a valid approximation. The EVE in this case
is [31, p. 131]:

ha
Jl+1(ha)
Jl(ha)

− qa
Kl+1(qa)
Kl(qa)

= 0.

This solution is derived from the scalar wave equation. Therefore the LP modes
are sometimes called scalar modes.

Using the EVEs, one can calculate the mode dispersion (versus wavelength
or core diameter) of a typical fibre. As an example, let’s consider the plot neff
vs. wavelength calculated for a Corning SMF-28∗ fibre in air (Fig. 2.3). Untapered,

∗For SMF-28 specs see Sec. 3.1.3 on page 53.
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Figure 2.2: First order (l = 1) hybrid (HE and EH) modes in the waist. (Silica in air,
300 nm.)

this fibre is weakly-guiding, therefore the LP-approximation is valid. At 600 nm,
this fibre supports four LP modes: LP01, LP11, LP21, and LP02. Their neff is con-
fined between the refractive index of the core (Ge-doped fused silica) and the
cladding (pure fused silica). With the increase of the wavelength, the higher
modes experience the cutoff—first the LP02 and LP21 and then the LP11. Above
1300 nm, just the LP01 mode is guided. This is the design wavelength range
of the SMF-28 fibre: it is single-mode at the telecom wavelengths of 1310 and
1550 nm. The vertical dashed line marks the point, for which the field distribu-
tions in Fig. 1.4 (page 5) was calculated.

Electric and magnetic field distributions of HE, EH, TE, and TM modes are
also known and can be calculated once the value of β has been found from
Eqs. (2.3)–(2.5). The corresponding equations are quite lengthy, therefore they
are referenced in appendix A. As an example, the light intensity distribution of
the four lowest LP-modes shown in Fig. 2.3 was shown in chapter 1 (Fig. 1.4 on
page 5).
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Figure 2.3: Mode dispersion in an untapered SMF-28 fibre. The four solid curves cor-
respond to the four modes shown in Fig. 1.4. The vertical dashed line corresponds
to the wavelength of 750 nm for which Fig. 1.4 was calculated. The dashed curves
denote the material refractive index of the core and the cladding. Note that unlike in
Fig. 2.1(a) plotted for the air cladding, here the cladding refractive index depends on
the wavelength.

2.3.1.2 OMF waist

OMF samples are produced in such a way that the core-cladding structure of
the fibre is continuously maintained, down to the sub-micrometre diameter of
the cladding. As the result, in the waist a sample has the same core/cladding
diameter ratio as it was in the original fibre.

The waist of our samples is always produced from single-mode commer-
cial fibres, which have a typical core diameter of about 4 . . . 5µm. Thus the
core/cladding diameter ratio is about 1/25. The waist diameter of the samples
usually ranges from 0.5 to 3 wavelengths, depending on the application. There-
fore the core diameter in the waist (∼ 20 . . . 100 nm) is much smaller than the
wavelength of light (∼ 700 . . . 1500 nm). Taking also into account that the re-
fractive indices of the core and the cladding are almost equal, the core in the
waist region plays no role in light guidance. Light is guided by the total internal
reflection at the cladding-surrounding interface (cladding-guidance.) Therefore,
the calculation of the waist modes can be performed using the same two-layer
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Figure 2.4: Mode dispersion in the OMF waist. (Silica in air, 850 nm.)

model as the one used for the unprocessed thick fibre, with the cladding playing
the role of the core and the surrounding medium working as an infinite cladding.∗

Figure 2.4 shows the dependence of the effective refractive index of different
guided modes in the waist depending on its diameter. The effective refrac-
tive index of all guided modes lies between the material refractive indices of the
cladding (fused silica, nclad = 1.452) and the surrounding (air, n = 1). With
increasing diameter, all modes tend to “fit” inside the waveguide, and thus their
effective refractive index approaches nclad. And vice versa, for a very thin waveg-
uide, the mode propagates more or less in air, and therefore its effective refractive
index approaches unity.

Due to a high refractive index step at the cladding-air interface, a relatively
thin fibre of 2µm diameter supports a lot of modes (compare to just four modes
guided at 600 nm by an SMF-28 fibre, which has an 8µm core, Fig. 2.3). As
the diameter decreases, the modes experience the cut-off. Below the diameter of
0.6µm, the waveguide is single-mode, i. e. the only mode that can be guided is
the fundamental HE11 mode.

Consider also the three modes, which experience the cut-off just above 0.6µm
(TE01, TM01, HE21). In a weakly guiding fibre, they are degenerate in the prop-
agation constant and correspond to a single LP11 mode. However in a strongly

∗I have compared the calculation results obtained with such two-layer and the full three-
layer—core-cladding-surrounding—models: This simplification for the waist does not introduce
any noticeable error.
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Figure 2.5: Mode dispersion in the waist immersed in water. Due to the small refractive
index step between silica and water, the modes are almost degenerate in neff, unlike
in Fig. 2.4. Pink curves indicate the correspondence between the HE/EH/TE/TM and
LP modes. (Silica in water, 850 nm.)

guiding fibre they are not degenerate any more, and the three curves are clearly
distinct. The same happens with the EH11 and HE31 modes corresponding to the
LP21 mode.

For comparison, Fig. 2.5 shows the very same diagram but this time the fibre
is immersed in water. The refractive index step between water (n = 1.327)
and silica (n = 1.452) is much smaller than the step between silica and air.
Therefore the waist in water is not “so strongly” guiding, and the dispersion
curves come closer to each other. Pink curves mark the correspondence between
the HE/EH/TE/TM and LP modes.

In the rest of this thesis, I will use the vector mode notation (HE, EH, TE, TM)
when talking about individual modes independently from the LP-approximation
validity (so for both the weak- and the strong-guidance cases). I will use the
LP-notation only where I need to emphasize that the solution is obtained in the
scalar approximation.

2.3.2 Taper regions—three-layer model

Using the equations from the previous section, we can calculate any needed pa-
rameters of the light modes propagating in the untapered parts and in the waist.
Now we connect these regions.
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Figure 2.6: Mode dispersion in pigtails and in the waist. The two-layer solution fails
near neff = nclad.

To illustrate the task, let’s consider the plot neff vs. fibre diameter for the
fundamental HE11 mode, calculated using Eq. (2.3) for the thick part and for the
waist (Fig. 2.6).∗ On the left end of the diagram, the fibre diameter is so small
that the core plays no role in the light guidance. The effective refractive index
lies between the material indices of the cladding and the surrounding. On the
right side, to the contrary, the fibre is so thick that light remains confined by the
core and is not influenced by the fibre surrounding. Its effective refractive index
is determined by the indices of the core and the cladding. The two-layer model
is applicable in both of these cases.

However between these two regions the two-layer model fails. In Fig. 2.6,
the curves of the core- and cladding-guided modes do not meet. The effective
refractive index of the core-guided mode is always above the material refrac-
tive index of the cladding nclad, while the neff of the cladding-guided mode is
always below it. The reason for this fault of the two-layer models is the follow-
ing. When we go from left to right and approach the fibre (cladding) diameter of

∗The EVEs are derived for a cylindrical, translation invariant (along z) waveguide. Therefore,
strictly speaking, they cannot be applied to a waveguide with the varying diameter. However,
provided that the diameter variation with z is slow enough, this solution is still valid. This was
shown by comparing the theory with the experiment for taper angles up to at least 100 mrad [29].
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about 20. . . 30µm, the core diameter increases to a value, comparable to the light
wavelength (about 1µm). So we cannot ignore the core any more. At the same
time, the fibre diameter is still small enough for the evanescent field around the
core to reach the surface of the cladding. Therefore we should take into account
all three layers: the core, the cladding, and the surrounding of the fibre.

2.3.2.1 Mathematical model

The mathematical model for the three-layer system is not as well-known as the
two-layer one. The derivation of the two-layer eigenvalue equation is quite long
and cumbersome [30, 33], and the one for three layers is almost unreasonably
hard. That’s why, to the best of my knowledge, the groups working in the field
of tapered optical microfibres have been either using the full numerical calcula-
tion [34, 35] or significantly simplifying the task and using approximations [36].

Still, the eigenvalue equations for the three-layer system were published sev-
eral times by researchers involved in fibre sensors [37–43], the first papers dat-
ing back to the 1980s. Unfortunately, these papers have remained more or less
unnoticed. Even within this series of publications, the work done in 1982 by
Monerie [38] is basically repeated in 1994 by Henry [40]. Just a few weeks ago
yet another publication appeared, again deriving what Monerie published thirty
years ago [44]. This can be partly explained by the fact that information, that a
paper deals with the three-layer model, is not always “visible” from the abstract
or the title and thus is not always found when people need it. Also, for some
unfortunate coincidence, the most important of these papers, were not, until re-
cently, returned by the search engines of the publishers.

There is also another severe problem: most of these publications contain ty-
pos. Taking into account that a full set of equations needed to calculate vector
modes takes about five pages [41, 43], it is practically impossible to spot a mis-
take, not only for the reader but also for the authors. It is also very difficult to
simply program all these equations without introducing further mistakes. There-
fore it took quite some time to implement the working three-layer model, and
I will shortly describe it here.

2.3.2.2 Implementation

The first publication I was able to find was the English translation of a Russian
paper back to 1976 [37]. The authors give the exact equations for the electric
and magnetic fields, however they derive the eigenvalue equation only in the
approximation of a small refractive index step (weak guidance). This approxima-
tion is valid for the core-cladding interface, where the refractive index step is on
the order of 0.5 %, and is therefore of interest for the so called double-cladding
fibres. In 1982, the results for weakly guiding three-layer fibres, in a somewhat
simpler, easier to use form, were published by Monerie [38]; I implemented his
equations in our toolbox [2].
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The Monerie solution cannot be used in the tapers and in the waist, because of
the high refractive index step at the outer OMF surface (cladding-surrounding).
The first accessible publication with the exact three-layer eigenvalue equation
is the one by Tsao et al. from 1989 [39]. This paper contains the eigenvalue
equation for the HE and EH modes as well as for the simpler TE and TM modes.
Unfortunately, the authors did not try to solve the derived equation for the hybrid
modes themselves (having explained it by the complexity of the required numeric
calculations) and have used the equations for the TE mode in the examples. I
have programmed all the equations from the paper but the one for the HE/EH
mode does not have any roots.∗ Probably it is due to a typo in the paper or even
a mistake in the derivation [46].

In 1997, Erdogan again publishes the eigenvalue equation for the hybrid
modes [41]. He follows the Tsao approach and derives an equation for the cladding-
guided modes. There were several typos in the published paper, and in 2000 the
errata were published [42].

Thus, we have a working three-layer solution for each part of OMF:

Mode type neff Solution Figure

HE/EH < nclad Erdogan 2.7(a)
HE/EH > nclad Monerie 2.7(b)
TE/TM both Tsao 2.8

Figure 2.7 shows the vector two-layer, Erdogan, and Monerie solutions in the
(a) waist and (b) in the taper. Figure 2.8 shows the solutions for the TE and TM
modes.

∗The same result was then received independently by T. Lee from ORC in Southampton [45].
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Figure 2.7: Vector two-layer (thin dotted line) and Erdogan (thick dotted) solutions for
HE11 mode and Monerie solution for LP01 mode (solid). (a) In the waist, where the re-
fractive index step is high and the fibre is strongly guiding, the scalar Monerie solution
strongly deviates from the vector solutions. The Erdogan solution here matches the
two-layer vector solution. (b) In the thick part of a sample, the fibre is weakly guiding:
the field is mostly confined inside the fibre and the refractive index step “seen” by the
field is the small core-cladding step. Therefore the scalar Monerie solution (solid line)
matches the two-layer vector solutions (thin dotted) above and below nclad and closes
the gap between them near nclad. In this weak guidance regime, the Erdogan solution
(thick dots) matches the Monerie solution but only works in the cladding-guidance
regime (neff ≤ nclad). (SMF-28 fibre, 750 nm.)
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2.3.3 Choosing right model for each OMF region

Figure 2.9 and Tab. A.1 on page 106 summarize the applicability of different
models for each OMF region. For the hybrid modes, as long as the fibre diameter
is large enough and neff > nclad, the weak guidance approximation is valid and
we can use the Monerie solution. With decrease of the fibre diameter, the mode
guidance changes to the cladding guidance (neff < nclad) and we can switch to the
Erdogan solution. The mismatch between the two solutions at the border point
(neff = nclad) is less than 10−6; this is a cross-check of the Monerie and Erdogan
solutions in the gap, where they have deviated from the two-layer solutions. For
the TE and TM modes, we can use the Tsao solution both in the core- and the
cladding-guidance regimes.

Note that although the three-layer solutions work fine not only in the tapers
but also in the waist and in the untapered fibre, it makes sense to use the much
simpler two-layer solutions there, for the sake of performance.

For eigenvalue and field formulae for all models, see appendix A.

Waist Up-taperDown-taperInput
pigtail

Output
pigtail

1) Two-layer (HE, EH,
TE, TM)
2) three-layer Erdogan
(HE/EH) and Tsao
(TE/TM)

Applicable
solutions:

Erdogan+Monerie
(HE/EH) and Tsao
(TE/TM)

Untapered
fibre

(125µm)

Two-layer
(HE, EH, TE,
TM or LP)

Waist and thin part of
taper

Thick part of taper
(coupling region)

OMF
regions:

Figure 2.9: Mathematical models for different OMF parts.
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2.3.4 Mode coupling

The theory explained until now is sufficient to calculate the parameters of the
guided modes in an OMF at any given diameter. If we consider the actual prop-
agation of a wave along an OMF, we can face two different cases. One is the
adiabatic mode propagation, when the power within a given mode is conserved
along the whole OMF. For SOMMI, we are interested in another one—the non-
adiabatic propagation—when the HE11 mode of the input pigtail is split into the
HE11 and HE12 modes in the down-taper. This splitting (and recombination in
the up-taper) is governed by mode coupling.

Calculation of mode coupling can be done based on the coupled local mode
theory [30, Chap. 28]. The pre-requisite for applicability of this theory is that the
parameters of the waveguide (e. g. the fibre diameter) do not change rapidly
along the fibre. As shown in [25, 29], mode coupling in tapers as steep as
160 mrad can be adequately modelled using this approach. In our experiments,
tapers had a slope of 1 . . . 60mrad, so this model should work as well.

2.3.4.1 Coupling equations

Mode coupling means that the power and the phase of one mode depends on
those of the other modes. The exact field E(x , y, z) in the fibre can be written in
the form

E(x , y, z) =
∑

j

[b j(z) + b− j(z)]e j(x , y,β j(z)),

H(x , y, z) =
∑

j

[b j(z) + b− j(z)]h j(x , y,β j(z)),

where e and h are the normalized amplitudes of the individual orthogonal modes,
j the mode number (among all modes considered), β j(z) the local mode propa-
gation constant. Since the fibre parameters vary with z, the propagation constant
β also depends on z. The complex factors b describe the amplitude and the phase
of the forward (b+ j) and backward (b− j) propagating modes, in each point along
the fibre axis z, i. e.

b± j(z) = a± j(z)exp

�

±i

∫ z

0

β j(z)dz

�

,

where a is the amplitude.
The equations for b j(z) can be derived by substituting Eqs. (2.6) into Maxwell’s

equations [30, Chap. 31 and Eq. (28-2)]:

db j

dz
− iβ j b j =

∑

l

[C jl bl + C j,−l b−l],

db− j

dz
− iβ j b− j =

∑

l

[C− j,l bl + C− j,−l b−l],
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where C jl are the coupling coefficients [30, Eq. (28-4)]

C jl =
k

4

r

ε0

µ0

1

β j − βl

∫

A∞

e∗j · el
∂ n2

∂ z
dA, j 6= l, C j j = 0, (2.7)

and A∞ is the infinite cross-section.
By definition, if there is no coupling to the backwards propagating modes

(no reflection in the fibre), C j,−l = 0 and C− j,l = 0 for any j and l. Furthermore,
since in a SOMMI only two modes—HE11 and HE12—are excited, we end up with
a system of just two differential equations:

db1

dz
− iβ1 b1 = C12 b2, (2.8a)

db2

dz
− iβ2 b2 = C21 b1. (2.8b)

2.3.4.2 Coupling coefficients C

In this work I consider only the step-index fibres, so the refractive index is con-
stant within the core and within the cladding and changes only at the interface.
Thus ∂ n2/∂ z in Eq. (2.7) equals zero everywhere except at the core-cladding and
cladding-surrounding interfaces. If we ignore the cladding-surrounding interface
(because the evanescent field of the low-order modes in the surrounding region
at the diameters, at which the coupling occurs, is very small∗), we can consider
the cladding to be infinitely large and describe the fibre as [30, Eq. (28-11)]:

n2(r, z) = n2
co

�

1− 2∆H(r −ρ(z))
�

,

or, alternatively, as

1

n2(r, z)
=

1

n2
co

�

1+
2∆

1− 2∆
H(r −ρ(z))

�

,

where ∆ = (n2
co − n2

cl)/2n2
co is the so called fibre profile height parameter, 2ρ(z)

the z-dependent fibre core diameter, H the Heaviside step function (H(x) = 1 if
x > 0, H(x) = 0 otherwise). The integrand in Eq. (2.7) can be written as

e2
j el
∂ n2

∂ z
=
�

e∗φ jeφl + e∗z jezl

� ∂ n2

∂ z
−
�

n2e∗r j

�

�

n2er l

� ∂

∂ z

�

1

n2

�

.

(Note that eφ , ez and n2er are continuous across the interface, unlike er .) Finally,
with

∂ n2

∂ z
=−2n2

co∆δ(r −ρ)
dρ

dz
∗Taking into account a very good matching of the theoretical and experimental results obtained

with this theory [25, 29], this assumption does not introduce any significant error.
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and
∂

∂ z

�

1

n2

�

=
2n2

co∆

n2
con2

cl

δ(r −ρ)
dρ

dz
,

we obtain from Eq. (2.7)

C jl =−
k

2

r

ε0

µ0

n2
co∆

β j − βl

ρdρ

dz

×
∫ 2π

0

�

ec.c.
φ j eφl + ec.c.

z j ezl +

�

n2

n2
co

ec.c.
r j

��

n2

n2
cl

er l

��

r=ρ(z)

dφ, j 6= l. (2.9)

If ∆ is very small (� 1), we have the case of a weakly guiding fibre, the
longitudinal field components ez vanish, the transverse components er and eφ
are both continuous across the interface, and the last equation can be rewritten
as [30, Eq. (28-13)]

C jl =
k

2

r

ε0

µ0

n2
co∆

β j − βl

ρdρ

dz

∫ 2π

0

�

et j · etl

�

r=ρ(z)
dφ, j 6= l, (2.10)

where the subscript t means “transverse”.

2.3.4.3 Coupling calculation

To calculate the coupling coefficients according to Eq. (2.9) or (2.10), we should
use the three-layer model described in Sec. 2.3.2. The two-layer model cannot
correctly describe the mode field behaviour when the effective refractive index of
a mode gets close to the refractive index of the cladding material.

In practice, we need mode coupling calculation to design an optimal taper
shape: to split power between the HE11 and HE12 modes in the 1:1 ratio to max-
imize interference contrast. Equations (2.8) should be solved numerically and,
to achieve appropriate accuracy, it takes many hours. Although I have created
the first draft of the corresponding code, I have not had time to debug it yet.
Therefore I do not give the simulation results for mode coupling here. On the
other hand, as will be explained in chapter 3, the reproducibility of our manufac-
turing procedure is not very high and leads to a different OMF shape each time a
sample is pulled. Therefore it does not make much sense to numerically optimize
the taper shape with a high precision. Instead, the tapers were designed using
the approximate critical angle theory and tested interferometrically. Of course, in
the future the manufacturing reproducibility should be improved and the optimal
shape found theoretically and verified experimentally.

2.3.5 Critical angle theory

To design the tapers, a nice practical solution is provided by the critical angle
theory [25, 47].
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A critical angle is a taper slope angle, which approximately defines the bor-
derline between the regions of coupling and no coupling of two chosen modes.
That means that if the local taper slope Ω is much less than the critical angle
Ωcritical calculated for two specific modes, there will be no coupling between these
modes at this point; if Ω� Ωcritical, the modes are coupled. The value of Ωcritical
is derived from the length-scale criterion—an assumption, that if the taper is (lo-
cally) much longer than the beat length between the two modes, there will be no
coupling between them. From this follows the condition [25, Eq. (4)]

Ωcritical(z) =
d(z)

2

∆β(d)
2π

=
d(z)

2

∆neff(d)
λ

,

where ∆β is the propagation constant difference between the two modes, ∆neff
the corresponding effective refractive index difference, d the local taper (fibre
cladding) diameter, λ the vacuum wavelength. Since neff depends on the local
fibre diameter, which changes along the taper, we end up with a delineating
curve for each couple of modes. Figure 2.10 shows such curves for the three
lowest HE1m modes. The details on how this diagram is used for actual sample
design will be given in chapter 3.
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2.4 Computer implementation—Optical Fibre Toolbox
(OFT)

The computer realization of the above models should be able to perform, basi-
cally, two tasks:

• find the guided modes, i. e. find out how many roots the corresponding EVE
has in total for a given configuration and determine all these roots;

• “trace” each modal curve neff vs. d or λ within a given range of diameters
or wavelengths.

Several aspects of this problem are to be taken into account. The EVEs can only
be solved numerically, and therefore, having found a root, the program cannot
determine, to which mode it corresponds until all guided modes have been found.
At the same time, the program does not know in advance how many roots there
should be in total, so it should somehow make sure it has not missed any. Finally,
in some areas the modal curves lie very close to each other. Special care should
be taken to avoid numerical hops from one curve to another during tracing. All
these issues were successfully resolved and a fast adaptive algorithm was created.
The main ideas are described in appendix B. The whole procedure was realized
as the Optical Fibre Toolbox for Matlab (OFT) [2]. Our experience of more than
three years of regular use of this code shows that it is sufficiently robust and
applicable in the real working conditions.

2.4.1 What OFT can do

OFT’s basic functionality allows finding guided modes of a given fibre within a
given range of parameters (wavelength or fibre diameter) and trace the disper-
sion curves for hybrid, TE and TM modes of two-layer step-index fibres as well as
the modes of the three-layer structures according to the Monerie, Erdogan and
Tsao solutions.

The toolbox can also calculate field distributions (E and H) and the amount
of power guided inside the fibre and in the evanescent field. It can also automat-
ically find phase-matching points in multiple-harmonic dispersion diagrams.

2.4.2 Example: Application to diameter measurement based on
harmonic generation

To give an example of practical use of OFT, I briefly describe here its application
in our microfibre diameter measurement method. The physical principles and
experimental part of the method are described in detail in [1].

Light, coupled into the untapered end of a sample, is guided mainly in the
core, which has a diameter of about 5µm. The waist of some of our samples
is as small as 0.5µm in diameter, i. e. 10 times smaller. Therefore, when the
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mode gets from the thick part into the waist, its gets transversely compressed by
a factor of about 100. Accordingly, its intensity increases by a factor of 100. This
leads to efficient nonlinear interaction between light and the material of the fibre
in the waist—fused silica. Fused silica has a small third-order nonlinearity [48].
Therefore third-harmonic light is generated as the wave propagates through the
waist.

Moreover, despite the inversion symmetry of bulk fused silica, which results
in χ(2) = 0, second-harmonic generation was observed even in untapered fi-
bres [49]. It can be explained by breaking the symmetry at the defects in the
fibre [50, p. 367]. In OMFs, with their high light intensity at the surface, the
surface effect plays a significant role too [50, p. 344].

In order for the harmonic generation process to be effective, the phase-match-
ing condition should be fulfilled. This means, that the phase velocities of the
initial (pump) and third-harmonic waves should be equal or, equivalently,

neff,ω = neff,3ω. (2.11)

In a bulk isotropic material, this is never the case due to material dispersion: re-
fractive indices of the same material at different frequencies are different. How-
ever, the modal dispersion of the fibre modes can compensate this effect.

Figure 2.11 shows the modal dispersion neff(d) diagram for the pump and the
third harmonic. Clearly, the curves of the fundamental HE11 modes of the ω and
3ω waves do not intersect, so there is no chance of fulfilling condition (2.11).
However, the curve of the fundamental mode of the pump wavelength does in-
tersect those of the higher third-harmonic modes (points A, B etc.). Thus if the
fibre diameter is equal, for example, to dC, the second harmonic can in fact be
generated.

If the pump wavelength is different, the modal diagram looks similar but
the curves are all slightly shifted (gray curves in Fig. 2.11). Therefore the phase-
matching condition is also fulfilled at slightly different fibre diameter values. This
is shown graphically in Fig. 2.12. We can thus conclude, that efficient second-
harmonic generation can only occur, if the fibre diameter matches in a special
way the pump wavelength.

Our measurement technique is then very simple. We take a sample that
should be measured, couple light from a tunable laser into it and, while con-
tinuously changing the wavelength, observe the signal at the output. The peak
of the third-harmonic response occurs when the phase-matching wavelength is
reached. Finally, from Fig. 2.12, we determine the fibre diameter.

To plot the phase-matching diagram in Fig. 2.12, the dispersion diagrams
should first be plotted for several wavelengths. For a different fibre, these di-
agrams should be calculated again. Using the OFT, we can build each disper-
sion diagram and automatically find intersection points within approximately a
minute, and thus the whole process becomes fast enough to be used in real work.
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2.5 SOMMI simulation

With the developed OMF model, we can now proceed to the simulation of a
single optical microfibre modal interferometer. The goal of this simulation is to
calculate the expected output signal for interferometers of different shape and
materials of the fibre core, cladding, and surrounding.

2.5.1 Cylinder interferometer

Quick summary of what was said in the previous sections.
SOMMIs have one input port and one output port—the single-mode unta-

pered pigtails of the tapered OMF samples. The two interferometer arms are
represented by the two transverse modes propagating between the tapers. The
down-taper plays the role of a beam splitter, the up-taper—of a beam recombiner.

Mode splitting is based on mode coupling in abrupt tapers: the power guided
into the taper in some mode does not remain in this mode throughout the taper
but is coupled to other modes. Due to the symmetry reasons, the HE11 mode of
the single-mode pigtails couples only to the modes of the same symmetry (HE12,
HE13 etc.). By appropriate design of the tapers, it is possible to minimize coupling
to the HE13 mode, and thus all power will be split only between the HE11 and
HE12 modes.

The pigtails and the waist of an OMF can be treated as cylinders. Tapers have
conical shape, but can be approximately represented as a number of short cylin-
ders of different diameters (standard approach to numeric integration). There-
fore let’s consider a cylindrical waveguide of length L, in which two modes propa-
gate: 1 and 2. Let these modes have the corresponding effective refractive indices
n1 and n2, equal amplitudes A= 1 and the same vacuum wavelength λ. Finally
let the original (at the beginning of the cylinder) phases of the modes be ϕ1 and
ϕ2

At the end of the cylinder, each mode has the phase (cf. Eq. (2.1) on page 16)

2π

λ
neff L+ϕ−ωt.

The two modes interfere, and the intensity at the output as a function of the
wavelength λ and the cylinder length L is

I =
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= 1+ cos
�

2π

λ
L∆neff+∆ϕ

�

= 1+ cos(φ),

or, in the normalized form,

I ∼ 0.5+ 0.5 cos(φ) = 0.5+ 0.5cos
�

2π

λ
L∆neff+∆ϕ

�

. (2.12)

Here φ is the phase of the interference signal, ∆neff(λ, d) = n1(λ, d)− n2(λ, d)
the difference between the effective refractive indices of the two interfering modes,
and ∆ϕ the phase difference between them at the beginning of the cylinder. If
the mode amplitudes are not equal, the signal will remain of the same shape but
the contrast will be reduced.

If we consider interference in just one cylinder and want to know the fre-
quency of the fringes but not the absolute phase (which is usually the case in in-
terferometry), we can assume ∆ϕ = 0. If, for numerical calculation, we consider
an OMF split into many sequential cylinders, then ∆ϕ is the phase difference at
the end of the previous cylinder.

Eq. (2.12) is the main equation used in this work to calculate the interference
signal.

2.5.2 Spectral interferometry

Spectral interferometry assumes a constant SOMMI shape and a variable wave-
length, and can be implemented experimentally with a very simple setup: A broad-
band light source, e. g. a white lamp, is coupled to one pigtail of the sample. A
spectral detector, such as a spectrometer or an optical spectrum analyser, is cou-
pled to another pigtail and the intensity vs. wavelength is measured.

The wavelength range should be chosen such that the input and output pig-
tails remain single-mode: The shortest wavelength in the design range should
be above the cut-off of the first higher mode (TE01); then only the fundamental
HE11 mode will be guided. For example, in Fig. 2.13(a) on the following page,
the cut-off of the TE01 mode (belonging to the LP11 bunch) is at 627 nm, so the
working spectral range of the interferometer will from 627 nm upwards.

For the interferometer to work, the second interfering mode, HE12, should
be guided through the waist, from the splitting point in the down-taper to the
recombination point in the up-taper. The HE12 mode can be guided in the waist
up to some cut-off wavelength (in analogy to the cut-off of TE01 in the pigtails):
see Fig. 2.13(b), where the cut-off of the HE12 mode is at 1106 nm. In the up-
taper, the two modes will couple and thus recombine, and the HE11 mode will
be guided out by the output pigtail. The power left in the HE12 mode after
interference will be lost because the output pigtail is single-mode.

To simulate this experiment, we need to calculate Eq. (2.12) for different
wavelengths. The wavelength appears in this equation not only directly in 2π/λ
but also in the effective refractive index, through the material and mode dis-
persion. The wavelength dependence of the effective refractive indices of both
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propagating modes and thus the interference signal can be straightforwardly cal-
culated using OFT.

If we ignore the tapers for now, the interference between the HE11 and HE12
modes in the waist will result in the output signal (power in the HE11 mode in
the output pigtail) looking as shown in Fig. 2.13(c).
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Figure 2.13: Theoretical spectral response of a cylinder SOMMI. (a) Guiding properties
of the untapered fibre SM800. Fundamental mode LP01 (weak-guidance analogue of
HE11) is guided everywhere, while the first higher mode LP11 experiences the cut-
off at 627 nm. (b) Guiding properties of the 1.3µm diameter waist. The second
interferometer mode HE12 is cut-off at 1106 nm. (c) Normalized interference signal
between 627 and 1106 nm, L = 1 mm.

Note that unlike in a usual white-light interferometer, where the frequency
of the fringes remains constant, in a SOMMI it varies strongly due to the strong
modal dispersion in the fibre. The signal even exhibits a characteristic zero-
dispersion, or achromatic fringe, which was first described for vector modes in
tapered fibres by Lacroix et al. [20]. This zero-dispersion point is a very nice
feature because it allows for absolute interferometric measurements, just like
the achromatic fringe in a usual white-light interferometer. However, unlike in
a usual interferometer, here we can nicely observe not only the zero-dispersion
fringe, but also many fringes to the left and to the right from it.
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2.5.2.1 Refractive index sensor

A broadband SOMMI can be used as a refractive index sensor. If all geometrical
parameters of the OMF are fixed and only the refractive index of the surround-
ing medium is changing (for example, by immersing the SOMMI into different
liquids), we can calculate the wavelength of the zero-dispersion point vs. the
external refractive index. Figure 2.14 shows such dependence for a cylindri-
cal interferometer (tapers ignored). The theoretical sensitivity in this case is
2500 . . . 5100 nm/RIU∗. To compare, higher sensitivity for similar sensors has
been reported so far only for sensors based on nonlinear processes in photonic
crystal fibres or birefringence and requiring very specific specially manufactured
fibres [23, 51]. Clearly, to achieve high sensitivity in practice, it is necessary to
measure the position of the zero-point very precisely. Therefore it is also interest-
ing that the evolution of the zero-point phase, which is easier to measure, goes
at the rate of 6300 rad/RIU (at n= 1.3) and can be used to measure the relative
change of refractive index with even higher precision.

1.2 1.41.3
Surrounding refractive index

600

1400

700

λ
0
,n

m

Figure 2.14: Zero-point wavelength vs. surrounding refractive index for a cylinder inter-
ferometer. Simulated for a silica rod of 2.5µm diameter in a non-dispersive surround-
ing.

2.5.3 Stretch-interferometry

Another type of interferometry takes place when the wavelength λ is fixed and
the length L between the splitting and recombination points is being changed.
This can be experimentally done by using a laser diode as a light source and
pulling a sample at two ends. This method was used to test the SOMMI samples
after manufacturing.

We assume for now that stretching influences the phase accumulation only
along the waist, i. e. we again ignore the tapers.

∗Refractive index unit.
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When a cylinder waveguide is stretched, three processes occur. First, the
path L travelled by both modes between splitting and recombination increases.
Second, due to the Poisson effect, the waveguide gets thinner. Third, due to the
photoelastic effect, the material refractive index changes.

The change of L directly changes the interference result according to Eq. (2.12).
The influence of the other two effects requires some closer consideration.

2.5.3.1 Poisson effect

If a fibre is stretched by ε = ∆L/L, its contraction in the transverse direction is
determined, for a short elongation, by

∆d =−dνε

or, for larger elongations, by

∆d =−d
�

1−
1

(1+ ε)ν

�

, (2.13)

where ν is the fused silica Poisson ratio equal to 0.17 [52–54]. For example, for
d = 1µm, L = 5 mm, ∆L = 50µm, the diameter change is ∆d = −0.0017µm.
In OFT, formula (2.13) is used.

The change of the fibre diameter directly leads to the change of ∆neff ac-
cording to the mode dispersion diagram (see Fig. 2.1(b) on p. 17) and, since the
mode curves neff(d) can be calculated using OFT, the Poisson effect can be readily
taken into account.

2.5.3.2 Photoelastic effect

Optical fibres, from which our samples are made, are isotropic. A tapered fibre
is also isotropic because the slow heat-processing during tapering removes any
strain introduced by pulling. However, when a cold fibre is stretched, the axial
and transverse refractive indices become different, due to the photoelastic effect.
The change in the optical indicatrix is [55]:

∆
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i
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6
∑
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pi jε j ,

where ε is the strain vector and pi j the components of the photoelastic tensor.
In the absence of shear, ε4 = ε5 = ε6 = 0. For stretching in the z-direction, the
strain vector is therefore [56]
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Therefore we need only to consider the i, j = 1,2, 3 elements of the strain-optic
tensor for a homogeneous isotropic material [55]:

pi j =







p11 p12 p12
p12 p11 p12
p12 p12 p11






,

where p11 = 0.121 and p12 = 0.270 are the Pockels elastooptic coefficients [54].
Therefore the change in the optical indicatrix is

∆
�

1

n2

�

x ,y
=− νε(p11+ p12) + εp12,

∆
�

1

n2

�

z
=− 2νεp12+ εp11.

Taking into account

∆
�

1

n2

�

i
=−

2∆ni

n3 ,

we obtain

∆nx ,y =− 0.5n3(p12− ν(p11+ p12))ε, (2.14)

∆nz =− 0.5n3(p11− 2νp12)ε, (2.15)

ending up with two different refractive indices for transverse and axial compo-
nents of the electric field.

The interfering modes HE11 and HE12 are hybrid modes, with the non-vanishing
z-component. Therefore, to calculate their propagation in a stretched cylinder,
we have to consider this induced anisotropy. The solution for this problem was
derived by Tonning [57] and implemented in OFT (Sec. A.3).

2.5.3.3 Simulation algorithm and results

Calculation is performed in the following order:

1. For a given initial inteferometer length L and elongation∆L, using Eq. (2.13),
calculate the corrected diameter of the fibre in the stretched state.

2. Using Eq. (2.14) and (2.15), calculate the refractive index correction for
the waveguide material in the stretched state.

3. For the new material refractive indices and diameter, calculate∆neff for the
two interfering modes using the Tonning solution.

4. Calculate the output signal phase φ = (2π/λ)(L+∆L)∆neff.

5. Repeat for the next ∆L.
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In figure 2.15, the dots correspond to the results of such calculation for a
�1.5µm × 2 mm waist. All dots in Fig. 2.15(a) lie on a straight line (solid
line), which indicates that for small elongation the process is linear. I have also
shown the result of calculation with the photoelastic (dotted line) and both ef-
fects (dashed line) ignored. Apparently, in this case the photoelastic effect almost
compensates the Poisson effect.
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Figure 2.15: Simulated stretch-interference signal. Big dots: exact numerical solution
with Poisson and photoelastic effects taken into account. Solid line: linear model.
Dashed line: Poisson and photoelastic effects are ignored (∆neff independent of ∆L).
Dotted line: Poisson effect taken into account, photoelastic effect ignored. (�1.5µm
×2 mm, fused silica in air, 850nm.)

For comparison, Fig. 2.16 shows the phase calculated for a thicker waveguide:
�5µm× 2 mm. In this case, the photoelastic effect is considerably smaller than
the Poisson one.

2.5.4 Actual SOMMI shape

Until now, the SOMMI simulation was performed with the tapers ignored. In this
section I explain how they are taken into account. I consider the tapers, which
are linear everywhere except when the fibre diameter d = 2r gets so small that
the condition

Ω, mrad

r, µm
< 0.3 (2.16)

is violated. (Ω is the slope angle.) If it is, then the slope angle is limited by
Ω = 0.3r, i. e. the slope decreases with the fibre diameter. Equation (2.16) is the
limiting condition used by the pulling machine, with which we have produced our
samples [58]. It is applied to prevent fluctuations of the sample shape observed
otherwise [26]. Figure 2.17 shows such a taper.
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2.5.4.1 Numerical approach

To simulate a SOMMI with such a shape, both the variation of the wavelength
and of the diameter have to be taken in account. In analogy to Eq. (2.12), the
interference signal here is

I(λ) =
1

2
+

1

2
cos(φ) =

1

2
+

1

2
cos

�

2π

λ

∫

L

∆neff(λ, d(z))dz

�

(2.17)

To calculate Eq. (2.17) numerically, I split the whole tapered fibre into cylin-
dric sections (Fig. 2.18) with diameters di (i increases with diameter, and I con-
sider just the down-taper and the first half of the waist, for the symmetry rea-
sons). For each cylinder, ∆neff is calculated and then multiplied by the length of
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Figure 2.18: Discretisation of the taper shape. Discretisation parameters: ∆d = 10µm,
dmax = 50µm.

the cylinder. The latter is calculated as follows: for a point i, the cylinder extends
from the center between the points i−1 and i to the center between the points i
and i+ 1. Thus for all cylinders except the first and the last ones,

φi =
2π

λ
∆neff(di)

�

zi−1+ zi

2
−

zi + zi+1

2

�

=
2π

λ
∆neff(di)

zi−1− zi+1

2
.

For the first cylinder,

φ1 =
2π

λ
∆neff(d1)

z1− z2

2
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and for the last one

φN =
2π

λ
∆neff(dN )

zN−1− zN

2
.

After adding all cylinders up, we obtain

φ =
2π

λ

N−1
∑

i=1

∆neff(di) +∆neff(di+1)
2

(zi − zi+1), (2.18)

where N is the number of the discretization points. Equation (2.18) is the well-
known trapezoidal rule for numerical integration.

This simulation takes hours because, to achieve acceptable precision, we need
to calculate mode dispersion for a lot of diameters. This should then be repeated
for each surrounding material, in which we may put our samples. And, of course,
the calculation should be done anew for each sample shape.

For the spectral interferometry, the process can be sped up if the diameters
are chosen in a special way. First, I define a constant diameter discretization step
∆d (numerical analysis has shown, that the step of 0.1µm is sufficient to achieve
sufficient accuracy in both the spectral and the stretch-interferometry). Then, I
define a discretization grid, which starts at d = 0, i. e.

di

∆d
is integer.

Finally, I calculate values zi , corresponding to these di for the taper shape of a
specific sample.

This means that for any sample shape the d-grid is always the same, and only
the cylinder lengths vary. Therefore I can pre-calculate ∆neff(λ) for all points di
for each fibre-surrounding material combination and then re-use these values for
samples of any shape. The only value which should be calculated for each sample
is ∆neff(dwaist).

For the stretch interferometry, this simple method is not applicable. Accord-
ing to the Hook’s law, the relative elongation of each elementary cylinder is pro-
portional to its length and inversely proportional to the area of cross-section.
Therefore, since the length of the cylinders is not known a priori, it is impossi-
ble to precalculate ∆neff. However, it is still possible to calculate the ∆neff(d,ε)
function for many diameters and for many relative elongations and then use a
two-dimensional interpolation to find the right ∆neff for each cylinder after tak-
ing the Poisson and photoelastic effects into account. Thus, again, tapers of any
shape can be simulated quickly.

2.5.4.2 Optimal ∆d and dmax

Spectral interferometry To find an optimal step∆d, I have calculated λ0(dmax)
(Fig. 2.19). The resulting value with tapers taken into account (835 nm) is com-
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Figure 2.19: Zero-dispersion wavelength (see Fig. 2.13b) vs. maximum considered di-
ameter value and diameter step. With only the waist (�2µm) taken into account, all
data sets coincide at the wavelength of 764 nm. With taking a larger and larger part of
tapers into account, the zero-dispersion wavelength increases and saturates at 835 nm
when the maximum considered taper diameter reaches 30µm. At dmax = 20µm, the
zero-wavelength is 834 nm. For the diameter steps of 0.05 and 0.1µm, both the two-
and three-layer models give the same results. Step 0.2µm results in a 1 nm error. Step
0.5µm gives the error of up to 5 nm. Simulated for SM800 fibre in the Cargille 1.35
liquid, taper slope angle 16 mrad, waist �2µm× 3 mm.

pletely different from the value without tapers (764 nm), which shows that tapers
cannot be ignored in this calculation. However it is not necessary to calculate the
whole tapers up to 125µm because the influence of the large diameter sections
is negligible (the result “saturates” after dmax = 30µm). The diameter step size
of 0.1µm seems to be optimal and ensures the error of < 1 nm. Comparison of
the two- and three-layer models shows that the two layer model can be used with
keeping the error < 1nm. For even better accuracy (if the measurement error is
below 1 nm), the three-layer models should be used.

Stretch-interferometry The same procedure was repeated for stretch-interference,
this time the figure of merit was the frequency of the interference fringes (Fig. 2.20).
As the convergence criterion I used the frequency error of 0.01 rad/µm, which
is about 0.3 % of the absolute frequency value. Again, the ∆d = 0.1µm and
dmax = 30µm can be taken as the diameter step and maximum diameter values.
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Figure 2.20: Fringe frequency (see Fig. 2.15b) vs. maximum considered diameter
value and diameter step. At the waist diameter of 1.5µm all data sets coincide
at the frequency of 4.41 rad/µm. The frequency decreases with dmax and saturates
at 3.40 rad/µm when the maximum considered taper diameter reaches 40µm. At
dmax = 20µm, the frequency is 3.41 rad/µm. For the diameter steps of 0.05 and
0.1µm, the simulation gives the same results to 0.001 rad/µm. For the step of 0.2µm,
the difference is about 0.004. Simulated for SM800 fibre in air, taper slope angle
16 mrad, waist �1.5µm× 3mm, wavelength 852 nm, absolute elongation 5µm.

2.6 Summary

In this chapter I have presented the methods for calculation of the guided modes
in usual fibres, OMFs, and SOMMIs. Depending on the guidance regime, different
models have to be used. In particular, the three-layer model used to simulate
taper modes was one of the central topics of my theoretical work. The developed
algorithms have been used for calculation of the phase-matching condition in
our OMF waist diameter measurement method [1] as well as for simulation of
the spectral and stretch-interference signals of SOMMIs.

All the developed models have been implemented as the Optical Fibre Tool-
box and published with the open source code as [59] (version 1) and [2] (ver-
sion 2). Since the publication of the first version two years ago, OFT was down-
loaded more than 1500 times.





CHAPTER 3
Samples

In this chapter I describe manufacturing, characterization and handling of OMF
and SOMMI samples.

3.1 Production

3.1.1 Optical fibre tapering

Micrometre-scale diameter glass fibres were first produced and studied in the
19th century [60, 61], however they were inappropriate for optical applications
due the high losses in glass itself. It was only in 1970 that, following the dis-
covery of Kao and Hockham [7], Corning managed to produce the first optical
fibre with sufficiently low attenuation for telecom purposes. This also raised in-
terest to research aimed on creating more fibre-based devices than just optical
transmission elements.

Fibre tapers were used to couple light between two fibres (fibre couplers) as
well as to excite light propagation in the cladding and then couple it back to the
core. However such tapers need neither a high shape uniformity, nor a very small
diameter.

In 1985, the first paper mentioning an optical fibre tapered down to 10µm
was published [62]. The research of small-diameter fibre tapers immediately fol-
lowed [20, 39, 63]. However the shape quality of these OMFs (produced simply
by flame-heating and pulling a commercial fibre) was still not high enough, lead-
ing to high losses.

For efficient light-matter interaction it is important to be able to make the
fibre waist as long and as constant in diameter as possible. For fine control of
light propagation it is also critical to control the shape of the tapers. In 1992,
Birks and Li have developed a theory of fibre tapering and experimentally verified
it using the “flame-brushing” technique [64–66]. In this method, a fibre is pulled

51
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by two translation stages while at the same time being heated by a flame moving
back and forth under the fibre, thereby imitating a varying flame length. They
managed to achieve excellent control over the waist and taper shape, which was
important for such applications as the directional couplers and the fibre beam
expanders. However the diameter of the waist was on the order of dozens of
micrometres.

In 2003, Tong et al. proposed a rather complicated method of drawing high
quality subwavelength-diameter fibres [67]. Finally, in 2004, Brambilla et al. for
the first time reported a successful production of a low-loss sub-micrometre-
diameter fibre using the flame-brushing technique [9]. This flame-brushing method
with its modifications employing various types of heat sources (gas flame, electri-
cal microheater, laser-heated sapphire furnace) is the one usually used nowadays
around the world to produce high-quality (sub)micrometre-diameter tapered fi-
bres.

There are also alternative methods based on fibre etching or polishing [68,
69]. As such, they yield OMFs of lower optical quality than fibre pulling [70] and
are therefore rarely used today. However, polishing provides additional control
over the waist shape and can be used in combination with tapering as for example
in [23].

3.1.2 Pulling machine

To manufacture our samples, we have used the fibre pulling machine developed
and built in our group a few years ago [26] and currently belonging to the group
of Arno Rauschenbeutel (Fig. 3.1). Its primary parts are two computer-controlled
translation stages, stacked on top of each other, and an oxygen-hydrogen burner.
Two steel plates with precision V-grooves are fixed on top of the stages. The
grooves are aligned coaxially to each other and parallel to the axis of motion
of the stages. The fibre to be pulled is clamped in these V-grooves with strong
magnets and thus is aligned relative to the stages.

The bottom (translator) stage is moving left and right and the burner is sta-
tionary. The top stage (stretcher) is continuously pulling the fibre while the bot-
tom stage is moving the whole fibre left and right imitating the movement of the
flame. In comparison to the original flame-brushing design of Birks [66], this
variant offers a simpler construction (due to the fixed burner) and lower air flow
influence on the flame (the flame is not moving).
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computer

Steel plate with V-groove
Stripped fibre

Figure 3.1: Pulling setup. Computer-controlled translator stage moves the fibre back
and forth above the ultraclean oxygen-hydrogen flame while, at the same time, the
second stage stretches it.

3.1.3 Optical fibre type selection

The fibre, used for tapering, should satisfy the requirements to the pigtails (be
transparent and single-mode in the design wavelength range) and at the same
time be suitable for tapering, i. e. withstand heating above the softening point
without loosing its guiding properties.

Since the research in our group is to a large extent concentrated around the
caesium atoms, having the resonance wavelengths of 852 nm and 894 nm, we
have various equipment for this wavelength region, including a tunable laser for
850–1050 nm. Therefore, the default wavelength region for this project was also
chosen to be 800–1100 nm. A suitable fibre for this wavelength range is the
SM800 fibre produced by Fibercore Ltd. Its properties are listed in Tab. 3.1.

During tapering, a stripped (with the coating removed) fibre is heated close
to the glass softening point (about 1600 ◦C). The materials of the core and the
cladding should be suitable for such heating. The SM800 fibre has a pure fused
silica cladding and a germanium-doped silica core. These materials survive the
heating well.

As an example of a different behaviour, the Nufern S630-HP fibre, which is a
single-mode fibre for shorter wavelengths, has a pure silica core and a fluorine-
doped cladding. Fluorine is a volatile element and tends to evaporate from the
fibre during heating. As the result, the core-cladding refractive index step van-
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Table 3.1: Properties of the Fibercore SM800 optical fibre. [32]

Design wavelength 830 nm
Cut-off wavelength 660–800 nm
Numerical aperture 0.12± 0.02 [24]
Mode field diameter 5.6µm
Attenuation < 5 dB/km
Fibre diameter 125± 1µm
Core diameter 4µm [24]
Core-cladding concentricity < 1µm
Coating diameter 245µm± 5 %
Coating material Acrylate [24]

ishes in the tapered region and the fibre loses its guiding properties. Such a fibre
is thus unsuitable for making tapered fibres by heating.

During this project, we also produced OMFs for longer wavelengths, around
1500 nm. For this, a perfect starting point is the standard telecommunication fi-
bre SMF-28 from Corning Inc., designed for the telecommunication wavelengths
of 1310 and 1550 nm. It has practically the same technical specifications as
SM800 except for the larger core diameter—8.2µm—and the cut-off wavelength
of 1260. . . 1280 nm [71, 72].

3.1.4 Target sample shape

For each SOMMI sample, we need to decide on the taper shape and the waist
diameter and length. In this chapter, I only discuss samples to be used in air,
therefore I will describe the in-air design. The very same approach is then used
for in-liquid SOMMIs in chapter 4.

3.1.4.1 Waist diameter

Initially (in the untapered input pigtail) all light power is contained in the funda-
mental HE11 mode. In the taper, the HE11 mode can be coupled to higher modes
of the same symmetry, i. e. HE1m modes. Thus, the modes HE12, HE13 etc. can be
excited while EH, TE, TM and HElm (with l 6= 1) can not.

The interferometer modes are the HE11 and HE12 ones. Therefore we should
avoid excitation of the HE13 and higher HE1m modes by the proper design of the
taper. However, the manufacturing imperfection can still lead to excitation of the
wrong modes.

In Fig. 3.2, I show the three modes in question (black curves). The gray
curves correspond to all other modes, which can be guided in a fibre of this
diameter range. If the fibre symmetry is viloated (e. g. by slight misalignment
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Figure 3.2: Interferometer modes. Initially (in the untapered input part of the fibre) all
energy is in HE11 mode. In the tapers, HE11 mode is coupled to HE12. The waist should
have the diameter of at least 1µm to guide the HE12 mode. In case the unwanted HE13
mode is also excited in the down-taper, we can cut if off in the waist by choosing the
waist diameter below 1.8µm. All other guided modes are not excited provided that
the fibre is rotationally symmetric. (Silica in air, 850 nm.)

and bending), some of these modes can be excited as well and contribute to the
noise of the interference pattern.

In this particular case (fibre in air, 850 nm wavelength), to guide the HE12
mode, the waist should be at least 1µm thick. If we do not make the waist
thicker than 1.8µm, the HE13 mode will not be able to propagate through the
waist, even if excited in the down-taper. Thus we end up with the possible range
for the waist diameter from 1 to 1.8µm.

Another aspect to consider is the difference between the effective refractive
indices ∆neff of the HE11 and HE12 modes. To the first approximation, the larger
it is, the more sensitive the interferometer will be to any changes, cf. Eq. (2.12):

I ∼ 0.5+ 0.5cos
�

2π

λ
L∆neff

�

, (2.12)

Obviously, ∆neff is largest close to the HE12 cut-off, just above 1µm. At the same
time, we should remember that at a different wavelength the mode curves will be
shifted (cf. Fig. 2.11), so, to extend the operating wavelength range, we should



56 CHAPTER 3. SAMPLES

stay as far from the cut-off diameters as possible. Therefore, we end up with an
optimal waist diameter of about 1.3 . . . 1.4µm.

To be more precise, the SOMMI sensitivity estimation involves the calculation
of ∂ φ/∂ L for sensitivity to elongation, or ∂ φ/∂ nout for sensitivity to the sur-
rounding refractive index, or ∂ φ/∂ T for sensitivity to temperature, and so on,
where φ = 2π∆neff L/λ (see Eq. (2.12)). However, now I am not interested in
obtaining the highest possible sensitivity for any specific experiment. The present
goal is simply to make a working interferometer and verify that it works accord-
ing to the model developed in the previous chapter.

3.1.4.2 Waist length

From the same Eq. (2.12), it follows that a longer waist leads to a higher fre-
quency of interference fringes in the spectral interferometry (Fig. 3.3). The lower
the frequency, the easier it is to measure the signal. However with too few fringes,
the signal is hard to analyse with a good precision.

There is also a purely technical limit: The shortest waist length a pulling
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Figure 3.3: Simulated spectral interference signal in a SOMMI with 16 mrad taper and
(a) 2 mm and (b) 5 mm waist. (Silica in air, 1.3µm waist diameter.)
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machine can produce equals to the effective length∗ of the heater (in our case
flame) used. Our pulling machine has a heater with the effective flame length of
about 1 mm. My samples usually have the waist length of 2 . . . 5mm.

3.1.4.3 Taper angle

Tapers are responsible for mode splitting and recombination, and should provide
for the HE11 and HE12 modes coupling and minimize coupling to the HE13 mode.
The critical angle theory (Sec. 2.3.5) allows to determine if, at a given diame-
ter and for a given slope angle, any two given modes are likely to couple. For
modes HE11, HE12 and HE13, four regions should be considered in a taper angle
vs. fibre diameter diagram (Fig. 3.4). Region A is above the delineating curves
HE11↔HE12 and HE12↔HE13. Therefore, if the taper crosses this region, the

∗Effective length of a heater is the length over which the fibre glass is heated above the glass
softening point.
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Figure 3.4: Zones of coupling and adiabatic mode propagation. Calculated based on the
critical angle theory, Sec. 2.3.5. (SM800 fibre in air, 850 nm.)
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power can be lost to the HE13 mode, which is to be avoided. Region B is above
the HE12↔HE13 delineating curve but below the HE11↔HE12 one. Therefore
only the power in the HE12 mode can be lost to HE13. However, mode HE12 is de-
coupled from HE11 in this region (it is below the HE11↔HE12 curve), therefore
this loss does not influence the interference result. Region C is the one where the
HE11 and HE12 modes are coupled and no coupling occurs with mode HE13. This
is therefore the target area for mode splitting and recombination. Finally, region
D is the area of adiabatic propagation of all modes.

The OMF pigtails have the diameter of 125µm, and thus the down-taper
always starts in areas B or D, which is fine. The slope should then be large
enough for the Ω(d) curve (we call it a taper trajectory) to cross area C but not
too large, so that it does not get into area A. In the waist, the slope angle is zero,
therefore the waist is always in area D, and the two interfering modes propagate
adiabatically. The up-taper trajectory should again cross area C to achieve mode
recombination. It does not matter in which area—B or D—is the output pigtail:
neither mode HE12 nor mode HE13 are detected at the output (both are lost
because the pigtail is single-mode).

The pulling machine used in this project can only produce symmetric tapers,
so the trajectories for the down- and the up-taper are the same. Moreover, dur-
ing building the pulling machine it was discovered that if the Ω/d ratio is too
large, the tapers do not exhibit a well defined shape [26]. Therefore the control
software of the pulling machine limits the slope to [73]∗

Ω/d = 0.15mrad/µm.

In Fig. 3.5, this limit is indicated by the dashed line. At no point can our samples
get above this line. Apparently, this line satisfies the above requirements: it starts
in area B, crosses area C, gets to the waist, and then returns through C to B. It
never crosses the “forbidden” area A. Therefore, for most of my samples I just
specified the value of 16 mrad as the desired taper angle, the pulling machine
limited it to Ωmax = 0.15d, and this trajectory (shown with the thick solid line)
worked fine as can be seen from the rest of the thesis.

For comparison, the step-wise line at the bottom of Fig. 3.5 indicates the tra-
jectory often used for our adiabatic samples. Figure 3.6 shows both the 16 mrad
and the 3-1-3 mrad taper shapes.

∗To be more precise, the limiting factor depends on the effective flame width given to the
control software of the machine by the user and is 0.265 for 0.7 mm flame, 0.193 for 1.0 mm, and
0.118 for 1.6 mm. I have found these values by fitting an exponential curve to the design taper
shape plotted by the pulling control software [17]. The flame width of course does not change
but is not known exactly. Besides, by decreasing this parameter, one can achieve steeper tapers
by compromising their smoothness a little; it makes sense when designing a SOMMI: we are more
interested in the efficient coupling leading to a higher contrast than in the no-loss propagation.
Without loss of generality, I will be using the value of 0.15 mrad/µm in this text; the exact values
are used in all taper shape-related calculations.
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3.1.5 Sample shape verification

To be able to reliably interpret experimental results, it should be checked whether
the samples we produce are actually the ones we design. The pulling machine is
equipped with a microscope for a visual inspection. However since the samples
are very thin, the visual inspection does not provide much information except for
some dramatic problems (like broken waist or significant bending). Therefore
several other methods have been used during this project.

3.1.5.1 Scanning electron microscopy

Since the sample length is on the order of several centimetres and the diameter
range is 0.5...125µm, the instrument of obvious choice to characterize our sam-
ples is a scanning electron microscope (SEM): The resolution of an SEM on the
order of 1 nm and the achievable accuracy on the order of 10 nm∗ are suitable
for our purposes. At the same time, SEM allows measuring larger samples than
accessible with a more accurate transmission electron microscope.

Waist diameter As far as I know, our group was the first one to reliably measure
the microfibre waist diameter with high precision using an SEM. This process
requires special handling of the samples and recalibration of the microscope for
each series of measurement to obtain the maximum accuracy accessible with
SEM. All details can be found in the Diplom work of Pritzkau [74] and, in a
shorter form, in [1]. Figure 3.7 shows SEM images of the taper and the waist of
one of our submicrometre-diameter samples.

SEM poses some problems when considering our samples. Glass gets charged
by the electron beam and deflects electrons from their original trajectory, thus
reducing the accuracy of measurement. To prevent this effect, the fibre must
be coated with gold. The thickness of the golden layer is not perfectly well de-
fined thus contributing to the overall error of measurement. Besides, a gold-
coated sample is of course unusable in optical experiments. Another problem we
have faced is that lengthy exposure to the electron beam required to obtain high-
quality images results in damaging (burning) the thin sample’s waist. A clear
disadvantage of the SEM measurements is also the required time—a few hours
per sample, provided that the microscope is readily available.

The main advantage over other methods is the high resolution along the fi-
bre axis (below 1µm, determined by translation stages of the SEM) allowing to
resolve small shape irregularities.

Our SEM results are summarized in Sec. 3.1.5.3 on page 62.

∗Usually SEMs are calibrated to ±5% corresponding to ±50 nm for a 1µm sample. A bet-
ter accuracy can be achieved by recalibrating the SEM during the measurement using calibration
targets.
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(a) Taper (�0.815µm). (b) Waist (�0.395µm).

Figure 3.7: SEM pictures of our samples. The surface texture is due to clusters of gold
sputtered on the fibre to prevent charging.

Taper shape While we have measured the diameter of the waist of our samples,
our colleagues in Mainz have performed a similar measurement of the tapers
produced with the same pulling machine [73]. Their conclusion was that the
measurement results coincide (within the SEM error of ±5%) with the designed
shape of the sample. Only one sample was measured, so reproducibility was not
checked.

Being very slow and destructive, SEM is not an optimal choice to characterize
OMF samples. Therefore two indirect methods to measure the sample diameter
are in use in our group. They are described in the next section and in Sec. 3.1.5.4.

3.1.5.2 Harmonic-generation method

The first method we are using was developed by our team [1] and is based on the
nonlinear processes in OMFs. When a high-intensity light wave travels through
a fibre, it can excite second- and third-harmonic waves [48, 50]. For efficient
second- and third-harmonic generation (SHG, THG), the phase-matching condi-
tion should be fulfilled:

vphase,ω = vphase,2ω or vphase,ω = vphase,3ω,

where vphase,ω is the phase velocity of the fundamental (pump) wave, vphase,2ω
and vphase,3ω the phase velocities of the second- and third-harmonic waves. This
condition, usually inaccessible in bulk glass due to the material dispersion, can be
fulfilled in OMFs due to the strong modal dispersion (see Fig. 2.11 on page 37).
The phase-matching condition for a given wavelength is only satisfied at a spe-
cific fibre diameter (Sec. 2.4.2). In tapers, where the fibre diameter constantly
changes, the phase-matching condition will be fulfilled for any wavelength corre-
sponding to the diameter range dwaist . . . 125µm. However, for any given wave-
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length, the phase-matching condition will be fulfilled only over a very short fibre
length, due to the constantly changing diameter. In the waist, on the contrary, an
OMF has the same diameter over a relatively large length, providing for a very
efficient harmonic-generation. Thus, knowing the wavelength, at which the peak
of the harmonic signal is observed, we can derive the waist diameter. To deter-
mine the peak wavelength, we are using a tunable Ti:sapphire laser and change
its wavelength until the maximum harmonic generation efficiency is observed.
The details are given in [1].

This method offers an excellent resolution: with a typical spectrometric equip-
ment, we can achieve the OMF waist diameter error of about 0.5%. The measure-
ment can also be performed directly in the optics lab and ultimately even during
the pulling process without the need to take the sample out of the setup.

3.1.5.3 SEM and harmonic-generation measurement results

Using SEM, we have carefully measured 6 samples, for 3 more the diameter
was obtained roughly (Tab. 3.2). For samples 24, 28 and 31 (I use our actual
sequential sample numbers, see appendix C), no SEM calibration was performed
and therefore the error is the ±5% value specified as the maximum error of
our microscope (ZEISS Supra 55). The 0.007µm error of samples 52 to 71 is
determined by the systematic uncertainty of the SEM image analysis (0.005µm),
the error of the calibration target used for SEM recalibration (0.004µm) and the
variation of the gold coating thickness (0.002µm).

We have also performed one detailed SEM measurement of the waist: the
same sample (sample 56) was measured at many points along the whole waist
and at different electron beam energies and scanning speeds [1]. This measure-

Table 3.2: SEM-measured OMF waist diameters.

Sample
number

Diameter, µm

Design
diameter

SEM-measured
diameter

Deviation

24 0.478 0.52(3) 0.042(30)
28 0.376 0.47(2) 0.094(20)
31 0.376 0.37(2) −0.006(20)
52 0.378 0.389(7) 0.011(7)
55 0.404 0.419(7) 0.015(7)
56 0.393 0.414(7) 0.021(7)
59 0.419 0.428(7) 0.009(7)
67 0.460 0.485(7) 0.025(7)
71 0.500 0.511(7) 0.011(7)

Samples 52, 55, 56, 59, 67, and 71 correspond to samples D, E, A,
C, B, and F from [1] respectively.
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ment has revealed an excellent uniformity of the waist, the diameter variation
over the 4 mm length was found to be only ±3nm, i. e. ±0.7%. High waist
uniformity can also be concluded from the high harmonic generation peaks we
usually observed.

Using this SEM technique, we have verified our harmonic generation-based
measurement [1] and used the latter to measure more of our samples. The result
is shown in Fig. 3.8. The SEM-measured diameter values are on the average 5 %
higher than the design values. The harmonic-measured values are 3 % higher
than the design ones, so there is a 2 % discrepancy. However, for those samples
that were measured with both techniques, the harmonic-based values were 2 %
lower than the SEM-determined values. This indicates that there was a 2 % sys-
tematic error in our measurements, though we do not know whether it is due to
the SEM procedure or the harmonic-method. At the same time, it is obvious that
the pulling machine produces slightly larger (within 5 %) samples than expected.

All in all, these measurements of the OMFs produced with our pulling ma-
chine show a good waist uniformity and the waist and the tapers diameter devi-
ation from the design values is within the RMS-error of ±5%.
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Figure 3.8: SEM- and harmonic generation-based diameters of 31 OMF samples.
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The harmonic method still has three drawbacks.

1. Firstly, because the wavelength is directly connected to the diameter, mea-
suring a large range of diameters requires a large and often inaccessible
wavelength range. As a rule of thumb, the fibre diameter should roughly
equal half the wavelength of incident light (see Fig. 2.12 on page 37). Un-
fortunately, a typical Ti:sapphire laser can not reach wavelengths above
approximately 1100 nm [75], making it impossible to measure samples
thicker than about 0.5µm. With a broad-band telecom (1550 nm) laser
source, it is possible to measure thicker fibres, with the upper limit around
0.8µm. Figure 3.9 shows green 520 nm light generated by the THG process
with a high-power C-band telecom laser. Ultimately, the limiting factor is
the transparency window of fused silica going up to about 2000 nm (diam-
eters up to 1µm).∗

Figure 3.9: Third-harmonic generation produces green output from the 1550 nm pump
light in an OMF. Scattered light at the output end of the OMF sample. (Initial fibre:
SMF-28, OMF waist design diameter 0.78µm, sample 48.)

∗It may be possible to measure larger diameters using phase-matching with other 3ω modes
than those used in our method. Lee et al. have successfully generated third harmonic light using
HE11 phase-matching to EH31, EH12, HE32 and HE13 [76]. At 1550 nm it corresponds to fibre di-
ameters around 3.5µm. However the nonlinear overlap (0.004 . . . 0.007) is significantly smaller
than for the modes we are using in our method (0.2 . . . 0.9 for HE11 to HE31 and HE12), so the
measurement may be more challenging. With our equipment we have been unable to detect the
THG with the overlap of 0.007 (HE11 to EH11). We have not investigated this opportunity in detail
so far.
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2. The second problem with the harmonic generation method is the yet unex-
plained damage of the fibres sometimes observed in our experiments. We
have noticed that when the third-harmonic generation UV light is excited
in the fibre, a strange bubble-like structure can be later seen on the fibre
surface (Fig. 3.10) and the sample transmission decreases, probably due to
scattering. Despite discussions with the fibre manufacturer (I visited Fiber-
core Ltd., Southampton, in 2009), we were unable to determine the reason
of this effect. Clearly, if this happens, our method cannot be called strictly
nondestructive. However, for thicker samples, in which the third harmonic
does not fall into UV, this is not an issue. It is also possible to avoid the
generation of UV in the samples by using a narrow-bandwidth pump laser
and avoiding the phase-matched wavelength for THG. For most samples,
SHG results suffice to exactly determine the fibre diameter.

Figure 3.10: SEM picture of an OMF part damaged by the UV radiation created by the
THG process. The fine surface texture is due to clusters of gold coating.

3. The last and the critical problem for our manufacturing goal—an interfer-
ometer fibre—is that this method does not tell us much about the actual
shape of the sample, only about the waist diameter. This means we cannot
evaluate how well the pulling machine produced the desired taper slope.

3.1.5.4 Scattering measurement

Accurate measurement of the optical fibre diameter is obviously of interest to
manufacturers of optical fibres. Telecommunication and specialty optical fibres
are drawn from a preform at a speed of meters per second [77, 78] and require
continuous and precise diameter monitoring [79]. Clearly, some optical method
should be used for such sort of measurement. Interestingly, the appropriate meth-
ods were first developed to measure the diameter of insulation [80] and spider
[81] fibres.
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The method used is based on scattering of a laser beam incident on a fibre
perpendicular to its axis (Fig. 3.11). The theory of light scattering on dielectric
cylinders dates back to Lord Rayleigh in 1881 [82]. It was written in the usually
used form for plane waves by Hulst in 1957 [83] and extended to laser beams by
Kozaki in 1982 [84]. The polarization effects were investigated by Abushagur and
George in 1985 [85]. The first application of the scattering method to measuring
optical fibres was described in the 1970s by Watkins et al. [79, 86]. In 1995,
Zimmermann et al. [87] have experimentally verified the Kozaki’s theory with
optical waves and dielectric cylinders with the diameter of tens of micrometres.
(Kozaki used centimetre waves in his experiment.) In 2004, this technique was
for the first time used to measure OMFs and verified (using SEM) to be accurate
to at least 0.05µm [88].

The measurement scheme is shown in Fig. 3.11. An OMF sample is illumi-
nated from the side with a laser beam. Behind the fibre, on a screen, the inter-
ference pattern is observed (Fig. 3.12). It consists of the bright central maximum
and several side maxima and minima. The angular distribution of intensity can
be calculated provided that the fibre refractive index and diameter, and the beam
size and wavelength are known [89]. Figure 3.13 shows the calculated intensity
distribution for a range of fibre diameters. Thus, by comparing the measured and
the calculated intensity-vs.-angle distribution, one can deduce the fibre diameter.

Laser (532
or 633 nm)

Polariser OMF

Screen

0th order
block

Figure 3.11: Scattering measurement setup. I have used a red HeNe 633 nm laser and a
green frequency-doubled laser pointer (532 nm). The laser light is polarized parallel
or orthogonally to the fibre. The scattering pattern is observed on the screen, the max-
ima and minima position noted and then analysed. The central maximum is mostly
blocked: it is so bright that makes it impossible to note the positions of other extrema.
See Fig. 3.21 for the actual setup photo.
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Figure 3.12: Diffraction pattern behind the OMF waist. (a) With a red 633 nm laser. Po-
larization was determined by the laser itself, without any external polarizer. (b) With
a green 532 nm laser pointer. It produces almost non-polarized light, so a polarizer
was used. Light scattered by scratches on the polarizer can be seen. Polarization was
in both cases parallel to the sample. (Sample 168, 1.26(6)µm waist.)
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Figure 3.13: Calculated diffraction pattern for different OMF diameters. Intensity at
the angles below 5◦ (0th maximum) is not shown: it is so high that the rest of the
distribution would not be visible. Periodic vertical artefacts are explained by Mie res-
onances [88]. Polarization: parallel to the sample. (Silica rod in air, 532 nm.)

Obviously, this is the most promising measurement method. It is fully non-
destructive and non-contact, which means that it also minimizes the risk of de-
stroying a sample accidentally while handling it. It can be automated and made
very fast. It requires only inexpensive equipment. And, unlike the harmonic gen-
eration method, it can measure the OMF diameter along the sample. In [88], the
error of this method is estimated to be on the order of 0.05µm. This is less than
5% for a SOMMI designed for operation in air (diameter about 1.5 µm) and less
than 3% for a SOMMI in liquid (diameter > 2µm). This is still about 10 times
worse than what we get with the harmonic generation-based method.

We did not perform many measurements using the scattering method to draw
any conclusion about our samples in general. Although the method is promising,
it should first be fully developed (both in terms of hardware and software); now
it requires too many manual operations and is therefore very slow and prone to
mistakes. For those samples that were measured, a smaller or larger deviation
from the design diameter was observed (see later sections).
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3.2 Stretch-interferometry

A very different approach to testing a SOMMI sample, in comparison to measur-
ing its shape, is to actually observe interference with it. For this, light from a laser
diode can be coupled into the one OMF pigtail and the output power measured
at the other pigtail. If the sample is stretched a little (using the translation stages
that were used for producing the sample), one can observe interference fringes—
output power variation (as shown theoretically in Fig. 2.15 on page 44). By
measuring the maximum observed signal and the contrast of the fringes, it is
possible to evaluate the quality of the sample.

3.2.1 Setup

The setup for the stretch interferometry is shown in Fig. 3.14. It is basically the
pulling setup (Fig. 3.1), only the burner is not used. Light from a free running
single-mode 852 nm laser diode is coupled into the input pigtail of the sample.
The output pigtail is connected to a photodiode, and the signal is measured with
a digital oscilloscope. The stretcher stage is usually moved at the speed of 1µm/s
so that the oscilloscope signal can be directly converted to elongation in microns.

3.2.2 Experiment

My SOMMI samples normally have the waist length of 2...5 mm. After pulling,
the waist exhibits a small sag caused by the flow of gas in the flame (because,

Stretcher

Magnets

SOMMI sample

Control
computer

Single-mode
852 nm laser

diode Photodiode

Digital
oscilloscope

Translator, does not move

Figure 3.14: Stretch-interferometry setup.
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during tapering, the fibre is pulled a little more than just by the stages). The thin-
ner the waist, the larger is this sag. To straighten the samples, we stretch them
a little after switching the burner off. As long as the waist is sagging, the stages
can be moved apart without actual elongation of the fibre, therefore the photo-
diode signal remains constant. A movement of 20 . . . 30µm is usually enough
to straighten the waist. As soon as the sag disappears, further movement of the
stretcher results in the actual elongation of the sample, which can be immediately
seen as the variation of the output power according to Eq. (2.12):

I(∆L)∼ A+ B cos
�

2π

λ
(L+∆L)∆neff

�

,

where ∆L is the fibre elongation. The photodiode response recorded during
stretching is shown in Fig. 3.15.

We discovered experimentally that the samples, which have the waist length
of 2 . . . 5 mm, can be stretched by approximately 400 . . . 500µm before they tear.
The oscillation period is about 5µm. Therefore, to perform the stretch-interfe-
rometry, I usually elongated the fibre by 50 . . . 100µm, which was not more than
5 % of the waist length and less than 0.2 % of the total sample length. Therefore
it is safe to assume that the elongation is elastic.

To check the last assumption, I also performed multiple stretch-destretch
cycles and verified that the harmonic signal fully reproduced itself in the de-
stretching measurement. Of course, there may be a long-term influence on the fi-
bre, which cannot be detected using this method. Therefore I always de-stretched
the fibre to the original straight state before fixing it in the fibre holder.

3.2.3 Results and analysis

Figure 3.15 shows the stretch-signal for one of our samples. By fitting a sine wave
to this curve, a fringe period of 3.95µm is obtained. This particular sample was
designed to have a waist of 1.3µm diameter, 2 mm waist length, and 16 mrad
tapers. Simulation for this shape according to Sec. 2.5.4 gives the fringe period
of 4.1µm (4 % deviation from the measured value).

Table 3.3 shows the result of analysis of 12 samples pulled with almost the
same parameters: 16 mrad tapers and 1.3µm waist diameter. In all cases but one
the simulated result is within the error-bar of the measured one.
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Figure 3.15: Stretch signal for sample 166 (waist length 2 mm, flame width 1 mm).
Wavelength 852 nm. Spikes are due to mode hops of the free-running diode laser.

Table 3.3: Stretch-interferometry fringe period: experiment vs. simulation. Tapers:
16 mrad, waist: 1.3µm. Flame width (second column) is the value used to program
the pulling machine. Simulated for silica in air. Fibre used in experiment: SM800.

Waist
length, mm

Flame
width, mm

Measured
period, µm

Number of
samples

Simulated
period,µm

2 1.0 4.0(1) 2 4.1
3 0.7 3.9(3) 6 3.8
3 1.0 3.9(1) 1 4.0
5 0.7 3.3(1) 1 3.7
5 1.0 3.8(1) 2 3.8
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Let’s also consider a different matter. Figure 3.16 shows a measured stretch-
interferometry signal of three of our samples pulled with the same program:
16 mrad taper, waist of �1.3µm × 2 mm, flame width 1 mm. Figure 3.16(a)
corresponds to Fig. 3.15. The signal is almost perfectly harmonic. The contrast,
defined as (max–min)/(max+min), is not very high, about 16 %.

In Fig. 3.16(b) (sample 167), the maximum contrast is very high, about 90 %.
However the signal is strongly distorted. The fringe period—7.4µm—is com-
pletely different from samples 166 and 168 (3.95 and 3.84µm respectively).
Note also the change of the vertical scale: the maximum transmission of this
sample is about three times lower than for the two other samples (the initial—
before pulling—signal in all three cases was the same, 1.4 V). This sample was
not considered in Tab. 3.3.

Finally, sample 168 (Fig. 3.16c) exhibits intermediate performance. This com-
parison shows that, despite trying to produce the same samples, I received three
quite different ones. Most probably, in sample 168 (Fig. 3.16c), some unwanted
modes were excited due to the fibre misalignment. The fringe period for this sam-
ple (3.84µm) is very close to the expected one (3.8µm), therefore the diameter
cannot be very wrong.

With sample 167 (Fig. 3.16c), the period is much larger, indicating a smaller
∆neff and thus a larger waist diameter. This can also explain the strong presence
of other modes, resulting in the signal distortion. The general conclusion from
this test is that the pulling machine is not always performing as expected, but
the stretch-measurement allows to identify bad samples immediately after the
production.
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Figure 3.16: Stretch signal for samples 166 (a), 167 (b), and 168 (c).
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3.3 Handling

Since OMF samples exhibit a strong evanescent field, they should be protected
from uncontrolled contact with other objects. Also, to function as described in
this work, an OMF should be straight and suspended in air.∗ Therefore, right
after pulling, we fix our samples to a rigid frame at two points outside the tapered
region.

For experiments carried out in our group, the samples should be accessible
for:

• measurement in a scanning electron microscope [74];

• putting into a hot vacuum chamber with caesium [91];

• depositing molecules onto the waist from the crucible underneath the fibre
and with the drops of solution from above [92];

• submersion into a bath with liquids (Chap. 4);

• cleaning the fibre by immersion in piranha solution [93] and dripping or-
ganic solvents on the fibre waist and tapers;

• side-illumination for scattering measurement (Sec. 3.1.5.4).

To prevent destruction of samples, a fibre holder should also be easy to handle,
both when fixing the sample in the holder after pulling and during the experi-
ments.

As already mentioned, the pulling machine was moved from Bonn in 2007
and has since then been in use in the research group of Arno Rauschenbeutel,
first in Mainz and then in Vienna. This has created two specific requirements to
the sample handling procedure. First, since we could not rely on manufacturing
the samples as we need them, we had to make sure that our samples can be stored
for weeks and even months after manufacturing. Second, the samples should be
transportable by train and airplane.

∗This is not always the case; for example, G. Brambilla and colleagues are working with OMFs,
coiled into microresonators and coated with Teflon for protection [90].
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3.3.1 Fibre holder design

To meet the above requirements, I developed a special fibre holder. It evolved in
the course of the project; figure 3.17 shows the current design, version 4.5. The
holder consists of a frame, to which the sample is fixed, a complex-shaped cover,
and three lids, bottom, side, and top. Besides protecting the fibre sample, the
cover keeps the fragile stripped parts of the fibre straight and fixed (via clamping
of the coated fibre). Thus, only the coated, protected fibre extends at both ends of
the closed holder. In addition, the cover adds stability to a relatively thin-walled
frame during transportation. The cover and the frame are designed in such a way

Top lid

Cover

Fibre clamp

Frame

Coated fibre

Stripped fibre

Side lid

Bottom lid

Glue

Figure 3.17: Microfibre holder. The untapered (125µm) stripped pigtails are glued or
clamped to the ends of the frame. The micrometre-diameter waist is suspended above
the centre of the frame. After the sample is fixed to the frame, it is removed from the
pulling machine and closed from all sides with a cover and three lids. Each of these
elements can be later removed in the lab for experiments with the sample. Finally, the
coated parts of the fibre are clamped to the cover ends, for safer transportation and
storage.
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as to prevent accidental destruction of the sample while closing and opening the
holder.

The top opening in the cover is provided for visual inspection of the sample
without removing the cover (and thus exposing the sample to mechanical risks
and dust). We have also used it to detect light scattered from the waist.

The frame is shown in Fig. 3.18. It is designed to be compatible with all our
experiments, both in its shape and in how it is made. For example, to make it
vacuum-compatible, there are no trapped volumes, even when the lids or the
covers are mounted, to avoid virtual leaks. Also, unlike most parts produced
by our workshop, the frame is not sand-blasted, to keep the surface smooth for
easier cleaning and faster vacuum chamber evacuation. For illustration of its use
in experiment, see Fig. 4.10 on page 91.

6

7

3

4

2

1

5

Figure 3.18: OMF-holding frame. Surface (1), to which the fibre is glued, is 1 mm below
the topmost surface (2), thereby protecting the fibre when the cover is being removed
or fixed. Large hole (3) in the frame provides access to the waist and most of the
taper from below, even with the cover closed. Most of the frame (4) is 2 mm lower
than the sample surface (1), allowing access to the fibre from all four sides when
the cover is removed. The sample can be either glued to the frame surface (1) or
clamped to it (two M2 holes are provided for it at each end, pos. 5). Two M4 holes
(6), which are always accessible from the bottom, are provided to fix the holder in the
pulling machine, on an optical table using standard optomechanical components and
posts, and in the vacuum chamber. M2 holes (7) are provided to fix additional support
elements for strongly bent samples in the vacuum chamber. The frame is vacuum
compatible: there are no trapped volumes, even with all lids and the cover mounted.
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Figure 3.19 shows the closed holder. In comparison to the holders used in
some other OMF groups (Brambilla, SOTON, UK; Rauschenbeutel, TU Vienna,
Austria; Pinto, Aveiro, Portugal), ours, when closed, is almost completely sealed
from the outside environment, providing both mechanical and dust protection.

Some fine details on sample fixation in the holder and our OMF transporta-
tion experience are given in appendix D.

Frame

Cover

Top lid

Side lid

Fibre clamp

Coated fibre

Figure 3.19: Closed fibre holder. The side, top and bottom (invisible) lids can be re-
moved for partial access to the sample. If needed, the clamps can be loosened and the
whole cover removed.

3.3.2 Using samples in experiments

3.3.2.1 On optical table

Depending on the experiment, the fibre holder with a sample can be used com-
pletely closed or with the cover and/or some lids removed. For example, Fig. 3.20
shows scattered blue-light, produced by the second harmonic generation, ob-
served through the top opening in the cover. The frame has an M4 hole at each
end, accessible from the bottom, for fixing the holder to a pedestal post or other
optomechanical components.

3.3.2.2 With liquids

To immerse a sample into a liquid, the frame with the sample, without any lids
or cover, is fixed to a 3D translation stage and a specially-designed Teflon bath is
fixed underneath on a 3D tilt-rotate stage. The frame is then lowered so that the
sample gets into the bath. This experiment is described in chapter 4.
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Figure 3.20: Blue SHG light scattered in the OMF waist and observed through the top
opening of the fibre holder through an IR-block filter (photocamera is sensitive to the
IR pump light). The bottom opening (this is version 2 of the fibre holder, with the
bottom opening as large as the top one) is also open, to have a black background for
the waist.

3.3.2.3 For scattering measurement

The scattering measurement (Sec. 3.1.5.4) requires that the sample be illumi-
nated from one side, perpendicularly to the fibre, and the scattered light be ob-
served on a screen on the other side from the fibre. To achieve high measurement
accuracy, as large scattering angle as possible should be accessible for observa-
tion.

For this, we fix the frame, with the cover and the lids removed, on a 2D
translation stage such that the laser beam is incident horizontally and hits the
fibre through the bottom opening in the frame (Fig. 3.21). The 2D stage is used
to align the sample to the laser beam and to scan along the sample. The open
frame offers more than ±90◦ scatter angle observation.

3.3.2.4 In vacuum chamber

In the vacuum chamber, depending on the exact experiment, the samples are
fixed either completely open (with a bare frame) or with some lids left on (to con-
trol the incidence of evaporated material onto the sample or to facilitate mount-
ing several samples at once). The frame is fixed in the chamber using a special
mount. Since one pigtail should be significantly bent to exit the chamber, we are
using a special frame extension, which fixes the fragile bare fibre and prevents its
breakage inside the chamber [91].
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Laser
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frame

Zero-order
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Figure 3.21: Fibre holder frame in the scattering measurement setup. The screen is not
shown here, it will be placed in the position of the white paper sheet in this figure.
See Fig. 3.12 for what can be seen from behind the screen and Fig. 3.11 on page 66
for the setup scheme.

3.4 Conclusions

The SOMMI idea, described in chapters 1 and 2, indeed works. The signal-to-
noise ratio and the contrast are more than sufficient for data extraction. Some
irreproducibility in the manufacturing procedure was observed. Interferometer
samples seems to be more sensitive to manufacturing imperfections than our
spectroscopic and other adiabatic samples, and could be used to test and optimize
the pulling machine in the future. The contrast should be increased; for this, the
precise mode coupling calculation should be implemented.

To characterize the samples, several techniques were employed. For non-
interferometric samples with the waist diameter about 0.5µm, the newly devel-
oped harmonic generation-based method turned out to be very efficient. For
thicker samples, the scattering method seems to be an optimal choice. It should
still be further developed so that the whole sample shape could be measured.
The stretch-test makes it possible to check the sample performance right after
manufacturing, and is therefore suitable for post-production testing. However it
reveals little information about the sample shape. For most samples, the results
of the stretch-interferometry agree with the simulation results, thereby partly
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confirming the theory developed in chapter 2.
Finally, a reliable sample handling procedure was developed. A special mul-

tipurpose fibre holder was designed, and proved to work well throughout the
sample lifetime, from manufacturing to transporting to experiments in various
setups and environments.





CHAPTER 4
Spectral interferometry

In this chapter, I describe the spectroscopic measurements I have performed with
my samples. The goal of these measurements was to verify the model developed
in chapter 2 and to develop the experimental routine for handling OMF samples
in liquids.

4.1 Optical setup

The setup I used in my experiments is shown in Fig. 4.1. It consists of a fibre-
coupled white-light source, an OMF sample, and a fibre-coupled spectrometer. As
the light source, I used the Avantes AvaLight-HAL or Ocean Optics LS-1 lamps.
The Avantes lamp couples at least twice more light into the same fibre (on
the order of 100 nW in the range of 700 . . . 1000 nm for the SM800 fibre) than
the one from Ocean Optics, but was not always available. As the detector,
I used an Avantes AvaSpec-ULS2048x16-USB2 spectrometer with UA grating
(200–1160 nm) without the entrance slit or a scanning optical spectrum anal-
yser (OSA) Ando AQ-6315A . The OSA offers superior sensitivity and resolution

λ

Sample
White-light

source
Spectrometer or optical

spectrum analyserFibre holder

Figure 4.1: Setup for spectral interferometry. The light source and the detector are fibre-
coupled, so no additional optics is needed. The fibre holder is mounted on the optical
table using standard optomechanical components.

81
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but is much slower than the spectrometer. One measurement (obtaining one
spectrum) with the OSA was several seconds to several dozens of minutes long.
In liquids, due to the strong dependence of their refractive index on tempera-
ture, unavoidable small temperature fluctuations resulted in significant changes
of measured spectra. Therefore OSA could not be used for in-liquid measure-
ments and was used only for in-air measurements in a temperature-stabilized lab
room (temperature fluctuation was measured and did not influence the signal
significantly). For the in-liquid measurements, I used the spectrometer, which
allowed practically real-time measurements (several spectra per second).

Both the light source and the spectrometer are designed to be directly fibre-
connected using the standard SMA (white-light lamps) and FC (spectrometer
and OSA) fibre connectors. Since our samples have non-terminated pigtails, we
use bare fibre adapters (Newport F-AM-SMA for SMA and F-AS-FC for FC con-
nections). The sample pigtails were always 8-degree cleaved (using an Ilsintech
MAX CI-08 angled cleaver) before connecting to the instruments, to minimize
noise due to reflections from the fibre ends.

4.2 Automated spectrum acquisition

To minimize the influence of ambient condition changes and to be able to esti-
mate the random measurement errors, I recorded multiple spectra for each mea-
surement. With the spectrometer, such recording could be done automatically,
using the built-in functionality of the control software. To read the recorded
binary spectra files, a special program was written [94].

The OSA was connected to our institute Ethernet network using a Prologix
GPIB-Ethernet adapter and could be controlled directly from Matlab. To pro-
tect the instrument from possible hacker attacks over the network, a hardware
firewall (D-Link DIR-100) was used.

4.3 Spectrum analysis

4.3.1 Characteristic shape: simulation

In Fig. 4.2, the dotted line corresponds to the spectral response of a SOMMI,
calculated according to the model developed in chapter 2. It exhibits two charac-
teristic features: a zero-dispersion point and a non-linear chirp. To quantitatively
compare the results of simulation and experiment, we should extract numbers
from these features.

The spectrum in Fig. 4.2 can be approximated by a function

Itheor = 0.5+ 0.5cos(φ)

= 0.5+ 0.5cos
�

c0+
c1

2
(λ−λ0)

2+
c2

3
(λ−λ0)

3+ . . .
�

, (4.1)
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so that the fringe frequency is

f (λ) =
∂ φ

∂ λ
= c1(λ−λ0) + c2(λ−λ0)

2+ c3(λ−λ0)
3+ . . . . (4.2)

Thus the zero-dispersion wavelength (ZDW) λ0, the chirp coefficients ci , and the
phase-offset c0 are sufficient to describe the simulated spectrum. I find these pa-
rameters by RMS-fitting the I = 0.5+ 0.5cos

�

φ(λ)
�

function to the simulated
spectrum using the fminsearch function of Matlab [95], which is an implemen-
tation of the Nelder-Mead simplex search method [96]. In practice, the 4th order
chirp (with non-zero coefficients c1 to c4) is sufficient to obtain the RMS error of
the fit less than 1 %, but I used the 5th order chirp for an even smaller error. In
Fig. 4.2, the solid line shows the fit obtained using the 3rd order chirp.
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Figure 4.2: Calculated spectral interferometer response of a silica SOMMI with a
�1.23µm× 2 mm waist in air (dotted line) and a 3rd order chirp fit (solid line).

4.3.2 Characteristic shape: experiment

Figure 4.3 shows a sample 168 spectrum measured with the OSA. Interference
fringes can be observed between about 920 and 1020 nm. The shape of this
signal differs from the simulated signal in Fig. 4.2 in that it has a lower contrast,
is slightly tilted, the contrast is not constant, and there is some noise. Lower
contrast is due to not 1:1 splitting of the interference modes, already known
from chapter 3. The tilt is the result of the non-uniform spectrum of the light
source mainly. The contrast variation is due to the finite resolution of the OSA.

To extract useful data from this measurement, I again perform the fitting. For
this, a few parameters are added to Eq. (4.1): the offset, the amplitude, and the
tilt:

Iexp = offset+ tilt× (λ−λ0) + amp× cos

 

c0+
∑

i

ci

i+ 1
(λ−λ0)
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!

. (4.3)
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Figure 4.3: Measured spectral response of sample 168. Measured with OSA, scan time
2 minutes.

Figure 4.4(a) shows such function (dashed line) fitted to the experimental spec-
trum (solid line). Note that due to the noisiness of the experimental signal, it
does not make sense to use as many chirp parameters here as for the simulated
signal. Depending on the signal-to-noise ratio, three or four ci parameters (not
counting c0) are enough. For example, the measured spectra of sample 168 were
fitted with four parameters (Tab. 4.1), while those of sample 165—with only
three, and still the third one was determined with a large error (Tab. 4.4).

The limited contrast of the experimental curve at high frequency stems from
the finite resolution of the spectrometric instrument. It is easier to explain for
the spectrometer. The physical limiting factor there is the number of pixels in
its linear CCD detector. When the signal frequency gets too high, there are not
enough detector points to properly sample the varying intensity, and the contrast
decreases. Theoretically, when the number of points reaches one per oscillation,
the contrast becomes zero. The same happens in the OSA, but the discretization
there is due to a step-scanning over wavelengths.

To properly simulate this situation, I convolve the function of Eq. (4.3) with
a rect-function, so that the fitting function becomes

Iexp, limited = [Iexp ∗ rect](λ).

The width of the rect-function should, in principle, be directly determinable from
the resolution of the spectrometric instrument. However, since I do not exactly
know how the nominal resolution is defined in the OSA and in the spectrometer,
I have just found this width empirically, by adjusting it until a good fit was ob-
tained for several spectra. Note that this is not a fit parameter, since it remains
constant for all spectra taken with the same resolution setting of the instrument.
Figure 4.4(b) shows the fit with a filtered function, with the rect-width of 1.5 nm.
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Figure 4.4: Measured spectrum of sample 168 (solid line; same as in Fig. 4.3b) and
the fitted curve (dashed line). (a) With tilt, offset, and corrected amplitude. (b)
With additional filtering to take limited resolution into account (convolved with a
rect-function of 1.5 nm width).

4.3.3 Data processing

Figure 4.5 illustrates the data analysis process after the spectra have been recorded.
In this particular measurement, 15 spectra were taken one after another.

Small variations in the ambient temperature lead to changes in the refractive
index of glass and air and to small fluctuations in the fibre holder length. A
large change would shift the whole signal and change the chirp, however small
residual changes only influence the zero-dispersion point phase c0 (Fig. 4.5a).
Phase fluctuations make it impossible to use spectrum averaging. Instead, the
above-described fitting procedure is applied to each taken spectrum individually,
and the parameters λ0 and c1, c2, etc. are obtained. Figure 4.5(b) shows the

(a) (b)

Wavelength, nm

Fr
in

ge
fr

eq
ue

nc
y,

ra
d/

nm

920 940 960 980 1000 1020
−4

−2

0

2

4

Wavelength, nm

Po
w

er
,1

0−
7

m
W
/n

m

920 940 960 980 1000 1020

0.8

1.2

1.6

Figure 4.5: (a) Raw scans of sample 168 (5 out of 15 spectra shown). (b) Chirp fitting
result (4th order chirp, 1.5 nm filtering). All 15 f (λ) curves are shown (overlapping),
with the circles marking the zero-dispersion point at 975.49(8) nm.
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Table 4.1: Fit parameters for spectral interferometry signal of sample 168 in air. 4th-
order chirp and 1.5 nm filtering were used for fitting.

Fit parameter Value

λ0 975.49(8) nm
c1 0.073(1)∗

c2 1.23(4)× 10−4

c3 −1.4(1)× 10−6

c4 −3.6(3)× 10−8

∗ According to Eq. (4.2), the units of ci are
[rad·nm−(i+1)]. I omit them in the following.

f (λ) curves, calculated according to Eq. (4.2) and plotted for all 15 spectra.
Obviously, the curves lie very close to each other, which indicates that, despite
somewhat noisy spectra, this method works well. It also confirms that small
ambient fluctuations lead primarily to changes in the phase and do not influence
the chirp significantly. The obtained zero-dispersion wavelength and the chirp
parameters are given in Tab. 4.1.

4.3.4 Use of zero-dispersion point for diameter determination

The zero-dispersion wavelength (ZDW) varies significantly with the sample waist
diameter (Fig. 4.6). Therefore, unless the sample diameter is known precisely,
it makes no sense to compare the ZDW between the experiment and the simu-
lation. For example, the waist diameter of sample 168 was measured with the
scattering method to be 1.26(6)µm. The 0.06µm error (which is close to the
0.05µm value determined for this method in [88]) corresponds to the error of
47 nm in the ZDW. Taking into account the precision, with which the ZDW can be
determined experimentally (see Tab. 4.1), it makes sense to use it to verify the
sample diameter.

The experimental ZDW for sample 168 is 975.49(8) nm (Tab. 4.1), which
corresponds to the diameter of 1.2294(1)µm (Fig. 4.6). One should approach
this excellent precision with care, because other unknown parameters, such as
the taper shape and the waist length, also influence the ZDW. However, of these
parameters, the ZDW is by far most sensitive to the waist diameter. By changing
the diameter just a little, within the error-bars of other measurements, one can
satisfy the measured ZDW. That’s why I suggest that ZDW can be used, even if
with some care, to determine or at least cross-check information about the sample
diameter.
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Figure 4.6: Zero-dispersion wavelength of simulated interference signal vs. OMF waist
diameter. The average slope of this curve in this plot is 783 nm/µm. The dashed lines
mark the zero-dispersion point derived for sample 168.

Table 4.2: Comparison of design and measured diameter for sample 168.

Diameter, µm

Design 1.3
ZDW-derived 1.2294(1)
Stretch-derived 1.25(5)
Scattering-measured 1.26(6)

4.4 Spectral interferometry in air

The waist diameter values obtained using the stretch-, scattering-, and ZDW-
based methods for sample 168 are listed in Tab. 4.2. Figure 4.7 compares the
chirp of the experimentally measured signal (Fig. 4.5a) and of the simulated
interference spectrum (Fig. 4.2). For the simulation, I assumed the diameter of
the sample to be 1.23µm, determined based on the ZDW.

The error-bars of all chirp parameters (Tab. 4.1) are too small to be seen in
Fig. 4.7. On the other hand, the error between the theoretical and experimental
chirp is apparently quite large: the c1 parameter values are 0.067 in theory and
0.073 in experiment. Also, sample 168 was tested using stretch-interferometry.
The fringe period was found to be 3.8 rad/µm, while the theoretical value for
1.23µm waist diameter is 4.12 rad/µm. From this I conclude that it is not the
diameter of the waist alone that is not known exactly, but also, probably, the taper
shape or the waist length. Although it could be measured with the scattering
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Figure 4.7: Spectral interference fringe frequency. Experimental curves (solid; all 15
curves are shown, overlapping) for sample 168. Simulated curve (dashed) is obtained
for a sample with �1.23µm×2 mm waist, 16 mrad tapers, silica in air (like sample
168, but with thinner waist, see text).

method, it requires taking and processing a large amount of data and can only
be reasonably done with an automated setup. This should still be built.

I have measured spectral interference for 15 samples in total, however only
one more sample—165—was also measured with the scattering method and
tested with stretch-interferometry. For this sample, the design diameter and the
diameter values obtained with different methods lie quite close to each other
(Tab. 4.3). However, the chirp curve still has significantly different slope values
c1 in the simulation and measurements (Fig. 4.8(b), Tab. 4.4). This to some ex-
tent confirms the suggestion made for sample 168, that the whole sample shape
influences the spectra. Note that the spectra obtained with this sample were very
noisy: compare Fig. 4.5(a) and Fig. 4.8(a). Nevertheless, the ZDW was again
determined with a very small error of 0.07 nm.

The other 13 samples, designed for interferometry in air, show a similar be-
haviour but their diameter was not measured using the scattering method. The

Table 4.3: Comparison of design and measured diameter for sample 165.

Diameter, µm

Design 1.3
ZDW-derived 1.2827(1)
Stretch-derived 1.25(5)
Scattering-measured 1.27(1)
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Figure 4.8: (a) Experimental spectrum taken with sample 165. Due to its noisiness (cf.
Fig. 4.5), only one spectrum is shown. (b) Fringe frequency analysis of sample 165.
Note that despite noisiness of the spectra, the fitting algorithm quite well determines
the ZDW and the first chirp coefficients (cf. Tab. 4.4).

Table 4.4: Frequency chirp parameters for sample 165.

Fit parameter Simulation Measurement

λ0 992.76(7) nm
c1 0.0754 0.0811(6)
c2 1.13×10−4 1.3(1)×10−4

c3 9×10−8 9(86)×10−8

ZDW-determined diameter values are within±5% from 1.3µm, as expected from
the pulling machine characterisation (Sec. 3.1.5.3, page 62).

4.5 Interferometry in liquids

The in-air interferometry results have confirmed the validity of the developed
spectral-interference model, at least to the degree to which the shape of the OMF
is known. However, its high sensitivity to shape errors makes it impossible to
do a better analysis: Even if only the ZDW was considered, its value obtained
in the spectral measurements could only be cross-checked but not really verified
with any other method. One possible approach to further validate the model is to
perform measurements with the same sample but a different external refractive
index. Then the sample diameter could be derived from the ZDW measurement
with one nout, and this value could be used for all other simulations. For this, a
sample can be immersed into different liquids.

Such experiment is also interesting from the practical point of view: it re-
quires to develop the handling procedure for OMF samples in liquids, and can be
beneficial, for example, for microfluidics.
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Figure 4.9: In-liquid interferometry setup.

4.5.1 Setup

The setup I used for this experiment is shown in Fig. 4.9 and 4.10. It is equiv-
alent to the in-air setup but contains additionally a bath, into which the central
part of the sample (including the waist and the tapers) can be immersed. The
bath is made from polytetrafluoroethylene (Teflon). It is inert towards organic
solvents, which we use for cleaning. Besides, the well-known non-stickiness of
Teflon makes it easier to blow dust particles from the bath (highly clean and high
pressure Chemtronics UltraJet duster was used) as well as minimizes chances to
break a sample if it accidentally touches the bath wall. The bath has slits at both
ends, which are large enough for the fibre to pass through it but too small for
liquids to drip out.∗

The bath is fixed on a 3D tilt-rotate stage and can be aligned under the fibre
holder (see Fig. 4.10b). The fibre holder is fixed to a 3D translation stage, so that
the sample can be positioned above the slits and lowered into the bath.

After the measurement, the sample is lifted from the bath and moved away
from it. The bath is emptied, washed, dried, and filled with a new liquid. The
sample is also washed by dripping acetone and ethanol onto it, and dried. Thus
I could make sure that in each measurement the sample was immersed into a
chosen liquid. It was also possible to refill the bath without lifting the sample
from it, which was used for quickly evaporating liquids.

Sample destruction prevention Working with OMF in the bath requires special
care. The Teflon baths were produced by milling. Tiny hairs of Teflon could be
observed in the bath, especially in the end slits. When the sample is moved up
and down, it can be hooked by these hairs and broken. After breaking a few
samples, I have flame-processed the end-slits of the baths with a small gas torch
so that most of the hairs were removed (checked under microscope).

∗The bath was initially designed for use with organic solvents. The slit width of 0.7 mm was
experimentally found for the combination of Teflon and these liquids. Eventually, due to the high
uncertainty of the solvents dispersion and their quick evaporation, I switched to Cargille liquids.
For them, the 0.7 mm slit width was too large. Still, the measurements could be performed with a
small amount of liquid at the bottom of the bath.
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Figure 4.10: Setup for spectral intereferometry in liquids. (a) General view. The holder
is fixed to a 3D translation stage upside down (cf. Fig. 3.18 on p. 75). (b) Top view.
The bath and the fibre holder are aligned using the rotation and translation stages.
The sample can be immersed into the bath due to the narrow slits at the ends of the
bath. (c) Front view. The fibre can be seen under the holder.
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Figure 4.11: Lifting OMF from the bath with a liquid. The liquid composition is very
similar to Teflon, therefore it wets the bath walls. The OMF is continuously pulled
upwards at its ends. However, upon reaching the liquid surface (1), it tends to follow
the meniscus and is guided to the wall (2). Still pulled up, the fibre pulls a small
amount of liquid up, and the surface tension still presses it to the wall (3). At the top
edge, the fibre finally rips off the wall and gets out of the bath (4).

The second problem that I faced was due to the surface tension of liquids.
When a sample is lifted from the bath with a liquid, it tends to follow the liquid
surface and gets attracted to the bath wall (Fig. 4.11). During further lifting, it
slips along the wall and actually pulls the liquid upwards. Eventually, it has to be
ripped from the wall edge. One should be very careful and control the stages in
such a manner that the fibre is not stressed too much. While learning it, several
samples were destroyed.

4.5.2 Test liquids

For my experiments, I first tried to use spectroscopy-grade organic solvents (ace-
tone, ethanol, methanol, heptane) and water. Organic solvents proved to be a
suboptimal choice. Firstly, they quickly evaporated. I had to always check if the
sample was still in the liquid or just touching its surface. Secondly, due to this
evaporation, the whole setup was being cooled down and the refractive index of
both the fibre and the liquid was changing significantly. (A cooling of about 2 K
was measured, corresponding to the ZDW shift of about 2 nm.) Thirdly, what was
somewhat a surprise to me, the dispersion of solvents was not so well defined,
despite their wide use.
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Water has a very strong surface tension and was therefore hard to work with:
Samples were sticking to the water surface so strongly that several of them were
destroyed before I could do a single measurement. I therefore stopped working
with water.

For the actual measurements, I used the Cargille refractive index liquids [97].
Each of them is a composition of perfluorocarbon and chlorofluorocarbon, and
is non-volatile, inert, with a very small surface tension (18 dynes/cm at 25 ◦C,
compare to ∼ 23 for organic solvents and 58 for water). They are normally used
as the calibration liquids for refractometers, therefore their dispersion is well-
defined (to 4 digits) in the range of 365 to 10648 nm. Cargille offers them with
various nominal refractive indices. I used set AAA-1/2, which contained 10 liq-
uids with refractive indices from 1.30 to 1.39. (For comparison, the refractive
index of water and ethanol at 830 nm is 1.33 and 1.36, respectively.) The disper-
sion data provided by Cargille (the Cauchy’s equation coefficients) was entered
into the Optical Fibre Toolbox, so that it was possible to accurately calculate the
refractive index of both the fibre and the surrounding liquid at any wavelength
and at any temperature.

4.5.3 Temperature variation

The setup was not temperature-stabilized. The ambient temperature and the
temperature of the liquid in the bath were monitored with the precision of 0.1 K
using a 4-channel Voltcraft K204 temperature logger. (Note that a 0.1 K temper-
ature change leads to approximately 0.1 nm in the ZDW.) The liquids were kept
near the setup, to speed-up the temperature stabilisation once the liquid is in the
bath. Before each measurement, after filling the bath with a liquid, I was waiting
until the temperature in the bath stabilized to the ambient value.

4.5.4 Sample design

For this experiment, I used the same sample design as described in chapter 3 for
the in-air interferometers, the only difference being the waist diameter. Recall
that for in-air samples, the waist diameter was chosen to guide the HE11 and
HE12 modes reliably and to cut off the HE13 mode (Sec. 3.1.4). In liquids, the
situation is slightly more complex. Because each liquid has a different refractive
index, the cut-off diameters of the HE12 and HE13 modes are also different in
each liquid (Fig. 4.12). For example, at 850 nm (solid curves), the HE12 mode
will be guided in all the liquids, provided that the waist diameter is greater than
2.4µm; the HE13 mode will be cut off at 2.9µm or larger diameter. Thus the
design waist diameter for these liquids at 850 nm is between 2.4 and 2.9 nm. At
1000 nm (dashed curves), the values are shifted towards larger diameters. As the
result, the HE12 mode cut-off at 1000 nm occurs in the n = 1.39 liquid at about
the same diameter as the HE13 mode cut-off at 850 nm in the n = 1.30 liquid,
making it impossible to find an optimal diameter for all liquids simultaneously
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Figure 4.12: First three HE1m modes of SM800 fibre in different Cargille liquids (nominal
refractive index nd is shown next to each curve). Solid lines: 850 nm. Dashed lines:
1000 nm. The cutoff of mode HE12 in the 1.39 liquid at 850 nm is at d = 2.4µm. The
cutoff of mode HE13 in the 1.30 liquid at 850 nm is at d = 2.9µm.

at 850 and 1000 nm. Since I wanted to perform the stretch-test and the pulling
machine was equipped with a 852 nm laser, I decided to go for 850 nm as the
design wavelength, and chose the design waist diameter of d = 2.6µm. The
closest value the pulling machine software could do was 2.55µm. This was the
design diameter I used for my in-liquid samples.

With the samples designed for in-liquid experiments, the post-production
stretch-testing is more sensitive to manufacturing errors than for in-air samples.
In the pulling machine, the sample is surrounded by air and therefore the waist

Table 4.5: In-liquid samples target (design) shape.

Waist diameter 2.55µm
Waist length 3 mm
Programmed taper angle 16 mrad
Flame width 0.7 mm
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Figure 4.13: HE11, HE12, and HE13 modes in Cargille 1.30 (solid curves) and in air
(dashed curves). For the waist diameter of d = 2.55µm, the HE13 mode is cut-off in
liquid but is still guided in air. (Calculated for λ= 852 nm.)

can guide the HE13 mode, which should be cut off in liquids (see Fig. 4.13).
Therefore, if the mode coupling is not completely confined to HE11↔HE12, the
HE13 mode will show up in the test.

4.5.5 Results and analysis

In total, 16 samples were produced for in-liquid measurements. Actual measure-
ments in several liquids followed by a scattering-based diameter measurement
was performed with samples 204 and 218. However, sample 218 was destroyed
before being measured in all available liquids. The results obtained with this
sample are similar to those with sample 204 and do not provide additional infor-
mation. Therefore I do not show them here.

Sample diameter Figure 4.14 shows the stretch-interference signal measured
with sample 204. The signal is almost perfectly harmonic, indicating that in this
sample mode coupling in tapers works indeed as designed (no coupling to HE13
mode). However the period of this signal corresponds to the waist diameter of
1.98µm, which is more than 0.5µm less than the design diameter of 2.55µm.
Note that at 1.98µm the HE13 mode is still not cut-off in air (Fig. 4.13), so the
decreased diameter alone cannot explain the clean stretch-signal.
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Figure 4.14: Stretch-interference signal of sample 204. Note that, apart from mode hops
of the non-temperature stabilized laser diode, the signal is almost perfectly harmonic.

To make sure the stretch-signal, indicating a very wrong diameter, was not
due to some taper shape problem, I measured this sample with the scattering and
the ZDW methods. In the scattering measurement, the result was 2.03(1)µm.
The reference ZDW measurement was performed in the Cargille 1.32 liquid and
the diameter of 2.02µm was derived. Therefore I conclude that the sample in-
deed has a diameter of about 2µm, significantly below the design value. I do not
have enough data to explain this deviation. However, I know from other people
working with this pulling machine that they occasionally observed the diameter
deviation as high as 100 % of the design value. Note that sample 167 (page 72)
also indicated a possible significant increase of the waist diameter. It might be
due to some occasional error in the control software. The diameter values for
sample 204 are listed in Tab. 4.6.

Table 4.6: Comparison of design and measured diameter for sample 204.

Diameter, µm

Design 2.55
ZDW-derived 2.02(0)
Stretch-derived 1.98(0)
Scattering-measured 2.03(1)
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Results Measurement with sample 204 was performed in all available Cargille
liquids. The detailed results are given in appendix E. In most cases, the simulated
c1 parameter is about 5 . . . 8% off the measured value (for two measurements, in
liquids 1.38 and 1.39, the simulation result is within the error-bar of the measure-
ment), so again, as with the in-air measurements, additional information about
the sample should be obtained by a full shape measurement.

The ZDW values are shown in Fig. 4.15(a), while the difference between the
experimental and the simulated results can be seen in Fig. 4.15(b). Just for two
measurements—in liquids 1.32 and 1.39—the expected value is within the error-
bar of the measured one. The value in the 1.32 liquid was used to determine the
diameter using the ZDW method; therefore it is not surprising that here the simu-
lation and the experiment match each other (the small residual error comes from
the fact that I used only three digits for the diameter: 2.02µm). For other liquids,
the discrepancy ranges between −2.8 and 1.5 nm, and I do not have any convinc-
ing explanation for it. I do not think that the sample shape uncertainty could be
responsible for such fluctuations, because they do not look systematic. One pos-
sible reason could be mistakes in the temperature measurement, although I do
not see now what they could be. The error of 2.8 nm should correspond to a tem-
perature error of almost 3 K, which I find improbable. The measurements were
performed before the full OMF software model was created, therefore I could
not notice this rather small discrepancy while still working in the lab. With the
new pulling machine and the sample measurement method these questions can,
hopefully, be answered.

The experimental value for sensitivity of sample 204 to the external refractive
index ranges between 2900 and 4100 nm per refractive index unit. It is one of the
highest values observed for similar fibre-based sensors. For comparison, sensitivi-
ties of up to 2000 nm/RIU were reported in [51, 98–100]. In [23], the sensitivity
is as high as 19 000 nm/RIU; however the sensor is based on a birefringent OMF,
which requires polishing and makes manufacturing much more complicated.

4.6 Conclusions

The performed spectral interference measurements have mostly confirmed the
validity of the model developed in chapter 2 and one of its main conclusions—
the high sensitivity of a SOMMI-based sensor to external refractive index. The
developed spectrum acquisition and analysis procedure proved to work well even
with noisy spectra. The error values however are not very uniform, so the proce-
dure should still be refined.

The main difficulty during my experiments was the uncertainty in the sam-
ple shape. At the same time, the obtained results to a large extent confirm the
applicability of the scattering-based method, though it should still be properly
implemented to measure the full shape of a sample.
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CHAPTER 5
Summary and outlook

The results presented in this thesis provide the basis for optical microfibre (OMF)-
based interferometry. For the first time, experimental and theoretical investiga-
tions of single OMF modal interferometers (SOMMIs) were performed at such
level of detail. Many practical techniques had to be developed to reliably trans-
port and handle the fragile OMF samples, clean them, put them into an electron
microscope, a vacuum chamber, and bathes with liquids, and to perform repro-
ducible measurements in these different setups. The high sensitivity of SOMMIs
to variation of ambient conditions made it important to take such variations into
account, both in experiment and in theoretical model. An almost real-time spec-
tral measurement technique was implemented, and an appropriate data extrac-
tion algorithm was developed for automated processing of hundreds of spectra
taken within each measurement. This algorithm proved to be surprisingly stable
(< 1nm) even for very noisy measured spectra. At the same time, it provided
excellent data extraction precision (down to 0.03 nm with a spectrometer reso-
lution of 1.5 nm) for high-quality spectra. Various approaches were employed to
maximize the signal-to-noise ratio in all measurements.

Detailed understanding of mode propagation and phase-matching in OMFs
allowed to create a novel optical harmonic generation-based method for OMF
waist-diameter measurement [1]. It is non-destructive, quite fast, and allows de-
termination of the sub-micrometre OMF waist diameter with the absolute preci-
sion of 0.5 %—the best value for OMFs to date. To verify this method, scanning
electron microscopy measurements were performed. Again, to achieve high pre-
cision and obtain detailed information about the diameter variation along the
OMF, numerous images had to be taken in automated mode. A special image
analysis algorithm was developed to extract information about the sample shape
from them [74].

The harmonic method was used to characterize the pulling machine, with
which our samples were produced. However, the SOMMI samples themselves

99
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could not be measured with this method due to a very different diameter range.
Therefore, two other methods were developed to verify the produced SOMMI
samples: a stretch-interference test and a zero-dispersion wavelength method.
Being fast and non-destructive, these could be performed for each produced sam-
ple.

To theoretically analyse light guidance in OMFs and obtain physically mean-
ingful information from measured data, a special software tool—Optical fibre
toolbox for Matlab (OFT)—was created [2]. To the best of my knowledge, this
is the only software code with such functionality today. While the existing soft-
ware usually specializes on either thick telecom fibres or microoptical devices and
therefore cannot accommodate the large diameter variation in OMFs, OFT com-
bines different models for calculation of mode propagation through the whole
tapered OMF. Its characteristic feature is the automatic search for guided modes
and their tracing for varying wavelength and diameter. Due to this feature, the
harmonic generation effect in OMFs could be turned into a practical measure-
ment method. It also allowed me to model in detail the behaviour of SOMMIs
in various liquids in detail, with full consideration of the sample shape, the ma-
terial dispersion of glass and liquids, and temperature effects. In the stretch in-
terference simulation, I successfully calculated the SOMMI response, taking into
account the Poisson, the photoelastic and the induced birefringence effects.

For possible practical applications it is of interest that SOMMIs exhibit the
highest sensitivity among similar fibre-based sensors so far—about 3000 to 4000 nm
per refractive index unit in the present measurements, which is only exceeded by
devices based on rectangular fibres.

Several directions for further work can be suggested.

5.1 Pulling machine

During this project, experimental samples were produced using the pulling ma-
chine in the group of Arno Rauschenbeutel (Mainz/Vienna). For practical rea-
sons, it would be beneficial to have easy access to an OMF pulling machine,
because destruction of samples and the inability to experiment with the sample
shape were some of the main technical problems during this work. Therefore, a
new pulling machine is currently being built in our group.

The stretch-experiment has revealed significant shape variation from sam-
ple to sample with the current pulling machine. It is important to analyse and
eliminate this effect. We mainly suspect problems with the fibre fixation in the
machine. I have therefore designed a new clamping mechanism, which has been
built and is now awaiting first tests.

In addition, it is necessary to improve the pulling control software, so that
the target shape of the fibre is determined more precisely (for example, by not
using the rectangular flame approximation). The control software should also
be improved in terms of interaction with the user, to notify her of any implicit
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changes applied to the design shape of the sample as well as of any problems
possibly occurring during pulling.

5.2 Sample shape

The developed simulation software was already used to design OMF samples for
harmonic generation at various wavelengths and SOMMI samples for interferom-
etry in air and in liquids. Future possible applications might include the design
of samples with maximized sensitivity to and increased working range of the ex-
ternal refractive index and minimization of the taper length for more compact
samples.

The most important next step, however, would be an implementation of a
robust and reliable sample shape measurement procedure. This can be based
on the scattering-measurement technique that was used in this work. The tech-
nique was shown before to be applicable to the OMF measurement and provide
an error within 0.05µm [88]. The method can be further improved, as shown in
this work, by using more than just one wavelength for the same sample. I have
already used two lasers, at 633 and 532 nm; between them, the error for some
samples was within 0.02µm. At different wavelengths, the scattering patterns are
significantly different, which minimizes statistical and systematic errors. There-
fore, it seems beneficial to extend the wavelength range to near-infrared and
blue.

To obtain the sample shape and not just the waist diameter (as done in this
work), it is necessary to implement a setup with automatic scanning along the
sample and simultaneous image analysis. Scanning can be easily realized if the
measurement is done in the same pulling machine where the sample is produced.
Similarly to the stretch-test described in this work, such measurement could then
be performed for each sample right after pulling, and provide the detailed infor-
mation about its shape.

Verification could be performed using the same SEM-based technique as we
used to verify the harmonic generation-based results [1, 74]. Another approach
would be to measure the waist diameter using the harmonic method and then de-
termine the relative variation of the diameter using the whispering gallery modes
method [101].

The ongoing development of the theoretical model during this project was
lagging behind the experiment, and the full stretch- and spectral-interference
models, capable of taking into account the real sample shape, were realized only
in the recent months, after the completion of the experimental work. As a re-
sult, the samples were measured with lower precision than simulation is now
allowing. This explains the noticeable difference between the experimental and
simulation results for spectral and stretch interferometry. Once the full shape
measurement procedure is implemented, verification of the models developed in
this work should be repeated.
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5.3 Dispersion measurement of atoms and molecules

It would be interesting to apply the SOMMI to the dispersive detection of an
atomic gas (for example, caesium) around the sample. A similar interferometric
measurement without fibres is known as the hook method [102]. Within the
scope of this work, it was not possible to perform such measurements, due to the
problems with OMF samples in the vacuum chamber with caesium vapour [91,
93]. However, these problems were rather technical than physical, some other
groups having succeeded in putting OMF samples into dense alkali vapour [103].

It would also be of interest to combine a SOMMI with photochromic molecules,
where the molecule absorption (and hence the dispersion) can be controlled with
light. Switching of molecules on an OMF surface was successfully demonstrated
in our group [92]. However, a quick attempt to measure interference response
did not show any result (i. e. molecule switching was not detected interferomet-
rically). This could be due to a sub-optimal combination of the SOMMI sample
and the molecules, the latter being absorbing in the ultraviolet and visible range,
and the SOMMI having been designed for the infrared.

For the improvement and analysis of such measurements, it is also impor-
tant to be able to simulate dispersion and absorption with atoms and molecules
around the OMF. Theoretically, it is straightforward to do using a complex mate-
rial refractive index of such surrounding materials [104]:

n(ω) =
p

1+ 4πχ(1)(ω),

where ω = 2πν = 2πc/λ is the angular frequency of light wave and χ(1) the
complex linear susceptibility. With the present implementation of the software,
one cannot perform such calculations due to a fundamental reason: The algo-
rithm is based on a very efficient routine to find the roots of the eigenvalue equa-
tions. However, this routine is unable to work with complex numbers. For this
particular task, another algorithm could be implemented in the future.

5.4 Simulation

A calculation still missing in OFT is the full mode coupling analysis. Replacing
the critical angle theory, it would allow more precise design of SOMMI samples,
e. g. for maximized interference contrast. For non-interferometric OMFs, it could
be used to design complex tapers for shorter samples.

The exciting aspect of science is that it never comes to an end.



APPENDIX A
Guided mode solutions

In this appendix I provide references for the equations needed to calculate the
guided modes (propagation constant and field distribution) in an OMF. These
equations are quite complex and hence

• it is almost impossible to avoid typos in their reproduction (proven by nu-
merous typos in published papers);

• they provide little insight in physics of modes.

Therefore, instead of retyping them from the original papers and textbooks, I
reference the sources themselves, indicating where necessary the found typos.
Many of these equations have also been implemented in Matlab code in our Opti-
cal fibre toolbox (OFT) [2]. If you want to implement them in the code yourself,
I recommend to copy them directly from OFT or to use the functions of OFT as
a reference to verify your own code. In appropriate places I reference the corre-
sponding OFT functions. In the end, a table with all models per OMF region is
provided (Tab. A.1).

A.1 Two-layer waveguide

A.1.1 Scalar approximation (LP modes)

Can be used for input and output pigtails of OMFs or for usual telecom fibres.

A.1.1.1 Eigenvalue equation

This EVE is referenced in many sources. I have taken it from [31], Eq. (3.3-26).
In OFT it is implemented in file eve2LS.m.

103



104 APPENDIX A. GUIDED MODE SOLUTIONS

A.1.1.2 Field equations

The field equations can be also taken from [31]: Eq. (3.3-24) and (3.3-25). OFT
file: modeFieldLP.m.

A.1.2 Vector solution

Can be used instead of two-layer LP modes and for OMF waist far from the core-
cladding guidance transition point (neff� nclad).

A.1.2.1 Eigenvalue equation

EVE is taken from [31], Eqs. (B-11), (B-17a), and (B17b) for HE/EH, TE and TM
modes respectively. Note a typo in Eq. (B-11): argument of function K and its
derivative K ′ should be (qa) instead of (ha). OFT file: eve2LS.m.

A.1.2.2 Field equations

Field equations are given in [30, p. 250]. OFT file: modeField.m.

A.2 Three-layer fibre

These models are required for simulation of modes in OMF tapers.

A.2.1 Scalar approximation (LP modes)

Three-layer LP modes is a valid approximation for large diameters, where the
cladding-surrounding boundary does not play a significant role.

A.2.1.1 Eigenvalue equation

This is nicely and without typos given in [38]. The eigenvalue equations are
Eq. (3) for cladding-guided modes (nout � neff ≤ nclad) and Eq. (4) for core-
guided modes (nclad ≤ neff < ncore). OFT file: eve3LS.m.

A.2.1.2 Field equations

Field equations can be found in [25], Eqs. (29)–(31), and in [38], Eqs. (1)–(2).
The field coefficients are defined in Appendix I in [38].

A.2.2 Vector solution

This is the most correct description of OMF modes, however it is also the slowest
to calculate. Therefore it can be recommended to use simpler models where
possible, see Tab. A.1 on page 106.
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A.2.2.1 Eigenvalue equation

For HE/EH modes, EVE is Eqs. (5)–(7) in [41]. Note that only the cladding-
guidance solution was derived by Erdogan and used in this thesis. There are
some typos in Eq. (7), corrected in [42]. For TE and TM modes, EVEs are Eqs. (7)
and (8) from [39]. OFT file: eve3LS.m.

A.2.2.2 Field equations

For HE/EH modes, all equations are given in [41], with some corrections pro-
vided (under the same numbers) in [42]. Electric and magnetic fields are de-
fined:

• in the core: by Eqs. (20)–(25);

• in the cladding: Eqs. (A1)–(A6);

• in the surrounding: Eqs. (A9)–(A14).

Equations (23), (A3), (A12), and (A13) contain typos in [41] and should be
taken from [42]. Still, an imaginary unity i is missing in Eq. (A13) in [42] af-
ter G3. It can be verified by numerically checking the boundary conditions for
magnetic field and by analogy with Eq. (A12).

OFT file: modeFieldErogan.m.
Within the scope of this work I did not need and therefore have not checked

any field equations for three-layer TE and TM modes. All three-layer equations
(also the EVE) are given in [43]. However the first attempt to implement them
resulted in the same problem as the Tsao HE/EH solution—no roots could be
found numerically. Therefore I cannot comment on the correctness of this paper.

A.3 Anisotropic fibre

Solution in anisotropic fibres is needed for stretch-simulation. For two-layer
modes, it is derived in [57], with EVE being Eq. (35). OFT file: tonning.m
with photoelastic effect calculated in photoelastic.m.

For a three-layer system with axial stretch, the solution is given in [43]. See
the last remark in the previous section.

A.4 Model applicability

Table A.1 reviews the model applicability by OMF region.
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APPENDIX B
Algorithm description

B.1 Search for guided modes

The algorithm I have developed first finds the guided modes of a particular type
(hybrid, TE or TM) in the region of interest (ROI). ROI is the range of diameters
or wavelengths (depending on the task), for which the dispersion curves are to
be calculated. For example, let’s consider the dispersion plot neff(d).

To find the guided modes, the program calculates the value of the left part of
Eq. (2.3) (for the hybrid modes; equations (2.4) and (2.5) are used for TE and
TM modes) for each neff along the diagonal line shown in Fig. B.1. (The effective
refractive index neff equals βλ/2π, see Eq. (2.2), and can therefore be found from
the EVEs for β .) The number of points taken along this line is Np = 10000. This
particular line is chosen because all dispersion curves guided in the ROI intersect
it and because, due to the shape of the curves, the distance between them along
this line is larger than if we’d take, for example, a vertical line d = const.

If we write the EVE as F(d) = 0, the points d where F = 0 will belong to the
modal curves. To find these values numerically, we find among all Np calculated
points those points F j(d j), where the function changes its sign:

sgn(F j) 6= sgn(F j+1)

and then apply the standard fzero function in Matlab [105] in the range [d j , d j+1]
to find the exact (within the numerical tolerance) position of the roots.

Having found all roots, we compare their number to Np. If the number of
roots found is larger than Np/100, the program increases Np and repeats the
whole procedure. This is done in order to prevent missing any modes when the
curves get very close to each other.
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n e
ff

Diameter, µm
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1

1.1
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Refractive index of silica at 300 nm

Refractive index of air at 300 nm

A

B

Figure B.1: Region-of-interest (d = 1 . . . 3µm, neff = nair . . . nsilica) and the diagonal line
AB. Circles mark the roots of the eigenvalue equation (2.3) along line AB. Grey lines
indicate the actual modal curves, which can be traced starting from the discovered
roots.

B.2 Tracing the dispersion curve

After one point from each dispersion curve has been found, the curve is numeri-
cally traced by the program, i. e. each new point is found near the previous one.
Each of the requested modes (e. g. HE11, TM02) is traced independently.

The algorithm I have implemented is trying to perform this tracing as quickly
as possible at the same time trying to avoid the “mode jumps”. A mode jump is a
mistake the algorithm can make by finding a point belonging to another disper-
sion curve. For example, a user asked the program to trace the dispersion curve
neff(d) for mode HE11. Each point of this curve is a solution of the eigenvalue
equation (2.3). However a point belonging to mode HE12 is also a valid solution
of this equation. Therefore the program cannot distinguish between the points
belonging to modes HE11 and HE12. The algorithm is designed in such a way as
to minimize the probability of such mistakes. If they still occur, they are easy to
detect: mode jumps break the smoothness of the dispersion curves. If a mode
jump has been detected, the program re-traces the curve going in smaller steps.



APPENDIX C
OMF samples

The design parameters of all samples, mentioned in this thesis, are listed here.
We use sequential numbering for our samples, therefore the SOMMI samples are
mixed with the samples for other experiments. The SOMMI project was started
2.5 years after the beginning of our work and the first SOMMI sample had num-
ber 108.

Table C.1: Design parameters of OMF samples.

Sample
number

Waist �,
µm

Waist
length,
mm

Trajectory,
slope,
mrad

Trajectory,
diameters,
µm

Flame
width,
mm

Designed for Results, pages

24 0.478 5 3-2-3 125-80-20 1 HG 62
28 0.376 5 3-2-3 125-80-20 1 HG 62
31 0.376 5 3-2-3 125-80-20 1 HG 62
48 0.777 5 3-2-3 125-80-20 1 HG @ 1550 nm 64
52 0.376 5 3-2-3 125-80-20 1 HG 62
55 0.404 5 3-2-0.01 125-80-20 1 HG 62
56 0.393 5 3-2-3 125-80-20 1 HG 62
59 0.419 5 3-2-3 125-80-20 1 HG 62
67 0.460 3 3-2-3 125-80-20 1 HG 62
71 0.500 5 3-2-3 125-80-20 1 HG 62
108 1.302 5 3-6-3 125-80-20 1 In-air 109
165 1.302 3 3-16-3 125-80-20 1 In-air 89
166 1.302 2 3-16-3 125-80-20 1 In-air 72
167 1.302 2 3-16-3 125-80-20 1 In-air 72
168 1.302 2 3-16-3 125-80-20 1 In-air 67, 72, 84–88
204 2.552 3 16-16-16 125-80-20 0.7 In-liquids 96–98
218 2.445 3 16-16-16 125-80-20 0.7 In-liquids 95

Here HG stands for harmonic generation, in-air and in-liquids relate to SOMMI
experiments.
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APPENDIX D
Fibre holder

D.1 Fixing a sample in the holder

After the sample has been produced in the pulling machine, while it is still
clamped to the translation stages, the frame (with the bottom lid mounted) is
inserted under it (Fig. D.1) using a 4D tilt-translate stage (Fig. D.2). To put
the frame just beneath the sample, we illuminate the fibre from above with a
usual torch lamp and observe the fibre and its shadow of the untapered fibre
on the holder surface. When the frame surface approaches the fibre, the fibre
approaches its shadow. The fibre is either glued to the frame using a UV cured
glue or clamped using two small clamps (not shown, screwed to the frame at the
glueing point in Fig. 3.17). The clamping option was designed for the case that
outgasing of the glue posed any problems in the vacuum chamber; we have never
used it so far.

Once the sample is fixed to the frame, it is unclamped from the translation
stages. The frame is then removed from the pulling machine (but still kept under
the flow box of the pulling machine). The cover (with the top lid mounted) is
then screwed to the frame and the coated ends of the sample clamped at the ends
of the cover. Finally, the side lid is mounted. At this moment, the sample is closed
from all sides and mechanically fixed. It can be removed from under the flowbox
and packed for transportation or stored.
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Coated fibre

Tapered fibreMagnetStripped fibre Glue

Fibre platform with V-groove Fibre holder frameBottom lid

Figure D.1: Fixing OMF after pulling. Fibre holder frame is positioned under the fibre
between the fibre-clamping platforms on top of the translation stages of the pulling
machine (cf. Fig. 3.1 on p. 53). The fibre is glued to it at the stripped but untapered
parts with a UV cured glue. Afterwards, the magnets holding the sample in the pulling
machine are removed and the holder frame with the fibre is removed too and closed
from all sides to protect the sample.

Platform with
V-groove

Magnet

Coated fibre

Stripped fibre
in V-groove

4D tilt-translate stage for
positioning of the frame

under the sample

Holder frame

Figure D.2: Positioning of the holder frame (version 2 is shown here) under the tapered
fibre in the pulling machine using a 4D tilt-translate stage.
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D.2 Transportation and storage

As already mentioned, the pulling machine we were using was located first in
Mainz and later in Vienna. We thus had to bring the samples to Bonn, by train
or by plane. Two samples were also once taken to England, to perform some
experiments in the group of G. Brambilla, University of Southampton.

We have developed a simple routine which has worked fine over four years of
our project. After the sample has been fixed in the holder, the fibre pigtails (about
1 m long) are rolled and fixed to the cover using an antistatic (ESD) adhesive
tape. The holder is then put into a plastic ESD (pink) zipper bag.∗ Ideally, this
should be done under the flowbox of the pulling machine. We normally put two
samples in each bag.

So packed, the samples can be stored in a usual room for months and reused
many times.

For transportation, all sample bags are stacked on top of each other in a
notebook computer bag (which offers mechanical protection), with a bubble film
under and above this stack. Finally, this sandwich is fixed in the notebook bag
with a strap. The remaining space in the bag can be used for a notebook or any
other stuff.

It is worth mentioning that the airport security is normally interested in the
contents of this bag: on an X-ray screen, the stack of holders with fibres looks like
several metal boxes with a clutter of wires around them. For this very reason, we
have never tried to check it in. The security officer should be informed that these
are fragile research samples so that she doesn’t open the bag herself or at least
does it very carefully; the bag can then be opened, the bubble film unwrapped
and the top samples shown to the officer without being removed from the ESD
bag. We have transported samples by plane three times, and everything went
smoothly. We have not tried to fly with these holders to or from Israel so far.

Out of more than 200 samples produced and brought to Bonn over four years
of use of these holders, not a single one was broken or damaged during trans-
portation or storage.

∗We are using ESD-compatible packaging for better protection of the samples against dust. We
have not done any tests as to whether it actually has any benefit or not. However we know that
OMFs are extremely sensitive to dust: Left open outside a flowbox, they loose transmission over
2–3 days. Under a chemistry fume hood (which sucks outside air into the hood), the transmission
is lost within approximately half an hour.





APPENDIX E
Sample 204 in Cargille liquids

The following table lists the fit parameters for measured and simulated spectra
corresponding to Sec. 4.5.5.

Liquid λ0, nm c1 c2 c3 t, ◦C

1.30 974.4(4) 0.0229(2) 1.07(7)×10−4 0.5(1)×10−6 22.4
Simulation 972.9 0.0249 1.08×10−4 0.26×10−6

1.31 945.4(5) 0.0233(2) −0.1(5)× 10−4 −3(1.4)× 10−6 22.5
Simulation 946.0 0.0251 1.22×10−4 0.61×10−6

1.32 915.6(6) 0.0239(2) 1.34(4)×10−4 0.90(16)×10−6 22.5
Simulation 915.5 0.0259 1.32×10−4 0.69×10−6

1.33 885.9(2) 0.0254(1) 1.24(1)×10−4 0.47(1)×10−6 22.5
Simulation 884.6 0.0268 1.37×10−4 0.55×10−6

1.34 853.0(3) 0.02649(2) 1.308(6)×10−4 0.460(7)×10−6 22.5
Simulation 852.4 0.02764 1.579×10−4 0.878×10−6

1.35 818.33(7) 0.0275(1) 1.53(1)×10−4 0.73(1)×10−6 23.3
Simulation 819.5 0.0287 1.70×10−4 0.93×10−6

1.36 781.9(1) 0.02903(2) 1.61(1)×10−4 0.64(1)×10−6 22.5
Simulation 782.7 0.03005 1.92×10−4 1.06

1.37 742.10(3) 0.03064(2) 1.91(1)×10−4 0.95(3)×10−6 22.5
Simulation 744.7 0.03145 2.15×10−5 1.32×10−6

1.38 700.8(1) 0.034(1) 2.8(1)×10−4 −0.7(1.3)× 10−6 22.2
Simulation 703.6 0.0333 2.45×10−4 1.4×10−6

1.39 661.4(9)† 0.036(1) 2(1)×10−4 1(4)×10−6 23.4
Simulation 661.9 0.0354 2.8×10−4 1.7×10−6

† At this wavelength, the input and output OMF pigtails are not single-mode any
more (see Tab. 3.1), therefore the spectra are very noisy.
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